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ABSTRACT

Removal of the antibiotic tetracycline (TC) by TiO, and the mesoporous binary system TiO,-SiO, have
been studied in batch experiments by performing adsorption isotherms/kinetics and photodegradation
kinetics under different conditions of pH, supporting electrolyte concentration, temperature, adsorbent
amount, and TiO,-loading. On the one hand, the adsorption of TC on the studied materials is strongly
dependent on pH, increasing as pH decreases. The adsorption mechanism, controlled by diffusion pro-
cesses, is strongly related to electrostatic attractions and H-bond formations mainly between amide,
carbonylic and phenolic groups of the antibiotic and the functional groups of TiO,. The adsorption capac-
ity at constant pH increases in the order TiO; < TiO,-SiO, mainly due to the highly surface area that the
silica offers and to the homogenously dispersion of the TiO, nanocrystallites. On the other hand, the
photodegradation rate is affected by the presence of the studied materials at several pH, although its
photocatalytic activities are more important at pH 7 or lower. The photodegradation mechanisms seem
to be related to the formation of OH* radicals which are responsible for the decomposition of TC. The com-
posed titania-silica materials might act not only as an excellent adsorbent but also act as an alternative

photocatalyst for pollution control.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Pharmaceutical antibiotics are used extensively worldwide in
human therapy and the farming industry. In the United States
alone, the annual antibiotic production was estimated to be 227
million kilograms in 2000 [1]. The antibiotics administered are
often poorly metabolized and absorbed by humans and ani-
mals and, therefore, tend to enter the aquatic environment
[2-4]. Exposure to residues of antibiotics and their transformed
products might cause a variety of adverse effects, including
acute and chronic toxicity and microorganisms antibiotic resis-
tance [5,6]. However, the removal of antibiotics by conventional
water treatment technologies is incomplete [7,8]. Hence, there
is an increasing demand for developing more effective treat-
ment technologies to remove pharmaceutical antibiotics from
water.

Removal of antibiotics and other anthropogenic compounds by
adsorption is considered the major cause of pollutant deactivation
and it is important from the point of view of both inhibiting their
toxic properties and restricting their transport into water systems.
A widely variety of solids such as clays, metal oxides and activated
carbon have been used for those purposes. Some of them are good

* Corresponding author. Tel.: +54 291 4595101x3523.
E-mail address: brigante@uns.edu.ar (M. Brigante).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.06.082

adsorbents in certain experimental conditions but have little or
no capacity to adsorb in natural conditions [9], which facilitates
the antibiotic leaching into groundwaters. On the contrary, other
solids have high affinity for contaminants, protecting them in the
adsorbed state from the attack of microorganisms and preventing
its degradation [10]. Due to its strong adsorption affinity and
relatively low cost, activated carbon has been commonly used as
an effective adsorbent for many antibiotics. However, this material
has several disadvantages such as (a) inactive towards hydrophilic
and/or electrical-charged molecules, (b) predominantly consists
of micropores (<2nm in size) with irregular-shape, closed pore
structures, where the adsorption of bulky organic chemicals might
be greatly impeded by the size exclusion effect, (c) the working
capacity decreases in the presence of natural organic matter, and
(d) its regeneration is questionable [11,12]. Other of the widely
used materials is titanium dioxide or titania (TiO;) due to its high
photocatalytic activity, low cost, nontoxicity and high stability
in aqueous solution [13]. Neverthless, TiO, powders have disad-
vantages such as low surface area (Degussa P25=35-45m2g~!,
anatase=<10m? g-1); a large band gap (3.20eV for anatase) and
therefore only a small UV fraction of solar light, about 2-3%, can
be used; and the separation and recovery of TiO, powders from
wastewater are difficult [14,15]. For these reasons, researchers
have focused their attention on the synthesis of new materials for
pollutant remotion, mainly on solids with high surface area, pore
size and catalytic activity.
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The adsorptive and photocatalytic properties of TiO, can be
improved by the incorporation of the titania on/into nonreactive,
photoinert support materials. In this aspect, mesoporous silica
can act as support due to its high surface area (>200m?g-1),
ordered frameworks, narrow pore size distribution (2->10nm,
higher than zeolites), and high thermal stability [16-18]. In fact,
it has been reported that the TiO, supported on these materials
significantly enhances its catalytic activity towards different dyes
in comparison to the pure oxide [19]. Similar results were reported
by Sharma et al. [20,21] on the degradation of three herbicides on
TiO, /porous silica nanoparticles systems. Another procedure that
have been used to increase the activity of commercial TiO, is the
synthesis of mesoporous titania. The first materials were obtained
in 1995 [22]. However, the synthesis of mesoporous TiO, is more
complicated than the case of silica, due to a rapid hydrolysis and
condensation of the metal, resulting in poorly structured and
non-porous materials [23].

The aim of this article is divided in two parts. First, to present a
study of the adsorption (kinetics and equilibrium experiments) of
tetracycline on TiO, and mesoporous TiO,-SiO, composed materi-
als. The second part involves the study of the photodegradation
kinetics of tetracycline in presence and absence of the studied
materials under a UV lamp. The data obtained at a variety of
pH, temperatures, ionic strengths, adsorbent amount, and TiO,-
loading are used to gain insights into the mechanisms that govern
the adsorption and photodegradation and into the factors that
promote or prevent both processes. Tetracycline (TC) is an antibi-
otic that exhibit broad-spectrum antimicrobial activities against
a variety of disease producing bacteria. The maximum permissi-
ble concentration of TC in aqueous solutions for industrial and
pharmacy wastewaters is very low (1 pgL~1) although concentra-
tions of 0.52 pgL-! in influents and 0.17 pgL-! in effluents have
been reported [24,25]. It bears different charges on different sites
depending on solution pH as shown in Fig. 1. At pH below 3.3, the
dimethylammonium group is protonated, resulting in a cationic
form of +00. Between pH 3.3 and 7.7, it exists as a zwitterion, +—0
(which predominates and reaches a maximum concentration at pH
5.0), due to the loss of proton from the phenolic diketone moiety.
When pH is above 7.7, it is present as a monovalent anion, +——, ora
divalent anion, 0——, due to the loss of protons from the tricarbonyl
system and phenolic diketone moiety [26,27]. Its pK,1, PKa2, PKa3
values in aqueous solutions are 3.3, 7.7, 9.7, respectively.

