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TiO,-Si0, mixed oxide materials were hydrothermally synthesized and the photocatalytic degradation
of phenol under UV-irradiation was evaluated. We also demonstrated that varying the co-solvent, mod-
ulates the structural properties of the materials. In particular, the use of non-polar co-solvents such as
toluene seemed to increase the crystallinity, surface area, and pore diameter while the crystallite size
of titania seemed to change little. A comprehensive characterization using surface and bulk techniques
evidenced the role of porosities, crystallinity, and Ti-O-Si linkages of the mixed oxides as significant
factors that contribute to the degradation of phenol. The TiO,-SiO, mixed oxide material prepared using
only ethanol as the solvent showed 24% degradation of phenol after 120 min of irradiation whereas other
mixed oxide materials degraded phenol more efficiently (57% to 100%) in the same duration of time.
The higher photocatalytic activities of the mixed oxide materials prepared using non-polar solvents is
attributed to a combination of factors that include higher Apparent Surface Coverages of Ti-O-Si het-
erolinkages, larger pore sizes, and most importantly higher crystallinities of the titania phase. Larger pore
sizes enabled better transport of reactant molecules and products to and from the active sites (Ti-O-Si
heterolinkages) and the higher crystallinities of the titania phase helped in minimizing the electron-hole

recombination in these photocatalysts, and thus resulted in high degradation efficiencies.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Persistent pollution of our hydrosphere is one of the major socio-
economic challenges in the world today. The existing techniques
employed to curb pollution are energy inefficient and are still prone
to the formation of secondary toxic intermediates and by-products
that may require intricate procedures for remediation. Organics
such as phenol and phenolic compounds are major components
of a myriad of industrial chemicals and as such have a prevalence
in waste water [1]. Ingestion of excess amounts of phenol poses a
threat to organ and tissue functions and thus there is an impetus for
their complete removal from water sources for human consump-
tion [2-4].

The advanced oxidation process (AOP), however, has emerged
as an attractive technology that promises a renewable and
energetically sustainable approach through which the complete
mineralization of highly toxic organic compounds such as aro-
matics, pesticides, petroleum constituents, and volatile organic
compounds in water can be achieved [5-7]. AOP techniques for
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water purification are mainly based on the hydroxyl radical (-OH)
formation and their eventual reactivity with the organic molecules.
Jaeger and Bard [8] evidenced the presence of -OH radicals in
irradiated aqueous suspensions of titanium dioxide (TiO,) based
composites using spin trapping agents via electron spin reso-
nance spectroscopy, and several investigators later credit these
highly reactive species as responsible for the degradation of organic
molecules [2,7,9]

TiO, has been widely used as a photocatalyst for pollutant
degradation due to its photochemical stability, low toxicity, and
relative affordability [10]. However, because of the notion that
limited efficacy of the semiconductor may be related to its low sur-
face area and hydrophobicity, several investigators have opted to
incorporate TiO, in supports such as silica [11-14], alumina [12],
zeolite [15-17], and activated carbon [15,18] etc. to enhance the
efficiency, mechanical, and thermal stability. Even though most of
the mixed materials show good efficiency, silica is a popular sup-
port of choice because it is inert, transparent to UV light, porous,
and can facilitate the dispersion of photocatalysts. In numerous lit-
erature studies, improved dye adsorption has been attributed to
increased hydrophobicity due to the presence of a silica suppor-
ting phase. This has prompted the premise that the hydrophobic
phase improves adsorption capacities and consequently enhances
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the catalytic activity of TiO, based mixed oxides for all organic sub-
strates|11,12]. This may not universally hold truth as demonstrated
in this study. Elsewhere, the addition of SiO, phase to TiO, does not
only prevent the phase transformation from anatase to potentially
inactive rutile, but it also facilitates in the effective dispersion of the
anatase crystallites [19,20] that serve as photoactive centers essen-
tial for the cleavage of organic pollutants and their degradation to
innocuous intermediates and by-products [21].

Several elaborate methods have been implemented for the
preparation of TiO,-SiO, mixed oxides such as flame hydrolysis,
and chemical vapor deposition (CVD); however, the sol-gel pro-
cess provides an avenue through which structural features can be
tuned by simply optimizing the synthesis recipe to achieve materi-
als of enhanced properties [11,22-24]. In a recent publication, we
successfully explored the effect of various co-solvents on the phys-
icochemical properties of hydrothermally synthesized TiO,-SiO,
mixed oxide materials, and revealed that introduction of aromatic
co-solvents such as benzene, toluene, and p-xylene induces the
gelation rate, expands the pore cavities, and results in materials
of high surface area due to minimized surface tension of the pore
walls [25]. The type of co-solvent used in the synthesis of the mate-
rial modulates the porosities resulting in varied diffusion properties
of reactant and product molecules accessing and leaving the pores,
respectively, hence resulting in varying activities at the initial
stages of the reaction. This new work extends and conceptualizes
the role of textural properties in providing a detailed mechanistic
study for the identification of degradation products formed dur-
ing the photocatalytic degradation of phenol. UV illumination of
the semiconductor photocatalyst results in the formation of charge
carriers (electrons and holes) that eventually form highly reactive
oxidation species (ROS) [26-28] such as -OH, O, -, -OOH, HOOH,
or OH~ [29-31]. At a constant light intensity, catalyst amount,
temperature, and solution pH, the concentration of all interme-
diates formed during the degradation process were quantified
by using high performance liquid chromatography (HPLC) in this
study.

Titania-silica materials have been widely studied for a vari-
ety of catalytic reactions involving selective oxidation, cumene
dealkylation, 2-propanol dehydration, 1,2-dichloroethane decom-
position, phenol amination etc. [32]. Thus, the unique chemical
and physical properties exhibited by titania-silica provide a basis
for the fundamental understanding of structure-activity rela-
tionship in mixed oxide systems. TiO, supported on silica has
been extensively investigated for the degradation of a variety
of dyes [11,12,33-35], non-aromatics [36-38], pesticides [39,40],
and benzyl compounds [14,41,42] in aqueous phase reactions.
Although TiO,-SiO, photocatalysts have been also employed for
photocatalytic degradation of phenol [13,14,30,31,43-46], exist-
ing literature have only examined the effects of the particle
size of titania and its loading, and lack several key factors that
includes: (i) a systematic and thorough characterization of the sur-
face properties of the TiO,-SiO, materials, (ii) comprehensive and
detailed investigation of textural properties of the TiO,-SiO, mate-
rials to understand the role of porosities, (iii) effect of Ti-O-Si
heterolinkages towards the degradation of phenol, (iv) detailed
identification and quantitative analysis of the reaction interme-
diates and photodegradation products, and (v) elucidation of the
reactive oxidative species that are responsible for the degradation
process.

