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ABSTRACT

Activated carbons were prepared from tamarind seed biomass (TSAC), and a composite of chi-
tosan and the activated carbon was synthesized (CHS-TSAC). The two materials were tested for the
adsorption of two dyes, namely Methylene blue (MB) and Methyl orange (MO), from their aqueous
solutions. The two adsorbents were characterized using scanning electron microscopy, energy-dis-
persive X-ray, X-ray diffraction, Fourier-transform infrared spectroscopy, and Brunauer-Emmett—
Teller. For batch adsorption experiments, the salient batch adsorption parameters, namely pH,
adsorbent dosage, initial concentration, and contact time, were optimized in a sequential manner.
For MB and MO, the optimal pH values were 10 and 3, respectively for both the adsorbents. A max-
imum adsorption capacity of 142.12 mg/g was seen for MB using TSAC. While, for MO, a maximum
adsorption capacity of 94.45 mg/g was obtained using CHS-TSAC. Equilibrium adsorption data
was experimentally obtained and successfully fitted for four nonlinear isotherm models. For all the
cases, the equilibrium data and adsorption kinetics were best described by the Langmuir isotherm
model and pseudo-second-order kinetics, respectively. In the regeneration studies, no significant
loss in the adsorption capacity was observed for the tested three adsorption-desorption cycles.

Keywords: Activated carbon; Chitosan; Methylene blue; Methyl orange; Adsorption isotherm;

Adsorption kinetics

1. Introduction

Owing to the use and discharge of synthetic dyes world-
wide, water bodies are getting polluted rapidly, causing a
severe threat to all forms of life. Apart from the increase of
chemical oxygen demand and biochemical oxygen demand
values of the contaminated waters, the presence of dyes in
aquatic ecosystems can adversely affect the photosynthetic
activity of aquatic plants and phytoplankton by reduc-
ing the transmission of sunlight [1-4]. The harmful effects
of dyes and pigments on human health include itching,
DNA mutation, dermatological diseases, liver and kidney
damage, the disorderliness of the central nervous system,
etc. It is estimated that about 90% of the water pollution is
caused by organic chemicals, of which more than 50% is
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attributed to dyes. Other organic chemicals include cosmet-
ics, pigments, pharmaceutical products, hazardous hydro-
carbons, pesticides, etc. [5,6]. The highly coloured waters
are generally discharged from industries such as pulp and
paper, textile, and dye manufacturing [7].

Methylene blue or MB (C H CIN,S, M.W.: 319.859,
cationic) and Methyl orange or MO (C, ,H N,NaOS,
M.W.: 327.34, mono-azo anionic dye) are the most com-
monly used dyes in the textile industry and medical appli-
cations. These two dyes were reported to be toxic [8]. As MO
is very resistant to degradation by heat, light, and several
chemicals, excess energy is required for the conversion to
non-harmful compounds [9,10]. As MB and MO cannot be
removed naturally from the contaminated waters, efficient
and cost-effective techniques are needed for their removal.
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Among the several methods and techniques available,
adsorption is more economical with higher efficiencies, ease
of use, low energy consumption, and no secondary pollu-
tion [11-14]. For MO removal, de-oiled soya and the bot-
tom ash of a thermal power plant were successfully tested
as adsorbents [11]. Recently, an ordered mesoporous carbon
material was successfully utilized as an adsorbent for the
removal of MO [8] and MB [15]. A magnetic cerium-organic
framework-activated carbon composite [14], an iron-based
metal-organic framework, and activated carbon prepared
from waste tire were successfully tested for the adsorptive
removal of MB [12,13].

The properties of the adsorbents are very crucial in
their selection for the treatment. In recent years, attention
is more focused on the development of novel adsorbents
of the desirable properties such as maximum adsorption
capacity, eco-friendliness, as well as a high degree of puri-
fication, etc., for the removal of dyes [16]. Crystal vio-
let dye was separated from its aqueous solution using a
bio-nano composite [17] and an iron-benzene dicarboxylic
acid metal-organic framework [18], and this framework
was doped with cobalt in another study and tested for
the removal of Methylene blue [13]. Metal-organic frame-
work s are known for their tunable pore sizes and greater
surface areas. A metal-halide-free ordered mesoporous
carbon of very high specific surface area and larger pore
volume was tested for the removal of the dyes, namely
MO [8], Chrysoidine R [19,20], and Methylene blue [15]
from their aqueous solutions. For wastewater treatment,
especially for dyes removal, layered double hydroxides
or anionic clays were recommended as adsorbents due to
their stability, larger surface area, homogeneous charge
distribution, and versatility to synthesize a variety of
composites [21]. Researchers also attempted the develop-
ment of activated carbons [22] and composites based on
activated carbon for the removal of dyes [23].

