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Abstract 
 
The aim of this study is to evaluate adsorption kinetics, isotherms and thermodynamic parameters of anionic textile dye (Acid 
Red 88) onto montmorillonitic clay from aqueous solutions. The parameters of pH, initial dye concentrations, temperature, and 
the adsorbent dosage were investigated experimentally. Four kinetic models including pseudo-second order, pseudo-nth order, 
Bangham’s equation and double exponential equation (DEE) were selected to follow the adsorption process. The dynamic data 
were fitted the DEE well and also followed the pseudo-nth order model. The adsorption data obtained were well described by the 
Langmuir isotherm model. The maximum adsorption capacity was found to be 588 mg/g at 20 oC. Thermodynamic parameters 
such as activation energy (Ea), Gibbs free energy (ΔG0), enthalpy (ΔH0) and entropy (ΔS0) were also evaluated. The negative 
value of change in Gibbs free energy indicates that adsorption of AR88 on montmorillonitic clay is spontaneous. The anionic dye 
molecules can be adsorbed on montmorillonitic clay particles, even when their surface charge (or zeta potential) is negative. 
Interactions leading to adsorption of anionic dyes (AR88) onto the clay may cause from the following mechanisms: hydrogen 
bonding, electrostatic interaction, hydrophobic interaction, anion exchange and dye-dye interactions. The results show that 
montmorillonitic clay could be employed as low-cost material for the removal of acid dyes from textile effluents. 
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1. Introduction 
 
Colored organic effluent is produced in the 

textile, paint, pulp, paper, plastic, leather, food, dye, 
printing, ink, pharmaceutical, cosmetic, and leather 
processing industries. Among these industries, 
effluents from the dyeing and finishing processes in 
the textile industry are highly colored, with a large 
amount of suspended organic solid, which are 
important sources of water pollution. These effluents 
are also carcinogenic and pose a major threat to 
aquatic living organisms. The presence of even very 

low concentrations of these effluents is highly visible 
and potentially inhibiting photosynthesis. Due to 
their chemical structure, these dyes color the water 
and make penetration of sunlight to the lower layers 
impossible, consequently affecting aquatic life 
(Kannan and Sundaram, 2001; Luis et al., 2014; 
Mondal et al., 2014; Ozcan et al., 2005; Vandevivere 
et al., 1998; Weng and Pan, 2007; Won et al., 2006). 

The degradation of dye concentrations in 
wastewater using traditional methods can be a threat, 
such as coagulation, sedimentation, membrane 
filtration, ozonation, oxidation, electrochemical 
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destruction, physical-chemical flocculation combined 
with flotation based on the use of activated carbon 
(Akar et al., 2008; Banat et al., 1996; Fu and 
Viraraghavan, 2001). However, these methods have 
certain disadvantages such as high operating cost, 
regeneration problem, formation hazardous by-
products and high energy requirements. The 
adsorption process is commonly adopted for the 
treatment of textile effluents because of its 
effectiveness and versatility (Crini, 2006). 

Although activated carbon seems to be an 
efficient adsorbent, it has high operation costs. For 
this reason, many researchers are being focused to 
search for alternative adsorbents, such as clays 
including bentonite (Eren, 2009; Ozcan et al., 2005; 
Ozcan and Ozcan, 2004), kaolinite (Ghosh and 
Bhattacharyya, 2002; Harris et al., 2001; Tehrani-
Bagha et al., 2011), montmorillonite (El Mouzdahir 
et al., 2010; Wang et al., 2004), sepiolite (Alkan et 
al., 2004, 2005; Armagan et al., 2003; Eren et al., 
2010; Ozcan et al., 2006), palygorskite (Al-Futaisi et 
al., 2007), clinoptilolite (Colar et al., 2012) and 
smectite (Ogawa et al., 1996), which are used as 
adsorbents for the removal of dyes from wastewater. 
Clay minerals have found to be a more interesting 
adsorbent for adsorption studies due to its low cost, 
high surface charges, and well lamellar structure, 
which makes it a potential adsorbent for the removal 
of dye molecules (Monash and Pugazhenthi, 2010).  

Adsorption of organic molecules by the clays 
is primarily controlled by surface properties of the 
clay and chemical structure of the dye molecules. 
Natural clays exhibit a negative charge of structure 
which allows it to adsorb positively charged dyes but 
induce a low adsorption capacity for anionic dyes. 
Therefore, a number of studies were achieved 
cationic dye adsorption onto clays, but a limited 
number of studies have been devoted to anionic dye 
adsorption onto clay (Akar and Uysal, 2010; Errais et 
al., 2010; Karaoglu et al., 2010; Vimonses et al., 
2009; Tabak et al., 2009). 

The present study is to investigate the 
possibility of untreated montmorillonitic clay from 
Eskisehir region (Turkey) as an adsorbent for 
removal of an anionic acid dye, which is called Acid 
Red 88, from aqueous solution by adsorption method. 
The adsorption process was optimized by 
investigating pH, contact time, initial dye 
concentrations, temperature, and the adsorbent 
dosage. The kinetics of adsorption was analyzed by 
fitting pseudo-second order, pseudo-nth order, 
Bangham’s equation and double exponential equation 
(DEE).  

The experimental data were fitted into 
Langmuir, Freundlich, Tempkin and Dubinin-
Radushkevich (D-R) equations to determine which 
isotherm models give the best correlation to 
experimental data. Furthermore, the thermodynamic 
parameters such as, Gibbs free energy (ΔG0), 
enthalpy (ΔH0) entropy (ΔS0) and activation energy 
(Ea) were obtained and surface properties were 

determined to provide insights to the adsorption 
reactions and mechanism.  
 
2. Materials and methods 

 
2.1. Materials 

 
The textile dye, AR88 was obtained from 

Sigma-Aldrich and used as the representative 
compound for the experiments in this study. Its 
chemical structure is illustrated in Fig. 1. 
Montmorillonitic clay was provided from Dolsan Co. 
Ltd. (Eskisehir, Turkey) and used as an adsorbent for 
all experiments. The desired pH of the solution was 
kept constant during conditioning by introducing 
appropriate amounts of HCl or NaOH. 

 
 

Fig. 1. The chemical structure of AR88 
 
2.2. Material characterization 
 

The mineralogy of the montmorillonitic clay 
was investigated by X-ray powder diffraction (XRD, 
Rigaku RINT 2200) obtained through the reference 
intensity ratio (RIR) procedure (Chipera and Bish, 
2002). The chemical composition of the sample was 
determined with an X-ray fluorescence spectrometer 
(Bruker, S8 Tiger WDXRF). Prior to the chemical 
analysis, a 1.5 g sample and 7.5 g Li2B4O7 were 
mixed in platinum crucibles, melted in a fusion 
device at 1300 oC, and formed as glass tablets.  