2. Materials and methods
2.1. Chemicals

Sodium dioctyl sulfosuccinate (Aerosol OT, AOT) 99%, tetraethyl
orthosilicate (TEOS, 99%), hexadecyl (=cetyl) trimethylammonium
bromide (CTAB), and commercial TiO, (anatase 99%) were obtained
from Aldrich. TiCls (99%, § =1.722 g cm~3) and n-hexane were pur-
chased from Carlo Erba. NaOH, sodium acetate, acetic acid, sodium
carbonate, sodium hydrogen carbonate, disodium phosphate anhy-
drous, and monosodium phosphate anhydrous were obtained from
Anedra. All chemicals were of analytical grade and used as received.
Tetracycline hydrochloride was obtained from PARAFARM, and its
purity (99%) was confirmed by XRD and FT-IR spectroscopy. Dou-
bly distilled water was used for the preparation of solutions for
experiments.

2.2. Si0,-TiO, materials. Synthesis and general characterization

Synthesis of TiO,, SiO,, and composed TiO,-SiO, materials were
carried out using a procedure similar to that described by Messina
et al. [28]. The TiO, content on the silica support was 9, 28 and
51 wt%, which was confirmed by XRD and SEM-EDX (see below).

Abundance (%)

Fig. 1. Molecular structure of TC and its speciation under different pH values in
aqueous solution.

The synthesized materials were characterized by the tech-
niques usually employed in porous materials, such as scanning
and transmission electron microscopy, X-ray diffraction (XRD),
FT-IR and the N,-BET method for surface area, pore volume and
pore diameter determination. Scanning electron microscopy (SEM)
was performed using a LEO 40-XVP microscope equipped with
a secondary electrons detector and an X-ray microanalysis sys-
tem (EDAX DX-4). The samples were prepared on graphite stubs
and coated with a ca. 300A gold layer in a PELCO 91000 sputter
coater. Transmission electron microscopy (TEM) was performed
using a JEOL 100 CX II transmission electron microscope, operated
at 100 kV with magnification from 50000x to 200000 x. Observa-
tions 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 diffractometer with Cu Ko radiation (A = 1.5406 A)
and graphite monochromator operated at 45kV, 30 mA and 25°C.
The N, 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
373K for 720 min at a pressure of 10~4 Pa. FT-IR experiments were
recorded in a Nicolet FT-IR Nexus 470 Spectrophotometer. To avoid
co-adsorbed water the samples were dried under vacuum until con-
stant weight was achieved and diluted with KBr powder before the
FT-IR spectra were recorded.

2.3. Adsorption experiments

Adsorption experiments (in darkness to avoid photodegrada-
tion) were obtained with a batch equilibration procedure using
15mL polypropylene centrifuge tubes covered with polypropy-
lene caps immersed in a thermostatic shaker bath. Before starting
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an experiment, a stock TC solution (5 x 10~4 M) were 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, HPO4~2/H,P04~1, and CO3~2/HCO;~! buffer
solutions, respectively. 50mg of mesoporous material (except
when the effect of adsorbent amount were evaluated) were intro-
duced into the tubes and mixed with varying quantities of TC and
KCI (used as supporting electrolyte) solutions. The range of initial
TC concentration was 5-400 M, and the final volume was 8 mL.
The stirring speed was kept constant at 90 rpm. At different reac-
tion times, the particles were separated from the supernatant by
centrifugation at 4000 rpm during 2 min and the supernatant was
immediately analysed to quantify the concentration of adsorbed
TC. After the quantification (see below), that took around 30s, the
supernatant was reintroduced into the tube. This procedure (sep-
aration, quantification of TC and reintroduction of the supernatant
into the reaction tube) was repeated during several hours in order
to achieve complete adsorption of the antibiotic or to gather enough
data points. The last data point obtained of these experiments was
assumed as equilibrium concentration of TC in the supernatant.
Adsorbed TC was calculated from the difference between the ini-
tial TC concentration and the concentration of the antibiotic that
remained in the supernatant solution. In most experiments no sup-
porting electrolyte was used and the working temperature was
25°C (except when effects of ionic strength and temperature were
investigated).

Quantification of TC was performed by UV-vis spectroscopy at
358 nm for pH 4.4 and 7, and at 377 nm for pH 9.5. This is due to
the shifting of the maximum absorption band of TC towards higher
wavelength as pH increases. Quantification of dissolved HA was
performed by UV-vis spectroscopy, using an Agilent 8453 UV-vis
diode array spectrophotometer equipped with a Hellma 1cm
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 TC solutions having concentration that
ranged between 5 x 106 and 1 x 10-3 M. Very good linearity was
found in all cases.

The adsorption isotherms were fitted using the Langmuir and
Freundlich equations, which were commonly used in the adsorp-
tion of antibiotics on several adsorbent systems [8,29]. The linear
forms of these equations are displayed as equations (1) Langmuir
and (2) Freundlich:

1 1 1

= + 1
TCaus GmonK1 . TCeq (1)

Gmon ’
InTCyqs = InKg + % InTCeq, (2)

where TC,q; is the adsorbed amount of TC (umolg=1); TCeq is the
equilibrium concentration of TC in the supernatant (JtM); mon iS
the maximum amount of antibiotic adsorbed (wmolg=1) corre-
sponding to complete coverage on the surface; K and K are the
Langmuir and Freundlich constants (uM~1), respectively; and 1/n
is the adsorption intensity. From the linearized form of Egs. (1)
and (2), gmon, K, K¢, 1/n, and the correlation coefficient, r2, can be
calculated.

The adsorption kinetics is traditionally described following the
expressions originally given by Lagergren, which are special cases
for the general Langmuir rate equation [30]. Simple kinetic analyses
of adsorption are the pseudo-first and the pseudo-second order
equations in their integrated form:

In(ge — qr) = Inqeq — k1 st, (3)
t 1 1

= +—t.
qr kasqZ Qe

(4)

where k; s is the pseudo-first-order constant (min—1), kps and is
the pseudo-second-order rate constant (g wmol~! min~1); and g
and g; (wmolg1) denote the amount of antibiotic adsorbed at
equilibrium and at the reaction time t, respectively. The fitting
validity of these models is traditionally checked by the linear plots
of In(qe — q¢) versus t and t/q; versus t, respectively. The slope and
intercept of the obtained straight line provide the respective kinetic
constant and the g, parameters.

