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Abstract. A novel adsorbent material for the effective removal of hazardous metal ions from aqueous solutions was developed
through modifications to chitosan. The process involved the use of vanillin to create cross-linked chitosan, which was then
combined with thiourea-based graphitic carbon nitride (g-C3Ny) to form a gel matrix. The resulting composite material was
thoroughly characterized using various techniques, including Fourier transform infrared spectroscopy, thermogravimetric
analysis, scanning electron microscopy, energy dispersive X-ray spectroscopy, and X-ray diffractometry. To assess its efficacy,
adsorption experiments were conducted to determine the capability of the synthesized compounds to adsorb Cu(II) and
Cr(VI) ions. The observed results found that the adsorption process was found to follow pseudo-second-order kinetics and
the Langmuir isotherm model. Through thermodynamic studies, it was revealed that the adsorption process was both en-
dothermic and spontaneous in nature. Furthermore, desorption studies confirmed that the material could be regenerated,
making it reusable. This characteristic allowed for the effective recovery of the adsorbate species and highlighted the potential
for reusing the adsorbent material multiple times.
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1. Introduction ions and the dye contents get mixed and further
The rapidly increasing human population and their  cause major environmental issues [1-3]. These
needs have led to increased industrialization. Efflu-  heavy metals are of severe risk since they can show
ents from the industries led to increased environmen-  toxicity at minute concentrations and are mainly not
tal pollution, creating serious environmental issues.  degraded by natural processes [4, 5].

Effluents contain numerous heavy metal ions, which ~ Copper is one of the toxic metal ions that have been
are highly toxic and debilitating to humans as well  used by various industries for the production of ma-
as other living organisms. Effluents from the indus-  terials such as paper, leather, petroleum refining, efc.
tries become an on-pressing issue as the toxic metal ~ Chromium ion pollution is a result of events of nature,
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including volcanic eruption and the attrition of mer-
cury-loaded sediments and synthetic industries such
as metal plating and dyeing industries. Cr in the (II1)
oxidation state is less toxic compared to Cr in the
(VI) state. The less toxic Cr(III) can be easily re-
moved from wastewater as Cr(OH)s in the precipi-
tated form; however, the reduction of Cr(VI) to
Cr(III) is a difficult task in the adsorptive process
during water purification [6]. The presence of these
metal ions in the drinking water is highly harmful
and causes serious illnesses such as damaging the
nervous system and reproductive system, mucosal
irritation, hepatic and renal damage, and in some
cases, nerve problems followed by depression and
gastrointestinal irritation [7]. The maximum accept-
able concentration of these metals, such as Cr(VI)
and Cu(lIl), in potable water is 2.0 and 0.02 mg/1, re-
spectively. The management of these effluents is one
of the basic necessities for human health; therefore,
much attention has been given by researchers to the
removal of these toxic ions from the effluents by em-
ploying various methods such as adsorption [§]. Pre-
cipitation [9], ion exchange [10], reverse osmosis
[11], and membrane separation [12]. Among these
methods, adsorption is one of the most commonly
used, easy, and reliable methods and has a high-effi-
ciency rate; its high selectivity and cost-effectiveness
have made it a promising material for the treatment
of wastewater [13—15].

Several adsorbent materials have been widely inves-
tigated for the adsorption of toxic ions and their re-
moval from wastewater. The materials such as acti-
vated clay, carbon materials, carbon nanotubes,
polymeric materials, and activated carbon [16-20].
The introduction of smart adsorbent materials pro-
vides a large surface area and porosity, reduces ad-
sorption time, and increases the adsorption efficien-
cy [21]. However, the synthesis of some adsorbent
materials needs some complicated procedures and is
quite expensive, so the researchers are focusing on
developing adsorbent materials that are easy to syn-
thesize and would be economically favorable; thus,
our task in this research work is to develop a novel
material for wastewater treatment. Along with the
above properties, the adsorbent material should be
biodegradable after its stipulated number of uses
[22-24]. Hence, polysaccharide-based adsorbent
materials are being investigated as adsorbent mate-
rials in the treatment of adsorbent-based wastewater
treatment.
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Chitosan (CS), a polycationic unbranched polysac-
charide derived from chitosan, is one of the promis-
ing natural adsorbent materials because of its unique
properties viz., such as biocompatibility, biodegrad-
ability, cytocompatibility, and hemocompatibility
[25, 26]. Due to its macromolecular structure and its
reactive functional groups, it results in increased ad-
sorption and binding capacity. Its metal chelating
property and cationicity in acidic solution, so it has
been made selective for the adsorption process. Also,
it acts as a good dispersant, so the interaction be-
tween the metal and the gel matrix takes place even-
ly so that excellent adsorptive properties can be ob-
tained. Several researchers have focused on the
modification of chitosan by introducing new func-
tional groups that help enhance the adsorptive prop-
erty [26]. Also, the addition of polyvinyl alcohol
(PVA) to the chitosan strengthens the matrix by im-
mobilizing within it, forming H-bonds with the
amino groups of chitosan and providing more active
sites for the adsorption process.

