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Equilibrium studies for trimethoprim adsorption on montmorillonite KSF
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Abstract

In this study, the adsorption of trimethoprim (TMP) on montmorillonite KSF was studied under different conditions (pH, ionic strength,
temperature). The results indicate that a pH value of 5.04 is optimum value for the adsorption of TMP on KSF. The adsorption kinetics was
interpreted using pseudo-first-order kinetic model, pseudo-second-order kinetic model and intraparticle diffusion model. The pseudo-second-order
model provides the best correlation with the experimental data of KSF adsorption. The adsorption data could be fitted with Freundlich, Langmuir
and Dubinin-Radushkevich equation to find the characteristic parameters of each model. It was found that linear form of Langmuir isotherm
seems to produce a better model than linear form of Freundlich equation. From the Langmuir and Freundlich equation, the adsorption capacity
values raised as the solution temperature decreased. From DR isotherm, it was also determined that the type of adsorption can be considered as
i
e
©

K

1

i
c
A
n
a
m
t
e
w
[
a
r
a
r
e
t
c

0
d

on-exchange mechanism. Determination of the thermodynamic parameters �H0, �S0 and �G0 showed that adsorption was spontaneous and
xothermic in nature. It was also added that adsorption of TMP by KSF may involve physical adsorption.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Human and veterinary drugs are continually being released
n the environment mainly as a result of manufacturing pro-
esses, disposal of unused or expired products, and excreta [1].
ntibiotics have wide range of uses in both human and veteri-
ary medicine. In the livestock industry, the use of antibiotics
s growth promoters as well as therapeutic agents is very com-
on [2]. As a result, it is possible to determine antibiotics in

he environment. Antibiotics have been determined in diverse
nvironmental samples, e.g. wastewater [3], ground and river
ater [4,5], hospital wastewater [6], sludge [7], soil and manure

8,9]. For that reason, antibiotics released into the environment
re of concern for the following reasons; (i) contamination of
aw, treated and recycled water used for drinking, irrigation
nd recreation; (ii) potential to accelerate wide spread bacte-
ial resistance to antibiotic; (iii) negative effect on important
cosystem bacteria (through death or inhibition) [10]. Their con-
inual input into the environment may lead to a high, long-term
oncentration and promote unnoticed adverse effects on aquatic

and terrestrial organisms. Effect can accumulate so slowly
that changes remain undetected until they become irreversible
[1].

Trimethoprim (TMP) is among the most important antibacte-
rial agents (synthetic antibiotics) used in human and veterinary
medicine worldwide acting as an inhibitor in the chemotherapy
treatment due to its antifolate effect by interaction with dihy-
droflate coenzymes [11,12]. In respect of many articles, TMP
was detected at 0.6–7.6 �g L−1 level in hospital sewage water
in Sweden [13], at 0.12 and 0.16 �g L−1 levels in wastewa-
ter effluents from East Aurora and Holland, respectively [2],
and 12.4 mg/kg level in manure and soil in a German farming
area [14], and at 40–705 ng L−1 in two municipal wastewater
treatment plants in USA [15], and 0.013–0.15 �g L−1 in US
streams [5]. Additionally, a study made in Australia showed
that TMP was detected in effluent entering receiving waters
and detectable at 50 m from the site of discharge, and also
in one bacterium (E. coli), resistance was observed to TMP
[10]. Trimethoprim, 2,4-diamino-5-(3,4,5-trimethoxybenzyl)-
pyrimidine is shown in Fig. 1.

It is impossible and impractical to halt usage of antimicrobial
∗ Corresponding author. Tel.: +90 232 4128695; fax: +90 232 4534188.
E-mail address: k.yurdakoc@deu.edu.tr (M.K. Yurdakoç).

agents within our environments, though management of their
overuse and disposal within catchments is likely to be an envi-
ronmental management agenda in the near future [10].
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Nomenclature

Ce equilibrium concentration (mmol/L)
Cs the amount of sorbed (mmol/g)
Cm monolayer coverage (mmol g−1)
L a constant (Langmuir)
Kf relative adsorption capacity (mmol/g)
nf a constant (Freundlich)
Xm the adsorption capacity (mol/g)
k a constant (Dubinin-Radushkevich)
R regression coefficient
E the mean-free energy change of adsorption

(kJ mol−1)
�G0 standard-free energy change (kJ mol−1)
�H0 standard enthalpy change (kJ mol−1)
�S0 standard entropy change (kJ mol−1 K−1)
Kc equilibrium constant
R gas constant (J mol−1 K−1)
T temperature (K)

Fig. 1. Chemical structure of TMP.

