
Desalination and Water Treatment 
www.deswater.com
1944-3994/1944-3986 © 2012 Desalination Publications. All rights reserved
doi: 10/5004/dwt.2012.2942

*Corresponding author.

44 (2012) 340–349
June

Equilibrium modeling and thermodynamic parameters for adsorption 
of cationic dyes onto Yemen natural clay

Mamdouh Mahmoud Nassara,*, Mohammad Shawky El-Geundia, 
Abdulrakib Abdelwahab Al-Wahbib

aFaculty of Engineering, Chemical Engineering Department, El-Minia University, El-Minia, Egypt
Tel. +20 2 86 23423337; Fax: 020862346674; email: mamdouh_nassar@yahoo.com
bFaculty of Petroleum and Engineering, Chemical Engineering Department, Hadramout University of Science and Technology, 
Al-Mukalla, Hadramout, Republic of Yemen

Received 29 April 2011; Accepted 30 January 2012

A B S T R AC T

The equilibrium modeling for adsorption of cationic dye Methylene Blue (MB) onto Yemen 
natural clay at different temperatures, particle size and solution pH was studied. The adsorp-
tion capacity was found to be increase with increasing temperature and pH and decreased 
with increasing particle size. The maximum adsorption capacity was 500.0 (mg g−1) at T = 25°C, 
dp = 250–355 μm and pH = 12. The data are successfully tested by Langmuir, Freundlich, Tem-
kin and Redlich–Peterson models. It was found that the Redlich–Peterson isotherm best fi t the 
experimental data over the whole concentration range. Thermodynamic parameters such as 
standard Gibbs free energy (ΔG°), standard enthalpy (ΔH°), and standard entropy (ΔS°) were 
calculated. The thermodynamic parameters of methylene blue/clay system indicated spontane-
ous and endothermic nature of the adsorption process. The results demonstrate that Yemen 
natural clay is very effective in the removal of MB from aqueous solution and can be used as 
alternative of high cost commercial adsorbents.
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1. Introduction

Colored wastewater from various industries like 
textiles, pulp mills, leather, printing, food, and plastics 
have been a serious environmental problem. It is esti-
mated that 1–1.5% of the dye is lost during dyeing and 
fi nishing process and is released into wastewater. The 
presence of very small amounts of dyes in water (less 
than 1 ppm for some dyes) is highly visible and unde-
sirable [1,2]. The textile industry utilizes about 100,000 

commercially available synthesis dyes and more than 
7 × 105 t/y are produced annually [3].

Dye bath effl uents impart color to receiving 
streams and affect its esthetic value. Color interferes 
with penetration of sunlight into water, retards pho-
tosynthesis, inhibits the growth biota and interferes 
with oxygen solubility in water bodies [4]. Conven-
tionally chemical, biological and physical methods 
have been employed for dye removal, such as coagu-
lation, fl occulation, advanced oxidation, electroco-
agulation and adsorption [5–7]. Adsorption offers 
advantages in terms of low initial cost, fl exibility, sim-
plicity of design, ease of operation and insensitivity to 
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toxic pollutants and does not result in the formation 
of harmful substances [5].

Most of work on adsorption has been undertaken using 
activated carbon which is costly and required regenera-
tion. Hence the research is being conducting for low-cost 
adsorbents, including raw agricultural solid wastes such as 
maize cob [8], palm-fruit bunch particles [9], bagasse pith 
[10], sawdust [11], papaya seeds [12], hazelnut shell [13].

Clay has been increasingly paid attention because of 
its low cost, abundance, high specifi c surface area and 
mechanical stabilities. In addition, clay has shown good 
results as an adsorbent for the removal of various metals 
[14], surfactants [15], and basic and acid dyes [16].

The study was aimed to quantitatively compare 
the applicability of different models (Langmier, Freun-
dlich, Temken, and Ridlich–Petreson isotherms) using 
the average relative error analyses. Furthermore, equi-
librium modeling and thermodynamic parameters 
were deeply discussed to understand the mechanism of 
adsorption of MB onto Yemen clay.

