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Introduction

Preparation of hybrid p-chitosan — squid pen
protein hydrogel beads by ionic liquid
regeneration for adsorption of copper(i) and
zinc(i) from wastewatert

Liyan Moralez, = Pedro Nakasu‘®* and Jason Hallett = *

This study explores the use of squid pen protein to enhance the chemical stability and heavy metal ion
(Cu?* and Zn?*) affinity of B-chitosan. Hydrogel beads with enhanced porosity and scalability were prepared
using 1-butyl-3-methylimidazolium acetate, (IBMIM][OAc]), which simultaneously functionalized B-chitosan by
decreasing its crystallinity and enhancing binding site access, as indicated by Fourier transform infrared (FT-IR)
spectroscopy, which revealed intensification of functional group expression. Notably, this functionalization
compensated for the effects of glutaraldehyde crosslinking. However, initial experiments noted a reduction in
adsorption capacity as the squid pen protein content increased, with Cu?* and Zn®* adsorption being
particularly inhibited at lower pH levels due to protonation. Subsequent batch adsorption studies identified
optimal conditions for Cu?* and Zn?** uptake, with 24-hours being adequate to appraoch equilibrium, and
revealed that adsorption followed pseudo-second-order kinetics, indicative of chemisorption. Furthermore,
analysis of adsorption kinetics by intraparticle diffusion revealed that mass transfer was rate-limiting, with Cu*
and Zn?* transport being a multi-step process involving successive and slower phases controlled by external
diffusion, intraparticle diffusion and equilibrium, respectively. Lastly, equilibrium studies revealed that the
adsorption of Cu?" and Zn?* corresponded with the Langmuir model, suggesting monolayer coverage with
maximum adsorption capacities of 67.4 mg g~* for Cu?" and 24.1 mg g~* for Zn?*. Overall, the potential of
squid pen protein as an economical filler for B-chitosan-based adsorbents was validated alongside the
efficiency of using [BMIM][OAC] for the non-toxic functionalization of B-chitosan. Support of green chemistry
principles was evidenced by a high atom economy and low environmental impact, indicating a sustainable
method for preparing effective biosorbents.

waste is produced due to regeneration and recycling of
adsorbent. However, conventional carbon- and mineral-based

Heavy metal ions are a significant class of pollutants.’ Incidents
of carcinogenic, mutagenic and neurotoxic effects on humans
have been attributed to certain species.” The danger posed by
heavy metal ions is exemplified by their potency at innocuous
concentrations, high mobility and longevity in organisms due to
bioaccumulation.? Heavy metals of high priority include copper
(Cu®), cadmium (Cd**) and zinc (Zn>**)."

Adsorption is a promising strategy for the cost-effective and
energy-efficient treatment of dilute effluents, particularly given
the diversity of surface functional groups available on different
adsorbents, which allows for treatment of a diverse range of
effluents, including heavy metal ions.* Additionally, minimum
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adsorbents are limited by complex synthesis methods and
susceptibility to severe loss of efficiency after only a few
regeneration cycles, respectively.” Moreover, traditional pow-
dered adsorbents are infeasible for commercial adoption due to
the economic and time constraints of post-treatment separa-
tion and recovery, which typically involve precipitation, centri-
fugation and filtration.®

The poor economic robustness of traditional adsorbents has
invigorated interest in cost-effective alternatives, particularly
biosorbents. Among biosorbents, biochar has gained signifi-
cant attention due to its cost-effective synthesis from a wide
range of waste biomass residues.”® Biochar’s prevalence is
further supported by high surface area, microporosity and
stability. However, the application of biochar in the removal
of heavy metal ions from wastewater has been limited by
relatively low removal efficiencies.”® As a result, ongoing efforts
are focused on surface modification of biochar through

This journal is © The Royal Society of Chemistry 2025
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functionalization, chemical grafting and impregnation." However,
secondary pollution from these modifications significantly hinders
biochar’s application in heavy metal ion removal.”®

In contrast, chitosan, the N-deacetylated derivative of chitin,
is promising due to its biodegradability, biocompatibility, cost-
effectiveness and high capacity for heavy metal ion uptake.>""
Specifically, B-chitosan, the morphological variant possessing
parallel arrangement of adjacent polymer chains, has garnered
significant attention."” This is due to the more simple extraction
of B-chitin from squid waste compared to that of a-chitin from
crustaceans. Extraction of B-chitin is less resource-intensive due
to squid pens being almost entirely B-chitin and proteins at
49.0% and 46.23%, respectively.'®> Moreover, B-chitin is more
soluble and reactive than a-chitin, resulting in more efficient
deacetylation."> However, the progression of chitosan towards
utilization in commercial applications has been hindered by low
mechanical strength, substantial cost, limited access to binding
sites and inadequate chemical stability in acidic media.'*

The preparation of spherical hydrogel beads from chitosan is
a common modification for increasing porosity, surface area and
access to internal binding sites.'*'* Spherical beads also address
the operational limitations associated with powdered or non-
structured adsorbents.'® Notably, their hydrodynamic behaviour
and regular packing enable efficient scale-up under low-pressure
conditions in continuous-flow fixed-bed column configurations.
In comparison, emerging technologies such as magnetic nano-
particles (MNPs) and two-dimensional material-based (2DM-
based) adsorbents, with superior specific surface area, require
significant optimisation before scale-up, making them less
suitable for immediate practical application.®*”*® In the case
of MNPs, their magnetic nature facilitates recovery from solution
but their small size requires fluidized bed or in-series stirred
tank configurations."”” Moreover, aggregation remains a major
challenge during recovery using high-gradient magnetic separa-
tors. Meanwhile, for 2DM-based adsorbents there exists a need
for microstructure design and optimisation.®

Chemical crosslinking is the primary strategy for enhancing
the stability of chitosan in acidic media. Polymeric networks,
with enhanced acidic resistance, are prepared by exploiting the
ability of bifunctional crosslinkers to covalently bridge chitosan
chains at amine or hydroxyl sites.'” The preservation of hydro-
gel structure in acidic media allows for regeneration. However,
most crosslinkers are toxic and impart impaired mass transfer
as well as brittleness."* The affinity of crosslinkers towards
amine groups is an additional challenge, resulting in reduced
negative surface charge and adsorption capacity. Currently the
most reliable and utilized crosslinker is glutaraldehyde, which
targets amine sites by imine (Schiff) bond formation."?

