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ABSTRACT

The effect of surface functional groups 3-aminopropyltriethoxy- and 4-(triethoxysilyl)-butyro-
nitrile-, 3-mercaptopropyltriethoxy-, phenyltrimethoxy-, and n-octyl-dimethoxychloro- grafted
superparamagnetic particles coated with hexagonal mesoporous silicas (HMS-SPs) on the
adsorption of ciprofloxacin (CIP) was evaluated. CIP adsorption followed the pseudo-second-
order kinetic model, and intraparticle diffusion was suggested to be the rate-controlling step.
Higher CIP adsorption capacities revealed on the hydrophobicity of the adsorbents, however,
the phenyltrimethoxy group had the highest adsorption capacity due to the interaction of {–{
electron-donor acceptors. The adsorption capacities strongly depended on an electrostatic
interaction, with the exception of the phenytrimethoxy group. The presence of tannic acid
(TA) could increase the adsorption capacity of CIP on adsorbent surfaces by multilayer
adsorption between a positively charged amine group of CIP and negatively charged TA.

Keywords: Superparamagnetic hexagonal mesoporous silica; Adsorption; Ciprofloxacin;
Surface functional group; Tannic acid

1. Introduction

Emerging micropollutants, such as pharmaceutical
compounds, hormones, personal care products, and
antibiotic compounds, are a major concern in the

production of drinking water and the release of waste-
water into the environment [1]. Ciprofloxacin (CIP) is
a persistent synthetic antibiotic in the fluoroquinolone
group that is widely used in infectious symptom treat-
ment. As a consequence of its extensive use in human
and veterinary medicine and agriculture, it has been
detected in various places such as wastewater, surface*Corresponding author.
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water, production plants, and hospital waste, with a
wide range of concentrations (0.2 ppb–60ppm) [2–5].
Even at low concentrations, CIP could lead to the
development of antibiotic-resistant bacteria and has
been suggested as an environmental micropollutant
hazard. Therefore, the effective removal of CIP has
become an increasingly important issue [6].

Various adsorption mechanisms of CIP on carbo-
naceous adsorbents have been proposed in previous
research articles [7,8]. A dispersive interaction has
been reported between the free electron of CIP and
the delocalized electron in carbon basal planes [7].
Electrostatic attraction and hydrogen bonding via the
protonated amine and carboxylic groups of CIP,
respectively, seem to play important roles for
adsorption on the surface of carbonaceous adsor-
bents [8]. Similarly to the functionalized silicas, elec-
trostatic interactions and hydrogen bonding were
reported in the adsorption interaction at high-
concentration levels (ppm) [9]. Cation exchange in
soil or clay structures was also reported to be an
important interaction for CIP disposition [10,11].
Additionally, a strong interaction between alumi-
num/iron hydrous oxides and CIP molecules such
as the keto- and carboxylate groups was postulated
[12]. To the best of our knowledge, uniform organo-
functional groups’ competitive adsorption of CIP in
aqueous solutions at low concentrations (ppb level)
has not been studied yet. Moreover, active site com-
petition and/or multilayer adsorption between CIP
and coexisting polyphenolic natural organic matter
(NOM), such as tannic acid (TA), have been rarely
reported in the literature.

Hexagonal mesoporous silicas (HMS), a uniform
mesoscale pore and silanol as a surface functional
group has been studied extensively in the adsorption
and catalysis fields. The surface of HMS can be modi-
fied using various methods to enhance specific charac-
teristics (e.g., organic ligand modification) in order to
increase selective adsorption capacities. Moreover,
superparamagnetic nanoparticles (SP) have been
applied as the core of adsorbents to enhance separa-
tion efficiencies by adding a magnetic field. For exam-
ple, the application of superparamagnetic material in
classical cake filtration could reduce the overall filtra-
tion resistance [13].

The overall goal of this study was to systematically
examine and clarify the adsorption mechanisms that
controlled CIP adsorption on six types of uniformly
functionalized superparamagnetic hexagonal mesopor-
ous silica (HMS-SPs), particularly to understand the
roles and effects of hydrophobic interactions, hydro-
gen bonding, and electrostatic interactions of each
organic functional group on CIP adsorption. The

physico-chemical characteristics of synthesized HMS-
SPs were characterized using various methods. The
equilibrium data from the batch experiment were fit-
ted with adsorption isotherm models, and the kinetic
parameters were calculated to determine the likely
adsorption mechanism. In addition, the effect of the
solution pH was investigated. Finally, the effect of TA
on CIP adsorption was evaluated and quantitatively
analyzed.

2. Materials and methods

2.1. Adsorbent synthesis

2.1.1. Synthesis of superparamagnetic iron oxide
particles (SP)

Superparamagnetic iron oxide particles (SP) were
synthesized as the core-shell of the adsorbent via
coprecipitation from aqueous alkaline solutions
modified from the one earlier reported by Qu et al.
[14]. In a typical synthesis, FeCl3.6H2O (0.046mol)
and FeSO4.7H2O (0.023mol) were dissolved in
150mL de-ionized water for 3min. Then, 20mL
ammonium hydroxide (25%) was quickly added into
the mixture solution. After 30min, 3mL of oleic acid
was added into the previous iron solution. The mix-
ture was heated to 75oC and kept at this tempera-
ture for 1 h. The SP was collected through magnetic
separation and washed with de-ionized water and
ethanol three times, then subsequently dried in
vacuum conditions.

