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In  this  work,  the adsorption  capacity  of Saklıkent  mud  as  low-cost  adsorbent,  for  the  removal  of  hazardous
dye, Brilliant  Green,  from  aqueous  solution  was  studied.  The  adsorptive  properties  of Saklıkent  mud  was
investigated  in  terms  of  temperature,  initial  dye  concentration  and  contact  time.  The  results  obtained
from  the  experiments  were  compared  for  kinetic  and  thermodynamic  parameters.  The kinetic  data  for
the adsorption  of  Brilliant  Green  on  Saklıkent  mud  supports  the  pseudo-first-order  kinetic  model  and  the
intra-particle  model  at 25 ◦C. However,  the  highest  values  of  r2 (>0.99)  were  obtained  from  the  second
order  adsorption  model  for  the adsorption  of Brilliant  Green  at higher  temperatures.  From  the  kinetic  data
aklıkent mud
hermodynamic
sotherm

it  was  found  that the  calculated  values  of  the  maximum  adsorption  capacity  (qe,calc)  are  very  close  to the
maximum  adsorption  capacity  (qe,exp)  obtained  experimentally.  The  experimental  adsorption  capacity
of  the  Saklıkent  mud  changed  from  9.2  mg  g−1 to  9.7  mg  g−1 by  increasing  temperature  from  25 ◦C  to
55 ◦C. The  equilibrium  adsorption  data  were  discussed  using  the  Langmuir  isotherm  model.  To reveal
the  adsorptive  capacity  of Saklıkent  mud  the  BET  surface  area  and  the pore  volume  were found  and  its

s  ana
chemical  composition  wa

. Introduction

Dyes are used as colouring agents in many industries, such as
extile, plastic, cosmetic, food and paper [1,2]. Discharge of dyes
rom these industries affects aquatic life. The resistivity properties
nd the toxic nature of dyes may  cause series environmental and
esthetic pollution. In addition, repeated inhalation of dyes may
ause many disorders, such as a damaged nervous system, a dam-
ged liver, or thyroid problems. Physical contact with dyes may
lso irritate the eyes and the skin [3].  Reduced light penetration by
yes also affects photosynthesis in aquatic environments, which is
nother aspect of pollution with dyes.

Extensive review articles have been published on the removal
f discharged dyes in effluents for the purpose of toxicological and
sthetical reasons [4–6]. There are many methods for the removal
f dyes from wastewater, such as flocculation, chemical coagula-
ion, oxidation, adsorption, precipitation and filtration [5–9]. Given
he low biodegradability of dyes, biological treatment techniques
re not sufficiently efficient [7].  Among of these methods, adsorp-

ion is the most efficient technique for the treatment of wastewater
8,9]. Different kinds of adsorbent are used in the adsorption pro-
ess. Granulated and pulverized activated carbon has an excellent

∗ Corresponding author. Tel.: +90 212 473 70 33; fax: +90 212 473 71 80.
E-mail address: aroguz@istanbul.edu.tr (A.Z. Aroguz).
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lyzed  by  X-ray  fluorescence  spectrometry.
© 2011 Elsevier B.V. All rights reserved.

adsorption capacity for the adsorption of dyes, but their use is
restricted, due to their regeneration problem and high cost [10].
Therefore, scientists focused on inexpensive, commonly available,
effective and easily obtainable adsorbents as alternatives to acti-
vated carbon. Most of the recent research activities evaluate the
properties of various low-cost adsorbents that have potential appli-
cations [4,11,12]. Some natural materials, such as bagasse fly ash
[13], olive stone [14], marine sediment [15], clay [16], hazelnut
shells [17], moss [18], carbon nanotubes [19], sawdust [20–22],
fly ash [12,13,23,24],  red mud  [24,25], marine algae [26–28] and
seashells [29] have been widely used by the researchers as an
adsorbent directly, or after being modified, as adsorbents of dyes.
Wang et al. has been worked on the adsorption of basic dye adsorp-
tion on fly ash and mud. They found that the raw fly ash and red
mud  show adsorption capacity at 5.23 and mg  g−1, respectively
[24].

