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a b s t r a c t

The adsorption of the herbicide paraquat (PQ2+) on the binary system titania–silica has been studied in
batch experiments by performing adsorption isotherms under different conditions of pH, supporting elec-
trolyte concentration, and temperature. Adsorption kinetic on the studied material has also been carried
out and discussed. PQ2+ adsorption is very low on the bare silica surface but important on the composed
TiO2–SiO2 adsorbent. In this last case, the adsorption increases by increasing pH and decreasing electro-
lyte concentration. There are no significant effects of temperature on the adsorption. The increase of the
adsorption in TiO2–SiO2 seems to be related to an increase in acid sites of the supported titania and to the
homogenously dispersion of the TiO2 nanoparticles over the silica support. The adsorption takes place by
direct binding of PQ2+ to TiO2 leading to the formation of surface species of the type SiO2–TiO2–PQ2+. Elec-
trostatic interactions and charge-transfer and outer-sphere complexes formations seem to play a key role
in the adsorption mechanism. The analysis of thermodynamic parameters suggests that the adsorption on
TiO2–SiO2 is endothermic and spontaneous in nature.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

A major environmental concern at present is the contamination
of aquatic systems due to pesticide discharges from manufacturing
plants, surface runoff, leaching accidental spills and other sources
[1]. Among the numerous agrochemicals in use today, the herbi-
cide paraquat (1,10-dimethyl-4,40-dipyridinium chloride) is widely
used in a variety of applications owing to its physical and chemical
properties, such as high solubility in water, low vapor pressure and
high binding potential, which makes it suitable for many agricul-
ture uses [2]. However, it is known that this herbicide is one of
the most toxic poisons if deliberately or accidentally ingested [3].
In recent years, investigations on paraquat toxicity have suggested
that this herbicide might be an environmental factor contributing
to a neurodegenerative disorder, such as Parkinson’s disease [4].
Paraquat (PQ2+), also known under the name of methyl viologen,
is frequently used as an efficient electron transfer-reagent in elec-
trochemistry and bioelectrochemistry [5]. It is easily reduced to
stable, highly colored PQþ� radical. The herbicidal activity is, in
effect, also a consequence of the formation of PQþ� radicals.

Adsorption from aqueous solutions to solid surfaces is one of
the key processes determining the concentration and rate of trans-
port of herbicides in the environment and it is important from the
point of view of inhibiting herbicides toxic properties into water
systems [6–8]. However, it is known that the adsorption of PQ2+

vary largely with the nature of the adsorbent. PQ2+ adsorbs
strongly on clay minerals, somewhat less on activated carbon
and humic substances, and negligible on iron oxides [9–12]. For
this reason, researchers have focused their attention on the synthe-
sis of new materials for pollutant remotion, mainly on solids with
high surface area, pore size and catalytic activity.

Since 1990, mesoporous silica and silica-based materials have
attracted considerable attention because of their high surface area
(>200 m2 g�1), ordered frameworks, narrow pore size distribution
(2 > 10 nm, higher than zeolites) and high thermal stability
[13–15]. Due to these properties, they are ideal base materials
for catalyst, catalyst support and adsorbent as well as template
for other materials. However, pure silica shows limited applica-
tions because the neutral frame-structure of this material leads
to a lack of acid sites and acidity [16], that significantly lowers
the cation-exchange capacities and reactivity [17]. A solution to
this problem is the incorporation of active metals and/or metal oxi-
des into the mesopore structure [18]. One of the widely used oxi-
des in this sense is titanium dioxide or titania due to its high
photocatalytic activity, low cost, non-toxicity and high stability
in aqueous solution [19–21].