Carbon nitride (C3Ny) is one of the most promising
materials possessing excellent properties such as
hardness, good mechanical properties, low friction
coefficient, and useful optical and electronic prop-
erties. Five different structures of carbon nitride are
available as per the theoretical calculations. Among
the 5 structures, more attention has been shown to-
wards (graphitic carbon nitride) g-C3N4 material due
to its stability when compared to the other 4 struc-
tures. g-C3Ny is a n-conjugated material and has
been used extensively in many fields, such as bio-
imaging, metal ion detectors, fuel cells, photocatal-
ysis, photo conduction; hydrogen evaluation and
CO; capture. Several adsorbent materials have been
reported using g-C;Ny for the adsorptive removal of
toxic metal ions from aqueous solutions [27].

The primary objective of this study is to develop an
efficient, cost-effective, environmentally friendly,
and biodegradable adsorbent nanocomposite by
combining g-C3;Ny4 nanoparticles with chitosan-PVA
as the adsorbing material. The focus is on investigat-
ing the unique hybrid nanocomposites capacity to
adsorb Cu(II) and Cr(VI) ions. The research also in-
volves analyzing the adsorption isotherms to deter-
mine the maximum adsorption capacities of these
metal ions. Additionally, the study aims to assess the
thermodynamic properties of the adsorption process,
including changes in standard Gibbs free energy
(G°), enthalpy (H°), and entropy (5°). The kinetic
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adsorption parameters will be evaluated by validat-
ing them using pseudo-first-order and second-order
kinetic models. Furthermore, the study will examine
the reusability of the adsorbent material by evaluat-
ing its regeneration process, which is crucial for de-
termining the potential for repeated usage. By achiev-
ing these objectives, the present study aim to con-
tribute to the development of an effective and sus-
tainable solution for removing hazardous metal ions
from aqueous solutions.

2. Experimental

2.1. Materials

Chitosan (CS) and polyvinyl alcohol (PVA) were
purchased from M/s Sigma Aldrich (Bangalore,
India). Acetic acid, potassium dichromate, copper
sulphate, and thiourea were purchased from M/s
Spectrochem Private Limited (Bangalore, India).

2.1.1. Synthesis of g-C3Ny4

About 10 g of thiourea was weighed and transferred
to a cup-shaped crucible, which was placed in a muf-
fle furnace and heated to 550 °C for 4 h with a heat-
ing rate of 15 °C/min to obtain the yellowish g-C3Ny4
powder [28].

2.1.2. Preparation of 2-dimensional g-C3Ny4

5 g of the prepared g-C;N4 material was first crushed
into a fine powder. This powder was then placed in
a crucible with a cover and heated for 4 hours. The
heating process was carried out at a rate of 15 °C per
minute, and the temperature was set to 550 °C. After
the heating process, a yellowish fine powder of 2-di-
mensional g-C3N4 was obtained [28].

2.1.3. Preparation of CS/PVA/g-C3N4 composite
(CPG)

A mass of 0.5 g of chitosan was dissolved in 40 ml
of 0.5% aqueous acetic acid solution. To this solu-
tion, 0.3 g of polyvinyl alcohol previously dissolved
in water was transferred and stirred for 24 h. Then
0.16 mg of g-C3N4 was added and sonicated for 4 h
to obtain the final CPG product. The obtained
CS/PVA/g-C35Ny4 product was dried in an oven to ob-
tain the final material.

2.2. Analytical techniques
The prepared individual materials, CPG, CS and
g-C3Ny, were characterized by various analytical
characterization techniques.
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Fourier transform infrared spectroscopy (FTIR)
(Shimadzu, Kyoto, Japan) was used in the range of
5004000 cm™! using the IR-prestige instrument to
study the possible stretching and bending vibrations
of the materials.