In addition, some earlier reports reported kinetics and product
identification of phenol degradation by TiO, and metal doped TiO,
[47-49], but such studies pertaining to the mechanistic pathways
using titania-silica photocatalysts are still missing in the litera-
ture, and is the motivation for this work. We thus provide new
knowledge implicating Ti-O-Si hetero linkages, pore sizes of the
materials, and crystallinity as factors that optimally contribute to

the overall photocatalytic efficiencies in TiO,-SiO, mixed oxide
materials.

2 Experimental
2.1 Materials and preparation

Commercially available tetraethylorthosilicate (TEOS, Acros
98%), titanium isopropoxide (Ti({OPr)4, Acros 98 +%), anhydrous
ethanol (EtOH, Pharmco-AAPER, ACS/USP grade, 200 proof), conc.
nitric acid (HNOs3), pentane, hexane, nonane, benzene, toluene,
p-xylene (all ACS grade) were used as received to prepare the
TiO,-Si0, mixed oxides. Phenol (Acros, 99 +% ACS grade), hydro-
quinone (Sigma, >99%), maleic acid (Alfa Aesar), acetic acid (Fisher),
fumaric acid (Acros), pyrogallol (Alfa Aesar, 99% ACS Grade), cat-
echol, and methanol (Acros, 99.9% HPLC grade) were purchased
and used for the HPLC studies without further purification. tri-
ethanolamine (TEA, Acros, ACS grade), sodium hydroxide (Acros),
terephthalic acid (TPA, Acros, 98%), and sodium bisulfite (Acros)
were used as received. Nano pure water (resistivity >18 €2 cm) was
used to prepare the solution mixtures. Benzoquinone (TCI America,
98%) was purified by sublimation to obtain bright yellow crystals
and subsequently used in the product identification analyses.

2.1.1. Synthesis of TiO,-SiO, mixed oxides (HTS-01 to HTS-06)

A series of TiO,-SiO, mixed oxide sols were prepared by
simultaneous hydrolysis and condensation of TEOS and (Ti(!OPr),)
and varying the co-solvents. In a typical synthesis to obtain
titania-silica mixed oxides with the molar ratio of Ti:Si=1:1,
1.65 mL of TEOS was added slowly into a solution containing 9 mL
of co-solvent dissolved in 9 mL of EtOH under vigorous stirring in a
Teflon liner. The hydrolysis process was initiated by the introduc-
tion of 1 mL of H,0 and the process was catalyzed by the addition
of 100 L of conc. HNOs, (Ti(‘OPr),) was added drop wise to ensure
homogenous distribution and the suspension left to stir until gela-
tion. The resultant gels were subjected to hydrothermal treatment
in a Thermolyne autoclave reactor furnace and heated to a tem-
perature of 120 °C for 14 h. The gelatinous precipitate attained was
filtered, washed, and oven dried at ~80°C for 9 h. These powders
were then ground and calcined in static air at 500°C for 6h at a
heating rate of 3°Cmin—1.

2.1.2. Synthesis of pure TiO, (HTS-07)

The sample HTS-07 (containing only TiO,) was prepared as a
control by adding the titania precursor (Ti(!OPr),) into a mixture of
9mL of EtOH and 9 mL of toluene, and 100 wL of conc. HNO3 under
stirring at 300 rpm followed by the drop wise addition of 1 mL of
water with rapid stirring till gel formation. It was then subjected
to hydrothermal treatment in an autoclave at 120°C for 14 h. The
gelatinous precipitate attained was filtered, washed, oven dried at
~80°C for 9 h, then ground and calcined by heating in air at 500 °C
for 6h at heating rate of 3°Cmin~!. The product obtained was a
white powder.

2.2 Characterization

Powder X-ray diffraction patterns were recorded at ambient
conditions using a Rigaku Ultima IV instrument with Cu K« radia-
tion (A =1.5408 A), operated at an accelerating voltage of 40 kV, and
emission current of 44 mA. The scanned range was between 26 = 20°
and 80° with a step size of 0.02° and the scan speed was 1° min~!.
The crystallite sizes of the titania phase in the mixed oxide materials
were determined by applying the Debye-Scherrer equation to the
peaks at 260=48.3°, 62.9°, and 75.4°. The diffraction patterns were
analyzed using PDXL software provided by Rigaku. Raman spectra
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were recorded using a Horiba Jobin Yvon LabRam ARAMIS spec-
trophotometer with an internal He-Ne (532 nm) excitation laser.
The unfiltered beam of scattered laser radiation was focused onto
the sample through a microscope objective (x50) for an acquisition
time of 10 s and repetition of 10x. The radiation was then dispersed
by a 1800 line/mm grating onto the CCD detector. Physisorption
properties of the calcined mixed oxides were investigated by using
the Quantachrome Nova 2200e surface area and pore size analyzer.
The materials were dried overnight at 70°C followed by extensive
degassing at 100°C and the N, adsorption-desorption isotherms
were obtained at 77 K. Fourier Transform-Infrared (FT-IR) spectra
were collected using a Bruker instrument model ALPHA equipped
with ATR platinum diamond module of spectral range capabilities
from 4000 to 400 cm~! to further support the absence of solvents in
the resulting mixed oxide materials. Optimal measurements were
obtained by taking 24 scans at a resolution of 4cm~!. Surface areas
were calculated using the Brunauer-Emmett-Teller (BET) equa-
tion within the relative pressure P/Py range of 0.05-0.30. The pore
volume was obtained from the nitrogen amount adsorbed at the
highest relative pressure P/Py ~ 0.99. The pore size distribution was
determined by applying the Barrett-Joyner-Halenda (BJH) equa-
tion to the desorption isotherm.

The diffuse reflectance spectra (DRS) were obtained in the range
between 190 and 700 nm using a Carry 100 Bio UV-Vis spectropho-
tometer equipped with a Harrick DR praying mantis accessory.
X-ray Photoelectron Spectroscopy (XPS) studies were carried out
using a custom-designed Kratos Axis Ultra system in an effort to
interpret the chemical environment of the oxide species present
on the surface of the photocatalysts. Survey scans were collected
using energy scan range of 1200 to 25eV, pass energy of 160eV,
step size of 1 eV. High resolution spectra were attained in the region
of interest with energy window of 20-40 eV, pass energy of 20 eV,
step size of 0.1 eV. The absolute energy scale was calibrated to the
C 1s peak at a binding energy of 284.6 eV since this minimizes any
errors in sample charging effects. The CASA XPS software was used
to perform the de-convolution of the XPS peaks. A Tougaard-type
background was subtracted from each spectrum to minimize the
noise from scattering electrons. The surface charge of the mixed
oxide materials was measured by auto titration using a zetasizer
analyzer and adjusting the pH of the mixed oxide-electrolyte (KNO3
in DI water) suspension. A Malvern NanoZS-90 zetasizer was used
to measure the zeta (¢)-potential of the mixed oxides. Deionized
water was used as the diluent. Test samples were prepared in the
concentration of 1mgmL-! by dispersing known amounts of the
samples in aqueous 0.01 M KNOj3 solution. The pH was controlled
by addition of 0.1 M KOH and/or HNO3, and the results obtained
provided useful information pertaining to the mode of adsorption
of phenol molecules on the surface of mixed oxide materials.