Since commercial activated carbons are expensive, the
development of adsorbents using biomass of insignificant
economic value has attracted great attention in recent years.
In this work, activated carbons were prepared from tamarind
seeds (TSAC), and a composite, denoted as CHS-TSAC, was
synthesized using TSAC and chitosan (CHS). Both TSAC
and CHS-TSAC were tested for the adsorptive removal of
two dyes (MB and MO) from their aqueous solutions. CHS
is well known for its properties such as higher adsorption
ability, biocompatibility, spectral sensitivity, and biodegrad-
ability [24,25]. Due to the presence of amino (-NH,) and
hydroxyl (-OH) groups in its molecular structure, CHS can
easily adsorb dyes [26]. However, the disadvantages of CHS,
such as lower mechanical strength, lower surface area, and
higher swelling index, hinder its use in the unmodified form
[26,27]. On the other hand, activated carbons are proven
to have high porosity, good surface area, and durability. In
a previous study, the powder of tamarind seeds was acti-
vated in 98% H, SO, solution and employed for Methylene
blue dye adsorption [28]. In a work of its first kind, commer-
cial activated carbons composited with CHS were used for
the adsorption of ibuprofen [29]. Polyvinyl alcohol (PVA)
and glutaraldehyde (GTA) were used as a hydrophilic
agent and crosslinking agent, respectively, in the compos-
ite preparation [29]. PVA is a nontoxic, biocompatible, and

biodegradable polymer with all desirable properties such as
high physical strength, excellent film-forming ability, hydro-
philicity, enhanced tensile strength [29,30]. GTA enhances
the acid stability of CHS in the crosslinking and improves
the mechanical properties of the composite [31-33].

In this work, the adsorption of MB and MO from their
aqueous solutions on TSAC and CHS-TSAC composite was
reported. PVA and GTA were utilized as a hydrophilic agent
and crosslinking agent, respectively, in the preparation of
the CHS-TSAC composite. In the batch adsorption exper-
iments, the effects of pH, adsorbent dosage, initial concen-
tration, time adsorption, and kinetics were studied. The
adsorption isotherms were experimentally obtained, and
regeneration of the adsorbents was reported.

2. Materials and methods

Activated carbon was prepared from tamarind seeds
modified with phosphoric acid, and CHS was used to make
a composite with PVA as a hydrophilic agent and GTA as a
crosslinking agent. Two adsorbents, namely TSAC and CHS-
TSAC, were employed for the adsorption of MO and MB
from their aqueous solution.

2.1. Preparation of aqueous solution

Aqueous solutions were prepared from Milli-Q water
for the batch adsorption studies. For each dye, 0.1 g of
the dye was added to 1,000 mL of Milli-Q water to obtain
100 ppm of stock solutions. The solutions of different con-
centrations in the range of 5-50 mg/L were prepared with the
appropriate dilution of the stock solution. The alteration of
pH was done using 0.02 N HCl and/or 0.02 N NaOH.

2.2. Preparation of TSAC and CHS-TSAC

Raw tamarind seeds were first washed several times
with Milli-Q water for the removal of dirt and then dried
in an oven at 110°C overnight. The seeds were crushed and
meshed to acquire a particle size <0.5 mm. Subsequently,
the tamarind seed biomass was carbonized for 2 h in a muf-
fle furnace at a temperature of 700°C. The charred product
was activated with orthophosphoric acid of 85% purity,
2:1 w/w, respectively. For the removal of residual acid in the
filtrate, acidic biomass was washed with Milli-Q water sev-
eral times till the pH of the filtrate was 6.5 or above. Thus,
the acid-treated tamarind seed carbon was dried at 110°C
overnight in an oven (METTLER, England) followed by
cooling at room temperature and was kept in desiccators for
further use as TSAC [34].

