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a b s t r a c t
The adsorption of acid orange 7 (AO7) from aqueous solution by activated carbon (AC) as a com-
mercial adsorbent, and mineral coal (MC) and natural clay (Cl) as a low-cost and natural adsorbent 
was investigated. The study was carried out under various conditions, such as the average adsorbent 
particle size, adsorbent dosage, contact time, pH, initial dye concentration, temperature and effect of 
surfactant. The adsorption was particle size dependent with a high adsorption of AO7 by MC which 
has the smallest particle size. The variation of adsorbent dosage allowed finding the optimal dose. 
Adsorption kinetic data were properly fitted with the pseudo-second order kinetic model. The good 
fitting was obtained with the Langmuir model (R² = 0.99). It shows a maximum layer adsorption capac-
ity of 182 mg/g by MC, 278 mg/g by AC and 403 mg/g by Cl at 25°C. The adsorption increased with 
an increase in the pH. From pH = 7, the equilibrium was stabilized and was unchanged in basic range 
using any adsorbent.
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1. Introduction

Dyes are generally synthetic organic compounds that are 
increasingly being produced and used as colorants in many 
industries worldwide, including textile, cosmetics [1,2]. The 
wastewater generated by the processes of these industries 
usually contains up to around 10%–40% of used dye [3]. 
Accordingly, to protect humans and the receiving ecosys-
tem from contamination, the dyes as well as other organic 
and inorganic pollutants should be eliminated from the 
dye- contained wastewaters before being released into the 
environment. The removal of dyes in wastewater is based 
on the use of the traditional methods of treatment which are 
composed usually of two steps: the physicochemical treat-
ment characterized by the addition of chemical reagents 
(aluminum chloride, ferric chloride) [4,5] and the biological 

treatment performed with activated sludge under sufficient 
aeration [6]. However, these processes are not always effec-
tive and need a large consumption of chemical products. In 
recent years, many researchers were focused on the use of 
natural materials as adsorbent, such as clays, zeolites, agri-
cultural materials and industrial by-products due to their low 
cost and their abundance [7,9]. Additionally, the use of these 
natural materials reduces the generation of non-ecofriendly 
products since it requires simple protocols for regeneration 
or reuse [10]. In this context, Mustapha et al. [11] found a 
total decolorization of palm oil using 4% AC with 20% 
of hydrochloric acid. Above this dose, further increase in 
adsorbent dosage had no significant effect. Barka et al. [12] 
used dried prickly pear cactus cladodes for adsorption of 
Methylene Blue (MB), Eriochrome Black T (EBT) and Alizarin 
S (AS) from aqueous solutions. They demonstrated that the 
decrease in the mean particle size of adsorbent from 500 to 
100 µm led to the increase of the amount adsorbed from 45 to 
120 mg/g. The biosorption yield of MB increased from 37.74% 
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to 68.92% when the biosorbent dosage was increased from 
0.2 to 1 g/L, from 13.37% and 18.24% to 59.78% and 61.80%, 
respectively, for EBT and AS, when the biosorbent dosage 
was increased from 0.2 to 3 g/L for a particle size less than 
100 µm during 90 min.

It is well known also that the surface properties of AC, 
that is, the structure and the surface chemistry, enable the 
preparation of adsorbents with appropriate characteristics 
for specific applications. In this context, Karanfil and Kilduff 
[13] studied the removal by adsorption of two organic con-
taminants (the trichloroethylene and the trichlorobenzene), 
with two types of modified adsorbents: coal-based and 
wood-based granular AC, modified by HNO3 oxidation and 
heat treatment under N2 inert atmosphere. It was found 
that increasing surface acidity increased the polarity of the 
surface and reduced adsorption of hydrophobic synthetic 
organic contaminants by granular activated carbon. The 
Boehm method was useful for correlating the reactivity of 
carbon surfaces precleaned by acid washing and heat treat-
ment, and subsequently modified with a single oxidant. 

