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In this work, we report the adsorption of reactive blue-19 (RB-19) and reactive orange-16 (RO-16) dyes from the
aqueous solution onto chitosan-graphite composite (Chi-Gr). The adsorption of this textile dye has been tremendously
improved after successfully immobilizing chitosan on graphite. The Chi—Gr has been characterized through Fourier
transform infrared spectroscopy, X-ray diffraction, scanning electron microscopy, energy dispersive X-ray spectroscopy,
and the pH point of zero charge for the physicochemical, structural and morphological analyses. The characterization of
synthesized Chi-Gr indicates that the composite formation improves not only the surface chemistry but also its textural
properties. Adsorption experiment reveals excellent adsorption capacity 123.21 mg of RB-19 dye and 62.16 mg per gram of
Chi-Gr composite in accordance with Langmuir model with a coefficient of determination value of 0.9994 for RB-19 and
0.991 for RO-16 dyes. Furthermore, adsorption process follows pseudo-second order kinetics and thermodynamic
equilibrium study revealed it’s spontaneous, endothermic and entropy driven nature. The overall study demonstrates the
importance of the synthesized adsorbent as potential candidature towards removal of RB-19 and RO-16 dyes from the

wastewater.
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Introduction

Enormous increase in the world population along
with rapid modernization limits the availability of
fresh water on earth due to variety of pollutants
contaminate the water'. Among them, textile industry
is the main contributor as it discharges the dyes to
larger extent into the water bodies®. Growing dying
industries produces high amount of wastewater
containing various pollutants which significantly
threaten the leaving and aquatic life as well due to
discharge of untreated water into lakes and rivers®.
Considering this, several techniques have been
employed to capture the hazardous contaminants
which pollute the environment. These techniques
include chemical oxidation®, coagulation®, and
filtration with coagulation®, precipitation’, and
biological treatments®. However, the above mentioned
methods have several limitations such as inherent
sludge formation and its disposal in case of
coagulation process’. In addition to that, operational
cost also poses the concerns of its choices.
Understanding the scenario, method of adsorption
emerges out to be a premier process to remove dyes
from effluents. Several activated carbon based

materials'®, inorganic materials including metal
oxides™, carbon-based materials'?, organic materials
includes especially metal-organic framework®, and
polymer-based materials along with some bio-
adsorbents™ are hugely utilized for the removal of dye
from effluents. The advantages of bio-adsorbents are
easy to synthesize and its modification, inherently
providing large surface area, variety of functional
sites, high porosity, ease of reactivity, plenty of active
sites, regeneration, reasonability and ultimately its
high efficiency towards capture capacity for
dangerous textile dye dissolved in waste water™.

The ability of chitosan to remove contaminants
from effluents is highly appreciated due to its diverse
functionality, including amino and hydroxyl
functional groups in the molecule for forming various
interactions, including hydrogen bonding,
electrostatic interaction, and van der Waals forces of
attraction'’. However, the insufficient strength and
stability in acidic medium hinder the greater
application of chitosan’®. In order to resolve these
issues and to improve the physicochemical properties
of chitosan, its modifications using various
crosslinkers as well as by composite formation with
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mechanically and thermally stable materials are the
most obvious pathways. Composites of chitosan with
activated charcoal can be applied to improve the
surface  structure, morphology and surface-
assimilative property of chitosan biopolymers®.
Adding a crosslinking agent enhances the chemical
stability and leads to microstructure improvement for
its improved adsorption performance®. From ancient
era, wastewater treatment traditionally been carried
out using activated carbon due to the versatile nature,
non-toxicity along with its diverse applications,
however its usability follows some shortcomings such
as it requires high cost of its regeneration and
difficulties in its further modifications®. Meanwhile,
graphene was found to be a more suitable candidate
towards the carbon-based materials as an alternative.
Being allotrope of carbon, graphene has wide surface
area due to its layered structure?. Inherent aromaticity
of graphene involves into n—r stacking with the
contaminants® or use hydrophobic interactions® to
remove efficiently the pollutants in the effluents.
Again these materials have also been actively
participating into the removal of various pollutants
from the wastewater such as naptha-based
contaminants® and various dyes®.

