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Abstract—This study considers the feasibility of uptake of cephalexin, an emerging contaminant, from aqueous solu-
tions by using green local montmorillonite (GLM), montmorillonite coated with ZnO (ZnO/GLM) and montmorillon-
ite coated with TiO, (TiO,/GLM) in the presence of H,O,. Batch adsorption experiments were carried out as a function
of pH, initial concentration of the cephalexin, adsorbent dosage, contact time, and temperature. Finally, the adsorbents
were characterized by XRD, SEM and FTIR analyses. XRD patterns showed dramatic changes in the adsorbents after
loading with the nanoparticles, confirming successful placing of the nanoparticles onto GLM. The GLM mineral sur-
face after nanoparticle loading appears to be fully exposed and more porous with irregular shapes in particles diame-
ters of 1-50 microns. FTIR analyses also confirmed dramatic changes in surface functional groups after modification
with these nanoparticles. The results showed that the removal efficiency of cephalexin was better at lower pH values.
Totally, the removal efficiency increased with increase in adsorbent dosage and contact time and decreased with con-
centration and temperature increase. The thermodynamics values of AG’ and AH’ revealed that the adsorption process
was spontaneous and exothermic. In isotherm study, the maximum adsorption capacities (qm) were obtained to be
7.82, 17.09 and 49.26 mg/g for GLM, ZnO/GLM and TiO,/GLM, respectively. Temkin constant (B;) showed that
adsorption of cephalexin from solution was exothermic for all three adsorbents.
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INTRODUCTION

Antibiotic agents have been applied in large quantities for the
control of human and veterinary microbial infections and also for
aquaculture applications [1,2]. However, about 30 to 90% of the
antibiotics is not completely metabolized in the human body and
is excreted through urine and feces, with eventual discharge into the
surrounding environment as harmful compounds [3]. Such exten-
sive use results in the release of large amounts of antibiotics in indus-
trial effluents and aquatic environment which need to be properly
treated before discharging into the streams and water bodies [4].
Unfortunately, conventional treatment procedures cannot efficiently
remove antibiotics in sewage treatment plants [5]. Although their
levels in the receiving waters are low, their continual introduction
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into the environment for a long period can cause health problems
in the near future, including the promotion and development and
spread of antibiotic resistance species, change in microbial ecology
and transfer into food chain and subsequently, unexpected effects
on human health [6]. Cephalexin is a kind of semisynthetic ceph-
alosporin antibiotic that is extensively used for the treatment of
infections in humans or animals [7,8]. Accumulated levels of ceph-
alexin in drinking water can result in mutagenic and carcinogenic
effects in the human body [8]. Various procedures, such as bioau-
gmentation, solid phase extraction, liquid membrane separation,
nanofiltration, electro-Fenton oxidation, enzymatic complexation
and sono-chemical degradation, have been utilized for uptake of
cephalexin from aqueous environments [9]. Adsorption is an effec-
tive separation process to remove contaminants within water and
wastewater that has advantages in terms of ease of operation, cost,
flexibility and simplicity of design compared to other methods [10-
12]. Among adsorbents, clay minerals are inexpensive adsorbents
and are extensively used in various water treatment processes due
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to their eco-friendliness, easy availability, non-toxicity, presence of
several types of active binding sites on the surface and large sur-
face area [13,14]. Raw and modified clays have been utilized as
efficient adsorbents for the removal of various dyes, pesticides and
antibiotics [15,16]. In large scale applications, these minerals can
be alternative adsorbents to activated carbons [9]. Many studies
have been focused on coating nanoparticles onto clay minerals in
order to considerably improve the adsorption efficiencies of the
materials for the adsorption of different contaminants from aque-
ous solutions. Recently, considerable attention has been centered
upon the use of nanomaterials due to their special properties [17,
18]. Nanoparticles range in size from 1 to 100 nm [19]. Most of
the atoms are available on the surface which can easily bind with
the other atoms to remove contaminants from aqueous environ-
ment. In addition, due to high surface to volume ratio of nano-mate-
rials, their adsorption capacity could be greatly increased [17,20,
21]. Literature studies about the surface of various oxidants includ-
ing TiO,, ALO;, ZrO,, CeO, and ZnO showed that the materials
had relatively high adsorption capacities. The adsorption proper-
ties of the oxides, including TiO, nanoparticles, strongly depend
on the characteristics of the solid, e.g., morphology, crystal struc-
ture, specific surface area, defects, surface impurities, hydroxyl cov-
erage and modifiers [22]. Control of these items can be achieved
by applying an appropriate synthetic or modified procedure. How-
ever, some previous studies in the literature applied strong oxi-
dants such as HNO;, KMnO,, O, and H,0, in surface modifications
to increase the adsorption capacities of different adsorbents [23].
In the present study, we used a green local montmorillonite col-
lected from Sarcheshmeh region in Ardabil, Iran as a support mate-
rial for TiO, and ZnO nanoparticles. H,O, was applied for the
stabilization of TiO, and ZnO nanoparticles onto montmorillon-
ite. Then, the adsorption efficiency of the new sorbents was evalu-
ated for the removal of cephalexin.

