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Nanoglued binary titania (TiO, )-silica (SiO; ) aerogel, as a novel type of photocatalyst, has been synthesized
on glass substrates. Using an about-to-gel SiO, sol as nanoglue, anatase TiO, aerogel was immobilized
into a three-dimensional mesoporous network of the SiO,. Factorial designs were employed to optimize
both TiO; aerogel and binary TiO,-SiO, aerogel synthesis. Characterization of the as-prepared TiO, and
binary samples by surface area, porosity, and surface chemical composition showed that the photocatalysts
were high-surface-area nanoporous materials, with a Ti** valency. The binary aerogel exhibited high
photocatalytic activity for the degradation of methylene blue (MB) under simulated solar light; the reaction
followed the pseudo first-order Langmuir-Hinshelwood (L-H) kinetic model. Fluorescence spectroscopy
revealed that the hydroxyl (*OH) radical was formed during the illumination of the binary TiO,-SiO,
aerogel in a solution of probe molecules, which corroborates the probable mechanism of hydroxyl radical
oxidation of contaminants in photocatalytic reactions.
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1. Introduction

Due to its high photocatalytic activity and chemical stabil-
ity, titanium dioxide (TiO,) has been extensively investigated as
a photocatalyst for environmental remediation [1-3]. Effective
degradation of a range of contaminants using TiO, photo-
catalysis has been demonstrated at the bench-scale [3-13].
However, two issues, improvement of photocatalytic efficiency and
recovery-reuse of the catalyst [3,14], need to be resolved before the
application of TiO, photocatalysis is practical on a large scale. TiO,
photocatalytic efficiency can be improved by increasing the surface
area available to adsorption of contaminants and enhancing access
of reactants to reactive sites. For better recovery and reuse, TiO, can
be prepared in immobilized forms.

As a strategy to meet these needs, TiO, has been combined
with other components to form composite photocatalysts. In many
cases, SiO; is used as the second component for synthesizing binary
TiO, materials. The binary TiO,-SiO; materials have higher photo-
catalytic activity than traditional TiO, and are relatively easy to
recover after use [7,14]. The photocatalytic superiority of compos-
ite TiO,-Si0, over traditional TiO, is due to several characteristics.
SiO,, acts as a charge transfer catalyst (CTC), rapidly transferring
photogenerated electrons and holes (e, and h\fb) to the solution
or to surface ligand species before they recombine, improving the
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photocatalytic activity of TiO; [15]. In addition, because photocat-
alytic reactions usually take place at the interface of the catalyst,
the higher the surface area of the photocatalyst, the greater the
adsorption of reactants and the more likelihood the desired reac-
tions will take place. The incorporation of TiO, into the matrix
of a high surface area adsorbent such as SiO, will significantly
increase the concentration of reactants near the active sites of
TiO,. Consequently, it will improve the probability of adsorption
of the reactants [14,16]. The mesoporous structure of SiO, aero-
gel also allows easy access of reactants to the active center of TiO,,
which further enhances the photocatalytic reactions. Moreover, the
Ti-0-Si bond formed in composite TiO,-SiO, increases the band
gap energy of the active center of TiO, [17]. The higher the band
gap energy of TiO,, the higher the oxidizing potential of the photo-
generated holes (hjb), and the higher the reducing potential of the
electrons (e, ), leading to greater photocatalytic activity of TiO,.

Conventional composite material synthesis is based on three
primary techniques: (1) incorporating the guest component into
the silica (SiO,) structure at the stage of formation of silicon pre-
cursor [18-20]; (2) impregnating precursors of the selected guest
components into the already formed host’s solid networks in which
the precursors could react to form active centers [21]; and (3) using
silica as atemplate for the guest components for synthesizing mate-
rials with new crystalline structures [22].

The present research examines a new synthesis method for
composite binary photocatalyst. Specifically, the immobilization
of the binary TiO,-SiO, aerogel onto a glass substrate has been
realized by incorporating the photocatalytic guest TiO, aerogel
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Table 1
Assignment of factors and levels for the 2 x 3 full factorial design

Trial no.