Ionic liquids (ILs) are compounds, comprised of anions and
cations, with melting points not exceeding 100 °C. IL treatment
or solubilization is a novel strategy for functionalizing chitosan.
This method functions by reducing the crystallinity of chitosan
through the rearrangement of chitosan’s linear chains.'>*®
The disruption of inter- and intra-molecular bonds in the
amorphous and crystalline regions of chitosan occurs due to
the anions of ILs possessing high hydrogen bond accepting
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abilities, which effectively enable the formation of hydrogen
bonds with amine and hydroxyl groups.>® The merit of IL solubi-
lization as a novel synthesis strategy is supported by the limited
uptake of metal ions by chitosan’s crystalline planes, with chela-
tion occurring exclusively on the amorphous regions.*'

IL treatment is operationally simple. It resembles the phase
separation method for bead preparation using dilute organic
acids. The key difference is regeneration in ethanol or water via
an antisolvent mechanism rather than neutralization in alka-
line media.'®** This is advantageous as it enables solvent
recycling. IL systems also benefit from good thermal stability,
low vapour pressure and cosolvent compatibility.*’

1-Butyl-3-methylimidazolium acetate ((BMIM][OAc]) is the IL
reported to have the highest solvating ability for chitosan with a
maximum loading capacity of 8.40% at 100 °C.>° Moreover, the
FT-IR spectrum of chitosan regenerated from [BMIM][OAc] is not
indicative of side reactions or the production of ammonium
salts, with the primary structure remaining unaltered. However,
[BMIM][OACc] is very viscous with dimethyl sulfoxide commonly
used as a cosolvent to facilitate extrusion.?” Lastly, like other ILs,
[BMIM][OAc] has been reported in previous work to impart poor
mechanical properties on regenerated chitosan beads.*

Interpenetrative blending facilitates augmenting chitosan’s
mechanical strength beyond recasting and has been coupled with
IL solubilization to compensate for enhanced brittleness. Inter-
penetrated polymer networks (IPNs) are comprised of two or more
polymers, which have undergone molecular interlacing through
diffusion prior to being chemically crosslinked.>* IPN formula-
tions are noteworthy for their idiosyncratic properties, which can
be tuned by altering the co-polymer dosage. In this regard, hybrid
chitosan-based IPNs with enhanced chemical stability, mechan-
ical properties and adsorption capacities have been reported.'?
The influence of co-polymers on adsorption arises from their
contribution to functional group diversity and density, with lower
pK, values conferring higher negative surface charge.> Polysac-
charides and proteins are promising blend polymers due to their
hydroxyl, sulfhydryl, amine and carboxyl content.

Squid pen (SP) protein, extracted from B-chitin, is postulated
to have a high diversity and density of functional groups. The
mechanical strength of squid pens, the corresponding biomass,
provides motivation for suitability as a co-polymer on the basis
that B-chitosan and SP protein hybrid materials can be reverse-
engineered to have similar properties. Furthermore, SP protein is
an underutilized byproduct of B-chitosan production. As such,
its inclusion affords a valuable opportunity to optimize the
B-chitosan value chain and reduce the cost of a hybrid biosor-
bent. Partially substituting B-chitosan with SP protein, a starting
material, also reduces the environmental footprint of a hybrid
biosorbent since chitin deacetylation occurs at 100-160 °C over
several hours and requires 40-50% sodium hydroxide."?

This study focused on synthesizing highly functionalized
and physically enhanced hybrid biosorbents from B-chitosan
and SP protein for removing Cu®>" and Zn®" from heavily
contaminated industrial wastewater. To the best of our knowl-
edge, similar IPN formulations have not been reported for
adsorption or any other capacity. Recasting from [BMIM]
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[OAc] was employed to facilitate co-polymer interlacing, confer
physical modification into spherical beads, enable non-toxic
functionalization and promote green chemistry through sol-
vent recycling. The hybrid biosorbent beads were characterized
using optical microscopy and Fourier transform infrared (FT-
IR) spectroscopy to assess their structural properties and iden-
tify functional groups. Lastly, batch adsorption studies were
performed in successive stages to assess the contribution of SP
protein content and optimize Cu®" and Zn>* removal by inves-
tigating the effects of solution pH, agitation period and initial
solution concentration.

Experimental

Chemicals and materials

B-chitosan (~580000 Da) was purchased from Glentham Life
Sciences. The degree of deacetylation was 92% as determined
by nuclear magnetic resonance (NMR) using a JNM-ECZL 400S
spectrometer (JEOL). Sieved squid pen was sourced locally and
determined to have a moisture content of 5% after overnight
drying at 105 °C. Sodium hydroxide pellets (NaOH, 98.8%) and
absolute ethanol (>96%) were sourced from VWR Chemicals.
1-Butyl-3-methylimidazolium acetate ([BMIM][OAc])
sourced from Proionic, with a moisture content of 1.75% as
determined on a Karl Fischer C20 Coulometer (Mettler Toledo).
Deionized (DI) water (>18 MQ) was obtained from a Centra
R200 (ELGA LabWater). Glutaraldehyde solution (~50%),
dimethyl sulfoxide (DMSO, analytical grade, >99.7%), zinc
nitrate hexahydrate (Zn(NOj),-6H,O, analytical grade,
>99.0%), and copper(u) sulphate pentahydrate (CuSO,-5H,0,
analytical grade, >99.0%) were sourced from Sigma-Aldrich.
Hydrochloric acid (HCl, ~37%) and nitric acid (HNO;, ~67-
69%) of TraceMetal™ designation were obtained from Fisher
Scientific. All chemicals were used without modification and

was

stored as recommended.

Squid pen protein extraction

A slurry comprised of 5% squid pen (dry mass) was prepared by
the addition of a suitable volume of 0.5 M NaOH solution. The
slurry was stirred at 400 rpm and ambient temperature for
3 hours, then vacuum filtered. Isoelectric precipitation (pH 3.5)
was performed on the filtrate by the dropwise addition of 3 M
HCI solution. A Jenway 3510 pH Meter (Cole Parmar) was used
for all pH-related measurements. The precipitated protein was
centrifuged at 3600 rpm for 20 minutes using a VWR Mega Star
3.0 (Avantor). The supernatant was discarded while the protein
was washed with DI water 4 times. The washed protein was
immersed in liquid nitrogen and freeze dried for 48 hours on a
Freezone 6 Litre Benchtop Freeze Dryer (Labconco).