The aim of this article is to present a study of PQ2+ adsorption
on titania-modified silica (TiO2–SiO2). The data obtained at a vari-
ety of pH, ionic strength and temperature are used to gain insights
into the mechanisms that govern the adsorption process and into
the factors that promote or prevent adsorption. The obtained
results will also serve as a basis for further synthesis of new
materials for pollution control.
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2. Materials and methods

2.1. Chemicals

Paraquat dichloride (MW = 257.16 g mol�1), sodium dioctyl sul-
fosuccinate (Aerosol OT, AOT) 99%, tetraethyl orthosilicate (TEOS,
99%), hexadecyl (=cetyl) trimethylammonium bromide (CTAB)
were obtained from Sigma–Aldrich. TiCl4 (99%, d = 1.722 g cm�3)
and n-hexane were purchased from Carlo Erba. NaOH, sodium ace-
tate, acetic acid, sodium carbonate, sodium hydrogen carbonate,
disodium phosphate anhydrous and monosodium phosphate
anhydrous were obtained from Anedra. All chemicals were of ana-
lytical grade and used as received. Doubly distilled water was used
for the preparation of solutions for experiments.

2.2. SiO2 and SiO2–TiO2 materials. Synthesis and general
characterization

Synthesis of SiO2 and composed TiO2–SiO2 materials were car-
ried out using a procedure similar to that described by Messina
et al. [22]. To obtain the mesoporous silica, 11.6 mL of TEOS were
mixed with 2 mL of water and stirred for 10 min at 500 rpm. Then,
a solution formed by 1.1 g of NaOH in 20 mL of water was added
drop to drop to the TEOS solution under stirring. To produce a
SiO2 material, a solution of 7.62 g of CTAB in 38 mL of water was
added 1 min after the addition of the NaOH solution. The resulting
gel was stirred for 3 min and then left for 48 h in an autoclave at
100 �C. Then, the gel was filtered and washed with distilled water
and left to dry at room temperature. Finally, it was calcined by
increasing the temperature from room temperature to 540 �C with
a heating rate of 2 �C min�1, and holding for 7 h at 540 �C in an air
flux.

TiO2 was obtained by using an inverse microemulsion com-
posed by n-hexane/water/Aerosol OT (AOT). The water microdro-
plets surrounded by a monolayer of surfactant in a continuous
hydrocarbon phase act as micro-reactors to synthesize nanoparti-
cles whose growth is controlled inside the water droplet giving rise
to a narrow size distribution [22]. The AOT microemulsion was
prepared with a water/surfactant ratio W = 10. In a flask,
1.1276 g AOT and 0.46 g water were weighed, and then the sample
was left during 3 h to produce the surfactant hydration. Then,
80 mL of n-hexane were added and the system sonicated to pro-
duce the microemulsion. Then, 1.4 mL of TiCl4 were added and left
3 days to react following the reaction:

TiCl4 þ 2H2O$ TiO2 þ 4HCl: ð1Þ

To obtain the TiO2 nanoparticles, the HCl and n-hexane were
eliminated by evaporation under vacuum. A white compound
formed by the titania nanoparticles surrounded by AOT was ob-
tained. Then, the material was calcined during 7 h at 540 �C with
air flux.

TiO2–SiO2 was prepared by addition of 2.8 g of the dry AOT–
TiO2 material obtained without calcination to the solution of CTAB
in water and then sonicated to complete suspension of the mate-
rial. The resulting solution was added to the TEOS + NaOH solution,
and the system was treated as that without TiO2. The TiO2 content
on the silica support was 28 wt.%, which was confirmed by XRD
and SEM-EDX (see below).

The synthesized materials were characterized by the techniques
usually employed in porous materials, such as scanning and trans-
mission electron microscopy; X-ray diffraction (XRD); FT-IR; elec-
trophoretic mobility measurements; and the N2-BET method for
surface area, pore volume and pore diameter determination. Scan-
ning electron microscopy (SEM) was performed using a LEO 40-
XVP microscope equipped with a secondary electrons detector

and an X-ray microanalysis system (EDAX DX-4). The samples
were prepared on graphite stubs and coated with a ca. 300 Å gold
layer in a PELCO 91000 sputter coater. Transmission electron
microscopy (TEM) was performed using a JEOL 100 CX II transmis-
sion electron microscope, operated at 100 kV with magnification
from 50,000� to 200,000�. Observations were made in a bright
field. Powdered samples were placed on cooper supports of
2000 mesh. XRD patterns were collected via a Philips PW 1710 dif-
fractometer with Cu Ka radiation (k = 1.5406 Å) and graphite
monochromator operated at 45 kV, 30 mA and 25 �C. The zeta
potentials and the isoelectric point (IEP) of the samples were mea-
sured with a Zetasizer Nano Series instrument (Malvern Instru-
ments Ltd.) at room temperature. Stock SiO2, TiO2, and TiO2–SiO2