For the preparation of CHS-TSAC bio-composite,
deacetylated chitosan was dissolved in deionized water con-
taining 2% (w/w) acetic acid for a 5% (w/v) chitosan solu-
tion, and the solution was stirred overnight. 5% (w/w) PVA
aqueous solution was prepared with Milli-Q water. The
solutions of CHS and PVA were mixed in 1:1 (w/w) ratio and
stirred overnight at 60°C to obtain a homogenous solution.
TSAC and the homogeneous solution (of CHS and PVA)
were mixed 1:1 w/w, and a homogenous mixture (CHS-
TSAC) was prepared. For this mixture, 50% GTA aqueous
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solution was added to the mixture (2%, w/w) and stirred
for a day. After this crosslinking step, the bio-composite
thus prepared was washed with Milli-Q for the removal
of unreacted compounds followed by drying at room tem-
perature for 24 h [29]. The schematic reaction mechanism of
the adsorbent is shown in Fig. 1.

2.3. Characterization of TSAC and CHS-TSAC composite

The morphological surface and elemental composition
of the adsorbents were measured using scanning electron
microscopy (SEM) with energy-dispersive X-ray (EDX)
analysis. The adsorbents were tested with the X-ray diffrac-
tion (XRD) technique to ascertain the amorphous or crys-
talline nature. The functional groups on the surface of the
adsorbents were recorded using a Fourier-transform infra-
red (FTIR) spectrometer (Jasco FTIR 4700) and Brunauer—
Emmett-Teller (BET) surface analyzer.

2.4. Effect of pH and adsorbent dosage

In order to study the effect of pH on dye adsorption,
pH values were varied from 2 to 12. The pH of the solution
was adjusted with 0.02 N HCI and 0.02 N NaOH to prepare
a set of aqueous solutions of dyes of pH values 2, 4, 6, 8,
10, and 12. Effect of adsorbent dosage on adsorption was
tested for the solution pH value where maximum adsorp-
tion capacity was seen. The effect of adsorbent dosage was
tested for five different adsorbent dosage values (1, 1.5, 2.0,
2.5 and 3.0 g/L).

H? +

NH,

2.5. Adsorption isotherms and kinetics

Using the best pH value of the solution and adsor-
bent dosage for maximum batch adsorption as described
above, the batch adsorption experiments for the generation
of adsorption isotherms were conducted for each adsor-
bent-dye combination by varying the initial concentrations
of the dye solution (5-50 mg/L with an increment of 5 mg/L).

The adsorption capacity (g,) was measured by Eq. (1):

(C,-C )V .
%=1, 000w @
where C, and C, are initial and equilibrium concentration of
dye in mg/L, W is the dosage of the adsorbent (mg), and V'is
the volume of the solution (mL).

For a given adsorbent-dye combination, the kinetics of
the adsorption was studied for the best pH value, adsor-
bent dosage, and initial concentration of the dye at room
temperature. The samples of dye solutions from the rotat-
ing flask of batch adsorption experiments were collected
periodically for testing.

2.6. Regeneration study

In order to separate the dye adhered to the adsorbents,
the loaded adsorbents were washed several times with
Milli-Q water followed by drying at 60°C for 12 h in an
oven. Then, the adsorbent is added to 10 mL of 0.1 M HCI
solution and stirred for 24 h. After filtration, the adsorbents
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Fig. 1. Preparation of CHS-TSAC, reaction mechanism.
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were dried at 45°C for 12 h and used for the subsequent
adsorption experiments [35].

3. Results and discussion
3.1. Characterizations

3.1.1. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

The surfaces of TSAC and CHS-TSAC were irregu-
lar, heterogeneous, and rough with cavities in all cases.
However, the surface of TSAC was more porous. The sur-
face patterning in the case of CHS-TSAC is quite different
from that of TSAC. It could be attributed to the crosslink-
ing of the activated carbon with chitosan [29,36]. In order
to know the compositional elements of the adsorbents, EDX
was performed. There was a reduction in the carbon con-
tent and an increase in the proportions of the other elements
in the case of CHS-TSAC composite due to the presence
of PVA and GTA.