The BET surface area of montmorillonitic 
clay was calculated from N2 adsorption isotherm in 
the relative pressure range from 0.05 to 0.35 with a 
surface area analyzer (Quantachrome, Nova 2200). 
Also, the pore size distribution was analyzed with N2 
adsorption, following the BJH algorithm. The 
mesoporous volume was calculated less than a 
relative pressure of 0.95. True density analysis of 
montmorillonitic clay was carried out with a 
pycnometer (Quantachrome, Ultrapycnometer 1000).  

Particle size distributions were measured by 
laser diffraction using a Mastersizer 2000 (Malvern 
Inst. Ltd., UK). The results were given in Table 1. A 
scanning electron microscope (SEM Leo-1430 VP) 
was employed to observe the morphology of the clay 
particles. Fourier transform infrared spectra (FTIR) 
of raw montmorillonitic clay, AR88, AR88-adsorbed 
montmorillonitic clay were recorded between 4000-
400 cm-1 with a Perkin-Elmer BX-2 
spectrophotometer by the KBr technique (the sample 
concentration was about 1 wt.%; a pure KBr disc was 
utilized as reference). Prior to FTIR analysis, dye 
adsorbed montmorillonitic clay were washed twice 
with distilled water and dried in an oven at 80 °C. 
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Table 1. Chemical composition and some physical 
properties of montmorillonitic clay 

 
Chemical composition 

Constituents Percentage 
SiO2 60.90 
Al2O3 11.67 
CaO 4.33 
MgO 3.30 
Fe2O3 0.79 
K2O 0.79 
TiO2 0.07 
MnO 0.05 
Others 0.10 
LOI* 18.00 
Total 100.00 

Physical properties 
Specific surface area 74 m²/g 
Pore size distribution 5-30 nm (avg. 14) 
True density 2.33 g/cm3 
Particle size distribution  
 D90 30.71 µm 
 D50 (average) 10.08 µm 
 D10 2.81 µm 

LOI: Loss on ignition 
 

2.3. Dye adsorption experiments 
 

Adsorption experiments with montmorillonitic 
clay were carried out by using the batch technique at 
20, 30 and 40 0C. Effect of initial pH was 
investigated at various pH values. In the experiments, 
a 0.1 g adsorbent was added to each 50 mL of dye 
solution having an initial concentration of 750 mg/L 
and then the pH of the solution was adjusted between 
2 and 11 by adding a small amount of dilute HCl or 
NaOH. The vials were shaken for 24 h on a 
thermostatic shaker and centrifuged at 10000 rpm for 
2 min.  
 Effect of adsorbent dosage was investigated 
at 20 ºC. For the adsorbent dosage studies, 50mL of 
750mg/L AR88 was added to each vial with different 
adsorbent amounts (0.05-0.55 g) at a constant pH. 
For kinetic studies, agitation speed of 140 rpm, 
adsorbent dosage of 2g/L, AR88 concentration of 
750mg/L was kept constant. The suspensions were 
shaken for 24 h on a thermostatic shaker and 
centrifuged for 2 min at 10000 rpm at the end of each 
adsorption period. The dye concentration of each 
supernatant was measured with a UV-Vis 
spectrophotometer (Jenway) at the respective λmax 
value, which is 505 nm for AR88.  
 The adsorbed amount of AR88 onto 
montmorillonitic clay was calculated by using the 
Eq. (1) taking into the concentration differences of 
the solution between the initial and remaining 
accounts, where qe is the amount of dye adsorbed at 
equilibrium (mg/g), V is the volume of the solution 
(mL), m is the mass of the adsorbent used (g), C0 and 
Ce are the initial and the equilibrium dye 
concentrations (mg/L). 

 

0 e
e

( - )C C V
q

m


    (1) 

The validity of used kinetic models and 
adsorption models in this study can be quantitatively 
checked by using a normalized standard deviation ∆q 
(%) calculated by the Eq. (2) following equation 
(Kapoor and Yang, 1989). 

 

2

exp cal exp[( / )]
(%) 100
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  (2) 
 

2.4. Zeta potential measurements 
 

The zeta potential of montmorillonitic clay 
were determined by a Zetasizer Nano ZS equipped 
with MPT-2 automatic titrator (Malvern Inst.) 
running by electrophoresis technique. The 
suspensions were conditioned under the adsorption 
testing conditions at 20 and 40 oC. A sample of 0.1 g 
in 50 mL of dye solution was shaken for 24 h.  

The suspensions were kept still for 10 min to 
let larger particles settle at the same temperature. 
Approximately 10 mL of clear supernatant was 
removed from the adsorption test vial and placed in 
the electrophoretic cell. An adequate amount of the 
particle bed and introduced into the cell. Each data 
point is average of 10 measurements. On the other 
hand, zeta potential measurements were performed at 
different pH values in 10-3 M NaCl solution. 

 
3. Results and discussion 

 
3.1. Mineralogical and chemical composition of 
adsorbent 

 
The adsorbent mainly consisted of 

montmorillonite (52.35 wt %) and cristobalite (27.51 
wt %), with minor quantities of calcite (9.10 wt %); 
kaolinite (8.08 wt %) and quartz (3.95 wt %) (Fig. 2). 
Table 1 shows chemical analysis results of the major 
and some trace elements in the montmorillonitic clay 
sample.  
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Fig. 2. X-ray diffraction pattern of montmorillonitic clay 

 
The results indicate that SiO2 and Al2O3 are 

the main components of the adsorbent, were 60.90% 
and 11.67%, respectively. The X-ray diffraction and 
chemical analysis of montmorillonitic clay indicate 
that cristobalite is the major impurities 
accompanying montmorillonite. Fig. 3 shows the 
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morphology of montmorillonitic clay that is 
characterized by typical layered particles. 

 

 
 

Fig. 3. SEM image of montmorillonitic clay 
 

3.2. FTIR analysis 
 

As indicated in the literature, the FTIR 
technique is used to identify the adsorption 
mechanisms of various organic compounds such as 
dye, surfactant, polymer etc (particularly those of 
physical, chemical, or hydrogen bonding ) on various 
adsorbents like clay, fly ash etc. (Zaman et al., 2002; 
Acemioglu et al., 2004; Ozcan et al.,2005; Akyuz 
and Akyuz, 2006).  

Accordingly, the FTIR spectroscopy is a 
useful tool in determining whether the adsorption 
interaction between montmorillonitic clay and AR88 
is physical or chemical. The FTIR spectra of raw 
montmorillonitic clay, AR88, and the clay adsorbed 
with different amounts of AR88 are presented in Fig. 
4. 