suspensions containing 0.1 g L�1 of solid in 10�2 M KNO3 were
used for those purposes. The pH of the suspensions was then
adjusted to the desire value by adding small volumes of HNO3 or
KOH solutions. The N2 adsorption isotherms at 77.6 K were
measured with a Micrometrics Model Accelerated Surface Area
and Porosimetry System (ASAP) 2020 instrument. Each sample
was degassed at 373 K for 720 min at a pressure of 10�4 Pa. FT-IR
experiments were recorded in a Nicolet FT-IR Nexus 470 Spectro-
photometer. To avoid co-adsorbed water, the samples were dried
under vacuum until constant weight was achieved and diluted
with KBr powder before the FT-IR spectra were recorded.

2.3. Adsorption experiments

Adsorption experiments were obtained with a batch equilibra-
tion procedure using 15-mL polypropylene centrifuge tubes cov-
ered with polypropylene caps immersed in a thermostatic shaker
bath. Before starting the experiment, a stock PQ2+ solution
(1 � 10�3 M) was prepared by adding the corresponding solid to
pH buffer solutions. The pHs used in these studies were 4.4, 7.0
and 9.5 by using 0.1 M acetate/acetic acid, HPO�2

4 =H2PO�1
4 and

CO�2
3 =HCO�1

3 buffer solutions, respectively. Fifty milligrams of
adsorbent was introduced into the tubes and mixed with varying
quantities of PQ2+ and KCl (used as supporting electrolyte) solu-
tions. The range of initial PQ2+ concentration was 4–500 lM, and
the final volume was 8 mL. The mixture was stirred for 4 h at
90 rpm and centrifuged to separate the phases. An aliquot of the
supernatant was analyzed to quantify the PQ2+ remaining in the
supernatant and to calculate the adsorbed amount of PQ2+. In most
experiments, no supporting electrolyte was used and the working
temperature was 25 �C (except when effects of ionic strength and
temperature were investigated). For the batch kinetic studies, the
initial PQ2+ concentration was 5 � 10�4 M. The mixtures were sha-
ken for different reaction times in order to achieve complete
adsorption or to gather enough data points.

Quantification of PQ2+ was performed by UV–vis spectroscopy
at 258 nm using an Agilent 8453 UV–vis diode array spectropho-
tometer equipped with a Hellma 1-cm quartz cell. The supernatant
of the withdrawn aliquot was placed into the cell and the spectrum
was recorded in the 200–900 nm wavelength range. Calibration
curves at the working pH were also constructed with several
PQ2+ solutions having concentration that ranged between 2 and
150 lM. Very good linearity was found in all cases.

The adsorption isotherms were fitted using the Freundlich
equation, which was commonly used in the adsorption of herbi-
cides on several adsorbent systems [23,24]. The linear form of this
equation is displayed as follow:

ln PQ 2þ
ads ¼ ln KF þ

1
n

ln PQ 2þ
eq ; ð2Þ

where PQ2þ
ads is the adsorbed amount of PQ2+ (lmol g�1), PQ2þ

ads is the
equilibrium concentration of PQ2+ in the supernatant (lM), KF is the
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Freundlich constant (lM�1), and 1/n is the adsorption intensity.
PQ2þ

ads was calculated with the equation

PQ 2þ
ads ¼

ðPQ 2þ
0 � PQ2þ

eq ÞV
m

; ð3Þ

where PQ2þ
0 is the initial concentration of the antibiotic (lM), V the

solution volume (L) and m is the adsorbent mass (g). From the lin-
earized form of Eq. (2) KF, 1/n and the correlation coefficient, r2 can
be calculated.

