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Abstract

A novel adsorbent-activated carbon-loaded cellulose composite bead (AC-CCB) was
synthesized by sol-gel conversion for the removal of methylene blue (MB) from an aqueous
solution. The adsorbent was characterized by Fourier transform-infrared spectroscopy (FT-
IR), field emission scanning electron microscope (FESEM), and X-ray energy dispersive
spectroscopy (EDAX). The maximum dye removal was found to be 96.5, 92.3, and 81.8 %,
corresponding to MB concentrations of 25, 50, and 100 mgL™ respectively. Isotherm and
the kinetic study were carried out with an AC-CCB dose of 1.0 g L™, a shaking speed of 125
rpm, and the initial MB concentration ranging from 25-100 mg L™. In order to study the
kinetics of MB adsorption onto AC-CCB, the temperature was fixed at 298 K, whereas, for
the isotherm study, the temperature varied from 298 to 318 K. The process followed pseudo-
second-order kinetics with rate constant (k) 28.7x10%, 11.1x10? and 9.41x107? g.mg.min™
corresponding to MB concentration of 25, 50 and 100 mg L™ Freundlich, Langmuir, and
Sips models were found to fit well with the adsorption data. The negative AG° values and
the positive AH® values suggested that the adsorption of MB onto AC-CCB was
spontaneous and endothermic.
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1. Introduction

Dyes are extensively used in several industries, viz., leather, cosmetics, pharmaceuticals,
food processing, and textiles [1,2]. The use of synthetic dye is increasing day by day with
the global population growth. Synthetic dye-consuming industries release a huge amount
of unfixed dyes into the industrial effluent and it is a major environmental issue. So,
removing these unfixed dyes from the industrial effluents or an aqueous solution is a
major challenge to researchers. Several processes like advanced oxidation process (AOP)
[3-5], coagulation-flocculation [6,7], reverse osmosis, dialysis/electrodialysis [8],
nanofiltration [9], ultrafiltration [10] membrane separation [11], adsorption [12-15], etc.
are employed for decontamination of sample matrix from synthetic dyes by the
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researchers. The adsorption technique is preferred over other techniques for its simplicity,
cost-effectiveness, feasibility, and recyclability. Methylene blue is a thiazine dye
commonly used for dyeing materials, staining biological samples, and as a medication to
treat methemoglobinemia. Methylene blue was first synthesized by Caro, a German
chemist, in 1876 [16]. Moldenhauer [17] reported the use of methylene blue as an antidote
for carbon monoxide and cyanide poisoning.

In the present study, the adsorption process was employed for the removal of
methylene blue from an aqueous solution. Biological materials like cellulose are widely
used for the removal or decontamination of synthetic dye from an aqueous solution
because of their ease of availability and cost-effectiveness. Activated carbon is another
important adsorbent used for the same purpose. In the present study, cellulose is converted
to an activated carbon-impregnated cellulose composite bead (AC-CCB) via sol-gel
conversion and is used for the removal of methylene blue.

2. Experimental
2.1. Materials

Analytical grade solvents and chemicals were purchased to prepare the adsorbent and
perform the batch adsorption study. Cellulose powder and methylene blue were purchased
from Merck, India. Activated carbon was purchased from Loba Chemie, India. 1000 mg
L stock solution of methylene blue was prepared by dissolving 1.0 g of MB in deionized
water in a 1000 mL volumetric flask.

2.2. Adsorption experiment

The batch adsorption study was selected for the removal of MB from an aqueous solution.
Initially, a definite amount of AC-CCB and 10 mL of dye solution were taken in a 100 mL
conical flask. In order to achieve equilibrium, the conical flask was shaken in a rotary
shaker (Remi 12R). The residual dye solution was centrifuged for 5 min at 3500 rpm, and
the absorbance of the solution was measured by UV-VIS spectrophotometer (Shimadzu
1900i) at Amax 665 NmM. The percent removal of the dye solution was calculated by the
following equation

Removal (%) = COC—_OCE 1)

where Cq is the initial dye concentration and C, is the equilibrium dye concentration.

