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ARTICLE INFO ABSTRACT

Keywords: Some heavy metals (e.g., Cr(VI)), also known as potentially toxic metals, concern the population's health in water
Starch due to their persistence, bioaccumulation, and high toxicity. Highly porous materials based on biodegradable and

Alginate i vo low toxic polysaccharides combined with advanced tailor-made polymers with high surface area and permanent
1(3;2;01:‘: ag:gamc polymers porosity (i.e., porous organic polymers — POPs) are promising technologies for metal sensing, removal, and re-

covery. In this study, novel starch-alginate-based gel beads containing an imine-linked triazine-based porous
organic polymer (IT-POP) were developed, and both the IT-POP and the best beads formulation were applied for
sorption and sensing of Cr(VI). Kinetic studies suggested a chemisorption mechanism, explained by electrostatic
attractions, and proved the negligible contribution of Cr(VI) to Cr(III) reduction. Thermodynamically, sorption
processes were spontaneous and endothermic, leading to increased entropy. The materials also acted as fluo-
rescence chemosensors, undergoing a linear Stern-Volmer fluorescence quenching in the presence of the metal
oxyanions. Overall, the results proved that the anchoring of the advanced functional material did not affect its
high sorption performance, meaning that composite starch-alginate beads may be an efficient, more economical,
and processable alternative for the Cr(VI) remediation.

Potentially toxic metals
Water remediation

1. Introduction

Aquatic ecosystems are essential to the biosphere and evolve in
synergy with chemical elements and the environment. However,
anthropogenic activities lead to the disposal of waste containing toxic
compounds and to the contamination of these environments, seriously
threatening the balance of biota and environment (Justus et al., 2020;
Mendes et al., 2020). Worldwide, 1.7 million deaths per year are linked
to water contamination (Sharma et al., 2023). Besides, urban centers
hold 55 % of the world's population nowadays, and forecasts point to an
increase to 68 % by 2050 (i.e., 9.9 billion people). Therefore, the un-
controlled growth of population can lead to an exponential increase in
water contamination due to the demand for consumption (Hachaichi &
Egieya, 2023).

Emerging contaminants in hydric resources derive from various
sources, such as industry, agriculture, livestock, and domestic waste.
They can be pesticides, fertilizers, dyes, solvents, pharmaceuticals,
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organic waste, and metal ions (Farid et al., 2019; Morin-Crini et al.,
2022; Renu & Singh, 2017; Savassi et al., 2020). Among them, poten-
tially toxic metals (PTMs) are particularly concerned due to their
potentially devastating effects on the environment, persistent character,
risks of bioaccumulation, and high toxicity (Lopes et al., 2020). Despite
environmental protection laws and regulations developed to control the
emission of PTMs into water bodies, conventional treatment methods
are often insufficient to prevent their impact on ecosystems. Addition-
ally, nonpoint sources of contamination, such as trace metals occurring
in soil and atmosphere due to the use of fertilizers, waste disposal, or
burning of PTMs-contaminated materials, make pollution control
against these elements challenging (Foesch et al., 2020; W. Li & Achal,
2020; A. F. S. Soares & Souza e Souza, 2020; J. S. Soares et al., 2017;
Trevizani, 2019).

Chromium (Cr) is one of the most common metallic contaminants in
industrial waste from processing, electroplating, alloys, and metallurgy,
electronic components manufacturing, and electronic waste recycling
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(Avdibegovic et al., 2018; Huang et al., 2018; Singh et al., 2022). In
particular, Cr(VI) is toxic to plants and animals because it is a strong
oxidizing agent and a potentially carcinogenic and genotoxic species. In
this regard, the European Union (EU) has limited the amount of total Cr
in drinking water to 0.05 mg L ™! (in the European Council Directive 98/
83/EC). The World Health Organization suggests a safe level of Cr(VI) in
water of up to 0.05 mg L™, Limits of 1 mg L™ for Cr(VI) and 5 mg L™}
for total Cr have also been imposed on discharges into the aquatic media
in the EU Member States. These countries must also report situations
where total chromium discharges into water by a single infrastructure
exceed 50 kg per year (Vaiopoulou & Gikas, 2020).

Commonly used methods to remove Cr(VI) from water, such as
membrane separation, reverse osmosis, ion exchange, coagulation-
flocculation, photocatalytic degradation, and reduction followed by
chemical precipitation, are typically unsatisfactory due to high costs, the
production of large amounts of chemical sludge, and the unsatisfactory
removal efficiencies to achieve the required levels in water, especially
when Cr(VI) is present at trace levels (Islam et al., 2019; Park et al.,
2007). Consequently, adsorption approaches have emerged as a viable,
environmentally beneficial, methodologically simple, and cost-effective
alternative technology for efficiently remedying water sources
contaminated with various hazardous substances.

Nowadays, meso- or microporous materials are up-and-coming for
sorption treatment due to their properties (e.g., high surface area,
recyclability, and low density) (Ciuffarin et al., 2023; Lam et al., 2018;
Y. Wang et al., 2019; Zubair et al., 2019). Furthermore, using biomass to
prepare porous sorbent materials offers ecological advantages, high-
lighting the biodegradability and low toxicity. The main bio-based
polymers are cellulose, alginate, pectin, chitosan, and starch (Zhao
et al., 2018), which contain various functional groups that allow for the
immobilization of PTMs (El-Naggar et al., 2020; Rogovina et al., 2018;
Sam et al., 2020; Y. Wang et al., 2019). Sodium alginate is a high-
molecular-weight polysaccharide primarily found in the cell walls of
brown algae, consisting of f-D-mannuronic and a-L-guluronic acids and
bearing both hydroxyl and carboxyl groups that allow the formation of
hydrogels via ionotropic gelation (Du et al., 2024; H. Wang et al., 2024).
Starch is a noteworthy material employed for the sorption of PTMs due
to its richness in hydroxyl groups allowing for effective interactions with
many pollutants. Although it can be used independently (with or
without functionalization), as a blend or composite, or even in nano-
particles, its potential as an adsorbent is still underestimated (Ahamad
etal., 2020; Ahmad & Imran, 2024; Rakotomalala Robinson et al., 2023;
Xia et al., 2023).

Our strategy consisted of synthesizing blends of starch-alginate-
based beads and POPs (porous organic polymers). POPs are advanced
purely organic materials, presenting high stability, surface area,
porosity, density of active sites, and low density. Additionally, they
show luminescent properties. They comprise many materials with
optimized physicochemical properties that show high efficiency,
versatility or selectivity, quickness, and reusability for sensing and
removing contaminants (Fajal et al., 2023; S. Lu et al., 2021; Matias
et al., 2023, 2025). At the best of our knowledge only few bifunctional
materials have been developed allowing the simultaneous detection and
removal of chromium (Deng et al., 2023; X. Wang, Luo, et al., 2025;
Zhou, Chen, et al., 2025).

The present study aims to evaluate the performance of an imine-
linked triazine-based porous organic polymer powder (IT-POP) and
eco-friendly starch-alginate-containing gels reinforced with different
loads of IT-POP for dual application: optical sensing and sorption of Cr
(VD). The recovery of this metal, envisioning its reuse at the industrial
level, which is environmentally and economically crucial from a circular
economy perspective, was also assessed. The hypothesis of this work was
formulated on the following criteria: 1) efficient and high sorption ca-
pacity, 2) luminescent responsive properties and 3) synergistic effect.
The IT-POP has a tendency to agglomerate, which hinders its potential
use in practical applications (e.g., continuous flow systems). This can be
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overcome by using low-cost natural polymers (sodium alginate and
starch) that can be easily processed as beads. Thus, the main objective of
the work is to develop a hybrid bifunctional material where both ma-
terials can contribute synergistically for the simultaneous removal and
detection of Cr(VI) oxyanions. Since the luminescent response is based
on interaction phenomena, we can anticipate that the presence of
polysaccharides and POP will have a synergistic effect on both desired
responses: removal and sensing. We envisage the preparation of a novel,
robust, sustainable and more economical and scalable bifunctional ar-
chitecture for the practical application as an efficient sorbent and sensor
towards hexavalent chromium. In this context, the main novelty is the
compatibilization of natural materials with a new family of advanced
materials — POPs, which is an approach that has still been underexplored
to date.

2. Materials and methods
2.1. Materials

In this work, the following materials were used: potato starch (M, =
(52.9 + 8.3) x 10° g mol ™! (more details in section 2.3), 22-26 %
amylose and 74-78 % amylopectin (Health Council of the Netherlands:
Committee on Updating of Occupational Exposure Limits, 2002), Pan-
Reac AppliChem), sodium alginate (M,, = (23.5 £+ 5.1) x 10° g mol !
(see section 2.3), mannuronate/guluronate acid ratio of 1.61 (Emami
et al., 2018), Sigma-Aldrich), citric acid monohydrate (purity of 99 %,
LABCHEM), sodium hydroxide (99.4 % purity, José Manuel Gomes dos
Santos — JMGS), calcium chloride (purity >99 %, PanReac AppliChem),
4-aminobenzonitrile (purity >99 %, Fluorochem), tri-
fluoromethanesulfonic acid (>98 %, Alfa Aesar), 4-hydroxybenzoic acid
(99 % purity, Sigma-Aldrich), dimethylsulfoxide (DMSO, purity >99.5
%, Honeywell), acetic acid (>99.8 %, Honeywell), tetrahydrofuran
(THF, purity >99.9 %, Honeywell), hexamethylenetetramine (HMTA,
>99 %, Riedel-de Haén), trifluoroacetic acid (TFA, 99.9 % purity, abcr
GmbH), nitric acid (purity of 69 %, PanReac AppliChem), hydrochloric
acid (37 % purity, Chem-Lab), methanol (>99.85 % purity, JMGS),
acetone (purity >99.6 %, JMGS), potassium dichromate (purity of 99.5
%, M&B laboratory chemicals), cadmium(Il) nitrate tetrahydrate (>99
% purity, Sigma-Aldrich), copper(II) nitrate 2.5aq (>99 % purity, Chem-
Lab), nickel(Il) nitrate hexahydrate (>96 % purity, Riedel-de Haén),
lead(II) nitrate (>99 % purity, Honeywell), zinc(Il) nitrate hexahydrate
(>98 % purity, Riedel-de Haén), manganese(Il) nitrate tetrahydrate
(>97 % purity, Riedel-de Haén), standard stock solutions of nickel, lead,
cadmium or copper (1000 mg L~!, PanReac AppliChem), chromium
standard solution (1000 mg L’l, Chem-Lab), zinc or manganese stan-
dards for AAS (1000 mg L', Supelco®, Sigma-Aldrich), deuterium
oxide (99.9%D, Eurisotop) and deuterated DMSO (DMSO-dg, 99.8%D,
Eurisotop). Distilled and Milli-Q water were used as received.
Commercially available chloroform was purified before use, following
standard procedures.

2.2. Preparation of IT-POP and starch-alginate-based IT-POP (St-Alg-IT-
POP) beads

2.2.1. Synthesis of IT-POP

Imine-linked triazine-based porous organic polymer (IT-POP) was
prepared based on a previously reported procedure (Matias et al., 2023,
2024). Briefly, a Schiff base polycondensation reaction between the
triamine 1,3,5-tris-(4-aminophenyl)triazine (TAPT, 3.05 mmol, 1.08 g)
and the dialdehyde 3,5-diformyl-4-hydroxybenzoic acid (DHA, 4.58
mmol, 0.89 g) was performed in DMSO (20 mL) and CH3COOH 3 mol
dm™ (7.5 mL) at 140 °C under an inert N, atmosphere for 48 h. The
precipitate was filtered under gravity and washed with THF, acetone,
and methanol. Then, the polymer was neutralized by dropwise addition
of a NaOH solution and recovered by filtration and washing with water
and acetone. The neutral form was used in subsequent synthetic and
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application procedures. Furthermore, TAPT and DHA monomers were
prepared before the polymer synthesis, starting from 4-aminobenzoni-
trile (Abuzeid et al, 2019) and 4-hydroxybenzoic acid (Algarni,
2018), respectively.

2.2.2. Synthesis of St-Alg-IT-POP gel beads

Starch-alginate-based IT-POP gel beads (St-Alg-IT-POP) were syn-
thesized according to the methodologies proposed by Abhari et al.
(Abhari et al., 2017), Camani et al. (Camani et al., 2021), and Costa et al.
(Barcelos da Costa et al., 2021). First, potato starch (3.50 g) and sodium
alginate (1.00 g) were suspended in distilled water (50 mL). After, so-
dium hydroxide (5.00 mmol, 0.20 g) was added, and the system's tem-
perature was maintained at 60°C for 3 h. The mixture was continuously
stirred until gelatinization was achieved due to the opening of the starch
grains and solubilization of the biopolymers. Then, citric acid (3.57
mmol, 0.75 g) was added, and the mixture was kept under stirring at
60 °C for 1 h to allow esterification and covalent crosslinking. At this
time, a certain amount of IT-POP (0, 5, 10, or 15wt%, POP:starch) was
sonicated in distilled water (5 mL) for 30 min. The resulting IT-POP
suspension was added to the reaction mixture under stirring, and the
temperature was increased to 90°C and maintained for 1h to complete
the crosslinking process. Subsequently, the starch-alginate-based gels
were dropped into a Ca(Il) crosslinking solution (35 g L™!) to promote
external gelation. To ensure complete ionotropic crosslinking, the beads
were kept under stirring in the Ca(II) solution for 2 h. Moreover, St-Alg
or St-Alg-IT-POPx% (x = 5, 10, or 15 %) beads were washed with
distilled water until pH = 6.0. Finally, the beads were frozen overnight
and freeze-dried at —54 °C for 24h. Fig. 1 summarizes the bead prepa-
ration steps.

2.3. Physicochemical characterization methods

The weighted average molecular masses (My,) of starch and sodium
alginate (section 2.1) were determined by DOSY NMR spectroscopy
using a Bruker Avance III spectrometer, 400 MHz, equipped with a 5-
mm high power 'H Bruker DiffBB diffusion probe (gradient strength
up to 17 T m™1). For the experiments, 5.0 mg mL™* starch and sodium
alginate solutions were prepared in DMSO-ds:D20 (9:1, v/v) and D50,
respectively, and the spectra were acquired at 25 °C in 5-mm NMR test
tubes. Pulsed gradient stimulated echo (PGStE) sequence was applied,
with y = 26,752 rad s7! G’l, 5 =0.01 sand A = 0.10 s, and the self-
diffusion coefficients, D (m? s’l), of both polysaccharides were deter-
mined through the measured echo intensity, using an average of 16
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scans (Valente et al., 2005). Then, the molecular weights and respective
errors were estimated by a polymer-independent universal calibration
reported elsewhere (Tooley et al., 2024), knowing the self-diffusion
coefficients of starch (D = (1.15 £ 0.08) x 10711 m? s’l) and alginate
organic moiety (D = (4.36 + 0.08) x 107 m? s71) and the bulk vis-
cosities, # (mPa s’l), of D20 (7 = 1.097 mPa s’l) (Ibuki & Nakahara,
1991) and DMSO-dg:D20 (9:1, v/v) mixture (4 =~ 2.379 mPa s~ (Evans
et al., 2013; Valente & Soderman, 2019). The molecular weight values
for alginate were corrected to include the contribution of the counterion.

The materials were characterized by Fourier-transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA), absorption and
fluorescence spectroscopies, {-potential measurements, scanning elec-
tron microscopy (SEM), and energy-dispersive X-ray spectroscopy
(EDX). FTIR spectra of the samples (at 5 %, w/w, dispersed in KBr) were
carried out on a Thermo Fisher Scientific Nicolet 6700 spectrometer
(Waltham, Massachusetts, USA) between 4000 and 400 cm~ L. TGA was
performed between (25-800) °C on a Netzsch Tarsus TG 209 F3 thermo-
microbalance (Selb, Germany), employing a N, flow rate of 50 mL min !
and a heating rate of 10 °C min~'. The absorption spectra of the
powdered samples were recorded in the 277-900 nm range, using an
integration time of 25 s and an average of 10 measurements on an
Avantes Sensline spectrometer (AvaSpec-ULLS-TEC). This system con-
sisted of a UV-Vis-NIR light source (Mikropack DH-2000-BAL) and a 1.3
mm diameter fiber optic probe (FCR-UVIR 200/600-2-IND). The probe
was positioned in a metal holder to maintain a consistent distance from
the surface and was oriented perpendicular to the samples during
measurement. An empty crucible served as the blank for calibration.
Emission spectra were obtained using a Horiba-Jobin-Yvon Spex Fluorog
3-22 fluorimeter (New Jersey, USA), selecting proper excitation wave-
lengths for each system (430 nm or 351 nm). {-potential of the polymeric
particles as a function of pH was measured using a Malvern Zetasizer
NanoZS analyzer and 0.5 mg mL ™! polymer dispersions in milli-Q water
at 25 °C. The (-potential values were determined through the Smo-
luchowski equation by assessing the electrophoretic mobility of the
particles in each sample. pH adjustments were made with aqueous
NaOH and HNOs solutions using a Radiometer Copenhagen MeterLab
PHM240 pH meter equipped with a WTW Sentix-MicB microelectrode.
The morphology of the polymers was observed using a field-emission
scanning electron microscope (Merlin Compact/VPCompact FE-SEM,
Carl Zeiss Microscopy GmbH, Jena, Germany) at 1.5 kV. The surface
chemical composition analyses were performed on the FE-SEM coupled
with an EDX spectrometer (X-MaxN Silicon Drift EDX Detector, Oxford
Instruments, Abingdon, UK).

aM B 0

. BRI R B B .

’*"'- - .'

Fig. 1. Schematic representation of the preparation steps of starch-alginate-based-IT-POP beads (St-Alg-IT-POPx%).
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2.4. Sorption assays

Sorption assays for both the IT-POP powder and the St-Alg-IT-POPx
% beads were carried out by stirring a given mass of each sorbent in
model Cr(VI) solutions at 120 rpm in a LABWIT ZWY-100H incubator.
The pH of the solution, initial concentration of Cr(VI) (Cp), solid-liquid
ratio (Rs.1), temperature (T), and contact time (t) were varied between
(2-8), (0.1-8.0) mM, (0.5-4.0) mg mL ! (for IT-POP) or (1.5-10.0) mg
mL™! (for St-Alg-IT-POP), (25-55) °C, and (5-1440) minutes,
respectively.

Cr(VI) concentrations were quantified using ultraviolet-visible
(UV-vis) spectroscopy (Shimadzu UV-2600i), from absorbances recor-
ded at 351 nm. Additionally, a Thermo Scientific iCE 3500 spectrometer
was employed to carry out flame-atomic absorption spectroscopy (F-
AAS) studies using an air/acetylene flame and a hollow cathode lamp for
the direct determination of total Cr content in aqueous solutions at 358
nm. A chromium standard solution of 1000 mg L™} in 0.5 M HNO3 was
used to calibrate the measurements performed by F-AAS. Before quan-
tification, the sorbent-containing samples were filtered through nylon
syringe filters of 0.22 pm pore size. Once Cr concentrations were known
both at t = 0 (Cp) and after a time t (C; = C, at equilibrium), the sorption
performance was evaluated by calculating the sorption efficiency (Q, %,
eq. (1)) and sorption capacity (g; = g at equilibrium, mmol gfl, eq. (2)),

Q= (C"C;OC‘) x 100 ¢h)
—C,
g = @1V @

where V (L) and m (g) are the volume of the Cr(VI) solution and the mass
of the sorbent, respectively.

For IT-POP and the best-performing gel beads (St-Alg-IT-POP15%,
see section 3.2.1.), sorption isotherms and kinetics were studied under
optimized experimental conditions, i.e., pH = 2 (Fig. 2F, section 3.1.),
Rgy = 0.5 mg mL~! (IT-POP) or 3.3 mg mL ™! (St-Alg-IT-POP15%)

— ——p W —

-
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(Fig. S1, in the supplementary material), t = 24 h (for isotherms), and Cy
(total Cr) = 0.60 mM and T = 25 °C (for kinetics). Non-linear kinetic and
equilibrium data modeling was performed to investigate the sorption
mechanisms. For that, the pseudo-first-order (PFO) and pseudo-second-
order (PSO) kinetic (Vareda et al., 2016) and the Langmuir, Freundlich,
and Sips isotherm models (J. Wang & Guo, 2020) (see Table S1 in
supplementary material — from Eq. S1 to S5, respectively) were fitted to
the obtained Cr(VI) oxyanions sorption profiles. The model's goodness
was evaluated by the coefficient of determination (R?) and the Akaike
information criterion (AIC) (Filho et al., 2018) (Table S2, Egs. S6 and S7,
respectively).

Sorption isotherms were performed at different temperatures in
order to assess the thermodynamic parameters of sorption, the change
of: Gibbs energy (AGO, kJ mol_l), enthalpy (AHO, kJ mol_l), and en-
tropy (ASO, J K' mol™Y) (Table S3, Egs. S8 - S10). The values of
equilibrium constants (K.) were calculated from the equilibrium con-
stants obtained by the sorption isotherm model, which best described
the experimental data at each T, using Eq. S11 (Table S3) (Lima et al.,
2019).

Multicomponent sorption assays were carried out at 25 °C starting
from equimolar aqueous solutions containing 0.15 mmol L~ of each of
seven different metal ions: Pb(II), Cu(II), Cd(II), Zn(I), Mn(II), Ni(II),
and Cr(VI), and using a polymer dose of 0.5 mg mL™! (IT-POP) and 3.3
mg mL ™! (St-Alg-IT-POP15%). After the 24 h selectivity sorption tests,
all samples were filtered using 0.22 pm nylon syringe filters, and the
metal ions in each filtrate were separated and quantified by UV-vis (Cr
(VD) anions) and F-AAS (with an air/acetylene flame and using hollow
cathode lamps for the direct quantification of Zn, Pb, Cd, Ni, Mn, Cu or
total Cr at 214, 217, 229, 232, 280, 325 or 358 nm, respectively). Then,
sorption efficiencies (Q, %) and capacities at equilibrium (ge, mmol g~1)
were estimated by egs. (1) and (2), respectively, and the selectivity
parameter (S, %) was calculated by eq. (3), where ny, ny, ny, nyy, ny, ny
and nyy (mmol) are the chemical quantity sorbed of each of the seven
metals.

-————

Fig. 2. A) FTIR spectra, B) Thermograms and derivatives (dTGs), C) Absorption spectra and D) Emission spectra of St-Alg (blue), St-Alg-IT-POP15% (red), St-Alg-IT-
POP15%/Cr (wine), IT-POP (orange), IT-POP/Cr (dark yellow), and K»Cr»07 salt or 8.0 mM Cr(VI) solution (black). (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
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n n
L %100 = ! x100  (3)
TNyotal ny + Ny + M + My + Ny + Ny + Ny

S (%) =

2.5. Fluorescence measurements

The capacity of the materials to detect Cr(VI) in water was evaluated
through steady-state fluorescence studies. For that, IT-POP (Rs., = 0.5
mg mL™Y) or St-Alg-IT-POP15% (Rg., = 3.3 mg mL™!), both in powder
form, were stirred in aqueous Cr(VI) solutions at Cy ranging from 0 to
5.0 mM, pH = 2.0 and 25 °C, placed in 1 cm optical path quartz cuvettes.
Subsequently, the fluorescence of the materials was monitored over time
(t = 5-1440 min), between 440 and 800 nm, after excitation at 430 nm.
Control experiments of the Cr(VI) solution (at 8.0 mM) in the absence of
the powder materials were carried out by exciting at 430 nm, and the
absorbance maximum of Cr(VI) in water (351 nm), and no fluorescence
was observed for the dissolved metal.

To get information about the quenching mechanism of the fluores-
cence of IT-POP and St-Alg-IT-POP15% powders, the experimental data
relating the quotient between the fluorescence intensity in the absence
(Io) and in the presence (I) of Cr(VI) oxyanions, at 600 nm (IT-POP) and
615 nm (St-Alg-IT-POP15%), were analyzed by using the linear Stern-
Volmer equation (eq. (4)),

170 — 1+ Ks[Cr(VI) ] )

where Kg (M 1) is the static quenching constant related to the formation
of the non-fluorescent ground-state complex between the fluorophore
entities and the Cr(VI) quencher species (Lakowicz, 2006).

3. Results and discussion
3.1. Synthesis and physicochemical characterization

IT-POP was synthesized through the Schiff base formation reaction
between the primary amine groups of TAPT triamine and the formyl
groups of DHA dialdehyde, resulting in a porous polymer containing
triazine rings, imine bonds and a richness in hydroxyl and carboxyl
groups. IT-POP powder was also incorporated into a polymeric matrix of
starch and alginate crosslinked with citric acid to obtain gel beads. The
most promising IT-POP-containing beads (St-Alg-IT-POP15%, see sec-
tion 3.2.1.), the pure beads (St-Alg) and IT-POP were considered for
characterization purposes.

FTIR characterization (Fig. 2A) showed a new band in the St-Alg
beads at 1735 cm™! (not present in pure starch and alginate, see
Fig. §2), attributed to C=0 elongation of the ester group formed by the
covalent crosslinking reaction of starch and alginate with citric acid
(Lipatova & Yusova, 2021). In addition, C—H bending vibrations (845
and 752 cm™!), C-O-C bending from anhydroglucose ring (937 cm™),
C—O stretching (1152 em™!) and O—H bending of starch/alginate +
asymmetric stretching of carboxyl C=0 bonds of alginate (1620 cm™!)
were observed. IT-POP also presents characteristic peaks in the infrared
spectrum, which also appear in IT-POP-containing beads, proving the
anchoring of the polymer. These bands include C—N bending (815
cm’l), C—N stretching (1360 crn’l), C—C stretching of aromatic rings
(1505 cm’l), C=N of triazine moieties (1607 cm’l), and the stretching
of G=N bond (1660 cm™?) resulting from the polymerization reaction
between TAPT and DHA. For IT-POP, a shoulder was also observed at
1735 cm™}, assigned to C=0 stretching of its carboxyl groups. Addi-
tionally, peaks at 2925 and 3360 cm™! can be attributed to C—H and
O—H elongations of the hydroxyl and carboxyl groups. Slight differ-
ences were noted by comparing the FTIR spectra of the IT-POP and IT-
POP-containing beads before and after sorption, proving their interac-
tion with Cr(VI). For both materials, shifts towards higher wavenumbers
of the bands centered at 1360 and 1505 cm ™! were observed, as well as
an increase in the relative intensity of the band at 1505 cm ™! compared
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to that at 1607 cm ™!, showing the involvement of the amine groups and
(hetero)aromatic rings in Cr(VI) sorption, possibly by coordination,
hydrogen bonds or electrostatic interactions (since for pH < 7.0, N
atoms of the triazine rings are protonated (Hynes et al., 2020; Matias
et al., 2023)). The sorption of Cr(VI) by IT-POP also seems to mask the
presence of carboxyl groups in the polymer structure, as evidenced by
the disappearance of the shoulder at around 1735 cm ™. Additionally,
the band related to the esterification of starch and alginate shows a
slight wavenumber shift due to the presence of Cr(VI) in St-Alg-IT-
POP15% beads.

The thermograms (Fig. 2B) showed two degradation steps centered
at 252 °C (of alginate) and 297 °C (of starch) for St-Alg beads. At the
same time, St-Alg-IT-POP15% only presented one decomposition step
centered at intermediate values to those of the native beads (i.e.,
272 °C). The decrease from 297 °C to 272 °C may be justified by the
lowest degree of crosslinking with citric acid in St-Alg-IT-POP15%
(compared to St-Alg), probably due to IT-POP. Additionally, IT-POP
polymer proved to be significantly more stable than the beads,
showing a mass loss centered at 447 °C, due to the degradation of TAPT.
After sorption, both materials increased their thermal stability from
447 °C — 647 °C (for IT-POP) and 272 °C — 287 °C (for St-Alg-IT-
POP15%), which can be explained by the sorbed Cr(VI) promoting
further crosslinking of polymer chains, increasing their compaction. The
more significant increase in the thermal stability of IT-POP/Cr may be
associated with IT-POP interacting with a more considerable number of
metal oxyanions.

The optical properties of IT-POP and St-Alg-IT-POP15%, both in
powdered form were evaluated by solid-state absorption and emission
spectroscopies. The absorption spectra (Figs. 2C) showed maximum
wavelengths at A2 = 338, 450 and 510 nm for both IT-POP and St-Alg-
IT-POP15%, possibly assigned to ® — n* transitions involving the (het-
ero)aromatic rings and the conjugated structure of IT-POP, and n — ©*
due to the presence of nitrogen and oxygen atoms, respectively, from
low to high wavelengths (Matias et al., 2024). These peaks differ
significantly from the absorption spectra of St-Alg beads (with a more
intense absorption band at 295 nm and a less intense one at 448 nm) and
provide evidence of the incorporation of IT-POP into the St-Alg polymer
matrix. After sorption, the spectra of IT-POP and St-Alg-IT-POP15% with
Cr(VI) sorbed (IT-POP/Cr and St-Alg-IT-POP15%/Cr, respectively) were
similar to the absorption spectra of KyCr,O;, with maximum wave-
lengths at 42" = 450 and 525 nm, confirming the presence of Cr on the
surfaces of the materials. Furthermore, the fluorescence spectra
(Fig. 2D) also allowed us to infer about Cr(VI) sorption since IT-POP is
fluorescent (while St-Alg is not), and both IT-POP and IT-POP-
containing beads reduced to powder emit radiation at 625 nm upon
excitation in the visible region. The interaction of the two materials with
Cr(VI) resulted in quenching the emission of the polymers, which opens
the door for their application as probes/sensors, as will be discussed in
section 3.3.

The SEM micrographs showed that IT-POP (Fig. 3A) presented a
homogeneous, spherical, and diffuse morphology, and some roughness,
characteristic of porous materials. A highly porous network regarding
St-Alg beads was observed (Fig. S3). After addition of IT-POP to form St-
Alg-IT-POP15% beads (Fig. 3B), it was observed a good anchoring and
dispersion of IT-POP, since an IT-POP-like morphology was identified
across the smooth surface of the beads (see also Fig. S4), as well as the
pore availability in the St-Alg polymer matrix. On the other hand, after
sorption of Cr(VI), a reduction of empty pores (coupled with an increase
in compaction) was observed for both the IT-POP (Fig. 3C) and the St-
Alg-IT-POP15% (Fig. 3D), indicating their occupancy by Cr(VI) species.
Furthermore, the SEM-EDX surface mapping confirmed the presence of
Cr(VI) homogeneously and uniformly distributed and sorbed over the
surface of IT-POP (Fig. 3E) and St-Alg-IT-POP15% (Fig. 3F).

According to the results of the EDX technique (Table S4 and Fig. S5),
neat St-Alg beads presented the elements C (49.4 wt%), O (47.7 wt%), Si
(0.1 wt%), and Ca (2.8 wt%) in their composition; the presence of Ca(Il)
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Fig. 3. SEM micrographs of A) IT-POP, B) St-Alg-IT-POP15%, C) IT-POP/Cr, D) St-Alg-IT-POP15%/Cr (10,000 x magnification); and SEM-EDX surface mapping of Cr

(VD) for E) IT-POP/Cr and F) St-Alg-IT-POP15%/Cr.

is related with the ionotropic gelation involving the exchange of Na(I) by
Ca(II). The presence of Si can be attributed to traces of diatoms and
unicellular organisms, whose shells contain SiO,, in the commercial
sodium alginate (da Costa et al., 2024). IT-POP presented 72.6 wt% of C
(because of its aromatic structure and C=N bonds), 15.8 wt% of N
(associated with the triazine rings and imine bonds), 1.1 wt% of S (due
to the residual content of DMSO retained in its structure), and 10.6 wt%
of O (owing to residual DMSO, and hydroxyl and carboxyl groups). After
anchoring IT-POP into the St-Alg-IT-POP15% beads, despite the C, O,
and Ca elements, a 1.4 wt% of N was detected, confirming the presence
of POP on the polymeric matrix of the beads (in a content of around 11
wt%). Upon Cr(VI) sorption, a reduction of N and Ca contents or even
the disappearance of these elements was observed in IT-POP/Cr and St-
Alg-IT-POP15%/Cr surfaces, indicating the involvement of these ele-
ments in the sorption mechanism. Additionally, the presence of K was
derived from the use of potassium dichromate salt as a Cr(VI) source,
while the contents of Cr on the surface of both post-sorption materials
(10.0 wt% for IT-POP/Cr and 0.6 wt% for St-Alg-IT-POP15%/Cr) proved
that there was, in fact, Cr(VI) sorption.

3.2. Sorption of hexavalent chromium

3.2.1. Preliminary studies of Cr(VI) sorption

IT-POP showed a significant sorption capacity for Cr(VI) removal
(Fig. S1A), which was much higher than that found for pure starch-
alginate beads (Fig. S1B). Regarding IT-POP-containing beads compo-
sition, an IT-POP loading of 15 wt% led to a greater approximation to the
remarkable sorption performance of the pure IT-POP, due to the higher
anchoring of the porous organic polymer and, consequently, the greater
availability of active sites capable of interacting with Cr(VI). Further-
more, the proximity between the sorption efficiencies of IT-POP and St-
Alg-IT-POP15% materials was even more noticeable when the R, = 3.3
mg mL~! was selected for the St-Alg-IT-POP-15 % beads. Although, in
this condition, the amount of IT-POP within the beads was lower than
the equivalent of IT-POP powder at the selected Rg;, of 0.5 mg mL ™" (for
which the best relationship between Q and g was obtained), a
compromise was reached to avoid using an extremely large amount of
material while maintaining a good Q vs. g ratio. Thus, these results
showed that the loading dose of IT-POP with high sorptive capacity is a
fundamental factor in improving the removal potential of the sorbent.

The surface charge of the materials (see Fig. S6A), the chemical
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speciation of the metal species in water, and the ability to establish
electrostatic interactions between a sorbate and a sorbent can vary as a
function of the pH, thus it is a significant indicator that influences
sorption performance. In the systems under study, the poor efficacy of
both IT-POP and St-Alg-IT-POP15% for removing of Cr(VI) oxyanions
with increased pH is observed (Fig. S6B). This is attributed to the fact
that the materials have an isoelectric point at pH = 4.7 (IT-POP) and 3.4
(for St-Alg-IT-POP15%, which is as expected closer to that of neat St-Alg
beads, at pH = 2.4), meaning that above these pH values their surfaces
are negatively charged and repulsive electrostatic effects with the
anionic Cr(VI) species in solution will predominate. Therefore, pH = 2
was selected for further studies; at this pH, the predominant Cr(VI)
species are [HCrO4] ~ oxyanions (Alvarez-Galvan et al., 2022) and the
sorbents are positively charged promoting the establishment of elec-
trostatic interactions.

3.2.2. Effect of concentration and temperature on Cr(VI) removal: Sorption
isotherms and thermodynamics parameters

Fig. 4A and D show that IT-POP and St-Alg-IT-POP15% have excel-
lent removal efficiencies, i.e., close to or above 90 % for the lowest Cy
(0.1 and 0.5 mM). The sorption efficiencies decrease when the initial
concentrations increase due to the saturation of the active sites of the
polymeric materials. It is also possible to observe that the increase in
temperature up to 55 °C improved the performance of both materials. In
particular, at T = 55 °C, the removal efficiencies increased from Cyp =
0.1 mM to Cp = 0.5 mM, as a result of the increase in the concentration
gradient between the solid and liquid phases and then decreased with
the increase in Cy for IT-POP; and stabilized between 0.5 and 2.0 mM
and only start to decline for Cp > 2.0 mM for St-Alg-IT-POP15%, indi-
cating the occurrence of material saturation for higher concentrations.

The sorption isotherms obtained for IT-POP and St-Alg-IT-POP15%
at different temperatures are depicted in Fig. 4B and E, respectively.
Among the three isotherm equations (Langmuir, Freundlich and Sips)
used to model the experimental profiles, the one that best described all
the systems was the Sips isotherm (see Table S5). According to this
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equation, maximum sorption capacities (¢ms) equal to (3.3 & 0.3) mmol
g_1 (25 °C) and (4.7 + 0.3) mmol g_1 (55 °C) were obtained for IT-POP
and (0.71 £ 0.04) mmol g~! (25 °C) and (1.07 + 0.07) mmol g~ * (55 °C)
for St-Alg-IT-POP15%, indicating that sorption is favored at higher
temperatures, being an endothermic and entropy-controlled process. In
addition, values of ng < 1 (for IT-POP at all temperatures, and St-Alg-IT-
POP15% at T = 25 and 30 °C) show some heterogeneity of the material
and a non-cooperative chemisorption process (Foo & Hameed, 2010;
Matias et al., 2024). In contrast, for St-Alg-IT-POP15% at T = 35 and
55 °C, ng values increased and approach 1 ((0.9 + 0.1) and (1.1 £ 0.3),
respectively), indicating that with the increase of temperature, the
sorption behavior of Cr(VI) by St-Alg-IT-POP15% approaches to the
Langmuir model and a homogeneous system, suggesting spontaneous
monolayer sorption processes (J. Wang & Guo, 2020).

To check the availability of IT-POP sorption sites when anchored into
the beads, the quotients between the maximum sorption capacities ob-
tained for IT-POP powder and St-Alg-IT-POP15% beads were calculated
for each temperature. Depending on temperature conditions, there was a
reduction in the sorption capacity of the beads of 4.4 to 5.3 folds
compared to the pure IT-POP powder. However, it is essential to
emphasize that only around (9-11)% of the total mass of the beads
corresponds to IT-POP polymer, so if the sorption result were propor-
tional, the sorption capacity of the beads should have decreased by 10-
fold. Therefore, it can be stated that the formulation of IT-POP in beads
seems beneficial, as it reduces of the amount of IT-POP by ca. 2 folds to
achieve the same result as in powder form. In addition, although the
sorptive capacity of IT-POP powder was comparable and even superior
to other POPs and polysaccharide-based composite materials, it should
be emphasised that the St-Alg matrix, in itself presenting an innocuous
sorptive effect of Cr(VI), can deagglomerate the IT-POP powder, making
its capacity inside the bead superior to those obtained in most of the
studies reported in the literature (Table 1). Thus, the strategy developed
will enable the reduction of costs in the development of the material
(since IT-POP is the most expensive component), while is obtained a
more easily scalable and effective architecture for day-to-day
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Fig. 4. Removal of Cr(VI) by IT-POP and St-Alg-IT-POP15%: A) and D) removal efficiencies as a function of the initial Cr(VI) concentration and temperature; B) and
E) equilibrium isotherms (dashed lines represent the fits of Sips model); C) and F) Profiles of Cr(Total), Cr(VI), and Cr(III) concentration over time for Cy = 0.60 mM
(Cr(Total)) at 25 °C, pH = 2, Rg;, = 0.5 mg mL™! (IT-POP) and Rg; = 3.3 mg mL™! (St-Alg-IT-POP15%).
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Table 1
Maximum sorption capacity reported for Cr(VI) removal using different sorbents
recently reported in the literature.

Sorbent Qmax / (g pH T/°C  Reference
g
IT-POP 171 2 25 This study
223 55
St-Alg-IT-POP15% 37 (369 per 25
git-pOP)
57 (574 per 55
gir-poP)
S-BC 26 3 45 (Ma et al., 2024)
S-PC 884 2 25 (Liang, Wu, et al., 2024)
MAST 165 7 25 (Tan et al., 2024)
M-SGC 37 6 25 (H. Li et al.,, 2024)
CS-SQDs 186 2 r.t.* (Deng et al., 2023)
PAA-CNF-W 174 2 25 (X. Wang, Luo, et al.,
2025)
NAH 169 >4 25 (Zhou, Chen, et al., 2025)
SCG 93 2 30 (X. Li et al., 2025)
PBP@NaAlg 47 2 r.t* (Boyle et al., 2025)
G-LDH 472 7 20 (X. Wang, Wu, et al.,
2025)
MPAC 115 1 20 (Zhou, Du, et al., 2025)
MAB 370 2 25 (Parlayic1 & Baran,
2025b)
Ca@AlgCs 11 3 30-50 (Venkatrajan et al.,
Zr@AlgCs 15 3 30-50 2024)
NAF 257 2 25 (Parlayici & Baran,
2025a)
HG-CNSs0, 4 3 r.t* (Alves et al., 2024)
CCD-PCP 432 3.5 r.t* (Daliran et al., 2023)
TET-BPB 530 - r.t.” (M. Lu et al., 2025)
ImIP1 423 - r.t* (Y.-S. Wang, Yuan, et al.,
2025)
HCNT-C4 191 2 25 (X. Liu et al., 2024)
TAPT-Bd-POP 16 56 25 (Machado et al., 2024)
CTF500 98 5 25 (S. Zhou et al., 2022)
PCPD 205 2 25 (H. Liu et al., 2022)
COP-NH2 305 3 - (Kong et al., 2022)
iCON-5 266 7 r.t” (Chandra et al., 2022)
iPOP-ANT 331 - - (Sarkar et al., 2022)
iPOP-5(F) 301 7 25 (Mandal et al., 2022)
CON-LDU5 369 56 rt* (Z.-J. Liet al., 2022)
DA-POP-1 341 2 25 (Cao et al., 2022)
PTPA-PIP 230 2-6 r.t.” (Pan et al., 2024)
Fe30,@COF- 429 2 25 (Liang, Liu, et al., 2024)

MT@PPy

* r.t. means room temperature.

applications.

The increase in the sorption capacity with the temperature generally
implies that chemical mechanisms can be involved in the capture of Cr
(VD) by IT-POP and St-Alg-IT-POP15%, because AG can be lower than
—20 kJ mol ™}, and AH is positive (Himpola et al., 2013; Tran et al.,
2016). However, given the magnitude of AG values (between —26 and
— 18 kJ mol ! see Table 2), physisorption seems more significant than
chemisorption (Himpola et al., 2013). The thermodynamic parameters
(obtained from the linear fit of Fig. S7) showed that the Cr(VI) sorption
processes on both materials are spontaneous (negative AG values),
endothermic in nature (AH = (23 & 3) kJ mol ! for IT-POP and (55 +6)

Table 2
Thermodynamic parameters obtained for Cr(VI) sorption on IT-POP and St-Alg-
IT-POP15% beads.

Parameters T (°C) IT-POP St-Alg-T-POP15%
AG / (kJ mol™%) 25 —18 (+4) —~19 (+8)
30 -19 (+4) —20 (+8)
35 —20 (+4) —21 (48)
55 —23 (+4) —26 (+9)
AS/ (mol ' K1) 140 (£9) 246 (£19)
AH / (kJ mol 1) 23 (+3) 55 (£6)
R? 0.9712 0.9779
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kJ mol ! for St-Alg-IT-POP15%), and led to an entropy increase ((AS =
(140+9)J mol ™' K~ for IT-POP and (246 £19)J mol 'K~ for St-Alg-
IT-POP15%). These positive entropy variations can indicate the increase
in the disorder of the molecules at the solid/fluid interface, the occur-
rence of structural changes in the sorbate and sorbent, the displacement
of the sorbed water molecules by the sorbate, and the high affinity of Cr
(VD) oxyanions for the two sorbents (Himpola et al., 2013). Further-
more, the sorbate-sorbent affinity also seems to increase with the tem-
perature since as the temperature rises, the sorption capacities increase,
and AG values become more negative.

3.2.3. Effect of contact time and sorption kinetics

The kinetic profiles showed that the equilibrium time was reached
more quickly for IT-POP powder (360 min) than for St-Alg-IT-POP15%
beads (480 min), possibly because the anchorage of IT-POP powder in
the polymer matrix (i.e., beads) increased the mass transfer resistance of
the Cr(VI) oxyanions in the external film, slowing down external diffu-
sion and delaying the contact with the active sites of IT-POP in St-Alg-T-
POP15% beads (Fig. 4C and F). Additionally, acidic media (due to its
high redox potential) and the active sites of the sorbent can promote the
reduction of Cr(VI) oxyanions to Cr(III). To assess these possibilities,
each point of the sorption kinetics of Cr by the two sorbents was
analyzed using UV-Vis spectroscopy and F-AAS to determine the con-
centration of Cr(VI) and total Cr, respectively. The difference between
the total Cr and Cr(VI) concentrations allowed us to infer about the Cr
(III) concentration in solution. The initial concentrations of total Cr and
Cr(VI) at pH = 2 were 0.60 mM and (0.44-0.51) mM, which shows a
reduction capacity of the acidic medium of (16-27)%. Subsequently,
there was a slight decrease of Cr(III) concentration over time using IT-
POP powder, showing that it cannot reduce Cr(VI) to Cr(III) and only
sorbs a residual amount of Cr(III) initially present in the medium. For St-
Alg-IT-POP15% beads, a slight increase in Cr(III) concentration was
observed up to t = 90 min, possibly due to a minor involvement of the
reduction process coupled with sorption promoted by the polymer ma-
trix that anchors IT-POP polymer (Park et al., 2007). For longer contact
times, residual sorption of Cr(III) by St-Alg-IT-POP15% was also
observed, resulting in a decrease of Cr(III) concentration. In general,
these results suggest not only the occurrence of sorption of Cr(VI) oxy-
anions by the positively charged materials through electrostatic attrac-
tions, but also the negligible roles of both the reduction process and the
Cr(III) sorption.

The experimental data of the sorption of Cr(VI) and total Cr by the
two materials were modeled using PFO and PSO kinetic models (Table 3
and Fig. $8). The higher R? values and lower AIC values were observed
for the fits of PSO model, suggesting that surface reactions govern Cr(VI)
sorption processes.

3.2.4. Selectivity performance

To investigate the ability of the two polymers to selectively sorb
metal ions, multicomponent sorption assays were carried out starting
from a heptacomponent metal ion solution, containing 0.15 mmol L™! of
each of seven different metal ions: Pb(II), Cu(II), CA(I), Zn(II), Mn(II),
Ni(II), and Cr(VI) (Fig. 5). The two materials maintained high removal
efficiencies of Cr(VI) oxyanions (between (91-95)%) and a low reduc-
tion to Cr(IIl) (total Cr efficiencies >89 %) (Fig. 5A). Regarding the
divalent cations, IT-POP did not sorb them, while St-Alg-IT-POP15%
showed removal efficiencies between (10-53)%, due to the presence of
hydroxyl and carboxyl groups in the structure of starch and alginate,
with a high capacity to coordinate with divalent cations. This trend was
also confirmed by Fig. 5B, showing that in the presence of coexisting
divalent cations, IT-POP has a high selectivity for Cr(VI) anions (89 %),
whereas St-Alg-T-POP15% presents a lower Cr(VI) selectivity (38 %).
Despite this, the incorporation of IT-POP made the beads more selective
to Cr(VI) than to the other coexisting divalent cations.
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Table 3
Fit parameters of the kinetic models.
Model Parameters IT-POP St-Alg-IT-POP15%
Cr(VD) Cr(Total) Cr(VD) Cr(Total)
PFO qe / (mmol g’l) 0.69 (£0.02) 0.86 (+0.03) 0.126 (+0.004) 0.137 (£0.004)
k; / (min~1) 0.011 (0.002) 0.011 (£0.002) 0.012 (£0.002) 0.007 (£0.001)
R? 0.9285 0.9169 0.9472 0.9638
AIC —-34.9 -30.7 -55.9 —56.6
PSO qe / (mmol g’l) 0.75 (£0.02) 0.94 (+0.03) 0.138 (+0.003) 0.156 (£0.004)
ke /(8 mmol ! min~!) 0.022 (+0.004) 0.017 (£0.003) 0.12 (£0.02) 0.055 (+0.008)
R? 0.9644 0.9542 0.9813 0.9814
AIC -39.7 —34.8 —62.6 —61.0
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Fig. 5. Multicomponent sorption tests using IT-POP and St-Alg-IT-POP15: A) sorption efficiencies and capacities at equilibrium, and B) selectivity percentages for Pb
(1D, Cu(I1), CA(II), Zn(I1), Mn(II), Ni(II), and Cr(VI) removal at 0.15 mmol L™ each, Rg; = 0.5 mg mL~! (IT-POP) or 3.3 mg mL ™! (St-Alg-IT-POP15%), pH = 2.0

and 25 °C.

3.3. Fluorescence assays

The ability of IT-POP and St-Alg-IT-POP15% to act as fluorescent
probes for Cr(VI) detection in water was assessed by placing in contact a
dose of each material in aqueous solutions with different initial con-
centrations of Cr(VI) at pH = 2. The fluorescence signal of both the IT-
POP powder and the St-Alg-IT-POP15% beads reduced to powder was
monitored over time and stabilized after 6 h of contact (Figs. S9A and
S9B, respectively), which coincides with the equilibrium time deter-
mined in sorption kinetics, particularly for IT-POP. For t = 6 h, the
fluorescence spectra of each dispersion as a function of the initial
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concentration of Cr(VI) are depicted in Figs. 6A (IT-POP) and 6B (St-Alg-
IT-POP15%).

It was observed that the increase of Cr(VI) concentration promoted
the quenching of fluorescence of both materials, due to the formation of
non-fluorescent ground-state complexes between the fluorophore spe-
cies and the Cr(VI) quencher. Linear Stern-Volmer plots were repre-
sented for both cases of fluorescence quenching in Fig. 6C, from the
fluorescence intensities at the wavelength at which they are maximal for
t = 6 h (600 nm for IT-POP and 615 nm for St-Alg-IT-POP15%). The
applied Stern-Volmer equation (eq. (4)) correctly modeled both systems,
showing R? = 0.9921 (IT-POP) and 0.9891 (St-Alg-IT-POP15%), and

- - .6
-
| — - C—
.
e ——
»
o —
-
.= -~
-

R

Fig. 6. Representation of the fluorescence emission profiles of IT-POP and St-Alg-IT-POP15% as a function of the initial Cr(VI) concentration for A) IT-POP and B) St-
Alg-IT-POP15% powders; C) Linear Stern-Volmer fits for the fluorescence quenching of IT-POP (at Aey, = 600 nm) and St-Alg-IT-POP15% (at Aey, = 615 nm) in

contact with Cr(VI) solutions. The materials were excited at Aexe = 430 nm.



P.M.C. Matias et al.

indicating that the two materials have a single population of fluo-
rophores, all with identical accessibility to the quencher metal species
(Matias et al., 2024).

The slope values obtained from the Stern-Volmer fittings are the
association constants, Ks, for the formation of IT-POP-Cr(VI) and St-Alg-
IT-POP15%-Cr(VI) non-fluorescent complexes, which were 3995
(£156) M~ ! and 7054 (+314) M’l, respectively. These values follow the
same trend and are of the same order of magnitude as the equilibrium
constants obtained by sorption studies, at 298,15 K (i.e., 1621 and 1716,
respectively). The higher value of Ks obtained for St-Alg-IT-POP15%
may be due to the use of a greater mass of beads (6.7 x superior to that of
IT-POP powder), possibly leading to a larger macromolecule surface and
to an increase in the availability and exposure of fluorophores for the
formation of non-emissive complexes (which can occur, e.g., due to the
presence of the quencher in the vicinity of the fluorophore during
excitation).

The IT-POP and St-Alg-IT-POP15% initial fluorescence intensity is
quenched by 50 % at Cr(VI) concentrations of 0.25 and 0.14 mM,
respectively, showing again a more appreciable quenching of St-Alg-IT-
POP15% fluorescence. The same conclusion can be drawn by comparing
the decrease profiles of the fluorescence intensity (i.e., i) as a function of

quencher concentration for the two materials (Fig. S9C). Although both
are described by first-order exponential decay, the decrease in fluores-
cence intensity is more abrupt for St-Alg-IT-POP15%. Furthermore, after
the decay, the plateau is reached for an initial Cr(VI) concentration close
to 1.5 and 2.3 mM for St-Alg-IT-POP and IT-POP, respectively. This in-
dicates that the equilibrium of the interaction with Cr(VI) occurs at
higher concentrations for the pure IT-POP polymer, meaning that it
achieves saturation after interacting with a more significant number of
Cr(VI) oxyanions, as proved by the sorption studies that showed a higher
maximum sorption capacity of Cr(VI) for IT-POP.

In summary, both materials present an ability not only to remove/
recover Cr(VI) from water but also to detect it by varying the fluores-
cence response when in contact with Cr(VI)-contaminated aqueous
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media, through an interaction mechanism based on hydrogen bonding,
electrostatic interactions and coordination exchange, as proposed in
Fig. 7. In this sense, they can be considered a new generation of inno-
vative materials since they have a dual application. Furthermore, it is
worth noting that the limits of detection (LODs) and quantification
(LOQs) for the sensing of Cr(VI) were 0.85 and 2.58 mM for IT-POP, and
0.98 and 2.96 mM for St-Alg-IT-POP15% probes, respectively. These

values were estimated by the linear plots of ('7" - 1) as a function of Cr

(VD) concentration for the maximum emission wavelengths at t = 6 h,
and allow us to infer that improvements may be made to the materials to
decrease analytical thresholds and to overcome the limitation of the
fluorescence changes not being detectable to the naked eye.

4. Conclusions

This study provided valuable insights into the performance and
interaction mechanism of two materials, IT-POP and IT-POP-containing
St-Alg beads (St-Alg-IT-POP15%), for the remediation of Cr(VI) from
water by combining sorption and fluorescence studies. The sorption
results showed that the IT-POP polymer presented a higher sorption
capacity than St-Alg-IT-POP15% ((3.3 £+ 0.3) mmol g_1 vs. (0.71 £+
0.04) mmol g~ ! at 25 °C and pH = 2.0). However, considering that only
around 10 % of the bead's mass is IT-POP, it can be concluded that the
reduction in capacities was only 4.4 to 5.3 times, showing that St-Alg-IT-
POP15% could be around 2 folds more advantageous than IT-POP
powder alone. The occurrence of chemisorption, explained by electro-
static interactions, as well as other types of physical interactions, such as
coordination or hydrogen bonds, was inferred to be the most probable
mechanism, and no significant reduction of Cr(VI) to Cr(Ill) by the
materials was observed. Furthermore, sorption processes were sponta-
neous, entropically favorable as well as endothermic since the maximum
sorption capacities increased up to (4.7 + 0.3) mmol g’l (IT-POP) and
(1.07 £ 0.07) mmol g_l (St-Alg-IT-POP15%) with the temperature

(O Sodium alginate
Q Amylose }
. Starch
O Amylopectin
COOH

X

HOE)C
O Citric acid crosslinking
Q Ca(ll) crosslinking
Q Hydrogen bonding

o

v,

Fig. 7. Representation of the chemical structure of St-Alg-IT-POP beads, containing possible hydrogen bonds, covalent and ionic crosslinking between starch,
alginate, citric acid and Ca(Il); schematic representation of the hypothesised interaction mechanism for the sorption and fluorescent response of IT-POP and St-Alg-IT-

POP towards Cr(VI) anions.
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increase up to 55 °C. Fluorescence studies showed that Cr(VI) led to the
quenching of fluorescence of both materials acting as probes. This
quenching was described by the linear Stern-Volmer model, due to the
formation of ground-state non-fluorescent complexes with association
constants of 3995 (+156) M~! and 7054 (£314) Mm! resulting from the
collision of Cr(VI) oxyanions with the fluorescence sites or the presence
of metal species in the vicinity of the fluorophores. In these studies,
LODs and LOQs of 0.85-0.98 mM and 2.58-2.96 mM were obtained,
respectively. Overall, this work offers a valuable contribution to mate-
rials science in the field of environmental remediation, since IT-POP is a
novel advanced functional material and the formulation of St-Alg-IT-
POP15% is a very efficient, economical and easier to scale up approach.
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ABSTRACT

Removing potentially toxic elements (PTEs), such as hexavalent chromium (Cr®h), from water presents a sig-

nificant challenge, especially given the increasing global demand for potable water. This study evaluated the
effectiveness of three carbon-based structures — graphene, printex, and biomass-derived biochar — for Cr®*
adsorption in water, aiming to identify efficient and sustainable solutions for wastewater treatment. To inves-
tigate the influence of different carbon-based structures on Cr®* adsorption, the physical, chemical, morpho-
logical, and thermal properties, as well as particle sizes, were evaluated. Adsorption experiments were conducted
under varying conditions of contact time, initial Cr®" concentration, and adsorbent dosage, with responses
optimized through response surface methodology. Additionally, a Life Cycle Assessment (LCA) was conducted to
evaluate the environmental impacts of the developed process, providing a broader sustainability perspective
compared to conventional methods. Results indicated significant adsorption efficiencies for all materials: biochar
achieved 85.1 % removal of Cr®" under optimal conditions (using a 100 mg dosage, at a concentration of
1 mmol.L’l, over 30 min of contact time); Printex reached 85.4 %, and graphene recorded the highest removal
rate at 89 %. Adsorption isotherms were best described by the Langmuir model, with maximum capacities of
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67.7 mg g~* for graphene, 30.4 mg-g~* for Printex, and 13.3 mg-g™ for biochar. The structural properties of each
material influenced this difference in adsorption capacity. The layered structure of graphene and the rough
morphology of printex contributed to its performance, while the porous morphology and surface functional
groups of biochar also favored adsorption. Nevertheless, this study identifies biochar as a promising and cost-
effective material derived from biomass waste, aligning with sustainability goals. The proposed LCA scenarios
reinforce this advantage, demonstrating reduced environmental impacts — particularly in terms of human
toxicity and aquatic ecotoxicity — and benefits from a circular economic perspective. Importantly, this work
provides a direct and systematic comparison of three commonly used carbon-based materials under identical
experimental conditions, thereby addressing a key gap in literature and guiding more effective selection of
adsorbents for environmental applications.

1. Introduction

Escalating water scarcity in many regions worldwide has reached
alarming levels due to the combined pressures of global warming,
surging population growth, rapid urbanization, and inefficient man-
agement of water resources [1]. Water pollution typically results from
the release of waste by the industrial, agricultural, and domestic sectors.
This compromises its quality and availability, making adequate waste-
water treatment before disposal essential [2].

In this context, potentially toxic elements (PTEs), such as heavy
metals, are present in water because of the inadequate disposal of in-
dustrial effluents, mainly from the processing and manufacturing of
chemicals, minerals, steel, leather tanning, textile dyeing, electro-
plating, cement production, metallurgy, and others [3]. Among heavy
metals, Chromium (Cr) represents a serious environmental problem, and
its contamination can primarily enter the human body through drinking
water [4]. Chromium (Cr) is the 24th most abundant element, occurring
naturally in the Earth’s crust in both trivalent and hexavalent forms [5].
It does not undergo biodegradation and can accumulate at toxic levels in
aquatic organisms, affecting the health of ecosystems and putting
human life at risk [6]. Therefore, the World Health Organization (WHO)
has established a permissible level of Cr®" in drinking water of no more
than 0.05 mg.L~! [4].

Numerous physical and chemical techniques have been developed
for treating water contaminated with Cr®t, such as ion exchange [7],
reverse osmosis [8] membrane filtration [9] chemical reactions
involving reduction and precipitation [10] and adsorption [11]. Among
the various promising remediation approaches, adsorption stands out as
an effective method, including (i) a chemisorption mechanism involving
the formation of chemical bonds and (ii) a physisorption mechanism
characterized by weaker interactions. In general, this procedure is a
practical, effective, and low-cost strategy that is based on capturing
molecules on porous surfaces (interactions between analyte-adsorbent
materials) during this process [12]. Currently, this method plays a sig-
nificant role in various fields, such as remediation, surface chemistry,
and catalysis [13,14].

Many adsorbent materials have been investigated as possible ad-
sorbents for the removal of Cr®* from aqueous solutions, such as biomass
[15], beads [5], aerogels [16], hydrogels [17], membranes [18], biochar
[19], graphene [12], and graphite [20]. However, carbon-based mate-
rials can be classified as highly emerging, efficient adsorbents for
removing Cr®" from contaminated water due to the diverse functional
groups within their structure [21]. These materials are notable for their
extensive surface area, many active sites, n-n interactions, high con-
ductivity, and ability to be modified for optimized adsorption [22].
Studies indicate that chemical modification of these surfaces can further
increase the resistance of the materials to specific impurities, such as
PTEs and industrial dyes [22-24].

Among carbonaceous materials, biochar from agro-industrial resi-
dues, graphene, and Printex stand out because they differ significantly in
their structure and how these differences influence their ability to
adsorb Cr®* (hexavalent chromium). Biochar is a porous, carbon-rich
material derived from the pyrolysis of biomass, offering a large sur-
face area for adsorption [19,25,26]. Graphene, a two-dimensional

material, possesses a high surface area and unique electronic properties
due to its single-layer structure, comprising hexagonally arranged car-
bon atoms [25]. Commercial carbon material is Printex L6 (Degussa), an
alkaline pigment of furnace type with a primary particle size of 18 nm
and a BET surface area of 265 m% g™, a density of 1.8 g.cm™>, and
primary use in organic degradation [27,28].

These materials have shown significant potential for effectively
removing hexavalent chromium (Cr®") from wastewater through
adsorption and/or reduction mechanisms. However, assessing the
environmental impact associated with their production is crucial to
ensure their cost-effectiveness and promote their implementation as
environmentally friendly solutions [29]. Although individual studies
have reported promising results for some carbonaceous materials, a lack
of comparative evaluations remains regarding their effectiveness and
environmental impacts in Cr®* removal. Specifically, the literature has
not reported on the effects of various types of carbonaceous materi-
als—such as biochar, graphene, and Printex—on the removal of hex-
avalent chromium ions. Additionally, there is a lack of summarized
information regarding freshwater ecotoxicity, freshwater eutrophica-
tion, global warming, human carcinogenic toxicity, human
non-carcinogenic toxicity, marine ecotoxicity, marine eutrophication,
and territorial ecotoxicity. Furthermore, the effective removal of hex-
avalent chromium ions from contaminated water environments with
these materials has not been systematically documented in prior studies.

This study will assess the environmental impact of removing hex-
avalent chromium using three carbon-based sorbents (biochar, gra-
phene, and Printex), employing response surface methodology (RSM) to
find an efficient and sustainable solution for wastewater treatment. This
research aims to contribute to global efforts in environmental preser-
vation and resource protection.

2. Materials and methods
2.1. Materials

The carbonaceous materials were purchased from different suppliers.
Nanoplatelet provided Graphene (99.9 %, 3 nm, S.A:800 m2.g ™! Dia: 1.5
pm). Orion Carbons (Degussa) provided Carbon Printex L6. Biochar was
produced from pineapple top waste collected at a street market in Lor-
ena, Sao Paulo, Brazil, as this material is generated in large quantities
and frequently discarded as waste at markets and fairs without efficient
use. Initially, the waste was dried at 80 °C for 48 h to remove moisture.
The dried material was then crushed, ground in a mill, and sieved to
obtain particles smaller than 35 mesh.

2.2. Synthesis of biochar from pineapple crown residue (BPCR)

The biochar from pineapple crown residue was prepared as follows:
the dried residue was impregnated with a water solution of NaOH at
80 g.L ™!, maintaining a ratio of 1:3 (residue: alkaline solution/active
agent) at room temperature for 24 h. After that, the sample was dried at
100 °C for 24 h, resulting in a material known as activated pineapple
crown fiber. The activated fiber was pyrolyzed at 600 °C for 1.5 h in a
muffle furnace under an argon atmosphere, with a flow rate of 100 mL.
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min~! argon flow. Finally, the biochar was washed with distilled water
until reaching a pH of 7 and then dried at 80 °C for 24 h, obtaining the
biochar from pineapple crown residue.

2.3. Characterization of carbonaceous materials

The adsorption capacity can be influenced by various factors,
including pH, surface area, porosity, type of adsorbent material, and
temperature [30,31]. Thus, to understand the influence of different
types of carbonaceous materials on the adsorption capacity of Cr®", the
physicochemical, morphological, and thermal properties were tested.

The elemental composition of the materials was analyzed to deter-
mine the weight fractions of carbon (C), hydrogen (H), nitrogen (N), and
oxygen (O) using a Thermo Scientific Elemental Analyzer, model Flash
EA 1112.

The density of the samples was measured using a helium gas pyc-
nometer (Ultrapyc 1200e, Quantachrome Instruments, Boynton Beach,
FL, USA) at room temperature. Before the analysis, the samples were
dried in an oven at 35 °C for 24 h to eliminate residual moisture. Each
density value represents the average of three measurements performed
for each sample.

The chemical structures of the materials were analyzed using
Fourier-transform infrared spectroscopy (FTIR) (Frontier 94942 Model,
PerkinElmer Inc., Massachusetts, USA) with an attenuated total reflec-
tance (ATR) diamond accessory. The data was gathered through 64
scans, with a spectral resolution of 4 cm™' in the range of
4000-500 cm ™.

The physical structures of the materials were evaluated using X-ray
diffraction with a diffractometer (Rigaku, model Miniflex II). The
measuring conditions were: CuKa radiation with a graphite mono-
chromator, 30 kV voltage, and 40 mA electric current. The patterns were
obtained in 10-50 ° angular intervals with 0.05 ° steps and a 1 s counting
time. Bragg’s law was applied to calculate the interplanar distance,
based on Eq. (1), and the dimensions of the crystallites were determined
using the Scherrer equation, as expressed in Eq. (2).

nl = 2dsend (€9)
K2
b= pcosd 2

Where: A represents the wavelength of the radiation, n is the diffraction
order (an integer: 1, 2, 3), d refers to the distance between atomic
planes, 0 represents the orientation of these planes relative to the beam,
D refers to the average particle diameter, K is the constant that depends
on the shape of the particles, and § is the full width at half maximum
(FWHM) of the diffraction peak.

Biochar from pineapple crown residue morphology was analyzed
using Scanning Electron Microscopy (SEM) with FEG Schottky electron
emission on MEV-FEG TESCAN Mira 4. The fiber was affixed to carbon
tape within a sample holder. This analysis employed secondary electron
mode (SE) and backscattered electron mode (BSE) at an accelerating
voltage of 5 keV. Furthermore, ImageJ software was applied to analyze
and stabilize the sample’s pore structure.

A laser particle size analyzer (Bettersize Instruments Ltd., China) was
used to measure the particle size of the samples. The samples were
dispersed in distilled water under constant agitation (1600 rpm).
Testing was performed in triplicate, and average values were calculated.
The D90 indicates the diameter where 90 % of the distribution is a
smaller particle size.

The thermogravimetric analysis (TGA) was performed using a TG/
DTA 6200 thermobalance from SII Nanotechnology — SEIKO. Samples
weighing around 5 mg were placed in alumina pans, with alumina
powder as the reference material. The experiment followed the ASTM
E2250 standard, employing a temperature range of 30-800 °C, a heating
rate of 10 °C.min"}, and a continuous synthetic air flow of 100 mL.
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min~!. The temperature range used in the experiment was chosen based
on satisfactory results presented in other studies, which demonstrated its
suitability for thermogravimetric analysis of similar materials [32-34].
The analysis aimed to assess mass loss as a function of temperature and
determine the thermal decomposition temperature (Topset). The Tonset
was determined from the TG curve as the temperature at which a
deflection is first observed from the established baseline before the
thermal event.

Zero point charge is an essential parameter for predicting the exact
mechanism of adsorption by varying the pH of the reaction mixture. The
study measured the Zeta potential of the materials, specifically focusing
on their point of zero charge (pHzpc). For this purpose, samples were
introduced into a 50 mL solution of 0.1 mol.L"! NaCl. The pH of the
solution was adjusted within a range of 2.0-10.0 using 0.1 mol.
L' NaOH and 0.1 mol.L"! HCL. The final pH values were recorded after
the system had equilibrated for 24 h. ZPC corresponds to the point at
which the initial and final pH values of the solution are equal after the
reaction.

2.4. Adsorption analysis for design of experiments (DOE)

An experimental design was conducted to optimize the adsorption
conditions of Cr6 + using carbon-based sorbents (biochar, graphene,
and Printex), investigating the influence of three primary parameters:
contact time, solution concentration, and adsorbent material dosage.
Each parameter was explored at three different levels: i) The contact
time between the adsorbent materials and the adsorbate solution was
evaluated for 10, 60, and 90 min; ii) The initial adsorbate concentration
in the solution was studied at: 0.5, 1, and 3 mmol.L™'; iii) The adsorbent
material dosage used in the solution varied at 10, 50 and 100 mg.

The study planning was conducted using Design Expert software and
involved a surface response method, comprising a total of 14 experi-
ments. Each experiment was performed in triplicate, with a specific
amount of each material added to an Erlenmeyer flask containing 10 mL
of the adsorbed solution at the defined concentration. The vials were
shaken on an orbital shaker at 150 rpm for the specified contact time.
After the shaking time, the samples were filtered, and the residual
adsorbate concentrations were determined using UV-Vis spectropho-
tometry at 420 nm. Removal efficiency (%) and adsorption capacity
(qe), were calculated by Eqs. (3) and (4).

%R = (COC;C> 100 3)

0

Where: Cp is the PTEs metals initial concentration (mmol.L_l); C. is
the PTEs metals concentration at equilibrium (mmol.L. ).
Co —C,

q. = ( 0 W e) 74 4
Where: g, represents adsorption capacity at any time, mg.g~!; V denotes
volume of solution, L; and W represents the weight of carbon-based
sorbents, g.L 7!

All measurements were carried out in duplicate and reported as
mean =+ standard deviation. One-way analysis of variance (ANOVA) was
performed using Design Expert software with a 95 % confidence level.

2.5. Kinect study

A kinetic adsorption study was conducted to evaluate the effect of
contact time on adsorption capacity while maintaining a constant
adsorbate concentration and adsorbent dosage until equilibrium was
reached. Based on the results of optimization experiments conducted
using Design-Expert® software, a dosage of 10 mg and an initial
adsorbate concentration of 1 mmol.L ! were selected. The experiments
were carried out by agitating the flasks on an orbital shaker at 150 rpm
for various contact times, including 10, 30, 60, 90, 120, 150, 180, and
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210 min. The amount of adsorbate adsorbed at each interval (qe.) was
measured, which allowed for the construction of the adsorption kinetics
curve. The pseudo-first-order model, is defined by the differential Eq.
(5):

d
—r=ki(ge—q) ®

dt
which, upon integration under appropriate initial conditions, yields the
linear form described by Eq. (6):

In(qe — ¢:) = In(ge) —kat (6)

Where: g,is the amount of adsorbate at time t; g, is the amount adsorbed
at equilibrium; k; is the rate constant of pseudo-first-order adsorption.

The pseudo-second-order model assumes that the adsorption rate is
proportional to the square of the number of unoccupied sites, and is
described by Eq. (7):

d

G = ke~ a0’ @
Its linearized form can be expressed by Eq; (8):

t 1 t

g — 8

gt ka@? g ®

Where: ks (mgf‘nin) is the pseudo-second-order rate constant.

2.6. Adsorption isotherms

The study of sorption through adsorption isotherms can provide in-
sights into how Cr®" is adsorbed, as well as estimate the maximum metal
ion capacity of the carbon-based sorbents (biochar, graphene, and
printex). Accordingly, the samples were exposed to solutions with
varying concentrations of crét (0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 20.0,
30.0 and 40.0 mmol L™!) for 180 min. Samples were stirred at 150 rpm
to assess the fit to the isotherm models. The sorption isotherm models
applied were the Langmuir and the Freundlich models.

The Langmuir isotherm is one of the most widely used for adsorption,
which considers that the adsorption process occurs in a single layer of
molecules on the surface of the adsorbent, without this process occur-
ring at the adsorbed sites, and can be described by Eq. (9).

_ quLCe

qe = 1+KC, (C))

Where: qp, sorbent monolayer capacity; Ki: sorption free energy con-
stant; C, equilibrium concentration; ge equilibrium dye concentration of
the sorbent.

The parameters qp, and Ky, are obtained through a linear fit using the
values of Ce/qe versus C.. Additionally, the adsorption tendency and
suitability of the Langmuir model can be assessed using a dimensionless
constant called the separation factor (RL), as shown in Eq. (10).

1

- - 1
RL 1+K,C. (10)

Where: RL represents the process favourability. If RL > 1, the process is
unfavorable. If RL = 1, linear. If 0 < RL < 1, favorable. If RL = 0, irre-
versible.

Freundlich is an empirical model, which consider multilayer
adsorption, where the surface of the adsorbent has heterogeneous sites,
and can be described by Eq. (11):

qge = K:C)/" an

Where: Kg: sorption capacity constant; n: sorption intensity constant.
If n = 1, it is a linear sorption process. If n < 1, chemical process. If n
> 1, physical process. Kr and n can be calculated by Eq. (12):
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2.7. Desorption and regeneration

Desorption and regeneration studies were conducted to assess the
reusability and efficiency of biochar alone as a biosorbent for Cr®*. For
Printex and graphene, this was not possible because the particle size is
smaller, making this study impossible. To evaluate the number of viable
cycles of biochar, Cr®" oxyanion solutions were selected due to their
higher sorption potential. The adsorbents were subjected to three
consecutive runs under optimal conditions determined from adsorption
test analyses (1.0 mmol L~ for 30 min, with 100 mg of the material).
The absorbance was recorded during these runs using UV-Vis spectros-
copy to calculate the concentration of Cr®* in the material and assess its
reusability. The biochar was chemically regenerated using HNOs after
each cycle. In this technique, the regeneration efficiency depends on the
solubility of the adsorbates in the solvent, which can alter the chemical
structure of the adsorbent [35].

2.8. Life Cycle Assessment (LCA)

According to the directives prescribed by the International Standards
ISO 14,040/14,044, the LCA was conducted using the open-source
software OpenLCA 1.9, the Ecoinvent 3.4 databases, and the ReCiPe
2019 Midpoint (H) method for data interpretation. The selected envi-
ronmental categories were Freshwater ecotoxicity, Freshwater eutro-
phication, Global warming, Human carcinogenic toxicity, Human non-
carcinogenic toxicity, Marine ecotoxicity, Marine eutrophication, and
Territorial ecotoxicity. Background data were obtained from literature,
expert knowledge, and estimations from similar processes. Foreground
data, including energy consumption, were obtained directly from the
development carried out.

3. Results and discussion
3.1. Elemental composition and density

The elemental composition of the carbon-based sorbents was eval-
uated to determine the amount of C, H, N, and O in the samples studied.
In general, the materials presented a difference in elemental analysis,
which can actively impact interactions with the adsorbate, either
through chemical bonds (chemical adsorption) or electrostatic in-
teractions (physical adsorption) [36], as shown in Table 1.

Graphene exhibited the highest carbon content (74.8 %), reflecting
its highly graphitic structure [37]. Biochar had an intermediate carbon
content (71.2%) and was the only material to contain nitrogen
(0.964 %), evidenced by its carbonaceous character due to its lignocel-
lulosic origin [1]. Printex, despite having the minor carbon content
(68.4 %), stood out for its high oxygen content (31.0 %) and the highest
C/H ratio (131), indicating a highly aromatic and functionalized struc-
ture [29]. The C/O ratios reinforce the structural differences between
the materials: graphene had the highest value (3.20), suggesting a lower
degree of oxidation compared to biochar (2.80) and printex (2.20) [37].

Based on the density values, graphene exhibited the highest average
density (2.92 g.cm™), followed by Printex (2.70 g.cm™) and biochar

Table 1
Summary of density and elemental composition data for graphene, Printex, and
biochar.

Samples Density (g. Elemental composition (wt% %)

cm™?) C N H (o] C/H C/0
Graphene  2.92 + 0.08 74.8  0.00 1.43 237 522 3.20
Printex 2.70 + 0.05 68.4  0.00 0.524 31.0 131 2.20
Biochar 2.17 £ 0.09 71.2 0.964 2.21 25.7 32.2 2.80
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(2.17 g.cm™). These results reflect the differences in the material’s
composition and structure. The superior density of graphene is linked to
its highly crystalline structure, characterized by tightly packed atomic
arrangements and minimal porosity, which contribute to its high bulk
density. Printex displayed a lower density as an industrial carbon black
due to its less ordered microstructure, which contains fewer crystalline
regions and greater void spaces. In contrast, biochar showed the lowest
density, consistent with its biomass-derived origin. This material is
notably porous, with a significant fraction of micropores and a hetero-
geneous internal architecture, factors that reduce its overall density.
This trend is consistent with literature findings, which note that
increased density can be attributed to changes in pore volume, opti-
mized macroporosity, and improved surface area [33,34].

3.2. Attenuated total reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR) and X-ray diffraction (XRD)

The FTIR spectra of biochar, graphene, and printex are presented in
Fig. la, with the main peaks highlighted. A clearer assignment of the
spectral bands to functional groups is provided below, along with their
implications for Cr®* adsorption behavior.

The FTIR spectrum of graphene exhibits a relatively constant curve
without notable peaks, indicating the absence of significant functional
groups [37]. This is characteristic of highly crystalline and pure mate-
rials, limiting chemisorption. The low intensity or absence of a peak near
3000 cm™!, typically associated with C-H stretching of aliphatic groups,
further confirms the lack of surface functionalities, which is often a
result of purification or controlled oxidation processes [40]. Despite
this, graphene retains high physisorption capacity, mainly due to its
extensive surface area, which allows weak electrostatic interactions with
Cr® species in solution [38,39], making it suitable for applications such
as sensors and catalytic support materials.

The Printex spectrum is also nearly flat, indicating that it is a ho-
mogeneous material, revealing few detectable chemical functionalities
[40]. The slight presence of aliphatic C-H stretching bands near
~2920-2850 cm™ may be linked to amorphous carbon structures —
typical of industrial carbon blacks — although surface reactivity remains
low [41]. However, Printex presents a high surface area and disordered
structure, which supports physisorption processes, possibly through van
der Waals forces or electrostatic interactions with adsorbate species,
contributing moderately to Cr®" retention.

In contrast, biochar shows well-defined peaks, indicating the pres-
ence of several surface functional groups. The broadband around
3000 cm' corresponds to C-H stretching vibrations of aliphatic
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hydrocarbons, likely from biomass residues. The peak in the
1700-1600 cm™ region is associated with C=O stretching of carbonyl
groups, while intense features between 1500-1000 cm™! correspond to
C-O stretching in ethers, alcohols, and phenolic compounds [41]. These
polar groups significantly enhance the surface reactivity of biochar,
enabling chemisorption via complexation or ion exchange mechanisms
with Cr®* species [38]. Combined with its porous structure, biochar
exhibits a dual adsorption mechanism — physisorption and chemi-
sorption — making it particularly efficient for removing Cr®* from
aqueous media.

X-ray diffractometry (XRD) was used to analyze the crystalline
structure and organization of the materials. The primary differences
observed in the XRD patterns of these materials are attributed to the
degree of crystallization, the arrangement of carbon layers, and the
presence of amorphous phases or specific structural features. Biochar
and printex presented similar structures, unlike graphene, as evidenced
in Fig. 1b.

For graphene, its main peak appears near 26 ~ 26°, corresponding to
the basal plane (002), which reflects the spacing between graphene
layers. Through this analysis, using Bragg’s law, it was determined that
the interplanar distance of graphene is approximately 0.342 nm. The
XRD technique also enabled the determination of the average particle
diameter of graphene. Using the Scherrer equation, it was found that the
material has an average diameter of 3.62 nm. Therefore, it can be
concluded that the material consists of approximately 10 graphene
nanolayer pyrolysis, making it a composition rich in organic functional
groups [42]. These differences reflect the intrinsic structural charac-
teristics of each material.

Printex showed two peaks, the first at 26 = 25.5°, corresponding to
the basal plane (002). and the second one at 20 = 42.6, which corre-
sponds to SO,, according to JCPDF #73-2096 [27]. The printex sample
exhibited a behavior similar to that of biochar, a material with an
amorphous and heterogeneous structure. The absence of defined peaks
indicates that the material has a low degree of organization.

Biochar, being a carbonaceous material obtained through biomass
pyrolysis, generally has a highly amorphous and heterogeneous struc-
ture. As observed in Fig. 1b, a broader and more intense amorphous halo
is present near 20 ~ 25°, corresponding to the (002) plane characteristic
of graphitic structures and carbonaceous materials. This broadening
originates from the small dimensions of the crystallites perpendicular to
the aromatic layers [43]. Its XRD pattern shows a low degree of orga-
nization, as there are no well-defined peaks of crystalline planes, as seen
in graphene, due to its disordered structure. This indicates low crystal-
linity and the presence of amorphous carbon, a pattern also observed in
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Fig. 1. FTIR spectra of graphene, Printex, and biochar (a) and XRD patterns of graphene, printex, and biochar (b).
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other studies, such as that by Porto et al. [44]. For pyrolyzed materials at
higher temperatures, around 600-700 °C, a second halo of lower in-
tensity can be observed near 26 ~ 43°, corresponding to the (100) plane,
also characteristic of graphitic structures and carbon materials [44].

Colloids and Surfaces A: Physicochemical and Engineering Aspects 726 (2025) 137881

3.3. Scanning electron microscopy (SEM) and particle size

The morphology of the adsorbent material has a significant influence
on its ability and efficiency in adsorbing metal ions [45]. The surface
area, pore size distribution, and the presence of functional groups on the
surface are crucial morphological factors that determine the number of
available adsorption sites and, therefore, the amount of metal ions that

Fig. 2. SEM images of biochar, graphene, and printex with magnifications of 500X and 10000X.



J.D. Perluxo et al.

can be removed from a solution [30,31]. Fig. 2 shows the morphologies
of carbonaceous materials (biochar, graphene, and Printex) obtained by
SEM-FEG.

Biochar from pineapple crown residue morphology evidenced a
porous structure, which can be associated with removing volatiles dur-
ing the pyrolysis process, leading to the formation of a fixed carbon mass
with a high density of pores of varying sizes [48]. The SEM images of
graphene showed a rough structure with hierarchical pores and a wide
size distribution, making it a preferable site for PTE binding [46].
However, graphene originally had a layered structure. Printex displays
that the carbonaceous material exhibits a rough structure and particles
with irregular shapes, similar to the morphology of graphene. Silva et al.
also demonstrated identical morphology when they proposed a new
sensor based on a glassy carbon electrode (GCE) modified with Printex
6 L carbon (Printex6L/GCE) [47].

Although biochar presented a different morphology compared to
printex and graphene, the materials have similar particle size distribu-
tions, as shown in Fig. 3. It is noteworthy that from the images, it is
possible to observe that the porous structure presented by biochar has
more visible pores on its surface, which can favor interaction processes
and enhance the removal of contaminants. In addition, the sustainable
aspect presented by this material, along with its lower cost, are other
attractive factors for potential application in environmental solutions.

The differences in the size and shape of the particles in the materials
can be observed in the images with magnifications of 500X and 10000X
(Fig. 2). The particle size of the studied samples was measured, yielding
the following values: 0.823 pm for graphene, 0.820 pm for Printex, and
0.860 pm for biochar. Compared to printex and biochar, graphene has a
slightly smaller particle size, and the aggregates formed are closely
related. This fact could favor the adsorption process.

The particle size directly influences the exposed surface area, as
smaller particles generally have a larger specific surface area, thereby
increasing interaction with adsorbates and potentially leading to
increased adsorption activity and faster reaction rates [48]. Gora et al.
evaluated the effect of particle size on the adsorption rates and capac-
ities of Spent coffee grounds (SCGs) for Pb%*, Cu®*, Zn?®*, and Ni?*
under alkaline conditions. The initial adsorption rates for all four metal
ions were 8-12 times higher for the smallest particle size compared to
the largest. Slower initial adsorption rates with increasing particle size
were due to intraparticle diffusion of metal ions into the porous struc-
ture [49]. Muthuraja et al. investigated the adsorption mechanisms of
Pb%* and Cu?" ions on both pristine and artificially aged microplastics
(MPs) made of polystyrene (PS) and polypropylene (PP). Furthermore,
the influence of MP size on the adsorption capacity under different
environmental conditions was evaluated. The experimental results
highlight the significantly higher adsorption ability of smaller [50].

Bukka and Sarin studied the effect of particle size of zeolite and
clinoptilolite on gas adsorption (GA). For comparison, similar evalua-
tions were conducted for natural porous zeolite with interconnected
micro-, meso-, and macropores. GA studies revealed that even with a
particle size reduction to 212 pm, isolated pores were found inacces-
sible. Size reduction in materials with interconnected pores, however,
was not shown to impact the evaluation of pore structure using GA [51].

3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) and its derivative (DTG) curves
were employed to evaluate the thermal stability of carbon-based mate-
rials (biochar, graphene, and Printex) and to investigate their potential
applications in environmental and industrial processes. Fig. 4 presents
the TG and DTG curves for the three materials.

The TG curves revealed distinct thermal behaviors among the sam-
ples, reflecting the differences in their composition and structure. Gra-
phene exhibited an onset decomposition temperature (Topset) of 240 °C,
indicating the initiation of thermal decomposition associated with the
decomposition of less stable carbon structures and the release of volatile
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Fig. 3. Particle size distribution of biosorbents, where (a) Biochar, (b) Gra-
phene, and (c) Printex.

compounds. The DTG curve for graphene displayed two significant
thermal events: the first, occurring below 100 °C, corresponded to
moisture loss due to the hydrophilic nature of the material, while the
second, a dominant peak between 240 and 700 °C, reflected the near-
total decomposition of its structured carbon framework. At 800 °C, the
residue was 4 %, suggesting a high purity level with minimal inorganic
content [52].

Biochar demonstrated a higher Topset of 300 °C. The DTG analysis
highlighted two significant events. The first, below 100 °C, was
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Fig. 4. TG (a) and DTG (b) curves for biochar, graphene, and Printex, showing thermal behavior and decomposition peaks.

attributed to moisture loss, while the second, between 300 and 500 °C,
corresponded to the primary decomposition of organic matter, such as
hemicellulose and cellulose. The residue at 800 °C was 12 %, attributed
to the ash content and residual inorganic components present due to its
biomass origin [33,34].

Printex displayed the highest thermal stability, with a Topset Of 480
°C, indicative of its highly crystalline and reticulated carbon structure.
Its DTG curve also showed two distinct events. The initial moisture loss
occurred below 100 °C, followed by a prominent and sharp decompo-
sition peak between 480 and 710 °C, representing the nearly complete
oxidation of its organized carbon framework. The residue at 800 °C was
only 2 %, consistent with its high purity and minimal inorganic impu-
rities [53].

Table 2 summarizes the thermogravimetric data, including the onset
degradation temperature (Tonset), decomposition intervals, and residue
percentages analyzed at 800 °C.

The decomposition intervals and residue levels observed are
consistent with those reported in previous studies. As Bredin et al.
highlighted, Printex’s higher Tonset and lower residue indicate its
highly crystalline and reticulated carbon structure. The combustion of
Printex begins around 400 °C, peaks at approximately 500 °C, and is
completed by 580 °C, reflecting its superior thermal stability and min-
imal inorganic content [53]. This behavior is consistent with the results
presented by Farivar et al. (2021), who demonstrated that the distinct
DTG peaks and Tpax values of graphene reflect their high structural
purity and thermal stability, as well as their minimal inorganic content
[52]. These findings support that materials with more ordered struc-
tures, such as Printex and graphene, exhibit enhanced thermal
resistance.