3. Results and discussion

3.1. General characteristics of the synthesized materials

Fig. 1 shows the X-ray diffractograms of SiO2, TiO2 (after calci-
nation) and TiO2–SiO2 materials. SiO2 shows a typical amorphous
XRD patterns which is characteristic of mesoporous silicas [25].
This means that the mesoporous structure of SiO2 is stable under
our synthesis conditions and it does not collapse during calcination
at 540 �C resulting in transformation to the cristobalite phase [26].

Titania shows several diffraction peaks, relating to the forma-
tion of a mixed phase composed by anatase (2h = 25.32�, 37.85�,
48.09�, and 53.93�) and rutile (2h = 27.48�, 36.10�, 54.36�, and
56.68�) [27] in a 5:1 M ratio. However, the rutile diffraction peaks
disappear in the XRD patterns of TiO2–SiO2 evidencing that anatase
is the only titania crystalline phase. The rutile phase is essentially
formed at higher calcination temperatures (>723 K or above) [28].
However, the nonappearance of rutile diffraction peaks in TiO2–
SiO2 is in agreement with Yang et al. [29], who reported that silica
plays a key role in the inhibition of the formation of rutile phase. It
is also interesting to note that supported TiO2 shows broad diffrac-
tion peaks in comparison to free titania, suggesting the formation
of dispersed TiO2 nanocrystallites [30]. In fact, the grain sizes of
free and supported TiO2, determined from the width at half maxi-
mum of the anatase (1 0 1) peak according to the Scherrer formula
[31], are 13 and 4 nm, respectively. These values of grain size are
consistent with the TEM studies.

The morphology of the studied samples was also investigated
by SEM and TEM techniques and the respective micrographs are
presented in Fig. 2. Bare silica (Fig. 2a) shows randomly shaped
aggregates of variable size and these do not provide a clear mor-
phology. TEM image (Fig. 2b) seems to show a typical hexagonal
arrangement of mesopores whose dimensions may be engineered
in the range of �18 nm. TiO2 particles also show randomly shaped
aggregates probably due to a faster condensation of titania
(Fig. 2c). The aggregates are formed by nanoparticles whose aver-
age diameter was 15 nm. The structure of the particles seems to be

tetrahedrical instead of rhombic (Fig. 2d). This means that the
structure of particles is that of rutile or anatase, not that of brook-
ite. The morphology of TiO2 loaded on the silica material (Fig. 2e) is
similar to that of silica support and does not show clearly titania
crystallites. This may indicate the formation of fine particles and
dispersion of TiO2 over the support or into the mesopores [25].
From the TEM images, it appears that TiO2 nanoparticles (black
spot) are distributed in both the pores and the pore walls
(Fig. 2f). The diameter of titania nanoparticles on the mesopores
structure is around 5–7 nm, which is smaller than titania particles
obtained by calcination. This may mean that calcination produces
synterization of the particles, while the presence of the silica struc-
tures allows separation of the original particles and avoids the syn-
terization [22].

The nitrogen adsorption–desorption isotherms of the studied
materials are shown in Fig. 3.

The adsorption/desorption isotherm on TiO2 (i) is type II [32]. It
represents unrestricted monolayer–multilayer adsorption. There is
a hysteresis of type H4, which is associated with narrow slit-like
pores. Similar results were reported by Zubieta et al. in porous
TiO2 and TiO2–chitosan materials [33]. In the case of slit-like pores,
the determined diameter is the pore width. However, SiO2 (ii) and
TiO2–SiO2 (iii) represent typical type IV isotherms with a H2 hys-
teresis loop that is characteristic of mesopores [22]. Specific sur-
face area, pore diameter and pore volume of the solids are
summarized in Table 1. It may be seen that in general, the specific
areas of the materials here synthesized are low. In literature, there
are examples of mesoporous materials made with silica including
other oxides which have poor specific surface areas, and these
areas depend on the synthesis conditions [34]. The average pore
diameter of SiO2 was around 18 nm, which is in agreement to those
reported in TEM microscopy. Table 1 also shows that TiO2–SiO2 has
higher surface area and lower pore diameter than bare SiO2. On the
one hand, the increase in ABET is attributed to the start growing of
the TiO2 crystallites on the outer surface of SiO2 [35]. On the other
hand, the decrease pore size is attributed to the presence of TiO2

dispersed into the mesopores [36].
FT-IR spectra of SiO2, TiO2 and TiO2–SiO2 are shown in Fig. 4.

