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a b s t r a c t
The activated carbon (AC) and its ability to remove dyes (5,5’-disodium indigo sulfonate, 
Indigotine I, blue CI n°1, Indigo carmine, IC) used in textiles and biology from aqueous solution 
are investigated. The kinetic and equilibrium parameters of quantitative adsorption for IC removed 
by AC were studied by UV-visible absorption spectroscopy. The present work deals with the 
adsorption of IC dyes on AC, and the effects of parameters affecting the adsorption capacity were 
determined to find the optimal conditions for determining the maximum amount of adsorption. 
The physicochemical characteristics of the AC were characterized by BET method and point of 
zero charge. The adsorption mechanism of IC onto AC was studied; the adsorption kinetics was 
found to follow a pseudo-second-order kinetic model. The equilibrium adsorption data for IC on 
AC were analyzed by several models. The smaller root mean square error values for the Langmuir 
and Dubinin-Radushkevich models indicate the best fitting; the monolayer adsorption capacity of 
IC was found to be 79.49 mg/g at 25°C and 298.34 mg/g at 40°C at pH 2. The adsorption isotherms 
at different temperatures have been used to obtain thermodynamic parameters: the free energy 
(ΔG° = –0.071 to –1.050 kJ/mol), enthalpy (ΔH° = 28.11 kJ/mol), and entropy (ΔS° = 0.093 kJ/mol K) of 
adsorption with an activation energy Ea of 51.06 kJ/mol. The negative ΔG° and positive ΔH° values 
indicate that the overall adsorption is spontaneous and endothermic. This study in tiny batch gave 
rise to encouraging result, and we wish to achieve the adsorption tests in column mode under the 
conditions applicable to the treatment of industrial effluents, and the present investigation showed 
that AC is a potentially useful adsorbent for the dyes.
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1. Introduction

Dyes are commonly used in many industries, like tex-
tile, food, paper, plastic, cosmetics, and coloring industries. 
These industries commonly use synthetic dyes as colorants. 
Discharge of dyes contained in wastewaters contaminates 

both the surface water and ground water. However, 7 × 10 t 
of dye stuff are produced annually. The dyes even at very 
low concentrations affect the aquatic life and human health 
by polluting the environment. The toxicity and carcinoge-
nicity have lead to exploration of possible detoxicants. Dyes 
can cause allergies, dermatitis, skin irritation, cancer, muta-
tion, etc. In general, dyes are poorly biodegradable, and 
some of them produce aromatic amines which are highly 
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carcinogenic. Many investigators have studied the feasibility 
of inexpensive alternative materials like pearl millet husk, 
date pits, sawdust, buffing dust of leather industries, coir 
pith, crude oil, residue, tropical grass, olive stone, apricot 
stone, almond shell, pine bark, wool waste, coconut shell, 
etc. Indigo carmine (IC) is a water-soluble derivative of the 
famous indigo disulfonate which has great applications in 
the textile industry [1]. It has also been used as additive 
in pharmaceutical tablets and as coloring agent in confec-
tionery, food, beverages, and cosmetics. It also serves as a 
diagnostic aid, as oxidation-reduction indicator in analytical 
tests, and as microstain in biology [2]. IC is an acid dye [3,4] 
and is therefore used to dye protein fibers, wool, and silk 
[5], including the use of alum as a bite in the latter case [6]. 
Limited studies are available on the adsorption of IC on the 
silk and wool, in particular with regard to dyeing and the 
removal of effluents from textile treatments [7]. The textile 
industry around the world and the growing demand for 
ceramic paper, printing, and plastics use a wide variety of 
dyes as raw materials [8]. Dyes are also used in medicine, 
biological strains, and plastic staining [9]. Waste from these 
industries, in one way or another, ends up in water, thus 
polluting the environment. Unlike other pollutants, coloring 
pollutants, especially those with benzene rings, even at low 
concentrations, are visible, reducing the penetration of light 
in water, which has a negative effect on the photosynthesis 
of aquatic plants [10]. Similarly, the human activities have 
caused great damages to the quality of our lifeline, namely, 
water [11]. IC is also used as additive in pharmaceutical 
tablets and capsules and for medical diagnostic purposes. 
Indeed, the dye injection for cystoscopy is a safe technique 
for detecting compromises in the urinary tract implant [12]. 
It is considered a highly toxic class of indigo dye, and its 
touch can cause skin and eye irritation as well as permanent 
damage to the cornea and conjunctiva. Consumption of the 
dye can also be fatal because it is inherently carcinogenic and 
can lead to reproduction, development, neurotoxicity, and 
acute toxicity. Wastewater containing IC dyes is rich in color 
and organic content and a large amount of suspended sol-
ids whose pH, temperature, and chemical oxygen demand 
vary considerably [13]. According to United Nations 
Educational, Scientific, and Cultural Organization standards 
and the World Health Organization, the IC at a concentra-
tion above 0.005 mg/L [14] is not acceptable in water. This 
IC dye is a nuisance not only for the aquatic life but also 
for the humans. The treatment of this waste before disposal 
is therefore essential. Some treatments for the removal of 
heavy metal and dyes from aqueous solutions have been 
reported; one can cite the ion exchange, electrochemical 
reduction, evaporation, solvent extraction, reverse osmosis, 
chemical precipitation, membrane filtration, adsorption, etc. 
Depending on the nature of aqueous effluents, flow rates, 
and metal ion concentrations, the industrial application of 
these processes is restricted by the operating costs or ineffi-
ciency of the adsorption technique. These methods differ in 
their effectiveness in removing the IC dye from water; they 
have certain disadvantages, including high investment and 
operating costs and the need for appropriate treatment and 
disposal of residual dye sludge [15].