In contrast, Biochar exhibited a broader decomposition range,
spanning from 383 to 800 °C, underscoring its heterogeneous compo-
sition and the presence of diverse functional groups. This observation
aligns with Schultz et al. [54] and Montalvo et al. [55], who also noted
the varying thermal stability of biochar depending on the activation
methods and the biomass source. The broader decomposition profile and
higher residue content (12 %) observed for biochar are attributed to the

Table 2
Summary data from thermogravimetric analysis for Graphene, Biochar, and
Printex, including Tonser, decomposition intervals, and residue percentages at
800 °C.

Samples Tonset (°C) Decomposition interval (°C) Residue at 800°C
Graphene 240 240-700 4

Biochar 300 300-500 12

Printex 480 480-710 2

complex mixture of organic and inorganic components that result from
its biomass origin, further supporting the understanding that materials
with higher impurity levels and structural heterogeneity tend to
decompose over a wider temperature range.

These results emphasize the distinct thermal properties of each ma-
terial and their relevance for specific applications. Printex’s high ther-
mal stability and minimal residue are ideal for high-temperature
industrial processes and catalytic applications. Biochar, with its high
residue content and broader decomposition profile, shows promise in
environmental applications, such as adsorbents for water and waste-
water treatment. Meanwhile, graphene’s moderate Ty,se; and low res-
idue highlight its versatility for high-purity applications, including
electronics and composite reinforcement.

These findings underscore the importance of tailoring carbon-based
materials to specific applications based on their unique thermal prop-
erties. Future studies could explore chemical modifications or func-
tionalization strategies to further enhance the performance of these
materials in industrial and environmental applications.

3.5. Determination of the zero-charge point (ZPC)

The point of zero charge (PZC) significantly influences adsorption
processes, particularly by determining the surface charge of a material

Fig. 5. Comparison of charge as a function of point of zero charge (pHzpc) of
Biochar, Printex, and Graphene.
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and how it interacts with charged molecules in a solution [56]. Analysis
of Fig. 5 reveals the zero charge point (pHzpc) for each material. The
results showed distinct surface charge behaviors depending on the ma-
terial. Biochar exhibits a higher pHyzp of approximately 7.5, indicating a
greater presence of carboxylic and phenolic groups. This promotes
protonation and deprotonation at slightly alkaline pH levels [57]. In
contrast, Printex has a pHzpc close to 6, which is less alkaline and
associated with a carbon-loving nature and low functional reactivity.
Graphene, with a pHzpc ranging from 4 to 5, exhibits an acidic character
due to the predominance of oxygenated groups, such as hydroxyls and
epoxides, which facilitate protonation in acidic media [58]. Moreover, it
is essential to note that maintaining pH levels around 2 and 3 can
contribute to favorable adsorption outcomes. These findings are
consistent with previous observations by Bento et al. (2025), who re-
ported a point of zero charge (pHzpc) of approximately 7 for pinecone
residues used in the adsorption of crét [59].

For this reason, a highly acidic pH value was chosen for the
adsorption process, as it is highly efficient in removing metallic con-
taminants under these conditions. In acidic environments, the high
concentration of H* ions promotes the protonation of the functional
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groups present on the surface of the adsorbent, which increases the
positive charge and favors the attraction of anionic species, such as Cr8*
[60]. This ensures that the scientific properties in DOE analyses remain
consistent and that the results are reliable.

3.6. Adsorption analysis for design of experiments (DOE)

Investing in studies that evaluate the development of technologies
for treating water contaminated with metal ions is crucial for addressing
environmental challenges and ensuring water security. Therefore, the
present study proposes comparing the performance of Cr®t removal
from water by the surfaces of biochar, graphene, and Printex samples.
Three-dimensional curves were plotted to clarify the effects of the pro-
cess variables (dosage, initial concentration, and contact time). The
impact of initial concentration-contact time (Fig. 6), time-dosage
(Figure S1), and initial concentration-dosage (Figure S2) on cro*
adsorption by biochar was assessed and displayed as response surface
plots.

Fig. 6 demonstrates that varying the dosage significantly impacts the
efficiency of Cr®" removal from water on the samples of biochar,

Fig. 6. Response surface plot of time and initial concentration where (al, a2, and a3) dosage = 10 mg; (b1, b2, and b3) dosage = 50 mg; and (c1, c2, and ¢3) dosage
=100 mg). (The color changes from blue to red, indicating that the removal rate gradually increases.).
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graphene, and printex surfaces, as the slope of the dosage response
surface is steeper than that of the initial concentration and contact time.
The plots revealed that as the adsorbent dosage increased from 10 to
100 mg, the Cr®" removal rate gradually increased.

Biochar exhibited a maximum removal capacity of 85.1 % (8.87 mg.
g 1), achieved with a dosage of 100 mg, a contact time of 30 min, and an
initial concentration of 1 mmol/L. Graphene achieved a maximum
removal percentage of 89.0 % (55.5 mg.g~!) under 50 mg, 30 min, and
3 mmol.L™! conditions. Finally, Printex demonstrated a maximum
removal capacity of 85.4 % (17.8 mg g~ 1), comparable to biochar, using
50 mg, 30 min, and 1 mmol.L ™. The structural properties of each ma-
terial influenced the difference in adsorption capacity. The layered
structure of graphene and the rough morphology of Printex enhanced its
performance, as shown by XDR and SEM techniques. Additionally, the
porous structure and surface functional groups of biochar also promoted
effective adsorption.

According to the studies, this observed trend by dosage can be
attributed to the increase in active sites on the biochar surface with
higher dosages, which enhances adsorption performance [46,61-63].

Yussult et al. reported similar behavior when evaluating response
surface modeling and optimization of Cr®" adsorption onto eucalyptus
tree bark-derived pristine and chemically modified biochar, affirming
that the amount of adsorbent has a significant effect on the removal
efficiency of Cr®" ions [64]. Rajani et al. synthesized carbonaceous
nickel ferrite (NiFe;04/C) for crét removal, and it was found that at an
equilibrium time of 60 min, nearly 85 % of the chromium was removed
using 0.01 g [65].

Regarding the effect of contact time, the results suggest that the
active sites present on the surface of all samples were cumulatively
saturated after 30 min of testing. This trend was also observed by
Vaghela et al. when evaluating the potential for Pb?>" ion removal using
biochar derived from wheat straw [66].

The ANOVA analysis helps to determine the statistical significance of
the disparity between the mean values. Table 3 presents the ANOVA
statistical analysis comparing the removal efficiency of Cr®*. The results
indicate that biochar and Printex are significant model terms, as evi-
denced by a p-value of less than 0.05. Additionally, yield coefficients
(R?) approaching one were achieved, ensuring adequate analysis.

A slight difference in the removal efficiency of the ion of interest by
each adsorbent material explored was observed, showing the potential
for using biochar obtained from pineapple crowns as an adsorbent ma-
terial in the removal of Cr%" from real industrial effluents. Given the
abundance of agro-industrial waste and biomass available, reusing these
materials for biochar production represents a unique opportunity to
align the treatment of contaminated water with sustainable waste
management practices. Investing in research that explores the potential
of this waste is crucial for creating environmentally responsible and
economically viable solutions, thereby contributing to the mitigation of
global environmental problems and promoting the circular economy.

3.7. Kinect study

The kinetic study of hexavalent chromium (Cr®") adsorption using
Biochar, Graphene, and Biochar reveals distinct behaviors among the
materials, as shown in Fig. 7.

Table 3
Results of analysis of variance (ANOVA), showing the sum of squares, mean
square, and P-value using a single factor to consider the efficiency of the samples
studied.

Samples Sum of Df Mean F- p- R?
Squares Square value value

Biochar 9413.6 9 1046 19.4 0.006 0.978

Graphene  2409.6 6 401.6 2.77 0.105 0.704

Printex 5424.7 9 602.7 22.7 0.004 0.981
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Fig. 7. Pseudo First Order and Pseudo Second Order Kinetic models for Cr®*
adsorption onto carbonaceous materials: biochar (a), graphene (b), and prin-
tex (c).

The results primarily align with the pseudo-second-order model,
suggesting that in all three cases, the adsorption process is predomi-
nantly influenced by chemical interactions. Graphene presented excel-
lent performance, with values of R? = 0.9974 for the pseudo-second-
order model and 0.9936 for the pseudo-first-order model, reaching
equilibrium quickly due to its high surface area and the presence of
functional groups such as hydroxyls (-OH), carboxyls (-COOH) and
carbonyls (C=0), which promote chemical bonds with Cr®* species
[67]. Printex, in turn, exhibited a significant fit to the
pseudo-second-order model (R? = 0.9948), slightly surpassing the fit to
the pseudo-first-order model (R? = 0.9912). This behavior is attributed
to its surface containing similar oxygenated functional groups, which
favor electrostatic interactions and bonds through electron pair dona-
tion [68]. Biochar demonstrated efficient kinetics, with rapid initial
adsorption followed by gradual stabilization, as indicated by R? values of
0.9939 for the pseudo-second-order model and 0.9885 for the
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pseudo-first-order model. This behavior reflects the presence of a variety
of functional groups, including phenols, lactones, quinones, and car-
boxyls, as well as the possible participation of redox mechanisms asso-
ciated with the conversion of Cr®* to Cr®", as reported by Peng et al.
[69]. Although graphene and Printex present satisfactory kinetic results,
biochar stands out as an emerging alternative, exhibiting an excellent fit
to the pseudo-second-order model and maintaining constant perfor-
mance over time, which indicates efficient and stable adsorption, even
without structural modifications or the addition of reducing agents.

3.8. Adsorption isotherms

Adsorption isotherms are crucial for comprehending the adsorption
process, as they elucidate the interaction mechanisms between the
adsorbate and the adsorbent surface. In this study, the Langmuir and
Freundlich isotherm models were employed to determine which best
characterizes the adsorption mechanism of Cr® on biochar, graphene,
and printex. Fig. 8 illustrates the fits of the adsorption isotherms to the
experimental data.

For graphene and printex, the Langmuir model demonstrated a fit (R*
> 0.40), indicating a predominantly monolayer adsorption on homo-
geneous surfaces with finite and identical adsorption sites [70,71].
Specifically, graphene exhibited a maximum adsorption capacity (qe =
67.7 mg-g™") with a Langmuir constant (K, = 0.0014 L-mg™), reflecting
high affinity and exceptional performance. Printex also showed effective
adsorption, with ge = 30.4 mg-g™' and a notably high affinity constant
(Ky =0.014 L-mg™). For biochar, the Freundlich model also provided a
good fit (R? = 0.66), with ge = 13.3 mg-g™ and an exceptionally high
affinity constant (K, = 0.085 L-mg™), reinforcing that adsorption occurs
primarily through monolayer coverage despite the inherently more
heterogeneous nature of biochar, as similarly observed for other
bio-based materials [72].

Thus, the adsorption isotherms obtained for the three carbon-based
materials reveal specific characteristics, reflecting their different struc-
tures and active surfaces. The graphene synthesized in this study
exhibited behavior compatible with the Langmuir model, in agreement
with Khdoor et al. (2024) characterized by monolayer adsorption on a
superficial surface and uniform adsorption energy [73]. Printex pre-
sented a maximum adsorption capacity of approximately 30 mg/g, a
value compatible with that reported by Yolshina et al. [74], reinforcing
its well-established performance under similar conditions [74]. On the
other hand, biochar stands out for following the Freundlich model, as
also observed by Tho et al. (2021), reflecting a heterogeneous surface
with adsorption sites of different energies [75]. In addition to presenting
the technical performance of inventive materials, biochar stands out as
an environmentally sustainable alternative obtained from biomass
waste with a low environmental impact. Its economic and ecological
predictions reinforce its potential as a promising adsorbent material in
future prospective applications for effluent treatment and environ-
mental remediation.

On the other hand, none of the experimental data fit the Temkin
model for any of the studied systems, suggesting that the heat of
adsorption does not decrease linearly with surface coverage or that the
model assumptions do not adequately capture the interactions between
Cr®" and the surfaces of these adsorbents [76]. These results highlight
that while graphene and printex exhibit strong adsorption capabilities,
biochar also performs remarkably well in the Langmuir model, rein-
forcing its potential as a highly effective, sustainable, and low-cost
adsorbent for practical applications.

3.9. Desorption and regeneration

The regeneration of adsorbents after contaminant capture represents
a significant challenge, mainly when nanoparticles are used. In the case
of materials such as graphene and Printex, this challenge is amplified
due to the tendency of these particles to form agglomerates, a
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Fig. 8. Non-linear fitting of Langmuir and Freundlich isotherm models to the
experimental equilibrium data for Cr®" adsorption onto carbonaceous mate-
rials: biochar (a), graphene (b), and printex (c).

consequence of the strong interaction between them and pollutants. This
phenomenon compromises the desorption efficiency and limits the reuse
of the adsorbent material [77]. On the other hand, biochar is a prom-
ising alternative for adsorption and desorption processes due to its high
contaminant removal capacity and ease of regeneration. Furthermore,
biochar is considered a sustainable option, since it is produced from
organic waste, and is an environmentally friendly solution for the
treatment of contaminated water [78]. Effective regeneration of adsor-
bents is crucial to ensure the sustainability and economic viability of
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large-scale adsorption processes [79].

In the study of biochar reusability, Cr®* solutions were used due to
their high adsorption potential. The adsorbents underwent three
consecutive cycles under ideal conditions established in the adsorption
test (1.0 mmol.L ™! for 30 min, with 100 mg of material). Between cy-
cles, chemical regeneration with HNOs was performed, the effectiveness
of which depends on the solubility of the adsorbates in the solvent,
which can alter the chemical structure of the adsorbent. Fig. 10 illus-
trates the adsorption percentages in each desorption cycle.

The removal of Cr®* showed a considerable reduction, going from
85% to 21 % after the second chemical regeneration cycle. This
decrease can be attributed to the loss of biochar mass during the
repeated filtration and drying processes, which reduce the number of
active adsorption sites and compromise the material’s effectiveness. In
addition, the difficulty in recovering Cr®" ions, which remain strongly
adsorbed on the surface of the biochar, can be explained by the elec-
trostatic interaction between the positively charged biochar and the
ions, favoring the desorption of the contaminant and making the process
even less effective [78,79].

3.10. Life cycle assessment

Considering the samples studied, which present a direct environ-
mental application field—the bioremediation process —impact assess-
ment is essential for understanding the ecological impacts associated
with their production and use. In this context, Life Cycle Assessment
(LCA) is a powerful tool that quantifies the environmental impacts
associated with all stages of a product’s life cycle, from raw material
extraction to end-of-life, considering a sustainable perspective [80,81].

Previous studies have reported poor quality data for the graphite/
graphene production chain in the existing LCA’s examined [82,83].
However, these studies have also shown that production, primarily via
conventional or synthetic routes, is often associated with significant
energy consumption, greenhouse gas emissions, and the use of hazard-
ous chemicals, which raises concerns regarding their overall environ-
mental performance [82]. According to Surovtseva et al. [70], current
inventories suggest that greenhouse gas emissions, such as CO,, and
energy consumption for synthetic graphite may be more than double the
values reported in prior work, achieving values of 13.8 kg CO2eq/kg and
45.9 MJ/kg, respectively.

In the present study, recognizing the potential of biochar prepared,
LCA was conducted to assess the environmental impacts of its produc-
tion, and Fig. 11 shows the LCA results considering the impact categories
of Freshwater ecotoxicity, Freshwater eutrophication, Global warming,
Human carcinogenic toxicity, Human non-carcinogenic toxicity, Marine

H— 0 o—

Fig. 10. Adsorption percentage of Cr®" of biochar in reuse cycles (sorption:
dose of 10 g.L%; Co = 1.0 mmol.L ! and T = 25 °C).
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ecotoxicity, Marine eutrophication, and Territorial ecotoxicity. Two
scenarios were considered: the production of biochar (represented by
the black bar) and a similar process incorporating waste treatment and
carbon credits (represented by the green bar). The waste treatment
credit is related to avoiding impacts due to the non-disposal of pineapple
residue for treatment in municipal landfills. In contrast, the carbon
credit is attributed exclusively to the amount of COzeq to carbon se-
questrated by the mass fraction of pineapple residue converted into
biochar [29].

Freshwater ecotoxicity (FEco) and eutrophication (FEu) refer to the
impact of toxic substances or excess nutrients released into the envi-
ronment on freshwater organisms. In contrast, Marine ecotoxicity
(MEco) and eutrophication (MEu) reflect this impact on the marine or-
ganisms [81]. The results evidenced a significant decrease for FEco and
MEco and a slight change for FEu and MEu. This behavior can be
attributed to substituting fossil resources for biomass in the production
of activated carbon, thereby reducing landfill disposal.

Global warming is an indicator of potential global warming due to
emissions of greenhouse gases into the air [81]. Although analysis shows
a slight reduction in carbon retention from biomass and a reduction in
emissions in other processes, there is evidence that the pineapple
crown-based biochar production process contributes to mitigating the
potential for global warming. Another category with a similar effect was
territorial ecotoxicity, which refers to toxicity in land ecosystems [81].

Human carcinogenic or non-carcinogenic toxicity involves the
impact on humans of toxic substances emitted to the environment [81].
The results reflected a high environmental benefit, and this behavior is
possibly related to replacing fossil resources with biomass and the
non-disposal of biomass in landfills, which minimizes or avoids the
release of toxic substances into water, air, and soil.

Overall, the analysis reveals that when considering the environ-
mental credits associated with using biochar, such as the valorization of
pineapple crown residue and carbon capture, environmental impacts are
significantly reduced in several categories, particularly human toxicity
and ecotoxicity. These results highlight the potential of biochar as an
environmentally advantageous alternative for environmental remedia-
tion compared to graphene and Printex, whose production generally
involves high energy consumption and gas emissions.

4. Conclusions

This research investigates the adsorption capacity of chromium
(Cr*®) using three carbon-based materials: graphene, printex, and
biomass-derived biochar. The study evaluates the influence of the
physicochemical, morphological properties, and particle size of these
materials, as well as their life cycle impacts. The results showed high
efficiencies for all adsorbents: biochar removed 85.1 % of Cr®" under
optimal conditions (100 mg dosage, 1 mmol-L™! concentration, 30 min
contact time); printex achieved 85.4 %, and graphene demonstrated the
highest removal rate of 89 %. The adsorption isotherms were best
described by the Langmuir model, with maximum capacities of
67.7 mg-g~* for graphene, 30.4 mg-g~! for Printex, and 13.3 mg-g~* for
biochar. This variation in adsorption capacity is linked to the structural
properties of each material. Biochar’s superior porosity and surface
functionality enable it to match or exceed synthetic materials like gra-
phene and printex in adsorption efficiency (%), positioning it as a cost-
effective and sustainable alternative. Furthermore, under production
scenarios using pineapple residues and assessed through the ReCiPe
2016 Midpoint (H) method, biochar exhibited significantly lower envi-
ronmental impacts — especially in terms of human toxicity and aquatic
ecotoxicity — when compared to traditional materials. Notably, biochar
stands out as a sustainable and cost-effective option derived from
biomass waste, aligning with environmental objectives. This study
provides an integrated evaluation of physicochemical properties,
adsorption efficiency, and life cycle impacts of carbon-based adsorbents.
The multi-criteria approach addresses a key gap in the literature by
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Fig. 11. Life Cycle Assessment results of biochar, considering the base production and production with considered waste treatment and carbon credits, concerning a
Freshwater ecotoxicity (A), Freshwater eutrophication (B), Global warming (C), Human carcinogenic toxicity (D), Human non-carcinogenic toxicity (E), Marine

ecotoxicity (F), Marine eutrophication (G), and Territorial ecotoxicity (H).

offering a holistic comparison and establishing direct structur-
e—property—performance relationships under controlled conditions. The
findings offer practical guidance for material selection in Cr®" remedi-
ation and contribute to the advancement of more sustainable adsorption
technologies.
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ABSTRACT

The aim of this study was to investigate the synthesis, characterization, and sorption performance of ecofriendly
pectin-co-montmorillonite composite hydrogels for the separation of potentially toxic elements (PTEs) from
water. Hydrogels were synthesized using an environmentally friendly method, incorporating montmorillonite
(MMT) at proportions ranging from 0 to 10 % in the tridimensional pectin (PC) network. The composite
hydrogels were characterized by Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscopy
(SEM), and thermogravimetric analysis (TGA). Batch sorption studies were conducted to investigate the capacity
to separate copper (Cu®"), nickel (Ni*"), manganese (Mn?"), zinc (Zn?"), cadmium (Cd®"), and hexavalent
chromium (Cr®") ions from water. Higher PTE separation efficiencies were found with hydrogels containing 1 %
MMT, with greater selectivity for Cu?>* ions. An exhaustive sorption study revealed that the separation process of
Cu®" fits the pseudo-second-order kinetic model and Langmuir isotherm, with maximum sorption capacity (qmax)
of ~36.8 mg of hydrogel per g of PTE. This indicates that PC-co-MMT composite hydrogels are efficient alter-
native sorbents for the selective separation of PTEs from water, with potential application in ecofriendly water

purification systems.

1. Introduction

PC is a multifunctional biodegradable polysaccharide with a het-
erogeneous chemical structure containing large amounts of anionic
groups [1]. PC is found in banana peel, apple pomace, pomelo, passion
fruit rind, and citrus peel. Its chemical structure contains a-(1,4)-linked
D-galacturonic acid residues coupled to 1-4 glycosidic bonds [2]. This
polysaccharide can be applied in the human diet [3], the treatment of
illnesses [4], drug delivery systems [5], the food industry [6], and tissue
engineering. Studies have focused on the use of PC as a biosorbent for
the treatment of water contaminated with potentially toxic elements
(PTEs) and different organic pollutants [1,2].

There is an increasing concern with the contamination of water-
bodies by PTEs due to the harmful effects for the climate, environment,
and society [7]. Although the environment has an intrinsic capacity to
mitigate pollutants via biodegradation and biotransformation processes,

PTEs are environmentally persistent and difficult to remove [8]. Water
contaminated by PTEs is a major problem due to the growing number of
people around the world in need of drinking water [9]. Water of inad-
equate quality can cause diseases that overwhelm healthcare systems
and lead to numerous deaths [10-12]. The different types of PTEs
include copper (Cu), iron (Fe), arsenic (As), cobalt (Co), mercury (Hg),
manganese (Mn), molybdenum (Mo), zinc (Zn), and lead (Pb) [7]. As
these species are carcinogenic and teratogenic, environmental pollution-
controlling institutions have established maximum concentration limits
in the environment to avoid social impacts. Main PTEs found in waste-
water, human health effects, and maximum concentration limits
permitted by the World Health Organization (WHO) [13-16] can be
seen in the supplementary material (Table 1S).

Many green biomaterials and technologies have been studied for the
purification of water and wastewater due to capacity of remediating
PTEs in different media [17]. Currently, the most common technologies
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include membrane-filtration, ion exchange, oxidation-reduction, sedi-
mentation, algal-sorption, and biotransformation processes [18,19].
However, most technologies are expensive or complex, which limits
their application in developing countries [20]. Hydrogels are potential
sorbents for the removal and separation of different pollutants from
water due to their porous structure and three-dimensional network
[8,21]. In general, a hydrogel must have a large surface area, good
mechanical stability, and active surface sites for efficient sorption pro-
cesses [17].

PC hydrogels are excellent candidates for water purification pro-
cesses due to their affinity for PTEs and capacity to bind physically to
divalent cations, forming an egg-box structure [22]. Several works have
demonstrated the effect of PC hydrogels for water treatment. For
instance, Arachchige et al. prepared PC materials for the sorption of
Pb?* and reported sorption capacity of 263 mg g ! due to the functional
groups of the biopolymer (COO- and O—H), cation exchange, and
electrostatic interactions [23]. Shao et al. prepared chitosan/PC gel
beads for the removal of Cd*", Cu®*, Pb?*, and Hg?*, with sorption
capacities of 177, 169, 266, and 208 mg g™, respectively. In this case,
the sorption process was attributed to interactions between PTEs and
carboxyl groups, in addition to the large specific surface area of the
composite beads [24].

Although PC has available carboxyl groups to interact with metal
ions, Martinez-Sabando et al. reported that this biopolymer has a het-
erogeneous chemical composition and physicochemical properties that
vary in terms of galacturonic acid content, degree of esterification, and
molecular weight [2]. In addition to the outstanding performance of PC
in different applications, the development of composites can provide a
more stable structure that increases the pollutant sorption and desorp-
tion, expanding the multifunctionality of the material [25,26]. For
instance, Zhang et al. (2023) prepared PC/lignin composites, confirming
high tensile strength, water barrier properties, and hydrophobic stability
[27]. The literature shows a trend of combining PC with other bio-
polymers or active nanoparticles to enhance the sorption capacity and
optimize water decontamination processes [20]. Khampala et al. (2023)
studied a composite biofilm of microalgal and PC for Pb?* removal, with
maximum sorption capacity of 122 mg g’1 [28]. Hassan et al. (2024)
prepared PC composites containing Cu/Fe nanoparticles for methylene
blue degradation, increasing the removal efficiency from 24 for pure PC
to 97 % for the composite [29]. Lessa et al. (2020) reported that cellu-
lose functional groups favor the sorption of PTEs, enabling the reus-
ability of the final material due to the greater stability [30].

Clay minerals have been studied as reinforcing agents for increasing
the mechanical strength, thermal stability, barrier property, and amount
of available active sites of composite materials [31]. Beigi et al. prepared
a PC hydrogel containing Fe3O4 and bentonite as a nanoadsorbent of
crystal violet [32]. Gamboni et al. prepared PC-co-brea gum-co-MMT
hydrogels for the sorption of methylene blue. Rehmat et al. developed
PC-functionalized clay hydrogels for drug delivery and controlled
release [33,34]. Fernandes Filho et al. developed PC hydrogels modified
with MMT for the removal of dyes and herbicides from water [35].

In this work, PC composite hydrogels containing MMT were pre-
pared as advanced, useful, functional sorbents for the treatment of water
contaminated with PTEs. As PC and MMT are environmentally friendly,
the composite hydrogel was also considered eco-friendly compared to
materials commonly employed in water purification systems. Although
PC hydrogels are described in the literature, studies investigating the
combination of PC and different clay minerals are important to deter-
mining the synergic effects of both materials in the removal and sepa-
ration of PTEs from water. The affinity of the hydrogel synthesized in
this work for six coexisting PTEs [Cu?', Ni?*, Mn?*, Zn?*, Cd?*, and
Cr®* ions] was investigated. Some results have exhibited the remarkable
versatility and sustainability of the composite biomaterials for applica-
tions in water treatment systems. This not only enables enhancing the
general efficiency of water purification processes for contaminated sites,
but also contributes to minimizing the environmental impacts associated
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with the disposal of conventional sorbents.
2. Material and methods
2.1. Materials

PC hydrogels were prepared using potassium persulfate and citric PC
from Dynamics Contemporary Chemistry Ltda. (Sao Paulo, Brazil).
Acrylamide, glycidyl methacrylate (GMA), and montmorillonite (MMT)
were purchased from Sigma-Aldrich Corporation (Sao Paulo, Brazil). All
materials were used as received. The materials used for the sorption
study were nickel nitrate (99 % purity) and zinc nitrate (98 % purity)
purchased from Dynamics Contemporary Chemistry Ltda. (Sao Paulo,
Brazil), cadmium nitrate (98 % purity) from Neon Chemistry Ltda. (Sao
Paulo, Brazil), potassium dichromate (99 % purity) from ECIBRA
Analytical Reagents Ltda. (Sao Paulo, Brazil), copper nitrate (99 % pu-
rity) and citric acid (99.5 % purity) from Synth Reagents Ltda. (Sao
Paulo, Brazil), and manganese nitrate (98 % purity) from Sigma Aldrich
Corporation (Sao Paulo, Brazil).

2.2. Hydrogel preparation

The PC hydrogel was synthesized in two steps. PC was first modified
with GMA with the aim of adding reactive vinyl groups to the poly-
saccharide structure [36]. For such, 12 g of PC were dissolved in a glass
flask containing 500 mL of Milli-Q® water at 60 °C, with the pH of the
final solution adjusted to 3.5. Next, 9.456 mmol (1.25 mL) of GMA were
added. The system was left under constant stirring at 50 °C for 24 h. The
modified polysaccharide was dried in a forced-air circulation oven at
60 °C for 24 h. In the second step, 7 g of modified PC were dissolved in
50 mL of Milli-Q® water at 50 °C. Next, 0.0211 mol (1.495 g) of
acrylamide and 0.5215 mmol (0.141 g) of potassium persulfate were
added. The resulting solution was homogenized, transferred to plastic
syringes, and left in a forced-air circulation oven at 65 °C for 6 h with the
aim of completing the chemical crosslinking. The formed cross-linked
hydrogel was placed in a distilled water bath for 24 h and dried in
oven at 60 °C for 24 h before characterization and application. The PC
composite hydrogel containing MMT was synthesized by adding 1, 5,
and 10 wt-% of clay mineral during the solubilization of acrylamide and
potassium persulfate. A schematic drawing of this synthesis is presented
in Fig. 1. The PC hydrogel was denominated HPec and the composite
hydrogel was denominated HCx%, with x varying according to the MMT
content.

2.3. Sorption of PTEs

The PTE sorption capacity of the PC-co-MMT composite hydrogels
was investigated in multielement assays with different concentrations of
cu®*, Ni?*, Mn?*, Zn%*, Cd%*, and Cr®" ions. Simulated water samples
were prepared in the laboratory using distilled water at pH 6.8. Total
PTE concentrations ranged from 0.3 mmol L' (0.05 mmol L~! of each
contaminant) to 3.0 mmol Lt (0.50 mmol L' of each contaminant).
PTE concentrations in the water samples after sorption, kinetic, and
isotherm studies were determined using a Vario ion chromatograph
equipped with an UV/Vis detector (Metrohm, Switzerland). PTE con-
centrations were calculated by using standard calibration curves, with
linearity ranging from 0.10 to 10 ppm and a coefficient of determination
(R?) of ~0.99. Accuracies of the calibration curves were checked weekly
with standard solutions. All PTE measurements were performed in
triplicate to ensure statistical reliability and minimize variability,
enabling reliable discussions of the sorption, kinetic, and isotherm
results.

Briefly, 50 mg of hydrogel were added to an Erlenmeyer flask con-
taining 50 mL of simulated water sample contaminated with Cu2+, Ni2+,
Mn2*, Zn?", Cd?*, and Cr®* ions. The solution pH was adjusted to 4.0
using nitric acid (0.10 mol L), when necessary. The flask was placed
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Fig. 1. Illustration of hydrogel synthesis and preparation.

on a Solab SL-180 shaker (Solab, Brazil) operating at 120 rpm for 24 h
before measuring the PTE concentrations by ion chromatography.
Sorption assays for studying isotherm models were only performed with
the Cu®" ion (species with the best affinity for the hydrogel in the
multielemental selectivity assay) using 50 mg of hydrogel and 50 mL
simulated water samples with six different metal concentrations (0.10,
0.25, 0.50, 1.00, 2.00, and 3.00 mmol L™}). Isotherm parameters were
not determined for Ni**, Mn®", Zn?**, Cd®>*, and Cr®* ions due to the
lower sorption capacities compared to that of Cu?* ions in the multiel-
ement selectivity assay. Sorption assays for studying kinetic models
were only performed with Cu?* ion considering the same justification
previously described for the isotherm assays. In this case, 800 mg of
hydrogel were placed in a beaker containing 800 mL of 0.5-mmol L~}
metal ion solution under magnetic stirring at 120 rpm. Aliquots of this
solution (4 mL) were collected at different contact times (5, 10, 15, 20,
25, 30, 45, 60, 120, 240, 360, 1440, and 2880 min) for the determina-
tion of the sorption capacity of Cu>* ions as a function of time. Sorption
capacity was determined using Eq. (1):
CO - Ce

q. = e oV (€D)]
in which, m (g) is the mass of the dried hydrogel, Cy and C. (mg LY are
the initial and equilibrium concentrations of PTEs in the solution, and V
(L) is the volume of the solution.

2.4. SEM images

SEM images were recorded to analyze the microstructural properties
of the PC-co-MMT composite hydrogels. Such images were recorded
using fractured surfaces of dried samples to provide a detailed view of
the internal morphology and porous structure. The equipment employed
for this study was a JSM-6010LA, JEOL scanning electron microscope
(Massachusetts, USA) operating at an acceleration voltage of 10 kV and
spot size of 4 nm. All hydrogels were previously covered with a thin gold
film (25 nm) using an EM ACE 200 sputtering device (Leica Micro-
systems, Germany) before recording the images.

2.5. FT-IR spectra

FT-IR spectra were recorded using a PerkinElmer® Inc. spectrometer
(Massachusetts, USA) equipped with attenuated total reflectance (ATR),
operating in transmittance mode from 650 to 4000 cm ™!, with a spectral

resolution of 4 cm ™.

2.6. Thermogravimetric analysis (TGA)

Thermograms for TGA were recorded using a STA 6000 PerkinElmer
TGA equipment (PerkinElmer, USA) operating from 30 to 600 °C at a
heating rate of 10 °C min~! and under a nitrogen atmosphere at a flow
rate of 20 mL min 1.
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2.7. Recovery studies

The hydrogels used for the Cu?* ion sorption, isotherm, and kinetic
studies were dried in an oven at 40 °C. Next, 50 mg of the dried
hydrogels containing the metal were mixed with a 0.10 mol L™} HNO;
solution in glass flasks. These systems were left under stirring at 120 rpm
for 6 h. The Cu®" ion concentration remaining in solution was measured
by ion chromatography for the determination of the recovery efficiency
(%) using Eq. (2):

n
Recovery Efficiency (%) = @ desorbed o 1) 2
N2+ adsorbed

in which, Ngpe:gesorved 1 the amount of Cu®' ion desorbed from the
hydrogel and ng, e 40 peq i the amount of Cu®* sorbed in the hydrogel.

3. Results and discussion
3.1. Sorption pf PTEs

Fig. 2 displays the separation percentages (%) of Cu®?", Ni%t, Mn?*,
Zn?", Cd**, and Cr%" ions from water in a multielement study using
different PC-based hydrogels. Separation percentages ranged from 40 to
100 % for Cu?t, Ni?*, Mn?*, Zn?*, and Cd%" ions (exception: Cr®"),
indicating that PC-co-MMT composite hydrogels are potential sorbents
for water purification processes. The lowest separation efficiency was
found using the PC-based hydrogel without MMT due to lower amount
of active sorption sites in the three-dimensional polymer network, which
increases the saturation rate. The sorption of PTEs in/on natural
polysaccharide-based networks normally takes place through coordi-
nation bonds in electron-rich centers (-COO™, -OH, and -CONH groups)
[37,38]. This may explain the lower separation efficiency of Cr®" ions,
as this species is normally found in aqueous media in the anionic form
(Cro3~, Cr,0%~, HCrOy), generating electrostatic repulsion forces be-
tween the PTE and polymer network [39].

The presence of MMT in the polymer network increased the sepa-
ration percentages due to the increase in specific surface area, with
complete removal of Cu?>* and Zn?* ions from water under the experi-
mental conditions of the study. The sorption affinity of the PTEs studied
for the PC-based hydrogels was observed in the following order: Cu®" >
Zn?t > Ni2t > €d*" > Mn?* > Cr®*. 1t is important to highlight that
Cr®" ion was considered a cationic species but can be found in the
anionic form in aqueous media, as mentioned above. Similar results
were described for PC/graphene oxide composites, with the following

S B
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Fig. 2. Separation percentages (%) of Cu**, Ni**, Mn?*, Zn?*, Cd?", and Cr®"
ions from water in multielement study using different hydrogels.
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affinity order: Cr*t > Cu®* > Mn?* > Hg?" > Go?* > Mg?" > Fe3* >
Ni2* > zn?* > Cd*" [40]. Doping PC with graphene increases the
sorption capacity at different pH values, altering the PTE affinity order
[41,42]. This takes places due to the possibility of complex formation
between electron donor groups in the sorbent structure and PTEs [43],
making the sorption process and affinity order pH-dependent [44].
Moreover, it is important to control the solution pH during sorption
studies, as Pb®>" and Zn?" ions can form Pb(OH), and ZnO/Zn(OH), at
pH ranging from 3 to 6, affecting the sorption capacity [45]. The sorp-
tion efficiency of PTEs in/on different materials can also depend on the
ionic radius and reactivity of the atomic orbitals involved in the reaction
[46]. This may also explain the lower separation efficiency of the cro*
ion, which has a stable electronic configuration half-filled at the tag level
(dxy, dyz, and dxz sub d-orbitals), resulting in lower reactivity.

Some 0.30-mmol L' selectivity assays were nonconclusive, since
Cu®" and Zn®" ions were both completely removed from the water using
HC1%. Therefore, a selectivity assay was performed with a PTE con-
centration of 3.00 mmol L™}, as displayed in Fig. 3. Higher separation
percentages were also found for Cu®* ions, with a maximum of ~57.7 %
using HC1% and a minimum of ~45.7 % using HC5%. The high Cu®*
affinity decreased the sorption capacity of Zn?*, Ni?*, Mn?*, Cd**, and
Cr%* ions due to partial or total occupation of the active sorption sites
available in/on the hydrogel network [47]. The higher Cu®* affinity may
be attributed to stronger interactions with oxygen atoms and the carbon-
rich structures of PC, enabling easier coordination reactions. In this case,
the reaction mechanism may take place by i) cation-exchange, in which
H' ions are replaced with Cu®" ions, ii) complexation with oxygen-
containing chemical groups in the hydrogel network, iii) electrostatic
interactions, and iv) the chelation of Cu>" with carbon atoms [48].
Moreover, PC-co-MMT composite hydrogels are expected to have suit-
able pore sizes, reticulation degree, and swelling degree of the polymer
network to sorb PTEs. The swelling degree for HC1% is normally lower
than that for HC5% and HC10%, as previously described by our research
group [49]. However, this parameter did not significantly affect the
sorption and separation capacities of Cu>" from water due to stronger
interactions between the PTE and chemical groups of the three-
dimensional polymer network.

3.1.1. Sorption isotherms

Sorption isotherms were studied to determine the interactions be-
tween HC1% and Cu®" ions due to higher affinity for this PTE in the
selectivity assays. The data were validated using coefficient of deter-
mination (R?) values with the experimental parameters displayed in
Table 1.

. EWe

I 3
3 5

Fig. 3. Separation percentages (%) of Cu®*", Ni®*, Mn?*, Zn?*, Cd?", and Cr®"
ions from water in multielement study using different hydrogels.
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Table 1
Langmuir, Freundlich, and Temkin isotherm parame-
ters for sorption of Cu*" in HC1% hydrogel.

Isotherm model Parameters

Langmuir Ki: 11.45
qm: 0.5798
R;: 0.025
R?: 0.9880
K¢ 0.5067
ng 2.624
R? 0.5594
K¢ 238.4
be 26066.0
R 0.8263

Freundlich

Temkin

Fig. 4 displays the Langmuir, Freundlich, and Temkin isotherm plots
for the sorption of Cu®* ions in the HC1% hydrogel. The coefficient of
determination (R%) was higher for the Langmuir isotherm (R% = 0.9880)
compared to the Freundlich (R? = 0.5594) and Temkin (R? = 0.8263)
isotherms. This indicates that Cu®* sorption in HC1% takes place by the
formation of a monolayer on a homogeneous surface. Thus, PTEs can be
homogeneously sorbed to the active sites with uniform distribution on
the surface of the hydrogel [50]. Moreover, there are no mutual in-
teractions or steric hindrances among PTE ions sorbed to adjacent active
sites [51,52]. The R; parameter also indicated that the sorption process is
favorable, since 0 < R} < 1 [53], The Langmuir qp, (maximum sorption
capacity) value was 37.4 mg g, which is similar to values reported
elsewhere for different materials [54,55]. Table 2 displays the sorption
results of PTEs in different polysaccharide-based hydrogels for the
purposes of comparison with the results of the present study.

3.1.2. Sorption kinetics

The pseudo-first-order kinetic model is commonly employed for
explaining physical sorption processes taking place between a sorbent
and sorbate, whereas the pseudo-second-order kinetic model is
commonly employed for explaining physicochemical sorption processes.
In both cases, it is possible to detect ion exchange as well as electron
transfer and sharing between pollutants and active sorption sites of the
hydrogel during water treatment process [64]. The pseudo-second-order
kinetic model plot for the sorption of Cu?>* in HC1% is displayed in
Fig. 5. The coefficient of determination for this result was 0.9967,
demonstrating a better kinetic fit compared to the pseudo-first-order
kinetic model. The kinetic parameters are displayed in Table 3.

From these results, we conclude that active sorption sites of PC and
MMT are chemically adsorbing Cu®>* ions during the sorption process. In

Fig. 4. Langmuir, Freundlich, and Temkin isotherm plots for sorption of Cu?"
ion to HC1%.
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Table 2
Sorption results found in the literature for sorption of PTEs using
polysaccharide-based hydrogels.

Polysaccharide PTEs Sorption values Reference
Agar Fe?t, cr®, 97, 24, 43, and [46]
Ni** and Mn®*" 55 %
Tragacanth gum Co?*, Zn%*, 100, 77,71, and  [56]
cr**, and Cd** 67 mgg!
Carboxymethyl cellulose Cr 6 mmol g~! [571
Thiophene—chitosan Hg** 20.5mgg! [58]
Diethylaminoethyl dextran Mn®*, Pb%F, 133, 35, and 2 [59]
and Cd** mg g~}
Chitosan/calcium alginate/ Cu*" and Cd®** 115and 102mg  [60]

bentonite g’

Carboxymethyl cellulose/ cr®*, cu?t, 247, 271, and [61]
chitosan/alginic acid and Ni** 240 mg g~ !

Cellulose cu®t 52.3mgg ! [62]

Pectin Cu®* 81 mgg! [22]

Starch cu** 33mgg! [63]

Fig. 5. Pseudo-second-order kinetic model plot for sorption of Cu®* ion
to HC1%.

Table 3
Kinetic parameters for sorption of Cu®" ions in HC1%
hydrogel.

Kinetic model Parameters

Pseudo 1st order ki: —4.76 x 1077
Qe: 16.59

R% 0.5477

ko: 3.69 x 1074
Qe: 25.52

R% 0.9967

Pseudo 2nd order

k; = pseudo 1st order rate constant (min ™ Y); ke = pseudo 2nd
order rate constant (g mg~! min~!); q. = sorption capacity at
equilibrium (mg g’l); R? = coefficient of determination.

this case, the kinetic fitting curve reveals three situations: i) rapid
movement of Cu?* ions from bulk solution to the hydrogel structure in
the initial minutes of contact, ii) a decrease in the sorption rate over time
due to the gradual occupation of active sites, and iii) saturation of active
sites [54]. The g, values were higher than those previously reported by
our research group [35], confirming that this type of hydrogel is more
efficient for the separation of PTEs than organic species from water,
probably due to different affinities. Similar results were found for PC/
carboxymethyl cellulose/PEG hydrogels prepared for anionic and
cationic dye separation from aqueous solutions [65].
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3.2. SEM images

The porosity of biomaterials and composites is crucial for environ-
mental applications. The presence of interconnected pores in polymer-
based materials increases the available surface area, favoring in-
teractions with different chemical compounds [66]. As can be seen in the
SEM images displayed in Fig. 6, PC-co-MMT composite hydrogels have
porous structures with interconnected pores ranging from 20 to 40 pm.
This type of morphology indicates the presence of thin sheetlike struc-
tures that resemble the middle lamellas of plant cell walls [67], such as
those found in PC. A detailed analysis of Fig. 6a-b indicates structures
with larger pore sizes. Fig. 6¢—d shows pore clusters with smaller sizes in
addition to smoother and less porous structures. This morphology is
expected due to the tendency of MMT to form agglomerates during the
synthesis of the composite hydrogel [68,69]. These differences in
morphology may be the result of the variation in crosslinking density, as
MMT serves as crosslinking points in the hydrogel network. This in-
creases the network density due to the space occupied by MMT when
filling the cavities of the hydrogel [70]. This variation in morphology
alters the porous structure, affecting the sorption and separation of PTEs
from water. As MMT tends to form strong intermolecular interactions
with PC, a high MMT content can compete with PTEs for interactions
with the hydrogel matrix during the sorption and separation of com-
pounds from aqueous solutions [35].

3.3. FT-IR spectra

The FT-IR spectra of HPec, HC1%, HC5%, and HC10% before and
after sorption of PTEs are displayed in Fig. 7. Briefly, all hydrogels
exhibited absorption bands at 3283 and 3448 cm ™' due to O—H and
N—H group stretching. The absorption band found at 2961 cm™! was
assigned to the C—H asymmetrical stretching, whereas the band at 1410
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cm ™! was assigned to the COO™! symmetrical stretching of PC. C—O
bonds of ester groups were recorded at 1257 and 1020 cm™*. Moreover,
the absorption bands at 1624 and 1739 cm ™! were associated with the
axial deformation of vinylic groups of the glycidyl methacrylate and
ester groups, respectively. The absorption band at 1655 cm™! was
assigned to either C=0 or -NH vibrations contained in amide I and
amide II groups, indicating the efficiency of the crosslinking process
[71,50]. Other vibrations found at 1320 and 1010 cm ™! were assigned to
C—O0 and O bending. The absorption band at 550 cm ™! was associated
with C—H bending [72]. An absorption band at 1070 cm ™! recorded for
the composite hydrogels named HC1%, HC5%, and HC10% was attrib-
uted to the Si—O group. The absorption bands at 850, 790, 527, and 473
cm™! were assigned to the OH-MgAIOH, OH-Fe,Fe3OH, Si-O-Al, and
Al—O groups, respectively. These signals appeared in the FTIR spectra
due to chemical structure of MMT, in which contains silicon bound to
tetrahedral sites and aluminum bound to octahedral sites [73]. Some
changes in the peak heights and positions occurred after synthesizing the
PC-co-MMT composite hydrogels due to the reactivity of the poly-
saccharide and clay mineral [50,32].

Overall, the sorption of PTEs in hydrogel networks changes the peak
heights and positions of FT-IR spectra due to coordination reactions
among carboxyl, amine, amide groups, and metals, forming coordina-
tion complexes [84]. The HPec and HC1% spectra were similar before
and after the sorption of Cu®", with small changes in band intensities.
However, some changes were noticed when comparing HC5% and
HC10%: MMT peaks at 3628 cm ™! assigned to Al-OH groups and the
peaks at 1991 cm ! disappeared [74], indicating coordination between
hydroxyl groups and PTEs [75]. Moreover, changes in NH; vibrations
occurred due to the transference of electrons from nitrogen to PTEs
during the coordination reactions [24]. Several changes were also
observed in the region from 1800 to 700 cm ™}, as displayed in Fig. 8.
This may be attributed to covalent bonds forming between PTEs and

Fig. 6. SEM images of following hydrogels: a) HPec, b) HC1%, ¢) HC5%, d) HC10%.
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Fig. 7. FTIR spectra of HPec, HC1%, HC5%, and HC10% before and after sorption of cu?* jon.

oxygen-containing functional groups, especially MMT. The bands from
1700 to 1550 cm ™! associated with the ~-COO~ vibration modes in PC
were shifted to higher wavenumber values, with changes in shape after
the sorption of Cu®" due to interaction with oxygen atoms. Larger ab-
sorption bands without clear definition were noticed from 1464 to 1210
cm ! after the sorption of Cu?*, indicating that -COOH groups are po-
tential active sites in ion exchange processes, whereas free hydroxyl
groups play a secondary role [76]. Changes in the intensities and posi-
tions of Si—O group bands and the appearance of new signals in their
spectral regions could be associated with stretching vibrations of bonds
formed between MMT and metals [77]. Such bonds may take place due
to either electrostatic interactions, complexation, hydroxylation, or self-
polarization [78]. Sorption processes between MMT and other species
normally follow Egs. (3) to (11), with X being the contaminant species.

H,O—H* +OH" 3
2H" 4 2e”—>H, @
OH™ +n H,0-0H (H,0), 5)
X*" + OH —X(OH)" (6)
X(OH)* +OH (H,0),—X(OH), (H,0), )
X%t 4+ 2=SimOmH—=SimOmXmOmSi=2 H* (8)
=Sim0™ + X*" + =Sim0 ™ - =SimOmXmOmSi= 9

=SimmO + X**(H,0), »=SimmOmHmmO (H)mX>" (H,0), (10)

X?* 4+ 20H —X(OH), an

The FT-IR spectra recorded in this work confirm the visual analysis of
the hydrogel samples after the PTE sorption assays. In this case, the color
of the hydrogel changed drastically from pale yellow to dark green in
presence of Cu?>" and the light blue Cu?" solution turned colorless. This
color change is associated with the sorption process and formation of
metallic complexes, altering the electronic structure of the metal [79].
For instance, the formation of copper carboxylates in the hydrogel
network changes the color of the polymer structure from yellow to dark
green [80-82]. A schematic drawing of the cu?t sorption process in the
PC-co-MMT composite hydrogel structures — representing the present
work - is displayed in Fig. 9.

3.4. Thermogravimetric analysis and derivative thermogravimetry

TGA and DTG curves for the PC hydrogels before and after sorption
of Cu®* ions are displayed in Figs. 10 and 11, respectively. Four weight
loss events were identified at temperatures ranging from 25 to 600 °C.
The first weight loss stage occurred up to 150 °C due to dehydration of
the polymer network. The second stage occurred between 150 and
300 °C due to polysaccharide depolymerization and decomposition.
Other events taking place in this situation were the decarboxylation and
dehydration of saccharide rings [83]. The third thermal event was
related to polysaccharide backbone degradation, whereas the fourth
thermal event was associated with the generation of carbonaceous res-
idues. The comparison of Tsy values for HPec, HC1%, HC5%, and
HC10% revealed that the presence of MMT in the polymeric hydrogel
networks increased the initial temperature of thermal decomposition
[22]. However, the peaks highlighted in the DTG curves indicated that
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Fig. 8. FTIR spectra in different spectral regions before and after sorption of Cu®" ion.

much higher amounts of MMT can decrease thermal stability due to the
destabilization of effective hydrogel bonds among the PC chains present
in the branched polymeric hydrogel networks [84]. The thermal resis-
tance of hydrogels tends to decrease with conversions of -COOH groups
into -COO™ ions in aqueous solutions. However, this was surpassed by
either ionic or coordination bonds between -COO~ ions and Cu?* ions
[85]. Higher signal values for HC10% in the DTG curves after the
sorption of Cu?* indicate an increase in the interaction intensity with the
increase in the MMT content in the hydrogel network. This is the result
of stronger interactions between functional chemical groups of the
hydrogel structure and the PTE [86].

3.5. Hydrogel and PTE regeneration

Desorption studies performed using PC-co-MMT hydrogel containing
Cu?* ions sorbed in the polymer network indicated a recovery efficiency
of ~93 % with the 0.10 mol L~} HNOs solution. This high recovery rate
indicates potential reusability of the hydrogel in successive sorption-
desorption cycles. This result is crucial for proposing sustainable water
purification processes. Desorption processes employing an HNOs solu-
tion as solvent facilitate the protonation of carboxylate and hydroxyl
groups in the hydrogel structure, releasing PTE ions from functional
groups of the polymer network [87]. This recovery is also facilitated
with the deswelling of the hydrogel in acid solutions due to the weaking
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Fig. 10. TGA curves for pectin hydrogels before and after sorption of Cu®* ion.
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Fig. 11. DTG curves for pectin hydrogels before and after sorption of Cu®* ion.

of the electrostatic repulsion forces among protonated carboxyl groups
in the polymer network [88]. Several factors affect the desorption pro-
cesses of PTEs from hydrogels, including sorbent-sorbate interaction
intensity, type of solvent, and properties of the polymer matrix [89].
This work indicates that strong interactions between Cu®*" ions and
carboxylate groups contribute to higher sorption capacities. In contrast,
HNO:s successfully disrupts these types of bonds, enabling the recovery
of the hydrogel and PTEs. The results presented here are similar to those
described elsewhere for the recovery of Cd*" and Pb?" ions from soy-
bean residue hydrogel [90]. Desorption efficiency varies depending on
the type of polymer matrix employed in the sorption studies, as previ-
ously described for green hydrogels during the recovery of Ag*, Cu®,
Ni%*, Zn?*, and Pb?* ions using 4.0 mol L~ HNO; [91].

4. Conclusions

PC-co-MMT composite hydrogels were prepared for the separation of
PTEs from water with the aim of proposing alternative water treatment
methods. The morphologies of these hydrogels indicated porous struc-
tures depending on the MMT content in the polymeric networks. For
instance, higher MMT contents led to smaller pore sizes due to the in-
crease in crosslinking points and intermolecular interactions in the
hydrogel chain. The simultaneous sorption assays of some PTEs
confirmed the following affinity order by the hydrogel network: Cu®" >
Zn?* > Ni?* > cd?>* > Cr%". The sorption of Cu?" was efficiently
explained by the Langmuir isotherm model, inferring a favorable pro-
cess with interactions taking place at homogeneous surface-active sites.
The pseudo-second-order kinetic model was suitable to infer that the
Cu?* sorption phenomenon in the PC-co-MMT composite hydrogel takes

10

place predominately via chemical reactions. FT-IR spectra confirmed the
formation of three-dimensional polymer hydrogel networks as well as
the sorption process of Cu?". All hydrogels exhibited suitable thermal
stabilities to be employed in water treatment process. Overall, we have
presented here an environmentally friendly alternative for the high-
performance separation of PTEs from water.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jwpe.2024.106629.
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ABSTRACT

This study investigates the revalorization of pine cone residue as an efficient, low-cost, and eco-friendly bio-
sorbent for the removal of hexavalent chromium (Cr®*) from aqueous solutions. The material was characterized
using techniques, including Brunauer-Emmett-Teller (BET) analysis, Attenuated Total Reflectance Fourier
Transform Infrared Spectroscopy (ATR-FTIR), X-ray Diffraction (XRD), and Scanning Electron Microscopy (SEM).
The adsorption conditions were optimized through experimental design, focusing on the effects of contact time,
initial solution concentration, and pH. Furthermore, three machine learning models—multiple linear regression,
decision tree regression, and random forest regression—were employed to predict the efficiency of Cr®* removal.
The optimized conditions resulted in a maximum removal efficiency of 90.84 % within a short contact time.
Among the models tested, the decision tree regression achieved the highest predictive accuracy, with a corre-
lation coefficient (R?) of 0.978. These findings underscore the potential of machine learning in modeling
adsorption processes and highlight the importance of biosorbents in sustainable water treatment and revalori-
zation of agricultural waste.

1. Introduction

Heavy metals, known as Potentially toxic metals (PTEs), pose a sig-
nificant threat to human life and aquatic ecosystems due to their non-
biodegradability and tendency to accumulate in living organisms.
They are toxic and can be carcinogenic. Various industries, including
metal plating facilities, mining operations, fertilizer production, tan-
neries, battery manufacturing, paper production, and pesticide appli-
cation, contribute significantly to the release of these metals into the
environment. Chromium, in particular, exists in two forms in water:
trivalent (Cr®") and hexavalent (Cr®"). Cr®" is generally more harmful
to human health than Cr® as it can cause a range of health issues.
Symptoms can range from mild skin irritation to severe conditions such
as lung cancer, kidney failure, and liver failure. The International
Agency for Research on Cancer (IARC) classifies crét compounds as
“carcinogenic to humans”. The World Health Organization has
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established a maximum allowable limit of 50 ug L™" of total chromium
in drinking water [1-4].

Effluents contaminated with Cr®* can be treated using various
methods and techniques including adsorption, photodegradation,
coagulation, reduction and precipitation, and ion exchange [5-9].
Among these options, adsorption is often preferred due to its ease of
operation and affordability, especially since it can utilize low-cost ma-
terials [3].

Several materials have been utilized in the literature to remove Cr®"
from water. These include earth-based materials such as gravel, clay,
zeolite, lime rock, seashell (Diplodonta) [10], pomegranate peel [11],
and raw marine green alga [12].

Several studies have explored the use of waste materials for their
ability to absorb Cr®" and other heavy metals. Velinov et al. [13] syn-
thesized a sorbent from woodchip residue and assessed its effectiveness
in simultaneously removing Cr®" and Cr®* from water, achieving
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adsorption capacities of 16.18 and 83.52 mg g !, respectively. In
another study, Velinov et al. [14] used another wood residue, sawdust,
to synthesize a sorbent capable of removing Cr®* from water, which
showed an impressive adsorption capacity of 104.2 mg g~ ' These find-
ings suggest that lignocellulosic residues are effective for chromium
removal. Additionally, employing waste materials in adsorption pro-
cesses for wastewater treatment presents several advantages, including
low cost, abundant availability, ease of operation, and high effectiveness
[13,14].

In this context of natural and lignocellulosic residues, pine cones
emerge as a promising material due to their effective adsorption po-
tential. Thaci et al. [15] conducted a study on untreated pine cones,
demonstrating their ability to remove Pb** and Cd?* from aqueous so-
lutions. While pine trees are cultivated in various industrial applica-
tions, pine cones, the seed-bearing organ of the tree, are regarded as
forestry waste with limited industrial use [16-18]. As a result, these
residues can be obtained at a very low cost and in abundant supply.

Adsorption is influenced by several factors, like initial concentration,
contact time, pH, and adsorbent mass [19]. These variables affect the
adsorption process in different ways, making it difficult to analyze the
process mechanistically. As a result, non-mechanistic models can be
more straightforward to apply for understanding adsorption. In this
context, artificial intelligence models are promising options. Machine
Learning, a subset of artificial intelligence, has been utilized across
various fields such as material science, aerospace, energy, environ-
mental modeling, chemistry, and physics [20]. Therefore, implementing
a machine learning model can be invaluable when studying the
adsorption capacity of a biosorbent. This approach can potentially
minimize the number of experiments required to explore the impact of
these multiple variables on adsorption. Furthermore, machine learning
can help predict the optimal conditions under which the studied mate-
rial will perform best, thereby enhancing its efficiency in removing
contaminants [20,21].

Machine learning models are used to understand the behavior of
biosorbents and predict their adsorption capacity for removing specific
substances. Iftikhar et al. [22] compiled data from previous studies on
the removal capacity of industrial dyes using carbon-based materials.
They extracted experimental conditions, such as synthesis conditions
and physical properties from these experiments to serve as inputs for
their model. The output of the model is the predicted adsorption ca-
pacity, which is then compared to the actual adsorption capacity
observed in the experiments. Their study identifies the key features that
most significantly influence the adsorption capacity of these materials.
Iftikhar et al. [23] utilized a similar methodology, focusing on the
adsorption capacity of PO4(III) ions using biochar-based materials and
employing five probabilistic machine learning models. Additionally,
Jaffari et al. [24] and Jaffari et al. [25] adopted the same approach. The
former developed ten tree-based machine learning models to predict the
adsorption capacity of biochar materials for various emerging contam-
inants, such as personal care products, pharmaceuticals,
endocrine-disrupting compounds, fungicides, and pesticides, in aqueous
solutions. The latter developed various machine learning and three deep
learning (DL) models to study the removal of heavy metal ions from
wastewater using biochar adsorbents [22-25].

The literature has developed predictive models using machine
learning to study the adsorption of toxic elements PTE’s [26-28]. For
example, Guo et al. [26] investigated the adsorption capacity of
bentonite and developed an accurate prediction model for the material’s
ability to adsorb heavy metals. Similarly, Zhao et al. [27] used artificial
intelligence models to predict the adsorption capacity of hydrochar
when treating a water solution containing Pb?", Zn?>*, and Cd?*. Liu
et al. [28] developed a machine learning model to predict adsorption
efficiency on iron (oxy)hydroxides based on a database that includes
adsorption from 11 heavy metals.

Supervised machine learning models used for regression can effec-
tively predict a targeted response by analyzing the impact of various
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variables [29,30]. This study aims to utilize three regression-supervised
machine learning models (multiple linear regression, decision tree re-
gressor, and random forest regression) to estimate the adsorption of Cr®*
from water using untreated pine cone residue, contributing to sustain-
able environmental solutions. The application of machine learning in
this context is valuable as it provides insights that can significantly
enhance the adsorption process. Additionally, it reduces the need for
extensive experimental trials and offers a more efficient framework for
optimization.

2. Materials and methods
2.1. Materials

Pine cone residue was collected at the Faculty of Technology (FAT)
Campus at Rio de Janeiro State University (UERJ) in Resende, Rio de
Janeiro, Brazil. The geographical coordinates of the pinecone sampling
sites are 22°27'08" S and 44°22'47" W, as illustrated in Figure S1.

2.2. Obtain of biosorbent

The pine cone residue was crushed, ground, and sieved using 35
mesh screens. It was then dried at 80 °C for 24 h to remove moisture,
resulting in a sustainable pine cone biosorbent, as shown in Fig. 1.

2.3. Characterization of pine cone residue

The moisture content of the pine cone residue was determined using
a moisture analyzer, model MOC63u, from Shimadzu. The surface area,
pore size, and volume were measured using the Sorb2800 analyzer
(GoldAPPInstruments) with nitrogen isotherms. The chemical structures
of pine cone residue were analyzed using Fourier-transform infrared
spectroscopy (FTIR) with a Frontier 94,942 Model, PerkinElmer Inc.,
Massachusetts, USA. This analysis employed an attenuated total reflec-
tance (ATR) diamond accessory, a spectral resolution of 4 em !, and
covered the range of 4000-650 cm™ with 64 scans.

A Shimadzu diffractometer (model XDR-6100) was used to evaluate
the physical structure of the pine cone residue. The analysis was con-
ducted under the following conditions: CuKa radiation with graphite
monochromator, 30 kV voltage, and 40 mA, with patterns in the range
10-50°, 0.05 steps, and 1 s of counting time.

The morphology of the pine cone residue was examined using
Scanning Electron Microscopy (SEM) with FEG Schottky electron
emission on a MEV-FEG TESCAN Mira 4. The residue was affixed to
carbon tape on a sample holder, employing both secondary electron
mode (SE) and backscattered electron mode (BSE) at 5 keV. Addition-
ally, ImageJ software was utilized to analyze and stabilize the pore
structure of the sample.

The study conducted Zeta potential measurements, focusing specif-
ically on the point of zero charge (pHzpc) of the pine cone residue. These
measurements were performed by adding samples to a 50 mL solution of
0.1 mol L™ NaCl. The pH of the solution was simultaneously adjusted
within the range of 2.0 to 10.0 using 0.1 mol L ™! NaOH and 0.1 mol L™?
HCI solutions. The solution’s final pH values were measured after
allowing 24 h for the reaction to occur. The ZPC represents the point
where the initial pH of the solution matches the final pH after the
reaction.

2.4. Adsorption analysis for design of experiments (DOE)

An experimental design was conducted to optimize the adsorption
conditions of Cr%" using biosorbent. This study focused on three main
parameters: contact time, initial solution concentration, and pH. Each
parameter was examined at three different levels: i) The contact time
between the adsorbent materials and the adsorbate solution was
assessed at 10, 60, and 90 min; ii) The initial concentration of the
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Fig. 1. Methodology illustration of the process of obtaining biosorbent from pine cone residue.

adsorbate in the solution was tested at 50, 588, and 800 mg. L1 ; i) The
pH were varied at 0, 2, and 4 values. These levels were chosen based on
recent articles in the literature, including studies by Maia et al. [31]. The
pH values were maintained at acidic levels, as chromium is more effi-
ciently adsorbed in acidic environments, as demonstrated by Singh et al.
[32].

The study design was developed using Design Expert software and
utilized a three-factorial approach, resulting in a total of 27 experiments.
Each experiment was performed in triplicate, where a specific amount of
adsorbent material was added to an erlenmeyer flask containing 20 mL
of a solution with the defined concentration. The flasks were shaken on
an orbital shaker at a speed of 150 rpm for the specified contact time.
Following the shaking time, the samples were filtered, and the residual
concentrations of the adsorbate were measured using a UV-visible
spectrophotometer (NI 1600UV, Nova Instruments). This measurement
was referenced against a standard curve for Cr®* in the range of 25-800
mg L7, derived from a stock aqueous solution of KyCro0Oy7, at a
maximum wavelength of 420 nm. The removal rates ( %) were calcu-
lated using Eq. (1).

%R — (%)100 )
0

Where:

Cy is the PTEs metals initial concentration (mmol.L ™).
C. is the PTEs metals concentration at equilibrium (mmol.L’l).

2.5. Desorption and regeneration study

Desorption and regeneration studies were conducted to assess the
reusability and efficiency of the pine cone residue as a biosorbent for
Cr®*. Each adsorption-desorption cycle involved a 20 mL solution of
K2Cr20- with an initial concentration of 800 mg L' of dichromate (282.8
mg L of Cr®") mixed with 0.1 g of the biosorbent. The adsorption
process was carried out under agitation for 1.5 h at a controlled
temperature.

After the adsorption process, the Cr®*-loaded material was dried in

an oven at 60 °C. The desorption process involved adding 0.1 g of the
Cr® -loaded material to 40 mL of a 0.1 mol L-! HNOs solution (with a
dosage of 5.0 g L) under agitation for 1.5 h.

Following desorption, the regenerated material was thoroughly
washed with distilled water until the pH approached neutrality (~5.0)
and then dried again 60 °C before being reused in the next cycle.

At the end of each adsorption-desorption cycle, liquid phase samples
were collected, filtered, and analyzed using a UV-visible spectropho-
tometer (NI 1600UV, Nova Instruments) to determine the residual Cr®*
concentration. The desorption capacity (qel), recovery rate ( %), and
adsorption capacity (g.) were calculated using Eqs. (2), (3), and (4)
respectively:

_ (Cel'Vel)
qel = m (2)
R _Qa
ecovery rate = @ (€))
qe = (Ce'Ve) @
m

2.6. Machine learning models

This study employs three regression models to estimate the per-
centage of Cr®" adsorption from water using the pine cone residue.
Details about these models are provided in SubSections 2.6.1, 2.6.2, and
2.6.3. The training set includes independent variables such as contact
time (x1), pH (x2) and the adsorbate concentration (x3), as well as the
dependent variable, which is the percentage of Cr®" adsorption (y). This
data was colletec from 27 experiments described in SubSection 2.4. The
performance of the machine learning models is compared based on their
determination coefficient (R?), which verifies the model’s accuracy
concerning experimental values. The R? ranges from 0 to 1, and higher
values suggest a high model precision [33,34].

The regression models are coded on Python (version 3.9.7) and
organized with the Pandas library (version 2.1.4). The graphs and fig-
ures are plotted with Plotly (version 5.9.0), and the codes are executed
on an AMD Ryzen 5 Microsoft Surface (R) Edition with 8GB of RAM.
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Python’s Scikit-learn library (version 1.3.0) is used to pre-process the
data, construct and plot the models, and calculate their determination
coefficient.

The models are created as follows. First, the “StandardScaler” func-
tion of the Scikit-learn library is used to scale the data to unit variance.
Then, the data is split into training and testing, following the proportion
of 80 % for training and 20 % for testing. The model is trained, and the
test subset is used to score the model. The machine learning models and
the results of the 27 experiments can be retrieved at Bento et al. [35].

2.6.1. Multiple linear regression

In this context of multiple linear regression, the dependent variable
(y) is approximated with a linear function of xj, x5, and x3, as described
by the model in Eq. (5). The 6 coefficient is the intercept, and 01, 05, and
03 are the contact time, pH, and adsorbate concentration coefficients. In
this research, the Stastmodels library (version 0.14.0) is used to find the
coefficients of the model in Eq. (5) using the Ordinary Least Squares
regression method.

Y =60 + 61x1 + 62x2 + O3x3 5)

Aside from the determination coefficient, the second analysis is the
F-test, which checks whether a relationship exists between the depen-
dent and independent variables (Siegel, 2016). In this test, the null hy-
pothesis is that all model coefficients are equal to zero (i.e., Hy: 09 = 0, =
02 = 03 = 0) [35]. Considering the number of experiments, if the F value
is greater than two, the null hypothesis is rejected, and at least one co-
efficient is nonzero [35]. Additionally, a hypothesis test (p-test) is used
to determine whether each coefficient is different. The p-value ranges
from O to 1, and in this study, if the p-value of 0.05 or less is considered
evidence that the parameter is nonzero [33].

2.6.2. Decision tree regression

The second model is decision tree regression [36], which is a hier-
archical model designed for supervised learning [37]. This method is
suitable for both linear and non-linear problems [38]. However, this
approach is less intuitive than Eq. (5), as the algorithm employs a
divide-and-conquer strategy by splitting the training data into several
branches [39-41].

The Decision Tree regressor processes the data to create rules that
divide the tree while minimizing the tree’s entropy [39,42], which
represents the model’s uncertainty. The primary goal of the regressor is
to reduce the variance from the top of the tree towards the bottom,
where the leaf vertices are located [43]. For a comprehensive under-
standing of Decision Tree Regression, the authors recommend consul-
ting the works Alpaydin [37] and Zhou [39].

2.6.3. Random forest regression

Random Forest Regression is an ensemble learning technique that
involves creating and combining multiple decision trees using the
bagging bootstrap aggregation method [42,44] . This method generates
several decision trees, and at each split, a random subset of features
(such as contact time, pH, and adsorbate concentration) is selected. This
randomness helps to create trees [45], which are combined to form the
output tree. One of the main advantage of ensemble learning is its ability
to reduce the likelihood of poor model selections, minimizing biases and
preventing overfitting. The objective of Random Forest Regression is to
minimize entropy; however, it also aims to reduce variance by averaging
the entropies of the decision trees that make up the forest [43].

3. Results and discussion
3.1. Moisture content and Brunauer-Emmett-Teller (BET)
The moisture content of the crushed and milled sample was char-

acterized with an average value of 16.41 + 0.287, which means 16.41 g
of water per 100 g of pine cone residue. This value is considered high,
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but this determination was essential to know the actual value of the pine
cone residue sample to be included in the sorption tests. Hellum [46]
evidenced similar behavior when evaluating the cone moisture and
relative humidity effects on seed release from lodgepole pine cones from
Alberta.

The results of the surface area, pore size, and pore volume of pine
cones are shown in Table 1. These characteristics are of the mesoporous
solid, according to the International Union of Pure and Applied Chem-
istry (IUPAC) classification [47]. The mesoporous nature of pine cones
significantly affects the adsorption capacity. The surface area of the
sample was not high. However, the pore size and volume can favor the
binding between the chromium pollutant and the material surface,
which is advantageous for wastewater treatment. Several authors
showed similar results, such as 6.60 m? g_l [48], 0.58 m? g_1 [49], 6.01
m? g~ ! [50], 2.22 m? g7 [51], and 2.00 m? g~! [52].

3.2. Attenuated total reflectance fourier-transform infrared spectroscopy
(ATR-FTIR), X-ray diffraction (XRD), and scanning electron microscopy
(SEM)

The spectra of the pine cone residue were evaluated, as shown in
Fig. 2a, revealing the presence of various functional groups on the pine
cone residue surface. The 3500-3200 cm™ broadband corresponds to
O-H stretching vibrations, characteristic of hydroxyl groups in cellulose,
hemicellulose, and lignin. A peak at 2927 cm™ was attributed to the side
chains’ C—H vibrations in aromatic methoxyl and methylene groups.
Additionally, the band at 1615 cm™ corresponds to C = C stretching
vibrations in aromatic rings, a hallmark of lignin’s structure. Another
notable peak at 1512 cm™ is attributed to the aromatic skeletal vibra-
tions of lignin, while the band at 1447 cm™ represents C-H deformation
vibrations in lignin macromolecules. The peak at 1370 cm™ is associated
with C-H bending vibrations in polysaccharides, and the band at 1247
cm™! corresponds to C = O stretching vibrations of acetyl groups present
in hemicellulose. Furthermore, the peak observed at 1160 cm™ is
assigned to the asymmetric stretching of C-O-C bonds in cellulose, and
the band at 1020 cm™! is linked to C-C stretching vibrations in the py-
ranose ring of the cellulose chain. Finally, the weak peak at 879 cm™
corresponds to glycosidic bonds in cellulose [53,54].

The identified hydroxyl and carbonyl groups play a prominent role in
adsorption mechanisms. The high polarity of hydroxyl groups promotes
hydrogen bonding and electrostatic interactions, making these sites
ideal for capturing metal ions. This is especially relevant for Cr®*
adsorption, as hydroxyl groups enhance the material’s ability to bind
this metal effectively [55].

Similarly, carbonyl groups act as electron donors, facilitating the
formation of bonds with metal cations. This chelating capacity enables
the biomass to retain potentially toxic metals more stably. Moreover,
nitro groups contribute negative charges to the pine cone residue sur-
face, intensifying the electrostatic attraction between the biomass and
metal species such as crét [56].

This analysis demonstrates that the functional groups identified in
pine cone biomass are highly significant for adsorption processes. These
groups confer selectivity, electron-donation capacity, and affinity for
specific metal ions, highlighting the potential of this natural material to
serve as an efficient adsorbent for environmental remediation
applications.

The XRD study of the raw pine cone residues of pine cone was carried

Table 1
Moisture content, Surface Area (SA), Pore size (S), and Volume pore (V) for the
pine cone sample.

n Moisture SA (m2. S (nm) V (em®.
content g gh
Pine cone 16.4 + 0.3 2.72 2.64-2.64 0.59
residue
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Fig. 2. Pine cone residue characterization results: a) FTIR spectra in wavenumber 4000 to 650 cm ! and b) FTIR spectra in wavenumber 1600 to 650 cm ™! ¢) XRD
patterns; d) Photomicroscopy, obtained by SEM with magnification 2000X, highlighting on the right, the magnification of 10000X.

out to assess the crystalline structure of the pine cone residues, as shown
in Fig. 2c. It can be observed that pine cone residue exhibited three
characteristic peaks at 260 = 16° and 22°, which correspond to the 110
and 200 crystallographic planes, respectively [57]. Baatache et al. [58]
cite that these peaks are likely related to the diffraction of a protein
constituent enveloped by other components, such as polysaccharides
and polyphenols with a more amorphous pattern. Also, these compo-
nents can remove several heavy metals from water by coagulation, using

= i i—-
t
|
1 5
a
b —

Pine cones as a natural coagulant.

The morphology of pine cone powder consists of a heterogeneous
and disordered texture with cavities, irregular pores, and a porous
structure, as shown in Fig. 2d The particle size, calculated from the SEM
images, was 0.39 + 0.14 pym, and the deviation shown highlights the
particle’s heterogeneity. The SEM picture of the Pine cone biomass
shows the availability of pores and internal surfaces, which can facilitate
the removal of Cr®" in water. Chebbi et al. [59] evidenced similar

Fig. 3. Comparison of charge as a function of pH and point of zero charges of the pine cone residue.
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morphology when studying the pine cone adsorbent to remove pred-
nisolone and pre-treatment medical lab wastewater.

3.3. Determination of the zero-charge point (ZPC)

From the analysis of Fig. 3, a zero-charge point is observed for the
studied pine cone residue at a more neutral pH, around 7. This is
attributed to several factors, including the pine cone residue’s chemical
composition. Furthermore, acidic pH values, such as 2 and 4, remain
slightly altered, guaranteeing good adsorption results.

As previously analyzed through FTIR, the pine cone residue’s
composition reveals functional groups that can protonate or deproto-
nate. However, at a neutral pH of approximately 7, these groups are in
equilibrium between protonation and deprotonation, resulting in a net
charge close to zero [60]. As the pH of the solution decreases, the surface
becomes increasingly positively charged.

Regarding adsorption, it was planned to work at low pH values such
as 0, 2, and 4, avoiding significant modifications at these acidic extremes
as they could negatively affect the results for removing metallic con-
taminants. Cr®* adsorption is favored in acidic environments [32], and
as observed in Fig. 3, at very low pH levels, where the H* concentration
is extremely high, the pine cone residue’s surface does not significantly
alter the pH. This ensures that the properties studied in the DOE analyses
remain consistent and that the results are reliable.
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3.4. Adsorption analysis for design of experiments (DOE)

Based on the analysis of Fig. 4, a clear trend of optimal conditions for
Cr®* adsorption can be observed across the three studied planes.

For the pH x concentration combination (Fig. 4a), it is noted that as
the solution’s pH decreases and the concentration of Cr®" increases,
adsorption tends to rise, reaching over 90 % adsorption for the best
combination: an extremely acidic pH of 0 and a high salt concentration
of 800 mg.L~!. The pattern increases for the concentration x time
combination (Fig. 4b) as the contact time between the Cr%* solution and
the adsorbent extends. Similarly to the pH x concentration pattern,
higher concentrations result in higher adsorption capacity for Cr®" ions,
but it stops increasing at 800 mg.L ™! salt. A combination of 90 min and
800 mg.L ™! of potassium dichromate concentration yielded the same
adsorption efficiency of 90.84 %. Finally, for the pH x time combination
(Fig. 4c), the plane’s peak predictably indicates optimal conditions
around a pH 0 and extended contact time, specifically 90 min. Maximum
adsorption of approximately 90 % was also consistent in this case.

The behavior obtained by the pine cone residue can be associated
with its surface charge and chemical composition. The ZPC (Fig. 3)
confirmed that the pine cone residue surface was positively charged
under the acidic conditions employed. Furthermore, the hydroxyl and
carbon-based groups on the residue surface indicated by FTIR (Fig. 2a)
are known to become protonated under acidic conditions. These groups
are available to capture the ion of interest, performing an interesting

Fig. 4. Response surface plot of time and initial concentration where: Contact time (al: 10 mim; a2: 30 min, and a3: 90 min; pH (b1: 0; b2: 2, and b3: 4); and Initial
concentration (c1: 50 mmol.L~}; ¢2: 588 mmol.L ™}, and ¢3: 800 mmol.L ™). (The color changes from blue to red, indicating the removal rate gradually increases).
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removal even at high concentrations. In aqueous media, Cr®" ions tend
to be found in the form of oxyanions (Cr0%~, Cr,0%~, or HCrO3), and the
capture of these species can occur through electrostatic interactions [61,
62]. In this sense, the good affinity of the biosorbent for Cr®* oxyanions
can be attributed to the positive charge and availability of the functional
groups (or active sites) on the material’s surface, which acts attractively
for negative charges by an electrostatic mechanism. Therefore, it can be
concluded that the best conditions studied for working with this metal
involve a combination of the three key factors: an acidic pH of 0, a
concentration of 800 mg.L ™! to be adsorbed, and a maximum contact
time of 90 min, the latter being responsible for the adsorption peak.

Based on the experiments, the efficiency presented by the pine cone
residue shows that the material can be a promising alternative, espe-
cially when compared to other materials (biochar or pine cone treated)
since the material is used without any type of treatment to improve the
contact surface [58,63-65]. In addition, the proposed material can be
associated with complementary water treatment processes since the
potability limit established by CONAMA, considering the hexavalent
chromium content, is up to 0.5 mg.L~! [CONAMA (2005) Resolucao
CONAMA n° 357/2005. 1-24] [66].

Fig. 5

The study of the chemical composition of the biosorbent is important
to confirm the presence of metallic ions during the sorption process.
Considering the best adsorbent material under optimal conditions (pH 0,
concentration of 800 and 1000 mg.L-1, and 90 min), the SEM with EDX
shown in Figs. 6 and 7 shows Chromium’s presence on the pine cone
residue’s surface, confirming that adsorption occurred.
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Furthermore, FTIR analysis (Fig. 7) showed significant chemical
modifications in the pine cone residue after adsorption. A comparison
between the spectra before and after adsorption reveals changes in the
functional groups associated with the interaction with Cr® ions.
Notably, the reduction in intensity and band shifts played a fundamental
role in adsorption. The differences in the bands generally indicate an
interaction between the Cr®* ions and the functional groups present in
the biosorbent and that these groups were directly involved in the
adsorption mechanism. Similar results were observed by Oliveira Jinior
et al. [67], who used FTIR to analyze the pod shell of Libidibia ferrea
before and after Cr®" adsorption, evidencing changes in the functional
groups of the biosorbent after interaction with metal ions. It’s possible to
see a decrease in intensity of the O—H stretching vibrations, which
suggests that this functional group could be involved in the interaction
with the Chromium ions [68] This observation was made by other
studies as well, such as Shi et al. [69] and Singh and Mishra [70].
Similarly, the C = O vibrations peak had their intensity attenuated, this
can be attributed to acetyl groups present in hemicellulose, which may
interact with the chromium ions. This tendency is followed by C—H
vibrations and C—0O—C bonds at 1447 cm™ and 1160 cm™, respectively.
Thus, it’s possible to assume that all these groups play a role in the
phenomenon of chromium adsorption by this material. Additionally, it’s
possible to propose that the surface complexation of chromium ions is
happening on this material [71].

Fig. 5. EDX and SEM images of the selected pine cone residue under optimal conditions after adsorption (800 ppm).
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Fig. 7. FTIR comparative analysis: a) FTIR spectra of pinecone residue after
wavenumber 1600 to 650 cm ™.

3.5. Desorption and regeneration

The performance of the better adsorbent and its subsequent use can
be done through the regeneration process proposed by Maia et al. [31].
Results showed that the pine cone residue remains highly efficient even

1

and before adsorption in wavenumber 4000 to 650 cm™ and b) FTIR spectra in

after multiple adsorption/desorption cycles, as displayed in Fig. 6. In the
first experiment, the pine cone demonstrated an adsorption capacity of
49.3 mg.g~ ! of Cr%*. After the first desorption, 14 mg of Chromium per
liter of the nitric acid solution was recovered, with a qe coefficient of
2.08 mg.g~! and a recovery rate of 4.22 %, as shown in Fig. 8.
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Fig. 8. Adsorption percentage of Cr ®*and pine cone residue recovery rate in reuse cycles.

In the following cycles, the adsorption capacity of the pine cone
remained high, with values of 45.4, 42.3, 34.7, and 36.32 mg.g’1 in
cycles 2 to 5, respectively, demonstrating that even after five desorption
cycles, the material still maintains its efficiency. The recovery rate
increased after the first cycle, reaching a maximum of 15.91 % in the
third cycle. This indicates that the pine cone was more willing to desorb
Chromium after the first cycle and did not maintain a decreasing
desorption trend. The desorption capacity, described by the qej coeffi-
cient, also increased, peaking at 6.73 mg.g~" in the third cycle.

Thus, the pine cone residue, in addition to being a low-cost, natural,
and unmodified waste material, can withstand numerous adsorption/
desorption cycles, demonstrating its exceptional efficiency in removing
contaminants like Cr%". Katiyara and Katiyarb [72] evidenced two cy-
cles without much difference in performance when evaluating the bio-
sorption potential of magnetic pine cone hydrochar (MPHC) for
chromium removal from wastewater.

I e

3.6. Machine learning models

As explained in SubSection 2.6, this research aims to (i) identify a
machine learning model capable of predicting the pine cone residue
adsorption and (ii) to understand the behavior of the fiber under
different experimental conditions.

The multiple linear regression model obtained from the experimental
data is presented in Eq. (6), and the results are depicted in the parallel
coordinate plot in Fig. 9. Each horizontal line in the plot represents the
combination of attributes [i.e., contact time (x;), pH (x2) and the
adsorbate concentration (x3)] and the result [i.e., the percentage of crét
adsorption (y)]. The colors of the horizontal lines indicate the percent-
age of Cr®". Therefore, green horizontal lines represent a higher
adsorption, and red lines a lower adsorption. Fig. 9 suggests that ex-
periments with a pH of 4 have lower adsorption and should be avoided.
Moreover, the contact time of 90 min has higher adsorption.

y =0.5132+0.0018x; — 0.1378x> + 0.0001x3 (6)
The F-value is 9.989, and the hypothesis that all coefficients in the

Fig. 9. Comparison between the experimental data and the values estimated with multiple linear regression.



J.G.G.S. Bento et al.

multiple linear regression are equal to zero can be rejected. Therefore,
one can assume that there is a relation between the variables. The
determination coefficient of the model in Eq. (6) is 0.541, which is
relatively low. Moreover, the graph in Fig. 10 compares the experi-
mental results (black line) with the linear regression estimates (red line).
The red and the black lines in Fig. 10 are far from each other, which
confirms the low accuracy of the multiple linear regression as indicated
by the determination coefficient.

The standard deviation of the linear regression coefficients, their
respective confidence interval, and p-value are presented in Table 2. The
pH coefficient is negative, suggesting an inverse correlation with the
percentage of Cr®" adsorption. In other words, increasing the pH implies
reducing the adsorption, which was also observed in the graph of Fig. 9.
Moreover, the time coefficient is greater than the adsorbate concentra-
tion coefficient (8; > 63), suggesting that increasing the time has a
greater contribution to increasing the percentage of Cr®". The intercept
(6p) and the pH (0;) have a p-value smaller than 0.05, implying that
these two coefficients (0g and 05) are different than zero.

Even though this first model was proven not to be the most accurate,
it has provided meaningful insights on how to tune the experiment’s
parameters to potentially achieve better results. For instance, in a pre-
vious study, Zhu et al. [20] found that increasing the adsorbate con-
centration and decreasing the pH were the two most important factors to
increase the adsorption of the pine cone residue. Nonetheless, in this
study, we have identified that time also plays an important role when
designing the experiment.

The second machine learning model is the decision tree regression,
illustrated in Fig. 11. The decision tree shows the standardized values, as
explained in SubSection 2.6.2, and the sequence of splits performed in
the data. As can be seen, the pH (x3) is the first variable used to split the
data, confirming this attribute’s importance as identified in the multiple
linear regression. The determination coefficient of the decision tree
regression is 0.978, suggesting a high accuracy of this approach. Fig. 11
compares the experimental data (black line) and the decision tree esti-
mation (red line). The estimation seems to be precise except for the
conditions with a time of 10 min, pH of 2, and a concentration of 588
ppm (point 10, 2, 588) and time of 30 min, pH of 0, and a concentration
of 588 ppm (point 30, 0, 588).

Fig. 12

The last machine learning model tested is the random forest
regression, with results shown in Fig. 13. Similar to the decision tree,
this model is accurate as the determination coefficient is 0.921, and the
experimental data (black line) and the random forest regressor (red line)
in Fig. 13 are close to each other. Even though the random forest
regression has a determination coefficient close to 1, the decision tree’s
coefficient is higher. Therefore, the decision tree obtained the best es-
timates for the pine cone residue adsorption of Cr®" among the three
machine learning models. Rather than conducting several experiments
to predict the pine cone residue adsorption, future studies could save
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Table 2
Statistical analysis of the linear regression coefficients.

Coefficient Coefficient Standard Confidence interval
name value deviation -
P- Lower Upper
value  bound bound
(2.5 %) (97.5 %)
Intercept (6o) 0.5132 0.110 0.000 0.285 0.741
Time (01) 0.0018 0.001 0.175 —0.001 0.004
PH (82) —0.1378 0.027 0.000 —-0.193 —0.083
Adsorbate 0.0001 0.000 0.290 —0.000 0.000
concentration
(63)

time and use the decision tree model proposed in this research. More-
over, another avenue for future research is to use optimization methods
(e.g., genetic algorithm, particle swarm optimization, greedy random-
ized adaptive search procedure) to find the best combination of the three
attributes that maximize the pine cone residue adsorption of Cr®*.

