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Abstract

A novel adsorbent derived from the naturally occurring biopolymers, chitosan
oligosaccharide (COS), nanocrystalline cellulose (NCC), and polyethylene glycol (PEG) was
synthesized using glutaraldehyde as a crosslinker to remove chromium and copper from
aqueous solutions. The BET surface area analysis, FTIR, XRD, and SEM were used to describe
the ternary blends, which were made in various ratios (1:1:1, 1:2:1, and 1:1:2). Variations in
pH, adsorbent dose, contact time, and initial metal ion concentration were used to assess the
COS/NCC/PEG-GLU blend's adsorption capability. The maximum adsorption capacity was
attained at an adsorbent dosage of 5g, and the ideal pH for adsorption was determined to be 5.
The adsorption capacity dropped as the starting metal ion concentration rose, and equilibrium
was attained in 180 minutes. The Freundlich isotherm model provided the best description of
the adsorption process, which followed pseudo-second-order kinetics. It was discovered that
the maximal adsorption capabilities for Cu(Il) and Cr(VI) were greater than 90%. Up to 99%
of the adsorbed metals were recovered in desorption tests employing 0.1M HCI, demonstrating
the adsorbent's capacity for regeneration. A promising environmentally friendly adsorbent for
the removal of heavy metal ions from wastewater, the COS/NCC/PEG-GLU blend
demonstrated exceptional adsorption capability.
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Introduction

Diseases that have varying consequences on the development and well-being of humans
and animals are brought on by pollution from the buildup of chemicals, salts, heavy metals,
and radioactive materials in soil and water (Basem et al., 2024). Large amounts of toxic
pollutants, including dyes, heavy metal ions (copper, cadmium, lead, arsenic, and mercury),
and others, are released into water bodies every day. These pollutants are extremely harmful to
all living systems at concentrations higher than the WHO-recommended acceptable limits
(Manzoor et al., 2019). One of the main contaminants found in industrial wastewater is heavy
metals. All of the heavy metals, including lead, nickel, copper, chromium, mercury, and others,
have the potential to cause extremely harmful impacts on living creatures. Mostly through
plants and fish, heavy metals make their way into the food chain (Upadhyay et al., 2021).

Chromium, particularly in its hexavalent forms, stands out among heavy metal ions due
to the fact that it is prevalent in groundwater contamination and because of the significant
toxicity it possesses. Because these substances are responsible for a wide variety of diseases,
ranging from cancer to skin blemishes, they present significant dangers to both aquatic life and
human beings (Mohmoud and Ibrahim, 2023). It has been discovered that chromium (VI) is
poisonous to humans, animals, plants, and microbes (Kozlowski and Walkowiak,
2002). Wilson disease, liver damage, and sleeplessness can all be brought on by copper from
the electronics sector and device waste (Prabhu et al., 2017). Similar to this, other metals like
zinc, chromium, and mercury are also extremely detrimental to living things, hence it is
imperative that industrial effluent be properly treated before being released into the
environment (Saha et al., 2019).

Numerous techniques, including ion exchange (Wang et al., 2018), reverse osmosis
(Volpin et al., 2018), chemical precipitation (Charerntanyarak, 1999), solvent extraction
(Hutton-Ashkenny et al., 2015), and membrane processes (Kirubanandam et al., 2023), are the
methods for eliminating heavy metals from wastewater have been developed.

These procedures do have certain disadvantages, though. Their industrial use is limited
by the fact that the majority of them are costly, time-consuming, produce sludge, require
maintenance, and result in secondary pollutants. However, adsorption is a heavy metal removal
technique that has garnered a lot of interest due to its affordability, ease of use, and effectiveness
(Rekha at al., 2024). Since adsorption was identified as one of the most practical techniques
for treating wastewater, scientists have been working tirelessly to create adsorbents that are

affordable, efficient, environmentally benign, and repeatable.
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In order to achieve environmental sustainability, biopolymers offer an alternate method
of introducing surface hydrophilicity and biodegradability. Natural polymeric adsorbents are
the best option because of their plentiful supply, low biological toxicity, and strong chemical
modification capabilities (Verma et al., 2021). Biopolymers have emerged as the most
promising products for the elimination of heavy metal ions in recent years due to their
abundance, surface hydrophilicity, biodegradability, potential for cost-effective final product,
and ability to be introduced for environmental sustainability. Many of the reactive groups found
in natural polymers, particularly the easily accessible, affordable, and biodegradable
polysaccharides such as chitosan, can take part in metal ion adsorption (Crini, 2005). However,
chitosan cannot be used directly as an adsorbent due to its high crystallinity, low mechanical
strength, and instability in an acidic medium. The main disadvantage of chitosan is its solubility
in solutions with a pH of less than 4. Chitosan must therefore be improved to make it
appropriate for adsorption (Vidal and Moraes, 2019). Hence efforts have been made to modify
the same.