More recently, some authors started to study the effect 
of AC surface chemistry on the removal of dyes from textile 
effluents [14,15]. Hazza and Hussein [16] used agriculture 
solid waste as low-cost adsorbents: raw olive stone (OS) and 
AC prepared from Egyptian olive stones (OSAC) for MB 
removal. The determination of the pH effect showed that the 
adsorption of MB by OSAC increased from 6.4 to 8.3 mg/g at 
pH of 2 and 9, respectively, and reached its maximum value 
of 9.5 mg/g at pH 5. The increase of the temperature from 
25°C to 45°C leads to increase of the removal percentage of 
MB from 93% to 97% by OSAC and from 80% to 90% by OS, 
respectively. Al-Degs et al. [14] studied the adsorption of 
three reactive dyes on a Filtrasorb 400 AC. They attributed 
the high adsorption capacity of this adsorbent to its net pos-
itive surface charge during the adsorption process. In this 
case, the AC was tested to remove an anionic dye. For this, 
the equilibrium adsorption data were found to be fitted with 
both Langmuir and Freundlich models.

Our work is focused on the decolorization of AO7 
solution by adsorption using three adsorbents, commercial 
AC, low-cost mineral coal (MC) and natural clay (Cl). A 
comparison study was performed taking into account the 
operating parameters and the adsorption conditions. The 
determination of kinetics and adsorption equilibrium was 
also achieved.

2. Materials and methods

2.1. Characterization of AO7

The AO7 dye corresponds to acid orange 7 (C16H11N2NaO4S, 
MW = 350.32 g/mol, λmax = 483 nm, zeta potential = –15.3 mv) 
commercialized by Sigma-Aldrich, France.

The molecular structure of this dye is presented in Fig. 1.

2.2. Characterization of adsorbents

AC was purchased from the Norit, USA. The density, 
molasses number, average particle size and surface area of the 
adsorbent were 0.37 g/mL, 180 g/mol, 37 µm and 1,400 m²/g, 
respectively (obtained from the manufacturer).

MC is a natural product from Tunisia. In our case, the 
carbon powder was prepared by the crushing–sieving 
technique. Three powders differing by their mean particle 
size were ground in a planetary crusher at 300 rpm during 
30 min, 2 h and 15 h, respectively. Then, these powders were 
activated under air at a temperature of 800°C.

The absorbent clay used in this work is from Northeastern 
Tunisia. This clay is predominantly composed of kaolinite 
and illite. This clay was thermally activated at 700°C after 
grinding and sieving.

The pH at zero point of charge (pHpzc) is defined as the 
pH of the solution in which the solid exists under a neutral 
electric potential. It is determined for all AC, MC and Cl 
using the method of Lopez-Ramon et al. [17].

2.3. Experimental procedures

A stock solution of 35 mg/L of AO7 dye was prepared by 
dissolving the amount of dye in distilled water and the used 
concentration was obtained by dilution. Adsorptions experi-
ments were conducted in 1 L reactor at a constant stirring rate 
of 300 rpm using a solution volume of 500 mL.

The suspension was then decanted and the dye concen-
tration in the supernatant was measured with a UV-visible 
spectrophotometer at 483 nm wavelength.

The color removal was determined by the following 
equation:

R (%) = (1 – Ce/C0) × 100 (1)

where C0 and Ce are the initial concentration of dye (mg/L) and 
concentration of dye (mg/L) after adsorption, respectively.

The amount of adsorbed dye per unit mass of adsorbent 
at time t, Q (mg/g), was then determined by the following 
equation:

Q = (C0 – Ce)·V/m  (2)

where Q is the amount of dye adsorbed (mg/g), C0 is the ini-
tial concentration of dye (mg/L), Ce is the concentration of dye 
after adsorption (mg/L), V is the volume of the solution (mL) 
and m is the mass of the adsorbent (g).

