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a b s t r a c t

The removal of five selected pharmaceuticals, viz., carbamazepine, clofibric acid, diclofenac, ibuprofen,
and ketoprofen was examined by batch sorption experiments onto a synthesized mesoporous silica
SBA-15. SBA-15 was synthesized and characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), N2 adsorption–desorption measurement, and point of zero charge (PZC) measure-
ment. Pharmaceutical adsorption kinetics was rapid and occurred on a scale of minutes, following a
pseudo-second-order rate expression. Adsorption isotherms were best fitted by the Freundlich isotherm
model. High removal rates of individual pharmaceuticals were achieved in acidic media (pH 3–5) and
reached 85.2% for carbamazepine, 88.3% for diclofenac, 93.0% for ibuprofen, 94.3% for ketoprofen, and
esoporous silica SBA-15
harmaceuticals
urface water

49.0% for clofibric acid at pH 3 but decreased with increase in pH. SBA-15 also showed high efficiency
for removal of a mixture of 5 pharmaceuticals. Except for clofibric acid (35.6%), the removal of phar-
maceuticals in the mixture ranged from 75.2 to 89.3%. Based on adsorption and desorption results, the
mechanism of the selected pharmaceuticals was found to be a hydrophilic interaction, providing valu-
able information for further studies to design materials for the purpose. The results of this study suggest

ased
t also
that mesoporous-silica-b
not only surface water bu

. Introduction

It has been almost 10 years since scientists paid attention to
harmaceuticals as new emerging contaminants [1,2]. Numerous
harmaceuticals were found ubiquitously up to �g L−1 level in
queous environment [1–5], in soil [1,6] and as high as 100 �g L−1

n effluent from drug manufactures [7]. The presence of pharma-
euticals in the environment originates from the fact that these
ontaminants cannot be removed completely in sewage treat-
ent plants (STPs) [2,8] (removal efficiency of carbamazepine and

lofibric acid was 7% [2] and 0–30% [8], respectively) and are per-
istent in the environment [9,10]. In general, total removal rates
f pharmaceuticals in current STPs were 40–60% [2,8]. In drinking
ater treatment plants (DWTP), incomplete elimination of some
harmaceuticals such as clofibric acid was also observed [11,12].
dditionally, adverse effects of pharmaceuticals at �g L−1 level on

iving organisms have been recently confirmed [5] and possibly
here exist unknown chronic effects of pharmaceuticals, which have
ot been investigated yet. There is a need to optimize and improve

urrent technologies used in STP and DWTP for elimination of phar-
aceutical residues, especially for treatment of pharmaceutical

ndustrial wastewater and purifying surface water in DWTP.

∗ Corresponding author. Tel.: +82 62 970 2441; fax: +82 62 970 2434.
E-mail addresses: bxtung@gist.ac.kr (T.X. Bui), hcchoi@gist.ac.kr (H. Choi).

304-3894/$ – see front matter © 2009 Published by Elsevier B.V.
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materials are promising adsorbents for removing pharmaceuticals from
wastewater of pharmaceutical industrial manufactures.

© 2009 Published by Elsevier B.V.

Removal of pharmaceuticals by adsorption is one of the most
promising techniques, due to its convenience once applied into
current water treatment processes. So far, the removal of phar-
maceuticals can be achieved by adsorption using activated carbon
[11–13]. Although, activated carbon displayed efficient removal for
a number of pharmaceuticals, especially for hydrophobic com-
pounds, inefficient removal for pharmaceuticals which are either
electrically charged or hydrophilic has been observed [11–13].
The working capacity of activated carbon greatly decreases in the
presence of natural organic matter. Furthermore, regeneration of
adsorbents is questionable.