To overcome destructive impacts of antibiotics released into
the environment, it is very significant to design and develop a
system to remove pharmaceuticals present in wastewater treat-
ment plants. For this purpose, adsorption is appropriate process
that is widely used in the removal of contaminants (e.g. pesti-
cides) from wastewater. In view of the above fact that clays have
high specific surface areas, high adsorption capacity, mechan-
ical stability and variety of surface and structural properties,
they are used as adsorbents for removing pollutants. This work
reports the adsorption of trimethoprim onto montmorillonite
KSF from aqueous solution as function of pH, temperature and
ionic strength. Adsorption capacity of KSF for trimethoprim
has been determined by using some common adsorption equi-
librium models. In order to understand the adsorption process,
kinetic and thermodynamic parameters obtained have also been
evaluated at different temperatures.

2. Materials and methods

KSF supplied from Fluka Company was utilized for adsorp-
tion experiments as adsorbent. The properties of KSF were
summarized in Table 1.

Table 1
Chemical composition of KSF montmorillonite

Component %

SiO2 55.0
Al2O3 18.0
Fe2O3 4.0
MgO 3.0
CaO 3.0
Na2O <0.5
K2O 1.5
Sulphate 5.0
Ignition Loss 10.0

TMP was purchased from Merck and used without further
purification. In the preparation of 10−3 M TMP stock solu-
tion, 0.02903 g TMP was weighed and dissolved in the mix-
ture of 60 mL H2O and 40 mL C2H5OH. Further solutions
were freshly prepared from stock solution for each experimen-
tal study. For batch adsorption experiments, 0.1 g of KSF was
added into 25 mL of TMP solution. The experiments have been
made in duplicates. The pH of drug solution was adjusted with
NaOH and HCl solutions using a pH meter. The solutions were
shaken at 150 rpm in a temperature-controlled shaking water
bath (Memmert) for 7 h to reach equilibrium under experimen-
tal conditions. After 7 h, the samples were taken and centrifuged
at 5000 rpm for 15 min. The concentration of drug in resul-
tant solution was determined using Shimadzu UV–vis 1601
model spectrophotometer at λmax = 271 nm. The amount of TMP
adsorbed on KSF montmorillonite was calculated by difference
of initial concentration and the equilibrium concentration of
TMP. The same procedures were performed at solution tem-
peratures of 296, 311 and 323 K to find thermodynamic param-
eters. The ionic strengths were adjusted to 0.10, 0.05 and 0.01
using 1 M NaCl solutions. Some additional experiments were
also carried out at various time intervals to determine kinetic
parameters.

2.1. FT-IR measurements
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TMP, KSF and TMP-loaded KSF were brought to con-
tant weight in a drying oven at 50 ◦C for 24 h. The samples
ere kept in the desiccators. Fine KBr powder (100 mg) was
ried at 110 ◦C and mixed with 1 mg of sample. For pellets
btained, the infrared spectra in the range 4000–400 cm−1 were
ecorded on a Perkin-Elmer FT-IR spectrophotometer (Spectrum
X-II).

.2. SEM measurements

Scanning electron microscopy, SEM was carried out in a Jeol
SM 60 SEM attached an X-ray energy-dispersive spectrome-
er, EDS. The surface morphologies of KSF, TMP-loaded KSF
ere studied using a scanning electron microscope at an accel-

rating voltage of 20 kV. The samples that were used were dried
nd coated with gold before scanning. For SEM, photographs
ere taken at different magnifications (between 1000× and
000×).
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3. Result and discussion

3.1. Adsorption isotherms

The adsorption isotherm of TMP onto montmorillonite KSF
was determined by plotting the amount of TMP adsorbed by
KSF (Cs, mmol g−1) versus the equilibrium concentration of
TMP (Ce, mmol L−1). The adsorption isotherms of TMP from
aqueous solution onto KSF at different temperatures with ini-
tial pH 3.0 and without any salt addition are shown in Fig. 2.
In terms of the slope of initial portion of the curves, the shapes
of these isotherms correspond to L-type according to the Giles
classification [16]. The L curve indicates that there is no strong
competition between solvent molecules and adsorbate for sorp-
tion sites on the surface and KSF has a medium affinity for the
TMP molecules.

