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INTRODUCTION

The removal of hazardous heavy metals from industrial
wastewater and drinking water has become a critical issue in
recent years, requiring the development of cost-effective, safe
and efficient methods. Even in trace amounts, heavy metals
are highly toxic to living organisms and do not easily degrade
in nature [1]. Chromium and its components are widely used in
industries such as tanning, glass ceramics, chrome plating, photo-
graphy, wood preservation and in the production of fungicides,
pigments, catalysts and chrome alloys [2]. Methods commonly
employed to remove heavy metals from water include memb-
rane filtration, precipitation, coagulation, flocculation, electro-
chemical treatment, adsorption and nanotechnology based tech-
niques [3,4]. However, the removal of specific chromium species
can be challenging due to their resistance to many conventional
techniques. Furthermore, these methods are often expensive,
produce secondary pollutants, consume a lot of energy, how
low chromium removal efficiency and involve lengthy proce-
ssing times, along with limited adsorbent regeneration [5,6].

Adsorption, a physico-chemical process, is widely favoured
over other techniques due to its simplicity, low cost, recycla-
bility and environmental friendly nature [7]. Various biopolymer
based adsorbents have been investigated over time for remo-
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ving heavy metal ions from aqueous solutions [8,9]. Ideal adsor-
bents are expected to be cost-effective with high selectivity,
minimum dosage requirements and substantial adsorption
capacity. Furthermore, they should achieve rapid binding kinetics,
reach equilibrium within a reasonable time, support easy regen-
eration and improve adsorption efficiency without harming
the environment. Biopolymer-based hydrogels, which are bio-
degradable, hydrophilic and eco-friendly, have garnered atten-
tion for their enhanced performance and specificity [10]. Hydro-
gels made from materials like chitosan, lignin, gelatin and gums
are often used in adsorbent synthesis [11].

Currently, most commercially available superabsorbent
products such as baby diapers are made from petroleum based
vinyl monomers, making them poorly degradable and environ-
mental unfriendly [12]. Growing concerns for environmental
preservation and green chemistry have led to increasing interest
in biodegradable materials [13]. Consequently, renewable and
biodegradable polymers are becoming more attractive due to
their abundant availability, low production costs and biodegra-
dability. Natural polysaccharide-based hydrogels, which are
three-dimensional networks of hydrophilic and hydrophobic
polymers are capable of absorbing large amounts of water and
show potential as effective adsorbents [14]. In present study,
chitosan oligosaccharide (COS) was blended with nanocellulose,
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grafted with acrylamide and crosslinked with methylene bis-
acrylamide (MBA) to prepare an interpenetrating network (IPN)
hydrogel. The material was then characterized and analyzed
for its ability to remove chromium(VI) from water through
batch adsorption processes.

EXPERIMENTAL

Key materials used in this study include chitosan oligo-
saccharide (COS) obtained from India Sea Foods, Kerala, India.
Ceric ammonium nitrate (CAN) was purchased from Thomas
Baker Pvt Ltd. Acetic acid and cellulose were supplied by S.D.
Fine-Chem Ltd. Mumbai, India and potassium dichromate and
methylene bis-acrylamide (MBA) was sourced from Sigma-
Aldrich, USA. Commercial-grade sodium hydroxide was pro-
vided by Central Drug House Pvt Ltd., India. All other chemicals
were conducted using analytical-grade reagents.

Preparation of nanocrystalline cellulose (NCC): Cellu-
lose (5 g) were mixed with 50 mL of sulfuric acid (1:2 ratio)
and agitated at 45 °C for 1 h. Afterward, 100 mL of cold water
was added to halt the acid hydrolysis process and the obtained
NCC was separated by centrifugation. The material was washed
repeatedly until neutral pH was achieved.