The thermal properties of the materials were charac-
terized by thermogravimetric analysis (TGA) using
a DTG-60 (Shimadzu, Kyoto, Japan) under a N, at-
mosphere with a heating rate of 10 °C/min.

To study the crystal structure and geometry of the
material, X-ray diffraction (XRD) was studied in a
powder XRD instrument (Rigaku Mini Flex 600
(Tokyo, Japan) with 26 from 0 to 90° with Cu K, ra-
diation).

Carl Zeiss scanning electron microscope (SEM)
(AG, Jena, Germany) with an operating voltage of
5 kV was used to study the surface morphology.

2.3. Metal adsorption studies

2.3.1. Adsorption studies

Duplicate samples were utilized in batch studies to
assess the adsorption capabilities of the CPG con-
cerning the metal ions Cu(II) and Cr(VI) at various
concentrations ranging from 20 to 100 mg/I. To per-
form the batch tests, 25 mg of the produced CPG
material was mixed with known concentrations of
metal ions solution and subjected to slow stirring.
The remaining metal ions in the solution after the
CPG application were measured at specific intervals
using an atomic absorption spectrophotometer
(AAS). Equation (1) was then applied to determine
the equilibrium adsorption capacity (¢.) of the metal
ions [mg/g]:
C

(S

= (Co - ) %
where C, is the initial concentration of the metal ions
in the solution [mg/1], C, is the equilibrium concen-
tration of the metal ions in the solution [mg/l], w is
the weight of the solid adsorbent [mg], and V is the
volume of the aqueous solution used in the adsorp-

tive process [ml].

qe (1

2.3.2. Desorption studies

The desorption studies were conducted to determine
the quantity of metal ions adsorbed on the CPG ma-
terial. After the metal ions were adsorbed, the CPG
material was removed, washed with water, and then
completely dried in an oven. Once dried, the CPG
was subjected to stripping solutions containing HCI
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(25 ml of pH 1.2) and NaOH (25 ml of 0.5 M) for
3 h at room temperature. The CPG had previously
adsorbed metal ions during the adsorption process.
The goal was to desorb the Cu(Il) and Cr(VI) ions
from the adsorbent.

To measure the amount of desorbed Cu(Il) and Cr(VI)
ions, the supernatant was analyzed using atomic ab-
sorption spectrophotometry. The percentage of des-
orption was calculated using the Equation (2):

Desorption [% ] =

— amount of metal ion desorbed |y
amount of metal ion adsorbed

2

3. Results and discussion

3.1. Synthesis of CPG

Incorporation of PVA and chitosan creates PVA-CS
matrix. Then, the addition of g-C3;N4 to the matrix
creates nanocomposite adsorbent material.

3.2. FTIR spectral characterization

FTIR spectrum of g-C3N4 (Figure 1) shows the pres-
ence of C=N, C—N, triazine, and —OH groups. Their
stretching vibration frequenciesare at 1640, 1410,
780, and 3337 cm™!, respectively, which indicates
the formation of g-C5Njy.

The FTIR spectra in Figure 2 of CS clearly show the
presence of the —OH stretching vibration frequency,
showing a broad peak at 3286 cm™! in the CS struc-
ture. Aliphatic stretching of C—H was observed at
2845 cm™, respectively. The band at 1638 cm™! cor-
responds to the stretching vibration frequency of
—NH, due to the presence of free amino groups in the
chitosan. In the case of CPG, the spectrum revealed
that there was a shift in the values of the -NH to
1649 cm™'. Additional peaks of g-C3N, were ob-
served in the range 1640, 1410, and 750 cm™' of

Triazine
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C-N C=N
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Figure 1. FTIR spectrum of g-C3Ny.
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Figure 2. FTIR spectra of CS and CPG.

C=N, C-N, and triazine, and also abroad peak was
observed at 3400 cm™' due to the ~OH stretching vi-
brations. The shift of the peaks is possibly due to the
intra/inter molecular hydrogen bonding formed by
the interaction of CS/PVA and g-C3Ny.