Mesoporous silica such as MCM-41, MCM-48 [14], SBA-15 [15]
can be a promising adsorbent owing to its novel structure that
comprises uniform ordered structure, high pore volume, and high
surface area (up to 1000 m2/g). Mesoporous materials have been
investigated for adsorptive removal of various organics such as cya-
nuric acid and p-chlorophenol [16], phenols [17], and dyes [18–20]
in aqueous solution. Recently, removal of naproxen on a MCM-
41 incorporated with nickel(II) complexes has been reported [21].
However, only single component adsorption at mg L−1-level con-
centration was investigated, while adsorption kinetic, isotherm,
desorption results as well as effect of pH and chemical factors such

as competing anions, humic acid on adsorption have been not con-
sidered.

In this study, SBA-15 was first attempted to apply for removal of
five selected pharmaceuticals at �g L−1 concentrations. SBA-15 was
selected because of its benign synthesis pathway (due to employing

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:bxtung@gist.ac.kr
mailto:hcchoi@gist.ac.kr
dx.doi.org/10.1016/j.jhazmat.2009.02.072
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Nomenclature

Ce equilibrium pharmaceutical concentration (mg L−1)
qe amount of pharmaceuticals adsorbed at equilibrium

(mg g−1)
q amount of adsorbate sorbed at t (min)
qm maximum adsorption capacity (mg g−1)
qe,m equilibrium capacity obtained by calculated from

the models (mg g−1)
k2 equilibrium rate constant of pseudo-second-order

chemical sorption (g mg−1 min−1)
KF Freundlich constants
KL Langmuir isotherm constant (L mg−1)
n Freundlich isotherm exponent
t reaction time (min)
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on SBA-15 (1 g L ) in 0.01 M KCl was conducted. After 2 h, the
pharmaceutical-adsorbed SBA-15 was centrifuged, separated and
gently washed with water to remove aqueous pharmaceuticals. The
pharmaceutical-adsorbed SBA-15 was agitated for 12 h with 10 mL
of 1 mM phosphate buffer (pH 7 and 9). Aliquots of supernatant
Greek letters
�2 non-linear Chi-square value (mg g−1)

iodegradable non-ionic surfactant), easily reproducible method
nd large uniform pore structure [15]. The objective of the study is to
i) determine the removal efficiency of individual pharmaceuticals
s well as their mixture on SBA-15, (ii) investigate the characteris-
ics of pharmaceutical adsorption via kinetic, isotherm, desorption,
ose effect, and pH effect results and (ii) understand the adsorp-
ion mechanism which is beneficial for further studies. As a part
f this study, effect of anions (nitrate, phosphate, sulfate, silicate),
ations (aluminum, ferric, calcium, magnesium), and humic acid on
harmaceutical adsorption have been also investigated and will be
entioned in another report.

. Materials and methods

.1. Chemicals

The reagent grade chemicals used in the study (KCl, NaCl,
Cl, NaOH) were purchased from Aldrich and Junsei chemi-
al companies. Tetraethyl orthosilicate (TEOS) and Pluronic P123
EO20PO70EO20, Mav = 5800) were obtained from Junsei, BASF,
espectively.

.2. Adsorbent and target compounds

SBA-15 was synthesized by the method described elsewhere
15]. Briefly, a mixture solution of Pluronic P123 and TEOS was pre-
ared in acidic media. Subsequently, the mixture was kept at 35 ◦C
or 20 h and aged at 100 ◦C for 1 day. Finally, the sample was washed
ith de-ionized (DI) water and calcined in air at 550 ◦C for 6 h. The

ynthesized material was characterized by X-ray powder diffraction
XRD) using a Rigaku D/MAX Uitima III diffractometer with Cu K�
adiation. Transmission electron microscopy (TEM) images of the
aterials were acquired on a JEOL 2010 electron microscope operat-

ng at 200 kV. Nitrogen adsorption–desorption measurement were
arried out using a Micromeritics ASAP 2020 analyzer at 77 K. The
oint of zero charge (PZC) of SBA-15 was estimated by the titration
ethod as described elsewhere [22].
Five pharmaceuticals were selected in this research as target