2.1.2. Synthesis of superparamagnetic hexagonal
mesoporous silicas (HMS-SP)

Pristine superparamagnetic hexagonal mesoporous
silicas (HMS-SP) was prepared following the proce-
dure described by Tian et al. [15]. A 0.50 g of SP was
dispersed in 250mL of 0.1M HCl aqueous solution by
ultrasonication for 10min, and this obtained material
was separated and washed with deionized water. The
as-treated SP was added into the mixture solution of a
dodecylaminde (0.35 g), ethanol (3.94 g) and water
(27.36 g). The resulting mixture was vigorously stirred
at room temperature for 0.5 h. Then, a 2.0 g of tetraeth-
oxysilane (TEOS) was added dropwise to the mixture
under vigorous stirring at room temperature for 24 h.
After that the material was collected with an external
magnetic and washed with deionized water and etha-
nol to remove nonmagnetic by-products. Subse-
quently, the obtained powders were extracted by
refluxing with ethonal (200mL) at 80oC for 12 h. This
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extraction was repeated for twice to remove the
surfactant templates.

2.1.3. Synthesis of organic functionalized HMS-SPs

The organic functionalized HMS-SPs were
prepared via postsynthesis using the following
procedure: 0.5 g of pristine HMS-SP was dehydrated
at 105oC in an oven for 24 h and then stirred in
30mL of toluene containing 0.5 g of each organosi-
lane: 3-aminopropyltriethoxy-siliane, 4-(triethoxysilyl)
butyronitrile, 3-mercaptopropyltriethoxysilane, phe-
nyltrimethoxy-silane, and n-octyldimetholchlorosili-
lane, under refluxing conditions for 24 h to yield
A-HMS-SP, N-HMS-SP, M-HMS-SP, P-HMS-SP, and
OD-HMS-SP, respectively. The product was filtrated
and then washed with 30mL of toluene. Then, the
obtained product was washed with 30mL of ethanol,
except for N-HMS-SP and OD-HMS-SP (OD-HMS-SP
and N-HMS-SP were washed with toluene and ace-
tone instead). Finally, the product was dried under a
vacuum at 85oC for 2 h.

2.2. Characterization of adsorbents

Surface area, pore volume, and pore size were cal-
culated from nitrogen adsorption isotherms measured
at 77K using an Autosorb-1 Quantachrome automatic
volumetric sorption analyzer. Then, the specific sur-
face area, the pore diameter, and the pore volume
were all calculated using the Brunauer–Emmett–Teller
(BET) theory. Pore size distribution was also
calculated using the Barrett–Joyner–Halenda (BJH)
equation. The particle diameter was measured by
Scanning electron microscopy (SEM JSM 5,800 LV)
from ten randomly obtained particles. The presence of
organo-functional groups on the synthesized adsor-
bents’ surface was confirmed by a Fourier transform
infrared spectrometer (FTIR) (Perkin Elmer Spectrum
One). The quantity of nitrogen content on the surface
of A-HMS-SP was determined following the proce-
dure described by Smart et al. [16]. A sulfur analyzer
(LECO SC132) was used to determine the sulfur con-
tent in M-HMS-SP. The hydrophobic/hydrophilic
characteristics of the adsorbent surface were evaluated
by measuring the water contact angle (h) using a
Dataphysics DCAT-11 tensiometer in a powder con-
tact angle mode. For surface charge determination,
5mg of adsorbent was suspended in 35mL phosphate
buffer solution with a fixed concentration of
10mmol L�1 and a pH range of 3.0–10.0 for 24 h
before the measurement. An electrophoresis apparatus

(Zeta-Meter System 3.0, Zeta Meter Inc.) was used to
measure the surface charge.

2.3. Adsorbate

CIP was chosen as the representative antibiotic in
this study. CIP with a purity of 97% was purchased
from Wako pure Co. Ltd. Generally, a CIP molecule
consists of a bi-cyclic aromatic ring skeleton with a
carboxylic acid group (pKa1� 5.7–6.1), a ketone group,
and a basic-N-moiety (pKa2 = 8.7). However, the exist-
ing CIP species, a cation (CIPH+), zwitterion (CIP±),
and anion (CIP–), depend on the pH of the solution;
therefore, each CIP speciation’s persistence was
considered and shown in Fig. 1 [17,18].

2.4. Adsorption study

Adsorption isotherm was conducted with an
initial CIP and TA concentration range between
10–300lgL�1 and 1–200mgL�1, respectively. Concen-
tration of adsorbents was kept at 1 gL�1. The ionic
strength of the solution was fixed at 0.01M using
phosphate buffer at either pH 5, 7 or 9. The sample
was shaken at 220 rpm at 25oC, and then, the
supernatant solution was filtrated through a glass fil-
ter (GF/C, pore size 0.45mm). The adsorption kinet-
ics was studied by varying the equilibrium contact
time from 0 to 180min. The initial concentration of
CIP was 250 lgL�1. The pH and ionic strength of the
solution were fixed at pH 7 and 0.01M, respectively.
The filtrated solute underwent a solid-phase extrac-
tion (SPE) with PEP cartridges (200mg/6mL, Clean-
ert PEP-H). The cartridges were equilibrated with
methanol (5mL) and water (10mL), and then, the fil-
trate sample was taken, eluted with methanol
(10mL), evaporated and then resuspended with
0.5mL of methanol. The quantities of CIP concentra-
tion in equilibrium solutions were analyzed by a
reverse phase high-performance liquid chromatogra-
phy (HPLC) equipped with a photodiode array detec-
tor (280 nm). The determination of CIP in the solution
was performed at 50oC on a HPLC column (5mm,
250mm� 4.6mm; LiChrosorb NH2, GLS Sciences,
USA). The elution gradient was conducted using ace-
tonitrile (A) and water (B). The initial elution
condition was a mobile phase A 100% v/v reach to
0% v/v within 15min. The flow rate was 1mLmin�1.
Sulfamethoxazole was spiked in the obtained sample
solution as the surrogate standard. Then, the
adsorption capacity was calculated from the
difference between initial and equilibrium concentra-
tion divided by the amount of adsorbent.
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2.5. Effect of tannic acid on CIP adsorption