3.3. Thermogravimetric analysis

CS showed a three-step degradation process in the
temperature range of 30—600 °C (Figure 3). First step
degradation was due to a weight loss of around 13%
which took place in the heating range from 30 to
150°C; it is due to the evaporation of absorbed mois-
ture of the CS matrix. In the second step of degrada-
tion, a major weight reduction took place due to the
decomposition of polysaccharide chains within the
structure in the heating range of 225 to 340°C, and
the final degradation takes place in the range of 340—
600 °C with a weight loss of 33% which shows the
complete degradation or the loss of the material. The
b curve shows the thermal degradation of CPG in the
temperature zone of 30—600 °C. The first step degra-
dation was also due to the loss of absorbed moisture
content which took place with a weight loss of 10%
in the temperature zone of 30-150°C. In the second

100

100 200 300 400 500 600
Temperature [°C]

Figure 3. Thermograms of CS and CPG.
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step, a weight loss of 40% was observed in the tem-
perature zone of 220-360 °C due to the decomposi-
tion of the polymer matrix of chitosan and PVA. The
final step of degradation was due to the decomposi-
tion of the g-C3N,4 moiety, where a mass of 30% was
left behind as residual matter in the temperature
range of 380-600°C.

3.4. X-ray diffraction

The X-ray diffractogram patterns of CS, g-C5Ny, and
CPG are shown in Figure 4. The peaks displayed at
20 = 11° and 29° of g-C3N, indicate the semi-crys-
talline nature. In CS, peaks appeared at 20 = 9° and
21°, which also indicates the semi-crystalline nature
of the sample. In CPG, a prominent wide band is
seen at 20 =23° and small peaks at 8°, 14°, and 29°,
which represents the semi-crystalline nature of the
sample. These new peaks indicate the presence of
the g-C5Ny in the CPG, and the surface morphology
changed due to the blending of the CS, PVA, and
g—C3N4.

CPG
El
5,
2 | cs
2
o
=
g-C3N4

0 10 20 30 40 50 60 70 80 90
26 [°]

Figure 4. XRD pattern of g-C3Ny4, CS and CPG.

3.5. Scanning electron microscopy

The scanning electron microscopy (SEM) images
show the morphologies of CS/PVA/g-C3Ny4 (CPQG)
nanocomposites, Cu(ll) adsorbed on CPG, and
Cr(VI) adsorbed on CPG (Figure 5). The CPG mi-
crographs (Figure 5a) displayed a regular structure
with a smooth surface and tiny rocky morphology

EHT = 5.00 kV Signal A=InLens  Mag= 1.00KX WD = 23mm

Figure 5. SEM images of a) CPG, b) Cu(II) adsorbed on CPG and, c¢) Cr(VI) adsorbed on CPG.
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because of the addition of g-C3Ny4, the morphology
of the sample changed drastically, as it formed nano-
composites indicating the dispersion of the nanopar-
ticles in the polymer matrix. The micrograph of
Cu(II) adsorbed on CPG (Figure 5b) and Cr(VI) ad-
sorbed on CPG (Figure 5c), which indicates the dep-
osition of Cu(Il) and Cr(VI) ions on the CPG.

3.6. Adsorption

Figure 6 illustrates the energy dispersive X-ray spec-
trum (EDS) of the adsorbed Cu(II) and Cr(VI) ions.
In Figure 6a, a peak is observed at 8 keV, indicating
the presence of Cu(ll). Additionally, peaks corre-
sponding to carbon, nitrogen, and oxygen are evident
at 0.2, 0.4, and 0.6 keV, respectively. For the ad-
sorbed chromium sample (Figure 6b), peaks are ob-
served at energies of 0.5, 5.5, and 5.9 keV, signifying
the presence of Cr(VI). Furthermore, carbon, nitro-
gen, and oxygen peaks are observed at energies of
0.2 and 0.6 keV.

The interaction between metal ions and the composite
material is mainly governed by the presence of func-
tional groups. Hetero atoms, such as nitrogen, oxy-
gen, and sulfur, play a crucial role in enhancing the
adsorption process due to their electron-rich nature.
The current synthetic materials contain numerous ni-
trogen and oxygen atoms, which contribute to the in-
creased electrostatic adsorption of metal ions [29].
Additionally, the incorporation of g-C3Ny in the com-
posite material results in providing a larger surface
area, further enhancing the adsorption capacity.