The results obtained in this research suggest that the relationship
between the three attributes (i.e., contact time, pH, and adsorbate
concentration) and the pine cone residue adsorption of Cr®" is non-
linear. Future studies could use non-linear machine learning models
(e.g. decision trees, artificial neural networks) to estimate the pine cone
residue adsorption of crbt, considering other attributes, such as tem-
perature and dosage. In addition, the objective of the machine learning
models could be to increase the equilibrium adsorption capacity (q.)
instead of the percentage of Cr®* adsorption.

In sum, this work highlights the dual benefit of environmental
remediation and waste reuse, demonstrating that pine cone residues,
coupled with machine learning models, can serve as an effective and
scalable alternative for Cr® removal in aqueous systems. Future studies
may explore additional process optimizations, such as adsorption effi-
ciency (qe), alternative machine learning approaches, use of the model
judged as best for this type of prediction concluded in this study, reuse of
the biosorbent in continuous adsorption cycles to increase practical
applicability further, and the practical study of the application of pine
cone residue in water treatment plants.

4. Conclusions

This study comprehensively evaluated the potential of pine cone
waste as a sustainable and low-cost biosorbent for Cr®* removal from
aqueous solutions. By optimizing the adsorption conditions through an
experimental design, we investigated the influence of contact time,
initial adsorbate concentration, and pH on the removal efficiency. The
results demonstrated that the maximum Cr® removal efficiency reached
90.84 %, even at short exposure times. The optimized adsorption con-
ditions were identified as a biosorbent dosage of 51.38 mg.g™’, a contact
time of 90 min, and an acidic environment.

Fig. 10. Comparison between the experimental data and the values estimated with multiple linear regression.
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Fig. 11. Decision tree of the pine cone residue adsorption of Cr*.
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Fig. 12. Comparison between the experimental data and the values estimated with the decision tree regressor.
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Fig. 13. Comparison between the experimental data and the values estimated with the random forest regressor.
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To further improve the adsorption prediction, we applied three
machine learning models: multiple linear regression, decision tree
regression, and random forest regression. The decision tree regression
model exhibited the highest predictive accuracy, with a correlation co-
efficient (R?) of 0.978, confirming its suitability for modeling adsorption
processes. This result highlights the potential of machine learning as a
powerful tool for adsorption studies, reducing the need for extensive
experimental trials and improving predictive capabilities.

In addition, this study highlights the value of agricultural residues by
converting abundant and underutilized waste material into an efficient
adsorbent for removing potentially toxic metal. The findings contribute
to the development of environmentally friendly water treatment solu-
tions, supporting global sustainability goals and strategies for managing
industrial wastewater.

Ethical statements
It is not applicable.
CRediT authorship contribution statement

Joaquim G.G.S. Bento: Writing — original draft, Resources, Meth-
odology, Investigation, Formal analysis, Data curation, Conceptualiza-
tion. Luidy F. Senra: Writing — original draft, Validation, Software,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Lana S. Maia: Writing — original draft, Visualization, Meth-
odology, Investigation, Formal analysis, Data curation,
Conceptualization. Luana Souza Almeida: Writing — original draft,
Software, Resources, Project administration, Methodology, Formal
analysis. Lucas M. Ferreira: Resources, Methodology, Formal analysis.
Maria Isménia S.T. Faria: Writing — review & editing, Validation, Su-
pervision, Resources, Methodology, Investigation, Formal analysis.
Derval S. Rosa: Writing — review & editing, Validation, Supervision,
Project administration, Investigation, Funding acquisition, Data cura-
tion, Conceptualization. Daniella R. Mulinari: Writing — review &
editing, Validation, Supervision, Project administration, Investigation,
Funding acquisition, Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research was funded by FAPERJ, Brazil (E-26/010.101232/
2018, E-26/010/002530/2019, E-26/210.450/2021, and E-26/
210.029/2024), FAPESP, Brazil (2020/13703-3, 2021/14714-1 and
2023/14598-7) and Conselho Nacional de Desenvolvimento Cientifico e
Tecnoldgico - CNPq, Brazil (308053/2021-4 and 403934/2021-4). The
authors thank the UFABC, CAPES (code 001), and REVALORES Strategic
Unit. and Multiuser Central Facilities (CEM - UFABC), and FINEP
(01.18.0071.00/0476/16).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.surfin.2025.106460.

Data availability

Data will be made available on request.

Machine learning models and dataset for the prediction of Cr6-+
removal of aqueous solutions using the pine cone residue (Original
data) (Mendeley Data)

12

Surfaces and Interfaces 65 (2025) 106460
References

[1] A. Fetimi, O. Kebiche-Senhadji, Y. Benguerba, G.S. Albakri, M.A. Alreshidi,

M. Abbas, M. Hamachi, M. Bahita, S. Merouani, K.K. Yadav, Enhancing predictive
accuracy for Cr(VI) removal in polymer inclusion membranes: a comparative study
of machine learning models, Inorganica Chim. Acta 567 (2024) 122050, https://
doi.org/10.1016/j.ica.2024.122050.

F. Fu, Q. Wang, Removal of heavy metal ions from wastewaters: a review,

J. Environ. Manage. 92 (3) (2010) 407-418, https://doi.org/10.1016/j.
jenvman.2010.11.011.

R. Ishtiaq, N. Zahra, S. Iftikhar, F. Rubab, K. Sultan, A. Abbas, S. Lam, Z.H. Jaffari,
K.Y. Park, Adsorption of Cr(VI) ions onto fluorine-free niobium carbide (MXene)
and machine learning prediction with high precision, J. Environ. Chem. Eng. 12 (2)
(2024) 112238, https://doi.org/10.1016/j.jece.2024.112238.

Guidelines for drinking-water quality: fourth edition incorporating the first and
second addenda www.who.int/publications/i/item/9789240045064.

M. Balamurali, M. Rajan, Coconut shells based MrGO@CMC adsorbent for the
chromium (VI) ion removal from contaminated water through batch adsorption
method, Results Surf. Interfaces 17 (2024) 100346, https://doi.org/10.1016/j.
rsurfi.2024.100346.

N.S. Hassan, A.A. Jalil, M.B. Bahari, N.M. Izzuddin, N.a.F.M. Fauzi, N.W.C. Jusoh,
M.F.A. Kamaroddin, R. Saravanan, H. Tehubijuluw, A critical review of MXene-
based composites in the adsorptive and photocatalysis of hexavalent chromium
removal from industrial wastewater, Environ. Res. 259 (2024) 119584, https://doi.
org/10.1016/j.envres.2024.119584.

D. Mahringer, M. Lutz, M. Klumbies, S. Pabst, A.S. Ruhl, Reduction, coagulation
and biotic filtration (RCbF) for Cr(VI) groundwater remediation — a case study,
J. Water. Process. Eng. 65 (2024) 105867, https://doi.org/10.1016/j.
jwpe.2024.105867.

P.B. Sujiritha, V.L. Vikash, G. Ponesakki, N. Ayyadurai, N.R. Kamini, Microbially
induced carbonate precipitation with arthrobacter creatinolyticus: an eco-friendly
strategy for mitigation of chromium contamination, J. Environ. Manage 365
(2024) 121300, https://doi.org/10.1016/j.jenvman.2024.121300.

M. Tan, S. Yang, C. Song, Z. He, J. Wang, Y. Liu, F. Liu, Y. Zhang, Selective removal
of chromium and chloride by flow electrode capacitive deionization (FCDI) with
carrier-facilitated ion exchange membrane, Chem. Eng. J. (2024) 156182, https://
doi.org/10.1016/j.cej.2024.156182.

Y.H. Fseha, J.O. Eniola, B. Sizirici, S. Stephen, L. Yildiz, A. Khaleel, A. Adamson,
Application of natural earth-based materials as adsorbents for the treatment of
Chromium (VI)-contaminated tannery wastewater: box-Behnken and fixed-bed
column optimization, Sustain. Chem. Environ. 7 (2024) 100127, https://doi.org/
10.1016/j.scenv.2024.100127.

F.A. Salam, A. Narayanan, Biosorption - a case study of hexavalent chromium
removal with raw pomegranate peel, Desalination Water Treat. 156 (2019)
278-291, https://doi.org/10.5004/dwt.2019.23554.

A.H. Shobier, M.M. El-Sadaawy, G.F. El-Said, Removal of hexavalent chromium by
ecofriendly raw marine green alga ulva fasciata: kinetic, thermodynamic and
isotherm studies, Egypt. J. Aquatic Res. 46 (4) (2020) 325-331, https://doi.org/
10.1016/j.ejar.2020.09.003.

N. Velinov, M. Petrovi¢, V. Radovi¢, K. Miljana, M. Milos, B. Jelena, Danijela,

A. Boji¢, Characterization and application of wood-ZrO2 sorbent for simultaneous
removal of chromium (III) and chromium (VI) from binary mixture, Nord. Pulp.
Paper. Res. J. 36 (2) (2021) 373-385, https://doi.org/10.1515/npprj-2020-0082.
N. Velinov, M. Radovi¢ Vuci¢, M. Petrovi¢, M. Kosti¢, D. Boji¢, A. Hurt, A. Boji¢,
Ultrasonic-assisted synthesis of wood-aluminium-based sorbents: comparison with
conventional preparation and evaluation of chromium removal, Wood. Mater. Sci.
Eng. 18 (3) (2023) 1065-1075, https://doi.org/10.1080/
17480272.2022.2105660.

B. Thagi, S. Gashi, N. Daci, F. Podvorica, F. Sopaj, A versatile study of single and
binary removals of Pb(II) and Cd(II) ions from aqueous solutions using pine cone as
biosorbent, Desalination Water Treat. 319 (2024) 100465, https://doi.org/
10.1016/j.dwt.2024.100465.

C. Kim, S. Lee, S. Park, Efficient micropore sizes for carbon dioxide physisorption of
pine cone-based carbonaceous materials at different temperatures, J. CO, Utiliz. 54
(2021) 101770, https://doi.org/10.1016/j.jcou.2021.101770.

A. Banerjee, K. Jha, M. Petru, R. Kumar, S. Sharma, M.S. Saini, K.A. Mohammed,
A. Kumar, M. Abbas, E.M. Tag-Eldin, Fabrication and characterization of weld
attributes in hot gas welding of alkali treated hybrid flax fiber and pine cone fibers
reinforced poly-lactic acid (PLA) based biodegradable polymer composites: studies
on mechanical and morphological properties, J. Mater. Res. Technol. 27 (2023)
272-297, https://doi.org/10.1016/j.jmrt.2023.09.252.

H.S. Altundogan, A. Topdemir, M. Cakmak, N. Bahar, Hardness removal from
waters by using citric acid modified pine cone, J. Taiwan. Inst. Chem. Eng. 58
(2015) 219-225, https://doi.org/10.1016/j.jtice.2015.07.002.

M. Abewaa, A. Arka, T. Haddis, A. Mengistu, T. Takele, E. Adino, Y. Abay,

N. Bekele, G. Andualem, H. Girmay, Hexavalent chromium adsorption from
aqueous solution utilizing activated carbon developed from Rumex abyssinicus,
Results. Eng. 22 (2024) 102274, https://doi.org/10.1016/j.rineng.2024.102274.
X. Zhu, X. Wang, K. Liu, S. Zhou, U.F. Algsair, A. El-Shafay, Machine learning
simulation of Cr (VI) separation from aqueous solutions via a hierarchical
nanostructure material, J. Mol. Liq. 350 (2022) 118565, https://doi.org/10.1016/
j.molliq.2022.118565.

1. Maamoun, M.A. Rushdi, O. Falyouna, R. Eljamal, O. Eljamal, Insights into
machine-learning modeling for Cr(VI) removal from contaminated water using
nano-nickel hydroxide, Sep. Purif. Technol. 308 (2022) 122863, https://doi.org/
10.1016/j.seppur.2022.122863.

[2]

[3]

[4]

[5]

[6]

71

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]


https://doi.org/10.1016/j.surfin.2025.106460
https://data.mendeley.com/datasets/6bspjkt7bg/1
https://data.mendeley.com/datasets/6bspjkt7bg/1
https://data.mendeley.com/datasets/6bspjkt7bg/1
https://doi.org/10.1016/j.ica.2024.122050
https://doi.org/10.1016/j.ica.2024.122050
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.jenvman.2010.11.011
https://doi.org/10.1016/j.jece.2024.112238
http://www.who.int/publications/i/item/9789240045064
https://doi.org/10.1016/j.rsurfi.2024.100346
https://doi.org/10.1016/j.rsurfi.2024.100346
https://doi.org/10.1016/j.envres.2024.119584
https://doi.org/10.1016/j.envres.2024.119584
https://doi.org/10.1016/j.jwpe.2024.105867
https://doi.org/10.1016/j.jwpe.2024.105867
https://doi.org/10.1016/j.jenvman.2024.121300
https://doi.org/10.1016/j.cej.2024.156182
https://doi.org/10.1016/j.cej.2024.156182
https://doi.org/10.1016/j.scenv.2024.100127
https://doi.org/10.1016/j.scenv.2024.100127
https://doi.org/10.5004/dwt.2019.23554
https://doi.org/10.1016/j.ejar.2020.09.003
https://doi.org/10.1016/j.ejar.2020.09.003
https://doi.org/10.1515/npprj-2020-0082
https://doi.org/10.1080/17480272.2022.2105660
https://doi.org/10.1080/17480272.2022.2105660
https://doi.org/10.1016/j.dwt.2024.100465
https://doi.org/10.1016/j.dwt.2024.100465
https://doi.org/10.1016/j.jcou.2021.101770
https://doi.org/10.1016/j.jmrt.2023.09.252
https://doi.org/10.1016/j.jtice.2015.07.002
https://doi.org/10.1016/j.rineng.2024.102274
https://doi.org/10.1016/j.molliq.2022.118565
https://doi.org/10.1016/j.molliq.2022.118565
https://doi.org/10.1016/j.seppur.2022.122863
https://doi.org/10.1016/j.seppur.2022.122863

J.G.G.S. Bento et al.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]
[38]

[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]

[47]

S. Iftikhar, N. Zahra, F. Rubab, R. Abrar, F.A. Sumra, M.B. Khan, A. Abbas, Z.

H. Jaffari, Artificial neural networks for insights into adsorption capacity of
industrial dyes using carbon-based materials, Sep. Purif. Technol. 326 (2023)
124891, https://doi.org/10.1016/j.seppur.2023.124891.

S. Iftikhar, R. Ishtiaq, N. Zahra, F. Ruba, Z. Lam, A. Abbas, Z.H. Jaffari,
Probabilistic prediction of phosphate ion adsorption onto biochar materials using a
large dataset and online deployment, Chemosphere 370 (2025) 144031, https://
doi.org/10.1016/j.chemosphere.2024.144031.

Z.H. Jaffari, H. Jeong, J. Shin, J. Kwak, C. Son, Y. Lee, S. Kim, K. Chon, K.H. Cho,
Machine-learning-based prediction and optimization of emerging contaminants’
adsorption capacity on biochar materials, Chem. Eng. J. 466 (2023) 143073,
https://doi.org/10.1016/j.cej.2023.143073.

Z.H. Jaffari, A. Abbas, C. Kim, J. Shin, J. Kwak, C. Son, Y. Lee, S. Kim, K. Chon, K.
H. Cho, Transformer-based deep learning models for adsorption capacity
prediction of heavy metal ions toward biochar-based adsorbents, J. Hazard. Mater.
462 (2024) 132773, https://doi.org/10.1016/j.jhazmat.2023.132773.

L. Guo, X. Xu, C. Niu, Q. Wang, J. Park, L. Zhou, H. Lei, X. Wang, X. Yuan, Machine
learning-based prediction and experimental validation of heavy metal adsorption
capacity of bentonite, Sci. Total. Environ. 926 (2024) 171986, https://doi.org/
10.1016/j.scitotenv.2024.171986.

F. Zhao, L. Tang, H. Jiang, Y. Mao, W. Song, H. Chen, Prediction of heavy metals
adsorption by hydrochars and identification of critical factors using machine
learning algorithms, Bioresour. Technol. 383 (2023) 129223, https://doi.org/
10.1016/j.biortech.2023.129223.

J. Liu, J. Zhao, J. Du, S. Peng, S. Tan, W. Zhang, X. Yan, H. Wang, Z. Lin, Machine
learning predicts heavy metal adsorption on iron (oxyhydr)oxides: a combined
insight into the adsorption efficiency and binding configuration, Sci. Total Environ.
950 (2024) 175370, https://doi.org/10.1016/j.scitotenv.2024.175370.

O. Baatache, K. Derbal, A. Benalia, A. Khalfaoui, R. Bouchareb, A. Panico, A. Pizzi,
Use of Pine cone as bio-coagulant for heavy metal removal from industrial
wastewater: use of Box-Behnken design, Ind. Crops. Prod. 210 (2024) 118185,
https://doi.org/10.1016/j.indcrop.2024.118185.

K. Faceli, A.C. Lorena, J. Gama, T.A. de Almeida, A.C.P.L.F. de Carvalho,
Inteligéncia artificial: Uma abordagem De Aprendizado De Mdquina, 2nd ed., LTC,
2023.

L.S. Maia, P.H.F. Pereira, A.I.C. Da Silva, T.B. Da Costa, D.R. Mulinari, D.D.S. Rosa,
A novel starch-based composite hydrogel enhanced by activated charcoal from the
banana peel for water decontamination, J. Appl. Polym. Sci. 141 (29) (2024),
https://doi.org/10.1002/app.55685.

K. Singh, R. Rastogi, S. Hasan, Removal of Cr(VI) from wastewater using rice bran,
J. Colloid. Interface Sci. 290 (1) (2005) 61-68, https://doi.org/10.1016/j.
jcis.2005.04.011.

D.C. Montgomery, G.C. Runger, Estatistica Aplicada e Probabilidade Para
Engenheiros, 2nd ed., LTC, 2003.

M. Zhang, H. He, Y. Huang, R. Huang, Z. Wu, X. Liu, H. Deng, Machine learning
integrated high quantum yield blue light carbon dots for real-time and on-site
detection of Cr(VI) in groundwater and drinking water, Sci. Total Environ. 904
(2023) 166822, https://doi.org/10.1016/j.scitotenv.2023.166822.

J. Bento, L. Senra, L. Maia, L. Souza Almeida, L. Ferreira, M.I. Faria, D. Rosa,

D. Mulinari, Machine learning models and dataset for the prediction of Cr6+
removal of aqueous solutions using the pine cone residue, Mendeley Data V1
(2025), https://doi.org/10.17632/6bspjkt7bg.1.

R. Kissell, J. Poserina, Regression models. Elsevier Ebooks, 2017, pp. 39-67,
https://doi.org/10.1016/b978-0-12-805163-4.00002-5.

E. Alpaydin, Introduction to Machine Learning, 3rd edition, MIT Press, 2014.

M. Khajavian, A. Haseli, Modeling the adsorption of ibuprofen on the Zn-decorated
S,P,B co-doped C2N nanosheet: machine learning and central composite design
approaches, J. Industr. Eng. Chem. 137 (2024) 583-592, https://doi.org/10.1016/
j.jiec.2024.04.002.

Z.-Hua Zhou, Machine learning. Springer Nature eBook, 1st ed. 2021, Springer
Singapore, 2021, https://doi.org/10.1007/978-981-15-1967-3.

N.S.S.V.S. Rao, S.J.J. Thangaraj, Flight ticket prediction using random forest
regressor compared with decision tree regressor, in: 2023 Eighth International
Conference on Science Technology Engineering and Mathematics (ICONSTEM),
2023, pp. 1-5, https://doi.org/10.1109/ICONSTEM56934.2023.10142260.

M.J. Amiri, M. Bahrami, S. Rajabi, Assessment of M5 model tree for prediction of
azithromycin antibiotic removal by multi-wall carbon nanotubes in a fixed-bed
column system, AQUA — Water Infrastruct., Ecosyst. Society 71 (4) (2022)
533-545, https://doi.org/10.2166/aqua.2022.157.

J. Prateek, Artificial Intelligence with Python : a Comprehensive Guide to Building
Intelligent Apps for Python Beginners and Developers, Packt Publishing, 2017.
M. Bahrami, M.J. Amiri, S. Rajabi, M. Mahmoudi, The removal of methylene blue
from aqueous solutions by polyethylene microplastics: modeling batch adsorption
using random forest regression, Alexandria Eng. J. 95 (2024) 101-113, https://doi.
org/10.1016/j.aej.2024.03.100.

Avila, J., & Hauck, T. (2017). Scikit-Learn Cookbook - Second Edition.

B. Beigzadeh, M. Bahrami, M.J. Amiri, M.R. Mahmoudi, A new approach in
adsorption modeling using random forest regression, bayesian multiple linear
regression, and multiple linear regression: 2,4-D adsorption by a green adsorbent,
Water Sci. Tehcnol. 82 (8) (2020) 1586-1602, https://doi.org/10.2166/
wst.2020.440.

AK. Hellum, Cone moisture and relative humidity effects on seed release from
lodgepole pine cones from Alberta, Can. J. Forest Res. 12 (1) (1982) 102-105,
https://doi.org/10.1139/x82-015.

R. Amen, M. Yaseen, A. Mukhtar, J.J. Klemes, S. Saqib, S. Ullah, A.G. Al-Sehemi,
S. Rafiq, M. Babar, C.L. Fatt, M. Ibrahim, S. Asif, K.S. Qureshi, M.M. Akbar,

13

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Surfaces and Interfaces 65 (2025) 106460

A. Bokhari, Lead and cadmium removal from wastewater using eco-friendly
biochar adsorbent derived from rice husk, wheat straw, and corncob, Clean. Eng.
Technol. 1 (2020) 100006, https://doi.org/10.1016/j.clet.2020.100006.

N. Van Vinh, M. Zafar, S.K. Behera, H. Park, Arsenic(Ill) removal from aqueous
solution by raw and zinc-loaded pine cone biochar: equilibrium, kinetics, and
thermodynamics studies, Int. J. Environ. Sci. Technol. 12 (4) (2014) 1283-1294,
https://doi.org/10.1007/s13762-014-0507-1.

M.R. Yazdani, N. Duimovich, A. Tiraferri, P. Laurell, M. Borghei, J.B. Zimmerman,
R. Vahala, Tailored mesoporous biochar sorbents from pinecone biomass for the
adsorption of natural organic matter from lake water, J. Mol. Liq. 291 (2019)
111248, https://doi.org/10.1016/j.molliq.2019.111248.

L. Gao, Z. Li, W. Yi, L. Wang, P. Zhang, Z. Wan, Y. Li, Quantitative contribution of
minerals and organics in biochar to Pb(II) adsorption: considering the increase of
oxygen-containing functional groups, J. Clean. Prod. 325 (2021) 129328, https://
doi.org/10.1016/j.jclepro.2021.129328.

Y. Cai, J. Yang, Z. Ran, F. Bu, X. Chen, M. Shaaban, Q. Peng, Optimizing Typha
biochar with phosphoric acid modification and ferric chloride impregnation for
hexavalent chromium remediation in water and soil, Chemosphere 354 (2024)
141739, https://doi.org/10.1016/j.chemosphere.2024.141739.

W. Huang, R. Wy, J. Chang, S. Juang, D. Lee, Pristine and manganese ferrite
modified biochars for copper ion adsorption: type-wide comparison, Bioresour.
Technol. 360 (2022) 127529, https://doi.org/10.1016/j.biortech.2022.127529.
A. Kumar, V. Gupta, K.K. Gaikwad, Microfibrillated cellulose from pine cone:
extraction, properties, and characterization, BioMass Convers. Biorefin. 13 (17)
(2021) 1-8, https://doi.org/10.1007/s13399-021-01794-2.

L.L. Costa, P.H. Pereira, A.M. Claro, N.C.D. Amaral, H. Da Silva Barud, R.B. Ribeiro,
D.R. Mulinari, 3D-printing pen from valorization of pine cone residues as
reinforcement in acrylonitrile butadiene styrene (ABS): microstructure and thermal
properties, J. Thermoplastic Compos. Mater. 36 (2) (2021) 535-554, https://doi.
org/10.1177/0892705721101273557.

S.Z.N. Ahmad, W.N.W. Salleh, A.F. Ismail, N. Yusof, M.Z.M. Yusop, F. Aziz,
Adsorptive removal of heavy metal ions using graphene-based nanomaterials:
toxicity, roles of functional groups and mechanisms, Chemosphere 248 (2020)
126008, https://doi.org/10.1016/j.chemosphere.2020.126008.

H. Atmani, S. Zazouli, F.E. Bakkardouch, L. Laallam, A. Jouaiti, Insights into
interactions of cellulose acetate and metal ions (Zn2+, Cu2+, and Ag+) in aqueous
media using DFT study, Comput.Theor. Chem 1202 (2021) 113322, https://doi.
org/10.1016/j.comptc.2021.113322.

J. Trifol, D.C.M. Quintero, R. Moriana, Pine Cone Biorefinery: integral valorization
of residual biomass into lignocellulose nanofibrils (LCNF)-reinforced composites
for packaging, ACS. Sustain. Chem. Eng. 9 (5) (2021) 2180-2190, https://doi.org/
10.1021/acssuschemeng.0c07687.

0. Baatache, K. Derbal, A. Benalia, A. Khalfaoui, R. Bouchareb, A. Panico, A. Pizzi,
Use of Pine cone as bio-coagulant for heavy metal removal from industrial
wastewater: use of Box-Behnken design, Ind. Crops. Prod. 210 (2024) 118185,
https://doi.org/10.1016/j.indcrop.2024.118185.

M. Chebbi, S. Ounoki, L. Youcef, F.N. Chergui, A. Amrane, Sustainable pine cone
adsorbent: removal of prednisolone and pre-treatment of a medical lab wastewater,
Sustain. Chem. Pharm. 39 (2024) 101565, https://doi.org/10.1016/j.
scp.2024.101565.

A.E. Ofomaja, E.B. Naidoo, S.J. Modise, Kinetic and pseudo-second-order modeling
of lead biosorption onto pine cone powder, Ind. Eng. Chem. Res. 49 (6) (2010)
2562-2572, https://doi.org/10.1021/ie901150x.

R. Garg, R. Garg, M. Sillanpad, N. Alimuddin, M.A. Khan, N.M. Mubarak, Y.H. Tan,
Rapid adsorptive removal of chromium from wastewater using walnut-derived
biosorbents, Sci. Rep. 13 (1) (2023), https://doi.org/10.1038/541598-023-33843-
3.

B.D. Pant, D. Neupane, D.R. Paudel, P.C. Lohani, S.K. Gautam, M.R. Pokhrel, B.
R. Poudel, Efficient biosorption of hexavalent chromium from water by modified
arecanut leaf sheath, Heliyon 8 (4) (2022) 09283, https://doi.org/10.1016/j.
heliyon.2022.e09283.

N.K. Mondal, S. Chakraborty, Adsorption of Cr(VI) from aqueous solution on
graphene oxide (GO) prepared from graphite: equilibrium, kinetic and
thermodynamic studies, Appl. Water. Sci. 10 (2) (2020), https://doi.org/10.1007/
$13201-020-1142-2.

M. Masuku, J.F. Nure, H.I. Atagana, N. Hlongwa, T.T. Nkambule, Pinecone biochar
for the adsorption of chromium (VI) from wastewater: kinetics, thermodynamics,
and adsorbent regeneration, Environ. Res. 258 (2024) 119423, https://doi.org/
10.1016/j.envres.2024.119423.

M.B. Amar, K. Walha, V. Salvadd, Valorisation of pine cone as an efficient
biosorbent for the removal of Pb(II), Cd(II), Cu(Il), and Cr(VI), Adsorption Sci.
Technol. 2021 (2021), https://doi.org/10.1155/2021/6678530.

Conselho Nacional do Meio Ambiente (CONAMA). (2005). Resolucao n° 357, de 17
de marco de 2005. https://www.icmbio.gov.br/cepsul/images/stories/legislacao/
Resolucao/2005/res_conama_357_2005_classificacao_corpos_agua_rtfcda_altrd_res_
393.2007_397_2008_410_2009_430_2011.pdf.

J.A. Oliveira Junior, R.R. de Souza, C.C. Nascimento, Evaluation of Libidibia ferrea
(Fabaceae) pod skin as chromium adsorbent applied to a synthetic tanner effluent,
Scientia Plena 20 (2024) 011701, https://doi.org/10.14808/sci.
plena.2024.011701.

A.H.J. Aké, N. Rochdi, M. Jemo, M. Hafidi, Y. Ouhdouch, L. El Fels, Cr(VI) removal
performance from wastewater by microflora isolated from tannery effluents in a
semi-arid environment: a SEM, EDX, FTIR and zeta potential study, Front,
Microbiol. 1 (15) (2024) 1423741, https://doi.org/10.3389/fmicb.2024.1423741.


https://doi.org/10.1016/j.seppur.2023.124891
https://doi.org/10.1016/j.chemosphere.2024.144031
https://doi.org/10.1016/j.chemosphere.2024.144031
https://doi.org/10.1016/j.cej.2023.143073
https://doi.org/10.1016/j.jhazmat.2023.132773
https://doi.org/10.1016/j.scitotenv.2024.171986
https://doi.org/10.1016/j.scitotenv.2024.171986
https://doi.org/10.1016/j.biortech.2023.129223
https://doi.org/10.1016/j.biortech.2023.129223
https://doi.org/10.1016/j.scitotenv.2024.175370
https://doi.org/10.1016/j.indcrop.2024.118185
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0030
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0030
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0030
https://doi.org/10.1002/app.55685
https://doi.org/10.1016/j.jcis.2005.04.011
https://doi.org/10.1016/j.jcis.2005.04.011
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0033
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0033
https://doi.org/10.1016/j.scitotenv.2023.166822
https://doi.org/10.17632/6bspjkt7bg.1
https://doi.org/10.1016/b978-0-12-805163-4.00002-5
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0037
https://doi.org/10.1016/j.jiec.2024.04.002
https://doi.org/10.1016/j.jiec.2024.04.002
https://doi.org/10.1007/978-981-15-1967-3
https://doi.org/10.1109/ICONSTEM56934.2023.10142260
https://doi.org/10.2166/aqua.2022.157
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0042
http://refhub.elsevier.com/S2468-0230(25)00717-5/sbref0042
https://doi.org/10.1016/j.aej.2024.03.100
https://doi.org/10.1016/j.aej.2024.03.100
https://doi.org/10.2166/wst.2020.440
https://doi.org/10.2166/wst.2020.440
https://doi.org/10.1139/x82-015
https://doi.org/10.1016/j.clet.2020.100006
https://doi.org/10.1007/s13762-014-0507-1
https://doi.org/10.1016/j.molliq.2019.111248
https://doi.org/10.1016/j.jclepro.2021.129328
https://doi.org/10.1016/j.jclepro.2021.129328
https://doi.org/10.1016/j.chemosphere.2024.141739
https://doi.org/10.1016/j.biortech.2022.127529
https://doi.org/10.1007/s13399-021-01794-2
https://doi.org/10.1177/0892705721101273557
https://doi.org/10.1177/0892705721101273557
https://doi.org/10.1016/j.chemosphere.2020.126008
https://doi.org/10.1016/j.comptc.2021.113322
https://doi.org/10.1016/j.comptc.2021.113322
https://doi.org/10.1021/acssuschemeng.0c07687
https://doi.org/10.1021/acssuschemeng.0c07687
https://doi.org/10.1016/j.indcrop.2024.118185
https://doi.org/10.1016/j.scp.2024.101565
https://doi.org/10.1016/j.scp.2024.101565
https://doi.org/10.1021/ie901150x
https://doi.org/10.1038/s41598-023-33843-3
https://doi.org/10.1038/s41598-023-33843-3
https://doi.org/10.1016/j.heliyon.2022.e09283
https://doi.org/10.1016/j.heliyon.2022.e09283
https://doi.org/10.1007/s13201-020-1142-2
https://doi.org/10.1007/s13201-020-1142-2
https://doi.org/10.1016/j.envres.2024.119423
https://doi.org/10.1016/j.envres.2024.119423
https://doi.org/10.1155/2021/6678530
https://www.icmbio.gov.br/cepsul/images/stories/legislacao/Resolucao/2005/res_conama_357_2005_classificacao_corpos_agua_rtfcda_altrd_res_393_2007_397_2008_410_2009_430_2011.pdf
https://www.icmbio.gov.br/cepsul/images/stories/legislacao/Resolucao/2005/res_conama_357_2005_classificacao_corpos_agua_rtfcda_altrd_res_393_2007_397_2008_410_2009_430_2011.pdf
https://www.icmbio.gov.br/cepsul/images/stories/legislacao/Resolucao/2005/res_conama_357_2005_classificacao_corpos_agua_rtfcda_altrd_res_393_2007_397_2008_410_2009_430_2011.pdf
https://doi.org/10.14808/sci.plena.2024.011701
https://doi.org/10.14808/sci.plena.2024.011701
https://doi.org/10.3389/fmicb.2024.1423741

J.G.G.S. Bento et al.

[69]

[70]

X. Shi, B. Gong, S. Liao, J. Wang, Y. Liu, T. Wang, J. Shi, Removal and enrichment
of Cr(VI) from aqueous solutions by lotus seed pods, Water Environ. Res. 92 (1)
(2020) 84-93, https://doi.org/10.1002/wer.1187.

V. Singh, V. Mishra, Sustainable reduction of Cr (VI) and its elemental mapping on
chitosan coated citrus limetta peels biomass in synthetic wastewater, Sep. Sci.
Technol. 57 (10) (2021) 1609-1626, https://doi.org/10.1080/
01496395.2021.1993921.

14

[71]

[72]

Surfaces and Interfaces 65 (2025) 106460

M. Masuku, J.F. Nure, H.I. Atagana, N. Hlongwa, T.T.I. Nkambule, Pinecone
biochar for the adsorption of chromium (VI) from wastewater: kinetics,
thermodynamics, and adsorbent regeneration, Environ. Res. 258 (2024) 119423,
https://doi.org/10.1016/j.envres.2024.119423.

S. Katiyar, R. Katiyar, A parametric optimization for leveraging the potential of
ammonia modified magnetic pine cone hydrochar for Cr (VI) contaminated
wastewater treatment, Biocatal. Agric. Biotechnol. 60 (2024) 103286, https://doi.
org/10.1016/j.bcab.2024.103286.


https://doi.org/10.1002/wer.1187
https://doi.org/10.1080/01496395.2021.1993921
https://doi.org/10.1080/01496395.2021.1993921
https://doi.org/10.1016/j.envres.2024.119423
https://doi.org/10.1016/j.bcab.2024.103286
https://doi.org/10.1016/j.bcab.2024.103286

ChemistrySelect

Research Article

doi.org/10.1002/slct.202501916

Chemistry

Europe

www.chemistryselect.org

Exploring the Potential of Multiple Brazilian Clays as
Adsorbents in Corn Starch Hydrogels for the Removal of
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Daniella R. Mulinari,[?! and Derval S. Rosa*!?]

Modern industrialization has led to heavy metal contamination
of vital natural resources for animals and humans. This study
explores eco-friendly strategies to address this issue, focusing
on synthesizing a starch hydrogel (SH) composite reinforced
with six clays: brasgel (B), chocobofe (Cb), cloisite 20A (C20A),
chocolate (Ch), palygorskite (P), and treated palygorskite (Tp).
Physical-chemical, morphological, and thermal properties of the
hydrogels were evaluated, along with their capacity to remove
metallic ions (Cr(VI), Cd(ll), Ni(ll), Mn(ll), Zn(ll), and Cu(ll)) via ion
chromatography. FTIR confirmed successful clay incorporation
into the hydrogel structure, with Van der Waals interactions most
prominent with Ch clay. The clays enhanced three-dimensional

1. Introduction

Water is the most necessary and significant element for all life,
but water resources have been plagued by pollution from both
organic and inorganic sources, which originates from indus-
trial, agricultural, and everyday waste, leading to an increasing
scarcity of water."! Water pollution has wide-ranging environ-
mental impacts, including ecosystem degradation, biodiversity
loss, and risks to human health.””) These activities release pol-
lutants such as heavy metals, chemicals, and other hazardous
substances into water bodies.>! In this context, heavy metal
ions are transferred between animals and plants through the
food chain and can also cause serious harm to humans.!®! The
metal elements Hg, Cd, Cu, Pb, Zn, Ni, Co, Sb, Cr, and the
metalloid with a specific gravity greater than 5.0 g cm™, com-
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(3D) porous structures with accessible functional groups, improv-
ing ion removal. All hydrogels showed increased d-spacing of
clays (except Cb), indicating intercalated/exfoliated composites,
which improved water absorption and thermal resistance. Sorp-
tion data revealed significant metal ion absorption, particularly
Cr(VI) oxyanions. For divalent ions, the affinity order was Mn(ll) >
Zn(ll) > Cu(ll) > Cd(ll) > Ni(ll). Notably, SH-Cb and SH-Ch hydro-
gels excelled in metal ion adsorption, proving their effectiveness.
Overall, clay-reinforced hydrogels effectively treated contami-
nated effluents, offering a promising solution to heavy metal
pollution.

monly known as potentially toxic elements (PTEs), are present
at significant levels in wastewater from various sources, includ-
ing industrial and agricultural sources.’”*! Therefore, finding an
efficient and sustainable method to treat emerging PTEs in
wastewater is urgent. Advanced oxidation processes (AOPs), such
as photocatalysis,"®! microwave catalysis," coagulation,™ and
photo-remediation,™ are commonly used for treating industrial
effluent. However, specific techniques are applied to remove
metallic ions from wastewater. These techniques include solvent
extraction,®! reverse osmosis,!®! ion exchange!” chemical
precipitation,'® membrane filtration,!"™! electrochemistry,?”! bio-
electrochemical methods,”" and adsorption.?%! Among these
methods, adsorption is a simple process for removing pollu-
tants and has been observed to be advantageous over other
wastewater treatment methods due to its simplicity, economic
viability, high performance, and the possibility of reusing the
adsorbent.[?>?"! |t is considered the most effective method for
treating low concentrations of contaminants.!”!

Adsorption has been extensively studied as an efficient tech-
nique for removing PTEs from wastewater, employing various
adsorbent materials.!?-28] Numerous studies have demonstrated
the effectiveness of different materials in removing metallic ions.
such as Cr(VI), Cu(ll), Cd(Il), Ni(ll), Mn(ll), and Zn(ll). For exam-
ple, natural clays are effective in removing Cu(ll), Zn(ll), and Cd(ll)
ions.[2>301 At the same time, activated carbon has shown promis-
ing results in removing Pb(ll) and Hg(ll) from water samples."
Cryogels made of polyethyleneimine (PEI) have been success-
fully utilized to remove Cd(ll), Cr(V1), Ni(ll), and Zn(ll) ions from
wastewater.52l Additionally, biochar derived from fruit residues is
effective in removing Pb(ll), Cd(ll), and Ni(ll) from wastewater.!*!
These materials exhibit significant potential for application in
removing PTEs from industrial effluents. Further research in
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this field could lead to the development of more efficient and
sustainable methods for wastewater treatment.

Recently, using novel adsorbents with high efficiency, fast
rates, and easy regeneration has attracted significant attention.
For the adsorbent materials, the amount and accessibility of
active sites on the surface play an essential role in obtain-
ing an ideal adsorbent for the adsorption process.** The most
common adsorbents are activated charcoal,> polymers,3! car-
bon nanotubes,'*! biomass,'*”! hydrogels.[>?®! Bekchanov et al.
present a comprehensive review of the scientific advances of
the last decade in the development of green absorbents, with a
focus on cellulose and starch-based functional materials for the
efficient removal of heavy metal ions from aqueous solutions.8!
Among several materials, polysaccharide-based hydrogels are a
type of polymer material with a three-dimensional (3D) network
porous structure with a high specific surface area, high poros-
ity, and surface activity (functional groups) for removing PTEs
in wastewater.?63-421 Additionally, hydrogels possess processing
simplicity, high selectivity, high performance, proper mechani-
cal strength, excellent biocompatibility and biodegradability, and
easy recyclability.3*#*4] Regarding the adsorption properties,
the performance of hydrogels can be improved by incorporat-
ing fillers into their structure.[*>#! Various reinforcements can
be used, such as cellulose nanofibrils,/¥”! activated charcoal,*®!
carbon nanotubes,*! clays, and clay nanotubes 02!

Pure starch and other polysaccharide-based materials under-
perform advanced adsorbents due to low surface areas. A
promising strategy to improve these adsorbents is to incorpo-
rate inorganic lamellar materials, such as clays and clay minerals,
into the crosslinked starch network.”3! Clays are formed pri-
marily from a negatively charged layer of aluminosilicate/silica
minerals and are known as high-potential cationic adsorbents
due to their relatively large surface areas.* lon exchange
reactions are the main mechanisms of adsorption of heavy
metal ions that occur through the formation of inner-sphere
complexes through the Si-O- and Al-O- groups on the edges
of clay particles.® This approach is feasible and cost-effective,
potentially improving starch-based adsorbents. In a previous
study, we individually characterized several clays regarding their
physicochemical and adsorptive properties.*®! In the present
work, we advanced this research by incorporating these natural
clays into starch-based hydrogels. We aim to evaluate how
their inclusion modifies the hydrogel’s structure, stability, and
metal removal efficiency. This combined strategy—integrating
well-characterized natural clays into a biodegradable hydrogel
matrix—has not been sufficiently explored in literature. Our
approach enhances the material’s properties and offers a cost-
effective and environmentally friendly solution for multi-metal
removal from industrial effluents.

2. Materials and Methods
2.1. Materials

Corn starch (Amidex 3001%-27% wt. by mass of amylose and
73% wt. by mass of amylopectin) was purchased from Ingre-
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dion Incorporated (Sao Paulo, Brazil). Sodium hydroxide (NaOH,
98%), zinc nitrate (Zn(NO;),:6H,0, 98%), and nickel nitrate
(Ni(NOs),-6H,0, 99%) were purchased from Dynamics Contem-
porary Chemistry, cadmium nitrate (Cd(NOs), 4H,0, 98%) was
acquired from Neon Chemistry, potassium dichromate (K,Cr,0;,
99%) was obtained from ECIBRA Analytical Reagents, copper
nitrate (Cu(NQOs), 3H,0, 99%), and citric acid (CgHgO7, 99.5%) were
acquired from Synth. Manganese nitrate (Mn(NOs),-4H,0, 98%)
was acquired from Sigma-Aldrich. The standard stock solutions
of 1000 mg L', 99.9% purity (hexavalent chromium, copper, cad-
mium, manganese, nickel, and zinc) were acquired from Specsol.
The clays brasgel (B), chocobofe (Cb), and chocolate (Ch) were
supplied by the company BENTONISA-Bentonita do Nordeste
S.A., located in the city of Boa Vista/PB. Cloisite 20A (C20A)
was purchased from Southern Clay Products, TX. USA. The paly-
gorskite (P) and treated palygorskite (Tp) used were supplied by
Unido Brasileira de Mineragdo SA (UBM, Guadalupe, Piaui, Brazil).

2.2. Hydrogels Synthesis

For neat starch hydrogel (SH) synthesis, an adequate amount
of starch was dispersed in a predetermined amount of distilled
water with a mixing rate of 280 rpm. This solution was heated at
40 °C and maintained in constant agitation to achieve complete
dissolution. Then, the NaOH was added to the solution, and after
3 h, citric acid (C¢HgO;) was added, resulting in the hydrogels’
immediate crosslinking. After 17 h, the hydrogels were submitted
to the water bath at 90 °C for 1 h to ensure complete crosslink-
ing of the new bonds. Later, the prepared materials were poured
into plastic molds and dried in an oven at 70 °C for 48 h.

For the synthesis of SH composites filled with clay, a simi-
lar procedure was realized. The difference is in the insertion of
clays indicated by the name starch-based hydrogels (SH-5%X).
The X represents six clays studied: brasgel (B), chocobofe (Cb),
chocolate (Ch), cloisite 20A (C20A), palygorskite (P), and treated
palygorskite (TP). The clays were added along with starch to
facilitate dissolution in distilled water. Figure 1 illustrates the
methodology for obtaining hydrogels.

2.3. Characterization

2.3.1. Attenuated Total Reflectance Fourier-Transform Infrared
Spectroscopy (ATR-FTIR)

A Fourier-transform infrared spectrophotometer (Spectrum 100,
Perkin Elmer, Inc., Massachusetts, USA) equipped with an attenu-
ated total reflectance accessory (ATR) was used to investigate the
sample’s functional groups and their attributed vibrations. The
spectrophotometer was operated in transmittance mode, cover-
ing the wavenumbers in a range of 650 to 4000 cm™', with a

spectral resolution of 4 cm™.

2.3.2. Scanning Electron Microscopy (SEM)

The SEM technique obtained morphology, structure, and pore
size (FEI Quanta 250, Thermo Fisher Scientific, USA). The mate-

© 2025 The Author(s). ChemistrySelect published by Wiley-VCH GmbH

95U801 SUOWLLIOD aAEe1D) 8qedt|dde auy Ag peusenof a1e Sejoilie VO ‘8N Jo ajni Joj AkeiqiauljuQ A8|IA\ UO (SUONIPUOD-pUE-SLUB)/W0D A8 |1 Arelq 1 jBUl|uoy/Sdhy) SUONIPUOD pue WS 1 8u) 89S *[SZ0z/0T/T2] o Arigiauliuo A8|im ‘seded Aq 9T6T0SZ0Z 195/200T OT/10p/wiod Ao |Im Arelq i jpuljuo-adone-Alis weyo//sdny wouy pepeojumod /& 'SrZ ‘BYS9G9EZ



Chemistry

Research Article Europe
doi.org/10.1002/slct.202501916

European Chemical
Societies Publishing

ChemistrySelect

Figure 1. Methodology adopted for obtaining neat hydrogel (a) and hydrogel composite (b).

rials were fractured in liquid N, to analyze the fracture region.
Samples were covered with a thin layer of gold with a thick-
ness of 25 nm (Sputtering Leica EM ACE200, Leica Microsystems,
Germany). The micrographs were obtained under the conditions:
current of 50 pA, voltage of 10 kV, and spot size of 4 nm. Pore size
distribution of SHs was performed using ImageJ software.

2.3.3. X-Ray Diffraction (XRD)

Crystallinity and structural changes in starch-based hydrogels
were evaluated by XRD. Thus, a diffractometer STOE-STADI P,
varying the range in 26, from 10 to 80.735, a pass of 0.015 was
used. Curve monochromator of Germanium (111) and radiation of
CuKa1 was used, with a wavelength of 1.54 nm and an integra-
tion time of 60s for a kind of 1.05. The d-spacing was calculated
using Bragg’s law as described by Equation (1):*]

na
d=—
2sin6

where:

— D is the spacing of the diffracting planes in A.

- A is the wavelength of the incident X-ray (1.5406 A).
- 0 is the peak position in radians.

— n is the order of diffraction (n = 1).

2.3.4. Thermogravimetric Analysis (TGA)

TGA was realized to detect the samples’ thermal stability and
decomposition temperature using an SDT Q600 thermogravi-
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metric analyzer from TA Instruments. The temperature range was
30 °C-700 °C under an N, atmosphere (10 mL min~") at a heating
rate of 10 °C min~'. The data acquired through TGA generated
a TG curve, from which its derivative (DTG) was derived. The TG
graph offered insights into Tonser (°C), residue (%), and DTG val-
ues representing the Tyax (°C) of the samples. The study of the
heat-resistance index was made using Equation (2):

Tir = 0.49 X [Tso, + 0.6 x (T30 — Ts06)] (2

where:

— Tur is the heat resistance in °C.

- T5% is the temperature at 5% weight loss in °C.
— T30% the temperature at 30% weight loss in °C.

2.3.5. Degree of Swelling

The hydrogel’s degree of swelling (DS) was evaluated using
Equation (3). The SH and their hydrogel composites were
weighed on an analytical balance to obtain the dry mass. Then,
the dried sample pieces were submerged in 40 mL of distilled
water at room temperature, considering the time range of 0 to
2880 min. For each defined time, the samples were taken out in
distilled water, and with the auxiliary paper tissue, all the water
present on the surface was removed. Then, the specimens were
weighed and immersed again. The experiments were realized in
triplicate.

ms —m

DS = - 100 3)

m;
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where M is the swollen hydrogel mass at a time t in grams and
M; is the dried hydrogel mass (t = 0) in grams. The water diffu-
sion mechanism was estimated following Equation (4), where W,
and W, are the water masses diffused in the hydrogel network
at time t and equilibrium e, respectively, k is a constant, and n is
a parameter that describes the diffusion mechanism.

Wi

— = kt" 4
W (4)

2.3.6. PTEs Sorption

PTEs are found in wastewater samples with other organic and
inorganic contaminants.”® The affinity of clays, neat hydrogel,
and its hydrogel composite was investigated in simulated efflu-
ent containing six coexisting ions (Cr(VI), Cd(ll), Ni(ll), Mn(ll),
Zn(ll), and Cu(ll)). Metal solutions were prepared by dissolv-
ing the metal salts (K,Cr,0;, Cd(NO;),-4H,0, Ni(NOs),-6H,0,
Mn(NOs),-4H,0, Zn(NOs),-6H,0, and Cu(NOs),-3H,0) in ultra-
pure water at pH 3.5-4.0. The total concentration of competing
ions (Cr(VI), Cd(ll), Ni(ll), Mn(ll), Zn(ll), and Cu(ll)) was 0.963
mmol L™ (0.161 4 0.024 mmol L' each). The tests were carried
out under stirring (~150 rpm) at room temperature (~25 °C),
with a dosage of 1.0 g L™" and pH 3.5-4.0 in Erlenmeyer flasks
(125 mL). After 24 h, the metals’ concentrations were mea-
sured by ion chromatography, IC (940 Professional IC Vario,
Metrohm, Switzerland). Removal rates (%) were calculated by
Equation (5):

G —C
%R:( Oc e>.1oo (5)

0

where:
- (o is the PTEs metals initial concentration (mmol L™").
- C. is the PTEs metals concentration at equilibrium (mmol L™).

3. Results and Discussion

3.1. Attenuated Total Reflectance Fourier-Transform Infrared
Spectroscopy (ATR-FTIR)

FTIR analysis was employed to evaluate the crosslinking pro-
cess during hydrogel production, and the obtained spectrum
is presented in Figure 2a. The starch showed several charac-
teristic peaks that were identified at 3300, 2934, 1640, 1456,
and 1337 cm™', which can be associated with specific vibra-
tions: the stretching vibration of O—H groups,®®! the stretching
vibration of the C—H bond present in aliphatic methyl (—CH;)
or methylene (—CH,) groups,'®® to the vibrational elongation
of the carbonyl group (C=0),!°"" and water molecules are con-
tained within the starch structure,®? respectively. The peaks
at 1456 cm™' and 1337 cm™' are related to the twisting and
shearing of carbon atoms (—CH,), respectively.®] The hydro-
gel sample spectrum presented similar peaks at 3300 and
2934cm™', but a change between 1500 and 1250 cm™' was
observed, which can be attributed to aliphatic bonds, indi-
cating conformational changes of the carbon-carbon bonds,
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resulting in the crosslinking process, correlating with the ret-
rogradation and reorganization of the amylose to amylopectin
chains.[**%] This reaction involves the interaction between the
crosslinking agents and the hydroxyl groups present in the
chemical structure of starch.l®®! Thus, a mechanism can be
proposed for the action of citric acid during the crosslink-
ing reaction to produce the SHs, as shown in Figure 2b.
Camani and coworkers also prepared corn-starch-based aero-
gels using trisodium citrate. They observed a similar trend: the
crosslinking agent formed an interconnected network through
the reaction with amylose and amylopectin chains (starch
retrogradation).!”!

Figure 3 presents the FTIR spectra of various clays in the mid-
infrared region and their hydrogels. Evaluating the clay spectra,
samples B, Cb, Ch, and C20A exhibited bands at 3630-3387
cm™, corresponding to the axial stretching vibration of the -OH
group and water adsorbed between their lamellae. All spec-
tra showed changes in the bands close to 3300 cm~', with an
increase in the intensity of this band for Cb and Ch clays. The
B clay exhibits a band at 1630 cm™' related to water deforma-
tion and characteristic Si—O—Si bonds in the 1116-1004 cm~' and
915-523 cm™" regions.[®®! Moreover, Cb and Ch showed bands
related to symmetric and asymmetric stretching vibrations of
Si-O-Si groups.[®8%°1 The clay C20A exhibits a doublet at 2920
and 2852 cm™~' for CH, asymmetric and symmetric stretching,
respectively. It also shows peaks at 1637 cm~' (H-O-H bending),
1468 cm~' (CH, plane scissoring), 1011 cm~' (silicate Si—O bond
stretching), and 796 cm™ (CH bending out of plane).”%”"! The
bands at 3680-3698 cm™', corresponding to Mg3-OH groups,
confirmed that clays B, Cb, Ch, and C20A possess smectite
structures.[’?]

Regarding P and Tp clays, bands at 3625 and 3404 cm™'
were associated with water molecules coordinated to the mag-
nesium atom at the edge of the octahedral sheet. Furthermore,
additional bands at 1654 and 1434 cm~' were assigned to
water’s bending and carbonates’ asymmetric stretching vibra-
tion, respectively.”?! The band at 1191 cm™' is considered specific
to fibrous clay minerals (palygorskite) due to the inversion of
Si—O—Si bonds between the tetrahedra. A shift from 1654 to
1649 cm~" was observed in the organo-functionalized Tp sample,
with decreased intensity after treatment. Notably, new bands
at 1517 and 1386 cm~' were also observed, likely attributed to
asymmetric and symmetric stretching of the carboxyl group,
indicating interactions between the active sites and the surface
of functionalized clays.!”4”!

For all systems, the pure and clay-containing hydrogel spec-
tra were very similar, with no drastic changes or new peaks
in the fingerprint region, indicating that no new bonds were
involved besides those of hydrogel crosslinking. However, evalu-
ating the hydroxyl band, it was possible to observe an intensity
reduction in the spectra of the SH-B, SH-C20A, SH-P, and SH-Tp
samples, comparing them with the neat hydrogel spectrum (SH).
One of the possible hypotheses is that during the 17 h crosslink-
ing process, the clay available in the system becomes trapped
and crosslinked. Dai et al. and Ghafelebashi et al. suggest that
the incorporation of clays may serve as a physical crosslink-
ing agent, promoting the formation of crosslinked hydrogels
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Figure 2. Fourier transform infrared spectroscopy (FTIR) spectra: a) for starch and SH. b) Illustration of equations referring to the synthesis route of SHs and

showing possible covalent crosslinking.

through hydrogen bonding interactions,’*””! which may hap-
pen due to increased interaction between the unreacted acid
and the hydroxyl groups present in both the starch structure
and the clay.”® Another hypothesis would be that the clay was
internally retained in the hydrogel structure and crosslinked dur-
ing the process, consuming the hydroxyls of both the hydrogel
and the clay, which could restrict the mobility of silicate groups
that have variable charges, which are responsible for the adsorp-
tion of anions by clay minerals. This may influence the sorption
results due to the lower availability of functional groups.””’

The SH-Cb and SH-Ch hydrogels had different behavior,
where an increase in the band’s intensity was observed, refer-
ring to the hydroxyls present in the material. This behavior
can be attributed to the structure of the smectite clay, com-
posed of an octahedral alumina layer between two opposite
tetrahedral layers of silica. This structure may allow the func-
tional groups of these clays to interact less strongly during

ChemistrySelect 2025, 10, e01916 (5 of 16)

the reticulation process, allowing greater surface availability
in the obtained material. These behaviors may increase the
availability of both the hydrogel and clay functional groups,
which may influence sorption capabilities. It is worth mention-
ing that SH-Cb clay had a more significant change in the FTIR
spectrum, with sudden changes in peaks such as the appear-
ance of peaks at 1453, 1294, 1257cm~, doublet formation at
153 and 1135 cm™', and 937, 917, 754, 729 cm~'. The appear-
ance of peaks in these regions may indicate the presence of
Cb clay, as highlighted by Silva, Scheibler, and Rodrigues, who
observed peaks at 1050 cm™' and around 920 cm™, related to
the vibrations of the Si-O groups -Si from the silicate tetra-
hedral layers and to the AI-OH-Al groups from the alumina
octahedral layers!®®! All these results indicated the success-
ful incorporation of the clays into the SH structure, which
presented distinct behaviors depending on the clay’s natural
composition.
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Figure 3. Fourier transform infrared spectroscopy (FTIR) spectra SH composites containing the different clays: a) SH-B; b) SH-Cb; c) SH-Ch; d) SH-C20A; e)

SH-P; and f) SH-TP.

3.2. Scanning Electron Microscopy (SEM)

The changes in the morphology of SH promoted by the addi-
tion of clays were investigated through SEM images, as shown
in Figure 4.

As shown in Figure 4a, SH showed an irregular structure of
smooth surface, agglomeration, and a few pores. The average
pore diameter is approximately 123 4+ 57 pm. A similar trend
was reported by Zhang et al., when developing sugar beet

ChemistrySelect 2025, 10, e01916 (6 of 16)

pulp cellulose/starch-based hydrogel.?®! The addition of clays
resulted in hydrogel composites, a porous 3D network struc-
ture (Figure 4b—-g) with greater pore volume and smaller pore
size, ranging from 57-115 um. SH-B, SH-Cb, SH-Ch, SH-C20A, SH-P,
and SH-Tp hydrogels showed average pore diameters of 57 & 19
pum, 67 & 46 um, 115 £ 77 um, 81 £ 57 um, 109 + 62 um, and
73 £ 46 pum, respectively. When incorporating 5% clay in the SH,
the internal rearrangement of the starch molecules was induced,
fully revealing the physical and chemical crosslinked network
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Figure 4. SEM images of neat SHs and SH composites containing the different clays: a) SH; b) SH-B; ¢) SH-Cb; d) SH-Ch; e) SH-C20A; f) SH-P; and g) SH-Tp,
where the images on the left are magnified 100x and those on the right, 500x (I), diameter distribution histograms (Il), and illustration representative of
pores size (Ill).
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structure inside the hydrogel and favoring the heterogeneous
distribution of clays in SH, forming a rough surface.’® Based
on the SEM images, there is a significant difference in the num-
ber/shape and distribution of pores within the polymeric matrix.
It is worth noting that the SH-Cb, SH-Ch, and SH-Tp hydro-
gels had a more well-defined pore structure when compared
to the other prepared samples. When fabricating and charac-
terizing a superabsorbent hydrogel composite based on starch
(St)- graft-poly (acrylic acid (AA)-co-acrylamide (AM))/polyvinyl
alcohol (PVA) and cellulose nanocrystals (CNC), Olad and cowork-
ers also reported that the porous structure was created due
to the physical crosslinking of PVA chains with the and the
grafted polymeric structure.’® As discussed in FTIR, the inclusion
of clay in the hydrogel favors the creation of new interac-
tions and the break of some junctions in the polymeric matrix.
This behavior directly affects the surface morphology of the
hydrogel samples.!®?! The formation of porous architecture favors
an increase in the surface area and capillary effect, making
the possible transportation of the water into/through the sam-
ples as well as trapping more PETs contaminants in the active
site.[288384] Although BET surface area and porosity were not
directly measured for these starch-clay hydrogels, a previous
study conducted by our group on starch-based hydrogels, Costa
et al, reported a macro- and mesoporous architecture with a
specific surface area of 4.01 m?/g. These results support the
role of porosity and surface area in facilitating water transport
and enhancing contaminant adsorption in the hydrogels studied
here.[®!

3.3. X-ray Diffraction (XRD)

Dispersion of different clay particles within neat SH was
also evidenced using XRD patterns. Besides, XRD analysis
was used to identify mineralogical constituents (e.g., miner-
als or inorganic compounds) of clays samples.®! Figure 5
presents the neat SH and hydrogel composites (SH-X) XRD
diffractograms.

From the diffractograms of the clays, it was observed that
studied clays are mainly comprised of crystalline materials such
as quartz (Qz), kaolinite (K), illite (It), and anatase (An). Similar
composition was reported by Villalba et al.’®#”! and Byun et al.*”!
For Qz, the sharpest peak at 20~27° was highlighted for B (27.1°),
P (26.8°), and Tp (26.8°) clays. This peak indicates the presence
of high Qz content with fewer impurities.'® Ch, Cb, and C20A
clays also contain Qz, but to a lesser extent due to lower inten-
sity peaks observed at 27.6° 26.9°, and 27.9°, respectively.!®! For
K, the significative peaks appear in Cb (17.5°, 20.1°, and 21.6°), Ch
(20.1°, and 24.1°), C20A (20.1°), and B (20.1°, and 21.0°) clays; and
smooth peaks were revelated in P (20.2°, 21.2°, and 23.4°), and Tp
(23.0°) clays. Regarding It, all the clays show intensity peaks such
as Ch (35.1° and 44.1°), Cb (35.4°), B (35.1° and 36.8°), C20A (35.2°),
P (36.1° and 43.5°), Tp (36.4°, 39.6°, and 43.5°). Last, for An, the
peaks mainly appear in Ch (38.1°), C20A (38° and 44.4°), P (39.5°),
Tp (47.8° and 48.9°).[8%

These compositions imply that the fillers employed primar-
ily consist of clay minerals from the smectite group.®®! Thus,
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endowing them with a high hydration potential.®" The diffrac-
tograms of B, Cb, Ch, and C20A clays exhibit diffraction peaks
at specific 20 values, indicating the presence of smectite clay
mineral characteristics. Smectite clays structure (layer type 2:1) is
composed of an octahedral alumina sheet sandwiched between
two opposing tetrahedral silica sheets. The P clay shows distinct
diffraction peaks at 26 values, whereas the Tp clay, functional-
ized with a cationic surfactant, shows similar peaks with a slight
increase in quartz peaks due to the stability of quartz in organic
media. P clay, a natural mineral clay, has a structure formed by
tetrahedra arranged in a ribbon (chain layer type 2:1) extend-
ing in the a-axis direction, with an average b-axis width of three
linked tetrahedral chains in sepiolite and two linked chains in
palygorskite.[%2%]

The d-spacing of the clay samples was measured from the
most intense peak through Bragg’s equation, as related by Barus
et all® shows obtained d spacing values of clays, SH, and
hydrogel composites.

The XRD pattern of the SH exhibited a characteristic semi-
crystalline structure, evidenced by the presence of distinct broad
peaks at 260 = 10.2°, 15.1°, 18.2°, 20.1°, and 23.3°. According to
the literature, these peaks represent the simultaneous presence
of partially crystalline amylopectin molecules and amorphous
amylose molecules.?#%]

Incorporating clays in the matrix caused significant changes
in the diffraction patterns compared to the SH. In the hydrogel
composites patterns, shifts in peak positions and changes in
peak intensities were observed. For all the hydrogel composites,
the increased intensity of lower 20 angle values was noted, such
as SH-B (10.3° and 11.0°), SH-Cb (10.1° and 11.0°), SH-Ch (10.0° and
10.7°), SH-C20A (11.4°), SH-P (10.1° and 12.1°), and SH-Tp (10.5° and
10.8°). This behavior was more significant for SH-Ch, SH-C20A,
SH-P, and SH-Tp samples. Besides, after the formation of the
hydrogel composite, some characteristic peaks of clays were
found to shift, decrease or disappear in the XRD patterns of
composites such as SH-B (20 = 25°-30°), SH-Cb (260 = 20°-25°),
SH-Ch (26 = 20°-25°), SH-C20A (260 = 20°-25°), SH-P (20 = 25°-
30°), and SH-Tp (260 = 25°-30°). This behavior is mainly due to
the disappearance of the regular/periodic structure of clays in
the SH, indicating dispersion and intercalation of clays in the
polymeric matrix.”776%¢! Based on Table 1, it is possible to state
that the SH-P hydrogel is an exfoliated structure material; SH-B,
SH-Ch, SH-C20A, and SH-Tp hydrogels are intercalated structure
materials; and SH-Cb is a conventional composite structure
material. Eldin and lbrahim, 2021} reported a similar trend
confirming the intercalated-exfoliated structure formation when
developing plasticized starch/montmorillonite clay/chitosan
blends.

An increase in d-spacing is expected in hydrogel composites,
as reported by Ghafelebashi and coworkers when developing a
novel polyvinyl alcohol (PVA)/bentonite nanocomposite hydro-
gel. The authors affirmed that the increase in the d-spacing is
due to the homogeneous dispersion and exfoliation of bentonite
in the PVA matrix after the formation of the nanocomposites./’®!
In general, these changes in d-spacing values may indicate
alterations in the internal structure of clays and SH, such as mod-
ifications in chemical bonds or rearrangement of molecules.[*®*!
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Figure 5. XRD curves for pure clays, neat SH and SH composites containing the different clays: a) SH-B; b) SH-Cb; ¢) SH-Ch; d) SH-C20A, e) SH-P; and f)

SH-Tp.

The mentioned alterations can mean that there were new strong
interactions (ionic and hydrogen bonds) between the polysac-
charide chains and clays, proofing the presence of clays in
the hydrogel matrix. Khairuddin et al.l®! developed cassava-
derived starch composites reinforced with different types of
commercial clay (Cloisite Na, Cloisite 15A, PGV, and Nanofill 116
Q). The authors affirmed that the modifications in the patterns
caused by the incorporation of the fillers suggested the presence
of hydrogen bond interactions between the hydroxyl groups
present in the starch’s polymeric chains and on the clays’ sur-
face. Taking together with the FTIR results, it can be inferred

ChemistrySelect 2025, 10, e01916 (9 of 16)

the formation of hydrogen bonding and the interactions among
SH and clays. These alterations may result in improved thermal
properties of the hydrogel, as confirmed by Khairuddin et al.l'"!
Besides, the free d spacing values and hydrated ionic diame-
ters also influence the penetration potential of ions into the
SH matrix. Based on the studied hydrated ions, the diameters
in increasing order are Cr(Vl) (3.75 A) < Ni(ll) (4.04 A) < Cu(ll)
(419 A) < Cd(ll) 4.26 A) < Zn(ll) (430 A) < Mn(ll) (4.38 A). Thus,
it is possible to observe that hydrogel composites, mainly SH-
Ch hydrogel, exhibit favorable nanochannels (active sites) for
trapping ions."" Similar behavior was reported by Arshadi and
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Table 1. d Spacing values of clays and developed SHs.
Samples Angle (9) d spacing (A)
B 26.9 323
Cb 20.1 431
Ch 201 431
C20A 201 432
P 29.7 293
Tp 29.6 294
SH 36.4 240
SH-B 237 3.66
SH-Cb 30.3 2.88
SH-Ch 17.1 5.04
SH-C20A 17.6 491
SH-P 10.1 8.57
SH-Tp 232 373

coworkers, in which the number of ions passing through the
adsorbent material nanochannels increases with increasing the
free interlayer spacing of the layers.[""

3.4. Thermogravimetric Analysis (TG/DTG)

TG analysis was carried out to evaluate the changes in weight as
a function of temperature for SH and SH with different clays. TG
and DTG curves of SH, SH-B, SH-Cb, SH-Ch, SH-C20A, SH-P, and
SH-Tp are depicted in Figure 6a,b, and the data are compiled in
Tables 2 and 3.

Based on the findings, the DTG curve referring to SH dis-
played three thermal events (Table 2). The first stage occurred
around 100 °C with 3.9% weight loss, and Tyax equals 77 °C,
which can be attributed to the starting of evaporation of water
molecules or other small molecular substances in the hydro-
gel network structure.®>® The second stage was observed at
the temperature range of 155 °C-230 °C with 8.6%-17.9% weight

loss and Tyax equals 173 °C, which can be related to the ther-
mal decomposition of unreacted citric acid and adsorbed water.
Hazrol et al. found a similar result when investigating the ther-
mal analysis of fiber-reinforced starch-based hybrid composites.
In their study, the thermal behavior using starch showed a
decrease in mass loss due to the thermal decomposition of
unreacted citric acid and adsorbed water in the second stage
between (150 °C-170 °C).l'"! The third stage was noted at the
temperature range of 230 °C-360 °C with 18.2%-63.0% weight
loss, and Tyax equals 280 °C which could be attributed to the
thermal degradation of the starch crosslinked structure!™ After
exposing the sample to 700 °C, a certain level of stability was
observed in terms of mass loss, and a residue corresponding to
26.4% in mass was formed, which could be due to the presence
of inorganic material.

Some changes were observed in composite hydrogel pat-
terns when incorporating different clays into the SH matrix. Over-
all, the thermal behavior exhibited slight differences between
the samples, which could be attributed to other clays, indicat-
ing that the clays influence the degree of reticulation.®! It was
possible to note that only SH-B and SH-P hydrogels obtained
thermal stability compared with SH and other hydrogel com-
posites. For the SH-B hydrogel, two thermal events of weight
loss were registered (Table 1). The first stage occurred at 170 °C-
220 °C with Tyax equal to 182 °C, corresponding to the thermal
decomposition of unreacted citric acid.'"®! The second stage was
observed between 230 °C-355 °C with a Tyax equal to 280 °C,
suggesting the occurrence of a dihydroxylation process, i.e.,
breaking the bonds of hydroxyl groups (OH) that are strongly
linked in the structure of the clays."" |t is worth mention-
ing that the insertion of B clay favored the reduction of weight
loss rate at 700 °C, generating greater residue (30.3%) compared
to the SH (26.4%). Regarding SH-P hydrogel, this sample showed
two thermal events: the first stage (155 °C-225 °C) with a Tyax
of 177 °C, corresponding to the thermal decomposition of unre-
acted citric acid and the second stage (225 °-360 °C) with a Tyax
of 280 °C, indicating the dehydroxylation process.'" This sam-
ple obtained 27.3% residue at 700 °C, a higher residue value than

Figure 6. TG/DTG curves for neat SH and SH composites containing the different clays SH-B, SH-Cb, SH-Ch, SH-C20A, SH-P, and SH-Tp: a) TG curves and b)

DTG curves.
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Table 2. Tonser, values of Tso, and Tsge, Of loss weight from TG curves and Tyax of thermal degradation events are present in the DTG curves of SH, SH-B,
SH-Cb, SH-Ch, SH-C20A, SH-P, and SH-Tp.
Samples Weight Loss (%) Residue ToNSET Tvax 1 Twax 2 Tuax 3
100°C  200°C  300°C  400°C  500°C  600°C  700°c  /00°C °C c c c
SH 3.9 14.8 46.8 65.5 712 72.7 73.6 26.2 265 77 173 280
SH-P 1.8 87 419 59.2 65.4 67.8 69.7 26.9 260 - 182 280
SH-Tp 4.1 1.5 48.8 66.7 725 814 89.6 224 260 - - 280
SH-Cb 13 9.8 46.6 625 68.2 71.8 76.5 9.79 258 - 166 280
SH-Ch 1.5 82 473 64.3 69.9 75.6 81.1 23.1 265 - 184 280
SH-C20A 1.8 9.6 442 60.9 66.6 69.0 727 18.4 255 - 177 278
SH-B 3.8 15.2 50.8 65.3 70.5 73.8 771 30.1 261 85 162 280

Table 3. Tsy, and Tsq, values were used to obtain the heat-resistance
index (Tyg) of SH, SH-B, SH-Cb, SH-Ch, SH-C20A, SH-P, and SH-Tp.
Samples Tses (°C) T30% (°C) Thri (°C)
SH 13.0 2824 105.2

SH-B 162.5 287.8 n6.5
SH-Cb 109.9 2822 104.5
SH-Ch 1754 2852 118.2
SH-C20A 163.6 284.1 15.6

SH-P 156.1 286.4 n4.8
SH-Tp 106.5 2791 102.9

the SH. Both behaviors can confirm the strong interaction of the
clay with the -OH groups of the SH, delaying its breakdown in
an initial recording stage.[0>1%6!

For the SH-Cb hydrogel, only one thermal event was noted
at the temperature range of 230 °C-360 °C with a Tyax of 280 °C;
and for the SH-Ch hydrogel, two thermal events were observed:
first stage (130-230°C) with a Tyax of 166 °C and second stage
(230-360°C) with a Tyax of 280 °C. Similar to the SH-Ch com-
posite, the SH-C20A hydrogel showed two thermal events: the
first stage (130-230°C) with a Tyax of 184 °C and the second
stage (230 °C-360 °C) with a Tyax of 278 °C. The SH-Tp hydro-
gel obtained three thermal events: the first stage (30-130 °C) with
a Tuax of 85 °C, the second stage (130-230°C) with a Tyax of
162 °C and the third stage (230 °C-360 °C) with a Tyax of 280 °C
(Table 2). The 30 °C-130 °C temperature suggested the volatiliza-
tion of weakly bound water and small organic compounds.['””!
A temperature range of 130 °-230 °C evidenced physical dehy-
dration, i.e., evaporation of the moisture entrapped within the
entangled polymer chain.””#" When achieving at the tempera-
ture of 230 °C, the breakdown of the starch carbon skeleton as
well as the internal structure, can be observed.[%>'%8 These sam-
ples obtained lower thermal stability compared to SH, showing
residue percentages of 10.4, 23.5, 18.9, and 22.9%, respectively.
Another interesting way to assess the thermal stability of SH
and hydrogel composite is to calculate the heat resistance index.
The heat resistance index refers to the temperature at which a
polymer can tolerate physical heat. This is determined using the
method proposed by Icduygu et al."*! Table 3 provides the val-
ues for the heat resistance index (Tyr) of all samples, calculated
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from thermograph data for the 5% (Tso) and 30% (T3q0,) Weight
losses of Figure 6. An increase in the thermal resistance of hydro-
gel composites was noted compared to SH after the insertion of
clays in the matrix, except for SH-Cb and SH-Tp. This fact demon-
strates that clays addition in the SH matrix promotes the creation
of a stronger 3D network structure and higher thermal stabil-
ity at temperatures reaching 30% of weight loss for hydrogel
composites.

3.5. Degree of Swelling

One of the hydrogels’ most significant properties is their remark-
able absorption capacity, especially for water decontamination.
To investigate the swelling phenomenon in hydrogels, an exper-
iment was conducted involving the immersion of these materials
in distilled water for different intervals over 2800 min to achieve
the swelling equilibrium state. Figure 7 illustrates the expansion
levels observed in starch-based hydrogels reinforced with vari-
ous clays at a 5% ratio. A rapid initial expansion was observed
in all cases, stabilizing after 1440 min. This behavior indicates the
saturation of all active absorption sites within the hydrophilic 3D
matrix. The values related to the water absorption capacity for
each hydrogel are presented in Table 4.

Sample SH exhibited a degree of swelling (DS) of 84.6%,
indicating a more substantial water absorption due to its free
hydroxyl groups compared to clay-loaded samples. This obser-
vation highlights that SH possesses hydrophilic characteristics,
enabling its -OH groups to interact with water molecules.!®!
According to Kaur et al., the water absorption mechanism under-
goes two stages, where initially, the hydrophilic groups on the
hydrogel surface strongly interact with water, promoting the
swelling of the hydrogel structure, which exposes other groups
within the structure that can lead to further interactions over
time. However, the swelling of the structure is constrained by the
degree of crosslinking, which limits the expansion capacity of the
network.!"?!

With the incorporation of clays into the starch structure,
a reduction in absorption capacity is observed, following the
sequence SH-B, SH-Ch, SH-Tp, SH-Cb, SH-C20A, and SH-P, with DS
values of 84.5%, 84.2%, 64.9%, 65.0%, 55.8%, and 21.4%, respec-
tively. This reduction likely occurred due to the crosslinking and
grafting processes, increasing the crosslinking density of the
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Figure 7. Degree of water swelling of the neat SH and their SHs containing the different clays. a) Degree of swelling of different hydrogel variants during
2880 min-SH, SH-B, SH-Cb, SH-Ch, SH-C20A, SH-P, and SH-Tp. b) Zoomed-in range from 5 to 120 min.

Table 4. Degree of swelling of the developed SHs and Fick's diffusion
coefficients.

Samples DS (%) n k R?

SH 92.8 0.095 0.617 0.843

SH-B 84.5 0.021 0.853 0.915

SH-Cb 65.0 0.061 0.722 0.830

SH-Ch 84.2 0.914 0.581 0.912
SH-C20A 55.8 0.059 0.741 0.818

SH-P 214 0.025 0.857 0.845

SH-Tp 64.9 0.072 0.659 0.910

composite hydrogels, which is one of the most relevant struc-
tural parameters affecting water absorption capacity and fluid
retention. Nevertheless, the spacing between crosslinks remains
suitable for water molecule absorption, resulting in increased
water absorption.[

The water absorption data were adjusted according to Equa-
tion (3) to evaluate Fick diffusion, which concerns the diffusion
and random movement of solvent molecules in the hydrogel’s
polymeric network. Table 4 shows the results obtained.

According to Fick’s Law, when R? values are greater than 0.9,
it indicates a proper fit for Fick’s model. In this context, only the
SH-Ch sample demonstrates a satisfactory fit. When analyzing
the “n” values, when “n" is less than 0.5, the diffusion process
is classified as Fickian. In this scenario, it is observed that the
SH, SH-B, SH-Cb, SH-C20A, SH-P, and SH-Tp samples exhibit such
behavior. When 0.5 < “n” < 1, an anomalous diffusion process
occurs, characterized by simultaneous diffusion and relaxation of
polymeric chains. This occurs, for example, in the SH-Ch sam-
ple. Last, when “n” Equation (3), the process is predominantly
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influenced by the relaxation of the polymeric chains. None of
the samples demonstrated this specific behavior.">™! Further-
more, higher values of k during water absorption in hydrogels
confirmed a faster swelling kinetics, with equilibrium reached in
shorter absorption times. This affects the absorption of inorganic
and organic pollutants in water and wastewater.™!

3.6. PTE’s Sorption

Due to their abundance and high toxicity, PTEs pose a signifi-
cant environmental concern. The persistent presence of metals
in aquatic ecosystems has negative consequences for human
and fauna health, increasing the urgency of developing effec-
tive methods for their removal from water.™! Therefore, we
evaluated the performance of hydrogels with and without the
different clays in synthetic effluents containing six coexisting
ions (Cu(ll), Cd(ll), Zn(ll), Ni(ll), Mn(l), and Cr(VI)), as shown in
Figure 8. Evaluating the absorption of divalent cations (Cu(ll),
Cd(ll), Zn(I), Ni(ll), and Mn(ll)), we observed a improvement in
the removal when the hydrogels were incorporated with the dif-
ferent clays, as shown in Figure 8 and as well as the removal
rate data presented in Table 5. The divalent cations showed the
following order of metal affinity: Mn(ll) (SHCh) > Zn(ll) (SHCb)
> Cu(ll) (SHCh) > Cd(ll) (SHCb) > Ni(ll) (SHCb), resulting in
removals of 17.3%, 13.5%, 10.8%, 10.1%, and 6.6%, respectively.
The results indicate an increase in the potential for the removal
of bivalent metals with the inclusion of clays. However, limited
removal of these ions was still observed. The order of metal
affinity observed (Mn(ll) > Zn(ll) > Cu(ll) > Cd(ll) > Ni(ll)) can
be explained based on the ionic properties of the metals, such
as their hydrated ionic radii and hydration energies. Mn(ll) and
Zn(ll) possess lower hydration energies and larger radii, facilitat-
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Figure 8. a) Sorption selectivity of PTEs by neat SH and SHs containing different clays (dosage of 1.0 g/L; Co = 0.161 +0.024 mmol L' each; pH controlled:
3.5-4.0; stirring of ~150 rpm; temperature of ~25 °C; contact time of 24 h). b) Zoomed-in range from Cu(ll) to Mn(ll).

Table 5. The adsorption removal rate (%) of Cu(ll), Cd(ll), Zn(ll), Ni(ll), Mn(ll), and Cr(VI) ions in SH composites containing the different clays.
Samples Removal (%)
Cu(ll) cd(ln Zn(l) Ni(I1) Mn(ll) Cr(VI)

SH 07 £03 53+ 17 2+14 37 £53 37 +£27 100 £ 0

SH-B 38+ 08 6 + 0.9 37+2 0.5 + 0.1 11+ 38 100 £ 0

SH-Cb 85+ 35 6.6 + 4.1 73+ 4 100 £ 0
109 £ 1.8 135+97

SH-Ch 10.8 + 0.7 91+19 6.5+19 28 +£12 143 + 2.8 100 £ 0

SH-C20A 52 £19 59 + 0.8 29 +1 26 +0 63 +12 100 £ 0

SH-P 56 + 04 04 + 41 16 + 2.6 39+ 46 100 £ 0

56 + 04
SH-Tp 31+ 24 15 +23 37+28 54 + 25 49 + 56 100 + 0

ing their diffusion and interaction with the active sites."®! Cu(ll)
exhibits strong complexation with donor atoms like oxygen,
justifying its intermediate affinity. Ni(ll), with higher hydration
energy and smaller radius, showed the lowest affinity.
Considering the evaluated systems, the hydrogels contain-
ing clays with a smectite structure (layer type 2:1) showed better
results than the hydrogels with clays with palygorskite structure
(chain layer type 2:1)."1 This structural difference can influence
the swelling capacity, which can affect the sorption capacity of
the clay. Lalji et al. showed that smectite minerals are more
susceptible to swelling as the interlamellar spacing between
their structures is relatively larger, in contrast to other clay
minerals.™ Among the studied smectites, it is noteworthy that
the SHCb and SHCh samples showed the best results, possibly
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because they retained their active sites after the crosslinking
process. Additionally, removing metal ions is associated with
ion exchange processes and complexation. The release of native
cations (Na*, K, Ca?*, and Mg?*) from the clay structure dur-
ing the adsorption confirms ion exchange, whereas the presence
of hydroxyl groups (—OH) in starch and negatively charged sites
such as Si—O~ and Al—O~ on the clays are responsible for the
formation of inner-sphere complexes with metal ions.!¢!
Comparing the removal capacity of the hydrogels for Cr(VI)
and divalent cations, we noticed a remarkably high affinity for
chromium. This is because Cr(Vl) in aqueous medium exists
as oxyanions (CrO4%~, Cr,0,%, or HCrO,4). On the other hand,
divalent metal nitrates predominate in cationic form, with no
competitive sorption relationship between oxyanions and diva-
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Table 6. Comparison between polymeric adsorbents for heavy metal removal.
Samples Heavy metal Adsorption Experimental Multimetallic References
capacity (%) conditions system?/renewable
source?
SHCb (this study) Cr(VI) 100% pH 5, 25 °C, 24h Yes/Yes This work
Mn(I1) 17.3%
Zn(ll) 13.5%
SHCh (this study) Cu(l 10.9% pH 5, 25 °C, 24h Yes/Yes This work
Mn(I1) 14.3%
Natural clay Cu(ll 71.1% pH 5, 16 °C, 27min Yes/Yes [29]
Zn(Il) 69.0%
PEI cryogels Zn(ll) 83%-98% pH 4, 25 °C, 90min Yes/No [32]
PBAT membrane Cr(VI) 6%-71% pH 5, 25 °C, 3h No/Yes [6]
without and with
cellulose
nanostructure

lent cations.™! For the samples developed, comparing with
SH and with the inclusion of different clays in the structure,
we observed a removal capacity of 100%. Studies indicate that
Cr(Vl) can be easily adsorbed on adsorbents through electro-
static interaction,[”®! complexation with functional groups!'® or
in alkaline conditions.l'"®®! Given the methodology adopted for
developing the hydrogel, a strong base (NaOH) was used to
deprotonate the hydroxyl groups present in the starch. Subse-
quently, it is believed that part of these deprotonated hydroxyls
participated in a nucleophilic attack on a carbonyl group of citric
acid (CA), resulting in the crosslinking of the starch and, conse-
quently, in the formation of the hydrogel. However, because the
CA concentration is low, some of the deprotonated hydroxyls
likely remain unreacted with the CA. As a result, these unre-
acted hydroxyls can form ionic bonds with sodium (Na*), giving
the hydrogel an alkaline character. In this context, it is possible
to hypothesize that this alkaline characteristic of the hydrogel
can explain why the results obtained for the divalent metals
were not so favorable. Samples with a positive charge would
tend to repel the divalent cations, which could negatively influ-
ence the removal efficiency. On the other hand, considering
that chromium has a negative charge, it would be natural for
it to be attracted to the surface of the hydrogel. Thus, the
results demonstrated a greater sorption affinity between hydro-
gels and Cr(VI) oxyanions. In this way, further studies of kinetic,
equilibrium, thermodynamic, desorption/reuse, and fixed-bed
column for scale-up are strongly recommended to understand
the sorption process deeply.

Table 6 compares other adsorbents reported in the litera-
ture to highlight the efficiency of the synthesized starch-based
hydrogels. This allows a broader understanding of the removal
capacities under similar experimental conditions.

It is important to highlight that, unlike some comparative
studies, the experiments presented here were conducted in a
synthetic solution containing six coexisting metal ions, reflecting
more realistically the complexity of industrial effluents. Although
the individual adsorption capacity is reduced in this type of sys-
tem, the hydrogels reinforced with natural clays demonstrated
satisfactory performance, especially against Cr(VI), with 100%

ChemistrySelect 2025, 10, e01916 (14 of 16)

removal. In addition, the materials developed are biodegradable,
low-cost and obtained from renewable sources, which reinforces
their environmental and technological potential for sustainable
applications in contaminated water treatment.

4, Conclusion

This study investigated the potential of several Brazilian clays
as adsorbents in corn SHs, aiming to remove potentially toxic
metals. The hydrogel composites, incorporating different types
of clay, were efficiently synthesized and submitted to evaluate
their physical-chemical, morphological, thermal, and sorption
properties. The FTIR spectroscopy revealed that the SH—B, SH-
C20A, SH—P, and SH—Tp hydrogels were internally retained in
the hydrogel matrix and underwent crosslinking during the pro-
cess, affecting the mobility of the silicate groups. On the other
hand, the SH—Cb and SH—Ch hydrogels showed an increase in
the intensity of the band corresponding to the hydroxyls of the
material, showing peaks at 1050 cm™' (Si—O—Si) and approxi-
mately 920 cm~' (Al—OH—AI), indicating a successful incorpo-
ration of clays into the SH structure. The hydrogels revealed
3D porous structures with accessible functional groups, whereas
the average pore sizes reached approximately 89.3 um, favor-
ing water penetration into the interior of the samples. Swelling
showed a reduction in water absorption in the presence of clays,
probably due to the increase in the crosslinking density of the
composite hydrogels. Additionally, only in the SH—Ch, favoring
an anomalous diffusion process, marked by simultaneous diffu-
sion and relaxation of the polymeric chains. Both non-reinforced
and clay-reinforced hydrogels showed a promising adsorption
capacity for metal ions, especially Cr(VI) oxyanion ions. Regard-
ing divalent ions, the order of metal affinity was Mn(ll) > Zn(ll)
> Cu(ll) > Cd(ll) > Ni(l).