ompounds: carbamazepine (an antiepileptic), clofibric acid (a
ipid regulator), diclofenac, ibuprofen, and ketoprofen (nonsteroidal

nti-inflammatory drugs) and two compounds were utilized as
urrogate standards: cloprop (2-(3-chlorophenoxy) propionic acid)
nd 10,11-dihydrocarbamazepine (DHC); all were purchased from
ldrich. These pharmaceuticals were selected because they are
ither widely used and detected [1–5], resilient during treatment
Materials 168 (2009) 602–608 603

processes [2,8,11,12], or persistent [9,10] in the aqueous envi-
ronment. Moreover, they have been evaluated to possess high
environmental risk (risk quotient > 1) [23]. The molecular struc-
ture and physicochemical properties of these pharmaceuticals are
summarized in Table 1.

Stock solutions of pharmaceuticals were prepared as 10 mg L−1

by first dissolved in methanol and then added with DI water. The
amount of methanol was less than 0.1% in the final samples and
thus had negligible impact on sorption. Stock solutions were stored
at 4 ◦C, and used within 1 month after preparation.

2.3. Batch adsorption and desorption experiments

Batch adsorption of individual pharmaceuticals was studied in
40-mL amber vials containing 10 mg of SBA-15 in 10 mL of phar-
maceuticals solution in 0.01 M KCl. Reactions proceeded for 2 h at
25 ◦C in an incubator (200 rpm). The 2 h reaction time was shown
to be adequate by preliminary experiments for equilibrium to be
attained (Fig. 1). After 2 h, the supernatant solution was filtered
through a 0.45-�m cellulose acetate membrane filter (MFS), sub-
sequently extracted by a solid-phase extraction (SPE) procedure
and analyzed by a LC–MS/MS system. All experiments were per-
formed in duplicate, and the solutions were analyzed triplicate for
pharmaceuticals by LC–MS/MS.

Adsorption kinetics was resulted by taking the samples after dif-
ferent intervals (1–120 min) with a fixed pharmaceutical starting
concentration (100 �g L−1). Adsorption isotherms were produced
by varying the pharmaceutical starting concentration from 10 to
300 �g L−1 and the pH-dependent adsorption were generated with
a fixed pharmaceuticals concentration (100 �g L−1) and varying pH
from 3 to 9. The solution pH was adjusted using 0.1 M NaOH or
HCl to the desired pH value, measured by Orion (model 3 Star)
pH meter. Except for the experiment to estimate the effect of pH,
the solution pH was kept at pH 3 for clofibric acid and pH 5 for
the other ones (unless otherwise specified). Regarding effect of
dosage, mass of SBA-15 was varied from 1 mg to 20 mg in 10 mL of
pharmaceutical solution at a fixed pharmaceutical concentration
(100 �g L−1).

Desorption of pharmaceuticals from SBA-15 was investigated
to study the interaction between pharmaceuticals and silica sur-
face. First, adsorption of individual pharmaceuticals (100 �g L−1)

−1
Fig. 1. Pharmaceutical adsorption onto SBA-15 as a function of contact time, �:
carbamazepine, �: clofibric acid, �: diclofenac, ♦: ibuprofen, �: ketoprofen.
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Table 1
Molecular structure, physicochemical properties, relative recovery (%) (with the corresponding surrogate standard) of pharmaceuticals.

Pharmaceuticals CAS number Structure pKa
a log Kow

a Water Solubility
(mg L−1)b

Relative recovery
(%) n = 5

Carbamazepine 298-46-4 13.90 2.45 17.7 99 ± 1c

Clofibric acid 882-09-7 2.84d 2.57e 583 94 ± 2

Diclofenac 15307-86-5 4.15 4.51 2.37f 87 ± 5

Ibuprofen 15687-27-1 4.91 3.97 21 99 ± 4

Ketoprofen 22071-15-4 4.45 3.12 51 76 ± 4

10,11-Dihydrocarbamazepine 3564-73-6 – 2.46b 16.8 –

Cloprop 101-10-0 – 2.39b 1200 –

a Reference [13].
b http://www.syrres.com/esc/physdemo.htm (accessed on 20 May 2008).
c Relative standard deviation (%).
d Reference [9].
e

of d
(

s
L

c
p
s
A
a

Reference [10].
f This is water solubility of diclofenac; however, in this study sodium salt

http://www.syrres.com/esc/physdemo.htm).

olution were filtered (0.45 �m), extracted and analyzed by the
C–MS/MS system.