MATERIALS AND METHODS

1. Materials

This research was carried out experimentally on a batch basis.
All of the chemicals were obtained from Sigma-Aldrich Company.
Commercial TiO, and ZnO nanoparticles used for the adsorbent
preparation were obtained from Mehregan Shimi Company. The
size of the TiO, and ZnO nanoparticles was less than 20 nm.
2. Preparation of the Adsorbents

Green local montmorillonite (GLM) clay was collected from
Sarcheshmeh region in Ardabil, Iran. After crushing in a laboratory
mill, it was sieved and other impurities were removed. After that,
it was sun dried for two days. The clay was washed several times
with distilled water to remove any color and remaining impurities
and oven dried for 24 h at 60 °C. Again, it was sieved through a 10
mesh screen to obtain uniform and smaller particle sizes and
stored in a desiccator for further use.
3. Modification Process

For loading TiO, and ZnO nanoparticles onto prepared mont-
morillonite, 200 mL of double distillated water was poured into a
beaker having 1g of each nanoparticle and agitated at 300 rpm.
Thereafter, 100 g of montmorillonite was added to the solution and

mixed for 1 h to be uniformly distributed. At this stage, potassium
permanganate and hydrogen peroxide were added into the solu-
tion drop by drop to stabilize the nanoparticles onto the clay. Then,
the prepared montmorillonite was dried in an oven for 24h at
100 °C. The resulting sample was transferred to a furnace at 500 °C
for 2 h for stabilization. Finally, the resulting adsorbent was kept in
a container in absence of moisture to be used for conducting the
adsorption experiments. The value of pHpzc of the adsorbent was
determined. Finally; the materials were characterized by SEM images
and FTIR spectrum to determine surface and functional proper-
ties of the prepared adsorbents.
4. Adsorption Experiments

Batch experiments were carried out for cephalexin adsorption
using a 100 mL Erlenmeyer flask on the shaker. Cephalexin pow-
der obtained from Iran Daru Company was used for preparation
of required concentrations of cephalexin. For the experiments, ini-
tially 50 mL of the sample with desired concentration was added
into each Erlenmeyer flask, and the pH of the solution was ad-
justed to the desired values by adding HCl and NaOH. Then a
predetermined mass of the adsorbent was added into each Erlen-
meyer flask and immediately placed on a shaker. The samples were
collected and analyzed for determination of residual concentration
of cephalexin at regular time intervals during the adsorption pro-
cess. We aimed at providing insight into the influence of main
operating parameters, such as initial pH (2-11), adsorbent dosage
(1-10g), contact time (1-150 min), cephalexin concentration (25-
200 mg/L), temperature (10-40°C), agitation speed (0-200 rpm)
on the adsorption of cephalexin. All the experiments were con-
ducted in duplicate and the mean values were reported.
5. Determination of Cephalexin Concentration

Residual concentration of cephalexin was determined from the
absorbance of the solution measured by a spectrophotometer (model
Lambda 25, PerkinElmer) at a wavelength of 216 nm according to
Standard Methods for the Examination of Water and Wastewater.
Adsorbents characteristics including surface area, crystalline struc-
ture and functional groups were determined by use of XRD, FTIR
and SEM analyses.

RESULTS AND DISCUSSION

1. Adsorbent Characterization
XRD is one of the preferred procedures to follow the structural
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Fig. 1. XRD patterns of GLM, ZnO/GLM, and TiO,/GLM.
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Fig. 2. XRD patterns of ZnO/GLM before and after adsorption of
cephalexin.

changes caused after modification of an adsorbent. XRD patterns
of green montmorillonite (GLM), GLM coated with ZnO and GLM
coated with TiO, are depicted in Fig. 3. As can be seen, after nano-
particles loading in the presence of H,0,, strong peaks of 260=28.8
and 20=27.95 belonging to SiO, become stronger compared to
the other peaks [24]. The change in the phases can be attributed
to the oxidant activity of H,O, in oxidation of some metals in the
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Fig. 3. XRD patterns of TiO,/GLM before and after adsorption of
cephalexin.