Despite the Lagergren kinetic equations have been used for a
great deal of adsorption kinetic works, this model cannot give inter-
action mechanisms, so another model to test antibiotic adsorption
on the studied materials was also used. A pore diffusion model,
described by Eq. (5), was used here and in most solid/solution
interaction studies [31]:

Inge = kgt ="/% +1, (5)

where kgjsr is the pore diffusion rate constant (umol g~! min~1/2)
and I is the intercept (wmol g~1). If the adsorption mechanism fol-
lows the pore diffusion processes a plot of In g, versus t~1/2 should
be a straight line with a slope kgj¢ and intercept I.

2.4. Photodegradation kinetics

To study the effect of the photodegradation, the same experi-
ments were carried out in presence of UV light at 25°C. A DESAGA
UV 131000 lamp (A =366nm) was used as an irradiation source
for the photodegradation of TC. Light intensity was estimated as
I3=2.7 x 10~% molphotons~! [32]. To discriminate between both
effects (adsorption and photodegradation) the results of the exper-
iments without light were subtracted from those carried out under
irradiation. Two kinetic models, i.e. the first-order equation and
the second-order equation were considered for interpreting the
experimental data:

TCo

In TC, = —kqt, (6)
1 1

T e — b 7)

where kj is the first-order constant (min~1), k; is the second-order
constant (WM~1 min~1); and TCy and TC; indicate the concentration
of TC supernatant (M) at t=0 and t=t, respectively.

3. Results and discussions
3.1. Characterization of synthesized materials

Characterization of the obtained materials by the techniques
mentioned above was showed in Supplementary Material, SM. SM
Fig. S1 shows the X-ray diffractogram of SiO,, TiO; and 28 wt%
TiO,-Si0, materials. SiO; shows a typical amorphous XRD patterns
which are characteristic of mesoporous silicas [21]. This means
that the mesoporous structure of SiO, is stable under our synthe-
sis conditions and it does not collapse during calcination at 540°C
resulting in transformation to the cristobalite phase [33]. Titania
shows several diffraction peaks, relating to the formation of a mixed
phase composed by anatase and rutile [19] in a 5:1 molar ratio.
However, the rutile diffraction peaks disappear in the XRD patterns
of 28 wt% TiO,-Si0, (as wellasin9 and 51 wt%, data not shown) evi-
dencing that anatase is the only titania crystalline phase. The rutile
phase is essentially formed at higher calcination temperatures
(>450°C) [34]. However, the non-appearance of rutile diffraction
peaks in TiO,-Si0, materials are in agreement with Yang et al. [35],
who reported that silica plays a key role in the inhibition of the for-
mation of rutile phase. It is also interesting to note that supported
TiO, shows broad diffraction peaks in comparison to bare titania,



1600 M. Brigante, P.C. Schulz / Journal of Hazardous Materials 192 (2011) 1597-1608

suggesting the formation of dispersed TiO, nanocrystallites [36]. In
fact, the grain sizes of free and supported TiO,, determined from
the width at half maximum of the anatase (101) peak according
to the Scherrer formula [37], 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 SM Fig. S2. SiO, (SM Fig. S2a) shows randomly
shaped aggregates of variable size and these do not provide a clear
morphology. TEM image (SM Fig. S2b) seems to show a typical
hexagonal arrangement of mesopores whose dimensions may be
engineered in the range of ~18 nm. TiO, particles also show ran-
domly shaped aggregates probably due to a faster condensation of
titania (SM Fig. S2¢). The aggregates are formed by nanoparticles
whose average diameter was 15 nm. The structure of the particles
seems to be tetrahedrical instead of rhombic (SM Fig. S2d). This
means that the structure of particles is that of rutile or anatase,
not that of brookite [28]. The morphology of 28 wt% TiO,-SiO, (SM
Fig. S2e) is similar to that of the bare silica and it does not show
clearly titania crystallites. This may indicate the formation of fine
particles and dispersion of TiO, over the support or into the meso-
pores [21]. From the TEM images it appears that TiO, nanoparticles
(black spot) are distributed in both the pores and on the pore walls
(SM Fig. S2f). The diameter of titania nanoparticles on the meso-
pores structure is at around 5-7 nm, which is smaller than titania
particles obtained by calcination. This may mean that calcination
produces synterization of the particles, whilst the presence of the
silica structures produces separation of the original particles and
avoids the synterization [28].

The nitrogen adsorption-desorption isotherms of the studied
materials are shown in SM Fig. S3. Briefly, it shows that SiO, (ii)
and 28 wt% TiO,-Si0O, (iii) represent typical type IV isotherms
with a H2 hysteresis loop that is characteristic of mesopores
[28]. Similar results were obtained for 9 and 51 wt% TiO,-SiO,.
However, the adsorption/desorption isotherms on TiO, (i), and
anatase (data not shown) are type Il [38]. 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 TiO, and TiO,-chitosan mate-
rials [31]. In the case of slit-like pores, the determined diameter
is the pore width. Specific surface area, pore diameter, and pore
volume of the solids are summarized in Table 1. The average pore
diameter of SiO, was at around of 18 nm, which is in agreement to
those reported in TEM microscopy. Table 1 also shows that change
in TiO, content in the silica structure results in important changes
in the surface area and pore diameter. On the one hand, the surface

slightly decreases in 9 wt% TiO,-SiO, in comparison to bare silica
and thenitincreases as TiO,-loading increases. These changes seem
to be attributed to the incorporation of titania particles into the
mesopore structure (decrease in Aggr) followed to the start grow-
ing of the TiO, crystallites on the outer surface of SiO, at higher
titania-loading (increase in Aggr) [39]. On the other hand, the pore
size in TiO,-SiO, increases in the order 9 wt% <28 wt% <51 wt%
which may be probably attributed to an increased contribution of
the naked titania character in the samples with the increasing of
TiO,-loading [35].