These findings emphasize the significant role of clay type in
enhancing the adsorption performance of starch-based hydro-
gels. In this context, the SH-Cb and SH-Ch hydrogels demon-
strated a remarkable ability to adsorb metal ions, highlighting
their effectiveness. Incorporating natural and modified clays pro-
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vided structural and functional advantages that improved the
sorption capacity of the materials. Such results indicate that
these hybrid hydrogels are low-cost, environmentally friendly
alternatives for the treatment of industrial effluents containing
multiple coexisting metal ions. Such results demonstrate the
potential of these materials for removing contaminants from
effluents. In future perspectives, further analyses will be explored
to understand the physical-chemical structure and adsorption
mechanism better.
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ABSTRACT

The presence of toxic metal ions in contaminated wastewater raises significant concerns for human health. Three-dimensional

porous systems like hydrogels are being explored for contaminant removal. Still, there is a lack of understanding of their pro-

duction parameters and performance. Therefore, the present work investigates the production parameters of chitosan hydrogels
using the design of experiments methodology. Hydrogels were developed by solubilizing chitosan in acetic acid solution and
cross-linked using glutaraldehyde, varying its proportions. The formulation containing 2% chitosan and 1% glutaraldehyde has
water absorption superior to 300% and potential for metal removal, particularly copper and chromium. Crosslinking was vali-
dated by FTIR analysis, and the obtained hydrogel presented a highly porous structure. Kinetic studies showed a better fit to a
pseudo-second order, and the Langmuir isotherm presented the best fit, showing sorption capacities of 0.422 and 1.143 mmol g~!

for copper and chromium, respectively. Filtration tests demonstrated that a 0.25mL/min flow rate provided the best perfor-
mance, with an initial fast removal that stabilizes. In addition, the weight and design used directly influence the adsorption prop-
erties. Results show that chitosan-based hydrogels can potentially remove metal contaminants. A filtering system is a feasible
alternative for developing a low-cost, efficient, and environmentally friendly system.

1 | Introduction

Water contamination is one of modern society's most worrying
environmental impacts, presenting a considerable public health
threat [1]. Potentially toxic elements (PTEs) such as agricultural
pesticides, fertilizers, herbicides, dyes, solvents, drugs, organic
waste, and traces of metal ions discharged without adequate
treatment by industries have raised significant concerns about
their continued impact along the trophic chain, as they have
long-term effects [2]. The presence of metal ions is particularly
aggravating since they are nonbiodegradable and toxic even at

low concentrations and may undergo bioaccumulation and bio-
magnification along the food chain [3].

Different technologies have been studied to treat effluents to
PTEs from water, the most common being solvent extraction
[4], ion exchange [5], chemical precipitation [6], and reverse os-
mosis [7]. However, these methods suffer from some drawbacks
like high use of reagents and energy, limited removal potential
at low concentrations, generation of toxic by-products, and long
treatment times [8, 9]. Thus, new alternatives have been inves-
tigated, and the use of adsorption has emerged as one potential
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process to meet the demands of metal removal, presenting low
cost, smooth and flexible operating parameters, low energy con-
sumption, and high efficiency [10].

The adsorption is based on the presence of binding sites on the
surface of the adsorbent material, which makes it a process
highly influenced by surface groups and the surface area of
the material [11]. The use of biopolymers like chitosan for ad-
sorption is appealing due to their abundance, biodegradability,
low cost, and functional surface and backbone with hydroxyl
(—OH) and amine (—NH,) groups, which makes their applica-
tion competitive against usual processes [1, 12]. Upadhyay and
collaborators reported that these groups guarantee the chitosan
hydrogel's capacity to remove metal ions [13].

Furthermore, to promote systems with increased surface area,
the development of polymeric structures like hydrogels, which
exhibit high hydrophilicity and the ability to absorb large vol-
umes of water, is an interesting approach to enhancing adsorp-
tion properties [14]. The reaction of chitosan with glutaraldehyde
undergoes a condensation reaction with the free amino groups
through a Schiff's base reaction, known as crosslinking, and
promotes a three-dimensional network with elevated surface
area and porosity [12].

The structure's crosslinking is interesting because it increases
the stability of the chitosan and allows it to be recovered and
reused. However, the surface functional groups are consumed
during this reaction, which can compromise their properties
and application. Furthermore, the practical use of hydrogels in
filtering systems is still scarce, so the materials developed have
not been evaluated in simulations of real systems.

Therefore, to evaluate the impact of the concentration of chi-
tosan and the crosslinking agent used in forming hydrogels
to remove metal ions and propose their application, this work
systematically investigates the fabrication and characteri-
zation of chitosan hydrogels. The hydrogels were evaluated
for their capacity to absorb water and remove metal ions in
experiments. The best formulation was then evaluated using
FIB-SEM and flow tests to develop a device for application in
filtering systems.

2 | Materials and Methods
2.1 | Materials

In this study, chitosan was provided by Polymar (Brazil).
Glutaraldehyde was used as a reticulation agent, and analytical
standards of the target metal ions (Cd(I1), Cr(VT), Cu(II), Mn(I1),
Zn(11), and Ni(II)) were employed for the sorption assays. All re-
agents were purchased from Labsynth Produtos para Laboratorios
(Brazil). Poly(dimethylsiloxane) (PDMS) Sylgard 184, a silicone
elastomer base, was obtained from Dow Corning (USA).

2.2 | Chitosan Hydrogel Development

For the development of chitosan hydrogels, a systematic study
was carried out in order to select the optimal conditions for

hydrogel production. Figure 1la illustrates the obtaining pro-
cess of the hydrogel. Briefly, the chitosan was solubilized in a
solution of acetic acid (2% v/v) in different concentrations (1%,
2%, and 3% w/v). For hydrogel formation, glutaraldehyde was
used as a crosslinking agent at various concentrations (1% to 10%
v/w). Response surface planning was employed to evaluate the
effect of the proportion of chitosan and the crosslinking agent,
and 18 formulations were generated, as presented in Table S1
(Supporting Information). After preparation, the samples were
washed in 3 cycles to remove noncrosslinked glutaraldehyde and
then stored for characterization.

2.3 | Development of a Model Filtering Device

A 3D printer (model Form 3B, Formlabs, USA) was used to
develop a mold containing flow channels, with an internal
cavity for inserting the hydrogel, to simulate a filtering sys-
tem with a solution flow. Different geometric characteristics
were considered to evaluate variables related to mold devel-
opment, illustrated in Figure 1. Initially, a rectangular struc-
ture was evaluated to accommodate the hydrogel, as shown
in Figure 1b, which has dimensions of 3mm by 2mm in the
inner cavity. A similar mold was developed to complement this
system, but with dimensions of 10 mm by 2mm, as shown in
Figure 1c. It was also considered a system composed of an in-
ternal cavity with internal angles, maintaining the rectangu-
lar section of 10mm by 2mm but composed of angled walls,
as shown in Figure 1d. These aspects were important for as-
sessing the impact on the sorption process, as illustrated in
Figure 1 and presented in more detail in the characterization
section below.

After obtaining the mold, a PDMS solution was prepared, mix-
ing the silicone solution with a curing agent at a ratio of 10:1,
respectively. The resulting mixture was then degassed in a des-
iccator to remove the air bubbles, poured into the mold, and
cured for 4h in an oven at 80°C [15]. After this, the PDMS sys-
tem was removed from the mold, the hydrogel was placed inside,
and the system, along with a glass slide, was treated with O,
plasma (Plasma Etch PE25-JW Plasma Cleaner) to destroy the
surface chemistry and allow its bonding for sealing.

2.4 | Characterization
2.4.1 | Degree of Swelling

The water absorption capacity of the samples was evaluated by
immersion in distilled water at room temperature, in triplicate.
The samples were taken at regular intervals, the excess water
was removed with the help of a tissue, and then weighed using
an electronic scale. The weight before and after water immer-
sion was then evaluated to determine the absorption capacity.
This parameter can be defined as follows:

& 100 )

1

DS =

Where m; is the initial dry mass of hydrogels at =0 (g) and m,is
the swollen mass of hydrogels at time ¢ (g).

20f15

85UB0|7 SUOWWOD BAFe81D) 8|el|dde au Aq peusenob ae ssjoie VO ‘sn o saini 10} Areiq1T8UIIUO A8|IM UO (SUORIPUOD-PUe-SWBY/L0D A8 M AReIq Ul JUO//SdNY) SUORIPUOD PUe SWLB | 38U} 885 *[S20z/0T/Tz] uo Ariqiaulluo A8|iMm ‘seded Aq 68525 dde/z00T 0T/10p/wo0 A8 1M Aeiq1jeul|uoy/sdiy Woiy papeojumoq ‘6€ ‘G20 ‘829Y.60T



"l

o4
. @

P>
T a— $ew e T

FIGURE1 | (a)Illustration of the chitosan hydrogel production process; and representation of the filtering system with an illustration of the molds

used showing the three-dimensional designs, top view, and side view, (b) rectangular design with internal cavity of 3mm by 2mm, (c) rectangular

design with internal cavity of 10mm by 2mm, (d) angular design with internal cavity of 10mm by 2mm. [Color figure can be viewed at wileyon-

linelibrary.com]

2.4.2 | Sorption Assays in the Batch System:
Hydrogels Affinity

The affinity test of the developed hydrogels for Cu?*, Nit,
Zn?*, Cd**, Mn?*, and Cr®* was performed by adding 0.1g of
hydrogels and 25mL of metal ions solution (0.17mmol/L each)
in Erlenmeyer flasks (125mL). The solution pH was maintained
at 4 with an HNO, solution. The sorption affinity assays were
conducted in a shaker incubator (SL-180/A, Solab, Brazil) at
150rpm at room temperature (~25°C). After 24h, the metal ion
concentrations were determined by ion chromatography (940
Professional IC Vario, Metrohm, Switzerland), and the data
were processed using MagIC Net 4.0 Software.

2.4.3 | Fourier-Transform Infrared Spectroscopy
(FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed
in a Frontier 94,942 Spectrophotometer (PerkinElmer, USA) to
evaluate the chemical changes in the structure of the cellulose
and hydrogels formed, using the attenuated total reflectance ac-
cessory. The analysis was performed with a resolution of 4cm™!
using 64 scans and a scanning range of 4000-600cm™".

2.4.4 | Microstructure Imaging—FIB-SEM

A Zeiss Crossbeam 350 with Laser was used to perform the FIB-
SEM analysis, which combines a regular SEM microscope with
a laser cannon that can remove surface material and produce a
flat 2D surface for the material evaluation [16, 17]. The sample
was mounted with carbon tape. Then, the femtosecond laser was
used to ablate the material using a 30kV voltage and a current of
10nA to obtain a cavity to explore the interior porous, and a final
beam current of 50 pA was used to polish the internal structure
of the hydrogel sample. After this procedure, the SEM images
were obtained with a voltage of 4kV and a current of 50pA. The
pore size distribution was evaluated using ImageJ software.

2.4.5 | Sorption Essays in the Batch System:
Kinetic Study

The kinetic sorption of chitosan matrix toward specific metal
ions (Cu?* and Cr®") was evaluated using mono-element solu-
tions to investigate the performance without competing ions.
Therefore, a solution containing individually Cu?* or Cr®* at
1mmol L' was prepared at pH4, and a dosage of 1gL~! was
employed.
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The sorption assay was conducted using an orbital shaker table
SL-180/A (Solab, Brazil) at 150 rpm at room temperature (~25°C).
Samples of the liquid phase were collected at determined times
(0-24h), and the solution was filtered using a 22 um filter to re-
move the particulate sample, and the obtained solution was an-
alyzed using Ion Chromatography.

2.4.6 | Sorption Essays in the Batch System:
Equilibrium Study

The effect of metal ion concentration was investigated. Different
metal ion solutions with concentrations ranging from 0.1 to
2mmolL~! were prepared. The adsorbent material was then
added using a 1gL~! dosage.

The experiment was conducted using an orbital shaker table at
150rpm at room temperature (~25°C) for 24h. Then, the solution
was filtered using a 22 um filter to remove the particulate sample,
and the obtained solution was analyzed using Ion Chromatography.
The experimental data were fitted according to Langmuir and
Freundlich Isotherms using the nonlinear equations.

3 | Results and Discussion
3.1 | Hydrogel Characterization

The crosslinking of glutaraldehyde with chitosan is a favorable
reaction due to the high reactivity of aldehyde groups toward
amine groups. This promotes the formation of an imine bond,
also known as Schiff bases [18]. This reaction occurs through a
nucleophilic attack of the amine group's free electrons toward
the aldehyde group's carbon, followed by a proton transfer from
the amine to oxygen, forming a hydroxyl group. Then, the pro-
tonation of this hydroxyl occurs, promoting the release of water
by creating a C=N linkage. After this, deprotonation occurs
from the nitrogen atom, neutralizing the molecule's charge [19].

Figure 2 presents the proposed cross-linking mechanism re-
sponsible for producing chitosan hydrogels. It illustrates the
interaction of a chitosan chain with one side of a glutaralde-
hyde molecule. For the complete cross-linking process, another
chitosan chain is expected to interact with the other aldehyde
group, forming a complex polymeric network.

The obtained chitosan hydrogels after crosslinking were then
evaluated to understand the influence of concentration on the
crosslinking process and the impact of their properties on their
potential applications.

A typical characteristic of hydrogels is their swelling capacity
due to water absorption, which may be affected by the cross-
linking degree, the hydroxyl content, and hydrated groups [20].
Therefore, to assess the hydrogels' swelling capacity, the water
absorption test was carried out for 1 and 7days, and the results
are shown in Figure 3. The individual data are presented in
Table S2 (Supporting Information).

Figure 3 shows that all the hydrogels showed a high degree
of water absorption, greater than 100%, after 1day of testing.

Furthermore, it is observed that some samples stood out with
more than 200% absorption, and some samples surpassed 300%
water absorption. Wei and co-workers, who investigated using
different molecular weights of chitosan and citric acid, observed
water absorption of around 20% [21]. Liu and co-workers ob-
tained hydrogels based on chitosan and gelatin that presented
a swelling degree of around 60% [22]. Wei and co-workers de-
veloped a PVA/chitosan hydrogel film that presented a swelling
degree of 260% and showed great potential to remove dye from
water solutions [21]. Therefore, the obtained hydrogels have
higher absorption values, indicating their potential for intended
application in removing metal ions.

Comparing the response surface curve shapes, it is observed
that a similar profile is present, and it is possible to identify a be-
havior trend for which the lower glutaraldehyde content implies
greater water absorption. This result may be associated with the
extent of the crosslinking of the chitosan chain with glutaral-
dehyde. It is expected that glutaraldehyde reacts with the avail-
able amine groups in the chitosan structure [23]. Therefore, free
amino groups are reduced, and the conformational entangle-
ment may promote new interactions through hydrogen bonds.
This process promotes a reduction of available groups able to
absorb water and may also impact the potential removal of con-
taminants [24, 25]. In addition, increasing the chitosan content
does not clearly benefit the absorption properties, indicating
that the combination of lower concentrations of chitosan and
glutaraldehyde shows the best response in the space studied.

To evaluate the potential application of the developed hydrogels
as an adsorption material, they were tested using a selectivity
assay containing six metal ions with equimolar concentration.
The response surfaces presenting the removal rate obtained
are shown in Figure 4, and the individual data are presented in
Table S3 (Supporting Information).

Figure 4 shows that the hydrogels removed metal ions with
distinct behavior, which indicates the affinity of chitosan's
chemical structure with the ions evaluated. The adsorption
process is affected by both test conditions, like pH, concen-
tration, dosage, temperature, and agitation, while the metal
ions interaction may be influenced by hydrated ionic radius,
surface charge, electronegativity, and competition in a multi-
component solution [26, 27]. Evaluating the surface profiles,
the removal of nickel and cadmium showed a similar trend,
with higher removal observed in the intermediate region of
the evaluated experimental space. On the other hand, the re-
moval of zinc and manganese showed better removal in the
corner regions of the curve. In contrast, the removal of copper
and chromium had a linear correlation between the property
and the formulations evaluated.

As reported in the literature, chitosan hydrogels are expected
to interact with metallic ions through functional groups that
include hydroxyls and amines at the chitosan chemical struc-
ture [28, 29]. However, the crosslinking process promotes the
formation of covalent bonds, reducing the availability of these
groups and possibly impacting the sorption capacity of the
hydrogels developed [21]. It is worth noting that the hydro-
gels presented a significant removal potential for copper and
chromium.
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FIGURE2 | Crosslinking mechanism reaction of chitosan and glutaraldehyde responsible for promoting the hydrogel polymeric network. [Color

figure can be viewed at wileyonlinelibrary.com]

In the case of copper removal, a significant variation in removal
was observed depending on the composition employed, which in-
dicates that the degree of hydrogel crosslinking directly influences
the groups available for interaction and removal of the metal ion.
It is possible to notice that the lower chitosan and glutaraldehyde
content combined provided the hydrogel with higher copper re-
moval. Mallik and collaborators also highlighted the potential of
chitosan for copper removal using chitosan-based adsorbents [30].

Regarding chromium removal, a total removal was observed
under the test conditions, considering the deviation between the
samples, indicating that the chitosan matrix presents a high af-
finity for chromium removal. Possibly, under the test conditions,
the saturation of active sites for chromium removal was not ob-
tained. The literature corroborates this result, for which the
removal is associated with interaction with hydroxyls and pro-
tonated amine groups [31]. Wang and co-workers highlighted
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FIGURE 3 | Response surface and contour plot of water absorption concerning chitosan and glutaraldehyde concentrations in (a) 1day and (b)
7 days of water contact. [Color figure can be viewed at wileyonlinelibrary.com|

FIGURE 4 | Response surface and contour plot concerning chitosan and glutaraldehyde concentrations for the removal of (a) copper, (b) nickel,
(c) zinc, (d) manganese, () cadmium, and (e) chromium. [Color figure can be viewed at wileyonlinelibrary.com]

the potential application of chitosan aerogels for chromium
removal, even in the presence of competing contaminants [32].

Water absorption and metal ions removal results were used as
response parameters to the experimental planning developed to
select the better hydrogel preparation condition, enhancing the
properties obtained. The results were analyzed using the Design
Expert software, defining the condition that the concentration
of chitosan was in the range used in the formulations and that
the glutaraldehyde concentration was minimized. Based on this

condition, the software highlighted that the hydrogel developed
with 2% chitosan and 1% glutaraldehyde showed the best sorp-
tion potential. Thus, this condition was selected as the optimal
condition for hydrogel development, named CH for chitosan hy-
drogel, and further evaluated.

The CH matrix was investigated using the FTIR technique to
analyze the functional groups in chitosan and the impact pro-
moted by the cross-linking reaction. The obtained spectra are
presented in Figure 5.
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FIGURE 5 | FTIR spectra with highlighted peaks of chitosan and chitosan hydrogel (CH) with (a) full FTIR spectra and (b) zoom at 1800-800
range to illustrate the main differences in the fingerprint region. [Color figure can be viewed at wileyonlinelibrary.com]

From the FTIR spectra, characteristic chitosan peaks can be
observed. A vast band at 3374cm™! is related to the overlapped
stretching of hydroxyl and amine groups. The peak at 2922cm™!
is associated with the —CH stretching. It is also observed amid I
from chitosan acetylated rings and amines of deacetylated rings
at 1647 and 1588cm™! peaks, respectively [33]. The strong band
around 1417cm™ is associated with C—N deformation. The peak
at 1152cm™ is also related to the C—O—C glycoside structure [34].

Regarding the chitosan hydrogel (CH), it is observed that the
spectra changed considerably, specifically in the fingerprint re-
gion (from 1800 to 800 cm ™! range). It is worth noting the change
in the 1636 cm™ region with the presence of a single peak, which
may be associated with the imine group (C=N), indicating the
success of cross-linking of the hydrogel [35, 36]. It is also ob-
served a shift for the band of C—N to 1406 cm™, reinforcing the
interaction promoted in this region [37]. It also highlighted the
appearance of bands at 1554 and 1383cm™!, which are associ-
ated with C—H stretching, related to the glutaraldehyde chain,
and are reinforced by the increased intensity of the 2919cm™!
band [38, 39]. These results validate the cross-linking of the chi-
tosan structure previously mentioned.

The metal adsorption and water absorption are intrinsically linked
to the porous structure of the hydrogel. Therefore, scanning elec-
tron microscopy was used to evaluate the selected chitosan hy-
drogel structure. However, since removing the water within the
hydrogel during the sample preparation process is essential, it is
expected to observe the pores will collapse at the surface structure.
This behavior was observed by Mohamed and co-workers [40] and
Aniagor and co-workers [41]. Therefore, the FIB-SEM technique
was employed to properly evaluate the hydrogel porous struc-
ture. It is worth highlighting the importance of the method used,
which can make a laser cut in the sample and reveal the internal
structure, being extremely valuable for evaluating the hydrogel's

internal porous structure without compromising it during sample
preparation [17, 42]. Figure 6a shows the obtained FIB-SEM image
revealing a highly porous structure, corroborating the observed
properties. The pores observed are within the macroporous in size
[43], with values of 23.6 +6.8 um and, as can be seen in Figure 6b,
there is a concentration of pores in the 20-25um range, followed
by the 25-30 and 15-20um ranges, concentrating around 74% of
the pores observed.

The time required for the adsorption process to occur is an im-
portant parameter. Therefore, the kinetic study of adsorption for
the most promising metal ions removed using the chitosan hy-
drogel (copper and chromium) was performed, and the obtained
curves are presented in Figure 7.

The kinetic curve shown in Figure 7 indicates that the chitosan
hydrogel has a high initial sorption rate, which reduces over
time as the available sites become saturated, while internal sites
become available as the hydrogel structure swells, as reported
by Vieira and collaborators [44]. The removal was significant
in the first hours, reaching 86% and 89% removal rates at 6h
for copper and chromium, respectively, of the total adsorbed
amount in 24 h.

The pseudo-first order (PFO) and pseudo-second order (PSO)
kinetic models were used to fit the obtained data, and the fit pa-
rameters are presented in Table 1.

It is observed that the PSO model presented a better fit for cop-
per and chromium, showing a higher R? and lower red-y? value.
According to Ferreira and co-workers, this model indicates that
the sorption rate is associated with the number of sites available
in the adsorbent structure, which may suggest that chemisorp-
tion is the key sorption process [45]. Yu and co-workers also in-
dicated that chemisorption is the dominant rate-limiting step
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FIGURE 6 | (a) Chitosan hydrogel porous structure obtained after FIB milling followed by SEM analysis, (b) pore size histogram distribution.

[Color figure can be viewed at wileyonlinelibrary.com|
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FIGURE7 | Kinetic curve for chitosan hydrogel in removing (a) copper and (b) chromium. [Color figure can be viewed at wileyonlinelibrary.com]

of magnetic chitosan-iron(III) hydrogels [46]. Vilela and co-
workers also reported a similar finding working with chitosan-
based hydrogel, suggesting that the active-binding site number
governs the sorption of chromium [47].

The isotherm study was performed to understand the CH per-
formance further and measure the matrix adsorption capacity.
Figure 8 presents the experimental data points and fitted iso-
therm models for copper and chromium adsorption by CH. The
fitted parameters are presented in Table 2.

As shown in Table 2, the Langmuir isotherm model presented
a better fit for removing copper and chromium due to its higher
R? and lower x? than the Freundlich model, which reinforces
that possibly chemisorption is associated with the metal ions
adsorption process.

From q,,. values reported by the Langmuir fit, it is observed
that the chitosan matrix presents a considerable removal of

chromium, which is possibly associated with hydroxyl and
amine groups present at the chitosan structure. According to Ly,
the adsorption capacity of hydrogels is associated with the syner-
gistic effect of the three-dimensional porous structures and the
presence of binding sites for metal adsorption [48]. Moreover, it
highlights that the crosslinking concentration employed did not
hinder the available sites from promoting the effective adsorp-
tion process.

Table 3 shows the adsorption capacity of recently published
hydrogels, fibers, and other adsorbents, as well as the re-
sults obtained in this study, allowing comparison with the
literature.

From the adsorption capacity, it is observed that several
works presented adsorption capacity around the range of
0.50-2.0mmolg~!, which was close to the values observed in
the chitosan hydrogel developed in the presented study. Notably,
some reports from the literature present superior adsorption
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TABLE1 | Fitparameters of the kinetics models of Cu?* and Cr®* sorption by chitosan hydrogel (CH).

Metal Model Parameters Model Parameters
Copper Pseudo-first q, (mmolg™) 0.15 Pseudo-second q, (mmolg™) 0.158
order (PFO) k, (min™") 2.485 order (PS0) k, (gmmol~' min~") 25.13
R? 0.836 R? 0.929
red-y? 4.41E+04 red-y? 1.90E-04
Chromium Pseudo-first q, (mmolg™) 0.874 Pseudo-second q, (mmolg™) 0.957
order (PFO) k, (min™") 0.904 order (PS0) k, (gmmol~' min~") 1.216
R? 0.985 R? 0.995
red-y? 1.77E-03 red-y? 6.01E-04
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FIGURE 8 | Adsorption isotherms for Cr®* according to Langmuir and Freundlich models for (a) CH, (b) CH-5% CN, (c) CH-3% CN-Suc, and (d)
CH-10% CN-EDTA. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 | Fit parameters of the isotherm models of Cu?* and
Cr®* sorption for pure chitosan hydrogel and composites containing
nanocellulose without and with modification.

Model Copper Chromium
Langmuir Qypay (mmol g™t 0.422 1.143
K, (Lmmol™) 9.318 27.384
R? 0.994 0.979
red-y? 1.99E-04  4.63E-03
Freundlich Ky (mmolg™). 0.363 1.144
(Lmmol™)
n 3.704 5.044
R? 0.966 0.967
red-y? 1.09E-03 7.46E-03

capacities, showing room for improvement of the developed
hydrogel, which could be attained with the chemical func-
tionalization of chitosan or the addition of highly adsorbent
nanostructures.

3.2 | Hydrogel Application in Filtering Device

One of the main drawbacks of developing a new formulation is
evaluating its effectiveness in simulating a real condition. This
happens since the adsorption tests are usually performed in
batch conditions, which are difficult to correlate with dynamic
conditions where a solution flow is present. Therefore, the devel-
opment of a filtering device was investigated using the selected
chitosan hydrogel sample. To prepare the filtering system, a 3D
printer was employed to obtain a mold for the device production
using PDMS.

An initial design, as presented in Figure 1b, was established
considering a small cavity for inserting the hydrogel, and then a
system flow test was carried out. The system showed promising
potential for the intended application, as presented in the video
in the Supporting Information. It is worth noticing in the video
that the hydrogel's swelling process can be observed, which oc-
curs instantaneously and corroborates the water absorption re-
sults observed previously.

Different variables were considered to optimize the metal ion
removal process and analyze the application potential of the de-
veloped system. The first evaluation was to determine the test
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TABLE 3 | Comparison of adsorption capacity presented in
published results with the present work.

Adsorption
capacity
(mmolg™)
Adsorbent material Cu?+ Cré*  References
Alginate-based 1.01 — [49]
composite beads
CS/PVA/PVP composite 0.52 — [50]
hydrogel
Humus chitosan — 1.22 [51]
hydrogel
Kaolin/CNTs/PAM 1.52 — [52]
hydrogel
Zwitterionic — 1.64 [53]
plastic-hydrogel
S2-intercalated layered — 0.67 [54]
double hydroxide
Teff straw-based — 0.95 [55]
activated carbon
Carboxymethylated 2.05 — [56]
chitosan hydrogel beads
Chitosan-cellulose 0.84 — [57]
hydrogel beads
Chitosan-based hydrogel 1.41 [47]
Chitosan hydrogel 0.44 1.14 This work
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FIGURE 9 | Temporal evaluation of copper removal using initial
square design and different flow rates (F1=0.05mL/min, F2=0.25mL/
min, F3=0.5mL/min). In the x-axis, 0 represents the initial metal con-
centration (before passing through the filtering device). The number in-
dicates the solution samples obtained sequentially after passing through
the filtering device developed. [Color figure can be viewed at wileyon-
linelibrary.com]

flow since a small flow can be a prolonged and unfeasible pro-
cess. In contrast, a very high flow can present pressure, leak-
age problems, and low contact time for interaction. Therefore,
a study using copper ions as a reference was carried out due to
the considerable removal observed with hydrogels. Different
flow rates, named F1 (0.05mL/min), F2 (0.25mL/min), and F3
(0.5mL/min), were established to evaluate metal removal from
the medium.

For this, the removal of copper with flow was considered due to
its intermediate removal rates, lower than chromium but supe-
rior to other metal ions. Figure 9 shows the results observed for
removal over time. It is possible to observe that the flow applied
directly impacted the removal of copper ions, for which the low-
est flow rate showed the highest removal, around 39%, for the
first sample, while the intermediate flow rate had a removal of
31%. On the other hand, the fastest flow rate showed little re-
moval, limited to 8%.

This behavior is consistent with the need for a minimum pe-
riod of interaction between the solution and the surface of the
material, allowing the contaminant of interest to interact with
the chemical groups present [58]. In addition, the diffusion pro-
cess to the internal regions of the hydrogel tends to take place
and requires time, as it is associated with the swelling of the
hydrogel structure, so a lower flow rate allows greater contact
with the structure, ensuring its expansion and interaction [59].
The highest flow used had a low removal potential, which may
indicate that the ions had little time to interact with the hydrogel
structure and are not efficiently removed from the medium. It
is worth noting that the intermediate flow still showed consid-
erable removal and a time gain compared to the lower flow and
was therefore selected as the ideal flow for further tests.

Evaluating the results, it was also possible to observe that the
samples taken consecutively showed a reduction in the contam-
inant removal potential, which may be associated with the satu-
ration of the structure's most available surface groups. Even so,
the material continues to remove the metal from the medium, as
over time, the hydrogel structure also swells with the diffusion
of water and allows new internal groups to be exposed. Overall,
it was observed that after five sequential samples, the values
showed little variation for subsequent samples, which is inter-
esting, as it indicates that the system has a consistent adsorption
property. Only five samples were taken in the additional exper-
iments since the system presented stability beyond that point.

It was also observed that due to the swelling nature of the hydro-
gel, it expanded considerably, spreading beyond the original area
of the designed device. Moreover, the size of the initial design
would limit the hydrogel weight to be included in the device cav-
ity. A new mold design was prepared using larger dimensions,
as shown in Figure 1c, to solve these issues. Another variation
considered was an alternative design with an internal angle be-
tween the walls to accommodate water flow during system use
better, as presented in Figure 1d. Both systems were evaluated to
apply the hydrogel to remove metal ions.

Therefore, a new batch was prepared, and different weights of
the developed hydrogel were evaluated during its application
in the filtering device. Figure 10 shows the removal results
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FIGURE 10 | Temporal evaluation of metal removal in a multielemental solution using the filtering device based on the square design using dif-

ferent hydrogel weights. In the x-axis, 0 represents the initial metal concentration (before passing through the filtering device). The number indicates
the solution samples obtained sequentially after passing through the filtering device developed for each metal: (a) Copper, (b) Nickel, (c) Zinc, (d)
Manganese, (¢) Cadmium, and (f) Chromium. [Color figure can be viewed at wileyonlinelibrary.com]

using the multielement solution, demonstrating that higher
chitosan hydrogel weight during the sorption tests promoted a
higher removal for each metal ion. Hidayat and co-workers ob-
served a similar trend, indicating that the increase in adsorp-
tion sites helps to promote a higher removal [60]. Additionally,
it is possible to notice that copper and chromium were the main
removed metal ions, as previously observed in the batch test
performed.

Further evaluating the results, it is possible to notice that, unlike
the previous batch test, the chromium removal using the filter-
ing device was incomplete, which possibly occurred due to the

shorter contact time resulting from the dynamic test employed.
However, the result shows high initial removal and continuous
removal capacity over time, highlighting the potential of the de-
veloped material.

In addition, weight values higher than 100mg were not con-
sidered for the tests due to the highly expansive nature of the
hydrogel and the observation that there was no linear gain in
the degree of removal with increasing mass. This observation
is consistent with isotherm studies, which indicate that there is
an optimum dosage for the adsorption process, so increasing the
amount of adsorbent material used after some condition does
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FIGURE11 | Temporal evaluation of metal removal in a multielemental solution using the filtering device using similar chitosan hydrogel weights

and varying between the square and angular design for the filtering channel. In the x-axis, 0 represents the initial metal concentration (before passing

through the filtering device). The number indicates the solution samples obtained sequentially after passing through the filtering device developed for

each metal: (a) Copper, (b) Nickel, (c) Zinc, (d) Manganese, (¢) Cadmium, and (f) Chromium. [Color figure can be viewed at wileyonlinelibrary.com]

not promote significant gains for the system, especially consid-
ering a dynamic flow.

To evaluate the removal potential of the system developed, the
effect of changing the mold was evaluated by comparing the use
of the square system and the angular system with similar hydro-
gel weights. The removal results using the multielement solution
are shown in Figure 11.

Evaluating the results shown in the Figure 11, it can be seen
that changing the system to use an angular design promoted
greater initial removal of metal ions, which may be associated

with better accommodation of the solution in the system, al-
lowing more gradual contact with the hydrogel structure and
ensuring sufficient interaction time to promote its removal.
However, with subsequent samples, there was an approxima-
tion to the removal shown by the square design. This suggests
that a similar interaction condition is reached over time, so
the hydrogel performs similarly, regardless of the design used.
It should also be noted that some metals (especially zinc and
manganese) showed a higher concentration in the last mea-
surements using the angular design than the square design,
which may suggest faster saturation of the hydrogel's func-
tional groups.
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Thus, the result suggests that a change in design may enhance
the removal of metal ions and is notable for promoting greater re-
moval in shorter time intervals, which is a desirable characteris-
tic for producing quick application systems. Although complete
metal removal was not achieved under the conditions tested,
the results indicate the potential use of chitosan hydrogels for
metal removal, considering a continuous solution flow, which
is not commonly investigated. The application of the system for
removing isolated contaminants has even greater potential since
there would be no effect of competition for functional groups. In
addition, there is potential to enhance the properties of the hy-
drogels developed by including chelating nanoparticles within
the hydrogel structure, which can enhance metal removal by ad-
sorption and allow an efficient, low-cost, and renewable system
for purifying contaminated water.

4 | Conclusion

In this work, the design of experiments methodology was used
to produce chitosan hydrogels and evaluate the relationship be-
tween the concentration of chitosan and crosslinking agent with
the water absorption and metal removal properties of hydro-
gels. Eighteen different formulations were produced, and it was
possible to note that the increase in the concentration of cross-
linking agent reduces the water absorption properties, and the
samples with 2% crosslinking agent stood out with absorption
higher than 300%. In addition, the metal ion removal properties
are also impacted in this process due to the lower availability of
active groups. The hydrogels developed stood out for chromium
and copper removal, reaching removals of 100% and 75%, respec-
tively, for the conditions studied. The sample using 2% chitosan
and 1% glutaraldehyde was selected through the response surface
analysis as the best formulation for preparing the hydrogels. The
hydrogel crosslinking was validated by FTIR analysis, which
showed the appearance of peaks related to imine groups from the
reaction of amine groups from chitosan with aldehyde present in
glutaraldehyde. The hydrogel sample presented a highly porous
structure with a pore size of 23.6 + 6.8 um. Kinetic data indicated
a better fit to the pseudo-second-order model. In comparison,
isotherm studies presented a better fit to the Langmuir model,
which suggests chemisorption may be present during metal ion
removal, with an adsorption capacity of 0.422 and 1.143 mmol g~!
for copper and chromium, respectively. The simulation using a
filtering device indicated that the flow rate directly influenced
the system capacity to remove metal ions, and using a flow of
0.25mL/min aligned the process time and removal capacity. The
adsorption process followed two steps, with an initial high re-
moval and stabilization over time. A direct influence of weight
and system design on removal properties was also observed.
Overall, the results indicate a potential application of chitosan
hydrogel in filtering devices to remove metal ions, presenting an
alternative approach to water decontamination.
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ABSTRACT

This research focused on the synthesis of starch-based hydrogels and aerogels that were cross-linked with citric acid and sodium
hydroxide, and enhanced with chocolate clays—specifically Ch and chocobofe (Cb) at concentrations of 10% and 15% by weight.
The primary goal was to evaluate their effectiveness in removing methylene blue (MB) from solutions. The hydrogels and aero-
gels were characterized using various techniques, including picnometry, scanning electron microscopy, Fourier-transform infra-
red spectroscopy (FTIR), and thermogravimetric analysis. Additionally, the pH at the zero point charge (pHzpc) was assessed.
The adsorption performance of these materials was tested under different conditions, such as varying adsorbent dosages, contact
times, and initial dye concentrations to determine the most effective material. This research aims to provide an environmen-
tally sustainable solution to water pollution. FTIR analysis indicated interactions that altered the density, morphology, thermal
stability, and pHzpc of the developed hydrogels and aerogels. The results showed that aerogel composites exhibited superior ad-
sorption capabilities compared to hydrogel composites. The maximum adsorption capacity of MB reached 90%, with the aerogel
composite containing 15% Cb (SA +15% Cb) achieving a maximum capacity of 75mgg~!, according to the isotherm model. The
aerogel composites with 15% clay exhibited a better fit to the Langmuir isotherm model, indicating that the removal of the dye
is favorable. Therefore, incorporating clays into aerogels can enhance their performance, making them a viable alternative for
developing new eco-friendly materials.

| Introduction The discharge of several types of dye into the environment is

One of the most pressing global challenges is the lack of clean
water caused by continued population growth and rapid indus-
trialization, destroying several ecosystems [1]. Many industries,
such as pharmaceutical, paper, textile, food, rubber, and plastic,
use dye to color their products, and they are the primary and
most significant cause of water pollution [2].

estimated to be 10% to 15% of the 0.8 million tons of dyes pro-
duced annually worldwide. Furthermore, the dye business is
projected to grow by about 2% to 3% annually in the following
years. Therefore, it can be assumed that the amount of residues
thrown into the environment will also increase. Due to their
non-biodegradable nature and persistence in the environment,
these compounds can potentially cause various adverse health
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Summary

Starch-based hydrogels/aerogels (10 and 15% wt.) with
Ch and Cb clays for the removal of MB.

FTIR confirmed starch cross-linking via the use of cit-
ric acid for materials.

The addition of clays improves properties of the aero-
gels and hydrogels.

Aerogels showed superior adsorption performance
compared to hydrogels in MB adsorption.

Aerogels (15% Cb/Ch) fit the Langmuir isotherm
model with q,, of 75 and 76 mgg™.

effects, such as carcinogenicity and mutagenicity in humans [3].
In water bodies, they negatively affect photosynthetic organisms
and disrupt aquatic life.

Due to these problems, wastewater from industrial processes that
use these problematic dyes confronts pollution control areas,
generating an alarming concern [4]. The most frequently studied
toxic dyes include methylene blue, methyl orange, and Congo
red, all known to have severe ecological and health impacts
[5]. Methylene blue, in particular, has become an increasingly
prominent research subject. From 1990 to 2018, approximately
17,000 articles were published on the topic, and in just the past
6years, more than 31,000 have been published showing the effect
of the accumulated dye in wastewater; it can cause respiratory
issues, vomiting, eye burns, diarrhea, and nausea [6]. This dye
also poses significant environmental risks, as it severely impacts
aquatic flora and fauna by reducing dissolved oxygen levels and
light penetration, thereby hindering photosynthesis [7].

The search for methods to remove these problematic dyes from
water bodies grows daily [8]. These methods include filtration
[9], flocculation [10], ion exchange [11], reverse osmosis [12], and
adsorption [13]. Adsorption is one of the attractive, simple, and
inexpensive methods widely used for wastewater treatment. It
offers high efficiency for decolorizing dyes and degrading or-
ganic and inorganic contaminants [14]. It is a versatile method
for tackling a broad spectrum of pollutants by using adsorbent
materials that can be custom-made to target particular pol-
lutants [15]. Moreover, the adsorption process is a low-energy
consumption technology with easy operation, which is substan-
tially capable of renewal and re-use of employed sorbent materi-
als [16]. This makes it an overall green and efficient solution in
many industrial wastewater management areas.

Several adsorbent materials, such as activated carbon [17], sea-
weed [18], various types of biosorbents, including agricultural
wastes [19], chitosan [20], sawdust [21], and fruit peels [22], as
well as clay minerals, have been extensively studied for their
ability to remove dyes from contaminated water [23]. This is due
to their relative ease of operation, availability, selectivity, and
potential for large-scale applications.

Eco-friendly aerogels and hydrogels have shown promising ad-
sorption properties. These innovative materials have high poros-
ity and water absorption capacity, can be synthesized to adsorb

specific pollutants, and are highly efficient in treating various
contaminants [24]. Hydrophilic polymer chains interconnected
by crosslinks form their composition, and their production typ-
ically involves monomers' polymerization with crosslinking
agents [25]. There are extensive studies on how crosslink agents
affect the characteristics of the materials [26]. Their main uses
include the removal of contaminants, tissue engineering, and
controlled drug release.

With the recent increase in the demand for renewable and eco-
friendly materials, research aimed at synthesizing hydrogels
and aerogels from biodegradable materials is growing [27],
especially starch-based hydrogels, which are cheap and easily
synthesized.

Considering the already impressive adsorption capacities and
properties of the materials mentioned earlier, recent studies
have focused on enhancing their performance by combining
them with other materials exhibiting strong adsorption poten-
tial. These include activated carbons [28], metals [29], modified
clays [30], etc. By integrating these materials, the overall adsorp-
tion efficiency can be further improved, allowing for more effec-
tive removal of contaminants and expanding the applicability of
the adsorbents in diverse environmental conditions [31].

The addition of clay to these materials is a promising study, as
it significantly increases the surface area of the material, giv-
ing them unique adsorption properties [32] and improving the
mechanical stability of these materials [33], making them more
effective in diverse environmental conditions. This combination
is sustainable and cost-effective, further reinforcing their poten-
tial for widespread use in environmental treatment. Despite ad-
vances in research on composites incorporating modified clays
in hydrogels and aerogels, the literature still needs studies fo-
cused on composites reinforced with Chocolate and Chocobofe
Brazilian clays from an environmental perspective, especially
regarding the evaluation of the addition of Chocobofe. Based on
this gap, a search was carried out in the ScienceDirect database,
and the number of articles on the topic is shown in Figure 1.

The data indicated that the search for starch hydrogels and aero-
gels is high, evidenced by the high research on the topics, with
1054 publications. When delving deeper into the composites of
these materials, a drop to 613 research studies is evidenced, of
which only 139 are focused on the use of clays as the agent to be
added. The search for studies on the adsorption of these materi-
als showed a drop to 113 publications, and when specifying stud-
ies on dye adsorption, there are 41 studies. Finally, the surprising
fact of zero publications using Chocolate or Chocobofe Brazilian
clays as an agent to be added to starch hydrogels to increase their
dye adsorption results shows a clear gap in this area, which opens
opportunities for new work and future publications.

As shown in Figure 1, 41 documents containing the topics
“starch hydrogel” “starch aerogel” and “clay” as dye adsorption
materials have already been published. Zamani-Babgohari et al.
studied the hydrogel's adsorption capacity for removing meth-
ylene blue from water. However, their material's synthesis was
initiated with the preparation of carboxymethyl starch and sub-
sequent copolymerization with polyacrylic acid and polyacryl-
amide [34]. Mushtaq and coworkers reviewed the properties
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FIGURE1 | Illustration of the paper number on the topic identified using different expressions related to the article's subject.

and applications of gelatin-based hydrogels in dye adsorption.
Gelatin is extracted from collagen, an abundant protein compo-
nent in animals’ skins, bones, and cartilage animals' skins, bones,
and cartilage; thus, it is a biodegradable, essential component of
adsorption material used in the environment.

Like starch, gelatin can also be found and obtained from natural
sources, being a cost-effective material [35]. Hu et al. developed
a new aromatic ring-rich polymer adsorbent to improve the ad-
sorption rate. This absorbent can interact with dye molecules
mainly via n-7 stacking interactions. Two other reagents (1, 3,
5-triethynylbenzene (TB)and 2, 6-bis(4-iodo-1H-pyrazol-1-yl)pyr-
idine) were synthesized and used for the elaboration of the ma-
terial [36]. All these works contain similarities with this one, like
the adsorbate studied (methylene blue), but the material and
methods used for obtaining the adsorbent are different; besides,
as already mentioned, no work has been done investigating the
effects of dye adsorption for incorporation of chocolate or Cb to
starch-based hydrogels/aerogels.

Thus, this research focuses on the synthesis of starch-based
hydrogels and aerogels cross-linked with citric acid and so-
dium hydroxide (formation of trisodium citrate) and enhanced
with modified clays of chocolate and chocobofe, typically from
Paraiba (BR) [37], for the removal of methylene blue. The sorp-
tion performance of these materials was evaluated under differ-
ent conditions of adsorbent mass, contact time, pH, and initial
concentration of the dye, providing an environmentally sustain-
able solution to water pollution.

2 | Materials and Methods
2.1 | Materials

The chemicals utilized in this study, sodium hydroxide (NaOH,
98% purity), methylene blue (MB), and dye, were purchased from
Dynamics Contemporary Chemistry. Citric acid (C;HO,, 99.5%
purity) was acquired from Synth. Corn starch (Amidex 3001-27%

wt. by mass of amylose and 73% wt. by mass of amylopectin) was
purchased from Ingredion Incorporated (Sdo Paulo, Brazil). The
Chocolate Clay (Ch) and Chocobofe Clay (Cb) were supplied by the
company BENTONISA—Bentonita do Nordeste S.A. The clays
are mainly comprised of crystalline materials such as quartz (Qz),
kaolinite (K), illite (It), and anatase (An). The identification of min-
eralogical constituents (e.g., minerals or inorganic compounds) of
clays is presented in the (Figure S1).

2.2 | Synthesis of Hydrogel and Aerogel

The hydrogel was prepared following methodologies previously
developed by the research group [38].

For neat aerogels, synthesis was prepared from a 200mL
aqueous solution containing 14 g of starch. After starch dis-
solution, sodium hydroxide was added and stirred at 280 rpm
for 3h at 40°C. Afterward, citric acid was added to form triso-
dium citrate, resulting in a gel's immediate crosslinking and
formation. This process happened in a closed system under
200rpm, stirring at 40°C for 17h. After the stirring process,
the obtained gel was heated to 90°C for 60 min in a water bath
and then cooled under ambient temperature. Later, the pre-
pared materials were poured into plastic molds and stored in a
refrigerator at —5°C for 48 h. The frozen hydrogel was submit-
ted to the freeze-drying process using the Lyophilizer Liotop
K105. The lyophilized material was washed with distilled
water until it reached a neutral pH (~7). After washing, the
material was frozen and freeze-dried again, resulting in the
aerogel. A similar procedure was used to prepare the hydro-
gels and aerogels composite with Chocolate (Cb) or Chocobofe
(Cb) Brazilian clays, in which 10% and 15% wt. of clays were
added to the mixture after the starch was dispersed. The hy-
drogel composites were named SH+10% Cb; SH+10% Ch;
SH +15% Cb; and SH+15% Ch. The aerogel composites were
named SA +10% Cb; SA +10% Ch; SA+15% Cb; and SA + 15%
Ch. The schematic procedure for preparing the hydrogel and
aerogel is illustrated in Figure 2.
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FIGURE 2 | Methodological illustration of the process of hydrogel, aerogel, and their composites, where: (a) Neat materials and (b) Composite

materials.

2.3 | Characterization
2.3.1 | Density

The samples’ density was measured at room temperature using
an Ultrapyc 1200e helium gas pycnometer. A single-factor
ANOVA statistical analysis was performed to compare the den-
sity (gem~3) with the percentage of clays (0, 10, and 15wt.%)
added to the hydrogel and aerogel.

2.3.2 | Field Emission Scanning Electron Microscopy
(FE-SEM)

The morphology of samples (hydrogel, aerogel, and their com-
posites) was examined with scanning electron microscopy (SEM)
with FEG Schottky electron emission in MEV-FEG TESCAN
Mira 4 in the secondary electron mode (SE) and back-scattered
electron mode (BSE) at 5keV. Before SEM analysis, all samples
were oven-dried at 50°C and coated with a thin layer of gold.

2.3.3 | Fourier-Transform Infrared Spectroscopy
(ATR-FTIR)

FTIR analyses were performed on samples to investigate their
main functional groups. The FTIR spectra were acquired
using a Perkin Elmer spectrophotometer (Spectrum 100

Model) operated in the transmittance method with an attenu-
ated total reflection (ATR). Measurements were taken within
the range of 400 to 4000cm™!. Before analysis, all materials
were oven-dried at 50°C for 24 h, and the aerogel samples were
freeze-dried.

2.3.4 | Thermogravimetric Analysis (TGA)

The thermal properties of samples (hydrogel, aerogel, and their
composites) were examined using the SII Nanotechnology
INC equipment (Exstar 6000 model, TG/DTA 6200 series).
The analysis was conducted under a constant nitrogen flow of
100mLmin~!, covering a temperature range of 25°C to 900°C
with a heating rate of 10°C min~!. Approximately 10 mg of sam-
ples at 50°C for 24 h were used for the analysis.

2.3.5 | Determination of the Zero-Charge Point (ZPC)

The study conducted Zeta potential measurements, explicitly
focusing on pH,,,. (point of zero charges), using hydrogel, aero-
gel, and their composites. These measurements were performed
by adding samples to a 50mL solution of 0.1 mol L= NaCl. The
pH of the solution was simultaneously adjusted within the
range of 2.0 to 10.0 using 0.1 mol L=! NaOH and 0.1 mol L~! HCI
solutions. The solution's final pH values were measured after
allowing 24 h for the reaction to occur. The ZPC represents the

4
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point where the initial pH of the solution matches the final pH
after the reaction.

2.3.6 | Methylene Blue (MB) Adsorption Tests

Experiments were conducted in triplicate to evaluate the adsorp-
tion capacity (mgg™) and efficiency (%) of the hydrogel, aerogel,
and their composites for MB dye removal. The experiment was
based on the developed study by [39].

2.3.6.1 | Effect of Material Dosage. The sorption capac-
ities of MB by hydrogel, aerogel, and their composites were
investigated under dynamic conditions. In the mass variation
experiment, 30 to 200mg of each material was immersed in
100mL of MB solution at 50mg. L' concentration. The mix-
ture was stirred at 150rpm and kept at 25°C for a predetermined
time of 10 min. After the contact time, the MB concentration in
the solution was analyzed using a UV-visible spectrophotome-
ter based on the MB standard curve at its maximum wavelength
of 665nm. The amount of dye adsorbed on the adsorbent (q.,
mgg~") and the removal efficiency (RE, %) were calculated using
Equations (1 and 2), respectively.

g Gy ®
m

RE= ——.100 @)

Where q, is the amount of dye in mg per gram of adsorbent; C,
and C, are the initial concentration and equilibrium concentra-
tion of dye in mg per 1, respectively; V is the volume of the solu-
tion, and m is the mass of adsorbent in g.

This step will serve to select the best materials for later evalu-
ation. Subsequently, the dye's contact time and initial concen-
tration will be evaluated, identifying which type of clay will
influence this adsorption process.

2.3.6.2 | Effect of Contact Time. In this experiment, con-
tact times were pre-determined at 10, 60, 120, 240, and 1440 min.
After each time, the MB concentration in the solution was ana-
lyzed using a UV-visible spectrophotometer at the same maxi-
mum wavelength (665nm).

2.3.6.3 | Effect of Initial Concentration. The analy-
sis of adsorption isotherms can provide insight into how MB
is adsorbed and estimate the maximum amount of dye that
the samples (hydrogel, aerogel, and their composites) can
absorb. To evaluate the fit of the isotherm models, the samples
were exposed to MB solutions with varying concentrations (25,
50, 75, 100, and 150mg. L) for 240min, stirred at 150rpm,
and maintained at 25°C. The sorption isotherm models used
were Langmuir and Freundlich.

2.3.6.4 | Adsorption Isotherm. The adsorption isotherm
model was studied under optimum conditions. The isotherm
models observed along their linearized forms were the Langmuir
Equations (3 and 4) and the Freundlich models Equations (5

and 6). These two isotherm models were adapted from previous
work by Martins et al. [40].

» Langmuir model

(gn-K-L-C,)

3
1+K, -C, ®

4. =

Where: q_, is the sorbent monolayer capacity; K, is the sorption
free energy constant; C, is the equilibrium concentration; q, is
the equilibrium dye concentration of the sorbent; g, and K; can
be determined from linear adjustment using C,/q, and Ce data.

1
K=—>
LT1TK, -G, @

Where RL refers to process favorability. If RL > 1, the process is
unfavorable. If RL=1, linear. If 0<RL <1, favorable. If RL=0,
irreversible.

« Freundlich model
1
qezKF+Ce'; (5)

Where K is the sorption capacity constant; n is the sorption in-
tensity constant. If n=1, it is a linear sorption process. If n<1,
it is a chemical process. If n>1, it is a physical process. K and n
can be calculated by Equation 6:

1
log log (q,) = ;log log (C,) +1log log (K) 6)

3 | Results and Discussion
3.1 | Density

Figure 3 shows the density results of the hydrogel, aerogel, and
its composite samples. It can be observed that adding clay to
the matrix increased their densities, as reported by other arti-
cles [41].

It was observed that the aerogel and its composites presented a
higher density than the hydrogel and their composites, which
can be justified by the crosslinking degree. Also, a higher con-
tent of clays increases the crosslinking density inside the aero-
gel, which will result in an adsorption network space [42].

As the clay content increases in aerogels, the density also in-
creases. This trend is consistent with the hydrogels, indicating
that the structural modification induced by clay is similar in
both materials. Pure aerogel, although denser than pure hy-
drogel, still offers a lower density than clay-enriched compos-
ites, reinforcing the role of clay in reinforcing and densifying
materials.

Pure hydrogel, on the other hand, has the lowest value among
all densities. This is an interesting observation, as it provides
information about the base structure of the hydrogel without
the influence of clay. This behavior is due to differences in the
crystalline structure of clays and the fact that clay has metallic
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FIGURE 3 | Densities of aerogel, hydrogel, and their composites reinforced with Chocolate (Ch) and Chocobofe (Cb) Brazillian clays, where (a)

refers to aerogels and their composites and (b) refers to hydrogels and their composites.

TABLE 1 | Values of Student's t-test and p compared to hydrogels
and aerogels samples.

Student's Is there a

Samples t-test P difference?
SH and SA 9.7595 0.00061750 Yes
SH and 4.3474 0.01218210 Yes
SA+10% Cb

SH and 5.1056 0.00695557 Yes
SA+15% Cb

SH and 5.55716 0.00508475 Yes
SA+10% Ch

SH and 1.0077 0.37060804 No
SA+15% Ch

elements, which contribute to the densification of porous mate-
rials such as hydrogels and aerogels [43].

According to the p values calculated from the Student's ¢ values,
calculated from the densities and standard deviation, shown in
Table 1, there is no statistical difference between the densities
of the aerogel and hydrogel composites with 15% wt. chocolate,
only because the p is greater than 0.05.

3.2 | Field Emission Scanning Electron
Microscopy (FE-SEM)

Figure 4 shows micrographs of Brazilian clays—Chocobofe (top
row) and Chocolate (bottom row), with magnifications of 100x,
2000%, and 5000x for each row. The SEM images of Cb show a
granular morphology with relatively well-dispersed particles of
varying sizes. As the magnification increases, a lamellar texture
can be noted. Regarding the morphological aspect of Chocolate
clay, a granular character is also evident, but the particles appear

less uniform and more compact than in Chocobofe. A more het-
erogeneous structure is observed at higher magnifications, with
agglomerated particles, rougher surfaces, and less evidence of or-
ganized lamellae. Similar behavior was reported by Ferreira et al.
[44] when investigating Brazilian clays as natural cation exchang-
ers for copper sorption in a batch system.

Figure 5 shows micrographs of aerogels and hydrogels with and
without clays—aerogels (on the left) and hydrogels (on the right)
- at different magnifications. The neat starch-based aerogels pre-
sented a three-dimensional network structure, where it is pos-
sible to observe a structure without pores and thin walls [26].
When incorporating clays in the matrix, an improvement in the
structural integrity of the aerogel can be noted, as well as the for-
mation of a rougher and more porous surface. The clay content
inserted in the matrix influenced the integrity of the composites.
It was evident that adding 10% of clays, especially Cb, promoted
the development of a rougher structure with a heterogeneous
pore distribution and denser.

According to Huang et al. [45], more connection points between
the free starch molecules were formed, inducing densification of
the internal structure. On the other hand, the insertion of 15% of
clays caused the collapse of the pores, and the reason attributed
to this is the saturation of the matrix, which induced the weak-
ening of the interactions between the starch chains and func-
tional groups of the clays [46]. In the composites reinforced with
Chocolate clay, the insertion of 15% clay allowed the formation
of a rougher structure but with broken pores. This behavior can
be justified by the fillers' morphological and crystalline struc-
tures, as will be discussed in the next sections.

Regarding the micrographs of the starch-based hydrogels, it
can be observed that a certain degree of heterogeneity devel-
oped after the clays of incorporation. In the hydrogel com-
posites, the pores are encapsulated, and this characteristic
may be associated with the drying stage to which they were
subjected during manufacture. The presence of encapsulated
pores was reported by Hwang et al. [47] when studying the

Polymer Engineering & Science, 2025

85U8017 SUOWILLOD 3A 81D 3(cedldde 8y Ag peusenob ale o VO ‘88N Jo sejn. 1o} ARIqi]8UIIUO 43I UO (SUOIPUOD-PUR-SWBIA0D A8 | 1M AfeIq Ul |UD//Sd1Y) SUORIPUOD PUe SWB | 8L 88S *[620Z/0T/Tz] Uo ARiqiTauliuo A|im ‘ssded Aq #ET0,2 Ued/Z00T 0T/I0p/w0d A8 | imArIq Ul |UO'SUO ed 1 [qndedsiy//Sdny Wou) pepeojumod ‘0 ‘YE9Z8rST



FIGURE4 | SEM images of brazilian clays (chocobofe and chocolate) were used to reinforce hydrogel and aerogel composites. The top row shows
the chocobofe and the bottom the chocolate Clay. On the left, middle, and right, the magnifications are 100x, 2000, and 5000, respectively.

manufacture of alginate hydrogels. However, the insertion of
Ch (10%) was able to promote the formation of open pores with
broken walls.

In general, the materials studied presented an interesting mor-
phology, making them promising adsorbents for treating con-
taminated water.

3.3 | Fourier-Transform Infrared Spectroscopy
(ATR-FTIR)

FTIR analysis was conducted to understand the effect of clays on
the structure of hydrogels and aerogels, as shown in Figure 6.

The spectra of aerogels and hydrogels were evaluated
(Figure 6a,b), revealing bands at 3284cm~! (O—H stretching),
2924cm™! (asymmetric C—H stretching), 1580cm~! (C=0 of
the trisodium citrate carboxyl group), 1380cm~! (O—H bend-
ing), 1148cm~! and 1077cm™! (C—O stretching), 996cm~! and
932cm™! (C—O—C group of the anhydroglucose ring), and
845cm~! and 760cm~! (C—H bending) [26]. These peaks con-
firm the reticulation process, as displayed by Pereira et al. [39].

For the spectra of the clays (Figure 6c,d), a highly similar struc-
ture was noted, with chocobofe (Cb) and chocolate (Ch) clays
revealing characteristic bands at 1629 cm™ related to the an-
gular deformation of the hydration water, bands at 1382 cm™,
1112cm™!, and 1002 cm™!, corresponding to Si—O—Si stretch-
ing, bands at 915cm™! corresponding to Si—OH groups, and,
finally, at 796 cm™ is associated with the CH bending out of
plane [44]. These bands are typical of aluminosilicates, con-
firming the smectite nature of these clays and their layered
structures.

In the pure hydrogel and aerogel analysis, the peak at 996cm™!
exhibited similar behavior, indicating that both materials con-
tain almost equal amounts of this C—O—C functional group.
However, the pure hydrogel presented higher peaks across the
other bands, suggesting a greater presence of functional groups
associated with the starch matrix, such as hydroxyl and car-
boxyl groups. This highlights the dense, hydrated network in
the hydrogel structure compared to the aerogel.

The materials again exhibited highly similar peaks for the aero-
gels but with different intensities. The aerogel with 10% Ch pre-
sented the most intense peaks, particularly at 996 cm~! (C—O0—C
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FIGURE 5 | SEM images of hydrogel, aerogel, and their composites reinforced with chocolate and chocobofe brazillian clays. In black: The left
SA sample and on the left SH sample; In red: The left SA+10% Cb sample and on the left SH +10% Cb sample; In blue: The left SA +15% Cb sample
and on the left SH +15% Cb sample; In pink: He left SA +10% Ch sample and on the left SH +10% Ch sample; In green: The left SA +15% Ch sample

and on the left SH +15% Ch sample.

group stretching). The aerogel with 15% Ch displayed similar
behavior, though slightly reduced peak intensities, particularly
at 1148cm~!, 1077cm~!, 845cm™!, and 760cm™!, indicating a
stabilization trend as clay concentration increases. Meanwhile,
the pure aerogel exhibited the lowest peak intensities across all
regions. These results demonstrate a strong interaction between
the aerogel matrix and the clay particles, with 10% Ch showing
the most significant incorporation and structural modifications.

The results for the hydrogels were more distinct than those for
the aerogels. Composites containing higher clay concentrations
exhibited more pronounced peaks, especially at 1382cm™1,
1112cm™!, and 982cm™! (Si—O—Si regions), indicating greater
interaction between the clay particles and the hydrogel matrix.
Conversely, the pure hydrogel presented the lowest peak inten-
sities, confirming the reinforcing effect of clay addition on the
polymer matrix.

More intense peaks in aerogels and hydrogels containing clays
highlight the incorporation of the clay particles into the ma-
trix and their interaction with the starch-based network. The
observed changes, particularly at bands associated with C—O
stretching and Si—O—Si groups, suggest that the clays influence
the arrangement of polysaccharide chains and contribute to
modifications in the porous structure.

Therefore, based on the analysis of Figure 6, a clear trend is ob-
served: the composites containing clays exhibit more intense
peaks than the pure materials, demonstrating a strong interaction
between the starch matrix and the clay particles. This interaction
enhances the structural properties of the aerogels and hydrogels,
modifying their functional groups and contributing to their po-
rous architecture, as we have previously highlighted in the SEM
analyses. The results also emphasize that the clay type and con-
centration play a critical role in determining the extent of these
changes, with Cb exhibiting slightly superior performance in the
hydrogels and Ch showing prominent effects in the aerogels.

3.4 | Thermogravimetric Analysis (TGA)

Figure 7 (a, b, ¢, and d) depicts the TG and DTG curves of aerogel,
hydrogel, and their composite materials with different contents
of Chocobofe and Chocolate. The data are compiled in Table 2.

According to the thermal curves, the thermal decomposition of
the neat aerogel and neat hydrogel is similar within two stages
of loss mass. In both materials, the first stage presented a mass
reduction of around 100°C, attributed to the entrapped water
in the polymer [48]. The second stage (~160°C-230°C for neat
aerogel and~230°C-250°C for neat hydrogel) is attributed to
the thermal decomposition of the starch chains and initiation
of degradation of the starch crosslinked structure. This behav-
ior was discussed by Patic et al. and Chen et al. when studying
the properties and morphology of starch aerogels and hydrogels,

respectively. In this context, DTG curves indicated that the
main decomposition of the starch aerogel occurs at 260.2°C, and
the starch hydrogel is at 274.6°C [49].

After incorporating chocobofe and chocolate clays into the aero-
gel and hydrogel structure, the thermal curves exhibited three
stages of mass loss the first stage, occurring at a temperature of
around 100°C, can be associated with the presence of water and/
or volatile compounds [50], and the second stage (~250°C-320°C
for aerogel and hydrogel composites), can be related to initial de-
composition of starch chains (organic compounds) and clays (in-
organic compounds) [51]. Lastly, the third stage (~350°C-400°C
for aerogel and hydrogel composites) can be attributed to the
degradation of starch crosslinked structure with the clay (De
la Cruz et al. 2023). Another important observation is that the
higher the clay content in the structure, the greater the ther-
mal stability, especially in composites containing Cb [52] also
noted similar behavior when evaluating the thermal stability of
aerogels containing cellulose and sepiolite clay. When the tem-
perature exceeded 300°C, the decomposition rate of hydrogels/
aerogels without clay was faster than that of hydrogels/aerogels
with clays. According to Wang et al. [53], this can be justified by
the formation of noncovalent bond interaction between clay and
hydrogel/aerogels, increasing the thermal stability of material
composites. This trend was also related to De La Cruz et al. [51]
when evaluating gelatin B aerogel with montmorillonite. The au-
thors affirmed that clays provided a shielding effect, favoring a
significant decrease in the degradation of composites.

3.5 | Zero-Charge Point (ZPC)

Zero point charge is an important parameter for predicting the
exact mechanism of adsorption by varying the pH of the reac-
tion mixture. Figure 8 displays that the material's behavior is
similar when considering the pH variation analysis.

Moreover, Figure 8a shows a slightly acidic behavior of the hy-
drogels, indicating that the pH of the adsorbent surface is al-
most neutral, with zero charge point values around 6.70. This
neutrality is attributed to the synthesis process, which involves
cornstarch, an acidic substance, and citric acid, which is also
acidic [39]. However, when these interact with sodium hydrox-
ide, a fundamental compound also used in the synthesis, they
are neutralized to an almost neutral pH.

In the case of aerogels (Figure 8b), the analysis indicates a slightly
basic pH, with zero charge point values around 7.90 for the ma-
terials analyzed. Here, sodium hydroxide seems to play a more
active role, neutralizing the acids in the synthesis and slightly
basifying the medium. As seen in analyses conducted in previ-
ous studies, such as that of Liu and coworkers, the adsorption of
methylene blue changes very little when the pH is adjusted from
6 up to maximum of 10, as analyzed by the authors [54]. With
this in mind, and given that both the hydrogel and the aerogel
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FIGURE 6 | FTIR spectra: (a) neat hydrogel and aerogel in the wavenumber range of 4000-650cm™, and (b) in the wavenumber range of 1750-
650cm™; (c) chocolate and Cbs in the wavenumber range of 4000-650cm™, and (d) in the wavenumber range of 2000-650cm™"! (e) neat aerogel and
its composites in the wavenumber range of 4000-650cm~, and (f) its composites in the wavenumber range of 1750-650cm~'; (g) neat hydrogel and

its composites in the wavenumber range of 4000-650cm™!, and (h) its composites in the wavenumber range of 1750-650cm™".
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FIGURE7 | TG/DTG curves for the hydrogel, aerogel, and their composites reinforced with Chocolate and Chocobofe Brazillian clays: (a) TG and

(b) DTG curves of aerogels and their composites; (c) TG and (d) DTG curves of hydrogels and their composites.

exchangers present satisfactory behaviors, as indicated by the
analysis of the point of zero charge, no problems should be ex-
pected in the adsorption analysis. This ensures that the best pos-
sible adsorption values for this problematic dye can be achieved.

3.6 | Adsorption Tests

3.6.1 | Effect of Material Dosage

The study of material dosage's effect on adsorption capacity was
carried out, and results can be observed in Figures 9 and 10. The

MB adsorption capacity of aerogel and its composites reinforced
with Chocolate (Ch) and Chocobofe (Cb) Brazillian clays was

better compared to the hydrogel and its composites reinforced
with Chocolate (Ch) and Chocobofe (Cb) Brazillian clays.

In the neat hydrogel (Figure 9), very low adsorption was ob-
served using a 30mg mass of material. As the amount of ma-
terial dosage increases, the adsorption percentage also rises,
reaching a maximum of 6.6%. There is a noticeable improve-
ment in adsorption for the hydrogel composites. However, this
enhancement does not justify the more complex synthesis pro-
cess and greater material cost, as some composites show only
slight improvements while others even worsen in performance.
For instance, at a 150mg material mass, comparing the neat
hydrogel with the 10% chocolate hydrogel shows improvement,
while the composite SH+10% Ch performs worse.
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TABLE 2 | Weight loss values in interval temperature (100°C-550°C), Tonset, and residue present in the TG/DTG curves of neat starch aerogel,
neat starch hydrogel, and composite materials with different contents of clays.

Weight loss (%)

Samples 100°C 200°C 300C 400°C 500°C Residue 550°C T, setr °C T oy °C
SA 10.2 11.7 43.0 68.3 76.3 18.4 260.2 293.4
SA+10% Cb 7.90 9.21 40.0 63.6 75.2 18.3 259.5 292.4
SA+15% Cb 3.91 5.49 38.3 56.9 66.5 28.0 249.4 284.5
SA+10% Ch 9.39 10.8 44.6 63.4 72.5 22.5 248.6 284.5
SA+15% Ch 10.8 12.1 41.9 60.1 70.5 24.4 251.5 287.5
SH 3.90 14.8 47.0 65.5 71.2 28.8 274.6 292.5
SH+10% Cb 2.93 11.8 50.5 60.2 67.2 30.2 260.7 283.5
SH+15% Cb 3.51 21.7 37.1 49.5 57.0 58.3 255.8 279.8
SH+10% Ch 2.69 19.0 39.4 52.0 59.8 39.0 257.0 281.3
SH+15% Ch 3.44 10.1 46.8 60.3 67.2 294 262.0 281.3

FIGURE 8 | Point of zero charge for the (a) hydrogel and (b) aerogel and their composites reinforced with Chocolate (Ch) and Chocobofe (Cb)

Brazillian clays.

In contrast, aerogels exhibited a significant increase in adsorp-
tion capacity when clay was added to the materials, as shown
in Figure 10. This is evident in the adsorption percentage using
200mg of the exchanger, which increased from 16.5% in the neat
aerogel to 63.9% in the composite SA +15% Ch.

Analyzing the q, values of the materials, measured in mg of dye
adsorbed per gram of exchanger, it was observed that aerogel
and their composites presented a better q, than hydrogel and
their composites. In hydrogel and their composites, a decrease
in g, makes the synthesis of these materials seem unwise.
Therefore, a higher amount of clays in the aerogels can affect
the polymerization process. Also, a higher content of clays will
increase the crosslinking density inside the aerogel, resulting in
an adsorption network space [42]. Thus, the proper weight ratio
of clays to aerogel composites is 15%, which was selected in the
following studies.

3.6.2 | Effect of Contact Time

The effect of contact time on adsorption behavior was studied to
investigate the adsorption capacity of SA 4+ 15% Ch and SA +15%
Cb aerogel composites, as shown in Figure 11. In analyzing the
variation of contact time between the material and the dye (MB),
it was observed that there was an increase in adsorption per-
centage up to 2h for the SA +15% Ch. At this point, the material
appears to reach saturation and can no longer adsorb additional
dye. For the SA +15% Cb, however, this saturation occurs after
4h of contact time. For each material, these times represent the
highest adsorption points.

To refine the analysis with a single chosen contact time, a 4h
contact period could be an effective choice to maximize adsorp-
tion efficiency for both materials, even with a slight decrease in
adsorption for the SA +15% Ch (approximately 1.2%).
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FIGUREY9 | Effect of material dosage in the adsorption capacity (a) and q, (b) parameter on the hydrogel and their composites (SH, SH +10% Cb,

SH+15% Cb, SH+10% Ch and SH +15% Ch).
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FIGURE 10 | Effect of material dosage on the adsorption capacity (a) and g (b) parameter on the aerogel and their composites (SA, SA+10% Cb,

SA+15% Cb, SA+10% Cb, and SA+15% Ch).

In terms of adsorption efficiency, analyzed by q,, given the same
volume and dye concentration and the same mass of adsorbent
in contact, the highest adsorption percentages will yield the best
q, coefficients. Therefore, as mentioned earlier, to refine sub-
sequent analyses, the optimal coefficients are achieved with a
4h contact time between the aerogel and the dye solution, with
47.6mg.g~! to SA+15% Cb and 42.3mg.g~* to SA+15% Ch.

3.6.3 | Effect of Initial Concentration

The effect of initial concentration on adsorption behavior
was calculated to study the adsorption capacity of SA+15%
Ch and SA+15% Cb aerogel composites. For the initial con-
centration effect, it can be seen in Figure 12 that lower dye
concentrations result in greater adsorption by the aerogels,
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FIGURE 11 | Effect of time contact in the adsorption capacity (a) and q, parameter (b) on the SA +15% Cb and SA +15% Ch.

FIGURE 12 | Effect of initial dye concentration on the adsorption capacity (a) and q, (b) parameter in the SA+15% Cb and SA+15% Ch.

which progressively decreases with increasing initial methy-
lene blue concentration. However, this trend does not directly
reflect the greater efficiency when analyzing the (g,) values.
According to the data presented, the peak efficiency of one
of the aerogels occurs in the range of 100mg. L7}, in which
the material with 15% Cb presents a value of 79.4mg of dye
adsorbed per gram of composite. The aerogel with 15% Ch
slightly improves in the concentration range of 150 mg. L,
reaching a (g,) coefficient of 70.96 mg.g.

In the Langmuir and Freundlich isotherms, shown in Table 3,
the analysis of the adsorption process of the materials SA +15%
Cb (chocobofe aerogel) and SA+15% Ch (chocolate aerogel)

was performed using both models, which provide essential in-
formation about the behavior and efficiency of the materials in
the adsorption process. The Langmuir model, which assumes
monolayer adsorption on a homogeneous surface with ener-
getically equivalent sites, better fits the experimental data. For
the SA+15% Cb, the maximum adsorption capacity (q,,,.) was
75.2mg.g~ !, with a (K;) value of 0.126 and a coefficient of de-
termination (R?) of 0.951. For the SA+15% Ch, the maximum
adsorption capacity was slightly higher, reaching 76.3mg.g~ 1,
with (K;) of 0.124 and (R?) of 0.933. The high values of (R?) con-
firm that the Langmuir model describes the adsorption behavior
of the materials well, suggesting the predominance of mono-
layer adsorption.
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TABLE3 | Estimated MBadsorption capacity for aerogels containing
15% wt of clays using the Langmuir and Freundlich models.

Models Materials Parameters Results
Langmuir SA+15% Cb Qix 75.2
isotherm K, 0126
R? 0.951
SA+15% Ch Qi 76.3
K, 0.124
R? 0.933
Freundlich SA+15% Cb K 46.3
isotherm n 13.4
R? 0.393
SA+15% Ch Ky 39.8
n 11.3
R2 0.381

On the other hand, the analysis by the Freundlich model, which
considers multilayer adsorption on heterogeneous surfaces, re-
vealed a less accurate description of the materials studied. In the
case of the SA +15% Cb aerogel, the value of (Kj) was 46.3, with
(n) equal to 13.4 and a coefficient of determination (R?) of only
0.393. Similarly, the SA+15% Ch aerogel presented (Kj) of 39.8,
with (n) equal to 11.3 and (R?) of 0.381. The low values of (R?)
indicate an unsatisfactory fit to the Freundlich model, suggest-
ing that the heterogeneous surfaces hypothesis with multilayer
adsorption is not appropriate for the materials in question.

Therefore, the results showed that the Langmuir model is the
most appropriate to describe the adsorption behavior of the
SA+15% Cb and SA +15% Ch aerogels, reinforcing the predom-
inance of monolayer adsorption. Between the two materials, the
SA+15% Ch presented a slightly higher maximum adsorption
capacity, while the SA +15% Cb showed a slightly higher coeffi-
cient of determination, indicating better data consistency. These
results suggest that clays added to aerogels enhance the adsorp-
tion capacity, with a more predictable and efficient behavior for
methylene blue removal.

4 | Conclusions

The study evaluated the chemical, thermal, morphological,
and adsorptive differences presented by aerogels, starch hydro-
gels, and their composites with different contents of Chocobofe
and Chocolate clays for removing MB dye from water. The re-
sults highlighted that the crosslinking process was successfully
achieved in all formulations, ensuring materials with dense
structures and interesting thermal stability were manufactured.
The hydrogel composites presented possible encapsulated pores,
while the aerogel composites presented porous and intercon-
nected structures more apparent after incorporating clays, which
favor the dye adsorption and absorption processes. The struc-
ture obtained by the materials strongly influenced the sorption

capacity. The aerogel composites (SA +10% Cb and SA + 15% Cb)
were responsible for adsorbing 90% of MB and fitting the exper-
imental data to the isothermal models. SA+15% Cb obtained a
gmax of 75.2mg.g~1. Therefore, the study is promising in starch-
based aerogels and hydrogels reinforced with Brazilian clays, di-
rectly contributing to advances in sustainable materials applied
in the treatment of water contaminated with MB dye.
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Abstract

The presence of toxic elements has raised concern about its effects and the search
for new cost-efficient alternatives for its removal, and the use of polysaccharides has
stood out for its abundance, properties and low cost. Based on these, this work pre-
sents the production of lignin biochar (Bc) for incorporation in cellulose hydrogels
obtained from eucalyptus waste. A treatment with biochar was used, which demon-
strated the ability to obtain stable biochar with high porosity. Then, cellulose hydro-
gels were developed employing epichlorohydrin as crosslinking agent loaded with
Bc contents of 1, 3 and 5 wt%. FTIR, TGA, and XRD analyses revealed no signifi-
cant structural changes in the hydrogels after the addition of Bc, and the morphology
indicated good dispersion and adhesion of the adsorbent material. The hydrogels
exhibited good water absorption capacity, and the swelling ratio was greater than
290% for all samples. The evaluation of the adsorption rate of heavy metals by the
cellulose-based hydrogel composites presented the following metallic affinity order:
Cu?" > Cr% > Cd** >Zn>* > Ni?* >Mn?". The results show that the obtained mate-
rials have potential to promote water decontamination with environmentally friendly
characteristics.
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Introduction

The presence of pollutants in water is a global concern, and contaminated water
can generate extremely dangerous effects, affecting the environment and the liv-
ing beings that consume it [1]. Among the different pollutants, potentially toxic
elements such as lead, cadmium, and chromium stand out due to their harm-
ful effect on human health. Conventional treatments have proven ineffective or
expensive to guarantee their removal, so new removal methods have been inves-
tigated [2]. In this regard, the adsorption method has gained visibility due to its
high efficiency, ease of operation, and low waste generation. Moreover, the pos-
sibility of producing low-cost and environmentally friendly adsorbent materials
has been highlighted.

Agricultural residues are organic substances discarded during agricultural
production, such as plant residues, manure, agricultural secondary products, and
rural household residues [3, 4]. The forestry industry is one of the agricultural
sectors that generate the highest amount of solid waste during production, with a
few million tons of residual fibers. Eucalyptus (Eucalyptus citriodora) is one of
the main plant species exploited by this industry, and about 20 million hectares
of eucalyptus are cultivated in several countries around the world, such as Brazil,
India, and China, giving rise to a huge amount of biomass that is wasted and mis-
used every year [5, 6].

This lignocellulosic biomass draws attention due to its biodegradability, low
cost, high availability, and carbon neutrality and is composed of three biopoly-
mers: cellulose, hemicellulose, and lignin [7]. Due to these characteristics, bio-
mass emerges as one of the main substitutes for fossil carbon sources, represent-
ing the main pollutants causing global warming [8]. High value-added products
produced from biomass are increasingly gaining prominence due to their sustain-
able and carbon-free characteristics, such as biofuels, chemicals, and plastics [9].
By isolating cellulose, hemicellulose, and lignin, low-cost natural polymers are
obtained with common characteristics such as biodegradability, low toxicity, and
abundance [10]. These different polysaccharides possess different chemical struc-
tures, which can be employed for diverse applications, and recently their use for
environmental remediation has been highlighted.

The development of hydrogel systems using polysaccharides is an interesting
destination, which revaluates these materials from different residue sources [11].
The hydrogels are a three-dimensional porous network with the ability to absorb
considerable water due to the presence of functional groups within its chemical
structure. Cellulose hydrogels have been highlighted in the literature due to their
available hydroxyl groups and can be employed to retain toxic pollutants from the
environment. However, incorporating materials with different functional groups
could improve these materials’ adsorption properties [12].

Considering the biopolymers also present in biomass residue, lignin presents
a complex structure that makes its application difficult, being usually discarded
without proper use. Because of this undervaluation of lignin, many studies and
scientific articles have been published to highlight its potential for application in
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high value-added products by the industry [13]. However, lignin complex struc-
ture offers the opportunity to extract new properties based on extraction and treat-
ment performed. One process that has stood out is biochar development, which
shows the potential to promote a material with a high surface area and improved
adsorption capacity. Thus, using lignin to produce biochar is a cost-efficient alter-
native to developing new environmentally friendly materials with the reuse of
agricultural waste [14, 15].

The development of biochar through the pyrolysis process of lignin is promising
because this polysaccharide contains a higher amount of carbon compared to other
polysaccharides, making it a potential source for biochar production [16]. Addition-
ally, compared to cellulose and hemicellulose, lignin exhibits a high oxygen content
and is rich in functional groups for adsorption, mainly including carboxyl groups
and phenolic hydroxyl groups [17]. A large portion of the studies in the literature
involve modifications or functionalization of the material to enhance its adsorption
capacity; however, many of these processes use chemicals toxic and/or non-biode-
gradable materials [18-20] making these approaches less environmentally friendly.

The present work aims to evaluate the production of lignin-derived biochar with-
out modification from eucalyptus waste to develop highly adsorbent hydrogels.
Cellulose hydrogels were crosslinked using epichlorohydrin with different biochar
contents (1, 3 and 5 wt%). The physicochemical, thermal, morphological, water
absorption, and heavy metals adsorption properties were evaluated. Thus, the pre-
sent work presents a destination of a waste source to obtain a material that can assist
in environmental decontamination.

Materials and methods
Materials

Eucalyptus (Eucalyptus citriodora) residues, in the form of sawdust, obtained from
the bark and wood cut after harvesting in Mato Grosso (Brazil), were used as ligno-
cellulosic biomass. The microcrystalline cellulose and the reagents used (sulfuric
acid (H,SO,), urea (CH,N,0), epichlorohydrin (C;H5CIO), and sodium hydroxide
(NaOH)) were purchased from Labsynth—Diadema, SP, Brazil.

Methods

Biochar preparation

For each 10 g of eucalyptus residues, 10 mL of 72% H,SO, was added, dissolving
the polysaccharide fraction of the lignocellulosic material. After 2 h of acid hydroly-
sis, distilled water was added to the mixture, and the material remained in a water

bath for 4 h. The resulting lignin biochar was filtered using a Buchner funnel and
washed with warm distilled water. The biochar obtained after filtration was dried at
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Fig. 1 a Lignin biochar (Bc) preparation method and b production stages of cellulose hydrogels with the
addition of the biochar obtained

103 °C for 24 h in an oven. Figure 1a shows a scheme that illustrates the preparation
methodology used for biochar.

Production of cellulose hydrogels containing biochar

Four cellulose hydrogels were produced, one pure without adding biochar (Bc) and
three with adding biochar at different concentrations (1, 3 and 5 wt%). To form cel-
lulose hydrogels, 7 g of NaOH, 12 g of CH,N,O, 3 g of cellulose, and 81 mL of
water were used. Urea and sodium hydroxide were dissolved in water, and cellulose
was added shortly after dissolution. This mixture was placed in plastic containers
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and refrigerated at approximately — 10 °C for 24 h. After this period, the contain-
ers were placed at room temperature until the solution was partially liquid so it was
possible to shake it. Biochar was added at different concentrations (1, 3, and 5 wt%),
and the mechanical stirrer was then used to stir the solution for 30 min at about
900 rpm. After 15 min of agitation, 5 mL of C;HsClO was added to crosslink the
hydrogel.

Finally, after stirring, the solutions were placed again in plastic containers and
dried in an oven at 60 °C for 48 h. After drying, the hydrogels were washed with
water for 72 h to remove C;H;ClO residues, which could affect the results, and were
again taken to drying in an oven at 60 °C for 24 h. Figure 1b shows a scheme that
illustrates the preparation methodology used for hydrogels.

Characterization
Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) was performed on a Frontier 94,942
(PerkinElmer, USA) instrument with an attenuated total reflectance (ATR) acces-
sory. The range from 4000 to 400 cm™! was evaluated with 32 scans, and a resolu-
tion of 4 cm'.

Scanning electron microscopy (SEM)

The samples were submitted to scanning electron microscopy analysis in a JEOL-
JCM 600, 20 kV equipment. The samples were previously coated with gold by the
sputtering technique (SCANCOAT, PIRANI 501), with 30 nm of gold deposition on
the surface [21].

Energy-dispersive X-ray spectroscopy (EDS)

The materials were also characterized by energy-dispersive X-ray spectroscopy
(EDS) analysis, before and after heavy metals capture. EDS spectra were obtained
from the Compact Scanning Electron Microscope (JSM-6010LA, Jeol System Tech-
nology Co., LTD.) using the following conditions: current of 50 pA, voltage of
15 kV, and spot size of 50 nm.

X-ray diffraction (XRD)

The samples were characterized using a polycrystal X-ray diffractometer, model
STADI-P (Stoe®, Darmstadt, Germany), operating in transmission mode, with
CuKa radiation (4=1.54056 10\), at a step width of 0.01° and counting time of 100 s
at each 0.5°, from 260=10° to 40°.
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Brunauer-Emmett-Teller (BET)

To evaluate the specific surface area and pore size of the samples, the BET method
(Quantachrome, model NOVA1200e, Germany) was employed. The samples were
subjected to vacuum heating at 100 °C for 2 h to ensure the complete removal of
water from all pores within the materials. The full nitrogen adsorption/desorption
isotherm was obtained by varying the relative pressure (P/PO) from 0.1 to 0.99 at a
temperature of — 196 °C. The micropore and mesopore volumes were determined
using the following equations, where V,; represents the specific micropore volume
(cm’/g), V... denotes the specific mesopore volume (cm®/g), and Vs corresponds to
the specific adsorbed volume at a given relative pressure (cm®/g) [22]:

Vi = ads(P/Py=0.1) )

Vine = ads(P/Py=0.99) — Vads(P/PU:O.l) 2)

Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to analyze the mass loss behavior of the mate-
rial as a function of a progressive increase in temperature. The Netzsch STA 449 F3
Jupiter model equipment was used in a nitrogen atmosphere with a heating rate of
10 °C min~', with a temperature of 30-600 °C.