Preparation of COS-NCC hydrogel: Chitosan oligosacc-
haride (COS, 1 g) dissolved in 50 mL of deionized water was
added to the NCC suspension at 50 °C to form a homogenous
mixture. Ascorbic acid (7.2 g) and the initiator CAN (0.072 g)
were introduced into the mixture, followed by the addition to
the crosslinker MBA (0.0036 g). Then, the solution was mixed
thoroughly for 1 h, then poured into a mold to form the hydrogel

(Fig. ).

Fig. 1. Images of COS-NCC-AM/MBA hydrogel

Characterization: The FTIR spectra (Shimadzu IR Affinity-
1S spectrometer) were obtained in the range of 4000-400 cm™
using KBr pellet. The crystallinity of the developed samples
was determined using a powder X-ray diffractometer (XRD-
Shimadzu XD - DI) equipped with a Ni-filtered CuKo. X-ray
radiation source. The surface morphology of the samples was
analyzed using scanning electron microscope (SEM) for high-
resolution surface imaging. The JEOL Model JSM- 6390LY
was employed at a magnification of X250 and surface imaging
was conducted at an accelerating voltage of 20 kV.

Particle size and zeta potential measurement: The specific
surface area, pore volume and pore size of the hydrogel were

measured using N, adsorption/desorption isotherms, with data
collected through a NOVA-2200e instrument. A Quanta chrome
surface area analyzer was used for the analysis and the Brunauer-
Emmet-Teller (BET) method was applied for the calculations.

Adsorption studies: The removal of Cr(VI) from standard
solutions was assessed using the synthesized COS-NCC-g-AM/
MBA hydrogel via the batch adsorption method. An aqueous
solution was prepared by dissolving 0.283 g of K,Cr,O; in
1000 mL of deionized water. The adsorption kinetics of Cr(VI)
were examined by shaking 1 g of hydrogel with 100 mL of
chromium(VI) stock solution. Adjustments to the initial pH
were made using 2 N HCl and 2 N NaOH as needed. The pH-
modified solution was agitated in an orbital shaker at 200 rpm
for 60 min at 28 °C, which was determined as the optimal contact
time. The experiment followed the prescribed protocol, with
the reaction mixture being filtered using Whatman filter paper
after 1 h of agitation. The Cr(VI) concentration in the filtrate
was determined using atomic absorption spectroscopy (AAS).
Similar procedures were used to investigate the effects of initial
chromium concentration, adsorbent dosage, pH and contact
time. Upon completion of the adsorption process, the percen-
tage removal (%) and adsorption capacity (mg/g) were calcul-
ated using the following equations:

Initial metal conc. —Final metal conc.

Removal (%) = — _ %100 (1)
Initial concentration
- v
Adsorption capacity (q,) = G, =G xV )
m

where m = weight of the dry adsorbent (g), V = volume of the
solution (L), C, = initial metal ion concentration, C. = final
metal ion concentration.

Adsorption isotherms: To further explore the adsorption
mechanism, the isotherm for Cr(VI) adsorption on the hydrogel
was studied. The Langmuir and Freundlich isotherms, two
commonly used models to interpret adsorption behaviour, were
applied in the analysis. The mathematical expressions for the
Langmuir and Freundlich models are given in eqns. 3 and 4,
respectively.

C.__ 1 .C
qe I<Lqm qm (3)

Ce.

C = chCmax + 1KLCmaX = KLb

ads
where C.,= equilibrium concentration of the remaining heavy
metal ion in solution (mg/g), C.ss = quantity of metal ion adsor-
bed (mg/g), Ciax = adsorption capacity (mg/g), b = Langmuir
constant (dm*/mg), K. = Langmuir constant (dm*/mg).

The equilibrium adsorption data was plotted as C.q versus
C.o/Cuas to calculate the R* value, which measures how well
the experimental data fits the mathematical isotherm model.
The Ry values are used to predict the favourability of the biosor-
ption system. When Ry < 1, the process is favourable; Ry > 1
indicates an unfavourable process; Ry = 1 suggests a linear
relationship and R;. = 0 points to an irreversible process.

