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ABSTRACT

Metronidazole (MET), a widely used antibiotic, has attracted more attention for its highly
solubility, non-biodegradability, and suspected carcinogen. The original sepiolite and its
modified counterparts were prepared by different methods and characterized by SEM,
XRD, and BET. The specific surface area and pore volume of the Fe-modified sepiolite were
217.68m2/g and 3.8743 cm3/g, respectively, with 19 and 215% increment compared with
the original sepiolite. The samples were used to remove MET from aqueous solutions. The
effects of pH, contact time, initial MET concentration, and temperature on the adsorption
process were investigated. It was found that the Fe-modified sepiolite had higher adsorp-
tion capability (36.5%) for MET than that of others. The MET adsorption on the Fe-modified
sepiolite was fast and the process conformed to the pseudo-second-order kinetic model, and
the adsorption equilibrium data fitted well with the Freundlich isotherms.
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1. Introduction

Pharmaceuticals and personal care products
(PPCPs) are continuously being introduced into the
aquatic environment [1–4], due to their widespread
use in humans and animals [5]. Since early 1980s,
several studies investigated the presence of pharma-
ceuticals and related metabolites in aquatic environ-
ment [1,6]. Recently, the PPCPs were considered as
an emerging environmental problem due to their
continuous input and persistence to the aquatic eco-
system even at low concentrations [7]. Some technol-
ogies have been evaluated to decrease PPCPs
discharge into water bodies, e.g. photodegradation

[8,9], biodegradation [10–12], activated carbon, and
membrane filtration adsorption [13,14]. However, the
methods mentioned above are too costly to use on a
large scale [15].

Clays like sepiolite [16–24], attapulgite [25], mont-
morillornite [26,27], kaolin [26,27], rectorite [28,29],
bentonite [30], and mica [31], have attracted attention
due to their specific properties and structures, abun-
dance, and low cost. Among clays, sepiolite is more
attractive as it has relatively high specific surface
area and adsorption capacity. Özcan et al. [16] and
Tabak et al. [17] studied the adsorption properties of
sepiolite for the removal of dyes from aqueous solu-
tions. Rytwo et al. [18] investigated the adsorption
capacity of sepiolite for two organic cations
(methylene blue and crystal violet) and two neutral
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organic molecules (Triton-X 100 and crown ether
15-crown-5). They found that the free negative
sorption sites and neutral sorption sites on the
surface of sepiolite contributed to the adsorption of
organic molecules. Alkan et al. [20] treated sepiolite
with organosilanes and discussed the interactions
between sepiolite surface and organosilane molecules,
and then they analyzed the electrokinetic properties
of the modified sepiolite using FTIR and zeta mea-
surements. Park [21] applied organic surfactant-modi-
fied clays to water purification. Akçay [23] prepared
Fe-pillared sepiolite from Anatolia and compared the
adsorption of pyridine on original sepiolite and Fe-
pillared sepiolite.

Drug metronidazole (MET) is an antibiotic which
is widely used for the treatment of infections caused
by anaerobic bacteria and various protozoans [32–35].
The structure of MET is shown in Fig. 1. The MET has
attracted more attention because it is highly soluble,
non-biodegradable, and a suspected carcinogen [5,12].
Johnson et al. [5] degraded MET in aqueous solution
by UV/H2O2 process in single- and multi-lamp tubu-
lar photoreactors. The maximum removal of MET
were 13 and 41% for the single-lamp and multi-lamp
photoreactors, respectively. Dantas et al. [33] studied
direct photolysis of MET in aqueous solution pro-
moted by ultra violet radiation (UV). Lam et al. [35]
studied the adsorption of MET on clinoptilolite by
means of computational simulations.

In the present study, several kinds of modified
sepiolites were prepared and used for the adsorption
of MET in aqueous solutions. Then, adsorption experi-
ments were carried out to remove MET from aqueous
solutions using Fe-modified sepiolite (Fe–S). The
effects of pH, contact time, initial MET concentration,
and temperature on the adsorption of MET were
investigated. The kinetics and thermodynamics of the
adsorption were studied as well.

2. Materials and methods

2.1. Materials

The sepiolite used in this study was manufactured
by Liuyang sepiolite Co., Ltd (Liuyang, P.R. China).
Ferric nitrate (Fe(NO3)3·9H2O), sodium carbonate
(Na2CO3), sodium hydroxide (NaOH), and hydrochlo-
ric acid (HCl) were manufactured by Sinopharm
Chemical Reagent Co., Ltd (SCRC, China), all the
reagents were analytical reagent grade and used with-
out further purification. The MET was commercially
available grade. Deionized water was used throughout
the experiment.