This study was carried out with the aim to optimize the 
initial dye concentration, pH, particle size, contact time, 

adsorbent dose, agitation speed, and temperature for the IC 
uptake. In addition, the equilibrium adsorption data were 
fitted to various equations for the determination of con-
stants related to the adsorption phenomena. Equilibrium 
and kinetic analysis were conducted to determine the factors 
controlling the adsorption rate, the optimization of physical 
parameters in the dye recovery, and to find out the possibil-
ity of using this activated carbon (AC) for the dye removal. 
This study has given encouraging results, and we wish to 
carry out column adsorption tests under the conditions 
applicable to the treatment of industrial effluents, and to test 
the homogeneous photodegradation of IC on TiO2, ZnO, and 
SnO2 semiconductors is the future objective of this work.

2. Experimental

2.1. Determination of zero point charge pH(zpc)

The zero point charge pH(zpc) of AC, i.e. the pH for 
which the surface charge is zero, is determined using a 
procedure similar to that described elsewhere [16]. Two 
hundred milliliters of KNO3 solutions (0.01 M) are placed 
in closed conical flasks; the pH of each solution is adjusted 
between 2 and 14 by addition of HCl or NaOH solution. 
Then, 0.1 g of AC is added, and the final pH is measured 
after 24 h under agitation at room temperature. pH(zpc) is the 
point where the final pH versus initial pH crosses the line 
at final pH = initial pH.

2.2. Batch mode adsorption studies

The effects of the experimental parameters such as 
the initial IC concentration, pH, adsorbent dose, and tem-
perature on the IC removal are studied in batch mode 
for a specific period of contact time. The stock solu-
tion is prepared by dissolving the accurate amount of 
IC (99%, Merck) in distilled water; the other solutions are 
prepared by dilution. pH is adjusted with HCl or NaOH. 
The characteristics of IC are represented in Table 1. The IC 

content in the supernatant is analyzed on a Perkin Elmer 
UV-Visible spectrophotometer model 550S (lmax = 610 nm). 
The amount of IC adsorbed on AC qt (mg/g) is calculated 
from the following equation:

q
C C
m

Vt
t=

−( )
×0 	 (1)

where C0 is the initial IC concentration, Ct the IC concentra-
tions (mg/L) at time (t), V the volume of solution (L), and m 
the mass of the AC (g). Due to the inherent bias resulting 
from the linearization of the isotherm and kinetic models, 
the nonlinear regression (root mean square error, RMSE) 
evaluated in Eq. (2) is used as criterion for the quality of 
fitting [17]:

