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a  b  s  t  r  a  c  t

Mesoporous  silica  SBA-15  and  its  postfunctionalized  counterparts  with  hydroxymethyl  (HM-SBA-15),
aminopropyl  (AP-SBA-15),  and  trimethylsilyl  (TMS-SBA-15)  were  prepared  and  characterized  by  pow-
der  X-ray  diffraction,  N2 adsorption–desorption  measurement,  Fourier-transform  infrared  spectroscopy,
and  elemental  analysis.  The  removal  of  a  mixture  of  12  selected  pharmaceuticals  was  investigated  by
batch  adsorption  experiments  onto  SBA-15  and  the  grafted  materials.  SBA-15  showed  to  have  moderate
adsorption  affinity  with  amino-containing  (atenolol,  trimethoprim)  and hydrophobic  pharmaceuticals,
but  it  displayed  minimal  adsorption  affinity  toward  hydrophilic  compounds.  HM-SBA-15  was  analo-
gous  with  SBA-15  in  terms  of  the  adsorption  efficiency  toward  all pharmaceuticals.  AP-SBA-15  exhibited
an  increase  in  the adsorption  of  two  acidic  compounds  (clofibric  acid,  diclofenac)  but  a  decrease  in  the
adsorption  of  estrone  and  the  two  amino-containing  compounds.  Among  the  grafted  materials,  TMS-SBA-
rimethylsilyl groups 15 had  the  highest  adsorption  affinity  toward  most  pharmaceuticals.  Moreover,  the  adsorption  of  nine
pharmaceuticals  to TMS-SBA-15  was  significantly  higher  than  that  to  SBA-15;  seven  of  which  showed
the  removal  percentages  from  70.6%  to 98.9%  onto  TMS-SBA-15.  The  number  of  pharmaceuticals  showing
high  adsorption  efficiency  onto  TMS-SBA-15  did  not  alter  significantly  as the  pH  changed  in  the  range  of
5.5–7.6.  The  results  suggest  that  TMS-SBA-15  is a promising  material  for  the  removal  of  pharmaceuticals
from  aqueous  phase,  especially  for the  treatment  of  wastewater  from  drug  manufacturers.
. Introduction

Recently, pollution of pharmaceuticals in water is an environ-
ental concern [1–3]. Numerous pharmaceuticals are ubiquitously

etected in aqueous environment [2,4]. Unknown chronic eco-
oxicities effects [4] together with antibiotic resistance issue [5]
re making increasingly anxieties due to wide spreads of phar-
aceuticals. The current technologies used in water treatment

ystems are not effective enough to eliminate many pharmaceuti-
als [6,7]. Therefore, treatment technologies that achieve effective
harmaceutical removal need to be developed. The treatment of
astewater from drug manufacturers and households, where phar-
aceuticals are often present at �g L−1 level [4,8] and even up to

00 �g L−1 [9],  should be considered with a priority.
Among several considered methods, adsorption has been receiv-
ng a lot of attention, due to its convenience once applied into
urrent water treatment processes. Various types of sorbents have
een proposed for the removal of pharmaceuticals, for exam-

∗ Corresponding author. Tel.: +82 62 715 2441; fax: +82 62 715 2434.
E-mail address: hcchoi@gist.ac.kr (H. Choi).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.043
© 2011 Elsevier B.V. All rights reserved.

ple, activated carbon [10], zeolites [11], montmorillonite [12], and
mesoporous silica [13]. Among them, mesoporous silica, first syn-
thesized in 1992 [14], are good candidates for the adsorptive
removal of pharmaceuticals since these materials have high sur-
face area, large and uniform pore size, and tunable pore structure.
Mesoporous silica SBA-15 was  effective for the adsorption of neu-
tral and acidic pharmaceuticals in acidic media [13], though its
effectiveness was  significantly reduced at a neutral pH because of
its low point of zero charge. This shortcoming, fortunately, may
be overcome by altering the surface chemistry of mesoporous sil-
ica by means of grafting with suitable functional groups. Recently,
mesoporous silica SBA-15 was grafted with cobalt(II), nickel(II), and
copper(II) amine complexes and then applied for the adsorption of
naproxen [15]. Copper(II) amine supported SBA-15 showed high
adsorption efficiency toward naproxen though alkaline conditions
(pH 13) were needed.