1 2 3 4 5 6 7 8 9
Soaking time (min) 10 10 10 20 20 20 30 30 30
Extraction rate (L/min) 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75

into the host-silica sol only minutes prior to the gelation of silica A Polaron CPD 7501 critical point dryer (Energy Beam Sciences,
sol. This timing minimizes the interaction time between the silica Agawarm, MA) was used to convert gel into aerogel. A vacuum
colloids and the guest, and prevents total encapsulation of TiO, by oven (Yamato ADP-21, Yamato Scientific America Inc., Santa Clara,
silica that results in interruption of transport paths in the synthe- CA)and a muffle furnace (Fisher Scientific Isotemp® Programmable,
sized composite aerogel [23]. Immobilization onto glass alleviates Springfield, NJ) were used for thermal processing of the TiO,.

the catalyst-recovery problem. Our previous study on “nanoglued”

binary aerogel showed its effectiveness in degrading Escherichia coli 2.1.1. TiO, aerogel preparation optimization

and concluded that the mechanism of destruction was affected A full factorial design (2 x 3) was chosen to optimize the TiO,
by the active center TiO, and catalyst surface area [24]. In this  aerogel preparation. In our previous research, it was observed that
paper, we focus on the optimization of our “nanoglued” binary  spaking time and extraction rate during the CO, supercritical drying
TiO,-Si0; aerogel, testing its photocatalytic efficiency with anazo-  treatment were likely to affect the final surface area of TiO, aerogel
dye, methylene blue (MB). [24]. Therefore, these two factors were designated as investigative
variables. The assignment of factors and levels are shown in Table 1.
Three replicate surface area measurements were obtained for each

2. Materials and methods Lo
combination.

2.1. Preparation of materials ) . . .
2.1.2. Ti0,-Si0, binary aerogel preparation

TiO, aerogel with the highest surface area based on the opti-
mization described in Section 2.1.1 was nanoglued using the
about-to-gel silicasol ontoa 1 cm x 1 cm glass substrate. In addition
to soaking and extraction times, two other factors were considered
for optimization of the binary aerogel, acid—base ratio and mass of
as-optimized titania, which made a full factorial design impractical.

Acetone, anhydrous ethanol, anhydrous methanol, coumarin,
hydrochloric acid (0.1N), isopropanol, 70% nitric acid, tetram-
ethoxysilane, terephthalic acid, and titanium (IV) isopropoxide
were all purchased from Fisher Scientific (Pittsburgh, PA). Ammo-
nia hydroxide (28% in H,0) was obtained from Sigma-Aldrich

(St. Louis, MO). Siphon bone-dry liquid carbon dioxide (CO,) was . 4 g
purchased from Airgas (Philadelphia, PA). Deionized water used ~ 1herefore, Taguchi’s L (3)* orthogonal array design (OAD) [28,29],

during the research was collected from a NANOpure® Dlamond™ as shown in.Table 2, was used to iden.tify the pptimum conditior?s
Life Science (UV/UF) ultrapure water system (Model D11931, forpljeparatlonofthebmarysamplew1ththehlghestphotocatalytlc
Barnstead|Thermolyne, Dubuque, IA). activity.

The nanoglued TiO,-SiO, aerogel was synthesized in two
steps, the preparation of TiO, aerogel and incorporation of the = 2.2. Characterization of materials
TiO, aerogel into a silica matrix [24]. The procedure of Pietron

and Rolison [25] for preparation was modified to synthesize the The surface area, pore size, and pore volume of the TiO; aerogel
nanoglued TiO,-SiO, aerogel photocatalyst used in this research. ~ and binary TiO,-SiO; aerogel were measured using an ASAP 2020
The modifications include: (1) the change of molar ratio of tita- accelerated surface area and porosimetry analyzer (Micromeritics,
nium isopropoxide:nitric acid:ethanol:water in preparing TiO, gels ~ Norcross, GA). XPS data were acquired with unmonochromatized
to 1:0.08:20:3 based on the work of Degan and Tomkiewicz [26], Mg Ka radiation at 1253.6eV using a Physical Electronics source

where it was reported that this specific ratio would produce the  controller (Model 32-095, RBD Enterprise, Bend, Oregon) and a vac-
most stable and porous titania (TIOZ) aeroge]; and, (2) the adoption uum chamber with a base pressure of 1 x 10~ torr. A hemispherical
of an acid-catalyzed and base-catalyzed sol-gel method in prepar-  analyzer (VG100AX, VG Microtech, East Sussex, UK) was used to
ing the about-to-gel silica sol in lieu of the solely base-catalyzed ~ obtainthe energy distribution of the photoemitted electrons. A pass

