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ABSTRACT

Activated carbon (AC) prepared from peanut shell (PS) with microwave treatment was used
to remove indigo carmine (IC) from aqueous solution in this study. PS and AC were exam-
ined by pore structural analysis, scanning electron microscopy, and elemental analysis.
Effect of initial dye concentration, contact time, pH, and temperature on IC removal was
investigated by batch experiments. The adsorption capacity increased with the increase of
initial concentration, and decreased with increasing pH. Higher temperatures were favor-
able for the adsorption. The adsorption equilibrium could be reached within 90 min for all
studied concentrations. The results showed that the Langmuir isotherm model had a good
fit for the equilibrium data. Kinetic studies revealed that the adsorption followed the
pseudo-second-order kinetic model. Thermodynamic studies indicated that the adsorption

was a spontaneous, endothermic process.
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1. Introduction

In recent years, a large amount of wastewater
containing the highly visible synthetic dyes was
discharged to aquatic environment due to the rapid
development of the modern textile industry. Some of
these dyes are toxic and can cause serious threat to the
environment. Over the past few decades, discharging
of dyes wastewater without any treatment into water
system has led to serious environmental problem in
China [1]. Indigo carmine (IC), a water-soluble disulfo-
nate derivative, has a wide range of applications as a
coloring agent in many fields. It has been used as
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textile dyeing agent, an additive in pharmaceutical,
and so on. IC is also applied in analytical chemistry
and biological detection [2]. Although its application
covers a broad range, the usage of IC is restricted
strictly. It is considered to be a toxic indigoid dye, and
excessive consumption and direct touch of IC can irri-
tate the eyes and skin of human beings. The application
of IC can also cause reproductive, developmental, and
acute toxicity. The investigation of the removal of IC
from aqueous solution should be useful for further
research and practical applications in wastewater treat-
ment. Recently, several studies have been reported to
remove IC from wastewater [3-5].

The conventional methods for treatment of waste-
water containing dye are chemical oxidation [6],
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coagulation/flocculation [7], filtration [8], membrane
[9], and adsorption [10]. Among the above-mentioned
methods, adsorption is widely applied as a simple
and efficient technique. Recently, a variety of adsor-
bents, such as low-cost nature inorganic minerals or
industrial and agricultural waste, have been used for
treatment of dyes wastewater over a period of time
[11-17].

As an agricultural by-product, peanut shell (PS) is
mainly used as fuel, feed, or discarded as waste. It is
meaningful to convert the agricultural waste to useful
and value-added products. Several studies have been
conducted to prepare activated carbon (AC) from PS
by chemical modification. The AC adsorbents from PS
demonstrate good adsorption capacity for certain
metal ions and organic compounds [18,19]. In this
study, AC was prepared from PS using H3PO, as an
activating agent with microwave treatment. Micro-
wave radiation supplies energy to the carbon skeleton
at the molecular level [20,21]. In this study, the effect
of initial concentration, time, pH, and temperature on
the adsorption of IC onto AC from aqueous solution
was systematically studied. Adsorption thermodynam-
ics, isotherm, and kinetics for the adsorption process
were also discussed.

2. Materials and methods
2.1. Materials

All reagents used were of analytical grade.
Double-distilled water was used to prepare experi-
mental solutions. Eighty-five percent (wt) phosphoric
acid (HzPO,) was provided by Shanghai Hushi
Chemical Reagent Co., Ltd. The molecular formula of
IC (&K Scientific Co., Ltd, 99% purity) is
C16HgN>Na>OgS,. The molecular structure of IC is
shown in Fig. 1. PS, used in the study, was obtained
from the suburban area of Langfang, China. The
collected sample was extensively washed to remove
the dirt and dust with tap water for 30 min and rinsed
with deionized water for 10 min, and then dried at
80°C to a constant weight in a vacuum-drying oven.
Dried PS was ground and the powder was sieved to
80-100 meshes (0.177-0.149 mm).
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Fig. 1. Chemical structure of IC.