Pharmaceutical compounds are known to have distinct physico-
chemical properties, particularly hydrophobicity (log Kow) and

acidity (pKa), which are often important characteristics of a sor-
bate in aqueous media. Pharmaceuticals are categorized from
hydrophilic to hydrophobic and basic to acidic compounds [16].
A material used for the removal of pharmaceuticals, therefore,

dx.doi.org/10.1016/j.jhazmat.2011.07.043
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:hcchoi@gist.ac.kr
dx.doi.org/10.1016/j.jhazmat.2011.07.043
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ust have an adequate hydrophobicity and acidity, which can be
chieved by grafting with a proper organic functional group on the
urface. Organically functionalized mesoporous silica have demon-
trated their potential in application for removal of various organic
ontaminants, such as aromatic compounds, dyes, and pesticides
17]. To the best of our knowledge, the use of mesoporous sil-
ca functionalized with different organic moieties for adsorption
f pharmaceuticals in aqueous phase has yet to be reported else-
here.

In the present study, SBA-15 was grafted with three differ-
nt organic moieties such as aminopropyl, hydroxymethyl, and
rimethylsilyl groups, which possess different hydrophobicity and
cidity. SBA-15 and the grafted SBA-15 materials were then exam-
ned as sorbents for the adsorption of a mixture of pharmaceuticals
n water. For this task, 12 pharmaceuticals were selected based
n their frequent detection in aqueous environments [4,8], diverse
roperties in terms of hydrophobicity (Kow) and acidity (pKa), and
ifferent medication categories. A mixture of pharmaceuticals was
sed in all experiments, in accordance with real situations [2,18].

. Experimental

.1. Chemicals

Tetraethylorthosilicate (TEOS 98%, Aldrich), Pluronic
123 (BASF), hydrochloric acid (HCl, 37%, Sigma–Aldrich)
3-aminopropyl)triethoxysilane (APTES, 99%, Aldrich),
ydroxymethyl triethoxysilane (HMTES, 50%, Gelest Inc.), hex-
methyldisilazane (HMDS, 99%, Aldrich), anhydrous toluene
99.8%, Sigma–Aldrich), absolute ethanol (HPLC grade, Fisher
cientific), and acetone (HPLC grade, Fisher scientific) were
sed for the synthesis and surface modification of SBA-15.
cetaminophen, atenolol, carbamazepine, clofibric acid, diclofenac
odium, estrone, gemfibrozil, ibuprofen, ketoprofen, sulfamethox-
zole, and trimethoprim were purchased from Sigma–Aldrich;
opromide was obtained from United States Pharmacopeia.
ine surrogate standards include non-deuterated compounds

dihydrocarbamazepine, cloprop) obtained from Sigma–Aldrich
nd deuterated compounds (acetaminophen-d4, atenolol-d7,
strone-d4, ibuprofen-d3, iopromide-d3, sulfamethoxazole-d4,
nd trimethoprim-d9) received from Toronto Research Chemicals.
he purity of all chemicals used in this study is ≥97%. In addition,
tock mixed solutions of all pharmaceuticals (100 mg  L−1) and
urrogate standards (10 mg  L−1) were separately prepared in
ethanol and stored at −20 ◦C prior to use. The physicochemical

roperties of the studied compounds are presented in Table 1.

.2. Preparation of sorbent materials

SBA-15 was synthesized using a method described elsewhere
13,19]. Monomeric organically functionalized SBA-15 materials
ere prepared using a post-grafting method. Firstly, calcined SBA-

5 (1.0 g) was  pretreated at 190 ◦C in vacuo for 6 h. The pretreated
BA-15 was then slurried in anhydrous toluene (100 mL)  for 1 h
nder a dry N2 flow. Next, an organosilane precursor (APTES,
MTES, and HMDS) in anhydrous toluene (50 mL)  was added.
n adequate amount of APTES (0.66 mL)  and HMTES (1.26 mL)  to
ake a monolayer of organic groups was used, whereas an excess

mount of HMDS (5.90 mL)  was employed. The reaction system
as refluxed in the cases of alkoxysilanes (APTES, HMTES) but was

ept at room temperature in the case of HMDS [20]; all reaction

ystems were stirred for 24 h under a dry N2 flow. After reaction,
he products were filtered and washed with toluene, ethanol, and
cetone consecutively. Finally, the samples were dried in vacuo at
50 ◦C for 4 h and stored in a desiccator. The three functionalized Ta
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amples were named as AP-SBA-15 (aminopropyl groups), HM-
BA-15 (hydroxymethyl groups), and TMS-SBA-15 (trimethylsilyl
roups).