Adsorption of a mixture of five selected pharmaceuticals was

onducted by introducing 10 mg SBA-15 into 10 mL solution of five
harmaceuticals at the same concentration (25 �g L−1) at pH 5. The
amples were taken after 5, 15, 30, 60, 120, 480, and 1440 min.
liquots of supernatant solution were filtered (0.45 �m), extracted
nd analyzed by the LC–MS/MS system.
iclofenac (CAS: 15307-79-6) was used, its solubility in water is 2430 mg L−1

2.4. Sample preparation and analytical methods

Before analysis, the samples obtained after filtration were

extracted further by a SPE procedure using 60 mg Oasis HLB car-
tridges. Then, pharmaceuticals were analyzed on a LC–MS/MS
system equipped with a HPLC Waters 2695 Separations Module
accompanied with Waters 2996 PAD, a mass spectrometer (Waters
(Micromass) Quattro micro API), and a XTerra MS C18 5 �m col-

http://www.syrres.com/esc/physdemo.htm
http://www.syrres.com/esc/physdemo.htm
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mn (Waters, 2.1 × 50 mm). (The experimental details of sample
reparation and analytical methods are present in Supplementary

nformation.)

. Results and discussions

.1. Characterization of SBA-15

The XRD pattern of SBA-15 sample is shown in Fig. S1 (Supple-
entary Information), which exhibits three well-resolved peaks at

� between 0.5◦ and 3◦, characterizing a well-ordered mesoporous
tructure with P6 mm hexagonal symmetry [15]. The well-ordered
exagonal arrays of mesopores are also confirmed by the TEM image
Fig. S2, Supplementary Information) with high uniformity and the
ore size evaluated at ∼ 8 nm. Based on N2 adsorption–desorption
easurement, the Brunauer–Emmett–Teller (BET) specific surface

rea, pore volume, and pore size of SBA-15 was estimated at
37 m2/g, 1.03 cm3/g, and ∼8 nm, respectively, which is consistent
ith the TEM image and the reported data [15]. PZC of SBA-15
as estimated from the intersection point of three titration curves
btained at different concentrations of the inert electrolyte NaCl.
ZC of SBA-15 was determined as 4.0 ± 0.1, which is similar to
he isoelectric point of a mesoporous silica MCM-41 (3.6 ± 0.18)
24].

.2. Kinetics of pharmaceutical adsorption

Adsorption of all pharmaceuticals reaches equilibrium in very
hort time (<15 min), even in 1 min (Fig. 1). The contact time needed
or mesoporous silica is significantly shorter than the adequate time
4 h) for adsorption of pharmaceuticals on activated carbon [12,25],
hich can be resulted from the well-ordered mesoporous structure

f SBA-15 rather than a disordered microporous structure of acti-
ated carbons. As mentioned above, SBA-15 possesses a system of
niform and large pores that may allow pharmaceutical molecules
o diffuse easily into the pores and adsorb on the surface in a short
ime.