Hydrogel bead preparation

Three types of fB-chitosan-SP protein hydrogel beads were
studied. These were designated as CH, CH-SQ-25 and CH-SQ-
50, with B-chitosan contents of 100%, 75% and 50%, respec-
tively. The remainder of their content consisted of SP protein.
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A batch-equivalent of casting solution was prepared from a
solvent system comprised of 12 g [BMIM][OAc] and 12 g DMSO,
to which B-chitosan and SP protein were added for a total solid
loading of 0.6 g (5% IL mass). The proportion of the co-
polymers was dependent on the bead type as previously
described. The dissolution of the dispersed polymers was
achieved through continuous stirring at 400 rpm and 100 °C
for 20 hours. Each batch of casting solution was manually
extruded into 250 mL of absolute ethanol using an 18-g needle
(ID 0.838 mm) paired alongside a 3 mL syringe. During extru-
sion, the casting solutions were maintained at 100 °C to reduce
viscosity and the 18-g needle was replaced upon clogging. The
regenerated hydrogel beads were left to cure for 20 hours in
absolute ethanol under gentle stirring at 100 rpm. The cured
beads were removed from the ethanol-IL mixture by filtration
through a Biichner funnel. The filtrate was discarded. However,
the [BMIM][OAc]: DMSO = 1:1 solvent system was recoverable
by rotary evaporation. The recovered beads were washed
3 times. This entailed adding the beads to 250 mL of DI water
and stirring at 100 rpm for an hour prior to filtration. The
washed beads were transferred to 100 mL of 0.25% glutaralde-
hyde solution and crosslinked for 20 hours under gentle
stirring at 100 rpm. A recovery and washing scheme similar
to the one detailed after curing was observed. The crosslinked
beads were then immersed in liquid nitrogen and freeze dried
for 48 hours using a Freezone 6 Litre Benchtop Freeze Dryer.

Microscopy

The hydrogel beads were observed with a Leica DM2500 (Leica).
Their porosity was analysed by pressing a sample bead between
glass slides under 4x magnification with light directed from above.

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR spectra of B-chitosan, SP protein, and the hydrogel
beads were recorded on an Agilent Cary 630 (Agilent) equipped
with a Diamond-ATR sampling module obtained from the same
manufacturer. The hydrogel beads were pulverized for analysis
but otherwise remained unmodified. The spectral acquisition
was performed over the range of 4000-500 cm ™" with 32 sample
scans at room temperature.

Zeta potential

The mean zeta potentials of B-chitosan and SP protein were
determined using a Litesizer 500 (Anton Paar). The polymers
were suspended in DI water and loaded into omega cuvettes,
from the same manufacturer, for analysis. All measurements
were performed at room temperature.

Preparation of synthetic wastewater

Ccu*' and Zn** solutions with concentrations of 50, 100, 150, 200
and 250 ppm were prepared by dissolving the corresponding
amounts of either CuSO,-5H,0 or Zn(NO;),-6H,0 in DI water.
Adsorption experiments

The adsorption characteristics of the hydrogel bead types were
assessed by batch studies involving the addition of hydrated

This journal is © The Royal Society of Chemistry 2025
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beads to either copper or zinc wastewater in 50 mL centrifuge
tubes. The agitation speed, solution volume, biosorbent mass
and metal ion concentration were dependent on the specific
experiment as described in the following sections. Each of the
various experiments was performed in duplicate. Equipment-
wise, all instances of centrifugation and pH measurements were
performed on the aforementioned equipment while agitation
was provided using a Multi Reax Orbital Shaker (Heidolph).

The metal ion concentration, C;, in the treated wastewater
samples was determined twice by inductively coupled plasma
mass spectroscopy on an Agilent 7900 ICP-MS (Agilent).
A dilution matrix comprised of 1% HCIl and 2% HNO; was
utilized alongside commercial calibration standards. The
removal efficiency, R., of heavy metal ions was calculated
according to the following equation:

_Ci—C[

R C

% 100 (1)

where C; is the heavy metal ion concentration (ppm) before
treatment.

The amount of heavy metal ions adsorbed per dry mass of
biosorbent or adsorption capacity, g;, in mg g~ ' was calculated
according to the following equation:

G -G
= —X

qt = 14 2

Mdry
where V is the volume of the heavy metal ion solution (L) and
Mgy is the dry mass of the biosorbent (g).

Initial pH studies

Experiments were conducted within the pH range of 2-5 for
Cu”" and 3-6 for Zn”". These ranges were chosen to prevent the
precipitation of the insoluble hydroxide complexes of the
respective metal ions, as guided by thermodynamic speciation
modelling conducted by Albrecht et al.>® The disparity between
the ranges reflects the predominance of insoluble Cu(OH), at
pH levels significantly below 6, even at relatively low concentra-
tions (<10 ppm). For Zn>*, Zn(OH), was not reported as the
primary specie below pH 7 for the heavy metal ion concen-
tration range proposed for the equilibrium studies. However,
estimates based on K, indicated initial precipitation near pH 7
for the highest concentration (250 ppm), leading to its exclu-
sion from the studies. The unsuitability of the higher pH levels
(Cu® pH > 6, Zn”" pH > 7) was also confirmed during
synthetic wastewater preparation and supported by previous
work, which reported diminished uptake due to precipitation at
those pH levels.>®*’

To conduct the initial pH studies, a slightly modified pro-
tocol proposed by Sutirman et al was used for the
experiments.>® For each batch study, 0.025 g of each bead type
were hydrated for 24 hours in 20 mL of DI water. The hydrated
beads were filtered to remove excess water prior to being
transferred into 12 mL of 100 ppm Cu®" or Zn”>" solutions at
the various integer pH values within the ranges. An initial pH
method was used with the pH value of the solutions not being
adjusted during the adsorption period. For consistency, the
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initial adjustments to the pH value were done on 100 mL
aliquots of 100 ppm Cu** or Zn>" solution from the same stock
solution. Solutions of 0.1 M NaOH and 0.1 M HCI were used to
perform the initial adjustments. The immersed beads were
agitated/treated at 800 rpm for an hour. The treated wastewater
solutions were centrifuged at 4000 rpm for 3 minutes, with
acceleration and braking levels set at 9. The supernatants were
filtered through a 0.2 um filter for analysis.

Kinetic studies

CH-SQ-25 beads, the hybrid beads with the highest removal
efficiency in the pH studies, were utilized to obtain kinetic data.
Similarly, the optimum conditions from the previous section were
used to maximize adsorption. The experiments were slightly
modified from the pH studies. The scale was increased four-fold
to enable repeated sampling without vastly altering the solution
volume. Firstly, 0.1 g of CH-SQ-25 beads were hydrated for
24 hours in 40 mL of DI water. The hydrated beads were filtered
to remove excess water and transferred to 48 mL of 100 ppm Cu>*
or Zn** solution at the optimum pH value (Cu®" pH 5, Zn>* pH 6).
The immersed beads were agitated/treated at 1200 rpm. The
higher speed reflected the larger scale. A 1 mL syringe was utilized
for sample withdrawal at the following time intervals: 30 minutes,
60 minutes, 90 minutes, 3 hours, 6 hours, and 24 hours. The
samples were filtered through a 0.2 um filter for analysis.