TA was selected as a representative of NOM with
a molecular weight of approximately 1,700Da. The
effect of TA on CIP adsorption was investigated by
adjusting the TA solution (40mg/L) to different CIP
concentration at pH 7.0 and 0.01M of phosphate buf-
fer. The residual concentration of TA in the solution
was analyzed by the HPLC equipped with a photodi-
ode array detector (280 nm). The separation was per-
formed at 50oC on a C18 HPLC column (5mm,
250� 4.6mm; Intersil, GLS Sciences, USA) using an
acetronitrile-water mixture (85:15%, v/v) as the
mobile phase at a flow rate of 1mLmin�1. The quanti-
ties of CIP in the presence of TA were analyzed via
the same adsorption procedure. The presence of TA
interfered with the recovery of CIP; therefore, double
PEP cartridges (200mg/6mL, Cleanert PEP-H) were
used in the same SPE procedure to increase the recov-
ery efficiencies.

3. Results and discussion

3.1. Physical characteristics of adsorbents

Surface area, pore size, and pore volume of
HMS-SP and functionalized HMS-SPs were calculated
from nitrogen adsorption isotherm data and are sum-
marized in Table 1 (the nitrogen adsorption–desorp-
tion isotherm data were shown in Fig. S1 in the
Supplementary data). According to the obtained
results, since the size of CIP molecular dimension was
smaller than the pore size of all the adsorbents [10],
the CIP molecules could be available for adsorption

both on the external and internal surface areas of the
synthesized adsorbents. Moreover, due to the higher
molecular size of TA (2.7 and 2.8 nm in width and
length, respectively) than CIP molecule, it can be
deduced that CIP should be more accessible to the
inner pores than TA.

The contact angle of each adsorbent was obtained
in the following order: OD-HMS-SP>P-HMS-SP>
M-HMS-SP >> N-HMS-SP �A-HMS-SP > HMS-SP
(Table 1). Based on the contact angle value, the
synthesized adsorbents can be classified into two cate-
gories: hydrophobic adsorbent surfaces (OD-HMS-SP,
P-HMS-SP, and M-HMS-SP) and hydrophilic adsor-
bent surface (N-HMS-SP, A-HMS-SP, and HMS-SP).

Fig. 2 shows the surface charge density of pristine
HMS-SP and functionalized HMS-SPs as the function
of pH. The pH at a zero point charge (pHzpc) of pris-
tine HMS-SP was 4.5. Most of the functionalized
HMS-SPs exhibited a shift up from HMS-SP except
OD-HMS-SP (Table 1). Thus, most of the organo-func-
tional groups on adsorbent surface undergo proton-
ation at moderate or low-pH values. To the contrary,
the amine functional group of A-HMS-SP was proton-
ated until the pH 9.0.

The presence of 3-aminopropyltriethoxy and
3-mercaptopropyltriethoxy functional groups can be
investigated by determining the nitrogen and sulfur
content on their surfaces. The amine group content of
A-HMS-SP was 39.28 lmolNm�2 and the sulfur con-
tent of M-HMS-SP was 1.94lmolsm

�2, confirming the
presence of 3-aminopropyltriethoxy and 3-mercapto-
propyltriethoxy functional groups on the surfaces of
A-HMS-SP and M-HMS-SP, respectively (Table 1).

Fig. 1. Molecular structure of CIP speciation at different pH.
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3.2. Adsorption kinetics

The CIP adsorption kinetics were evaluated and
expressed in Fig. 3. The CIP uptake by all synthesized
adsorbents increased gradually in the first 15min, and
then, the equilibrium stage was reached after
approximately 30min. Both pseudo-first-order and
pseudo-second-order adsorption kinetics models were
determined; however, the experimental data were
well-fitted with the pseudo-second-order kinetic
model (Table 2). The pseudo-second-order can be
expressed as follows:

t

qt
¼ 1

k2qe2
þ t

qe
ð1Þ

where k2 is the rate constant for pseudo-second-order,
and qt and qe are the amount of CIP adsorbed at any

given time t (min) and at equilibrium (lg g�1), respec-
tively. For the same initial concentration of kinetic
studies, the adsorption capacities of the hydrophobic
adsorbents (M-HMS-SP, P-HMS-SP, and OD-HMS-SP)
were higher than the hydrophilic adsorbents (HMS-
SP, A-HMS-SP, and N-HMS-SP). On the other hand,
the initial adsorption rate (h) increases in the order of
N-HMS-SP<HMS-SP<P-HMS-SP�OD-HMS-SP<A-
HMS-SP�M-HMS-SP as shown in Table 2. A higher
initial adsorption rate of A-HMS-SP and M-HMS-SP
was observed than the other synthesized adsorbents.
These results suggest that not only is the hydrophobic
interaction involved in CIP adsorption, but other
interactions may also be involved, such as hydrogen
bonding and electrostatic attractive forces. However,
the initial adsorption rate and the adsorption capacity
of all synthesized HMS-SPs were both still lower than
conventional powdered activated carbon (PAC) due to