RMSE = exp cal
1
2

2

1N
q qe e

N

−
× −( )∑ , , 	 (2)

where qe(exp) (mg/g) is the experimental value of uptake, 
qe(cal) the calculated value using a model (mg/g), and N the 
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number of observations in the experiment (the number of 
data points). The sum of error squares (SSE) is widely used 
to test the validity of each model [18]:

SSE = exp cal
1 2

1N
q qe e

N

× −( )∑ , , 	 (3)

The chi-square statistic is given by Eq. (4):

χ2

2

1
=

−( )
∑
q q

q
e e

e

N
, ,

,

exp cal

cal

	 (4)

If the data from the model are similar to the experimental 
ones, χ2 is small. Conversely, if they are different, χ2 becomes 
large. The small the RMSE and χ2 values, the better the curve 
fitting.

3. Results and discussion

3.1. Characterization of the AC

The specific surface area and pore structure of the ACs 
were calculated by the BET equation using the ASAP 2010 
Micromeritics equipment. The external surface area, micro-
pore area, and micropore volume were determined by the 
t-plot method (Fig. 1). The total pore volume was evaluated 
from the liquid volume of N2 at a high relative pressure near 
unity 0.99 (Fig. 2). The pore size distribution was deter-
mined using the density functional theory model (Fig. 3). 
The mesopore volume was calculated by subtracting the 
micropore volume from the total volume. The parame-
ters calculated from the isotherm diagrams and t-plot are 
gathered in Table 2.

3.2. Optimization study of operating conditions

The pH plays an important role in the adsorption process 
and particularly on the uptake capacity. It is observed that the 
percentage of IC removal decreases consistently with increas-
ing pH (Fig. 4). The pH effect on IC adsorption by AC can be 

explained on the basis of pH(zpc) = 5.23 (Fig. 5). The AC surface 
charge is negative above pH(zpc). So, as the pH of the solution 
increases, the number of positively charged sites decreases 
and favors the IC adsorption by electrostatic attractions.

Table 1
General characteristics of Indigo carmine (IC) dye

Chemical name IC, Indigotine
IUPAC name 5,5’-disodium indigo sulfonate
Color index Acid blue 74, N° 73015
Chemical formula C16H8N2Na2O8S2

Molar mass (g/mol) 466.360 ± 0.026
λmax (nm) 610
Solubility in water 10 g/L at 25°C

Chemical structure

Fig. 1. Determination of the specific surface area by the t-plot 
method.

Fig. 2. Adsorption isotherm of activated carbon.

Fig. 3. Pore volume distribution.
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The effect of the stirring speed in the range 100–1250 rpm 
on the adsorption capacity onto AC is also investigated. 
The optimal adsorption capacity is obtained for a speed of 
400  rpm which gives the best homogeneity of the mixture 

suspension. Therefore, a speed of 400  rpm is selected for 
further experiments.

The effect of adsorbent dose on the IC removal shows 
that this parameter influences the adsorption. It can be seen 
from the curve qt  =  f (adsorbent dose) that the adsorption 
capacity is inversely proportional to the adsorbent dose. 
Significant variations in the uptake capacity and elimina-
tion efficiency are observed at different adsorbent doses 
(1–10 g/L), indicating that the best performance is obtained 
for an adsorbent dose of 1 g/L; this optimal value is retained 
for further experiments and isotherm plots.

The adsorption capacity of IC increases over time and 
reaches a maximum after 45 min of contact time and there-
after tends toward a constant value indicating that no more 
IC ions are further removed from the solution. The equi-
librium time averages 45  min, but for practical reasons, 
the adsorption is run up to 90  min. By raising the initial 
IC concentration (C0) from 10 to 60 mg/L, the amount of IC 

adsorbed increases from 2.40 to 17.35 mg/g (Fig. 6). The opti-
mum values obtained from the optimization of the analytical 
parameters are represented in Table 3.

