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Abstract—A strategy has been proposed to prepare photocatalytically active titania nanopowders through a
sol—gel route using high-degree molecular separation upon the dilution of reagents, high water/alkoxide
ratios, high reagent mixing rates, and pH effects. This strategy has been successfully used to isolate, from sols,
anatase powders with high surface areas (100—310 m?/g) dependent on the pH value during the synthesis. The
photocatalytic activity of titania nanopowders prepared by the sol—gel process at various pHs has been tested
in photodestruction of organic dyes (Rodamine B, Methylene Blue, and Anthraquinone AcidBlue) in acid
solutions. UV-radiation-induced dye destruction rates are found to depend on the surface properties (includ-

ing surface area and  potential) and hydration specifics of the titania.
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The influence of various factors on the photocata-
Iytic activity of titania is currently the subject of
numerous studies due to the significance of this mate-
rial for environmental catalysis. The photocatalytic
effect makes it possible to perform the oxidative
destruction of most organic pollutants and many
pathogenic bacteria over titania at room temperature
under UV exposure [1]. The attractiveness of titania-
based photocatalysts is due to the effect of photocata-
Iytic degradation of organic pollutants to elementary
inorganic constituents. This opens up the prospect of
using titania-based photocatalysts for sewage and air
treatment, for creating self-cleaning glasses for build-
ing and automotive engineering, and for treating wall
surfaces in hospitals and public buildings to reduce the
level of bacterial contamination [2].

It is known that, when titania uptakes a photon
with an energy greater than, or equal to, its bandgap
width, an electron can be transferred from the valence
band to the conduction band so as to generate an elec-
tron vacancy, referred to as a hole. Electrons and holes
migrate to the surface of the catalyst where they par-
ticipate in oxidation and reduction reactions with var-
ious adsorbate surface species. Holes can interact with
water molecules bound to the catalyst surface to form
a hydroxyl radical and a proton, or with hydroxo
groups to form hydroxyl radicals OH". Electrons can
generate superoxide radical anion O? in the course of
reaction with oxygen. Hydroxyl and superoxide radi-
cal anions are presumably the main oxidizers in pho-
tocatalytic oxidation processes [3]. A specific feature
of TiO, nanoparticles consists in the ability of reactive
hydroxo groups to self-regeneration on their surfaces;

this appreciably enhances the sorption properties of
the nanoparticles [4]. Thus, from the chemical stand-
point, hydrated surface species on titania may be
regarded as electron—hole recombination sites, and
adsorbate oxygen molecules, as electron traps that
suppress recombination [5]. Water molecules are nat-
ural surface modifiers for titania prepared by a hydro-
lytic sol—gel process. This sol—gel process affords
excellent opportunities for manufacturing titania
nanoparticles, whose surface charge and hydrate
structure depend on the conditions under which the
sol—gel process occurs [6].

The goal of this study was to elucidate how the
charge and surface hydration of titania influence its
photocatalytic activity. To attain this goal, we per-
formed the sol—gel synthesis of titania nanopowders at
various pH values and determined the activity of these
nanopowders in photocatalytic destruction of organic
dyes in aqueous suspensions under UV exposure with
a constant oxygen concentration.

EXPERIMENTAL

The chemicals used in the synthesis were tita-
nium(IV) tetraisopropoxide (97%; from Aldrich), iso-
propanol (chemically pure grade), nitric acid (chemi-
cally pure grade), acetic acid (chemically pure grade),
ammonia (chemically pure grade), and distilled water.

The titania synthesis protocol was as follows. Tita-
nium tetraisopropoxide (10 g) was mixed with 100 mL
isopropanol with a magnetic stirrer for 3 h at room
temperature. Aqueous solutions having various pHs
were prepared by adding nitric acid to adjust pH of 2,
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acetic acid to adjust pH of 4, and ammonium hydrox-
ide to obtain a solution with pH of 11. To a 500-mL
portion of aqueous solutions, a mixture of isopropanol
and titanium tetraisopropoxide (110 mL) was slowly
added, followed by 24-h exposure under magnetic stir-
ring (1000 rpm). The water/titanium isopropoxide
molar ratio was 673 in all cases. The sols formed were
separated by centrifugation, washed with water, and
then dried in a drying cabinet at 110°C.