2.2. Preparation

The modified sepiolite samples include Na-modi-
fied sepiolite (Na–S), Fe-modified sepiolite (Fe–S), and
Fe–Na-modified sepiolite (Fe–Na–S); Fe–S calcined at
673 K (Fe–S-673), and Fe–Na–S calcined at 673 K
(Fe–Na–S-673). The Na–S composites were prepared
by the interaction of clay and NaCl [28]. The Fe–S
composites were prepared by the following steps: (1)
The pillaring solution was prepared by adding a
0.2 mol/L Na2CO3 solution dropwise into a 0.4 mol/L
Fe(NO3)3 solution under stirring at 298 K, up to a Na/
Fe molar ratio of 1. (2) The pillaring solution was aged
for 24 h at 298 K, and then was added dropwise into a
2wt% sepiolite aqueous suspension under stirring at
333 K to obtain a ratio of 10mmol of Fe/g of sepiolite.
(3) After the resulting suspension was aged for 8 h at
333 K, the precipitate was separated by centrifuging
and washed with deionized water. Then the Fe–S
composites were obtained after being dried in air at
343 K for 5 h. The Fe–Na–S composites were prepared
using the same method as the Fe–S composites except
for the replacement of sepiolite by Na–S composites.
The Fe–S-673 composites and Fe–Na–S-673 composites
were obtained after the Fe–S composites and Fe–Na–S
composites were calcined at 673 K for 3 h, respectively.

2.3. Adsorption

The composites (0.2 g) were mixed in 100mL of
MET aqueous solutions with different concentrations
(10–30mg/L). The pH values of initial solutions were
adjusted with diluted HCl (6mol/L) or NaOH
(4mol/L) solution using a pH meter (Mettler Toledo
Group, Delta 320). The mixtures were shaken
(200 rpm) in a thermostatic shaker bath (THZ-82
mechanical shaker, Changzhou Guohua Instruments,
China) at desired temperature and contact time, and
then the suspensions were centrifuged to remove theFig. 1. Chemical structure of MET.
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composites. The absorbance of the MET aqueous
solution was analyzed using a UV–vis spectropho-
tometer (UV-2102, UNICO, China) at its maximum
absorption wavelength of 320 nm. The MET
concentrations were calculated by the adsorption
calibration curve of MET aqueous solution. The
adsorption capacity of the composites was calculated
using Eq. (1),

qe ¼ ðC0 � CeÞV=m (1)

where qe is the adsorption capacity of MET by the
composites (mg/g), C0 is the initial concentration of
the MET (mg/L), Ce is the equilibrium MET concen-
tration (mg/L), m is the mass of the composites (g),
and V is the volume of the MET solution (L).

2.4. Characterization

The morphologies of the original sepiolite and the
Fe–S composites were examined using scanning elec-
tron microscope (SEM, JSM-5610LV). The structure
and crystallinity of the original sepiolite and the Fe–S
composites were characterized by an X-ray diffractom-
eter (XRD, Rigaku D/MAX-RB) with Cu Kα radiation
under the operation conditions of 40 kV and 50mA.
Nitrogen sorption isotherms were obtained by a Tri-
star 3000 instrument (Micromeritics, USA); the surface
area and pore size were measured by BET (Brunauer–
Emmett–Teller) method; the samples were degassed at
100˚C overnight prior to measurement.

3. Results and discussion

3.1. Effect of modification methods

The removal test results are shown in Fig. 2. The
results showed that the adsorption capacity of Fe–S

composites (36.5%) is higher than that of the original
sepiolite (8.3%) and the sepiolite modified by other
methods. The adsorption capacity of the prepared
composites is in the order of Fe–S > Fe–Na–S > original
sepiolite > Fe–S-673 >Na–S > Fe–Na–S-673. Thus, the
Fe–S composites were chosen for further study.

3.2. Characterization

The SEM images of the original sepiolite and Fe–S
composites are shown in Fig. 3. The original sepiolite
presents smooth and dense surface while the Fe–S
composites refer to relatively rough surface and loose
structure, indicating iron hydroxide might partly
destroy the mineral congeries, and then the surface of
the sepiolite was cracked. The XRD patterns of the ori-
ginal sepiolite, Fe–S, and Fe–S-673 composites are
shown in Fig. 4. For the original sepiolite and the Fe–S
composites, the basal X-ray reflection values of the
(110) peak (d110) were found to be 12.07 and 12.20 Å,
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Fig. 2. Uptake of the MET in the aqueous solutions over
different samples: (a) S; (b) Na–S; (c) Fe–S; (d) Fe–Na–S; (e)
Fe–S-673; (f) Fe–Na–S-673. [MET] = 10mg/L, amount of
Fe–S 0.2 g, pH 7.0, at 303 K.