GLM structure. As the amount of nanoparticle loading onto GLM
is 1% W/W, the XRD analysis cannot detect the small amounts of
nanoparticles on GLM [25]. However, Xue et al. reported that
modification of an adsorbent by H,0, has little influence on the
mineral components of adsorbent [26].

Fig. 4 shows scanning electron microscopy (SEM) micrographs
of the adsorbents. Fig. 4(a), (b) show GLM surface before the nano-

Sigpal A= 0BSD  Date 15 Aug 2015
EHT=1500kY  WD= 6mm  paoioMo. =5624 Time 122524

Fig. 4. SEM images of GLM (a) and (b), ZnO/GLM (c), and TiO,/GLM (d).
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Fig. 5. FTIR spectra GLM, ZnO/GLM and TiO,/GLM.

particles loading, respectively in two magnifications. As observed
from the figure, GLM particles are rough and feature a high porous
structure, with irregular shapes in range of 1-50 microns. Also, in
Fig. 4(b), the surface of the GLM is covered with a small number
of pores and is rough and homogeneous. Fig. 4(c) and 4(d) also
show ZnO/GLM and TiO,/GLM, respectively. After treatment with
H,0,, the surface of the adsorbents becomes layered and rough.
Also, the adsorbent surfaces changed dramatically with many pores
on the surfaces after ZnO and TiO, loading. These changes on the
surface were likely to result in highly porous structure, resulting in
a high surface area for better adsorption of cephalexin. Small par-
ticles in the SEM image confirm the loaded nanoparticles on GLM.
However, Xue et al. reported that use of H,0O, has a little influence
but not enough to increase the number of pores or change the ad-
sorbent structure that could dramatically increase the adsorbent
surface [26].
2. FTIR Spectroscopy

The functional groups of the adsorbents were detected using
Fourier transform infrared spectroscopy (FTIR) in a range of 400
to 4,000 cm ™. The FTIR spectra of GLM, ZnO/GLM and TiO,/
GLM are shown in Fig. 5. The results revealed the presence of dif-
ferent functional groups on the surface of these adsorbents. The
bands detected in 3,224 and 3,634 cm™" regions were attributed to
O-H stretching vibrations [27]. Also, the bands at 1,053 cm™ were
attributed to Si-O-Si stretching vibrations. The bands in range of
1,650-1,636 cm ' were assigned to the bending vibrations of hydroxyl
functional groups [28]. The peaks of 521 and 467 cm™' in GLM
modified with TiO, belong to Al-O-Si and Si-O-Fe. Coating GLM
with TiO, nanoparticles displace above peaks to 530 and 462 cm™".
For ZnO/GLM, the peaks changed to 538 and 470 cm™". Further-
more, considerable changes of the peaks at 3,638-3,420 cm ™" and
1,630-1,650 cm ' for GLM coated with TiO, nanoparticles and GLM
coated with ZnO nanoparticles revealed the increase of some func-
tional groups such as hydroxyl. This increase in the number of
oxygenated groups is due to the application of H,O, in the pro-
cess of nanoparticles loading [26].
3. Effect of Contact Time

Contact time between adsorbate and adsorbent is an important
parameter in adsorption process. The effect of contact time on the
adsorption of cephalexin onto GLM, ZnO/GLM and TiO,/GLM
was examined (see Fig. 6). The adsorption rates of cephalexin by
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Fig. 6. Effect of contact time on the adsorption of cephalexin by
GLM, ZnO/GLM and TiO,/GLM (pH=7, cephalexin concen-
tration=25 mg/l, agitation speed=150 rpm and dosage=4 g/L).

the three adsorbents were fast within the first 30 min of the ad-
sorption process because of the presence of numerous vacant ad-
sorption sites at the early stages of the process. Beyond 30 min,
removal percentages reduced gradually. Generally, an adsorbent is
ideal when it adsorbs a contaminant in low contact time with a
high removal yield. From Fig. 6, cephalexin adsorption was rapid
for the first 30 min, and later it decreased gradually and finally
attained equilibrium after 60 min, which the amount of the con-
taminant adsorbed was negligible. Therefore, we considered 60 min
as an optimum contact time for the antibiotic adsorption. Gener-
ally, adsorption of cephalexin occurred in two stages. At first 30 min,
the adsorption was rapid, which was due to external surface ad-
sorption. After 30 min, the uptake increased at a lower rate, which
can be attributed to internal surface adsorption [29]. Fig. 6 also
illustrates that GLM coated with the nanoparticles can adsorb cepha-
lexin in lower contact time that GLM alone. Accordingly, adsorp-
tion percentage of the antibiotic by TiO,/GLM at 60 min was about
30% more than that of GLM.
4. Effect of Agitation Speed