The powders prepared by the sol-gel route were
characterized by IR spectroscopy (Avatar 360 FT-IR
ESP) and thermal analysis (DSC 204 F1 Phoenix
NETZSCH). An X-ray powder diffraction experiment
was performed on a DRON-2 diffractometer. Coher-
ent scattering lengths (crystallite sizes) were calculated
by the Selyakov—Scherer relationship

D = K)\/B cosh,

where K is particle form-factor (taken to be 0.94), A is
X-ray wavelength (0.15406 nm), B, is peak width at
half-height, and 0 is diffraction peak position. The
precision of D calculations was 5%.

Specific surface areas and pore sizes were deter-
mined by low-temperature nitrogen adsorption/des-
orption (NOVA Series 1200e). Particle-size distribu-
tions and ¢ potentials were determined by dynamic
light scattering on a Zetasizer Nano (Malvern Instru-
ments) particle size and { potential analyzer. The pow-
ders prepared according to the above-described proto-
col were dispersed in water having a neutral pH, and
then measurements were carried out.

The photocatalytic activity of the prepared materi-
als was tested in the destruction of organic dyes. The
dyes used to be destructed were: Rodamine B (a dye
having zwitterion structure), Methylene Blue (a cat-
ionic dye), and Anthraquinone AcidBlue (AcidBlue 80)
(an anionic dye). We chose these dyes for their differ-
ent charge types, in order to trace the effects of inter-
actions of organic molecules having different charges
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Fig. 1. Schematics of the setup used for carrying out pho-
toreactions: (/) oxygen supply, (2) sampling port,
(3) cooler, (4) water-cooled silica jacket, (5) reaction flask,
(6) UV lamp, (7) stirrer, (&) stirrer casing, and (9) rotation
speed regulator.

with the surface of titania, and for their well-known
photocatalytic degradation schemes [7—9].

A dye was photodegraded in a reactor which is
schematically shown in Fig. 1. The UV radiation
source was a high-pressure mercury lamp of 250 W in
wattage with a radiation peak at 365 nm. The reaction
vessel was a 800-mL cylindrical vessel, with a water-
cooled jacket mounted inside and centered with the
lamp. A magnetic stirrer was mounted on the reactor
bottom. Air for flushing the reaction solution was
admitted from the bottom to maintain a constant con-
centration of dissolved oxygen. The dye content of the
solution was determined on a T70 + UV/Vis Spec-
trometer PG Instrument after an aliquot was sampled
and centrifuged. The pre-irradiation of dye solutions
for 1 h in the absence of photocatalysts showed that
only insignificant (<2%) discoloration occurred dur-
ing the pre-irradiation period.

The physicochemical characteristics of the pow-
ders prepared as described above are compiled in the
table.

Physicochemical characteristics of titania powders prepared by a sol—gel process at various pHs

. . Chemically 2 ;
D.., | Particle size in Ssp> M°/8 | dpyore, NM 3 Dye photodegradation rate
PH | m suspension, nm & mv bounc{l%)water, (BET) (BJH) Vr cm’/e constant, min~!
Rodamine B 0.26
2 6 650 +41 7 120 4 0.17
Methylene Blue 0.25
Rodamine B 0.03
7 7 700 —14 10 310 3 0.26 Methylene Blue 0.05
Acid Blue 0.06
Rodamine B 0.02
11 10 350 -23 30 100 4 0.06
Acid Blue 0.0035
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Fig. 2. X-ray diffraction patterns for TiO, hydrolysis prod-
ucts isolated from solutions at various pHs.

RESULTS AND DISCUSSION

Ejfect of Sol—Gel Process Parameters on the
Physicochemical Characteristics of Titania Powders

Each of the numerous methods now used to pre-
pare photocatalytically active titania-based nanoma-
terials [2] comprises a heat-treatment step intended to
form the anatase (or anatase—rutile) crystal structure
required for photocatalytic activity to appear. Heat
treatment considerably alters the structure of initially
formed particles and changes their degree of hydration
and surface charge. So, such the studies give no oppor-
tunity to evaluate the photocatalytic activity of a mate-
rial prepared directly by liquid-phase synthesis. The
only exclusion is a hydrothermal method, which can
help to prepare ultrafine photoactive TiO, polymorphs
with tailored particle sizes [10].

The sol—gel process used in this study to prepare
titania nanopowders involved the use of acid—base ini-
tiators of hydrolysis, high degree of molecular separa-
tion of hydrolysis products (attained due to the dilu-
tion of reagents), high water/alkoxide ratios, and high
reagent mixing rates. As a result, all samples were built
of crystallites which were amorphized to a consider-
able degree, likely due to the presence of a consider-
able amount of hydroxo species. X-ray powder diffrac-
tion showed anatase and brookite phases in the mate-
rials isolated from the colloid systems formed at pH of
2 or 7 (Fig. 2, Table 1). Cheng et al. [11] explained the
effect of pH on the formation of titania polymorphs
(in this case, brookite can appear as an intermediate
between anatase and rutile phases).