FT-IR spectra of SiO,, TiO, and 28 wt% TiO,-SiO, are shown
in SM Fig. S4. The most important features of SiO, are a broad
band centered at 3625cm~! associated to OH stretch from sur-
face hydroxyls bound to silica (Si-OH), a broad peak located at
1091 cm~! which is attributed to asymmetric Si-O-Si vibrations,
two peaks centered at 797 and 622 cm~! due to symmetric Si-O-Si
vibrations, and a peak centered at 478 cm~! assigned for Si-O-Si
bending modes [40]. TiO, shows characteristic absorption bands
at around 3478, 1633 (shoulder), 1123, and 486 cm~! 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 vibrations, respectively [19]. Some differences can be
observed in the FT-IR spectrum of TiO,-SiO,. One such difference
is the decrease in the intensity of the 797 and 622 cm~! peaks (the
last peak decreases up to disappear), corresponding to the symmet-
ric Si-O-Si vibrations. In addition, the band situated at 1091 cm™!
corresponding to asymmetric Si-O-Si vibrations is shifted towards
lower wavenumbers with decrease in broadness. Several works
have described a new peak located at 960 cm~! which is attributed
to Ti-O-Si vibrations [40,41]. This peak appears in our spectra as
a shoulder in the broad peak located at around 1110cm™! in all
studied titania-silica materials. These changes in the FT-IR spectra
are significant evidences that TiO, interacts with the silica sup-
port through chemical bonding, similar as those reported in several
reviews [42,43].

3.2. Adsorption studies

Fig. 2 shows the effects of pH on the adsorption kinetics of
TC on 28 wt% TiO,-SiO, and TiO, at 25°C and OM ionic strength.
All curves have similar characteristics, showing an important and
fast adsorption between t=0 and 5 min, and a slower adsorption
at longer times. Although adsorption seems to reach completion
at around 250 min, some long-term kinetic experiments revealed
that adsorption continues after several days, but very slowly. It
also shows that the adsorption on both adsorbents is strongly

;?gfgln adsorption results on the studied solids.

Sample A (1Y) D, (nm) Vo (cm3gh)

Si0, 238.6 18.89 0.4104

9%wt TiO,-Si0O,, 234.8 5.65 0.3544

28%wt TiO,-Si0, 2592 &7 0.4003

51%wt TiO,-SiO, 274.0 12.35 0.3093

TiO, 95 21.09 0.0499

anatase 2.9 10.07 0.0250

Note: Aggr: BET surface area; D,pp: adsorption average pore diameter by BET (8V/A); Vspar.: single point adsorption total pore volume of pores.
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Fig. 2. Effect of pH on the adsorption kinetics of TC on (a) 28 wt% TiO,-Si0,, and (b)
TiO, at 25°C. pH values: solid diamonds, pH 4.4; stars, pH 7.0; open triangles, pH
9.5.

dependent on the pH. It is relatively high at low pH and decreases
significantly at higher pH values. The adsorption of TC on SiO, and
anatase (data not shown) is very low and only detectable at pH 4.4.
The effect of pH can be better observed in the respective adsorption
isotherms shown in Fig. 3. As expected, the adsorption is relatively
high at pH 4.4 and decreases significantly at pH 7 and 9.5 indicating
that the affinity of TC for both adsorbents surface is higher at low
pH.

TC adsorption on TiO,-SiO, seems to take place either by direct
binding to the uncovered SiO, surface or by direct binding to the
supported TiO;. The first case appears to be less important under
our experimental conditions since it was reported that attachment
to the baressilica surface is very low. The second case seems to be the
most probable. The direct binding between TC and TiO, generates
ternary surface species TC-TiO,-SiO,, whose formation is mainly
driven by TC-TiO, interactions. The direct binding between TC and
TiO, can be better visualized comparing the FT-IR spectra of titania
and TC adsorbed on TiO, at pH 4.4 shown in Fig. 4. It shows that
the peak centered at 1123 cm~! (stretching Ti-O) disappears and
new peaks are located in the 1412-1639 cm~! region. These peaks
are attributed to amide C=0, A and C ring C=0, and amide NH,
vibrations of TC [44]. The new absorption peaks are also detected
in the TC-TiO,-SiO, system at pH 4.4 (data not shown) with a
smoothly decrease in intensity of the shoulder located at around
960 nm attribute to Ti-O-Si vibrations. The obtained results seem
to suggest that the binding of TC to titania (and TiO,-SiO; ) is mainly
due to electrostatic interactions (and H-bonds formation) between
amide, carbonylic and phenolic groups of the antibiotic and the
functional groups of TiO, although weak interactions between TC
and SiO, should not be discarded. These interactions are weaker or
less favorable as pH increases.

Table 2 shows the adsorption equilibrium parameters by using
the Langmuir and Freundlich isotherms and Table 3 shows the
adsorption kinetics parameters by using the pseudo-first-order,
pseudo-second-order and pore diffusion models for all experi-

35
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Fig. 3. Effect of pH on the adsorption of TC on (a) 28 wt% Ti0O,-SiO-, and (b) TiO, at
25°C. pH values: solid diamonds, pH 4.4; stars, pH 7.0; open triangles, pH 9.5. Lines
show predictions of Eq. (2) with parameters from Table 1.