The adsorption of Cu(Il) at neutral pH is attributed
to two main factors. Firstly, a coordinate bond forms
between the nitrogen atoms in the composite material
and the metal cations. Secondly, an electrostatic in-
teraction occurs between the nitrogen atoms and the

Spectrum 1

Counts

a) Energy [keV]

metal cations based on their respective charges. Both
of these mechanisms contribute to the successful ad-
sorption of Cu(Il) under neutral pH conditions.
However, the adsorption capacity decreases below
pH 7 due to the protonation of amines present in the
composite material. This protonation process affects
the availability and accessibility of active sites, lead-
ing to a reduction in Cu(II) adsorption efficiency.
For the adsorption of chromium in the hexavalent
state, experiments were conducted at pH 3, as indi-
cated by the stability diagram of the Cr(VI)-H,O sys-
tem [30]. It is important to note that at pH values
below 4, the most active and noticeable species is
HCrO*, while Cr,0;%>~ predominates at pH ranges
above 7.5. When the pH is less than 7, the composite
material (CS and CPG) will be in the protonated
state, facilitating effective adsorption due to the elec-
trostatic attraction between the adsorbate molecule
and the adsorbent.

Unfortunately, the adsorptive process for the re-
moval of Cr(VI) could not be carried out nor com-
pared with the chitosan material due to the solubility
of CS at pH 3 [5]. This limitation prevented conduct-
ing the adsorption experiments under those specific
conditions.

3.6.1. Effect of initial metal ion concentration

The experiment involved varying the solution con-
centration from 20 to 100 mg/l to assess the impact
of different metal ion concentrations, specifically
Cu(Il) and Cr(VI). The analysis was performed at
pH 3 for Cr(VI) and pH 7 for Cu(Il) while keeping
the other variables constant, as illustrated in Figure 7.
Initially, as the metal ion concentration increased,
the adsorption process on the CPG material intensi-
fied, resulting in lower ¢ values. This indicated that

Spectrum 1

Counts

b) Energy [keV]

Figure 6. Energy dispersive X-ray spectra of a) Cu(II) and b) Cr(VI) adsorbed on CPG.
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Figure 7. Effect of initial metal ion concentration on the adsorption of a) Cu (II) and b) Cr (VI) on CPG.

the adsorption sites on the CPG were not yet fully
saturated with metal ions. However, as the metal ion
concentration continued to rise, the graph demon-
strated a linear relationship, suggesting that the ac-
tive sites on the CPG material were now fully satu-
rated with metal ions. The results indicate that the
removal process is more efficient when starting with
a higher concentration of metal ions. This is because,
at a higher concentration, the ions are more readily
transferred from the solution to the adsorbent mate-
rial, maximizing the adsorption capacity [31].

3.6.2. Adsorption kinetic studies

Figure 8 illustrates the variation in the adsorption ca-
pacity of metal ions by CPG over time, providing in-
sights into the adsorption mechanism. The graph
demonstrates that the adsorption process was rapid
initially, attributed to the availability of numerous
larger sites for adsorption. As a result, a significant
amount of metal ions could quickly be adsorbed onto
the CPG material.

However, as time progressed, the adsorption rate
gradually decreased. After a certain time interval, the
adsorption process reaches a point of saturation due
to the exhaustion of available active sites and vacant
spaces on the material’s surface. At this stage, the
adsorption process ceased since no further adsorp-
tion sites were available for metal ions to bind, indi-
cating the saturation level was attained. To under-
stand the actual characteristic behaviour of the
adsorption process, two well-known kinetic models
were employed. These models were used to analyze
and interpret the adsorption data, providing valuable
insights into the overall adsorption kinetics and the

108

rate-controlling steps during the process. They were
Lagergren’s pseudo-first-order model [32] and the
Ho’s pseudo-second-order model [33].

The Lagergren pseudo-first-order model was em-
ployed to analyze the rate of change in the uptake of
the adsorbate species with respect to time. Equa-
tion (3) represents this model:

da,

dr = k1 (Qe_Qt)

3)
Integrating the above Equation (3) from =0 and
q: = 0 gives (Equation (4)):

log(ge =~ q,) = logqe—z_'% (4)
where ¢. and ¢, denote the quantity of adsorbate ad-
sorbed per unit of adsorbent at equilibrium and at
various time intervals, respectively. The pseudo-first-
order rate constant (k) is [min~'], and the adsorption
process takes time (t).