Brilliant Green dye is one of the important dyes in the paper
printing and textile industries. Especially wood and silk materi-
als are dyed using Brilliant Green. Its effluents are also generated
from rubber and plastic industries. This dye is hazardous in the
case of skin contact, eye contact and ingestion. It is toxic to the
lungs, through inhalation. Repeated or prolonged exposure to the
substance can produce target-organ damage. During its decompo-

sition it may  generate carbon dioxide, sulphur oxides and nitrogen
oxides. Therefore, it is important to remove Brilliant Green dye
from aqueous solution [2,11,12,30–34]. Bhattacharyya and Sharma
used finely ground Neem leaf powder as an alternative to activated

dx.doi.org/10.1016/j.cej.2011.05.090
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:aroguz@istanbul.edu.tr
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Fig. 1. The chemical structure of Birilliant Green.

arbon for removing Brilliant Green from aqueous medium [11].
hey found that 98% of Brilliant Green was removed from aqueous
olution when the adsorbent dose was increased.

In the current study, Saklıkent mud  (SM), which is available
n the large quantities in the Fethiye region of Turkey, is used as
ow-cost adsorbent to remove Brilliant Green (BG) from aqueous
olution as a function of time, initial dye concentration and tem-
erature. Kinetic and thermodynamic studies were conducted to
valuate the adsorption capacity of Saklıkent mud. The kinetic data
btained from the batch-adsorption process were analyzed using
he pseudo-first-order kinetic, second-order-kinetic and intra-
article diffusion model for the adsorption of SM.  The experimental
ata have been modeled by using the Langmuir isotherm.

. Material and methods

.1. Materials

Chemical grade Brilliant Green (hydrogen sulphate) (C.I. 42040)
BG) was purchased from Merck and used without further purifica-
ion. The chemical formula of BG is C27H34N2O4S and the molecular
eight is 482.64 g mol−1. The solubility of BG is 100 g L−1 at 20 ◦C

nd pKa value is 6.9. Fig. 1 shows the chemical structure of BG. It has
ts maximal visible absorbance at a wavelength of 625 nm.  Sodium
ydroxide and hydrochloric acid in analytical grade were obtained

rom Aldrich.

.2. Adsorbent

In the present study, Saklıkent mud  (SM), originating from the
outh-west of Turkey, was used as the adsorbent for the removal of
G from aqueous solutions in a batch treatment process. The adsor-
ent material, SM,  was first suspended in distilled water with the
atio of 1/3 (solid/liquid) on weight basis and then washed with
istilled water and dried in air. The particles of the residue were
rushed to smaller particles and sieved to particle size as, 80–100
esh. Finally, the residue was dried at 50 ◦C in a vacuum oven,

ntil constant weight and used for the adsorption experiments
ithout further treatment. The BET surface area of the adsorbent
as derived from N2 gas adsorption isotherms by using the Quan-

achrome Instrument Nova 4000E. The sample was first dried at
80 ◦C for 2 h, in the preparation phase.

The BET surface area of the adsorbent was derived from N2 gas

dsorption isotherms by using the Quantachrome Instrument Nova
000E. The sample was first dried at 180 ◦C for 2 h, in the prepara-
ion phase. Next, the analysis was performed, at 200 ◦C in 5 h under
itrogen gas, in the degas section of the instrument. The surface
ring Journal 172 (2011) 199– 206

area and pore volume of SM were found to be 19.64 m2 g−1 ± 5%
and 0.029 cm3 g−1, respectively. The morphological analysis was
performed by the scanning electron microscope (Jeol-JSM 5600)
after being coated with gold in a sputtering device under vacuum.
X-ray fluorescence spectrometry (XRF) analysis was carried out by
using an Axios Max  Minerals PANalytical Instrument.

2.3. Adsorption studies

Batch-adsorption experiments were carried out by stirring 0.1 g
of adsorbent, SM,  with 50 mL  BG dye solution in different concen-
trations in an air-tight conical flask in a stable water bath. Dye stock
solution (0.1 g L−1) was  prepared by dissolving of BG in distilled
water and diluted to obtain the desired concentrations, 1.0 × 10−3,
2.0 × 10−3, 8.0 × 10−3, 1.6 × 10−2, 2.0 × 10−2 g L−1.

The batch experiments were also carried out at different tem-
peratures, 25 ◦C, 35 ◦C, 45 ◦C, 55 ◦C in a constant temperature bath
to observe the effect of the temperature on dye adsorption.