 
 

Fig. 4. FTIR spectra of (a) montmorillonitic clay, (b) 
anionic dye (AR88), (c) 225 mg/g and (d) 588 mg/g  

AR88-adsorbed montmorillonitic clay 
 

There is a group of adsorption peaks between 
3627 and 3434 cm-1, which are due to stretching 
bands of the structural OH– groups of 
montmorillonite, and the band at 1625 cm-1 also 
corresponds to the OH– stretching of water molecules 
present in the clay (Fig. 4a) and dye adsorbed 
montmorillonitic clay (Fig. 4c-d), but the peak 

intensities of dye adsorbed-montmorillonitic clay are 
lower than that of raw montmorillonitic clay. The Si–
O coordination band at 1090 cm−1 is observed as a 
result of the Si–O out-of-plane stretching vibration 
(Tyagi et al., 2006).  

The band at around 1020 cm−1 represents the 
in-plane stretching of Si–O in the Si–O–Si groups of 
the tetrahedral sheet. The bands at 520 and 467 cm−1 
are due to Si–O–Al (octahedral) and Si–O–Si 
bending vibrations, respectively (Tyagi et al., 2006; 
Akyuz and Akyuz, 2006). AR88 has the two most 
characteristic bands at 3415 cm-1 and 1618 cm-1 for 
OH– and N=N groups (Fig. 4b). The aromatic C=C 
ring vibrations are shown at 1500 and 1550 cm-1.  

The C–O stretching is observed at 1165 and 
1200 cm-1 and also the peaks at 1200 and 1086 cm-1 
come from the stretching vibration of SO3. The C–H 
in-plane bending and C=C out-of-plane bending 
vibrations of the aromatic nuclei are observed at 689 
and 831 cm-1, respectively (Gungor and Karaoglan, 
2001; Wang et al., 1993). The FTIR spectra of the 
225 and 588 mg/g AR88-adsorbed clay samples are 
given in Fig. 4c and 4d. Considerable differences are 
observed between the bands of montmorillonitic clay 
before and after dye adsorption, and also between the 
bands of free dye and those of adsorbed dye.  

The stretching peak of OH– group at 3434 cm-

1 depending on clay shifted to approximately 3446 
cm-1 after the adsorption and the intensity also 
increased. Similarly, the peak at 1625 cm-1 shifted to 
1652 cm-1. The OH– peak of dye molecule at 3415 
cm-1 shifted to approximately 3450 cm-1 after the 
adsorption of dye molecules. These variations in 
vibration frequencies are better observed as the dye 
adsorption increases.  

These results indicate that the anionic dye 
molecules (AR88) can adsorb onto montmorillonitic 
clay, most likely through physical adsorption 
mechanisms such as H–bonding between the oxygen 
of the OH– group of clay and the hydrogen of the 
OH– group of AR88. 
 
3.3. Effect of initial pH 
 

The variations of both the zeta potentials of 
montmorillonitic clay particles and the amount 
adsorbed of the AR88 onto the clay with initial pH 
were investigated in the range of pH 2–11 and results 
are given Fig. 5. The adsorption of dye from aqueous 
solution onto surface of adsorbent is dependent on 
pH of the solution that affects the both nature of the 
surface charge of the adsorbent and speciation of the 
dye molecule. The adsorption capacity was 372 mg/g 
at initial pH of 2.4 and reduced to about 350 mg/g 
between at pH 7 and 8. Here, it should be noted that 
the natural pH of the suspension was approximately 
pH 8.5.  

At lower pH more protons will be available, 
thereby increasing electrostatic attractions between 
negatively charged dye anions and positively charged 
adsorption sites and causing an increase in dye 
adsorption process. 
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Fig. 5. The variation of both the amount adsorbed and zeta 
potential with initial pH of suspension. Conditions: C0: 750 

mg/L, adsorption temperature: 20 ºC, adsorption time: 
24 h, agitation speed: 140 rpm, adsorbent dosage: 2 g/L 

 
When the pH of the suspension is increased, 

the positive charge on the oxide or solution interfaces 
decreases and the clay surface appears negatively 
charged. On the contrary, a lower adsorption at 
higher pH may be due to the abundance of OH– ions 
and because of ionic repulsion between the 
negatively charged surface and the ionic dye 
molecules.  

There are also no exchangeable anions on the 
edge surface of clay at higher pH values and 
consequently the adsorption decreases (Ozcan and 
Ozcan, 2005). The curve of zeta potential versus pH 
also supported this finding. From Fig. 5, it can be 
seen that the adsorption capacity is the highest at pH 
2.4 where the negative surface charge of particles is 
approximately –11 mV. Zeta potential decreases to –
23 mV at natural pH and finally decreases to –43 mV 
approximately at pH 12. This decrease of zeta 
potential can be explained by the adsorption of OH– 
ions bonded to the metal ions in the edge surface of 
the clay, and by the transport of H+ ions into the 
water as a result of the ionization of OH– groups 
bonded to metal.  

While pH values affect the zeta potential of 
adsorbent, they do not show the same effect for dye 
adsorption capacity. Therefore, it may be said that 
the anionic dye molecule (AR88) can adsorb onto 
montmorillonitic clay particles even when their net 
surface potential is negative. A similar situation is 
also reported earlier for adsorption of anionic dyes 
onto negatively charged adsorbents (Alkan et al., 
2004; Harris et al., 2001; Tunali et al., 2006).  

 
3.4. Effect of adsorbent dosage  
 

The effect of varying adsorbent dosage on 
AR88 adsorption was investigated at pH 9.6 and 20 
0C.  

The results were presented in Fig. 6. With an 
increase in the adsorbent dosage, from 1 and 4 g/L 
the percentage of AR88 removal increased from 58% 
to 97%, as the number of possible adsorbing sites 
would be increased, whereas the adsorption capacity 
of montmorillonitic clay for AR88 decreased from 
521 to 61 mg/g.  

Furthermore, the equilibrium concentration of 
AR88 sharply decreased adsorbent dosage ranging 
from 1 to 3 g/L, and then remained constant.  

Consequently, the adsorbent dosage was 
determined as 2 g/L for further adsorption 
experiments. 

 
Fig. 6. The variation of both the amount adsorbed and 
color removal percentage with adsorbent dosage. 