The novelty of chitosan-graphite (Chi-Gr)
composites in dye adsorption lies in their unique
combination of properties that make them highly
effective and efficient in removing dyes from
wastewater. The incorporation of graphite into the
chitosan matrix increases the surface area and
porosity of the composite. This enhancement provides
more active sites for dye adsorption, leading to higher
adsorption capacities. The combination of chitosan
and graphite results in a synergistic effect, where the
composite exhibits superior adsorption properties
compared to the individual components. This synergy
arises from the improved dispersion of graphite in the
chitosan matrix and the enhanced interaction between
dye molecules and the composite. Chi-Gr composites
can be tailored to selectively adsorb specific dyes
based on their chemical structure. The functional
groups in chitosan can be modified to target particular
dye molecules, making the composite more effective
for certain types of dyes. The high surface area and
porosity of the Chi-Gr composite contribute to rapid
adsorption kinetics. This means that the composite
can quickly remove dyes from wastewater, making it
suitable for real-time and large-scale applications.
One of the significant advantages of Chi-Gr

composites is their ability to be regenerated and
reused multiple times without a significant loss in
adsorption capacity. This feature enhances the
sustainability and cost-effectiveness of the composite
for dye removal applications. Both chitosan and
graphite are environmentally friendly materials. The
composite's use in dye adsorption aligns with
sustainable practices, as it provides acost effective
eco-friendly solution for wastewater treatment. Chi-
Gr composites can be synthesized using relatively
simple and scalable methods, such as solution mixing,
in situ  polymerization, and electrochemical
deposition. These methods allow for the production of
composites with controlled properties and high
reproducibility. The composite can adsorb a wide
range of dyes, including anionic, cationic, and non-
ionic dyes. This versatility makes it a valuable
material for treating various types of dye-
contaminated wastewater*",

In the recent years, our research group has reported
bio-adsorbents including chitosan-sulphate cross-
linked chitosan (SCC) and sulphate cross-linked
chitosan—bentonite composite (SCC-B), Tetrabuty
lammonium impregnated chitosan,chitosan-activated
carbon  composite  (Cs—C)  using  sodium
tripolyphosphate (STTP) as a crosslinker, chitosan-
activated charcoal composite using sodium citrate as a
crosslinker for the removal of toxic dyes®®. In the
current study, we are aiming to remove textile dye
RB-19 and RO-16 from polluted water via the
adsorption process using Chi-Gr adsorbent.

Experimental Section

Reagents

Chitosan with a degree of deacetylation >90% was
purchased from Sisco Research Laboratory, India.
Acetic acid and 25% NH; solution were obtained
from SD Fine Chemicals Ltd (India). Graphite,
Remazol brilliant blue R, Reactive Orange 16 dye
were acquired from Loba Chemie (India). All the
chemicals were of AR grade and used without further
purification. Deionized distilled water was used
throughout the studies.

Instrumentation

Fourier transform infrared (FTIR) spectra were
recorded with a Bruker Alpha Il spectrometer in the
range 500-4000 cm™' using KBr pellets. X-ray
diffraction (XRD) were recorded on an Ultima IV
diffractometer (Cu Ka radiation, 40 kV and 20 mA)
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from 20 = 2° to 10° with a step size of 0.02° (Rigaku,
Tokyo, Japan). TESCAN VEGA 3 SBH was used for
SEM micrographs andEnergy dispersive spectroscopy
(EDAX) analysis was performed for elemental
composition using an X-ray analyzer Oxford INCA
Energy 250 EDS system during SEM observations.
The thermal stability Chi-Gr was assessed in a DTG-
60 simultaneous DTA/TG instrument (Shimadzu,
Tokyo, Japan) in nitrogen medium. About 15 mg of
the sample was loaded on a platinum pan with a
heating rate of 20°C min~' up to 900°C under 100 mL
min~' of flowing N,. The samples were degassed at
150°C for 2 h under wvacuum and N,
adsorption/desorption isotherms were acquired at
—196°C on a Quantachrome Nova 2200e analyzer
(Anton Paar, Graz, Austria). The surface area was
calculated by considering the BET model, and the
pore volume was obtained using the BJH method.
Equiptronics EQ-824 for spectrophotometer was used
for recording absorption spectra of RB-19 and RO-16
dyes at respective wavelengths.