Equilibrium studies

CH-SQ-25 beads and optimum conditions were used as stated
in the previous section. These experiments closely resembled
those performed by Sutirman et al.® The main difference was
the selection of 50-250 ppm as the concentration range based
on studies conducted by Wittmer et al.?* This range coincides
with typical effluent concentrations for both Cu®** and zZn**
from heavy industrial sources related to primary metal hand-
ling, such as mining and smelting, or the intensive use of
metals or metal-based chemicals, as seen in electroplating.®—®
Importantly, these sources are the primary contributors to
anthropogenic Cu** and Zn>" contamination, whereas tanning,
textile and urban sources typically do not exceed 15 ppm.**™*°
For each study, 0.025 g of CH-SQ-25 beads were hydrated for
24 hours in 20 mL of DI water. The hydrated beads were then
filtered to remove excess water and transferred to 12 mL of Cu®*
or Zn** solution at the various concentrations and optimum pH
value (Cu®" pH 5, Zn>" pH 6). The beads were agitated/treated at
900 rpm for 24 hours. The slightly more intense agitation speed
helped prevent settling during the longer period. After 24 hours,
the treated wastewater solutions were centrifuged at 4000 rpm
for 3 minutes, with acceleration and braking levels set at 9. The
supernatant was filtered through a 0.2 pm filter for analysis.

Results and discussion
Physical characterization

Recasting using [BMIM][OAc] proved effective for synthesizing
hydrogel beads from B-chitosan and SP protein, as evidenced by

Soft Matter, 2025, 21, 2480-2492 | 2483
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Fig. 1 Average size measurements and optical microscopy at 4x magnification of (A) CH beads, (B) CH-SQ-25 beads and (C) CH-SQ-50 beads.

the different bead types displaying fibrous, highly interwoven
porous structures (Fig. 1). However, bead geometry was noted to
become less-defined at higher SP protein content. Notably, CH
beads were spherical, whereas CH-SQ-25 and CH-SQ-50 beads
were ellipsoidal with visible voidage. These transitions in bead
shape were further corroborated by size measurements, which
revealed an increase in length and decrease in width as SP
protein increased. Additionally, all bead types displayed brittle-
ness, though to varying degrees. In this regard, CH-SQ-50 beads
were the most fragile, pulverizing when gently pressed.

The non-uniformity and brittleness of CH-SQ-25 and CH-SQ-
50 beads may indicate inadequate interlacing of SP protein and
B-chitosan functional groups. However, methodological factors
must also be taken into account, especially since the physical
modification process successfully conferred porosity to all bead
types. Importantly, the sphericity and batch uniformity of CH
beads highlights the potential for optimizing CH-SQ-25 and
CH-SQ-50 recasting, as maintaining constant total solid loading
overlooked B-chitosan’s larger molecular weight compared to
SP protein resulting in significant variation in casting solution

C—H Stretching
([BMIM][OACc])
C—H Stretching

N—H Stretching
~0—H Stretching
CH; Stretching

viscosity. This is supported by previous studies by Wittmar
et al., which explored the influence of casting solution viscosity
on the porosity, surface area and shape of B-chitosan-based
beads regenerated from ILs.”* In practice, extrusion from an 18-g
needle may have been adequate for the highly viscous casting
solution of CH beads but unsuitable for the significantly less
viscous casting solutions of CH-SQ-25 and CH-SQ-50 beads.
Other opportunities for optimization were also identified.
The brittleness of the CH beads suggests contributions from
crosslinking and IL treatment, with the severity of either step
influencing the final properties. In fact, the effect of crosslinking
was evident in earlier experiments, with the glutaraldehyde concen-
tration maintained relatively low (0.25%) as a deterrent. Regarding
IL treatment with [BMIM]OAc], similar observations have been
reported by Sun et al. for chitosan regeneration from [BMIM][CI]."

Fourier transform infrared (FT-IR) spectra

FT-IR spectral analysis of -chitosan and SP protein elucidated
the chemical and structural derivatives present on the polymer
chains (Fig. 2). The spectrum for B-chitosan was consistent with
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Fig. 2 FT-IR spectra of unmodified B-chitosan, CH beads (100% B-chitosan) regenerated from [BMIM][OAc] and SP protein.

2484 | Soft Matter, 2025, 21, 2480-2492

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01300j

Open Access Article. Published on 04 March 2025. Downloaded on 10/16/2025 2:15:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

previous studies."®***>?%%%731 The band at 3303 cm ™" related
to overlap between N-H and O-H stretching vibrations.*® The
band at 2864 cm ™' was allocated to symmetric and asymmetric
C-H and CH, stretching.?®® The bands at 1645 and 1589 cm ™"
were due to C—O stretching (amide I) of the residual acetamido
groups and N-H deformation vibrations of NH, groups (amide II),
respectively.”® The band at 1422 cm ™' was attributed to N-H
deformation vibrations of NH, while the band at 1319 cm™*
related to C-H deformation. The band at 1373 cm ™" was assigned
to C-N stretching vibrations.*®* The minor bands at 1153 and
890 cm ™' were assigned to C-H stretching.’® Lastly, the promi-
nent band at 1023 cm™ " was characteristic of the C-O stretching
vibrations of the C-O-C bridge.”®*® For SP protein, defining
bands relating to secondary structure were observed. The band
at 1648 cm ' was assigned to amide I vibrations arising from
C=0O0 stretching while the band at 1514 cm ™' was the combi-
nation of C-N stretching and N-H bending.”” The amide III band
at 1237 em ™ related to C-N stretching and N-H bending. The
band at 3276 cm ™" indicated O-H stretching.

The spectra of B-chitosan and CH beads were compared to
assess the effectiveness of IL treatment in [BMIM][OAc] as a
functionalization strategy (Fig. 2). Both spectra exhibited the
same bands, with negligible shifting. Notably, the bands at
3291 and 1029 cm ™' were considerably more intense for CH
beads. This corresponded with the enhanced inter- and intra-
molecular interactions from the rearrangement of pB-chitosan’s
crystalline planes by the acetate anions.*® Additionally, the
characteristic bands related to ammonium did not decrease in
intensity as expected after crosslinking. For reference, decreases
in band intensity at 3291, 1655, 1419, 1314 and 1151 cm™* have
previously been reported from glutaraldehyde crosslinking.>**”
The only indication of crosslinking was the disappearance of the
band at 1589 cm ™ related to N-H bending of NH” groups. Lastly,
a band indicative of aliphatic C-H stretching vibrations of methyl
groups on the [BMIM] cation appeared at 2922 cm ™' on the CH
beads’ spectrum serving as the only evidence of IL treatment and
suggesting inefficient curing or washing stages.>

Fig. 3(A) illustrates the spectra for the various beads types.
Close similarity between the spectra was noted. Notably, no
contribution from SP protein was discerned on the spectra for
CH-SQ-25 and CH-SQ-50 beads. Additionally, the intensity of
the bands at 3291, 2867, 1419, 1370, 1314 and 1029 cm™*
decreased as the SP protein content increased, indicating
that the SP protein did not enhance the functional group
density on the biosorbents, with B-chitosan being the primary
contributor.