2.2. Preparation and characterization of AC

AC from PS treated from microwave was prepared
according to the following procedure. The PS powder
was soaked in 50% H3PO, solution in a mass ratio of
1:3 (powder: H;PO,) for 4 h in an evaporating dish.
The dish containing the sample was fitted into a
household-type microwave oven (Galanz,
G80W23CSP-2, 800W, China). The oven has a power
controller to select different power levels and a timer
for various exposure times at a set microwave power
level. The dish was installed on the bottom of the
microwave oven, where the PS powder was exposed
to microwave irradiation. The sample was subjected to
microwave treatment for 15 min, and the input power
was set at 320 W and the microwave frequency was
2.45 GHz. The activated product was washed repeat-
edly with 0.1 M NaOH solution and distilled water
until the residual solution reached neutral. In the end,
the dried AC adsorbent was dried at 70°C for 6 h
under vacuum.

2.3. Characterization

The product, AC, and raw material, PS, were
characterized by SEM (KYKY-2800B, SEM KYKY
Technology Development Ltd) to search for the
changes in micromorphology. The surface area and
pore structural analysis were implemented by surface
area analyzer (Micromeritics Instrument Corporation,
ASAP 2010-M, USA). The surface area (Sggr) was
calculated from N, adsorption isotherm based on the
BET method. The total pore volume (Vi) was
estimated from nitrogen adsorption at a relative
pressure of 0.99. The micropore volume (Vinicro) and
mean pore width (nm) were calculated by
Dubinin-Radushkevich (D-R) method. The percent-
age contents of C, H, and O and N elements of AC
and PS were measured using a CE-440 elemental
analyzer (Exeter Analytical, Inc. USA).

2.4. Preparation and analysis of dye solutions

The dye solutions used in the study were made by
dilution of a stock solution of IC with the concentra-
tion of 1g/L with distilled water. The concentration
of IC solution in the adsorption experiment was
determined by spectrophotometry. The absorbance of
the dye solution in the supernatant was measured at
the maximum absorbance wavelength of IC (608 nm)
using a UV-vis Spectrophotometer (UV-2550,
Shimadzu, Japan) and the dye concentration was
calculated from the linear regression equation of the
calibration curve.
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2.5. Adsorption experiments

The effects of initial IC concentration, time, and
temperature on the adsorption of IC by AC were con-
ducted and the adsorption process was analyzed in
adsorption isotherms, thermodynamic, and kinetics. In
all batch experiments, 50 mL of IC solution and 0.20 g
of AC adsorbent (4g/L) in Erlenmeyer flasks
(250 mL) were employed and the adsorption was con-
ducted in a thermostat water bath shaker (THZ-82A,
Ronghua, China) with an agitation speed of 110 rpm
at a given temperature with an accuracy of 0.1°C. The
Erlenmeyer flasks were taken out from the oscillator
at a given time and the mixture was centrifuged to
separate the supernatant of IC from the AC adsorbents
at 4,000 rpm for 10 min. The equilibrium concentration
of the supernatant was calculated from the linear
regression equation by measuring the absorbance of
the solution at the wavelength 608 nm. The effect of
initial concentration on the adsorption was performed
by varying concentrations (100-500 mg/L) at 25°C. For
the study of time effect, the mixtures of IC solution
and AC adsorbent were agitated at 25°C and the resid-
ual dye concentration was analyzed at the predeter-
mined time until the adsorption equilibrium was
reached. For the effect of temperature on the adsorp-
tion, experiments were carried out by increasing the
temperature from 25 to 45°C with an interval of 5°C in
the adsorption equilibrium state. All data were the
average from experiments duplicated under identical
conditions. The equilibrium adsorption capacity of AC
for IC, g. (mg/g), was calculated by the following
relationship:

G —-C)V
o= % (1
where C;, C,, and V are the initial and equilibrium
concentrations (mg/L) and the volume (L) of IC solu-
tion, respectively, W is the mass (g) of the adsorbent.