Synthesis of the adsorbent

Chitosan solution was prepared using a previously
reported method by dissolving 5 g chitosan in 500 mL
of 2% (weight) acetic acid under magnetic stirring for
60 min. After the complete dissolution of chitosan in
acetic acid, 2 g graphite was added step by step and
the solution was kept on gentle stirring for 5 h at
55°C. The resultant solution was dripped into a beaker
containing 1000 mL of 6% (volume) ammonia
solution with the help of a syringe, leading to the
formation of spherical beads. The fresh beads were
rinsed with distilled water several times for removal
of all traces of ammonia. The resulting Chi-Gr beads
were dried overnight in a hot air oven at 50°C. The
beads were crushed by a pestle and mortar and sieved
to 100 micron mesh before being used in the
adsorption experiments.

Adsorption experiment

In each experiment, 25 mL dye (RB-19 and
RO-16) solution of a predecided concentration along
with a known weight of Chi-Gr, were stirred
on a magnetic stirrer for a predetermined time. It was
then filtered and the residual concentration of the
solution was evaluated spectrophotometrically.
Triplicate observations were obtained and the mean
values were reported. The equilibrium adsorption
efficiency (g.) in mg g™ was calculated as follows®.

(Co —C)V
w

where C, (mg L™ ) and C, (mg L™ ) are the dye
concentration  initially and at  equilibrium,
respectively, while W (g) is the weight of adsorbent
used in the respective study. Trial runs were
performed to compare the adsorption efficiency of
Chi-Gr adsorbent for the RB-19 and RO-16 dyes. For
this, 50 mg L™ dye solution was equilibrated for
60 min with 100 mg of Chi-Gr composite in different
flasks. The solution phase concentrations in each flask
were determined after filtration and the adsorption
efficiency was calculated for each of them.

The pHpzc of Chi-Gr was determined by a
previously reported method® in order to establish the
surface charge on the adsorbent. For this, 50 mL
0.1 M NaCl solutions with varying initial pH from 2.0
to 9.0 were taken in a series of conical flasks.
These solutions were stirred with 100 mg of Chi-Gr
for 24 h. The final pH of the supernatant solutions
were measured.

A graph was plotted of the change in pH as a
function of the initial pH, with the point it intersects
the x-axis called the pH point of zero charge. For
studying the effect of the initial solution pH on the
adsorption efficiency, a series of dye solutions of
100 mg L™ were prepared and their pH was varied
from 4.0 to 9.0. To each of the systems, 100 mg of
Chi-Gr adsorbent was administered and equilibrated
for 30 min. After that, the systems were filtered and
the absorbance values were obtained. The kinetics of
adsorption was studied by equilibrating 100 mg L™
dye solution with 25, 50 and 100 mg of Chi-Gr from 5
to 150 min. The residual solution phase dye
concentration was determined after filtration.

In order to study the effect of the initial dye
concentration, various dye concentrations from 20 to
400 mg L™ were equilibrated with 25, 50 and 100 mg
Chi-Gr for 60 min and then the dye concentration in
the solution was determined.

The Chi-Gr dose was increased from 25 to 300 mg.
Four dye concentrations of 50, 100, 150 & 200 mg L™
were stirred with various doses of Chi-Gr for the
optimized contact time of 60 min and then their
final concentrations were determined spectro-
photometrically. To study the effect of temperature as
part of the evaluation of the thermodynamics
parameters, the temperature was varied from 298 to
333 K. The quantity of adsorption of RB-19 and

e =
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RO-16 dyes upon Chi-Gr was investigated at an initial
dye concentration of 100 mg L™ using a 25 mL
volume and adsorbent dose of 100 mg.