3.3. Adsorption isotherms

The shape of the isotherms is the first experimental 
tool to diagnose the nature of a specific adsorption. The 

Table 2
Physicochemical characteristics of activated carbon

Specific surface area (m2/g) Porous volume (cm3/g)

SBET: 1,250.230 VT: 0.6834
Sext: 527.372 Vmes: 0.6684
Smic: 753.332 Vmic: 0.0150

Pore diameter per density  
 functional theory (nm)

1.581

Particle size (mm) 1.25 < Ø < 2.5
Humidity (%) 0.737
Moisture content (%) 0.743
Apparent density (g/cm3) 0.506
Reel density (g/cm3) 1.249
Total pore volume (cm3/g) 1.176
Total porosity 0.595

Fig. 4. Effect of pH on IC adsorbed by AC.

 
Fig. 5. Determination of pH of zero point charge pH(ZPC) of AC.

Fig. 6. Effect of contact time and dye concentration on removal 
of IC by AC.

Table 3
Optimum value parameters for the isotherm plots

Parameter Optimum value

pH 2
Particle size (mm) 1.0 < Ø < 2.0
Contact time (min) 45
Stirring speed (trs/min) 400
Adsorbent dose (g/L) 1
pH(ZPC) 5.23
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classification of isotherms is given by Giles et al. [19]. In 
our case, the isotherm of IC on AC displays L and S shapes. 
The initial part of the L curve indicates a small interaction 
of IC/adsorption sites at low concentrations, but when the 
concentration C0 in the liquid phase increases, the adsorp-
tion occurs more readily. Such behavior is due to a syner-
gistic effect with the adsorbed IC, facilitating the uptake 
of additional ions as a result of attractive interactions of 
adsorbate-adsorbate.

Five models have been tested for the adsorption equi-
librium: Langmuir (Fig. 7(a)), Freundlich, Temkin, Elovich, 
and Dubinin-Radushkevich (Fig. 7(b)) are used in the present 
study, and their applicability is compared.

3.3.1. Langmuir isotherm

The Langmuir isotherm model [20] is based on the 
assumption that maximum adsorption corresponds to 
a saturated monolayer of solute molecules on the adsor-
bent surface. The linear form of the isotherm equation is  
given by

1 1
C

K q
q

K
e

L
e

L= × −max 	 (5)

where Ce is the equilibrium concentration (mg/L), qmax the 
monolayer adsorption capacity (mg/g), and KL the constant 
related to the free adsorption energy (L/mg).

3.3.2. Freundlich isotherm

The linear form of the isotherm model is represented by 
the following equation [21]:

ln lnq K
n

Ce F e= +
1 ln 	 (6)

KF is a constant indicative of the adsorption capacity (L/g) 
and n an empirical constant related to the adsorption driving 
force.

3.3.3. Temkin isotherm

The Temkin linearized model is given by [22]

q RT
b

AC B A B Ce e e= × = +ln ln ln 	 (7)

Ce is the equilibrium concentration (mg/L), AT and b are the 
Temkin constants, R is the universal gas constant, and q 
(mg/g) the adsorption capacity. The theoretical parameters of 
adsorption isotherms along with the regression coefficients, 
RMSE, SSE, and χ2, are listed in Table 4. The small the RMSE 
and χ2 values, the better the curve fitting.

The nature of adsorption is expressed in terms of dimen-
sionless separation factor of equilibrium parameter:

R
K CL
L

=
+ ×

1
1 0

	 (8)

The RL value indicates the type of isotherm: (RL  =  0) 
irreversible, (0  <  RL  <  1) favorable, (RL  =  1) linear, and 
(RL > 1) unfavorable.