TEM images were recorded on a Tecnai G2 instrument operat-
ing at 120kV. First, 5mg of samples were dispersed in 20 mL of
ethanol by sonicating for 10 to 15 min and then 2 to 3 drops of the
dispersed nanoparticle suspension were deposited on C-film coated
copper TEM grids (200 mesh) and allowed to air dry overnight prior
to analysis.

2.3 Photocatalytic experiments

The photocatalytic activity of the mixed oxide materials was
determined by the following procedure. 100 mg of photocatalyst
was suspended in 100 mL of 2 x 10~*M phenol (initial pH =4-6)
solution in a quartz cylindrical jacket reactor, and stirred in the
dark at 300 rpm for 30 min under O, purge (60 mLmin~!) to estab-
lish the adsorption-desorption equilibrium. Subsequently, UV light
was supplied by a Xenon arc lamp (Newport 1000 W) through
a Pyrex glass filter (cut off 280nm) and the reaction tempera-
ture was maintained at 25 + 2 °C by channeling water in-between

the walls of the reactor throughout the course of the 6 h experi-
ment. The light intensity in the reaction medium was estimated to
be ~95mW cm~2. 15 mL of the reaction mixture was withdrawn
at 30 min intervals, centrifuged at 3200 rpm for 15 min, filtered
through 0.45 wm Millipore filter membrane, and the clear filtrate
was analyzed for organic content.

In order to investigate the role of oxygen to the catalysis reac-
tion, experiments were carried out under N, flow (absence of
oxygen). In addition, by applying the fluorescence technique that
detects the amount of -OH formed on irradiated TiO,-SiO, surfaces
using terephthalic acid (TPA) as a chemical trap for the -OH radicals,
the influence of hydroxyl radicals (-OH) on the photocatalytic reac-
tion was studied. These radicals are known to react readily with TPA
to produce highly fluorescent 2-hydroxyterephthalic acid. 20 mg
of photocatalyst were added to 50 mL of 5 x 10~4 M TPA solution
in 2 x 10-3M NaOH, prior to UV irradiation. 3 mL aliquots were
drawn every 20 min for a duration of 120 min, filtered through a
0.45 pm Millipore filter membrane, and the clear solution was ana-
lyzed using Flouromax-4 (JY Horiba) fluorometer. The fluorescence
emission intensity of the 2-hydroxyterephthalic acid produced a
peak at 425nm after excitation at 315 nm. The intensity of the
peak at 425 nm is expected to be proportional to the amount of
-OH formed. An additional experiment was carried out using tri-
ethanolamine (TEA) to study the influence of holes (h*) in the
formation of hydroxyl radicals. For that, 3.3 mL of 500 mM of TEA
was added to the photocatalyst suspension containing phenol and
irradiation carried out as described previously.

2.4 Analytical techniques

Elucidation of the remnant carbon content was carried out
by using Shimadzu TOC-V CSH total organic carbon analyzer
immediately after filtration to confirm the catalytic activity of
the mixed oxides. In addition, high performance liquid chro-
matography (HPLC) studies was carried out using Spectra Physics
8800/8810 LC Pump equipped with a Spectra 100 UV-Vis detector
to identify the degradation products as an evaluation of the cat-
alytic activity of the hydrothermally synthesized TiO,-SiO, mixed
oxides. Reverse phase C18, 5 um particle size, 250 mm length, and
4.6 mm internal diameter column was used for the separation of
eluent. A mobile phase composition of 40% methanol/60% H,0/1%
glacial acetic acid was utilized and argon was purged to mini-
mize auto-oxidation of the degradation products. The mobile phase
was delivered at a flow rate of 1.0mLmin~! and the detection
wavelength was set at 254 nm. The reaction intermediates were
confirmed by the co-injection of commercial standards under the
same operating conditions. Quantitative estimates of the interme-
diates were obtained by using the calibration plots prepared for
maleic acid (MA), fumaric acid (FA), pyrogallol (PG), hydroquinone
(HQ), catechol (CC), benzoquinone (BQ), and phenol (PhOH).

2 x10~%M stock solution of phenol and other intermediates
(excepting HBQ) was prepared and followed by serial dilution
to prepare test solutions of concentrations in the range from
1.25x 107> M to 2 x 10~* M to obtain calibration plots. Due to the
unavailability of commercial hydroxybenzoquinone (HBQ), the BQ
calibration plot was utilized to estimate the quantity of HBQ in
accordance with a previous report [43]. Thus, the given concen-
trations for HBQ should be interpreted with caution and may not
be absolute. However, they provide guidance and indicate relative
trends when comparing the reactivity of a series of photocatalysts.

3 Results and discussion

Fig. 1 represents the long-range X-ray diffractogram of
hydrothermally synthesized samples, HTS-01 (prepared using
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Fig. 1. X-ray diffraction pattern of TiO,-SiO, mixed oxides, HTS-01 prepared solely
in ethanol solvent and other mixed oxides prepared in the presence of pentane,
nonane, benzene, toluene and p-xylene as co-solvents represented by HTS-02,
HTS-03, HTS-04, HTS-05, and HTS-06, respectively. HTS refers to hydrothermal
titania-silica.

ethanol only), HTS-02, HTS-03, HTS-04, HTS-05, and HTS-06 pre-
pared using pentane, nonane, benzene, toluene, and p-xylene as
co-solvents, respectively. HTS-01 prepared in the absence of co-
solvent displays peaks with relatively low intensity suggesting
low crystallinity of the titania phase. On addition of co-solvents
such as pentane, nonane, benzene, toluene, and p-xylene a marked
improvement in the diffraction contrast and narrowing of peaks
are observed. The increase in the intensity of the peaks due to the
anatase phase may be due to higher crystallinities and/or larger
crystallite size of titania. The crystallite size of titania is estimated to
be 34 A for the titania-silica sample prepared in ethanol compared
to between 42 and 46 A for samples prepared in the presence of
co-solvents as noted in Table 1. Thus, the crystallite sizes of titania
in the mixed oxide materials are fairly close and the differences in
the intensities of the peak are probably due to the differences in the
crystallinities of the titania phase in the mixed oxide materials. In
addition, TEM studies of the mixed oxide samples prepared using
the non-polar solvents show the presence of lattice fringes due to
titania phase indicating higher crystallinities for the titania phase
whereas the titania-silica sample prepared in ethanol only do not
show any lattice fringes due to titania indicating lower crystallinity.