The samples were drawn from the bath at the pre-determined
time intervals and then centrifuged (Xiang Yi Instrument, H1650
Table-Top High–Speed Centrifuge) at 5000 rpm, for 10 min. Before
measuring the residual dye concentration, the supernatants
were filtered to ensure the solutions were free from adsorbent
particles. The concentration of BG dye remaining in the super-
natant before and after adsorption was measured by using a
UV-spectrophotometer (PG Instruments T80+), at a wavelength
of maximum absorbance, (� = 625 nm)  of Brilliant Green. The
adsorption experiments were continued until no change in the
concentration of dye solution was  observed. The amount of dye
adsorbed (mg  g−1) on the surface of the adsorbent was  determined
by the difference between the initial concentration of dye and the
solution concentration. The blank experiments were carried out by
using the same initial dye concentration without adsorbent, to be
sure that no dye got adsorbed onto the walls of the conical flask.
During the adsorption process the pH of the solutions was adjusted
to 6.5, by using 0.1 N hydrochloric acid and 0.1 N sodium hydroxide
solutions. Nandi et al. found that the point of zero charge (ZPC) of
Kaolin was estimated to be 7.0 in the adsorption of brilliant green
dye [2].  At a pH lower than pHZPC the kaolin surface acquires posi-
tive charge and dye molecules also become positive charge. Due  to
this result there is an electrostatic repulsion between dye molecules
and kaolin that causes decrease in dye uptake.

Similar results were observed from the adsorption of BG on SM.
pHZPC for SM was determined as pH 6.2. Thus below this pH value
the adsorbent surface has a positive charge and under this condi-
tion the uptake of cationic dye would be low due to electrostatic
repulsion. Increasing of pH value (beyond ZPC) increases the nega-
tive charge density on the surface of the adsorbent. The adsorption
of dye increases as a result of this situation. Therefore, in this work,
the isotherm and kinetic studies were carried out at a fixed pH value
of 6.5 for Brilliant Green.

3. Results and discussion

3.1. SEM Analysis of SM

The surface of the adsorbent was  characterized by SEM before
and after adsorption of BG. Fig. 2a and b represent the SEM micro-
graphs of SM at the optimum operating condition with 50×–1000×
magnification, respectively. Fig. 2c shows SEM micrograph of SM
after adsorption process with 1000× magnification. Fig. 2a indi-

cates the particles in the shape of well homogenous form of the
Saklıkent mud. The porous structure of the surface of SM can
be observed from Fig. 2b. The diameters of the pores are about
10–40 �m.  The porous structure supports the experimental results
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Table 1
The chemical composition of SM analyzed by X-ray fluorescence spectrometer
(wt.%).

Mineral Percentage (wt.%)

SiO2 36.52
MgO 13.40
Al2O3 5.31
CaO 16.41
Fe2O3 5.22
Na2O 0.59

the Nandi et al’s work which was removed more than 90% Brilliant
Green by kaolin in the case of the initial concentration 40 mg  L−1 of
Brilliant Green [2].
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ig. 2. (a) SEM micrograph of SM with 50× magnification, (b) SEM micrograph of
M  with 1000× magnification and (c) SEM micrograph of SM after the adsorption
ith 1000× magnification.

hat SM is effective adsorbent for the removal of BG. The SEM image
fter adsorption clearly shows that dye particles were diffused into
he porous of the adsorbent (Fig. 2c).

.2. Analysis of XRF

X-ray fluorescence spectrometer was used to determine the
omposition of SM.  The results are given in Table 1.
.3. Effect of initial dye concentration on adsorption

Five different initial concentrations, 1.0 × 10−3, 2.0 × 10−3,
.0 × 10−3, 1.6 × 10−2, 2.0 × 10−2 g L−1 were selected to investigate
LOIa 22.55

a The loss of ignition.

the effect of initial dye concentration on the adsorption rate of BG
on SM,  at 25 ◦C. The adsorbed amount of the dye on the unit weight
of the adsorbent (qt) (mg  g−1) at any given time and at the equi-
librium (qe) (mg  g−1), was  determined by using Eqs. (1) and (2),
respectively.

qt = (Co − Ct)V
m

(1)

qe = (Co − Ce)V
m

(2)