.3. Characterization

The synthesized materials were characterized by X-ray powder
iffraction (XRD) using a PANalytical X’Pert PRO-MPD diffractome-
er with Cu K� radiation (� = 1.5406 Å) and operating at 40 kV and
5 mA.  All XRD patterns were collected in the 2� range of 0.5–10◦

ith a scanning rate of 0.01◦/s. Nitrogen adsorption–desorption
easurements were carried out using a Micromeritics ASAP 2020

nalyzer at −196 ◦C. Prior to each adsorption measurement, the
BA-15 and grafted samples were degassed at 200 ◦C for 6 h and
00 ◦C for 12 h, respectively. Fourier transform infrared (FTIR) spec-
ra were recorded on a JASCO FTIR-460 Plus spectrometer via the
Br pellet method. The samples were analyzed at 8 cm−1 resolu-

ion and averaged over 300 scans in the absorption band range of
00–4000 cm−1. CHN elemental analysis was conducted on an EA-
110 (Thermoquest) elemental analyzer. The percentage of carbon
as utilized for calculating the surface coverage, ˛RP (in �mol  m−2)
ith the following equation [21]:

RP = 106PC

1200nC − PC(M − 1)
1

SBET
(1)

here PC (%) is the percentage of carbon determined via ele-
ental analysis, nC is the number of carbon atoms per silane
oiety, M is the molar mass of the silane, and SBET (m2 g−1) is the

runauer–Emmett–Teller (BET) surface area of the unmodified sil-
ca. For trialkoxysilanes used in this study, the calculation of surface
overage values needs several assumptions: (i) all bonded silanes
re attached to the surface via a single siloxane bridge and (ii) the
esidual ethoxy groups of the chemically bonded silanes were not
ydrolyzed during the synthesis which occurred in a dry condition.
he surface coverage of AP-SBA-15 material can also be estimated
ased on the percentage of nitrogen using a similar equation with
he case of carbon.

.4. Adsorption experiment

Batch adsorption experiments were studied in 40-mL amber
ials containing 10 mg  of the sorbents in 10 mL  of aqueous solu-
ions. The solution pH was controlled using either a 2 mM  buffer
f 2-(N-morpholino)ethanesulfonic acid (MES) (pH 5.5) or 3-(N-
orpholino)propanesulfonic acid (MOPS) (pH 6.6 and 7.6), as

eeded. Preliminary experiments showed that MES and MOPS did
ot influence the adsorption of pharmaceuticals to SBA-15 and
rganically grafted SBA-15 materials. A sufficient volume of stock
olution of pharmaceuticals were spiked to make an initial concen-
ration of approximately 100 �g L−1 per compound and to ensure
he fraction of methanol in the solution was <0.1%. In addition,
odium azide (100 mg  L−1) was added to inhibit aerobic biological
ctivity during equilibration, and a total ionic strength of 10 mM
as controlled by the addition of NaCl. Note that control sam-
les containing no sorbents were prepared in parallel with every
ample. The samples and controls were subsequently agitated in
n incubator at 200 rpm at 25 ◦C for 24 h, which is sufficient for
chieving adsorption equilibrium, as determined in preliminary
xperiments. Aliquots were then taken at the end of the 24 h

eriod, filtered through a 0.2-�m cellulose acetate membrane filter
Advantec MFS) before being extracted by solid-phase extraction
SPE) and analyzed using an LC–tandem MS.  All experiments were
eplicated three or four times.
Fig. 1. X-ray diffraction patterns of (a) SBA-15, (b) HM-SBA-15, (c) AP-SBA-15, and
(d)  TMS-SBA-15.

2.5. Sample preparation and analytical methods

Prior to analysis, the filtrate was spiked with a surrogate
standard solution to make a concentration of 50 �g L−1 per com-
pound and extracted through 3 mL,  60 mg  Oasis HLB cartridges
(Waters). Pharmaceuticals were analyzed on an LC–tandem MS  sys-
tem equipped with a Waters Alliance 2695 HPLC system, a Waters
Micromass Quattro micro API mass spectrometer, and a Waters
Sunfire C18 column (150 mm × 2.1 mm i.d., 3.5 �m,  100 Å, end-
capped C18 particles). The methods used for SPE and LC–tandem
MS were adapted from literature [13,22] with a few modifications.
Sample preparation and analysis are described in detail in Section
S1 of the Supporting Information (SI).

2.6. Data analysis

The adsorption percentage of each pharmaceuticals was  cal-
culated based on the difference between the concentration (Ci,
�g L−1) in the control and the concentration (Cf, �g L−1) in the
samples after adsorption. To evaluate the adsorption capability
of a sorbent, surface-area normalized adsorption coefficient (Kd,
mL m−2) of each pharmaceuticals toward the sorbent was calcu-
lated using the following equation:

Kd = Ci − Cf

Cf

Vsol

mads

1
SBET

(2)

where Vsol (mL) is the volume of the solution, mads (g) is the mass
of the sorbent used, and SBET (m2 g−1) is the BET surface area of the
sorbent material.