The Freundlich isotherm model, in its linear form is repre-
sented by the following equation:
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logq, =logK, +(ljlogce 4)
n

where 1/n = dimensionless Freundlich exponent heterogeneity
coefficient, C.= Cr(VI) ion concentration at equilibrium in an
aqueous phase, q. = amount adsorbed per unit weight of adsor-
bent at equilibrium, Kr = Freundlich constant related to adsor-
ption capacity (mg/g).

A plot of log q. versus log C. results in an intercept of log
Kr and a slope of 1/n.

Kinetics of adsorption: Adsorption kinetics play a crucial
role in determining the efficiency of the adsorption process.
The adsorption kinetic data were analyzed using pseudo-first-
order (PFO), pseudo-second-order (PSO) and intraparticle
diffusion (IPD) models to gain insights into the adsorption
mechanism. The corresponding equations for these models
are given below:

Kk t

log(q, —q,) =logq, ——— 5

2(q, —q,)=1logq, 5303 ©)
1 .t

q, kg’e q, ©

here q. (mg/g) represents the hydrogel’s adsorption capacity
at time t. The equilibrium adsorption capacity of the hydrogel
was calculated using both pseudo-first-order (PFO), pseudo-
second-order (PSO) kinetic models and is indicated by q. (mg/
). the adsorption rate constants for the PFO and PSO models
are denoted by K, (min™) and K, (g/mg. min), respectively.

The intraparticle diffusion model (IPD) is described by
the following equation:

q,=Kj:+C (7

In this equation, Kj, and C represent the intraparticle diffu-
sion rate and constant, respectively.

Desorption: To facilitate the desorption of metal ions bound
to the adsorbent, 0.1 M HCIl and 0.1 M EDTA were added.
The metal- loaded adsorbent was individually treated with 100
mL of 0.1 MHCl and 0.1M EDTA. Aliquots were taken at indi-
viduals of 1, 2, 3, 4 and 5 h for analysis. The desorption ratio
was calculated using the amount of metal ions adsorbed and
the final concentration of metal ions in the desorption medium:

Desorption ratio = Amount of metal ions desorbed %100

Amount of metal ions adsorbed

RESULTS AND DISCUSSION

Hydrogels are effective adsorbents for heavy metal
removal due to their polymeric networks containing diverse
functional groups that bind metal ions. The adsorption mech-
anism in hydrogels is governed by both chemical and physical
interactions, including hydrophobic, coordination, electrostatic
contact and ion-exchange processes [15]. The obtained hydro-
gel in this study has a flufty, porous structure, even after standard
drying, which enhances its potential for heavy metal adsorp-
tion. The functional groups present in COS, nanocellulose and
polyacrylamide, crosslinked with MBA are anticipated to
provide a high surface area, making them highly suitable for

metal ion adsorption. The COS-CL-g-AM/MBA hydrogel
underwent characterization via multiple techniques before being
evaluated for its chromium(VI) adsorption capabilities.

Swelling studies: The hydrogel maintained its insolubility
in water for oven 10 h. The weight of the swollen hydrogel was
recorded every 30 min, as shown in Fig. 2. The swelling ratio
of 10.62 g/g demonstrates its excellent hydrophilicity of hydro-
gel. A highly swollen hydrogel facilitates the diffusion of heavy
metal ions, enabling their attachment to adsorption sites within
the hydrogel material [16]. This characteristic supports its suit-
ability for metal adsorption.