The batch adsorption study was performed by taking three different concentrations,
viz., 25, 50, and 100 mg L™. The variation of shaking speed was carried out, ranging from
75 to 150 rpm. The effect of temperature was investigated at three different temperatures,
viz., 298, 308, and 318 K. The solution pH was adjusted with 0.1 M NaOH and 0.1 M
HCI solution. The equilibrium adsorption was achieved at 120 min of contact time, and
the maximum dye removal was found to be 96.5, 92.3, and 81.8 %, corresponding to MB
concentrations of 25, 50, and 100 mg L™, respectively.
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3.3. Preparation of adsorbent

The noble adsorbent activated carbon-impregnated cellulose composite bead (AC-CCB)
was prepared by the sol-gel approach. At first, 1.0 g of cellulose powder was soaked in 20
mL of 20 % NaOH solution for 48 h. A required volume of carbon disulfide was added to
the cellulose-NaOH mixture, and the mixture was shaken for 6 h to obtain a clear solution.
The mixture was shaken for another 3 h after the addition of 12.5 mL of 6 % NaOH
solution. Then it was settled for 96 h at room temperature, and thereafter, a definite
amount of activated carbon was added to the mixture. At the final stage, the mixture was
added to methanol to obtain black colored activated carbon-loaded cellulose composite
bead (AC-CCB) in a 250 mL beaker using a 5.0 mL syringe. The bead was washed
several times with double distilled water and was stored in water in an air-tight container.
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Scheme 1. Synthesis of AC-CCB.
3. Results and Discussion
3.1. Characterization of adsorbent

Characterization of adsorbent is one of the most important steps in a feasible adsorption
process. The adsorbent AC-CCB was characterized by FTIR, FESEM, and EDS. The
analysis of the topography of the adsorbent surface is very much important for a suitable
adsorption process, as the adsorbate molecules get attached to the surface of the
adsorbent. FTIR spectroscopy is used to determine the functional group of the material. In
the present study, the synthesized AC-CCB was investigated within the frequency range
of 450-4000 cm™ (Fig. 1). Absorption bands at 3785 and 3409 cm™ were attributed to
stretching band of —OH in cellulose [18,19]. The absorption bands at 1380, 1161, 1058,
and 895 cm ™' are assigned to C-H bending (in-plane) (1380 cm™'), C-O-H bending at C-6
(1161 cm™"), C-C, C-OH, C-H ring (1058 cm™) and C-O-C, C-C-O, C-C-H deformation
and stretching (895 cm™") of cellulose [20]. A symmetrical C-H stretching band (in-plane)
was found at 2922 cm™.
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Fig. 1. FT-IR spectrum of AC-CCB.

In the present study, the topography of the AC-CCB surface was analyzed from the
image obtained from a field emission scanning electron microscope (Make: Zeiss) with a
voltage of 5.00 KV. Two different magnifications (25.00 KX and 50.00 KX) were chosen
at the scale of 1 um and 200 nm for imaging the sample. FESEM image revealed the
presence of roughness and several pores on the AC-CCB surface. It might be concluded
that the topographic structure of AC-CCB facilitated the adsorption of MB on the
adsorbent surface.
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Fig. 2. FESEM of AC-CCB (a) 25.00 KX at a scale of 1 um and (b) 50.00 KX at a scale of 200 nm.

Elemental detection was performed with X-ray energy dispersive spectroscopy
(EDAX) coupled with a Zeiss field emission scanning microscope. The EDAX spectrum
of the AC-CCB s represented in Fig. 3, and the elemental composition is represented in
Table 1. The peaks of carbon and oxygen appeared in the EDAX spectrum of the AC-
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CCB (Fig. 3) adsorbent. Table 2 represents the weight percent and atomic percent of
carbon and oxygen in AC-CCB.
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Fig. 3. EDAX spectrum of AC-CCB.

Table 1. Elemental composition of AC-CCB.

Element Weight % Atomic % Error %
CK 48.75 55.89 5.37
OK 51.25 4411 9.17

3.2. Adsorption isotherm

Adsorption isotherm can be defined as the amount of solute uptake onto the surface of the
adsorbent at constant pressure or temperature. The study of isotherms provides
information regarding the mechanism and surface characteristics of adsorbents of a
feasible adsorption process. Adsorption isotherms are generally classified based on
parameters involved in the adsorption process. In the present case, two-parameter and
three-parameter isotherms viz. Langmuir, Freundlich, Temkin, Dubinin-Raduskevich, and
Sips isotherms are studied for the removal of MB onto synthesized AC-CCB. The
adsorption experiment was carried out with 1.0 g L AC-CCB, an initial dye
concentration ranging from 25 to 100 mg L™, an equilibrium time of 120 min, and a
temperature ranging from 298 to 318 K.