2. Material and methods

2.1. Materials

The natural clay used was collected from Al-Rayan 
zone, Al-Mukalla City, Hadramout Governorate, Repub-
lic of Yemen. The adsorbent was washed, crushed and 
sieved through different standard sieves into the desired 
particle size and used without any pre-treatment. The 
resulting sample was dried at 105°C and stored in sealed 
containers prior to use.

Methylene Blue [C.I. Basic Blue 9, C16H18N3SCl, 
M.W. = 319.9 g mol−1, and λmax: 665 nm] supplied by 
Merck company (Germany) was used as adsorbate. The 
chemical structure of MB is shown in Fig. 1.

2.2. Characterization of natural clay

Chemical composition of natural clay was deter-
mined using XR-F Spectrometer, ARL 9800, Switzerland.

Solid density, particle density and porosity for natu-
ral clay were determined using mercury Poresizer 9320, 
Micromertics, USA.

The surface physical properties such as specifi c sur-
face area, pore size distribution (PSD) and total pore 

volume were measured by nitrogen adsorption–desorp-
tion isotherms using a multipurpose apparatus Nova 
2000 analyzer, Quantachrome Instruments, Japan. A 
BET analysis based on the amount of N2 gas adsorbed 
at various partial pressures was used to determine 
the surface area (SBET). The single condensation point 
(p/p0 = 0.95) was used to fi nd the total pore volume (VT). 
The average pore radius (rav) was calculated using total 
surface area and total pore volume (rav = 2VT/SBET). The 
volumes of micropores, mesopores, and macropores 
were calculated from N2 adsorption isotherm by apply-
ing the Barrett–Joyner–Hallenda (BJH) method [17].

Mineralogical analysis (XRD analysis) was determined 
using Panalytical X’Pert PRO X-ray diffractometer.

2.3. Method

Batch adsorption experiments were carried out and 
the adsorption capacity of clay was determined by con-
tacting a constant mass (0.05 g) of clay with a fi xed vol-
ume (50 ml) of MB solution in sealed glass bottles of 
different initial concentrations of dye solution (50–700 
mg dm−3). The bottles were agitated in an isothermal 
water-bath shaker for 5 h until equilibrium was reached. 
At the end of the adsorption time, a known volume of 
the solution was removed and centrifuged (5000 rpm for 
10 min) for analysis of the supernatant.

The concentration of MB in aqueous solution was 
determined at λmax = 665 nm using double beam UV–
visible spectrophotometer (Shimadzu, Model UV 1601, 
Japan).

The amount of MB adsorbed onto clay, qe (mg g−1), 
was calculated by the following equation:

q
V

me =
( )C Ce ×

 (1)

where C0 and Ce are the initial and equilibrium concen-
trations of dye solution (mg dm−3), respectively. V is 
the total volume of the dye solution (dm3), and m is the 
mass of clay used (g).

3. Results and discussion

3.1. Characterization of natural clay

Chemical analysis indicates the following compo-
sition: SiO2, 62.38%; Al2O3, 13.60%; Fe2O3, 7.05%; CaO, 
3.75%; MgO, 3.11%; K2O, 2.63%.

The N2 adsorption–desorption isotherm obtained 
for the clay is shown in Fig. 2. As shown in the Figure, 
the desorption branch of this isotherm exhibited hyster-
esis and correspond to the Type IV isotherm. The exis-
tence of the hysteresis loop in the isotherm is due to the 
capillary condensation of N2 gas occurring in the meso-
pores and therefore, the Type IV isotherm is considered Fig. 1. The chemical structure of methylene blue.
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as the characteristic feature of the mesoporous materi-
als [18]. The sharp rise near P/P0 = 0.4 corresponds to 
condensation in the primary mesopores. Physical char-
acteristics of the natural clay such as the values of BET 
surface area (SBET), total pore volume (VT), micropore 
volume (Vmic), mesopore volume (Vmes), macropore vol-
ume (Vmac), and average pore radius (rav) are listed in 
Table 1. Data in Table 1 indicate that natural clay has 
high specifi c surface area (82.3 m2 g−1) and total pore 
volume (0.109 cm3 g−1).

Fig. 3 shows PSD of clay calculated from N2 adsorp-
tion isotherm by applying the Barrett–Joyner–Hallenda 
(BJH) method [17]. As illustrated in Fig. 3, pores between 
1.4 and 2.9 nm were dominant. Their average pore size 
is 2.15 nm, which was in the mesopore range (pore size, 
2–50 nm).