Where Co is the initial concentration of the dye (mg  L−1), Ct is the
concentration of dye at any time, t and Ce is the concentration of
dye at the time required to reach the equilibrium. V is the volume of
dye; m is the weight of the dry adsorbent. The uptake percentages
(a %) of BG by the adsorbent are calculated as follows,

a% = (Co − Ct) × 100
Co

(3)

The effect of initial dye concentration on the adsorption of BG
is shown in Fig. 3. It is evident from Fig. 3 that the rates of adsorp-
tion decreased with time until gradually reaching equilibrium. The
uptake percentage of dye by a fixed amount of SM increases from
45.5% to 66.2% with increasing BG concentration from 1.0 × 10−3

to 2.0 × 10−3 g L−1. The uptake percentage of BG was  reached 96%
for the concentration of dye 2.0 × 10−2 g L−1. It is clear, that the
adsorption process is highly dependent on the initial concentration
of solution. The increase in initial concentration also enhances the
interaction between BG and SM.  Similar results were observed in
5004003002001000

Time (min)

Fig. 3. The uptake percentage of BG on SM at different concentrations.
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Fig. 4. The effect of the temperature on the adsorption.

.4. The effect of contact and equilibrium time on adsorption

The contact-time between the adsorbate and the adsorbent is
mportant in the dye-removal from the solution by the adsorption
rocess. The uptake-percent of BG by SM increased with increas-

ng contact time and then became constant. However, the uptake
ate was very rapid initially for the low concentrations of the dye-
olutions. The time required to reach equilibrium was found to be
0 min  and 150 min, for the initial dye concentrations of 1.0 × 10−3

nd 2.0 × 10−3 g L−1, respectively. For higher concentrations of dye,
.0 × 10−3; 1.6 × 10−2 and 2.0 × 10−2 g L−1, the time to reach the
quilibrium was obtained in more than 6 h, as shown in Fig. 3.

.5. The effect of temperature

The effect of temperature on the adsorption capacity of SM was
tudied at four different temperatures, notably 25 ◦C, 35 ◦C, 45 ◦C
nd 55 ◦C, at the same concentration of 2.0 × 10−2 g L−1 (Fig. 4). It
s known, that increasing the temperature affects the rate of diffu-
ion of the dye molecules across the external boundary layer and
n the pores of the adsorbent particles. The results showed that
he percentage of the removal of dye increased from 92 to 98% by
ncreasing the temperature from 25 ◦C to 55 ◦C. From the exper-
mental data we found that adsorption of Brilliant Green on SM

as endothermic. According to the results, spontaneous nature
f adsorption increases with increasing temperature. This effect
ay  be attributed to the enlargement of the pores and creation

f new active sites on the surface of the adsorbent due to bond
istortion with increasing temperature [35]. Several authors have
lso reported endothermic adsorption of reactive dyes on differ-
nt types of adsorbents as activated carbon prepared from natural
aterial [36]. They reported that the endothermic nature of adsorp-

ion indicates the dependency temperature.

.6. Kinetics of adsorption

Various kinetic models are available to understand the adsorp-
ion mechanism which they use experimental data. In the present
tudy, the adsorption kinetic of BG onto SM was determined by

sing the simplified kinetic models Lagergren pseudo first-order
odel [37,38]; the pseudo second-order kinetic model [39] and the

ntra-particle diffusion model [40]. These models basically include
Fig. 5. Pseudo first order kinetic of the adsorption of BG on SM at different initial
concentrations.

all steps of adsorption as external film diffusion, adsorption and
intra-particle diffusion.

3.6.1. Lagergren pseudo-first-order-kinetic model
Lagergren pseudo-first-order kinetic equation is described as

follows [37,38];

dqt

dt
= k1(qe − qt) (4)

The definition of qt and qe is the same as Eqs. (1) and (2).  Where
k1 (min−1) is the equilibrium rate constant of pseudo-first-order
equation. The integrating of Eq. (4) for the boundary conditions
qt = 0 at t = 0 and qt = qt at t = t, gives the linear relationship between
the amount of BG adsorbed (qt) and time (t).

ln(qe − qt) = ln qe − k1t (5)