Results and Discussion

Material characterization

The composite was characterized using various
techniques to understand the surface properties and
interaction between the two constituents. The FT-IR
spectrum of pure chitosan shows characteristic peaks
at 1038 cm™ (C-O-C stretching), 1523 cm™ (N-H
stretching), 2361 cm™ (C-H stretching) and 654 cm™
(C-H bending)®*. When the composite Chi-Gr is
formed, these bands shifted to 1049, 1529, 2454 and
673 cm™ respectively. This shows electrostatic
interaction between these groups and the carbon and
oxidized carbon of graphite (Fig. 1a).

The SEM micrographs of chitosan and Chi-Gr have
been presented in Fig. 1b and 1c, respectively, while
the EDX spectrum of Chi-Gr has been shown in
Fig. 1d. It can be seen that native chitosan has relative
smooth surface leading to very low surface area
(0.6 m* g™) while the surface of Chi-Gr was folded
leading to enhancement in surface area (4.52 m? g™).
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The EDX spectrum showed peaks of carbon, nitrogen
and oxygen.

The thermal stability studies were carried out using
thermogravimetric analysis. The TGA and DTA
curves of chitosan, graphite and Chi-Gr composite are
shown in Fig. 2a, 2b, and 2c, respectively. It could be
clearly seen that chitosan undergoes moisture loss
around 100°C and single step degradation between
250-350°C. Pure graphite is thermally much stable
that shows very slow weight loss. The composite
shows properties of both chitosan as well as graphite.
It shows typical weight loss between 250-350°C
followed by slow weight loss similar to graphite. This
is a clear indication of stability of Chi-Gr composite
upto 300°C*,

The XRD pattern of chitosan (Fig. 3) showed peaks
due to (020) and (110) planes at 10.5 and 20.04°,
respectively® while that of graphite showed sharp
peak of (002) plane at 26.56° and a small but distinct
peak of (004) plane at 56.64°. The Chi-Gr showed all
of these peaks with slight shift in values indicating
formation of composite®’.

The surface area of native chitosan was found to be
0.6 m?g™®. When chitosan forms a composite with
graphite, the surface showed uneven morphology

Fig. 1 — (a) FT-IR spectra, (b) SEM micrographs of chitosan and (c) SEM micrographs of Chi-Gr composite and (d) EDX spectrum of

Chi-Gr composite
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Fig. 2— TGA (red) and DTA (blue) curves of (a) chitosan (b) graphite and (c) Chi-Gr

thereby increasing the surface area to 4.52 m°g™. The
nitrogen adsorption-desorption curve obtained from
BET surface area analysis has been depicted in Fig. 4.
The hysteresis between adsorption and desorption is
an indication of H4 type isotherm as per IUPAC
classification®. From the BJH analysis, it is clear that
the material is mesoporous in nature with average
pore radius of 30 nm.

Optimization of working parameters

The working parameters were optimized one by
one keeping all other parameters constant. The pH of
dye solution was changed from 3.0 to 9.0 taking

200 mg L™ dye solution (25 mL) and stirred with
100 mg of Chi-Gr composite for 30 min. It was
observed that pH does not cause any noteworthy
effect over the entire range (Fig. 5a and 6a). Hence,
further studies were carried out at the original solution
pH of 6.0. This near-neutral pH gives an
additional advantage of ability of the material
to treat the effluents as received without maintaining
pH. The pH,, of the composite was found to
be 6.8 (Fig. 5b and 6b) indicating that the
composite had positive charge at pH 6.0 and
so, the anionic dye molecules undergo electrostatic
attraction with it.
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Fig. 4 — (a) Nitrogen adsorption-desorption curve and (b) pore
size distribution of Chi-Gr

In order to study the effect of stirring time and to
evaluate the kinetics parameters, the adsorption
experiments were carried out for different time
intervals (Fig. 5¢c and 6¢). It was observed that the dye
goes on adsorbing on the Chi-Gr surface rapidly
initially. However, it leads to equilibrium in about

60 min and so this time was selected. With increase in
amount of Chi-Gr, the percentage removal goes on
increasing while the value of q (mg/g) increases upto
25 mg and decreases thereafter (Fig. 5d and 6d). This
is due to availability of excess surface for adsorption
above the optimum dose. In order to have effective
adsorption, a dose of 50 mg was optimized, which is
equivalent to a dose of just2 g L™.