Fig. 7 depicts the influence of agitation speed on the removal
efficiency of cephalexin by GLM, ZnO/GLM and TiO,/GLM. The
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Fig. 7. Effect of agitation speed on the adsorption of cephalexin by
GLM, ZnO/GLM and TiO,/GLM (pH=2, cephalexin concen-
tration=25 mg/l, contact time=60 min, dosage=4 g/L).
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Fig. 8. Cephalexin ionization states: pKal=2.56, pKa2=6.88, isoelectric point=4.5.
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Fig. 9. Effect of pH on the adsorption of cephalexin by GLM, ZnO/
GLM and TiO,/GLM (cephalexin concentration=25 mg/l, con-
tact time=60 min, and dosage=4g/L, agitation speed=150
rpm).

overall adsorption efficiency increased significantly with an increase
in the agitation speed. The removal efficiencies of cephalexin by
GLM and TiO,/GLM were 10.52 and 19.23%, respectively, in the
absence of agitation. In the case of agitation at 200 rpm, the removal
efficiencies increased to 95.6 and 71.96%, respectively. By increas-
ing the agitation speed, the interactions between adsorbate and ad-
sorbent become higher due to enhanced turbulence as the thick-
ness of the liquid boundary layer decreases, which in general increase
the removal efficiency of contaminants in the solution [30].
5. Effect of Solution pH

Solution pH is an intrinsic item that influences the adsorption
process by affecting the solution chemistry of contaminants and the
activity of functional groups of the adsorbent surface. Fig. 9 shows
the effect of solution pH on the removal of cephalexin by GLM,
ZnO/GLM and TiO,/GLM at contact time of 60 min. The high-
est removal efficiency was observed at pH=2. Therefore, pH=2
was considered for optimization and the experiments. Note that
the removal efficiency decreased with increase in pH value. For
example, at pH=2 the removal percentage of cephalexin by TiO,/
GLM was 91.23%, which decreased to 42.04% at pH=11. This can
be attributed to the cationic structure of cephalexin at pH<2.56
and pHpzc (pH point of zero charge, pH at which charge transi-
tion of surface occurs) of the adsorbent which was at pH=8. Cepha-
lexin is a dipole ion with carboxyl and amino groups in its structure
(Fig. 8). It is known that cephalexin ion exists as a zwitterion, cat-
ionic and anionic chemical species depending on pH values [31].

Based on the pHpzc, it is expected that the adsorbent surface
becomes negatively and positively charged at basic (pH>8) and acidic
environments, respectively. A high removal efficiency of the anti-
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Fig. 10. Effect of adsorbent dosage on the adsorption of cephalexin
by GLM, ZnO/GLM and TiO,/GLM (pH=2, contact time=
60 min, dosage=4 g/L, agitation speed=150 rpm).

biotic at acidic conditions indicates that the contaminant adsorbs
on the adsorbents via its carboxyl groups [32]. At basic conditions,
the levels of electrostatic repulsion forces between the antibiotic and
negative sites on the surfaces of the adsorbents diminish, which
reduces the removal efficiency of the contaminant from solution.
Increase in the solution pH value increases the numbers of OH
groups, which in general results in the decline in the positively
charged binding sites, and therefore, the removal efficiency of cepha-
lexin decreases [33].
6. Effect of Adsorbent Dosage

The amount of adsorbent dosage used for this work is an im-
portant factor as it determines the removal percentages, as shown
in Fig. 10. Specifically; the cephalexin removal percentage increased
from 33.72 to 44.36% with increasing GLM and TiO,/GLM dos-
ages from 0.4 to 4 g/L, respectively. The present work shows that
the removal percentage of cephalexin increased with the increase
in adsorbent dosage. This can be attributed to higher adsorbent
surface area and availability of more binding sites resulting from
the increasing amounts of adsorbent dosages [34]. As shown in
Fig. 6, 0.4 g of GLM adsorbed 67% of cephalexin. But at the same
amount of TiO,/GLM and ZnO/GLM adsorbents, the removal
efficiencies increased to 91.4 and 87.16%, respectively. The results
of the present study agree with the results obtained by Noorimot-
lagh et al. who investigated wastewater sludge modified with zinc
oxide for the adsorption of methylene blue from aqueous solu-
tions. They reported removal capacities of 6.6 mg/g and 2.9 mg/g
for nanoparticles and raw sludge, respectively. The found that re-
moval efficiency of the adsorbent increased with loading zinc oxide
nanoparticles onto wastewater sludge [35].