The 1700-1450 cm ™' spectral range offered insight into the
absence of discernible bands related to SP protein on the FT-IR
spectra for CH-SQ-25 and CH-SQ-50 beads. From Fig. 3(B), it
was observed that amide I vibrations were shared by SP protein
and CH beads (regenerated B-chitosan) at 1655 and 1648 cm ™,
respectively. It is probable that hydrogen bonding among the
polymers resulted in the bands for CH beads and SP protein
shifting slightly and merging at 1653 cm™' on the spectra
of CH-SQ-25 and CH-SQ-50 beads. As for the amide II band
present at 1514 cm ' on the spectrum for SP protein, the

This journal is © The Royal Society of Chemistry 2025
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absence from the spectra of CH-SQ-25 and CH-SQ-50 beads
has been attributed to glutaraldehyde crosslinking.

Influence of pH

The effect of solution pH on the adsorption of heavy metal ions
by the different bead types was investigated to understand the
influence of surface charge. The determination of an optimum
pH value for the subsequent studies was an added objective.
The efficiency of Cu®** removal from a 100-ppm solution by
the different beads types was recorded for different pH values
after an hour of treatment (Fig. 4(A)). All bead types exhibited a
similar pH dependence, with Cu®" uptake increasing sharply
over the pH range of 2-3, after which improvements became
gradual. Importantly, statistical differences were not noted at
higher pH levels (4-5). An optimum pH value of 5 was noted.
The removal of Zn*" by the beads was investigated under
identical conditions (Fig. 4(B)). All bead types showcased a
similar pH dependence with uptake being relatively low within
the pH range of 3-4 before sharply increasing in the range of 4-
5. For higher pH values (5-6), the removal efficiency of Zn>" only
slightly increased. The results suggested an optimum pH of 6.
The reduced removal efficiencies of Cu** and Zn*" at lower
pH values suggests that the adsorption of heavy metal ions was
regulated by the surface charge of the beads, particularly from
the protonation of non-crosslinked amine groups.'® Protona-
tion entails electrostatic repulsion of heavy metal cations and
unfavourable adsorption due to competitive occupation of
active sites by protons."™*® The opposite effect at high pH
values is responsible for more favourable adsorption. This
was not observed experimentally possibly due to reduced

Soft Matter, 2025, 21, 2480-2492 | 2485


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sm01300j

Open Access Article. Published on 04 March 2025. Downloaded on 10/16/2025 2:15:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Soft Matter Paper
mCHBeads m CH-SQ-25Beads CH-SQ-50 Beads HCHBeads M CH-SQ-25 Beads CH-SQ-50 Beads
100%
40%
x 80% g
o &
g 5 30%
S 60% b
B S
& o I &
s B T 20%
o
g 4% £ I .
o< <
3 20% 5 10% :
Iﬁl I
o M o%
2 3 4 5 3 4 5 6
pH Value pH value

Fig. 4 The effect of solution pH on the removal efficiencies achieved by CH, CH-SQ-25, and CH-SQ-50 beads from 100 ppm heavy metal ion solutions:

(A) Cu?* and (B) Zn?*.

sensitivity at higher pH levels. However, it must be noted that
the heavy metal ion solutions were unbuffered. Moreover, no
adjustments were performed during the agitation period.

Under identical conditions, all bead types exhibited a lower
affinity for Zn>*. Previous studies have reported similar results
for Zn*" and Cu®" for both single-ion and competitive batch
adsorption studies.>® The consensus is that the adsorption of
bivalent heavy metal ions onto chitosan is governed by the
Irving-William series, which describes the stability of bivalent
transition metal complexes, with Cu®" being the most stable.”®

Regarding bead type, higher SP protein content negatively
affected the removal efficiencies of Zn>" (Fig. 4(B)). For Cu®",
CH beads had a greater affinity. However, the difference in
uptake by CH-SQ-25 and CH-SQ-50 beads was small (Fig. 4(A)).
The lack of a similar trend for Zn*>* may be attributed to a lower
affinity for chelation with chitosan. In general, the results
suggested that SP protein was not suitable as a functional
agent for heavy metal ion adsorption. This finding was con-
sistent with the FT-IR spectra for CH-SQ-25 and CH-SQ-50
beads, which showed a decrease in functionalization at higher
SP protein content. The mean zeta potentials, under neutral
condition, for SP Protein and p-chitosan of 26.6 mV and
11.6 mV, respectively, offered a supplementary explanation with
higher cationic surface charge on SP protein being supportive
of greater resistance for the adsorption of Cu®*" and Zn*'.
Notably, inherently higher cationic surface charge of SP protein
may enhance interactions with heavy metal ions that exist as
anionic coordination compounds (e.g. HCrO,~ and PdCl,>7),
which did not form part of the study.®

Lastly, desorption studies were not performed. However, CH
and CH-SQ-25 beads maintained their physical form after
agitation and recovery. This demonstrated great potential,
except for slight vulnerability to acidic conditions, as observed
with partial dissolution at pH 2 for the Cu®" studies. For CH-SQ-
50 beads, breakage was observed, but the extent was difficult
to assess due to non-uniform bead geometry, as previously
discussed. Despite this, breakage was deemed minimal, with
the release of bead fragments not being problematic, as both

2486 | Soft Matter, 2025, 21, 2480-2492

co-polymers are biodegradable. Overall, the findings do not dis-
credit SP protein as a filler co-polymer, since it is directly derived
from the same biomass as B-chitosan. Moreover, the observed
breakage could be addressed by optimising the recasting process
to improve uniformity and mechanical integrity, as previously
discussed, with this study serving as a proof of concept.

Kinetic studies

Kinetic studies offered insight into the mechanism behind
heavy metal ion uptake by CH-SQ-25 beads, while simulta-
neously examining the suitability of a 24-hour treatment period
for reaching equilibrium. The pseudo-first-order (PFO) and
pseudo-second-order (PSO) models were used as adsorption
reaction models to analyse the nature of the interactions
between the biosorbent and heavy metal ions. Additionally,
the intraparticle diffusion model was employed for elucidating
the mass transport steps involved in the transfer of the heavy
metal ions to the adsorption sites on the CH-SQ-25 beads.