In order to optimize the design of an adsorption system to
remove the drug from the wastewater treatment plants, it is very
significant to establish the most appropriate correlation for the
equilibrium curves.

Three common adsorption equilibrium models (Langmuir,
Freundlich, and Dubinin-Radushkevich (DR)) were used to
describe the equilibrium between adsorbed TMP onto KSF (Cs)
and TMP in solution (Ce) at constant temperatures.
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Table 2
The sorption parameters of Langmuir equation for TMP onto KSF at different
temperatures

Temperature (K) R2 Cm (mmol g−1) L (g dm−3) RL

303 0.9920 0.4461 5.8380 0.4613
311 0.9790 0.1686 4.1665 0.5455
318 0.9864 0.1400 7.2910 0.3138

Cm, maximum adsorption capacity; L, Langmuir constant; R (p < 0.002).

ity of the adsorbent (mmol g−1) and L is the Langmuir constant
regarding the adsorption energy.

The Langmuir equation is applicable to homogenous sorp-
tion where the sorption of each molecule has equal sorption
activation energy [18].

The sorption parameters of TMP adsorption onto KSF cor-
responding to Langmuir equation were summarized in Table 2.
From Table 2, it is easily understood that maximum adsorption
capacities of adsorbent decrease by increasing temperature.

To determine if the adsorption process is favorable or unfa-
vorable, for the Langmuir type adsorption process, the isotherm
shape can be classified by a term “RL”, a dimensionless constant
separation factor, which is defined as below [19]:

RL = 1

(1 + LC0)
(2)

where RL is a dimensionless separation factor, C0, the initial
TMP concentration (mmol L−1) and L is Langmuir constant
(L mmol−1).

The shapes of the isotherms for 0 < RL < 1, RL > 1, RL = 1
and RL = 0 are favorable, unfavorable, linear and irreversible,
respectively [19]. The values of RL at different temperatures
are reported in Table 2. The RL values are between 0 and 1.
Therefore, favorable adsorption of TMP was occurred.
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.1.1. Langmuir isotherm
The Langmuir isotherm theory assumes monolayer coverage

f adsorbate over a homogeneous adsorbent surface [17]. In
rder to obtain sorption capacity of TMP on montmorillonite
SF, linear form of Langmuir equation was applied:

Ce

Cs
= 1

LCm
+ Ce

Cm
(1)

here Cs is the solid phase concentration (mmol g−1), Ce, the
iquid phase concentration of adsorbate (mmol L−1) at equilib-
ium, Cm, the maximum adsorption capacity (monolayer capac-

Fig. 2. Adsorption isotherms of TMP on KSF at different temperatures.
.1.2. Freundlich isotherm
The empirical Freundlich expression is an exponential equa-

ion and therefore, assumes that as the adsorbate concentration
ncreases so too does the concentration of adsorbate on the adsor-
ent surface. Theoretically, using this expression, an infinite
mount of adsorption can occur [20]:

s = KfC
nf
e (3)

here Cs is the equilibrium drug concentration on adsorbent
mmol g−1), Ce, the equilibrium drug concentration in solution
mmol L−1), and Kf and nf are the indicators of adsorption capac-
ty and heterogeneity factor, respectively [18,21].

To determine the constants Kf and nf, the linear form of Fre-
ndlich equation (Eq. (4)) is used:

n Cs = ln Kf + nf ln Ce (4)

y plotting ln Cs versus ln Ce for the adsorption of TMP at 303,
11 and 318 K onto montmorillonite KSF were utilized to obtain
he intercept value of Kf and the slope value of nf.