The slope and intercept of the graph of ln (qe − qt) vs. t are used
to determine the pseudo-first-order rate constants k1 and qe. Fig. 5
shows the first-order kinetics of BG adsorption at different initial
concentrations. The k1 and qe values obtained from these figures
are given in Table 2. The experimental values of the maximum
adsorption capacity (qe,exp) are very close to the calculated values of
the maximum adsorption capacity (qe,calc) of the pseudo-first-order
kinetic model at 25 ◦C. The high correlation coefficients indicate
that dye sorption onto SM follows the pseudo-first-order kinetic
model at 25 ◦C. The low values of correlation coefficients, 0.95, 0.91,
0.93 were obtained for the pseudo-first-order kinetic of BG adsorp-
tion at the temperatures 35 ◦C, 45 ◦C to 55 ◦C, respectively (Fig. 6).
The experimental data do not fit well with first order kinetic, at
higher temperatures.

3.6.2. Pseudo-second-order kinetic model
The pseudo-second-order kinetic equation is defined by Eq. (6)

[39].

dqt

dt
= k2(qe − qt)

2 (6)

Where k2 (g mg−1 min−1) is the pseudo-second-order rate constant
of adsorption. Integrating of Eq. (6) with the initial conditions qt = 0

at t = 0 and qt = qt at t = t, gives Eq. (7).

t

qt
= 1

k2q2
e

+ t

qe
(7)
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Table 2
Kinetic parameters for BG adsorption onto the SM related to concentration (at 25 ◦C).

Concentration (g L−1) Pseudo First Order Intraparticle diffusion

k1 (×103) (min−1) R2 qcal (mg  g−1) qexp (mg  g−1) kid,1 (mg g−1 min−1/2) R2 kid,2 (mg g−1 min−1/2) R2

1.0 × 10−3 37.6 0.991 0.21 0.22 0.0139 1.000 0.0002 1.000
2.0  × 10−3 21.7 0.977 0.65 0.66 0.0478 0.979 0.0003 1.000
8.0  × 10−3 8.7 0.994 3.60 3.40 0.2409 0.992 0.0698 0.991
1.6  × 10−2 7.6 0.990 7.08 6.96 0.4681 0.990 0.1582 0.974
2.0  × 10−2 7.1 0.993 8.93 9.20 0.5370 0.995 0.2482 0.961

Table 3
Kinetic parameters for BG adsorption onto the SM related to temperature.

Temperature (◦C) Pseudo second Order Intraparticle diffusion

k2 (×102) (g mg−1 min−1) R2 qcal (mg  g−1) qexp (mg  g−1) kid,1 (mg  g−1 min−1/2) R2 kid,2 (mg  g−1:min−1/2) R2

25 8.9 0.923 11.23 9.2 0.5370 0.995 0.2482 0.961
.3 

.5 

.7 
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35  10.3 0.997 9.71 9
45 10.2  0.999 9.78 9
55  9.9 1.000 10.07 9

The initial sorption rate, h (mg  g−1 min−1) is defined as:

 = k2q2
e (8)

From the slope and intercept of the plot of t/qt gives the values of
e and h, respectively. The second order rate constant value, k2 can
e determined from h value. Fig. 7 indicates the pseudo-second-
rder kinetic of the adsorption of BG at different temperatures. The
est fitting values of qe and k2 along with correlation coefficients
re given in Table 3. R2-values for the pseudo second-order kinetic
odel are higher (R2 > 0.99) than that of the values R2 obtained from

he pseudo first-order kinetic model at high temperatures (35 ◦C,
5 ◦C, 55 ◦C). At these temperatures, qe,calc (mg  g−1) values derived
rom the pseudo-second-order model are close to the experimental
alues, notably the qe,exp (mg  g−1) values. These results suggest that
he pseudo second-order model represents the adsorption kinet-
cs of BG on SM for the temperatures at 35 ◦C, 45 ◦C and 55 ◦C,
espectively, best.
.6.3. Intraparticle diffusion model
The specific sorption mechanisms by which the adsorption of

yes takes place on the natural adsorbents are still not clear [40]. In
eneral the adsorption process is taking place through four steps:

300250200150100500
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ig. 6. Pseudo first order kinetic of the adsorption of BG on SM at different temper-
tures.
0.3278 0.993 0.1060 0.999
0.3229 0.977 0.1444 0.982
0.2884 0.991 0.12820.956