The materials exhibit peaks due to dig1, doos, d200, d105, d211,
d204, d]]s, and d220 at values of 260 = 25.50, 37.90, 48.30, 54.30, 55.20,

Table 1
Textural properties and activity of TiO,-SiO, mixed oxide materials.

62.9°, 69.1°, and 75.4°, respectively, corresponding to the anatase
phase. In addition, the bare titania (HTS-07) was also prepared for
comparison purposes and exhibits high intensity diffraction peaks
(Fig. S1) depicting the high crystallinity of the titania phase in this
material. The crystallite size of titania in the pure material (HTS-
07) is higher (87 A) in comparison to the titania—silica samples (34
to 46 A) suggesting that the silica phase constricts the growth of
anatase crystallites.

The presence of anatase phase and the crystalline nature of the
TiO, phase are further supported by Raman studies as shown in Fig.
S2 for representative samples HTS-02 (titania silica mixed oxide
material) and HTS-07 (bare titania). The materials studied exhibit
peaks at 638, 510, and 391 cm~! corresponding to Eg(3), B1g(2), and
Big(1) symmetry modes [50], respectively. An additional shoulder
was observed at 197 cm~! which may be due to the Eg) sym-
metric modes. The Raman spectrum of HTS-02 (and other mixed
oxide materials, not shown for the sake of clarity) show peaks with
weaker intensities compared to the bare titania sample (HTS-07).
This is consistent with powder XRD results indicating the high crys-
tallinity of the bare titania containing material in comparison to the
mixed oxide materials.

No peaks due to silica are observed in the powder XRD mea-
surements indicating that the silica phase is amorphous. This is
consistent with our previous observations [51]. Thus, powder XRD
and Raman studies of TiO, and TiO,-SiO, mixed oxide materials
suggest that incorporation of silica alters the crystallinity and crys-
tallite size of titania. However, the presence of silica can be inferred
from Fourier transform-infrared spectroscopic (FT-IR) analysis (Fig.
S3). The bands near 426, 554, and 1068 cm~! are due to Ti-O-Ti
bending, Si—O-Si bending, and Si-O-Si stretching, respectively. In
addition, a small shoulder is seen at 934 cm~!. This is assigned to
Si—O-H groups. Some studies have attributed the band in the region
between 930 and 960 cm~! to the presence of Ti-O-Si heterolink-
ages, however a pure silica material also indicates a band near
this region. Thus, due to the significant overlap, the existence of
Ti-0-Si bands cannot be confirmed by FT-IR studies. Thus, we have
performed XPS studies to verify the presence of Ti-O-Si bands.

The nitrogen isotherms of TiO,-SiO, mixed oxides prepared in
the presence of different co-solvents are shown in Fig. 2A. All the
materials exhibit a type IV isotherm which is characteristic of meso-
porous materials. Monolayer adsorption is portrayed in the initial
part of the isotherm and as the relative pressure increases, mul-
tilayer adsorption and subsequent capillary condensation occurs
[52]. Typically, the filling and emptying of pores takes place at sep-
arate relative pressure values resulting in hysteresis, which is a
reflection of the degree of pore connectivity in these materials. All
the materials prepared in this study results in H3 type hysteresis
loop classification, and the results are summarized in Table 1. H3
isotherms do not exhibit limiting adsorption that levels off at higher
relative pressures suggesting that the materials are comprised of

Catalysts  Co-solvent  Sggr (m2g-!) PV(ecm3g~') PD(A) BJH(A) ASC(m2g-')  Crystallite size Crystallinity (intensity % Degraded
(A) Ofd][)]) 120 min

HTS-01 Ethanol 282 0.22 31 37 47.40 34 90 24

HTS-02 Pentane 407 0.72 71 98 58.89 46 574 100
HTS-03 Nonane 434 0.45 42 30 187 68.00 45 541 93

HTS-04 Benzene 433 0.62 57 66 40.70 42 544 64

HTS-05 Toluene 423 0.73 69 42 80 34.81 46 546 66

HTS-06 p-xylene 443 0.78 71 49 112 41.15 43 518 57

HTS-07 Toluene 65 0.23 141 65 - 87 767 100

HTS refers to hydrothermal titania-silica and the numbers convey chronological order. HTS-01 was prepared in ethanol and the ratio of solvent/co-solvent=1:1 (v/v ratio)
for the rest of the materials. Sggr refers to surface area, PV to pore volume, PD to average pore diameter which is calculated from the formula PD = 4PV/Sggr, BJH refers to pore
size distribution determined by applying the BJH equation to the desorption isotherm. ASC is the Apparent Surface Coverage of Ti-O-Si species (calculated as discussed in
the manuscript). The percent degradation was calculated from LC studies. The mixed oxide materials prepared in 1:1 ratio of Ti:Si and HTS-07, bare titania, is also shown for

comparison.



398

550
s00] —®—HTS-01 *)
HTS-02
450 —A—HTS-03
1 —&—HTS-04
07 % HTS-05
% 350 —®— HTS-06
3
2 300
=
S 250
> 1
200+
150
100
50 y T : T ' T : T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P/P)

S. Rasalingam et al. / Applied Catalysis B: Environmental 148-149 (2014) 394-405

®) —m— HTS-01
HTS-02
—A—HTS-03
@ HTS-04
*— HTS-05
—®— HTS-06

dv(logd) (cc/g)

0.0 L—F———
0 100

T T

T T T
200 300 400
Pore Diameter (A)

Fig. 2. (A) Nitrogen isotherms and (B) pore-size distributions of TiO,-SiO, mixed oxides, HTS-01 prepared solely in ethanol solvent and other mixed oxides prepared in the
presence of pentane, nonane, benzene, toluene and p-xylene as co-solvents represented by HTS-02, HTS-03, HTS-04, HTS-05, and HTS-06, respectively.