Freundlich constants were shown in Table 3. As seen appar-
ntly in Table 3, Kf values decrease by increasing temperature.
his result indicates that TMP is more adsorbed at 303 K than
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Table 3
The sorption parameters of Freundlich equation for adsorption of TMP onto
KSF at different temperatures

Temperature (K) R2 Kf (mmol g−1) nf

303 0.983 0.824 0.700
311 0.950 0.319 0.861
318 0.961 0.232 0.628

Kf, relative adsorption capacity; nf, adsorption intensity; R (p < 0.002).

311 and 318 K. As can be seen from Tables 2 and 3, Langmuir
adsorption isotherm gave a better fit than the Freundlich model
based on the correlation coefficients (R2) value.

From Table 3, it is seen that the values of nf are smaller
than 1, reflecting a favorable adsorption. That the adsorption
is favorable is also deduced from the dimensionless separation
factors.

3.1.3. Dubinin-Radushkevich (DR) isotherm
By using Langmuir and Freundlich isotherms, the informa-

tion regarding the adsorption type is not obtained. For finding out
the adsorption type, the equilibrium data is applied to following
linear form of DR isotherm:

ln Cs = ln Xm − βε2 (5)

where Cs is the amount of ions sorbed onto the adsorbent
(mol g−1), Xm represents maximum adsorption capacity of the
sorbent (mol g−1), β, a constant related to sorption energy
(mol2 kJ−2) and ε is the Polanyi sorption potential, the amount
of energy required to pull a sorbed molecule from its sorption
site to infinity which is equal to:

ε = RT ln

(
1 + 1

Ce

)
(6)

where R is the gas constant in kJ mol−1 K−1; T, the temperature
i
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Table 4
The sorption parameters of DR equation for TMP on KSF at different
temperatures

Temperature (K) R2 Xm (mol g−1) β (mol2 kJ−2) E (kJ mol−1)

303 0.976 0.00250 0.00513 9.872
311 0.962 0.00241 0.00705 8.422
318 0.971 0.00109 0.00503 9.970

Xm, adsorption capacity; k, a constant related to adsorption energy; E, free
energy; R (p < 0.09).

values were 2.504, 2.410 and 1.088 mmol g−1, respectively. By
increasing temperature, Xm values are decreasing.

3.2. Effect of pH on the adsorption process

The adsorptive treatment of drug-containing wastewater is
pH-dependent. Therefore, the pH effect on the adsorption of
TMP on KSF was studied at 299 K without any salt. For this
study, solutions of concentration 0.4 × 10−3 M of the drug were
prepared at different pH values. After the equilibrium was estab-
lished, the absorbance and pH values were found out. In order
to show the effects of pH on adsorption, the amount of TMP
adsorbed by KSF (Cs, mmol g−1) versus equilibrium pH was
plotted. It is shown in Fig. 3. It is obvious that maximum adsorp-
tion at equilibrium was provided at pH 5.04.

Montmorillonite KSF is acid activated clay that has a pH
value of 3.31 in an aqueous solution and TMP (Fig. 1) is a weak
base with a pKa value of 7.3. At low pH conditions, all of the
TMP (T:) is in the protonated form:

TH+ ↔ T : +H+

Protonated form of the drug is strongly adsorbed to the nega-
tively charged sites of KSF surface by cation-exchange process.
For equilibrium pH below 5.04, a significantly high electrostatic
attraction exists. As the pH of the system increased, a negatively
c
t

n Kelvin and Ce is the equilibrium concentration in solution
mol L−1).

By plotting ln Cs versus ε2, the value of Xm is determined
rom the intercept and the value of β is derived from the slope.

The mean-free energy E was calculated using the following
xpression:

= −(2β)−0.5 (7)

he E values obtained in this study are in the range of
–16 kJ mol−1

, designating for ion-exchange mechanism [22].
f sorption energy is smaller than 8 kJ mol−1, adsorption type
s physical adsorption due to weak van der Waals forces. DR
sotherm parameters at 303, 311 and 318 K were summarized
n Table 4. As can be seen from Table 4, E values are in the
ange of 8.42–9.97 kJ mol−1. All of the E values indicate that
orption of TMP onto montmorillonite KSF can be explained by
on-exchange mechanism at 303, 311 and 318 K. These energy
alues are close to physical adsorption type. Besides, it is dif-
cult to be certain that the type of adsorption is physical, since

he E values obtained in this study are only slightly larger than
kJ mol−1, Xm (maximum adsorption capacity of the sorbent)
harged surface site on the adsorbent did not favor the adsorp-
ion of neutral T: molecule. In other words, since the drug is