Our results imply that TiO, crystallite sizes depend
on pH maintained during the synthesis. Smaller crys-
tallite sizes and higher crystallinities are typical of
powders prepared in the presence of nitric acid. Mate-
rials prepared at pH ~ 7 had intermediate crystallite
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sizes, and powders prepared at pH 11 typically had
largest sizes of amorphized crystallites. We hold an
opinion that this was due to the nitric acid induced
acceleration of olation and oxolation during nanopar-
ticle formation, which promoted the crystallization of
low-hydrated products from a smaller number of
structural units. Synthesis in an alkaline medium
resulted in hydroxylated products with higher degrees
of amorphism and larger crystallite sizes. These results
agree with those published in [12].

More information about the hydration of materials
was gained from the thermal analysis of powders. As
probed by TGA (Fig. 3, Table), the highest TiO, yield
was observed in solutions acidified with nitric acid, the
lowest yield was in alkaline solutions, and the product
yield from a neutral medium had intermediate values.
Processing DTA curves as recommended by Avdin
et al. [13], we found that the amount of bound water in
titania increased as pH raised in the solution used for
the synthesis. The powders had high specific surface
areas as determined by low-temperature nitrogen
adsorption/desorption (Fig. 4, Table). For the pow-
ders prepared at pH of 2, 7, and 11, the surface area
was 120, 310, and 100 m?/g, respectively. All of the
materials prepared typically had mesopores with sizes
of 3—4 nm.

Photon correlation spectroscopy data for colloid
structures formed by water-suspended particles and
the £ potentials of nanoparticles are shown as func-
tions of synthesis parameters in Fig. 5 and in the table.
Aggregate sizes (Fig. 5) have close values for TiO, sam-
ples prepared at different pHs, and this is important
for the comparison of the photocatalytic activities of
these samples in aqueous suspensions. The { poten-
tials of TiO, particles prepared at pH of 2, 7, and 11 in
aqueous suspensions are +41, —14, and —23 mV,
respectively. The dependence of the nanoparticle sur-
face charge on the synthesis parameters may be related
to two factors. Firstly, synthesis in acidic medium
results in the appearance of basic titania structural
species formed by complexes [Ti(OH),(H,0),]** (at
pH 2), [Ti(OH)4]* (at pH 7), and [Ti(OH),]*~ (at pH 9)
[5]. Secondly, the formation of TiO, nanoparticles in a
sol—gel process carried out at some pH is accompa-
nied with chemisorption, which determines the sur-
face charge of nanoparticles [14]:

forpH <3.5: TiO, + nH" <> TiO,H)" plus counte-
rions); and

for pH > 3.5: TiO, + nOH™ <> TiO,(OH),” (plus
counterions).

The sum of the above contributions determines the
total value of the { potential of nanoparticles. The sign
of the { potential for nanoparticles prepared under dif-
ferent conditions is retained after the nanoparticles are
washed and then dried for several weeks. Interestingly,
the behavior of the ¢ potential of TiO, nanoparticles
dispersed in neutral-pH water as a function of synthe-
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Fig. 3. Thermoanalytical data for powders of TiO, hydrolysis products isolated from solutions at various pHs: (a) pH 2, (b) pH 7,

and (c) pH 11 (heating to 1000°C at a rate of 5 K/min).

sis pH is like the behavior of the { potential of titania
nanoparticles as a function of aqueous pH [15].

Photocatalytic Properties of Materials Prepared

Photodegradation rate curves for model pollutants
under UV exposure are shown in Fig. 6. An inspection
of dye degradation rates in the reactor implies that
titania samples prepared at various pHs have high pho-
tocatalytic activities. The photodegradation rate con-
stants obtained in the Langmuir—Hinshelwood model
are listed in the table. The rate constants are not in
direct relation to the surface areas of photocatalysts.
Meanwhile, noteworthy are the different contribu-
tions of adsorption and photocatalytic processes
proper to the photocatalytic destruction of dyes over
TiO, depending on the degree of hydration and the
surface charge. We failed to determine the photode-
struction kinetic characteristics for Methylene Blue
over TiO, samples prepared at pH of 11 and for
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Anthraquinone AcidBlue over TiO, samples prepared
at pH of 2. Our failure was due to the fast and quanti-
tative irreversible adsorption of these dyes on the cor-
responding photocatalysts at the dye/titania ratios
studied. The complete adsorption of Methylene Blue
and Anthraquinone AcidBlue on TiO, was observed in
few minutes; the dye was not detected spectrophoto-
metrically in solution after this period of time.