loose aggregates of plate-like particles with slit-like pores. The
moderate change of the desorption branch is indicative of delayed
evaporation of the liquid and thus gradual closure of the loop. Bi-
modal pore-size distributions were obtained for some materials
(HTS-03, HTS-05, and HTS-06) and the results are depicted in Fig. 2B
for the samples prepared with varying the type of co-solvents.
Adjustment of porosities is achieved by simply changing the type
of co-solvents. Si-alkoxides such as TEOS exhibit slow hydrolysis
since the partial charge of Si is +0.32, whereas Ti-alkoxides like
titanium isopropoxide undergo rapid hydrolysis (since the partial
charge of Ti is +0.61) and a combination of these two precursors
is susceptible to undergo hydrolysis at different rates leading to
inhomogeneous distribution of titania in the mixed oxide materi-
als. Thus, pre-hydrolysis of Si-alkoxide is often required to ensure
equal rates of the hydrolysis of the silica and the titania precursors.
Alternately, one could slow down the hydrolysis of the titania pre-
cursor by complexing them with solvents. The use of polar solvents
may result in rapid precipitation to produce agglomerated phases
and highly condensed products [53]. In place of incorporation of
expensive surfactant templates that may introduce residual ions
into the mesostructure, the use of non-polar aromatic co-solvents
is an alternative method to reduce the reactivity of the Ti-alkoxide
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[54].1tis postulated that the conjugated mr-system in the non-polar
aromatic co-solvent may donate electrons to the alkoxide, and par-
tially weaken the alkoxide bridges, improve molecular mixing in
the solvent system, and subsequently form more homogeneous
polymeric gels [55] that lead to good dispersion of the titania
species in the silica matrix. The added advantage of the non-polar
co-solvent system is minimization of the surface tension of the pore
walls resulting in the formation of more open porous structures
of larger interstitial spaces and high surface area [25,51]. This has
been noted in the fact that HTS-01 (prepared using only ethanol)
shows relatively lower surface area (282m?2g-!) compared with
the other mixed oxide materials prepared in the presence of non-
polar co-solvents. The surface areas of the mixed oxide materials
lie between 407 and 443 m2g~! as depicted in Table 1 indicating
the beneficial use of non-polar co-solvents in enhancing the surface
areas.

Band gap estimates of the mixed oxides were determined using
the UV-visible diffuse reflectance spectroscopy (Fig. 3A). The mate-
rials exhibited absorptions below 400 nm, which is attributed to
electron transitions from the valence band to the conduction band.
The bandgap energies were calculated from the Tauc plot, which
transformed Kubelka-Munk function vs. the energy plots shown
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Fig. 3. (A) DRS plot and (B) Tauc plots of TiO,-SiO, mixed oxides, HTS-01 prepared in ethanol solvent and other mixed oxides prepared in the presence of pentane, nonane,
benzene, toluene and p-xylene as co-solvents represented by HTS-02, HTS-03, HTS-04, HTS-05, and HTS-06, respectively. Inset shows the plots of bare titania (HTS-07).
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Fig. 4. (A) XPS survey spectra and (B) deconvoluted O 1S spectra of HTS-02 prepared in the presence of co-solvent pentane.

in Fig. 3B. All the mixed oxide materials had bandgap in a narrow
range between 3.00 and 3.33eV.

The TEM images (Fig. S4) illustrate the high porosities and
the aperiodic nature of the mixed oxide materials and confirm
the results obtained from the nitrogen physisorption studies. The
absence of lattice fringes in HTS-01 (Fig. S4B) indicates low crys-
tallinity of titania in HTS-01. In contrast, HTS-02 shows lattice
fringes with d spacings of 3.54A due to djo; spacing of anatase
indicating higher crystallinity. The other titania-silica samples also
show similar behavior as HTS-02.

4 Photocatalytic degradation of phenol

The photocatalytic degradation efficiencies of a series of
hydrothermally synthesized titania-silica mixed oxide materials
were established by using phenol (initial conc. ~14-21 ppm) as a
model pollutant. The amount of organics remaining in solution after
irradiation was quantified by TOC analysis and the degradation
products were identified by HPLC analysis.

Table 1 summarizes the results obtained from nitrogen adsorp-
tion, XPS, powder XRD, and photocatalytic experiments. The
photocatalytic activity of a material is dependent on a number of
factors (not limited to) that include morphology, crystal orienta-
tion, crystallinity, porosity (surface area and pore size), crystallite
size, light absorption capacity, and surface composition (Ti-O-Si
heterolinkages in this work). The present work provides an oppor-
tunity to examine the influence of the last five factors and we
discuss their contributions systematically, towards the photocat-
alytic degradation of phenol in the following next paragraphs.

The degradation reactions were monitored at 30, 60, 90, 120,
180, and 360 min of irradiation. The trends in the photocatalytic
activities were found to be similar when either 30, 60, 90 min or
120 min are used for comparison. However, the % degraded after
120 min from the LC analysis is chosen to illustrate the competi-
tive role of crystallinity, porosities, crystallite size, and the active
Ti—-O-Si heterolinkages in the photocatalytic degradation of phenol
in these mixed oxide systems. This time was chosen to allow for
meaningful comparisons in efficiency because complete degrada-
tion of phenol is exhibited by two of the photocatalysts i.e. HTS-02
and HTS-07 when irradiated for more than 120 min. Also, the HPLC
results in Tables S1-S6 of the supplementary information indicate
negligible amounts of phenol remaining in solution for 5 samples
(HTS-01, HTS-03 to HTS-06) when irradiated for over 120 min. Thus,
the choice of 120 min allows for meaningful comparisons to under-
stand the underlying factors responsible for the differences in the

photocatalytic activities and obtain a structure-activity relation-
ship.

The simultaneous control of crystallinity and surface area of
mixed oxide TiO,-SiO, catalysts has been regarded as challenging
[56,57] but this work demonstrates how the presence of different
co-solvents permits the modulation of both structural features in
these binary oxide composites, and in addition, allows for the exam-
ination of the role of several factors that affect the photocatalytic
degradation of phenol.

Table 1 indicates that HTS-01 prepared solely in ethanol showed
only 24% degradation after 120 min of irradiation. Examination of
the powder XRD results (Fig. 1) suggests that the intensity of the
most prominent peak (dqg; of the anatase phase) is the lowest in
this titania-silica sample in comparison to the other titania-silica
samples (HTS-02 to HTS-06). The addition of co-solvents such as
pentane, nonane, benzene, toluene, and p-xylene results in materi-
als, HTS-02 to HTS-06, exhibiting higher crystallinity of the anatase
phase as depicted by an increase in the dig; peak intensity from
90 to values greater than 500 (the powder XRD measurements
were conducted under identical experimental conditions and sam-
ple preparation methods were similar making it possible to make
a realistic comparison). In addition, as discussed previously, the
TEM figure (Fig. S4B) indicate higher crystallinity of the titania
phase in the samples prepared in the presence of co-solvents
(TEM of one representative sample HTS-02 is shown in order to
avoid duplication) in comparison to HTS-01. These materials (HTS-
02 to HTS-06) of enhanced crystallinity demonstrate a marked
improvement in percentage degradation of phenol to between
57% and 100% in the same duration (120 min). Crystallinity is an
important parameter that affects the photocatalytic activity since
amorphous materials contain larger amounts of defects that can act
as charge-carrier recombination sites and lower the photocatalytic
efficiencies. Hence, titania—silica materials that are more crystalline
(HTS-02 to HTS-06) possess higher photocatalytic activity in com-
parison to HTS-01 and our results are consistent with our previous
observation [25]. In addition, HTS-07 (TiO, only) demonstrated
very high activity despite having low surface area (65m?2 g~!) with
complete degradation after 120 min. The enhanced crystallinity of
titania (dyp1 = 767) is a major contributor to the high activity. Thus,
it seems that the modulation of the crystallinity of titania by the
silica phase in the mixed oxides affects the photocatalytic activity.