In this study, RL lies between 0.74 and 0.90 over the C0 
range (20–60 mg/L). RL is less than 1, confirming that the IC 

Fig. 7. (a) Langmuir isotherm model for the adsorption of IC onto AC and (b) Dubinin-Radushkevich isotherm model for the 
adsorption of IC onto AC.
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adsorption on AC is favored in both cases with the successful 
applicability of Langmuir isotherm.

3.3.4. Dubinin-Radushkevich isotherm

The Dubinin-Radushkevich isotherm can be used to 
describe the adsorption on both homogenous and heter
ogeneous surfaces [23]:

ln lnq qe m= −βε2 	 (9)

where qm is the Dubinin-Radushkevich monolayer capacity 
(mg/g), β a constant related to sorption energy, and ε 
the Polanyi potential which is related to the equilibrium 
concentration as follows:

ε = +








RT

Ce
ln 1 1 	 (10)

where R is the gas constant (8.314  J/mol  K) and T is the 
absolute temperature. The constant β gives the mean free 
energy E of adsorption per molecule of the adsorbate when 
it is transferred to the surface of the solid from infinity in 
the solution and can be computed using the relation:

E =
1
2β

	 (11)

The magnitude of E is useful for estimating the 
adsorption mechanism.

In the case of E < 8 kJ/mol, physical forces may affect the 
adsorption. Conversely, if E is in the range of 8–16  kJ/mol, 
adsorption is governed by ion exchange mechanism.

3.3.5. Elovich isotherm

The Elovich isotherm [24] is based on the principle of 
the kinetic assuming that the number of adsorption sites 
increases exponentially with the adsorption, which implies a 
multilayer adsorption:

ln ln
q
C

q K
q
q

e

e
m E

e

m

= × − 	 (12)

where KE (L/mg) is the Elovich constant at equilibrium, qmax 
(mg/g) the maximum adsorption capacity, qe (mg/g) the 
adsorption capacity at equilibrium, and Ce (g/L) the equi-
librium concentration of the adsorbate. The equilibrium 
constant and the maximum capacity can be calculated from 
the plot of ln(qe/Ce) vs. qe.

3.4. Adsorption kinetics

The kinetic study is important for the adsorption process 
because not only it describes the uptake rate of adsorbate but 
also controls the residual time of the whole process, and two 
models are selected to describe the adsorption process.

The pseudo-first-order equation is given by [25]

log log
.

q q q
k

te t e−( ) = − ×1

2 303
	 (13)

While the pseudo-second-order model [26] is given by

t
q k q q

t
t e e

= + ×
1 1

2
2 	 (14)

where qt (mg/g) is the amount of IC adsorbed on AC at 
the time t (min) and K1 (min–1) and K2 (g/mg  min) are 
the pseudo-first-order and pseudo-second-order kinetic 
constants, respectively.

The Elovich equation is a kinetic equation related to the 
chemisorption process and is validated for systems where 
the surface of the adsorbent is heterogeneous; the linear form 
is given as follows:

q tt =








 +











1 1
β

αβ
β

ln ln 	 (15)

where α (mg/g  min) is the initial adsorption rate and β 
(mg/g) the relationship between the degree of surface cover-
age and the activation energy involved in the chemisorption. 
The rate constants predict the uptakes and the corresponding 
correlation coefficients for AC summarized in Table 5. For the 
pseudo-first-order kinetic (Fig. 8(a)), the experimental data 

Table 4
Sorption isotherm coefficients of different models

Langmuir Freundlich Temkin Dubinin-Radushkevich Elovich

40°C 1/n: 0.703 B: 3.14 K: 11.2 × 10–4 mol2 k/J2

KL 0.0058 L/mg KE: 5.4 × 10–5 L/mg
qmax 79.49 mg/g KF: 0.759 mg/g AT: 0.51 L/mg qmax: 298.34 mg/g qmax: 11.16 mg/g

ΔQ: 65.52 kJ/mol E: 21.18 kJ/mol
RMSE 35.188 44.236 65.236 1.1885 84.123
R2 0.944 0.896 0.897 0.996 0.487