3.1.2. X-ray diffraction

The adsorbents were tested for their crystallinity nature
using the X-ray diffraction technique. The two adsorbents
were predominantly amorphous in nature, as two broad
peaks were observed at 20° and 42° [37]. The peak corre-
sponding to the plane (100) corresponds to the micrographic
phase, which is typical of carbonaceous materials [38]. The
peak of (002) of CHS-TSAC was slightly broader due to
the presence of oxygen-containing groups contributed by
the presence of CHS [24].

3.1.3. Fourier-transform infrared spectroscopy

In order to study the presence and nature of the various
functional groups on the surface of the adsorbents, FTIR anal-
ysis was carried out for both the adsorbents, and the results
are shown in Fig. 2. For both TSAC and CHS-TSAC, the com-
mon bonds observed were P=0O (1,150 cm™), epoxy stretch-
ing vibrations C-O (1,270 cm™), medium intensity C-H
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Fig. 2. FTIR analysis.

(1,567 cm™), alkyne medium strength bond C=C (2,050 cm™),
and OH (3,402 cm™). Few additional bonds were visible in
the CHS-TSAC composite, which were moderately inten-
sive such as C-N (1,030 cm™) and N-H (3,201 cm™), indi-
cating the presence of chitosan. It can be seen from Fig. 2
that the medium bands between 1,000-1,300 cm™ were due
to H,PO, activation. The peak at 1,150 cm™ corresponds
to the stretching vibrations of P=0O, stretching of O-C in
P-O-C linkage, and P=OOH [39]. The stretching vibration
of C-N (1,030 cm™) and bending vibration N-H (3,201 cm™)
prove the successful synthesis of the composite.

3.1.4. Brunauer—Emmett—Teller

BET surface area measurement is a standard method
to measure the specific surface area and pore size distri-
bution based on nitrogen adsorption-desorption isotherm.
As shown in Fig. 3, the obtained isotherm indicates a mac-
roporous nature for both the adsorbents as the mean pore
diameters were greater than 50 nm (TSAC - 53.674 nm;
TSAC-CHS - 53.192 nm). For both the materials, at the lower
pressures, very little adsorption of nitrogen was seen. A sud-
den increase in the adsorption capacity was seen at a relative
pressure of 0.9 for both adsorbents. For TSAC (TSAC-CHS),
the mean volume and specific surface area obtained were
0.3139 (0.2112) cm®/g and 1.3665 (0.91912) m?/g, respectively.

3.2. Adsorption estimation

3.2.1. Effect of pH and adsorbent dosage on
MB and MO adsorption

The batch adsorption studies for the selection of opti-
mal pH were performed in a shaking incubator (Labline,
ISO certified — 9001-2008) with conical flasks for 2 h time
at 100 rpm and room temperature. An adsorbent dosage
of 4 g/ was added to the 50 mL dye solution of 40 mg/L
in the conical flasks for this purpose. After batch adsorp-
tion, the concentration of the dye in the solution was mea-
sured using a UV spectrophotometer (A, PerkinElmer). For
MB and MO, the absorbance values are 664 and 464 nm,
respectively. The effect of pH on the adsorption of MB

---- CHS-TSAC
s/ ——TsAcC

volume adsorbed (cm’ g™

0.0 0.2 0.4 0.6 0.8 1.0

relative pressure ( p/p,)

Fig. 3. Nitrogen adsorption—-desorption for the adsorbents.
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and MO onto the TSAC and CHS-TSAC was studied in
the range of 2-12 (+0.05) and shown in Fig. 4a. The pres-
ence of H* or OH~ in excess is one of the key factors affect-
ing the organic dye ions adsorption ensuing protonation/
deprotonation of the adsorbent’s functional groups [40,41].
The optimum adsorption capacities for MB and MO were
obtained at pH values of 10 and 3 respectively for the
adsorbent dosage of 10 mg/L for both TSAC and CHS-
TSAC. The adsorbent surface acquires an overall positive
charge at lower pH values, thus attracting the anionic dye
MO due to electrostatic interactions. On the other hand,
higher pH values of the solution result in the effective
adsorption of cationic MB. It is due to the strong electro-
static interactions between the positively imposed cationic
MB dye and the overall negative charge of the adsorbent
surface at the higher pH values of the solution. In compar-
ison, CHS-TSAC exhibited better adsorption characteristics
for MO. Nevertheless, for MB, both adsorbents showed
an almost similar trend for the adsorption of MB with
respect to pH.