Mineralogical analysis (XR-D analysis) proved that 
clay is composed of montomorillonite and illite as clay 
minerals and quartz and gypsum as non-clay minerals.

3.2. Adsorption isotherms

Determining the distribution of MB between natural 
clay and the liquid phase when the system is at state of 

equilibrium is important in establishing the capacity of 
the clay for MB. Preliminary experiments showed that 
such equilibrium was established within 180 min; how-
ever, all equilibrium experiments were allowed to run 
for 300 min.

Plotting the amount of MB adsorbed at equilibrium 
(qe) against fi nal concentration in the aqueous phase (Ce) 
at different temperatures, different particle size and dif-
ferent pH gave a characteristic H-shaped curve as shown 
in Figs. 4–6. According to the slope of the initial portion of 
the curve of MB onto clay, this isotherm may be classifi ed 
as H-shape according to Giles classifi cation [19]. In this 
type of isotherm, the initial portion provides information 
about the availability of the active sites to the adsorbate 
and the plateau signifi es the monolayer formation. The 
initial curvature indicates that a large amount of dye is 
adsorbed at a lower concentration as more active sites 
of clay are available. As the concentration increases, it 
becomes diffi cult for dye molecule to fi nd vacant sites, 
and so monolayer formation occurs [19].

3.2.1. Effect of temperature

Fig. 4 present the adsorption isotherms of MB onto 
clay at different temperatures (15°C, 25°C, 35°C and 
45°C) at constant particle size 250–350 μm and pH = 6 ± 
0.2. From this Figure, it can be seen that adsorption 
capacity of clay increased from 420.0 to 471.4 mg g−1 
with an increase in temperature of solution from 15°C 
to 45°C.

The enhancement in the adsorption capacity may be 
due to increasing the rate of diffusion of the adsorbate mol-
ecules across the external boundary layer and in the inter-
nal pores of the adsorbent particle, owing to the decrease 
in the viscosity of the solution [20]. Senthilkumar et al. [21] 

Fig. 2. Adsorption isotherms of clay tested with N2 at 77.35 K.
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Table 1
Surface characteristics of natural clay

Total surface area (SBET) (m2 g−1) 82.34

Total pore volume (VT) (cm3 g−1) 0.109

Average pore radius (rav) (Å) 26.40

Micropore volume (Vmic) (cm3 g−1) 0.012

Mesopore volume (Vmes) (cm3 g−1) 0.096

Macropore volume (Vmac) (cm3 g−1) 0.001

Solid-phase density (ρs) (g cm−3) 2.526

Particle density (ρp) (g cm−3) 1.859

Particle porosity (εp) 0.264

Fig. 3. Pore size distributions of clay determined by using 
BJH technique.
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suggested that the increase in adsorption capacity with 
increase in temperature might be due to the increase in the 
total pore volume of the adsorbent, an increase of number 
of active sites for the adsorption as well as an increase in 
the mobility of the MB molecules.

Increase of the adsorption capacity of clay by rais-
ing temperature indicates a chemisorptions mechanism, 
with an increasing number of molecules acquiring suf-
fi cient energy to undergo chemical reaction with clay. 
This conclusion was confi rmed by the change in stan-
dard enthalpy (ΔH°) during the adsorption processes. 
Standard enthalpy change (ΔH°) at different tempera-
tures has been calculated using Van’t Hoff equation and 
was found to be 32.3 kJ g mol−1. Similar results show 
that the adsorption process of MB is an endothermic in 
nature [22].

3.2.2. Effect of particle size

Fig. 5 shows that a decrease in clay particle size led 
to an increase in equilibrium adsorption capacity. The 
experimental equilibrium adsorption capacity of clay for 
MB increased from 419.4 to 452.2 mg g−1 with decreasing 
particle size from 500–710 to 80–125 μm. Similar results 
have been obtained by several investigators [23,24]. This 
behavior can be attributed to breaking up large particle 
diameter to form smaller ones probably serves to open 
some tiny, sealed pores in the clay which become avail-
able for adsorption, thus slightly increasing the total 
specifi c surface area of a given mass [25].