The most important features of SiO2 are a broad band centered at
3625 cm�1 associated to OH stretch from surface hydroxyls bound
to silica (Si–OH); a broad peak located at 1091 cm�1 which is
attributed to asymmetric Si–O–Si vibrations; two peaks centered
at 797 and 622 cm�1 due to symmetric Si–O–Si vibrations; and a
peak at 478 cm�1 assigned for Si–O–Si bending modes [37]. TiO2

shows characteristic absorption bands at around 3478, 1633
(shoulder), 1123, and 486 cm�1 which are attributed to O–H
stretching vibration of the adsorbed water and hydroxyl groups
on the surface, O–H bending, Ti–O stretching and Ti–O–Ti vibra-
tions, respectively [27].

Some differences can be observed in the FT-IR spectra of TiO2–
SiO2 material. One such difference is the decrease in the intensity
of the 797 and 622 cm�1 peaks (the last peak decreases up to dis-
appear), corresponding to the symmetric Si–O–Si vibrations. In
addition, the band situated at 1091 cm�1 corresponding to asym-
metric Si–O–Si vibrations is shifted toward lower wavenumber
with decrease in broadness. Several works have described a new
peak located at 960 cm�1 which is attributed to Ti–O–Si vibrations
[37,38]. This peak appears in our spectra as a shoulder in the broad
peak located at around 1110 cm�1. These changes in the FT-IR
spectra are significant evidences that TiO2 interacts with the silica
support through chemical bonding, similar as those reported in
several reviews [39,40].

Fig. 5 shows the electrophoretic mobility data at different val-
ues of pH for the studied materials.

The IEPs of bare silica and titania are 3.5 and 6.7 pH units, which
are in agreement with those reported in literature [41]. The IEP of

Fig. 1. XRD patterns of the synthesized: (i) SiO2, (ii) TiO2 and (iii) TiO2–SiO2.
A = anatase, R = rutile.
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TiO2–SiO2 shifts to lower pH in comparison to TiO2, which indi-
cates an increase in acidity of titania surface. There are several re-
ports that supports the hypothesis that silica induces an increase in
acidity (or negative sites) to TiO2 at high Si:Ti molar ratio [42–44].
On the contrary, Lee et al. [45] show that the IEP of the TiO2–SiO2

shifts to IEP of bare titania as TiO2 content increases suggesting
that titania encapsulates to SiO2 particles. From TEM images (see

Fig. 2f), it can be seen that the complete encapsulation of SiO2 by
TiO2 is not detected in our binary system which is consistent with
IEPTiO2—SiO2 < IEPTiO2 .

3.2. PQ2+ adsorption studies

The adsorption of PQ2+ on TiO2–SiO2 at pH 9.5 as a function of
time was shown in Fig. 6.

The adsorption is very fast between t = 0 and 5 min. It is so fast
that no data point could be measured in this period with our exper-
imental set up. At t > 5 min, the adsorption takes place at a much
slower and measurable rate. The equilibrium was reached after
60 min of reaction. The data were fitted well to the pseudo-
second-order kinetic model with r2 = 0.9998. The initial rate and

Fig. 2. SEM (left side) and TEM (right side) micrographs of (a and b) SiO2, (c and d) TiO2 and (e and f) TiO2–SiO2.

Fig. 3. Nitrogen adsorption (open symbols)–desorption (solid symbols) isotherms
on (i) TiO2, (ii) SiO2 and (iii) TiO2–SiO2.

Table 1
Nitrogen adsorption results on the studied solids.

Sample ABET (m2 g�1) Daap (nm) Vspat (cm3 g�1)

SiO2 238.6 18.89 0.4104
28 wt.% TiO2–SiO2 259.2 7.77 0.4003
TiO2 9.5 21.09 0.0499

Note: ABET: BET surface area; Daap: adsorption average pore diameter by BET (8 V/A);
Vspat: single point adsorption total pore volume of pores.
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the amount of PQ2+ adsorbed in the equilibrium were 7.03 �
10�3 lmol g�1 min�1 (0.027 g mg�1 min�1) and 53.19 lmol g�1

(13.68 mg g�1), respectively. These values are comparable to those
reported by Tsai and co-workers on the adsorption of PQ2+ on diat-
omite and activated bleaching earth at alkaline pH [9,46]. Such
results indicate that TiO2–SiO2 can act as a good adsorbent for
PQ2+ kinetically. Although equilibrium could be established
quickly, subsequent experiments were equilibrated for 4 h.