The adsorption kinetic data were examined using a pseudo-
econd-order reaction kinetics expression [26]:

t

q
= 1

k2q2
e

+ t

qe
(1)

here k2 (g mg−1 min−1) is the equilibrium rate constant of pseudo-
econd-order chemical sorption; qe is the amount of adsorbate
orbed at equilibrium (mg g−1); q is the amount of adsorbate sorbed
t t (min). The straight-line plots of (t/q) versus t have been tested
o obtain rate parameters. Fig. S3 (Supplementary Information)
hows good compliance with the pseudo-second-order equa-

ion for all pharmaceuticals, which is reflected by the extremely
igh determination coefficients (R2 > 0.997) of the linear plots.

nterestingly, adsorption of ibuprofen on activated carbon from
queous phase also obeyed the pseudo-second-order equation
25].

able 2
sotherm parameters obtained by fitting equilibrium data with the Freundlich and Langm

Freundlich equation

harmaceuticals KF (mg1−1/n L1/n g−1) n R2 �2 (mg

arbamazepine 1.10 1.34 0.99 0.008
lofibric acid 0.56 1.15 0.92 0.054
iclofenac 0.72 1.04 0.96 0.027

buprofen 1.50 1.29 0.97 0.027
etoprofen 1.09 1.31 0.96 0.011
Materials 168 (2009) 602–608 605

3.3. Adsorption isotherms

From the various isotherm equations that may be used to analyze
adsorption data in aqueous phase, the Langmuir [27]—the theoret-
ical equilibrium isotherm and the Freundlich [28]—the empirical
equilibrium isotherm are the most common models. The linear
forms of these equations are displayed as equation (2) (Langmuir)
and (3) (Freundlich):

1
qe

= 1
qmKLCe

+ 1
qm

(2)

log qe = log KF + 1
n

log Ce (3)

where qm (mg g−1) is the maximum adsorption capacity, qe

(mg g−1) is the amount of adsorbed pharmaceuticals, Ce (mg L−1)
is the equilibrium pharmaceutical concentration, KF and n are the
Freundlich constants, and KL (L mg−1) is the Langmuir constant. The
linear Langmuir and Freundlich isotherms were fitted to the exper-
imental data. The Langmuir and Freundlich parameters, along with
the coefficients of determination (R2) of the linear plots, are pre-
sented in Table 2. Adsorption of pharmaceuticals on SBA-15 can be
fitted by both Langmuir and Freundlich model with R2 > 0.91; how-
ever, only Freundlich curves are shown in Fig. 2. In a recent study, Ho
[29] discussed the advantages of using non-linear Chi-square anal-
ysis (�2) to compare the fitting of experimental data to isotherm
models. �2 (mg g−1) determined using the following equation:

�2 =
∑ (qe − qe,m)2

qe,m
(4)

where qe (mg g−1) is the experimental equilibrium capacity and
qe,m (mg g−1) is the equilibrium capacity obtained by calculated
from the models. As Ho suggested, the smaller �2 values display
the better match of the model [29]. In Table 2, the results of �2

are also presented. �2 values of the Freundlich isotherm for all
pharmaceuticals were lower than those of the Langmuir isotherm,
indicating that the Freundlich isotherm is the better fitting isotherm
for adsorption of pharmaceuticals on SBA-15. As reported earlier,
adsorption of antibiotic ofloxacin and tetracycline onto mesoporous
silica followed Langmuir–Freundlich model [30] and a dual site
adsorption model [31], respectively.

In general, as the KF value increases, the adsorption capac-
ity of the adsorbent for a given pharmaceuticals increases,
reflecting partially the affinity of pharmaceuticals toward the
adsorbent. From that viewpoint, affinity of pharmaceuticals
with SBA-15 follows the order: ibuprofen > carbamazepine
∼ ketoprofen > diclofenac > clofibric acid. For acidic pharma-
ceuticals, this affinity order obeys well their pKa values:
ibuprofen (pKa = 4.91) > ketoprofen (pKa = 4.45) > diclofenac
(pKa = 4.15) > clofibric acid (pKa = 2.84). More explanation about
adsorption mechanism will be discussed in detail later.
3.4. Effect of dosage

The removal efficiency of pharmaceuticals increases signifi-
cantly as the adsorbent concentration was increased from 0.1

uir isotherms for the adsorption of pharmaceuticals on SBA-15.