Chitosan oligosaccharide (COS) is a water-soluble polymer that is mostly produced by
partially hydrolyzing chitosan, which is composed of two to ten glucosamine units that are
connected by beta-1, 4-glycoside bonds (Kuroiwa et al., 2008). Chitosan oligosaccharide has
drawn a lot more attention because it has unique physiological properties like antifungal and
antibacterial activity, immunostimulating effects, and antitumor effects. It may also find use in
the food, pharmaceutical, agricultural, and environmental sectors (Fernandez-de Castro et al.,
2016; Ajitha et al., 2017).

The linear chain of cellulose is a polysaccharide made up of repeating units of -(1—4)-
D-glucopyranose. Strong intramolecular hydrogen connections are formed by these units,
controlling the more crystalline properties of this extremely cohesive substance (Sayyed et al.,
2021). These cellulosic materials can be transformed into cellulose nanocrystals for use in
water treatment by applying mechanical or chemical pretreatments. These environmentally
friendly nanoparticles are highly functional, have a large specific surface area, strong
mechanical tolerance, and a highly biocompatible surface (Habibi et al., 2010). Hence the
current study involved the use of nanocrystalline cellulose in the blend formation.

A petroleum-based polyether molecule with numerous uses is polyethylene glycol. It is
regarded as one of the extremely investigated polyethers owing to its features like high
hydrophilicity, remarkable biocompatibility, and non-immunogenicity, making it suitable for
adsorption studies (Regev et al., 2019). Hence Polyethylene glycol is also used in the blend

making in the current research. The backbones of several biopolymers, including chitosan,
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nanocrystalline cellulose, polyethylene glycol, and the crosslinker glutaraldehyde, contain
heteroatoms like nitrogen and oxygen that are used to modify their surfaces and improve their
adsorption efficacy (Ahmad et al., 2017). Materials that are crosslinked have an amphiphilic
nature. This property of these sorbents is what makes them so attractive; they have extremely
hydrophobic sites that effectively trap nonpolar contaminants while also being sufficiently
hydrophilic to swell significantly in water, enabling a quick diffusion process for the adsorbate
(Joly et al., 2020). Hence in the present work, glutaraldehyde (GLU) crosslinked ternary blends
of chitosan oligosaccharide (COS) with nanocrystalline cellulose (NCC) and polyethylene
glycol PEG) of different ratios were prepared and utilized to remove copper and chromium,
two heavy metals, from aqueous solutions by adsorptive mechanisms.

Materials and Methods

Materials

India Sea Foods, based in Cochin, Kerala, provided the chitosan oligosaccharide. PEG and
glutaraldehyde were acquired from Central Drug House in New Delhi. We bought the cellulose
powder from Himedia in Thane, India. For every other use, analytical-grade chemicals were
used.

Preparation of Nanocrystalline cellulose (NCC)

50 ml of (1:2) H2SO4 was combined with 5 g of cellulose, and the mixture was stirred
for an hour at 45 °C. In order to stop the acid hydrolysis process, 100 mL of cold water was
added before centrifugation was used to separate the resulting CNCs. Several washing cycles
were carried out until the pH reached neutral.

Preparation of the COS/NCC/PEG-Glu binary blend

One gram of chitosan oligosaccharide, one gram of NCC, and one gram of PEG were
combined with a minimum of water and constantly agitated for about thirty minutes at room
temperature. The homogenous solution was mixed with 7 mL of glutaraldehyde crosslinker and
swirled continuously for two hours. To develop a ternary blend (1:1:1), the mixture was then
transferred to a petri plate and dried using the crosslinker glutaraldehyde. Similarly blends with
the ratios, 1:2:1 and 2:1:1 were also prepared in the same manner.

Characterization
FTIR Spectroscopy

FTIR spectra were obtained utilizing the KBr pellet technique in the 4000400 cm-1

range using a Shimadzu IRAffinity-1S Spectrometer.
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Powder X-ray Diffraction (XRD) studies

An X-ray powder diffractometer (XRD — SHIMADZU XD — D1) with a Ni-filtered Cu
K a X-ray radiation source was used to assess the crystallinity of the prepared samples.
SEM and EDAX Analysis

High-resolution surface imaging can be achieved through the use of Scanning Electron
Microscopy (SEM). The JEOL Model JSM-6390LV was used to examine the surface
morphology at a magnification of X250. A 20 kV voltage was used to scan the material with
an electron microscope.
Transmission electron microscopy (TEM) analysis
Nanocrystalline cellulose morphological data were obtained using a Transmission
Electron Microscope (TEM) with a LaB6 JEM 2000 model, 2000 x-1,500,000 x
magnification, and 0.23 nm resolution.
Particle size and zeta potential measurement