Time (¢) vs. log(g.— ¢¢) is plotted as a straight line (in
Figure 8 not shown), which suggests that the data did
not fit well with the corresponding Equation (4) and
did not follow the pseudo-first-order kinetics. The co-
efficient of determination (R?) values were found to
be closer to 1, indicating the best fit for the relevant
equation for the pseudo-second-order kinetic model.
The surface adsorption process, which is chemical
adsorption and where contact occurs as a result of
the creation of a chemical bond between the adsor-
bate molecule and the adsorbent, is the rate-limiting
phase in the pseudo-second-order Equation (5):

dg,

2
dr =k (.~ a0)

)
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Figure 8. Binding of a) Cu(II) and b) Cr(VI) ions on CPG.
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Figure 9. Pseudo Second order kinetics of a) Cu(Il) and b) Cr(VI) on CPG.

The integrated form of Equation (5) when ¢ =0 and
q: = 0 is Equation (6):
t

1
d kyql e

t

(6)

where k, 1s the second-order rate constant
[¢/(mg-min)].

Figure 9 illustrates the plot showing the adsorbed ions
on the CPG material based on Equation (6), while
Table 1 presents the experimental (ge, exp) and theo-
retical (ge, ca) adsorbate adsorbed per unit of adsor-
bent at equilibrium and corresponding rate constants.
The computed R? values in Table 2 demonstrate that

Table 1. Kinetic parameters for the adsorption of Cu(Il) and

Cr(VI) on CPG.
Pseudo second order
Metal Cy qe, exp ge, cal k> R
[mg/1] | [mg/g] | [mg/g] | [g/(mg min)]
Cu(II) 80 71.42 59.62 0.00048 0.993
Cr(VI) 80 71.42 56.37 0.00031 0.981
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the pseudo-second-order model exhibited the most
accurate linear fit. Furthermore, for both metal ions
examined in the study, the estimated ¢, values closely
matched the observed values, indicating the thorough
interaction with the adsorbate and the vacant sites.

3.6.3. Adsorption isotherms

The adsorption experiment was conducted at differ-
ent concentrations to ascertain the material’s maxi-
mum adsorption capability. The rate of adsorption
increases as the initial concentration of metal ions
increases. The Cu(Il) and Cr(VI) ion adsorption iso-
therms are shown in Figure 10. To analyse the be-
havior of metal ions on the adsorption surface and
to know their interaction and isotherm characteris-
tics, several isotherm models have been utilized, in
particular models by Langmuir [34] and Freundlich
[35]. The Langmuir adsorption isotherm model ac-
curately describes heterogeneous catalysis and pre-
dicts the creation of a monolayer on the adsorption
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Table 2. Isotherm parameters for the adsorption of Cu(II) and Cr(VI) on CS and CPG.

@O cCs
Adsorbate Langmuir model Freundlich model
Cy Gmax Ky, 2 Ky >
R R n R
[mg/] [mg/g] - [Vmg] [Vmg]
Cu(1l) 20-100 9.70 2.06 0.01 0.998 1.76 4.065 0.954
(I1) CPG
Adsorbate Langmuir model Freundlich model
o Gmax K, 2 Ky 2
R R n R
[mg/] [mg/g] - [Vmg] [Vmg]
Cu(1l) 20-100 166.660 1 0.000036 0.998 30.130 0.676 0.988
Cr(VID) 20-100 142.857 1 0.000144 0.991 4.300 1.570 0.974

surface. According to the Langmuir equation, the ad-
sorption date is given by Equation (7):

Ce _ 1 1
—_€ 2 +
CIe qm Ce quL

(7

where the maximum metal ion adsorbed on the ad-
sorbent surface [mg/g] after adsorption at equilibri-
um is represented by g.. While C. [mg/1] is the equi-
librium concentration of adsorbate ions in the
solution, K [1/mg] is the Langmuir constant, and ¢y,

is the maximum adsorption capacity when the mono-
layer forms on the adsorbent surface. The Langmuir
isotherm’s basic parameter can be calculated using
an Ry (constant separation factor), which is given in
Equation (8):

_ 1
k=17k.c, ®

where Cy [mg/l] corresponds to the initial concentra-
tion of the adsorbent. Figure 11 shows the Langmuir
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Figure 10. Adsorption isotherms of a) Cu(I) and b) Cr(VI) on CPG.
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Figure 11. Langmuir isotherm for the adsorption of a) Cu(Il) and b) Cr(VI) on CPG.
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plots for Cu(Il) and Cr(VI) adsorption on CPG. The
values obtained for ¢, K; and Ry are listed in
Table 3. The Ry value indicates this model is a favor-
able adsorption one as the obtained value for the
CPG was closer to unity.