2.6. Desorption experiments

Desorption experiments were carried out immedi-
ately following the completion of the adsorption
experiments performed using an initial concentration
of IC 500 mg/L. After adsorption equilibrium was
reached, the adsorbed AC was separated from the
supernatant by centrifugation and decanting the
supernatant carefully. Then, 50 mL of double-distilled
water used to transfer the adsorbed AC from the cen-
trifugal tube to an Erlenmeyer flask. The mixture was
agitated at a shaking speed of 110 rpm at 25°C for 4 h.

The desorbed IC in the solution was separated and
analyzed using the same procedure described in the
adsorption section. Similar experiments were carried
out with 0.1 mol/L HC], 0.1 mol/L NaOH, and 50%
ethanol solutions. Desorption was also investigated
using boiling double-distilled water for the same time
without agitation.

3. Results and discussion
3.1. Characterization

The SEM images of AC and PS are shown in
Fig. 2. It can be seen that the powder of PS presents
irregular thin-film forms at a magnification of 500
times. Some of them look like single-layer thin films,
and some seem to be multi-layer films stocked
together. However, AC demonstrates a bumpy
appearance of the surface and porous structure and
displays more applicable surface properties than the
raw sample as an adsorbent.

The results of elemental analysis and surface prop-
erties for AC and PS are given in Table 1. It can be
seen that PS is very similar to wood, which has an ele-
mental composition of about 50% carbon, 6% hydro-
gen, and 1% nitrogen. The mass percentage of
hydrogen and nitrogen of AC decreased compared to
PS. It can be concluded that hydrogen and nitrogen
have been released from PS in the form of water
vapor and nitrogen oxide under the action of phos-
phoric acid and high-temperature microwave treat-
ment. The results of specific surface area and porosity
show that AC presents better surface properties and
ability to remove IC from aqueous solutions than PS.
The specific surface area and the microporous volume
of AC were both increased more than 200 times that
of PS, respectively.

3.2. Effect of initial dye concentration

The initial concentration is an important factor
affecting IC adsorption onto AC. When using carbon
materials as adsorbents, the adsorption capacity gener-
ally increases with an increase in initial concentration.
The effect of initial concentration on IC removal by
AC is shown in Fig. 3. The result clearly reflected that
the adsorption capacity increased with the increase in
the initial concentration. The equilibrium adsorption
capacity of AC for IC, g, increases from 24.35 to
112.60 mg/g corresponding to initial concentration of
100 and 500 mg/L. While the percentage of IC
removal was 97.38% for 100 mg/L, it was 91.08% for
500 mg/L. The percentage of IC removal is still
greater than 90% when the initial concentration is as



J. Zhang et al. | Desalination and Water Treatment 57 (2016) 718-727

)

20 KV 500 X 100 um KYKY

Fig. 2. Scanning electron micrographs: (a) PS and (b) AC.

Table 1
Elemental analysis and surface properties for PS and AC

721

20 KV 1.00KX 10 um KYKY-2800B SEM SN:0182

C H N (@] Sg (BET) Vr (P/Po =0.99) V micro Mean pore width
Sample (Wt%) (Wt%) (Wt%) (Wt%) (mz/ g) (cm®/ g) (cm?/ g) (nm)
PS 44.46 5.74 1.77 46.92 3.6 0.033 0.0013 18.3
AC 60.90 3.42 0.40 34.65 763.4 0.398 0.344 1.04
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Fig. 3. Effect of initial dye concentration on the IC removal (the
initial dye concentration = 100-500 mg/L, AC dose=4g/L,
and time = 90 min).

high as 500 mg/L, thus the adsorption capacity is
roughly proportional to the initial concentration.