The solution concentration was varied to evaluate
percentage removal as well as adsorption capacity g.
It was observed that the removal percentage was
decreasing with increasing dye solution concentration.
However, with saturation of Chi-Gr surface, the
adsorption efficiency went of decreasing but the
adsorption capacity q went on increasing. This can be
attributed to multilayer accumulation of RB-19 and
RO-16, respectively, on Chi-Gr surface at higher dye
concentration (Fig. 5e and 6e).

The solution temperature was increased from 303K
to 333K to study the effect of temperature on
adsorption  efficiency and to evaluate the
thermodynamic parameters. It was observed that the
percentage removal goes on increasing with increase
in temperature which is a typical behaviour of
endothermic chemisorption phenomenon. The van’t
Hoff plot has been shown in Fig. 5f and 6f.

Isotherm, kinetics and thermodynamics studies

The data obtained from the adsorption
experiments was subjected to analysis and
evaluation for isotherm models, kinetic and
thermodynamics parameters (Table 1 and 2).
Graphical representation of various isotherm and
kinetics models have been represented in Figs 7 and
8. It was observed that the adsorption followed
Langmuir  isotherm  with  coefficient  of
determination R® =0.998 and 0.991 for RB-19 and
RO-16, respectively. It shows that the adsorption of
RB-19 and RO-16 on Chi-Gr surface followed
monolayer adsorption on homogeneous surface.
The maximum adsorption capacity (g.) as obtained
from Langmuir isotherm was found to be 123.21 mg g™
and 62.16 mg g, for RB-19 and RO-16,
respectively. Also, the value of Langmuir parameter
RL was found to be 0.030 and 0.334 which is much
less than 1 indicating favourable adsorption. This
has been supported by the Freundlich parameter
n = 2.704 and 0.753 which is between 1 and 10
showing favourable adsorption. The time-
dependency data was subjected to pseudo-first-
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(f) temperature (van’t Hoff plot) on adsorption of RB-19 dye

order (PFO) and pseudo-second-order (PSO) rate
analysis. It was found to follow PSO kinetics with
R? = 0.997 indicating chemisorption nature. The
Weber- Morris IPD model shows that there is
positive intercept for the graph between gt and ty,,
indicating that the adsorption is not a diffusion
control process (Fig. 7 and 8).

The evaluation of thermodynamics parameters
was carried out using van’t Hoff equation showing
the value of free energy change becoming more
negative with rise in temperature. For RB-19
adsorption, The free energy values (in kJ mol™)
calculated for temperatures 298,313,318 and 323 K
are -5.089, -5.902, -7.657 and -9.412, respectively.
The enthalpy change AH and entropy change
AS values at 298 K are 39.43 kJ mol™* and
146.06 J mol™ K™, respectively. The free energy

values (in kJ mol™?) calculated for temperatures
298,313,318 and 323 K are -4.306, -7.185, -8.365
and -9.488, respectively for RO-16 adsorption. The
AH and AS values at 298 K are 57.028 kJ mol™ and
205.63 J mol™K™, respectively. The positive value
of enthalpy change suggests endothermic nature
while positive value of entropy change suggests
entropy driven nature of the adsorption.

Plausible mechanism

Graphite provided the surface for the chitosan
molecules to interact with the dye ions with an
anionic sulphate group. Chitosan has protonated
amine groups that have a strong electrostatic
interaction with the anionic dye molecules. This was
in accordance with the observation that increasing the
pH in the basic range reduced the adsorption capacity
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Table 1 — Isotherm, kinetics and thermodynamic

values for RB-19 adsorption

Isotherms
Freundlich

Langmuir

Rate model
Pseudo-first order

Pseudo-second order

Intraparticle diffusion

Parameter

K:(mg LYng™L™)
n

R2

Om (Mg g™
b(Lg?