25° C 1/n: 0.926 B: 6.24 K: 0.0014 mol2 k/J2

KL 5.2 × 10–3 L/mg KF: 0.477 mg/g AT: 0.265 L/mg qmax: 459 mg/g
qmax 83.33 mg/g ΔQ: 0.39 kJ/mol E: 19.047 J/mol
RMSE 7.255 45.410 41.69 48.338
R2 0.999 0.926 0.864 0.833
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deviate from linearity as evidenced from the low values of 
qe and C0 and are therefore inapplicable for the present sys-
tem. By contrast, the correlation coefficient and qe,cal deter-
mined from the pseudo-second-order kinetic model agree 
with the experimental data (Fig. 8(b)). Its applicability sug-
gests that the adsorption of IC onto AC is based on chemical 
reaction (chemisorption), involving an exchange of electrons 
between adsorbent and adsorbate. In the chemisorptions, 
the IC ions are attached to the adsorbent surface by chemical 
bond and tend to find sites that maximize their coordination 
number with the surface.

3.5. Intraparticle diffusion study

The mechanisms and kinetics of the adsorption are 
described by various models, which predict the breakthrough 
curves at different times and accuracies. Nevertheless, there 

are not clear criteria to decide which model is convenient for 
a given case:

•	 The involved mass transfer resistances,
•	 Relation type between the adsorbed amount and the 

diffusion coefficients,
•	 Definitive equilibrium equation,
•	 Description level and the mathematical complexity of the 

model,

It is well known that a performed batch experiment 
gives valuable data to evaluate the diffusion coefficients. 
Under real conditions, the mass transport resistance in the 
solid is larger than the external fluid film on the solid par-
ticles. The possibility of intraparticle diffusion [27] during 
the transportation of adsorbate from solution to the particle 

Table 5
Kinetic and intraparticle parameters for the IC adsorption onto AC

C0 (mg/L) Pseudo-second order Pseudo-first order

qex (mg/g) qcal (mg/g) R2 Δq/q (%) K2 (g/mg min) qcal (mg/g) R2 Δq/q (%) K1 (min–1)
10 2.40 2.448 0.999 1.96 0.018 1.884 0.999 5.52 0.0403
30 4.50 4.589 0.998 1.94 0.0383 4.092 0.956 6.16 0.0880
40 9.50 9.681 0.999 1.87 0.0069 7.586 0.996 2.56 0.0471
60 17.35 17.575 0.999 1.28 0.0100 16.226 0.929 1.07 0.0945
C0 (mg/L) Elovich C0 (mg/L) Diffusion

R2 β (g/mg) α (mg/g min) Kin (mg/g min1/2) R2 C (mn1/2) D cm2/s
10 0.964 2.123 –1.931 10 0.09 0.995 0.024
30 0.983 27.174 2.023 30 0.32 0.964 0.540 4.5 × 10–7

40 0.985 0.529 –13.731 40 0.36 0.996 0.571
60 0.986 0.316 2.710 60 0.45 0.983 5.53

Fig. 8. (a) Pseudo-second-order kinetic plot for the adsorption of IC onto AC and (b) First-order kinetic plot for the adsorption 
of IC onto AC.
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surface was also investigated by the intraparticle diffusion 
model:

q K t Ct = +in 	 (16)

where Kid is the intraparticle diffusion rate constant 
(mg/g  min1/2), qt the amount of IC adsorbed at time t, and 
C (mg/g) the intercept. The plot of qt versus t1/2 enables 
to determine both Kid and C (Fig. 9). The mechanism of 
adsorption is complex, but the intraparticle diffusion is 
important in the early stages.

The first linear part could be due to intraparticle diffu-
sion effects whose slopes are defined as the rate parameters, 
characteristic of the adsorption rate in the region where the 
intraparticle diffusion occurs.

Initially and within a short period, it is postulated that IC 
ions are transported to the AC external surface through the 
film diffusion with a high rate.