Table 1
Physical and chemical characteristics of adsorbents

Adsorbents Surface functional
groups

Surface characteristicsa Contact
angle
(h)

Pore
diameter
(nm)

BET
surface
area
(m2/g)

Pore
volume
(mm3/
g)

Particle
diameter
(lm)

pHzpc

SP – – – – 95 – 0.14 –

HMS-SP Silanol Hydrophilic 45 3.28 380 344 0.33 4.5

A-HMS-SP Amino Hydrophilic 50 3.70 141 265 0.15 9.0

N-HMS-SP Nitrile Hydrophilic 53 3.32 362 589 0.21 4.5

M-HMS-SP Mercapto Hydrophobic 60 2.51 492 609 0.39 6.4

P-HMS-SP Phenyl Hydrophobic 77 2.52 345 471 0.21 5.5

OD-HMS-SP Octyl Hydrophobic 90 3.21 403 237 0.18 3.5

PACb Carboxyl, phenyl
and oxygen-
containing group

Hydrophobic 58 1.90 980 – – 9.5

aContact angle was used to identify the hydrophilic/hydrophobic surface characteristics of adsorbent.
bRefs. [20,32].

Fig. 2. Surface charge density of synthesized HMS-SP and
functionalized HMS-SPs as a function of the solution pH
at ionic strength (IS) 0.01M.

Fig. 3. Adsorption kinetics of CIP by HMS-SP and
functionalized HMS-SPs.
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complexation of organo-functional group on its sur-
face (the kinetic results of PAC are shown in Table S2
in the supplementary data).

As the pseudo-second-order kinetics model was
not able to identify the deep diffusion mechanism of
the porous material, an intraparticle diffusion model
based on the theory proposed by Weber and Morris
was applied [19–21]. The governing equation can be
written as:

qt ¼ k1Pi
� t0:5 þ Ci ð2Þ

where qt, k1Pi , and Ci are the amount adsorbed at time
t (lg g�1), the intraparticle rate constant of stage i
(lg g�1 h�0.5), and the intercept of stage i, respectively.

The multilinearized plot of qt vs. t
0.5 based on the

intraparticle diffusion model of CIP was observed on
all synthesized adsorbents as shown in Fig. 4. The
slope-fitting plots did not pass through the origin for
all adsorbents. It implies that not only the intraparticle
diffusion in the adsorption mechanism, but also the
film diffusion affects CIP adsorption [21]. The rate
parameters of CIP with each of the synthesized adsor-
bent are listed in Table 3. In the adsorption process,
the rate is controlled by the slowest stage. The synthe-
sized adsorbents (except P-HMS-SP) exhibited two dif-
ferent diffusion stages, indicating that the rate was
governed by intraparticle diffusion ðk1P1Þ and film dif-
fusion might be quite rapid, hence it could not be
observed. On the other hand, the plot of P-HMS-SP
consists of three linear portions; therefore, CIP adsorp-
tion was controlled more by the lower rate intraparti-
cle diffusion ðk1P2

Þ than film diffusion ðk1P1
Þ.

For film diffusion, the intercept C of intraparticle
diffusion can indicate a film layer effect. A larger film
layer thickness was achieved using the greater

intercept C. As shown in Table 3, OD-HMS-SP has the
lowest C value, indicating that it has the lowest film
diffusion effect consistent with the hydrophobic sur-
face level where the water film resistance surrounding
the adsorbent particle might be reduced. Hence, CIP
can be transported more easily from the liquid film
layer to the external surface of hydrophobic OD-HMS-
SP than the other lower hydrophobic adsorbents.

In order to determine the actual rate-controlling
step in the CIP adsorption; the kinetic data were ana-
lyzed using the procedure of Malash et al. [22]
expressed as:

FðtÞ ¼ q

qe
ð3Þ

for F(t) values > 0.85

Bt ¼ 0:4977� lnð1� FðtÞÞ ð4Þ

for F(t) values < 0.85

Bt ¼
ffiffiffi
{

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
{ � ð{2FðtÞ=3Þ

q� �2

ð5Þ

where F(t) is the fractional attainment of equilibrium
at different times t, { is the constant (approximately
3.1416) and Bt is a function of F(t). By plotting Bt

against time, the rate-controlling step can be distin-
guished (data were shown in Fig. S2 in the supple-
mentary data). The CIP adsorption data were more
scattered and did not pass through the origin, which
might indicate film diffusion [23,24]. However, these
results are still not sufficient to clarify the rate-
controlling step. Thus, the film diffusion coefficient

Table 2
Kinetic parameters of CIP adsorption on HMS-SP and functionalized HMS-SPs (at pH 7 and IS of 0.01M)

Adsorbents qe.exp (lg g�1) Pseudo-second-order

qe,cal (lg g�1) k2 (g lg�1 min�1) R2 h a (lg g�1 min�1) t0.5
b (min)