Fig. 5(A) illustrates the time-course adsorption of Cu®>" by
CH-SQ-25 beads from a 100-ppm solution. Equilibrium was
gradually approached over the 24-hour treatment period at an
adsorption capacity of 40.1 mg g '. Notably, adsorption was
initially rapid as evidenced by the adsorption capacity after
3 hours being 32.8 mg g~ " or 83% of the equilibrium value.

The kinetics for Zn** removal were also studied (Fig. 5(B)).
The equilibrium adsorption capacity was 8.3 mg g ' after
24 hours of treatment. Remarkably, this was almost achieved
after only 6 hours, at a corresponding adsorption capacity of
8.1 mg g '. The remainder of the initial treatment period was
equally rapid with 6.3 mg g™, or 76% of the equilibrium value
having been adsorbed after 3 hours. Notably, the time-course
removal efficiency after 1 hour was 9% as opposed to 25% from
the pH studies, which suggests batch variation in the synthesis
of the same bead type or scale-up limitations. The discrepancy
was not noted for Cu>’, which may indicate that the lower
affinity for Zn®" may have been a factor.

The parameters for the PFO and PSO models are given on
Table 1. For Cu**, the PSO model demonstrated a superior fit

This journal is © The Royal Society of Chemistry 2025
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metal ion solution: (A) Cu?* and (B) Zn?*.

with a correlation coefficient, R*, of 0.9466, compared to 0.7358
for the PFO model. Additionally, the estimate for equilibrium
capacity from the PSO model was in reasonable agreement with
the experimental value, whereas the value predicted using the
PFO model deviated considerably (>10%). In the case of Zn*",
the predicted equilibrium capacities from both models were
relatively consistent with the experimental value. Overall, both
models provided a good fit, with the PSO model having a
slightly better correlation coefficient of 0.9733, compared to
0.9371 for the PFO model. However, the PSO model was more
successful in capturing the equilibrium region, making it a
more suitable description of the adsorption process. Plotting
the PFO and PSO models with the obtained parameters (Fig. 5)
visualized the more precise fit provided by the latter model over
the entire time domain for both heavy metal ions. Therefore,
the PSO model was accepted to describe the adsorption of both
Cu*" and Zn**. This suggested that the adsorption mechanism
involved chemisorption or complexation based on the exchange
or sharing of electrons between the heavy metal ions and the
adsorbent functional groups.'>?®

Regarding IPD, three independent regions were observed
across restricted time domains for the adsorption of both
Cu”" and Zn*" (Fig. 6). The distinct regions were identified
as 30-90 min, 90-360 min, and 360-1440 min. Additionally, as
seen on Table 1 the fitted IPD models exhibited non-zero
intercepts, C;_3, for both metal species. Therefore, it was
deduced that IPD is not the sole rate controlling process but
instead three distinct phenomena control the rate of Cu** and
Zn>" adsorption, with one being rate limiting in any particular
region. Nonetheless, a good fit for all regions confirmed that
IPD contributed to the adsorption process. This type of multi-
step process is consistent with those reported in previous
work on porous adsorbents.’**°">% The initial region has been
postulated to account for film (external) diffusion, describing
the transport of Cu** and Zn”" from the bulk liquid phase to the
surface of the CH-SQ-25 beads.**™>° This process was noted to
be the fastest, as indicated by larger IPD rate constants, Kipp.
The second region reflects the influence of pore (intraparticle)
diffusion, during which Cu®* and Zn*>* uptake experiences
increased resistance from the porous structure of the CH-SQ-

Table 1 Kinetic parameters for adsorption reaction and intraparticle diffusion models for Cu?* and Zn?* adsorption by CH-5SQ-25 beads

Heavy metal ion

Kinetic model Parameter cu* Zn**
Adsorption reaction® Experimental ge (mg g™ 40.1 8.3
PFO? g (mg g™ 35.9 7.9
R 0.7358 0.9371
PSO’ g. (mg g™ 39.0 8.8
R 0.9466 0.9733
Intraparticle diffusion® Region 1 (30-90 min) C, (mgg™) 15.2 —0.5
Kippr (mg g~* min—?) 1.53 0.65
R 0.9941 0.9886
Region 2 (90-360 min) C, (mgg™) 23.2 3.2
Kippz (mg g~* min/?) 0.70 0.25
> 0.9800 0.9640
Region 3 (360-1440 min) C; (mgg™) 32.3 7.9
—12 0.21 0.01

Kipps (mg g~ min
RZC

“ For a solution concentration of 100 ppm. ? Only parameters & correlation coefficients mentioned within the main text are displayed. The
complete set of parameters are available as ESI. ¢ R* was not calculated, as only two data points were fitted. However, it is assumed to be high due

to the dataset representing the saturation/equilibrium region.

This journal is © The Royal Society of Chemistry 2025
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Intraparticle diffusion (IPD) model in terms of adsorption capacity and removal efficiencies for the adsorption by CH-SQ-25 beads from 100 ppm heavy

metal ion solutions — (A) Cu?* and (B) Zn?* — showing three independent regions: region 1 (30-90 min), region 2 (90—360 min), region 3 (360-1440 min).

25 beads, as indicated by lower rate constants.>®*™>° Lastly, the
third portion corresponds to an equilibrium stage, where
IPD diffusion decelerates under the influence of low heavy metal
ion concentration and possibly a transition to diffusion into
micropores.>>*®*”*° Considering the outlined multi-step pro-
cess, mass transport likely depends on the concentration, size,
bulk diffusion coefficient and biosorbent affinity of the heavy
metal ion under consideration, as well as the pore-size distribu-
tion of the CH-SQ-25 beads.’>*”*° Notably, the effect of heavy
metal ion choice was clearly elucidated by the negative intercept
for the initial region of Zn>* adsorption, compared to the large
positive intercept for Cu®'. Similar phenomena have been
reported in previous studies.’”®" These were attributed to the
combined effects of film diffusion and surface reaction control,
indicating that chemisorption, which is usually faster than mass
transfer, has a significant role in the rate-limiting step in the
initial region of Zn>" adsorption. This is consistent with the
aforementioned lower affinity for Zn** compared to Cu*".

Equilibrium studies

The surface characteristics of CH-SQ-25 beads were elucidated
through equilibrium adsorption studies. The Freundlich and
Langmuir isotherms were employed to assess the distribution
of heavy metal ions between the beads and the solution at

equilibrium, with a 24-hour treatment period deemed suitable
from kinetic studies. Analysis focused on the saturation of
active sites due to excess heavy metal ions (i.e. high concentra-
tions), with the isotherms enabling the determination of
maximum adsorption capacities, g, for Cu®>‘and Zn**, for
comparison with previous work.