Fig. 3. pH effects on adsorption of TMP onto KSF.
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Table 5
Isotherm parameters for TMP adsorption onto KSF at various temperatures

NaCl [M] 0.01 0.05 0.1

Langmuir model
RL

2 0.987 0.991 0.992
Cm (mmol g−1) 0.154 0.142 0.135
L (g L−1) 9.328 6.681 6.699

Freundlich model
RF

2 0.945 0.977 0.989
Kf (mmolg−1) 0.239 0.193 0.162
nf 0.528 0.553 0.492

DR model
RD

2 0.957 0.985 0.993
Xm (mmolg−1) 0.836 0.749 0.560
E (kJ mol−1) 10.325 10.010 10.541

Cm, maximum adsorption capacity; L, Langmuir constant; RL (p < 0.002); Kf,
relative adsorption capacity; nf, adsorption intensity; RF (p < 0.002); Xm, adsorp-
tion capacity; k, a constant related to adsorption energy; E, free energy; RD

(p < 0.001).

in neutral form at nearly pH 7.5, no significant ionic attraction
was observed and the adsorption mechanism of TMP to KSF at
basic conditions is physical one, and a weak one [23]. After the
pH value of 5.04, the amount of TMP adsorbed is decreasing
with the decrease of solution pH. This is due to fact that H+ con-
centration is also decreasing with decrease of solution pH and
a competition occurs between H+ and protonated form of TMP
molecules. As a result of this competition, the amount of TMP
adsorbed at low pH is very low.

3.3. Effect of ionic strength on the adsorption process

Ionic strength is the most important variable in drug–clay
interaction [24]. In the present study, ionic strength of the
medium exhibited some effect on adsorption of TMP onto mont-
morillonite KSF at constant pH 4. The sorption parameters
obtained from Langmuir, Freundlich and DR isotherm equa-
tions were summarized in Table 5. As was shown in Table 5,
the amounts of TMP adsorbed on montmorillonite KSF were
decreased with increased concentration of NaCl in medium. This
result was similar to the investigation of Qtaitat [24] who stud-
ied the interaction of TMP–montmorillonite as a function of
ionic strength. The amount of TMP adsorbed decreases with
increase of ionic strength. The addition of salt causes com-
petition between the protonated form of the drug molecules
a +

c
t
f
t
0
t

3

b

Fig. 4. Effect of contact time of TMP adsorption onto KSF.

was given in Fig. 4. Considering Fig. 4, contact time was fixed
at 7 h in this study.

It is seen that adsorption of TMP was rapid in the first stage,
beyond which the rate of adsorption slowed down. Three models
have been offered to reveal the adsorption kinetics of TMP onto
KSF. One of them is pseudo-first-order kinetic model which is
given by

1

qt
=

(
k1

q1

) (
1

t

)
+ 1

q1
(8)

where qt is the amount of TMP adsorbed at different times
t (mg g−1), k1 is the pseudo-first-order rate constant for the
adsorption process (min−1). The value of q1 is the maximum
adsorption capacity (mg g−1) [25]. A plot of 1/qt versus 1/t
should be a straight-line with a slope k1/q1 and intercept 1/q1.
As was summarized in Table 6, the correlation coefficients (R2)
are between 0.845 and 0.980 for different temperatures.

Table 6
Kinetic parameters for TMP adsorption onto KSF at various temperatures

296 K 311 K 323 K

Pseudo-first-order model
R1

2 0.960 0.845 0.980
k1 (min−1) 18.024 13.172 16.993

P

I

k
f
m
p
(

nd Na ions to negatively charged surface of the clay by
ation-exchange mechanism in acidic condition. Cm (adsorp-
ion capacity for Langmuir isotherm), Kf (adsorption capacity
or Freundlich isotherm) and Xm (maximum sorption capacity of
he sorbent for DR isotherm) values are decreasing from 0.154 to
.135 mmol g−1; from 0.239 to 0.162 mmol g−1 and from 0.836
o 0.598 mmol g−1, respectively.