The effect of adsorbent particle size was studied using 
the three MC powders at different doses at the following 

Fig. 1. Molecular structure of AO7.
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conditions: pH of 7, ambient temperature of 25°C and initial 
dye concentration of 35 mg/L (0.1 mM). The temperature was 
controlled using a thermostatically controlled incubator.

The effect of the initial pH on the amount of adsorbed dye 
was also studied under similar conditions over a range of pH 
from 4 to 10.

To reach the same conditions than those of real textile 
waste water effluent, different surfactants differing by their 
functional charge: dodecyl trimethylammonium bromide 
C12TAB (cationic surfactant), sodium dodecyl sulfate SDS 
(anionic surfactant) and Brij 35 (nonionic surfactant) were 
added. The critical micelle concentration of these surfactants 
are 15.2, 8, and 0.09 mM, respectively, for C12TAB [17], SDS 
[18] and Brij 35 [19].

The AO7 concentration in the supernatant was measured 
by UV-visible spectrophotometer at 483 nm. The pH was 
adjusted to a given value by adding a few drops of diluted 
0.1 N NaOH or 0.1 N HCl solutions before each experiment 
and then measured using a pH meter (Mettler Toledo, France).

The adsorption isotherms were obtained by considering 
different solution concentrations (25 to 150 mg/L) at different 
temperatures (25°C, 40°C, 50°C and 60°C). The time of con-
tacting was set to 4 h time beyond which it is ensured that 
there was no significant variation in the concentration of dye 
at equilibrium.

The adsorption isotherms obtained in this work were 
interpreted using the adsorption models: Langmuir, Toth 
and Freundlich.

Langmuir model: The Langmuir model was linearized to 
the following:

Ce/Q = f (Ce). (3)

The Langmuir equation can be represented as follows 
[20]:

Q = (qm·b·Ce)/(1 + b·Ce) (4)

where Ce (mg/L) is the equilibrium concentration of dye in 
solution, Q (mg/g) is the amount of dye adsorbed at equilib-
rium, qm (mg/g) is the amount of dye adsorbed at complete 
monolayer coverage, b (l/mg) is a constant that is related to 
the heat of adsorption [21].

Toth model: If the Langmuir model derives from 
fundamental principles of thermodynamics and kinetics, 
most adsorbent/adsorbate pairs cannot be described by these 
theoretical models and therefore require the use of other 
hypotheses and mathematical models to represent the studied 
system. Other models, more empirical, tend to better represent 
the real phenomena observed including that of Toth [22]:

qe = Ce·Qm/(1/K + Ce
m)1/m (5)

KT is the Toth’s equilibrium constant; Ce is the equilibrium 
concentration (mg/L); Qm is the maximum capacity of Toth 
(mg/g); m is the exponent of the Toth model.

This empirical equation (Eq. (5)) proposed by Toth is 
based on that of Langmuir but allows a better adequation 
with the experimental points, in particular in the inflection 
of isotherms. The parameters are identical to those of the 

Langmuir equation, to which a coefficient C is added. These 
parameters and in particular the coefficient m make it possible 
to take into account the lateral interactions, the heterogeneity 
of the surface within the system as well as other deviations 
from ideality.

Freundlich model: The Freundlich model was linear-
ized as: 

ln(Q) = ln(Ce). (6)

The Freundlich equation can take the following form [20]: 

Q = K·Ce
n (7)

where K (L/g) represents the adsorption capacity when dye 
equilibrium concentration (Ce), n represents the degree of 
dependence of adsorption on equilibrium concentration 
 (heterogeneity factor) [20].

The modeling of adsorption kinetics was investigated 
using two models: pseudo-first order and pseudo-second 
order to predict the adsorption kinetics of AO7 by AC and 
MC and Cl.

The adsorption rate constant of the first order is inferred 
from the model established by Tóth [23]. In the context, 
Yaneva and Koumanova [24] have opted instead for a kinetic 
model of order two.