Application of montmorillonite for removal of cephalexin 1005

90
80
70

——Zn0/GLM TiO2/GLM —e—GLM

60
50
40

30
20

10

removal efficiency %

0 50 100 150 200 250
concentration (mg/l)

Fig. 11. Effect of initial concentration on cephalexin adsorption by
GLM, TiO,/GLM and ZnO/GLM (pH=7, dosage=4 g/L, agi-
tation speed=150 rpm).

7. Effect of Cephalexin Concentration

The initial concentration of a contaminant is another import-
ant factor, which influences the extent of contaminant uptake from
the solution. Removal efficiency of cephalexin decreased with increase
of initial concentration. Accordingly; as the initial concentration of
cephalexin increased from 25 mg/L to 200 mg/L, the removal per-
centage of cephalexin onto TiO,/GLM and GLM decreased from
62.92 to 48.36% and 33.4 to 12.73%, respectively (Fig. 11). This
indicates that the initial concentration strongly affects the removal
efficiency. Moreover, this can be explained by the fact that more
available binding sites were being covered as cephalexin concen-
tration increased. However, the adsorption capacity at equilibrium
increased with an increase in initial concentration of cephalexin.
This can be attributed to an increasing concentration gradient of
the contaminants, which acts as a driving force to overcome the
resistance between the aqueous phase and the adsorbents [33].
Moussavi et al. studied the removal of amoxicillin antibiotic by
NH,Cl-induced activated carbon. They found that by increasing
the concentration of amoxicillin from 100 mg/L to 500 mg/L, the
removal percentages of the antibiotic onto SAC and NAC de-
creased from 100 to 41.7% and from 99.3 to 68.3%, respectively,
due to saturation of available binding sites on the adsorbent sur-
face with concentration increase [36].
8. Effect of Temperature

Temperature is one of the key factors to consider in the adsorp-
tion process. Thus, the influence of temperature on cephalexin ad-
sorption by GLM, ZnO/GLM and TiO,/GLM was examined and
the findings are presented in Fig. 12. When the solution tempera-
ture was increased from 10 to 50 °C, the removal efficiency of cepha-
lexin decreased and therefore, maximum removal occurred at 10 °C.
Reduction of adsorption efficiency with temperature increase can
be attributed to higher turbulence, which weakens the electrostatic
attraction forces between the adsorbent and the antibiotic [37].

Thermodynamic studies of an adsorption process are necessary
to evaluate whether the process is spontaneous or not. The Gibbs
free energy change, AG’, as an indication of spontaneity of a chem-
ical reaction, is an important factor for spontaneity. Both entropy
and energy items must be calculated to determine AG’ value of the
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Fig. 12. Effect of temperature on cephalexin adsorption by GLM,
ZnO/GLM and TiO,/GLM (pH=2, dosage=4 g/L, agitation
speed=150 rpm, cephalexin concentration=25mg/L, con-
tact time=60 min).

adsorption process.
The van't Hoff equation was applied to calculate thermodynamic
parameters, which is defined as:

Kd:%ixp 8

AG’=—RTLnK, ®)
AS’ AH’

LK==~ 37 ©)

where, K; is the thermodynamic equilibrium constant, q, is the
amount of cephalexin adsorbed (mg/g), C, is cephalexin concen-
tration (mg/L), p is the density of the solution (p=1,000 g/L), AG’
is the standard free energy change (J/mol), T is the absolute tem-
perature (K) and R is the gas constant (8.314 J/mol-K) [38].

The standard entropy change (AS’) and the standard enthalpy
change of adsorption (AH’) are calculated from the intercept and

Table 1. Thermodynamic data for adsorption of cephalexin by GLM,

Zn0O/GLM, and TiO,/GLM

Adsorbents T (K) AG’ (kJ/mol) AS° (J/molk) AH’ (kJ/mol)
283 —15.16
293 —15.29

GLM 303 —15.05 —13.68 -19.16
313 —14.95
323 —14.62
283 —18.83
293 —18.14

ZnO/GLM 303 —18.23 —44.79 —-31.48
313 —-17.37
323 —-16.96
283 —19.62
293 —19.28

TiO,/GLM 303 —19.04 -50.57 -34.10
313 —18.52
323 —17.41
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UT (K-) of the antibiotic onto the adsorbents [39].