Conditions: C0: 750 mg/L, adsorption temperature: 20 ºC, 
adsorption time: 24 h, agitation speed: 140 rpm, 

equilibrium pH ≈ 9.6 
 
3.5. Adsorption kinetics 

 
The removal of AR88 by adsorption technique 

increased with time, reaching a maximum value at 
about 30-60 min, depending on initial concentration 
and temperature, thereafter it remained constant, as 
presented in Fig. 7a, b and c. These figures also 
compare the experimental and estimated qe values for 
montmorillonitic clay. As can be seen from the data, 
double exponential equation (DEE) model provides 
the best fit to adsorbent/anionic dye (AR88) system 
for the whole contact time with higher correlation 
constant and lower standard deviations.  

It is clearly seen from the figures that the 
agitation time required for maximum uptake (or to 
reach equilibrium) of AR88 by montmorillonitic clay 
was depended on the initial AR88 concentration. The 
adsorption rate of AR88 onto the clay was rapidly 
increased within 10 min, and then gradually 
decreased with increase in contact time. The kinetic 
study of the adsorption process provides useful 
information regarding the efficiency of adsorption 
and feasibility of scale-up operations.  

Four kinetic models, i.e. pseudo-second order, 
pseudo-nth order, Bangham’s equation and double 
exponential equation (DEE), were considered to 
interpret the time dependent experimental data. 

 
3.5.1. Pseudo-second order model 
The pseudo-second order kinetic equation is based on 
the adsorption capacity of the adsorbent or solid 
phase. The kinetic model (Ho and McKay, 1999) is 
expressed as given by Eq. (3), where qe is the amount 
of the AR88 adsorbed (mg/g) at equilibrium and k2 is 
the equilibrium rate constant for pseudo-second order 
adsorption (g/mg min).  
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a 

 
b 

 
c 

Fig. 7. Comparison of experimental and estimated adsorption kinetics of AR88 onto montmorillonitic clay as a function of time at 
various concentrations and temperatures. Conditions:adsorbent dosage 2 g/L, agitation speed:140 rpm,  

adsorption temperature:(a) 20, (b) 30 and (c) 40 oC 
 

2t
2 e t( )

dq
k q q

dt
 

   (3) 
 

 The initial adsorption rate, h0 (mg/g min), as 
t0 can be defined as given by Eq. (4). 
 

2
0 2 eh k q     (4) 

 

The pseudo-second order reaction data and 
correlation coefficients under different temperatures 
were presented in Table 2 for all initial dye 
concentrations and at various temperatures. The 
values of k2 were found to be in the ranges of 
4.44×104 to 12.01×104 g/mg g for montmorillonitic 
clay. Further, the values of the overall second-order 
rate constants (k2), increased with increase in initial 
AR88 concentrations from 500 mg/L to 1000 mg/L.  

This increase can be explained by increase in 
driving force with the concentration gradient for high 
initial adsorbate concentration. The pseudo-second 
order rate constants (k2), for adsorption of AR88 onto 
montmorillonitic clay indicate a steady increase with 
temperature. This increase can be caused from the 
increase in kinetic energy of dye molecules with 
increasing temperature. The values of rate constants 
were found from 5.55x10-4 to 12.01x10-4 g/mg min 
with an increase in the solution temperatures from 20 
to 40 oC at a 1000 mg/L. It may be suggested that the 
adsorption of AR88 onto montmorillonitic clay 
follows a physisorption mechanism. 

For any C0 value in the range investigated, the 
initial adsorption rates (h0) increased rapidly with 
increase in initial concentrations and temperatures. 
Estimated adsorption rates are presented in Table 2. 

 

3.5.2. Pseudo-nth order model 
The calculation of kinetic data and order of 

reaction is a more appropriate method than assuming 
the order of reaction as first or second order. The 
pseudo-nth order equation (Cheung et al., 2001) can 
be written by Eq. (5), where kn the rate constant 
(g/mg min) and n is reaction order for nth-order 
adsorption. The surface coverage of the adsorbent is 
usually assumed initially to be zero (at time t=0, 
q0/qe=0). However, if the adsorbent is assumed to 
pre-adsorb the impurities on the surface, the surface 
coverage can be assumed to a certain value (q0 /qe≠0). 

t
n t( )ndq

k q q
dt

 
   (5) 

 

In this case, if t0=0 and q0/qe≠0 the rate 
constant and order of reaction from kinetic data can 
be calculated by integrating (Eqs. 6-7) (Cheung et al., 
2001) 

 
1

1

t e
n n 0

1
1

( 1) ( )

n

q q
k n t t


 

            (6) 
 

  1

n 0 e1/ 1 /
n

q q  
   (7) 

 

The results indicate that the value of reaction 
order (n) increases with the increase in initial dye 
concentration and temperature (Table 2). It was 
found that as temperature increased, since the kinetic 
energy of AR88 molecules also increased, the 
process has occurred rapidly. In addition to this, as 
the temperature and initial concentration increased, 
when compared to the pseudo-nth order model, the 
reaction order (n) and reaction rate constant (kn) 
values increased. Tosun (2012) has obtained similar 
results by using the natural clinoptilolite for 
adsorption of ammonium. 

For all initial concentrations and different 
temperatures, the βn value was nearly 1. When the 
pre-adsorbed stage did not happen (if at time t=0, q0 

/qe=0, then βn=1), there were no impurities or no pre-
adsorbed stage on the montmorillonitic clay surface. 
Also, the normalized standard deviation, Δq (%) and 
correlation coefficients (r2) given in Table 2 indicate 
that the data represent pseudo nth-order model better 
than all other kinetic models. 

 
3.5.3. Bangham’s equation 

Kinetic data were further used to know about 
the slow step occurring in the present adsorption 
system using Eq. (7) (Bangham and Burt, 1924), 
where: C0 is the initial concentration of adsorbate in 
solution (mg/L), V is the volume of solution (mL), m 
is the mass of adsorbent per liter of solution (g/L), qt 
is the amount of adsorbate adsorbed at time t (mg/g), 
and α (<1) and k0 (mL/(g/L)) are constants.  
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Table 2. Values of the parameters and correlation coefficients obtained from adsorption kinetics  

at various initial concentrations and temperatures 
 

C0 (mg/L) 500 750 1000 
t (oC) 20 30 40 20 30 40 20 30 40 

qe , exp (mg/g) 235.1 218.3 211.2 313.8 313.3 286.9 390.8 388.7 335.2 
Pseudo-second order 

qe (mg/g) 295.0 266.6 243.5 341.7 330.2 298.9 413.9 389.5 340.1 
k2×10-4 (g/mg min) 4.44 6.56 7.95 5.14 7.24 9.79 5.55 7.84 12.01 
h0 (mg/g min) 38.7 46.6 47.1 60.0 79.0 87.5 95.1 118.9 138.9 
r² (non-linear) 0.958 0.989 0.972 0.966 0.986 0.984 0.979 0.997 0.974 
Δq (%) 9.3 10.4 5.1 6.6 4.6 4.1 3.6 1.7 3.5 