3. Results and discussion

3.1. Characterization of the synthesized materials

The XRD patterns of SBA-15 samples before and after modifi-
cation (Fig. 1) all displayed an intense diffraction peak at about 2�
of 0.9◦, which is characteristic of a mesostructure. Moreover, two
additional peaks were observed in the XRD patterns, which can
be indexed as (1 1 0) and (2 0 0) reflections of a hexagonal P6mm
symmetry [19]. The results demonstrate that the periodic ordered
structure of SBA-15 was  maintained after modification. However,
spacing values (ao) of the grafted SBA-15 samples reduced some-

what (see Table 2), compared to SBA-15, indicating changes in their
wall thickness and pore size due to the deposition of organosilane.

The nitrogen adsorption isotherms of SBA-15 and three grafted
SBA-15 materials had similar patterns as a type IV isotherm and



T.X. Bui et al. / Journal of Hazardous Materials 193 (2011) 156– 163 159

Table 2
Structural properties of the sorbent materials.

Sample ao (nm) SBET (m2 g−1) Vtotal (cm3 g−1) Dpore (nm) twall (nm) % Carbon % Nitrogen Surface coverage (�mol  m−2)

SBA-15 11.4 837 1.04 7.2 4.2 0.12 nd
HM-SBA-15 11.2 686 0.85 6.8 4.4 3.81 nd 0.81
AP-SBA-15 11.2 461 0.65 6.4 4.8 7.27 1.33 1.36a

TMS-SBA-15 11.2 565 0.75 6.7 4.5 5.29 nd 1.91

ao: XRD unit-cell parameter calculated as ao = 4 × d(2 0 0)/
√

3; Vtotal: total pore volume; Dpore: primary mesopore size; twall: silica wall thickness, calculated as ao − Dpore.
n

a
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materials and figure out the role of surface functional groups and
d:  not detectable.
a The value was calculated based on the nitrogen percentage.

 hysteresis loop type H1 (Fig. 2); hysteresis loops with sharp
dsorption and desorption branches are indicative of a narrow
ore size distribution. Fig. 2 also shows that the nitrogen adsorbed
mount decreases as SBA-15 is grafted with organic groups. The
tructural parameters calculated from nitrogen adsorption mea-
urements are presented in Table 2. In the table, it is shown that the
pecific surface area, pore volume, and pore size of the samples fol-
owed the order: SBA-15 > HM-SBA-15 > TMS-SBA-15 > AP-SBA-15,

hereas the inverse order was observed in terms of wall thickness.
he significant decreases in the surface area of the grafted samples
n comparison with SBA-15 confirm the attaching of organic groups
nside the pores.

The CHN elemental analysis data (Table 2) also provide an
vidence for the presence of the organic groups in the grafted
aterials. Moreover, the data were used for the calculation of

he surface coverage of these groups. For AP-SBA-15, the surface
overages calculated from the carbon (1.20 �mol  m−2) and nitro-
en percentage (1.36 �mol  m−2) agree within 10% for each phase.
he surface coverage of the grafted groups followed the sequence:
M-SBA-15 (0.81 �mol  m−2) < AP-SBA-15 (1.36 �mol  m−2) < TMS-
BA-15 (1.91 �mol  m−2). It should be noted that the surface
overages of the grafted groups are lower than a full coverage of
he SBA-15 of 4–6 �mol  m2 [23]. This characteristic implies that

 high amount of residual surface silanol groups remains in the
rafted samples, which would follow the reverse order of the sur-
ace coverage: HM-SBA-15 > AP-SBA-15 > TMS-SBA-15.

The presence of the attached organic groups in the modified
amples can be further confirmed using FTIR, as shown in Fig. 3.
he spectra of all the materials contain the typical Si–O–Si bands
round 1080–1200 and 458 cm−1 associated with the formation of

 condensed silica network and a broad band centered at 3420 cm−1

nd a strong peak around 1630 cm−1 assigned to O–H bonds in

ilanol groups and adsorbed water molecules [24]. These bands
3420 and 1630 cm−1) indicate that the grafted samples contain
esidual silanol groups and adsorbed water molecules. A weak peak

ig. 2. Nitrogen adsorption isotherms for SBA-15, HM-SBA-15, AP-SBA-15, and
MS-SBA-15 samples.
associated with non-condensed Si–OH groups around 965 cm−1