According to the Freundlich model, the adsorption
process for a given surface area of the adsorbent is
given by Equation (9):
logg, = log K + %log C, )
where ¢. and C. have their significance as defined
earlier, and KF is the Freundlich constant [1/mg],
which specifies the relative capacity and the adsorp-
tion intensity of the adsorbent. The values of K and
n were obtained by plotting a graph of logg. vs.
logC. (in Figure not shown), and for adsorption pa-
rameters of Cr(VI) and Cu(Il) obtained from the plot
are listed in Table 2.

The isotherm parameters obtained revealed by com-
paring R? values (Table 2) for the fit of the two mod-
els that the adsorption data obtained in this case fits
best with the Langmuir model, which indicates sin-
gle-layer binding of Cu(Il) and Cr(VI) on the adsor-
bent surface. Also, based on the g« values obtained
for Cu(Il) and Cr(VI), it appears that the adsorption
capacity of CS improved significantly after modifi-
cation.

3.6.4. Comparison studies
The adsorptive behaviour and adsorption capacity
depend on the modification of the parent moiety and

also on the presence of functional groups and the
hetero atoms which are formed during the modifica-
tion process. So, the adsorption capacities of various
modified adsorbents which have been reported in the
literature, are listed in Table 3.

Comparing the results of the present work with the
previous literature clearly shows that the synthesized
material shows an adsorption capacity of 166.66 and
142.45 mg/g for Cu(Il) and Cr(VI), respectively. These
values were comparatively higher than many of the
previously published data on chitosan adsorbent
compounds. The presence of active hetero atoms in
the chitosan acts as a good chelating agent. Also, the
modification helps for the removal of metal ions and
gets the maximum equilibrium adoption capacity.

3.7. Thermodynamic studies

Adsorption and desorption studies were carried out
to understand the thermodynamic factors associated
with them, with four different temperatures being
used to examine the nature of the changes in ther-
modynamic parameters, such as free energy (AG®),
enthalpy (AH®) and entropy (AS°®). These are mainly
correlated with the adsorption process and were cal-
culated using the standard Equations (10) and (11)
presented [47]:

AG® =—RTInK, (10)

AG® = AH® — TAS® (11)

where K. is the equilibrium constant obtained from
Equation (12):

Table 3. Adsorption capacity of various chitosan-modified adsorbents for the removal of Cu(Il) and Cr(VI).

qmax
Adsorbent [mg/g] References
Cr(VlD) Cu(Il)
Chitosan cross-linked with epichlorohydrin 355 [35]
Xanthate altered magnetic chitosan 34.5 [36]
Ethylenediamine modified chitosan 38.0 [29]
Chitosan modified with cellulose 13.05 26.50 [37]
Chitosan/cotton fibers 24.78 [38]
Chitosan modified with PVA 47.83 [39]
Chitosan-coated cotton gauze 12.4 14.1 [40]
Calcium(II)-chitosan microspheres 41.5 [41]
Chemically altered chitosan 43.47 [42]
Ethylenediamine cross-linked and magnetic chitosan resin 51.8 [43]
Magnetic chitosan nanoparticles 55.80 [44]
Chitosan-biochar/g-Fe,O3 composite (CMB) 167.31 [45]
Heterocyclic alteration of chitosan 85.0 83.75 [46]
Chitosan modified with PVA incorporated with g-C3Ny4 166.66 142.45 Present study
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K =2

C

(12)

where ¢., C, havetheir meanings as defined earlier.
Combining Equations of (10) and (11) gives Equa-
tion (13):

_AS" AR

(13)

where T is the temperature in Kelvin [K], R is the
universal gas constant, and AH° and AS® are the en-
thalpy and entropy changes during the adsorption
process. The resulting plots of the current study are
shown in Figure 12 by plotting a graph of InK vs.
1/T. The obtained values of change in AG°, AH° and
AS° for the binding process of copper Cu(Il) and
chromium Cr(VI) ions at various temperatures were
deduced and are listed in Table 4.