Pseudo-nth order 
qe, (mg/g) 240.6 222.3 217.2 324.8 320.3 311.9 416.1 409.0 397.4 
n 1.006 1.529 1.716 1.431 1.463 2.400 1.611 2.161 2.913 
kn (g/mg min) 0.136 0.267 0.296 0.111 0.158 0.302 0.137 0.281 0.356 
βn 1.000 0.997 0.815 1.093 1.069 1.086 1.148 1.020 1.041 
r² (non-linear) 0.987 0.989 0.996 0.986 0.990 0.991 0.988 0.997 0.989 
Δq (%) 7.8 1.4 1.4 2.8 3.3 2.3 2.0 1.3 1.6 

Bangham’s equation 
k0  (mL/(g/L)) 0.063 0.127 0.107 0.119 0.132 0.140 0.135 0.128 0.160 
α 0.984 0.605 0.659 0.534 0.518 0.429 0.468 0.485 0.329 
r² (non-linear) 0.980 0.973 0.929 0.989 0.976 0.950 0.975 0.956 0.953 
Δq (%) 8.9 7.2 8.6 2.8 5.0 5.0 3.0 6.7 3.8 

Double exponential equation (DEE) 
qe (mg/g) 239.8 215.3 217.4 333.5 350.1 289.1 486.4 379.9 344.4 

1DK (L/min) 0.135 4.988 0.317 0.150 0.187 0.736 0.008 0.064 0.056 

D1 (mg/L) 277.7 4801.6 385.1 417.1 398.2 306.8 299.4 314.1 282.5 

2DK
(L/min) 

0.135 0.155 0.050 0.344 0.021 0.060 0.130 0.372 0.403 

D2 (mg/L) 202.6 352.6 131.1 148.8 217.8 299.2 490.0 408.9 325.2 
r² (non-linear) 0.987 0.992 0.996 0.991 0.991 0.977 0.990 0.998 0.990 
Δq (%) 7.6 0.8 1.3 2.4 3.0 1.5 1.9 1.2 1.5 

 

0 0
t 1 exp( )

C k m t
q

m V

   
  

    (7) 
 The plots (Fig. 7a, b and c) according to 
above equation did not yield perfect linear curves 
(r20.929, non-linear) for AR88 removal by 
montmorillonitic clay  showing that the diffusion of 
adsorbate into pores of the adsorbent is not the only 
rate-controlling step (Srivastava et al., 2006). 
 
3.5.4. Double exponential equation (DEE) 

The DEE accounting both with chemical and 
mathematical point of view was used to describe the 
adsorption kinetics of AR88 onto montmorillonitic 
clay. The model is based on a mathematical solution 
to describe a two step mechanism (Eq. 8) (Wilczak 
and Keinath, 1993), where qe is the amount of the 
AR88 adsorbed (mg/g) at equilibrium, D1 and D2 
(mg/L) are the adsorption coefficients of the rapid 
and the slow step, respectively. 

1DK and 

2DK (L/min) are the mass transfer coefficients of the 

rapid and slow phase, respectively. 
 

1 2

1 2
t e D D

ads ads

exp( ) exp( )
D D

q q K t K t
m m

    
    (8) 

 
The DEE can be considered as a diffusion 

model because 
1DK  and 

2DK are the diffusion 

parameters controlling the overall kinetics. The 

rapid-step mass transfer coefficient, 
1DK  covers both 

external and internal diffusion, while the slow-step 

2DK takes into account intra-particle diffusion 

(Weng and Pan, 2007). Table 2 lists the 
corresponding model fitting parameters, i.e. D1, D2, 

1DK and
2DK . The high r2 (all> 0.990) indicated that 

the data was well correlated to the DEE model, but 
the fitting parameters for the rapid-step and slow-step 
are not equal. As stated previously, the DEE model 
may also be used to describe the adsorption of two 
different sites. In this study, since the parameters D1 
and D2 are not equal, 

1DK and
2DK are not also equal, 

it is suggested that the process is involved with two 
adsorption site. 
 
3.5.5. Comparison of adsorption kinetics 

The parameter values obtained by applying 
kinetic models were used to estimate the variation of 
adsorbed-AR88 with time. The resulting curves and 
kinetic parameters are compared to the experimental 
data in Fig. 7 a-c and Table 2, respectively. As seen, 
the normalized standard deviation Δq (%) of the 
pseudo nth-order and DEE model are lower than all 
other models, and the correlation coefficients of these 
models are high.  

Considering statistical parameters in Table 2, 
the kinetics of AR88 adsorption onto 
montmorillonitic clay can be described in the order 
of best fitting: DEE, pseudo nth-order, pseudo-second 
order and Bangham’s equation.  
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a 

 
b 

 
c 

Fig. 8. Comparison of experimental and estimated adsorption isotherms of AR88 onto montmorillonitic clay at various 
temperatures. Conditions: C0:150-1400 mg/L, adsorption time: 24h, adsorbent dosage 2 g/L, agitation speed: 140 rpm,  

adsorption temperature: (a) 20, (b) 30 and (c) 40 oC 
 

Table 3. Values of the parameters and correlation coefficients obtained from isotherm models at various temperatures 
(C0: 1400 mg/L) 

 
Model Constants Temperature 

  20 oC 30 oC 40 oC 
qe, exp (mg/g)  588.0 538.8 483.8 

Freundlich 
 KF  (L/g) 74.85 46.58 22.33 
 1/n 0.398 0.468 0.537 
 n 2.513 2.136 1.861 
 r² (non-linear) 0.861 0.911 0.943 
 Δq (%) 15.76 12.10 10.24 

Langmuir 
 KL (L/g) 23.42 11.64 5.69 
 aL (L/mg) 0.0353 0.0167 0.0090 
 qm=KL/aL (mg/g) 662.5 695.5 631.6 
 r² (non-linear) 0.976 0.983 0.990 
 Δq (%) 6.50 5.19 4.56 

Dubinin- Radushkevich 
 qm  (mg/g) 751.0 732.2 590.5 
 E (kJ/mol) 6.62 5.85 5.38 
 r² (non-linear) 0.954 0.974 0.990 
 Δq (%) 9.03 6.26 4.32 

Tempkin 
 KT (L/g) 0.342 0.145 0.118 
 b (J/mol) 17.17 15.03 19.59 
 r² (non-linear) 0.953 0.981 0.980 
 Δq (%) 7.60 5.02 7.27 

 
For the range of process variables 

investigated, the results indicated that the adsorption 
kinetic coefficients are dependent on initial 
concentration of AR88 and temperature. 