Using N> adsorption/desorption isotherms and a NOVA-2200e, Quantachrome surface
area analyzer, the Brunauer-Emmett Teller (BET) method was used to quantify the hydrogel's
specific surface area, pore volume, and pore size.
Adsorption studies

The synthesized COS/NCC/PEG-Glu for the removal of Cr(VI) and Cu(Il) from
standard solutions were investigated using the batch adsorption method. The aqueous solutions
0of 200 ppm Cr (VI) and Cu (II) were prepared using deionized water for the adsorption studies.
By shaking 1 gram of the hydrogel with 100 mL of stock solutions of Cr(VI) and Cu(Il), the
adsorption kinetics of the material were determined. When necessary, 2N HCL and 2N NaOH
were used to make the initial pH changes. The pH-adjusted solution was kept in an orbital
shaker set at 200 rpm for 60 minutes at 28°C, which was the ideal contact time. The analysis
was carried out according to the procedure. The Whatman filter paper was used to filter the
reaction mixture after it had been shaken for an hour. AAS analysis was used to determine the
solution's Cr (VI) and Cu (II) concentrations after filtering. The same methodology has been
used to study changes in starting concentration, adsorbent dose, pH, and contact time.
Following the completion of the adsorption process, the adsorption capacity (mg/g) and
removal percentage (%) were calculated using the following formula. Following the
completion of the adsorption process, the following equation was used to determine the

removal percentage (%) and adsorption capacity (mg/g).

Initial metal conc—Final metal conc

Removal (%) = x 100

Initial metal conc
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C0—Ce XV
m

Adsorption capacity (qe) =
where the ultimate metal ion concentration is Ce, and the beginning concentration is Co. Where
m is the dry adsorbent's weight in grams and V is the solution's volume in liters.

Isotherm Studies

The following equations give the linearized formula for the Langmuir and Freundlich isotherm
models:

Langmuir equations:

Ce __ 1 2 _____
e Kiam | am (1)
c
r:d = C4Cmax + 1K Cipax = Kb --------m-- (2
Freundlich equation:
logqe = logKr + (1/n)logC,  -----==-==mnmmmmnm- (3)

where Ce (mg/L) is the equilibrium concentration of Cr®*, CrO4>", and Cu** ions in aqueous
solution, and ge (mg/g) is the amount of metal ions adsorbed at the equilibrium state. The
maximal adsorption capacity of Cr®", CrO4>", and Cu?" ions is denoted by qm (mg/g). K1 and
Kr (L/mg) are the constants for the Freundlich and Langmuir isotherm models, respectively. In
the meantime, n represents the sorption intensity; if the n number is between 1 and 10, the
sorption process will proceed easily. The qm and KL are determined by the intercepts and
slopes of the straight lines on the Ce/qe versus Ce plot. The slope and intercept of log ge against
the log Ce plot are used to calculate the values of 1/n and log Kr.
Desorption
0.1M HCL and 0.1M EDTA were added to the adsorbent to facilitate the desorption of
the metal ions that were bound there. The metal-loaded adsorbent was subjected to individual
processing with 100 mL of 0.1M HCL and 0.1M EDTA, and the aliquot was examined every
1,2, 3,4, and 5 hours. Using the following formula, the desorption ratio was determined from
the quantity of metal ions adsorbed and the final concentration of metal ions in the desorption

media.

. . Amount of metal ions desorbed
Desorption Ratio = X 100 --cmmmmmmeeo 4)

Amount of metal ions adsorbed
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Results and Discussion

Chitosan oligosaccharide, blends based on nanocellulose, and physical-methods-
prepared composites feature unique functional groups, typically carboxyl (-COOH) and amino
(-NH2), which allow for blends with high porosity and water absorption (Zhao et al., 2023).
Using a physical crosslinking technique, Maiti et al. (2021) developed multicomponent
chitosan-based blends and discovered that the carbonyl group (-C=0) of the added guar gum
played a role in the crosslinking process. In the current study, a glutaraldehyde crosslinked
ternary mix consisting of COS, NCC, and PEG was made using the sol-gel process and
subjected to various experiments.
Surface properties

Surface area plays a crucial role in metal adsorption since it directly affects the number
of adsorption sites available for metal ion binding. The adsorption capability is usually
improved with surface area because there are more locations for metal ions to interact with.
The pure COS and COS/NCC/PEG-GLU ternary blends were subjected to a BET surface area
study at 77 K using Automatic BELSORP-mini II since the adsorbent's surface area is crucial
to the adsorption process. The pore size and volume were estimated using the BJH method.