ments. On the one hand, the adsorption isotherms of TC on SiO; and
anatase materials at pH 4.4 were better fitted using the Langmuir
than Freundlich adsorption isotherm. This result is expected mainly
because the Langmuir’s theory assumes monolayer coverage of
adsorbate over a homogenous adsorbent surface. On the contrary,
the adsorption data points in the TC-TiO,-SiO, system were fitted
using the Freundlich equation which is related to adsorbents with
a heterogeneous energy distribution of active sites. The Freundlich
parameters also show that the adsorption conditions in all cases
are favorable (n>1). On the other hand, the 2 values for the first-
order kinetic model are between 0.854 and 0.993 and >0.994 for
the pseudo-second-order kinetic model. It is probable, therefore,
that this adsorption system is not a pseudo-first-order reaction, it
fits the pseudo-second-order kinetic model. In fact, the calculated
adsorption amount at equilibrium, ge, obtained in the pseudo-first-
order model is inconsistent with the experimental data whereas qe
obtained from pseudo-second-order agrees reasonably well. Thus,
the pseudo-second-order model is more suitable to describe the
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Fig. 4. Infrared spectra of (i) TiO,, and (ii) the complex TC-TiO,.
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-ll;::);zliters of the Freundlich and Langmuir isotherm applied to experimental data for the adsorption of TC on the studied materials.
Freundlich Langmuir
Sample %wt TiO, pH T(CC) IS(M) Ke 1/m n 2 Va9, Gpon (Rmolg?) K (WM ) r?
8i0, 0 4.4 25 0 0.075 0.700 1.429 0922 | 0.082 12.21 0.0025 0.996
TiO,-8i0, 28 4.4 25 0 2.666 0.439 2277 0997
TiO,-8i0, 28 7.0 25 0 0.688 0.533 2.134 0.968
Ti0,-8i0, 28 9.3 25 0 0.298 0470 2128 0988
Ti0,-8i0, 28 44 15 0 1.510 0.550 1.820  0.999
TiO,-8i0, 28 44 35 0 2.238 0.479 2.089 0.9%4
TiO,-S8i0, 28 4.4 45 0 2.763 0.447 2240  0.999
Ti0,-8i0, 28 44 25 0.01 2.426 0424 2361 0.999
TiO,-8i0, 28 44 25 0.1 2.544 0394 23539 0.998
TiO,-8i0, 28 44 25 0.3 2.533 0.389 2572 00982
Ti0,-8i0, 9 4.4 25 0 0.687 0504 1.983 0.984
Ti0,-8i0, 51 4.4 25 0 1.526 0.470  2.128 0.993
Tio, 4.4 25 0 0.773 0.530 1.885 0.992
Tio, 7.0 25 0 0.321 0.523 1912  0.965
TiO, 9.5 25 0 0.312 0.556 1.798  0.982
TiO, 44 15 0 0.567  0.653 1.531 0.998
TiO, 4.4 35 0 0.852 0.491 2.035 0.994
Tio, 4.4 45 0 0.785 0.475 2107 0.970
Tio, 4.4 25 0.01 0.683 0.560 1.785  0.998
Tio, 4.4 25 0.1 0.628 0.556 1.799  0.992
Tio, 44 25 0.3 0.751 0.537 1.861 0.999
anatase 4.4 25 0 0.327  0.530 1.889 0982 | 0.107 9.32 0.0082 0.994

adsorption kinetics data. Table 2 also shows the best fitting param-
eters obtained with the pore diffusion model (Eq. (5)). Even though
the formulated model is rather simple, it can fit reasonably well the
adsorption behavior of TC on the studied materials.

The effects of temperature on the adsorption of TC on 28 wt%
TiO,-Si0; and TiO; at pH 4.4 are shown in Fig. 5. TC adsorption on
TiO,-Si0, (Fig. 5a) is not significantly affected by varying the tem-
perature from 15 to 45 °C, and the maximum uptake was between
30and 32 wmol g~!. On the contrary, TC adsorbs negatively on tita-
nia as temperature increases (Fig. 5b). Several reports exist about
the effect of temperature in the adsorption behavior of TC on dif-
ferent adsorbents. Tanis et al. [45] showed that the adsorption of
TC on iron oxides-coated quartz increased by increasing temper-
ature suggesting that a chemisorption-like process may play an
important role in the TC-adsorbent system. These observations are
significantly different from those reported by Turku et al. [46], who
reported that TC adsorption on silica decreased by increasing tem-
perature (physical adsorption). Li et al. [29] showed similar results
to those reported by Turku et al. [46] in the TC-kaolinite system
at pH higher than pK,; (pK, =7.7) whereas the adsorption is not
significantly affected by varying the temperature at pH 6 or lower.
Therefore, the obtained results suggest that temperature effects on
TC adsorption are strongly dependent on the type of adsorbent.

From the data showed in Fig. 5 were obtained the thermody-
namic parameters of the Gibbs free energy (AG°), enthalpy (AH°),
and the entropy (AS°) of the adsorption of TC onto both adsorbents
using the following equations:

. TC;
AG° = —RTIn (TCeq) , (8)

"o
o
E
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0 100 200 300 400
TCeq (MM)
Fig.5. Effect of temperature on the adsorption of TC on (a) 28 wt% Ti0,-SiO,, and (b)

TiO, at pH 4.4.Solid squares, 15 °C; open triangles, 25 °C; stars, 35 °C; solid diamonds,
45°C. Lines show predictions of Eq. (2) with parameters from Table 1.
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Table 3
Kinetic adsorption parameters obtained using Egs. (3)-(5).
pscudo-first-order pscudo-sccond-order pore diffusion
Sample  %wiTiO, TC (M) pH T(°C) ISM) q,(umolgh) k) %102 (min't) r q.(pmolgl)  k, x10?(gumol-! min'!) r Kar %102 (umolg-'min'¥?) I (umolg!) ”
5i0, 0 7 44 250 0 031 1.08 0.933 1.96 11.55 0.999 236 1.57 0.947
TiO,-8i0, 28 2 4.4 250 0 0.33 0.67 0.950 0.47 3.81 0.99 1.57 0.13 0.969
TiOSi0, 28 5 44 250 0 0.2 0.81 0.867 0.99 9.78 1 3.48 0.55 0.995
TiO,-8i0, 28 10 44 25.0 0 0.80 115 0.979 1.99 3.19 1 11.59 0.59 0.977
TiOSi0, 28 30 44 250 0 239 0.83 0.990 532 0.67 0.999 25.26 1.57 0.978
TiOySi0, 28 50 44 250 0 4.07 0.65 0.996 8.83 031 0.997 25.43 3.25 0.973
TiO,-8i0, 28 -] 44 25.0 0 5.07 0.65 0.992 11.21 0.36 0.995 21.70 5.46 0.980
TiO8i0, 28 100 44 250 0 4.16 0.73 0.995 1297 0.52 0.998 28.13 7.08 0.974
TiOSi0, 28 75 44 150 0 3.25 0.79 0.982 9.64 0.67 0.999 25.01 5.56 0.994
TiOpSi0, 28 75 44 350 0 401 0.86 0.954 1008 0.59 0.998 18.84 6.25 0.993
TiOSi0, 28 7 44 450 0 4.80 0.87 0.982 11.04 0.46 0.997 25.88 5.97 0.996
TiOSi0, 28 75 70 250 0 1.97 0.88 0.951 447 1.26 0.997 9.13 259 0.987
TiO,-8i0, 28 75 9.5 250 0 1.57 0.65 0.983 3.79 1.18 0.995 8.25 2.06 0.995
TiOSi0, 28 7 44 250 001 436 0.82 0.989 9.11 0.52 0.997 21.83 4.66 0.984
TiOp8i0, 28 75 44 250 01 4.58 0.88 0.989 9.03 0.49 0.997 21.57 458 0.983
TiOSi0, 28 75 44 250 03 4.63 0.74 0.977 9.08 0.44 0.994 2176 451 0.995
TiO,-S8i0, 9 75 44 25.0 0 1.44 0.91 0.912 3.36 1.79 0.996 6.30 2.05 0.987
Ti0,-Si0, 51 75 44 250 0 2.84 0.92 0.940 7.46 0.98 0.998 12.14 4.97 0.987
TiO, 2 44 250 0 0.35 1.89 0.903 037 10.85 0.997 1.09 0.16 0.972
TiO, 5 44 250 0 0.42 1.06 0.925 0.78 4.73 0.997 3.85 0.20 0.993
TiO, 10 4.4 25.0 0 0.88 0.96 0.986 1.38 17 0.996 6.08 0.36 0.998
TiO, 30 44 250 0 1.78 0.87 0.964 315 112 0.997 730 1.55 0.993
TiO, 50 44 250 0 1.9 0.65 0.988 4.85 091 0.997 9.13 2.83 0.993
TiO, 75 44 25.0 ] 1.63 0.71 0.960 5.94 1.47 0.999 9.45 4.19 0.974
TiO, 100 44 250 0 1.26 0.78 0.974 718 1.96 1 9.75 5.64 0.971
TiO, 75 44 150 0 1.47 0.84 0.980 433 1.89 0.998 8.13 275 0.973
TiO, 75 4.4 350 0 2.00 0.85 0.982 4.13 1.29 0.997 11.97 2.07 0.970
TiO, 75 44 450 0 2.66 1.48 0.941 3.92 116 0.996 12.80 1.59 0.980
TiO, 75 720 250 0 037 0.75 0.990 2.80 7.64 1 2.45 235 0.970
TiO, 75 9.5 25.0 0 1.49 0.65 0.984 3.55 1.48 0.996 8.23 1.89 0.985
TiO, 75 44 250 001 1.59 0.69 0.970 435 147 0.997 9.23 2.53 0.954
TiO, 75 44 250 01 1.8 113 0.993 4.03 1.51 0.994 8.99 225 0.96
TiO, 75 44 250 03 1.89 0.86 0.941 4.54 135 0.996 8.85 2.75 0.97
anatase 75 4.4 25.0 0 0.35 0.91 0.976 3.04 9.19 1 2.03 2.67 0.997
TCs AS°  AH° where A is the Arrhenius pre exponential term. The slope of plot
In TCeq "R T RT ©) of Ink; s versus 1/T is used to evaluate E,pp, which was found to be