9. Isotherm Studies

Adsorption isotherms describe the relationship between adsor-
bate and adsorbent in a system, determining the maximum ad-
sorption capacity of an adsorbent and estimate the possible adsorp-

Fig. 13. van’'t Hoff plots for the adsorption of cephalexin by GLM,
ZnO/GLM, and TiO,/GLM.

Table 2. Non-linear forms of isotherm models of Langmuir, Freun-

dlich, Temkin and Redlich-Peterson 7
Langmuir g« WKLo o @ O
‘ 1+K,C, : |
Freun.dlich Q.= KfCi/"F W
Temkin qe= %gln(KTCe) 5-’ 3 O Experimental data

Redlich-Peterson __ApC,

qe_
(1+BgpC?)

Table 3. Parameters of isotherm models of Langmuir, Freundlich,

Temkin and Redlich-Peterson
Adsorbents
Isotherm model
GLM ZnO/GLM TiO,/GLM
Langmuir
Q,, (mg/g) 7.82 17.09 4926
K, (L/mg) 0.016 0.02 0.009
R’ 0.96 0.983 0.996
Aq, (%) 12.14 11.26 5.38
Freundlich
K: (mg/g) 0.53 1.32 1.04
np 2.13 2.15 145
R’ 0.987 0.975 0.985
Aq, (%) 5.35 10.06 135
Temkin
K; (L/g) 0.18 0.22 0.14
B, (J/mol) 1.66 3.68 8.71
R’ 0.966 0.977 0.978
Aq, (%) 9.61 13.59 23.34
Redlich-Peterson
Agp (L/mg)# 0.30 0.39 0.38
By (L/g) 0.23 0.035 0.00008
g 0.68 0.92 1.93
R’ 0.981 0.978 0.999
Aq, (%) 6.58 10.41 5.11
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son models for cephalexine adsorption onto the GLM (a),
ZnO/GLM (b) and TiO,/GLM (c).
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tion mechanism of a pollutant [40]. The equilibrium experimental
data in the present study were then fitted to the Freundlich, Lang-
muir, Temkin and Redlich-Peterson models to evaluate removal
behavior and estimate model parameters for cephalexin adsorp-
tion by GLM, ZnO/GLM, and TiO,/GLM. The nonlinear dia-
grams of these isotherms are shown in Fig. 14 and their models
are given in Table 2. Origin 6.1 software was used to fit the experi-
mental data to nonlinear forms of isotherms.

Langmuir model describes monolayer adsorption of an adsor-
bent on a homogeneous surface [41]. As shown in Table 3, the
maximum adsorption capacities (Qm) were obtained to be 7.82,
17.09 and 4926 mg/g for GLM, ZnO/GLM and TiO,/GLM,
respectively. Based on the table, the value of Qm for TiO,/GLM is
much more than those of two other adsorbents, indicating the
important role of nanoparticle loading in the enhancement of ad-
sorption efficiency of the pollutant. Freundlich isotherm is an empiri-
cal model which describes the adsorption of an adsorbate on an
adsorbent on a heterogeneous surface. Heterogeneity factor, nE
can also be employed to describe the system's heterogeneity when
ng=1, the adsorption is linear, n;<1 implies chemical and ng>1
represents physical adsorption [42]. As shown in Table 3, the value
of ng for GLM, ZnO/GLM and TiO,/GLM are 2.13, 2.15 and 1.45,
respectively. The values of ny for all of these adsorbents are above
1, indicating the physical adsorption of cephalexin on the adsor-
bents.

Temkin isotherm assumes that the adsorption heat of all the
molecules in layer diminishes linearly with coverage due to inter-
actions between adsorbent-adsorbate. Temkin constant, By, is related
to the heat of adsorption. When 1<By, the adsorption process is
exothermic and vice versa [41,43]. According to Table 3, the amount
of By is above 1 for these three adsorbents (GLM=1.66, ZnO/
GLM=3.68 and TiO,/GLM=871), representing their exothermic
nature for the adsorption of cephalexin. These findings also agree
with the results of thermodynamic studies.