Table 1: Surface properties of the COS and the ternary blends

Sample Parameters
Surface area (m*/g) Pore volume cc/g Mean pore size (nm)
COS (Balaji et al., 97 0.1 92.03
2024)
COS/NCC/PEG-GLU 184.45 0.93 4.25
(1:1:1)
COS/NCC/PEG-GLU 124.27 0.32 6.15
(1:2:1)
COS/NCC/PEG-GLU 152.61 0.78 9.33
(2:1:1)

The experimental findings showed that pure COS's pore volume and pore size were
roughly 0.1 cc g-1 and 92.03 nm, respectively, and its surface area was 97 m*> g'!'. The same
batch of COS has been used in the present study also and in the crosslinked ternary blend
(COS/NCC/PEG-GLU), surface area and pore volume increased as pore size decreased,
according to comparisons with pure COS. The pore size has been 4.25nm, 6.25nm, and 9.33nm
and surface area 184.45m%g, 124.27m?/g, and 152.61m*/g respectively for 1:1:1; 1:2:1, and
1:1:2 ratios, showing that the pore size was the minimum for 1:1:1 ratio which had the highest

surface area of 184.45m?/g making it more suitable for adsorption of metals. Similarly, Sherlala et al.
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(2019) used a chitosan-magnetic graphene oxide (CS/MGO) composite with a surface area of

152.38 m2/g as an easily separable adsorbent for removing As(IIl) from an aqueous solution.

FTIR studies

Blends based on chitosan oligosaccharide and cellulose are promising biomaterials with
strong uses in the cosmetics, absorbents, and medical fields. In the current research chitosan
oligosaccharide was blended with nanocrystalline cellulose and polyethylene glycol in the
presence of glutaraldehyde as a crosslinker.
FTIR analysis was used to establish the functional group profiles of the COS and
COS/NCC/PEG-glu blends. Table and Figures a,b,c and d represent the FTIR spectra of
COS and COS/NCC/PEG-glu; 1:1:1; 1:2:1 and 1:1:2 blends.
Table 2: Functional Group profiles of COS, COS/NCC/PEG -GLU blends

Functional groups COS COS/NCC/PEG -GLU blends
1:1:1 1:2:1 1:1:2
Bonded NH, CH, 3330, 2901 3399, 2938 3390,2933 3396,2935
and OH stretching
Methyl group -C-H 2867 2867 2866
stretching
2039
Carbonyl group 1633 1710 1665 1711
1518 1561 1560
-C-0O linkage 1396 1353, 1242 1351 1349
-C-O-C- linkage in 1079 1040 1036 1037
polysaccharide

700 40

T . T T T T
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™')
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Figure 1: FTIR spectra of a) COS; b)COS/NCC/PEG-GLU1:1:1; ¢)COS/NCC/PEG-GLU 1:2:1;
d) COS/NCC/PEG-GLU 1:1:2

FTIR of COS (Figure ..) showed peaks at 3330 cm™ and 2901cm™ for -OH stretching,
-NH stretching and intermolecular hydrogen bonding, 1633cm™ for -C=0 carbonyl group,
1396¢m™ for -C-O linkage of alcohols and carbonyl groups, 1079cm™'for -C-O-C linkage in
polysaccharide proving the partially deacetylated amino polysaccharide, COS.

FTIR of COS/NCC/PEG -GLU blend (1:1:1) (Figure ) showed peaks at 3399 cm™,
and 2938 cm™! are the stretching vibrational signals of -OH stretching, -NH stretching (Zeng et
al., 2021) and intermolecular hydrogen bonding after blending and crosslinking, 2867cm™! for
methyl group C-H stretching of glutaraldehyde, 1710cm™ for -C=N imine group (Monteiro Jr,
and Airoldi, 1999), 1353cm™!, and 1242cm™! for -C-O linkage, 1040 cm™  for -C-O-C linkage
in polysaccharide (Luo et al., 2022). All the peaks had shifted either to higher or shorter
wavenumbers, confirming that COS had effectively interacted with the -OH functional groups
of NCC and PEG and also the -C=N imine groups due to the reaction of glutaraldehyde and
the amino groups of COS. A similar shift in the wave numbers at 3390 cm™!, 2933cm’!, 3396
cm’!, and 2935cm™! for -OH stretching, -NH stretching, and intermolecular hydrogen bonding,
2867cm™ and 2866cm™! for methyl group C-H stretching of glutaraldehyde, 1665cm™ and
1711cm™ which are shifted to higher wavenumbers in -C=0 of carbonyl groups of
glutaraldehyde, at 1351cm™ and 1349cm™! for -C-O linkage and further peaks at 1036cm™ and
1037cm™! for -C-O-C linkage of polysaccharide of COS/NCC/PEG -GLU blend 1:2:1 and 1:1:2
respectively. Thus, the results of FTIR, confirm the formation of COS/NCC/PEG -GLU blends
in different ratios.