3.2.1. Langmuir isotherm model

Langmuir's adsorption isotherm model can be used for both gaseous and solute particles in
the liquid phase. The most important assumption of the model is that the monolayer
adsorption occurs on the surface of the adsorbent, and no interaction between the solute
particles on the adsorbent surface is considered. The linear form of the model can be
represented as [21]

Ce 1 Ce

=L 42 @

de dmK]j, qdm
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where C, (mg L™) is the equilibrium concentration, g. (mg g™) is the amount of solute
adsorbed at equilibrium, K_ (L mg™) is the Langmuir adsorption constant, and ¢, (mg g™*)
is the maximum adsorption capacity. The values of q,, and K_ are calculated from the

slope and intercept, respectively, of the plot of % against C..
e

The plot of % against C, for the adsorption of MB onto AC-CCB s represented in
e

Fig. 4. It was found that the adsorption data were well-fitted in the Langmuir model
showing a linear regression value (R?) close to unity at all the studied temperatures.
According to the Langmuir isotherm model, the maximum adsorption capacity was found
to be 0.933, 0.958, and 0.957 mg g™ corresponding to the temperature of 298, 308, and
318 K, respectively. The value of Langmuir isotherm constant (K_) was found to increase
from 12.9 to 30.9 L mg™, with increasing temperature from 298 to 318 K.

3.2.2. Freundlich isotherm model

The adsorption of solute particles on heterogeneous surfaces can be explained by the
Freundlich adsorption isotherm. It is employed in non-ideal and reversible multilayer
adsorption systems [22]. The linear form of the isotherm can be represented as [22]

Inq, = InKp + %lnCe ?3)

where, Ke (mg™" LY" g%)) is the Freundlich constant, C. (mg L) is the equilibrium dye

concentration and n is related to adsorption energy distribution [22].

The plot of Inq, against InC, of MB adsorption onto AC-CCB is represented in Fig.
4(b). The adsorption data were found to fit well with the Freundlich model. The values of
1/n were found to be 0.470, 0.439, and 0.398 (mg dm™)™ corresponding to temperatures
298, 308, and 318 K. The isotherm constant value was found to increase from 15.9 to 26.2
mg®¥M LY g2 with increasing temperature from 298 to 318 K.

3.2.3. Temkin isotherm model

This model is based on the assumption that the heat of adsorption of all molecules in the
layer decreases linearly with an increase in surface coverage [23]. The linear form of the
isotherm equation can be represented as [23]

qe = (g—:) InA; + (g—:) InC, (@)
where g, (mg g™) and C. (mg L™) represent the usual meanings. R is the universal gas
constant, T (K) is the temperature at which the adsorption process is performed, A (L mg’
Y and B; (J mol™) represents the adsorption capacity and the heat of adsorption,
respectively. The plot of g. against InC, is used to determine the isotherm constants A+
and Bt from the intercept and slope, respectively.

Fig. 4(c) represents the plot of the Temkin isotherm model of MB adsorption. The
isotherm constant Ar was found to be 10.4, 2.03, and 3.77 L mg'l while the value of By
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was found to be 1.21x10*, 1.28x10* 1.05x10* J mol™ corresponding to the temperature of
298, 308 and 318 K respectively.

3.2.4. Dubinin-Raduskevich model

Dubinin-Raduskevich model is mostly employed to determine the adsorption mechanism
with a Gaussian energy distribution onto the heterogeneous adsorbent surface [24]. The
isotherm equation can be represented as [25];

de = qsexp(—Kguq Ez) )
where g. (mg g?) is the amount of adsorbate onto the adsorbent, gs (mg g?) is the

theoretical isotherm saturation capacity, K. (mol K™*J%) is the model constant, and ¢ is
Polanyi potential which can be expressed as

€= RTIn (1 + Ci) (6)

The linear form of the model can be expressed as

Inq, = Inqs — Kuq €? (7
The values of K,q and gs can be determined from the slope and intercept, respectively, of
the plot Ing. against €2 (Fig. 4(d)). In the present study, the value of K,y was found to be
0.124, 0.056, 0.039 mol K™ J™* and the theoretical isotherm saturation capacity (qs) was
found to be 0.607, 0.629, and 0.651 mg g™ corresponding to temperature 298, 308 and
318 K.

The mean free energy of the adsorption process can be determined from the model
constant K,q using the following equation

E= (zxad)‘iz ®)

The value of E< 8 suggests the process is physical adsorption, while E > 8 suggests
chemical adsorption. In the present case, the value of mean free energy of the MB
adsorption onto AC-CCB was 2.00, 2.98, and 3.58 KJ mol™® corresponding to the
temperature 298, 308, and 318 K, respectively, implying the physisorption nature of the
process.