The Redlich-Peterson is an empirical adsorption model which
has three parameters. It can be applied to represent adsorption
equilibrium over a wide range of concentration. It features some
parameters from both the Langmuir and Freundlich isotherm,
and consequently, it may be employed either in homogeneous or
heterogeneous conditions. In Redlich-Peterson equation, g is an
exponent between 0 and 1. When g=1, the Redlich-Peterson model
is closer to the Langmuir isotherm equation, and when g=0, it
becomes the Freundlich equation [40]. In the present study, the
value of g for all three adsorbents was unity, indicating the Lang-
muir isotherm model gives a better fit to the obtained experimen-
tal data.

CONCLUSION

The present study revealed that green local montmorillonite
(GLM) coated with ZnO and TiO, in the presence of H,0, could
be cheap and effective adsorbents for the removal of cephalexin from
aqueous solutions. Loading ZnO and TiO, nanoparticles onto GLM
changed the pore size distribution, produced more functional groups,
and improved the antibiotic adsorption capacity. TiO,/GLM showed
a better adsorption for cephalexin as compared to ZnO/GLM.

SEM analysis showed that the nanoparticle coated onto GLM in
the presence of H,0, provided a rough surface with a highly porous
structure and greater surface area suitable for loading the antibi-
otic. XRD patters showed the appearance of new peaks onto GLM
after coating with TiO, and ZnO. The thermodynamics parame-
ters revealed that the adsorption process was spontaneous and
exothermic.

ACKNOWLEDGEMENTS

The authors thank Ardabil University of medical sciences because
of their financial support.

REFERENCES

1.Q Wu, Z. Li, H. Hong, K. Yin and L. Tie, Appl. Clay Sci., 50(2), 204
(2010).

2.E. Azizl, M. Fazlzadeh, M. Ghayebzadeh, L. Hemati, M. Beikmo-
hammadi, H. R. Ghaffari, H.R. Zakeri and K. Sharafi, Environ.
Protection Eng., 43(1), 183 (2017).

3. A.]. Watkinson, E.]. Murby and S. D. Costanzo, Water Res., 41(18),
4164 (2007).

4.H.R. Gaskins, C.T. Collier and D. B. Anderson, Animal Biotech-
nol., 13(1), 29 (2002).

5.T. A. Ternes, A. Joss and H. Siegrist, Environ. Sci. Technol., 38(20),
392a (2004).

6.S. Thiele-Bruhn, J. Plant Nutrition Soil Sci., 166(2), 145 (2003).

7.M.-S. Miao, Q. Liu, L. Shu, Z. Wang, Y.-Z. Liu and Q. Kong, Pro-
cess Safety Environ. Protection, 104, Part B, 481 (2016).

8.Q. Kong, Y.-n. Wang, L. Shu and M.-s. Miao, Desalination Water
Treatment, 57(17), 7933 (2016).

9.M.]. Ahmed and S. K. Theydan, Chem. Eng. ], 211, 200 (2012).

10. M. Fazlzadeh, K. Rahmani, A. Zarei, H. Abdoallahzadeh, E Nasiri
and R. Khosravi, Adv. Powder Technol., 28(1), 122 (2017).

11. R. Khosravi, M. Fazlzadehdavil, B. Barikbin and A. A. Taghizadeh,
Appl. Surface Sci., 292, 670 (2014).

12. M. Pirsaheb, A. Dargahi, S. Hazrati and M. Fazlzadehdavil, Desali-
nation Water Treatment, 52(22-24), 4350 (2014).

13.G.K. Sarma, S. S. Gupta and K. G. Bhattacharyya, J. Environ. Man-
age., 171, 1 (2016).

14. M. Fazlzadeh, A. Ahmadfazeli, A. Entezari, A. Shaegi and R. Khos-
ravi, Koomesh, 18(3), 388 (2016).

15.]. Méndez-Diaz, G. Prados-Joya, J. Rivera-Utrilla, R. Leyva-Ramos,
M. Sanchez-Polo, M. Ferro-Garcia and N. Medellin-Castillo, J.
Colloid Interface Sci., 345(2), 481 (2010).

16. H. Abdoallahzadeh, B. Alizadeh, R. Khosravi and M. Fazlzadeh, J.
Mazandaran University Medical Sciences, 26(139), 111 (2016).

17.S. Parastar, S. Nasseri, S. H. Borji, M. Fazlzadeh, A. H. Mahvi, A. H.
Javadi and M. Gholami, Desalination Water Treatment, 51(37-39),
7137 (2013).