Fig. 3. SEM images of the as-prepared composites (a) S and (b) Fe–S.
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respectively. The expansion in the basal spacing of the
sepiolite attributes to the intercalation of iron oxide
hydroxide, which is consistent with the results of the
SEM analysis. The appearance of the diffraction peak
at 2θ = 33.0˚, which is assigned to (222) reflection of
Fe2O3 (JCPDS, file No. 32-0469), further confirms the
existence of the iron oxide hydroxide in the Fe–S com-
posites. Nitrogen adsorption/desorption isotherms of
the Fe–S composites (Fig. 5) were measured, which
revealed important structural characters of the as-pre-
pared samples. The shape of the isotherm is type IV
isotherm according to the IUPAC classification [35]. At
high relative pressure between 0.4 and 1.0, the pres-
ence of a type H3 hysteresis loop would indicate some
degree of mesoporosity. The mesoporous structure
which combines lots of Fe2O3 particles may result
from stacking defects inherent in the clay itself. The

pore size distribution (inset in Fig. 5, calculated by
BJH method) also shows a mesopore size distribution.
The specific surface area and pore volume of the Fe–S
were 217.68m2/g and 3.8743 cm3/g, respectively, with
19 and 215% increment compared with the original
sepiolite (183.56m2/g, 1.2297 cm3/g). The improve-
ment can be attributed to the mixture of pillared and
partially delaminated clay structures.

3.3. Adsorption studies

3.3.1. Effect of pH

The UV–visible spectra of the MET aqueous solu-
tions (10mg/L) with different pH value are shown in
Fig. 6. The absorbance of MET at 320 nm decreased
and shifted to a shorter wavelength when the pH val-
ues decreased below the natural pH value of the MET
aqueous solution (pH 7.0). The absorbance of the MET
is almost constant when the pH value was higher than
7.0.

The UV–visible spectra of the MET aqueous solu-
tion over the Fe–S composites adsorption with pH val-
ues above 7.0 are shown in Fig. 7. The absorbance of
the MET increased with the increase in pH values
(pH > 7.0) when the absorbance was higher than that
of the original MET (10mg/L). The UV–visible spectra
of the deionized water over the Fe–S composites
adsorption with pH > 7.0 are also shown Fig. 7 (inset).
The results indicate that MET cannot adsorb on the
Fe–S composites effectively when the pH values are
higher than 7.0. Therefore, the following discussion
about the adsorption will be discussed under natural
pH condition of the MET solution.
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3.3.2. Adsorption kinetics

The effect of contact time on the adsorption of
MET at different concentrations by Fe–S composites is
shown in Fig. 8. The amounts of MET adsorbed on the
Fe–S composites (qt, mg/g) increased rapidly in 2min.
It is also observed that the amounts increased continu-
ously, but the rates became slow with the increase in
contact time and finally reached equilibrium after
10min. This indicates that the MET adsorption on the
Fe–S composites is a fast process, and nearly 90% of
the adsorption takes place within 5min.

Several kinetic models are available to describe the
adsorption behavior of MET on Fe–S composites thus
revealing the underpinning mechanism. In the present
study, the adsorption data were analyzed using the
pseudo-first-order [36,37] and pseudo-second-order
[38,39] kinetic models.

The pseudo-first-order kinetic model can be
expressed as Eq. (2),

dqt=dt ¼ k1ðqe � qtÞ (2)

where qe and qt are the amount of MET adsorbed on
the Fe–S composites at equilibrium and at time t,
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respectively (mg/g), and k1 is the rate constant
(1/min). Integrating and applying the boundary con-
dition (t = 0 and qt = 0, t = t and qe = qt), Eq. (2) becomes
Eq. (3),

ln ðqe � qtÞ ¼ ln qe � k1t: (3)

The pseudo-second-order kinetics model was also
cited as Eq. (4),

dqt=dt ¼ k2ðqe � qtÞ2 (4)

where k2 is the rate constant of pseudo-second-order
adsorption (g/mgmin). Integrating and applying the
boundary condition (t = 0 and qt = 0, t = t and qe = qt),
Eq. (4) takes the linear form as Eq. (5),

t=qt ¼ 1=k2q
2
e þ t=qe (5)

The linear plots ln (qe− qt) vs. t and t/qt vs. t for
the MET with different concentrations onto the Fe–S
composites are shown in Figs. 9 and 10, respectively.
The rate constant k, the calculated adsorption capacity
qe,cal, and the correlation coefficient R2 for the pseudo-
first-order kinetic model and the pseudo-second-order
kinetic model are listed in Tables 1 and 2, respectively.
It was found that the correlation coefficient for the

pseudo-second-order kinetic model (R2 > 0.999) was
higher than that of the pseudo-first-order kinetic
model (R2 > 0.877). The qe,cal in the case of pseudo-
second-order model fitted well with the experimental
adsorption capacity qe,exp and a clear difference of qe,cal
and qe,exp was observed in the case of pseudo-first-
order model, which indicates that the adsorption data
are better to be represented by pseudo-second-order
kinetic model and the adsorption process is an irre-
versible chemisorption [38].