where TCs is the concentration of antibiotic adsorbed (uM), T
is the solution temperature in K, and R is the gas constant
(8.314JK-1mol-1). The enthalpies of the TC on both solids are
obtained from van’t Hoff plots as In(TC;/TCeq) versus 1/T. The ther-
modynamic parameters are shown in Table 4. On the one hand, the
AH° value for the adsorption of TC on TiO is negative implying that
the interaction of TC with the solid is an exothermic process. The
low AH° value has been attributed to a number of physical inter-
actions involving electrostatic interactions, ion exchange, water
bridging, and hydrogen-type bonding between the TC molecules
and the adsorbent structure [47,48]. The negative sorption entropy
indicates a decreased randomness at the solid-water interface dur-
ing TC adsorption. On the other hand, it shows that the value of
AH° is positive for 28 wt% TiO,-SiO,. The van’t Hoff plots of the
interactions of the drug with the surface of the adsorbents require
energy and this interaction is endothermic in nature. The positive
value of AS° (7.18] K1 mol~1) reflects the affinity of the antibiotic
towards solids and may suggest some structural changes in adsor-
bate (hydration of TC ions) and adsorbent (charged surface upon
adsorption) [45]. Finally, the positive value of AG® at various tem-
peratures shows that the nature of adsorption on both adsorbents
is not spontaneous.

The apparent activation energy (Eapp) of the process was
obtained from kinetic experiments at different reaction tempera-
tures and listed in Table 2. The pseudo-second-order rate constants
were used for those purposes by using Arrhenius equation:

Eapp

Inky s =InA - RT

(10)

9.6 and 12.1 k] mol~! for 28 wt¥% Ti0,-SiO, and TiO,, respectively.
The low values of E;pp found here reveal that the adsorption of
TC on both solids is controlled by diffusion in aqueous solutions
[49]. These results are in agreement with the good fits obtained
with the pore diffusion model, i.e., the correlation coefficients were
0.95-1.00 in all experiments.

The effects of the ionic strength on the adsorption isotherm of
TC on 28 wt% TiO,-SiO, at pH 4.4 and 25°C are shown in Fig. 6.
The adsorption equilibrium and adsorption kinetic parameters are
shown in Tables 2 and 3, respectively. The adsorption depends
on the ionic strength, decreasing as the ionic strength increases.
These results suggest that formation of ionic pairs or outer-sphere
complexes is the prevailing adsorption process: the competition
between TC (as TC*, see Fig. 1) and K* for negatively charged groups
leads to an important decrease in TC adsorption by increasing K*
concentration. Similar results were obtained in the TC-TiO, system
(data not shown), although these effects are less strong than on the
titania-silica composed material. Results resemble those reported
by Lietal.[29] and Changet al. [50] for the adsorption of TC on kaoli-
nite and palygorskite, where competition between the antibiotic
and electrolyte cations were proposed to play a key role.

Fig. 7 shows the effect of the amount of TiO, loaded on the
silica support on the adsorption of TC at pH 4.4 and 25°C. The
adsorption depends on the TiO, content, increasing from 0 to
28 wt% TiO,-loading. When titania was loaded at 51 wt%, the tetra-
cycline adsorption capacity decreased. This indicates that there
is an optimal TiO, content that is related to the dispersion of
titania crystallites inside mesopores of SiO,. Similar results were
reported by Vuetal.[51] on the adsorption of TC on Fe-impregnated
SBA-15.
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Table 4
Thermodynamic parameters of TC adsorption on TiO, and 28 wt% Ti0,-SiO,.

28%wt TiO,-Si0,

T(°C) AG°(kJmoll)  AH® (kJmol)

TiO,

AS° (JK-Imol-)  AG® (kJmol'l) AH® (kJmol'l) AS® (JK-lmol-1)

15 1.35 3.11
25 1.25 3.39 7.18 3.31 -10.06 -45.13
35 1.19 3.65
45 1.00 4.09
35

TCads (umolg™)

0 50 100 150 200 250 300
TCeq (M)

Fig. 6. Effect of ionic strength on the adsorption of TC on 28 wt% TiO,-SiO, at pH
4.4 and 25 °C. KCl concentrations: solid diamonds, 0 M; stars, 0.01 M; open triangles,
0.1 M; solid squares, 0.3 M. Lines show predictions of Eq. (2) with parameters from
Table 1.