[24] was found in the spectra of SBA-15 and HM-SBA-15 but it
became unresolved in AP-SBA-15 and discernable in TMS-SBA-15.
The results demonstrate that the amount of Si–OH groups was
utilized most in TMS-SBA-15, followed by AP-SBA-15 and HM-
SBA-15, which is consistent with the surface coverage of these
materials (see Table 2). Bands at 1300–1470 and 2800–3000 cm−1

associated with aliphatic CH vibration were found in HM-SBA-15,
AP-SBA-15, and especially in TMS-SBA-15. Weak absorption bands
in the region of 1300–1470 cm−1 assigned to CH3 asymmetrical
bending (1470 cm−1), CH3 symmetrical bending (1380 cm−1), CH2
scissoring (1465 cm−1), and CH2 wagging modes (1305 cm−1) can
be observed in the spectra of the three grafted samples. In the
region of 2800–3000 cm−1, the peaks found in the spectrum of
HM-SBA-15 (2983, 2934, and 2904 cm−1), AP-SBA-15 (2935, 2904,
and 2875 cm−1), and TMS-SBA-15 (2964, 2906, and 2858 cm−1) can
be assigned to the stretching vibration of methyl and methylene
groups. The presence of a weak band at 691 (N–H bending), 1510
(the symmetry –NH2 bending), and 1558 cm−1 (the NH2 deforma-
tion mode [24,25]) confirms the incorporation of amino groups in
AP-SBA-15. Meanwhile, a sharp absorption band at 849 cm−1 and
two  small shoulder peaks at 816 and 760 cm−1 were found in the
spectrum of TMS-SBA-15, which are assigned to Si–C stretching
vibrations and CH3 rocking [26].

3.2. Adsorption of pharmaceuticals

Adsorption experiments of a mixture of 12 pharmaceuticals
were investigated onto grafted SBA-15 materials and were com-
pared to bare SBA-15 to evaluate the adsorption efficiencies of the
physico-chemical properties of pharmaceuticals in the adsorption.
The adsorption affinity of sorbents was  judged using the surface-

Fig. 3. FTIR spectra of (a) SBA-15, (b) HM-SBA-15, (c) AP-SBA-15, and (d) TMS-SBA-
15.



160 T.X. Bui et al. / Journal of Hazardous M

F
E

a
e

3

[
c
p
S
b
c
b
(
s

p
t
(
a
l
3
(
r
s
s
c
e
T

F
d

ig. 4. The adsorption coefficient (Kd) of pharmaceuticals toward SBA-15 at pH 5.5.
rror bars represent the standard deviation of sample replicates.

rea normalized adsorption coefficient (Kd) calculated by Eq. (2) to
liminate the difference in the surface area among the sorbents.

.2.1. Adsorption of pharmaceuticals to SBA-15
Since the point of zero charge of SBA-15 was estimated at 4.0

13], the SBA-15 surface is negatively charged at the studied pH
onditions. Hence, it was expected that the electrical charge of
harmaceuticals plays an important role in their adsorption onto
BA-15. Twelve pharmaceuticals can be classified into three groups
ased on their dominant species at the studied pH (see Table 1):
ationic (atenolol and trimethoprim), neutral (acetaminophen, car-
amazepine, estrone, and iopromide), and anionic compounds
clofibric acid, diclofenac, gemfibrozil, ibuprofen, ketoprofen, and
ulfamethoxazole).

The adsorption of pharmaceuticals to SBA-15 at pH 5.5 is
resented in Fig. 4. Six compounds showed remarkable adsorp-
ion (Kd > 0.1 mL  m−2) to SBA-15, which included two cationic
atenolol, trimethoprim), two neutral (carbamazepine, estrone),
nd two anionic compounds (gemfibrozil, ibuprofen). Neverthe-
ess, the adsorption percentages of the compounds were all below
0% (Fig. S1, SI). The other six compounds including two neutral
acetaminophen, iopromide) and four anionic compounds (clofib-
ic acid, diclofenac, ketoprofen, sulfamethoxazole) did not reveal
ignificant adsorption to SBA-15 (Fig. 4). It was found that in the

ame group of properties (i.e., neutral, cationic, and anionic) the
ompounds having a higher hydrophobicity (KpH

ow) (see Table 1) gen-
rally produced higher adsorption capacities, except for diclofenac.
his result suggests that hydrophobic interaction may  play an

ig. 5. The adsorption coefficient (Kd) of pharmaceuticals toward (a) HM-SBA-15 and (b) 

eviation of sample replicates.
aterials 193 (2011) 156– 163

important role in the adsorption of the pharmaceuticals onto
SBA-15 [27]. On the other hand, the adsorption of two cationic
compounds was comparable to that of the neutral and anionic
compounds, despite the lower hydrophobicity (KpH

ow) of the cationic
compounds (Table 1). This point demonstrates that the electrostatic
attraction between cationic compounds and negatively charged
sites on the surface of SBA-15 is of great importance in the adsorp-
tion of these compounds.