Fig. 7 shows the effects of pH on the adsorption isotherms of
PQ2+ on TiO2–SiO2 at 25 �C. Adsorption of the herbicide on silica
(open diamonds in Fig. 7) was low and only detectable at pH 9.5.
The low adsorption capacity of SiO2 is attributed to the neutral

frame-structure of this material leading to a lack of acid sites and
acidity [16]. Preliminary studies also showed that the adsorption
of PQ2+ on non-supported TiO2 was negligible in all experimental
conditions (pH range between 4.4 and 9.5, data not shown) mainly
due to its low surface area.

On the contrary to the adsorption on silica and titania, PQ2+

adsorption readily takes place on TiO2–SiO2, showing that the pres-
ence of TiO2 favorably affects this process. The shape of the iso-
therms is similar to the shape of the isotherms reported by
Rytwo et al. [47], Iglesias et al. [11] and Burns et al. [48] for the
adsorption of PQ2+ on negatively charged clays, HA and Ca-humate
respectively. Fig. 7 also shows that the adsorption on TiO2–SiO2 is
strongly dependent on the pH. It is relatively high at high pH and
decreases significantly at lower pH values.

PQ2+ adsorption on TiO2–SiO2 could take place either by direct
binding to the SiO2 or by direct binding to the supported titania
surface. The first case does not appear to be important under our
experimental conditions since it was shown that attachment to
the silica surface was too low. The second case seems to be the
most probable. On the one hand, the formation of TiO2 nanoparti-
cles dispersed on the SiO2 support offers more active sites for
adsorption occur than non-supported TiO2 (agglomeration of parti-
cles) [25]. In addition, the increase in surface acidity (negative
sites) of titania due to SiO2 may enhance its interaction with sev-
eral cationic species that include PQ2+ ions. The increase in surface
acidity on supported titania is also reported by Prada Silvy et al.
[49] for the TiO2–Al2O3 catalyst. On the other hand, Messina and
Schulz [50] reported an increase in adsorption of cationic dyes in
the TiO2–SiO2 system in comparison to bare silica. The authors
attributed this increase to a UV photoinduction from supported
TiO2 catalyst to the dye molecule provoking its degradation. How-
ever, this effect was not showed in this work, i.e., PQ2+ photodeg-
radation was not detected in adsorption experiments under UV
lamp in all experimental conditions (data not shown). The direct
binding between PQ2+ and supported TiO2 generates ternary sur-
face species SiO2–TiO2–PQ2+, whose formation is mainly driven
by PQ2+–TiO2 electrostatic interactions, where negatively charged
groups of titania could bind the dication by forming ionic pairs
or outer-sphere complexes. The increase in adsorption by increas-
ing pH will increase the degree of dissociation of TiO2 functional
groups, leading to an increased electrostatic attraction between
PQ2+ and TiO2–SiO2 and a higher adsorption.

The effects of ionic strength on the adsorption of PQ2+ isotherms
on TiO2–SiO2 at pH 9.5 and 25 �C are shown in Fig. 8. The adsorp-
tion depends on the ionic strength; it decreases as the KCl concen-
tration increases. These results suggest that formation of ionic
pairs or outer-sphere complexes is the prevailing adsorption

Fig. 4. Infrared spectra of (i) SiO2, (ii) TiO2, and (iii) TiO2–SiO2.

Fig. 5. Electrophoretic mobilities of the studied samples as a function of pH in
10�3 M KNO3 solution: solid squares, TiO2; stars, TiO2–SiO2; and open triangles,
SiO2.

Fig. 6. Adsorption kinetics of PQ2+ on TiO2–SiO2 at pH 9.5 and 25 �C. The insert is
the linear plot of the pseudo-second-order fit.