The equilibrium isotherm for Cu®>" adsorption by CH-SQ-25
beads was obtained for the concentration range of 50-250 ppm
(Fig. 7(A)). The onset of active site saturation was observed.
However, complete saturation was not achieved. Additionally,
the correlation coefficients for the Langmuir and Freundlich
isotherms were 0.9679 and 0.9769, respectively, indicating good
accordance with the experimental data (Table 2).

The effect of initial solution concentration on Zn>" uptake by
CH-SQ-25 beads was investigated under identical conditions
(Fig. 7(B)). Notably, a high degree of linearity suggested that the
concentration range was insufficient to promote the saturation
of active sites. As with Cu®>" adsorption, both the Langmuir and
Freundlich isotherms demonstrated good accordance with the
experimental data, as indicated by correlation coefficients of
0.9994 and 0.9959, respectively (Table 2).

The high correlation coefficients for both the Langmuir and
Freundlich isotherms, in the case of both heavy metal ions, can
be attributed to neither species achieving full saturation of the
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Fig. 7 Equilibrium isotherms for 24-hour treatment by CH-SQ-25 beads of heavy metal ion solutions: (A) Cu?* and (B) Zn
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Table 2 Equilibrium isotherm parameters for adsorption of Cu®* and Zn?*
by CH-SQ-25 beads

Heavy metal ion

Equilibrium isotherms Parameter cu** Zn**

Langmuir® gm (mgg ™) 67.4 24.1
R 0.9679 0.9994
Ky (L mg™") 0.0970 0.0046
R ¢ 0.171 0.813
Ry * 0.040 0.465

Freundlich® R 0.9769 0.9959

“ Only parameters & correlation coefficients mentioned within the main
text are displayed. The complete set of parameters are available as ESI.
b Ry y is the upper-limit Langmuir equilibrium parameter at 50 ppm.
¢ Ry, 1 is the lower-limit Langmuir equilibrium parameter at 250 ppm.

CH-SQ-25 beads, as explained qualitatively in the preceding
paragraphs. This indicates that the concentration range was too
narrow, covering only the phase corresponding to relatively low
heavy metal ion concentrations, where both models accurately
account for partial adsorbent coverage and occupation of
available sites. The findings may also be explained by Henry’s
law not being satisfied over the low concentration range, which
results in the collapse of the Freundlich isotherm.’® Intuitively,
this suggest that adsorption was limited to monolayer coverage
since the concentration range was inadequately low to support
multilayer coverage. Thus, the Langmuir isotherm was selected
as the more appropriate model, suggesting that Cu** and Zn*"*
adsorption by CH-SQ-25 beads occurs via monolayer coverage
of homogeneous active sites, with negligible interactions
among the adsorbed heavy metal ions.">?® The decisions is
further supported by the prevalence of the Langmuir isotherm
in literature to describe the uptake of Cu®>" and Zn>" by
chitosan-based biosorbents beads.'>*246:>452765 mportantly,
while the adoption of the Freundlich isotherm has been
limited, several of these studies have also reported high corre-
lation coefficients for the model, with some of the results being
subject to similar criticism due to the use of inadequately
narrow concentration ranges.>**7>*¢

Based on the Langmuir isotherm, the CH-SQ-25 beads had a
maximum adsorption capacity of 67.4 and 24.1 mg g~ * for Cu>*
and Zn>", respectively (Table 2). These values confirmed that
the concentration range was inadequately low since the studies
only achieved adsorption capacities of 65.5 and 12.1 mg g * for
Cu®* and zZn**, respectively. In fact, only 50% of the maximum
adsorption capacity for Zn®>" was achieved. To experimentally
validate the maximum adsorption capacities for both Cu®>" and
Zn>*, higher concentrations should be studied to achieve near
complete saturation of active sites and full monolayer coverage.

The lower affinity of CH-SQ-25 beads for Zn>** was supported
by a lower maximum adsorption capacity compared to the value
for Cu>". This observation was consistent with previous studies.
The Langmuir constant, Ky, provided additional evidence of the
lower affinity for Zn** (Table 2). In this regard, the much large
Ky value for Cu** (0.0970 L mg '), compared to the value for
Zn** (0.0046 L mg '), indicated a much stronger binding
affinity. Further elucidation of the lower affinity of CH-SQ-25
beads for Zn** was provided by the Langmuir equilibrium

This journal is © The Royal Society of Chemistry 2025
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parameters, Ry, for which lower values within the range of
0-1 indicate more favourable adsorption. In this regard, the Ry,
values for Zn>" exceeded 0.4 over the entire initial concen-
tration range while those for Cu®>" were consistently lower than
0.2. Regardless, the adsorption of both heavy metal ions was
favourable. Notably, the lower affinity for Zn** has previously
been attributed to the higher stability of Cu** complexes on the
William-Irving series.

Lastly, CH-SQ-25 beads exhibited competitive performance
compared to other chitosan-based beads reported in literature
(Table 3). Appreciable improvements for the adsorption of Zn**
and Cu®* compared to other crosslinked hydrogel beads were
reported. Only conventional grafting yielded chitosan-based
biosorbents possessing maximum adsorption capacities that
surpassed those of CH-SQ-25 beads. This finding highlighted
the effectiveness of IL treatment using [BMIM][OAc] as a highly
convenient functionalization method, which can compensate
for losses in adsorption capacity from crosslinking without
requiring the complexity associated with conventional grafting.

Sustainability metrics

The promotion of green chemistry in the synthesis of chitosan-
based adsorbents by recasting from [BMIM][OAc] was assessed.
Atom economy and E-factor were employed. The calculations
focused solely on the CH bead type due to the certainty of
functional groups on B-chitosan with 92% deacetylation and
molecular weight of approximately 580 000 da.

Atom economy considered crosslinking with glutaraldehyde
by imine bond formation, involving condensation reactions. A
conservative value of 91.61% was obtained assuming complete
saturation of amine sites. However, this scenario was unlikely
due to the participation of free amine sites in the adsorption of
heavy metal ions. The actual atom economy has been projected
between 91.61-100%.

The E-factor considered the recyclability of [BMIM][OAc],
DMSO and absolute ethanol, as well as the full recovery of f-
chitosan in the CH beads. Losses solely considered the spent
glutaraldehyde solution. An optimal estimate of 0.105 was
noted for the retention of glutaraldehyde corresponding to
complete saturation of amine sites. However, acknowledging
the non-crosslinked amine sites, a conservative estimate was
obtained under the assumption of no crosslinking and the loss
of all glutaraldehyde solution. The actual E-factor has been
projected between 0.105-0.441.