The metal ions Cu(Il) and Cr(VI) were adsorbed on
the CPG, and the free energy change (G°) during this
process was discovered to be negative, suggesting that
the adsorption process was spontaneous. In general,

Table 4. Thermo-dynamic parameters for adsorption on

CPG.
T AG® AH® AS°
Adsorbate| | InKe |y mol] | [kd/mol] | [3/(mol-K)]
303 | 128 | 3.22
318 | 131 | —3.42
Cu(I) 8.77 39.3
323 | 138 | —3.66
328 | 151 | —4.06
303 | 089 | 222
318 | 095 | —2.49
Cr(VI) 10.04 4037
323 | 1.04 | 277
328 | 114 | -3.06
-
15 cu(lly
1.4
XU -
<
-
1.3
| ]
0.0031 0.0032 0.0033
a) 1T [K]

InK,

the free energy change for physical adsorption falls
between —20 and 0 kJ/mol and between —80 and
—400 kJ/mol for chemisorption. Obtained AG®° val-
ues demonstrated that the adsorption was intended
to proceed in a manner similar to physical adsorption
and suggested a favourable adsorption process. A
positive value for H° was discovered, indicating an
endothermic nature. Additionally, it was discovered
that the entropy change value was positive, pointing
to a rise in the system’s disorder.

3.8. Desorption

In order to assess the stability and reusability of the
synthesized materials, experiments were conducted
to investigate the repeated adsorption and desorption
processes. The regeneration studies involved using
experimental solutions with different pH values: a
pH of 1.2 for desorbing Cu(Il) ions and 0.5 N NaOH
(pH 14) for desorbing Cr(VI) ions (Figure 13).
AtpH 1.2, 82% of the copper ions were successfully
desorbed from the adsorbent surface. This desorp-
tion occurred due to the protonation of acid sites on
the adsorbent, which resulted in a decreased affinity
of the metal ions. The reduced affinity caused the
copper ions to be stripped from the adsorbent surface
and enter the desorption solution. Consequently, the
adsorbent was successfully regenerated and could be
reused.

Similarly, at 0.5 N NaOH (pH 14), 85% of the
chromium ions were desorbed from the adsorbent ma-
terial. The desorption process for chromium ions oc-
curred because of the reduced affinity of these metal
ions, leading to their stripping from the adsorbent
surface and subsequent release into the desorption

Cr(VI)

1.1

1.0

0.9

0.0031 0.0032
b) 1T [K]

0.0033

Figure 12. Thermodynamic plots for the uptake of a) Cu(I) and b) Cr(VI) ions by CPG.
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Figure 13. Desorption of Cu(Il) and Cr(VI) ions.

solution. As a result, the adsorbent was effectively
renewed and could be utilized again for further ad-
sorption cycles.

The high percentages of desorption and successful
regeneration indicate that the produced materials are
stable and can be repeatedly used for adsorption-des-
orption cycles without significant loss of adsorption
capacity. This reusability feature is crucial for prac-
tical applications of the adsorbents in various envi-
ronmental and industrial settings.

4. Conclusions

In the present study, a novel material known as CPG
was successfully synthesized. The formation of a
functional nanocomposite material was confirmed
through various analyses, including FTIR, TGA, and
XRD. The adsorption studies conducted with Cu(Il)
and Cr(VI) demonstrated that these metal ions effec-
tively bind to the outer surface of the CPG material.
The adsorption capacity of CPG was found to be
166.66 mg/g for Cu(Il) and 142.85 mg/g for Cr(VI),
and the adsorption process followed the Langmuir
adsorption isotherm, indicating monolayer adsorp-
tion behaviour. Furthermore, the adsorption phenom-
enon was found to be endothermic, indicating that it
required an input of energy to occur. The adsorption
process was also spontaneous, meaning it occurred
without the need for external intervention. Addition-
ally, the adsorption process was accompanied by a
significant increase in entropy, indicating increased
disorder in the system. The desorption studies re-
vealed excellent desorbing performance, with ap-
proximately 80% recovery of the adsorbed ions. This
suggests that adsorbate molecules can be effectively
recovered from the CPG material, making it highly
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reusable as an adsorbent for repeated adsorption-des-
orption cycles. Overall, the successful synthesis of
CPG and its remarkable adsorption properties, along
with the possibility of efficient desorption and
reusability, make it a promising nanocomposite ad-
sorbent material for various environmental and in-
dustrial applications.
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