A modest increase in the crystallite size of titania from 34 A
for the sample prepared in ethanol only to an average of 45 A (for
samples prepared in the presence of co-solvents) is also noted in
Table 1. Since the crystallite sizes of titania are fairly close among
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the titania-silica samples and in a narrow range, this does not seem
to be a factor affecting the degradation of phenol in this study.

Surface area increments from 282 m? g~ to values greater than
405m? g1 is also noted in the mixed oxide materials prepared
in the presence of co-solvents suggesting the utility of non-polar
solvents in minimizing pore collapse. Thus, the use of non-polar
solvents results in the formation of highly porous mixed oxides
with enhanced surface areas, pore volumes, and pore diameters as
depicted by the data in Table 1. The average pore diameters also
seem to increase slightly in diameter from 31A to sizes greater
than 40 A. BJH analysis reveals that in some cases (HTS-03, 05, and
06), bi-modal pore size distributions (with larger diameters in the
range 80-187A) are attained for the co-solvent based materials.
The higher photocatalytic activities of the samples HTS-02 to HTS-
06 in comparison to HTS-01 may also be due to the presence of
larger pores. Also, the pure titania sample (HTS-07) possesses a
large pore diameter in comparison to HTS-01. These larger pores
of varied sizes are opportune for easier access of phenol molecules,
intermediates, and products to and from the active sites during the
photocatalytic reactions, resulting in their enhanced degradation.

The light absorption capacity of a photocatalyst is also an impor-
tant parameter that influences the photocatalytic activity. The
DRS results indicate that there is a direct correlation between the
absorption of the photocatalysts in the UV region and the activity.
Among the mixed titania-silica samples, HTS-02 to HTS-06 possess
higher absorption in the UV region of 280-320nm and thus the
higher photocatalytic activities of these 5 samples in comparison to
HTS-01 is also attributed to their intrinsic capacity to absorb more
light in the UV region of the incident radiation (280-320 nm).

Our results thus far indicate that, titania-silica materials
(HTS-02 to HTS-06) that have higher crystallinity (to minimize
electron-hole recombination), higher absorption in the UV region
of interest (280-320nm), and higher porosity (conducive to
enhanced diffusion of phenol molecules) have higher photocat-
alytic activity compared to HTS-01.

We have thus far discussed the activities of the titania-silica
photocatalysts prepared in the presence of co-solvents and that
of pure titania and compared them with the titania-silica sam-
ple prepared in ethanol only. Although, the co-solvent induced
photocatalysts show similar crystallite size (of titania) due to
confinement by the silica phase, they demonstrate varied pho-
tocatalytic performances. We suggest that the variations in the
photocatalytic activities among the titania-silica photocatalysts
prepared using co-solvents (HTS-02 to HTS-06) are mainly due to
the differences in the apparent surface coverage (ASC) of active
Ti-0-Si linkage as discussed in the following paragraphs.

Ti-O-Si heterolinkages have been implicated previously in
photocatalytic reactions [12,58] and in this work we have quan-
tified them in our titania-silica materials to better understand the
photocatalytic behavior of these mixed oxide materials. The het-
erolinkages (Ti-O-Si) sites activate the oxidation of phenol through
strong Bronsted acid sites, and in addition, oxidative intermediates
may be produced by the proximate titania interfaced with the Ti-O-
Si heterolinkages. The percentage surface content of Ti-O-Si was
calculated as described as follows. The O 1s transition was fit to
two peaks near 530eV [59] and 532 eV [60]. De-convolution of the
broad bands between 530 and 532 eV led to three additional peaks.
The band near 531.7eV due to Ti-O-Si species [59,61,62] were
quantified using Gaussian/Lorentzian shape GL(30:70) curves with
equivalent eV at the full-width-half-maximum (fwhm). In order to
normalize for the differences in specific surface areas (SSA), these
percentages were multiplied by the SSA to obtain the apparent
surface coverage (ASC). Fig. 4 shows a representative XPS survey
spectra and the de-convoluted O 1S spectra of the most active
co-solvent based mixed oxide photocatalyst, HTS-02, which was
prepared in the presence of co-solvent pentane (other plots are
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Fig. 5. Concentration of phenol (ppm) remaining in solution determined by HPLC at
30, 60,90, and 180 min for TiO,-SiO, materials, HTS-01 prepared in ethanol, HTS-02,
HTS-03, HTS-04, HTS-05, and HTS-06 using different co-solvents pentane, nonane,
benzene, toluene, and p-xylene, respectively.

displayed in the supplementary information, Figs. S5 and S6).
Among the 5 titania-silica samples prepared in the presence of co-
solvents, the samples HTS-02 and HTS-03 show higher activities
for degradation of phenol in comparison to the other 3 sam-
ples (HTS-04, HTS-05, and HTS-06). The comparatively higher ASC
(58.9m? g1 for HTS-02 and 68.0m?2 g~ for HTS-03) is suggested
as being responsible for the higher degradation efficiencies of 100%
and 93%, respectively in these samples. In contrast, the samples
HTS-04, HTS-05, and HTS-06 have ASC’s in the similar ranges with
values of 40.7, 34.8, and 41.15m?2 g1, respectively. The amount of
phenol degraded after 120 min of irradiation in these samples was
found to be 64%, 66%, and 57%, respectively.

Fig. 5 summarizes the concentration of phenol remaining in
solution after irradiation in the presence of materials prepared
using different co-solvent systems. As discussed earlier, the mate-
rial prepared using ethanol only (HTS-01) exhibits the lowest
activity showing mere 24% degradation after 120 min. In con-
trast, the materials prepared using aliphatic non-polar co-solvents
demonstrate higher efficiencies and almost complete degradation
is achieved within 180 min mainly due to the combination of ASC
and the crystallinity of those materials. Titania-silica materials pre-
pared using aromatic co-solvents exhibit activities between 57%
and 66% degradation after 120 min of irradiation.