The initial concentration provides the necessary
driving force to overcome the mass transfer resistance
of IC between liquid phase and the solid phase. The
concentration gradient of solute between the solution
and the adsorbent increases with increasing dye con-
centration, which makes the mass transfer process
strengthened from the bulk of the IC solution to the
surface and pores of AC [22]. The increase in the

general increase in the % adsorption of IC with time.
As a result, shown in the figure, the adsorption was
fast in the initial stage, and then slowed down at later
stages. For the solutions with the concentration of 100
and 200 mg/L, the adsorption reached equilibrium
only 40 min later. For the other three IC solutions of
different concentrations, the adsorption slowed down
after 40 min and gradually approached equilibrium
after approximately 80 min. This shows that the
adsorption capacity increases with contact time and
the required time to reach adsorption equilibrium gets
longer with increasing the initial dye concentration.
The adsorption of IC onto AC reaches a pseudo-
equilibrium state with the increasing time. The
adsorption capacity increases with time and, at some
point in time, reaches a constant value where the dye
amount adsorbed onto AC is equal to the amount
desorbed from AC. With the initial concentration
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Fig. 4. Effect of contact time on the IC removal (the initial
dye concentration = 100-500 mg/L, AC dose =4 g/L, and
time = 90 min).

increasing, the driving force of IC to overcome the
mass transfer resistance at the liquid-solid interface
also increases, so that more adsorption sites could be
occupied and the adsorption capacity is enhanced.
However, with the increase in initial concentrations,
the competition for the adsorption sites also increases
and the required contact time to reach adsorption
equilibrium is increased accordingly.

3.4. Effect of pH

The point of zero charge (pHpzc) of AC was deter-
mined to better understand the adsorption mecha-
nism. The adsorption is favorable for cations at pH
higher than pHpzc, while the adsorption is favorable
for anions at pH lower than pHpzc. The pH of point
zero charge of AC, as determined by the method pro-
posed by Wang and Reardon [23], was equal to 3.2.
The effect of pH on the adsorption of IC onto AC at
25°C with dye concentration of 500 mg/L is shown in
Fig. 5. It can be seen that the adsorption capacity
decreases with the increasing pH. The protonation of
AC occurs at low pH values, which results in the
strong electrostatic attraction between the positively
charged AC and the anionic dye molecules. With the
increase in pH, the AC tends to deprotonate and the
adsorption decreases due to the electrostatic repulsion
between the AC and the IC dye molecules.

3.5. Effect of temperature

The effect of temperature on the removal of IC by
AC was studied using batch experiments. The plot
of % IC removal vs. temperature is given in Fig. 6.
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Fig. 5. Effect of pH on the IC removal (the initial dye
concentration = 500 mg/L, AC dose=4g/L, and time=
90 min).

It was found that the maximum removal of IC was
obtained at 45°C. The percentage removal of IC
increased for IC solutions of different concentrations
with increasing temperature. In addition, the higher
the initial concentration, the greater the percentage of
IC removal improved with an increase in temperature.
The temperature showed little impact on IC solutions
with low concentration relative to IC solutions of high
concentrations.

The increase in dye adsorption with increasing
temperature might be due to an increase in the num-
ber of active surfaces available for adsorption with an
increase in temperature and due to an enhanced rate
of intraparticle diffusion of the adsorbate, as diffusion
is an endothermic process [24]. The result indicated
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Fig. 6. Effect of temperature on the IC removal (the initial
dye concentration = 100-500 mg/L, AC dose =4 g/L, and
time = 90 min).
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that the adsorption of IC by AC prepared from PS
might be an endothermic process. Similar results of
dye adsorption using agricultural wastes as adsor-
bents have been presented in several reports
[10,16,19].