Hydrophilicity

HMS-SP 1,367 1,429 0.001 0.9997 2,042 0.70

A-HMS-SP 1,318 1,250 0.013 0.9998 20,313 0.06

N-HMS-SP 1,442 1,423 0.001 0.9997 2,025 0.70

Hydrophobicity

M-HMS-SP 1,547 1,429 0.010 0.9999 20,420 0.07

P-HMS-SP 1,802 1,667 0.002 0.9998 5,558 0.30

OD-HMS-SP 1,533 1,667 0.002 0.9999 5,558 0.30

PAC 2,213 5,000 0.0002 0.9999 33,333 1.00

ah= initial adsorption rate (lg g�1 min�1) calculated from h ¼ k2q2e .
bt0.5 = half life of CIP adsorption calculated from t0.5 = 1/k2qe.
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(D1) and the pore diffusion coefficient (D2) are deter-
mined using the following equation [19]:

q1
qe

¼ 6
D1

{r2
� �0:5

t0:5 ð6Þ

B ¼ {2 D
2

r2
ð7Þ

In this equation, r represents the radius of the par-
ticle, assuming spherical particles. The film diffusion
coefficient (D1) value is calculated from the slope of
the plots of qt/qe vs. t. The pore diffusion coefficient
(D2) value is calculated from the slope (B) of the plot
of Bt vs. t.

The film diffusion coefficient (D1) and the pore
diffusion coefficient (D2) are shown in Table 3. The
pore diffusion coefficient (D2) is lower than the film

diffusion coefficient (D1) with all synthesized adsor-
bents. These indicate that the rate-controlling step for
CIP adsorption is governed by intraparticle diffusion.
According to the D2 values of hydrophilic adsorbents
(HMS-SP, A-HMS-SP, and N-HMS-SP), the N-HMS-
SP had a �2.25-fold lower pore diffusion rate (D2)
than HMS-SP and �1.88-fold lower than A-HMS-SP
even though the mean pore size of N-HMS-SP was
not significantly different. The wider pore size distri-
bution of N-HMS-SP (data were shown in Fig. S1 in
the supplementary data) was likely to affect the CIP
diffusion process into the mesopores, which resulted
in a lower pore diffusion rate. In addition, the D2 val-
ues of the hydrophobic adsorbents (M-HMS-SP and
P-HMS-SP), with the exception of OD-HMS-SP, were
lower than the hydrophilic adsorbents, in accordance
with their significantly smaller mean pore sizes
(Table 1).

3.3. Adsorption isotherms

3.3.1. Adsorption mechanism

The adsorption isotherm of CIP on each adsorbent
at pH 7.0 is shown in Fig. 5(a). The results revealed
that the hydrophobic adsorbents (P-HMS-SP>OD-
HMS-SP�M-HMS-SP) have higher CIP adsorption
capacities than hydrophilic adsorbents (N-HMS-
SP>HMS-SP>A-HMS-SP). Among hydrophobic
adsorbents, P-HMS-SP has the highest adsorption
capacity without relying on the order of the contact
angle value (OD-HMS-SP>P-HMS-SP>M-HMS-SP)
(Table 1). This might be a result of the dispersive
interaction between the { electrons in the aromatic
ring of CIP and the phenyl group on its surface or the
interaction between the { electrons in the phenyl
group and the free electrons in CIP molecules (7). The
adsorption of CIP on OD-HMS-SP displayed a compa-
rable adsorption capacity to M-HMS-SP, although OD-
HMS-SP has a higher hydrophobic surface as reflected
by the contact angle value (Table 1), which suggests a
combination between the hydrophobic force and
hydrogen bonding via mercapto functional groups of
M-HMS-SP. For hydrophilic adsorbents, hydrogen
bonding between active functional groups of CIP mol-
ecules (such as carboxylic-, ketone-, fluoride-, and
basic N-group) and surface functional groups with –
OH, –NH2, or –CN moieties of HMS-SP, A-HMS-SP,
and N-HMS-SP, respectively, was assumed to involve
in the adsorption mechanism.

In order to neglect the effect of the adsorbents’
surface areas, the adsorption capacities were standard-
ized for surface area differences in terms of surface
density as lg m�2 as shown in Fig. 5(b). The CIP

Fig. 4. Intraparticle diffusion model fitting of the CIP
adsorption kinetics on synthesized adsorbents.
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adsorption density of the hydrophobic adsorbents was
in the order of P-HMS-SP�OD-HMS-SP>M-HMS-SP
and was higher than those of the hydrophilic adsor-
bents. This indicated that the hydrophobic interaction
(i.e., van der Waals force) was likely to be the major
CIP adsorption mechanism. Nevertheless, it can be
seen that A-HMS-SP provided a comparable adsorp-
tion capacity per square meter to the hydrophobic
adsorbents. This might be caused by a combination of
an attractive electrostatic interaction and hydrogen
bonding. At pH 7, the A-HMS-SP had a more posi-
tively charged surface compared with other synthe-
sized adsorbents; thus a negative part of CIP
zwitterionic molecules might be electrostatically
attracted to the positive charged surface via electro-
static interaction.