sol-gel method. The advantage of the two-catalyst method is the energy of 75 eV was used for survey scans and 25 eV was used for
ability to control the network microstructure of the aerogel [27].  all other spectra.
Table 2
Assignment of factors and levels for the Lg (34) orthogonal array matrix, and corresponding photocatalytic removal ratio of methylene blue
Trial no. Factors
Soaking time (min) Extraction rate (L/min) Titania mass (mg/cm?) Vil * VNHgoH (RL:pL) Removal ratio (%)
1 10 0.25 10 0:125 81.6
2 10 0.50 15 120:125 60.9
B 10 0.75 20 60:125 71.2
4 20 0.25 15 60:125 63.1
5 20 0.50 20 0:125 66.3
6 20 0.75 10 120:125 73.7
7 30 0.25 20 120:125 75.3
8 30 0.50 10 60:125 94.3
9 30 0.75 15 0:125 81.2
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Fig. 1. Photocatalytic experimental setup for degradation of methylene blue.

2.3. Photocatalytic degradation of methylene blue

The photocatalytic degradation of methylene blue was con-
ducted in a batch reactor under a solar simulator (1000 W Oriel
Solar Simulators, Newport Corporation, Irvine, CA), as shown in
Fig. 1. The cylindrical reactor has a height of 10.16 cm (4 in.), inner
diameter of 7.62 cm (3 in.) and outer diameter of 5.08 cm (2 in.), and
was placed 10 cm from the light source. A rack was used to hold the
catalyst in the middle of the reactor, where the irradiation inten-
sity was measured at 132.7mW/cm?. Under the rack, a magnetic
stirring bar was used to maintain a well-mixed reaction condition.
Two segments of Tygon® tubing were used to connect the reactor
to a digital cooling circulation bath (RC20 CS Lauda, Brinkmann,
Westbury, NY) to maintain the reaction temperature at 20°C. For
each 2-h experimental run, the methylene blue solution was placed
into the reactor at an initial concentration of 4 mg/L, and the entire
reactor was placed under a the solar simulator; external light was
blocked by covering the solar simulator and the reactor with opaque
boards.

Samples were taken at 15, 30, 45, 60, 90, and 120 min, and
concentration was measured by a spectrophotometer (DR/4000U,
HACH Company, Loveland, CO) at an absorption peak of 664 nm.
Experimental controls consisted of a dark reactor and a reactor with
no catalyst (but exposed to light) for each experimental combina-
tion. Three replicates were performed for each of the nine trials.

2.3.1. Reaction kinetics

For evaluation of photocatalytic activity, binary TiO,-SiO, aero-
gel immobilized on the glass substrate was prepared under the
optimum condition identified using the orthogonal array design
analysis and described in Section 2.1.2. These as-prepared compos-
ite samples were used to confirm the validity of the OAD design
and study the reaction kinetics of methylene blue removal. Using
the same procedure as that identified in Section 2.3, the concen-
tration of methylene blue was measured over a 2-h period, at
intervals of 15 min for the first hour and 30 min for the second hour.
The reaction order and reaction rate constant for both photocat-
alytic and photolytic degradation of methylene blue were obtained
graphically from the relationship between natural logarithm of the
normalized concentration, In(Cy/C), and reaction time.

2.3.2. Reaction mechanism and hydroxyl radical detection

In TiO, photocatalysis, active oxygen species such as hydroxyl
radical (*OH), superoxide radical (O,°*~), perhydroxyl radical
(*OOH) and hydrogen peroxide (H,0,) have been regarded as the
key species to degrade contaminants. Among these highly oxidative
species, the hydroxyl radical (*OH) has long been assumed to be the
major species for mineralization of pollutants either adsorbed on
the TiO; surface or in the bulk solution [30,31]. The degradation of
methylene blue has also been assumed to follow the reaction mech-
anism of hydroxyl oxidation. Coumarin and terephthalic acid were
used as probe molecules to validate the appearance of hydroxyl