3.6. Adsorption thermodynamics

Thermodynamics studies were conducted for a
better understanding of the effect of temperature on
adsorption of IC by AC. Thermodynamic parameters
in the IC adsorption process can be determined from
the following relations:

_ CAe

C. )

K.

where K., Cpe, and C. are the equilibrium constant,
the mass of IC adsorbed onto AC per liter of the solu-
tion at equilibrium (mg/L), and equilibrium concen-
trations of IC remaining in the solution (mg/L),
respectively.

AG® = —RT In K, 3)

The change in Gibbs free energy (AG®), kJ/mol, can
be calculated from the above equation, where R is the
gas constant (8.314J/mol/K) and T is the absolute
temperature (K).

4)

The enthalpy change (AH®, kJ]/mol) and entropy
change (AS®, J/mol K) are computed using the above
equations. The plots of InK. vs. 1/T under five differ-
ent temperatures are shown in Fig. 7. AH® and AS® can
be calculated from the slope and the intercept by lin-
ear regression analysis. The values of thermodynamic
parameters are shown in Table 2. It can be seen that
the values of AG* from 25 to 45°C are negative, which
indicates the adsorption process is spontaneous. More-
over, the values of AG® decrease with increasing tem-
perature indicating that the adsorption becomes more
feasible at high temperatures. However, the values of
AG” increase with an increase in the initial concentra-
tion. The positive values of AH® suggest that the
adsorption process is endothermic in nature. The posi-
tive values of AS® reflect the high affinity of IC onto
AC and the increase in randomness at the solid-solu-
tion interface.

= 100 mg/L
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Fig. 7. Thermodynamic study.

3.7. Adsorption isotherms

A study on adsorption isotherms is necessary to
further understand the surface properties of AC and
the interaction between the AC and IC. The maximum
adsorption capacity can be calculated through adsorp-
tion isotherm. Two of the most frequently used iso-
therms, Langmuir and Freundlich isotherm, were used
to explore the adsorption mechanism in the study.

The Langmuir isotherm developed by Irving Lang-
muir is the model which is based on monolayer
adsorption. It assumes a homogenous adsorption sur-
face with binding sites having equal energies. The lin-
ear form of Langmuir equation is expressed as:

1 1 1
11, )
de  qm KLEImCe

where g, is the amount of dye adsorbed per unit mass
of adsorbent at equilibrium (mg/g), C. is the equilib-
rium concentration of solution after adsorption (mg/
L), Ky is the Langmuir constants (L/mg), and g, is
the maximum adsorption capacity (mg/g). The values
of gm and K, can be calculated from the intercept and
the slope of the plot of 1/g, vs. 1/C, by linear regres-
sion analysis.

The Freundlich isotherm model developed by
Freundlich and Kiister is based on the assumption of
heterogeneous adsorption surface and existence of
interaction among adsorbed molecules. The Freundlich
isotherm equation is expressed as:

1
logg. = log K¢ + . log C. (6)
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Table 2

Thermodynamic parameters for the adsorption of IC onto AC

AG® (k] /mol)

Initial IC concentration AH® AS°

(mg/L) (kJ/mol) (J/mol K) R? 25°C 30°C 35°C 40°C 45°C
100 29.04 128.34 0.8738 —8.94 -10.01 -10.90 -11.17 -11.54
200 26.87 119.87 0.9193 —-8.63 -9.64 -10.29 —10.68 -11.09
300 21.46 98.85 0.9940 -8.06 -8.44 —-8.98 -9.49 -10.01
400 28.09 116.81 0.9698 -6.83 -7.29 -7.76 —-8.45 -9.19
500 28.46 114.46 0.9739 -5.76 —6.22 -6.70 =7.27 -8.11

where Kg and n are Freundlich constants reflecting
adsorption capacity and intensity of adsorption,
respectively. The values of Kr and n can be obtained
from the intercept and the slope of the plot of log ge
vs. log C. by linear regression analysis.