Fig. 7. Effect of pH on the adsorption of PQ2+ on SiO2 (open symbols) and TiO2–SiO2

(solid symbols) at 25 �C. Diamonds, pH 9.5; triangles, pH 7; and squares, pH 4.4.
Lines show predictions of Eq. (2) with parameters from Table 2.
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process: the competition between PQ2+ and K+ for negatively
charge groups leads to an important decrease in PQ2+ adsorption
by increasing K+ concentration. The results resemble those re-
ported by Tsai et al. [46] for the adsorption of PQ2+ on activated
clays, where competition between PQ2+ and electrolyte cations
was proposed to play a key role.

The effects of temperature on the adsorption of PQ2+ isotherms
on TiO2–SiO2 at pH 9.5 are shown in Fig. 9. PQ2+ adsorption is not
significantly affected by varying the temperature from 5 to 45 �C,
i.e., the adsorption slightly increases as temperature increases.
The maximum uptake was between 63 and 67 lmol g�1 at all
investigated temperatures.

Several reports exist about the effect of temperature in the
adsorption behavior of PQ2+ on different adsorbents. Tsai and Lai
[9] showed that the adsorption of PQ2+ on clay minerals strongly
increased by increasing temperature suggesting that a chemisorp-
tion-like process may play an important role in the PQ2+-clay
adsorbent system. These observations are significantly different
from those reported by Nakamura et al. [10], who reported that
PQ2+ adsorption on activated carbon decreased by increasing tem-
perature (physical adsorption). None of these mechanisms are in
agreement with data shown in Fig. 9, indicating that temperature
effects on PQ2+ adsorption are strongly dependent on the type of
adsorbent. The no strong dependence of the adsorption of PQ2+

with the temperature is consistent with formation of ionic pairs
or outer-sphere complexes, where there is competition with the
cations of the supporting electrolyte. If changes in temperature af-
fect in a similar way the affinity of PQ2+ and K+ for negatively

charged sites, there will be no significant temperature effects by
changing the temperature.

From the data showed in Fig. 9 were obtained the thermody-
namic parameters of the Gibbs free energy (DG�), enthalpy (DH�)
and the entropy (DS�) for the adsorption of PQ2+ on the studied
material using the following equations:

DG� ¼ RT ln
PQ2þ

s

PQ2þ
eq

 !
; ð4Þ

ln
PQ2þ

s

PQ2þ
eq

 !
¼ DS�

R
� DH�

RT
; ð5Þ

where PQ2þ
s is the concentration of antibiotic adsorbed (lM), T is the

solution temperature in K and R is the gas constant (8.314
J K�1 mol�1). The enthalpy of the PQ2+ on TiO2–SiO2 is obtained from
van’t Hoff plots as lnðPQ2þ

s =PQ2þ
eq Þ versus 1/T. The thermodynamic

parameters are shown in Table 2. The DH� value for the adsorption
of PQ2+ on the studied material is positive and 8.45 kJ mol�1 implying
that the interaction of PQ2+ with the solid is an endothermic process.
The low DH� value is attributed to a number of physical interactions
involving electrostatic interactions and formation of outer-sphere
complexes between the PQ2+ and the adsorbent structure [10,51].
In addition, the positive enthalpy value possibly may imply some
structural changes of PQ2+. For example, transformation to highly col-
ored PQ+� radicals and/or formation of charge-transfer complexes be-
tween PQ2+ and the negatively charged functional groups of the TiO2

[5,52,53]. Formation of radical ions was not detected in our results
mainly because both the TiO2–SiO2 surface and the herbicide super-
natant were not colored during the adsorption experiments carried
out. The positive value of DS� (39.88 J K�1 mol�1) reflects the affinity
of the herbicide toward the solid and may suggest some structural
changes in adsorbate (hydration of PQ2+ ions) and adsorbent (charged
surface upon adsorption) [54]. Finally, the negative value of DG� at
various temperatures shows that the nature of adsorption on both
adsorbents is spontaneous.