3.2.5. Sips isotherm model

Sips isotherm model is a three-parameter isotherm model which combines Langmuir and
Freundlich models. The linear form of this equation is:

zn’;—: = —B,InC, + In A, )

where K, (L g is the Sips isotherm constant, fs is the Sips isotherm model exponent and
A, (L mg™) is the Sips isotherm model constant. At low adsorbate concentration, the
model reduces to the Freundlich model, whereas, at high adsorbate concentration, the

model turns into the Langmuir model [26]. A plot of ln? against InC, is used to
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determine the value of Bs and A from the slope and intercept, respectively. Fig. 4(e)
represents the plot of the Sips isotherm model of MB adsorption onto AC-CCB,
considering the value of Ks=1.0 L g™. The value of the Sips isotherm exponent was found
to decrease from 0.470 to 0.398 with increasing temperature from 298 to 318 K. The
model constant was found to be 6.27, 4.91, and 3.81 L mg™ corresponding to
temperatures 298, 308, and 318 K, respectively.
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Fig. 4. Different adsorption isotherms (a) Langmuir, (b) Freundlich, (c) Temkin, (d) Dubinin-
Raduskevich, and (e) Sips.



P. Sarkar, J. Sci. Res. 15 (1), 261-274 (2023) 269

Table 2. Isotherm parameters.

T(K)  gu(mgg?)  KL10%(L mg?h R2 S.E.
. 298 0.933 12.9 0.997 1.09
Langmuir
308 0.958 18.9 0.992 1.39
318 0.957 30.9 0.992 1.19
T(K)  Kp10¥gmg") 1/n(mgL?Y)*" R? S.E.
. 298 15.9 0.470 0.991 0.074
Freundlich
308 20.3 0.439 0.997 0.044
318 26.2 0.398 0.987 0.040
T(K)  Ar(Lmgh  Br.10* (Jg mg*mol™) R2 S.E.
298 10.4 1.21 0994 0.026
Temkin 308 2.03 1.28 0.986 0.045
318 3.77 1.05 0.984 0.051
T(K) Ky ds(mg g% R? SE.
DR 298 0.124 0.607 0.872 0.294
308 0.056 0.629 0.849 0.329
318 0.039 0.651 0.840 0.345
T(K)  KoLmgh B A(Lmg?) R? S.E.
Sips 298 1 0.470 6.27 0.991 0.074
308 1 0.439 4.91 0.997 0.043
318 1 0.398 3.81 0.998 0.040

3.3. Kinetics of the adsorption

In order to study the mechanistic pathway of adsorbent-solute interaction and rate-
controlling step, a kinetic study of the adsorption process was carried out with 25, 50, and
100 mg L™ MB solutions at 298 K, keeping the other equilibrium conditions constant. The
kinetic data were analyzed using three different kinetic models: pseudo-first-order,
pseudo-second-order, and intra-particle diffusion.

3.3.1. Pseudo-first-order kinetics

In the pseudo-first-order model, kinetic data were fitted to the following equation

& = Jy (qe — q0) (10)

where g. (mg g™*) and g, (mg g*) are the amounts of solute adsorbed onto the adsorbent
surface at equilibrium and at the time 't respectively. k; (min™) represents the rate
constant of the adsorption process. Integration of the eq. (10) from t=0 to t=t yields the
linear form of PFO model.

In(qe — q¢) = Inq, — kqt (11)
The value of k; can be calculated from the slope of the plot of In(gq, — q;) against t.
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In the present study, Fig. 5(a) represents the plot of In(gq, — q;) against t of the PFO
model. The rate constant (k;) was found to be 3.92x10?, 4.50x10 and 4.02x10 min™
corresponding to MB concentration of 25, 50 and 100 mg L™* respectively.

3.3.2. Pseudo-second-order kinetics

The rate equation of the pseudo-second-order (PSO) model can be expressed as eqgn. (12)
[27]

d
= ky(qe — qu)? (12)

where k, is the rate constant of the PSO model. Integration of the above equation for
limits t=0 to t=t and g=0 to g,=t yields the linear form of the PSO model.
G =t (13)
k2q% de

Eqn. (13) can be rearranged as [27]:

t 1 t

Z T ka2 Z
Fig. 5(b) represents the plot of t/q, against t. The rate equation of the PSO model was
determined from the intercept of the plot, while the amount of MB adsorbed onto the AC-
CCB surface at equilibrium (g. (mg g™)) was determined from the slope of the plot. The
linear regression values (R?) of the PSO model were found to be more than 0.99 for all the
studied concentrations indicating the suitable fitting of the data. The rate constants (k»)
were found to be 28.7x10% 11.1x10? and 9.41x10° g mg min™ corresponding to MB
concentration of 25, 50 and 100 mg L™.