Swelling rate (g)
cCaNdwWAOO

o -

T T T T T T 1
100 200 300 400 500 600 700
Time (min)
Fig. 2. Swelling analysis of COS-CL-g-AM/MBA hydrogel

FTIR studies: The surface functional groups of the modi-
fied COS-based hydrogel were identified through FTIR anal-
ysis. In Fig. 3, bands at 3339 cm™ and 3179 cm™ are associated
with the symmetric and asymmetric stretching vibrations of
the N-H group in the primary amide, as well as both intramole-
cular hydrogen bonding, as reported by Linares et al. [17]. The
peaks at 3038 cm™ and 2018 cm™ correspond to the C-H stret-
ching vibrations [ 18]. Mahato et al. [ 19] observed that the carbonyl
group of COS is represented by peak at 1635 cm™, while the
C=0 stretching vibrations of amide in the sample by the peak
at 1665 cm™ [20]. This blue shift indicates successful hydrogel
formation [19]. The peak at 1609 cm™ is attributed to N-H
bending vibrations [21], as the C-N stretching vibrations are
marked by the wavenumber 1424 cm™ [22]. The peak at 1350
cm™ is ascribed to the stretching vibrations of the C-O group
[23] and the peak at 1135 cm™ reflects the vibration of the
C-O group in primary and secondary alcohols [24]. Finally,
the peaks at 986.07 and 1051 cm™ correspond to the C-O-C
glycosidic linkages [25,26]. While comparing the FTIR spectra
of COS and the hydrogel, the appearance of new peaks and
shifts in existing peaks further confirms the successful synthesis
of the hydrogel.

Transmittance (%)

0 T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm ')

Fig. 3. FTIR spectrum of COS-CL-g-AM/MBA hydrogel
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BET analysis: The total pore volume, BET surface area
and average pore size of COS and COS-CL-g-AM/MBA are
presented in Table-1. Following the modification of COS
trough blending with nanocellulose, grafting and crosslinking
with acrylamide and methylene bis-acrylamide to form the
hydrogel, the BET surface area of the support increased from
90.97 to 245.21 m* g”'. This increase occurs because, during
the modification process, both the surface and internal regions
of COS become more porous due to grafting with functional
acrylamide and crosslinking into an interpenetrating network
by MBA. This process reduces pore volume and size, while
significantly enhancing the active surface area. Therefore, the
modification successfully improved the surface properties of
COS [27].

TABLE-1
SURFACE PROPERTIES OF COS AND COS-CL-g-AM/MBA
Sample Surface area Pore volume Pore size
P Sur (M¥8)  Viga (ccl) Dv (nm)
COS 90.97 1.1 9.3
COS-CL-g-
AM/MBA 245.21 0.62 1.51

XRD studies: The X-ray diffractograms of COS and the
synthesized hydrogel are shown in Fig. 4 indicates that COS
has a semicrystalline structure. Both COS and COS-CL-g-AM/
MBA exhibit semicrystalline characteristics, containing both
crystalline and amorphous regions. Peaks are observed at 26
values of 10° and 20° for COS and at 11.7°, 18°, 19.1°, 20.3°,
22.3°,23.6° and 28.2° for COS-CL-g-AM/MBA (Table-2). As
per the literature, chitosan oligosaccharide shows characteristic
peaks at 20 values of 10° and 20°, which correspond to its two
crystal forms, I and II [28]. Comparing the XRD patterns of the
resultant hydrogel and chitosan oligosaccharides reveals a
decrease in the intensity of the peak at 13° and a shift of the
peak at 22° to 22.7°, indicating a transformation in the crystal
structure. The percentage crystallinity, calculated using the
method as described by Nara & Komiya [29], decreased from
23.4% for COS to 8.7% for hydrogel. This reduction in the
crystallinity suggests an increase in the amorphous nature of
the material, making it more favourable for adsorption [8].

600
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TABLE-2
X-RAY DIFFRACTION DATA
Sample 20 Crystallinity (%)
COs 10, 20 234
COS-CL-g- 11.7, 18, 19.1, 20.3, 3.7
AM/MBA 22.7,23.6,28.2 )

Thermal studies: The DSC thermogram of COS-CL-g-
AM/MBA hydrogel reveals an endothermic peak at about 85
°C, Fig. 5 indicates the presence of one crystalline form and
the evaporation of water molecules. The appearance of a single
glass transtion temperature (T,) at 150 °C indicates complete
mixing and maximum COS interaction with other polymers
via the highest number of hydrogen bonds, which results in
high thermal stability. The superior thermal stability is further
demonstrated by the thermogram, which reveals that it did not
decompose upto 300 °C.