Terephthalic Acid 2-Hydroxyterephthalic Acid

COOH COOH
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+ "OH ———
COOH COOH

Fig. 2. Reaction of terephthalic acid with hydroxyl radical to form fluorescent 2-
hydroxyterephtalic acid.
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Fig. 3. Reaction of coumarin with hydroxyl radical to form fluorescent 2-
hydroxycoumarin.

radical in the photocatalytic degradation of methylene blue with
our binary TiO,-SiO, aerogel [32]. Coumarin and terephthalic
acid react with *OH to form the highly fluorescent intermedi-
ates, 7-hydroxycoumarin [32-35] and 2-hydroxyterephthalic acid
[32,36-40] as shown in Figs. 2 and 3. A Fluoromax-2® spectroflu-
orometer (ISA/JOBIN YVON-SPEX, Edison, NJ) was used to obtain
the emission fluorescence spectra for both 7-hydroxycoumarin and
2-hydroxyterephthalic acid. The 7-hydroxycoumarin was scanned
with an excitation at 332 nm, starting at 342nm and ending at
650 nm. The 2-hydroxyterephthalic acid was scanned with an exci-
tation at 315 nm, starting at 325 nm and ending at 620 nm. Both
scans were performed at an increment of 1 nm and with an inte-
gration time of 0.10s. The final results were generated based upon
the average of three scans.

3. Results and discussion
3.1. Factors affecting the quality of TiO, aerogel

In this study, the technique of CO, supercritical drying was used
to prepare a highly porous TiO, aerogel that possesses much higher
surface area than other forms [1-3,14]. Factors such as soaking
time and extraction rate during supercritical drying are believed to
affect the crystalline structure and surface area of TiO, [24]. The
experimental results from our 2 x 3 factorial design corroborate
this assertion. From Fig. 4, there is an apparent trend of increasing
surface area with soaking time in liquid CO,, from 10 min to 20 min,
followed by a slight decrease from 20 min to 30 min. However, the
surface area for both 20 min and 30 min are higher than those at
10 min. The increase from 10 min to 20 min is likely due to a need
for the aerogel to have sufficient soaking time in liquid CO,, to allow
for replacement of the acetone in the TiO, crystalline grid. However,
increasing extraction rate also has an effect on surface area. A CO,
extraction rate of 0.75 L/min, the fastest rate tested, yields the high-
est surface area achieved in this study. The optimum preparation
conditions are selected based on the samples with the highest sur-
face area, as shown in Fig. 4: a soaking time of 20 min or 30 min and
extraction rate of 0.75 L/min. The variability in the data, particularly
at the slower extraction rates, is likely due to errors introduced from
manual extraction rate control during the supercritical drying pro-
cess. Additionally, the aerogel preparation process takes place over
an 8-day period, increasing the probability of humidity effect and
operational error.
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Fig. 4. TiO, aerogel surface area as a function of extraction rate and soaking time.

Table 3
Analytical results of the Lg (34) orthogonal array design

Factoreye

Soaking time Extraction rate Titania mass Mhci : MNH,oH

Ky 213.7 220 249.6 229.1
K 203.1 2215 205.2 209.9
K3 250.8 226.1 212.8 228.6
kq 71.233 73.333 83.200 76.367
ky 67.700 73.833 68.400 69.967
k3 83.600 75.367 70.933 76.200
R 15.900 2.033 14.800 6.400

3.2. Factors affecting the preparation of binary aerogel

Photocatalytic degradation of methylene blue was used to
investigate the photocatalytic activity of TiO,-SiO, binary aero-
gel prepared in each of the nine experimental trials in the Lg
(34) orthogonal array design (Table 2). Factors evaluated using this
design were the soaking time and extraction rate of the supercriti-
cal drying stage, the mass of titania, and the acid-base ratio in the
silica gelation process, each of which has three different levels, as
shown in Table 2. The removal ratio of methylene blue at 60 min was
selected as the response. TiO, aerogel for this study was prepared
under the optimum conditions reported in Section 3.1, a soaking
time of 20 min and an extraction rate of 0.75 L/min.