3.3. Photodegradation kinetics

Fig. 8 shows the changes in the UV-VIS spectra of a solution of TC
during a typical photodegradation kinetic experiment performed at
pH 9.5. This kind of plot was also used to monitor the increase in
the concentration of photodegraded TC supernatant (TCppotodeg) aS
a function of time in this and all other experiments. In absence of
photocatalyst (Fig. 8a), the maximum absorbance of the TC (located
at 377 nm) decreases continuously in time and eventually reaches
a constant value after 90 min of reaction. The fall in the absorbance
at 377 nm is accompanied by an increase in the intensity of the

35

30 1

25 1

20 4

TCads (pmolg'1)

0 T

0 50 100 150 200 250 300 350 400
TCEC[ (uM)
Fig. 7. Effect of TiO,-loading on the adsorption of TC on TiO,-SiO, at pH 4.4 and

25°C. TiOz-loadings: solid squares, 0 wt%; open triangles, 9 wt%; solid diamonds,
28 wt¥%; stars, 51 wt%. Lines show predictions of Eq. (2) with parameters from Table 1.

absorption bands located at 237 and 278 nm and the formation of a
very strong absorption band at 533 nm. Di Paola et al. [52] revealed
that the appearance of this band can be attributed to the for-
mation of 4a, 12a-anhydro-4-oxo-4-dedimethylaminotetracycline.
In addition, a well-defined isosbestic point at 427 nm is showed
which probably suggests that the herbicide is being degraded
into products in a constant relationship. Similar results to those
showed at pH 9.5 were reported at pH 7 and 4.4 (data not
shown).

In presence of 50 mg TiO, (Fig. 8b), a strong decrease in inten-
sity of the maximum absorption band with apparition of the band at
533 nm is observed during the first 55 min of the reaction as similar
to those showed in absence of the solid at the same pH. However,
after 55 min of UV irradiation, it shows a slightly decrease in the
533 nm band. Similar results were found in TiO,-SiO, system (data
not shown). In presence of anatase (Fig. 8c), the intensity of the
533 nm band strongly decreases with irradiation time up to disap-
pear without the formation of isosbestic points. The obtained result
suggests that the products which are stable at pH 9.5 are being
degraded to other products in presence of mentioned photocata-
lysts. It is also possible that this effect would be due to the existence
of an alternative degradation mechanism or the existence of several
mechanisms in parallel. Fig. 8d shows the change in colour of a TC
solution during a typical photodegradation experiment at pH 9.5.
At t=0, TC supernatant solution has a fluorescent yellow appear-
ance, at 0 < t <40 min the antibiotic solution gradually changes from
yellow to fuchsia, and then it discolours. Changes in colour from yel-
low up to fuchsia were detected in absence and in presence of TiO,
and all titania-silica materials whereas the discolouration was only
detected in presence of anatase.

The effect of the studied materials on the photodegradation
curves at different pH values and their kinetic parameters are
shown in Fig. 9 and Table 5, respectively. To avoid the adsorption
effects and quantify only the concentration of photodegraded TC,
the experimental results without light were subtracted from those
carried out under irradiation. For comparative purposes, solid sym-
bols show the photodegradation curves in absence of photocatalyst.
Itis noted that the kinetic is strongly dependent of pH, increasing as
pH increases. For example, only 90 min were necessary to degrade
85% of initial TC at pH 9.5, whereas at pH 4.4 even after 300 min
of reaction only 3% of degradation could be achieved in absence of
photocatalyst. However, the catalytic activities of the materials are
more effective at lower pH. In fact, the rate increases 12, 18, and
23-fold in presence of 28 wt% TiO,-SiO, (Fig. 9a), TiO, (Fig. 9b) and
anatase (Fig. 9c) respectively at pH 4.4; it moderately increases (up
to 3-fold) at pH 7; and it significantly decreases at pH 9.5 (mainly
in TiO,-SiO, and TiO,) in comparison to those same experiments
performed in absence of photocatalyst.

Several reports exist about the effects of titania on the kinet-
ics and mechanism of TC photodegradation [52-56]. It is known
that when TiO, is irradiated with photons of energy equal or
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Fig. 8. Effect of (a) no catalyst, (b) TiO,, and (c) anatase on the changes of the UV-VIS spectra of the TC supernatant at different reaction times, pH 9.5 and 25 °C. Change in

colour of the TC supernatant during a typical photodegradation experiment.

greater than its band-gap energy, the conduction band electrons
and valence band holes are generated. The generated holes can
either recombine with electrons or react with OH~ or H,0 oxidiz-
ing them into OH* radicals or oxidize the adsorbed TC molecules.
The OHe* radicals, together with other highly oxidant species, are
responsible for the decomposition of TC [53,55]. Reyes et al. [54]
reported that the complete mineralization of TC follows the stoi-
chiometric equation:

Addamo et al. [53] showed that during the initial period of the
TiO,-assisted photoprocess, the degradation of tetracycline occurs
through two competitive reactions: (i) photodeamination and (ii)
cleavage of the ring structure. The deamination reaction is probably
predominant both in absence or presence of TiO,. The progressive
addition of OH® radicals to the aromatic rings leads to the formation
of oxygenated aliphatic intermediates and finally to the forma-
tion of CO,. Similar results were reported by Di Paola et al. [52]
although they revealed that the treatment with TiO, (Degussa P-

45 _ Tio, /hv i ing i i izati
CyoHoaN,04 + 702 2/ 22C0, + 2NH; + 9H,0 (11) 25 and Merck) and UV-light resulting in a complete mineralization
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Fig. 9. Effect of pH on the photodegradation kinetics of TC. Open symbols show the effects of (a) 28 wt% TiO,-Si0,, (b) TiO,, and (c) anatase on the degradation curves. Solid
symbols show the TC degradation in absence of photocatalyst. Studied pH: diamonds, pH 9.5; triangles, pH 7.0; squares, pH 4.4. Initial TC concentration: 60 wM. Mass of
photocatalyst: 50 mg.
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Table 5
Kinetic photodegradation parameters obtained using Eqgs. (6) and (7).