3.2.3. Effect of pH

Fig. 6 shows the effect of pH on adsorption capacity 
of clay for MB over a wide pH range of 2–12. As shown in 
the Figure, a strong dependence of equilibrium capacity 
on the solution pH. The adsorption capacity increased 
from 395.9 to 489.5 mg g−1 with increasing solution pH 
from 2 to 12. The dependence of adsorption on pH could 
be attributed to the fact that the surface charge of clay was 
greatly affected by solution pH. According to Özdemir 
et al. [26] when the solution pH is greater than the pHzpc 
that equal to 7.2 for natural clay, the negative charged 
clay surface is favorable for the adsorption MB dye. 
Özdemir et al., also stated that clay surface exhibits posi-
tive zeta potential values at low pH (below pH 7.2), and 
with the increasing of pH, the surface of clay becomes 
more negatively charged, thereby increasing electrostatic 
attractions between positively charged dye anions (MB+) 
and negatively charged clay causing increase in adsorp-
tion capacity.

Fig. 4. Adsorption Isotherms of MB onto Clay at different 
temperatures. Particle diameter =250-355 µm, pH=6+0.2, 
mass of clay = 0.05 g  and solution volume =0.05 dm3.
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Fig. 5. Adsorption isotherms of MB onto clay at different par-
ticle size. pH = 6 + 0.2, mass of clay = 0.05 g and temperature 
= 25°C ± 1°C and solution volume = 0.05 dm3.
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of clay = 0.05 g and temperature = 25°C ± 1°C and solution 
volume = 0.05 dm3.
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 3.3. Isotherm models

The experimental results indicated that the adsorp-
tion equilibrium data for the adsorption MB onto clay 
were fi tted Langmuir, Freundlich, Temkin, and Redlich–
Peterson isotherms.

In order to quantitatively compare the applicability 
of different models, the average relative error (ARE) was 
calculated using Eq. (2):

ARE , e,exp

e,exp
=

⎡

⎣
⎢
⎡⎡

⎢⎣⎣
⎢⎢

⎤

⎦
⎥
⎤⎤

⎥⎦⎦
⎥⎥

=
∑1

1N

q qe,cal-

qi

N

 (2)

where N is the number of data points, qe,exp and qe,cal 
(mg g−1) are the experimental and the calculated values 
of the equilibrium adsorbate solid concentration in the 
solid phase, respectively. The values of ARE is used as 
measures of fi tting the data to the isotherm equation, 
small values of ARE would indicate a perfect fi t.

3.3.1. Langmuir isotherm

The Langmuir isotherm [27] is valid for monolayer 
adsorption on a homogenous adsorbent surface contain-
ing a fi nite number of identical site with no interaction 
between adsorbate molecules.

The Langmuir expression is represented by the fol-
lowing equation:

q
K C
a Ce

L eC

L eC
=

+
+

1
1

 (3)

This may be converted into a linear form which is 
convenient for plotting and determining the constants 
KL (dm3 g−1) and aL (dm3 mg−1):

C
q

a
K

C
K

e

e

L

L
e

L
= +CL

e
1

 (4)

The essential characteristics of the Langmuir iso-
therm can be expressed in terms of a dimensionless 
equilibrium parameter (RL), which is defi ned by Hall 
et al. [28]:

R
K CL

L
=

+
1

1 0
 (5)

where RL is a dimensionless constant separation factor, 
C0 is the initial concentration of dye (mg dm−3) and KL is 
the Langmuir adsorption constant (dm3 g−1).

The value of RL indicates the shape of the isotherms 
to be either unfavorable (RL > 1), linear (RL = 1), favor-
able (0 < RL <1) or irreversible (RL = 0). Linear plots of 
(Ce/qe) versus (Ce) with high linear regression coeffi cient 
values (R2 > 0.999) for adsorption MB onto clay at dif-
ferent temperatures, particle size and solution pH are 
obtained.

The values of KL and aL have been calculated for the 
different variables using Eq. (4) and listed with the cor-
responding values of linear regression coeffi cient (R2) 
and the average relative of the errors function (ARE) in 
Table 2. The values of the constant (KL/aL) correspond 
to the maximum adsorption capacity (qm) of the clay for 
MB were also calculated and listed in Table 2.