(i) bulk diffusion; dye molecules migration from bulk solution to
the surface of the adsorbent, (ii) film diffusion; diffusion of dye
molecules through the boundary layer to the adsorbent surface, (iii)
intra-particle diffusion or pore-diffusion mechanism; the migra-
tion of the dye molecules from the surface to the interior pores of
the particle, (iv) chemical reaction via ion-exchange, complexation,
chelation; the adsorption of dye at an active site on the adsorbent
surface. In each adsorption process one or two steps of the mech-
anism become more attractive. In the pore-diffusion model (step
iii) intra-particle diffusion is estimated by the following equation
[41];

qt = kidt1/2 + C (9)

where kid (mg  g−1 min−1/2) is the intra-particle diffusion rate con-
stant, which is determined from the slope of the linear plot of qt

versus t1/2. The value of C is obtained from the intercept and gives
an indication of the thickness of the boundary layer. The larger the
intercept value, the greater the boundary layer effect. According

to this model, the intra-particle diffusion is the sole rate-limiting
step when C equals to zero, when the plot passes through the origin
[42]. Fig. 8 shows qt versus t1/2 plot for the initial concentrations
of 1.0 × 10−3, 2.0 × 10−3, 8.0 × 10−3, 1.6 × 10−2 and 2.0 × 10−2 g L−1
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Fig. 7. Pseudo second order kinetic of the adsorption of BG on SM at different
temperatures.
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Table 4
Isotherm parameters for the adsorption of BG on SM at 25 ◦C.

Langmuir isotherm Freundlich isotherm

−1 −1 2 −1 2

isotherm model, which is based on the assumption of the existence
of monolayer coverage of the adsorbate at the outer surface of the
adsorbent, can be described as the linear form given Eq. (10) [44].

0.0
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Fig. 8. Intraparticle diffusion model at different BG concentrations.

f BG, respectively. For all concentrations, two linear regions were
bserved on the graphs. The first region relates to the bulk-diffusion
nd the second region is attributed to pore-diffusion [43]. The first
ortion almost passed through the origin. This result signified that
he intra-particle diffusion was involved in the adsorption process.
he intra-particle rate constants kid1 and kid2 at different concentra-
ions are shown in Table 2. The kid1 and kid2 values increased with
ncreasing initial BG concentration. This is the result of the increase
f the adsorbate concentration attributed to the increase of the
orce which is important for the adsorption process. The kid1 values
reater than kid2 values show that the bulk diffusion step is the most
mportant step for the adsorption of BG on SM. Fig. 9 represents
he intra-particle diffusion plot for the initial dye concentration,

 × 10−2 M,  at different temperatures. Two separate regions were
lso observed in this plot, as can be seen from Fig. 9. The initial lin-
ar region on the graphs is attributed to the bulk-diffusion and did
ot pass through the origin. Therefore, the intra-particle diffusion
s not the sole rate-limiting step at high temperatures, but it has
he great contribution of the surface sorption in the rate limiting
tep (Table 3). In this system Brilliant Green sorption is governed
s liquid phase mass transport and through the intra-particle mass
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Fig. 9. Intraparticle diffusion model at different temperatures.
qm (mg g ) KL(L mg ) R KF(mg  g ) n R

1.18 0.554 0.979 2.52 1.88 0.922

transport. On the other hand, BG is cationic dye the positive charge
on the dye molecules have been attractive by the adsorbent which
has the negative charge (pHZPC of SM < 6.5). Therefore the elec-
trostatic attraction forces have important role for the adsorption
mechanism.

3.7. Adsorption isotherm

The equilibrium experimental data of the adsorption of BG onto
SM were compared by using the adsorption isotherm equations,
namely the Langmuir and Freundlich isotherms. The Langmuir
1.61.20.80.4

1/Ce (Lmg-1 )

Fig. 10. Langmuir plot for the adsorption of BG by SM (R2 = 0.979).
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Fig. 11. Van’t Hoff plot for the adsorption of BG onto SM (R2 = 0.936).
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Table 5
Thermodynamic parameters for BG adsorption onto the SM.