Swelling ratio

The swelling ratio (SR) of the hydrogels was determined by immersion of dry
hydrogel fragments of~0.1 g in distilled water, with mass measurements taken at
regular intervals within one week (168 h). The experiments were carried out at room
temperature, in triplicate, and the SR was calculated using Eq. 3, where m(%) is the
mass of hydrogel swollen at a time ¢, and m (¢=0) is the dry hydrogel mass (g) [2].

my(t) —m(t = 0)

DSt = — i =0

100 3)

Heavy metals adsorption

The adsorption experiments were performed in Erlenmeyer flasks
where ~0.040+0.001 g of each sample (biochar, neat hydrogel, and hydrogel com-
posites) were immersed in 40 mL of heavy metals solution (Cr®*, Cd**, Ni**, Mn?*,
Zn?**, and Cu*) containing 0.052+0.011 mmol/L of each. The systems were kept
under agitation (~150 rpm), pH 4.0-4.5, and room temperature (~25 °C). After
24 h, aliquots were collected, and heavy metal concentrations were determined by
ion chromatography (940 Professional IC Vario, Metrohm). All measurements were

@ Springer



Polymer Bulletin (2025) 82:4479-4503 4485

performed in duplicate. Removal efficiencies (%R) calculated from Eq. 4, where C,
is the heavy metal initial concentration (mmol/L), and C, is the heavy metal concen-
tration at equilibrium (mmol/L) [4].

(G -C.)

%R =
) Co

.100 “)

Results and discussion
Biochar (Bc)
FTIR

FTIR is a technique widely used to identify the composition of lignocellulosic mate-
rials and the chemical structure of their constituents: cellulose, hemicellulose, and
lignin. This technique allows the detection of changes in the chemical structure
of these materials, which can occur either due to natural causes, such as aging or
caused by chemical treatments [23].

The FTIR results were compared with results obtained in the literature to deter-
mine the main bands found in the FTIR spectra of eucalyptus sawdust fiber (treated
and pure), and their possible attributions are presented in Table 1.

Figure 2 presents the FTIR spectra of the eucalyptus fiber after treatment with
biochar, and it was possible to notice important changes that suggest the impact of
treatment on the chemical composition of the eucalyptus fiber. This method proved
to be “aggressive,” degrading most of the cellulose and hemicellulose present in the
pure eucalyptus fiber. The disappearance of hemicellulose and cellulose is a posi-
tive aspect, since the objective of this work is the extraction of lignin; however, it is
extremely important that the chemical structure of lignin remains unchanged so that
its subsequent applications are successful and that its properties remain unchanged.
However, due to the intensity of sulfuric acid, the peaks located in the 1650-1647
and 12601235 cm™ intervals related to lignin also underwent significant changes
after treatment with biochar.

The peak ranges 3800-3000, 1735-1730, 1462-1457, 1370-1365, 1160-1155,
900-896, and 835-830 cm™!, related to the presence of cellulose and hemicellulose,
disappeared in the spectrum of fiber treated with sulfuric acid (Fig. 2a), indicating
degradation and disturbance of its chemical structures. Cellulose may have suffered
a rupture of its intramolecular hydrogen bonds, which characterizes the changes
caused in its crystalline structure [31]. The peaks in the intervals 1650-1647 and
1260-1235 cm™! were considerably impacted, presenting a reduction and shift,
which may indicate a loss of lignin and changes in its chemical structure (Fig. 2b).
Since other lignin-related peaks remain unchanged, lignin is still present in the
structure after treatment, but the structural changes in lignin and the decrease in
process yield are points of attention for the procedure. Overall, the biochar method
showed satisfactory results for the proposed preparation of biochar based on lignin,
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Fig.2 a FTIR spectra of eucalyptus fibers before and after treatment with biochar, highlighting the main
lignocellulosic peaks, b characteristic peaks of lignin impacted during the treatment with biochar

since most of the peaks related to cellulose and hemicellulose were not identified in
the FTIR spectrum of the fiber subjected to this chemical treatment.

SEM

The micrographs that present the eucalyptus fiber sawdust and lignin biochar are
presented in Fig. 3. An interesting aspect observed in the microstructure of the fiber
after treatment with sulfuric acid was the appearance of pores on its surface, mak-
ing it rough and porous. This porosity can be explained by the cellulosic degrada-
tion capacity of the method since, as observed through the FTIR analysis, several

Fig. 3 Micrographs obtained by SEM: a eucalyptus sawdust and b biochar
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characteristic peaks related to cellulose and hemicellulose were not detected in the
post-treatment biochar, as well as some peaks related to lignin. Therefore, their
respective chemical structures probably underwent important changes, resulting in
the appearance of pores in the fiber surface area. There is a possibility that an acti-
vated lignin biochar was created due to this porosity [32].

Biochar is a solid carbon-rich product obtained through the pyrolysis of lignocel-
lulosic materials from plant residues. It is black and similar to natural coal, both
physically and chemically, presenting high carbon content, low nutrient content,
large surface area, and good cation exchange capacity compared to in-natura bio-
mass [33]. Literature results indicate that the morphological structure of biochar is
essentially porous, due to water losses in the dehydration process and the release of
volatile constituents from the carbon matrix [32-34]. The amount of pores and their
size are directly linked to the origin of the biomass used in the biochar production
process [32].

There is a wide range of possible applications, such as carbon sequestration from
soils, absorption of contaminants and nutrients, improvement in soil fertility, among
others [33]. Therefore, creating an activated biochar proved to be an interesting
application of the lignin extractive process through the use of biochar.

Thermal stability

TGA of the samples allows obtaining information related to the loss of mass with the
progressive increase in temperature, and from this information, it is possible to carry
out a qualitative analysis of the constituents of the eucalyptus fiber. The first deriva-
tive of the TGA curve (DTG) allows for a better observation of mass decreases, as
its signal causes noticeable and easily visualized changes [35].

Figure 4 shows the TGA/DTG curves for eucalyptus sawdust that underwent
chemical treatment with biochar. As shown in the literature, three main ranges
of thermal degradation are observed. However, unlike what was shown by Lopes
(2018), these bands are much smoother, making it difficult to identify them. The first
range is related to the dehydration process of the material, the second to the ther-
mal degradation of hemicelluloses, and to a lesser extent, of lignin and the third to
the degradation of lignin. According to Lopes (2018), the Ty, for lignin obtained
through this method is approximately 425 °C, a value very close to that obtained
experimentally (432.2 °C) and which can be observed in Fig. 4.

Tejado and collaborators showed that using lignin in the production of phe-
nol-formaldehyde (PF) resins increased the temperatures for the thermal decompo-
sition of the samples, expanding the thermal range of application of these modified
samples [36]. This result indicates that lignin needs more energy to be volatilized
than cellulose and hemicellulose due to its strongly condensed aromatic structures.
Therefore, Ty;5x is higher for samples that contain large amounts of lignin, which is
in agreement with what was found in the literature.

The biochar presented TGA/DTG curves different from eucalyptus sawdust.
Tyax underwent a large increase, which indicates the higher presence of lignin in
the samples and suggests cellulose and hemicellulose degradation during treatment
since lignin has a higher maximum degradation temperature, around 370-400 °C.
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Fig.4 a Thermal behavior of eucalyptus sawdust fiber samples before and after treatment with biochar,
with T o, and Ty;,x values highlighted, b inserts are corresponding DTG curves

These results confirm the success of the work’s first stage, related to removing cellu-
lose and hemicelluse in residual forest biomass to produce biochar based on lignin.

Cellulose hydrogels containing biochar
FTIR

FTIR analysis was performed to compare the composition of cellulose hydrogels
with and without biochar (Bc) to identify vibrational modes of bonds, chemical
groups, and material modifications. The spectra of all samples showed great simi-
larity, as seen in Fig. 5. The band 3338 cm™' was found for all hydrogel samples
and is related to hydroxyl groups O-H characteristic of polysaccharides [37, 38]. As
these bonds are commonly found in the crystalline structure of cellulose, it can be
said that the appearance of this peak indicates its presence in the three-dimensional
structure of hydrogels. The bands 2916 cm™!, 2887 cm™!, and 2848 cm™! (Fig. 5b)
are related to the presence of C-H bonds, which are also commonly found in poly-
saccharides, related to the cellulose structure.

Figure 5c shows a series of bands typically associated with cellulose present
in the region between the peaks 1650 cm™' and 890 cm™'. The peaks 1644 cm™!,
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Fig.5 a Spectra of hydrogel samples. Characteristic peaks found in the regions: b 3500-2800 cm~! and
¢ 1650-890 cm™

1370 cm™', 1315 cm™, 1265 cm™, 1200 cm™', 1154 cm™', 1020 cm™', and
896 cm™! correspond to the stretching and bending vibrations of —CH, and —CH,
—OH, and C-O bonds of cellulose [38—40]. Therefore, the spectra of the hydrogels
were similar, without significant chemical changes related to the inclusion of Bc, not
compromising the hydrogel crosslinking process. Moreover, no characteristic peak
from biochar was observed, possibly due to the low concentration and overlapping
with peaks observed on pure cellulose hydrogel. Therefore, the inclusion of biochar
in the hydrogel structure will probably impact the water absorption and interaction
with target contaminants due to the functional groups present in biochar and its
higher porosity [41].

SEM/EDS

The micrograph obtained for the pure sample (Fig. 6a), without adding Bc, showed
a smooth surface, without particle deposition, with some wrinkles, and with the
presence of some pores, not very well defined. On the other hand, the micrographs
obtained for the samples with the presence of Bc (Fig. 6b—d) showed microstructures
with more irregular, rough, and porous surfaces, desirable characteristics for the
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Fig. 6 Micrographs obtained by SEM of hydrogel samples: a cellulose, b cellulose-Bc—1 wt%, ¢ cellu-
lose-Bc—3 wt% and d cellulose-Bc—35 wt%

adsorption of heavy metals since the presence of pores and irregular regions favor
the diffusion of ions to their internal regions [42]. Akl, Zaki, and ElSaeed observed
similar microstructural characteristics for hydrogel composites with the addition of
biochar, with favorable results for uranium adsorption by these materials [38].

For the cellulose-Bc 3% sample (Fig. 6¢), the presence of pores is more evident,
with many cavities. For the cellulose-Bc 1% and 5% hydrogels, on the other hand,
the presence of porous regions is less evident, with the appearance of some small
cavities dispersed on the surface of the material. In addition to the appearance of
pores, it is possible to notice in the samples with the addition of Bc the deposition
and dispersion of this material on the surface of the hydrogels since there is the pres-
ence of small particles observable in their micrographs (Fig. 8b—d). The dispersed
presence of these particles may indicate a better adsorption capacity for these hydro-
gels since the greater presence of active sites on the material’s surface is positive for
the removal of metal ions [42].

The EDS spectra were obtained to identify the chemical composition on the bio-
char, neat hydrogel, and its hydrogel composites, before and after heavy metals sorp-
tion (Fig. 7). According to the EDS technique, all samples before sorption showed
only carbon and oxygen with element percentage of 54.54 and 45.46%, 59.40 and
40.60%, and 72.02 and 27.98% for cellulose, cellulose-Bc 5%, and Biochar, respec-
tively. Furthermore, gold was detected in the chemical composition of the samples,
due to the pre-treatment that the materials are subjected to for SEM/EDS analyses.
The chlorine element was not detected in the hydrogel spectrum, which indicates
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Fig.7 EDS spectra of neat hydrogel, biochar, and its composite hydrogel before and after sorption of
heavy metals at 1500x magnification
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Fig. 8 Hydrogel diffractograms of cellulose hydrogel containing lignin biochar
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that washing them after crosslinking with epichlorohydrin removed the reaction res-
idues. After sorption, copper, nickel, zinc, manganese, cadmium, chromium, besides
carbon and oxygen, were verified on the materials surface. This confirms that the
metals were adsorbed on the surface of the materials.

XRD

Figure 8 presents the diffractograms obtained for the hydrogels. It is possible to
observe very similar patterns for all samples, indicating the non-appearance of sig-
nificant changes in the materials’ crystalline structures after adding Bc. Two clear
peaks were identified: one of greater intensity at 20.2° and one of lesser intensity
at 11.6°. The peak at 20.2° is possibly related to the amorphous phase of cellulose
present in the structure of hydrogels [39, 43, 44]. The peak located at 11.6° is also
related to crystalline planes associated with cellulose, as indicated by literature [45].
Thus, the limited number of peaks and the presence of amorphous phases associated
with cellulose and wider bands may indicate a relatively poor crystallinity of the
materials [2].

Furthermore, the non-appearance and non-disappearance of peaks after Bc addi-
tion may be related to good dispersion of this material in the three-dimensional
(3D) structure of the hydrogels [39], probably because the fillers were well mixed
and adhered to the cellulose chains, indicating that the biochar particles were well
trapped within the hydrogel network [46]. This hypothesis would also support the
non-observance of Bc peaks in FTIR analysis.

BET

Figure 9 displays the nitrogen adsorption—desorption isotherms for three selected
samples based on their removal efficiency: lignin biochar, pure cellulose hydrogel
without dispersed phase incorporation, and cellulose hydrogel with the addition of
5 wt% biochar. According to the International Union of Pure and Applied Chemistry
(IUPAC) classification, these isotherms can be categorized as Type IV, due to the
presence of a hysteresis loop within the partial pressure range of 0.1-0.99. This indi-
cates that the materials exhibit mesoporous characteristics, with pore sizes ranging
from 2 to 50 nm [47]. The shape of the hysteresis loop aligns with the IUPAC H3
classification, which is associated with materials featuring slit-shaped pores. Since
there is no defined capillary mechanism, the desorption curve does not fully close
the loop, leaving it open at the upper end [48].

Table 2 presents the values of surface area and micro- and mesopore volumes
estimated from the analysis. It can be observed that lignin biochar exhibited the
highest specific surface area (9.634 m?/g), followed by pure cellulose hydrogel
(8.168 m?/g) and the cellulose hydrogel with biochar addition (6.630 m?/g). The
biochar showed a relatively small surface area compared to other results reported
in the literature, which may be attributed to the relatively low temperature used in
its synthesis process [49, 50]. However, for the specific application of removing
potentially toxic metal ions, not only the specific surface area contributes to the
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Fig.9 Adsorption and desorption isotherms curves for the following samples: biochar (a), cellulose (b)
and cellulose-Bc—5 wt% (c¢)

adsorption process but also other critical factors such as the availability of func-
tional groups on the surface that can interact with the contaminants [50].

The decrease in specific surface area from the pure hydrogel to the hydrogel
with biochar addition can be explained by the potential filling or blocking of the
material’s pores caused by the incorporation of the dispersed phase [49]. The
high mesopore volume in the biochar indicates that this material is predomi-
nantly mesoporous, exhibiting a more open and porous structure compared to
the pure cellulose hydrogel. In contrast, cellulose hydrogels displayed a higher
volume of micropores (smaller than 2 nm), which were partially filled upon the
addition of biochar.

Table 2 Specific surface area (Szgy), micropore volume (V,;) and mesopore volume (V,,.) of prepared
samples

Samples Isotherm type  Sppy (m%/g) Vi (cm’/g) Ve (cm/g)
Biochar v 9.634 0.062 0.889
Cellulose v 8.168 0.099 0.700
Cellulose-Bc v 6.630 0.065 0.587

5%
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Fig. 10 Thermal behavior of hydrogel samples. The inserts are corresponding DTG curves

Thermal stability

The thermal behavior presented by the hydrogels (Fig. 10) was similar for all
samples. A distinct mass loss event was observed around 100 °C, where water
evaporation events due to hydrogen bond breakage are usually located [6, 51].
This event was evident for the cellulose-Bc—3% hydrogel, with a clear mass
variation in this region, while for the other samples, it was almost impercepti-
ble, with a much smaller mass variation. This observed difference endorses the
hypothesis of a higher water concentration in this sample.

A considerable weight loss event could be observed for the hydrogels at
Tyiax> Where the decomposition rate is maximum, related to the total breakage
of the main chain and the crosslinked matrix [6]. Ty;sx values were similar for
all samples in Table 3, found in the 334.7-349.3 °C range. This result may indi-
cate that adding Bc did not significantly alter the thermal stability of the hydro-
gels, keeping Ty;,x values close. However, it can be seen that the presence of Bc
causes a gradual decrease in Ty;,x. Therefore, for higher concentrations of Bec,
the temperature required to degrade the samples is lower.

Water absorption

The water absorption capacity of hydrogels is one of the main characteristics
of this type of material, allowing a wide range of applications in various areas of
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Table 3 Temperatures after

Sampl Tio0 (°C T, °C
initial decrease of 10% by mass ampres 10z (O wax (°C)
and maximum temperatures for Cellulose 193.8 3493
sample degradation ) ’

Cellulose-Bc 1% 169.9 343.6

Cellulose-Bc 3% 135.2 342.6

Cellulose-Bc 5% 196.6 334.7

engineering, such as biomedical applications, development of intelligent materials,
advances in hygiene and health products, and improvements in agricultural produc-
tion [2, 52]. Because they have a three-dimensional (3D) polymer structure with
crosslinked hydrophilic chains, when in contact with water, instead of dissolving,
the hydrogels swell and absorb the liquid, keeping it in their structure [53].

This behavior can be explained by the presence of functional groups such as
—NH,, -OH, -COOH, —-SO;H in its structure, which when undergoing a crosslink-
ing reaction, ensure stability and prevent dissolution [52]. Furthermore, due to the
porous structure, the osmotic pressure induces water diffusion into the material,
where water-binding molecules can perform polar or hydrophilic interactions with
the polymer chains [52, 54]. The swelling ratio (SR) determines a material’s abil-
ity to absorb a certain amount of solvent over time by analyzing the increase in its
volume [53]. It is possible to observe in Fig. 11 the swelling ratio for the hydro-
gels produced, highlighting the pure hydrogel, with a higher absorption capacity of
357.9%. The hydrogel with the addition of 1% Bc showed a SR very close to the
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Fig. 11 Swelling ratios of the cellulose hydrogels containing different contents of lignin biochar
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pure hydrogel, of 348.4%, while the other hydrogels with higher percentages of Bc,
3 wt% and 5 wt%, showed lower SR values, 290.7% and 314.2%, respectively.

Cellulose and cellulose-B¢c 1% hydrogels presented a SR difference of 9.5%,
while cellulose-Bc 3% and 5% hydrogels showed a difference from pure cellulose
hydrogel of 67.2% and 43.7%, respectively. One hypothesis is that adding filler gen-
erally reduces the material’s elasticity and increases its stiffness, resulting in lower
water absorption values [55]. That is directly related to the degree of crosslinking
of the hydrogel, a parameter responsible for providing information about the stabil-
ity between the chains of the hydrogel’s polymeric network, and consequently, the
material’s mechanical properties, such as hardness [56]. Salmaso et al. [57] studied
the relationship between the concentration of hexamethylated cyclodextrins (CD) as
a crosslinking agent and the degree of intumescence of hydrogels and found that for
higher concentrations of CD, the stiffness of the material increased, and the degree
of intumescence decreased.

In addition, the decreased absorption capacity may be related to the possible pres-
ence of hydrophobic groups in the structure of Bc, responsible for repelling the dif-
fusion of water into the material. According to Mao, Zhang, and Chen, producing
biochar at lower temperatures may increase the presence of aliphatic groups in the
biochar’s pores by increasing the material’s hydrophobicity [58]. However, it should
be noted that even with a decrease in the absorptive capacity of the hydrogels with
the presence of Bc, the SR achieved by these materials were relevant and indicated a
good absorptive capacity.

Heavy metals adsorption

The adsorption method is widely used to remove heavy metal ions from wastewater
since this process has numerous advantages compared to other techniques, such as
simplicity, low cost, flexibility, and operational convenience [42, 59]. The use of
biochar as an adsorbent has been widely studied due to active sites favorable to the
adsorption process in its structure that enable ion exchange, such as hydroxyl, car-
boxyl, and amino functional groups. Biochar can be obtained from different materi-
als, such as bamboo, rice straw, and sugarcane bagasse, and its adsorption capacity
varies according to the source and its active groups [60]. Sadeghi et al. [37] devel-
oped polyacrylamide-rice husk biochar composite hydrogels and evaluated their role
in removing phenols from contaminated water. The results obtained indicated excel-
lent adsorption for phenol and p-nitrophenol. Another research related to the adsorp-
tive behavior of biochar was conducted by Li and Chen, in which the adsorption of
cadmium from contaminated water by polyacrylamide-biochar composite hydrogels
was studied. The results were positive, with higher cadmium concentrations retained
by the hydrogels with higher concentrations of biochar [40]. The binding of heavy
metal ions to the adsorbent surface may occur due to a physical (physical adsorp-
tion) or chemical (ion exchange, coordination and/or electrostatic) interaction [58].
Like biochar, hydrogels have an excellent adsorption capacity due to the pres-
ence of hydrophilic chains, which can act as complexing agents for removing
metal ions, the presence of active sites and porosity in their structure [42]. Thus,
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Fig. 12 Adsorption of heavy metals (Ct®*, Cd**, Ni**, Mn?*, Zn**, and Cu.2*) by biochar, neat hydrogel,
and hydrogel composites (C,=0.052+0.011 mmol/L of each, dosage of 1.0 g/L, pH 4.0-4.5, and T=
~25°C)

B oo - ool

the formulation of a composite material using hydrogel as a polymeric matrix for
the dispersion of biochar appears as a potential alternative to increase the sorp-
tion capacity of metal ions since there is an increase in sorption sites on the sur-
face of the structure [42]. To evaluate the adsorption potential of the hydrogels
produced, a selectivity test was performed using solutions with the presence of
heavy metals, among them chromium hexavalent, a highly toxic, mutagenic, and
carcinogenic metal [61].

Cr*, Cd**, Ni2*, Mn?*, Zn®>*, and Cu** ions adsorption efficiencies by neat
hydrogel, hydrogel composites, and biochar are shown in Fig. 12. It is interesting
to note that proposed hydrogel composites exhibited an increase in removal effi-
ciency for Cu®* (14.25% for cellulose to 60.57% for cellulose-Bc 5 wt%) and Cr®*
(8.48% for cellulose to 44.99% for cellulose-Bc 5 wt%). In comparison, biochar
showed removal efficiency of 80.57 and 67.31% for Cu** and Cr®*, respectively,
under the same operational conditions. Regarding divalent cations (Zn**, Cd*,
Ni%*, and Mn*") uptake, a lower removal efficiency (lower than 20%) was obtained
for developed hydrogel composites, while for biochar there was a low removal per-
centage for Cd** (33.49%), followed by Zn>* (28.99%), Ni** (27.73%), and Mn>*
(17.62%). This result shows that adding biochar to the cellulose hydrogel improved
the removal of heavy metals, mainly Cu?" and Cr®". Li and Chen [60] also showed
that the addition of biochar at mass concentrations of 1, 3, and 5 wt% in the structure
of polyacrylamide hydrogels increased their adsorption capacity by 23.9%, 139.5%,
and 157.2%, respectively, values much higher than those achieved by the samples of
cellulose hydrogels with the addition of Bc. Another important fact was the observa-
tion that for larger amounts of Bc in the hydrogels, the sorption capacity increases,
indicating important participation of Bc in the adsorption process.

@ Springer



Polymer Bulletin (2025) 82:4479-4503 4499

The high removal of Cu?** and Cr®" by biochar and hydrogel composites may
be related to the combined mechanism of electrostatic interactions or electrostatic
interactions followed by reduction [62]. In this mechanism, the oxyanions of Cr®*
(Cr0,*~, Cr,0,>~, or HCrO*") are reduced to Cr** trivalent cation due to electron
donor groups present in the structure of biochar and hydrogel composites [63]. This
chemical species with less toxic potential, in turn, competes with the divalent cati-
ons (Cd**, Ni**, Mn**, Zn**, and Cu®") in solution for the active groups of biochar
and hydrogel composites. The greater removal rate of Cu?>* concerning the other
metal cations can be explained by the binding strength parameters (e.g., electron-
egativity and covalent character), favoring the coordination of the complexes formed
between the functional groups of biochar-hydrogel composites and Cu* [64, 65].

Finally, to optimize this process, one of the alternatives is the chemical modi-
fication of the functional groups present in the biochar, improving the interaction
capacity between its surface and the metallic ions [59]. Furthermore, in future stud-
ies, it is suggested to adjust the test conditions such as pH, temperature, metal ions
concentration, and contact time, to obtain better adsorption results and to know the
necessary parameters for the process viability in scale-up [39].

Conclusions

The extraction method, with an emphasis on lignin biochar production, showed
promising results, allowing the obtainment of a porous and highly stable material
with the potential to adsorb heavy metal ions from water. The material’s surface area
is relatively large (9.634 m%/g), which can provide more functional groups for inter-
action with metal ions. Incorporating biochar into cellulose hydrogels resulted in a
material with a greater presence of pores, as observed from the BET characteriza-
tion, while maintaining a water absorption capacity similar to that of pure cellulose
hydrogel. The potential for removing Cu®** and Cr®" oxyanions was demonstrated,
with higher biochar content leading to greater removal capacity. Therefore, the
results highlight a new application of eucalyptus residues for developing materials
that can potentially mitigate the environmental impact of toxic elements. Moreover,
using biopolymers is advantageous due to their abundance, low cost, and function-
alization possibilities, enabling the development of highly efficient and environmen-
tally friendly materials.
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Abstract

The aim of the present study was to synthesise and characterise innovative pectin/pine sawdust/magnetite composite mem-
branes as potential sorbents for the purification of water contaminated with color pollutants. Methylene blue (MB) was
employed as the pollutant model for sorption. Fourier-transform infrared spectroscopy (FTIR) was performed to analyse
the formation of crosslinked membrane chains and confirm the sorption processes of the dye molecules. Thermogravimetry
(TGA) and derivative thermogravimetry (DTG) indicated that the polymer matrix is stable at low temperatures and begins
to degrade at temperatures above 250 °C, whereas X-Ray diffraction (XRD) patterns confirmed crystalline and amorphous
regions. Mechanical assays confirmed an increase in the modulus of elasticity and tensile strength of the biopolymer
membranes after incorporating PS. Moreover, a reduction in mechanical deformation was found after the incorporation of
Fez0,. Pollutant separation experiments were performed in a pH range from 3.0 to 10.0 with initial pollutant concentra-
tions of 5 to 25 mg L ™! and separation times from 1 to 3050 min. Higher sorption capacity was found after 1800 min with
an initial pollutant concentration of 20 mg L™! and pH 10.0. The best isotherm fit was found using the Redlich-Peterson
model, with fits using the Langmuir model depending on the experimental conditions. The best kinetic fit was found using
the pseudo-first-order or pseudo-second-order models at pH 3.0, with differences in more alkaline solutions. The pectin-
based composite membranes proved to be viable options for the purification of wastewater from industry using dye and
could also be tested for the photodegradation of organic pollutants in water due to the presence of Fe;0O,.

Keywords Membrane - Sorption - Separation - Pollutant - Color compounds - Composite

1 Introduction

The severe shortage of drinking water is one of the most
significant global challenges of the 21st century [43, 71].
According to a World Health Organization (WHO) report,
more than 50% of the world’s population will lve in areas
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Due to operational limitations, conventional wastewa-
ter treatment methods are inefficient in removing many
types of organic pollutants from aqueous solutions [69].
Thus, the scientific and industrial communities have made
efforts to develop alternative wastewater treatment methods
and ensure the quality of the water consumed by humans
and animals. Currently, the main conventional wastewater
treatment methods are coagulation, flocculation [68], ion
exchange [41], flotation [44], biological processes [2], and
sorption [65]. Limitations for the large-scale applications
of these methods include the high cost, low efficiency, the
production of secondary waste, and environmental impacts
[11]. Filtration processes using natural polysaccharide-
based membranes or photodegradation processes using
membranes containing photocatalysts are viable options for
the treatment of wastewater with less environmental impact
compared to conventional methods [60, 61]. Wastewater
treatment with the use of membranes offers the advantages
of energy efficiency, low cost, easy maintenance, compact
construction, and high separation efficiency [63]. However,
synthetic polymers, such as polysulfone, polyimide, nylon,
polyacrylonitrile, and polyvinylidene fluoride [31, 43],
are not renewable, biodegradable materials and generate
secondary pollution after real-world applications [8]. Pec-
tin-based membranes could overcome this problem, mini-
mizing the environmental impact due to the fact that pectin
is an environmentally friendly biopolymer [4].

Pectin is a structural acidic heteropolysaccharide obtained
from the methylation of polygalacturonic acid, which has
high gelation and expansion capacity. This polysaccharide
is obtained from citrus peel extract and is widely employed
in the food industry [29]. Pectin-based membranes are also
effective at sorbing dyes and metal ions due to the single
-COOH bonding groups and single -OH bonding groups
[36]. Membranes were prepared by electrospinning with
polyvinyl acetate as a supporting polymer and starch in a
green solvent (water) and used to remove methylene blue
(MB) from aqueous media. Due to its high stability (based
on the tensile test), the manufactured membrane could be
used as a filter for the rapid separation of MB (cationic
dye) and methyl orange (anionic dye) [47]. A poly (vinyl
alcohol)/carboxymethyl cellulose/halloysite membrane
was developed for the effective sorption of cationic dyes.
This membrane demonstrated excellent removal efficiency
(99.5%) for MB under ideal conditions (nanoclay 6 wt %,
initial dye concetration of 10 ppm, contact time of 240 min,
pH 10, and temperature of 30 °C) [64]. It is important to
highlight that pectin over other bio-based polymeric materi-
als in dye removal is highly competitive [53]. Its high sorp-
tion efficiency, ease of process, and cost-effectiveness make
it an advantageous choice [46]. Furthermore, according to
Tischer et al., [78] its eco-friendly nature, derived from
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renewable natural sources, and its capacity for extended
useful life and recyclability highlight it as a sustainable
solution for environmental pollution challenges [78].

The crosslinking of biopolymer-based membrane chains
is an approach employed to improve the physical proper-
ties and mechanical stability of the membrane with the aim
of preventing the disintegration of the polymeric matrix in
aqueous media. The crosslinking of pectin with calcium
ions leads to the formation of strong membrane chains that
can absorb large amounts of water without dissolving [67].
Membranes crosslinked with calcium ions are efficiently
synthesized using pectin with a low degree of esterifica-
tion (DE) (lower than 50%), as pectin with estrification
higher than 50% does not have enoughacid groups to form
a gel or precipitate with calcium ions [48]. Low DE pectin
can be produced by de-esterification using ammonia in an
alcoholic medium. The resulting pectin has amide groups
that play an important role in gel formation, contributing
to the texture and tensile strength of the final biomembrane
[5]. Membranes must have good stability and reusability.
Regeneration capacity is an important aspect to evaluate
in reusing membranes in sorption processes. Membrane
reutilization in different processes can be explored through
sorption-desorption recycling experiments [88].

Composite membranes prepared by incorporating sor-
bent inorganic or organic nanomaterials into the membrane
structure are alternative solid supports for removing pol-
lutants from water [36]. For instance, the incorporation of
natural nanofiber containing a high content of lignin, cel-
lulose, and hemicellulose favors the crosslink density, pore
size, sorption capacity, and mechanical resistance of the
final biomembrane [75] due to higher reactive surface area
[11], whereas the incorporation of metal oxide nanoparti-
cles, such as magnetite (Fe30,), favors the application of the
final biomembrane in photodegradation studies [25].

In this study, we developed novel pectin-based compos-
ite membranes containing pine sawdust (PS) and FegO,,
offering an innovative approach for removing pollutants
from the wastewater of industries that employ dyes. PS was
chosen because it is an abundant, low-cost, biodegradable
byproduct with a large surface area, which enhances the
chemical sorption capacity [20]. FesOs was chosen because
it imparts magnetic properties to the composite biomaterial,
facilitating membrane recovery and reuse, in addition to aid-
ing in pollutant removal via sorption [3]. To date, no author
has carried out a study with this specific dye system, fur-
ther emphasizing our research’s uniqueness and originality.
The MB pollutant model was used to evaluate the effective-
ness of the membranes. We evaluated membranes’ physico-
chemical, thermal, and mechanical properties with different
PS/Fej0O, contents. Furthermore, we consider the possibil-
ity of applying these membranes in the photodegradation
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of pollutants in water due to the presence of Fe;O, in their
polymeric structure. The results indicate that composite
membranes have the potential to be effective biomaterials
for the purification of industrial wastewater contaminated
with dyes. This promising approach opens new perspectives
for developing sustainable and efficient solutions for the
remediation of industrial effluents.

2 Experimental
2.1 Material

Citrus pectin (DE ranging from 70 to 85%) was purchased
from Biotec®, Brazil. PS was obtained from wood pallets
used to transport industrial packaging. The preparation of
PS (particle sizes around 850 um) was performed following
a method described elsewhere [36]. Fe;0, with an average
particle size of 50 nm were purchased from Fisher Scien-
tific®, USA. Calcium chloride dihydrate and ammonium
hydroxide were purchased from Dinamica®, Brazil. Ethyl
alcohol 99.5% (v/v) was purchased from inética®, Brazil.
MB (C,4H,4N5SC,.sH,0) was purchased from LabSynth®,
Brazil. Glycerol and other chemical reagents were pur-
chased from Sigma-Aldrich, Brazil.

2.2 De-esterification of pectin

2.0 g of raw pectin was dispersed in 100 mL of 65% (v/v)
ethanol containing 2.3 g of ammonium hydroxide. The mix-
ture was placed in a closed flask and left under magnetic
stirring (IKA® C-Mag) at 900 rpm for 180 min at 25 °C.
The solid/liquid mixture was then filtered with a filter paper
(Whatman®) and the remaining solid residue was washed
with 65% (v/v) ethanol to remove free ammonia. This solid
was washed again with 99.5% (v/v) ethanol and dried in a
vacuum desiccator (Sigma-Aldrich® Z740644) for 24 h at
room temperature. The dried pectin was then ground using
a knife mill (IKA® A11) prior to characterization and use.

2.3 Determination of degree of esterification

Pot potentiometric titration determined the DE of commer-
cial pectin and de-esterified pectin. For such, 2.0 g of pectin
was dispersed in 20 mL of distilled water. This solution was
left under mechanical stirring at 900 rpm for 2 h. The pec-
tin solution was then titrated with an aqueous solution of
sodium hydroxide (NaOH) 0.1 mol L™! in the presence of
phenolphthalein as the acid-base indicator, and the results
were recorded as initial titration (T;). To saponify the esteri-
fied carboxyl groups of the polymer, 10 mL of an aqueous
solution of NaOH 0.1 mol L™! was added to the neutralized

pectin under constant stirring at 900 rpm for 2 h. Following
saponification, 10 mL of an aqueous solution of hydrochlo-
ric acid (HCI) 0.1 mol L™ was added, and the excess was
titrated with an aqueous solution of NaOH 0.1 mol L™!. The
NaOH volume spent in this titration (Tf) and the number
of esterified carboxyl groups was determined using Eq. (1):

T
Ty + Tt

DE (%) = x 100 ()

in which DE is the degree of esterification, T; is the NaOH
volume used in the initial titration, and Ty is the NaOH vol-
ume spent in the final titration.

2.4 Membrane preparation

Esterified pectin-based membranes were synthesized, as
shown in Fig. 1, following a method described elsewhere
[90] with adaptation for pectin. Briefly, 6 g of esterified pec-
tin was dissolved in 400 mL of distilled water. Next, 3.6 g of
glycerol and known proportions of PS (1, 3, 5, or 10% w/w)
were added. This mixtre was heated to 70 °C. Pre-crosslinked
was performed by adding 30 mL of a 1.0% CaCl, (w/v)
solution under constant stirring at a flowrate of 1 mL min ™!
manually controlled using a micropipette. Pre-crosslinking
was conducted for 90 min. Known contents of Fe;O0, (1, 5,
10, or 15% w/w) were then added to the still-hot pre-cross-
linked solution under constant magnetic stirring, and the
mixture was transferred to Petri dishes. These systems were
placed in a forced-air circulation oven (Famem®OQrion 515)
at 40 °C for 20 h. The formed membranes were immersed in
50 mL of 70% (v/v) ethanol solution containing 5% CacCl,
(w/v) for 30 min for complete crosslinking, washed with
distilled water, and dried in a forced-air circulation oven at
25 °C for 5 h. All membranes were stored in a vacuum desic-
cator for 72 h at 25 °C and low relative humidity. Different
membrane compositions (Table 1) were studied to achieve
satisfactory mechanical resistance for application in water
and wastewater treatment.

2.5 Characterization of membranes
2.5.1 Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a PerkinElmer Frontier
spectrometer (Spectrum 100, Perkin Elmer®, Inc. Mas-
sachusetts, USA) with attenuated total reflectance (ATR)
operating in the wavenumber range from 500 to 4000 cm !

with 32 scans per minute and resolution of 4 cm™'.
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Fig. 1 Illustrative scheme of synthesis method for pectin-based composite membranes
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Table 1 PS and Fe;0, contents in different pectin-based membranes

Samples PS (%) Fe30, (%)
MEO 0 0
ME1 1 1
ME2 1 5
ME3 1 10
ME4 1 15
MES 3 1
ME6 3 5
ME7 3 10
MES 3 15
ME9 5 1
ME10 5 5
MEI11 5 10
MEI12 5 15
ME13 10 1
ME14 10 5
ME15 10 10
ME16 10 15

2.5.2 Thermogravimetric analysis (TGA)

Thermal stability was tested using the PerkinElmer STA
6000 equipment. All samples were placed in alumina pans
and heated from 30 to 600 °C at a rate of 10 °C min ! ina
nitrogen atmosphere (20 mL min™?).

2.5.3 Mechanical assays

Tensile strength tests were performed using the Norwood
Instron 3367 (Instron Corporation, Norwood, MA) equip-
ment at room temperature following the ASTM D638-14
standard. For such, a 50-N load cell, test speed of 25 mm
min~!, and film thickness of 0.15+0.05 mm were employed.

2.5.4 X-ray diffraction (XRD)

XRD measurements were performed using a D8 Focus
diffractometer (Bruker AXS Advanced X-ray Solutions
GmbH, Karlsruhe, Germany), operating at 40 kV and
40 mA. Monochromatic CuKal radiation (A=1.54056 A)
at a step width of 0.01° and a counting time of 100 s at each
0.5°, from 26=10-70°, were employed.

2.5.5 Degree of swelling (DS)

The DS was determined by immersing 150 mg of dried
membrane pieces in 100 mL of distilled or drinking water
at room temperature. The DS (g of water per g of the dried
membrane [g g~']) was calculated using Eq. (2):

mg —m
DS = ——4 )

mgq

in which ms and md are the masses of the swollen and dried
membranes.

2.6 Separation assays

MB separation experiments were performed by immersing
150 mg of dried membrane pieces in flasks containing 50
mL of dye solution with different initial concentrations (5,
10, 15, 20, and 25 mg L™ !) and different pH values (3.0, 4.0,
6.0, 8.0, and 10.0). Similar experiments were performed
with pure Fe;0, employed in the membrane synthesis, to
evaluate the effects of magnetic material on the pollutant
sorption. The remaining dye concentration in the solutions
at specific time intervals was determined by UV-vis spectro-
photometry (Spectroquant® Prove 600, Merck) at a wave-
length of 664 nm. The dye sorption capacity (qe, mg g ') of
the membranes was calculated using Eq. (3):

_C0=Ce iy 3)

Ye m

in which m (g) is the mass of the dried membrane, CO and
Ce (mg L") are the initial and equilibrium concentrations of
dye in the solution, and V (L) is the volume of the solution.

2.7 Sorption kinetics

MB sorption kinetics were studied using a dye concentra-
tion of 20 mg L' and a membrane mass of 150 mg. The
pseudo-first-order kinetic model was employed to determine
whether the diffusion mechanism is dependent on dye con-
centration, whereas the pseudo-second-order kinetic model
was employed to determine the occurrence of dependence
between the amount of dye sorbed on the membrane surface
and the amount of dye at equilibrium [87]. These models
were selected due to their widespread acceptance and abil-
ity to provide insights into sorption mechanisms [30, 39].
The parameters of the non-linear pseudo-first and pseudo-
second-order kinetic models were determined by Egs. (4)
and (5), respectively:

q = q(1—e %) 4)
2
_ qeth
qt - 1+qek2t (5)

in which, g, (mg g!) is the sorption capacity of the mem-
brane at equilibrium, g, (mg g') is the sorption capacity
of the membrane at time t (min), k; and Kk, are the rate con-
stants (g mg ' min’ ).
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2.8 Sorption isotherms

The non-linear Langmuir, Freundlich, Sips, and Redlich-
Peterson isotherm models were employed to predict the
types of interactions between the membrane and dye.
According to the Langmuir model [38, 85], the sorption
mechanism occurs through the formation of a monolayer
and ideal sorbate distribution on the sorbent surface. In this
case, active sorption sites have equivalent energies on the
sorbent surfaces. The non-linear Langmuir isotherm model
is represented by Eq. (6):

s ©
L%Ve
in which, K, (L mg™") is the sorption/desorption rate, Cq
(mg L") is the equilibrium sorbate concentration, g, (mg
g ') is the maximum sorption capacity of the sorbent, and g,
(mg g ') is the equilibrium sorption capacity of the sorbent.
The non-linear Freundlich isotherm model [21, 85] is
employed for describing sorption processes with multilayer
formation and the non-uniform distribution of sorbates
on sorbent surfaces. In this case, the sorption sites in the
sorbent structures have different affinities. The non-linear
Freundlich isotherm model is represented by Eq. (7):

q, = KpCl/™ (7)

in which, K¢ (LY mg'™" g!) is the Freundlich sorption
constant, N is the number of active sites in/on sorbent struc-
tures, C, (mg L") is the equilibrium sorbate concentration,
and g, (mg g ') is the equilibrium sorption capacity.

The non-linear Sips isotherm model [74] is employed to
overcome the limitations of the Langmuir and Freundlich
isotherm models. This isotherm model is represented by

Eq. (8):

o QmsKSC:S 8
qe - 1+KSCES ( )

in which, ¢, (mg g") is the maximum sorption capacity of
the sorbate, K¢ (L™ mg™), ng is Sips constant, and g, (mg
g 1) is the equilibrium sorption capacity of the sorbent.

The non-linear Redlich-Peterson isotherm model [66]
assumes that monolayer formation on sorbent surfaces and
multisite interactions take place simultaneously during the
sorption process. Thus, this model exhibits properties of the
Langmuir and Freundlich models. The non-linear Redlich-
Peterson isotherm model is represented by Eq. (9):

AC,

e~ T4 BCE ®

@ Springer

in which, A (L mg ') and B (L mg )9 are Redlich-Peterson
constants, g is the Redlich-Peterson exponent, C, (mg L™)
is the equilibrium sorbate concentration, and ¢, (mg g ) is
the sorption capacity of the sorbent.

2.9 Error analysis

The reliability of the dye sorption results in the membrane
structures were evaluated using the chi-square statistical test
(x?), and coefficient of determination (R?) [56, 57]. The best
isotherm and kinetic fits were estimated by considering the
lowest 2 value and highest R? value. The two error func-
tions are represented by Egs. (10) and (11), respectively:

n (qeex — Qe )2
XtP=) e (10)

i=1 qe}p

2
Z (qe,exp - qe,p)

2
Z (qe}exp - qe,m)

R?=1- (11)

in which, Qgep (Mg g 1) is the experimental equilibrium
sorption capacity and (g, (mg g 1) is the equilibrium sorp-
tion capacity predicted from the model equations. g , isthe
average of g ey

3 Results and discussion
3.1 Membrane characterization
3.1.1 DE

The DE of the commercial pectin obtained by titration was
82.73%, confirming that this polysaccharide has high esteri-
fication (DE>50%). Hence, it does not have enough acid
groups for crosslinking with calcium ions and solubilizes in
water, hindering membrane/gel formation [48]. The yield of
the de-esterification reaction was 66% with a DE 0f 46.33%,
indicating a low DE polysaccharide. The de-esterified pec-
tin was efficiently crosslinked in the presence of calcium
ions during membrane synthesis, decreasing its solubility
in water. This increased the mechanical and thermal resis-
tance of the membranes, as observed in the mechanical and
thermal assays.

3.1.2 FTIR

FTIR spectra recorded before (Fe;O,) and after
(Fe30,4+MB) sorption studies of MB in Fe;0, can be seen
in Fig. 2. Overall, Fe;0, characteristic bands tend to appear
at ~3000, 1625, 1500, 1366, 1190, and 627 cm™", which are
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Fig. 2 FTIR spectra recorded before (Fe;0,) and after (Fe;O, + MB) sorption studies of MB in pure Fe;0,

related to O-H or N-H, C=0, C=C, C-N, C-O or C-N
and Fe—O groups, respectively [22]. By observing all exper-
imental results at wavelengths between 600 and 1200 cm ™!
(Fig. 2b), it is possible to identify small band shifts after
sorption studies of MB, with the appearance of signals at
~784, 721,693, and 668 cm™'. Moreover, pure Fe;0, peaks
shifted from 984.4 to 973.4, indicating intermolecular inter-
action between MB and Fe;O, during sorption. This inter-
action was confirmed by the sorption capacity discussed
throughout this manuscript.

Absorption bands found at ~3200 and 2950 cm ! in
Fig. 3 were associated with OH and C-H group stretching
vibrationsn the membrane structure [62]. The absorption
band at 1730 cm ™! corresponded to carbonyl group stretch-
ing (C=0) from methyl ester and COOH contained in the
pectin molecules [15]. The absorption band at 1149 cm™!
was assigned to COC vibrations from glycosidic rings,
which are commonly found in polysaccharide macromolec-
ular structures. The absorption bands at 1045 and 1076 cm ™
were assigned to the presence of arabinose, xylose, and
galactose in the pectin-based polymer chains [12]. As pectin
is a natural polysaccharide found in the walls of plant cells,
it has homogalacturonan (HG), xylogalacturonan, rhamno-
galacturonan type I (RGI), and rhamnogalacturonan type 11
(RGII) units [86]. This explains the strong absorption bands
at 1022, 1106, and 1149 cm™' due to CC, CO, CCH, and
OCH group vibrations [13]. The absorption bands at 830
and 763 cm™' suggest efficient crosslinking between pectin
and calcium [15].

Slight shifts were observed in the FTIR spectra after
adding PS and Fe;O, to the pectin-based membrane struc-
ture due probably to disturbances taking place during the
formation of new chemical bonds. An absorption band that
appeared at 542 cm™ ! was assigned to stretching vibrations
due to presence of tetrahedral and octahedral Fe-O cova-
lent bonds from Fe;O, [1]. Moreover, PS increased the free

hydroxyl peak intensities between 3200 and 2950 cm™' due
to presence of water bound to either OH groups of the pectin
or Fe;0, molecules [1]. This behavior was also observed in
the absorption band at ~1640 cm™'. The slight influence of
PS and Fe;0, incorporated into the membrane chains was
confirmed by recording non-bulky curves at wavenumbers
ranging from 1700 to 1550 cm™!, as shown in Figs. 1, 2, 3
and 4, 5 S (Supplementary Material). Overall, incorporating
PS and Fe;0, in the pectin-based polymer matrices altered
the OH vibration intensities, resulting in modifications on
the surfaces of lignocellulosic species. This, in turn, alters
membrane hydrophobicity, pollutant sorption capacity, and
electrical conductivity [40].

3.1.3 TGA and derivative thermogravimetry (DTG)

Thermal degradation of the membrane occurred in two main
stages of mass loss (Fig. 4) — one from 30 to 100 °C due to
the evaporation of physically adsorbed water [40] and the
second from 250 to 300 °C due to the degradation of pec-
tin macromolecules [17]. The pectin-based membrane ther-
mogram (MEO) revealed that thermal degradation of 10%
of the membrane chain (T, also the onset temperature)
occurrd at 97.2 °C. The onset temperature after the addition
of PS[1, 3,5, and 10% (w/w)] and FezO, [1, 5, 10, and 15%
(w/w)] increased~10 °C compared to the thermogram of
the pectin-based membrane, indicating an increase in ther-
mal stability after the anchoring of organic and inorganic
species in the polymeric matrix. Similar results have previ-
ously been found for pectin-based hydrogels containing PS
[15] and Fe30, [36]. A gain of ~20 °C was determined for
T nax 0 the composite membranes, confirming the increase
in thermal stability (Table 2). This new thermal pattern sug-
gests that PS and Fe;O, participate in crosslinking during
membrane formation. The composite membrane’s thermal
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Fig.3 aFTIR spectra for pectin-based membrane (ME0) and compos-
ite membranes containing 1% PS plus 1 (ME1), 5 (ME2), 10 (ME3),
and 15% (w/w) (ME4) FezO,. b FTIR spectra for composite mem-
branes containing 3% PS plus 1 (MES), 5 (MES6), 10 (ME7), and 15%
(w/w) (MES8) FezO,. ¢ FTIR spectra for composite membranes con-

properties are excellent for water and wastewater treatment
applications.

3.1.4 Mechanical assays

The MES and ME9 membranes had tensile strengths of
126.7 and 337.2 MPa, whereas maximum deformations
were 87.8 and 92.4%, respectively (Table 2; Fig. 5). Gains in
the elasticity modulus were also found in these membranes,
indicating that PS occupies empty spaces between pectin
and Fe;O, in the membrane structure, improving the filler
dispersion capacity. The gains in E and o,,,, (Table 2) sug-
gest possible physiochemical interactions among hydroxyl
groups of the pectin macromolecules and active sites of
the PS fibers. The formation of a percolated polymer chain
is responsible for increasing the rigidity of the membrane
[11, 15]. Higher Fe;O, contents decreased the mechanical
deformation of the polysaccharide membranes due pos-
sibly to nanoparticle aggregation, altering physiochemical

@ Springer

taining 5% PS plus 1 (ME9), 5 (ME10), 10 (ME11), and 15% (w/w)
(ME12) Feg0,. d FTIR spectra for composite membranes contain-
ing 10% PS plus 1 (ME13), 5 (ME14), 10 (ME15), and 15% (w/w)
(ME16) Fe;0,

interaction intensity, particle size, particle distribution,
and particle dispersion in the polymer chain. An improper
membrane preparation method favors nanoparticle agglom-
eration, contributing to the rupture of the material structure
[26]. Thus, inorganic nanoparticle dispersion in polymer
networks is particularly important in improving mechanical
resistance. This property is essential for applying polymer
membranes in water filtration processes, mainly when the
aim is to reuse the polymer material in successive filtration
cycles with high water flow [11].

3.1.5 XRD

The crystallinity of Fe;O 4 after sorption of MB (Fe;O,+MB),
and membranes was evaluated by X-ray diffractograms as
shown in Fig. 6. All the crystalline planes [(220), (311),
(400), (422), (511), (440)] in the 26 values equal to 30.3,
35.6,43.5,53.5,57.4, and 63.07° were assigned to the struc-
ture of Fe;O, [79]. Even after the sorption of MB, all six
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Fig.4 aTGA and DTG curves for pectin-based membrane (MEQ) and
composite membranes containing 1% PS plus 1 (ME1), 5 (ME2), 10
(ME3), and 15% (w/w) (ME4) Fe;O,. b Composite membranes con-
taining 3% PS plus 1 (MES), 5 (ME6), 10 (ME7), and 15% (w/w)

X-ray patterns did not change. Specific X-ray patterns were
observed in the composite membrane after incorporating
Fe;0,and PS. In this case, the amorphous regions decreased
compared to the membrane without Fe;O, and PS. The final
composite material can assess a synergy among magnetite,
PS and polysaccharide chains.

3.2 Separation studies
3.2.1 Degree of swelling

Figure 7 shows the degree of swelling of the pectin-based
composite membrane containing 3% (w/w) PS and 1%
(w/w) Fe30, in distilled water and drinking water at room
temperature. Swelling equilibrium occurred after 100 min
in both aqueous media, determining a low degree of swell-
ing. This indicates weak intermolecular interactions among

-

T
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(MES8) FejO,. ¢ Composite membranes containing 5% PS plus 1
(ME9), 5 (ME10), 10 (ME11), and 15% (w/w) (ME12) Fe50,. d Com-
posite membranes containing 10% PS plus 1 (ME13), 5 (ME14), 10
(ME15), and 15% (w/w) (ME16) Fe;0,

chemical groups and nonsignificant macromolecular relax-
ation of the polymeric structure of the membrane [16]. The
degree of swelling of the composite membrane was 2.24 and
1.93 g of water per g of dried membrane in distilled water
and drinking water, respectively. These values decreased
significantly with composite membranes containing higher
PS, different Fe;O, contents, and specific pH values of the
aqueous media (data not shown). This is due to the increase
in the crosslinking density of the polymer chains and the
presence of charged chemical species in aqueous media [27,
28]. The absence of salts in distilled water contributed to
higher water absorption capacity, as Na*, Mg?", Ca®*, H*,
Na*, and K* ions interact with anionic groups of the mem-
brane structure, decreasing electrostatic repulsion forces
among adjacent ionic carboxylic groups [91]. A higher con-
centration of cations in an aqueous solution leads to a lower
degree of swelling of the polymer membrane, as the amount

@ Springer
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Table 2 Thermal and mechanical assay results for pectin-based mem-
branes

Samples  Tensile Deforma  Elastic Tiow  Tmax
strength (c)  tion modulus (E) (°C) (°C)
(MPa) (%) (MPa)
MEO - - - 972 2578
MEI1 S1.1+1.6 166.7 + 201.3+1.5 70.6 283.0
1.3

ME2 1954+1.7 274+1.1 447411 789 273.0
ME3 2603+1.9 40.6+1.1 4488+1.6 769 286.0
ME4 178113 39.1+14 4452+12 854 267.0
MES 126.7+1.2 87.8+1.7 447.1+14 776 298.0
ME6 534+15 288+ 1.7 4883+15 823 267.0
ME7 189.3+1.6 478+1.7 4449+13 835 268.0
MES8 203.8+1.6 39.7+1.6 5482+1.6 80.2 279.7
ME9 3372+14 924+19 4505+1.8 84.6 290.8
ME10 91.8+ 1,1 67.1+13 4392+1.6 879 2553
ME11 292.1+1,5 57.0+1.7 4441+1.6 952 2781
ME12 171.1+19 38.6+1.6 4123+1.1 80.7 259.6
ME13 65.8+1.4 404+1.6 6464+13 790 2548
ME14 159114 767+12 718.0+1.8 894 277.0
MELS 778+ 1.8 36.9+1.4 4403+13 842 284.0
ME16 160.6 13 31.6+15 4458+1.7 80.5 267.0

Maximum tensile strength (6 ,,,,), deformation (%), and elastic modu-
lus (E)

of water absorbed depends on the amount of hydrophilic or
hydrophobic groups and pores sizes in/on the sorbent mate-
rial. This explains the low degree of swelling, especially
in composite membranes with high amounts of PS and
Fe;0, [91]. Based on the characterization studies, pectin-
based composite membranes are potential polymer matrices
for water and wastewater treatment. Thus, due to its per-
formance (Fig. 8), the pectin-based composite membrane
containing 3% PS and 1 wt% Fe;0, was tested as a model
material for the sorption and removal of MB from water.

3.2.2 Dye separation assays

Figure 9 shows the MB sorption capacity of the control
Fe;0, and composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe;0, as a function of time at pH 3.0, 4.0,
6.0, 8.0, and 10.0. The dye sorption capacity of the com-
posite membrane increased rapidly from 0 to 500 min due
to the high amount of available active sorption sites at the
beginning of the process, followed by a slight increase from
500 to 1500 min (sorption equilibrium) at all pH values. The
sorption rate decreases over time due to the saturation of
the polymer membrane structure [24, 59]. Saturation occurs
after the dye molecule is transferred from the aqueous solu-
tion to the boundary layer of the membrane and into the
pores. Sorption processes take place on/in available active
sites of solid sorbents due to interactions between positive
and negative ionic groups in polymer materials [89]. The

@ Springer

sorption capacity of the polymeric membrane ranged from
0.88 to 1.18 mg of dye per g of dried membrane at pH from
3.0 to 10.0 after 2000 min. Some authors obtained a sorption
capacity for MB dye of 0.75 mg g at pH 4 using a pectin
membrane [29]. Low sorption capacity is commonly related
to the amount of hydroxyl and carboxyl groups available
in the sorbent structure [35, 89]. Slightly higher sorption
capacities were found in aqueous media with alkaline pH
due to the ionization of carboxyl groups [18].

Although the effect of different membrane dosages was
not directly studied in this work, it is well established in
the literature that increasing the sorbent dosage enhances
the number of active sorption sites for interactions, thereby
improving the removal efficiency of chemicals from solu-
tions [6, 7, 45, 51, 72, 73, 77]. However, an increase in dos-
age can also reduce the sorption capacity per unit mass of
membrane, as the available dye molecules in the solution
become limited compared to the amount of sorbent mate-
rial, leaving sorption sites unsaturated. Similar behavior has
been reported for other sorbents, such as activated carbon
[72, 73], clay minerals [7, 51, 77], and magnetic composites
[6, 45].

Based on trends and the findings of the present study, one
can infer that a membrane dosage of approximately 150 mg
combined with an initial dye concentration of 20 mg L™
at pH 10.0 could offer optimal conditions for dye removal
from contaminated water. This makes pectin-based compos-
ite membranes potential matrices for water filtration and the
removal of dyes from textile wastewater, as textile effluents
commonly have a high pH value (around 10), which varies
with the source of pollution [55]. The sorption results of
dye in FegO, were similar to those found for membranes
in an acid solution, with slightly higher values an alkaline
solution. Fe;O, powder is a potential sorbent for removing
dyes from aqueous solutions; however, it is improper for
membrane-filtration processes. In view of this, Fe;O, was
incorporated into the membrane networks to achieve syner-
gic effects during membrane filtration. Moreover, magnetic
membranes can be recovered by applying an external mag-
netic field, as described elsewhere [58].

3.2.3 Sorption kinetics

Figure 10 shows the predicted and experimental non-linear
kinetics for the sorption of the dye in the pectin-based com-
posite membrane containing 3% (w/w) PS and 1% (w/w)
Fe;0,atpH 3.0 (a), 4.0 (b), 6.0 (c), 8.0 (d), and 10.0 (e). The
kinetic parameters are shown in Table 3. Sorption kinetics
of dye in pure Fe;0, can be seen in supplementary materials
(Fig. 6S and Table 1S). The pseudo-first-order kinetic model
is typically applied to study the occupation rate of active
sites during sorption assays. In this case, proportionality
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Fig. 7 Degree of swelling of pectin-based composite membrane con-
taining 3% (w/w) PS and 1% (w/w) Fez0, in distilled water and drink-
ing water at room temperature

occurs between occupied and unoccupied sites, suggesting a

sorption mechanism based on physical interactions between
the sorbent and sorbate [83, 84]. On the other hand, the
pseudo-second-order kinetic model assumes that the sorp-
tion rate is related to the square of the number of unoccupied
sites, suggesting a sorption mechanism based on chemical
interactions between the sorbent and sorbate. Both physi-
cal and chemical interactions are important when describ-
ing membrane filtration processes in water purification
systems [87]. Many kinetic models are empirical and do
not generate relevant information on mass transfer mecha-
nisms, whereas the pseudo-first-order and pseudo-second-
order kinetic models are useful for sorption processes. In
view of our main aim, other kinetic models were consid-
ered irrelevant to our results. In this study, the kinetic fit at
pH 3.0 could be explained by both pseudo-first-order and
pseudo-second-order models due to the similar correlation
coefficient (R?) and chi-square test (3?) values. Thus, the
best kinetic fit was defined based on predicted and experi-
mental ge values. As these values were similar using the
pseudo-second-order kinetic model, this model represents
the sorption kinetics of MB dye in pectin-based composite

Fig.8 Scheme illustrating membrane with best performance

b ¥

Fig.9 MB sorption capacity of a control Fe;0, and b composite mem-
brane containing 3% (w/w) PS and 1% (w/w) Fe;0, as a function of
time at pH 3.0, 4.0, 6.0, 8.0, and 10.0. Experimental conditions: initial
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dye concentration of 20 mg L™', membrane mass of 150 mg, and solu-
tion volume of 50 mL
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Fig. 10 Predicted and experimental non-linear kinetics for sorption
of dye in pectin-based composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe30, at pH 3.0 (&), 4.0 (b), 6.0 (c), 8.0 (d), and 10.0

membranes containing PS and Fe;O,. Other studies have
reported pseudo-second-order kinetic models to describe
the sorption of MB dye molecules [34, 42]. Different results
were found at higher pH values due to changes in the charge
in the polymeric structures. Changes in the pH values of
aqueous solutions tend to disturb the reaction equilibrium,
altering k;, and k, (sorption rates) values. This indicates that
the sorption process is governed by the number of reactions

(). Experimental conditions: initial dye concentration of 20.0 mg L™},
solution volume of 50.0 mL, and room temperature

occurring between the sorbate and sorbent [52]. The sorp-
tion kinetics of MB in the pectin-based membranes follow-
ing the pseudo-second-order model suggest that the sorption
rate-limiting step is a chemical reaction [30]. Thus, the dye
sorption was conducted by chemical reactions between the
sorbate and surface sites through covalent bonding [70].

@ Springer
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Table 3 Kinetic parameters for sorption of dye in pectin-based composite membrane containing 3% (w/w) PS and 1% (w/w) Fe;0, at different

pH values
Kinetic model Parameters pH
3.0 4.0 6.0 8.0 10.0
Pseudo-first-order model K, (min") 0.0089 0.0194 0.0097 0.0179 0.0071
Qe(mgg ™) 1.1809 0.8419 0.8827 1.0609 1.2014
R? 0.9898 0.8703 0.9113 0.9025 0.9677
Xz 0.0027 0.0131 0.0112 0.0175 0.0083
Pseudo-second-order model k, (107 min™) 0.0099 0.0368 0.0161 0.0228 0.0077
ge(mgg™h) 1.2621 0.8792 0.9343 1.1262 1.2920
R? 0.9891 0.9319 0.9448 0.9611 0.9817
$ 0.0029 0.0069 0.0070 0.0070 0.0047
3.2.4 Sorption isotherms
Y - il Figure 11 shows the isotherms for the sorption of MB in the

Fig. 11 Non-linear Langmuir, Freundlich, Sips, and Redlich-Peterson
isotherms for sorption of MB in pectin-based composite membrane
containing 3% (w/w) PS and 1% (w/w) Fe;O,. Experimental condi-
tions: sorption time of 2000 min, membrane mass of 150 mg, solution
volume of 50.0 mL, and pH 8.0

Table 4 Parameters of non-linear Langmuir, Freundlich, sips, and
Redlich-Peterson isotherms for sorption of MB using pectin-based
composite membrane containing 3% (w/w) PS and 1% (w/w) Fe;0,

Isotherm  Parameters Isotherm model  Parameters
model
Langmuir Q,(mg 0.8563 Freundlich Ky (L 05333
gh) mg ')
K, (L 13.189 Ng 65.067
mg ")
R? 0.7153 R? 0.7038
r 0.0541 v 0.0563
Sips Q,(mg 0.8189 Redlich-Peterson A 11.727
g (mg™)
Kg (L 12.905 B (L 12.753
mg ") gh
Ng 18.132 g 10.000
R? 0.7163 R? 0.8828
$ 0.0719 r 0.0021

@ Springer

pectin-based composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe3O,4. The isotherm parameters are shown
in Table 4. Two-parameter isotherm models (e.g., Langmuir
and Freundlich) and three-parameter isotherm models (e.g.,
Sips and Redlich-Peterson) are commonly applied to het-
erogencous and homogeneous sorption processes, provid-
ing a comprehensive description of interactions between the
sorbate and sorbent [80, 81]. Two-parameter isotherm mod-
els are simple and effective at describing sorption processes
with fewer variables, but may be useful in complex systems
with heterogeneous surfaces or varying sorption energies
[80, 81]. The formation of a monolayer on the membrane
surface was investigated using the Langmuir model,
whereas surface heterogeneity and the type of interaction
between neighboring sorption sites were considered with
the Freundlich model. Three-parameter isotherm models are
useful for describing sorption processes on heterogeneous
surfaces with different sorption energies and sites. The Sips
three-parameter isotherm model can be represented by the
Langmuir two-parameter isotherm model at low sorbate
concentrations, whereas the Redlich-Peterson three-param-
eter isotherm model combines properties of the Langmuir
and Freundlich isotherms in a wide sorbate concentration
range [50]. The Temkin and Dubinin-Radushkevich (D-R)
isotherm models were initially tested in this work, but had
poor fits, as determined by statistical assessment metrics,
such as R? and %2 (data not shown). Therefore, these models
were not employed to assess the results of this work. The
sorption capacity increased with the increase in the initial
dye concentration due to the increase in the driving force
of the concentration gradient, which accelerates the diffu-
sion of organic molecules from aqueous solutions to rigid
solid surfaces [76]. The sorption capacity increased slightly
to 0.788 mg g~! when the initial dye concentration increased
to 15 mg L', inferring the saturation of active sites of the
membrane network. Isotherm parameters were determined
using the optimization procedure employed by the solver
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add-in functions as well as trial-and-error optimization in
Microsoft Excel. Based on the R? and y* values, the best
isotherm fit was obtained using the Redlich-Peterson model,
suggesting that the sorption process is governed mainly by
multisite interactions [83, 84]. As the g value was 1, the
Redlich-Peterson model behaves similarly to the Langmuir
model [38]. Hence, monolayer formation occurs at low dye
concentrations with no physiochemical interactions between
the dye molecules sorbed at specific active sites and avail-
able neighboring active sites [18]. The maximum sorption
capacity ( ¢maqq) of pectin-based membrane for MB dye is
0.86 mg g ! at 298 K. This indicates that the pectin-based
composite membrane containing PS and Fe;0, is a promis-
ing matrix for the sorption of cationic textile dyes contained
in wastewater. Thus, water treatment methods can be pro-
posed using pectin-based composite membranes with the
aim of purifying drinking water containing different types
of organic pollutants, as represented in Fig. 12.

3.2.5 Biosorbent prospects for pollutant separation
Table 5 compares using pectin-based membranes for MB

dye with other sorbents made from biomass materials
and other applications. Several factors affect the sorption

capacity, including pH, temperature, dosage of adsorbents
and their type, surface area, contact time, etc. The optimal
parameters for each sorbent vary significantly, and optimiz-
ing each factor is important to large-scale industrial applica-
tions and understanding the sorption mechanism [82]. The
introduction of Fe;O, provided additional adsorptive sites,
increasing the overall capacity, while PS contributed to the
mechanical strength and stability of the adsorbent, which
may allow the pectin-based membrane to tolerate diverse
wastewater conditions.

Several studies have shown that adsorbents prepared
from biomass materials are less expensive than conventional
treatment technologies for pollutant removal, although they
did not incorporate cost-benefit analysis in their study. A
significant advantage of using biomass materials like pectin
and PS is their low cost. The cost of forest wastes such as PS
is only associated with the transport cost from the storage
place to the site where they will be utilized [14]. The cost
of pectin in the market is 12-21 § per kg [49]. In compari-
son, conventional starch sorbents such as insoluble starch
xanthate and soluble starch xanthane have been reported at
$7.61/100 g and $0.10/100 g respectively [10]. Fe;O,, while
not a biomass material, offers significant benefits in terms of
sorption efficiency and recovery ease, despite its higher cost
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Fig. 12 Schematic of prepared membrane and simulation of application in drinking water purification
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compared to purely biomass materials. Still, this contrasts
sharply with the higher costs associated with conventional
activated carbons ($259.5 per kg) [14].

Our study aligns with environmental sustainability by
utilizing waste materials and natural polymers. The com-
posite nature of our adsorbent also suggests potential for
multiple-cycle use, although reusability studies are yet to
be conducted. Future work will focus on these aspects to
ensure the adsorbent’s practical application in industrial
wastewater treatment is not only effective but also environ-
mentally responsible.

4 Conclusion

A pectin-based composite membrane containing 3%
(w/w) PS and 1% (w/w) Fe;0, was efficiently synthesized
and characterized for the purification of water containing
organic pollutants. With the pectin de-esterification and
crosslinking process of the polymer chain with calcium, it
was possible to reduce the solubility of the membrane in
water during application studies. FTIR, TGA, and mechani-
cal assays confirmed the crosslinked membrane structure.
The composite membranes containing either Fe;O, or PS
had higher thermal resistance than the pectin-based mem-
brane alone due to greater amounts of crosslinking points
among pectin, PS, and Fe;O, in the polymeric structure.
Higher mechanical resistance was also found for the com-
posite membranes containing from 1 to 3% (w/w) Fe3O,
and 3 and 5% (w/w) of PS. The degree of swelling and dye
sorption capacity of the membranes were affected by the pH
of the aqueous solutions and salt concentrations. The dye
sorption kinetics can be described by either the pseudo-first-
order model or pseudo-second-order model at pH 3.0, with
differences at more alkaline solutions. Lastly, either the non-
linear Redlich-Peterson or Langmuir isotherm models can
describe the sorption mechanism depending on the experi-
mental conditions. Based on the present results, the proposed
pectin/PS/Fe;0, composite membrane constitutes a novel
approach for dye removal applications. The synthesized
adsorbent using pectin, PS, and Fe;O, presents a promising
solution for dye removal in wastewater treatment, combin-
ing environmental sustainability with cost-efficiency. Future
studies will further explore the scalability and reusability of
this adsorbent to enhance its industrial application potential.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10450-0
25-00619-2.
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Abstract

The aim of the present study was to synthesise and characterise innovative pectin/pine sawdust/magnetite composite mem-
branes as potential sorbents for the purification of water contaminated with color pollutants. Methylene blue (MB) was
employed as the pollutant model for sorption. Fourier-transform infrared spectroscopy (FTIR) was performed to analyse
the formation of crosslinked membrane chains and confirm the sorption processes of the dye molecules. Thermogravimetry
(TGA) and derivative thermogravimetry (DTG) indicated that the polymer matrix is stable at low temperatures and begins
to degrade at temperatures above 250 °C, whereas X-Ray diffraction (XRD) patterns confirmed crystalline and amorphous
regions. Mechanical assays confirmed an increase in the modulus of elasticity and tensile strength of the biopolymer
membranes after incorporating PS. Moreover, a reduction in mechanical deformation was found after the incorporation of
Fez0,. Pollutant separation experiments were performed in a pH range from 3.0 to 10.0 with initial pollutant concentra-
tions of 5 to 25 mg L ™! and separation times from 1 to 3050 min. Higher sorption capacity was found after 1800 min with
an initial pollutant concentration of 20 mg L™! and pH 10.0. The best isotherm fit was found using the Redlich-Peterson
model, with fits using the Langmuir model depending on the experimental conditions. The best kinetic fit was found using
the pseudo-first-order or pseudo-second-order models at pH 3.0, with differences in more alkaline solutions. The pectin-
based composite membranes proved to be viable options for the purification of wastewater from industry using dye and
could also be tested for the photodegradation of organic pollutants in water due to the presence of Fe;0O,.

Keywords Membrane - Sorption - Separation - Pollutant - Color compounds - Composite

1 Introduction

The severe shortage of drinking water is one of the most
significant global challenges of the 21st century [43, 71].
According to a World Health Organization (WHO) report,
more than 50% of the world’s population will lve in areas
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Due to operational limitations, conventional wastewa-
ter treatment methods are inefficient in removing many
types of organic pollutants from aqueous solutions [69].
Thus, the scientific and industrial communities have made
efforts to develop alternative wastewater treatment methods
and ensure the quality of the water consumed by humans
and animals. Currently, the main conventional wastewater
treatment methods are coagulation, flocculation [68], ion
exchange [41], flotation [44], biological processes [2], and
sorption [65]. Limitations for the large-scale applications
of these methods include the high cost, low efficiency, the
production of secondary waste, and environmental impacts
[11]. Filtration processes using natural polysaccharide-
based membranes or photodegradation processes using
membranes containing photocatalysts are viable options for
the treatment of wastewater with less environmental impact
compared to conventional methods [60, 61]. Wastewater
treatment with the use of membranes offers the advantages
of energy efficiency, low cost, easy maintenance, compact
construction, and high separation efficiency [63]. However,
synthetic polymers, such as polysulfone, polyimide, nylon,
polyacrylonitrile, and polyvinylidene fluoride [31, 43],
are not renewable, biodegradable materials and generate
secondary pollution after real-world applications [8]. Pec-
tin-based membranes could overcome this problem, mini-
mizing the environmental impact due to the fact that pectin
is an environmentally friendly biopolymer [4].

Pectin is a structural acidic heteropolysaccharide obtained
from the methylation of polygalacturonic acid, which has
high gelation and expansion capacity. This polysaccharide
is obtained from citrus peel extract and is widely employed
in the food industry [29]. Pectin-based membranes are also
effective at sorbing dyes and metal ions due to the single
-COOH bonding groups and single -OH bonding groups
[36]. Membranes were prepared by electrospinning with
polyvinyl acetate as a supporting polymer and starch in a
green solvent (water) and used to remove methylene blue
(MB) from aqueous media. Due to its high stability (based
on the tensile test), the manufactured membrane could be
used as a filter for the rapid separation of MB (cationic
dye) and methyl orange (anionic dye) [47]. A poly (vinyl
alcohol)/carboxymethyl cellulose/halloysite membrane
was developed for the effective sorption of cationic dyes.
This membrane demonstrated excellent removal efficiency
(99.5%) for MB under ideal conditions (nanoclay 6 wt %,
initial dye concetration of 10 ppm, contact time of 240 min,
pH 10, and temperature of 30 °C) [64]. It is important to
highlight that pectin over other bio-based polymeric materi-
als in dye removal is highly competitive [53]. Its high sorp-
tion efficiency, ease of process, and cost-effectiveness make
it an advantageous choice [46]. Furthermore, according to
Tischer et al., [78] its eco-friendly nature, derived from

@ Springer

renewable natural sources, and its capacity for extended
useful life and recyclability highlight it as a sustainable
solution for environmental pollution challenges [78].

The crosslinking of biopolymer-based membrane chains
is an approach employed to improve the physical proper-
ties and mechanical stability of the membrane with the aim
of preventing the disintegration of the polymeric matrix in
aqueous media. The crosslinking of pectin with calcium
ions leads to the formation of strong membrane chains that
can absorb large amounts of water without dissolving [67].
Membranes crosslinked with calcium ions are efficiently
synthesized using pectin with a low degree of esterifica-
tion (DE) (lower than 50%), as pectin with estrification
higher than 50% does not have enoughacid groups to form
a gel or precipitate with calcium ions [48]. Low DE pectin
can be produced by de-esterification using ammonia in an
alcoholic medium. The resulting pectin has amide groups
that play an important role in gel formation, contributing
to the texture and tensile strength of the final biomembrane
[5]. Membranes must have good stability and reusability.
Regeneration capacity is an important aspect to evaluate
in reusing membranes in sorption processes. Membrane
reutilization in different processes can be explored through
sorption-desorption recycling experiments [88].

Composite membranes prepared by incorporating sor-
bent inorganic or organic nanomaterials into the membrane
structure are alternative solid supports for removing pol-
lutants from water [36]. For instance, the incorporation of
natural nanofiber containing a high content of lignin, cel-
lulose, and hemicellulose favors the crosslink density, pore
size, sorption capacity, and mechanical resistance of the
final biomembrane [75] due to higher reactive surface area
[11], whereas the incorporation of metal oxide nanoparti-
cles, such as magnetite (Fe30,), favors the application of the
final biomembrane in photodegradation studies [25].

In this study, we developed novel pectin-based compos-
ite membranes containing pine sawdust (PS) and FegO,,
offering an innovative approach for removing pollutants
from the wastewater of industries that employ dyes. PS was
chosen because it is an abundant, low-cost, biodegradable
byproduct with a large surface area, which enhances the
chemical sorption capacity [20]. FesOs was chosen because
it imparts magnetic properties to the composite biomaterial,
facilitating membrane recovery and reuse, in addition to aid-
ing in pollutant removal via sorption [3]. To date, no author
has carried out a study with this specific dye system, fur-
ther emphasizing our research’s uniqueness and originality.
The MB pollutant model was used to evaluate the effective-
ness of the membranes. We evaluated membranes’ physico-
chemical, thermal, and mechanical properties with different
PS/Fej0O, contents. Furthermore, we consider the possibil-
ity of applying these membranes in the photodegradation
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of pollutants in water due to the presence of Fe;O, in their
polymeric structure. The results indicate that composite
membranes have the potential to be effective biomaterials
for the purification of industrial wastewater contaminated
with dyes. This promising approach opens new perspectives
for developing sustainable and efficient solutions for the
remediation of industrial effluents.

2 Experimental
2.1 Material

Citrus pectin (DE ranging from 70 to 85%) was purchased
from Biotec®, Brazil. PS was obtained from wood pallets
used to transport industrial packaging. The preparation of
PS (particle sizes around 850 um) was performed following
a method described elsewhere [36]. Fe;0, with an average
particle size of 50 nm were purchased from Fisher Scien-
tific®, USA. Calcium chloride dihydrate and ammonium
hydroxide were purchased from Dinamica®, Brazil. Ethyl
alcohol 99.5% (v/v) was purchased from inética®, Brazil.
MB (C,4H,4N5SC,.sH,0) was purchased from LabSynth®,
Brazil. Glycerol and other chemical reagents were pur-
chased from Sigma-Aldrich, Brazil.

2.2 De-esterification of pectin

2.0 g of raw pectin was dispersed in 100 mL of 65% (v/v)
ethanol containing 2.3 g of ammonium hydroxide. The mix-
ture was placed in a closed flask and left under magnetic
stirring (IKA® C-Mag) at 900 rpm for 180 min at 25 °C.
The solid/liquid mixture was then filtered with a filter paper
(Whatman®) and the remaining solid residue was washed
with 65% (v/v) ethanol to remove free ammonia. This solid
was washed again with 99.5% (v/v) ethanol and dried in a
vacuum desiccator (Sigma-Aldrich® Z740644) for 24 h at
room temperature. The dried pectin was then ground using
a knife mill (IKA® A11) prior to characterization and use.

2.3 Determination of degree of esterification

Pot potentiometric titration determined the DE of commer-
cial pectin and de-esterified pectin. For such, 2.0 g of pectin
was dispersed in 20 mL of distilled water. This solution was
left under mechanical stirring at 900 rpm for 2 h. The pec-
tin solution was then titrated with an aqueous solution of
sodium hydroxide (NaOH) 0.1 mol L™! in the presence of
phenolphthalein as the acid-base indicator, and the results
were recorded as initial titration (T;). To saponify the esteri-
fied carboxyl groups of the polymer, 10 mL of an aqueous
solution of NaOH 0.1 mol L™! was added to the neutralized

pectin under constant stirring at 900 rpm for 2 h. Following
saponification, 10 mL of an aqueous solution of hydrochlo-
ric acid (HCI) 0.1 mol L™ was added, and the excess was
titrated with an aqueous solution of NaOH 0.1 mol L™!. The
NaOH volume spent in this titration (Tf) and the number
of esterified carboxyl groups was determined using Eq. (1):

T
Ty + Tt

DE (%) = x 100 ()

in which DE is the degree of esterification, T; is the NaOH
volume used in the initial titration, and Ty is the NaOH vol-
ume spent in the final titration.

2.4 Membrane preparation

Esterified pectin-based membranes were synthesized, as
shown in Fig. 1, following a method described elsewhere
[90] with adaptation for pectin. Briefly, 6 g of esterified pec-
tin was dissolved in 400 mL of distilled water. Next, 3.6 g of
glycerol and known proportions of PS (1, 3, 5, or 10% w/w)
were added. This mixtre was heated to 70 °C. Pre-crosslinked
was performed by adding 30 mL of a 1.0% CaCl, (w/v)
solution under constant stirring at a flowrate of 1 mL min ™!
manually controlled using a micropipette. Pre-crosslinking
was conducted for 90 min. Known contents of Fe;O0, (1, 5,
10, or 15% w/w) were then added to the still-hot pre-cross-
linked solution under constant magnetic stirring, and the
mixture was transferred to Petri dishes. These systems were
placed in a forced-air circulation oven (Famem®OQrion 515)
at 40 °C for 20 h. The formed membranes were immersed in
50 mL of 70% (v/v) ethanol solution containing 5% CacCl,
(w/v) for 30 min for complete crosslinking, washed with
distilled water, and dried in a forced-air circulation oven at
25 °C for 5 h. All membranes were stored in a vacuum desic-
cator for 72 h at 25 °C and low relative humidity. Different
membrane compositions (Table 1) were studied to achieve
satisfactory mechanical resistance for application in water
and wastewater treatment.

2.5 Characterization of membranes
2.5.1 Fourier-transform infrared spectroscopy (FTIR)

FTIR spectra were recorded using a PerkinElmer Frontier
spectrometer (Spectrum 100, Perkin Elmer®, Inc. Mas-
sachusetts, USA) with attenuated total reflectance (ATR)
operating in the wavenumber range from 500 to 4000 cm !

with 32 scans per minute and resolution of 4 cm™'.
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Fig. 1 Illustrative scheme of synthesis method for pectin-based composite membranes
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Table 1 PS and Fe;0, contents in different pectin-based membranes

Samples PS (%) Fe30, (%)
MEO 0 0
ME1 1 1
ME2 1 5
ME3 1 10
ME4 1 15
MES 3 1
ME6 3 5
ME7 3 10
MES 3 15
ME9 5 1
ME10 5 5
MEI11 5 10
MEI12 5 15
ME13 10 1
ME14 10 5
ME15 10 10
ME16 10 15

2.5.2 Thermogravimetric analysis (TGA)

Thermal stability was tested using the PerkinElmer STA
6000 equipment. All samples were placed in alumina pans
and heated from 30 to 600 °C at a rate of 10 °C min ! ina
nitrogen atmosphere (20 mL min™?).

2.5.3 Mechanical assays

Tensile strength tests were performed using the Norwood
Instron 3367 (Instron Corporation, Norwood, MA) equip-
ment at room temperature following the ASTM D638-14
standard. For such, a 50-N load cell, test speed of 25 mm
min~!, and film thickness of 0.15+0.05 mm were employed.

2.5.4 X-ray diffraction (XRD)

XRD measurements were performed using a D8 Focus
diffractometer (Bruker AXS Advanced X-ray Solutions
GmbH, Karlsruhe, Germany), operating at 40 kV and
40 mA. Monochromatic CuKal radiation (A=1.54056 A)
at a step width of 0.01° and a counting time of 100 s at each
0.5°, from 26=10-70°, were employed.

2.5.5 Degree of swelling (DS)

The DS was determined by immersing 150 mg of dried
membrane pieces in 100 mL of distilled or drinking water
at room temperature. The DS (g of water per g of the dried
membrane [g g~']) was calculated using Eq. (2):

mg —m
DS = ——4 )

mgq

in which ms and md are the masses of the swollen and dried
membranes.

2.6 Separation assays

MB separation experiments were performed by immersing
150 mg of dried membrane pieces in flasks containing 50
mL of dye solution with different initial concentrations (5,
10, 15, 20, and 25 mg L™ !) and different pH values (3.0, 4.0,
6.0, 8.0, and 10.0). Similar experiments were performed
with pure Fe;0, employed in the membrane synthesis, to
evaluate the effects of magnetic material on the pollutant
sorption. The remaining dye concentration in the solutions
at specific time intervals was determined by UV-vis spectro-
photometry (Spectroquant® Prove 600, Merck) at a wave-
length of 664 nm. The dye sorption capacity (qe, mg g ') of
the membranes was calculated using Eq. (3):

_C0=Ce iy 3)

Ye m

in which m (g) is the mass of the dried membrane, CO and
Ce (mg L") are the initial and equilibrium concentrations of
dye in the solution, and V (L) is the volume of the solution.

2.7 Sorption kinetics

MB sorption kinetics were studied using a dye concentra-
tion of 20 mg L' and a membrane mass of 150 mg. The
pseudo-first-order kinetic model was employed to determine
whether the diffusion mechanism is dependent on dye con-
centration, whereas the pseudo-second-order kinetic model
was employed to determine the occurrence of dependence
between the amount of dye sorbed on the membrane surface
and the amount of dye at equilibrium [87]. These models
were selected due to their widespread acceptance and abil-
ity to provide insights into sorption mechanisms [30, 39].
The parameters of the non-linear pseudo-first and pseudo-
second-order kinetic models were determined by Egs. (4)
and (5), respectively:

q = q(1—e %) 4)
2
_ qeth
qt - 1+qek2t (5)

in which, g, (mg g!) is the sorption capacity of the mem-
brane at equilibrium, g, (mg g') is the sorption capacity
of the membrane at time t (min), k; and Kk, are the rate con-
stants (g mg ' min’ ).
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2.8 Sorption isotherms

The non-linear Langmuir, Freundlich, Sips, and Redlich-
Peterson isotherm models were employed to predict the
types of interactions between the membrane and dye.
According to the Langmuir model [38, 85], the sorption
mechanism occurs through the formation of a monolayer
and ideal sorbate distribution on the sorbent surface. In this
case, active sorption sites have equivalent energies on the
sorbent surfaces. The non-linear Langmuir isotherm model
is represented by Eq. (6):

s ©
L%Ve
in which, K, (L mg™") is the sorption/desorption rate, Cq
(mg L") is the equilibrium sorbate concentration, g, (mg
g ') is the maximum sorption capacity of the sorbent, and g,
(mg g ') is the equilibrium sorption capacity of the sorbent.
The non-linear Freundlich isotherm model [21, 85] is
employed for describing sorption processes with multilayer
formation and the non-uniform distribution of sorbates
on sorbent surfaces. In this case, the sorption sites in the
sorbent structures have different affinities. The non-linear
Freundlich isotherm model is represented by Eq. (7):

q, = KpCl/™ (7)

in which, K¢ (LY mg'™" g!) is the Freundlich sorption
constant, N is the number of active sites in/on sorbent struc-
tures, C, (mg L") is the equilibrium sorbate concentration,
and g, (mg g ') is the equilibrium sorption capacity.

The non-linear Sips isotherm model [74] is employed to
overcome the limitations of the Langmuir and Freundlich
isotherm models. This isotherm model is represented by

Eq. (8):

o QmsKSC:S 8
qe - 1+KSCES ( )

in which, ¢, (mg g") is the maximum sorption capacity of
the sorbate, K¢ (L™ mg™), ng is Sips constant, and g, (mg
g 1) is the equilibrium sorption capacity of the sorbent.

The non-linear Redlich-Peterson isotherm model [66]
assumes that monolayer formation on sorbent surfaces and
multisite interactions take place simultaneously during the
sorption process. Thus, this model exhibits properties of the
Langmuir and Freundlich models. The non-linear Redlich-
Peterson isotherm model is represented by Eq. (9):

AC,

e~ T4 BCE ®
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in which, A (L mg ') and B (L mg )9 are Redlich-Peterson
constants, g is the Redlich-Peterson exponent, C, (mg L™)
is the equilibrium sorbate concentration, and ¢, (mg g ) is
the sorption capacity of the sorbent.