first-order

second-order

Sample %wt TiO, Amount (mg) pH  k x103 (min!) 2 k,x105 (uM-!min'?) 2

4.4 0.28 0.988

7.0 1.63 0.990

9.5 35.46 0.986

SiO, 50 4.4 <0.01 0.994
TiO,-8i0, 28 50 4.4 4.42 0.997
TiO,-8i0, 28 50 7.0 9.49 0.971
TiO,-8i0, 28 50 9.5 210.28 0.990
Ti0,-Si0, 28 25 4.4 2.77 0.989
TiO,-8i0, 28 100 4.4 5.60 0.981
Ti0,-Si0, 28 200 4.4 2.53 0.991
Ti0,-Si0, 9 100 4.4 0.87 0.989

TiO,-8i0, 51 100 4.4 5.08 1

TiO, 50 4.4 4.71 0.997
TiO, 50 7.0 8.63 0.996
TiO, 50 9.5 222.38 0.990
TiO, 25 4.4 2.56 0.980
TiO, 100 4.4 9.52 0.970
TiO, 200 4.4 9.10 0.980
anatase 50 4.4 10.75 0.993
anatase 50 7.0 22.87 0.993
anatase 50 9.5 437.93 0.984
anatase 25 4.4 7.95 0.997
anatase 100 4.4 16.65 0.992
anatase 200 4.4 16.16 0.989

of the antibiotic drug is unlikely. The generation of OH* radicals is
favoured as pH increases [57].

From data listed in Table 5, it is observed that the first-order
kinetics provide good fit to the experimental data for the TC
photodegradation in absence of solids. On the contrary, the second-
order kinetic expression with higher r? values was well fitted in
terms of the kinetics of antibiotic degradation by TiO,, TiO,-SiO5,
and/or titania. The lower r? values of the first-order equation
were inappropriate to represent the kinetics of photocatalysis of
TC by the mentioned materials. The implementation of second-
order kinetics to fit experimental data is in agreement to those
reported by Kim et al. [58] on the photodegradation of the her-
bicide metsulfuron methyl onto TiO, and powdered activated
carbon.

Fig. 10 shows the effect of the amount of studied materials on the
photodegradation curves at pH 4.4 and 25 °C. The kinetic parame-
ters are shown in Table 5. It clearly shows that the kinetic strongly
depends on the amount of added solid, increasing from 0 to 50 mg
for the case of 28 wt% Ti0,-Si0, (Fig. 10a). When the amount of
titania-silica was higher than 50 mg the photodegradation rate

decreased. Similar results were obtained by varying the amounts
of TiO, and anatase (Fig. 10b and c, respectively), i.e., the highest
photocatalytic activity occurred at 100 mg in both materials. The
obtained results can be explained as follows, the adsorption rate
(mainly on TiO;) and photodecomposition rates (upon UV/TiO,) of
TC are influenced by the active site and the photo-absorption of the
catalyst used. Adequate loading of the semiconductor increases the
generation rate of electron/hole pairs for promoting the degrada-
tion of the antibiotic drug. However, addition of a high dose of the
TiO, decreases the light penetration due to the higher degree of
agglomeration of photocatalyst. These observations are in agree-
ment to those reported by Barakat et al. [59] on the adsorption and
photodegradation of Procion yellow H-EXL dye in textile wastew-
ater over TiO, suspension.

Fig. 11 shows the effect of the TiO,-loading on the photodegra-
dation curves at pH 4.4 and 25 °C. The kinetic parameters are shown
in Table 5. The kinetic is strongly dependent on titania content,
i.e., the rate strongly increases as the TiO,-loading increases. The
increase on the rate is less important at >28 wt% TiO,-loading
mainly due to the agglomeration of titania crystallites. At 0 wt%
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Fig. 10. Effect of amount of (a) 28 wt% Ti0,-SiO,, (b) TiO,, and (c¢) anatase on the photodegradation curves at pH 4.4 and 25 °C. Solid circles, no catalyst; open squares, 25 mg;
stars, 50 mg; open triangles, 100 mg; solid diamonds, 200 mg. Initial TC concentration: 60 M.
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Fig. 11. Effect of TiO,-loading on the photodegradation curves at pH 4.4 and 25°C.
TiO;,-loadings: solid squares, without solid; open circles, 0 wt%; stars, 9 wt%; open
triangles, 28 wt%; solid diamonds, 51 wt%. Initial TC concentration: 60 M.

TiO,-loading (i.e., SiO,), the rate decreases in comparison to the
photodegradation in absence of solid. The obtained results suggest
that the silica material protect the antibiotic to be photodegraded,
as reported in several works [60,61].

4. Conclusions

The results shown in this article reveal that the adsorption of TC
on titania and titania-silica is strongly dependent on pH, increasing
as pH decreases. The adsorption mechanism, controlled by diffu-
sion processes, is strongly related to electrostatic attractions and
H-bond formations mainly between amide, carbonylic and phe-
nolic groups of the antibiotic drug and the functional groups of
TiO,. The adsorption capacity at constant pH increases in the order
TiO, < Ti0,-Si0, mainly due to the highly surface area that the silica
offers and to the homogenously dispersion of the TiO, nanocrys-
tallites. The analysis of thermodynamic parameters suggested that
the adsorption on TiO; and 28 wt% TiO,-Si0O, are exothermic and
endothermic in nature, respectively.

The obtained results also show that the photodegradation rate
is also affected by the presence of TiO, and TiO,-SiO, at several

pH, although the photocatalytic activities of the studied materials
are more important at pH 7 or lower. The photodegradation mech-
anisms seem to be related to the formation of OH® radicals which
are responsible for the decomposition of TC. The photodegradation
kinetic at constant pH is strongly dependent on the solid amount
and TiO,-loading.

The obtained results have a significant importance in environ-
mental processes, where the production of synthetic materials can
play a key role. Mesoporous silica is known to be a very good adsor-
bent for several species (dyes, pesticides, drugs, heavy metals, etc.)
due to the high surface area and pore size. However, since SiO;
could be modified by the incorporation of metal ions or metal
oxides on the mesopore structure, the M-SiO, and/or MOx-SiO,
(M =metal) systems may act not only as excellent adsorbents but
also as alternative photocatalysts for pollution control. This will not
only benefit the deactivation of the mentioned pollutants but also
reduce their leaching and transport through groundwaters.
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