X-Ray diffraction studies
The X-ray diffraction pattern of COS/NCC/PEG-GLU blends of ratios, 1:1:1; 1:2:1; 1:1:2 were

recorded and shown in Figure .. .
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Figure 2: X Ray diffractograms of COS/NCC/PEG-GLU ratios[a)1:1:1b) 1:2:1 ¢) 1:1:2]
Table 3: Percentage Crystallinity of COS/NCC/PEG-GLU blends

Sample 20 % crystallinity
COS/NCC/PEG (1:1:1) 22 13
COS/NCC/PEG (1:2:1) 20, 42 41
COS/NCC/PEG (1:1:2) 20, 44 35

Sharp peaks were recorded at 22°, 20°, 42% and 20°, 44° in the above three blends with
percentage crystallinity calculated as per the Nara and Komaiya (1983) method to be 13%,
41%, and 35% respectively. The results indicate that the percentage crystallinity of the ternary
blend with a 1:1:1 ratio showed a very low crystallinity or more amorphous nature when
compared to the 1:2:1 and 1:1:2 ratios. The higher percentage crystallinity of the 1:2:1 ratio
may be due to the high content of nanocrystalline cellulose. It is always proved that the
adsorption capacity decreases with increasing crystallinity (da Rocha et al., 2002; Wei et al., 2015).
Hence among the three samples of different ratios of the ternary blends the 1:1:1 ratio with the
very low crystallinity has a higher surface area as proved by the BET studies and should show
better adsorption capacity. Hence this sample was used for the adsorption studies with heavy
metals chromium and copper.

SEM Analysis
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Figure 3: SEM Micrographs of COS/NCC/PEG-GLU ratios [a)1:1:1b) 1:2:1 c¢) 1:1:2]

The SEM images of the COS/NCC/PEG-GLU showed highly porous and rough surfaces

with irregular shapes. In Figures (a, b, and c), in the regions where molecule aggregation was
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significantly higher, a rough and porous surface structure was seen. Since the adsorbent's
efficiency rose with decreasing particle size, this phenomenon made it possible for materials to
have higher adsorption capacities. Porous materials having a large surface area have been found
to be potential adsorbents for the adsorptive removal of heavy metals (Mondol, and Jhung, 2021).

TEM Studies

Figure 4: TEM images of Nanocrystalline Cellulose

Figure 4 shows the TEM micrograph images of Nanocrystalline Cellulose using LaB6 JEM
2000 model. Transmission electron microscopy images show the dispersion of nanocellulose
crystals. The TEM image shows the NCC as a cylindrical, thread-like structure with a particle
size range between 50 and 20 nm.
Adsorption Studies

Due to the adverse effects that environmental contamination of heavy metals is having
on people all over the world, it is becoming a bigger issue. Metals are nonbiodegradable,
insoluble, and bioaccumulated in both plants and mammals. Adsorption is a popular method
for eliminating pollutants from industrial wastewater. Hence to remove heavy metals chromium
and copper from aqueous solution, batch adsorption experiments were carried out using a
thermostat shaker set to 200 rpm.
Effect of pH on the adsorption of Chromium and Copper

It has been shown that pH has a major effect on the adsorption of heavy metals onto
various adsorbents. By regulating the degree to which basic and acidic compounds are ionised,
pH affects absorption. Generally speaking, the initial pH level can either increase or decrease
adsorption. This results from a change in the absorbent material's surface charge as the pH level

varies (Al-Shemy et al., 2022)
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Figure 5: Effect of pH on the adsorption of Cr(VI) and Cu(Il) ions

By affecting the adsorbent's surface characteristics and the adsorbate molecules' ability
to associate or dissociate, a solution's pH is the primary factor that influences all other
adsorption behaviour parameters (Vijayalakshmi et al., 2010). Figure 5 displays how the
adsorption of Cr(VI) and Cu(II) ions on COS/NCC/PEG-GLU varies with pH. As can be seen
from the plot, the H3O+ ion concentration in the solution first drops as the pH rises from 2 to
5. This makes the adsorbent's surface more negatively charged, as indicated by zero-point
charge, which raises the quantity of adsorption sites that are accessible. This leads to greater
adsorption of both Cr(VI) and Cu(Il) ions onto the adsorption sites, reaching maximum
adsorption at pH 5. Nevertheless, raising the pH over 5 does not result in more metal ion
adsorption, most likely because of equilibrium and competition between metal ions and H3O".
When the pH rises above 7.0, metal hydroxides—extremely persistent and preferentially
formed—form, impairing the blend's binding properties and lowering adsorption (Kumar et al.,
2012).