Temperature (◦C) % Uptake Kc −�G◦ (kJ/mol) �H◦ (kJ/mol) �S◦ (J/mol K)

25 92 11.5 6.05 27.92 113.1
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35 93 13.3 

45 95 19 

55  97 32.3 

his model is assumed that all sorption sites of the adsorbent are
dentical.

1
qe

= 1
qm

+ 1
KLqmCe

(10)

Where KL and qm are the Langmuir constants related to the
nergy of the adsorption and the maximum adsorption capacity.
hese values can be obtained from the linear plot of 1/qe vs. 1/Ce.

The Freundlich isotherm corresponds to the heterogeneous
dsorbent surfaces and is given by the following equation.

e = KFC1/n
e (11)

here KF (mg  g−1) and n, are the Freundlich isotherm constants and
ndicate the adsorption capacity of the adsorbent and the adsorp-
ion affinity for the adsorbate, respectively. These values were
btained by the linearized form of the Eq. (11)

n qe = ln k + 1
n

ln Ce (12)

The correlation coefficient for the Langmuir isotherm
R2 = 0.979) is higher in comparison than the value obtained
or the Freundlich isotherm (R2 = 0.922). The monolayer adsorp-
ion capacity, qm (mg  g−1) and the adsorption equilibrium constant
L (L mg−1)<, were obtained from the plot in Fig. 10 as 1.18 and
.554, respectively.

.8. Adsorption thermodynamics

The changes of Gibbs free energy (�G◦); enthalpy (�H◦) and
ntropy (�S◦) of the adsorption system were estimated by the
ollowing equations and calculated values are listed in Table 4.

G0 = −RT ln Kc (13)

here, Kc is the equilibrium constant and estimated by Eq. (14).

c = Mads

Ce
(14)

The relationship between Gibbs free energy (�G◦); enthalpy
�H◦) and entropy changes (�S◦) is given by the following equa-
ions.

G0 = �H0 − T�S0 (15)

n Kc = −�H0

RT
+ �S0

R
(16)

The thermodynamic functions of (�H◦) and (�S◦) are obtained
y the slope and the intercept of the linear Van’t Hoff plot between

nKc and 1/T, respectively (Fig. 11). As can be seen from Table 5 the
alues of equilibrium constant Kc increased with increasing tem-
erature suggesting that the adsorption process in endothermic
ature. The equilibrium constant Kc is the ratio of the concen-
ration of dye in adsorbent and in aqueous solution (Kc = k1/k2).
ncreasing Kc value relates to the increasing of k1 which is the
ate constant for the forward process. It means that the forward

ate of adsorption is much higher than the reverse rate suggest-
ng that the rate of adsorption is clearly dominant. The negative
alues of �G◦ confirmed the feasibility of the process and spon-
aneous nature of adsorption. Decrease in the negative value of

[

6.63
7.78
9.48

�G◦ with an increase in temperature indicates that the adsorp-
tion process is more favourable at higher temperatures. This could
be possible because the mobility of adsorbate ions/molecules in the
solution increase with increase in temperature and that the affinity
of adsorbate on the adsorbent is higher at high temperatures. The
Gibbs free energy change of the adsorption process is not very large,
but the signs suggest that the equilibrium shifts into a spontaneous
mode, which leads to binding of the Brilliant Green molecules to the
mud  particles. The positive value of �H◦ confirms the endothermic
process which is consuming energy by the adsorption. The posi-
tive values of �S◦ also revealed the increase of randomness at the
solid/liquid interface during the adsorption of Brilliant Green on
the Saklıkent mud.

4. Conclusions

The present study shows that the Saklıkent mud is an effec-
tive adsorbent for the removal of Brilliant Green dye from aqueous
solution. The uptake percentage of the adsorption process increases
with the concentration of the dye solution. Rising temperature was
also a factor contributing to the dyes adsorption onto Saklıkent
mud. The adsorption kinetics obeyed to the pseudo first order
kinetic model for the low temperature, but the adsorption kinetic
was best described by the pseudo second order kinetic model at
higher temperatures. The batch-model adsorption studies followed
the Langmuir monolayer isotherm model. The negative �G◦ values
indicate that the overall adsorption processes were spontaneous.
The positive �H◦ value indicates the adsorption processes were
endothermic in nature. The use of the Saklıkent mud  as low-cost
adsorbent for the removal of the BG from aqueous solution has high
efficiency.
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