4
3
5 -
] L
go—~]
-1 ‘x\ J
2 \
3 84.84 °C
-4
5140 60 80 100 120 140 160 180 200 220 240 260 280 °C

ON#(O@ON#(O@ONQ‘(O(DONQ‘(O@ONQ‘(D@ONC
NNC\IC\I(’)(’)(’)C’)C’)#Q‘Q‘Q‘#WU‘)E

Fig. 5. DSC thermogram of COS-CL-g-AM/MBA hydrogel

SEM studies: The SEM images (Fig. 6) revealed a coarse
and irregular surface topography. When compared with the
SEM image of pure COS [30], it is evident that the hydrogel
has developed concavities. The hydrogel features voids and
pores, which are advantageous for adsorption. Tiny pores and
holes are visible on the surface of the SEM images [31]. The
roughness of the pore walls provides additional contact points
for metal ions by allowing heavy metal chromium ions to pass
through water, which acts as a transport medium, from the metal
solutions to the adsorbent network through the abundant pore

8000 — (b)
6000
4000
2000
\\J M
0 T T T T T
0 20 80 100

0 60
26 (°)

Fig. 4. XRD patterns of (a) COS and (b) COS-CL-g-AM/MBA
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Fig. 6. SEM images of COS-CL-g-AM/MBA hydrogel at different magnifications

structure [5]. Therefore, the hydrogel exhibits properties of
an efficient adsorbent, making it effective in the removal of
Cr(V]) ions.

Adsorption studies: Since adsorption is a reversible pro-
cess, desorption enables the regeneration and reuse of adsor-
bent [32]. Consequently, the COS-CL-g-AM/MBA hydrogel
was used in a batch process for the adsorptive removal of Cr(VI)
ions. The adsorption efficiency was evaluated by varying opera-
tional factors such as pH, adsorbent dosage, contact time and
initial chromium(VI) concentration.

Effect of pH on chromium adsorption: It is well known
that pH significantly affects the efficiency of polymeric adsor-
bents is sorbing heavy metal ions, as it alters both the ionization
degree of functional groups and the properties of the metal
ions [33]. The pH plays a vital role in regulating sorption by
influencing the solubility of metals and the interaction between
the adsorbent and the functional groups of hydrogel beads
[34,35]. In this study, the pH was varied from 4 to 9. Chromium
(VI) adsorption increased from pH 4 to 6 (64%) but then decre-
ased as the pH increased from 7 to 8 (Fig. 7).

Effect of adsorption dosage: Increasing the adsorbent
dosage form 1 g to 7 g improved the Cr(VI) removal efficiency
up to 6 g, after which equilibrium was reached (Fig. 8). The
increased surface area at higher dosages provides more binding
sites for the metal ions, enhancing the adsorption allowing more
metal ions to be captured [36].

Effect of contact time: An increase in contact time usually
results in the improved removal efficiency. Fig. 9 illustrates
the percentage of Cr(VI) removal over time. Due to the rapid
sorption of metal ions onto the active binding sites, which are
more abundant on the external surface of adsorbent, the initial
rate of Cr(VI) adsorption was observed to be significantly higher.
The quantity of Cr(VI) adsorbed, denoted as q,, also steadily
increased with contact time. However, towards the end of the
process, the adsorption and removal rate showed no noticeable
change, as the metal ions gradually penetrated the inner pore

80

Removal of metal ions (%)
N )
o S
] ]

N
o
|

Y T T
0 2 4 6 8 10
pH
Fig. 7. Effect of pH on chromium(VI) adsorption

structures of the adsorbent, leading to the blockage of active
binding sites with extended contact duration [37,38].