Irradiation of suspensions of titania having adsor-
bate dyes resulted in the degradation of the dyes over
the catalyst surface within 15—30 min. Our attempts to
spectrophotometrically measure photodestruction
kinetics failed. In this case, we observed the complete
and irreversible adsorption of dyes on the surface of
TiO, as a result of electrostatic interactions. In other
cases, the dyes under study were adsorbed on TiO, slowly
(equilibrium was acquired no sooner than in 1 h). For
example, it was shown spectrophotometrically that
steady-state adsorption of Rodamine B on the titania
surface was acquired after 1-h exposure in the dark

No. 8 2015
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Fig. 4. Low-temperature nitrogen adsorption/desorption by TiO, hydrolysis products isolated from solutions at various pHs.
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Fig. 5. Particle-size distribution for powdery TiO, hydrol-
ysis products isolated from solutions at various pHs.

under stirring and amounted to 84% (in percent of the
initial dye concentration C = 0.00215 g/L) for the
powders prepared at pH of 2, 95% for those prepared
at pH of 7, and 74% at pH of 11. In this case, the
adsorption value correlated with the surface area of the
powder.

The photocatalytic activity for all types of dyes
studied decreases in the order of our prepared photo-
catalysts as follows: TiO, (pH 2) > TiO, (pH 7) > TiO,
(pH 11). The highest activity is observed for titania
powders prepared in the presence of nitric acid.
(Patrick and Dietmar [7] also found that titania sam-
ples prepared by a hydrothermal route in the presence
of nitric acid had higher photocatalytic activities than
samples isolated from acid-free solutions.)

Analysis of the data gained in this study shows that
the photocatalytic activity decreases in the series of the
materials studied in response to an increase in the
degree of surface xydroxylation, the total content of
chemically bound water, and the negative value of {
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Fig. 6. Organic dye photodegradation rate curves in aqueous suspensions of powdery TiO, hydrolysis products isolated from solu-
tions at various pHs. (a) Methylene Blue: (/) pH 2 and (2) pH 7); (b) Rodamine B: (/) pH 2, (2) pH 7, and (3) pH 11; and (c)
Anthraquinone AcidBlue (/) pH 7 and (2) pH 11, under UV exposure.
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potential. This occurs despite the greater surface areas
of hydroxylated products prepared at pH 7 and 11
compared to the surface area of TiO, prepared in the
presence of nitric acid. We believe that the consider-
able gain in photocatalytic activity of titania prepared
at pH of 2 is due to the greater mobility of a proton that
is not bonded directly to the surface of TiO, and is
involved in the structure of hydroxonium ions, which
interact with the surface through hydrogen bonds,
compared to the hydroxide groups in the structure of
hydroxylated titania species. High hydroxonium ion
concentrations create beneficial conditions for OOH*
radicals to appear as a result of the formation of a pro-
tonated superoxide ion species on the TiO, surface:

0; + H*—> OOH".

Obviously, the high photocatalytic activity of tita-
nia prepared by sol—gel synthesis in acid solutions, is
due to high concentrations of hydroperoxide radicals
on the catalyst surface.

In summary, we have studied the effects of parame-
ters of sol—gel synthesis performed with a high degree
of molecular separation upon the dilution of reagents,
high water/alkoxide ratio, and high reagent mixing
rates in aqueous solution at pH of 2, 7, and 11. We have
found that these synthesis parameters can provide the
production of nanocrystalline anatase powders or ana-
tase powders admixed with brookite, having specific
surface areas higher than 100 m?/g and containing
mesopores with sizes of 3—4 nm.

The C potentials of titania particles prepared at pH
of 2, 7, and 11 in aqueous suspensions are +41, —14,
and —23 mV, respectively. The nanoparticles prepared
under various synthesis parameters retain the sign of
their { potential after being washed and dried for few
weeks.

The photocatalysts prepared are arranged in the
following order of decreasing Rodamine B, Methylene
Blue, and Anthraquinone AcidBlue photodestruction
rates under UV exposure: TiO, (pH 2) > TiO, (pH 7) >
TiO, (pH 11). The effects of the surface area, { poten-
tial, and the charge type of dye and the surface hydra-
tion specifics of titania nanoparticles on the dye deg-
radation rates have been detailed.
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