For the pseudo-first order rate constant k is given by the 
following equation:

d(qt)/dt= k(qe – qt) (8)

The pseudo-second order rate constant is given by the 
following equation:

d(qt)/dt = k(qe – qt)² (9)

with qe, the amount of adsorbate at equilibrium (mg/g), t, the 
contact time (min), k, the rate constants of adsorption, respec-
tively, for the pseudo-first order (min–1) and the pseudo- 
second order (g min/mg).

3. Results and discussion

3.1. Effect of mineral coal particle size

The adsorption of AO7 dye has been performed for 4 h 
using three coal mineral powders differing by their particle 
sizes of 278 µm (C1), 158 µm (C2) and 67 µm (C3) at different 
doses (100, 300, 500, 700 and 900 mg/L) under the following 
conditions: pH = 7 and T = 25°C.

Fig. 2 shows that the colorant retention increases when 
the particles sizes decrease for adsorbent doses below 
700 mg/L. Beyond, this value, that is, for 900 mg/L, a maxi-
mum retention of 100% was obtained and was independent 
of adsorbent particle sizes. The best retention of almost 100% 
was achieved for mean particle size of 67 µm. The porosity of 
MC increases with increasing surface area. It can be noticed 
that the decrease of the particle size resulting in the increase 
of the porosity, which makes it possible to fix more AO7 mol-
ecules [25]. According to Nai [26], the high specific surface 
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of 499 m²/g achieved by 67 µm particle sizes can explain the 
high retention obtained in comparison with that provided 
by 158 and 278 µm particles sizes of 225.5 and 128.7 m²/g, 
respectively. This result has been previously shown by  
Barka et al. [12] who found that the removal of methylene 
blue depended on the variation of the particle sizes dried 
to dried prickly pear cactus cladodes used as adsorbent. At 
equilibrium, the amount of dye adsorbed increased from 
54.91 to 118.8 mg/g when particle sizes decreased from 500 
to less than 100 µm.

3.2. Effect of adsorbent dose

To determine the optimal dose of adsorbent, tests were 
conducted considering the removal of colorant by adding 
different doses of AC, MC and Cl (100, 200, 300, 400, 500 and 
600 mg/L) during 4 h at a pH value of 7 and a temperature 
of 25°C. Fig. 3 shows that the best retention of AO7 by Cl, 
AC and MC was obtained at a dose of 200, 300 and 500 mg/L 
which correspond to more than 99% of AO7 removal.

The total decolorization obtained at the optimum adsor-
bent dose explains that there are enough active sites located at 
the adsorbent surface which could retain the entire quantity 
of dye. In this context, Aksu [27] showed that increasing the 
dose of cactus-based biomaterials as adsorbent from 0.25 to 
1 g leads to a total removal of color from MB aqueous solu-
tion. Beyond this dose, the addition of adsorbent has no effect 
on the color removal. Some authors have shown that as the 
amount of adsorbent added to the dye solution is low, the dye 
molecules can easily access the adsorption sites. The increase 
in porosity has a considerable effect on increasing the adsorp-
tion capacity (Table 1). In this context, Sakr et al. [28] have 
shown that for large pores, a satisfactory capacity of adsorp-
tion was obtained compared with narrow pores.

3.3. Effect of contact time

The variation of the kinetics of dye adsorption in presence 
of aqueous AO7 solution at a concentration of 35 mg/L by add-
ing the optimal doses of Cl, AC and MC is illustrated in Fig. 4. 
The kinetics of AO7 adsorption using the MC was slower than 
the kinetics of adsorption by AC and Cl. The stabilization was 

obtained after 3 h of adsorption. As the porosity is related to 
the pore size distribution, it reflects the internal structure of 
the microporous adsorbents from where each adsorbent has 
its adsorption capacity. The rapid kinetics of adsorption can 
be interpreted by the fact that at the beginning, the number of 
active sites available on the surface of the adsorbent material 
is much larger than that remaining after a certain operating 
time [29,30]. According to Ho and Mc Kay [31], it has been 
shown that the fast kinetics step corresponds to the transfer of 
external mass while the stabilized step is related to the trans-
fer of internal mass. The textures of AC, MC and Cl before 
and after adsorption were characterized by scanning electron 
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Table 1
Characteristics of the different adsorbents