Fig. 4b depicts the effect of adsorbent dosage on MB and
MO adsorption amount in the range of 10 mg to 30 mg in
50 mL solution with 40 mg/L dye concentration at the respec-
tive optimal values of pH. It can be seen that the adsorp-
tion capacity decreases with increasing adsorbent dose.
The active sites on the surface may get saturated when the
dosage amount increases [42,43], or the higher adsorbent
dosages cause agglomeration of the adsorbent particles
leading to blockage of the active sites thus lowering the
adsorption capacity upon the further increase in the adsor-
bent dosage amount.

3.2.2. Effect of initial concentration and nonlinear equilibrium
studies on MB and MO adsorption

The effect of initial concentration on the adsorption
amount and percentage removal is shown in Figs. 5a and b.
These experiments were performed at the respective opti-
mal pH values and 10 mg of adsorbent dosage per 50 mL
of solution. For TSAC, the maximum adsorption capac-
ity values are 142.12 mg/g (MB) and 71.8 mg/g (MO) at

804
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40 mg/L of the initial concentration of the dye. In the case
of CHS-TSAC, the maximum adsorption capacity value is
140.62 mg/g for MB at 40 mg/L of the initial concentration
of the dye. The maximum adsorption capacity for MO using
CHS-TSAC is 94.45 mg/g at 50 mg/L of the initial concentra-
tion of the dye. The composite exhibited superior adsorp-
tion characteristics for the removal of MO, possibly due to
the presence of positively charged amino groups.

For TSAC, the maximum percentage removal values
are 71.06 (MB) and 36.6 (MO). On the other hand, the val-
ues are 70.3 (MB) and 37.7 (MO) in the case of CHS-TSAC.
The equilibrium data of each adsorbent-dye combination
were fitted to four nonlinear adsorption isotherm mod-
els, namely Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R). The details of these models are
shown in Table 1, while the values of the parameters of
the models after fitting the adsorption data are tabulated
in Table 2. The experimental and theoretical adsorption
capacity values at different equilibrium concentrations are
plotted in Fig. 6. The curves depict the equilibrium adsorp-
tion behavior of the dyes on the two adsorbents. From the
plots, it can be seen that the Langmuir adsorption isotherm
model was best suitable to depict the adsorption of MB
and MO on the two adsorbents. Moreover, as shown in
Table 2, the equilibrium adsorption data of both TSAC and
CHS-TSAC composite were best fitted to the Langmuir
model with the highest R? values. The values of n for the
Freundlich adsorption model are greater than one in all
four cases and hence unfavorable [44]. For the Temkin
isotherm model, the values of B for the adsorption of MB
and MO on CHS-TSAC are 30.8 and 24.10 J/mol, respec-
tively. It indicates that the adsorption of ions was very
strong as the values of B are greater than 20 J/mol [45].
Finally, the mean free energy was computed using the for-
mula E, =1/,/2K; . The significance of mean free energy
in D-R isotherm model is to compare the chemisorp-
tion and physisorption [20]. Since the value of E, are
less than 8 kJ/mol in all the cases, it indicates that the
adsorption behavior is majorly physisorption type. Note
that the fitting of the data using D-R isotherm model is
not satisfactory as the R? values are quite away from unity.
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Fig. 4. MB and MO adsorption (a) effect of initial pH at room temperature (initial concentration of both the dyes = 40 ppm, the
dosage of both the adsorbents = 20 mg/50 mL, contact time =2 h and (b) effect of adsorbent dosage at room temperature (pH = 10
for MB and 3 for MO, initial concentration of both the dyes =40 ppm, contact time =2 h).
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Table 1
Adsorption equilibrium models

Model name  Nonlinear model equation

Variables

— KLque
e (1+K,C,)

Langmuir

. _ 1/n
Freundlich q,=K fCH

RT
q,= b—ln(ATCe)

T

Temkin

D-R q, =1, exp(—KDREfJ)

C, = Equilibrium concentration of adsorbate (mg/L);

K, = Langmuir isotherm constant (L/mg);

g,=Number of dye adsorbed per unit gram of the adsorbent at equilibrium (mg/g);

q,, = Maximum adsorption capacity (mg/g).

n = Adsorption intensity;
K= Freundlich isotherm constant (mg/g).