The parameters g.,, K, Kg, 1, and R? (correlation
coefficients), associated with Langmuir and Freundlich
isotherms for the adsorption of IC onto AC, are listed
in Table 3. The graphical presentations for Langmuir
and Freundlich adsorption isotherms are presented in
Fig. 8. It can be seen that the values of correlation
coefficient (R?) of Langmuir are closer to unity than
those of Freundlich for all studied temperatures, as
implies that the Langmuir isotherm describes the
adsorption process better than the Freundlich iso-
therm. This result suggests the homogeneous feature
of the surface of AC, and IC molecules tend to form a
monolayer on the surface of AC.

The dimensionless equilibrium parameter Rp
defined by Hall et al. can be used to reveal the feasi-
bility of the adsorption process. This parameter deter-
mined from the equation is expressed as:

1
RL = m (7)

where K and C; are the same as mentioned above.
The adsorption process would be unfavorable (Ry, > 1),

linear (Ry, =1), favorable (0 < R;, < 1), or irreversible
(RL = 0). The values of Ry are presented in Table 3.
The values of Ry, (0.012-0.126) for the studied tempera-
tures indicate that the adsorption of IC onto AC is
favorable.

3.8. Adsorption kinetics

In order to identify the adsorption mechanism, the
pseudo-second-order and intraparticle diffusion
kinetic equations were used to test the experimental
data. The pseudo-second-order kinetic equation is
given by:

L Lz i1 ®)
0 ke qe

where k; is the pseudo-second-order kinetic constant
(g/mg min) and other parameters in the relationship
are the same as above. The parameters, k, g., and R?
were determined from the plots of t/g; vs. t by linear
regression analysis and are listed in Table 4.

The intraparticle diffusion model is given by:

g = kit + C; ©)

where k; (mg/g min®%) is the intraparticle diffusion
rate constant and C; is the thickness of the boundary

Table 3
Parameters of Langmuir’s and Freundlich’s equations

Langmuir Freundlich
Temperature Ky, Jm
q©) (L/mg) (mng/g) Ry R? Kg n R?
25 0.0691 159.49 0.028-0.126 0.9973 16.8795 1.8682 0.9498
30 0.1184 137.74 0.017-0.078 0.9970 20.9021 2.0291 0.9612
35 0.1703 128.04 0.012-0.055 0.9986 23.8139 2.1067 0.9694
40 0.1623 137.93 0.012-0.058 0.9986 24.1107 1.9914 0.9678
45 0.1575 149.70 0.013-0.060 0.9989 24.3759 1.8401 0.9742
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Fig. 8. Langmuir and Freundlich adsorption isotherms for IC-AC system.

layer. The parameters, k; and C;, and R? were deter-
mined from the plots of g; vs. t'/? by linear regression
analysis and are listed in Table 4. The graphical pre-
sentations for pseudo-second-order and intraparticle
diffusion kinetic models are shown in Fig. 9.

It can be concluded that the kinetic data are
perfectly fitted by the pseudo-second-order model
with high values of correlation coefficients (R* > 0.999)
in the study. The calculated values of equilibrium
adsorption capacity (g.) are fairly consistent with the
experimental values (eexp). These results show that
the adsorption of IC onto AC conforms to the pseudo-
second-order kinetic model.

The values of correlation coefficients from intrapar-
ticle diffusion model are <0.86 for all studied concen-
trations. These results show that the IC adsorption
onto AC poorly obeys the intraparticle diffusion
kinetic model. Moreover, the plot did not pass
through the origin implying that the intraparticle dif-
fusion was not the rate-controlling factor. Although
intraparticle diffusion model was not fitted well to the
kinetic data in the whole adsorption process, there are

Table 4

two distinct linear trends during the first rapid
adsorption phase and the following slow adsorption
phase. The rapid adsorption is due to the mass trans-
fer from the IC solution to the external surface of AC,
as is followed by a slower phase of intra-particle diffu-
sion [25]. Therefore, both pseudo-second-order and
intraparticle diffusion models were involved in the
adsorption process of IC onto AC.