3.2.2. Adsorption of pharmaceuticals to HM-SBA-15
The adsorption coefficients of pharmaceuticals toward HM-

SBA-15 were observed to be comparable to those toward SBA-15
(Fig. 5a). In addition, the t-test results suggest that there were not
statistically significant differences (p > 0.05) between the adsorp-
tion coefficients of all pharmaceuticals to HM-SBA-15 and SBA-15.
A possible explanation for the results is that the difference in
hydrophobicity and acidity between HM-SBA-15 and SBA-15 might
be not large enough to cause significant changes in their adsorption
toward pharmaceuticals. Although hydroxymethyl groups in HM-
SBA-15 are more hydrophobic and less acidic than silanol groups,
the low fraction of hydroxymethyl groups (0.81 �mol m−2) com-
pared to the residual surface silanol groups (3–5 �mol  m−2) might
be the main reason for the similarities in the adsorption of phar-
maceuticals onto HM-SBA-15 and SBA-15.

3.2.3. Adsorption of pharmaceuticals to AP-SBA-15
The adsorption of pharmaceuticals onto AP-SBA-15 and SBA-15

at pH 5.5 is exhibited in Fig. 5b. It was expected that AP-SBA-
15 may  have preferable adsorption to acidic pharmaceuticals
[28,29] owing to acid–base and/or electrostatic interaction formed
between amino groups in AP-SBA-15 and carboxylic groups in
acidic pharmaceuticals. This expectation found true in the cases
of clofibric acid and diclofenac; the Kd values of clofibric acid and
diclofenac toward AP-SBA-15 were significantly higher (p < 0.05)
than those toward SBA-15 (Fig. 5b). In contrast, the Kd values of
atenolol, estrone, and trimethoprim toward AP-SBA-15 were signif-
icantly lower (p < 0.05) than those toward SBA-15. The adsorption
of the seven remaining compounds onto AP-SBA-15 was not sta-
tistically significantly different (p > 0.05) from that onto SBA-15.

Theoretically, the presence of amino groups in AP-SBA-15 may
cause both advantages and drawbacks to the adsorption of phar-
maceuticals. The presence of hydrophilic amino groups on the
surface of AP-SBA-15 possibly impairs the adsorption of hydropho-

bic compounds; this might be the case for the lower adsorption
of extremely hydrophobic estrone (log Kow = 3.62, Table 1) to AP-
SBA-15 in comparison with SBA-15. On the other hand, existing
as cationic (–NH3

+) or neutral (–NH2) form on the surface at pH

AP-SBA-15 in comparison with SBA-15 at pH 5.5. Error bars represent the standard
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ig. 6. The adsorption coefficient (Kd) of pharmaceuticals toward TMS-SBA-15 in
omparison with SBA-15 at pH 5.5. Error bars represent the standard deviation of
ample replicates.

.5, amino groups result an increase in the surface charge [28],
hereby inducing the adsorption of anionic species of anionic com-
ounds via electrostatic interaction. Meanwhile, the adsorption of
eutral species of these acidic compounds may  be favorably imple-
ented onto –NH2 sites through acid–base interaction. A higher

urface charge of AP-SBA-15, however, would result a decrease
n the adsorption of cationic compounds due to a higher electro-
tatic repulsion. The amino groups may  also interact with weakly
cidic surface silanol groups ( SiOH, SiO−) via hydrogen bond-
ng or electrostatic interaction [30], which then block the surface
ilanol groups; this may  be beneficial for the approach of anionic
ompounds to the surface, whereas it may  harm the adsorption of
ationic compounds. These hypotheses apparently support the fact
hat AP-SBA-15 had higher adsorption affinity toward two  anionic
ompounds (clofibric acid, diclofenac) but lower adsorption affin-
ty toward two cationic compounds (atenolol, trimethoprim) than
BA-15. It is not well understood why the adsorption of the other
cidic pharmaceuticals onto AP-SBA-15 was not improved signif-
cantly. In all probability, a balance of the positive and negative
actors results in the comparable adsorption of the seven pharma-
euticals to AP-SBA-15 and SBA-15.
.2.4. Adsorption of pharmaceuticals to TMS-SBA-15
Whereas HM-SBA-15 and AP-SBA-15 showed unmarked

hanges in the adsorption of pharmaceuticals in comparison with
BA-15, TMS-SBA-15 displayed intensive increases (p < 0.05) in the

ig. 7. The adsorption percentages (%) of pharmaceuticals onto (a) SBA-15 and (b) TMS-S
he  standard deviation of sample replicates.
aterials 193 (2011) 156– 163 161