The results in Table 2 show that the samples prepared from
trial eight had the highest photocatalytic activity, with an average
methylene blue removal ratio of 94.3% at 60 min. This corresponds

Table 4
Analysis of variance (ANOVA) results of the Ly (34) orthogonal array design
Factor
SS DF Fvalues F (critical) Significance
Soaking time 418.229 2 62.089 19.000 *
Extraction rate 6.736 2 1.000 19.000
Titania mass 375.929 2 55.809 19.000 *
Acid-base ratio 79.842 2 11.853 19.000
Error 6.736 2

The asterisk indicates that the factor is significant because the F-value is greater
than F-critical.

to a soaking time of 30 min, extraction rate of 0.50 L/min, titania
mass of 10mg/cm?, and an acid-base volumetric ratio of 60:125
(molar ratio: 0.00667).

Statistical analysis of the data indicates that the optimal combi-
nation corresponds to a soaking time of 30 min, extraction rate of
0.75L/min, titania mass of 10 mg/cm?, and Vy : VNH,0H Of 0:125
(acid-free). These results are provided in Table 3, where K, is the
sum of results at n level, k, denotes K/3, and R is the range k val-
ues. The highest k value for a given factor corresponds to the optimal
level for that factor. The R values provide information on the relative
importance of the factors; the larger the range the more important
the factor. In our study, soaking time was the most important factor,
followed by titania mass and acid-base ratio, with extraction rate
being the least important.

Results of the analysis of variance (ANOVA) are shown in Table 4.
The small range, R value, for extraction rate compared to that of the
other factors, indicates that it has the least significance on the effi-
cacy of the binary aerogel; therefore the extraction rate was chosen
as the error source. Based on the F values, soaking time and titania
mass are statistically significant. On the other hand there is little
difference between levels for extraction rate and acid-base ratio.
Considering statistically significant factors first, the experimentally
identified optimum conditions for preparation of the binary aerogel
are a reasonable selection.

3.3. Characteristics of TiO, and TiO»-Si0,

3.3.1. Surface area and porosity analysis

The surface area and porosity of TiO, aerogel was analyzed
using an ASAP® 2020 accelerated surface area and porosimetry sys-
tem. Fig. 5 shows the nitrogen adsorption-desorption isotherms
(upper curves) for a TiO, aerogel sample with a surface area of
182.6 m2/g prepared using the optimum combination, 20 min soak-
ing time and 0.75 L/min extraction rate. The second (lower curves)
isotherm shown in Fig. 5 is of a TiO, aerogel sample with a sur-
face area of 123.5m?2/g prepared using sub-optimum conditions,
a soaking time of 10 min and extraction rate of 0.75L/min. Both
demonstrate characteristics of the Type IV IUPAC isotherm classifi-
cation, which is associated with the existence of mesoporosity [41].
Comparing these two isotherms, it is seen that the hysteresis loop
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Fig. 5. Adsorption and desorption isotherm for a TiO, aerogel prepared under opti-
mum conditions: soaking time of 20 min and CO, extraction rate of 0.75L/min,
and sub-optimum conditions: soaking time of 10 min and CO, extraction rate of
0.75L/min.
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Fig. 6. Adsorption and desorption isotherm for an optimized binary TiO,-SiO, sam-
ple.

for the sample with the higher surface area (the upper isotherm)
is much narrower than that of the lower surface area sample (the
lower isotherm) and appears at high relative pressure (p/p®) values.
This feature indicates that the capillary condensation only takes
place between particles and that virtually no intraparticle meso-
porosity exists in this sample [42]. Additionally, BET analysis of the
isotherm data indicates that the higher surface area sample (the
upper isotherm) has a larger pore volume, 0.74 cm?3/g, than that of
the lower surface area sample (the lower isotherm), which has a
pore volume of 0.145 cm3/g. The average pore widths are 16.2 nm
and 4.7 nm, respectively, for the higher surface area and lower sur-
face area samples. Generally, the ratio of pore volume to pore size
is reflective of the surface area of a sample.

Fig. 6 gives the nitrogen adsorption-desorption isotherm for an
optimized binary TiO,-SiO, sample, which was prepared using a
soaking time of 30 min, extraction rate of 0.75 L/min, titania mass of
10mg/cm?, and Vi : VnH,0H Of 0:125. The optimized binary sam-
ple hasasurface area of620.3 m?/g, a pore volume of 2.28 cm3/g and
an average pore size of 14.7 nm. The binary sample’s high surface
area is believed to be responsible for its efficacy for the degradation
of methylene blue.