 

3.6. Adsorption isotherms 
 

Adsorption isotherms are basic requirements 
to understand the mechanism of the adsorption. The 
shape of an isotherm can provide qualitative 
information on the nature of solution-surface 
interaction. In addition, adsorption isotherms are 
developed to evaluate the capacity of a material for 
the adsorption of a particular adsorbate or dye 
molecule (Sevim et al., 2011).  

The isotherm constants, standard deviation Δq 
(%) and correlation coefficients (r2) based on the 
actual deviation between the experimental points and 
predicted values are given in Fig. 8 and Table 3. 
 

3.6.1. Freundlich isotherm 
The Freundlich isotherm assumes a 

heterogeneous surface with a non-uniform 
distribution of heat of adsorption. The Freundlich 
isotherm is given as (Eq. 9) (Freundlich, 1906), 
where KF (L/g) is related to the multilayer adsorption 
capacity and n (dimensionless) is adsorption 
intensity, which varies with the heterogeneity of the 
adsorbent. 
 

 
1/

e F e
nq K C    (9) 

 

The other Freundlich constant is a measure of 
the deviation from linearity of the adsorption. If a 
value for n is below to unity, this implies that 
adsorption process is chemical, but if a value for n is 
above to unity, the process is favorable a physical 
adsorption. The highest value of n is 2.513 at 20 oC, 
indicates favorable adsorption at low temperature and 
therefore this would seem to indicate that physical 
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adsorption, referred the bonds become weak and 
conducted with van der Waals. Morris and Weber 
(1963) confirmed that the magnitude of 1/n is 0.5 to 
be the rate-limiting step.  

The Freundlich adsorption capacities, KF, 
were found to be 74.85, 46.58 and 22.33 L/g at 20, 
30 and 40 ºC, respectively (Table 3). However, the 
model was unable to describe the data due to higher 
standard deviation (Δq>%5). 

 

3.6.2. Langmuir isotherm 
The Langmuir isotherm theory assumes 

monolayer coverage of adsorbate over a 
homogeneous adsorbent surface. Graphically, a 
plateau characterizes the Langmuir isotherm. 
Therefore, at equilibrium, a saturation point is 
reached where no further adsorption can occur. 
Sorption is assumed to take place at specific 
homogeneous sites within the adsorbent. Once a dye 
molecule occupies a site, no further adsorption can 
take place at that site. In (Eq. 10), KL (L/mg) and aL 
are the Langmuir constants; Ce (mg/L) and qe (mg/g) 
are the liquid phase concentration and solid phase 
concentration of dye at equilibrium as Eq. (10) (Allen 
et al., 2003; Langmuir, 1918; Pilli et al., 2010). 

 

L e
e

L e1

K C
q

a C


     (10) 
 

The Langmuir constants, KL and aL are 
evaluated through linearization of (Eq. 10). Hence by 
plotting Ce/qe against Ce it is possible to obtain the 
value of KL from the intercept which is (1/KL) and the 
value of aL from the slope, which is (aL/KL). The 
theoretical monolayer capacity is qm and is 
numerically equal to (KL/aL).  

 

e L
e

e L L

1C a
C

q K K
 

   (11) 
 

Maximum monolayer adsorption capacities 
were 662.5, 695.5 and 631.6 mg/g for 20, 30 and 40 
oC, respectively. Both the aL and KL values decrease 
with increasing temperature (Table 3). 

 
3.6.3. Dubinin-Radushkevich (D-R) isotherm 

Another equation used in the analysis of 
isotherms was proposed by Dubinin and 
Radushkevich (1960).  

The D-R isotherm is applied to find out the 
adsorption mechanism based on the potential theory 
assuming heterogeneous surface. The D-R isotherm 
is expressed as Eq. (12), where qm is the maximum 
adsorption capacity (mg/g) and the mean free energy 
E (kJ/mol) of adsorption was connected with D-R 
isotherm and calculated from (Eq. 12). The D-R 
parameters and activation energy are given in Table 
3. The magnitude of E is useful for estimating the 
type of adsorption reaction. When the magnitude of E 
is between 8 and 16 kJ/mol, the adsorption process 
follows by chemical ion exchange, while for the 

values of E<8 kJ/mol, the kJ/mol is of a physical 
nature.  

  

 2

e
e m 2

ln(1 1/ )
exp

2

RT C
q q

E

 
  

    (12) 
 

When the temperature is increased from 20 to 
40 oC, the numerical value of the mean free energy 
decreased from 6.62 to 5.38 kJ/mol (Table 3), which 
is correspond to physical nature. 

 
3.6.4. Tempkin model 

Tempkin and Pzyhev (1940) considered the 
effects of some indirect adsorbate-adsorbent 
interactions on adsorption isotherms and suggest that 
the heat of adsorption of all the molecules in the 
adsorbed layer would decrease linearly with 
coverage. Tempkin isotherm equation is expressed by 
the Eq. (13), where KT is equilibrium binding 
constant (L/g), b is related to heat of adsorption 
(J/mol), R is the gas constant (8.314×10-3 kJ/K mol) 
and T is the absolute temperature (K). 

 

e T eln( )
RT

q K C
b


   (13) 

 

Tempkin constants, KT and b, were found to 
be 0.342, 0.145, 0.118 L/g and 17.17, 15.03, 19.59 
J/mol for 20, 30 and 40 ºC, respectively. The 
isotherm model better described the experimental 
data, as it produced low standard deviation (Δq, %) 
and high regression coefficients (r²). The Tempkin 
adsorption potential, KT, decreased with increase in 
temperature and the constant b, related to heat of 
adsorption, varied between 15.03 and 19.59 J/mol 
(Table 3). 
 
3.6.5. Comparison of isotherm models 

Table 3 and Fig. 8 indicate that isotherm 
models are generally consistent with the 
experimental data. It was determined that best fitted 
adsorption isotherm models considering the relative 
errors were obtained in the order of prediction 
precision: Langmuir, D-R, Tempkin isotherms.  

The standard deviation (Δq, %) of isotherms 
varied between 5% and 7%. However, correlation 
coefficients and standard deviation values, 
approximately 0.861-0.943 and 15.76-10.24 for 
Freundlich model respectively, indicate that the data 
are not well described by this model. 

 
3.7. Adsorption thermodynamics  
 

The adsorption mechanism (i.e., chemical or 
physical) is often an important indicator to describe 
the type of interactions between the adsorbent-dye 
molecules. If adsorption capacity decreases with 
increasing temperature, it may be indicative of 
physical and the reverse is generally true for 
chemisorptions (Sevim et al., 2011).  
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For the adsorption of AR88 onto 
montmorillonitic clay, the decrease in adsorption 
with increasing temperature and rapid adsorption 
kinetics, may suggest the presence of physical 
adsorption. Nevertheless, this case is not sufficient to 
determine the type of adsorption.  