2.9 Error analysis

The reliability of the dye sorption results in the membrane
structures were evaluated using the chi-square statistical test
(x?), and coefficient of determination (R?) [56, 57]. The best
isotherm and kinetic fits were estimated by considering the
lowest 2 value and highest R? value. The two error func-
tions are represented by Egs. (10) and (11), respectively:

n (qeex — Qe )2
XtP=) e (10)

i=1 qe}p

2
Z (qe,exp - qe,p)

2
Z (qe}exp - qe,m)

R?=1- (11)

in which, Qgep (Mg g 1) is the experimental equilibrium
sorption capacity and (g, (mg g 1) is the equilibrium sorp-
tion capacity predicted from the model equations. g , isthe
average of g ey

3 Results and discussion
3.1 Membrane characterization
3.1.1 DE

The DE of the commercial pectin obtained by titration was
82.73%, confirming that this polysaccharide has high esteri-
fication (DE>50%). Hence, it does not have enough acid
groups for crosslinking with calcium ions and solubilizes in
water, hindering membrane/gel formation [48]. The yield of
the de-esterification reaction was 66% with a DE 0f 46.33%,
indicating a low DE polysaccharide. The de-esterified pec-
tin was efficiently crosslinked in the presence of calcium
ions during membrane synthesis, decreasing its solubility
in water. This increased the mechanical and thermal resis-
tance of the membranes, as observed in the mechanical and
thermal assays.

3.1.2 FTIR

FTIR spectra recorded before (Fe;O,) and after
(Fe30,4+MB) sorption studies of MB in Fe;0, can be seen
in Fig. 2. Overall, Fe;0, characteristic bands tend to appear
at ~3000, 1625, 1500, 1366, 1190, and 627 cm™", which are
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Fig. 2 FTIR spectra recorded before (Fe;0,) and after (Fe;O, + MB) sorption studies of MB in pure Fe;0,

related to O-H or N-H, C=0, C=C, C-N, C-O or C-N
and Fe—O groups, respectively [22]. By observing all exper-
imental results at wavelengths between 600 and 1200 cm ™!
(Fig. 2b), it is possible to identify small band shifts after
sorption studies of MB, with the appearance of signals at
~784, 721,693, and 668 cm™'. Moreover, pure Fe;0, peaks
shifted from 984.4 to 973.4, indicating intermolecular inter-
action between MB and Fe;O, during sorption. This inter-
action was confirmed by the sorption capacity discussed
throughout this manuscript.

Absorption bands found at ~3200 and 2950 cm ! in
Fig. 3 were associated with OH and C-H group stretching
vibrationsn the membrane structure [62]. The absorption
band at 1730 cm ™! corresponded to carbonyl group stretch-
ing (C=0) from methyl ester and COOH contained in the
pectin molecules [15]. The absorption band at 1149 cm™!
was assigned to COC vibrations from glycosidic rings,
which are commonly found in polysaccharide macromolec-
ular structures. The absorption bands at 1045 and 1076 cm ™
were assigned to the presence of arabinose, xylose, and
galactose in the pectin-based polymer chains [12]. As pectin
is a natural polysaccharide found in the walls of plant cells,
it has homogalacturonan (HG), xylogalacturonan, rhamno-
galacturonan type I (RGI), and rhamnogalacturonan type 11
(RGII) units [86]. This explains the strong absorption bands
at 1022, 1106, and 1149 cm™' due to CC, CO, CCH, and
OCH group vibrations [13]. The absorption bands at 830
and 763 cm™' suggest efficient crosslinking between pectin
and calcium [15].

Slight shifts were observed in the FTIR spectra after
adding PS and Fe;O, to the pectin-based membrane struc-
ture due probably to disturbances taking place during the
formation of new chemical bonds. An absorption band that
appeared at 542 cm™ ! was assigned to stretching vibrations
due to presence of tetrahedral and octahedral Fe-O cova-
lent bonds from Fe;O, [1]. Moreover, PS increased the free

hydroxyl peak intensities between 3200 and 2950 cm™' due
to presence of water bound to either OH groups of the pectin
or Fe;0, molecules [1]. This behavior was also observed in
the absorption band at ~1640 cm™'. The slight influence of
PS and Fe;0, incorporated into the membrane chains was
confirmed by recording non-bulky curves at wavenumbers
ranging from 1700 to 1550 cm™!, as shown in Figs. 1, 2, 3
and 4, 5 S (Supplementary Material). Overall, incorporating
PS and Fe;0, in the pectin-based polymer matrices altered
the OH vibration intensities, resulting in modifications on
the surfaces of lignocellulosic species. This, in turn, alters
membrane hydrophobicity, pollutant sorption capacity, and
electrical conductivity [40].

3.1.3 TGA and derivative thermogravimetry (DTG)

Thermal degradation of the membrane occurred in two main
stages of mass loss (Fig. 4) — one from 30 to 100 °C due to
the evaporation of physically adsorbed water [40] and the
second from 250 to 300 °C due to the degradation of pec-
tin macromolecules [17]. The pectin-based membrane ther-
mogram (MEO) revealed that thermal degradation of 10%
of the membrane chain (T, also the onset temperature)
occurrd at 97.2 °C. The onset temperature after the addition
of PS[1, 3,5, and 10% (w/w)] and FezO, [1, 5, 10, and 15%
(w/w)] increased~10 °C compared to the thermogram of
the pectin-based membrane, indicating an increase in ther-
mal stability after the anchoring of organic and inorganic
species in the polymeric matrix. Similar results have previ-
ously been found for pectin-based hydrogels containing PS
[15] and Fe30, [36]. A gain of ~20 °C was determined for
T nax 0 the composite membranes, confirming the increase
in thermal stability (Table 2). This new thermal pattern sug-
gests that PS and Fe;O, participate in crosslinking during
membrane formation. The composite membrane’s thermal
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Fig.3 aFTIR spectra for pectin-based membrane (ME0) and compos-
ite membranes containing 1% PS plus 1 (ME1), 5 (ME2), 10 (ME3),
and 15% (w/w) (ME4) FezO,. b FTIR spectra for composite mem-
branes containing 3% PS plus 1 (MES), 5 (MES6), 10 (ME7), and 15%
(w/w) (MES8) FezO,. ¢ FTIR spectra for composite membranes con-

properties are excellent for water and wastewater treatment
applications.

3.1.4 Mechanical assays

The MES and ME9 membranes had tensile strengths of
126.7 and 337.2 MPa, whereas maximum deformations
were 87.8 and 92.4%, respectively (Table 2; Fig. 5). Gains in
the elasticity modulus were also found in these membranes,
indicating that PS occupies empty spaces between pectin
and Fe;O, in the membrane structure, improving the filler
dispersion capacity. The gains in E and o,,,, (Table 2) sug-
gest possible physiochemical interactions among hydroxyl
groups of the pectin macromolecules and active sites of
the PS fibers. The formation of a percolated polymer chain
is responsible for increasing the rigidity of the membrane
[11, 15]. Higher Fe;O, contents decreased the mechanical
deformation of the polysaccharide membranes due pos-
sibly to nanoparticle aggregation, altering physiochemical

@ Springer

taining 5% PS plus 1 (ME9), 5 (ME10), 10 (ME11), and 15% (w/w)
(ME12) Feg0,. d FTIR spectra for composite membranes contain-
ing 10% PS plus 1 (ME13), 5 (ME14), 10 (ME15), and 15% (w/w)
(ME16) Fe;0,

interaction intensity, particle size, particle distribution,
and particle dispersion in the polymer chain. An improper
membrane preparation method favors nanoparticle agglom-
eration, contributing to the rupture of the material structure
[26]. Thus, inorganic nanoparticle dispersion in polymer
networks is particularly important in improving mechanical
resistance. This property is essential for applying polymer
membranes in water filtration processes, mainly when the
aim is to reuse the polymer material in successive filtration
cycles with high water flow [11].

3.1.5 XRD

The crystallinity of Fe;O 4 after sorption of MB (Fe;O,+MB),
and membranes was evaluated by X-ray diffractograms as
shown in Fig. 6. All the crystalline planes [(220), (311),
(400), (422), (511), (440)] in the 26 values equal to 30.3,
35.6,43.5,53.5,57.4, and 63.07° were assigned to the struc-
ture of Fe;O, [79]. Even after the sorption of MB, all six
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Fig.4 aTGA and DTG curves for pectin-based membrane (MEQ) and
composite membranes containing 1% PS plus 1 (ME1), 5 (ME2), 10
(ME3), and 15% (w/w) (ME4) Fe;O,. b Composite membranes con-
taining 3% PS plus 1 (MES), 5 (ME6), 10 (ME7), and 15% (w/w)

X-ray patterns did not change. Specific X-ray patterns were
observed in the composite membrane after incorporating
Fe;0,and PS. In this case, the amorphous regions decreased
compared to the membrane without Fe;O, and PS. The final
composite material can assess a synergy among magnetite,
PS and polysaccharide chains.

3.2 Separation studies
3.2.1 Degree of swelling

Figure 7 shows the degree of swelling of the pectin-based
composite membrane containing 3% (w/w) PS and 1%
(w/w) Fe30, in distilled water and drinking water at room
temperature. Swelling equilibrium occurred after 100 min
in both aqueous media, determining a low degree of swell-
ing. This indicates weak intermolecular interactions among

-

T

FETIENAE I L

(MES8) FejO,. ¢ Composite membranes containing 5% PS plus 1
(ME9), 5 (ME10), 10 (ME11), and 15% (w/w) (ME12) Fe50,. d Com-
posite membranes containing 10% PS plus 1 (ME13), 5 (ME14), 10
(ME15), and 15% (w/w) (ME16) Fe;0,

chemical groups and nonsignificant macromolecular relax-
ation of the polymeric structure of the membrane [16]. The
degree of swelling of the composite membrane was 2.24 and
1.93 g of water per g of dried membrane in distilled water
and drinking water, respectively. These values decreased
significantly with composite membranes containing higher
PS, different Fe;O, contents, and specific pH values of the
aqueous media (data not shown). This is due to the increase
in the crosslinking density of the polymer chains and the
presence of charged chemical species in aqueous media [27,
28]. The absence of salts in distilled water contributed to
higher water absorption capacity, as Na*, Mg?", Ca®*, H*,
Na*, and K* ions interact with anionic groups of the mem-
brane structure, decreasing electrostatic repulsion forces
among adjacent ionic carboxylic groups [91]. A higher con-
centration of cations in an aqueous solution leads to a lower
degree of swelling of the polymer membrane, as the amount
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Table 2 Thermal and mechanical assay results for pectin-based mem-
branes

Samples  Tensile Deforma  Elastic Tiow  Tmax
strength (c)  tion modulus (E) (°C) (°C)
(MPa) (%) (MPa)
MEO - - - 972 2578
MEI1 S1.1+1.6 166.7 + 201.3+1.5 70.6 283.0
1.3

ME2 1954+1.7 274+1.1 447411 789 273.0
ME3 2603+1.9 40.6+1.1 4488+1.6 769 286.0
ME4 178113 39.1+14 4452+12 854 267.0
MES 126.7+1.2 87.8+1.7 447.1+14 776 298.0
ME6 534+15 288+ 1.7 4883+15 823 267.0
ME7 189.3+1.6 478+1.7 4449+13 835 268.0
MES8 203.8+1.6 39.7+1.6 5482+1.6 80.2 279.7
ME9 3372+14 924+19 4505+1.8 84.6 290.8
ME10 91.8+ 1,1 67.1+13 4392+1.6 879 2553
ME11 292.1+1,5 57.0+1.7 4441+1.6 952 2781
ME12 171.1+19 38.6+1.6 4123+1.1 80.7 259.6
ME13 65.8+1.4 404+1.6 6464+13 790 2548
ME14 159114 767+12 718.0+1.8 894 277.0
MELS 778+ 1.8 36.9+1.4 4403+13 842 284.0
ME16 160.6 13 31.6+15 4458+1.7 80.5 267.0

Maximum tensile strength (6 ,,,,), deformation (%), and elastic modu-
lus (E)

of water absorbed depends on the amount of hydrophilic or
hydrophobic groups and pores sizes in/on the sorbent mate-
rial. This explains the low degree of swelling, especially
in composite membranes with high amounts of PS and
Fe;0, [91]. Based on the characterization studies, pectin-
based composite membranes are potential polymer matrices
for water and wastewater treatment. Thus, due to its per-
formance (Fig. 8), the pectin-based composite membrane
containing 3% PS and 1 wt% Fe;0, was tested as a model
material for the sorption and removal of MB from water.

3.2.2 Dye separation assays

Figure 9 shows the MB sorption capacity of the control
Fe;0, and composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe;0, as a function of time at pH 3.0, 4.0,
6.0, 8.0, and 10.0. The dye sorption capacity of the com-
posite membrane increased rapidly from 0 to 500 min due
to the high amount of available active sorption sites at the
beginning of the process, followed by a slight increase from
500 to 1500 min (sorption equilibrium) at all pH values. The
sorption rate decreases over time due to the saturation of
the polymer membrane structure [24, 59]. Saturation occurs
after the dye molecule is transferred from the aqueous solu-
tion to the boundary layer of the membrane and into the
pores. Sorption processes take place on/in available active
sites of solid sorbents due to interactions between positive
and negative ionic groups in polymer materials [89]. The
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sorption capacity of the polymeric membrane ranged from
0.88 to 1.18 mg of dye per g of dried membrane at pH from
3.0 to 10.0 after 2000 min. Some authors obtained a sorption
capacity for MB dye of 0.75 mg g at pH 4 using a pectin
membrane [29]. Low sorption capacity is commonly related
to the amount of hydroxyl and carboxyl groups available
in the sorbent structure [35, 89]. Slightly higher sorption
capacities were found in aqueous media with alkaline pH
due to the ionization of carboxyl groups [18].

Although the effect of different membrane dosages was
not directly studied in this work, it is well established in
the literature that increasing the sorbent dosage enhances
the number of active sorption sites for interactions, thereby
improving the removal efficiency of chemicals from solu-
tions [6, 7, 45, 51, 72, 73, 77]. However, an increase in dos-
age can also reduce the sorption capacity per unit mass of
membrane, as the available dye molecules in the solution
become limited compared to the amount of sorbent mate-
rial, leaving sorption sites unsaturated. Similar behavior has
been reported for other sorbents, such as activated carbon
[72, 73], clay minerals [7, 51, 77], and magnetic composites
[6, 45].

Based on trends and the findings of the present study, one
can infer that a membrane dosage of approximately 150 mg
combined with an initial dye concentration of 20 mg L™
at pH 10.0 could offer optimal conditions for dye removal
from contaminated water. This makes pectin-based compos-
ite membranes potential matrices for water filtration and the
removal of dyes from textile wastewater, as textile effluents
commonly have a high pH value (around 10), which varies
with the source of pollution [55]. The sorption results of
dye in FegO, were similar to those found for membranes
in an acid solution, with slightly higher values an alkaline
solution. Fe;O, powder is a potential sorbent for removing
dyes from aqueous solutions; however, it is improper for
membrane-filtration processes. In view of this, Fe;O, was
incorporated into the membrane networks to achieve syner-
gic effects during membrane filtration. Moreover, magnetic
membranes can be recovered by applying an external mag-
netic field, as described elsewhere [58].

3.2.3 Sorption kinetics

Figure 10 shows the predicted and experimental non-linear
kinetics for the sorption of the dye in the pectin-based com-
posite membrane containing 3% (w/w) PS and 1% (w/w)
Fe;0,atpH 3.0 (a), 4.0 (b), 6.0 (c), 8.0 (d), and 10.0 (e). The
kinetic parameters are shown in Table 3. Sorption kinetics
of dye in pure Fe;0, can be seen in supplementary materials
(Fig. 6S and Table 1S). The pseudo-first-order kinetic model
is typically applied to study the occupation rate of active
sites during sorption assays. In this case, proportionality
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Fig. 5 Curves of strain versus stress for pectin-based composite mem-
branes containing different PS and Fe;O, contents. a 1% PS plus 1
(MEI), 5 (ME2), 10 (ME3), and 15% (w/w) (ME4) Fe;0,. b Results
of mechanical assays for pectin-based composite membranes contain-
ing 3% PS plus 1 (MES), 5 (ME6), 10 (ME7), and 15% (w/w) (MES8)
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Feq0,. € Results of mechanical assays for pectin-based composite
membranes containing 5% PS plus 1 (ME9), 5 (ME10), 10 (ME11),
and 15% (w/w) (ME12) FezO,. d Results of mechanical assays for
pectin-based composite membranes containing 10% PS plus 1 (ME13),
5 (ME14), 10 (ME15), and 15% (w/w) (ME16) Fe;0,
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Fig.6 XRD diffractograms for Fe;0,, after sorption of Fe;0, + MB, membrane without Fe;0, and PS (MEO), and composite membrane contain-

ing 3% (w/w) PS and 1% (w/w) Fe;0, (MES)

@ Springer



67 Page 12 of 20

Adsorption (2025) 31:67

- g-—a
-. —..: n n =
y | £
f
L
*

Fig. 7 Degree of swelling of pectin-based composite membrane con-
taining 3% (w/w) PS and 1% (w/w) Fez0, in distilled water and drink-
ing water at room temperature

occurs between occupied and unoccupied sites, suggesting a

sorption mechanism based on physical interactions between
the sorbent and sorbate [83, 84]. On the other hand, the
pseudo-second-order kinetic model assumes that the sorp-
tion rate is related to the square of the number of unoccupied
sites, suggesting a sorption mechanism based on chemical
interactions between the sorbent and sorbate. Both physi-
cal and chemical interactions are important when describ-
ing membrane filtration processes in water purification
systems [87]. Many kinetic models are empirical and do
not generate relevant information on mass transfer mecha-
nisms, whereas the pseudo-first-order and pseudo-second-
order kinetic models are useful for sorption processes. In
view of our main aim, other kinetic models were consid-
ered irrelevant to our results. In this study, the kinetic fit at
pH 3.0 could be explained by both pseudo-first-order and
pseudo-second-order models due to the similar correlation
coefficient (R?) and chi-square test (3?) values. Thus, the
best kinetic fit was defined based on predicted and experi-
mental ge values. As these values were similar using the
pseudo-second-order kinetic model, this model represents
the sorption kinetics of MB dye in pectin-based composite

Fig.8 Scheme illustrating membrane with best performance

b ¥

Fig.9 MB sorption capacity of a control Fe;0, and b composite mem-
brane containing 3% (w/w) PS and 1% (w/w) Fe;0, as a function of
time at pH 3.0, 4.0, 6.0, 8.0, and 10.0. Experimental conditions: initial
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dye concentration of 20 mg L™', membrane mass of 150 mg, and solu-
tion volume of 50 mL
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Fig. 10 Predicted and experimental non-linear kinetics for sorption
of dye in pectin-based composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe30, at pH 3.0 (&), 4.0 (b), 6.0 (c), 8.0 (d), and 10.0

membranes containing PS and Fe;O,. Other studies have
reported pseudo-second-order kinetic models to describe
the sorption of MB dye molecules [34, 42]. Different results
were found at higher pH values due to changes in the charge
in the polymeric structures. Changes in the pH values of
aqueous solutions tend to disturb the reaction equilibrium,
altering k;, and k, (sorption rates) values. This indicates that
the sorption process is governed by the number of reactions

(). Experimental conditions: initial dye concentration of 20.0 mg L™},
solution volume of 50.0 mL, and room temperature

occurring between the sorbate and sorbent [52]. The sorp-
tion kinetics of MB in the pectin-based membranes follow-
ing the pseudo-second-order model suggest that the sorption
rate-limiting step is a chemical reaction [30]. Thus, the dye
sorption was conducted by chemical reactions between the
sorbate and surface sites through covalent bonding [70].
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Table 3 Kinetic parameters for sorption of dye in pectin-based composite membrane containing 3% (w/w) PS and 1% (w/w) Fe;0, at different

pH values
Kinetic model Parameters pH
3.0 4.0 6.0 8.0 10.0
Pseudo-first-order model K, (min") 0.0089 0.0194 0.0097 0.0179 0.0071
Qe(mgg ™) 1.1809 0.8419 0.8827 1.0609 1.2014
R? 0.9898 0.8703 0.9113 0.9025 0.9677
Xz 0.0027 0.0131 0.0112 0.0175 0.0083
Pseudo-second-order model k, (107 min™) 0.0099 0.0368 0.0161 0.0228 0.0077
ge(mgg™h) 1.2621 0.8792 0.9343 1.1262 1.2920
R? 0.9891 0.9319 0.9448 0.9611 0.9817
$ 0.0029 0.0069 0.0070 0.0070 0.0047
3.2.4 Sorption isotherms
Y - il Figure 11 shows the isotherms for the sorption of MB in the

Fig. 11 Non-linear Langmuir, Freundlich, Sips, and Redlich-Peterson
isotherms for sorption of MB in pectin-based composite membrane
containing 3% (w/w) PS and 1% (w/w) Fe;O,. Experimental condi-
tions: sorption time of 2000 min, membrane mass of 150 mg, solution
volume of 50.0 mL, and pH 8.0

Table 4 Parameters of non-linear Langmuir, Freundlich, sips, and
Redlich-Peterson isotherms for sorption of MB using pectin-based
composite membrane containing 3% (w/w) PS and 1% (w/w) Fe;0,

Isotherm  Parameters Isotherm model  Parameters
model
Langmuir Q,(mg 0.8563 Freundlich Ky (L 05333
gh) mg ')
K, (L 13.189 Ng 65.067
mg ")
R? 0.7153 R? 0.7038
r 0.0541 v 0.0563
Sips Q,(mg 0.8189 Redlich-Peterson A 11.727
g (mg™)
Kg (L 12.905 B (L 12.753
mg ") gh
Ng 18.132 g 10.000
R? 0.7163 R? 0.8828
$ 0.0719 r 0.0021
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pectin-based composite membrane containing 3% (w/w) PS
and 1% (w/w) Fe3O,4. The isotherm parameters are shown
in Table 4. Two-parameter isotherm models (e.g., Langmuir
and Freundlich) and three-parameter isotherm models (e.g.,
Sips and Redlich-Peterson) are commonly applied to het-
erogencous and homogeneous sorption processes, provid-
ing a comprehensive description of interactions between the
sorbate and sorbent [80, 81]. Two-parameter isotherm mod-
els are simple and effective at describing sorption processes
with fewer variables, but may be useful in complex systems
with heterogeneous surfaces or varying sorption energies
[80, 81]. The formation of a monolayer on the membrane
surface was investigated using the Langmuir model,
whereas surface heterogeneity and the type of interaction
between neighboring sorption sites were considered with
the Freundlich model. Three-parameter isotherm models are
useful for describing sorption processes on heterogeneous
surfaces with different sorption energies and sites. The Sips
three-parameter isotherm model can be represented by the
Langmuir two-parameter isotherm model at low sorbate
concentrations, whereas the Redlich-Peterson three-param-
eter isotherm model combines properties of the Langmuir
and Freundlich isotherms in a wide sorbate concentration
range [50]. The Temkin and Dubinin-Radushkevich (D-R)
isotherm models were initially tested in this work, but had
poor fits, as determined by statistical assessment metrics,
such as R? and %2 (data not shown). Therefore, these models
were not employed to assess the results of this work. The
sorption capacity increased with the increase in the initial
dye concentration due to the increase in the driving force
of the concentration gradient, which accelerates the diffu-
sion of organic molecules from aqueous solutions to rigid
solid surfaces [76]. The sorption capacity increased slightly
to 0.788 mg g~! when the initial dye concentration increased
to 15 mg L', inferring the saturation of active sites of the
membrane network. Isotherm parameters were determined
using the optimization procedure employed by the solver
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add-in functions as well as trial-and-error optimization in
Microsoft Excel. Based on the R? and y* values, the best
isotherm fit was obtained using the Redlich-Peterson model,
suggesting that the sorption process is governed mainly by
multisite interactions [83, 84]. As the g value was 1, the
Redlich-Peterson model behaves similarly to the Langmuir
model [38]. Hence, monolayer formation occurs at low dye
concentrations with no physiochemical interactions between
the dye molecules sorbed at specific active sites and avail-
able neighboring active sites [18]. The maximum sorption
capacity ( ¢maqq) of pectin-based membrane for MB dye is
0.86 mg g ! at 298 K. This indicates that the pectin-based
composite membrane containing PS and Fe;0, is a promis-
ing matrix for the sorption of cationic textile dyes contained
in wastewater. Thus, water treatment methods can be pro-
posed using pectin-based composite membranes with the
aim of purifying drinking water containing different types
of organic pollutants, as represented in Fig. 12.

3.2.5 Biosorbent prospects for pollutant separation
Table 5 compares using pectin-based membranes for MB

dye with other sorbents made from biomass materials
and other applications. Several factors affect the sorption

capacity, including pH, temperature, dosage of adsorbents
and their type, surface area, contact time, etc. The optimal
parameters for each sorbent vary significantly, and optimiz-
ing each factor is important to large-scale industrial applica-
tions and understanding the sorption mechanism [82]. The
introduction of Fe;O, provided additional adsorptive sites,
increasing the overall capacity, while PS contributed to the
mechanical strength and stability of the adsorbent, which
may allow the pectin-based membrane to tolerate diverse
wastewater conditions.

Several studies have shown that adsorbents prepared
from biomass materials are less expensive than conventional
treatment technologies for pollutant removal, although they
did not incorporate cost-benefit analysis in their study. A
significant advantage of using biomass materials like pectin
and PS is their low cost. The cost of forest wastes such as PS
is only associated with the transport cost from the storage
place to the site where they will be utilized [14]. The cost
of pectin in the market is 12-21 § per kg [49]. In compari-
son, conventional starch sorbents such as insoluble starch
xanthate and soluble starch xanthane have been reported at
$7.61/100 g and $0.10/100 g respectively [10]. Fe;O,, while
not a biomass material, offers significant benefits in terms of
sorption efficiency and recovery ease, despite its higher cost
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Fig. 12 Schematic of prepared membrane and simulation of application in drinking water purification
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compared to purely biomass materials. Still, this contrasts
sharply with the higher costs associated with conventional
activated carbons ($259.5 per kg) [14].

Our study aligns with environmental sustainability by
utilizing waste materials and natural polymers. The com-
posite nature of our adsorbent also suggests potential for
multiple-cycle use, although reusability studies are yet to
be conducted. Future work will focus on these aspects to
ensure the adsorbent’s practical application in industrial
wastewater treatment is not only effective but also environ-
mentally responsible.

4 Conclusion

A pectin-based composite membrane containing 3%
(w/w) PS and 1% (w/w) Fe;0, was efficiently synthesized
and characterized for the purification of water containing
organic pollutants. With the pectin de-esterification and
crosslinking process of the polymer chain with calcium, it
was possible to reduce the solubility of the membrane in
water during application studies. FTIR, TGA, and mechani-
cal assays confirmed the crosslinked membrane structure.
The composite membranes containing either Fe;O, or PS
had higher thermal resistance than the pectin-based mem-
brane alone due to greater amounts of crosslinking points
among pectin, PS, and Fe;O, in the polymeric structure.
Higher mechanical resistance was also found for the com-
posite membranes containing from 1 to 3% (w/w) Fe3O,
and 3 and 5% (w/w) of PS. The degree of swelling and dye
sorption capacity of the membranes were affected by the pH
of the aqueous solutions and salt concentrations. The dye
sorption kinetics can be described by either the pseudo-first-
order model or pseudo-second-order model at pH 3.0, with
differences at more alkaline solutions. Lastly, either the non-
linear Redlich-Peterson or Langmuir isotherm models can
describe the sorption mechanism depending on the experi-
mental conditions. Based on the present results, the proposed
pectin/PS/Fe;0, composite membrane constitutes a novel
approach for dye removal applications. The synthesized
adsorbent using pectin, PS, and Fe;O, presents a promising
solution for dye removal in wastewater treatment, combin-
ing environmental sustainability with cost-efficiency. Future
studies will further explore the scalability and reusability of
this adsorbent to enhance its industrial application potential.
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supplementary material available at https://doi.org/10.1007/s10450-0
25-00619-2.
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Abstract

This study evaluated the effect of corn starch's amylose/amylopectin content on the development of crosslinked hydrogels
with trisodium citrate for the sorption of potentially toxic metals (PTMs). The results, obtained through a robust methodol-
ogy, indicated a clear relation between the amylose content and crosslinking degree, thereby impacting the properties of
the hydrogels. The hydrogel with high amylose (70 wt.%) and low amylopectin (30 wt.%) content (Hylon VII®) demon-
strated a high crosslinking degree (0.297) and good thermal stability and water absorption (72.71%), with a semicrystal-
line structure. The hydrogel with low amylose (1.8 wt.%) and high amylopectin (98.2 wt.%) content (Amisol 4000®), on
the other hand, showed the lowest degree of crosslinking (0.109), water absorption (49.77%), and high solubility (46%),
which makes its applicability difficult due to its low stability in aqueous media. The influence of amylose (28 wt.%) and
amylopectin (72 wt.%) content indicated that the Amisol 3408® hydrogel showed valuable properties, presenting a higher
potential for PTMs sorption with the following affinity order: Cu?* (68.62%)>Cd?" (63.13%)>Mn?" (37.36%)>Zn*"
(26.61%)>Cr®" (16.80%). Besides, the possible sorption mechanism was ion exchange between Cu?*/Cd?*/Mn?*/Zn?" and
H* in the hydrogels. Thus, starch-based hydrogel is an alternative sorbent to remove and recover PTMs from wastewater.

Keywords Porous materials - Starch - Amylose/amylopectin structures - Covalent crosslinking - Toxic metals sorption

Introduction

According to the United Nations, worldwide, the use of
water resources hasgrown twice asfast as population growth
[1]. Ullah et al. [2] performed principal component analysis
(PCA), whose 60.1% of the total variability revealed that the
groundwater sources of the studied areaare contaminated by
geogenic sources (30.9%), anthropogenic sources (31.3%),
and the mixed type (37.8%), including both geogenic and
anthropogenic source of contamination. Pollution of water
resources is caused by economic development, which is
linked to population growth, which generates excessive use
of water resources and destruction of existing vegetation, as
well as environmental problems listed in inefficient urban
surface water systems and agricultural discharges. Due to

< Derval dos S. Rosa
derval .rosa@ufabc.edu.br

Center for Engineering, Modeling, and Applied Social
Sciences (CECS), Federal University of ABC (UFABC),
Santo André, Brazil

water supply systems surrounding agricultural, domestic, or
industrial environments, rapid urbanization in recent years
has increased the contamination of natural ecosystems with
PTMs[3].

The PTMs are pollutants that have concerned the techni-
cal-scientific community, especially As, Cd, Pb, Cr, Cu, Hg,
and Ni, due to their presence in water in high concentra-
tions and their highly harmful effects on health [4]. Thus,
several removal technologies to mitigate these pollutants
can be reported, highlighting conventional (bioremediation,
phytoremediation, ion-exchange, adsorption, coagulation,
flotation, membrane filtration, and chemical precipitation)
emerging/current trends (activated carbon, use of carbon
nanotubes, biochar) and miscellaneous approaches (bio-
sorption, chemical-biological  remediation  methods,
electrokinetic-microbial remediation approach, and electro-
kinetic-phytoremediation approach) [5]. However, prom-
ising attention has been given to technologies involving
adsorption phenomena due to their high efficiency, simplic-
ity, flexibility of operation, and pollutant removal at low
concentrations [6, 7].
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In recent studies, starch-based adsorptive hydrogels were
widely designed to remove heavy metals from effluents [8—
10]. The literature survey shows that the grafted and cross-
linking starch has suitable sorption characteristics towards
PTMs[11]. Free radical graft polymerization of itaconic acid
starch graft hydrogels for the sorption of divalent ions was
investigated by Soto et al. [12]. Theremoval percentage was
greater than 95% for the PTMs, while the sorption capaci-
ties followed the trend: Pb?* >Ni?* >Zn?* >(Cd?". Wang et
a. [13] synthesized magnetic crosslinked starch-graft-poly-
(acrylamide)-co-sodium xanthate to evaluate its behavior
as an adsorbent for PTMs. About 78% and 63% removal
of Pb?* and Cu?* were observed, respectively. The sorption
capacity of Pb?" using hydrolyzed starch graft poly-(acrylic
acid) and starch graft (polyacrylonitrile) was investigated by
Ekebafe et al. [14]. The maximum sorption capacities were
118.6 mg/g and 115.8 mg/g, respectively. Sorption of Co?*
using starch hydrogels prepared by radiation-induced graft-
ing of copolymerization of dimethylaminoethyl methacry-
late and 2-acrylamido-2-methylpropane-1-sulphonic acid
was evaluated by Farag et al. [15]. The maximum sorption
capacity was 350 mg/g. Corn starch was modified by graft-
ing copolymerization of dibenzo-18-crown-6 in the pres-
ence of microwave radiation and was used as an adsorbent
for Zn?*, Cd?*, Ni?*, and Cu?* [16]. The maximum sorption
capacities were 28.1, 24.5, 30.8, and 17.9 mg/g for Zn?*,
Cd?*, Ni?*, and Cu?". Removal of divalent ions using starch-
iron oxide nanocomposite was investigated by Mahmoud et
a. [17]. The maximum sorption capacities were 200, 322,
and 133 mg/g for Pb?*, Cd?*, and Hg?*, respectively. The
sorption capacity of Pb?* using starch-modified montmoril-
lonite was studied by Luu et a. [18]. Maximum sorption
capacity was found to be 21.5 mg/g.

Currently, ongoing research focuses on synthesizing and
studying new adsorbent materials that can be obtained by
modifying traditional materials, functionalizing with func-
tional groups, and using natural polymers, blends, and
residues [19]. Among these natural polymers, starch is
the primary storage polysaccharide in plants and exists in
granular form. It is a mixture of two distinct entities: lin-
ear amylose and branched amylopectin, composed of anhy-
droglucose monomers. a-1,4 bonds link the linear amylose
chains, whereas a-1,6 bonds link the branching points of
amylopectin. Amylopectin usually is present in more signif-
icant amounts (70-80%) than amylose (20—30%), although
these amounts vary based on the starch source and type
[20, 21]. However, this polysaccharide does not have active
functional groups capable of interacting with metal ions[22,
23]. By exposing the starch granules to sodium hydroxide
(NaOH) solution, hydroxide ions (OH") can be more eas-
ily attracted by the starch, and the anions of the hydroxyl
group can be ionized, leaving negative charges on the starch
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molecules[6]. Therefore, the active sites become more reac-
tive and can promote new reactions, like the crosslinking of
the starch chain using a crosslinker agent responsible for
including new functional groups in the structure. In addi-
tion, it is recommended to use a harmless crosslinker such
as citric acid to carry out hydrogen crosslinking safely and
efficiently, which also promotes a good affinity for metal
ions[8].

In this study, we investigated and characterized the pro-
duction of crosslinked hydrogels using corn starches from
the same source, varying contents of amylose and amylo-
pectin: 1.8 wt.% amylose/98.2 wt.% amylopectin (Amisol
4000®), 28 wt.% amylose/72 wt.% (Amisol 3408®), and 70
wt.% amylose/30 wt.% of amylopectin (Hylon VII®). We
evaluated the produced hydrogels' chemical, thermal, and
morphological properties and their performance in remov-
ing PTMs. Thus, thiswork primarily aimed to compare four
types of hydrogels produced from different corn starches
applied as efficient adsorbents to remove PTMs in an aque-
ous solution.

Materials and Methods
Materials and Reagents

Different corn starches were employed, such as Amisol
3408® containing 28 wt.% amylose and 72 wt.% amylo-
pectin, Amisol 4000® containing 1.8 wt.% amylose and
98.2 wt.% amylopectin. In contrast, Hylon VII® contains
70 wt.% amylose and 30 wt.% amylopectin. Ingredion
Company (Sao Paulo/Brazil) donated and supplied corn
starches. Zinc nitrate hexahydrate (Zn(NOsy),-6H,0, 98%)
and sodium hydroxide (NaOH, 98%) were obtained from
Dynamics Contemporary Chemistry. Cadmium nitrate
tetrahydrate (Cd(NO,3),"4H,0, 98%) and methyl alco-
hol (CH3;OH, 99%) were acquired from Neon Chemistry.
Potassium dichromate (K,Cr,O;, 99%) was obtained from
ECIBRA Analytical Reagents. Copper nitrate trihydrate
(Cu(NO3),-3H,0, 99%), citric acid (CgHgO;, 99.5%),
nitric acid (HNO;, 65%), and sulfuric acid (H,SO,, 95%)
were acquired from Synth. Manganese nitrate tetrahydrate
(Mn(NOs),-4H,0, 98%), oxalic acid (C,H,0,, 98%), ammo-
nium hydroxide (NH,OH, 30%), 2,6-Pyridinedicarboxylic
acid (C;HgNQ,, 99%), 1,5-Diphenylcarbazide (C13H14,N,40,
99%), and sodium carbonate (Na,CO3, 99%) were acquired
from Sigma-Aldrich. The standard stock solutions of
1000 mg/L, 99.9% purity (hexavalent chromium, copper,
cadmium, manganese, nickel, and zinc) were acquired from
Specsol. Ultrapure water was used for solution formulation
and was obtained by the system ARIUM® MINI (Sartorius,
Germany).
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Methods
Starch-Based Hydrogels Synthesis

The starch-based hydrogels were synthesized according
to the methodologies proposed by Abhari et al. [24] and
Camani et al. [22]. The hydrogels were prepared from
starches from the same source (corn), with different amy-
lose and amylopectin contents (Amisol 3408®, Amisol
4000®, and Hylon VII®). Corn starch was suspended in
ultrapure water (40 °C at 70 g/L) in distinct lots. After dis-
solving corn starch, NaOH (13 g/L) was added, and the mix-
tures were maintained under mechanical agitation (713DS,
Fisatom, UK) at 40 °C for three hours. In the case of Hylon
VII® corn starch, this condition was adapted from previous
studies that solubilized this starch granules under similar
conditions [25, 26]. Then, citric acid (CgHgO5) (19.4 g/L)
was added to form the crosslinking agent (trisodium citrate,
Na;CegHsO5), considering the reaction’s stoichiometric bal-
ance. Chemical crosslinking occurred with the system under
mechanical agitation at 40 °C for 17 h. The produced hydro-
gel was heated in a bath at 90 °C for 30 min, stabilized at
room temperature (~25 °C) for 30 min, and dried in an oven
at 60 °C for 48 h. Finally, the produced hydrogels were neu-
tralized with HNO; (3.0 mol/L) and dried again in an oven
at 60 °C for 48 h to avoid the collapse of the pores of the
synthesized starch hydrogels, besides thermal degradation
of the starch polymer chains[23, 27] (Fig. 1).

Hydrogels Characterization

The corn starch sources, and starch-based hydrogels devel-
oped were characterized using Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), thermal
analysis (TGA/DTG), and scanning electron microscopy
(SEM) techniques. To perform the analyses, the samples
were dried in an oven at 60 °C for 48 h.

- ety

o — —

Fourier Transform Infrared Spectroscopy (FTIR) The func-
tional groups were obtained using the FTIR technique
(Frontier 94.942, PerkinElmer, USA) in the operation mode
with attenuated total reflectance (ATR), using a range of
4000-500 cm™!, the spectral resolution of 4 cm™!, and 32
Scans.

X-ray Diffraction (XRD) The crystalline structure and its
changes were obtained using the XRD technique (STADI-
PS diffractometer, STOE & Cie GmbH, Germany). Analy-
ses were performed using CuK,; radiation (A=1.54060 A),
a scan range of 10-80 °, a step of 0.015 °, a voltage of 40 kV,
and a current of 40 mA. The relative crystallinity (RC) was
calculated by Eq. (1).

Ac

o —
(Ac + Aa)

-100 (1)

wherein, A, is the area of the crystalline region and A, is
the area of the amorphous region. For the calculation of RC
of starches and starch hydrogels, the scan range was consid-
ered 10 to 40°.

Thermogravimetry Analysis (TGA) The thermal stability of
the materials was obtained by thermogravimetry analysis
(STA 6000, PerkinElmer, USA). Samples were heated from
30 to 600 °C, with a heating rate of 10 °C/min under an N,
atmosphere (flow rate of 20 mL/min).

Scanning Electron Microscopy (SEM) Morphology, struc-
ture, and pore size were obtained by SEM technique (FEI
Quanta 250, Thermo Fisher Scientific, USA). The materials
were fractured in liquid N, to analyze the fracture region.
Sampleswere covered with athin layer of gold with athick-
ness of 25 nm (Sputtering Leica EM ACE200, Leica Micro-
systems, Germany). The micrographs were obtained under

— .

Fig. 1 Schematic illustration of the production process of starch hydrogels presenting the starch chains (amylose and amylopectin) rearrangement

during the crosslinking process
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the conditions: current of 50 pA, voltage of 10 kV, and spot
size of 4 nm. Pore size distribution of starch hydrogels was
performed using ImageJ® software. Besides, pore size dis-
tribution was performed from the sample’s triplicate, using
ten SEM images, adopting the methodologies by Alves et al.
[23] and Camani et al. (2021).

Water Uptake and Solubility Tests

The water absorption of the starch hydrogels was obtained
by immersing 0.1 g of dry hydrogel pieces in 50 mL of ultra-
pure water. The assayswere carried out at room temperature
(~25 °C). Samples were collected periodically from 0 to
24 h to weigh the mass of swollen hydrogels. At the end of
the assay, the hydrogel solubility was measured by taking
the same sample and drying it until constant weight, and
then comparing it with the initial hydrogel weight used dur-
ing the water uptake test to determine the weight loss in an
aqueous medium. The degree of swelling (DS) and solubil-
ity (%S) were calculated by Egs. (2) and (3), respectively.

me —m;)

ps = - 100 )

m;

(mi —my)

%S = -100 3

m;

wherein, m; is the initial dry weight of hydrogels (g), m; is
the swollen weight of hydrogels at timet (g), and m isthe
final dry weight of hydrogels (g).

The water diffusion mechanism in the corn hydrogels
network was determined by Fick diffusion model (Eq. 4).
my

e =kt (4)

Me

wherein, m, is the swollen weight of hydrogels at equi-
librium (g), % is the constant of the Fick diffusion model
(dimensionless), and n is the parameter that describes the
diffusion mechanism (dimensionless).

Metallic Speciation

Chemical equilibrium diagrams for PTMs (Cu, Zn, Cd, Mn,
and Cr) were simulated using the Visual MINTEQ software
with a 1.0 mmol/L concentration. The chemical equilibrium
diagrams indicated that the pH range of 4.0-4.5 was ade-
quate for the PTMs sorption experiments. Metallic specia-
tion was performed considering the stoichiometric ratios of
the PTM sdlts evaluated.

@ Springer

Sorption Assays in the Batch System: Hydrogel Affinity

The affinity of Amisol 3408®, Amisol 4000®, and Hylon
VII® hydrogels for Cu?*, Zn?*, Cd?*, Mn?*, and Cr®" was
performed by adding 0.25 g of hydrogels and 25 mL of
PTMs solution (0.2 mmol/L each) in Erlenmeyer flasks
(125 mL). The pH control, defined by the chemical equi-
librium diagrams (see Sect. "Metallic speciation"), was
carried out with an HNOj solution (0.2 to 1.0 mol/L).
The sorption affinity assays were conducted in a shaker
incubator (SL-180/A, Solab, Brazil) under 200 rpm at
room temperature (~25 °C). After 24 h, PTM concentra-
tions were determined by ion chromatography (940 Pro-
fessional IC Vario, Metrohm, Switzerland). The method
quantification of transition metals was validated using
C,H,0, solution (0.003 mol/L) as eluent and C;H;NO,
(1.939x 10™ mol/L) as post-column reagent at a flow rate
of 0.9 mL/min, Metrosep C4 column (250 mm x4.0 mm),
column temperature of 45 °C, injection volume of 20 pL,
and UV-Vis detector. The method validated for hexavalent
chromium used Na,CO4 solution (0.013 mol/L) as eluent
and C;3H4,N,O solution (0.002 mol/L) as post-column
reagent at a flow rate of 0.7 mL/min, Metrosep ASupp5
column (100 mm x 4.0 mm), column temperature of 45 °C,
injection volume of 20 pL, and UV—Vis’s detector. Removal
efficiencies (%R) were determined by Eq. (5).

(C(] - Ce)

%R = o

- 100 (5)

wherein, C is the PTMs initial concentration (mmol/L) and
C. is the PTMs concentration at equilibrium (mmol/L).

Statistical Analysis

All experiments were performed in replicates, and standard
deviations were calculated to measure mean dispersions.
One-way analysis of variance (ANOVA) was applied to the
data using Excel software and a 95% confidence level.

Characterizations after PTMs Uptake

After PTMs uptake from sorption batch experiments, the
hydrogels submitted to 24 h of contact time with simulated
water containing Cu?*, Zn?*, Cd®*, Mn?*, and Cr%" in the
concentration of 1.0 mmol/L (0.2 mmol/L for each metal
ion), an adsorbent dose of 10.0 g/L, constant temperature,
and pH of about 25 °C and 4.0-4.5, respectively. Then,
the hydrogels were removed from the contaminated aque-
ous solution and dried in an oven at 60 °C for 24 h to per-
form FTIR and SEM—EDS. FTIR was used to monitor the
changes after the sorption processes of metal ions. The same
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conditions adopted before contamination were used to per-
form FTIR after contamination, using an FTIR spectrom-
eter (Frontier 94.942, PerkinElmer, USA) in the operation
mode with attenuated total reflectance (ATR), using a range
of 4000-600 cm !, the spectral resolution of 4 cm™!, and
32 scans. Samples were covered with a thin layer of gold
with a thickness of 25 nm (Sputtering Leica EM ACE200,
Leica Microsystems, Germany). SEM—EDS evaluated spec-
tra of chemical elements using Compact Scanning Electron
Microscope (JSM-6010LA, Jeol System Technology Co.,
LTD.) using the following conditions: current of 50 pA,
voltage of 15 kV, and spot size of 50 nm.

Results and Discussion

Characterizations of the Corn Starches and Starch-
Based Hydrogels

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis evaluated the hydrogel formation and the
effect of crosslinking degree for hydrogel structures pre-
pared from different starch sources containing various
amount of amylose and amylopectin. Their spectra are pre-
sented in Fig. 2. The bands at 3284 cm™! (—OH stretching),
2924 ¢cm™! (~CH asymmetric stretching), 1637 cm™! (-OH
bending), 1460 cm™' (-CH,, twisting), 1412 cm™' (-CH,
scissoring), 1337 cm ™! (-CH,, twisting), 1150 cm™! (-CO
stretching), 997 and 928 cm ™! (-C-O-C group, from anhy-
droglucose ring), and 845 and 760 cm™' (—CH bending)
were found in al corn starch spectra. These vibrational

Fig. 2 FTIR spectra for corn starches and starch-based hydrogels with different contents of amylose and amylopectin: @ Amisol 3408®, b Amisol

4000®, and ¢ Hylon VII®
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mode signatures are predominantly characteristic of corn
starch structures [28-30].

For starch-based hydrogels, some changes were observed
in the spectra of Fig. 2. The peak around 3284 cm ! showed
a slight shifting to 3300 cm™' (Amisol 3408® hydrogel),
3312cm ! (Amisol 4000® hydrogel), and 3287 cm ™! (Hylon
VII® hydrogel) compared to pure starches. Therefore, this
displacement can be associated hydroxyl stretching and
bending. This shifting isan indicative of retrogradation pro-
cess due to the formation of the intermolecular hydrogen
bonds and the rearrangement of the molecules in the ret-
rogradation process and the crosslinking of the gel gener-
ated by heat, followed by cooling and storage of gelatinized
starch [31]. Yang et al. [32] observed asimilar shifting band
30003700 cm™ ' for high wavenumbers rel ated to the starch
recrystallization during the retrogradation and formation of
agel.

Another change was observed in the spectrum region
between 1750 and 1250 cm™!, which can be attributed to ali-
phatic bonds, indicating conformational changes of the car-
bon—carbon bonds resulting from the crosslinking process,
correlating with the retrogradation and reorganization of the
amylose to amylopectin chains [33, 34]. Besides, the peaks
close to 960, 1060, and 1150 cm ™' showed similar behavior,
indicating that the chemical structure of pure starches was
not modified during covalent crosslinking [22]. Besides, the
band at 928 cm™! present in all starches was slightly shifted
to 933 cm™! for all hydrogels. According to Camani et al.
[22] and Wang et al. [28], this band shift is regarded as a
crosslinking agent, which interacts with hydroxyl groups,
generating crosslinks and forming interconnected 3D
networks.

According to Camani et al. [22], the regions between
1750 and 1500 cm™' and 1060 and 960 cm™' were decon-
volved to investigate the crosslinking process of starch
hydrogels, evaluating different starch hydrogels prepared
from the different amylose and amylopectin contents. The
region between 1750 and 1500 cm ™! was chosen due to the
appearance of the new peak at 1580 cm™!, which is associ-
ated with the stretching vibration of C=0 of the trisodium
citrate carboxyl group. Subsequently, as 1060 and 960 cm !
did not present modifications before and after crosslinking,
this region was chosen as a non-changing pattern to per-
form the ratio of 1582/995 cm ™! peaks area to estimate the
crosslinking degree [22, 31]. Other authors discussed the
ratio between peaks obtained from deconvoluted peak areas
linked to the ether bond signals for dried hydrogels syn-
thesized from hydroxypropyl-p-cyclodextrin crosslinked
with ethyleneglycol diglycidylether in the absence or pres-
ence of hydroxypropylmethylcellulose (HPMC) to apply
them as carriers of amphiphilic drugs. This investigation
of the ratio between peaks studied the crosslinking process
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of these hydrogels [35]. Figure 3 and Table 1 show each
region's deconvoluted FTIR spectra and peak area values,
respectively.

Evaluating the deconvoluted spectra in the region from
1750 to 1500 cm ™! (Fig. 3 on the left), the pure starches only
showed a peak close to 1630 cm ™!, while the hydrogels,
regardless of the amylose and amylopectin content, showed
between two to three peaks close to 1580 cm ™', According
to Ghorpade et al. [36], these new peaks can be associated
with the stretching vibration of the-C=0O groups, present
in the carboxyl group of the trisodium citrate crosslinking
agent. Corroborating with this observation, Abhari et al.
[24] and Abhari et al. [31] suggested a possible crosslink-
ing mechanism involving starch, sodium hydroxide, and cit-
ric acid. They reported that could have been a nucleophilic
replacement, in which the two or more deprotonated carbon
of carboxyl groups (COO") of citric acid are attacked by
alkoxides (as alkali starch, mentioned previously), forming
an intra/intermolecular crosslinking, occurring more easily
for amylose structure. As a crosslinking agent, trisodium
citrate creates the crosslinks between starch molecules dur-
ing the reaction. This crosslinking increased the strength of
thematerial dueto the 3D-interconnected network structure.

The region from 1060 to 950 cm™' (Fig. 3 on the right)
shows the characteristic peaks of the chemical structure
of starch in hydrogels, which shows a similar curve for
the Amisol 3408® and Amisol 4000® hydrogels, but with
changes in the individual peaks compared to pure starches.
A different behavior was observed regarding Hylon VII®,
whose characteristic peak of the chemical structure of native
starch and hydrogel presented similar behavior. This behav-
ior may have occurred due to the process of starch retrogra-
dation and molecular rearrangement promoted by the action
of the crosslinking agent and the different levels of amylose
and amylopectin in the starches [22].

Evaluating the ratio of 1580/995 cm”' peaks area, values
0f0.109, 0.182, and 0.297 were found for hydrogels of Ami-
sol 4000®, Amisol 3408®, and Hylon VII®, respectively.
Thus, the ratio between the peak area of the starch hydrogels
with different amylose and amylopectin contents increased
by 67% (comparing the samples Amisol 4000® and Ami-
sol 3408®) and increased by 172% (comparing the samples
Amisol 4000® and Hylon VII®). Therefore, the increase in
the amylose content of the Hylon VII® hydrogel (70 wt.%)
allowed more crosslinks between the linear structures of the
starch, possibly due to the less steric hindrance observed
in these types of starch since they possess less amylopec-
tin content (30 wt.%). This behavior may have promoted
greater crosslinking with trisodium citrate and a consequent
increase in the degree of crosslinking of this hydrogel. The
polyhydroxy groups in the polysaccharide structure bond
to the citric acid molecule, forming ester bindings [37, 38].
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Fig. 3 Deconvoluted FTIR spectra where left represents the region between 1750-1500 cm™' and right represents the region between 1060—
960 cm™': a Amisol 3408®, b Amisol 4000®, and ¢ Hylon VII®

Thus, crosslinking plays a crucial role in the hydrogels'  this value was lower than the Hylon VII® hydrogel found,
morphological, chemical, and swelling properties [39]. which may indicate that not all chemica groups were

Furthermore, the conformation of the starch chains with ~ impacted during crosslinking. This behavior positively
medium amylose content (Amisol 3408®) may have influ-  impacts the sorption properties (see Sect. "Affinity tests").
enced the crosslinking degree of this hydrogel. However, = Thus, intermediate levels of crosslinking are interesting
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Table 1 Peak areas from deconvoluted FTIR spectra for regions in
1580 cm™" and 995 cm™

Samples Peak area Peak area Cross-

1580cm™! 995¢m’™! linking

degree
Amisol 3408® hydrogel 2.738 15.017 0.182
Amisol 4000® hydrogel 1.525 13.952 0.109
Hylon VII® hydrogel 10.956 36.847 0.297

because they may alow the formation of a stable hydrogel
structure, but with the availability of chemical groups for
interaction with the PTMs. Besides, the formation of a sta-
ble hydrogel is confirmed by water absorption (Sect. "\Water
absorption"), which crosslinked structure allows the hydro-
gel swelling due to less molecular chain mobility, diffusiv-
ity, water retention within the pores, and increase in the
hydrogel volume [23].

X-ray Diffraction (XRD)

X-ray diffraction (XRD) was used to characterize the altera-
tions of the crystalline structure of the samples (Fig. 4a)
between range from 10 to 80°, and ampliation of the crys-
talline region between 10—40° (Fig. 4b) [40].

Native corn starches Amisol 3408® and 4000® showed
a typical type A diffraction pattern, characterized by strong
diffraction peaks (20) at 15°, 17°, 18°, and 23°, respectively
[41]. In turn, Hylon VII® is a native corn starch type B,
unmodified, and derived from corn with a high amylose
content (~70% amylose) and has diffraction peaks at 5.5°,
15°, 17°, 19°, 22°, and 23° [42]. However, the main peaks
linked to B-type crystalline structure of this native corn
starch are found at (20)=17° and 20° [43].

Despite the similarities in the diffractograms of the sam-
ples, some differences are notable after the hydrogel forma-
tion process. Firstly, a new peak located at approximately

11.3° was found for Amisol 3408® and Hylon VII® hydro-
gels, in contrast of the Amisol 4000® hydrogel. He et al.
[44] observed an appearance of characteristic peak located
at 20~12.7°. This diffraction peak can be associated with
crystalline pattern of Vy-type structure, consisting of a
complex crystalline structure of the single-helix format. On
the other hand, during retrogradation and gelatinization of
the starch chains, a destruction of the single helix structure
of starch (native corn starch type B), followed by the rear-
rangement of amylose chains, and the formation of V-type
crystalline structure. Besides, according to Alves et al. [23]
and Camani et al. [22], this peak was verified for starch gels
(hydrogels and aerogels) and is correlated to the retrograda-
tion of amylose and amylopectin to form crosslinked hydro-
gel structure. The non-appearance of this peak for Amisol
4000® can be correlated with less intensity of the crosslink-
ing reaction discussed previously in the FTIR section.

Hydrogels showed slight changes in the intensities and
shifts of XRD signals, with an increase in the intensity of
peaks at 18 and 23° compared to native starches. He et al.
[44] and Alula Gebresas, Szabd, and Marossy [45] reported
that crosslinking process generates an increase of amor-
phous phase, maintaining crystalline structure of the starch.
However, Kou et al. [46] justified this slight alteration of
diffraction peaks due to partial gelatinization of the struc-
tural rearrangement of the alkali media promoted by cross-
linking process.

For this reason, the relative crystallinity (%) of the
starches were 25.54, 35.04, and 22.34% for Amisol 3408®,
Amisol 4000®, Hylon VII®, respectively. In contrast,
hydrogels presented some differences between raw materi-
as and among themselves, achieving the relative crystal-
linity (%) around 21.35, 11.95, and 29.53% for hydrogels
prepared from Amisol 3408®, Amisol 4000®, Hylon VII®,

Fig.4 XRD diffractograms for corn starches and starch-based hydrogels with different contents of amylose and amylopectin
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respectively. Comparing each starch and respective their
hydrogels.

Analyzing the relative crystallinity of the different
starches and hydrogels, Amisol 3408® and Amisol 4000®
hydrogels presented a reduction of these values. It can be
related to the presence of citric acid avoids the retrograda-
tion process of amylose chains. A mechanical mixture plus
citric acid decreased crystallinity by forming diester bridges,
preventing crystallization but not avoiding the retrograda
tion process of the amylose chains [22, 47]. Lipatova and
Yusova [48] corroborated with the same conclusion, which
crosslinked starch films presented a reduction of crystal-
linity with citric acid. Besides, Amisol 4000® presented a
drastic reduction in relative crystallinity. On the other hand,
increasing the amylopectin content, the crystallization peak
of the gel weakens, possibly making the structure amor-
phous and poorly crosslinked, as seenin Koev et a. [49].

In counterpart of Amisol” hydrogels, Hylon VII® hydro-
gel had an increase in relative crystallinity. This increase
can be explained due to high amount of amylose, facilitat-
ing the formation of crystallites of amylose complexes[50].
Other aspect that can correlate this increase was the high
formation of the crosslinks dueto the excessive crosslinking
process, as seen from FTIR discussion previously. Camani
et al. [22] observed the sameresult for increase of crosslink-
ing agent proportion, that increased crosslinking process,
resulting in high relative crystallinity. Therefore, depending
on the type of starch and percentage of amylose and amylo-
pectin, this difference can affect the formation of the crystal-
line structure after crosslinking.

Thermogravimetry Analysis (TGA)

Thermal decomposition and weight loss events are shown
in Fig. 1S (see Supplementary Material). Two main ther-
mal events of weight loss are observed from the TGA
curves, which are confirmed by two peaks observed in the
DTG curves. The first thermal weight loss event occurred
between 60—120 °C. According to Liu et al. [51], weight
loss in this temperature range occurs due to water loss. Pan
et al. [52] also observed the same thermal event related to

Table 2 TGA (T, and DTG (Ty,x) of the corn starches and starch-
based hydrogels

Samples T10% CO) Tuax O
Amisol 3408® Starch 90.9 326.3
Hydrogel 98.3 286.7
Amisol 4000® Starch 90.4 327.3
Hydrogel 98.4 285.8
Hylon VII® Starch 91.0 3244
Hydrogel 98.5 290.6

T,gv,: temperature at which the weight loss was 10% and Ty, x: tem-
perature at which the weight |oss was maximum

dehydration due to the evaporation of residual water in the
bulk of the material. The second thermal weight loss event
occurred between 200-400 °C. This thermal event may be
related to the thermal degradation or pyrolysis of the cross-
linked chains of amylose and amylopectin derived from
starch [52].

Table 2 presentsthe T, and Ty, x for the corn starches
and starch hydrogel samples with different amylose and
amylopectin contents to understand the thermal effect of
crosslinking. From the results observed in Table 2, about
T, 00 there was a dlight increase in the hydrogel samples
regarding the pure starches. It may have occurred due to the
increased crosslinking degree of the hydrogels (see FTIR
analysis). On the other hand, all hydrogel samples showed
lower Ty, than their raw material, which, according to Pan
et a. [52], may have occurred due to the semicrystalline
structure of starch, which initsin natura form is organized
within the granules (before starch retrogradation). Despite
this, the weight loss at 600 °C decreased for all samples,
indicating that the hydrogels presented higher thermal sta-
bility at elevated temperatures with no sudden change in the
pyrolysis of the hydrogels with different amylose and amy-
|opectin contents.

Scanning Electron Microscopy (SEM)

SEM images for corn starch granules with different amy-
lose and amylopectin contents are shown in Fig. 5. The
shape of the starch grains varied depending on the amy-
lose and amylopectin content. Amisol 3408® and Amisol
4000® presented granules with polygonal structures due
to low amylose contents (indicated by ampliation and blue
and pink circles in Fig. 5a and b, respectively). However,
the most part of particles have had a spherical format and
some rod/filamentous granules were found for Hylon VII®
(indicated by ampliation and red circles in Fig. 5¢). Lv et
al. [53] reported the same trends, evaluating the granules’
morphology of different starches. These results were also
corroborated by Jiang et al. [54], indicating that high amy-
lose percentages promote spherical granules and rod/fila-
mentous granules. As for the particle sizes of the different
corn starches, there was no apparent difference in the aver-
age size of the starch granules, having an average size range
between 9.21 to 12.77 um and a monomodal distribution of
average particle size, consistent with literature reports [55].

Morphologically, hydrogels from different corn starches
presented highly porous structures but with some differences
(Fig. 6). Amisol 3408® [Fig. 6a (low magnification) and 6.b
(high magnification] had irregular pore shapes and closed-
cell walls. Sringam et al. [56] aso showed a porous struc-
ture with irregular pores and closed-cell walls. Biduski et
a. [57] obtained hydrogels prepared from low and medium
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Fig.5 SEM images for different starch grains: a Amisol 3408®, b Amisol 4000®, and ¢ Hylon VII®

amylose contents, presenting heterogeneous pore structures
and highlighting micropores within the large pores. Amisol
4000® [Fig. 6¢ (low magnification) and 6.d (high magni-
fication] presented the highest porous structure due to this
starch's high amylopectin percentage, allowing regular pore
formation [58]. Besides, Sangseethong et al. [59] obtained
no difference in hydrogel morphology, even if hydrogels are
prepared from rice starches (Glutinous rice, Jasmine rice,
and Normal rice starches) containing 6.52%, 18.10%, and
29.60% of amylose, respectively.

Moreover, for high amylose-containing starch hydro-
gel, Hylon VII® hydrogel [Fig. 6e (low magnification) and
6.f (high magnification] had very few pores in the cross-
section of the synthesized hydrogel. This low number of
pores of the Hylon VII® starch hydrogel has a tendency
contrary to hydrogels with medium and low percentages
of amylose. Due to Hylon VII® being a starch-containing

@ Springer

a high percentage of amylose, as reported by Biduski et
al. [57], they hypothesized that the starch hydrogel with a
high percentage of amylose did not produce pores in the
internal structure due to the inhibiting action of amylose
organization during hydrogel production. Luo et al. [58]
also abserved that high amylose percentage did not produce
enough porous structure, affecting the gel formation. It is
consistent with FTIR results, indicating that Hylon VII®
hydrogel presented a higher crosslinking degree.

Pore sizes for all hydrogels were measured from SEM
images. As hydrogels presented heterogeneous pore sizes,
two different ranges were considered: large pore sizes
(<20 pm) and small pore sizes (>20 pm). Thus, Fig. 2S and
3S (see Supplementary File) present histograms of large and
small pore sizes, respectively. Table 3 shows average pore
sizes for small and large pore sizes, including the pore den-
sity for each hydrogel.
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Fig.6 SEM images of two magnification times of 100 x and 10,000 x for hydrogels prepared from a and b Amisol 3408®, ¢ and d Amisol 4000®,

and e and f Hylon VII®, respectively

Analyzing the data from Table 3, all average pore sizes
of hydrogels are classified as macropores due to pore size
being more significant than 50 nm [22]. However, differ-
ences were observed depending on the starch type used to

prepare hydrogels. Regarding small pore sizes, Hylon VII®
hydrogel resulted in smaller pore sizes than others. As for
the larger pores, Amisol 4000® and Hylon VII® hydrogels
presented small pore sizes. Konstantakos et al. [60] aso
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Table 3 Average pore size (um) for all hydrogels prepared from dif-
ferent starch

Samples Average pore Average pore  Pore den-
size (um) size (um) sity (cont.
Small pores Large pores mm™")
Amisol 3408® 22.3+7.8 137.0+£23.3 32.00+7.6
Amisol 4000® 37.0+7.3 62.1+9.0 126.6+25.0
Hylon VII® 42+2.0 42.0+£9.0 11.50+1.0

observed these two pore sizes distribution, obtaining pore
sizes around 50 to 250 um and tiny pores between~5 to
50 pm.

ANOVA statistical analysis (Table 1S, see Supplemen-
tary File) was employed to understand the difference in
pore size distribution further, considering a 95% level of
confidence, whose p-value>0.05 is statistically equal (=)
and p-value<0.05 is statistically different. After evaluating
the large and small pore sizes, statistical differences were
verified between all hydrogels. One hypothesis is that the
statistical difference may have occurred due to the amylose
and amylopectin percentages from starches of the same
source (corn) being different. Camani et al. [22] observed
that aerogels synthesized by Amidex 3001® and crosslink-
ing using trisodium citrate also obtained large and small
pore sizes due to higher crosslinking degrees for high cross-
linking agent concentration. Besides, high amylose con-
tents of these starches may promote higher crosslinking,
which decreases small pore size [61]. However, other works
showed that high amylopectin content provides a crosslink-
ing ratio of gel, which resulted in high porosity [58], cor-
roborating with the high pore density observed by Amisol
4000® hydrogel. Furthermore, Luo et al. [58] reported that
increasing the amylopectin content above 70% generates
high porosity and smaller pores; however, the small amount
of amylose present interferes with the crosslinking process,
making the main structure of amylopectin ineffective in
building a three-dimensional network structure, justifying
weight lossand possibl e solubilization of the hydrogel struc-
ture. This behavior will be discussed later (see Sect. "Water
absorption").

Therefore, hydrogels prepared from Hylon VII® and
Amisol 4000® had smaller pore sizes, considering both
size ranges. Besides, the excess of amylopectin in Amisol
4000® generated high pore density among the synthesized
hydrogels. In contrast, the hydrogels prepared with Hylon
VII® obtained a small pore size but a very low pore density
due to the excess amylose in the structure.

@ Springer

Fig. 7 Water uptake (%) of corn starch hydrogels with different amy-
lose and amylopectin contents

Analysis of Specific Properties of Hydrogels
Water Absorption

Water absorption and structural integrity are essential prop-
erties that define the end-use applications of hydrogels.
Figure 7 presents the kinetic curves of the starch hydrogels'
water uptake, showing that all hydrogels showed consider-
able water uptake during the first hour of immersion. After
reaching the equilibrium time (~1 h), it was verified that
each starch hydrogel presented a different absorption degree
in the following order: Amisol 3408® (88.82%)>Hylon
VII® (72.71%)>Amisol 4000® (49.77%). Starch hydro-
gel with medium amylose content (Amisol 3408®) showed
higher water absorption capacity. The lowest water absorp-
tion rate was obtained by Amisol 4000® hydrogel, which
had low amylose and high amylopectin content. The high
molecular weight and branched structure of amylopectin can
reduce the mobility of the polymer chains and interfere with
any tendency for them to become oriented closely enough
to permit significant levels of hydrogen bonding [62, 63].
The low crosslinking degree of Amisol 4000® hydrogel
verified in the deconvoluted FTIR spectra corroborates this
hypothesis. Furthermore, amylopectin's rigid and branched
structure hinders water movement in the hydrogel, resulting
in lower water absorption.

Regarding the Hylon VII® hydrogel, there was a reduc-
tion of water absorption by up to 18%, which indicates that
the higher amylose content probably increased the rigid-
ity conformation of the hydrogel. This behavior resulted
in less molecular chain mobility, diffusivity, water reten-
tion within the pores, and hydrogel volume. This result is
consistent with the deconvoluted FTIR spectra that showed
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a high crosslinking degree in the Hylon VII® hydrogel,
which reveals that the increase in amylose content may
have promoted more connections between structures in the
crosslinking of this starch. Biduski et al. [57] evaluated the
influence of the amylose content and gelatinization method
on producing rice-starch hydrogels. They found that the
starch sample with high amylose content had low water
absorption due to the greater stiffness of the hydrogel struc-
ture that resisted swelling.

Additionally, the Amisol 4000® hydrogel was observed
to have high solubility in the aqueous medium (close to
46%). The hydrogels with high (Hylon VII®) and medium
(Amisol 3408®) amylose content showed low water solu-
bility (close to 15%, 25%, and 27%), respectively. Indeed,
the leaching of the amylose can increase hydrogel solubility.
However, increased interaction between amylose/amylose
and amylose/amylopectin during crosslinking can reduce
starch chain leaching. As observed in the FTIR analysis, the
Amisol 4000® hydrogel presented the lowest crosslinking
degree, which explains its higher solubility. This behavior
may explain the water solubility characteristics of hydrogel
starches with medium and high amylose content and their
relationship with the crosslinking process [64]. Besides, the
starch retrogradation can also affect the solubility of starch
hydrogels. According to Liu et al. [65], the retrogradation
process is influenced by amylose content and length of poly-
mer chains. The low retrogradation tendency may fragment
and solubilize the hydrogels, such as occurred to the starch
hydrogel with high amylopectin content (Amisol 4000®).

In addition to water absorption, understanding the hydro-
gel structure's swelling process is essential. Table 4 pres-
ents the fit parameters of the Fick diffusion model to the
experimental data of water absorption inside the starch
hydrogels. The R? values were above 0.9, indicating a good
fit by the Fick diffusion model. According to the litera-
ture, n values<0.45 indicate that the water transport in the
polymer network of the hydrogel is Fickian. For n values
between 0.45<n<0.89, the water transport is governed by
non-Fickian diffusion, in which the intra-pore diffusion and
macromolecular relaxation occur simultaneously. For n val-
ues>0.89, the water transport is governed by the relaxation
of polymer chains [66, 67]. The n values ranged from 0.194
to 0.409 by varying the amylose and amylopectin content of
the corn starch hydrogels, indicating that the Fickian process
controlled the diffusion mechanism and hydrogel swelling.

Table 4 Fick diffusion parameters for corn starch-based hydrogels

Samples Parameters

K n R
Amisol 3408® hydrogel 0.500 0.409 0.956
Amisol 4000® hydrogel 0.624 0.280 0.951
Hylon VII® hydrogel 0.711 0.212 0.993

In some applications (e.g., the sorption process), a high-
water absorption-insoluble hydrogel is required. Therefore,
corn starch-based hydrogels with medium amylose content
play an important role in maintaining the hydrogel's network
structure and present satisfactory physical performance for
application in sorption tests.

Metallic Speciation

Chemical equilibrium diagrams were simulated to evaluate
the proper pH (1-14) condition para sorption of PTMs by
corn starch-based hydrogels. Figure 8 presents the chemica
speciation diagrams for the PTMs (Cr, Zn, Cd, Mn, and Cu)
at 0.2 mmol/L concentrations.

Figure 8a—d present PTMs (Cu, Zn, Cd, and Mn) in their
soluble divalent ionic form (Cu®*, Zn?*, Cd?*, and Mn?")
specifically at lower pH. As the pH increases, each metal
can suffer hydrolysis or chemical precipitation, forming dif-
ferent chemical species, such as [Cu(OH),], [Cu(OH)4] ",

[Cu(OH),]*", [Cuy(OH),*, [Cux(OH),J*, [CuOH],
[Zn(OH),], [Zn(OH)] ", [Zn(OH),]*", [ZnOH]", [Cd(OH),],
[Cd(OH)], [Cd(OH),*, [CdOH]*, [Mn(OH),*,

[Mn2(OH)3]*, and [MnOH]". A previous study by da Costa
et a. [68] observed the range 3.0<pH<3.5, with hydro-
lysis or precipitation above pH 3.5, for sorption of Cr*,
AR, Cu?, Po®, Cd?*, Zn?, and Ni?* by sericin/alginate/
poly(vinyl alcohol) beads. Cardoso et al. [69] observed the
Ag*, Ni?*, Cu?*, Zn?*, and Cd?" as dominant speciesin the
pH range of 1-8, while Pozdniakova et al. [70] reported the
pH range of 1-7.5 for Zn?*. Sheng et al. [71] evaluated the
pH effect on the sorption of Cu?*, Zn?*, Cd?*, Ni?*, and Pb?*
by Sargassum biomass and found that there was an increase
in the removal rate of PTMs with increasing pH (2—6).

For hexavalent chromium (Cr®"), its soluble ionic forms
typically exist in the form of oxyanions ([CrO,])*", [Cr,0,]*",
[H,CrO,], and [HCrO,]"), depending on the solution pH.
According to Fig. 8e, the [HCrO,]~ oxyanion remains domi-
nant at pH<4.5 and drops rapidly as pH increases, reaching
about 50% at pH 6.5, while the formation of [CrO,]*~ oxy-
anion starts at pH>4.5. Studies on removing Cr®" generally
show greater removal capacities under acidic pH condi-
tions [72]. This behavior has been verified in the removal
of Cr®" by activated red mud [73], Pinus sylvestris biomass
[74], activated rice husk carbon and activated alumina[75],
Tamarindus indica seeds [76], residue of alginate extrac-
tion from Sargassum filipendula [ 77], sericin/alginate beads
[78], Jute fiber (PANI-Jute) [79], and chitosan Fe® Nanopar-
ticles [80]. High Cr® removals in the acidic pH range can
be associated with its reduction to Cr®* since Cr®" isastrong
oxidant [81]. Equations (6) and (7) present the reduction
reactions of Cr®" species at low and moderate pH values,
respectively [69, 72].
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Fig. 8 Chemical equilibrium diagrams of PTMs simulated using Visual MINTEQ® 3.0 software (Cy=0.2 mmol/L each, pH 1-14, and T=25 °C)
aCu,b Cd,cZn,dMn, eCr
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CroO2~ +14H' 4 6e~ = 20r°T + TH,0 (6)
HCrOy +7THY 43¢~ = Cr®" + 4H,0 (7)

Therefore, the range 4.0<pH<4.5 was defined to investi-
gate the sorptive affinity of the corn starch-based hydrogels
on the PTMs uptake, avoiding the precipitation/hydrolysis
of metal species in an aqueous medium. Although the sorp-
tion capacity of Cr®" is higher at low pH values, the affinity
assays were conducted at pH 4.0—4.5, as this pH range better
reflects the pH of drinking water and wastewater.

Affinity Tests

The affinity between the adsorbate/adsorbent predicts the
sorption efficiency. In the case of PTMs, this affinity has
been strongly associated with experimental conditions,
specific surface area, and functional groups on the adsor-
bent [82, 83]. Affinity assays were performed to evaluate
the sorption potentia of the corn starch-based hydrogels by
PTMs (Cu?*, Cd?*, Mn?*, Zn?*, and Cr%") (Fig. 9).

From Fig. 9, Amisol 3408® hydrogel showed greater
sorptive affinity by PTMs ions, followed by the Amisol
4000® and Hylon VII® hydrogels. The greater removal
efficiency achieved by Amisol 3408® hydrogel indicates
that corn starch with medium amylose content has better
sorption characteristics for metallic contaminants. Corrobo-
rating with FTIR results, the high crosslinking degree of the
high amylose content hydrogel (Hylon VII®, 0.297) may
have reduced the number of sites available for PTMs sorp-
tion. On the other hand, the high removal achieved by the
Amisol 4000® hydrogel (high amylopectin content) may be
related to its high solubility in water (close to 46%), which

: =
Ii.hu

Fig. 9 Sorption affinity of PTMs ions (Cu?*, Cd?*, Mn?*, Zn®*, and
Cr%) by corn starch-based hydrogels (Cy=0.2 mmol/L each, pH 4.0—
4.5, and T=~25 °C)

may have caused an increase in its specific surface area and
number of sites available for sorption.

The sorption affinity of the corn starch-based hydro-
gels among PTMs ions follows the order: Cu?* (68.62
to 50.63%)>Cd?* (63.13 to 33.99%)>Mn?" (37.36 to
26.54%)>7Zn%" (26.61 to 5.63%)>Cr®" (16.80 to 4.38%),
which is consistent with the sequence of hydrated ionic
radius sizes and electronegativity of PTMs[84, 85]. In gen-
eral, PTMs with higher valence can be exchanged more
easily for sorption by ion exchange because the affinity
between adsorbent/adsorbate tightly depends on the metal
ions' hydrated ionic radius size and electronic structure [86,
87]. Therefore, towards divalent cations, these corn starch
hydrogels show better affinity towards Cu®* and Cd?".
Wang et al. [88] synthesized magnetic starch-graft-poly-
(acrylamide)-co-sodium xanthate to evaluate its behavior
as an adsorbent for PTMs and found 78 and 63% removal
efficiencies of Pb?* and Cu?", respectively. Mahmoud et al.
[17] investigated the sorption of divalent PTMs (Pb?*, Cd?*,
and Hg?") by starch-iron oxide composite and found a maxi-
mum removal efficiency in the range of 70-94, 76-93, and
93-97% for the Hg?*, Cd?*, and Pb?*, respectively.

On the other hand, Cr®" can hardly be sorbed, which fur-
ther suggeststheion exchange mechanismisdueto the pres-
ence of oxyanions in an aqueous medium. According to the
metallic speciation diagram (Fig. 8¢), Cr®* typically exists
in the forms [CrO,4]*", [Cr,0,]*", [H,CrO,4], and [HCrO,] ",
depending on the pH, while their negative charges and large
hydrated ionic radius weaken their affinity to the functional
groups present in the hydrogels' structure. Finally, the results
showed a greater sorption affinity between Amisol 3408®
hydrogel and PTMs ions Cu®* and Cd?*. Therefore, further
studies of kinetic, equilibrium, thermodynamic, desorption/
reuse, and fixed-bed columns for scale-up are strongly rec-
ommended to understand the sorption process deeply.

Characterizations after PTMs Uptake

To better understand the interactions between PTMs/adsor-
bents, Amisol 3408®, Amisol 4000®, and Hylon VII®
hydrogels, before and after PTMs sorption, were analyzed
using SEM/EDS and FTIR techniques. The hydrogels were
saturated with Cu?*, Cd%*, Mn?*, Zn?*, and Cr®" in sorption
tests under the following experimental conditions: PTMs
load of 0.2 mmol/L each, a dose of 10.0 g/L, T~25 °C, and
pH 4.0-4.5. Micrographs of hydrogels and hydrogels/PTMs
were obtained using the SEM technique, as illustrated in
Fig. 4S (see Supplementary Material).

From the surface micrograph of the starch hydrogels at
500 x magnification, it is possible to observe that the adsor-
bents had a homogeneous composition with few pores, with
Hylon VII® hydrogel presenting a surface with greater
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roughness. The surface roughness can be attributed to stir-
ring with HNO; (3.0 mol/L) to neutralize the hydrogel’s
surface. The drying process of the hydrogels also contrib-
utes to the formation of the rough surface, as the volume of
the hydrogels decreases with drying. Silva et al. [89] aso
reported surface roughness and homogeneity in the compo-
sition of the beads produced from the crosslinked sericin/
alginate blend. After the sorption of PTMs, there were a
few changes in the hydrogel morphology, which presented
an irregular shape and some cracks on their surface. These
fractures are probably related to the drying process at 60 °C
to which the hydrogels were subjected after the sorption
experiment and characterization analyses.

The EDS technique, coupled with the SEM technique,
was performed to identify the chemical elements on the
starch hydrogel's surface. The spectra obtained for the
starch hydrogels, before and after PTM s sorption, are shown
in Fig. 10. According to the EDS technique, all hydrogels
showed the elements carbon and oxygen in their chemical
composition. Starch hydrogels were prepared by adding
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NaOH in different batches when opening the starch grains.
However, the element sodium was not detected in the starch
hydrogels, indicating that there was |eaching of sodium ions
on the surface of the adsorbents, resulting from the neu-
tralization step with HNO; (3.0 mol/L) of the synthesized
starch hydrogels. After sorption, PTMs, besides carbon and
oxygen, were verified. Possibly, H* present on the starch
hydrogels surface was exchanged for Cu?*, Cd?*, Mn?",
and Zn?* during the sorption process, which highlights the
mechanism of ion exchange between Cu?*/Cd?*/Mn?*/Zn?*
and H" in the starch hydrogels.

FTIR analysis was performed to compare the starch
hydrogels before and after PTM capture (Fig. 11). Com-
parison between hydrogels spectra before and after (yellow
curves in Fig. 11) capture of PTMs was also performed to
identify the bonds and chemical groups of the adsorbents
involved in sorption. The spectra of all samples in natura
and loaded with PTMs (yellow curves of Fig. 11) showed
great similarity. However, there were changes in the dif-
ferent peaks of the hydrogels after sorption, including the
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Fig. 10 EDS spectra of starch hydrogels and starch hydrogels/PTMs at 1500 x magnification
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Fig. 11 FTIR spectra for starch hydrogels and starch hydrogels/PTMs

peaks corresponding to the —OH groups and —C=0 in
—COOH groups, which implies the participation of these
groups in the sorption of PTMs. The stretching vibrations
—C=0 in —COOH appeared in the spectra of hydrogels,
which showed that free —COOH functional groups were
transformed into —COONa groups during covalent cross-
linking with trisodium citrate to form the starch hydrogels.
These stretching vibrations are not present in the spec-
trum of starch hydrogels without acid leaching [23]. After
leaching the beads with HNOj3 (3.0 mol/L), the —COO"~
groups were changed to —COOH. Thus, a new functional
group (—C=0 in —COOH) was introduced into the struc-
ture to improve interactions with a divalent cations target
[90]. FTIR analysis further proves that interactions with
hydroxyl/carboxyl groups control divalent cations captured
by starch hydrogels. Equations (8)-(9) present the possible
mechanisms proposed for the sorption of PTMs by starch
hydrogels[91, 92].

1631
|
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2R—OH +M** = (R-0), M +2H" ®)
2R — COOH + M** = (R— C0O0), M +2H" )

Conclusions

This study proposes the development of starch-based hydro-
gels containing different amylose/amylopectin content and
investigating their properties to remove PTMs. FTIR analy-
sis indicated that hydrogel crosslinking was directly affected
by amylose content, for which the higher amount of amylose
was related to a higher crosslinking degree. Importantly, all
starch-based hydrogels displayed low crystalline domains
and excellent thermal stability, irrespective of amylose and
amylopectin content. On the other hand, the hydrogels'
porous structure, water uptake capacity, and solubility were
directly influenced by the amylose and amylopectin content,
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which could be associated with the crosslinking degree and
the availability of functional groups. Higher amylose con-
tent had a detrimental effect on the porous structure of the
hydrogels, exhibiting low pore density and limited water
absorption.

In contrast, the hydrogel with medium amylose content
(Amisol 3408®) demonstrated an improved porous struc-
ture and greater water uptake capacity. The hydrogel solu-
bility was also affected, showing that the hydrogels with
low amylose presented lower water holding capacity, while
other compositions presented higher stability. Simulated
metallic speciation diagrams showed that the pH range of
4.0-4.5 is optimal for capturing PTMs while avoiding pre-
cipitation or hydrolysis of metal species in aqueous media.
Among the hydrogels, Amisol 3408® exhibited the highest
removal efficiency for metallic contaminants, particularly
Cu?* (68.62%) and Cd?" (63.13%). This finding highlights
the superior sorption characteristics of corn starch with
medium amylose content, especially for Amisol 3408®.
Besides, SEM-EDS and FTIR revealed interactions with
hydroxyl/carboxy! groups control divalent cations captured
by starch hydrogels. This understanding opens new possi-
bilities for utilizing this renewable polysaccharide in appli-
cations such as removing PTMs from wastewater.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s10924-0
25-03495-7.
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ARTICLE INFO ABSTRACT

Keywords: The scarcity of water resources and their pollution are vital to modern civilization. Thus, adsorptive membranes
Membra“f’-s . are promising candidates to be applied in the filtration systems to improve the water quality. In summary, this
Electrospinning study investigated the effect of chitosan (CS) in the morphological, chemical, and physical aspects of PLA-based
Poly(lactic acid) . . . . o . . .o .
Chitosan membranes incorporating chitosan obtained by electrospinning process, their adsorption behavior in multiele-

ment aqueous systems containing Cr®", Cu®", Zn?*, Mn 2*, Ni®*, and Cd?* in pH 4, and the possible removal
mechanism on the composite electrospun membrane's surface. The addition of chitosan within the PLA matrix
reduced the diameters and porosity of the fibers and pores, resulting in an improvement in the modulus of
elasticity and tensile strength until rupture, reaching values around 346.4 + 61.4 MPa and 4.57 + 0.69 MPa for
mechanical tests carried out in the alignment of fibers with the highest percentage of CS. Besides, the contact
angle varied between 70 + 5° and 114 + 3°, depending on side of membrane's surface (smoother or rougher).
For removal efficiency of six metal ions in multielement aqueous systems, the best results were verified for Cr®*
(40 up to 100 %). The adsorption efficiency did not significantly change when the chitosan content increased, but
the value increased for Cr®" percentage drastically. From SEM-EDS and XPS, indicatives of possible adsorption
mechanism showed the contribution of amino groups and oxygen-rich functional groups of chitosan (especially
oxyanion chromium); the PLA chain ends (active —COO™ sites) for divalent metal ions removal, and the lowest
ionic radius of chromium, that facilitate its removal. Thus, PLA membranes containing chitosan are a promising
candidate with excellent mechanical and adsorptive properties for environmental remediation.

Metal ion removal

1. Introduction some places, such as the Patna community, Bihar, India, a flood event
generated a loss of water quality, whose high values of total dissolved

Heavy metals from industrial and agricultural activities can pollute solids, total hardness, total alkalinity were found, achieving values
the soil and water, entering the human food chain and accumulating around 1120 mg/L, 575 mg/L, and 3516.75 mg/L, respectively. Besides,
over the years, becoming toxic for living beings and resulting in serious 60 % of samples presented high amounts of Mg"™ and Cl~, and traces of
and chronic diseases. In the rest of the world, studies reported that in As (0.0516 mg/L) [1]. In Brazil, other environmental disasters have
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caused great socio-environmental damages, as in the Doce River basin,
where the Fundao dam ruptured. This rupture released high concen-
trations of pollutants of Fe and Mn, around 32.36 mg/L and 936 mg/L,
respectively [2].

The toxicity and human diseases generated by contamination
concern the world population. Depending on their oxidation states,
metal ions act in the human body distinctly [3]. Cr%t can cause skin
allergies to cancer (in the digestive and/or respiratory system) in small
and high quantities, respectively [4]. Zn?* and Cu®>" accumulation can
result in gastrointestinal distress and diarrhea and Wilson disease,
metabolic disorders and even death [5,6]. Cd** can cause pulmonary
edema, osteomalacia, damage to the hematopoietic system, even so
cancer [7].

For removing these heavy metals from nature, there are several
processes that can be applied, and the most currently is the adsorption
process due to this simplicity methodology and low cost. Combining
these aspects of adsorption with highly selective and adsorptive mem-
branes improves the performance of the contaminant removal process
and reduces membrane fouling [8]. Among several adsorbents, there are
the conventional and unconventional adsorbents [9]. Carbon-based
adsorbents are the major material type used for this application, and
usually, surface modification processes, such as nitrogenation, oxida-
tion, or sulfuration, are applied to improve the performance [10-12].