Table 2
Langmuir and freundlich parameters for the adsorption of MB onto natural clay at different variables

Parameter Langmuir Freundlich

 KL aL qm (mg g−1) R2 ARE KF n R2 ARE

T (°C)

15 105.3 0.242 435.1 0.9998 0.1131 249.7 9.67 0.8994 0.0224

25 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402

35 322.6 0.710 454.4 0.9997 0.1894 235.9 6.90 0.937 0.0803

45 384.6 0.808 476.0 0.9998 0.1735 296.4 10.00 0.9404 0.0460

dp μm

80–125 196.1 0.431 455.0 0.9999 0.1002 261.5 9.07 0.9041 0.0613

250–355 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402

500–710 101.0 0.242 417.4 0.9998 0.0540 221.4 8.14 0.8994 0.0452

pH

2 384.6 0.962 399.8 0.9998 0.1138 293.0 15.95 0.868 0.0420

6 238.1 0.548 434.5 0.9995 0.2054 265.2 9.55 0.9555 0.0402

8 434.8 0.957 454.3 0.9999 0.1686 312.1 12.03 0.9351 0.0431

12 1000.0 2.000 500.0 1.0000 0.1394 289.1 8.67 0.8722 0.0975
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It is clear from Table 2 that all variables play a strong 
role in the adsorption of MB. Increasing temperature 
from 15°C to 45°C led to an increase in the maximum 
adsorption capacity from 434.8 to 476.2 mg g−1, suggests 
endothermic nature of the process. Increasing particle 
size ranges from 80–128 to 500–710 μm led to a decrease 
in the qm from 455.0 to 417.4 mg g−1. However, increasing 
solution pH from 2 to 12 led to increase qm from 399.8 to 
500.0 mg g−1.

Values of RL for natural MB/clay system have been 
calculated for the all variables and found that all values 
of RL suggest favorable adsorption process (0 < RL < 1). 
One example allowing an estimation of the RL value is 
depicted in Fig. 7, which shows plots of RL against initial 
MB concentrations at different temperatures. As shown 
in the Figure all values of RL lies between 0 and 1, indi-
cated that the favorability of the adsorption process. The 
Figure also shows that RL value decreased with increas-
ing initial MB concentrations suggested that adsorption 
process was more favorable at higher concentration.

Data in Table 3 indicated that Yemen natural clay 
has very high adsorption capacity compared to other 
adsorbents.

3.3.2. Freundlich isotherm

The experimental equilibrium data for the adsorp-
tion of MB onto clay at different temperatures, particle 

Table 3
Adsorption capacity (qm) of methylene blue on to various adsorbents

Adsorbent qm (mg g−1) Sources

Commercial activated carbon 980.3 Kannan and Sundaram [29]

Activated clay (Moroccan) 558.0 El Mouzdahir et al. [30]

Yemen natural clay 500.0 The present work

Straw activated carbon 472.1 Kannan and Sundaram [29]

Coconut husk-based activated carbon 434.8 Senthilkumaar et al. [21]

Activated carbon prepared from 390.0 Okada et al. [31]

 waste newspaper

Clay (Tunisia) 300.0 Bagane and Guiza [32]

Montmorillonite clay 289.1 Almedia et al. [33]

Activated carbon prepared 289.3 Chandra et al. [34]

 from durian shell

Activated sludge biomass 256.4 Gulnaz et al. [35]

Activated carbon prepared 243.9 Senthilkumaar et al. [21]

 from oil palm shell

Filtrasorb F300a 240.0 Stavropoulos [36]

Diatomite (Jordan) 198.0 Al-Ghouti et al. [37]

Perlite 162.3 [44] Dogan et al. [38]

Diatomite (Jordan) 156.6 Shawabkeh and Tutunji [39]

Bentonite 150.0 Hong et al. [40]

Bamboo dust-based activated carbon 143.2 Kannan and Sundaram [29]

Dehydrated peanut hull 123.5 Özer et al. [41]

Palygroskite 50.8 Al-Futaisi et al. [42]

Clay (Turkey) 6.3 Gurses et al. [43]

Fig. 7. Plot RL against initial MB concentration at different 
temperatures.
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 size and pH have been analyzed using the Freundlich 
isotherm as given by Eq. (6) [44]:

q K C n
FK e

1/  (6)

where KF is Freundlich constant (dm3 g−1)n and n is 
the heterogeneity factor. The KF value is related to the 
adsorption capacity; while 1/n value is related to the 
adsorption intensity. The magnitude of exponent (n) 
gives an indication of the favorability and capacity of 
the adsorbent/adsorbate system. Values of (n) greater 
than 1 represent favorable adsorption according to 
Treybal [45].