The preparation of chitosan-based beads by IL treatment in
[BMIM][OAc] exhibited excellent atom economy and low E-
factor. Furthermore, using SP protein as a co-polymer affords
additional merit by decreasing the environmental footprint and
overall cost of the biosorbents, given that B-chitosan is much
more costly due to the resource intensiveness of its synthesis.

Conclusions

Biosorbent beads for heavy metal ion removal from wastewater
were successfully prepared from B-chitosan and SP protein, by
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Table 3 Preparation methodology, equilibrium batch study conditions, and maximum adsorption capacities (mg g3 of chitosan-based biosorbent

beads from literature

Max.
adsorption
Conc. Sol. capacgt%/
Modification Specifi i libri (mgg )
pecific preparation Sol. range Equilibrium Adsorbent volume
type method pH (ppm) time (h) mass (g) (mL) Cu** zn*" Authors
Crosslinking Sodium tripolyphosphate 4.5 20-300 1.66 0.20 50 26.06 —  Wan Ngah &
Fatinathan®
Crosslinking Glutaraldehyde 6.0 0-14 1.00 0.01 100 59.67 —  Wan Ngah et al.®®
Epichlorohydrin 6.0 0-14 1.00 0.01 100 62.47 —
Ethylene glycol diglycidyl ether 6.0 0-14 1.50 0.01 100 45.62 —
Crosslinking Epichlorohydrin 6.0 0-15 4.00 0.01 100 35.46 10.21 Chen et al.**
IL treatment, IPN Chitosan-cellulose (1:2) from —  32-2500 24.00 0.25 10 36.03 3.45 Matsumoto et al.>*
[EMIM][CI]
IL treatment, IPN Chitosan—cellulose (1:2) from 5.8 — 10 0.1 50 26.46 19.81 Sun. et al."®
[BMIM][C]]
IL treatment, IPN Chitosan-cellulose (1:3) from — 50-250  48.00 0.5 20 26.70 —
[BMIM][OACc] . 22
IL treatment, IPN Chitosan—cellulose (1 :3) from — 50-250  48.00 0.5 20 15.80 —  Wittmar et al
[EMIM][OAC]
Grafting Polyaniline 5.0 40-400 2.50 0.45 100 83.3 —  Igberase et al.®
Grafting Enediaminetetraacetic acid — 10-200  24.00 0.01 10 31.64 24.27 Karimi et al.®
Crosslinking, grafting  Epichlorohydrin, 4-aminobenzoic 5.0; 40-160 1.00 0.008 100 140.5 130.6 Igberase et al.®
acid 7.0
Crosslinking, grafting  Epichlorohydrin, 8- 5.0 80-1000“ 24.00 0.10 10 52.9 8.203 Barros et al.®®
hydroxyquinoline 10-200”
Crosslinking, grafting ~ Glutaraldehyde, methacrylamide 5.0 200-600  5.00 0.10 20 1409 —  Sutirman et al**
IL treatment, IPN, CH-SQ-25 beads 5.0 50-250 24.00 0.025 12 67.4 24.1 This Study
crosslinking 6.0”

“ Experimental conditions and parameters used exclusively for Cu* studies. °

regeneration from [BMIM][OAc]. The physical, functional and
adsorptive properties of the hybrid biosorbents beads were
investigated to assess the contributions of SP protein.

Physical characterisation uncovered increased brittleness at
higher SP protein content in CH-SQ-25 and CH-SQ-50 beads.
Additionally, observable brittleness of CH beads suggested that
IL treatment with [BMIM][OAc] and glutaraldehyde crosslink-
ing also contributed to fragility, highlighting the need for
optimizing the preparation process. In this context, the extru-
sion stage was identified as particularly significant, as the
current methodology may have been better suited for hydrogel
beads with lower SP protein content and more viscous casting
solutions. Notably, all bead types exhibited fibrous and porous
structures. However, additional studies employing BET analysis
and scanning electron microscopy (SEM) are recommended for
examining the effect of SP protein content on the internal
polymer network, specific surface area, pore-size distribution
and surface morphology.

FT-IR analysis revealed that IL regeneration enhances the
functional group availability on chitosan. However, SP protein
was noted to diminish B-chitosan’s characteristic bands. Given
a relationship between FT-IR intensity and co-polymer dosage,
X-ray photoelectron spectroscopy (XPS) may be used for the
analysis of specific functional groups, such as N-containing
groups. Alternatively, titration may be adopted for quantitative
analysis of active functional groups.

Adsorption studies highlighted less efficient heavy metal ion
removal at lower pH levels, with adsorption being optimal at
pH 5 and 6 for Cu** and Zn*', respectively. Concerning SP

2490 | Soft Matter, 2025, 21, 2480-2492

Experimental conditions and parameters used exclusively for Zn>* studies.

protein, it was observed that higher contents corresponded to a
decrease in the removal efficiency of Cu** and Zn>*. Addition-
ally, reaction kinetic studies with CH-SQ-25 beads showed rapid
adsorption of Cu®** and Zn**, following pseudo-second-order
kinetics, which is indicative of chemisorption. Regarding mass
transfer, a multi-step process was observed, with the transport
of Cu®" and Zn** to the adsorbent sites being successively
controlled by external diffusion, intraparticle diffusion and
equilibrium over distinct time periods. Lastly, equilibrium
studies based on the Langmuir isotherm indicated that CH-
SQ-25 beads have higher maximum adsorption capacities for
Cu** and Zn”* than similar hydrogel beads reported in litera-
ture. Notably, investigations should be conducted with compe-
titive multi-metal solutions and samples of industrial effluents,
to assess the performance and selectivity of the CH-SQ-25 beads
under more representative conditions. Desorption studies,
conducted over several adsorption cycles, are also important
for verifying the reusability of the CH-SQ-25 beads and examin-
ing potential efficiency loss. Lastly, further studies on multi-
farious heavy metal solutions should consider anionic
coordination compounds, to elucidate the influence of the
higher cationic surface charge of SP protein.

The inclusion of SP protein did not improve the heavy metal
adsorption capability of B-chitosan. However, its inclusion as a
cost-reducing filler may be suggested considering the chemical
stability, rapid adsorption kinetics, high adsorption capacity
and improved sustainability of the synthesized biosorbent
beads. Moreover, optimization of the preparation process holds
vast potential for enhancing the mechanical integrity and

This journal is © The Royal Society of Chemistry 2025
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uniformity of hybrid B-chitosan-SP protein biosorbent beads.
Beyond this, the proof of concept for IL treatment in preparing
highly porous and functionalized B-chitosan-based materials
can be extended to other co-polymer blends, which may
demonstrate additional merit for large-scale wastewater

treatment.
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