Adsorbent Average particle  
size (µm)

Specific  
area (m²/g)

Poros-
ity (%)

pHpzc

AC 37 1,400 61 7.8
MC 1 278 129 8 5.3
MC 2 158 226 32 5.3
MC 3 67 499 43 5.3
Cl 100 78 76 9
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Fig. 4. Kinetic study of adsorption at optimal adsorbent doses 
(initial dye concentration = 35 mg/L, T = 25°C, pH = 7).
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microscopy (SEM). As shown in Figs. 5(a)–(c), there is a dif-
ference in structure morphology between the three types of 
the raw adsorbents. The Cl shows the most irregular struc-
ture resulting in a rougher surface, while MC seems having 
to most regular structure. The SEM photos provide that Cl is 
more porous than AC and MC which explains the noticeable 
adsorption capacity achieved by this adsorbent. After adsorp-
tion, the pores seem to be totally covered by the pollutants 
due to the saturation of the active sites by AO7 molecules.

3.4. Effect of pH

The effect of initial pH on the removal of AO7 by AC, 
MC and Cl was investigated in the pH range of 4–10 and the 
results are shown in Fig. 6. The adsorption performance var-
ies according to the pH of the solution. The dye adsorption 
was constant at pH 7–10 and it was unfavorable at pH < 7. In 
the presence of H+ ions, substitution takes place between the 
ions H+ and Na+, after removal of the sulfone groups respon-
sible of electrostatic attraction may have places by releasing a 
molecule of sulfuric acid. The release of sulfone group leads 
to absence of van der Waals bonds that make the molecular 
interactions between the dye and the adsorbent [32]. At neu-
tral and alkaline pH, nothing happens to the adsorption or 
remains unchanged. Furthermore, the behavior of the different 

adsorbents in color removal at different pHs of solution can 
be explained on the basis of their pHpzc evaluated to be 9, 8 
and 5, respectively, for Cl, AC and MC (Fig. 7; section 2.2). 
It, therefore, follows that the surface of adsorbent was nega-
tively charged in solutions at which the equilibrium pH was 
greater than pHpzc and positively charged at pH solution 
lower than pHpzc. Color removal would be ion-exchange 
between the negatively charged ions at the surface and the 
positively charged AO7 dyes. Therefore, molecules removal 
at pH > pHpzc was most probable.

3.5. Effect of surfactants

The effect of surfactants on dye adsorption was studied 
at pH 7, dye concentration 35 mg/L and optimal doses of AC, 
MC and Cl for 2 h (Figs. 8(a)–(c)). The addition of anionic 
surfactants leads to significant reduction of adsorption per-
formance. This can be explained by the increase in the elec-
trostatic repulsion between the dye and the surface of the 
adsorbent used hydrophilic head [33].

The nonionic surfactants result in to a decline of the 
adsorption performance. This is due to steric hinderance or 
competition between AO7 molecules and the nonionic sur-
factants (Brij 35) [34].

The cationic surfactant leads to the improvement of the 
performances of adsorption of MC and AC. However, a slight 
improvement of the performances was observed for the Cl. 
The addition of a cationic surfactant results in the change of the 
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surface of MC and AC, this modification increases the interac-
tion forces between the dye and the adsorbent and improves 
the efficiency of the process [35,36]. Moreover, adding the cat-
ionic surfactant allows to reduce the optimal doses for MC and 
AC (Fig. 9). The molecules of cationic surfactant can activate 
more adsorbent by fixing alkyl chains located in the molecules 
of cationic surfactants. When the adsorbent becomes more 
active, we can use the doses less than the optimal doses found. 
Alkyl chains increase the contribution entropy of adsorption 
energy and develop more van der Waals interactions [37].