.4. Adsorption kinetics

The kinetics of sorption process of TMP onto KSF has also
een explored. The time dependence curve of TMP adsorption
q1 (mg g−1) 27.427 24.085 22.472

seudo-second-order model
R2

2 0.998 0.999 1.000
k2 (g mg−1 min−1) 0.004 0.006 0.011
q2 (mg g−1) 26.406 23.697 21.716

ntraparticle diffusion model
Rp

2 0.900 0.927 0.918
ki (mg s−1/2 g−1) 0.406 0.181 0.072
C 18.760 19.841 20.051

1, the pseudo-first-order rate constant; q1, the maximum adsorption capacity
or pseudo-first-order adsorption; k2, pseudo-second-order rate constant; q2 the
aximum adsorption capacity for pseudo-second-order adsorption; ki the intra-

article diffusion rate constant; C, a constant; R1 (p < 0.03), R2 (p < 0.0001), Rp

p < 0.009).
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Fig. 5. Second-order kinetic plots for the adsorption of TMP onto KSF.

The other one is pseudo-second-order equation which can be
shown with the following equation:

dqt

dt
= k2(q2 − qt)

2 (9)

where k2 is the pseudo-second-order rate constant (mg g−1) and
q2 is the maximum adsorption capacity for the second-order
(g mg−1 min−1).

After integration of Eq. (9), applying the initial conditions
qt = 0 at t = 0 and qt = qt at t = t, equation can be written as

t

qt
=

(
1

k2
2

)
+ t

q2
(10)

The straight-line plots of t/qt versus t for the pseudo-second-
order adsorption of TMP (Fig. 5) onto KSF have been applied
to determine rate constants k2 and q2 at various temperatures.
The results were given in Table 6.

The equations mentioned above, cannot identify the diffu-
sion mechanism. Therefore, intraparticle diffusion model was
applied to adsorption data. The intraparticle diffusion model
which was used to describe the kinetics of TMP adsorption onto
KSF is

qt = kit
1/2 + C (11)

where ki is the intraparticle diffusion rate constant
(
k
q
i
i
p
[

s
a
m
c
s
t

Fig. 6. Intraparticle mass transfer curve for adsorption of TMP onto KSF.

kinetic model. However, k2 values reduced when the tempera-
ture increased in the temperature range studied.

The maximum adsorption capacities for pseudo-second-
order model were found to be 26.41, 23.70 and 21.72 mg g−1

for 296, 311 and 323 K, respectively. The decrease in the maxi-
mum adsorption capacity of TMP with temperature implies that
a low temperature favors TMP adsorption onto KSF. This can
be related to movements of TMP from the solid phase to the
bulk phase with a rise in the temperature of the solution. It
can be inferred that the type of adsorption can be considered
as physical process. The intraparticle diffusion parameters for
TMP adsorption were presented in Table 6. Based on R2 values,
the intraparticle diffusion model has a low-level compliance with
our experimental data of TMP sorption onto KSF.

With an increase of the temperature from 296 to 323 K, the
values of intraparticle diffusion rate constants decreased from
0.406 to 0.072 mg g−1 min−1/2. It would be reached that, TMP
molecules diffused in the pores of KSF. The rate of migration
of TMP molecules to the pores of solid starts to slow down with
an increase of the temperature. Therefore, intraparticle diffusion
rate constant became lower in the temperature range of 296 and
323 K.

As can be seen from Table 6, correlation coefficients for
the pseudo-second-order are greater than those of estimated
for intraparticle diffusion. The pseudo-second-order equation
predicts behavior over the whole range strongly supporting the
v
b

i
p
o

4

A

l

mg s−1/2 g−1) and C is the intercept. The value of C and
i was obtained from the intercept and slope of the plot of
t versus t1/2 (Fig. 6). The values of the intercept give an
dea about the thickness of boundary layer, i.e. the larger the
ntercept, the greater layer effect. Such types of plots may
resent multilinearity, implying that two or more steps occur
26]. A good conformity can identify the diffusion mechanism.

As was presented in Table 6, based on the R2 values for TMP
orption, pseudo-second-order kinetic model appears to produce
better model in comparison with pseudo-first-order kinetic
odel. It was reached that q2 values (maximum adsorption

apacity for the second-order model) raised as the temperature of
olution decreased from 323 to 296 K. This result is also consis-
ent with the results that were estimated from pseudo-first-order
alidity and agrees with chemisorption being rate-controlling
ecause it is basically based on the adsorption capacity [26,27].