Langmuir equation

g−1) KL (L mg−1) qm (mg g−1) R2 �2 (mg g−1)

33.81 0.16 0.99 0.065
22.15 0.07 0.92 0.244
2.61 0.34 0.99 0.037
13.33 0.41 0.97 0.035
14.69 0.28 0.91 0.019
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Fig. 2. Adsorption isotherms of (a) carbamazepine and clofibric acid and (b)
d
p

t
a
a
o
a
o
c
t
1

iclofenac, ibuprofen, and ketoprofen on SBA-15 at 25 ◦C, pH 3 for clofibric acid,
H 5 for the other ones.

o 2.0 g/L (Fig. 3). At 2.0 g/L SBA-15 dosage, removal of clofibric
cid, diclofenac, carbamazepine, ibuprofen, and ketoprofen can be
chieved 62.5, 66.7, 84.4, 95.1, and 91.2%, respectively. In the range
f 0.1–1.0 g/L SBA-15 dosage, pharmaceutical adsorption increased
lmost linearly with adsorbent concentration, but the increase
f adsorbent dosage from 1.0 to 2.0 g/L does not make a signifi-
ant effect. By increasing the dosage of SBA-15 from 1.0 to 2.0 g/L,

he removal of pharmaceuticals was increased only from 6 to
6%.

Fig. 3. Effect of mass of adsorbent (SBA-15) on pharmaceutical adsorption.
Fig. 4. Adsorption of pharmaceuticals on SBA-15 as a function of pH.

3.5. Effect of pH on pharmaceutical adsorption

The removal efficiencies of pharmaceuticals on SBA-15 pre-
sented in Fig. 4 shows that, as expected, adsorption of
pharmaceuticals is strongly dependent on pH. Adsorption of phar-
maceuticals onto SBA-15 can be formed and controlled by both
non-electrostatic and electrostatic interaction. In the case of car-
bamazepine (pKa = 13.90, Table 1), a neutral compound in the
tested pH range, its binding onto SBA-15 is solely responsible by a
non-electrostatic interaction involving hydrogen bonding [31]. This
hydrogen bonding is preferred at pH lower than 4.0 (PZC of SBA-
15), at which silica surface has a net positive charge; however, it
becomes less favorable on negative silica surface as pH higher than
4.0, resulting a decrease in adsorption of carbamazepine. Mean-
while, uptake of acidic pharmaceuticals (clofibric acid, diclofenac,
ibuprofen, and ketoprofen) on silica surface is attributed to both
kinds of interaction, dependent on solution pH. At pH below the
pKa, acidic pharmaceuticals are neutral molecules, interacting with
silica surface via non-electrostatic interaction and its behavior is
similar to carbamazepine. When the pH is above the pKa (pH >3
with clofibric acid and 5 with the others), acidic pharmaceuticals
have negative charge while surface of silica gradually becomes more
negatively charged, leading to an electrostatic repulsion between
them. Consequently, adsorption of acidic pharmaceuticals dropped
sharply. Furthermore, when pH is above 7, acidic pharmaceutical
molecules and surface groups on SBA-15 completely become neg-
atively charged, leading to no significant adsorption.

The experimental results also displayed that, for carbamazepine,
diclofenac, ibuprofen, and ketoprofen, the removal efficiency is as
high as 90% at pH 3 and about 75.6–81.0% (except for diclofenac)
at pH 5. The removal of clofibric acid is only 49.0% at pH 3, how-
ever it is still higher than that in case of using high ozone doses
(2.5–3.0 mg L−1) (<40%) [11]. When pH was increased from 3 to 9,
the removal of carbamazepine reduced gradually from 85.2% to
40.5%, while removal of acidic pharmaceuticals declined signifi-
cantly and was almost negligible at pH 9.