The electrostatic interaction between the metal ions and the negatively charged blend
surface is the process by which Cr(VI) and Cu(II) are adsorbed onto the ternary blend. The
surfaces of COS, NCC, and PEG all have hydroxyl and carbonyl functional groups.
Electrostatic interaction, which is far stronger than van der Walls force, is often how these
functional groups and heavy metal ions attach to one another.

Effect of adsorbent dose on the adsorption of Chromium and Copper

One important factor that has a big influence on the effectiveness and viability of the
adsorption process is the dosage of the adsorbent. To examine the impact of adsorbent dosage,
the temperature was maintained at 25°C and the concentration was held steady at the ideal level

of 200 mg/L. Adsorbent dosages ranging from 1g to 7g were investigated (Figure 6).
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Figure 6: Effect of adsorbent dose on the adsorption of Cr(VI) and Cu(II) ions

As the adsorbent dose was increased from 1g to 5g, the absorption of both copper and
chromium metals increased for all adsorbents under consideration, reaching its optimal value
between 6g and 7g. These outcomes were anticipated since higher adsorbent dosages result in
more active sites for adsorption, which increases metal removal (Azizi et al., 2024). According
to the results, which are displayed in Figure 6, the removal effectiveness rose with dosage up
to the "ideal dose," after which it stayed constant. This observation aligns with what other
studies have found (Zhang et al., 2016; Islam et al., 2019; Ghosh et al., 2024). The ratio of
adsorbed ions to the adsorbent mass decreases as dosage increases because fewer active
adsorption sites are used. As a result, the adsorbent's capacity to adsorb is lowered (Khalil et
al., 2020; Saini et al., 2023)
Effect of contact time on the adsorption of Chromium and Copper

Effect of Contact time
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Figure 7: Effect of contact time on the adsorption of Cr(VI) and Cu(Il) ions

The results showed that Cr(VI) and Cu(Il) (Figure 7) are rapidly absorbed at the start
of the reaction and continue to do so for 180 minutes. This is because the blend of material has
a large number of vacant sites and open pores that are ideal for adsorbing Cr and Cu. The uptake

achieves equilibrium after 180 minutes, and the adsorption capacity gradually increases.
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However, the absence of an active site for metal ion adsorption onto the COS mixed material

and a reduced driving energy are likely the causes of this rise. Consequently, 180 minutes was

shown to be the optimal contact time for the subsequent trial.

Effect of initial metal ion concentration on the adsorption of Chromium and Copper
One important factor affecting the efficacy of adsorption is the initial concentration of

metal ions (Abdelmonem et al., 2024). Using a series of batch tests, the effect of the initial

metal concentration on the sorption of 1 g of the COS/NCC/PEG-Glu adsorbent is investigated.
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Figure 8: Effect of initial metal ion concentration on the adsorption of Cr(VI) and Cu(Il) ions

From Figure 8, it may be concluded that while the adsorption rate remains high
throughout the initial phase of adsorption, the solution ion removal rate progressively decreases
as the solution ion concentration rises. This could be because, during the first low-concentration
phase, the adsorbent's surface can offer sufficient active sites for copper ion adsorption.
However, the adsorbent's active site remains constant as the concentration progressively rises,
making it unable to provide more metal ions (Cui et al., 2024). Therefore, the adsorbent
COS/NCC/PEG-GLU performs exceptionally well when treating wastewater that contains
lower concentrations of copper and chromium ions. The mechanism of Cr(VI) and Cu(Il) ion
adsorption by the produced crosslinked ternary blend was clarified using Langmuir and
Freundlich's isotherms.
Adsorption isotherms

The adsorption equilibrium isotherm describes the adsorbent's surface adsorption
characteristics. The Freundlich model describes the multi-layer reversible adsorption process,

while the Langmuir model assumes monomolecular layer adsorption, a homogeneous
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adsorbent surface, no interaction between adsorbate molecules, and adsorption dynamic
equilibrium (Guijarro-Aldaco et al.,2011; Cui et al., 2024).

Langmuir isotherm
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Figure 9: Langmuir and Freundlich plots for chromium and copper adsorption

Table 4: Langmuir and Freundlich constants for chromium and copper adsorption

Metal Langmuir constants Freundlich constants
ions KL b Crnax R2 Kr n R?
(dm?/g)
Cr (V1)
0.8793 0.00671 131.04 0.9834 1.866 1.3682 |0.9886
Cu (1)
0.95531 10.005633 169.59 0.9961 1.6188 1.5713 |(o0.9981

The data was well-fitted by the curves derived from these models, suggesting that both models
are capable of accurately describing the adsorption process by the synthesised ternary blend.
In terms of fit, the Freundlich isotherm performed better than the Langmuir isotherm, indicating
that both chemical and physical interactions contribute to adsorption (Table 4 and Figure 9).