18. M. Fazlzadeh, R. Khosravi and A. Zarei, Ecological Engineering, 103,
180 (2017).

19. M. Leili, M. Fazlzadeh and A. Bhatnagar, Environ. Technol., United
Kingdom, 1 (2017).

20.D.K. Tiwari, J. Behari and P. Sen, World Appl. Sci. J.,, 3(3), 417
(2008).

Korean J. Chem. Eng.(Vol. 35, No. 4)



1008 R. Khosravi et al.

21. M. Fazlzadeh, H. Abdoallahzadeh, R. Khosravi and B. Alizadeh, J.
Mazandaran University Medical Sciences, 26(143), 174 (2016).

22.N. Lian, X. Chang, H. Zheng, S. Wang, Y. Cui and Y. Zhai, Micro-
chim. Acta, 151(1), 81 (2005).

23.Q. Shi, J. Zhang, C. Zhang, W. Nie, B. Zhang and H. Zhang, J. Col-
loid Interface Sci., 343(1), 188 (2010).

24. C. Mena-Duran, M. S. Kou, T. Lopez, ]. Azamar-Barrios, D. Agui-
lar, M. Dominguez, J. A. Odriozola and P. Quintana, Appl. Surface
Sci., 253(13), 5762 (2007).

25. M. Golmohammadi, J. Towfighi, M. Hosseinpour and S. J. Ahmadi,
J. Supercritical Fluids, 107, 699 (2016).

26.Y. Xue, B. Gao, Y. Yao, M. Inyang, M. Zhang, A. R. Zimmerman
and K. S. Ro, Chem. Eng. ], 200, 673 (2012).

27.M. M. Silva, M. M. Oliveira, M. C. Avelino, M. G. Fonseca, R. K.
Almeida and E. C. Silva Filho, Chem. Eng. J., 203, 259 (2012).

28.X. Ren, Z. Zhang, H. Luo, B. Hu, Z. Dang, C. Yang and L. Li, Appl.
Clay Sci., 97-98, 17 (2014).

29.M. Ghaedi, A.G. Nasab, S. Khodadoust, R. Sahraei and A.
Daneshfar, J. Ind. Eng. Chem., 21, 986 (2015).

30. A. B. Albadarin, C. Mangwandi, A. a. H. Al-Muhtaseb, G. M. Walker,
S.J. Allen and M. N. M. Ahmad, Chem. Eng. J., 179, 193 (2012).

31. G. Nazari, H. Abolghasemi and M. Esmaieli, J. Taiwan Inst. Chem.
Engineers, 58, 357 (2016).

April, 2018

32.M.S. Legnoverde, S. Simonetti and E.I. Basaldella, Appl. Surface
Sci., 300, 37 (2014).

33.H.R. Pouretedal and N. Sadegh, . Water Process Eng, 1, 64 (2014).

34. M. Ghaedi, M. Ghayedi, S. N. Kokhdan, R. Sahraei and A. Danesh-
far, J. Ind. Eng. Chem., 19(4), 1209-17 (2013).

35. Z. Noorimotlagh, R. D. C. Soltani, G. S. Khorramabadi, H. Godini
and M. Almasian, Desalination Water Treatment, 57(4), 1684 (2016).

36.1. Turku, T. Sainio and E. Paatero, Environ. Chem. Lett., 5(4), 225
(2007).

37.G. Moussavi, A. Alahabadi, K. Yaghmaeian and M. Eskandari,
Chem. Eng. J., 217, 119 (2013).

38.S. K. Milonji¢, J. Serbian Chem. Soc., 72(12), 1363 (2007).

39.S.S. Bayazit and O. Kerkez, Chem. Eng. Res. Design, 92(11), 2725
(2014).

40. O. Pezoti, A. L. Cazetta, 1. P. Souza, K. C. Bedin, A. C. Martins, T. L.
Silva and V. C. Almeida, J. Ind. Eng. Chem., 20(6), 4401 (2014).

41. A. C. Martins, O. Pezoti, A. L. Cazetta, K. C. Bedin, D. A. Yamazaki,
G. E Bandoch, T. Asefa, J. V. Visentainer and V. C. Almeida, Chem.
Eng. ], 260, 291 (2015).

42. A. L. Cazetta, A. M. Vargas, E. M. Nogami, M. H. Kunita, M. R.
Guilherme, A. C. Martins, T. L. Silva, J. C. Moraes and V. C. Almeida,
Chem. Eng. J., 174(1), 117 (2011).

43. G. Moussavi and R. Khosravi, . Hazard. Mater., 183(1), 724 (2010).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