The influence of the adsorption of phenol on the degrada-
tion efficiencies was also studied. All the photocatalysts in this
study adsorbed similar amounts of phenol ~2.5 x 10~4 molg~!
after 360 min of stirring in the dark. This value appears to be simi-
lar for all the photocatalysts including the sample containing TiO,
only. This revealed that there is a negligible role of adsorption in
the degradation process as inferred by Primet et al. [63]. However,
the phenol uptake during this time period differs due to the dif-
ferent surface area of the materials. HTS-07 (TiO, only) shows a
high phenol uptake of 4.07 x 10~ molm~2 (2.65 x 10~4molg™1),
after 360 min of stirring in the dark. This may be due to the
higher positive charge on the surface (Iso Electric Point (IEP)=7.1)
as suggested by the zeta potential measurements (Fig. S7) and
the much lower surface area of this material compared to that
of the TiO,-SiO, materials. The TiO,-SiO, mixed oxide materials
exhibit phenol uptake values that are less than that of pure titania
(HTS-07), and lie in the range of 5.03 x 10~7-9.05 x 107 mol m~2.
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HTS-01 shows slightly higher adsorption of phenol in the dark
with a value 0f 9.05 x 10-7 molm~2 (2.55 x 107 mol g~!) than the
other mixed oxide materials mainly due to the relatively low
surface area (282 m?2 g~1). HTS-02 and HTS-03 have similar IEP val-
ues of ~5.7 but HTS-02 shows a slightly higher phenol uptake of
6.92 x 10~7 molm~2 compared to 5.93 x 10~7 mol m~2 for HTS-03,
and this may be attributed to the marginally lower surface area
of HTS-02 (407 m2g~') when compared to HTS-03 (434m2g1).
The other mixed oxide materials, HTS-04, HTS-05, and HTS-06
have IEP’s of nearly 4.9, and similar surface areas of 433, 423,
and 443 m2 g, respectively and show somewhat similar phenol
uptakes of 5.03, 6.52, and 5.91 x 10-7 molm~2 after 360 min of
stirring in the dark.

The aforementioned activities were attained via heterogeneous
photocatalysis that involves the formation of highly reactive oxi-
dation species (ROS) such as -OH, -OH,, O, -, H,0,, -O0OH, HOOH,
-OH, and H,0,. During UV irradiation, the electrons in the TiO,
of the mixed oxide are excited to the conduction band creating an
electron-hole pair as indicated by Eq. (1). The holes may oxidize
water to form hydroxyl radicals as in Eq. (2). The photogenerated
electrons may react with molecular oxygen to form O, radicals
(Eq. (3)). These eventually form -OH radicals through a series of
reactions indicated by (4)-(6). Hydroxyl radicals are believed to
be the major species responsible for participating in the photocat-
alytic degradation process [31,64,65]. Key photocatalytic reactions
are indicated in Eqs. (1)-(6).

TiO; — ht +e~ (1)
H,0 + h* — HO. + H* (2)
Oy+e — Oy~ (3)
0, + HF - .04H (4)
2.0H — H;0,+ 0, (5)
H,0; +e~ — HO-+~OH (6)

-OH radical attack on phenol leads to the formation of several
intermediates such as hydroquinone (HQ), catechol (CC), pyrogal-
lol (PG), hydroxyhydroquinone (HHQ), resorcinol (RC), muconic
acid (MU), p-benzoquinone (p-BQ), o-benzoquinone (0-BQ), and
hydroxybenzoquinone (HBQ) [43,66-69].

Additional scavenging experiments were carried out to
determine the reactive oxidative species participating in the pho-
tocatalytic reactions. We chose one representative titania-silica
photocatalyst (HTS-05) and compared its photocatalytic activity
with pure TiO, (HTS-07) since these two samples were prepared
using toluene as the co-solvent. The presence of TEA (h* scav-
enger) provides quite an interesting result. In the presence of TEA,
phenol degradation reaction is totally inhibited in both these sam-
ples as observed by phenol peaks of somewhat similar areas in LC.
However, notable increase in UV-Vis absorption spectra of irradi-
ated solutions indicates that degradation of PhOH in the presence
of TEA may convert PhOH into some other products that absorb
light at similar wavelength as PhOH. This suggests that photogen-
erated holes (h*) play a minimal role in the degradation of PhOH by
TiO,-Si0; in our experimental conditions. The photocatalytic activ-
ities of the selected catalysts in the presence of N, flow retain the
phenol concentration around the original 15 ppm after 6 h of irra-
diation, which suggest that the O,-~ radicals are crucial for phenol
degradation.

During photocatalysis, excited electrons in the conduction band
may be captured by dissolved oxygen molecules to produced super-
oxide radicals (O,-~) that subsequently produce -OH, which oxidize
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Fig. 6. Plot of 2-HTPA vs. time for HTS-05 (TiO:Si0; =1:1) and HTS-07 (pure TiO,)
photocatalysts.

adsorbed organics. It is well known that -OH radicals are believed
to be the most reactive oxidative species responsible for photocata-
lysis. Thus, -OH trapping experiments were carried out to estimate
the formation of -OH under UV light and understand the role of
oxygen in scavenging electrons. These radicals may react with
terephthalic acid (TPA) to form fluorescent 2-hydroxyterephthalic
acid (2-HTPA), which in this case, is proposed to be proportional to
the amount of -OH formed. Fig. 6 shows a plot of 2-HTPA vs. time
for selected catalysts HTS-05 and HTS-07.

Theincrease in fluorescence emission intensity of analyzed solu-
tions due to the formation of 2-HTPA suggests that, the number
of -OH increases in both catalysts and the amount is maintained
after 60 min. However, higher intensities were achieved for HTS-07,
which suggests more -OH radicals were produced for this photo-
catalyst as compared to HTS-05. These observations are consistent
with the photocatalytic activity results which show that degrada-
tion efficiency of HTS-07 was higher than that of HTS-05.

Under our experimental conditions, MA, FA, PG, HQ, CC, HBQ
(trace amounts for certain photocatalysts) and BQ have been iden-
tified as intermediates. It appears that the photocatalysts mainly
favor CC formation rather than HQ formation as the major primary
intermediate in the degradation pathway insinuating -OH radical
attack at the ortho position of the benzene ring. This is due to the
fact that 1,2-dihydroxyl substitutions in the benzene ring are more
stable than the 1,4-dihydroxyl substitutions via the intramolecular
H-bonding. In addition, two ortho positions are available for attach-
ment of a -OH radical, resulting in the formation of CC rather than
HQ. An exhibition of the ortho-para directing effect of phenol is thus
evidenced. Although, there is a similar probability for the attach-
ment of -OH radical at the meta position, RC was not detected as an
intermediate in our study, however, radiolysis studies suggest its
detection under deaerated conditions [69].