Effect of initial metal ion concentration: In this study,
the initial concentration of Cr(VI) was varied from 25 mg/L
to 1000 mg/L to evaluate its effect on adsorption (Fig. 10). At
the highest concentration of 1000 mg/L, the metal removal
efficiency reached 66.1%. this indicates that the effectiveness
of adsorbent in removing Cr(VI) decreases as the initial concen-
tration rises. The observed reduction in removal efficiency may
be attributed to the saturation of the sorbent’s surface binding
sites by Cr(VI), limiting the removal process and lowering the
overall removal percentage [8]. Similar results were reported by
Badessa et al. [39] in their study on Cr(VI) removal from waste-
water using powdered banana peel and Moringa stenopetala
seed powder.
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Fig. 9. Effect of contact time on the adsorption of chromium(VI) ions

Adsorption isotherms: To comprehend the interaction
between the adsorbent surface and the adsorbed contaminant,
it is essential to measure the equilibrium concentration of the
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Fig. 10. Effect of initial metal ion concentration of adsorption of Cr(VI) ions

adsorbent at each stage of the adsorption process. The adsorp-
tion isotherm is defined by the relationship between the equili-
brium concentration in the liquid phase (C.) it interacts with.
This curve represents the adsorbent/adsorbate relationship at
a constant temperature [40]. Different isotherm models can
be used to study the equilibrium behaviour. In this work, the
Freundlich and Langmuir isotherm models have been utilized.
The Langmuir and Freundlich plots of the Cr(VI) ions are
shown in Fig. 11.

Table-3 indicates that the Langmuir and Freundlich models
could more precisely represent the chromium adsorption equi-
librium data, as shown by higher R?values (e.g. 0.9986), with
the Freundlich isotherm displaying a higher R? suggesting
multilayer adsorption. This implies that the adsorption likely
follows a predominantly physical adsorption process between
the hydrogel and chromium metal, as opposed to a chemical
sorption process.

Kinetics of adsorption (COS-CL-g-AM/MBA): Kinetic
behaviour plays a significant role in the adsorption process,

2.5
(b)
2.0
1.5
1.0

0.5

0

rrrrrrrrr[rrrrrrrrrrrrrrrrrrri
1.5 2.0 25 3.0

log C,

Fig. 11. (a) Langmuir and (b) Freundlich isotherm plots for chromium(VI) adsorption
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TABLE-3
LANGMUIR AND FREUNDLICH ISOTHERM CONSTANTS
Metal ions Langmuir constants Freundlich constants
K, (dm’/g) b Crax R’ Kr n R’
Cr(VI) 0.361402 0.002160 193.63 0.841 1.7083 1.255 0.9986

influencing the amount and duration of contaminant adsorption
[41]. The rate at which pollutants are adsorbed and equilibrium
is established can be used to evaluate the efficiency of an adsor-
bent in wastewater treatment. The kinetic behaviour of Cr(VI)
metal adsorption was studied over a time range of 60 to 420
min using the COS-CL-g-AM/MBA adsorbent. The graphs
plotting log (qe — q) vs. t, 1/q,vs. t and q,vs. t* are presented in
Fig. 12. Table-4 provides a comparison of the theoretical data
for the pseudo-first-order and pseudo-second-order and intra-
particle diffusion models.

The non-zero value of I and its deviation from the origin
suggest that the rate-controlling step in the adsorption process
involves mechanisms beyond intra-particle diffusion as shown
in Table-4. However, when comparing the correlation coeffici-
ents of PFO and PSO, it can be concluded that PSO kinetics
govern the adsorption of chromium onto the COS-CL-g-AM/
MBA hydrogel. The slower bond formation between the metal
cation and the active sites of adsorbent, specifically the non-
bonded electron pair of nitrogen in the amine groups and the
oxygen in the hydroxyl and ester groups is believed to be the
rate-limiting step in the adsorption process, as indicated by
the dominance of pseudo-second-order kinetics [42].