The type of adsorption may be determined 
through thermodynamic parameters such as change 

in Gibbs free energy (
0G ), enthalpy (

0H ), and 

entropy (
0S ) which can be determined by using 

Eqs. (14-16) and are given in Table 4, where KL is 
the Langmuir isotherm constant, as is the activity of 
adsorbed AR88, ae is the activity of AR88 in solution 
at equilibrium, νs is the activity coefficient of the 
adsorbed AR88 and νe is the activity coefficient of 
the AR88 in solution at equilibrium.  

 
0

LlnG RT K      (14) 
0 0 0

Lln
G H S

K
RT RT R

  
    

  (15) 

s s e
L

e e e

a q
K

a C




 
    (16) 

 
The qe of the pseudo-second order model from 

Table 2 was used to obtain as and ae. T is the solution 
temperature (K) and R is the gas constant (8.314×10-3 
kJ/mol K). KL can be obtained by plotting a straight 
line of ln(qe/Ce) versus qe and extrapolating qe to zero 

(Fig. 9). 
0H and 

0S  were calculated from the 
slope and the intercept of van’t Hoff plot of lnKL 
versus 103/T (see Fig. 10). The results are listed in 
Table 4. Generally, the change of Gibbs free energy 
(ΔG0) for physisorption is between −20 and 0 kJ/mol, 
but chemisorptions are a range of −80 and −400 
kJ/mol (Khan and Singh, 1987).  

 

The overall ΔG0 changes during the 
adsorption process were −8.38 kJ/mol at 20 oC, −7.31 
kJ/mol at 30 oC, and −5.95 kJ/mol at 40 oC, which 
were all negative, corresponding to a spontaneous 
process of AR88 molecules adsorption. The negative 
value of the enthalpy change (ΔH0), which is −43.90 
kJ/mol, indicates that the adsorption mechanism is 
physical in nature involving weak forces of attraction 
and is also exothermic, thereby demonstrating that 
the process is stable energetically (Tunali et al., 
2006). The negative value of the entropy change 
(ΔS0), which is −121.01 J/mol K, implies that there is 
a decrease in the randomness in the adsorbent-
solution interface and no significant changes occur in 
the internal structure of the adsorbent during the 
adsorption process (Table 4). 

The pseudo-second order rate constant of dye 
adsorption is expressed as a function of temperature 
by the following Arrhenius type relationship Eq. (17) 
(Juang et al., 1997), where Ea (kJ/mol) is the 
Arrhenius activation energy of adsorption, A is the 
Arrhenius factor. When lnk2 is plotted versus 103/T, a 
straight line with slope −Ea/R is obtained, shown in 
Fig. 11. 

 

a
2ln ln

E
k A

RT
 

   (17) 
 

The magnitude of activation energy gives an 
idea about the type of the adsorption, which is mainly 
physical or chemical. The values of low activation 
energy (5–40 kJ/mol) are characteristic of physical 
sorption, while values of higher activation energy 
(40–800 kJ/mol) suggest chemical sorption (Ozcan et 
al., 2006; Gu et al., 1994). The values of calculated 
Ea were 22.29, 24.60 and 29.41 kJ/mol for 500, 750 
and 1000 mg/L initial AR88 concentration, 
respectively (Table 5). 

 
Table 4. Thermodynamic parameters calculated from the Langmuir isotherm constant (KL)  

for the adsorption of AR88 onto montmorillonitic clay  
 

Temperature KL Slope Intercept r2 ∆G0 ∆H0 ∆S0 
(°C)  (×10-3)  (linear) (kJ/mol) (kJ/mol) (J/mol K) 
20  31.098    −8.38   
30  18.155 5.28 −14.55 0.997 −7.31 −43.90 −121.01 
40  9.832    −5.95   

 

  

Fig. 9. Calculation of K0 values at various temperatures 
Fig. 10. Van’t Hoff plot of lnKL versus 103/T for estimation of 
thermodynamic parameters for the adsorption of AR88 onto 

montmorillonitic clay 
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Fig. 11. Arrhenius plots of lnk2 versus 103/T for the 
adsorption of AR88 onto montmorillonitic clay  

 
The values of Ea indicate that the adsorption 

process has a low potential barrier and corresponding 
to a physical sorption mechanism. As will be 
mentioned in the following section, interpretation of 
the relationship between zeta potential and 
adsorption capacities supports these results. 

 
Table 5. Arrhenius activation energies of adsorption and 

Arrhenius factors calculated with the pseudo-second order 
rate constant for AR88 onto montmorillonitic clay 

 
Initial Concentration 

Parameters 
500 mg/L 750 mg/L 1000 mg/L 

Ea  (kJ/mol) 22.29 24.60 29.41 
r2 0.970 1.000 0.994 
A 4.3 12.5 94.9 

 
3.8. Zeta potential  
 

It is well known from the literature that there 
is a relationship between adsorption of any adsorbate 
onto solid surface and its corresponding zeta 
potential (Hunter, 1988). Therefore, zeta potential 
has been used to explain the adsorption mechanisms 
of ionic surfactants, dyes, polymers, etc. (Sevim et 
al., 2011; Nollet et al., 2003; Zadaka et al., 2010). As 
illustrated in Fig. 12, there is well agreement between 
zeta potential curves and adsorption isotherms at 20 
and 40 oC. Adsorption capacity (qe) rapidly increased 
and reached ~420 mg/g at 20 oC.  

In addition to this, as the AR88 was adsorbed 
onto montmorillonitic clay, the zeta potential of clay 
showed a rapid negative increase and reached -52 
mV at the same equilibrium concentration. Then, 
when the concentration was reached to 100 mg/L, 
adsorbed amount reached to maximum adsorption 
capacity (~580 mg/g) and remained stable after this 
value. Similarly, zeta potential reached maximum 
value (–57 mV) at the same concentration.  

On the other hand, as well as the increase in 
the amount of adsorption, zeta potential also 
increased and both curves remained stable after 
approximately 175 mg/L equilibrium concentration at 
40 oC. The maximum adsorption capacity and 
maximum zeta potential at this temperature were 

approximately 420 mg/g and –60 mV, respectively. 
This can clearly explain the anionic dye adsorption 
capacity of montmorillonitic clay at natural 
conditions. Although the surface of montmorillonitic 
clay  has negative charge at natural pH, the broken 
edges of montmorillonitic clay  particles behave as 
the metal oxide surface and these amphoteric sites 
are variable in charge (either positive or negative). 
Depending on the pH, charges can develop at the 
edges by direct H+ or OH– transfer from aqueous 
phase. Thus, positive charges can occur in a 
protonation reaction even at basic pH (Errais et al., 
2011). 