Eq. (6) may be linearized via a logarithmic plot 
which enables the exponent (n) and the constant (KF) to 
be determined:

log l g ( / ) logKl g n C) logFKlog e+Klog FKlog  (7)

The Freundlich parameters (KF and n) have been cal-
culated using the least-squares method and are listed 
with the corresponding values of R2 and ARE in Table 4.

According to the results shown in Table 4, the values 
of n are greater than unity indicating that the adsorption 
of MB onto clay is favorable. This is in great agreement 
with the fi ndings regarding to RL values.

3.3.3. Temkin isotherm

The Temkin isotherm has been used in the following 
form [46]:

q
RT
be

T
= (ln )A CT eC  (8)

Eq. (9) can be expressed in its linear form as:

q B A B CTB T TB eB ATB ( )ln ln  (9)

where

B
RT
bT

T
=  (10)

where T is the absolute temperature (K), R is the uni-
versal gas constant (J g mol−1 K−1), AT is the equilibrium 
binding constant corresponding to the maximum bind-
ing energy (dm3.mg−1), bT is Temkin isotherm constant 
(J g mol−1) and the constant BT is related to the heat of 
adsorption (dimensionless). According to Eq. (9), a plot 
of (qe) against ln(Ce) enables the determination of the iso-
therm constants (AT and BT). The values of AT and BT are 
calculated for different variables studied and listed with 
the corresponding values of R2 and ARE in Table 4.

3.3.4. Redlich–Peterson isotherm

The Redlich–Peterson isotherm contains three 
parameters and involves the features of both the 
Langmuir and the Freundlich isotherms [47]. It can be 
described as follows:

q
K C

e
RP e= ( )

( )a CRP e+
 (11)

where KRP is the modifi ed Langmuir constant (dm3 g−1), 
aRP (dm3 mg−1) and β are constant. β ≤ 1.

Table 4
Temkin and redlich-peterson parameters for the adsorption of MB onto natural clay at different variables

Parameter Temkin Redlich-peterson

BT AT R2 ARE KRP aRP β R2 ARE

T(°C)

15 34.93 980.3 0.9350 0.0183 1712.8 6.365 0.9130 0.9986 0.0177

25 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275

35 43.62 289.7 0.9854 0.0380 1905.3 6.368 0.9154 0.9999 0.0172

45 32.44 17222.6 0.9588 0.0376 1935.4 4.588 0.9837 0.9990 0.0371

dp μm

80–125 37.41 1110.1 0.9430 0.0458 2010.5 6.920 0.9120 0.9993 0.0399

250–355 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275

500–710 39.87 186.8 0.9350 0.0406 940.7 3.904 0.8942 0.9986 0.0411

pH

2 23.67 134787.3 0.9827 0.1379 1613.8 4.475 0.9828 0.9996 0.0246

6 33.87 2891.0 0.9817 0.0302 1800.0 5.200 0.9581 0.9995 0.0275

8 28.99 59610.2 0.9661 0.0326 2100.5 4.917 0.9914 0.9993 0.0291

12 40.13 2316.9 0.9287 0.0792 2100.5 4.917 0.9914 0.9995 0.0301
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Eq. (12) is linear from which constants KRP, aRP and β 
can be determined:

g log log
K C

q
a Cloge

e
RP e

⎛
⎝⎝⎝

⎞
⎠⎠⎠

log a β  (12)

Plotting (log [(KRPCe/qe) − 1]) against (log Ce) yields a 
straight line of slope = β and intercept = log aRP .