adsorption of nine pharmaceuticals, except for acetaminophen,
atenolol, and iopromide, as shown in Fig. 6. The Kd values of
the nine compounds toward TMS-SBA-15 were ten (clofibric acid,
trimethoprim) to thousand times (diclofenac) higher than those to
SBA-15. In particular, seven compounds, including carbamazepine
(Kd = 9.3 mL  m−2), diclofenac (Kd = 27.4), estrone (Kd = 87.4), gemfi-
brozil (Kd = 160.7), ibuprofen (Kd = 40.4), ketoprofen (Kd = 11.6), and
trimethoprim (Kd = 4.3), had extremely high adsorption affinity to
TMS-SBA-15. The adsorption percentages of the seven compounds
were as high as 70.6–98.9% (Fig. S2, SI).

The high adsorption efficiency of pharmaceuticals onto TMS-
SBA-15 can be attributed to the fact that TMS-SBA-15 has a
higher hydrophobicity [31] and a lower negative surface charge
density [32], compared to SBA-15. The replacement of surface
silanol groups in SBA-15 by hydrophobic trimethylsilyl (TMS)
groups allows to increase the hydrophobicity of the material
but also reduces the number of surface silanol groups. Obvi-
ously, a more hydrophobic and less charged TMS-SBA-15 will
be more attractive to both hydrophobic and anionic compounds.
In general, pharmaceuticals with a higher hydrophobicity in the
same groups showed a higher Kd value (Fig. 6), for example, gem-
fibrozil > ibuprofen > diclofenac > ketoprofen > sulfamethoxazole >
clofibric acid, estrone > carbamazepine, and trimetho-
prim > atenolol (see Table 1). The predominance of hydrophobic
interaction between pharmaceuticals and TMS-SBA-15 is also
supported by the fact that the adsorption affinity of TMS-SBA-15
was  low toward hydrophilic compounds, such as acetaminophen,
atenolol, and iopromide.

3.2.5. Influence of pH to the adsorption of pharmaceuticals
Since pH is always an important factor in adsorption processes,

the adsorption of pharmaceuticals onto TMS-SBA-15 was per-
formed at a range of naturally occurring pH values (5.5–7.6). In
parallel, the adsorption of pharmaceuticals as a function of pH was
examined in the case of SBA-15 for comparison. The adsorption
percentages of pharmaceuticals onto SBA-15 and TMS-SBA-15 at
different pH are shown in Fig. 7. As the pH increased from 5.5
to 7.6, the pH-dependent adsorption behavior of many pharma-
ceuticals was almost similar for TMS-SBA-15 and SBA-15. There
were three distinct relationships observed between pharmaceuti-
cal adsorption onto TMS-SBA-15 and pH (Fig. 7b); interestingly,
each relationship corresponded to a group of compounds hav-
ing similar pKa values and the same predominant species. The

figure shows that the pH did not result in any statistically sig-
nificant change (p > 0.05) in the adsorption of neutral compounds
to TMS-SBA-15. However, the adsorption of carbamazepine and
estrone onto SBA-15 decreased (p < 0.05) as the pH increased from

BA-15 at different solution pHs: 5.5 (�), 6.6 (�), and 7.6 ( ). Error bars represent
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.5 to 6.6 (Fig. 7a). Fig. 7b also shows that as the pH increased
he adsorption of cationic compounds onto TMS-SBA-15 gradually
ncreased, whereas the adsorption of anionic compounds to the

aterial sharply decreased. The analogous results were observed
or the adsorption of these compounds onto SBA-15, except for
rimethoprim (Fig. 7a). The adsorption of trimethoprim onto SBA-
5 did not show significant changes (p > 0.05) as the pH increased,
hough an increasing trend of the average values was  detected. As

 whole, the adsorption of pharmaceuticals onto TMS-SBA-15 was
ighly efficient at different pH values; the pharmaceuticals show-

ng adsorption percentages of >80% included six compounds at pH
.5 and four compounds at pH 6.6 and 7.6 (Fig. 7b).

In the same group of compounds (i.e. neutral,
ationic, and anionic), the adsorption percentages of
harmaceuticals onto TMS-SBA-15 were observed to fol-

ow a solid order, regardless of the solution pH: (i)
strone > carbamazepine > acetaminophen ≈ iopromide
or neutral compounds; (ii) gemfibrozil > ibuprofen >
iclofenac > ketoprofen > sulfamethoxazole > clofibric acid for
nionic compounds; and (iii) trimethoprim > atenolol for cationic
ompounds (Fig. 7b). Apparently, the order of adsorption per-
entages among the compounds in one group is consistent with
heir pH-dependent octanol–water coefficient (KpH

ow) (see Table 1),
xcept for the case of diclofenac. These results indicate that
ydrophobic interaction is of great importance in the adsorption
f pharmaceuticals to TMS-SBA-15. Note that the lower adsorp-
ion affinity of diclofenac in comparison with ibuprofen was
bserved at all pH values not only for TMS-SBA-15 but also for
BA-15 (see Fig. 7a) in this study and in a previous report [13].
owever, the reasons behind these phenomena are not yet well
nderstood.