3.6. Adsorption isotherms 

The amount of dye rapidly increases at low concentra-
tions in solution, and then this increase is reduced more and 
more until the early appearance of a bearing corresponding 
to the saturation of adsorption sites (Figs. 10(a)–(c)).
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The best results were obtained at 25°C, for a higher 
temperature, the results were similar and the performances 
seem unchanged when the temperature increased from 40°C 
to 60°C. The good fitting was obtained with the Langmuir 
model (R² = 0.99). It shows a maximum layer adsorption 
capacity of 182 mg/g by MC, 278 mg/g by AC and 403 mg/g 
by Cl at 25°C.

3.6.1. Langmuir model

According to Fig. 11(a), we note that the linearization of 
the adsorption isotherms of AC, MC and Cl is satisfactory 
with good correlation coefficients for all temperatures. We 
can say that the Langmuir model is adequate for a good 
description of adsorption isotherms. The values of parame-
ters, Qm, b and R², are presented in Table 2.

3.6.2. Freundlich model

The test results of the modeling of AO7 adsorption on 
AC, MC and Cl according to the Freundlich model are shown 
in Fig. 11(b). Based on the correlation coefficients R2 shown in 
Table 3 (0.95 for MC, 0.75 for AC and 0.93 for Cl), we deduce 
that the Freundlich model was not adequate to model the 
adsorption isotherms of AO7 on AC and MC throughout the 
concentration range studied and for all temperatures.

3.7. Adsorption kinetics

Kinetic constants of dye adsorption on AC, MC and Cl 
for the pseudo-first order and the pseudo-second order are 
determined graphically from the lines obtained (Figs. 12(a) 
and (b)).

Table 2 
Langmuir constants at 25°C in presence of MC, AC and Cl

Adsorbent R² b (L/mg) Qm (mg/g)

MC 0.99 0.416 188.679
AC 0.99 0.3 333.333
Cl 0.99 1 500

Table 3
Freundlich constants at 25°C in presence of MC, AC and Cl

Adsorbent R² n (L/mg) K (mg/g)

MC 0.96 0.25 73.84
AC 0.757 0.267 99.78

Cl 0.93 0.203 191
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Cl) and (b) pseudo-second order adsorption of AO7 by the dif-
ferent adsorbents (AC, MC, Cl).
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According to the results shown in Table 4 (R² = 0.99 in 
pseudo-second order for MC, AC and Cl), we note that the 
pseudo-second order model is the most reliable way to deter-
mine the order of kinetic dye adsorption by our adsorbents 
and that is a high correlation coefficient (R² = 0.98). A number 
of studies [38,39] found that the kinetics of adsorption of dyes 
on clay materials correspond to the pseudo-second order. For 
adsorption on AC, the models of pseudo-first order and the 
pseudo-second order are reliable to the kinetic order, they 
have a correlation factor of 0.99 [40].

4. Conclusion

AC, MC and Cl that were used in this work have shown 
to be effective in reducing the amount of dye in water in 
two ways: kinetics and equilibrium. The MC that has the 
smallest average particle size, with a higher surface area, 
contains more adsorbent sites and therefore can retain more 
dye molecules. The increase in adsorbent dosage leads to 
increase in the dye adsorption due to increase in number of 
adsorbent sites. The adsorption capacity of dye increased in 
basic solutions, but decreased in acidic solutions. Molecular 
interactions echanged by the sulfonate groups of the dye and 
carbon sites of the adsorbent is the main adsorption mecha-
nism. The addition of cationic surfactants promotes interac-
tion. The adsorption isotherms of AO7 dye by AC, MC and 
Cl are described satisfactorily by the Langmuir model, while 
the Freundlich model can describe our results throughout the 
experimental concentration range studied.
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