3.3.3. Adsorption isotherms

The effects of initial MET concentration on the
adsorption are shown in Fig. 11. The equilibrium con-
centration of MET increased from 1.02 to 3.04 mg/g
whereas the adsorption percentage decreased from
61.5 to 27.6% with the increase in the initial MET con-
centration from 5 to 50mg/L. The results indicate that
the initial MET concentration acts as a driving force to
overcome mass transfer resistance for the MET trans-
port between the aqueous solution and the surface of
Fe–S composites. Meanwhile, MET in aqueous solu-
tion could not interact with the active binding sites of
Fe–S composites due to the saturation of the sites at
higher concentrations [40].

The Langmuir [41] and Freundlich [42] isotherm
models were applied to the experimental data.

Table 1
Kinetic parameters of pseudo-first-order for the adsorption of MET with different concentrations by Fe–S composites
(amount of Fe–S 0.3 g, at 303 K, pH 7.0)

C0 (mg/L) qe,exp (mg/g)

Pseudo-first-order

qe,cal (mg/g) K1 (1/min) R2

10 1.613 0.552 0.097 0.8771
20 2.370 0.900 0.101 0.8830
30 2.737 1.122 0.142 0.8937

Table 2
Kinetic parameters of pseudo-second-order for the adsorption of MET with different concentrations by Fe–S composites
(amount of Fe–S 0.3 g, at 303 K, pH 7.0)

C0 (mg/L) qe,exp (mg/g)

Pseudo-second-order

qe,cal (mg/g) K2 (g/(mgmin)) R2

10 1.613 1.607 1.003 0.9995
20 2.370 2.375 0.537 0.9996
30 2.737 2.738 0.672 0.9995
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The Langmuir isotherm model, which is valid for
monolayer sorption onto a surface with a finite num-
ber of identical sites, may be expressed in the form as
Eq. (6),

dht=dt ¼ kadsCtNð1� htÞ � kdNht (6)

where N is the maximum number of adsorption sites
occupied by MET and θt is the dimensionless surface
coverage ratio (θt = qt/qm). When the adsorption pro-
cess reaches equilibrium, Eq. (6) yields Eq. (7),

Ce=qe ¼ 1=KLqm þ Ce=qm (7)

where KL ¼ kads=kd is the Langmuir constant including
the affinity of binding sites (L/mg), qm is the maxi-
mum adsorption capacity (mg/g), and qe is the
amount of MET adsorbed at equilibrium state (mg/g).
qe represents a practical limitation when the surface is
fully covered with MET.

The Freundlich isotherm model is an empirical
equation based on the adsorption on a heterogeneous
surface, and is applicable to a multi-layer adsorption
whose isotherm lacks a plateau. The relationship
between the amount of MET adsorbed at equilibrium
state (qe, mg/g) and the equilibrium concentration of
MET (Ce, mg/L) in the aqueous solution is,

qe ¼ KFC
1=n
e : (8)

Rearrange Eq. (8) and yield Eq. (9),

ln qe ¼ lnKF þ ð1=nÞ lnCe (9)

where KF and n are Freundlich constants related to
adsorption capacity and adsorption intensity, respec-
tively, which depict whether the nature of adsorption
is favorable or unfavorable. High KF indicates a high
adsorption capacity and high n (n > 1) indicates the
good adsorption intensity over the entire range of the
studied concentrations.
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Linear plots of Ce/qe vs. Ce, ln qe vs. ln Ce are
shown in Figs. 12 and 13, respectively. The constant of
qm, KL, KF, and n are given in Table 3. The results
show that the Freundlich model fits well with the
experimental data. All n values are higher than 2.0,
which indicate that the MET in aqueous solution can
adsorb on the Fe–S composites. The value of KF

increases with the increase in temperature and the
highest KF value of 0.842 is obtained at a temperature
of 323 K. The relatively lower value of KF indicates
that the adsorption capacity of the Fe–S composite for
MET in aqueous solutions is low.

4. Conclusions

The sepiolite and modified sepiolite, by different
methods, were applied in the removal of MET from
aqueous solutions. The Fe–S composites show higher
adsorption capacity (36.5%) than that of the original
sepiolite and other modified sepiolites in this study.
SEM and XRD analyses indicate that the iron oxide
hydroxide exists in the Fe–S composites. The specific
surface area and pore volume of the Fe–S increases
from 183.56 to 217.68m2/g and 1.2297 to 3.8743 cm3/g,
respectively, compared with the original sepiolite. The
MET adsorption on the Fe–S composites is a fast pro-
cess. The pseudo-second-order rate model and the Fre-
undlich adsorption isotherm model fits well with the
experimental data.
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