Chitosan is a natural polymer highly used to obtain adsorbents to
heavy metal removal from wastes, especially water, due to its amino
(—NHy) and hydroxyl (-OH) groups presented on composition. How-
ever, some negative points are the low porosity and surface area, and
usually there is need to combine this polymer with another one to reach
high values for ion removal and adequate mechanical properties (Bruno
[12,13]). Another biopolymer that has properties like those verified in
petroleum-based polymers is the poly(acid lactic) (PLA). It presents
biodegradability, biocompatibility and its production is relatively eco-
friendly with low cost. Besides, this biopolymer is widely applied to
produce membranes for water purification [14]. These two polymers
have good biocompatibility and are adequate to obtain membranes for
different uses, such as filtration, heavy metal removal and bio applica-
tions [15,16]. Furthermore, other characteristic of these membranes
applied to heavy metal removal is the presence of specific functional
groups, such as hydroxyl (-OH), carboxyl (-COOH), epoxy (-COC-),
amine (—NHpy), and carbonyl (-C=0) that promote high removal of these
contaminants (Bruno [13,17,18]).

To fabricate the filtration membranes, there are several papers
describing different methods to synthesize them using different sources,
such as emulsification, electrospinning and freeze-casting, aiming the
application of the metal ion removal [19-21]. Among these fabrication
methods, electrospinning is a technique used to produce ultrathin fibers
from polymer solutions, using an electric field, that poses high surface-
volume relation qualifying them to applications like tissue engineering,
fluid filtration and heavy metals filtration/capture. The suspension is
ejected through a capillary and attracted to the collector due to the
potential gap between these sides. Some parameters can affect the
thickness of the fibers, highlighting the viscosity and pH of the poly-
meric solution, distance between collector and capillary, voltage, hu-
midity and temperature [22,23].

Due to the difficult to produce pure chitosan membranes by elec-
trospinning process, another polymer is added to the composition to
facilitate the fibrous structure formation. One of the difficulties to form
fibers is due to the high viscosity, polycationic properties, and strong
intramolecular forces of the chitosan polymer solution, even low con-
centrations of chitosan from electrospinning process. Thus, the blending
of the chitosan with other polymers such as [polyethylene oxide (PEO),
polyvinyl alcohol (PVA), poly(lactic acid) (PLA), and polycaprolactone
(PCL) is another route to prepare electrospun fibers [24,25]. However,
only three works were published in the current literature from the
research performed on the Web of Science platform preparing poly
(lactic acid)-based membranes containing chitosan [26-28]. However,
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the joining of a simple fabrication to prepare membranes and the study
about the possible adsorption mechanism of the metal ion was not
studied from multicomponent aqueous systems. Therefore, the aim of
the research paper is to evaluate the effect of chitosan addition (CS)
(0-20 wt%) in the morphology, microstructure, chemical composition,
and physical properties of PLA-based membranes obtained by electro-
spinning. These composite electrospun membranes were applied as
possible candidates to remove metal ions from contaminated aqueous
systems (Cr®*, cu?t, Ni%t, zZn®*, Mn?*, and Cd*"), and the possible
removal mechanism of the metal ions.

2. Materials and methods
2.1. Materials

Poly(lactic acid) pellets (PLA, National 3D), chloroform (CHCls, 99
%, Synth), Chitosan (C18H35N3013, 93 %, Exodo Cientifica®), absolute
alcohol (Cz2HeO, 99 %, Dynamics Contemporary Chemistry), acetic acid
(CHsCOOH, 99 %, Dynamics Contemporary Chemistry) were used to
produce the membranes. Zinc nitrate hexahydrate (Zn(NO3)2-6H50, 98
%, Dynamics Contemporary Chemistry), nickel nitrate hexahydrate (Ni
(NO3)2-6H50, 98 %, Dynamics Contemporary Chemistry), cadmium
nitrate tetrahydrate (Cd(NO3)-4H20, 98 %, Neon Chemistry), potas-
sium dichromate (K3Cry07, 99 %, ECIBRA Analytical Reagents), copper
nitrate trihydrate (Cu(NO3)2-3H20, 99 %, Synth), and manganese ni-
trate tetrahydrate (Mn(NO3)2-4H20, 98 %, Sigma-Aldrich) were used to
prepare the multi-metal solution. The standard stock solutions of 1000
mg/L, 99.9 % purity (hexavalent chromium, copper, cadmium, man-
ganese, nickel, and zinc) were acquired from Specsol. HNO3 (65 %)
provided by Sigma-Aldrich was used for pH adjustment.

2.2. Methods

2.2.1. Preparation of the polymer solutions and electrospinning

Initially, a 10 % (w/v) polylactic acid (PLA) solution was prepared
using chloroform as the solvent. The solution was homogenized for 24 h
at 25 °C and 300 rpm in a magnetic stirrer (Fisatom 753 A). Subse-
quently, a 2 % (w/v) chitosan solution was prepared using acetic acid
and absolute alcohol as solvents in a ratio of 9:1, respectively, and then
magnetically stirred at 25 °C and 300 rpm for 24 h. To prepare the PLA/
chitosan solutions, the chitosan solution was added drop by drop to the
PLA solution until the final solutions contained 10 % and 20 % (v/v) of
the chitosan solution, and they were stirred on a magnetic stirrer at
25 °C, 300 rpm for 24 h.

For electrospun membrane preparation, the solutions were inserted
into 10 mL plastic luer slip syringes equipped with a 25 x 0.7 mm metal
needle (Descarpack Brasil). These solutions were then subjected to the
electrospinning process (DBM Eletrotech, Brasil), using a voltage of 15
kV, a distance of 15 c¢m to the collector, a flow rate of 0.15 mL/min. The
membranes were collected on an aluminum foil-covered rotating drum
bulkhead with a rotation of 150 rpm and left to dry in a desiccator for a
minimum of 24 h at 25 °C to remove any residual solvents. The acro-
nyms of the membranes were PLA (membrane without chitosan), and
membranes containing chitosan at 10 wt% (PLA CS 90-10) and 20 wt%
(PLA CS 80-20). Thus, Fig. 1 illustrates the polymer solubilization, the
addition of CS and the electrospinning approach to prepare electrospun
membranes.

2.2.2. Electrospun membranes characterization

2.2.2.1. Field emission gun — scanning electron microscope (FEG-SEM).

The morphology of the adsorptive membrane samples was analyzed by
Field Emission Gun — Scanning Electron Microscope (FEG-SEM). FEG-
SEM using high resolution (Schottky) scanning electron microscope
(Thermofisher - Quattro S) and was performed in the Biomass
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Fig. 1. Illustrative scheme of polymer solubilization and preparation of membranes by electrospinning.

Characterization Laboratory, Analytical and Calibration Resources
(LRAC) at the Faculty of Chemical Engineering at UNICAMP. The
membranes were kept at room temperature for 24 h in a vacuum
desiccator to remove moisture. The dried samples were mounted on a
slab covered with carbon conductive tape before coating with a thin
layer of Au to make them conductive. The working voltage was 15 kV
and the current 55 pA (Spot Size: 3.0). The average fiber diameters were
determined by randomly measuring 100 individual fibers from the SEM
images using a commercially available image analysis program (Image J
software).

To determine the membrane porosity. The membranes were cut into
1 cm® squares, the dimensions were measured using a caliper (Mitutoyo,
IP67), the thickness was measured using a micrometer (Mitutoyo, IP6),
the samples were weighted in a precision balance (Shimadzu, AUY220),
the apparent density was then obtained by the Eq. (1):

Dap =mxv (@]

In which: m is mass, and v is the volume.

The true density of each sample was determined using helium gas
pycnometry (AccuPyc 1340, Micromeritics, USA). Porosity was then
calculated by relating the apparent and true density measurements of
the samples by the Eq. (2):

p = (1 —Dap x Dtrue) x 100 2)

In which: Dap is apparent density, and Dtrue is the true density of the
membrane.

2.2.2.2. Fourier transform infrared spectroscopy (FTIR). Fourier trans-
form infrared spectroscopy (FTIR) with attenuated total reflectance
(ATR-FTIR, Tensor II model, Bruker) was utilized to identify the func-
tional groups in the membranes. The spectroscopy was conducted at
wavelengths ranging from 2000 to 400 cm™! with 200 scans and was
verified on the smooth and rough surface.

2.2.2.3. Water contact angle (WCA). The wettability of each membrane
was determined in its both sides using a WCA analyzer (Phoenix 300,
SEO, South Korea). A sample of the polymeric membrane (1.2 cm x 2
cm x 0.1 mm) was attached to the rectangular platform of the equip-
ment and then 20 pL water droplets were inserted under the sample and
immediately measured. The final contact angle was performed in
triplicate.

2.2.2.4. Tensile mechanical performance. The mechanical tensile
strength analysis was carried out in accordance with ASTM D882 stan-
dard with a universal testing machine (EMIC, DL10000). Test speci-
mens, measuring 100 x 10 mm and a grip distance of 50 mm, were
employed for the evaluation. The testing apparatus maintained a

constant speed of 5 mm/min and included a set of 7 specimens per
sample. The mechanical analysis was performed in both fiber alignment
and transverse directions.

2.2.2.5. Adsorption experiments. The adsorption experiments were
conducted in 125 mL Erlenmeyer flasks, containing 25 mL of a multi-
metal solution (Cr®*, Cu®*, Ni**, Zn?t, Mn?*, and Cd*") with a total
initial concentration of 1.2 mmol/L. To ensure an equal number of
molecules available for adsorption sites, the multi-metal solution
comprised of 0.2 mmol/L of each metal ion. The pH solution was set at
4.0 using HNOg, and approximately 0.13 g of the adsorbent membrane
(adsorbent dose of 5 g/L) was added. This pH was chosen due to pre-
vious works present good removal of the metal ions between pH 3-5 in
the literature [29-31]. Each test was performed in duplicate, and the
suspension was agitated in an orbital shaker incubator at 180 rpm and
25 °C for 24 h, allowing sufficient time for equilibrium to be reached.
Following the designated time, the samples were filtered using 0.45 pm
cellulose acetate filters. The pH was measured, and the remaining metal
concentration was analyzed. Cationic metals and hexavalent chromium
were analyzed using an Ion Chromatography system (940 Professional
IC Vario, Metrohm, Switzerland). The cationic metals were analyzed
with a Metrosep C4 column (250 mm x 4.0 mm) at a column temper-
ature of 45 °C, and an injection volume of 20 pL. The total chromium
concentration was determined using Atomic Absorption Spectrometry
(AAS) (AA-6300, Shimadzu). The removal efficiency (RE) was deter-
mined by Eq. (3), as described by Costa and co-workers [32].

_Co—Ce

RE (%) = % 100 3

where Cp is the initial concentration of metal in the solution (mmol/L),
and C, is the concentration of metal at the equilibrium (mmol/L).

2.2.2.6. High-resolution scanning electron microscopy and energy-
dispersive spectroscopy (SEM-EDS). The samples were fixed in the spec-
imen holder with double-sided carbon adhesive tape and coated with a
thin layer of gold (20 nm) using Sputter Coater (K450, Emitech, Kent,
United Kingdom). The samples were analyzed using a high-resolution
scanning electron microscope (Quattro S., Termo Fisher Scientific),
equipped with a chemical microanalysis module (EDS) (ANAX-60P-B,
Thermo Scientific UltraDry, Brno, Czech Republic) using a working
distance of 20 mm, voltage of 20 kV, current of 64 pA, spot size of 3.0,
and magnifications of 1000x. The analysis was performed to evaluate
the elements C, O, Si, Cl, Cr, Ca, Mg, Al, and Fe. This technique was
avaliable in Biomass Characterization Laboratory, Analytical and Cali-
bration Resources (LRAC) at the Faculty of Chemical Engineering at
UNICAMP.
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2.2.2.7. X-ray photoelectron spectroscopy (XPS). The chemical structure
of the PLA and PLA CS fiber membranes before (BS) and after (AS) metal
ion sorption was analyzed using X-Ray Photoelectron Spectroscopy
(XPS). The samples before adsorption were performed in the rough (the
surface in contact with the tip of the needle) and the smoother (the
surface in direct contact with the collector) surface of the membranes.
Using an Al K X-ray source, the XPS spectra were obtained with a K-
ALPHA (Al) (Thermo Scientific) spectrometer. The binding energies of
the existing elements in the sample were determined using the survey
spectra and components as the Cls and O1s region.
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3. Results and discussions
3.1. Electrospun membranes characterization

3.1.1. Scanning electron microscopy

Firstly, SEM images of PLA, PLA CS 90-10 and PLA CS 80-20 are
presented in Fig. 2. Besides, from SEM images, the values of fiber and
pore diameters were fitted in a gaussian curve and plotted, being pre-
sented in Fig. 2.

In general, all membranes obtained a highly fibrous structure, that is
an inherent aspect of electrospun membranes [33]. PLA membranes
exhibited an average fiber diameter and pore diameter around 5.98 +
0.06 pm and 18.81 + 0.58 pm, respectively. According to Huang and
Thomas, PLA membranes prepared from chloroform promotes surface

Fig. 2. SEM images showing both sides of the membranes, (a) and (b) PLA, (c) and (d) PLA CS 90-10, and (f) and (g) PLA CS 80-20.
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roughness of electrospun fiber, ranging from few nanometers to 10 pm
[34]. Also, the PLA nanofibers presented themselves highly porous,
increasing the total porosity of the whole membrane, what is a positive
result for an adsorption system since the total area for adsorption in-
creases. The enhance in fiber porosity was attributed to the effect of
humidity, according to Casper and co-workers, who showed that
increasing in the environment humidity during electrospinning may
cause circular pores formation in the nanofibers due to the evaporation
of the solvent during the solution direction to the collector [35,36].

As CS was incorporated into the PLA membrane structure by elec-
trospinning, the average size to fiber diameter decreased, ranging the
values of 38.80 % and 77.93 % for CS 10 and 20 wt%, respectively, with
left-dislocate narrow gaussian curves verified in every different
composition. Regarding the pore diameter of the membranes, the
average values also decreased, presenting a decline of 14.72 % and
54.12 % for CS 10 and 20 wt%, respectively. Analyzing these two values,
they decreased as the chitosan content increased in formulation. In this
parameter, left-dislocated large gaussian curves were verified with
different compositions. Similar tendency was verified by Thomas and co-
workers, in which the authors obtained PLA/chitosan (0.2-0.8 wt%)
membranes by electrospinning method [37]. Other authors also
observed the same trend. Guo and co-workers reported a decrease in the
fiber diameter as CS increases for membranes prepared from a blend of
poly(butylene carbonate)/poly(lactic acid)/chitosan (CS) by electro-
spinning [38]. Thomas and co-workers also observed a reduction of fiber
diameter and pore size as nanochitosan was added into poly(lactic acid)
(PLA) synthesized from electrospinning process to remove Cd?* from
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water [39] (Fig. 3).

Corroborating with SEM discussion, Table 1 presents the porosity
values for membranes.

From the porosity percentage values found in Table 1, it was verified
a decrease as the chitosan content increased, what is in accordance with
those presented on Fig. 2. Besides it can also be noted a decrease in fiber
diameter as the chitosan increase. Thomas and co-workers observed a
decrease in porosity attributed to increase of chitosan percentage [16].
In addition to this affirmative, the decreasing in nanofibers diameter as
function of chitosan level in the mixture of PLA/Chitosan may be
explained by the enhanced charge density that is positioned on the
surface of the solution jet that causes certain repulsion and stretching of
the fibers on the way to the collector. This was verified in previous
research that showed a smaller average fiber diameter when incorpo-
rating more chitosan into the mixture [40-43].

3.1.2. Fourier transform infrared spectroscopy (FTIR)
Fig. 4 shows the FTIR spectra of raw materials and membranes with
different compositions and different analyzed surfaces. In general, the

Table 1
Porosity values of the membranes.

Sample Porosity (%)
PLA 82,36
PLA CS 90-10 77,71
PLA CS 80-20 71,51

Fig. 3. Probability plots for fiber diameter where, (a) PLA, (b) PLA CS 90-10, (c) PLA CS 80-20, and pore diameter for, (d) PLA, (e) PLA CS 90-10 and (f) PLA

CS 80-20.
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Fig. 4. FTIR spectra for raw materials, PLA membrane, and PLA membranes
containing different CS percentages obtained with different sides of membranes
(smoother and rougher surface).

curves present the same bands, with different intensities, and the curves
from rough surfaces present more noise than the smooth surfaces.

Evaluating the CS spectra, several characteristic peaks are found.
Firstly, peaks located in 1659 cm_l, 1586 cm_l, 1419 crn_l, 1376 cm_l,
and 1153 cm ™! corresponds to -C-O group in primary amides, secondary
amides, -CHy bending, CH3 symmetrical deformation, and antisym-
metric stretch C-O-C and C—N stretch are some typical peaks found in
the chitosan macromolecular chains. Other peaks verified in 1070 cm ™},
1026 em™!, and 893 cm! are attributed to asymmetric —~C-OH
stretching, C—O stretching, and C—N bonds [13,44,45].

From PLA spectra, the characteristics peaks were found at 1747 cm™
related to ~C=0 stretching in ester band, 1453 and 1363 cm ™" regarding
to -CH3 angular deformation, 1180 cm~! and 1086 cm™! related to
C-O-C symmetric and asymmetric stretching, respectively, and 1043
em ™! corresponding to —-C-O- stretching [46,47]. These peaks are like
those obtained on Chitosan/PVA/PLA films, prepared by emulsion and
conformed by casting [46]. Besides, peaks located at 869 cm ™! and 753
em ™! are associated with -C-O— deforming and O—H bending, respec-
tively [48].

One first slight difference detected especially for PLA CS 80-20
(containing higher CS percentage) was the slight shift of peak found at
1747 em ™! for 1751 cm™! and 1750 cm ™! increasing the CS percentage.
Mollah and co-workers developed colored films composed on starch and
chitosan by using Acacia catechu. They reported that shifting of this peak
can be correlated with reaction between starch chains and amide group
of chitosan, or also the formation of hydrogen bonds of these compounds
[49]. In addition, in the 10-20 wt% CS percentage, there was not much
of a change when compared to PLA spectra. From the spectra of starch/
chitosan films for food packaging, Mutmainna and co-workers claimed
that above 35 wt% CS, there were spectral changes observed and at 65
wt% CS, there was no interaction between the starch chains and chitosan
[50]. Lastly, other peaks at 1549 cm ™! and 1557 cm ™ for PLA CS 90-10
and PLA CS 80-20 appeared due to the higher concentration of CS inside
the PLA matrix. As previously mentioned, this peak is correlated to N—H
bending, indicating the presence of chitosan in the blend membrane
[51].

1

3.1.3. Water contact angle (WCA)

The electrospinning process provided membranes with distinct
characteristics on their two faces: the surface that was in direct contact
with the collector surface was smoother, while the outside surface was
rough. Thus, wettability was evaluated for both sides of the membranes,
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whose water contact angle values are presented in Fig. 5, with (a), (b),
and (c), corresponding to the smooth surface of PLA, PLA CS 90-10, and
PLA, PLA CS 80-20, respectively. In contrast, (d), (e), and (f) refer to
rough surface of the PLA, PLA CS 90-10, and PLA, PLA CS 80-20.

The water drops profiles on smooth surfaces (Fig. 5(a), (b), and (c))
revealed differences in drop spreading. Specifically, the sample that
exhibited the highest chitosan content (PLA CS 80-20), demonstrated a
greater drop spreading. Fig. 5.c indicated its superior hydrophilic na-
ture. In contrast, the sample composed solely of polylactic acid (pure
PLA) exhibits a higher drop height, accompanied by an increased con-
tact angle, which indicated a reduced interaction with the membrane.
Similar findings in PLA/chitosan membranes were reported by Wu and
co-workers [52], where the authors reported a reduction from 67.73° to
61.31° on contact angle values of PLA and PLA/chitosan membranes,
respectively [52], and by Tighzert and co-workers on nanofibers based
on PLA and chitosan blends by electrospinning [53].

In contrast, the contact angle measurements on rough surfaces
revealed an opposite behavior. As depicted in Fig. 5(d), (e), and (f), the
pure PLA sample showed hydrophobic behavior, with a contact angle of
99.4°. However, the addition of chitosan at 10 wt% (PLA CS 90-10) and
20 wt% (PLA CS 80-20) further increased the hydrophobicity of the
surface, with contact angles of 110.3° and 114.0°, respectively, high-
lighting the low affinity of this surface with water. Similar findings were
reported by Thomas and co-workers, where the authors reported an
increase in the contact angle of the PLA membrane with the addition of
different fractions of chitosan [37].

Based on these findings, definitive confirmation regarding the
impact of enhanced chitosan concentration and the level of wettability
caused in the electrospun membranes surface morphology could be
verified. Nevertheless, the formation of two surfaces with distinct
wettability characteristics was evident: a smooth surface demonstrating
higher hydrophilicity and wetting properties (6 < 90°), and a rough
surface displaying increased hydrophobicity and reduced wettability (6
> 90°). This structural difference between two surfaces of the same
electrospun membrane has already been reported in the literature. Liu
and co-workers developed PLA microfiltration membranes using chito-
san acetic acid solution as the coagulation bath plus glutaraldehyde as
the crosslinking agent by the non-solvent phase inversion (NIPS) method
and, in addition to observing higher water flux through the membrane
with an increase in chitosan concentration, they also noticed two
distinct surfaces: one rougher and the other smoother, as observed in the
present work [54].

Besides polarity, some structural characteristics, such as average
diameter, pore diameter distribution and structural form of the mem-
branes, are also directly related to the wettability of electrospun mem-
branes [55,56]; therefore, its determination could be of great value for
further elucidating the different wettability characteristics observed on
each surface. One hypothesis for the difference between the sides of the
membranes is due to the availability of polar functional groups of the
chitosan molecules, which resulted in a higher wettability for smooth
surface than rough surface.

3.1.4. Tensile mechanical performance

Table 2 presents the results from the tensile strength of the mem-
branes, in which the tensile was applied in different fiber directions
(fiber alignment and transverse section).

Evaluating the mechanical properties of PLA membrane, the elastic
modulus, tensile strength at break, and strain were 73.76 + 12.03 MPa,
2.06 + 0.19 MPa, and 40.80 + 5.30 %, respectively. Ghafari and co-
workers reported the development of electrospun membranes based on
poly(lactic acid), polyethylene oxide and enzymatic cellulose nanofibers
using three different solvent mixtures. They obtained elastic modulus,
tensile strength, and elongation at break around 60 + 8 MPa, 2.55 +
0.03 MPa, and 40 + 8 %, respectively [57], proving the similarity with
the values obtained by tensile test on the fiber alignment.

As chitosan was added inside the PLA matrix, both tension directions
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Fig. 5. WCA images on membranes of (a) PLA (smooth surface), (b) PLA CS 90-10 (smooth surface), (c) PLA CS 80-20 (smooth surface), (d) PLA (rough surface), (e)

PLA CS 90-10 (rough surface), (f) PLA CS 80-20 (rough surface).

Table 2
Tensile property values for PLA and PLA containing CS in 10 wt% and 20 wt%,
considering different directions for tension application.

Sample Elastic Modulus Tensile strength at break Strain (%)
(MPa) (MPa)
Tension direction: Fiber alignment
PLA 73.76 + 12.03 2.06 + 0.19 4080 &
5.30
PLA CS 236.70 £ 74.90 3.87 £ 0.74 4.51 +£1.60
90-10
PLA CS 346.40 + 61.40 4.57 £+ 0.69 2.43 £ 0.70
80-20
Tension direction: transverse
PLA 56.90 + 20.30 1.36 + 0.29 6.94 + 2.30
PLA CS 144.50 + 33.20 2.23 £ 0.60 3.20 + 0.90
90-10
PLA CS
80-20 167.40 + 23.20 2.31 +0.38 1.61 + 0.80

had a drastic increase of elastic modulus and tensile strength, and sub-
sequently decrease of strain were verified. Besides, the increase of chi-
tosan provided an increase of mechanical performance. These results are
promising because they confirmed that the addition of chitosan to PLA
membranes enhances the mechanical resistance of the system as desired.
Kasirajan and co-workers reported the same trend of an increase in
mechanical properties of biodegradable packaging of PLA containing
chitosan [58]. Momtaz and co-workers developed nanocomposite films
of gelatin/chitosan incorporating different contents of nickel oxide
nanoparticles by casting. They verified that the addition of chitosan
increases the tensile strength due to good interaction between gelatin
and chitosan [59]. Besides, another aspect observed was the decrease in
fiber diameter generating higher mechanical performance. Thomas and
co-workers observed the same trend as nano-chitosan was filled into the
PLA matrix to remove Cd?" from the contaminated water. They reported
that high tensile strength can be attributed to low fiber diameter since it
was observed after the addition of nano-chitosan inside PLA polymer
matrix [39]. Finally, the strain values are inversely proportional to the
other values (tensile strength at break and elastic modulus). The values
of tension and strain obtained were higher than those verified for other
biopolymer systems as Chitosan/PEO membranes [47] or polymer films
with Chitosan/PVA/PLA in 1-2-2 and 6-1-1 proportions [46].
Considering only the tension direction, mechanical characterization
presents higher results (tensile strength at break end elastic modulus) in

the vertical direction of the fiber alignment than in the transversal di-
rection as expected. This is probably due to the additional secondary
forces acting among the polymer chains after their alignment under
tension, offering more resistance to the applied tension. In the similar
work with biopolymers, Zhang and co-workers reported the mechanical
performance in two tensile directions of microfibrous poly(lactic acid)/
polyethyleneglycol membranes, varying PEG percentage from an in situ
drafting-assisted melt-blowing process for application in skin contactors.
They always found superior mechanical performance values (tensile
strength and elastic modulus) for machine direction than transverse
direction [60]. It can be an indicative of the main orientation of elec-
trospun fibers of PLA and PLA containing CS, that is favorable on fiber
alignment, as seen by Zhang and co-workers if the fiber alignment was in
the same machine direction.

3.2. Adsorption experiments

The removal efficiency of metals in a multi-elemental solution of
cr®t, cu?t, Ni2t, zn?*, Mn?", and Cd%*by the PLA, PLA CS 90-10, and
PLA CS 80-20 electrospun membranes can be seen in Fig. 6.

From the results of removal efficiency in Fig. 6, it is possible to
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Fig. 6. Removal efficiency of Cr®*, Cu®t, Cd?*, Zn?*, Ni%*, and Mn?" ions
present in a multi-metal solution in pH of 4.0 for different adsorbent mem-
branes. Experimental conditions: Total initial concentration of 1.2 mmol/L, 5 g/
L of adsorbent, and 180 rpm of orbital stirring at 25 °C for 24 h.



H.B. Modolon et al.

observe two different adsorption profiles, one for cationic species and
another for hexavalent chromium (oxyanion). Firstly, the adsorption
efficiency of cationic species did not change significantly with the
presence and/or increase in the amount of CS. Xiong et al. [31] syn-
thesized cellulose acetate/chitosan electrospun fibers. They obtained an
increase in adsorption capacity due to the high chitosan percentage of
50 wt%. However, a slight decrease of thermal stability and appearance
of shrinkage were observed for this chitosan percentage [31]. Therefore,
as the aiming was obtaining a high performance electrospun membrane,
percentages of 10 and 20 wt% was more available chosen, presenting
higher adsorption efficiency than neat electrospun membrane and
maintaining intrinsic properties without great loses. Besides, the lack of
adsorption capacity of chitosan can be attributed to the absence of in-
teractions between the cations (Cd**, Cu®>*, Cd®>*, zn*, Ni%*, and Mn?*
ions) and the CS polymer chains in lower pH values. On the other hand,
the extent of protonation of the amino group (=NH™) increased,
generating an electrostatic repulsion between —NH>" and cationic metal
ions [61,62]. So, the cation adsorption capacity of the membrane can be
attributed only to the presence of functional groups on the PLA surface.
Polylactic acid possesses terminal groups of —OH and — COOH, which
acts as adsorption sites that vary in quantity depending on the molecular
weight of the polymer and the pH values. Nevertheless, the impact of
these end groups can be negligible in high-molecular-weight polymers,
as their presence is practically insignificant [63]. However, the influence
of these end groups can be noteworthy in the case of lower molecular
weight polymers, as they increase considerably. It is important to note
that at low pH values, carboxylic acids dissociate into carbonyl anions,
which increase in abundance as polymer chain degradation takes place.
This results in increased availability of active —COO-— sites for the
complexation of transition metal ions. Therefore, it is possible to observe
that within the investigated pH range of 4.0, the adsorption of cations
was attributed to the higher concentration of carboxylic acid present at
the polymer chain ends, which is promoted by the hydrolysis of the
polymer under these pH conditions.

The maximum cation efficiency removal was 17 % for Cd%" and Cu®*
by PLA membranes containing 10 and 20 wt% of CS, respectively.
Similar efficiency removal (15 %) for Cd%* at pH 4.0 was obtained by
Karim and co-workers, when they evaluated the pH effect (ranging from
2.0 to 10.0) on Pb?* and Cd?* adsorption efficiency by fabricated poly
(vinyl alcohol)/chitosan nanofibers membranes [64]. Furthermore, the
authors concluded that the removal of Cd?>" increased with the
increasing the solution pH from 2.0 to 8.0, however high pH values
should be avoided to prevent metal ions precipitation [65]. Refaat
Alawady and co-workers reported that in alkali conditions, chitosan
chains became more flexible, allowing more active sites to be provided,
resulting in an increase of adsorption capacity of the membranes for
divalent ions (cations), such as Co®*, Ni**, cu®*", cd®>*, and Pb>**. In
contrast, between pH 6-8 and below these values, there is a competition
of the divalent metal ions to be removed [66]. Moreover, it can be found
that the adsorption efficiency of the PLA membranes containing 10 and
20 % of CS increases as follows: Cd%* = Cu?* = Zn?" > Mn?" = Ni?*.
This trend was also found by Sahebjamee and co-workers, that adsorbed
cd** > cu*" > Ni** using chitosan/polyvinyl alcohol adsorptive
membranes containing 0.5 wt% polyethyleneimine [67].

Additionally, the adsorption efficiency of hexavalent chromium
species was substantially affected by the presence of the CS, increasing
from 38 % to the pure PLA membrane, to 96 and 99 % to the PLA
membranes containing 10 and 20 % of CS, respectively. This phenom-
enon can be attributed to the electrostatic attraction between Cr(VI) ions
and protonated amino groups and hydroxyl (O—H) of electrospun
membranes, since between pH 2 and 6, the predominant hexavalent
chromium species in aqueous solution are hydrogen chromate (HCrO$~)
and dichromate (CrZO%_) negative ions [68,69]. Billah and co-workers
reported that chitosan in acid pH protonated -NH3 groups of chitosan,
promoting the hexavalent chromium removal of aqueous solution [70].
Besides, Wang et al. [30] reported that low pH media increased
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adsorption capacity due to the protonation of the NH3 and OH3 of the
amino and hydroxyl groups and strong attraction between HCrO4 and
protonated groups on the chitosan surface [30], meanwhile, pH 2 is not
available to remove HCrOs due to the elevated protonation of amine
groups (-NHy) employing high acid conditions [29]. In addition to these
works, Xiong et al. [31] obtained the best adsorption capacity at pH 3,
with a slight decrease from this pH. However, pH 4 presented a slight
decrease of 11.52 %, but a higher adsorption capacity was maintained
compared to high pH media values [31].

Moreover, the adsorption increases with the increase in the CS
content, due to the increased availability of active sites within the fiber,
enabling a greater number of interactions with chromium ions. Conse-
quently, as reported by Zhang and co-workers [71], a higher extent of
mutual reaction occurs between the chitosan and chromium ions. Be-
sides, according to Mohammed and co-workers, physical (mainly
through electrostatic interactions) and chemical (controlled by the
mechanisms of chelation, and ion exchange) adsorption are involved in
the Cr(VI) interactions with the functional groups on the fibrous mem-
brane surface [72]. Functional groups such as amino groups possess lone
pair electrons, which exhibit a strong electron-donating capability,
allowing them to be used to reduce Cr(VI) to Cr(IIl) ions, that can be
thereafter adsorbed, even in preference of divalent cations [72,73]. Li
and co-workers found through XPS analysis Cr(III) species in chitosan
membranes after the Cr(VI) adsorption, proving that Cr(VI) reduction to
Cr(IIl) is also participating in the removal mechanism of this metal [74].
This phenomenon cannot be observed in our results with CS since there
was no difference between the total and hexavalent chromium concen-
tration in the solutions after contact with the membranes containing 10
and 20 % of CS, indicating that these membranes can completely remove
all the chromium species. However, despite being able to remove 38 %
of the Cr(VI) ions, the PLA membrane alone is not able to remove the
total chromium species. The total chromium concentration in solution
after the contact with the PLA membranes was 0.19 mmol/L, in contrast
with the initial concentration of 0.2 mmol/L. These results indicate that
the Cr(VI) removal by the PLA mats is attributed to its reduction to Cr
(II1) species, however, these species remain in the solution. This further
emphasizes the significance of incorporating CS into the membranes,
imparting them with desirable adsorptive properties.

3.2.1. SEM-EDS

The EDS patterns of each membrane before and after adsorption,
without and containing chitosan and their chemical surface composition
are verified on Fig. 2S and Table 3. Besides, Fig. 1S presents the images
of each side of the membrane's surface before and after adsorption that
was analyzed by SEM-EDS.

Table 3 presents the results for chemical composition of the mem-
branes, before and after adsorption experiments. Comparing the PLA
compositions there was a decrease in C and Si content and an increase in
O content. Besides, it is verified some change on the other elements,
which were Mg, Al and Fe before adsorption and only Cl after adsorp-
tion. The metals applied on adsorption tests (Cd, Cu, Zn, Mn and Ni were
not detected in the membranes, with exception of a small amount of Cr,

Table 3
Chemical composition of the membranes before and after adsorption.

Before adsorption After adsorption

Element (wt%) PLA PLA PLA CS 90-10 PLA CS 80-20
C 43.70 40.43 39.22 38.60

o 51.07 58.30 59.28 59.73

Si 3.37 0.90 0.85 1.02

Cl - 0.36 0.35 0.18

Cr - - 0.30 0.38

Ca - - - 0.08

Mg 0.15 - - -

Al 1.25 - - -

Fe 0.45 - - -
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that was verified in membranes with chitosan.

Table 3 presents the EDS measures of membranes before and after
adsorption experiments, corroborating with Fig. 1S (patterns of SEM-
EDS). For every condition, the major elements verified were C and O
and Cr also appears in membranes after adsorption. In PLA membranes,
small peaks of Si and Cl were verified, both before and after adsorption.
In membranes with PLA and chitosan, small peaks of Si, Cl and Cr were
observed. Other alkaline elements, as Na, K and Ca were verified in PLA
CS 90-10 membranes before adsorption experiments. These other small
peaks can be negligible of the EDS spectra, being associated with some
impurities or peak detection error [75,76].

Analyzing the weight percentage of elements C and O in Table 3,
there was a slight reduction of the carbon percentage comparing sam-
ples before and after metal ion removal; however, oxygen obtained a
considerable increase. The same tendency was found by Kong and co-
workers, that adsorbed Cd?*" using a thiol-functional Cd?*~imprinted
silica-based polymer [77]. This result corroborates with the participa-
tion of oxygen functional groups in the metal ion removal, that it will be
approached by XPS. Another characteristic observed by element per-
centage was the appearance of small percentage of chromium, that
slightly increased according to the increase of chitosan content into the
PLA matrix. This appearance of Cr element after sorption is an indicative
to high adsorption of Cr®" on the polymer membrane containing chi-
tosan [78-80]. In addition, among all of metal ions studied, Cr(VI)
presents 44 pm ionic radius, that is the lowest ionic radius among all
metal ions studied. Its low ionic radius possibly facilitated the interac-
tion with the membrane's surface, on the other hand, it is another factor
corroborates with the metal ion removal of hexavalent chromium
[81,82].

3.2.2. X-ray photoelectron spectroscopy

XPS was used to determine the possible mechanism to understand
the metal ion removal for PLA and PLA containing CS in 10 and 20 wt%.
The electrospinning process has generated membranes with distinct
characteristics on their two surfaces: a smoother surface (direct contact
with the collector) and a rough surface (contact with the jet created by
the tip of the needle). Firstly, an analysis of the atomic concentration (%)
obtained from Survey spectra (Fig. 5S) in the surface was performed
before (BS) and after multi-elemental sorption (AS) of six metal ions
(cr®*, cu?*, cd?*, zn?, Ni?*, and Mn?* ions) (Table 4).

Evaluating both sides of the membrane (rough and smoother), no
tendency of the data is found. A high atomic concentration was observed
for the elements such as Cls, Ols, Si2p, and N1s. Adding the chitosan
inside the PLA membrane promoted the appearance of N1s located at
400.34 eV. Da Silva and co-workers reported an appearance of N1s peak
at 401 eV, corresponding to the C-NH-C bonds linked to the addition of
chitosan nanocapsules on the cotton fabrics' surface [83]. It proved a

Table 4
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possible interaction and effective production of composite membranes
based on PLA, containing chitosan, to improve the adsorbent effect of
the PLA matrix.

However, other elements with low atomic percentages have also
been found, such as Cl2p, Na 1 s, and Ca 2p, located at 199.67 eV,
1072.30 eV, 348.22 eV, respectively. These other elements presented a
low atomic concentration; thus, this discussion did not consider these
peaks. Gorzalski, Danley, and Coronell presented that XPS does not
provide reliable detection of significant elements in depth-
heterogeneous samples, being considered non-effective when the sam-
ple presents a heterogeneity of structure; on the other hand, these
membranes have a heterogeneity inherent in their structures [84].

After metal ion sorption, the signatures of N1s disappeared. Wei and
co-workers reported that the Ca?" ion removal caused a decrease in the
intensity of N1s peaks due to the binding with Ca?* [85]. Chitosan
molecules contain amine groups strongly reactive to remove metal ions,
especially Cr®*. Amine functional groups are protonated in low pH; thus,
they are more reactive when interacting with oxyanions. In low pH,
hexavalent chromium ion behaves like an anion in an aqueous medium,
presenting them in the form of ([Cr04]2’, [Cr207]2’, [H2CrO4], and
[HCrO4] ) (Bruno [13]). Besides, chromium signature was not observed
after sorption. One hypothesis is the multielement removal tests were
performed at a total concentration of 1.2 mmol/L and 0.2 mmol/L for
each ion. Correspondingly, 0.2 mmol/L is equivalent to 10.4 mg/L for
hexavalent chromium. According to the XPS analysis, this concentration
is below the equipment's detection limit, which is <1.0 % (w/w).
Corroborating with the current literature, Da Costa et al. [86] studied
the adsorption of multicomponent systems containing lanthanum and
ytterbium ions using modified sericin/alginate/poly(vinyl alcohol)
beads as adsorbents. They conducted their adsorption experiments
evaluating XPS spectra of beads before and after adsorption from
contaminated bead with 5.0 mmol/L of each rare earth metal ion.
However, even at high ion concentrations, their adsorbed ion percentage
were about 0.04 and 2.50 % for lanthanum and ytterbium ions,
respectively [86]. It can be proved from XPS spectra after sorption (AS)
comparing three XPS spectra of electrospun membranes (Fig. 2S), which
there was not a surface appearance of Cr®* peaks between 571 and 596
eV, that corresponding to the Cr2p [87,88].

Moreover, from the survey spectra of each membrane before and
after sorption, Cls and Ols were obtained. These XPS spectra are pre-
sented in Fig. 5s (C1s spectra) and Fig. 6S (O1s spectra), aiming to point
out the binding energy of functional groups containing carbon and ox-
ygen elements before and after sorption. Besides, Table 5 presents the
peak area (%) of each deconvoluted curve of the C1s and O1s spectra for
PLA membranes before and after sorption and their composite mem-
branes containing two distinct CS percentages (10 and 20 wt%).

In the first step, from the deconvolution of Cls spectra, some curves

Atomic concentration (%) of elements present in the membrane's surface before sorption (rough and smoother of membrane's surface) and after metal ions sorption for

PLA membrane and membranes containing 10 and 20 wt% CS.

Sample Si 2p 103.375 (eV) Cl 2p 199.67 (eV) C 15 286.05 (eV) N 1s 400.34 (eV) 0 15 533.82 (eV) Na 1s 1072.30 (eV) Ca 2p 348.22 (eV)
Before sorption — rough
PLA 3.00 £ 0.88 0.19 £+ 0.08 67.88 + 1.66 0.70 £ 0.21 27.16 £ 0.57 0.94 £0.13 0.30+0
PLA CS 90-10 3.19 £ 0.30 0 64.03 + 1.94 0.37+£0 32.47 + 2.09 0.25+0 0
PLA CS 80-20 3.15+0.14 0 66.24 + 1.92 0 30. 04 +1.85 0 0.57 + 0.07
Before sorption — smooth
PLA 4.09 £+ 0.62 0.08 £0 64.64 + 3.52 0.56 + 0 30.62 + 3.83 0.29+0 0.37+0
PLA CS 90-10 2.57 £ 0.99 0 68.30 + 4.46 0.56 + 0.32 28.01 + 4.07 0.15 £ 0.05 0.43 £0.21
PLA CS 80-20 3.28 £0.13 0 65.07 + 0.10 0.74 £0 30.91 + 0.47 0.07 +£0 0.34 £ 0.07
After sorption
PLA 3.93+0 0 71.69 £ 0 0 24.38 £ 0 0 0
PLA CS 90-10 248 +£0 0 62.45 + 0 0 35.06 £ 0 0 0
PLA CS 80-20 4.07£0 0 58.61 £ 0 0 3732+ 0 0 0
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Peak's area (%) of each deconvoluted curve of the C1s and O1s on the membrane's surface before sorption (rough and smoother of membrane's surface) and after metal

ions sorption for PLA membrane and membranes containing 10 and 20 wt% CS.

Sample C1 (285.0 eV) C2 (286.6 eV) C3 (287.6 eV) C4 (289.2 eV) 03 (532.7 eV) 04 (533.8 eV)
Before sorption — rough (%)
PLA 64.21 3.28 16.48 16.03 77.04 22.96
PLA CS 90-10 54.35 14.97 7.08 23.61 52.12 47.88
PLA CS 80-20 64.24 3.56 10.94 21.26 45.13 54.87
Before sorption — smoother (%)
PLA 57.08 5.05 16.20 21.67 59.55 40.45
PLA CS 90-10 59.31 0.97 20.74 18.98 63.84 36.16
PLA CS 80-20 56.32 0.27 23.12 20.29 55.73 44.27
After sorption (%)
PLA 64.65 17.96 6.77 10.61 100.00 0.00
PLA CS 90-10 46.46 21.79 3.49 28.27 40.92 59.08
PLA CS 80-20 45.04 25.13 17.90 11.93 18.47 81.53

of types of the binding energy of chemical linkages of carbon element
are C1 at 285 eV (C — C and C — H), C2 at 286.6 eV (C — O of alcohols
and ethers), C3 at 287.6 eV (O — C — O and C=0), and C4 at 289.2 eV
(O — C — O of esters groups) [7,89,90]. For the deconvolution of O1s
spectra, some curves were provided, highlighting the prominent peaks
at 532.7 eV and 533.8 eV, corresponding to the O3 and O4 linkages of C
— O and O — H from chemisorbed water molecules [91,92].

PLA showed a peak of the methyl group with the binding energy at
285 eV, followed by a peak at 286.9 eV associated with a-carbon of ester
groups, and two other peaks at 287.6 eV and 289.2 eV of carbon of
ethers and carbonyl groups and esters [93]. Incorporating CS inside the
membrane structure, a few changes in the peak's area were verified.
Besides, comparing the top and bottom of the membrane's surface, no
difference was observed for the peak areas of components of the Cls
spectra. Kormunda and co-workers observed this pattern because inde-
pendent of the membrane's side; the samples presented the same groups
of Cls spectra of the polyamide 6 (PA6) [94]. However, as the Ols is
evaluated, the addition of the chitosan promotes the increase of 04
binding energy's peak of the rough surface of composite membranes,
with a peak area of Ols spectra around 47.88 % and 54.87 % according
to an increase of CS percentage. Bandara, Nadres, and Rodrigues also
observed an increase of C and O elements that can be linked to the
multiple functional groups with oxygen, such as carboxylic, hydroxyls,
and carbonyl groups [95].

After multi-elemental sorption, the drastic decrease in the O3 peak's
area and a drastic increase in the O4 peak's area were verified. It may be
linked to the interaction between oxygen-rich functional groups and
metal ions, especially Cr (VI). Ouyang and co-workers observed the
same trend: an intensity alteration was verified for oxygen groups after
sorption [96]. Besides, the slight participation of N1s, which generated
the disappearance of signals of the XPS spectra after sorption from
survey spectra, shows the interference of -NHj of chitosan in this metal
ion removal process [97]. Li and co-workers observed a similar trend:
the peak area of 532.0 eV (O3 in this paper) decreased from 86.08 % to
57.88 %. It indicates the influence of oxygen functional groups to cap-
ture metal ions [98]. Besides, evaluating the percentage of peak's area
for C1 at 285 eV and C2 at 286.6 eV, after sorption, C1 percentage
decreased, and C2 increased their percentages, indicating the contri-
bution of functional groups containing oxygen elements (C—O of alco-
hols and ethers) in the removal of metal ions [98]. These indications of
the adsorption mechanism gave rise to the schematic illustration in
Fig. 7.

Fig. 7 presents the possible mechanisms proposed for removing ions
using PLA membranes containing CS. In contrast to the XPS spectra re-
sults, SEM-EDS obtained a low percentage of chromium on the electro-
spun membranes surface, proving the presence and interaction of the
hexavalent chromium ion on the membrane's surface. Therefore,

10

observing the appearance of the chromium peak in the EDS spectra of
the membranes containing chitosan and the alterations between XPS
spectra before and after sorption of Cls and Ols, the possible mecha-
nism elucidated in Fig. 7 were: 1) the interaction of amine groups
(—NHy) originating from the chitosan chain, 2) the presence of oxygen-
rich groups (such as —C — O and — COO) present in both chitosan and
PLA (due to PLA's polymer chain ends), and 3) the smaller ionic radius of
Cr%*, which generated greater removal compared to other divalent ions.
This conclusion was obtained from two complementary analyses.

4. Conclusions

The electrospinning method was employed to produce poly(lactic
acid) (PLA) membranes with the addition of chitosan (CS), evaluating
the effect of chitosan addition on their intrinsic properties of these
electrospun membranes, their application as adsorptive membranes, and
the possible removal mechanism to capture metal ion. The membranes
exhibited distinct surface characteristics, including a smoother texture
when in direct contact with the smooth surface of the collector, and a
rougher texture on the opposite side. Structurally, the addition of CS into
PLA matrix decreased the average fiber diameter, covering values
around 38.80 % and 77.93 % and the average pore diameter also
decreased, presenting a decline of 14.72 % and 54.12 % for PLA CS
90-10 and PLA CS 80-20, respectively. Besides, the porosity of mem-
branes containing chitosan decreased slightly. It was demonstrated that
the addition of chitosan resulted in a decrease in fiber diameter and
porosity of the membranes. The water contact angle of the membranes
exhibited distinct behaviors. The smoother surface demonstrated hy-
drophilic characteristics with values ranging from 70 to 78°, whereas
the rougher surface exhibited hydrophobic behavior with values ranging
from 99 to 114°. It was demonstrated that the increase in chitosan
content had a minimal effect on the contact angle of the membranes.
However, comparing PLA and PLA containing CS, aspects of membranes
such as average diameter, pore diameter distribution and structural form
affected the wettability. Besides, the incorporation of CS generated a
drastic higher elastic modulus and tensile strength at break and lower
strain than neat PLA membrane. It was due to the reduction of fiber and
pore diameter, that provided more resistance of the membranes. In
addition, these mechanical properties increased with the increase of the
chitosan content. If evaluated the tension direction, the elastic modulus
and tensile strength at break increased in the fiber alignment direction
compared to transversal direction. This behavior is generally attributed
to many fibrous systems whose secondary interaction forces among the
chemical groups in the fibers surface, mainly hydrogen bonds, increase
the tension necessary to break the chains.

In the adsorption aspect, the adsorption efficiency of the membranes
was evaluated in pH 4. The membranes demonstrated removal efficiency
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Fig. 7. Illustrative scheme of the proposed adsorption mechanism from PLA membrane containing CS.

values ranging from 5 to 17 % for Cd**, Cu®**, Zn?*, Mn?*, and Ni*. On
the other hand, the affinity of the metal ions according to the increase of
Cs followed as Cd*" = Cu®" = Zn?* > Mn?* = Ni?". Possibly, divalent
ions had the great affinity with polymer PLA chain ends, more espe-
cially, by the interaction of —OH and — COOH functional groups of PLA.
Notably, the membranes with chitosan exhibited high removal effi-
ciency for Cr®", with values ranging from 38 % for the pure PLA
membrane to 96 % for the PLA CS 90-10 and 99 % for the PLA CS 80-20
membranes. This high adsorption efficiency of Cr®* can be evidenced by
the presence of chromium content of 0.38 % wt., seen by SEM-EDS.
Besides, as Cr®" has the lowest ionic radius than other metals studied,
its interaction of membrane 1s surface is favored. The XPS analysis
revealed that no statistically significant differences were observed in
terms of chemical composition on the rough or smooth surfaces of the
membranes prior to adsorption. After adsorption, nitrogen concentra-
tion disappeared due to possible interaction of the metal ions with
amino groups. Concomitantly, a reduction in the O3 peak and an in-
crease in the O4 peak were observed. These changes were attributed to
the strong interaction between oxygen-rich functional groups present in
the chitosan and Cr®*. These results indicate that the PLA CS electrospun
membranes have a high potential to be used as an adsorptive membrane
for Cr®" in specific condition of the pH 4 in the aqueous media.

Future works to enhance PLA chitosan electrospun membranes
should focus on optimizing functional groups to improve selectivity,
incorporating additional materials to enhance mechanical and adsorp-
tion properties, and expanding performance studies under diverse pH
and environmental conditions. Lastly a comprehensive lifecycle assess-
ment will ensure these membranes are sustainable and economically
viable for large-scale applications.
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This work investigates the development of sustainable composite hydrogels based on corn starch and micro-
fibrillated cellulose (MFC) derived from eucalyptus sawdust for the removal of copper from aqueous environ-
ments. The incorporation of MFC into the starch matrix reduced solubility from 55.2 % to 36.4 %, increased true
density from 1.466 to 1.525 g/cm®, and decreased surface area with increasing MFC content (from 4.010 to
1.814 m%/g). The MFC presented the following metallic affinity order: Cu®>* > Mn®* > Ni?* > zn?* > cd** >
Cr®*. Adsorption experiments showed enhanced Cu?* removal with increasing MFC content, with the Starch/
MFC-5 % hydrogel achieving a maximum removal efficiency of 52.4 % and sorption capacity of 0.258 mmol/g.
Langmuir isotherms provided the best fit to the equilibrium data (R* = 0.998), and the Dubinin-Radushkevich
analysis indicated a shift from physisorption (E = 2.42 kJ/mol) to chemisorption (E = 8.11 kJ/mol). Kinetics
equilibrium time was reached between 480 and 780 min, with best description by pseudo second-order model.
The reuse of hydrogel was achieved for up to four sorption/desorption cycles. The mechanisms of Cu?* sorption
involved interactions with the functional groups present on the materials and cation exchange. These results
confirm that starch/MFC hydrogels are promising, low-cost, and biodegradable materials for the efficient

removal of metal ions from contaminated water.

1. Introduction

Aquatic ecosystems are an essential part of the biosphere and evolve
in harmony with chemical elements and the environment in a synergistic
manner [1]. However, with the swift advancements in industry and
human activities, inappropriate waste disposal can contaminate natural
environments with toxic compounds, representing a serious threat to the
balance of biota and the environment [2,3]. Worldwide, 1.7 million
deaths happen each year linked to water contamination, raising signif-
icant environmental and public health concerns [4]. Besides, urban
centers hold 55 % of the world's population, forecasting an increase to
68 % by 2050 (i.e., 9.9 billion people), whose uncontrolled population
growth accelerates water contamination due to the demand for con-
sumption [5-9].

Nickel (Ni), copper (Cu), chromium (Cr), manganese (Mn), cadmium
(Cd), and zinc (Zn) are common metallic contaminants in industrial

* Corresponding author.
E-mail address: derval.rosa@ufabc.edu.br (D.S. Rosa).
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waste from the processing, electroplating, alloys, and metallurgy,
manufacturing of electronic components, and recycling of electronic
waste, being capable of causing several serious toxicological effects to
humans [1,10-13]. Considering the high industrial demand for these
metals, the recovery of PTMs from secondary sources is an environ-
mental and economic interest from the perspective of the circular
economy, through the reuse of resources already extracted in a new
production cycle [14,15]. Thus, due to the accumulation of PTMs in
aquatic biota and their market demand, the development of efficient
technologies for the removal and recovery of these metals from sec-
ondary sources has become increasingly important [16].

Several methods can be used to remediate water pollution, including
oxidative treatment, ion exchange, precipitation, ultrafiltration mem-
brane, and reverse osmosis [102,103]. Among the several available
methodologies, sorption is considered more effective and low-cost for
removing PTMs than other treatments due to the use of adsorbent
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materials with high adsorption capacity from renewable biomass sour-
ces, such as polysaccharides [17]. The sorbents market size was esti-
mated at USD 5.90 billion in 2024, with expected growth to USD 6.10
billion in 2025 and USD 8.31 billion in 2034. Besides, there is a focus on
the development of recycled or renewable materials for the sorbents. In
this way, adsorbents can be produced from biomass waste (e.g., crus-
tacean shells, wood, and other lignocellulosic waste), enabling reuse in a
sustainable and economically viable way [18-20].

Hydrogels are a three-dimensional solid structure formed by highly
porous cross-linked polymeric networks with a high specific surface area
and hydrophilicity, with the ability to absorb large amounts of water
[21-23]. Furthermore, its surface characteristics can be modified to
control the diffusion process and sorption kinetics [24]. Hydrogels can
be produced by natural macromolecules from natural biomass, pre-
senting adequate stability, effectiveness, reusability, and biodegrad-
ability to act as an environmentally friendly adsorbent for removing
PTMs in contaminated waters [25,26].

Among natural polymeric adsorbents, cellulose and starch are
considered abundant, renewable, biodegradable, and low-cost poly-
saccharides [27,28]. A biopolymer's chemical structure presents
different functional groups (e.g., hydroxyls, carboxyl, carbonyls) that
guarantee the starch/cellulose hydrogel the ability to remove metal ions
[29]. In fact, cellulose and starch-based materials have shown good
sorption capacity for different PTMs and reuse after successive cycles
[30-32]. For example, Tan et al. [105] developed a starch-composite
magnetic material modified with polyethyleneimine for efficient
removal of diclofenac sodium, methyl orange, Amaranth, and crot. Al-
Aidy and Amdehab [106] reported on a starch-g-poly(acrylic acid)
hydrogel that exhibited high adsorption capacities for malachite green.
Pereira et al. [107] developed a lignin-functionalized starch hydrogel for
the efficient removal of PTMs and dyes, achieving an adsorption ca-
pacity of 99.4 mg/g for methylene blue. Similarly, Costa et al. [108]
reviewed recent advances in starch-based adsorbents for the removal of
heavy metals and emerging pollutants, emphasizing the importance of
chemical modifications to improve adsorption performance.

However, starch hydrogels for application in sorption/desorption
have some disadvantages, such as low mechanical resistance, low
thermal stability, and low stability in acidic media [33,34]. Further-
more, although starch hydrogels have hydroxyl groups, there is a need to
enhance the sorption capacity of these materials for their effective
application in the removal of different PTMs in contaminated water
[35]. In this sense, the incorporation of micro/nanostructures into
hydrogels can improve the properties of these materials and their
sorption capacity [36-38]. However, as described by Ioelovich et al.,
using nanocellulose to prepare composite materials can show the high
cost of production because nanostructures are advanced materials pre-
pared by several steps with high cost. Comparing the benefit-cost, an
estimative of $17 per kg DM is used to extract cellulose nanofibers
(CNFs). Meanwhile, the CNCs production cost can reach $30-40 per kg
DM, covering costs such as the isolation, equipment depreciation, salary,
overhead costs, and other costs. Thus, cellulose microfibers (MFC) have
an inferior cost and promising properties [39].

MFCs are cellulose structures available on the market, presenting a
fibrous format with a micrometer-scale diameter, good surface area,
excellent mechanical properties, and low production cost, in addition to
being biocompatible and biodegradable [40-43]. A search conducted on
the Web of Science platform in March 2025 using the keywords
‘hydrogel,” ‘starch,” ‘cellulose,” ‘removal,” and ‘metal ion’ retrieved 27
published papers. However, none of these studies explored the incor-
poration of MFC into starch-based hydrogels for metal ion removal. This
gap highlights the innovative nature of our approach, which leverages a
low-cost, sustainable material as an efficient adsorbent.

This study evaluates the efficiency of starch-based hydrogels rein-
forced with MFC derived from eucalyptus waste in treating water
contaminated with potentially toxic metals (cu®*, Mn®*, Ni%*, Zn?,
Cd?*, and Cr®"), with a particular focus on Cu®* removal. The research
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introduces an eco-friendly hydrogel formulation that incorporates MFCs
upcycled from eucalyptus residues, reinforcing its role as a sustainable
material for water treatment. Furthermore, the study examines how
variations in MFC concentration influence both the sorption capacity
and structural properties of the hydrogels. Despite its potential, the ef-
fect of MFC content on the availability of functional groups within starch
hydrogels remains scarcely explored, making this investigation partic-
ularly relevant. In this context, the main novelty is the compatibilization
of natural biopolymer with a MFC waste from eucalyptus sawdust,
which is an approach that has still been underexplored to date.

2. Materials and methods
2.1. Materials

For microfibrillated cellulose (MFC) preparation, Eucalyptus wastes
(Eucalyptus citriodora) were collected post-harvest and logging activities
in Mato Grosso, Brazil. Sodium chlorite (NaClO5, 99 %) was purchased
by Sigma-Aldrich (Brazil), and sodium hydroxide (NaOH, 95 %) and
potassium hydroxide (KOH, 98 %) were purchased from Synth. The corn
starch was kindly donated by Ingredion Company (Sao Paulo/Brazil) -
Amisol 3408®> containing 28 wt% amylose and 72 wt% amylopectin.
Citric acid (CgHgO7, 99.5 %), nitric acid (HNO3, 65 %), and sodium
hydroxide (NaOH, 95 %) were acquired from Synth. Distilled water was
used to prepare corn-starch hydrogels.

Zinc nitrate hexahydrate (Zn(NO3),-6H20, 98 %) and sodium hy-
droxide (NaOH, 98 %) were obtained from Dynamics Contemporary
Chemistry (Sao Paulo, Brazil). Cadmium nitrate tetrahydrate (Cd
(NO3)2-4H50, 98 %) was acquired from Neon Chemistry (Sao Paulo,
Brazil). Potassium dichromate (K3CroO7, 99 %) was obtained from
ECIBRA Analytical Reagents (Sao Paulo, Brazil). Copper nitrate trihy-
drate (Cu(NOs3)2-3H20, 99 %) and manganese nitrate tetrahydrate (Mn
(NO3)2-4H50, 98 %) were acquired from Sigma-Aldrich. The standard
stock solutions of 1000 mg.L ™1, 99.9 % purity (hexavalent chromium,
copper, cadmium, manganese, nickel, and zinc) were acquired from
Specsol (Sao Paulo, Brazil). Ultrapure water was used for solution
formulation and was obtained by the system ARIUM® MINI (Sartorius,
Germany).

2.2. Methods

2.2.1. Microfibrillated cellulose (MFC) extraction

Microfibrillated cellulose was extracted following a well-described
methodology previously published by Ferreira et al. [44], and de
Souza et al. [45], with some adaptations. The eucalyptus waste was
dried for 24 h and then treated in a solution of 3.2 % w/v sodium chlorite
at 70 °C for 2 h. After washing, the sample was subjected to an aqueous
solution of 10 % w/v sodium hydroxide and 10 % w/v potassium hy-
droxide at 25 °C for 2 h. The obtained material was washed until neutral
pH, and to isolate the MFC, the sample was ground in an aqueous me-
dium at 5 wt%, using a conventional blender for 30 min. Finally, it was
combined with high-intensity ultrasound for 20 min, in pulses of 30 s
with 5 s intervals in an ice bath. This grinding and ultrasonication to
decrease the fiber's size was based on Silva et al. [18]. This methodology
is illustrated in Fig. 1a.

2.2.2. Starch-based composite hydrogel synthesis

The starch-based hydrogels were synthesized according to the
methodology proposed by Camani et al. [46]. Corn starch was dissolved
in ultrapure water, and then sodium hydroxide was added. The mixture
was maintained under mechanical agitation at 40 °C for 3 h. Then, citric
acid was added to crosslinking at 40 °C for 17 h. The produced hydrogel
was heated in a bath (Final Treatment), stabilized at room temperature,
and dried at 60 °C for 48 h. For the composite hydrogels, MFC was added
during the starch solubilization in the concentrations of 1.0, 3.0, and 5.0
wt% (Starch/MFC-1 %, Starch/MFC-3 %, and Starch/MFC-5 %). Finally,
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Fig. 1. Schematic illustration of the a) MFC extraction, and b) synthesis of composite hydrogels containing MFC.

the produced hydrogels were neutralized and dried again at 60 °C for 48
h (Fig. 1b).

2.3. Characterization

2.3.1. Laser diffraction spectroscopy (BetterSize)

A BetterSize ST equipment (Bettersize Instruments, China) was used
to evaluate the MFC particle size within a measurement range of 0.10 to
1000 pm in triplicate. MFC was dispersed in distilled water with
continuous stirring (1600 rpm) and subjected to ultrasound for 3 min.

2.3.2. Fourier transform infrared spectroscopy (FTIR)

The functional groups were identified using the FTIR technique
(Frontier 94.942, PerkinElmer, USA) in attenuated total reflectance
(ATR) mode, with a spectral range of 4000-500 cm_l, a spectral reso-
lution of 4 em™!, and 32 scans.

2.3.3. X-ray diffraction (XRD)

The crystalline structure was obtained using the XRD technique
(STADI-PS diffractometer, STOE & Cie GmbH, Germany). Analyses were
performed using CuKal radiation (A = 1.54060 A), a scan range of
10-80°, a step of 0.015°, a voltage of 40 kV, and a current of 40 mA.

MEFEC crystallinity was calculated using Eq. (1) developed by Segal
et al. [47,48], where Iyoo represents the peak intensity corresponding to
the (200) plane (~26 = 22.5°), while Iy, represents the valley intensity
between the (200) and (110) planes (~26 = 18°).

(Iz00 — Iam)

Ix00

RC = ¢ 100 @

For the composite hydrogels, the relative crystallinity (RC) was
calculated using Eq. (2), as described by Alves et al. [49], where A, is the
crystalline region area and A, is the amorphous region area. For the
calculation of RC of starches and starch hydrogels, the scan range was
10-40°.

A

RC=—"°__
(Ac +Ag)

©100 )

2.3.4. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS)

Morphology was obtained using the SEM technique with a FEI
Quanta 250 (Thermo Fisher Scientific, USA). The sample was coated

with a thin layer of gold, 25 nm thick (Sputtering Leica EM ACE200,
Leica Microsystems, Germany). The micrographs were obtained under
the conditions: 50 pA current, 10 kV voltage, and 4 nm spot size. Sam-
ples were also investigated before and after Cu?" capture by SEM-EDS to
evaluate the spectra of chemical elements using Compact Scanning
Electron Microscope (JSM-6010LA, Jeol System Technology Co., LTD.)
using the following conditions: current of 50 pA, voltage of 15 kV, and
spot size of 50 nm.

2.3.5. Thermogravimetry analysis (TGA)

The thermal stability was obtained by thermogravimetry analysis
(STA 6000, PerkinElmer, USA). Samples were heated from 30 to 600 °C
at a heating rate of 10 °C/min under a N3 atmosphere (flow rate of 20
mL/min).

2.3.6. Brunauer-Emmett-teller (BET)

The specific surface area (Sggr) analysis was performed using the BET
technique (Quantachrome, NOVA1200e model, Germany). Samples
were heat-treated under a vacuum at 70 °C for 24 h to ensure the
absence of water in the pores of the materials. The complete isotherm for
nitrogen adsorption/desorption was obtained by varying the relative
pressure (P/Pg) from 0.1 to 0.99 at —196 °C.

2.3.7. Mercury intrusion porosimetry

Mercury intrusion porosimetry analysis was performed at low to high
pressure levels using a Micromeritics AutoPore IV 9510 model (USA). At
the low-pressure level (0.03 to 2.41 bar), a vacuum is performed to
introduce mercury into the system (penetrometer + samples set). After
mercury intrusion, the systems are placed at the high-pressure level
(2.41 to 4136.85bar) to obtain the apparent density (pgpparens) and pore
size distribution of the materials. This equipment covers a pore diameter
range of approximately 0.003 to 360 pm.

2.3.8. Helium pycnometry

The true density (py.) was measured by helium pycnometry
(Micromeritics, Accupyc II 1340 model, USA) under pressure of 1.33 bar
with an equilibrium rate of 0.00034 bar/min. The materials porosity (&)
was calculated by Eq. (3).

= (1 —%) 100 3
tue
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2.3.9. Water uptake and solubility tests

The hydrogels water absorption was obtained by immersing 0.1 g of
dry hydrogel in 50 mL of ultrapure water. Samples were collected
periodically from O to 24 h to weigh the swollen hydrogels mass. At the
end of the assay, the hydrogel solubility was measured to determine the
weight loss. The degree of swelling (DS) was calculated by Egs. (4),
where m; is the initial dry weight of hydrogels (g), m; is the swollen
weight of hydrogels at time t (g), and my is the final dry weight of
hydrogels (g).
ps — (M —m)

i

¢ 100 (€3]

2.3.10. Sorption assays: MFC and composite hydrogels affinity

The affinity of MFC for Cu®*, Zn?*, Ni%*, cd?*, Mn?*, cr®* (0.17
mmol. L™} each) and starch-based composite hydrogels for Cu®>* (1.0
mmol. L™1) were performed using a dosage of 10.0 g. L™, The sorption
affinity assays were conducted in a shaker incubator, under 200 rpm at
25 to 55 °C, and pH between 4.0 and 4.5. After 24 h, PTMs concentra-
tions were determined by ion chromatography, IC (940 Professional IC
Vario, Metrohm, Switzerland). Removal efficiencies (R%) were deter-
mined by Eq. (5), where Cy is the PTMs initial concentration (mmol/L)
and C, is the PTMs concentration at equilibrium (mmol/L).

(Co —Ce)

0

R% = « 100 %)

2.3.11. Equilibrium isotherms and kinetics sorption

Sorption isotherms of composite hydrogels (dosage of 10.0 g. L™1)
were carried out with Cu" initial concentrations ranging from 0.011 to
7.526 mmol. L ! for 24 h at 25 °C under continuous stirring (200 rpm).
The kinetics assays were carried out under magnetic stirring (~200 rpm
and 25 °C), with a dose of 10.0 g.L’l, and Cu®" initial load of 0.584
mmol.L ! at different time intervals between 0 and 1320 min. Cu?*
sorption capacity at equilibrium (q.) was calculated by Eq. (6), where Cy
is the Cu®" initial concentration (mmol.L™1) and C, is the cu?t con-
centration at equilibrium (mmol.L 1), m is the composite hydrogel mass
(g), and V is the volume of Ccu®* solution (L).
Ge = M oV 6)

m

Non-linear models (Egs. 7-13) were fitted to the isotherm or kinetics
experimental profiles through the OriginPro®2024b software (Table 1),
where g, is the sorption capacity at equilibrium (mmol.g 1), gmay is the
maximum sorption capacity (mmol.g 1), K; is the Langmuir equilibrium
constant (L.mmol 1), R; is the separation factor or equilibrium param-
eter (dimensionless), Kr is the Freundlich constant [(mmol/g)/(l/mmol)
1/n], n is the empirical constant related to the sorption intensity
(dimensionless), Kpy is the constant related to sorption energy (mol?.

Table 1
Isotherm and kinetics models of Cu®* sorption.
Mathematical Equations References
models
Langmuir _ qmax'K1-Ce 7) [50]
= 11K.C)
1 ®
Ro=—
At KG)
Freundlich ge = Kz-CJ" © [51]
Dubinin- qe = (10) [52]
Radushkevich 1 2
o] ({12
Ce
E—_ L an
V2-Kpr
PFO g = ge(1 —ehr) 12 [18]
PSO a kag?t (13)  [88]
t

1+ kaget
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J ’2), T is the temperature (K), R is the ideal gas constant (8.314 J.(mol.
K)_l), E is the mean free energy of sorption (J/mol), g; is the sorption
capacity at time t (mmol.L™!), k; is the PFO sorption rate constant
(min’l), and k; is the PSO sorption rate constant (g.mmol’l.min’l).

The simplified batch design can be used to estimate the composite
hydrogels mass required to achieve Cu?>* removal efficiencies of 30 to
90 % for the volume ranging from 1 to 1000 L Cu®" at an initial con-
centration of 1.0 mmol.L™!. The operation line comes from the mass
balance for a batch system with its outputs and inputs (Fig. 1S - Sup-
plementary Material). The material balance from Eq. (6) results in Eq.
(14). Langmuir parameters were established by the 25 °C isotherms to
perform the design.

Ve (Co—C.)
m=——_°"-
Gmax-Ki-Ce
(1+Ky-Ce)

14

2.3.12. Statistical analysis

The fit of the models applied to the experimental profiles was eval-
uated considering determination coefficient (R?) and corrected Akaike
information criteria (AICc), calculated by Egs. (15) and (16), respec-
tively [53].

Z?I:l (qexp - qcalc>2

R?=1- z
Z?il (qexp - Q)

(15)

Zi] (qaxp - qcalc)z ZP(P + ]_)
+2p+ (16)

AIC; = N.
Co=N-n N N-p-1

wherein, N is the number of observations, g is the experimental
sorption capacity (mmol/g), g.q is the sorption capacity calculated by
the model (mmol/g), g is the overall average of the experimental values
(mmol/g), and p is the number of model parameters.

All experiments were performed in replicate, and the standard de-
viations were calculated to measure the average spreads.

2.3.13. Desorption and reusability

In each reuse cycle, 50 mL of Cu?" solution (0.511 mmol.L’l) was
stirred with 0.5 g of Starch/MFC-5 % hydrogel (dose of 10.0 g.L ™) for
24 h under stirring magnetic. Then, the hydrogel loaded with Cu** was
dried at 60 °C. The hydrogel loaded with Cu®* (0.5 g) was desorbed in
25 mL of HNO3 solution (0.1 mol L™H (dosage of 20.0 g.L’l) for 6 h
under magnetic stirring. Before the next reuse cycle, the regenerated
hydrogel was washed with ultrapure water until pH neutralization and
dried at 60 °C. At the end, samples were filtered and the Cu** concen-
tration was determined by IC. The desorption capacity (g, mmol.g™ )
and recovery percentages (D%) in each cycle were calculated by Egs.
(17) and (18), respectively.

Ce
G = < l) Ve (17)
m

D% — <ﬂ> 100 (18)

e

wherein, C,, is the concentration of cu®" in the eluent (mmol.L’l), Ve is
the volume of eluent (L), and g, is the sorption capacity at equilibrium
(mmol.g’l).

3. Results and discussion

The characterizations of the MFC (particle size distribution obtained
by BetterSize analysis, FTIR spectrum, diffractogram, photomicrograph,
TGA/DTG curves, and nitrogen physisorption isotherms) and the dis-
cussions are presented in Fig. 2S (please, see Supplementary Material).
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Fig. 2. FTIR spectra of microfibrillar cellulose and starch hydrogels a) full spectra and zoom in the regions b) 3800-2800 cm™?, ¢) 1800-1200 cm™?, and d)

1200-8500 cm ™.

3.1. Characterizations of the composite hydrogels

3.1.1. Fourier transform infrared spectroscopy (FTIR)

Fig. 2 illustrates the FTIR graphs of the developed hydrogels, and
Fig. 2a shows the full spectra. The band between 3500 and 3000 cm ™!
(Fig. 2b) is attributed to OH- stretching, and 2900-2850 em ! s
assigned to methyl groups C—H stretching, and both bands are
commonly found in both cellulose and starch characteristic graphs. The
increase in intensity in 3500-3000 em ! occurred in a growing manner
for hydrogels from 0 to 5 %, indicating that the higher the MFC con-
centration, the greater the amount of available hydroxyl groups [54].
This result indicates that the addition of cellulose to the hydrogel
increased the amount of available reactive groups, which was expected
and desired to maximize contaminant adsorption. Additionally, shifts
were observed in the band at 2890 cm ™! after the MCF incorporation,
indicating changes in C—H vibrations, that are sensible to the chemical
environment and intermolecular interactions [55]. In starch/MCF-0 %,
the peak at 2890 cm ™! is associated with the C—H stretching vibrations
of the glucose units. The introduction of CMF can form new hydrogen
bonds between the starch chains and the cellulose fibers. These bonds
can alter the electronic environment of the C—H groups, resulting in a
shift of the C—H stretching peaks to higher frequencies, and the CMF
concentration influences the interactions extension [56].

Other characteristic peaks (Fig. 2c-d) were observed at 1642 cm !
(C—O bending associated with OH group) [57], 1594 and 1452 cm?
(C—H bending vibration), 1410 and 1368 cm~! (C—H bending vibra-
tions), 1300 em™! (0-C-H, C-C-H, and C-O-H bending modes) [58],
1246 ¢cm~! (-OH vibrations), 1205 cm ! (CH; stretching vibration),
1149 cm™! (C—O bending vibrations), 1104 em ! (C-O-C asymmetric
stretching) [59], 1076 and 1012 em™! (associated with starch struc-
tures) [60], 994, 932, 854, and 760 em~! (O—H stretching and bending
vibrations, and C—O stretching) [61]. Similar to that observed at higher
wavenumbers, shifts indicative of molecular alterations were observed
between 1589 and 1579 cm ™!, 1372-1363 cm™}, and 1250-1242 cm L.
The first shift is associated with the C=0 or C—=C band in modified
polysaccharides [104], and the introduction of cellulose can alter the
chemical environment of these groups, especially through hydrogen
bonds, which modifies the polarization of the bonds and shifts the band
[62]. The vibrations between 1372 and 1363 cm ™! are attributed to CH,
and CHj stretching, which can be a result from secondary reactions
between cellulose hydroxyl and starch functional groups, altering the
polymeric structure conformation [63,64].

Finally, there are shifts between 1250 and 1242 c¢m~! (C-O-C or C-
OH stretching vibration in polysaccharides). This range is related to the
stretching vibrations of the C-O-C groups of the glycosidic bond and C-
OH of the hydroxyls present in starch and cellulose [65]. The
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displacement suggests changes in the electronic environment of the
oxygen atoms, possibly due to the formation of more intense hydrogen
bonds between the polymers. Since cellulose is rich in hydroxyl groups,
its incorporation can alter the hydrogen bond network of the hydrogel,
modifying the energy required for the vibrational transitions of the C-
OH and C-O-C groups [66,67].

3.1.2. X-ray diffraction (XRD)

Fig. 3a-b shows the diffractograms of native starch, neat hydrogel,
and composite hydrogels containing MFC. Fig. 3a shows the character-
istic peaks of native starch and neat hydrogel at 20 = 15° and a double
peak at 20 = 17 and 18°, and 23.1°. According to Camani et al. [68] and
Abhari et al. [69], these peaks are associated with the crystalline
structure of starch. After the crosslinking, the peak at 15.2° (101

; —
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crystalline plan) disappeared, and a new peak emerged at 11.5°, asso-
ciated with retrogradation of amylose and amylopectin chains in the gel
structure [49,68,70]. These peaks' changes indicate molecular rear-
rangement within the hydrogel.

Furthermore, the broad band between 17 and 18° resulted in more
defined peaks, and the peak at 23.1° also showed an increase in defi-
nition with a narrowing of the width. The well-defined peaks in the
hydrogel diffractogram can be correlated to the crystalline structure of
corn starch type B, which is due to the recrystallization of gelatinized
starch [71]. The relative crystallinity values (RC) of native starch and
neat hydrogels (Starch/MFC-0 %), were calculated as 70.1 and 74.0 %,
which can be explained by the action of MFC as a nucleating agent, since
cellulose restricts molecular mobility, leading to more structured
microcrystalline regions, influencing starch recrystallization and

Fig. 3. Diffractograms of a) native starch and corn starch-based hydrogel, b) and hydrogels containing different MFC concentrations (1.0, 3.0, and 5.0 wt%), and
Micrographs of ¢) corn starch-based hydrogel and hydrogels containing different MFC concentrations d) 1.0, e) 3.0, and f) 5.0 wt%.
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promoting a better-organized crystalline structure [72]. A similar trend
was also observed by Alves et al. [49], due to the crosslinking process of
starch chains to form hydrogels.

Starch/MFC hydrogels exhibited a more defined peak at 23°,
particularly for Starch/MFC-5 % (the highest MFC percentage), indi-
cating the presence of MFC within the hydrogel structure. The presence
of this peak was observed by Thinkohkaew et al. [73], who correlated
this appearance with the increase in the peak's intensity and the high
percentage of cellulose fiber in the PVA hydrogel. In composite hydro-
gels, the relative crystallinity was 67.5, 66.2, and 68.0 % for samples
containing 1, 3, and 5 wt%, respectively. Compared to neat hydrogel
(Starch/MFC-0 %), a slight decrease in relative crystallinity was
observed (~10 %), result of the native crystalline starch structure
disruption by crosslinking and the partial inhibition of molecular rear-
rangement due to increased amorphous regions introduced by MFC
[74]. This aligns with findings from previous studies on cellulose-
reinforced polymeric hydrogels, where an increase in fiber content led
to enhanced local crystallinity but slightly reduced global crystallinity
due to structural heterogeneity [75,76].

3.1.3. Scanning electron microscopy (SEM)

Figs. 4c-f present the morphology of hydrogel without and contain-
ing MFC in different percentages. The morphology of all hydrogels is
highly porous, presenting pores with different sizes. The porous surface
of the hydrogels is one of the characteristics generated from the cross-
linking reaction between the crosslinking agent and starch chains
(amylose and amylopectin) [49]. According to Keirudin et al. [77], this
porous structure occurred due to the starch chains and citric acid
esterification under alkali medium. However, in contrast to aerogels or
cryogels, ambient pressure drying (employed to prepare these hydro-
gels) can collapse the pore structure, resulting in a structure with high
density and low porosity [78].

L .
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With the addition of microfibrillated cellulose (MFC), cellulose fibers
were observed within the polymer matrix, as highlighted in Fig. 3b. This
presence in the cryo-fractured region of the MFC-containing samples
suggests strong adhesion between starch and cellulose chains, likely
facilitated by hydrogen bonding interactions between hydroxyl groups
of both polysaccharides [79]. The ability of MFC to act as a reinforcing
agent within the starch network is supported by previous studies, where
the incorporation of cellulosic microstructures improved mechanical
stability, water retention, and porosity control in hydrogel-based ma-
terials. Interestingly, this fiber distribution was more prominent in the
hydrogel containing 1 wt% MFC, whereas samples with higher MFC
concentrations (3 and 5 wt%) exhibited a greater incidence of porosity
and an apparent change in structural uniformity [49]. This trend sug-
gests that at lower concentrations, MFC fibers act primarily as structural
reinforcements, facilitating polymer chain entanglements, whereas at
higher concentrations, phase separation or fiber aggregation may lead to
increased pore formation [80,81].

Additionally, composite hydrogels demonstrated a more uniform
porous structure compared to neat hydrogels. This is in line with pre-
vious reports showing that cellulose-based fillers can modulate the
hydrogel network morphology, enhancing interfacial interactions and
reducing phase separation [69]. However, these findings differ from
those of Spagnol et al. [82], who synthesized chitosan-graft-poly(acrylic
acid)/cellulose nanofibril composite hydrogels. Their study suggested
that nanocellulose, due to its higher surface area and strong interaction
with the polymer matrix, led to irregular pore formation and reduced
structural uniformity. In contrast, the cellulose fibers used in this study
(MFC) exhibited a different interaction mechanism with the corn starch
matrix, leading to a more regular porous architecture [83,84]. This
difference may be attributed to the scale of the cellulose structure, as
microfibrillated cellulose retains a larger fiber diameter compared to
nanocellulose, potentially preventing excessive entanglements and

Fig. 4. Nitrogen physisorption isotherms (a, b) and Profiles of mercury intrusion increment versus pore diameter (c, d) for Starch/MFC-0 % and Starch/MFC-5 %

hydrogels, respectively.
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ensuring better phase distribution within the hydrogel matrix [85].

3.1.4. Thermogravimetry analysis (TGA)

To evaluate the thermal stability of the hydrogels, TGA was per-
formed. Fig. 3S (please, see supplementary material) shows the TGA
graphs and the discussion, and Table 1S shows the main thermal pa-
rameters reported for each sample.

3.1.5. Brunauer-Emmett-teller (BET), mercury intrusion porosimetry, and
helium picnometry

The pore size and specific surface area of Starch/MFC-0 % and
Starch/MFC-5 % were analyzed using BET, and Fig. 4a-b shows the
adsorption-desorption isotherms. Fig. 4c-d presents the mercury intru-
sion increment versus pore diameter profiles, and Table 2 presents the
specific surface area, mercury porosimetry analysis (apparent density),
and helium gas pycnometry (real density) of all developed samples.
Microfibrillated cellulose presented the lowest specific surface area
value (1.210 m?.g™1), which is expected due to its compact and less
porous fibrous structure compared to hydrogels. Kumar et al. [86] re-
ported 1.023 m?.g~! values for cellulose and described its modification
with graphene to improve surface area and remove phenol from aqueous
solution. Starch/MFC-0 % showed the highest surface area (4.010 m?.
g1, indicating a highly porous structure that reflects the formation of
an expanded polymer network with a greater surface area available for
interaction with liquids or contaminants.

After MFC incorporation, cellulose increase resulted in a progressive
decrease in the specific surface area, suggesting that MFC influences the
hydrogel porosity by filling micropores within the starch matrix,
reducing available pore volume, restricting polymer network expansion,
leading to fewer accessible cavities, and increasing matrix compaction,
particularly at higher MFC concentrations. Besides, the MFC addition
resulted in higher hysteresis (Fig. 4a-b) in the adsorption-desorption
isotherms, suggesting the presence of mesopores (pores with diameters
between 2 and 50 nm) and capillary condensation effects [87]. Meso-
porosity is important for water retention, contaminant diffusion, and
adsorption performance as it increases the available surface area for
interactions.

The BET results were complemented by mercury intrusion poros-
imetry (MIP) and helium pycnometry (HP). The MIP results material and
information on the pore size distribution and accessible pore volume,
while the HP data provides the density of the material, excluding open
pores. According to Costa et al. [88], the true density is obtained by the
ratio of mass to true volume without considering empty pore volume.
Apparent density is calculated based on the relationship between mass
and total volume of the solid, i.e., the true volume of the material added
to the volume occupied by mercury filling the pores of the solid. Starch/
MFC-5 % showed higher true density than Starch/MFC-0 % (1.525
versus 1.466 g.cm™>) due to the presence of MFC structures — which
corroborates the BET results. This increase in density is associated with
the characteristics of MFC, which are dense and rigid when compared to
hydrated starch. In addition, the incorporation results in the occupation
of spaces within the polymer network, reducing the voids and the
expansion of the starch matrix. It is worth noting that the specific surface
area of porous materials is proportional to materials porosity.

Table 2
Textural properties of MFC, Starch/MFC-0 %, Starch/MFC-1 %, Starch/MFC-3
%, and Starch/MFC-5 %.

Property MFC Starch/ Starch/ Starch/ Starch/
MFC-0 % MFC-1 % MFC-3 % MFC-5 %

Sper (m%/g)  1.21 4.01 3.99 2.29 1.81

Papparent (8/ 1.66 1.01 1.11 1.20 1.29
cm3)

Prrue (8/ 1.77 1.47 1.49 1.51 1.52
cm®)

€ (%) 6.51  30.8 25.7 20.6 15.6
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Mercury intrusion porosimetry was used to evaluate the pore size
distribution (Fig. 4c—d). In both samples, a predominance of pores with
diameters >50 nm was observed, indicating a macroporous structure,
even after MFC incorporation. According to the IUPAC classification
[89], pores larger than 50 nm fall within the macroporous range, and
their presence suggests that the hydrogel matrix retains relatively open
channels regardless of filler content. These findings were further sup-
ported by nitrogen adsorption-desorption isotherms (Fig. 4c—d), which
exhibited Type II isotherms with visible hysteresis loops. This type of
isotherm is typically associated with macroporous or non-porous ma-
terials with unrestricted monolayer-multilayer adsorption [90]. The
hysteresis observed suggests capillary condensation within pore net-
works, confirming the presence of a well-defined porous architecture
with interconnected macropores. While both techniques confirm the
macroporous nature of the hydrogels, the addition of MFC influenced
key structural parameters. BET analysis showed a significant decrease in
specific surface area from 4.010 m?/g (Starch/MFC-0 %) to 1.814 m%/g
(Starch/MFC-5 %), indicating a reduction in the accessible surface likely
due to partial pore blockage or compaction of the polymeric network.
This is further corroborated by the increase in true density (from 1.466
to 1.525 g/cms) and reduction in total porosity (&) from 30.82 % to
15.65 %, reflecting a denser and more compact internal structure with
fewer available voids, even though the overall pore size remained in the
macroporous range. The results indicate that MFC incorporation does
not alter the macroporous classification of hydrogels but rather modifies
the internal architecture by reducing pore volume and surface area,
potentially altering adsorption capacity and transport properties.

3.2. Analysis of specific properties of composite hydrogels

3.2.1. Water absorption

From the observed water absorption results (Fig. 5a), all hydrogels
showed a considerable degree of swelling (DS) during the test. The pure
starch composition exhibited 89 % of DS capacity, and the addition of
MFC decreased absorption by up to 24 %, indicating that the microfibers
likely increased the rigidity of the hydrogel's conformation. This result
corroborates the expected lower molecular chain mobility, diffusivity,
and water retention within the pores and hydrogel volume. Addition-
ally, during the water absorption tests, the hydrogel samples had high
solubility in the aqueous medium without MFC (close to 30.1 %),
reflecting a non-satisfactory physical performance for application in
sorption tests. Adding MFC to the starch hydrogel reduced the solubility
in aqueous media to about 5 %.