In comparison among acidic pharmaceuticals, clofibric acid
(pKa = 2.84) showed the lowest removal rates, followed by
diclofenac (pKa = 4.15) (Fig. 4), because of their lower pKa val-
ues, compared to that of ibuprofen (pKa = 4.91) and ketoprofen
(pKa = 4.45). The lower-pKa compounds are more readily deproto-
nated to become negatively charged. Therefore, more molecules

exist in anion forms at the same pH, leading less favorable adsorp-
tion on silica surface.

At pH 3, carbamazepine, diclofenac, ibuprofen, and ketoprofen
are all neutral molecules and showed quite similar adsorption (see
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ig. 5. Desorption of pharmaceuticals after 2 h sorption step on SBA-15 (in 1 mM
hosphate buffer, pH 7 and 9, ionic strength 0.01 M KCl, 25 ◦C, reaction time 12 h).

ig. 4), in spite of their differences in hydrophobicity (see Table 1).
his result suggests that adsorption of the studied pharmaceuticals
n mesoporous silica is mainly controlled by hydrophilic interac-
ions between functional groups in pharmaceutical molecules and
ilanol groups on silica surface, rather than a hydrophobic sorption
32].

.6. Desorption studies

Desorption of pharmaceuticals adsorbed on SBA-15 was per-
ormed in neutral (phosphate buffer at pH 7) and alkaline media
phosphate buffer at pH 9). Aforementioned, adsorption percent-
ge of acidic pharmaceuticals on SBA-15 is almost negligible at pH
and less than 10% at pH 7, as such desorption of pharmaceuticals
nder these conditions expected to be almost complete. However,
s shown in Fig. 5, desorption percentage of five pharmaceuticals
aried from 20 to 40%. The results suggest that the adsorption is
ot completely reversible. In the other words, pharmaceuticals can
e both reversibly and irreversibly adsorbed on the silica surface
31], which can be the result of heterogeneity of the silica surface
several types of silanol groups) and multifunctional nature of the
dsorbates. As a result, there might be strong interactions between
harmaceuticals and silica surface, corresponding to irreversible
dsorbed pharmaceuticals.

.7. Mechanism of pharmaceutical adsorption onto SBA-15

The strongly pH-dependent adsorption of pharmaceuticals pro-
oses that the interaction between pharmaceuticals and surface
f the mesoporous silica is a hydrophilic case. Moreover, the low
esorption percentages of pharmaceuticals from silica surface in
lkaline media suggest that a fraction of pharmaceuticals are
trongly adsorbed on SBA-15. One should remember that there are
everal types of functional groups on the silica surface, for exam-
le: SiOH, Si O· · ·H· · ·O Si , SiOH2

+, SiO−, etc. The strength
f interaction between pharmaceuticals and silica surface is always
ariable and dependent on adsorption active sites (silanol groups).
here exist adsorbed pharmaceuticals which bind tightly on silica
urface and are difficult to desorb. Such strong bindings between
harmaceuticals and silica surface can be explained by hydrogen
onding or chemical bonding. In cases of acidic pharmaceuticals

hich possess carboxylic groups ( COOH), the interaction between
harmaceuticals and silanol groups can be postulated as follows:

Si OH + HOOC B → Si OOC B + H2O (5)

r Si OH + HOOC B → Si O· · ·H· · ·OOC–B + H+ (6)
Fig. 6. Adsorption of a mixture of five pharmaceuticals onto SBA-15 (starting con-
centration of each pharmaceuticals of 25 �g L−1, at 25 ◦C, pH 5) as a function of
contact time, �: carbamazepine, �: clofibric acid, �: diclofenac, ♦: ibuprofen, �:
ketoprofen.

where B is the remaining part of acidic pharmaceuticals. Gen-
erally, a hydrogen bonding reaction (Eq. (6)) is easier to occur,
compared to a ligand-exchange reaction (Eq. (5)), due to its lower
demand of activation energy. Sorption of the antibiotic ofloxacin to
Al2O3 solids through the ketone and carboxylate functional groups
via a ligand-exchange mechanism was reported [30]. In the case
of carbamazepine—a neutral compound, the hydrogen bonding
between the amide groups of carbamazepine and the silanol groups
of silica is mainly responsible for its adsorption [31].