Under acidic conditions di-hydroxybenzene (CC and HQ) and
benzoquinones are in equilibrium [70]. The solution pH was
detected to be between 4 and 6 implicating equilibrium between
CC/HQ and BQ. This was confirmed by the formation of BQ as a
major secondary intermediate from either CC or HQ. The formation
of p-BQ was more predominant than o0-BQ, irrespective of CC as a
major intermediate. 0-BQ is unstable in aqueous solution due to
inevitable autoxidation reactions [71].

Further oxidation results in the cleavage of the benzene ring
and emergence of ring opening products [27,67,72,73] such as
maleic acid (MA), fumaric acid (FA), oxalic acid (OA), malonic acid
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Fig. 7. Combined concentrations of intermediates (ppm) in solution, (A) hydroquinone (HQ)+ catechol (CC)+benzoquinone (BQ), (B) maleic acid (MA)+fumaric acid (FA),
(C) pyrogallol (PG) determined by HPLC, formed during the degradation process for the materials prepared using different co-solvents.

(MAL) and acetic acid (AcOH) [43,67,71]. In this study, MA and
FA were detected with the former appearing as the more pre-
dominant minor intermediate. Further cleavage of these aliphatic
carboxylic acids leads to the formation of AcOH in trace amount as
evidenced by others [31,67,74]. This was confirmed by white tur-
bidity of the reaction mixture on treatment with sodium bisulfite
although no quantitative estimation was made since this was not
the focus of this work. At the end of the photocatalytic experiment,
the pH of the reaction mixture was found to be ~7 which also sup-
ported the complete mineralization and/or presence of very weak
acid in the solution. A sample chromatogram is depicted in Fig.
S8.

The quantitative calculations of the intermediates clearly show
that the concentrations increased to an optimum and then
decreased with time while the concentration of PhOH decreased
gradually throughout the course of the experiment.

The photocatalysts studied show an increment in the concen-
tration of intermediates during the time period of 60-90 min and
then they start to decrease. All types of intermediates follow sim-
ilar trends with our photocatalysts as depicted in Fig. 7. We do
not see any systematic variations in the concentrations of the
intermediates among the various photocatalysts. Fig. 7A shows
the combined concentration of the di-hydroxybenzene (CC and
HQ) and benzoquinone (BQ), which have been found as major
intermediates in our studies. It appears that the concentration of
the di-hydroxybenzene products is more predominant than the
other intermediates. Almost all catalysts show a typical volcano

type plot in the variation of the concentration of intermediates
(HQ+CC+BQ) against time. Notably, the catalyst HTS-05 behaves
somewhat different than the other catalysts, which may be due
to the different rate of formation of the individual intermediates
(CC, HQ, and BQ). This pattern also influences the formation of
subsequent minor intermediates, such as tri-hydroxyl substituted
benzene (PG) as shown in Fig. 7C. This may perhaps be due to the
low ASC (~35m?2 g~1) of this sample in comparison to other sam-
ples (41 to 68 m? g—1). However, the exact reason(s) for the unique
behavior of this catalyst HTS-05 in this study is unknown at this
moment and is beyond the scope of this work. The concentrations
of opened ring carboxylic acid intermediates, such as maleic acid
(MA) and fumaric acid (FA) are depicted by the graphs in Fig. 7B,
and these products remain in the solution for a limited time period
(~90 min), and may undergo further cleavage. PG is the only tri-
hydroxy substituted benzene product that has been detected in this
study (Fig. 7C), and it remains in the solution until 360 min when
the photocatalysts HTS-01, HTS-02, HTS-03, and HTS-04 are ana-
lyzed. Complete mineralization of PhOH is achieved and negligible
amounts of the intermediates are detected at the end of the degra-
dation reaction. The concentrations of all intermediates at 30 min
intervals up to 360 min are available in the supporting information
from Tables S1-S6.

This manuscript provides a detailed quantitative analysis of the
intermediate distribution during the photodegradation of phenol
using TiO,-Si0, mixed oxide materials. According to our HPLC
results, we propose the mechanism via CC for HTS-01, HTS-04,
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and HTS-06 that were prepared in ethanol, benzene and ethanol, The degradation mechanism via CC pathway (Scheme 1) appears
and p-xylene and ethanol, respectively. The HQ pathway and/or a to be more dominant than the HQ pathway. Scheme 2 illustrates
combination of the CC pathway is proposed for some of the photo- the HQ pathway of the PhOH degradation process. In this path, the
catalysts (HTS-02, HTS-03, and HTS-05) which are prepared using degradation begins with the addition of -OH radical at the para posi-
pentane, nonane, and toluene as co-solvents, respectively). The tion of the phenol that undergoes further ring opening, and finally
possibility of HHQ is acknowledged, however, this intermediate produces MA and FA as ring opening products.

is not detected probably due to low life time or it is produced in
amounts lower than the detection limits of our instrument. How-
ever, PG, an isomeric form of HHQ was detected as one of the major
secondary intermediates formed via the CC pathway, owing to its
enhanced stability facilitated by intra-molecular hydrogen bond-
ing.

5 Conclusion

Co-solventinduced TiO,-SiO, mixed oxides have been prepared
successfully by hydrothermal treatment. The non-polar co-solvents
generally assist in the enhancement of the crystallinity and
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minimization of pore collapse. The crystallinities of the titania
phase in the titania-silica mixed oxide materials were found to be
increased by over five times by incorporation of non-polar solvents
in the synthesis gel. Similarly, an increment in the pore diameter
from 31 A to between 42 and 141 A was noted for the mixed oxide
materials prepared in the absence and presence of co-solvents. The
factors influencing the photocatalytic activity span several physi-
cochemical properties and this study specifically demonstrated the
importance of the crystallinity, pore sizes, and Ti—-O-Si heterolink-
ages of the mixed oxides. The mixed oxide materials prepared
in the presence of co-solvents showed impressive photocatalytic
activities in comparison to the material prepared using a polar sol-
vent only. Complete degradation of phenol was achieved in 2h
by a mixed oxide material that possessed high crystallinity, large
apparent surface coverage of Ti-O-Si heterolinkages and large pore
size (BJH). A degradation mechanism that proceeds mainly through
the catechol pathway, with a small contribution from the hydro-
quinone pathway is proposed. It also provides evidence of catechol,
hydroquinone, benzoquinone, and pyrogallol as the major interme-
diates while maleic and fumaric acids are minor intermediates in
this reaction. TOC and HPLC results suggest complete mineraliza-
tion of phenol.
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