3.2.2. Affinity tests

The sorption efficiency of MFC for different metal ions (Cu®t, Cd%™,
Mn2+, Zn2+, and Cr®") was evaluated, as shown in Fig. 5b. The sorption
efficiency of MFC for various metal ions (Cu?*, Cd**, Mn?", Zn?", and
Cr®") is presented in Fig. 5b. The results demonstrate a markedly higher
adsorption capacity for divalent metal cations such as Cu?*, Mn?*, Ni%",
Zn?", and Cd?", in contrast with the significantly lower removal of Cr®*
(approximately 30 %) under the same conditions [91]. This disparity is
attributed to the chemical nature of Cr®" in aqueous media. Unlike
transition metal ions that exist as positively charged divalent cations,
Cr®" predominantly occurs in the form of oxyanions (e.g., CrO+>~,
HCrO4 ™, Cr2072’), depending on the pH of the solution [92]. These
negatively charged species experience electrostatic repulsion from the
typically negatively charged surface of MFC at neutral to slightly alka-
line pH values, where the hydroxyl groups on the cellulose fibers are
deprotonated. Moreover, Cr®" removal is further hindered by its high
hydration energy and lower affinity for neutral or slightly negatively
charged adsorbents [93]. Thus, Cu®" ions were evaluated for sorption on
starch-containing MFC-based hydrogels. Although the other divalent
cations (Ni?*, cd?*, zn?*, Mn2*") are also very common and can be
found alongside copper in polluted sites, the choice of Cu?" is due to its
wide use in industrial activities and presence in wastewater that is



T.B. da Costa et al.

.

International Journal of Biological Macromolecules 317 (2025) 144710

:
| 'I'I |
i & MO

g |

Fig. 5. a) Water uptake (%) for MFC hydrogels containing different MFC concentrations (1.0, 3.0, and 5.0 wt%), b) Sorption affinity of PTMs ions (Cu®*, Cd?*, Mn?",
Zn**, and Cr®") by MFC, and c) removal efficiency of Cu®>* for MFC, corn starch-based hydrogel, hydrogels containing different MFC concentrations (1.0, 3.0, and

5.0 wt%).

generated in large volumes every day.

The starch-based hydrogel showed an increase in Cu?" sorption
(Fig. 5c). Specifically, the Starch/MFC-5 % hydrogel achieved a
maximum Cu?' removal of approximately 52 %, whereas the starch-
only hydrogel (Starch/MFC-0 %) showed limited performance. These
findings indicate that native starch has a low affinity for Cu®>" ions, likely
due to the absence of sufficient functional groups or accessible surface
area required for effective binding [94,95]. The progressive enhance-
ment of metal removal with increasing MFC content underscores a
synergistic interaction between MFC and the starch-based hydrogel
matrix. The MFC introduces additional active sites for metal ion coor-
dination, particularly through hydroxyl groups that can participate in
complexation or electrostatic interactions [96]. This result also shows
that the dose of fillers with high sorption capacity is a fundamental
factor in improving the removal potential of the polymeric matrix. In
this study, MFC loads between 1, 3 and 5 wt% were anchored, in which
the MFC dose was 0.1, 0.3 and 0.5 g.L "}, respectively. These values are
100, 33 and 20 times lower than the dose used in the test with pure MFC
(10.0 gL 1. Besides that, the cellulose can modulate the internal
structure of the hydrogels, as discussed before, influencing porosity, ion
accessibility, and diffusion pathways [97]. The effect of temperature on
Cu?* sorption by MFC and its starch hydrogels was also investigated in
the range of 25 to 55 °C (Fig. 4S - Supplementary Material). There were
no significant changes in the removal efficiency with increasing tem-
perature. Therefore, the temperature condition of 25 °C was maintained
for performing the sorption kinetics and equilibrium isotherms.

3.2.3. Equilibrium sorption and simplified batch design
Fig. 6 (a) shows the sorption equilibrium isotherms of Cu?' on
starch/MFC-1 % (a), starch/MFC-3 % (b), and starch/MFC-5 % (c) at

25 °C, which showed a similar favorable behavior at the three MFC-
added loads. Additionally, the maximum sorption capacity of Cu?"
increased in the following order: starch/MFC-5 % (0.258 mmol/g) >
starch/MFC-3 % (0.105 mmol/g) > starch/MFC-1 % (0.037 mmol/g).
Cheng et al. [4,98] employed SiO2/NazO geopolymer and obtained a
lower Cu?* sorption capacity of 0.057 mmol/g at equilibrium, which is
five times lower than starch/MFC-5 %. Dang et al. [99] evaluated the
Cu?* sorption by wheat straw and reported a sorption capacity of 0.180
mmol/g for Cu?*. Silva et al. [100] also found lower Ccu®t sorption ca-
pacities for sericin/alginate beads (0.090 mmol/g). Almeida Neto et al.
[101] found a maximum sorption capacity of Cu?" of 0.075 and 0.060
mmol/g for Bofe and Verde-lodo bentonite clays, respectively. These
comparisons highlight the high affinity and efficiency of starch/MFC
hydrogels, particularly at higher MFC content, for Cu?>* removal. This
superior performance is attributed to the synergistic combination of the
polymeric hydrogel network with the surface functionality and struc-
tural reinforcement provided by MFC, offering a promising, low-cost,
and biodegradable alternative for heavy metal adsorption in water
treatment applications.

Table 3 shows the values of statistical parameters (R? and AICc) and
parameters obtained by models fitting (Langmuir, Freundlich, and
Dubinin-Radushkevich). The non-linear fit of the isotherms is shown in
Fig. 6a. The experimental maximum sorption capacities increased pro-
gressively with MFC content: 0.037 mmol/g (1.0 wt%), 0.105 mmol/g
(3.0 wt%), and 0.258 mmol/g (5.0 wt%), confirming the beneficial role
of MFC in enhancing metal ion binding.

The Langmuir model provided the best fit to the experimental data,
with R? ~ 0.99 and the lowest Akaike Information Criterion (AICc)
values for all samples, suggesting monolayer adsorption on a homoge-
neous surface with a finite number of identical sites. The Langmuir
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Fig. 6. Equilibrium isotherms for Cu** at 25 °C (a) and simplified batch adsorption design (b, c, d) for the Starch/MFC-1 %, Starch/MFC-3 %, and Starch/MFC-5

% systems.

Table 3
Fitting parameters of the isothermal and kinetics models of cu®* sorption by Starch/MFC composites.
Parameters Starch/ Starch/ Starch/
MFC-1 % MFC-3 % MEFC-5 %
Isothermal models Experimental Gmax (mmol/g) 0.037 0.105 0.258
Langmuir Qmax (mmol/g) 0.039 0.108 0.257
K; (L/mmol) 2.283 4.334 13.733
Ry 0.055 0.030 0.010
R? 0.998 0.995 0.940
AlCc —-90.539 —68.371 —36.653
Freundlich K (mmol/g).(L/mmol)*/® 0.026 0.077 0.205
n 4.686 4.908 5.053
R? 0.976 0.971 0.918
AlCc —-72.099 —55.670 —34.449
Dubinin-Radushkevich Gmax (mmol/g) 0.036 0.102 0.245
Kpr x 1078 (mol®/J?) 8.521 3.456 0.760
E (kJ/mol) 2.422 3.804 8.113
R? 0.995 0.986 0.933
AlCc —82.853 —60.786 —35.794
Kinetics models Experimental g, (mmol/g) 0.026 0.046 0.067
PFO q. (mmol/g) 0.034 0.058 0.080
ki (1/min) 0.003 0.005 0.007
R? 0.993 0.985 0.983
AlCc —248.784 —211.772 —195.882
PSO q. (mmol/g) 0.026 0.048 0.069
k2 (g/mmol.min) 0.091 0.085 0.103
R? 0.997 0.987 0.998
AlCc —261.529 —214.626 —231.485
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separation factor was below 0.1 for all hydrogels, indicating highly
favorable adsorption. Additionally, the Langmuir affinity constant
increased substantially with MFC content—from 2.283 to 13.733 L/
mmol—supporting the argument that MFC not only introduces more
sorption sites but also enhances their affinity for Cu®".

The Freundlich model also described the data adequately (R® >
0.91), not as good as the Langmuir, especially for lower MFC contents.
The Freundlich constant n (4.7-5.1) was >1 for all formulations, indi-
cating favorable multilayer sorption on a heterogeneous surface. How-
ever, the higher AICc values and slightly lower R? compared to Langmuir
suggest that monolayer adsorption is more dominant in these systems,
particularly at higher MFC loadings. The D-R model estimated gmax
values close to the experimental results, confirming its suitability. The
mean sorption energy (E) increased significantly with MFC con-
tent—from 2.4 to 8.1 kJ/mol, suggesting a transition from physisorption
(E < 8 kJ/mol) at low MFC content to chemisorption (E > 8 kJ/mol) for
starch/MFC-5 % hydrogel. This result reinforces the hypothesis that
MEFC contributes active functional groups capable of forming stronger,
possibly specific interactions with Cu?* ions (e.g., complexation with
hydroxyls).

Fig. 6 b-d shows the minimum composite hydrogel mass needed to
achieve removal efficiencies of 30-90 % for different volumes
(1—-1000L) of Cu®** solutions (1.0 mmol/L). The effluent volume and
composite hydrogels mass are linearly correlated for all investigated
removal efficiencies. The greater the volume of Cu?* solution to be
treated, the greater the hydrogel mass to achieve a given removal effi-
ciency. For the uptake of 90 % of Cu®" in 1000 L of effluent with 1.0
mmol/L Cu®", about 124 kg of starch/MFC-1 %, 27 kg of starch/MFC-3
%, and 6 kg of starch/MFC-5 % are required. The lower mass of starch/
MFC-5 % needed for Cu?>* uptake under the same experimental condi-
tions is in line with the maximum sorption capacity of Cu®" at equilib-
rium (0.258 mmol/g for starch/MFC-5 %) in relation to the other
composite hydrogels (0.105 mmol/g for starch/MFC-3 % and 0.037
mmol/g for starch/MFC-1 %). This is evidence of the good potential of
starch/MFC-5 % for Cu?* sorption. Finally, considering that MFC-based
materials (e.g. starch/MFC composite hydrogel) are abundant and low-
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cost, the MFC can be a promising alternative as an additive in polymeric
architectures of advanced porous materials (e.g., aerogels, hydrogels, or
membranes) for the treatment of large volumes of wastewater contam-
inated with toxic metals, such as cu?t.

3.2.4. Kinetics sorption

The kinetic profiles (Fig. 5S) showed that there was a reduction in
equilibration times with increasing MFC loads (1, 3, and 5 wt%): 780
min (Starch/MFC-1 %) > 660 min (Starch/MFC-3 %) > 480 min
(Starch/MFC-5 %). This behavior is due to the reduction in the resis-
tance to Cu?" mass transfer in the external film by the increase in MFC
loads anchored in the hydrogel matrix, increasing the contact with the
MEC active sites in the starch hydrogel. The experimental data of the
Cu* sorption by the three materials were also modeled using PFO and
PSO kinetic models (Table 3 and Fig. 5S). Higher R? values and lower
AICc values were observed for the fits of PSO model, suggesting that
surface reactions govern Cu?* sorption processes.

3.2.5. SEM-EDS after Cu>" uptake

To better understand the interactions between Cu?" and MFC and it
Starch/MFC-5 % hydrogel, the materials were evaluated, before and
after sorption, using SEM/EDS analysis (Fig. 7). The materials were
saturated with Cu?* in sorption tests under the following experimental
conditions: Cu?* load of 1.0 mmol.L ™}, dose of 10.0 g.L ™}, T ~ 25 °C,
and pH 4.5. The SEM micrographs at 50 x magnification showed that
MFC showed a homogeneous and fibrous morphology. After the addition
of MFC to form Starch/MFC-5 % hydrogel, it was observed a good
anchoring and dispersion of MFC, since an MFC-like morphology was
identified across the smooth surface of the hydrogel. After Cu®" sorp-
tion, a reduction of empty pores was observed for both the MFC and the
Starch/MFC-5 %, indicating their occupancy by Cu?". Furthermore, the
SEM-EDS surface mapping confirmed the presence of Cu?* homoge-
neously distributed and sorbed over the materials surface.

The EDS technique was performed to identify the chemical elements
on the MFC and Starch/MFC-5 % surface before and after Cu®" sorption
(Fig. 7). According to the EDS technique, MFC showed carbon (50.79 %)

--
.

Fig. 7. SEM/EDS micrographs of MFC (a, b) and Starch/MFC-5 % hydrogel (c, d), with a 50x and 500x magnification; and surface mapping of Cu**.
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and oxygen (46.50 %) elements in their chemical composition and gold
(due to the pre-treatment of the samples for the SEM-EDS analyses).
Besides these elements, the MFC presented sodium (1.42 %) and chlo-
rine (1.30 %) on its surface. The presence of sodium and chlorine comes
from the eucalyptus waste treatment step with sodium chlorite. After
anchoring MFC into the Starch/MFC-5 % hydrogel, besides carbon
(49.77 %) and oxygen (49.27 %) elements, sodium (0.84 %) and chlo-
rine (0.12 %) were also detected, confirming the presence of MFC on the
hydrogel matrix.

After Cu®" sorption, a reduction in sodium content was observed in
MFC/Cu (0.14 %) and Starch/MFC-5 %/Cu (0.05 %) surfaces, indicating
the involvement of this element in the sorption mechanism. Possibly,
Na™ present on the materials may have been exchanged for Cu?* during
the sorption process, which highlights the ion exchange mechanism in
the adsorbents. Fig. 8 describes the possible sorption mechanisms of
Cu?* by starch-MFC hydrogels, highlighting the expansion of adsorption
sites and the chemical interaction with hydroxyl groups and citric acid.

3.2.6. Hydrogel reusability

Due to the more significant sorption potential of Cu?* by Starch/
MFC-5 % hydrogel, this system was selected to evaluate Cu®* desorption
and hydrogel reusability. The reuse of Cu?*-loaded Starch/MFC-5 %
hydrogel was carried out for up to four cycles employing HNOg (0.1 mol.
L 1) as eluent (Fig. 9). Cu®>" removal by Starch/MFC-5 % hydrogel was
>95 % for the first sorption cycle and decreased by the fourth cycle to
about 70 %. The reduction in the sorption potential of the hydrogel may
have occurred due to the hydraulic shear force, which damages the
hydrogels and reduces the number of available active sites. The
desorption cycles also showed that Cu®?" recovery was affected
throughout the reuse cycles. The system was able to recover Cu?* at
rates of around 97 % in the first desorption cycle. In the remaining cy-
cles, the Cu?* recovery fell to around 63 %. This indicates that the active
sites of the hydrogel were not completely released throughout the
elution cycles, which also contributed to the reduction of active sites
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Fig. 9. Removal and recovery of Cu?* by Starch/MFC-5 % hydrogel in reuse
cycles (sorption: dose of 10.0 g L}, Co = 0.511 mmol/L, pH 45, and T =
~25 °C) (desorption: dose of 20.0 g L™, T=~25°C, and 0.1 mol L~! HNO4
as eluent).

available for Cu?* sorption.

3.2.7. Limitations, challenges, and future research perspectives

Due to the current scenario, the recovery of PTMs, such as copper,
from effluents is a matter of extreme importance for technological and
environmental purposes. In this work, starch/MFC-based composite
hydrogels were examined for the removal/recovery of copper from
aqueous medium. The use of starch-based composite hydrogels loaded
with microfibrillated cellulose (MFC) contributes to the cellulose and
paper farming activity chain, since a new application is being proposed
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Fig. 8. Mechanism of Cu?" adsorption by starch-MFC hydrogels, highlighting the expansion of adsorption sites and the chemical interaction with hydroxyl groups

and citric acid.
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for microcellulose, an abundant biopolymer extracted from eucalyptus
sawdust wastes, joining the use of corn starch as a biodegradable matrix,
thus producing a green composite adsorbent.

The results of this work show that besides all the advantages, the
commercial application of starch/MFC-based composite hydrogels for
removal/recovery of copper is also faced with several challenges that
need to be addressed before scaling up this technology. Copper removal
from aqueous medium by starch/MFC-based hydrogels is limited in
successive regeneration cycles and selective sorption of copper. There-
fore, to improve reuse, selectivity, and sorption capacity of this system,
techniques for the functionalization and modification of the micro-
structures/hydrogels are necessary. These techniques include organic
and inorganic modifications or thermal treatments to obtain adsorbents
with greater sorption capacity, selectivity, and stability for reuse. In
addition, continuous sorption tests on a fixed-bed column and Life Cycle
Assessment are important to investigate the environmental performance
for scale-up. Finally, future studies should be focused on investigation of
the potential of hydrogels toward copper and other PTMs removal from
real effluents.

4. Conclusions

This study demonstrated the potential of corn starch-based com-
posite hydrogels reinforced with microfibrillated cellulose (MFC)
derived from eucalyptus residues as sustainable and efficient bio-
sorbents for removing potentially toxic metals, particularly Cu®", from
aqueous solutions. The incorporation of MFC improved the hydrogel's
physicochemical properties, including a decrease in solubility from 55.2
% (Starch/MFC-0 %) to 36.4 % (Starch/MFC-5 %) and an increase in
true density from 1.466 to 1.525 g/cm®. Mercury intrusion porosimetry
and nitrogen physisorption confirmed the presence of macroporosity
(pores >50 nm), and BET analysis showed a reduction in surface area
with MFC addition (from 4.010 to 1.814 mz/g), attributed to structural
compaction. Adsorption tests revealed that Cu?*" removal increased from
9.2 % (Starch/MFC-0 %) to 52.4 % (Starch/MFC-5 %), with maximum
sorption capacities rising from 0.037 to 0.258 mmol/g. Langmuir
isotherm modeling confirmed monolayer adsorption with high correla-
tion (R? = 0.998), while Dubinin-Radushkevich analysis indicated a
transition from physisorption (E = 2.42 kJ/mol) to chemisorption (E =
8.11 kJ/mol) with increasing MFC content. Regarding kinetics sorption,
the equilibrium time ranged from 480 to 780 min, and the PSO model
best represented the kinetics data. In addition, Starch/MFC-5 % showed
satisfactory regeneration results and can be reused for up to four cycles.
These findings emphasize the synergistic role of MFC in enhancing the
hydrogel's structural and functional performance and highlight the
material's promise as a biodegradable, low-cost platform for metal ion
removal in water treatment applications.
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Developing bio-based hydrogels offers a sustainable alternative to traditional fossil-based materials in waste-
water treatment, particularly for absorbing heavy metals. This study focused on creating hydrogels from the
components of sisal fibers, specifically cellulose (around 59 %), hemicelluloses (29 %), and lignin (12 %),
through a deconstruction process using cupriethylenediamine hydroxide (CUEN) as the solvent and water as the
coagulation medium. CUEN deconstructed 1 g and 2 g of sisal fibers; in total mass, the dissolution efficiency
achieved was 73.7 % (cellulose and hemicelluloses) and 52.4 %, respectively. Lignin remained suspended in the
medium alongside fractions of hemicelluloses and cellulose. Macromolecules dissolved and suspended in the
medium were incorporated into the hydrogels. The hydrogel made from 1 g of sisal showed a higher water
sorption capacity (5076.4 %). Meanwhile, the one created using 2 g of sisal demonstrated superior crystallinity,
compression, and rheological properties, with a compressive elastic modulus of 62.4 kPa and a shear storage
modulus of 416.8 kPa. Sisal_2_hydro also presented higher BET surface area and pore volume, enabling them to
reach sorption capacities of up to 0.41 mmol/g for heavy metals, specifically Cu(II), Ni(II), Zn(II), Cd(1I), Mn(1D),
and Cr(VI). The deconstruction of sisal fibers successfully produced hydrogels that demonstrated potential for
sorbing heavy metals.

1. Introduction

Developing and implementing efficient wastewater treatment tech-
nologies is crucial for addressing this issue and protecting public health
and environmental integrity. The current focus is on cutting-edge
technologies and materials, including photocatalysis, electrodialysis,
and innovative biosorbents [1-3]. Sorption has been extensively
researched due to its cost-effectiveness, high efficiency, ease of imple-
mentation and operation, utilization of various sorbent materials, and
the potential for recovering both the sorbent and the sorbate. In recent
decades, extensive research has focused on various sorbents for
removing metals from industrial wastewater. These include zeolites,
clays, metal-organic frameworks, carbon-based sorbents such as gra-
phene, graphene oxide, carbon nanotubes, activated carbon, magnetic
nanoparticles, and biosorbents.

* Corresponding author.
E-mail address: elisabete@iqsc.usp.br (E. Frollini).
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Biosorbents, including materials such as algae (both freshwater and
marine types), fungi, bacteria, industrial and agricultural waste, and
plant polysaccharides, have garnered attention for their sustainability
and their role in enhancing biomasses within a zero-waste and closed
carbon loop framework. This holds significant implications for waste
management and environmental sustainability [4,5]. These biosorbents
have been proposed to address key issues in the sorption of toxic metals,
including sustainability, selectivity towards target high-valued metals,
and stability, thereby promoting the cyclic use of the sorbents [6,7].
Additionally, they presented an inherent challenge for the adsorption
field related to overall economics, as the cost of adsorbent accounts for
approximately 70 % of the total cost [8].

In a circular bioeconomy scenario, there are significant opportunities
for exploration and innovation, particularly with plant-based
biopolymer sorbents. Among bio-based products, hydrogels -
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hydrophilic 3D polymer networks capable of retaining large amounts of
water [9,10] - have garnered significant attention across various appli-
cations, including wastewater remediation [11,12]. These materials are
valued for their physicochemical properties, flexibility, softness,
biodegradability, and biocompatibility [13]. Additionally, bio-based
hydrogels, incorporating cellulose, lignin, starch, alginate, and similar
components, offer the advantage of accelerated biodegradation
compared to synthetic alternatives [14,15]. Despite all these advantages
of using bio-based hydrogels, their application as biosorbents still needs
some enhancement in their properties, such as mechanical stability.
[16,17].

Cellulose-based hydrogels offer exceptional potential due to the
widespread availability of this polysaccharide, the most abundant
naturally occurring glucose polymer in plants and their fibers [18,19].
Lignocellulosic biomasses, particularly non-woody ones [20], provide
cost-effective raw materials from agriculture that can sustainably fulfill
the global demand for cellulose [17]. Non-woody biomasses such as flax,
hemp, jute, sisal, kenaf, and coir exemplify plant fibers with significant
exploitable potential [21]. However, cellulose-based hydrogels have
usually been done using commercial cellulose, i.e., cellulose with a high
level of purity, refined and separated from hemicelluloses and lignin,
which means higher cost of production, higher consumption of chem-
icals, and higher generation of waste and effluents than the use of
lignocellulosic biomass as a direct source of cellulose, especially if all the
macromolecules that compose it are integrated into the hydrogel
[17,20,22].

Sisal, scientifically known as Agave sisalana (Fig. 1), is a resilient
plant well-suited to hot and arid environments. It can be harvested
approximately two years after planting and has a productive lifespan of
up to 10 years [23]. According to the Food and Agriculture Organization
(FAO), global sisal production in 2022 was reported to be 239.5 thou-
sand tons [24]. Sisal is inedible [25] and is distinguished from many
lignocellulosic fibers by having a high cellulose content, estimated at
around 60 % [26].

Despite the widespread availability and affordability of cellulose-
rich sources, integrating cellulose into hydrogel production poses chal-
lenges due to the inherent difficulty of its dissolution. Cellulose, a
biopolymer consisting of p-glucose monomers linked by p-1,4-glycosidic
bonds [271], is rich in hydroxyl groups that establish both inter- and
intramolecular hydrogen bonds as well as van der Waals interactions
[28]. This robust network confers cellulose’s strong stability and low
solubility in water and many other solvents.

In the field of sisal fiber cellulosic pulps, various solvents have been
utilized to improve the dissolution of cellulose after the removal of
lignin and hemicelluloses. Notable examples of these solvents include
lithium chloride combined with N,N dimethylacetamide (LiCl/DMAc)

B g - ————
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[29,30], dimethyl sulfoxide/tetrabutylammonium fluoride [31], NaOH/
thiourea [32,33], and ionic liquids [34,35]. Besides the mentioned sol-
vents, there is also a class of solvents comprising aqueous solutions of
metal complexes, in which cupriethylenediamine hydroxide (CUEN) is a
non-derivatizing solvent widely recognized for its application in deter-
mining cellulose’s average viscometric molar mass [36].

The creation of lignocellulose-based hydrogels directly from
biomass, rather than analytical-grade cellulose or lignin, is scarce.
Consequently, the use of these hydrogels for recovering heavy metals
remains at the forefront of knowledge. Thus, the present study focused
on deconstructing lignocellulosic sisal fibers using CUEN, on the for-
mation of a hydrogel from all the macromolecular components of
lignocellulosic sisal fibers (Fig. 1), and its application for the removal of
toxic metals.

This study aimed to promote the value of an alternative non-woody
biomass, using a non-derivatizing solvent in a direct method for sisal
deconstruction, and preparing lignocellulosic hydrogels through a sim-
ple solvent inversion process. It also highlights the potential of an
innovative material, a lignocellulosic hydrogel, as a biosorbent for
treating toxic metal-contaminated wastewater. As far as is known, this
investigation employed an approach that sets it apart from others
reported.

2. Materials and methods
2.1. Materials

2.1.1. Hydrogel formation

Sisal Sul Industria e Comércio Ltda (Sao Paulo, SP, Brazil) supplied
sisal fibers composed of cellulose (58.7 + 1.5)%, hemicelluloses (29.0
+ 0.7)%, lignin (12.0 £+ 0.4)%, ash (1.2 + 0.0)%, and moisture (8.7 +
0.2)% [26,37]. For the deconstruction of the sisal fiber, the solvent was
bis(ethylenediamine)copper(II) hydroxide solution (CUEN) (1 M, Exodo
Cientifica, Sumaré, SP, Brazil). The fibers and CUEN were used as
received. Templates used to create hydrogels consisted of polystyrene
24-well plates with flat bottoms (Nest Biotechnology Co., Ltd.).

2.1.2. Sorption analysis

Hydrochloric acid (P.A. - ACS) was from Synth, Brazil. The salts used
for the stock solutions of the toxic metals are zinc nitrate hexahydrate
(Zn(NO3)2-6H20, 98 %, Dinamica Quimica Contemporanea® Ltda,
Brazil), nickel nitrate hexahydrate (Ni(NO3)2-6H20, 98 %, Dinamica
Quimica Contemporanea® Ltda, Brazil), cadmium nitrate tetrahydrate
(Cd(NOg3)2-4H20, 98 %, Neon Chemistry), potassium dichromate
(K2Cr207, 99 %, ECIBRA Analytical Reagents), copper nitrate trihydrate
(Cu(NO3)2-3H20, 99 %, Synth), and manganese nitrate tetrahydrate (Mn
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Fig. 1. Sisal fibers: source and main composition.
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(NO3)2-4H20, 98 %, Sigma-Aldrich). The standard stock solutions of
1000 mg/L with 99.9 % purity (hexavalent chromium, copper, cad-
mium, manganese, nickel, and zinc) were obtained from Specsol, Brazil.
They were all used as received.

2.2. Methods

2.2.1. Lignocellulosic hydrogel from sisal fibers

This section outlines the methodology employed for the decon-
struction of fibers and the formation of hydrogels. Fig. 2(a) illustrates
the process of generating a hydrogel from sisal fibers, which involves
their deconstruction in CUEN, Fig. 2(b), followed by the coagulation of
the resulting medium in distilled water.

2.2.1.1. Sisal fibers deconstruction. The fibers, as received, were ground
in a knife mill (MA048, Marconi, Brazil) and ball mill (MM400, Retsch,
Germany). The powder was sieved, and the fraction smaller than 0.149
mm (#100 mesh) was collected. Lastly, it was dried at 105 °C in an air
circulation oven.

The deconstruction of sisal fiber in 1 M CUEN solution was carried
out by mixing 1 g or 2 g of ground sisal fiber in 25 mL of distilled water,
followed by adding 25 mL of CUEN. The viscous suspensions produced
from the sisal deconstruction were labeled sisal_1_CUEN or sisal_2_-
CUEN, depending on the amount of sisal used in the deconstruction step.
The system was then exposed to a flow of N for 1 min. to remove air and
prevent oxidation reactions. The mixture was stirred at room
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temperature (about 25 °C) for 2 h; a viscous suspension formed after-
ward (Fig. 2(a)). The dissolution efficiency and rheology analysis were
conducted to assess the fiber deconstruction and dissolution process.
(see 2.2.2).

2.2.1.2. Hydrogel formation. The viscous dispersion was placed into a
50 mL syringe, and approximately 2 mL was injected into each cylin-
drical template (well), Fig. 2(a). The templates were then immersed in
distilled water (10 mL of water/1 mL of gel) at room temperature (=
25 °C) and left for 96 h in the case of sisal 1_CUEN and 48 h for
sisal 2 CUEN to ensure complete coagulation of the hydrogel. The
cylinder-shaped hydrogels were carefully lifted from the templates using
a spatula and placed into a vessel. They were then washed with distilled
water while being agitated on a shaker maintained at room temperature
and 200 rpm (MA-832, Marconi, Piracicaba, SP, Brazil). The hydrogel
samples were named ‘sisal_1_hydro’ and ‘sisal_2_hydro,” matching the
initial mass of the sisal (1 g and 2 g, respectively).

2.2.2. Characterization of sisal fiber deconstruction

The CUEN medium, derived from the deconstruction of sisal fibers,
was investigated to assess its effectiveness in dissolving cellulose and
hemicelluloses. Rheological properties were also examined, with a focus
on amplitude and frequency sweeps.

2.2.2.1. Dissolution efficiency. Aliquots of the viscous suspension
formed were vacuum-filtered using a sintered glass filter #2 to measure
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Fig. 2. Schematic representation of hydrogels formed from sisal fibers (a) and an illustration of the interaction of CUEN with a ring of the cellulose chain(b).
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the solid content and calculate the dissolution efficiency (DE, %; Eq. 1).
_ mp; —my
-

DE 100 (€5)

m; and my are the initial sisal mass (g) and the final solid content (g)
after the fiber’s deconstruction.

2.2.2.2. Rheological properties of the solutions with suspended material.
The viscous suspensions obtained from sisal deconstruction were
assessed by rheology (Discovery HR-2 rotational rheometer, TA In-
struments, New Castle, DE, USA) at 25 °C using a cone/plate measuring
module (plate diameter: 40 mm, cone/plate angle: 2°). The suspension
was homogenized by ultrasound (USC 1400, Unique, ultrasonic Fre-
quency: 40 kHz, ultrasonic power: 81 W) for 5 min before each
measurement.

An amplitude sweep test was conducted to assess the viscoelastic
properties of the suspensions. The storage and loss moduli were evalu-
ated to characterize the samples’ deformation behavior within the non-
destructive range, defined as the linear-viscoelastic range [38].

After the preliminary amplitude sweep, the frequency dependencies
of storage and loss moduli were measured in the linear viscoelastic re-
gion (strain at 1.0 %) by varying the angular frequency in the range of
0.0628-628 rad-s L. For the flow sweep test, rotational steady shear was
performed to measure the flow behavior of the fluid gels and the vis-
cosity as a function of the shear rate, increasing the shear rate from
0.001 s~ ! to 100 s~ ! [39]. All rheological measurements were done in
triplicate.

2.2.3. Characterization of the hydrogels

As-prepared swollen hydrogels were analyzed in terms of shear stress
to understand the viscoelastic behavior of the hydrogel. The hydrogels
were then frozen at —80 °C for 24 h and lyophilized until complete
drying (Freeze-dryer L 101, Liobras, Brazil). The dried hydrogel samples
and milled sisal fibers were characterized using Fourier-transform
infrared (FT-IR) spectroscopy, Raman spectroscopy, and X-ray diffrac-
tion (XRD). The dried hydrogels were characterized by water swell-
ability test, scanning electron microscopy (SEM), accelerated surface
area and porosimetry analysis (ASAP), and thermogravimetry analysis
(TGA). Both swollen, dried, and rehydrated samples (24 h in water) were
subjected to compression tests.

2.2.3.1. Fourier-transform infrared and Raman spectroscopy. Freeze-
dried hydrogels and ground sisal fiber were analyzed using Fourier-
transform infrared spectroscopy and Raman spectroscopy.

The analysis was performed using Fourier-transform infrared spec-
troscopy on a Tensor 27 spectrophotometer (Bruker, USA) equipped
with an ATR (Attenuated Total Reflectance) cell.

Raman spectroscopy was carried out using a Horiba spectrometer
(LabRam HR Evolution). The excitation source was a 785 nm laser,
which reduces fluorescence issues, with an intensity of 30 mW. For the
hydrogels, the exposure time was 90 s, with four scans accumulated, and
an objective lens of 50 x magnification. For the fibers, the exposure time
was 25 s, and the accumulation of 8 scans, using the same objective lens.

2.2.3.2. X-ray diffraction. The crystallinity of milled sisal fibers and the
lyophilized hydrogels was determined using X-ray diffraction (XRD) and
a position-sensitive detector (PSD), model LynxEye. Analyses were
performed with a Bruker D8 Advance diffractometer equipped with Cu
Ko radiation (A = 1.5418 10\). Diffractograms were collected in the range
of 5 to 60° (20), with a step size of 0.02°, and diffraction intensities were
recorded for 0.5 s at each step. To calculate the percentage of non-
crystalline domains, the total area was determined by summing the
areas of the peaks and the halo corresponding to non-crystalline do-
mains (%, Eq. 2). This total area was then subtracted from the area of the
peaks, and the resulting value was divided by the total area. The result
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was multiplied by 100 to obtain the percentage of non-crystalline do-

mains. The percentage of crystalline domains (%, Eq. 3) was calculated

by subtracting the percentage of non-crystalline domains from 100.
Total area — Peaks area

Non — talline d ins = 100 2
on — crystalline domains Total area 2)

Crystalline domains = 100 — (Non — crystalline domains) 3)

2.2.3.3. Swelling test. The mass of the hydrogel was measured after the
water absorption during the coagulation step and following the freeze-
drying process to determine the initial water content of the water-
swollen hydrogels produced.

The dried hydrogels were subsequently immersed in water to assess
water absorption over time, thereby enabling the examination of
swellability. The solid/liquid ratio was 1 g/L. This experiment was done
in triplicate.

2.2.3.4. Scanning Electron Microscopy. Scanning electron microscopies
(SEM) of the sectional areas of the dried samples were done using a 400
Leo/Zeiss DMS instrument (Jena, Germany). The samples were coated
with a thin layer of gold (Baltec Med 020, Liechtenstein).

2.2.3.5. Surface area and porosimetry. Isotherms of adsorption and
desorption of Ny were performed at Brazilian Agricultural Research
Corporation — Instrumentation (Embrapa, Sao Carlos, Sao Paulo, Brazil)
using an accelerated surface area and porosimetry analyzer (ASAP 2020,
Micrometrics). The degassing process was done at 120 °C for 12 h. The
isotherms were done at 77 K.

2.2.3.6. Thermogravimetric  analysis. The lyophilized hydrogels,
sisal_1_hydro and sisal_ 2_hydro, were individually ground in a mortar
before being subjected to thermogravimetric analysis. The analysis was
conducted using a TGA-50 (Shimadzu, Japan) in an inert nitrogen at-
mosphere at a flow rate of 50 mL/min and a heating rate of 10 °C/min
from 25 to 700 °C.

2.2.3.7. Dynamic mechanical analysis (compressive and shear). The
hydrogels were assessed using a dynamic mechanical analyzer (DMA,
TA 800, USA). The DMA measurements were taken in quintuplicate.

The compression test evaluated the compression elastic modulus of
the cylinder-type hydrogels. The typical compression test increased the
applied force to the instrument limit, i.e., 18 N.

Moreover, the viscoelastic behavior in steady mode was determined
by the shear-sandwich test, in which an amplitude test determined the
linear viscoelastic region and a frequency sweep was conducted from 1
to 10 Hz (6.28 to 63 rad/s) to verify the G’ and G" according to the
frequency. For this purpose, the hydrogel cylindrical samples were
sliced at a thickness of around 3.0 + 0.2 mm and cut into a square form
(=2 1 ecm x 1 cm), which is suitable for the shear-sandwich specimen
holder of the DMA [40].

2.2.4. Heavy metal sorption

For the sorption essays of heavy metals, the hydrogels were shaped/
coagulated in a 96-well plate (instead of a 24-well plate, Fig. 2). This
resulted in the formation of smaller cylinders (diameter &~ 6.9 mm and
maximum height =~ 10.9 mm). These hydrogels were also frozen at
—80 °C for 24 h and lyophilized until completely dry.

The heavy metal sorption essays were performed in batch mode, in
which a sorbent dosage of 1 g/L was used to remove metals from an
equimolar solution of 0.17 mmol/L of each metal (Cu(IL), Ni(II), Zn(II),
Cd(rn), Mn (II), and Cr(VI)).

The equimolar solution was prepared by diluting stock metal solu-
tions in deionized water. The stock solutions were made by dissolving
metal salts, including zinc nitrate hexahydrate, nickel nitrate hexahy-
drate, cadmium nitrate tetrahydrate, potassium dichromate, copper
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nitrate trihydrate, and manganese nitrate tetrahydrate, which were used
to create the multi-metal solution. The standard stock solutions of 1000
mg/L, 99.9 % purity (hexavalent chromium, copper, cadmium, man-
ganese, nickel, and zinc), were used to calibrate the measurements in the
ion chromatograph.

To prevent metal precipitation, drops of hydrochloric acid (0.025 M)
were added to maintain the pH at 4.5. This adjustment was guided by
simulations of metal species in relation to pH, conducted using Visual
Minteq software. Fig. 3 shows that HCrOs precipitates at pH values
above 4.5, Cu®* at values above 6.0, and others at pH levels above 8.0.

The contact time was 24 h; after that, the samples were filtered using
a syringe filter (K18-230, KASVI). The system agitation was done in an
incubator shaker at 25 °C at 250 rpm (MA-832, Marconi, Piracicaba, SP,
Brazil). The experiments were done in duplicate. Samples before and
after were subjected to ion chromatography (940 Professional IC Vario,
Metrohm, Herisau, Switzerland) to measure the metal concentration and
determine the sorption capacity (Eq. 4).

(Co—=0C)
1=—5— 4
Where q is the sorption capacity (mmol/g), Cp and C are the initial and
final concentrations (mmol/L), and S is the sorbent dosage (g/L).

3. Results and discussion
3.1. Sisal deconstruction

Fig. 2(b) demonstrates the interaction of CUEN with the hydroxyl
groups present in glycosidic rings, facilitating the disruption of
hydrogen bonds between adjacent chains, which in turn promotes the
dissolution of cellulose. Comparable interactions may occur with the
various sugar units that constitute hemicelluloses, resulting in the
dissolution of this heteropolysaccharide as well. This property of CUEN
allows for the deconstruction of lignocellulosic fibers, releasing their
components—cellulose, hemicelluloses, and lignin—into the medium.
Cellulose and hemicelluloses are dissolved, either fully or partially,
depending on the conditions, while lignin remains suspended in the
CUEN medium.

3.1.1. Solid content and efficiency

Table 1 presents the efficacy of the CUEN in deconstructing sisal fi-
bers and dissolving their components, which was assessed by analyzing
the residual filtered solid from the viscous suspension. For this mass
balance, the main composition of the sisal was considered to estimate
the masses of cellulose, hemicelluloses, and lignin in the starting

Fig. 3. Concentration of metallic species as a function of pH.
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Table 1
Efficiency of the sisal fibers deconstruction and dissolution using CUEN.

Sample Sisal mass (g) DE (%) Solid concentration® (g/mL)
Dissolved” Suspended”

Sisal_1_ CUEN 1.0 73.7 £ 0.25 0.015 0.005

Sisal_2_CUEN 2.0 52.4 + 2.46 0.021 0.019

# Volume of 50 mL of suspension.

b Solubilized fraction composed of cellulose and hemicelluloses (sisal_1_-
CUEN) or primarily cellulose (sisal 2_CUEN).

¢ Solid suspended constituted primarily by lignin (sisal_1_CUEN) or lignin plus
hemicelluloses (sisal_2_CUEN).

material (sisal fibers). The primary constituents of sisal fibers comprise
approximately 59 % cellulose, 29 % hemicelluloses, 12 % lignin, and
1.2 % ash, along with an 8.7 % moisture content. The total percentage
exceeds 100 % due to measurement errors (+1.5 %, +0.7 %, +0.4 %,
+0.0 %, +0.2 %, respectively) [26]. The percentage of crystalline re-
gions in the sisal fibers was evaluated (subsection 3.2.3) and determined
to be 55 %. This result aligns with the naturally occurring cellulose
content in these fibers (59 %), as cellulose is the component responsible
for forming the crystalline regions.

When employing a ratio of 1 g/50 mL, 73.7 &+ 0.25 % of the fiber
components were successfully dissolved. The soluble fraction is
composed of cellulose and hemicellulose macromolecules (Table 1).
CUEN serves as an effective solvent for cellulose; however, in this case,
the cellulose is embedded within a lignocellulosic fiber matrix. The non-
crystalline regions of cellulose are more accessible to CUEN than the
crystalline regions. Hemicelluloses, which are also dissolvable in CUEN,
are in the non-crystalline regions and, to some extent, form complexes
with lignin [41], a component that remains insoluble in this solvent.
Therefore, it can be considered that the non-crystalline regions of cel-
lulose are the most readily soluble, followed by hemicelluloses, and then
the crystalline regions of cellulose. The results indicate that approxi-
mately 26 % of the solid material remained undissolved during the fiber
deconstruction process. This observation indicates that lignin, along
with parts of hemicelluloses and possibly some fractions of cellulose
from crystalline regions, remained undissolved. The suspension was left
unfiltered, enabling the insoluble fraction to be subsequently incorpo-
rated into the hydrogel.

When the sisal ratio was increased to 2 g per 50 mL, 52.4 + 2.46 % of
the fiber components dissolved (Table 1), while approximately 48 % of
the solid material remained suspended. These results indicated that,
compared to sisal_1_CUEN, for sisal_2_CUEN, in addition to all lignin, a
larger fraction of hemicelluloses, as well as some cellulose from the
crystalline regions, remained insoluble. It is essential to recognize that
suspended solids can be advantageous, as employing this approach to
integrate suspended insoluble materials into hydrogels can result in a
composite exhibiting enhanced mechanical properties. The inclusion of
these insoluble components not only strengthens the hydrogel matrix
but also contributes to its overall structural integrity [26,42,43].

The dissolution efficiency was higher when a smaller amount of sisal
was used (1 g/50 mL). The sisal_1_CUEN suspension exhibited a hol-
ocellulose (cellulose plus hemicelluloses) concentration of 0.015 g/mL,
which is lower than that of the sisal 2_ CUEN at 0.021 g/mL, as shown in
Table 1. This difference is due to the higher initial content of hol-
ocellulose when 2 g of sisal is used. Consequently, although increasing
the sisal mass decreases dissolution efficiency, it simultaneously raises
the concentration of cellulose and hemicelluloses dissolved, as well as
the solid content within the suspension.

A previous investigation found that using a LiCl/DMAc solvent sys-
tem with a ratio of 1 g of sisal fibers to 50 mL of solvent dissolved
approximately 40 % of the fibrous components after deconstruction
[26]. In contrast, the current study demonstrated that CUEN dissolved
about 74 % of the components, indicating greater efficiency than LiCl/
DMAc. Additionally, even when the initial fiber mass was increased to 2
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g per 50 mL, approximately 52 % of the fiber components still dissolved
(Table 1).

3.1.2. Rheological properties of the lignocellulosic suspensions

The viscous medium obtained after the deconstruction of sisal fibers
and dissolving some of their components into the medium, while the rest
remained dispersed in CUEN, was assessed for its rheological properties,
namely, the dependence of the viscosity (1) on the shear rate (Fig. 4(a)),
and of the storage (G’) and loss (G") moduli on the angular frequency (®)
(Fig. 4(b)). These properties may contribute to a better understanding of
the gelation process.

Fig. 4(a) shows the shear rate influence on the viscosity of the sus-
pensions sisal 1 CUEN and sisal 2 CUEN. Both suspensions can be
considered non-Newtonian fluids for shear rates higher than 0.01 1/s, a
range in which their viscosities depend on shear rate. Additionally, they
are shear-thinning or pseudoplastic fluids, as their viscosity decreases
with increasing shear [44]. The decrease is more pronounced for the
solution containing a higher suspended solids concentration (sisal_2_-
CUEN). This may occur due to the disentanglement of high-molar-mass
polymers when subjected to sufficient shear, resulting in a subsequent
decrease in viscosity [44]. Additionally, in the current study, the sus-
pended macromolecules may have formed networks that were disrupted
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Fig. 4. Rheology of the viscous suspensions obtained from sisal deconstruction:
flow sweep (a) and oscillatory frequency sweep (b) at 25 °C and 1 % strain.
Empty symbols: loss modulus (G"); Filled symbols: storage modulus (G*).
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under shear stress, leading to shear-thinning behavior [45]. This phe-
nomenon may be more pronounced at elevated solid concentrations, as
evidenced by sisal 2 CUEN. The viscosity characteristics of the
sisal_1_CUEN suspension, which contains lower levels of dissolved cel-
lulose and hemicelluloses as well as suspended lignin compared to the
sisal_2_CUEN suspension, reveal that at low shear rates, up to approxi-
mately 0.01 1/s, the suspension exhibits a relatively high and stable
viscosity, signifying resistance to flow under minimal stress conditions
[46]. As the shear rate increases up to 0.1 1/s, there is a marked decrease
in viscosity, suggesting that the previously mentioned phenomena have
reduced internal friction, thereby facilitating flow. At even higher shear
rates, beyond 0.1 1/s, the decline in viscosity becomes somewhat
smoother, indicating that the disentanglement of polymer chains and
the breakdown of potential networks formed by suspended macromol-
ecules occurred extensively in the earlier phase. Consequently, further
increases in shear rate result in a less pronounced reduction in viscosity.

Fig. 4(b) demonstrates that for sisal 2_CUEN, at angular frequencies
up to approximately 15 rad/s, the storage modulus (G’) is slightly lower
but closely aligned with the loss modulus (G"). In a solution containing
both dissolved and undissolved macromolecules, such as suspended
solids, as in the present study, interactions can occur among these
components. Such interactions may help establish a balance between
liquid-like (viscous) and solid-like (elastic) behaviors. Up to around 15
rad/s, sisal_2_CUEN shows a slight inclination towards viscous behavior,
with several overlapping data points sustained until 15.78 rad/s, where
the two moduli intersect, marking the gelation point. Beyond this fre-
quency, a mild predominance of elastic behavior is noted. In the case of
sisal 1_CUEN, which had a lower suspended solids content than
sisal_2_CUEN, a more pronounced tendency towards viscous behavior is
noted, extending up to the gelation point at 62.8 rad/s. From there, a
more pronounced predominance of elastic behavior is also observed
compared to sisal_2_CUEN.

The gelation points of the suspensions, at 62.8 rad/s (sisal_1_CUEN)
and 15.78 rad/s (sisal_2_CUEN) indicate that the viscoelastic relaxation
of the macromolecular network shifts to the low-frequency region as the
concentration of the macromolecules is increased, i.e., more time was
needed to reorganize the system to form a well-defined network [46].
Thus, when the initial sisal concentration increased, the crossover fre-
quency reduced, which indicates that sisal 2 CUEN suspension would
form a hydrogel with higher viscoelasticity than sisal 1_CUEN.

3.2. Characterization of the lignocellulosic-based hydrogels

This section discusses the morphology, structure, thermal decom-
position, as well as the compression and shear resistance, and water
absorption of sisal hydrogels.gels.

3.2.1. Digital Images

Fig. 5 shows digital images of the hydrogels sisal 1 _hydro and
sisal_2_hydro before and after lyophilization, as well as after 24 h of
water immersion. In Fig. 5(a-1) and Fig. 5(b-1), the swollen hydrogels
are displayed. The sisal_1_hydro has a greenish tint and looks more
translucent at the edges compared to sisal_2_hydro, which has a darker
hue. A close examination of the samples showed that sisal_2_hydro has
sharper edges than sisal_1_hydro while still maintaining the shape of the
template. The lyophilized samples, shown in Fig. 5(a-2) and Fig. 5(b-2),
indicate that the hydrogel’s original cylindrical shape was slightly
deformed during freeze-drying, resulting in wrinkled surfaces.

The rehydrated samples, which are lyophilized samples exposed to
water for 24 h, slightly altered their structure during swelling. However,
sisal_2_hydro (Fig. 5(b-3)) maintained its shape better than sisal_1_hy-
dro (Fig. 5(a-3)).

3.2.2. Fourier transform infrared and Raman spectroscopy analysis
The FTIR spectra of the samples (Fig. 6) presented the same behavior,
with the sisal 2 hydro having slightly more intense peaks. The band
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Fig. 5. Sisal lignocellulosic hydrogels from the deconstruction of fibers using CUEN: sisal_1_hydro (a), and sisal_2_hydro (b), swollen (a-1, b-1), lyophilized (a-2, b-2),

and rehydrated after 24 h of water immersion (a-3, b-3).
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Fig. 6. FTIR spectra of sisal fibers, sisal_1_hydro, and sisal_2_hydro.

around 3302 cm ™! refers to the stretching of the H—O bond and can be
mainly attributed to the polysaccharide fraction. The bands at 2923
em™!, 2893 em™ and 2871 em ™! are attributed to symmetric stretching
in methylene groups.

The band at 1740 cm ™! (stretching vibrations of C=0) present in the
sisal fiber spectrum disappeared in the hydrogel spectra [47]. This band
is related to the ester bond between the ferulic acid of lignin and the
hemicelluloses in the fiber’s cell wall, and its disappearance in the
hydrogels corroborates the cleavage of this lignin-carbohydrate complex

[48,49].

The band at 1599 cm™! refers to aromatic ring vibration and C=0
stretching [50]. The band at 1502 cm ™! indicates aromatic skeletal vi-
bration. The band at 1460 cm ™! corresponds to the CHy, of the pyran ring
symmetric scissoring and OH plane deformation. The band at 1418 cm™?
is the aromatic skeletal vibration combined with C—H in-plane defor-
mation, and at 1373 em! (fiber) and 1365 cm! (hydrogel) represents
the phenolic OH stretching of lignin (see magnification, Fig. 6). The
signal at 1315 cm ™! refers to the C—O stretching of the aromatic ring in
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the syringyl unit of lignin. The band at 1267 cm™! means the guaiacyl
ring plus G=0 stretching, and 1240 cm™! and 1234 cm ™ are related to
the C—O stretching of the acetyl ester unit in hemicelluloses [51]. Bands
at 1153 cm ™! correspond to the C—C ring stretching [52]. The band at
1047 cm ™! regards a complex vibration associated with C—O stretching
in polysaccharides. C- O- C stretching in p-glycosidic bonds in cellulose
and hemicelluloses was also observed at 897 cm ™! [53].

Raman spectra of sisal fibers and hydrogels are shown in Fig. 7, in
which the most prominent peaks are highlighted. The peaks at 394 em !
and 412 cm ™! are typically attributed to C-C-C bending, C—O, C-C-O,
and ring deformation, which are characteristic of the cellulose structure
[54,55]. The peaks at 635 and 842 cm ! are associated with ring and
skeletal deformation, respectively. Both signals corroborate the lignin
content [54]. The peak at 865 cm™! means C-G-H and G-O-C bending
[56]. The typical peak of CHy was shown at 998 cm™?, and carbonyl
stretching vibrations at 1774 cm ! [54,55]. Regarding hemicelluloses,
their structural similarity to cellulose causes a significant overlap in
their Raman signals. This makes it difficult to distinguish the specific
contributions of hemicelluloses within the spectrum [57].

FTIR and Raman spectra analysis confirmed that the hydrogels,
formed by deconstructing sisal using CUEN solvent and subsequent
coagulation with water, successfully preserved the cellulose, hemi-
celluloses, and lignin from the original sisal fibers. Incorporating the
solid phase, especially lignin, into the gel can greatly improve properties
such as mechanical strength, biocompatibility, biodegradability, and the
ability to inhibit cellular and microbial growth [26,58,59]. These at-
tributes are very beneficial for creating environmentally sustainable
sorbents.

3.2.3. X-ray diffraction

The deconstruction of sisal fibers resulted in the release of cellulose
chains into the solvent medium. The primary objective of the X-ray
diffraction analysis was to evaluate the organizational potential of such
chain segments during the hydrogel formation process, thereby facili-
tating the development of crystalline domains. The X-ray diffractograms
of sisal fibers showed peaks at 16.0°, 22.3°, and 34.6°, Fig. 8, which are
assigned to (101), (002), and (040) reflection planes of the cellulose I
structure [60].

The crystallinity is due to the arrangement of segments from previ-
ously dissolved cellulose chains, leading to the creation of crystalline
regions within the hydrogels. Furthermore, it is plausible that a certain
cellulose fraction with inherent crystallinity did not completely dissolve,
remaining suspended within the CUEN medium, and may have inte-
grated into the hydrogels, thus contributing to their crystallinity. In both
scenarios, these components were subjected to the alkaline conditions of
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Fig. 7. Raman spectra of sisal fibers, sisal_1_hydro, and sisal_2_hydro.
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Fig. 8. X-ray diffractograms of sisal fibers, sisal 1_hydro, and sisal 2 hy-
dro hydrogels.

the CUEN medium, which breaks hydrogen bonds in cellulose I (chains
arranged in a parallel configuration) facilitating the transformation of
cellulose I, present in the sisal fibers, into cellulose II (chains rearranged
into an antiparallel configuration), a characteristic of the hydrogels
(Fig. 8). The peaks for cellulose II polymorph are usually located at 26 =
12°, 20° and 22°, which correspond to the diffraction of (101), (101)
and (002) crystallographic plane reflection [61]. Peak positions may
vary depending on factors such as the specific sample preparation
method, variations in crystallite size, and the compressive forces within
the crystal structure. The diffractogram of sisal_1_hydro shows peaks at
8.5°% 20.3°, and 21.4°, and that of sisal_2_hydro at 8.6°, 20.4°, and 22.2°
(Fig. 8), which may be attributed to the diffractions mentioned for cel-
lulose II. The peak at 36.8°(sisal_1_hydro) may tentatively be attributed
to some cellulose I that has not been transformed into cellulose II
The crystallinity of the milled sisal fibers, sisal 1 _hydro and
sisal_2_hydro is approximately 55 %, 26 % and 17 %, respectively. As
expected, the crystallinity of the hydrogels was lower than that of the
native cellulose in the sisal fibers because the rearrangement of cellulose
chain segments during hydrogel formation was hindered by the presence
of hemicellulose and lignin fractions, among other factors. This effect
was more pronounced for sisal 2 hydro due to its higher insoluble
content (Table 1), which resulted in lower crystallinity compared to
sisal_1_hydro. It is important to note that low crystallinity can enhance
the sorption capacity of hydrogels. This may occur because the inter-
action and diffusion of the substances to be sorbed are facilitated in non-
crystalline regions. The greater distance between neighboring segments
in these regions, as compared to crystalline ones, allows for more
effortless movement and accessibility of the adsorbates involved.

3.2.4. Water uptake
Fig. 9 presents the original water content of the hydrogels, i.e., the
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Fig. 9. Water absorption by the hydrogel during the coagulation step (a) and
water reabsorption over time (water absorption by freeze-dried hydrogels) (b)
of sisal_1_hydro and sisal_2_hydro.

water absorption during the coagulation step, and the reabsorbed water
by the lyophilized hydrogels. The capacity to retain water is a crucial
criterion for defining a material as a hydrogel (> 90 %) [62-64].

Fig. 9(a) indicates that sisal_1_hydro and sisal 2_hydro retained large
amounts of water as they were produced. However, sisal_1_hydro has a
higher water content (5076.4 %) than sisal_2_hydro (2685.8 %), which
is inversely proportional to the solid fraction contained in each hydro-
gel. This appears to compensate for the fact that sisal_2_hydro has lower
crystallinity than sisal_1_hydro, which could enhance water sorption.
The hydrogel sisal_1_hydro was created from a suspension containing
approximately 26 % solids, while the suspension that produced
sisal_2_hydro had around 48 % solids, Table 1. Most suspended solids
were likely integrated into the hydrogel network, as demonstrated by
the subsequent SEM micrographs, which do not show any apparent free
particulate matter within the hydrogels. However, mainly in the case of
sisal_2_hydro, it is possible that some solids remained firmly adhered to
the pore walls, thereby restricting the available space for water ab-
sorption. The fraction of suspended polysaccharides was likely incor-
porated into the holocellulose network formed by the soluble fraction,
while the solids that adhered to the walls may primarily have consisted
of lignin.

Fig. 9(b) shows the swelling of the freeze-dried samples over time.
The swelling is rapid for both samples, achieving a maximum in the first
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minute of contact with water. After this overshooting, the water ab-
sorption stabilized, with sisal 1 hydro achieving a maximum of
approximately 1918 % and sisal_2_hydro at 880 %. This overshooting
phenomenon may be related to the relaxation process of the macro-
molecular chains because of the spontaneous rearrangement of the gel
structure on dynamic swelling [65,66].

The overshooting was slightly more pronounced for sisal_1_hydro
than for sisal_2_hydro (Fig. 9), which may be related to the strength of
the physical crosslinking in the gels. According to Kowaslki et al. [65],
the overshooting effect in the water absorption tends to be greater for
weakly crosslinked samples. As the hydrogels were produced by physical
coagulation, it is expected that sisal_1_hydro, a hydrogel made with a
lower density of macromolecular content than sisal 2_hydro, has the
lowest crosslinking degree. Because of that, sisal_1_hydro has a structure
more susceptible to the relaxation chain effect, which could have
intensified the overshooting phenomenon in water absorption.

Table 2 compares the swellability of dried cellulose-based hydrogels
produced using different methods and biomasses. It also summarizes the
cellulose sources and solvents used, as well as the hydrogel production
methods from the literature.

Table 2 shows the results for rice, oats, wheat straw, sugarcane
bagasse, recycled old corrugated containers, and sisal fibers as sources of
cellulose. These non-wood biomasses have higher cellulose content and
shorter harvest periods than wood resources [17]. As a result, these
materials are considered more suitable for producing bio-based products
than traditional wood sources. Besides differences in biomass, various
methods exist for producing cellulose-based hydrogels, which directly
impact the materials’ water retention capabilities.

Oliveira et al. [67] conducted a study that blended cellulose fibers
derived from rice and oat husks with polyvinyl alcohol (PVA) and
crosslinked the resultant hydrogel using a physical freezing-thawing
method. Compared to the alternatives in Table 2, these hydrogels
exhibited intermediary water swellability levels of 392.1 % for rice
husks and 254.3 % for oat husks.

Shan et al. [68] proposed the formation of hydrogels by free radical
polymerization of acrylic acid blended with lignin, cellulose, and
hemicelluloses from wheat straw. This method conferred great swell-
ability, reaching approximately 3010 % water absorption. It is worth
noting that this study reported the grafting of polyacrylic acid onto
lignin, hemicellulose, and cellulose macromolecules through a radical
reaction involving their hydroxyl groups. It is assumed that, including
for reasons of steric repulsion, some of the carboxylic groups of poly-
acrylic acid remained unreacted, ie., they did not participate in the
crosslinking reaction that followed the grafting step. In this context,
these highly hydrophilic groups also contributed to the reported result.
In the present study, only the hydrophilic functional groups in the
macromolecules of lignin, cellulose, and hemicelluloses, primarily hy-
droxyl groups, participated in water sorption.

Ban et al. [69] and Queiroz et al. [26] utilized different biomass
sources and cellulose solvents, but followed similar techniques for
coagulating the hydrogels using ethanol, as shown in Table 2. Notably,
the resulting materials’ swellability varied significantly, likely due to the
differences in drying methods [69]. Lyophilization tends to preserve the
porous structure of hydrogels more effectively than air drying at room
temperature [26]. When comparing the hydrogel produced in this study
with that formulated by Queiroz et al. [26], both sourced from decon-
structed sisal fibers, sisal_1_hydro demonstrates greater water absorp-
tion capacity, 1918.5 %, Table 2. This result can be attributed to the
higher polysaccharide dissolution efficiency of the CUEN (74 %)
compared to LiCl/DMAc (40 %), which led to a hydrogel with a higher
content of hydrophilic components (cellulose and hemicelluloses).

Sangtarashani et al. [70] used water coagulation to create the
hydrogel. The original water content of the hydrogel was 4700 %, and
the water reabsorption of the freeze-dried hydrogel reached 2400 %
after 24 h of immersion in water (Table 2). The same trend was observed
in the survey by Queiroz et al. [26], where the water absorption capacity
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Table 2
Comparison of the water retention capability of dried cellulose-based hydrogels.
Hydrogel Cellulose Source Solvent for cellulose extraction/ Method for hydrogel production/ Swellability Reference
dissolution shaping (%)
. . . X Rice husks NaOH solution Freeze-thaw 392.1
Cellulose fibers dispersed in PVA Oat husks NaOH solution Freeze-thaw 254.3 o7
Lignocellulose and polyacrylic acid Free-radical polymerization (KPS",
hydrogel Wheat straw H0,/NaOH AA®, MBA® 3010 [68]
Regenerated cellulose Sugarcane bagasse ZnCl,/CaCl, Ethanol coagulation 52 [69]
Lignocellulose-based hydrogel Sisal fibers LiCl/DMAc Ethanol coagulation 1091 [26]
Lignocellulosic hydrogel Recyc.led old corrugated BMIMCI® Water coagulation 2400 [70]1
container
Lignocellulose-based hydrogel Sisal fibers CUEN Water coagulation 1918 This study

@ Poly(vinyl alcohol);

b Potassium persulfate;

¢ Acrylic acid;

4 N,N'-methylenebisacrylamide;

¢ 1-Butyl-3-methyl-imidazolium chloride;

decreased from 1936 % to 1091 %, and in the present study, where the
capacity decreased from 5076 % to 1918 % (after freeze-drying).
Sangtarashani et al. reported that the lignocellulosic biomass they
used contained 6 % lignin, which is its most hydrophobic component. In
contrast, the biomass used in the current study had an approximate
lignin content of 12 %, making it less hydrophilic. However, a detailed
comparative analysis of the hydrophilic properties of the freeze-dried
hydrogels produced by Sangtarashani et al. and those formed in this
study would require additional information, such as the surface areas
and pore size distribution.

3.2.5. Scanning electron microscopy

Fig. 10 presents the SEM images of the transversal sections for
sisal_1_hydro (a) and sisal_2_hydro (b). Micrographs Figs. 10(a-1) and
10(b-1), which correspond to the lyophilized hydrogels after swelling
during the water coagulation step in their creation, demonstrate that
sisal_1_hydro contains smaller pores than sisal 2_hydro. Furthermore,
Figs. 10(a-2) and 10(b-2) illustrate that sisal_1_hydro possesses more
pores than sisal_2_hydro, but with smaller sizes. This finding aligns with
expectations, as sisal_2_hydro was formulated with double the macro-
molecular content within the same template volume as sisal_1_hydro.

The porosity and pore size of hydrogels were generated during
freeze-drying by removing crystallized water through sublimation [71].
Sisal_1_hydro had a higher water content than sisal_2_hydro (Fig. 10),
and sisal_2_hydro had double macromolecule content for the same vol-
ume (denser scaffold). The highly concentrated hydrogel (sisal_2_hydro)
has lower water content to lose and a more intrigued, interconnected,
and compacted 3D network. Thus, the water in the sisal_2_hydro was not
dispersed throughout the entire hydrogel but was entrapped within the
strongly crosslinked hydrogel, which conferred higher porosity to
sisal_2_hydro.

Fig. 10 illustrates the absence of fiber fragments within the hydro-
gels, indicating that CUEN has effectively deconstructed the sisal fibers.

The SEM images of the lyophilized samples after rehydration, 24 h
immersed in water, Fig. 10 (a-3, a-4), and Fig. 10 (b-3, b-4), show that
the pore size of the samples changed after the water swelling, especially
for sisal 2 hydro. It is evident in the comparison of Fig. 10 (b-2) to
Fig. 10 (b-4) that the structure of swollen sisal_2 hydro had a wider
range of pore sizes after the water reabsorption. The swelling of the
hydrogel within the pore space altered the morphology of the porous
media, and the crystals formed during freezing also created new pores
[72,73].

The more pronounced impact of swelling and freeze-drying on the
porous structure of sisal_2_hydro may be attributed to ice growth during
the lyophilization process. Stronger crosslinked gels tend to form larger
ice crystals within their micro-network [74]. This phenomenon may
occur because the rigid network becomes brittle when subjected to the
advancing ice fronts, resulting in the fragmentation of the hydrogel
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walls and an increase in pore size. In contrast, the more flexible gel
network of sisal_1_hydro may have exhibited greater resistance to the
propagation of ice fronts owing to its superior stretchability.

3.2.6. Surface area and porosimetry

The N adsorption and desorption isotherms, as well as the pore size
distribution curves, of the dried sisal_1_hydro and sisal_2_hydro samples
are presented in Fig. 11.

The shape of the isotherm shown in Fig. 11(a) can be classified as
Type II with H3 hysteresis, according to the IUPAC classification. [75].
This type of isotherm and hysteresis indicates the presence of macro-
pores, where the pore network is not filled with the condensate gas.
Fig. 11(b) specified that the pore size range varied from 2.5 to 160 nm,
where the major adsorbed volumes were achieved at pores in the mac-
ropore range (> 50 nm). During desorption, the pore diameter range is
reduced because some of the condensate gas may be entrapped in the
pores, with the most significant pore size being around 40 nm.

Table 3 summarizes the Brunauer-Emmett-Teller (BET) surface area
and Barrett-Joyner-Halenda (BJH) pore volume of the sisal-based
hydrogels. The surface area of the hydrogels is 26.2 and 34.7 m?/g,
for sisal_1_hydro and sisal_2_hydro, respectively. The pore volume of the
samples had the most distinct values, where sisal 2 hydro had a pore
volume 65 % higher than sisal 1_hydro.

Hydrogels from different lignocellulosic matrices had surface area in
a similar magnitude order of the sisal-based hydrogels, such as those
based on poplar cellulose (9.96 m?/ g) [76], physically crosslinked ionic
liquid lignocellulose hydrogels (75.2 m?/g) [77], hydrogel based on
nanocellulose from coconut husk fibers (26 mz/g) [78], bacterial cel-
lulose and gelatin hydrogel (35 mz/g) [79], cellulose acetate nanofiber
hydrogels (56 m?/g) [80]. Thus, the sisal-based hydrogels proposed in
this study have a surface area comparable to that of other lignocellulosic
freeze-dried hydrogels. It was also demonstrated that increasing the sisal
mass in the hydrogels yields scaffolds with a higher surface area and
pore volume, which is beneficial for sorption applications.

3.2.7. Thermogravimetric analysis

Fig. 12 shows that the thermal decomposition of the hydrogels occurs
similarly, with the sisal_1_hydro exhibiting a slightly lower mass loss in
the applied temperature range (up to 700 °C). The TG curves indicate
that water volatilization from residual moisture occurred up to
approximately 100 °C, resulting in an approximate weight loss of 8 %.
The thermal decomposition of the fiber components resulted in a weight
loss of roughly 65 % for sisal 1 hydro and 68 % for sisal 2 hydro.
Cumulatively, sisal_1_hydro exhibited a total weight loss of approxi-
mately 76 % when heated to 700 °C, while sisal 2 hydro experienced a
total weight loss of 80 %. As previously hypothesized (3.2.3), the solids
adhering to the sisal 2 hydro walls may predominantly comprise lignin.
In this context, the sisal_2_hydro mass analyzed using TGA may possess a
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Fig. 10. Transectional SEM images and pore size distribution of sisal_1_hydro (a) and sisal_2_hydro (b), lyophilized (1,2) and after the rehydration and lyophilization

(3,4) at a magnification of 100 and 500 times.

marginally elevated concentration of lignin, a compound characterized
by a high carbon content, which could have influenced the observed
results.

Hemicelluloses decomposed earlier than the other components of
sisal fiber, starting at 160 °C (Fig. 12). The significant mass loss
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primarily occurred within the 200 °C - 300 °C temperature range. The
decomposition of hemicelluloses displayed a peak around 220 °C and a
shoulder at approximately 300 °C, which can be attributed to the
breaking of glycosidic bonds and the depolymerization of poly-
saccharide units [81].



G.V. Briao et al.

Fig. 11. N, adsorption and desorption isotherms (a) and

Table 3
BET surface area and BJH pore volume.

Sample BET Surface Area (mz/g) BJH Total Pore Volume (cms/g)
Sisal_1_hydro 26.2 0.058
Sisal_2_hydro 34.7 0.096

. .

Fig. 12. TGA and DTG curves of the dried sisal_1_hydro and sisal 2_hydro. Ny
flow of 50 mL/min and a 10 °C/min heating rate.

The intense peak around 370 °C is attributed to cellulose (Fig. 12),
the primary component of sisal fibers. Cellulose decomposes through a
rapid depolymerization process by decomposing the glycosyl units to
1,6-anhydro-b-p-glucopyranose [82]. The DTG curves indicate a minor
reduction in the intensity of the peak associated with sisal_2_hydro when
compared to sisal_1_hydro. This supports the hypothesis that the first
sample would have a marginally higher percentage of lignin, which may
correlate with a comparatively lower percentage of cellulose.

Lignin typically shows a more pronounced thermal decomposition
around the 400 °C range; in the TG curve, a gradual change starts at
400 °C (Fig. 12). However, since the change is gradual and the initial
biomass has a low lignin content (about 12 %), no peak is observed in
the DTG curve. Lignin’s thermal decomposition disrupts the hydroxyl
group connected to p- or y-carbon in aliphatic and alkyl side chains [83].
However, the primary step in lignin thermal decomposition involves
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BJH size distribution for the sisal-based hydrogels(b).
breakages through C—C and p-scission or aryl-ether cleavage [82].
3.2.8. Dynamic mechanical analyses

3.2.8.1. Compression essays. Fig. 13 displays the stress-strain curves for
the swollen (Fig. 13(a)), freeze-dried (Fig. 13(b)), and rehydrated
(Fig. 13(c)) hydrogels, along with the compressive moduli of the sam-
ples (Fig. 13(d)). None of the samples failed until the applied force
reached 18 N, which was the maximum force applied. Fig. 13(a) shows
that at 18 N, the swollen sisal_1_hydro had the highest strength against
compression up to 103.2 kPa at a strain of 86.7 %, while sisal_2_hydro
achieved a lower maximum stress (84.0 kPa) at a compression strain of
75.1 %. At a strain of 75.1 % (the highest for sisal 2_hydro), sisal_1 -
hydro exhibited a stress of 44.1 kPa, which is significantly lower than
the stress recorded for sisal 2_hydro, at 84.0 kPa. Neither sample ach-
ieved the stress breaking at the highest force applied, and both hydrogels
could be compressed to strains higher than 70 %, indicating excellent
load-bearing ability [84].

Fig. 13(b) shows that the lyophilized samples exhibited typical
compressive stress-strain curves characteristic of foams. These curves
have three regions: linear elastic, cell collapse, and plastic stiffening
[85,86]. It is observable that sisal 2_hydro withstands more stress at
lower strains than sisal_1_hydro within the same force range (<18 N).
For sisal_1_hydro, the compression stress was 117.7 kPa at 72.4 % strain;
for sisal_2_hydro, it was 120.2 kPa at 54.7 %. The superior mechanical
properties of the freeze-dried sisal 2_hydro compared to sisal_1_hydro
may be due to the higher concentration of macromolecules [87], ie.,
cellulose and hemicellulose, and its greater insoluble fraction.

Fig. 13(c) indicates that the rehydrated samples exhibit the same
compressive behavior as the hydrogel. The compressive stress of
sisal_1_hydro and sisal 2 hydro was 193.2 kPa at 88.1 % and 118.3 kPa
at 79.9 %, respectively.

The compressive stress-strain behavior of the swollen and rehydrated
hydrogels (Fig. 13(a) and Fig. 13(c)) indicates that sisal_1_hydro
deformed more than sisal_2_hydro, i.e., it reached higher strains (> 86
%). This means that the less massive hydrogel has a more flexible
structure. The rehydrated sisal 1_hydrogel also exhibited a higher
deformation compared to the as-formed swollen hydrogel.

Fig. 13(d) shows the compressive elastic moduli (Young’s) of the
samples. The swollen hydrogels, sisal 1 _hydro and sisal 2_hydro,
exhibited compressive elastic moduli of 29.7 and 62.4 kPa, respectively.
Thus, the sisal 2 hydro had the double sisal 1 _hydro modulus,
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Fig. 13. Compressive stress-strain curves of swollen during coagulation (a), lyophilized (b), and rehydrated (c) samples; and compressive elastic moduli of the
samples (d), obtained from the initial linear slope of the curves. Data collected with the applied force reaching a maximum of 18 N. Test temperature: 25 °C.

approximately, indicating a direct proportional relationship between
the initial sisal mass deconstructed and dissolved and the compression
resistance of the material.

Queiroz et al. [26] reached elastic moduli of 23 kPa and 73 kPa for
the hydrogels made from sisal fibers without and with lignin content,
respectively. It is worth noting that our results have a similar magnitude
to those of Queiroz et al. [26], which is expected since both used sisal as
the source of lignocellulose.

Fig. 13(d) also showed that the swollen sisal_1_hydro and sisal 2 -
hydro had the lowest Young’s moduli compared to the lyophilized and
rehydrated ones. The elastic moduli of the dried samples were 214.3 and
351 kPa, significantly higher than those of the swollen samples. The
rehydrated samples, in turn, achieved intermediate elastic moduli of
75.1 kPa and 83.4 kPa.

The direct relationship between the initial sisal content and the
moduli obtained by the swollen hydrogels was not observed for the
lyophilized and rehydrated samples. In this case, the 100 % improve-
ment in the sisal amount during hydrogel creation resulted in a 64 % and
10.7 % increase in compression moduli for lyophilized and rehydrated
samples, respectively. Sisal 2 hydro had higher Young’s moduli than
sisal_1_hydro, corroborating that compressive modulus increases with
the hydrogel concentration [87].

In Table 4, the compressive Young’s moduli of various bio-based
hydrogels are presented in their swollen, lyophilized, and rehydrated
states, compared with the findings of the current study. The swollen
biopolymeric hydrogels showed moduli ranging from 62.4 kPa
(sisal_2_hydro) to 225 kPa (agar-based hydrogel). This variation may be
due to the superior gelation properties of agar compared to cellulose
[88]. Lyophilized and rehydrated sisal 2 hydro samples, on the
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Table 4

Compressive Young’s Modulus of different bio-based hydrogels.
Hydrogel Condition Young’s Ref.

Modulus (kPa)
Agar-based hydrogel Swollen 225* [89]
Lignocellulose-based hydrogel Swollen 73 [26]
Sisal_2_hydro Swollen 62.4 This
study

Nanocellulose-based hydrogel Lyophilized 50* [90]
Cellulose hydrogels Lyophilized 150 [91]
Silk Fibroin Cryogel Lyophilized 90 [92]

: - This
Sisal_2_hydro Lyophilized 351.0 study
Macroporous Poly(isocyanopeptide) Rehydrated 7% [93]

cryogel
Hybrid starch-poly(acrylamide-co-
itaconic acid)/ZnO hydrogel Rehydrated 935 o4
Sisal_2_hydro Rehydrated 83.4 This
study

" Proximate value extracted from graphs.

contrary, had the highest modulus, compared to other cellulose, starch,
and amino acid-based hydrogels. This superior compression resistance
may be attributed to the known filler effect of lignin particles [42,43].

3.2.8.2. Shear essays. Fig. 14 shows the viscoelastic properties of the
hydrogels when subjected to shear stress. Fig. 14 (a) shows that the
amplitude increases from 0.1 to 50 pm, corresponding to a strain range
of 0.02 % to 1.0 %. The storage modulus remains nearly constant across
the assessed range, with only a slight deviation noted at higher
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Fig. 14. Shear stress-strain curves of swollen hydro_1 sisal and hydro_2_sisal.
Amplitude sweep (a) expresses the storage modulus in the function of the strain
(%); frequency sweep (b) indicates the effect of the frequency over the storage,
loss moduli, and tan 8. Test temperature: 25 °C.

amplitudes. Given a maximum deviation of 5 %, all measurements fall
within the linear viscoelastic region (LVR).

A hydrogel’s LVR is the range in which the material’s viscoelastic
properties remain stable and unaffected by the applied stress. Within
this region, the hydrogel’s structural integrity is preserved, enabling an
accurate characterization of its mechanical properties, including the
storage (G’) and loss modulus (G") [95]. As a result, the frequency sweep
was performed at a strain of 0.2 % (equivalent to an amplitude of 10 pm)
to ensure operation within the LVR, thereby maintaining sample sta-
bility under these conditions and complying with the equipment speci-
fications, which recommend amplitudes between 10 and 20 pm.

Fig. 14(b) illustrates that for both hydrogels, the storage modulus
(G’) consistently exceeds the loss modulus (G*) across the entire applied
frequency range. This results in a tangent delta (tand = G”/G’) value that
remains below one, indicating a predominance of elastic behavior over
viscous behavior in the material [96]. The tan delta value of sisal_1_-
hydro is lower than that of sisal_2_hydro, indicating that the former has
greater elasticity.

The hydrogels were created from the polysaccharide fraction, which
comprises cellulose and hemicelluloses, which are characterized by cy-
clic structures containing hydroxyl groups. Additionally, lignin, a
macromolecule composed of aromatic rings with hydroxyl groups and
other functional groups (Fig. 1), was incorporated into the composition.
This combination resulted in hydrogels exhibiting a network
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architecture predominantly formed by these cyclic compounds, with
hydrogen bonding as the primary intermolecular force within this
structural framework. The nearly independent relationship between G’
and the oscillatory frequency across a wide range, as shown in Fig. 14
(b), defines both samples as “strong gels,” primarily due to the chemical
structure and intermolecular interactions of the components that make
up the network. The average storage moduli for the hydrogels were
123.8 + 2.84 kPa for sisal_1_hydro and 416.8 + 23.0 kPa for sisal 2 -
hydro. This difference indicates that the viscoelastic properties of the
hydrogels were significantly impacted by the suspended solid content in
the CUEN medium, which played a crucial role in forming the network
of the solidified gel [97].

3.3. Heavy metal sorption

Fig. 15 shows the sorption capacity of heavy metals by the hydrogels
from a multi-component solution. The sisal 2 _hydro achieved higher
sorption capacities for each metal and total compared to sisal_1_hydro.
This improved performance may be attributed to the larger pore volume
and surface area of sisal_2_hydro (Table 3), which offers more sites for
metal sorption compared to sisal 1 _hydro. Furthermore, the lower
crystallinity of this hydrogel (17 %) versus sisal_1_hydro (26 %) may also
have played a role. Sisal_1_hydro removed preferably the metals in the
following order: Cu(II) > Ni(II) > Cd(II) > Zn(II) > Mn(II) > Cr(VD),
while the sisal_2_hydro sorbed the metals in this order: Cu(II) > Cd(Il) >
Ni(II) > Zn(II) > Mn(II) > Cr(VI). The lower selectivity towards chro-
mium may be related to the fact that it is present as an oxyanion species
HCrOj at pH 4.5, while the other metals are completely dissociated as
bivalent cations in the solution (Fig. 3). Except for cadmium, these af-
finity orders between the bivalent metals are inversely proportional to
the improvement in ionic radii and coordination number (CN). Since the
ionic radii order is: Cu(II) (CN 4.57 pm), Ni(II) (CN 6.69 pm), Zn(II) (CN
6.74 pm), Mn(II) (CN 6.83 pm), Cd(II) (CN 6.95 pm) [98].

The intermediary sorption capacity of cadmium on the hydrogels
may not be ruled by the ion radii as the other metals but by the hydration
energy. The bivalent cadmium cation has the lowest molar Gibbs en-
ergies of hydration (—1755 kJ/mol) [99], which means that the coor-
dinated water can be more easily removed from the coordination shell,
allowing cadmium to bond to the sorbent by inner-sphere interactions
[100].

Cadmium was also more preferentially sorbed on sisal 2_hydro,
likely due to the larger pores of this ion compared to sisal_1_hydro.

-
Salle &
. - -_ - - -

Fig. 15. Sorption capacity of the hydrogels towards the heavy metals. Exper-
imental conditions: pH 4.5, 25 °C, 250 rpm, 24 h, S = 1 g/L, Cp = 0.17 mmol/
L (each).
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Because of its radium and molar mass (112.41 u), cadmium has the least
favorable diffusion into the pores. Thus, large pores could facilitate
cadmium diffusion to the sorption sites of the hydrogels.

Table 5 presents recent findings on heavy metal sorption using
lignocellulose-based hydrogels as sorbents, where tobacco straw, soy-
bean residue, Tectona grandis sawdust, and sisal (this work) are used as
lignocellulose sources to produce the hydrogel sorbents. Using biomass,
especially non-woody types like those listed in Table 5, as a direct source
of macromolecules is beneficial. This approach aligns with lean
manufacturing principles, encourages recycling and upcycling mate-
rials, and seeks innovative ways to reduce or eliminate waste in the
production process [101].

These hydrogels (Table 5) had different sorptive responses towards
heavy metals. Those made by polymerizing pretreated wastes (tobacco
straw or soybean residue) with acrylic acid/potassium acrylate by UV
radiation initiation [102,103] achieved the highest sorption capacities.
The enhanced performance results from the presence of carboxyl groups,
which attract and bind metals because of their negative charge.

The findings achieved in this work were comparable, i.e., sorption
capacities in the same magnitude order, with the results obtained by Das
et al. [104], Table 5. In their work, lignin was extracted from sawdust
using sulfuric acid and added to a sodium alginate solution. The clay
montmorillonite was also dispersed into the mixture. Unlike the meth-
odology of Zhang et al. [102,103], Das et al. [104] prepared the
hydrogel through copolymerization of acrylic acid without UV initia-
tion. The authors confirmed that the heavy metal sorption mechanism is
related to ion exchange and chelation.

4. Conclusions

This study investigated the creation of hydrogels using all compo-
nents of sisal fibers, achieved through direct dissolution with CUEN,
followed by coagulation in a water bath. Additionally, their effective-
ness in recovering heavy metals from aqueous solutions was evaluated.

CUEN demonstrated the ability to effectively deconstruct sisal fibers,
achieving dissolution efficiencies of 73.7 % (sisal_1_hydro) and 52.4 %
(sisal_2_hydro), resulting in a viscous suspension. Rheological analysis of
the hydrogels confirmed their gel-like characteristics, showing that their
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viscoelastic properties were greatly affected by the solid content con-
centration suspended in the solution that made up the hydrogels.

The hydrogels exhibited high water sorption rates, specifically
5076.4 % and 2685.8 % for sisal_1_hydro and sisal_2_hydro, respec-
tively. Water reabsorption after freeze-drying of water-swollen hydro-
gels was significantly lower than in the original hydrogel. This aspect
should be further investigated in subsequent steps of this study to
identify conditions that have a lesser impact on water absorption
capacity.

The enhanced water absorption capacity of sisal_1_hydro can be
attributed to its lower degree of physical cross-linking compared to
sisal_1_hydro. This characteristic renders it more flexible and better
equipped for internal reorganization, while also promoting the acces-
sibility of hydrophilic groups. In contrast, the greater concentration of
sisal components in the CUEN solution that produced sisal 2_hydro
contributed to enhanced material crystallinity and mechanical strength,
as evidenced by the increase in compressive elastic moduli, rising from
29.7 kPa for sisal_1_hydro to 62.4 kPa for sisal 2_hydro. Sisal 2_hydro
also presented higher BET surface area and pore volume than
sisal_1_hydro.

The physical hydrogels, produced through a straightforward solvent
inversion methodology utilizing water as a non-solvent, demonstrated
heavy metals sorption capacities of 0.29 and 0.41 mmol/g for sisal_1_-
hydro and sisal_2_hydro, respectively. The observed difference in sorp-
tion capacity can be attributed to factors such as surface area, pore size
and volume, diffusion of the sorbate into the pores, and the availability
of sorption sites within each material. These hydrogels exhibited sorp-
tion capacities comparable to those reported in the literature for other
hydrogel materials, indicating their potential usefulness for wastewater
treatment. The findings presented and analyzed align with the pre-
dictions established for the respective stage of the investigation. Future
endeavors should focus on an in-depth examination of the sorption
mechanism to clarify the interactions between the sorbent and the metal
ions involved.

The findings reveal a promising method for water purification using
hydrogels made from lignocellulosic sisal fibers, demonstrating their
effectiveness in removing toxic metals from water. This could lead to the
development of sustainable solutions for water contamination problems.

Table 5
Comparison of heavy metal sorption capacity of cellulose-based hydrogels from biomass.
Hydrogel Experimental Conditions Metal q (mmol/g) Ref.
Co = 4 mmol/L Pb(ID) 1.49
pH 6.0 Cd(n 1.02
Tobacco straw-based poly(acrylic acid) hydrogels $=0.86g/L [102]
200 rpm Hg(II) 0.94
25°C,2h
Co = 2.5 mmol/L Pb(1) 2.03
pPH 6.0
Soybean residue-poly(acrylic acid) hydrogel S$=0.6g/L cdan 1.43 [103]
200 rpm
25°C,2h
Co =10 ppm Pb(II) 0.06
pH 8.0 cdan 0.10
Alginate@Lignin—Montmorillonite Hydrogel Composite from Tectona grandis Sawdust S$=1.25g/L Hg(II) 0.06 [104]
30°C
50 rpm, 4 h As(ID) 0.15
_ Cu(n 0.10
EIU{; 2.2 mmol/L cdan 0.04
) o Mn(ID) 0.03 .
Sisal_1_hydro .2570(1: g/L Zn(ID) 0.03 This study
Ni(II) 0.06
250 rpm, 24 h CrvD 0.03
3 Cu(I) 0.12
g:[; 2.2 mmol/L cddn 0.10
. o Mn(I) 0.03 .
Sisal_2_hydro .35—0(1: g/L Zn(ID) 0.06 This study
Ni(II) 0.07
2 24 h
50 rpm, 24 crovn 0.03
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However, future research should aim to increase the swelling of dry
hydrogels. Additionally, sorption properties should be assessed based on
sorbent dosage, as well as pH and temperature levels typical of waste-
water contaminated with heavy metals.

This study suggests a potential scalability of the process, indicating
that further research could potentially increase its growth potential.
Additionally, an upcoming investigation into the desorption of metals
from hydrogels, as well as the subsequent reuse of both the extracted
metals and the biomass comprising the hydrogels, will reinforce the
principles of circular bioeconomy.

The methodology employed initiates with sisal fibers as the primary
raw material and is based on fiber deconstruction, given that CUEN has
the capability to dissolve both cellulose and hemicelluloses. Conse-
quently, this approach applies to a wide range of lignocellulosic fibers,
significantly broadening its potential global applications.
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