(14)

3.3.3. Weber-Morris intra-particle (1P) diffusion

The adsorption data were also analyzed using the Weber-Morris intra-particle (IP)
diffusion model. The equation of the well-known IP model can be represented as egn. (15)
[24];

1
q: = kigtz +C (15)
where k;4 (g mg™ min/?) is the rate constant of the IP model, and C is the intercept. Fig.
5(c) represents the plot of q; against t2 of MB adsorption onto AC-CCB. The initial
curved portion of the plot is the film diffusion, i.e., the diffusion of MB molecules from
the bulk solution to the AC-CCB surface, and the final linear portion of the plot indicates

the intra-particle diffusion of MB molecules into the AC-CCB.
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Fig. 5. Kinetic study of MB adsorption (a) pseudo-first-order, (b) pseudo-second-order, and (c)
intra-particle diffusion.

Table 3. Kinetic parameters of MB adsorption onto AC-CCB.

Conc. (mgL?)  k;.10° (min™) R* S.E.
PEO 25 3.92 0.907 0.438
50 4.50 0.902 0.518
100 4.02 0.929 0.390
Conc. (mgL™Y)  k,.10%(g mg min™) R® S.E.
25 28.7 0.998 6.80
PSO 50 11.1 0.995 5.25
100 9.41 0.999 0.913
Conc. (mgL™Y)  kig.10°(gmg? min™?) R? Intercept.10°
1P 25 4.50 0.937 17.9
50 5.40 0.957 36.9
100 11.3 0.960 60.6

3.4. Thermodynamic study

The thermodynamic behavior of the adsorption of MB onto the AC-CCB surface was
investigated by evaluating thermodynamic parameters, including changes in entropy,
enthalpy, and Gibb's free energy. The spontaneity and feasibility of an adsorption process
are related to Gibb's free energy change, AG®. The negative value of AG® determines the
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spontaneity of the process, and it is directly related to the equilibrium constant (K.) of the
adsorption process. In this study, K. is determined by using the following equation:

K, =% (16)

=2
where C, (mg L) and C, (mg L™) are the amount of MB uptake at the AC-CCB surface
and the concentration of MB on AC-CCB at equilibrium. The relation between K. and
AG®can be represented as

AG® = —RTInK, 17)
AGO is related to change in entropy (AS®) and change in enthalpy (AH?) by the following
equation

AG® = AH® — TAS® (18)
By comparing eqgn. (17) and eqn. (18),

RInK, = A0 -4 (19)

The values of AS® and AH® can be calculated from the intercept and slope, respectively,
by plotting RInK against %
Fig. 6 represents the plot of RInK, against % for adsorption of MB onto the AC-CCB.

The values of the studied thermodynamic parameters are represented in Table 4. All AG®
values are found to be negative, suggesting the spontaneity of MB adsorption onto the
AC-CCB surface. Positive AH? values suggest that the adsorption process is endothermic.

Table 4. Thermodynamic parameters.

Conc. of MB (mg L") Temp. (K)  —AG® (KImol?) AS? (KJmolK™?) AHC (KJ mol™)

298 5.52

25 308 7.09 0.157 41.26
318 8.67
298 4.30

50 308 5.38 0.108 27.88
318 6.46
298 2.40

100 308 3.15 0.076 20.25

318 3.91
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Fig. 6. Plot of RInK against 1/T.
4. Conclusion

The novel adsorbent AC-CCB was synthesized for the decontamination of methylene blue
from an aqueous solution. The performance of the adsorbent towards the removal of MB
was tested with different solute concentrations and the temperature ranging from 298-318
K. The adsorption isotherm, kinetics, and thermodynamic study were carried out to
understand the characteristics and mechanism of the adsorption process. The kinetic study
revealed that the adsorption data fitted well with pseudo-second-order kinetics. Both
Langmuir and Freundlich models were found to fit well with the isotherm data. The
studied three-parameter isotherm model, the Sips model, was also found to be an effective
model. The negative values of change in Gibbs free energy confirm the spontaneity of the
adsorption process, whereas the positive values of enthalpy indicate that the process is
endothermic in nature.
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