In order to investigate the electrostatic interaction’s
effect on the adsorption mechanism, CIP on pristine
HMS-SP and functionalized HMS-SPs was investi-
gated by varying the pH at pH 5, pH 7, and pH 9. In
Fig. 6, the CIP adsorption capacities on HMS-SP, N-
HMS-SP, M-HMS-SP, and OD-HMS-SP were signifi-
cantly affected by the pH, which strongly confirmed
the supposed mechanism of the electrostatic interac-
tion as discussed above. In contrast, it is possible that
the electrostatic interaction might not be involved in
CIP adsorption for P-HMS-SP, which had the highest
adsorption capacities. The interaction of {–{ electron-
donor acceptors of the phenyl-functional group on the
P-HMS-SP surface might be the key role in the
adsorption mechanism. Moreover, the electrostatic
interaction did not seem to be the dominant adsorp-
tion mechanism on A-HMS. As seen in Fig. 6, the

adsorption capacity of CIP onto A-HMS-SP at pH 7
was higher than at pH 5 and 9. One possible explana-
tion is that CIP adsorption might be enhanced due to
the combination of the electrostatic interaction
between the positively charged amine group and the
negative part of the CIP zwitterionic molecule, and
the hydrogen bonding between the amine group and/
or residual silanol group (nongrafted silanol) and the
active carboxylic-, ketone-, fluoride-, and basic nitro-
gen-groups of CIP molecules, leading to a higher
adsorption capacity.

According to the low equilibrium concentration
range (0–20 lgL�1), the CIP adsorption capacities
were investigated by varying the pH at 5, 7, and 9,
and the results were illustrated in the inset of
Fig. 6. It was observed that the adsorption trends on
HMS-SP, M-HMS-SP, and OD-HMS-SP were as the
same as those at high concentrations, suggesting that
the presence of water molecules did not significantly
affect the CIP adsorption mechanism of those three
adsorbents. In addition, A-HMS-SP, N-HMS-SP, and
P-HMS-SP displayed higher CIP adsorption capaci-
ties at pH 5 and 9 than at pH 7. This implies that
it might be caused by the effect of hydronium and/
or hydroxide ions in aqueous phase competed and/
or balanced the active sites of adsorbent surface or
adsorbate.

For the CIP adsorption on PAC, it showed quite
higher adsorption capacity than the synthesized
adsorbent that might be caused by its complexity of
surface functional groups and higher surface area
(Fig. 5(a) and Fig. 6). However, the CIP adsorption
capacities per surface area of the entire synthesized

Table 3
Intraparticle diffusion parameters (Weber and Morris model) and diffusion coefficients (Boyd model) for the adsorption
of CIP on adsorbents (at pH 7 and IS of 0.01M)

Adsorbents Intraparticle diffusion Film diffusionc Pore diffusiond

k1P1

a

(lg g�1min�1/2)
C1 R2 k1P2

b

(lg g�1min�1/2)
C2 R2 D1� 10�4

(lm2min�1)
D2� 10�4

(lm2min�1)

Hydrophilicity

HMS-SP 99 1,118 0.99 – – – 19.5 1.8

A-HMS-SP 8 1,290 0.94 – – – 5.6 1.5

N-HMS-SP 78 1,177 0.90 – – – 7.0 0.8

Hydrophobicity

M-HMS-SP 70 1,266 0.95 – – – 30.2 0.3

P-HMS-SP 163 1,181 0.99 57 1,522 0.99 7.3 1.1

OD-HMS-SP 62 848 0.96 – – – 3.7 1.8

aCalculated at the first stage of the diffusion. bCalculated at the second stage of the diffusion. cCalculated from Eq. (6). dCalculated from

Eq. (7).
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adsorbents were slightly lower than PAC which indi-
cated that the high affinity of organo functional
groups could enhance the CIP adsorption capacities
(Fig. 5(b)). Thus, these results are the useful informa-
tion leading to the development of synthesized adsor-
bent with high-adsorption affinity, high selectivity,
and high surface area that can enhance the CIP
adsorption efficiency.

3.3.2. Isotherm models

According to the adsorption isotherm at concentra-
tion ranges (100–10,000lg L�1), the traditional
approaches of determining the isotherm parameters,
Langmuir and Freundlich isotherm models, were used
to test the experimentally derived adsorption process
data for correlation. However, the adsorption iso-
therms at a low equilibrium concentration range (up
to 20 lg L�1) were investigated via the linear adsorp-
tion isotherm model. The Langmuir (8), Freundlich
(9), and linear (10) adsorption isotherm models can be
expressed as:

qe ¼ qmKLCe=ð1þ KLCeÞ ð8Þ

qe ¼ KFCe
1
n ð9Þ

qe ¼ KpCe þ C ð10Þ

where KL is the adsorption equilibrium constant, qm is
the maximum adsorption capacity (lg g�1), and Ce is
the equilibrium concentration (lgL�1). KF and n are
Freundlich constants, Kp, and C indicate the linear
partition coefficient and the interception obtained
from the slope of plotted qe vs. Ce, respectively. A
higher KF or Kp value indicates a higher affinity
between CIP and the adsorbent.

The obtained isotherm parameters with a high
range of CIP concentrations were estimated by Origin
Pro version 8.5, which revealed no relationship with
the Langmuir isotherm, but the data were well-fitted
with the Freundlich isotherm, as shown in Table 4.
Hydrophobic adsorbents have higher KF values than
hydrophilic adsorbents in every pH (pH 5–9). How-
ever, pristine HMS-SP shows a higher affinity with
CIP at pH 5 and pH 7 compared with hydrophobic
ones. These results suggested that CIP adsorption
might have a high affinity with attractive electrostatic
interactions, which might be supported by hydrogen
bonding with a silanol group. However, this adsorp-
tion behavior is further discussed as it relates to the
adsorption mechanism.