The isotherm parameters in Eq. (11) were calculated 
using Eq. (13) are listed with the corresponding values 
of R2 and ARE in Table 4.

The results listed in Tables 2 and 4 indicated that 
Redlich–Peterson isotherm model fi t the experimen-
tal data for the adsorption of MB onto natural clay at 
different temperature, particle size and pH better than 
Langmuir, Freundlich, and Temkin isotherms based on 
the very high values of R2 (R2 > 0.999) and lower values 
of ARE compared to other models.

3.4. Thermodynamic study

Feasibility and nature of any reaction can be 
explained better by studying the thermodynamics of 
the process. The thermodynamic parameters studied are 
changes in Gibbs free energy (ΔG°), standard enthalpy 
(ΔH°), and standard entropy (ΔS°).

The Gibbs free energy change of adsorption is 
defi ned as:

ΔG R K303. lRT og L  (13)

where KL is Langmuir equilibrium constant (dm3 g−1), (R) is 
the universal gas constant (8.314 J g mol−1 K−1) and (T) is 
the absolute temperature (K).

The values of (ΔH°) and (ΔS°) were calculated using 
Van’t Hoff equation:

log
. .

K
S

R
H

RTL = − °Δ ΔS°
2 303 2 303

 (14)

A plot of (log KL) versus (1/T) produce a straight line 
with slope equals to − ΔH°/2.303RT and intercept equals 
to ΔS°/2.303R [48]. Fig. 8 shows linear relation between 
(log KL) and (1/T) with high correlation coeffi cient 
(R2 > 0.9). The values of (ΔH°) and (ΔS°) are calculated 
from the slope and the intercepts of straight line in Fig. 8
and listed in Table 5. The values of standard Gibbs free 
energy (ΔG°) are calculated using Eq. (13) and also listed 
in Table 5.

(ΔH°) and (ΔS°) were found to be 32.25 (kJ g mol−1) 
and 152.0 (J g mol−1 K−1), respectively. The positive value 
of (ΔH°) indicates that the adsorption is an endothermic 

process, and the positive value of (ΔS°) refl ects the 
increased randomness at the solid/solution interface [49].

The negative values of (ΔG°) are indicative of spon-
taneous nature of the process of removal of dye by clay. 
The results in Table 5 show that the negative value of 
(ΔG°) increase with increase temperature, indicating 
that the spontaneous natures of adsorption of MB is 
in direct proportional to the temperature that is to say 
higher temperature favored the adsorption.

4. Conclusions

This study investigated the modeling of equilibrium 
and the thermodynamic of adsorption of methylene 
blue onto Yemen natural clay. The maximum adsorp-
tion capacity was found to vary with the temperature, 
clay particle size and pH. Maximum adsorption capac-
ity increased from 435.1 to 476.0 mg g−1 with increas-
ing temperature from 15°C to 45°C and increased from 
417.4 to 455.0 mg g−1 with increasing pH from 2 to 12. 
However, the adsorption capacity decreased from 455.0 
to 417.4 mg g−1 with increasing clay particle size from 
80–125 to 500–710 μm. The Redlich–Peterson isotherm 

Table 5
Thermodynamic parameters for the adsorption of MB onto 
natural clay

T
(K)

ΔG°
(kJ g mol−1)

ΔH°
(kJ g mol−1)

ΔS°
(J g mol−1 K−1)

R2

288.15 −11.2 32.3 152.0 0.906

298.15 −13.6 – – –

308.15 −14.8 – – –

318.15 −15.7 – – –

Fig. 8. Plot of log KL against 1/T for the adsorption of MB onto 
clay. Particle diameter = 250–355 μm, mass of clay = 0.05 g,
pH = 6 ± 0.1 and solution volume = 0.05 dm3.
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 was found to best fi t the experimental data over the 
whole concentration range. The values of thermody-
namic parameters ΔG°, ΔH°, and ΔS° indicated that the 
adsorption process is spontaneous, chemical in nature 
and favorable at high temperatures. The values of sepa-
ration factor (RL) revealed the favorable nature of the 
adsorption process of the MB/clay system (0 < RL < 1). 
The study shows that Yemen natural clay can be used as 
low-cost adsorbent for the removal of methylene blue 
dye from aqueous solutions.
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