3.9. Desorption studies

Desorption studies can be used to elucidate the
mechanism of an adsorption process and explore the
possibility of recovering the adsorbent and adsorbed
adsorbate. Experimental results show that no desorp-
tion happens after the loaded adsorbent was agitated in
0.1 mol/L HCl and 0.1 mol/L NaOH solutions at 25°C
for 4 h. The desorption percentages are 3.1, 6.8, and
19.7% in double-distilled water, boiling distilled water,
50% ethanol solution, respectively. The result implies
that adsorption of IC dye molecules onto the AC is
mainly via physical interaction. Desorption increase in

Adsorption kinetic constants of and correlation coefficients associated with the pseudo-second-order and intraparticle

diffusion equations

Pseudo-second-order

Intraparticle diffusion

K

Initial IC concentration k> Je Je,exp i o5

(mg/L) (g/mg min) (mg/g) (mg/g) R? (mg/gmin™) ¢, R?
100 0.2484 24.40 24.34 1.0000 0.042 23.99 0.8398
200 0.0446 48.85 48.52 1.0000 0.325 45.86 0.6483
300 0.0111 73.42 72.22 1.0000 0.951 64.28 0.8165
400 0.0048 96.52 94.03 1.0000 2.025 76.92 0.8448
500 0.0021 119.90 113.85 0.9997 4.032 79.87 0.8572
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Fig. 9. Pseudo-second-order and intraparticle diffusion models for IC-AC system at 25°C.

higher temperature is due to the acceleration of mobil-
ity of IC molecules. ACs can strongly adsorb ethanol
via specific interactions between the carbon material
and ethanol [26]. Therefore, desorption occurred in the
presence of competition from ethanol molecules. The
results indicated that recovery and reuse of spent AC
may be difficult. As a product from agriculture waste,
the spent AC can be used as fuel and the resulting bot-
tom ash can be used for building materials.

4. Conclusion

The AC prepared from PS was used as an adsor-
bent for the removal of IC from aqueous solution in
this study. The increase in initial dye concentration
enhances the interaction between IC and AC which
results in the increase of adsorption capacity. The
increase in solution pH decreases the removal effi-
ciency due to the electrostatic repulsion. The percent-
age removal of IC increases with increasing
temperature, suggesting that the IC adsorption onto
AC is an endothermic process. The thermodynamic
study for the adsorption shows that the process is
spontaneous and endothermic in nature. The adsorp-
tion data obtained under equilibrium conditions can
be fitted well by the Langmuir isotherm model. The
adsorption kinetics is discussed by the pseudo-second-
order kinetic and intraparticle diffusion models. It is
found that the adsorption well follows the pseudo-sec-
ond-order kinetic model for all studied concentrations.
Desorption studies suggested that the adsorption pro-
cess was not reversible under some circumstances.
This study suggests that the AC prepared from PS
exhibits good adsorption properties and can be used
for the removal of IC from wastewater as a low-cost
adsorbent.
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Nomenclature
Ci — initial concentrations of IC solution (mg/L)
C. — equilibrium concentrations of IC solution (mg/L)

— volume of IC solution (L)

— mass of the adsorbent (g)

equilibrium constant

e — mass of IC adsorbed onto AC per liter of the
solution at equilibrium (mg/L)

AG® — change of Gibbs free energy (kJ/mol)

AH® — change of enthalpy (kJ/mol)

AS°® — change of entropy(J/mol K)

R — gas constant (8.314 J/mol K)

T  — absolute temperature (K)

K; — Langmuir constants (L/mg)

gm — maximum adsorption capacity (mg/g)

Ry — dimensionless equilibrium parameter

gr — amount of dye adsorbed at a time t (mg/g)

ko ~— rate constant of pseudo-second-order
(g/mg min)

K; — rate constant of intraparticle diffusion (mg/
¢ min®)

C; — the thickness of the boundary layer
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