As shown in the insert of Fig. 6, the adsorption of
CIP at low equilibrium concentrations was best fitted
to the linear-shaped adsorption isotherm to all adsor-
bents with a high correlation coefficient (R2 > 0.93).
While the linear-adsorption isotherm parameter was
shown in Table 4, two adsorption behaviors were
obtained for CIP adsorption on the synthesized adsor-
bents. The first is the immediate adsorption at very
low initial concentrations which was implied from the
positive intercept C (hydrophobic adsorbents). The
second behavior was the negative intercept C that can
be used to assume that CIP is not adsorbed on the
adsorbent at very low concentrations (hydrophilic
adsorbents).

3.4. Adsorption of tannic acid

Concerning the fate and transport of antibiotics in
the environment, the effect of NOM on the adsorption
of antibiotics has been investigated in several reports
[25,26]. TA, consisting of hydrophilic phenolic groups
and hydrophobic aromatic rings, was selected to be
the model of NOM in this study. The adsorption iso-
therms of TA at pH 7.0 onto the six synthesized

Fig. 5. Effect of organo-functional groups on the adsorbent
surface onto (a) adsorption capacities of CIP (b) adsorption
capacities of CIP per specific surface area in 0.01M
phosphate buffer pH 7.
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adsorbents were shown in Fig. 7. A-HMS-SP had the
highest adsorption capacity of TA comparing with all
the synthesized adsorbents. This is in consistence with
the notion of previous reports that the positively
charged surface of amine groups could enhance the
adsorption capacity of TA and the electrostatic inter-
action was suggested to be the main adsorption mech-
anism [13,27,28].

3.5. Effect of tannic acid on CIP adsorption

As revealed in Fig. 7, A-HMS-SP and OD-HMS-SP
had the highest and lowest TA adsorption capacities,
respectively. Therefore, hydrophilic A-HMS-SP and
hydrophobic OD-HMS-SP were chosen to study the
effect of TA on CIP adsorption.

Fig. 8 shows the adsorption of CIP by A-HMS-SP
and OD-HMS-SP at pH 7.0 and IS 0.01M in coexisting
solution with and without TA. The findings were con-
sistent with previous results that A-HMS-SP and OD-
HMS-SP were preferable for TA and CIP adsorption,
respectively. However, the adsorption capacity of CIP
on A-HMS-SP in mixed solute was extremely
increased in the presence of TA, while the adsorption
capacity of TA on A-HMS-SP was not significantly

affected. TA might form a layer on the surface via the
interaction between the TA molecules and the amine
groups on its surface due to the electrostatic interac-
tion between the negatively charged TA molecules
and the positively charged amine functional groups
on the surface of A-HMS-SP [13,27,28]. Then, CIP
(CIP±) molecules can create a new layer on the former
layer of TA via the formation between protonated
amine groups of CIP molecules and deprotonate car-
boxylic groups of TA molecules (pKa� 5.7), which
might increase the CIP adsorption capacity on A-
HMS-SP via an electrostatic interaction. In common
with recent reports, the electrostatic interaction
between the specific ligand of folic acid and the
amino-propyl functionalized mesoporous silica surface
or the amine groups on the surface of the silica played
a key role in adsorption mechanism [29]. Additionally,
the negative surface charge of the condensed cationic
Na+ interacted with a polyamidoamine (amine func-
tional group) dendrimer during the zeolite formation
process via an electrostatic interaction [30].

In the case of OD-HMS-SP, there was a slightly
increased CIP adsorption capacity in the presence of
TA. This might be due to the formation of TA and
CIP (CIP±) molecules via an electrostatic attraction

Table 4
Isotherm parameter of the Freundlich and Linear model for the CIP adsorption onto adsorbents (at pH 7 and IS of
0.01M)

Adsorbents pH Freundlich isotherm⁄ Linear adsorption isotherm⁄⁄

KF (lg/g) 1/n R2 Kp (lg/g) C R2

HMS-SP 5 76 0.69 0.98 23 18 0.96

7 46 0.56 0.90 6 �56 0.98

9 1 0.88 0.97 9 �84 0.97

A-HMS-SP 5 4 0.86 0.98 45 �139 0.99

7 8 0.86 0.96 5 �97 0.98

9 27 0.45 0.98 41 �21 0.93

N-HMS-SP 5 22 0.91 0.99 62 �21 0.98

7 6 0.18 0.93 8 �63 0.99

9 86 0.39 0.98 91 �8 0.93

M-HMS-SP 5 17 1.06 0.99 53 3 0.98

7 30 0.79 0.97 9 75 0.99

9 9 0.86 0.99 11 18 0.91

P-HMS-SP 5 114 0.58 0.99 37 32 0.90

7 41 0.82 0.99 17 �2 0.99

9 24 0.87 0.99 108 �193 0.98

OD-HMS-SP 5 36 0.83 0.98 18 56 0.90

7 182 0.42 0.99 9 113 0.98

9 58 0.47 0.95 56 �127 0.99

⁄Obtained result within the high concentration range (0–600 lg/L).
⁄⁄Obtained result within the low concentration range (0–20 lg/L).
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Fig. 6. Adsorption isotherm of CIP onto HMS-SP, functionalized HMS-SPs and PAC in 0.01M phosphate buffer pH 5, pH
7, and pH 9.
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similar to that of A-HMS-SP in the second layer. Fur-
thermore, the adsorption capacity of TA increased
slightly compared with a single solute. This phenome-
non can be explained by the multilayer adsorption
between TA and CIP associated with an interaction
between TA and CIP via amine function groups of
CIP without the specific selectivity of n-octyldimeth-
oxy surface. Further studies could utilize these
obtained adsorption mechanism for predicting the fate
and transportation of antibiotic compounds.