Adsorption Kinetics
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Intraparticle diffusion kinetics, pseudo-first-order, and pseudo-second-order models

were fitted to the experimental data in order to study the reaction of chromium and copper ion

adsorption on the synthesised ternary blend. The plots are given below.
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Figure 10: PFO, PSO, and IPD Intraparticle Diffusion (IPD) model plots of chromium

and copper adsorption
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Table 5: Kinetic data of adsorption of chromium and copper on COS/NCC/PEG-GLU blend

Pseudo-first-order kinetic | Pseudo-second-order Kinetic Intraparticle
Metal model model diffusion model
ions qe ki R? qe k2 R? Kia I R?
(mg/g) | (min™) (mg/g) | (gmg’
min)
Cr(VD) | 100.23 - 0.9053 | 106.76 | 0.0001793 | 0.9987 | 2.453 | 46.09 | 0.9672
0.011224
Cu(1) 96.16 - 0.8705 | 106.96 | 0.000211018 | 0.9982 | 2.179 | 53.24 | 0.9753
0.011427

According to the pseudo-first-order kinetic model (Figure 10), the number of vacant
active sites on the adsorbent surface determines the adsorption rate. By fitting the kinetics data
to this model, the theoretical equilibrium capacity (qe) and pseudo-first-order rate constant
(K1) for metal ions were found. The pseudo-second-order kinetic model, on the other hand,
makes the assumption that chemisorption contributes to the adsorption process and that the
concentration of metal ions in the solution and the availability of both adsorption sites control
the adsorption rate.

When the correlation coefficients from the two kinetics models were compared, it was
found that the pseudo-second-order kinetics correlation coefficient (R? -= 0.9987) was greater
than the pseudo-first-order kinetics correlation coefficient (R? = 0.9053) (Table 5). As
evidenced by its greater correlation coefficient, the pseudo-second-order kinetic is considered
favored since it more accurately explains the experimental data. Because of the predominance
of pseudo-second-order kinetics, the slower process of bond formation between the metal
cation and the adsorbent's active sites—in this case, it is believed that the rate-limiting step in
the adsorption process is the non-bonded electron pair of nitrogen in the amine groups.

The intra-particle diffusion model was used to analyze the kinetics results to
comprehend the stages of diffusion mechanisms. The values of C were examined to gain an
understanding of the boundary layer's thickness. It was discovered that the boundary layer's
effect increased with the size of the intercept. In addition to internal adsorbent diffusion, the
straight line's deviation from the origin in Figure 10 suggests the existence of additional rate-
controlling mechanisms. The reason that this straight-line deviates from the origin is due to the
difference in the rate of mass transfer between the start and finish phases of adsorption (R* =
0.9753) (Ghosh et al., 2024). Hence the results confirm that the adsorption followed the PSO

model.
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Table 6: Comparison of COS-based blends on adsorption of heavy metals

Blend Metal Cinax Ref
COS-g-MA/PVA/SF Pb 168.93 Ajitha et al., 2017
COS/PPG/Clay Cu 142.68 Gopalakrishnan et al., 2018
EDTA-magnetic COS/CMC Pb 432.34. Lian et al., 2020
CS/ nano fibrillated cellulose aerogel Pb 252.60 Upadhyay et al., 2021
COS/CMS Cu 98.91 Balaji et al., 2021
COS/CMS/KC Cu 132.45 Balaji et al., 2021
COS-g-GMA/PPG-Glu blend Cd 99.08 Radha et al., 2021
COS/Salicylaldehyde Schiff base Cu 110.00 Sharmila et al., 2024
COS/Salicylaldehyde Schiff base Cr 120.00 Sharmila et al., 2024
COS/CMS-GLU Pb 155.76 Balaji et al., 2024
COS/NCC/PEG-GLU Cr 131.04 Present study
COS/NCC/PEG-GLU Cu 169.59 Present study

Table 6 shows the list of chitosan oligosaccharide-based blends and composites
reported for the removal of heavy metals copper, chromium, cadmium, and lead. The Cpax
values suggest that the chitosan oligosaccharide-based blends show very good adsorption
capacity for various heavy metals which are similar to chitosan-based blends and composites.
The adsorption capacity of the COS/NCC/PEG-Glu blend used in the current study also showed
high Cpax values of 131.04 and 169.59 for chromium and copper metals. This proves that the
prepared crosslinked ternary blends show excellent adsorption capacity of heavy metals
chromium and copper.