3.8. Adsorption of a mixture of pharmaceuticals

As mentioned earlier, SBA-15 showed efficient removal for
individual pharmaceuticals in acidic media. However, one should
remember that pharmaceuticals usually occur in the environment
as a mixture and though individual pharmaceuticals were gener-
ally detected at low-levels, total concentrations commonly exceed
1 �g L−1 [3]. The behavior of pharmaceuticals in a mixture is defi-
nitely different and complicated, not as individual cases. Therefore,
investigation of adsorption of a mixture of pharmaceuticals is
required as a succeeding step for further application.

Fig. 6 presents interesting results for adsorption of a five-
pharmaceutical mixture onto SBA-15 as a function of contact time.
Adsorption of the mixture can reach steady state in 30 min which
is close to the equilibrium time needed for the cases of individ-
ual pharmaceuticals (see Fig. 1). Except for clofibric acid, removal
of four remaining pharmaceuticals is very effective. Removal effi-
ciency is 88.4% for carbamazepine, 77.8% for diclofenac, 75.2% for
ibuprofen, 89.3% for ketoprofen, and 35.6% for clofibric acid. In
comparison with single component case at the same initial concen-
tration (25 �g L−1) where the removal is 79.6, 42.4, and 86.5% for
carbamazepine, diclofenac, ketoprofen, respectively, the removal
of these compounds in the mixture is surprisingly higher, espe-
cially for diclofenac. Considering two remaining pharmaceuticals,
removal of ibuprofen (75.2%) and clofibric acid (35.6%) in the mix-
ture is somewhat smaller than that for the individual cases (87.6%
for ibuprofen and 44.8% for clofibric acid). However, it should be
mentioned that in the individual case the removal of clofibric acid
was estimated at pH 3, instead of pH 5 in the mixture.

It was expected that the removal of every pharmaceuticals in the

mixture would be much lower than that in the individual case, due
to competitive adsorption among pharmaceuticals. In contrast, the
adsorption of diclofenac, carbamazepine, and ketoprofen displayed
higher values in the mixture compared to the single case. This
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ynergistic effect can be explained by uncompetitive co-adsorption
r succeeding adsorption to form a multilayer of these pharmaceu-
icals. It can be visualized that there exist some kinds of binding,
nteraction or even reaction among diclofenac, carbamazepine, and
etoprofen, which induce the adsorption of the three compounds
t the same time on surface of mesoporous silica. As reported
arlier [33], in aqueous medium of pH 5.33, penicillin interacts with
erberine, forming ion associates through electrostatic attraction
f the polar head groups of penicillin and berberine. Whereas,
buprofen and clofibric acid compete with the remaining com-
ounds for the adsorption, leading to a decrease in their removal
fficiency.

. Conclusions

This study showed that mesoporous silica SBA-15 is a promis-
ng adsorbent for removal of pharmaceuticals not only for surface
ater but also for wastewater from pharmaceutical industrial
anufactures where high-level concentrations of pharmaceuti-

als have been observed. SBA-15 presented very effective removals
or tested pharmaceuticals in acidic media as individual and mix-
ure forms in a short time. The low desorption percentages were
onfirmed, which implies that pharmaceuticals are not easily
etached from adsorbents to get back into the treated water.
he kinetics and equilibrium of pharmaceutical adsorption were
est described using pseudo-second-order equation and Freundlich

sotherm model, respectively. Moreover, information about adsorp-
ion mechanisms is valuable for further development of adsorbent

aterials. One should remember that pharmaceutical-adsorbed
BA-15 and mesoporous silica-based materials can be regenerated
y combustion without loss, due to stability of mesoporous silica
tructure up to 850 ◦C [15]. Further results about effect of anions,
umic acid, and cations on pharmaceutical adsorption will be pro-
ided for evaluating feasibility of application of SBA-15 in real
ituations.
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