By comparing the ordinate axis of all three isotherms, it can
be observed that with the increase of sample surface area, greater
quantities of nitrogen have been adsorbed. The binary TiO,-SiO,
aerogel with the highest surface area adsorbed the most nitro-
gen. This fact could lead to the probability that binary samples will
adsorb more contaminants onto the surface during photocatalytic
reaction, and thus have a higher chance of degradation, than using
TiO; alone.

3.4. X-ray photoelectron spectroscopy analysis

Chemical composition of sample surfaces can be identified by
the survey scan spectra (intensity vs. binding energy/eV) for TiO,
aerogel and binary TiO,-SiO, aerogel, as shown in Fig. 7. Some shift-
ing was observed between TiO, aerogel and binary aerogel. This
phenomenon was attributed to the existence of the second compo-
nent, SiO,, which serves as an insulator and leads to charging.

The oxidation state of titanium can be assessed primarily based
on the energy difference between 1/2 and 3/2 shells of titanium.
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Fig. 7. XPS survey scan of optimum TiO, aerogel and binary TiO,-SiO; aerogel.

Fig. 8 gives the shifting-corrected XPS analysis spectra of Tiypqp,
and Tiyp3, for commercially standard Degussa TiO,, optimum
TiO, aerogel, and optimum binary TiO,-SiO, aerogel. The energy
splitting between Tiyp1/, and Tippspp is 5.7 eV, which confirms the
existence of Ti** compared to 6.15 eV for titanium metal.

3.5. Photocatalytic reaction kinetics and mechanism of methylene
blue

3.5.1. Kinetics

The study of TiO, photocatalytic reaction kinetics is not only
the basic requirement for design of cost-effective reactors for
application, but also an approach to better understanding the
reaction mechanism. Many researchers have proposed that the
photocatalytic decontamination of a wide range of pollutants by
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Fig. 8. Shifting-corrected XPS analysis spectra of Tizp1; and Tipp3jp for Degussa
TiO,, optimum TiO, aerogel, and optimum binary TiO,-SiO, aerogel.
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Fig. 9. Photocatalytic degradation of methylene blue by binary TiO,-SiO, aerogel
prepared using the optimum combination.

TiO, follow the well-known Langmuir-Hinshelwood (L-H) kinet-
ics model [9,10,14,43-46]. When this L-H model is applied to the
immobilized TiO,, some assumptions have to be made considering
the possible involvement of the mass transport effects. Under the
well-mixed transport condition, we assume that O, in the solu-
tion is always saturated, and that there is no difference between
the interfacial concentration of contaminant and that in the bulk
solution. Then, the rate law Eq. (1) can be expressed as

KKC
=17k (1)

where C is the contaminant concentration, k is the apparent reac-
tion rate constant, and K is the equilibrium adsorption constant of
that contaminant. The kinetic constants, k and K can be calculated
by taking the reciprocal of both sides of the reaction rate Eq. (1) to
form the linear Eq. (2):

1 11 1
rTRRC R 2)
When the initial concentration of the contaminant, Cy is small,

integration of the Eq. (2) yields the simplified pseudo first-order
reaction kinetics equation:

In (%) — kKt = K't 3)
where k' is the apparent pseudo first-order reaction rate constant.

In this research, this pseudo first-order Langmuir-Hinshelwood
kinetics model was assumed to be feasible for the photocatalytic
degradation of methylene blue by the nanoglued TiO,-SiO, binary
aerogel. If this assumption is valid, plotting In(Cy/C) vs. reaction
time (t) will lead to a straight line whose slope equals the apparent
pseudo first-order reaction rate constant, k'.

The removal of methylene blue under photocatalytic, photolytic,
and dark conditions is graphically illustrated in Fig. 9. From the fig-
ure, it is clear that the photocatalytic degradation of methylene
blue is much faster than the dark and photolytic reactions, and that
the most degradation occurred by 60 min when the removal ratio
reached around 95%. Under the dark condition, removal ratios of
around 26% and 40% were achieved at 60 min and 90 min, respec-
tively. This can be attributed to the high porosity of the binary
TiO,-Si0, aerogel, which correlates to a strong adsorption ability.
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Fig. 10. Linearized relationship of In(Cy/C) vs. time of binary sample prepared under
the optimum combination of factors and levels.