The linear portions of the curves do not pass the origin, so
t was proposed that in addition to intraparticle diffusion, other
rocess may control the rate of adsorption. All of them may be
perating simultaneously [28].

. Thermodynamic parameters

In order to obtain activation energy of sorption process,
rrhenius equation was used in the following form:

n k2 = ln A − Ea

RT
(12)
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Table 7
Thermodynamic parameters for TMP adsorption on KSF

T (K) Kc �G0 (kJ mol−1) �S0 (kJ mol−1 K−1) �H0 (kJ mol−1)

296 2.338 −2.087 −41.145 −14.233
311 1.739 −1.428
323 1.430 −0.960

Kc is the equilibrium constant; �G0, standard-free energy change; �H0, stan-
dard enthalpy change; �S0, standard entropy change.

where Ea is the activation energy of sorption, k2, the pseudo-
second-order rate constant, A, the Arrhenius constant, R, the
gas constant (8.314 J mol−1 K−1) and T is the solution temper-
ature (K). The Ea value is obtained from the slope of Arrhenius
plot of ln k2 against 1/T. The importance of activation energy
is that it is used to determine the type of adsorption (physical
or chemical). The physisorption process usually has energies
in the range of 5–40 kJ mol−1, while higher activation energies
(40–800 kJ mol−1) suggest chemisorption [29]. In this study, Ea
value was found to be 29.3 kJ mol−1, indicating physisorption.

The Gibbs free energy for sorption process is computed using
the following equations:

�G0 = −RT ln Kc (13)

Kc = Cs

Ce
(14)

where Kc is the equilibrium constant, Ce, the equilibrium con-
centration and Cs is the amount sorbed on solid at equilibrium.
van’t Hoff equation which was applied to obtain change in stan-
dard enthalpy (�H0) and entropy (�S0) can be given as below:

ln Kc = −�Hads

RT
+ �S

R
(15)

When ln Kc was plotted versus 1/T, the values of �H0 and �S0

were estimated from the slope and intercept, respectively [23].
T

f
c

�G0 values were calculated to be −2.07, −1.43 and
−0.96 kJ mol−1 for 296, 311 and 323 K, respectively. This
implies that adsorption of TMP onto KSF may occur as phys-
ically. This is also confirmed by the previous findings derived
from Arrhenius equation. The negative values of �G0 at various
temperatures show the spontaneous nature of adsorption pro-
cess. Moreover, it can be noted that the magnitude of �G0 values
is in the range of multilayer adsorption. Because, according to
[28] the standard-free energy change for multilayer adsorption
was more than −20 kJ mol−1 and less than zero.

The value of standard enthalpy change for TMP adsorp-
tion is −14.233 kJ mol−1 that is, interactions between TMP and
KSF is exothermic in nature. Presumably, this supports mul-
tilayer adsorption which is mentioned above. In [27] report,
when the value of �H0 is lower than 40 kJ mol−1 the type of
adsorption can be accepted as physical process. Since �H0

value obtained in this study is lower than 40 kJ mol−1, it would
be claimed that physical adsorption occurs during adsorption.
This can be explained by the fact that weak forces of attraction
among TMP molecules may be observed. Since TMP molecules
are not arranged in an ordered manner in solution phase, the
standard entropy change for sorption process is negative. In
other words, degrees of freedom of the adsorbed species are
decreasing.
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SF (1
he results were presented in Table 7.
It is known that the absolute magnitude of the change in

ree energy for physisorption is between −20 and 0 kJ mol−1;
hemisorption has a range of −80 to −400 kJ mol−1 [28,30].