In Figs. 7–9, symbols correspond to data points whereas solid
lines correspond to the best-fitting Freundlich isotherms calcu-
lated by adjusting the parameters n and KF. These parameters are
listed in Table 3. Even though the formulated model is rather
simple, it can fit reasonably well the adsorption of PQ2+, i.e., the

Fig. 8. Effect of ionic strength on the adsorption of PQ2+ on TiO2–SiO2 at pH 9.5 and
25 �C. KCl concentrations: solid diamonds, 0 M; open triangles, 0.01 M; stars,
0.03 M; and solid squares, 0.1 M. Lines show predictions of Eq. (2) with parameters
from Table 2.

Fig. 9. Effect of temperature on the adsorption of PQ2+ on TiO2–SiO2 at pH 9.5. Solid
diamonds, 45 �C; open triangles, 35 �C; stars, 25 �C; and solid squares, 15 �C. Lines
show predictions of Eq. (2) with parameters from Table 2.

Table 2
Thermodynamic parameters of PQ2+ adsorption on TiO2–SiO2.

T (�C) DG� (kJ mol�1) DH� (kJ mol�1) DS� (J K�1 mol�1)

15 �3.17
25 �3.40 8.45 39.88
35 �3.68
45 �3.99

Table 3
Best-fit parameters for Eq. (2).

Sample pH T (�C) I (M) Freundlich isotherm

KF n r2

SiO2 9.5 25 0 0.08 1.43 0.922
TiO2–SiO2 4.4 25 0 1.44 2.18 0.997
TiO2–SiO2 7.0 25 0 2.77 2.13 0.994
TiO2–SiO2 9.5 25 0 9.10 2.31 0.991
TiO2–SiO2 9.5 15 0 9.03 2.33 0.988
TiO2–SiO2 9.5 35 0 9.53 2.24 0.987
TiO2–SiO2 9.5 45 0 9.61 2.23 0.990
TiO2–SiO2 9.5 25 0.01 8.87 2.54 0.999
TiO2–SiO2 9.5 25 0.03 7.20 2.60 0.998
TiO2–SiO2 9.5 25 0.1 4.98 2.83 0.982
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goodness-of-fit of Eq. (2) was checked through the r2 values, which
was between 0.982 and 0.997 in almost all cases.

Changes in pH and ionic strength result in important changes in
the adsorption isotherm, i.e., KF increases as pH increases or ionic
strength decreases. On the other hand, slightly changes in these
parameters were obtained by changing the temperature from 5
to 45 �C. The Freundlich parameters also show that the adsorption
conditions in all cases are favorable (n > 1).

4. Conclusions

The results shown in this article reveal that the adsorption of
PQ2+ is low and only detectable at pH 9.5 on the bare silica surface,
and negligible in all experimental conditions on non-supported
titania. The neutral framework of SiO2 and the low surface area
of the TiO2 particle agglomerates seem to be the main factors that
prevent the attachment of this herbicide. However, the presence of
TiO2 on the silica surface strongly enhances the adsorption capac-
ity to PQ2+.

The adsorption of PQ2+ on TiO2–SiO2 is fast and it takes place by
direct binding of the herbicide to the dispersed TiO2 nanocrystal-
lites and thus ternary surface species of the type SiO2–TiO2–PQ2+

are formed. The adsorption process is mainly electrostatic interac-
tions and/or the formation of charge-transfer or outer-sphere com-
plexes between negatively charged groups of titania and PQ2+, as
deduced from adsorption experiments performed at different ionic
strengths and temperatures. The analysis of thermodynamic
parameters suggests that the adsorption on TiO2–SiO2 is endother-
mic and spontaneous in nature.

The obtained results have a significant importance in environ-
mental processes. Mesoporous silica is known to be a very good
material for several uses (catalyst support, drug delivery, biosen-
sing applications, biochemical separation, etc.) due to its high sur-
face area and pore size. However, since SiO2 could be modified by
the incorporation of metal ions or metal oxides on the mesopore
structure, the M–SiO2 and/or MOx–SiO2 (M = metal) systems may
act as excellent adsorbents for herbicide control. This will not only
benefit the deactivation of herbicides but also reduce their leaching
and transport through groundwaters.
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