The similar pH-dependent adsorption behavior of anionic and
ationic pharmaceuticals onto SBA-15 and TMS-SBA-15 can be
ttributed to the similarity in some of their structural characteris-
ics; the surface of the two materials is dominant by silanol groups.
n addition, TMS  groups on the surface of TMS-SBA-15 are not
hanged by the solution pH. Therefore, the changes of pharmaceu-
ical adsorption are essentially responsible by alteration of surface
ilanol groups and pharmaceutical properties under different pH
onditions. Silanol groups ( Si–OH) are known as hydrophilic and
onizable groups, which are then ionized and turned into negatively
harged groups ( SiO−) as the pH increases, resulting a higher
egative-charge density on the surfaces of materials. Meanwhile,
s the pH increases, anionic compounds are ionized and changed
rom neutral species into anionic species—a more hydrophilic one
see Table 1). The adsorption of these anionic species would be dis-
avored on SBA-15 and TMS-SBA-15 surfaces with a higher number
f negatively charged sites ( SiO−) due to electrostatic repulsion,
hereby leading a reduction in the adsorption of anionic compounds
s the pH increases. In contrast, as the pH increases, cationic com-
ounds are turned from cationic species to neutral species—a more
ydrophobic one (Table 1). For TMS-SBA-15, the adsorption of neu-
ral species of cationic compounds to TMS  groups is more preferred
han their corresponding cationic species, whereas the cationic
pecies can be favorably adsorbed on negative charge sites ( SiO−)
ia electrostatic attraction. Consequently, as the pH increased the
dsorption of cationic compounds onto TMS-SBA-15 increased. The
nique difference in the adsorption of cationic compounds onto
BA-15 in comparison with that onto TMS-SBA-15 is without the
nrollment of TMS  groups.

Because neutral compounds are uncharged and unchanged as
he pH increases, the adsorption of these compounds onto SBA-

5 and TMS-SBA-15 is solely influenced by a higher ionization of
urface silanol groups. The ionization of surface silanols results
n a decrease in the hydrophobicity of sorbents. The constant
dsorption capacity of neutral compounds to TMS-SBA-15 as the
aterials 193 (2011) 156– 163

pH varies, therefore, can be attributed to a minimal reduction
in hydrophobicity of TMS-SBA-15, which, in turn, is possibly due
to its high hydrophobicity. In contrast, an increase in ioniza-
tion of silanol groups on the surface of SBA-15 may  reduce its
hydrophobicity a significant amount. As a result, the adsorption
of carbamazepine and estrone onto SBA-15 decreased significantly
as the pH increased.

4. Conclusions

In the study, the adsorption of a mixture of pharmaceuticals
to SBA-15 and three grafted SBA-15 was investigated and com-
pared with each other. SBA-15 had moderate adsorption affinity
with amino-containing (atenolol, trimethoprim) and hydrophobic
compounds, but for hydrophilic ones, no significant adsorption
was  observed. The adsorption of all pharmaceuticals onto HM-
SBA-15 was  comparable to that onto SBA-15. Similar results were
also observed for the adsorption of seven compounds onto AP-
SBA-15, except that an increase in the adsorption of two acidic
compounds (clofibric acid and diclofenac) and a decrease in the
adsorption of estrone and two cationic compounds onto AP-SBA-
15 were obtained in comparison with SBA-15. In comparison with
SBA-15 and the other grafted SBA-15 materials, TMS-SBA-15 had
the highest adsorption capacities toward most pharmaceuticals;
seven compounds showed the adsorption percentages > 70% onto
TMS-SBA-15 at pH 5.5. In addition, the change of the solution pH
in the range of 5.5–7.6 may  alter the adsorption efficiency of indi-
vidual pharmaceuticals onto TMS-SBA-15 but the whole efficiency
of all pharmaceuticals was not significantly varied. The results
in the study suggest that TMS-SBA-15 may  be applicable for the
removal of pharmaceuticals from aqueous phase, especially for the
treatment of wastewater from drug manufacturers. Further inves-
tigations are in progress to find out the effect of chemical factors to
the adsorption of pharmaceuticals onto TMS-SBA-15 as well as the
regeneration of the sorbent.
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