RL

RZ

Parameters

Ky (min™)

RZ

K, (L mol™ min™)
RZ

Kint

Intercept

Values
23.76
2.704
0.896

123.21
0.158
0.030
0.998

Values
0.040
0.976

1.58 x 10

0.997

11.56
4,01

Table 2 — Isotherm, kinetics and thermodynamic studies for
RO-16 adsorption

Isotherms
Freundlich

Langmuir

Rate model
Pseudo-first order

Pseudo-second order

Intraparticle diffusion

Parameter

K¢ (mg LYngtL?)
n

RZ

dm(Mg g™
b(Lg?

RL

RZ

Parameters

Ky (minh)

RZ

K, (L mol™* min™)
RZ

Kint

Intercept

Values
1.944
0.7529
0.979
62.16
0.038
0.344
0.991
Values
0.0234
0.985
0.0035
0.999
1571
7.83
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Table 3 — Comparison of various adsorbents reported for

Adsorbent

Carbonized fish scale
Agai palm stalk
Peanut hull

Fly Ash

waste sludge
activated carbon
Fe—Al doped cellulose
Polyurethane foam
Fomes fomentarius
Sewage sludge
Biomass

Chi-Gr

Chi-Gr

Reactive dyes

Anionic  Capacity of

dyes absorption
(mg/g)

R-16 105.8

R-16 62.9

R-5 55.55

RB-19  47.86

RB-19 91

RB-19 355

RB-19  95.62

R-21 8.31

RB-19 90

R-16 114.7

RB-19 103

RB-19 12321

R-16 62.16
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of Chi-Gr and also as the -NH, peak was suppressed
after adsorption of the dye molecules. At pH 6.0, the

composite surface is positively charged as indicated
by the pHy. studies. At this pH, the negative
sulphate group of anionic dye RB-19 and RO-16
interacts with ammonium group of chitosan leading
to strong electrostatic interaction as shown in
Fig. 9.

Comparison with literature

The synthesized composite Chi-Gr has been
compared with various materials already reported in
literature on the basis of their adsorption capacities.
The comparison has been shown in Table 3 which
is self-explanatory. It shows that the gma value of
Chi-Gr is much higher than most of the reported
adsorbents.
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Fig. 9 — Plausible mechanism of Chitosan-Graphite Composite
Interaction with RB-19 and RO-16

Conclusion

Chitosan was used to entrap graphite leading to
enhancement of its overall surface area. The
characterization of Chi-Gr showed modifications in
surface morphology as well as elemental composition
confirming composite formation. The novelty of
chitosan-graphite composites in dye adsorption is
derived from their high adsorption capacity, enhanced
surface area and porosity, synergistic effects, selective
adsorption capabilities, rapid kinetics, regeneration
and reusability, environmental friendliness, ease of
synthesis, versatility and cost-effectiveness. These
properties make them a promising and innovative
solution for the effective removal of dyes from
wastewater. The adsorption for RB-19 and RO-16
was found to be substantial with capacity of
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123.21 mg g™ and 62.16 mg g”, respectively in
accordance with Langmuir model. Spontaneous,
endothermic and entropy driven nature of the dye
confiscation process were proved by the van’t Hoff
plot analysis. The adsorption of RB-19 dye could be
attributed to various interactions like electrostatic
force, hydrogen bonding as well as m-n electronic
interactions. In short, the material has a number of
merits over those reported in literature that include
ease of synthesis, short span of adsorption time, near-
neutral pH of adsorption and high efficiency to adsorb
anionic dyes. In future, the Chi-Gr composite can be
utilized in wvarious fields such as bhiomedical,
environmental, energy storage and conversion,
sensors, electronics, food packaging, agriculture and
coatings and films.
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