 

 
 

Fig. 12. The change in zeta potential with AR88 
concentrations at 20 and 40 oC 

 
3.9. The proposed adsorption mechanisms 
 

By considering the adsorption of anionic dye 
(AR88) onto the montmorillonitic clay, different 
mechanism may be involved such as ionic attraction 
between anionic sulphonate group(s) of dissolved 
dye molecules and cationic groups of 
montmorillonitic clay, hydrophobic attraction of the 
alkyl groups.  

The possible mechanisms of the adsorption of 
AR88 onto the clay are discussed: 
I. Hydrogen bonding forces between the hydroxyl 

groups of AR88 and the surface silanol (–Si–OH–) 
or aluminol (–Al–OH–) or metal oxide i.e. –Si–O– 
groups of clay. Actually, this is an extremely 
important bonding process in many clay-organic 
complexes. While it is less energetic than 
Coulombic interactions, it becomes very 
significant, particularly in large molecules where 
additive bonds of this type, coupled with a large 
molecular weight, may produce a relatively stable 
complex (Moronta, 2004). This type of bonding 
mechanism is also presented for various anionic 
dye/clay interactions (Alkan et al., 2004; Gungor 
and Karaoglan, 2001; Harris et al., 2001). 

II. Coulombic (or electrostatic) interaction between 
the positively charged edge surface of clay, 
especially the edge surface of alumina layer and 
the sulfonate group(s) of AR88. As mentioned 
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before, the atomic structure of the edge surface of 
clays is entirely different from that of the basal 
surfaces. The charge character on the edge surface 
is analogous to that on the surface of silica (SiO2) 
and alumina (Al2O3) particles. The isoelectrical 
point of silica is at about pH 2-3, whereas that of 
alumina is at about pH 9.5 (Reed, 1994; Johnson 
et al., 2000). The pH of the clay/dye suspension in 
this study was at about 8.5 under the experimental 
conditions. Hence, there are still some positive 
charges on the alumina sheets of the edge surface, 
which are able to attract the negatively charged 
dye molecules. Apart from this type of ion-ion 
interaction, of course, the other types of 
Coulombic interactions such as ion-dipole, dipole-
dipole are also possible between the atoms or ions 
of clay surfaces and the anionic dye molecules, but 
they were not shown in this study. 

III. Hydrophobic attraction between the non-polar 
segments of dye molecule i.e. benzene rings and 
the hydrophobic microsites on the particle surfaces 
i.e. siloxane (-Si-O-Si-) groups. Indeed, the clay 
particles are hydrophilic in character, but they also 
contain hydrophobic microsites at the basal 
surfaces, such as siloxane groups, which may 
interact with non-polar benzene rings. Highly 
hydrophobic organic pollutants, such as 
phenanthrene and the herbicide atrazine, have 
been shown to adsorb on smectites, particularly on 
their siloxane surface (Ozcan et al., 2006; Zadaka 
et al., 2010). 

IV. Anion exchange between the OH– groups linked to 
the metal ions at the broken surfaces and the 
negatively charged dyes. A similar adsorption 
mechanism is also proposed for adsorption of 
different anionic dyes (naphthol red-J and direct 
orange) onto nontronite at about pH 9 (Gupta et 
al., 2006).  

V. Attractive forces in dye-dye interactions which 
may occur between the unadsorbed dye molecules 
and those adsorbed onto clay, through either a 
hydrogen bonding formation i.e. between their 
OH– groups or hydrophobic forces controlled by 
van der Waals forces. It is known from the 
literature that these kinds of interactions can 
occur in adsorption of dye molecules onto 
adsorbents such as chitosan (Crini and Badot, 
2008) and in the adsorption of other organic 
molecules (i.e. surfactants) on zeolite (Ersoy and 
Celik, 2003) and clays (Gupta et al., 2006; Xu 
and Boyd, 1995). 

 
4. Conclusions 
 

The adsorption capacity of montmorillonitic 
clay for AR88 was affected by various parameters 
such as pH, adsorbent dosage, temperature, and 
contact time. The following remarkable results are 
obtained. 
 The amount of AR88 adsorbed onto 

montmorillonitic clay decreased with the 
increase in the adsorbent dosage and the 

optimum adsorbent dosage was found to be 2 
g/L. 

 FTIR results indicate that the adsorption of 
AR88 onto montmorillonitic clay was 
accomplished. There were significant differences 
between the vibration bands of the clay. These 
differences may be considered as indicator for 
either electrostatic interaction between the 
positive charges in the edge surface of 
montmorillonitic clay and the sulfonate groups 
of the anionic dye molecule or anion exchange 
mechanism between hydroxyl at the edge surface 
and anionic dye. 

 The zeta potential values of the adsorbent-dye 
suspension increased as a result of H+ adsorption 
on the surface at acidic pH values. 
Montmorillonitic clay did not indicate an 
isoelectric point since all of the zeta potential 
values were negative. 

 The adsorption kinetics of AR88 onto 
montmorillonitic clay was fast, the equilibrium 
was attained after 30 to 60 min. The data 
indicated the adsorption kinetics of AR88 onto 
montmorillonitic clay followed the DEE and also 
pseudo nth order model at different initial dye 
concentrations and temperatures. 

 The isotherm models, applied to the 
experimental data, yielded that the most suitable 
model at different temperatures was the 
Langmuir model in terms of all obtained 
parameters and standard deviations. The 
maximum adsorption capacity was found to be 
588 mg/g from Langmuir adsorption isotherm 
model at 20 oC. 

 Thermodynamic quantities confirm that AR88 
adsorption onto montmorillonitic clay is 
spontaneous, exothermic and physical in nature 
involving weak forces of attraction. The ΔG0 (–
8.38, –7.31, –5.95 kJ/mol, 20, 30, 40 oC) values 
were negative. Therefore, the adsorption was 
spontaneous and the negative value of ΔS0 (–
121.01 J/mol K) suggests a decreased 
randomness at the solid/water interface and no 
significant changes occur in the internal structure 
of the adsorbent during the dye adsorption 
process. The negative value of ΔH0 (–43.90 
kJ/mol) leads to an exothermic nature of 
adsorption. The calculated Ea values were 22.29, 
24.60 and 29.41 kJ/mol for 500, 750, 1000 mg/L 
initial concentration, respectively. The positive 
values of Ea confirm the nature of physisorption 
of AR88 onto montmorillonitic clay. 

 It may be concluded from above results that 
montmorillonitic clay can be used for uptake of 
textile dye from colored wastewater since it is a 
low-cost and abundant adsorbent. 
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