Fig. 7. SEM micrographs of (a) K
.1. SEM analysis

The surface morphologies of clay and TMP-loaded clay
hich examined scanning electron microscopy (SEM) were pre-

ented in Figs. 7a and 8a, respectively. The chemical content of
he clay and TMP-loaded clay were obtained using semiquanti-
ative EDS data, which was given in Figs. 7b and 8b, respectively.
n Fig. 7a, silicate layers with different sizes can be seen and dis-
erse in various direction. It can be added that the distribution
f silicate particles are heterogeneous. From EDS analysis of
lay sample, it is determined that SiO2 is the basic constituent
f clay with the content of 60.109%. It can be deduced from
he EDS analysis of TMP-loaded clay that constituent of SiO2
as decreased to 42.063% after loading of TMP. However, the

000×); (b) EDS analysis of KSF.
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Fig. 8. SEM micrographs of (a) TMP-adsorbed KSF (5000×); (b) EDS analysis of TMP-adsorbed KSF.

Scheme 1. Protonation of TMP.

content of carbon in drug-loaded clay was increased to 19.714%
due to adsorption of TMP on clay.

4.2. FT-IR study of TMP adsorption

Fig. 9 displays the FT-IR spectra of TMP, TMP–KSF and
KSF. As was illustrated in figure, the absorption band located
at 1633 cm−1 in the spectrum of KSF is assigned to deforma-
tion mode of water. After adsorption of TMP, this band shifted

to 1627 cm−1. This small change may be indication of hydro-
gen bonding between water bonded to the clay and TMP. In the
spectrum of TMP, the bands near 1593 and 1565 cm−1 can be
evaluated as NH2 deformation bands. Presumably, these bands
cannot be seen easily due to combination of these bands with
water deformation bands. In the spectrum of KSF, the bands
detected at 529 and 479 cm−1 can be identified as Si O Al and
Si O Si bending vibrations, respectively. After adsorption of
TMP, small shifts were observed in these peaks. In the spec-
trum of KSF, a strong peak at 1045 cm−1 corresponds to Si OH
stretching vibration. When we compare two spectra (KSF and
KSF–TMP), it is seen that, intensity of Si OH stretching band
is increased significantly. It may be due to difference in the envi-
ronment. The band at 1686 cm−1 in the spectrum of TMP, was
shifted to 1666 cm−1 in the spectrum of TMP–KSF which can
be attributed to the stretching vibration of C NH2. According
to [23], the most basic site at the heterocyclic ring of TMP is
N1 where protonation occurs. As can be seen from Scheme 1,
C NH2 group which is the positively charged moiety of TMP
interact with the negatively site of KSF as a consequence of ion-
exchange between TMP and positively charged ions existing
on clay surface. As a result of interaction, stretching vibration
of C NH2 at 1686 cm−1 shifted to 1666 cm−1. These results
support the ion-exchange mechanism for TMP adsorption onto
KSF, which is supported by DR isotherm.

5

m
f
Fig. 9. FT-IR spectrum of KSF, KSF–TMP and TMP.
. Conclusion

To get under control the release of drugs to environment,
ontmorillonite KSF has been suggested for removing drugs

rom wastewater and hospital sewage water. If releasing of drugs
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to environment goes on in this way, antibiotics and resistant bac-
teria will increase in the local waterways and this will affect
the biotic process because of transferring resistance genes from
harmless bacteria to pathogenic bacteria and on to humans inter-
acting with the aquatic environment. Additionally, it is forced
to develop new antibiotics that have a long while and expensive
preparing process.

Clay minerals including KSF are efficient and economic nat-
ural adsorbents of pollutants. The Langmuir, Freundlich and
DR adsorption isotherms were used to obtain isotherm con-
stants for evaluating the adsorption in various temperatures and
ionic strengths. Langmuir adsorption isotherm gave a better fit
than the Freundlich model based on the correlation coefficients
(R2) values. Adsorption of TMP which widely used in usual
life of animals and humans is increased by decreasing temper-
ature, which is inferred from adsorption isotherms and kinetic
inputs. All E (sorption energy) values obtained from DR adsorp-
tion isotherm were between 8 and 16 kJ mol−1, for that reason
these E values indicate that sorption of TMP onto KSF can be
explained by ion-exchange mechanism at 303, 311 and 318 K
and energy values are close to physical adsorption type. The
adsorptive removal of drug from aqueous solution is pH and
ionic intensity dependent. The maximum adsorption at equi-
librium was observed at pH 5.04. At lower pH, adsorption is
high via the attraction between the negatively charged surface
of clay and protonated form of the drug. The amounts of TMP
a
t
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