A, = Temkin isotherm equilibrium binding constant (L/g);

R =Universal gas constant (8.314 J/mol/K);

b, = Temkin isotherm constant kJ/mol;
T = Temperature at 300.15 K.

Ky = Dubinin-Radushkevich isotherm constant (mol*/kJ?);

q. = Theoretical isotherm saturation capacity (mg/g);

E, =mean free energy kJ/mol.

Table 2

Parameter values of the four adsorption isotherms

Model Adsorbent Parameters for MB Parameters for MO
Langmuir TSAC q,=149.55 K, =0.82744 R?=0.9818 q,=107.78 K, =0.0621 R?=10.9780
CHS-TSAC q,=146.417 K, =0.45421 R?=0.9823 q,=127.75 K, =0.0719 R?=0.9815
Freundlich TSAC Kf= 78.344 n=4.5669 R?=0.9807 Kf= 12.479 n=1.959 R?=0.9751
CHS-TSAC Kf= 61.32 n=23.2024 R?=0.9248 Kf= 17.79 n=2.145 R?*=0.961
Temkin TSAC A =241 b,=151.6 R?=10.9550 A, =0.872 b,=120.297 R?=0.9523
B =16.451 B =20.743
CHS-TSAC A =6.62 b,.=80.97 R?=0.9681 A =112 b,=103.4 R?=0.9636
B=30.8 B=24.1
D-R TSAC g,=1125 Ky =136x10"* R?=0.8387 g,=52.51 K =976 x 107 R?>=0.6685
E,=6.056 E, =0.715
CHS-TSAC g,=112.1 K =1.27 x 107 R?*=0.8277 q,=61.99 K =6.24 % 107 R?=0.6902
E, =198 E, =0.895
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Fig. 6. The equilibrium adsorption curves of four nonlinear isotherm models, (a) MB-TSAC, (b) MO-TSAC and (c) MB-CHS-TSAC,

and (d) MO-CHS-TSAC.

3.2.3. Kinetic studies

Fig. 7 shows adsorption of MB and MO on TSAC and
CHS-TSAC with respect to time at room temperature (pH
values of 10 and 3 for MB and MO solutions respectively)
with 40 mg/L of an aqueous solution except CHS-TSAC
and MO combination where 50 mg/L was the initial con-
centration of the solution. It was found that equilibrium
adsorption capacity was attained at 100 min of contact time
for the two adsorbents. Table 3 shows two kinetic models
(pseudo-first-order, pseudo-second-order) and the param-
eters of the models after fitting the data. The experimental
data along with the calculated values from the model equa-
tions, are plotted in Figs. 8a—d. For the equations shown
in Table 3, g, and g, are the amounts of adsorbate per mass

of adsorbent (mg/g) at any time and equilibrium, respec-
tively. All the adsorbents exhibited the most significant
degree of correlation to the pseudo-second-order nonlin-
ear model kinetics compared to the other kinetic models.
The kinetics were best fitted to the pseudo-second-order
model, and the rate constants were 0.00134 and 0.00136 g/
mg min for the sorption of MB, and 0.0005 and 0.00085 g/
mg min for MO sorption, for TSAC and CHS-TSAC,

respectively.
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Fig. 7. Effect of time on MB and MO adsorption at room tem-
perature (pH = 10 for MB and 3 for MO, adsorbent dosage of
both the adsorbents = 10 mg/50 mL, contact time 2 h).
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Calculated parameter values of two kinetic models
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Parameters for MB