A graph of In(Cy/C) vs. time yields a good linear relationship
(R2=0.9955) for photocatalytic degradation of MB, as shown in
Fig. 10. This result consolidates the assumption that the degra-
dation of MB by the nanoglued binary TiO,-SiO, aerogel follows
the pseudo first-order reaction kinetics, and can be represented by
the simplified Langmuir-Hinshelwood model. The linearized plot
(R2=0.9919) for photolysis indicates that the photolytic degrada-
tion of MB is a simple first-order reaction. A comparison of the
reaction rate constants of photocatalysis (k'=0.0513) and photol-
ysis (Kphotolysis = 0-0122) also confirms that photocatalysis plays an
important role in destruction of methylene blue.

3.6. Mechanism

Binary TiO,-SiO, aerogels, prepared from the optimized pro-
cedure, were placed in a 1 x 10~3 M aqueous solution of coumarin
and a 4 x 10~4 M NaOH solution of terephthalic acid. The two solu-
tions with the binary photocatalyst, magnetically stirred, were
illuminated with the simulated solar light (132.7 mW cm~2). The
fluorescence emission spectra excited at 332 nm from coumarin
and at 315 nm from terephthalic acid were measured every 5 min
of illumination and are shown in Figs. 11 and 12.

As seen in the figures, both show a gradual increase in fluo-
rescence at 452 nm for coumarin and at 425 nm for terephthalic
acid, under continuous illumination of the binary aerogel. No
obvious fluorescence increase was seen when coumarin and
terephthalic acid solution were illuminated without the binary
photocatalyst. These findings suggest that the occurrence of flu-
orescence can be ascribed to the chemical reactions between
the probe molecules and the hydroxyl radicals formed on the
binary TiO,-SiO; aerogel surface via photocatalytic reaction. There
is another possibility that the fluorescent hydroxyl products are
formed due to the direct reaction between photogenerated holes
and probe molecules [47,48]. However, this is unlikely since unless
the concentration of the probe molecules is high, in the range of
10-1-10-2 M, aromatic compounds like coumarin and terephthalic
acid are oxidized by the hydroxyl radical (*OH) more rapidly than
photogenerated holes [48,49]. In this experiment, low concentra-
tions of coumarin (1 x 10-3 M) and terephthalic acid (4 x 10~4 M)
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Fig. 11. Fluorescence spectral changes of 7-hydroxycoumarin observed at 5min
intervals during illumination of binary TiO,-SiO, aerogel in 1 x 10-3 M aqueous
solution of coumarin.
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Fig. 12. Fluorescence spectral changes of 2-hydroxyterephthalic acid at 5 min inter-
vals during illumination of binary TiO,-SiO, aerogel in 4 x 10-4 M NaOH solution
of terephthalic acid.

were used, indicating the production of 7-hydroxycoumarin and
2-hydroxyterephthalic acid. Based on previous reports in the lit-
erature [32-40], it is reasonable to assume that these fluorescent
compounds result from the reaction between the probe molecules
and °*OH. The fluorescence analysis results further indicate that
the photocatalytic destruction of contaminants by the nanoglued
binary TiO,-SiO, aerogel follows the assumed mechanism: genera-
tion of *OH during the photocatalytic reaction, and hydroxyl radical
oxidation of contaminants.

4. Conclusions

Abinary photocatalyst was prepared using a new two-step tech-
nique of nanogluing photocatalytically active TiO, aerogel into

a three-dimensional network of SiO,. The optimized nanoglued
TiO,-Si0, binary aerogel showed high photocatalytic activity in
degradation of methylene blue. This result is attributed to the
high surface area and porosity of the photocatalyst and existence
of a strong adsorbent (SiO,), which increase the concentration of
methylene blue near the TiO, sites, thus enhancing the destruc-
tion efficiency. By using coumarin and terephthalic acid as probe
molecules, fluorescence analysis of the hydroxylation products
served as an effective method to examine the production of
hydroxyl radicals (*OH) and substantiate the probable reaction
mechanism of hydroxyl oxidation of pollutants in photocatalytic
reactions.
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