Moreover, according to a previous report, the org-
ano-functional groups on the surface of mesoporous
silica can interact among them as an organic network
based on hydrogen bond interaction. As a result, the
pore system is not completely accessible to small com-
pounds. Acid washing can labilize hydrogen bonds
and open the network to increase the internal surface
accessibility of target compounds [31]. Further studies
could use acid washing to elucidate the antibiotic
adsorption interaction in greater detail.

3.6. Comparative assessment of various adsorbents and
environmental implication

Adsorption capacities per surface area of CIP onto
the various adsorbents by different investigators from
aqueous solution at the same equilibrium concentra-
tion of 250lgL�1 are compared and shown in Table 5.
Notably, the Freundlich-based adsorption capacity (qe)
was applied due to the best fit in this study, whereas
the qe of other adsorbents reported in the literature
derived from the Langmuir-based. The CIP adsorption
capacities of all synthesized adsorbents seem to be
lower than the other adsorbents. However, the equi-
librium adsorption time for all synthesized adsorbents
found in our studies is quite fast (0.5 h), whereas most

of the other adsorbents exhibited the very slow
adsorption kinetics (such as activated carbon�3 d, car-
bon xerogel�3 d, carbon nanotubes�3 d, aluminum
and iron hydrous oxide�1 d, goethite�6 h, kaolin-
ite�8 h, modified coal fly ash�2 h, montmorillon-
ite�7–24 h for CIP adsorption).

Even the PAC seems to have great potential as
adsorbent for CIP removal due to high adsorption
capacities and fast equilibrium time, the high selectivity
caused by grafted surface functional groups is found in
our study. Moreover, the synthesized adsorbents can
be easily separated from aqueous solution due to the
superparamagnetic property by installing a magnetic
field in the adsorption process. With this respect, the
combination between filtration and magnetic separa-
tion is applied into the industrial scale such as the high
gradient magnetic separation. Furthermore, the cake fil-
tration could reduce the overall filtration resistance in
the superparamagnetic system [13,36].

OD-HMS-SP

A-HMS-SP(a)

(b)

Fig. 8. Effect of tannic acid on the adsorption of CIP onto
(a) A-HMS-SP, and (b) OD-HMS-SP in 0.01M phosphate
buffer pH 7.

Fig. 7. Adsorption isotherm of Tannic acid onto HMS-SP
and functionalized HMS-SPs in 0.01M phosphate buffer
pH 7.
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4. Conclusion

The CIP adsorption mechanism on HMS-SP and
functionalized HMS-SPs was well fitted to the
pseudo-second-order kinetics model. The rate-control-
ling step in the adsorption interaction appeared to be
intraparticle diffusion. Hydrophobic adsorbents had
higher adsorption capacities than hydrophilic adsor-
bents. The phenyltrimethoxy group had the highest
adsorption capacity due to the interaction of {–{ elec-
tron-donor acceptors. The adsorption capacities
strongly depended on electrostatic interactions (with
the exception of the phenyltrimethoxy-group). How-
ever, when CIP has a low equilibrium concentration
(0–20 ppb), the hydronium and/or hydroxide ions of
water might affect the CIP adsorption capacities of
some surface functional groups. Furthermore, the
presence of TA, representing NOM, could increase the
adsorption capacities of CIP on adsorbent surfaces by
multilayer adsorption via an electrostatic interaction
between the protonated amine group of CIP and nega-
tively charged TA.
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Table 5
Comparative assessment of CIP adsorption on different adsorbents

Adsorbents Ci (mgL�1) Temp (oC) pH qe
a (lgm�2) tequi

b (h) Reference

HMS-SP 0.1–10 25 7.0 3 0.5 Present study

A-HMS-SP 0.1–10 25 7.0 7 0.5 Present study

N-HMS-SP 0.1–10 25 7.0 0.04 0.5 Present study

M-HMS-SP 0.1–10 25 7.0 5 0.5 Present study

P-HMS-SP 0.1–10 25 7.0 11 0.5 Present study

OD-HMS-SP 0.1–10 25 7.0 5 0.5 Present study

PAC 0.1–10 25 7.0 22 0.5 Present study

Activated carbon (AC) 3–30 25 5.0 72 Three day [7]

Carbon xerogel (CX) 3–30 25 5.0 32 Three day [7]

Carbon nanotubes (CNT) 3–30 25 5.0 82 Three day [7]

Aluminum hydrous oxide (HAO) 0.2–165 25 7.1 35 24 [12]

Iron hydrous oxide (HFO) 0.2–165 25 7.1 68 24 [12]

Geothite 0.33–331 22 5.0 18 6 [33]

Kaolinite 33–663 RTc 3.0–4.5 196 8 [10]

Modified coal fly ash (MCFA) 40–140 25 Not adjusted 58 2 [34]

Montmorillonite (MMT) 500–4,000 RTc 5.0 231 24 [11]

500–2,500 37 3.0 386 7 [17]

37 11.0 7 7 [17]

Montmorillonite (SAz-1) 500–4,000 RTc 4.0–5.5 524 0.25 [35]

Rectorite 150–2,000 RTc 4.0–5.5 358 0.25 [35]

aqe= adsorption capacity at equilibrium concentration of 250 lgL�1 (mgg�1) (calculated by the best suitable isotherm).
btequi = time at equilibrium (h).
cRT= room temperature or ambient condition.
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