Once the surface is saturated, the IC ions enter inside 
AC by intraparticle diffusion through the pores and inter-
nal surface diffusion until equilibrium is reached, and this is 
represented by the second straight lines.

The data collected at 25°C for an initial IC concentra-
tion (20–60  mg/L) exhibit multilinear plots (Table 5). These 
results indicate that two or more steps occur during the 
adsorption process. Therefore, some boundary layer control 
must be involved, and the intraparticle diffusion is not the 
limiting step.

3.6. Effect of temperature

The adsorption reaction of coloring molecules on a 
surface implies a variation of the free energy ΔG° (kJ/mol) 
(variation of energy at constant pressure) between the initial 
and final states which predicts the feasibility of a reaction.

∆ ∆ ∆G H T Sο ο ο= − 	 (17)

The energy of Gibbs is composed of two terms: an 
enthalpy term H which expresses the energies of interac-
tions between the molecules and the adsorbent surface and 
an entropic term S which expresses the modification and 
arrangement of the molecules in the liquid phase and on the 
surface. The thermodynamic behavior for adsorption of IC 
on AC was further investigated. The thermodynamic param-
eters (∆G°), enthalpy (∆H°), and entropy (∆S°) are calculated 
using the following equations:

∆G RT Ke
ο = − ln 	 (18)

where Ke is the apparent equilibrium constant. The appar-
ent enthalpy (∆H°) of the adsorption and entropy (∆S°) of 
the adsorption are calculated from adsorption data at dif-
ferent temperatures using Eq. (19). The adsorption capacity 
of AC increases with raising temperature over the range 
298–313 K, and above this range, the vaporization becomes 
an increasing problem. The insights of the adsorption 
mechanism can be determined from the free energy (ΔG°), 
enthalpy (ΔH°), and entropy (ΔS°). In the rate law, the 
temperature dependence appears in the rate constant, and 
over a limited range, it can usually be represented by Eqs. 
(19) and (20). The thermodynamic equilibrium constant (K) was 
determined by Khan and Singh [28] by plotting ln(qe/Ce) 
vs. qe and extrapolating to zero qe. The thermodynamic 
parameters are determined from the following equations:

lnK H
R T

S
Re = × −

∆ ∆ο ο1 	 (19)

The plot of lnKe 1/T is linear, and ΔH° and ΔS° are 
obtained from the slope and intercept of the Van’t Hoff 
Eq. (16), while ΔG° at various temperatures is reported 
in Table 6. The positive ΔG° indicates a not spontaneous 
process, while the positive ΔH° and DS° show that the 
IC adsorption on AC is endothermic with an increased  
randomness at the solid-solution interface.

The rate constant and the dependence of rate constants on 
temperature over a limited range can usually be represented 

 

Fig. 9. Application of intraparticle diffusion for the adsorption 
of IC onto AC.

Table 6
Thermodynamic parameters for the IC adsorption onto AC

T (K) Ke R2 ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol k) Ea (kJ/mol)

303 1.028 0.999 –0.0705
307 1.231 0.989 –0.5310 28.115 0.093 51.065
310 1.363 0.997 –0.8512
317 1.497 0.988 –1.0503
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by Eq. (20). The adsorption capacity of AC increases with 
raising temperature in the range 299–313 K.

ln lnK A
E
RT
a

2 = − 	 (20)

A is the pre-exponential factor, Ea the activation energy, 
and K2 (g/mg min) the pseudo-second-order kinetic constant 
at different temperatures. Ea is obtained by plotting lnK2 
against 1/T. All the calculated thermodynamic parameters 
are presented in Table 6.

3.7. Comparative study of the adsorption capacity of IC by the 
different adsorbents

It is instructive for a comparative purpose to report 
the values of the adsorption capacity of some adsorbents 
available in the literature (Table 7). One can see that the IC 
adsorption observed in this work is well positioned with 
respect to other researches. For our study, the maximum 
adsorption capacity was found to be 79.49 mg/g at 25°C and 

298.34 mg/g at 40°C at pH 2. The differences of dye uptake 
are due to the properties of each adsorbent like the structure, 
the functional groups, and the surface area. AC could be an 
attractive adsorbent for basic dyes owing to the isoelectric 
point (pHpzc).