Mechanism of adsorption: Chromium binds to the hydr-
oxyl surface through ion exchange, electrostatic interactions,
dative bonding, hydrogen bonding and van der Waals forces
(Fig. 13). As aresult, various processes such as physisorption
(van der Waals forces, pore-filling) and chemisorption (ion
exchange, electrostatic interactions, surface complexation and
precipitation) contribute to the efficient uptake of Cr(VI) onto the
COS-CL-g-AM/MBA hydrogel [43]. Furthermore, the uptake

- NCC

.~ COS

=== Polyacrylamide

=% Electrostaic interaction

----H-bond - van der Waal's E» Coordinate bond

force

Fig. 13. Mechanism of adsorption of chromium(VI) on COS-CL-g-AM/MBA

of metal ions onto the composite can be facilitated by van der
Waals forces, film diffusion and intraparticle diffusion [44].
Desorption studies: In this study, the chromium-adsorbed
hydrogel underwent desorption trials using two eluting agents,
HCI and EDTA, with the results shown in Fig. 14. Among the
two, 1 M HCl exhibited a higher chromium removal or recovery
efficiency. The percentage of desorption was found to be time-
dependent, increasing as the time extended from 1 to 5 h. The
process was repeated over three cycles and it was observed that
while the desorption percentage decreased slightly with additi-
onal cycles, the reduction was not significant. This suggests
that the hydrogel remains an effective adsorbent for Cr(VI)
removal and recovery over three adsorption-desorption cycles
without a major decline in performance [44]. The slight decre-
ase in performance could be due to the saturation of adsorption

2.0 1 3 200
154 180
T; 21
= 1.0 = 160
Y, 5 3
g = £
8 05 £ > 140-
g
120
0 T E— Y 1
100 200 300 400 500
-0.5 - Time (min) 0+ 100 T | T |
0 200 400 600 0 5 10 15 20
Time (min) 2

Fig. 12. (a) Pseudo-first order (PFO), (b) pseudo-second order (PSO) and (c) intraparticle diffusion (IPD) kinetic model plots

TABLE-4
PFO, PSO AND IPD KINETIC MODELS

Pseudo-first-order kinetic model

Pseudo-second-order kinetic model

Intra-particle diffusion model

q. (mg/g) k; (min™) R? q. (mg/g)

k, (g mg 'min™") R? Ky I R?

60.3948 0.0100974 0.7215 211.46

0.000893449

0.9987 1.228 134.8 0.9922
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Fig. 14. Desorption of chromium(VI) using EDTA and HCl

sites, changes in the physical and chemical properties of sorbent
and possible damage to its microstructure during repeated cycles
[45]. The lower efficiency of EDTA compared to HCl may be
attributed to its mechanism of metal capture through chelation,
whereas HCl removes metals via ion exchange. Consequently,
after the first desorption cycle, metal adsorption is lower with
EDTA than with HCI [46]. When desorbing Cr® with EDTA,
the COS-NCC hydrogel adsorbed with Cr® was successfully
restored. Therefore, adsorbents must exhibit high recycling
and recovery capacity [47].

Conclusion

Chitosan oligosaccharide (COS)-based hydrogels present
an excellent alternative for sustainable remediation methods
due to their attractive characteristics, including hydrophilicity,
arough and porous morphology and a highly functional surface.
In this study, the COS/NCC-g-AM/MBA hydrogel was synthe-
sized and evaluated using various analytical techniques, demon-
strating promising adsorption capabilities. This is supported
by XRD, SEM and swelling studies. By modifying several oper-
ational parameters such as initial pH and concentration of the
metal solution, the quantity of adsorbent used and the duration
of agitation between the metal solution and the adsorbent, the
hydrogel effectively removed hazardous chromium(VI) ions
from the aqueous solutions. The results highlighted that the
adsorption process was straightforward and dependent on time
and dosage. The sorption process adhered to a physical inter-
action model, following the Freundlich isotherm and pseudo-
second-order kinetics. The desorption studies also confirmed
that the recyclability of sorbent, underscoring its cost-effective-
ness.
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