Studies have shown that the adsorption capacity of copper is indeed higher than that of
chromium. This is because copper has a higher charge density and a more polarizable ion,
making it more easily adsorbed onto the surface of adsorbents. For example, a study on the
adsorption of copper and chromium onto activated carbon found that the copper adsorption
capacity was significantly higher than that of chromium. This is likely due to the stronger

electrostatic attraction between copper ions and the activated carbon surface.

Adsorption Mechanism

It was observed that both chemical and physical interactions are possible between the
adsorbent and the metal ions. This suggests that the adsorption mechanism involves
electrostatic interaction between the metal ion solution and the adsorption sites on different
adsorbents (Shooto et al.,2019). This also assumed that the adsorption was chemisorption
(Ahmad et al., 2020; Thabade et al., 2020). The coordination that also takes place during bond
formation between the adsorbed substance and the adsorbent is responsible for the ternary
blend's notable adsorption capacity for both metal ions. This illustrates how chemical
adsorption, which creates a connection between the adsorbent and the transported metal ions

(Cr®" and Cu?"), regulates the process. Both heavy metals can interact with NHz, and OH groups
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on the chitosan oligosaccharide, nanocrystalline cellulose, and polyethylene glycol structures
leading to their adsorption. Similarly, the Freundlich adsorption isotherm is an empirical
relationship that assumes chemisorption-type interaction between the adsorbent molecules and
adsorbate. Its adsorption depends on heterogeneous locations. Additionally, it presumes that
cations and anions adsorb on the adsorbent surfaces at the same time (Priyadarshini et al.,
2024). 1t is also considered that the prepared ternary blend efficiently removes heavy metal

ions by diffusion, adsorption, and forming a coordination complex with metal ions.

Desorption Studies

Large-scale adsorbent applications and the cost of the adsorption process are connected
to whether or not the adsorbent can be regenerated. One of the most used techniques for
adsorbent regeneration is the solvent method. In this study, 0.1MHCI was used as a desorbing
agent and the mixture of the chromium and copper adsorbed ternary blends were shaken with
the selected eluants, and the solution was drawn every one-hour up to 5 hours and the process

was repeated for 3 cycles. The results are presented below.

Desorption studies Copper
Desorption studies Cr

1509
150 W 1Hr
m
LHr M 2 Hrs
I 2 Hrs
c 5 100- B 3Hrs
o 1004 B 3Hrs a
g o I 4Hrs
§ B 4Hrs 2
8 M 5 Hs 2 504 B 5Hrs
S 504 S
0- 0-
Cycle1 Cycle 2 Cycle3 Cyclel Cycle 2 Cycle 3

Figure 12: Desorption of Chromium and Copper

According to the study, the ternary blend's accumulated Cr(VI) and Cu(Il) ions might
be desorbed, resulting in the highest possible % recovery of these ions which was 98.4% and
99.0% with 0.1 M HCl in the first cycle which was 78.3% and 86.0% after 5" hour in 3" cycle.
The used HCI was found to regenerate the sorbent well releasing the metals. When the two
metals were regenerated, the percentage regeneration of copper was found to be better when
compared to chromium.

In general, regeneration is essential for increasing the adsorption process' economy and
unlocking the adsorbent's potential for use in commercial settings. The best use of HCI as a

desorbing agent proved that chemisorption along with physisorption had been the mechanism
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of adsorption. Similar finding was recorded by by the desorption of Cr and Pb from the metals
adsorbed groundnut husk by Bayuo et al., (2020). Similarly, using various acid-desorbing agents,
Katsou et al. (2011) investigated the regeneration of natural zeolite contaminated by lead (II)

and zinc (II) in wastewater treatment systems.

Conclusion

This study is unique in that it develops a crosslinked blend bio-adsorbent from COS,
NCC, and PEG that effectively removes hazardous metal ions from manufacturing wastewater.
The effectiveness of extracting Cr and Cu ions from a metal-loaded solution was also
examined, as were the impacts of adsorption parameters like pH, adsorbent dosage, and initial
metal ion concentration. The results show that pH, adsorbent dose, and time of contact
significantly affect the adsorption performance of the adsorbent. A maximum of adsorption
above 90% has been achieved. The type of interaction between the metals and the sorbent. The
study's findings may aid in mitigating the detrimental effects of heavy metal contamination on
the ecosystem and human well-being. The studies showed that the adsorbent could be very
efficiently regenerated using HCl as the desorbing agent with 99% regeneration capacity. When
considering the economic components of wastewater treatment, the chosen adsorbent is seen
as a beneficial material. It accomplishes this by supporting the creation of an eco-friendly

mixed adsorbent to remove heavy metal ions from water.

Declaration: The authors declare no conflict of interest.
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