Parameters for MO

Kinetic model Equation Adsorbent
K, (min™), K, (g mg™" min™) and g, (mg/g)
. - = = 2= = = 2=
Pseudo-first-order q,=4. (1—6 Kﬁ) TSAC K, =26.23 q,=136.2 R*=0.9675 K =12.56 q,=623 R*=0.7647
CHS-TSAC K, =26.17 q,=1355 R>=0.9683 K, =17.051 g4,=87.65 R*=0.891
(i’quz) TSAC K,=0.00134 4,=1483 R*=0.9995 K,=0.0005 ¢,=8556 R*=0.9967
Pseudo-second-order ¢, = (irky,) CHSTSAC K,=000136 g,=1475 R2=0.9998 K,=0.00085 ¢ ,=1048 R2=0.9976
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Fig. 8. Four nonlinear kinetic models, (a) MB-TSAC, (b) MO-TSAC and (c) MB-CHS-TSAC, and (d) MO-CHS-TSAC.

4. Adsorption mechanism

4.1. Electrostatic interactions

As per the optimal pH values for the maximum adsorp-
tion, the adsorption mechanism of the dyes on the two
adsorbents is chiefly attributed to electrostatic interac-
tions. The point of zero charges (PZC) is shown in Fig. 9.
The PZC for both adsorbents was found to be equal 6.93
approximately. For the CHS-TSAC, the optimal pH val-
ues for the maximum adsorption for MB and MO are 10
and 3, respectively. The electrostatic interactions between

cationic MB dye and anionic PO, groups of the adsorbents
are enhanced with the increase of pH values and attained
maximum at a pH value of 10, as shown in Fig. 4a. Since
MO is an anionic dye, at a pH value of 3 for the solu-
tion, both adsorbents exhibited almost similar adsorp-
tion capacity characteristics, as shown in Fig. 4. However,
CHS-TSAC yielded to higher values of adsorption capac-
ity at pH values greater than 3. The interaction between
SO; of MO dye and the positively charged amino groups
of the composite and the bonding between H' on the
adsorbent surface with O and N of the MO dye could be
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a reason for this trend [35,46,47]. The adsorption capacity
values performance is more for MB because the molecular
weight of MB is lesser as compared to MO [48].

4.2. Weber's intraparticle diffusion model

Weber’s intraparticle diffusion model describes the
mechanism of adsorption. The model equation and the con-
stants of the model for each pair are shown in Table 4. Also,
the experimental data are plotted in Fig. 10 as per Weber’s
model equation. The adsorption phases were divided into
three regions in the figure. In the region I, the adsorption
of MB appears to be rapid. On the other hand, the adsorp-
tion of MO is slower or not so rapid. The intercept values
obtained after fitting the data to this model indicate that
the boundary layer is thick in the case of MB adsorption
on these adsorbents. The values of the intercept (C) were
greater for MB showing the highly effective boundary layer
for mass transfer for MB as compared to MO. The curves
in the region II are linear, indicating intraparticle diffusion
in the adsorption for all four cases. However, the curves
do not pass through the origin in the case of MB, sug-
gesting rate-controlling steps other than intraparticle dif-
fusion in the adsorption of MB on these two adsorbents.
Intraparticle diffusion is the main rate-controlling step
in the case of MO since the curves of MO in the region II
appear to intercept the y-axis near the origin [49].

4.3. Elovich model

Elovich nonlinear model equation is shown in Table 4,
and it describes chemisorption. The number of sites available

—=—TSAC
2-. --#-- CHS-TSAC

pH value

Fig. 9. Point of zero charges of TSAC and CHS-TSAC.

Table 4
Calculated parameter values of two nonlinear diffusion models

for the adsorption is known from the value of 1/ and 1/
BIn(ap) represents the quantity of adsorption when Inf = 0
[50,51]. As the amount of adsorbed molecules increases, the
biosorption rate decreases exponentially as per the model.
The R? values are very close to unity in all the cases. This
trend indicates the chemisorption nature of the adsorp-
tion. For the equations tabulated in Table 4, g, and g, are the
amount of metal adsorbed per mass of adsorbent (mg/g) at
any time and equilibrium, respectively, K, = intraparticle
diffusion rate constant (mg/g min®?), @ is initial adsorption
rate (mg/g min), and a is desorption constant (mg/g min).