4. Conclusions

The adsorption characteristics of IC onto AC are strongly 
affected by the initial dye concentration, initial pH, and 
adsorbent dose. A pH value of 2 was favorable for the 
optimum adsorption of IC dye by AC. The RL values and 
other adsorption parameters indicating the Dubinin-
Radushkevich and Langmuir isotherm models provided 
a better fit of the equilibrium adsorption data one. They 
gave a maximum adsorption capacity of 79.49 mg/g at 25°C 
which increased up to 298.34  mg/g at 40°C at pH 2. This 
study has shown that the AC can be employed as effective 
adsorbent for the removal of IC from aqueous solution. The 
pseudo-second-order model gave the best description of the 
kinetic data.

The negative free energy ΔG° and positive enthalpy 
ΔH° indicated that the adsorption of IC onto AC is spon-
taneous and endothermic over the studied temperature 
range. The positive entropy ΔS° clearly states that the ran-
domness increased at the solid-solution interface during 
the IC adsorption onto AC, indicating that some structural 
exchange may occur among the active sites of the adsor-
bent and the ions. The adsorption of IC ions by AC follows 
a pseudo-second-order kinetic model, which relies on the 
assumption that the chemisorptions may be the rate-limiting 
step; the IC ions are attached to the adsorbent surface by 
forming a chemical bond and tend to find sites that maxi-
mize their coordination number with the surface. This study 
in tiny batch gave rise to encouraging result, and we wish 
to achieve the adsorption tests in column mode under the 
conditions applicable to the treatment of industrial efflu-
ents, and the present investigation showed that AC is a 
potentially useful adsorbent for the dyes.

Future applications of the current work:

•	 Contribute to the reduction of environmental pollution, 
which remains a major international problem.

•	 Create agreements between the laboratory and the textile 
industry.

•	 Switch from batch mode to column mode.
•	 Realization of tests on an industrial scale.
•	 Perform theoretical simulations of phenomena.
•	 Preparation of new adsorbents at low economic cost.
•	 Elimination of pollutants by solar photodegradation.

Using the homogeneous photodegradation of IC on 
SnO2 semiconductor is the future objective of this work. 
Preliminary tests were satisfactory; the experiments are cur-
rently under way and will be reported very soon.
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Table 7
Adsorption capacities of IC by various adsorbents

Adsorbant qmax (mg/g) References

Activated carbon 298.34 This study
Activated carbon-based KOH 13.40 [29]
Silk 18.38 [33]
Calcined (Zn/Al + Fe) layered 
double hydroxide

488.93 [31]

TiO2/UV/O2 14.28 [32]
Mesoporous Mg/Fe layered double 
hydroxide nanoparticles

62.86 [33]

Nanofiber membranes 266.77 [34]
Acacia nilotica (Babool) sawdust 
activated carbon

37.91 [35]

Chitosan 71.82 [36]
Carbonaceous material from 
pyrolyzed sewage sludge

92.83 [37]

Brazilian peat soil 318.06 [7]
Mesoporous poly(acrylic acid)/SiO2 
composite nanofiber membranes

523.11 [38]

Maize cob carbon 118.48 [39]
Chitin nanowhisker functionalized 
electrospun PFM

72.66 [40]

Apricot stone activated carbon 552.55 [41]
Rice husk ash 29.28 [2]
Mesoporous polyvinyl alcohol/SiO2 
nanofiber membranes

495.00 [42]

Urea-treated cellulosic waste of 
citrus reticulata peels

71.07 [43]

Ni nanoscale oxides/Schoenoplectus 
acutus composite

860.23 [44]

Activated sewage sludge 60.04 [45]
Nanocomposite hydrogels 370.37 [46]
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