4.4. Comparison with previous similar studies

The maximum adsorption capacity values for MB
and MO removal using several adsorbents reported in
the literature are presented in Table 5. For MB removal,
the activated carbon and the composite synthesized in
the current study exhibited superior adsorption capacity
except polyvinyl alcohol/carboxymethyl cellulose hydro-
gels reinforced with graphene oxide and bentonite [53].
The table shows that the adsorption capacity of the com-
posite CHS-TSAC is highest among the tabulated ones
for adsorptive removal of MO.

5. Regeneration study

For large-scale operations, recovery of the adsorbent
should be considered as a significant step. The reusability
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Fig. 10. Weber intraparticle diffusion model.

Kinetic model Equation Adsorbent ~ Parameters for MB Parameters for MO
K, (mg/g min®%), 3 (mg/g min) and a (mg/g min)
Weber intraparticle g, =K **+C TSAC K,=1087 C=3723 R*=0.71 K,=6.155 c=8115  R*=0.9238
diffusion CHS-TSAC K,=10.83 C=3698 R*=07107 K, ,=7776 ¢=1812  R*=0.8405
= = 2 = = 2
Elovich model g - lln(aﬁt) TSAC p=00812 a=11568 R*=0.9973 (=0.058 a=9.336 R*=0.996
B CHS-TSAC p=0.08153 a=11421 R>*=0.998 p=0.0644 a=65.055 R*=0.997
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Table 5
Adsorption capacities obtained in the previous study
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S.No. Adsorbate Adsorbent Adsorption capacity (mg/g) Reference

1 MB Raw and surface modified tamarind with H,SO, 16.611 and 34.483 [28]

2 MB Core shell structures polystyrene@graphene oxide composite  59.07 [52]

3 MB Activated carbon prepared from waste tire 1.05 [12]

4 MB Polyvinyl alcohol/carboxymethyl cellulose hydrogels 172.14 [53]
reinforced with graphene oxide and bentonite

5 MB TSAC and CHS-TSAC 142.12 and 140.62, Present study

respectively

6 MO Chitosan graphene oxide composite aerogel 48.6 [54]

7 MO Bottom ash and de-oiled soya 3.618 and 16.664 [11]

8 MO MnFe,O,-chitosan modified biochar 90.35 [1]

9 MO TSAC and CHS-TSAC 71.8 and 94.45, respectively =~ Present study

of TSAC and CHS-TSAC was studied as the regeneration
studies using 0.1 M HCI for three adsorption-desorption
cycles. In the desorption studies, both the adsorbents were
successfully regenerated. For the third cycle, the adsorp-
tion capacity with TSAC was 138.35 and 69.2 mg/g for
MB and MO, respectively. The adsorption capacity of the
adsorbents slightly decreased over the cycles in the case of
CHS-TSAC. Overall, this study establishes the application
of the adsorbents at the industrial level for the removal of
MB and MO from wastewater.

6. Conclusion

In this research work, two adsorbents, namely TSAC
and CHS-TSAC were synthesized and tested for the
removal of two commonly used dyes, namely Methylene
blue (MB) and Methyl orange (MO). TSAC is an activated
carbon synthesized using tamarind seeds, while CHS-
TSAC is a composite made by the combination of chi-
tosan and TSAC. For batch adsorption, the optimal val-
ues of pH, adsorbent dosage, and initial concentration,
and adsorption time were experimentally determined. At
the respective optimal conditions, the maximum adsorp-
tion capacity values of the adsorbents for MB were almost
the same, while CHS-TSAC exhibited a higher maximum
adsorption capacity for MO. The characterization of the
adsorbents revealed the presence of various functional
groups which can aid the adsorption process. More impor-
tantly, the batch equilibrium adsorption data was exper-
imentally obtained and fitted to four isotherm models in
their nonlinear forms. The adsorption, in all cases, was
best represented by the Langmuir adsorption isotherm
model, and the adsorption kinetics followed the pseu-
do-second-order kinetic model. The adsorption of MB was
favourable at higher pH values. Since MB is a cationic dye,
it is evident that the cationic form of dye can be held by
the adsorbent surface, whose overall charge becomes neg-
ative at the higher pH values. On the other hand, at a pH
of 3, the adsorption of anionic MO on both adsorbents was
maximum. The MB adsorption was rapid to that of MO.
The successful regeneration studies suggest the suitability
of the adsorbents in the water treatment industry.
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