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ABSTRACT

The results of investigating the morphological, optical and electronic properties of three synthesized TiOy
polymorphs (anatase (A and A2), brookite (B and B2) and rutile (R)) show that the origin of their different
catalytic efficiency in the heterogeneous photocatalytic process lies in the depths of the charge carrier traps. The
presence of shallow electron traps in brookite extends the number and “lifetime” of generated holes, so brookite
is a good choice as a photocatalyst in such heterogeneous photocatalytic systems where these two variables are
the reaction limiting factors. Low generation and high recombination rate of charge carriers in rutile are the
consequence of too deep electron traps, therefore the generated electrons are not able to participate in reactive
oxygen species generation reactions on the catalyst surface. The longer “lifetime” of charge carriers generated in
anatase is due to the fact that anatase belongs to the indirect band gap semiconductors. It was further revealed
that the increase of the anatase crystallite size (from 10 to 20 nm) can compensate the negative effect of
decreasing specific surface area (from 129.5 to 65.0 m?/g) on the photocatalytic activity of anatase. The negative
effect of decreasing specific surface area was very well expressed in the case of brookite, where the photocatalytic
activity dropped with decreasing specific surface area (from 17.2 to 3.0 m?/g) while keeping constant brookite
crystallite size (= 80 nm). Heterogeneous photocatalytic experiments with the model pollutant bisphenol A show
that the deposition of bisphenol A degradation products on the catalyst surface can have a detrimental effect on
photocatalytic activity of low specific surface area TiOy polymorphs. The specifics (electronic properties, ge-
ometry of particles and photocatalytic activity of each TiO, polymorph) of the investigated heterogeneous
photocatalytic system for reactive oxygen species generation are the reason that the “synergistic effect” between
the anatase and rutile phase when used as a physical mixture, regardless of the ratio between them, was not
expressed. The anatase phase was shadowed by small and abundant rutile nanoparticles with low photocatalytic
activity, which acted also as a harvester of UV-light due to a wider UV-light absorption range. We can conclude
that the less studied TiO2 polymorph brookite is worthy of investigation, as the results of the present study show
that the photocatalytic activity of brookite with the adequate specific surface area is comparable to the photo-
catalytic activity of the widely investigated anatase TiO». In addition, it can be concluded that in the physical
mixtures of different TiO, polymorphs, the use of TiO; particles of close diameters is of crucial importance to
achieve a “synergistic” photocatalytic effect triggered by particle collisions.

1. Introduction

triggered by light illumination, the energy of which is equal to or higher
than the band gap energy of TiO,. With the illumination of TiOa, elec-

Titanium dioxide (TiO2) is one of the most investigated materials trons (e) are triggered in the valence band (VB) of TiO3 and injected into
used as a catalyst in advanced oxidation processes for various environ- the conduction band, leaving a hole (h") in the valence band. The
ment applications [1-3]. One of them is heterogeneous photocatalysis generated charge carriers can be further employed to generate reactive
for water remediation [4-8], where the catalytic activity of TiO; is oxygen species (ROS), which can be used for the degradation of water
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dissolved organic pollutants into CO5 and water in the final process
called mineralization. On the other hand, the generated charge carriers,
if not participating in any ROS generation reactions, can recombine and
produce energy (i.e. heat). The process of charge carrier recombination
has a detrimental effect on the overall photocatalytic activity of a het-
erogeneous photocatalytic system used for waste water treatment, as the
recombined charge carriers are lost for the ROS generation. The main
two drawbacks of TiO as a photocatalyst are: (i) its wide band ap of
3.00-3.30 eV (depending on a TiOy polymorph used), so the need for
UV-light is required to trigger its catalytic activity, and (ii) high charge
carrier recombination rate. The three most commonly found TiO,
polymorphs in nature are: anatase, rutile and brookite [9], of which
anatase is the most used and studied for photocatalytic applications,
since it mostly expressed higher photocatalytic activity compared to
rutile or brookite [10-12]. Rutile is the polymorph with the narrowest
band gap of ~3.0 eV, but mostly expresses up to an order of magnitude
lower photocatalytic activity than anatase [13]. Di Paola et al. [14]
claim that the bottleneck of the use of pure brookite in heterogeneous
photocatalysis is the complexity of its synthesis procedure and conclude
that its use, although sometimes expressing higher photocatalytic ac-
tivity than other TiO, polymorphs, is not justified. The complex syn-
thesis procedure makes brookite the least studied TiO, polymorph. On
the other hand, Monai et al. [15] conclude that in-depth studies of
brookite, concerning, for example, different band gaps and trap condi-
tions, facial reactivity, crystal structure effect, light reactive oxygen
species (ROS) formation, etc., are justified by the fact that its properties
are promising for its future use in different applications (photochemical
devices, dye-sensitive solar cells (DSSC), biological applications,
self-cleaning materials, etc. [16-20]), as it shows better performance
than other TiOy polymorphs in various photocatalytic reactions (COy
photoreduction, ammonia oxidation, oxygen acid photoreforming, etc.
[21-24]).

The phenomenon of a synergistic effect between the anatase and
rutile phase regarding photocatalytic activity was observed in the past.
Mixed phase TiO, photocatalyst containing both anatase and rutile
expressed higher photocatalytic activity than either pure rutile or
anatase phase [25-32]. For example, Degussa TiO powder P-25 is a
kind of a standard material in the field of heterogeneous photocatalytic
reactions regarding photocatalytic activity, containing rutile and
anatase phases in a ratio of about 1:3 [33]. The synergistic effect be-
tween the anatase and rutile phase is attributed to the improved sepa-
ration of UV-light generated charge carriers, although explanations
about the mechanism of improved charge separation differ. Some au-
thors claim that the photoexcited electrons (e’) in rutile migrate to the
conduction band of anatase, and the photoexcited holes remain in rutile
[26-28]. On the other side, some authors [29,30] observed the opposite
direction of electron transfer, namely from anatase to rutile conduction
band. We can also find investigations claiming that electrons can
migrate in both directions [31], and that holes (h") can also migrate
from anatase to rutile [32]. Any kind of charge carrier migration be-
tween anatase and rutile TiOy polymorphs can occur only if there is a
contact between the two phases. Most of the authors reported that a
close intimate contact between anatase and rutile is required for effi-
cient charge carrier migration/separation, and that only physical mixing
of these two TiO3 polymorphs might not guarantee it [34-37]. However,
there are investigations demonstrating that only physical mixing of
anatase and rutile could increase the catalytic activity in comparison to
pure TiO5 polymorphs [38-40].

The main aim of the present study was to bring new insights into the
understanding of the mechanism of photocatalytic activity of different
TiO5 polymorphs and to better understand differences between them. To
achieve this, we synthesized anatase, rutile and brookite TiOy poly-
morphs and evaluate their morphological, optical and electronical
properties. Special emphasis was paid to synthesize anatase and brookite
polymorphs with different morphological and structural properties and
to investigate in-depth how the electronic and optical properties as well
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as photocatalytic performance of derived solids depend on them. The
synthesis procedures of brookite were designed in a way that the
complexity and labor input were in the same range as for anatase.
Further, we investigated the ability of synthesized materials to generate
ROS under aerobic and anaerobic conditions by using different ROS
scavengers. The prepared TiOs polymorphs were further used for the
degradation of water dissolved bisphenol A (BPA) in the process of
heterogeneous photocatalysis. To bring some new understanding into
the grey area of photocatalytic activity of mixed TiO5 phases, especially
when physical mixtures of TiO5 polymorphs are used, ROS generation
experiments were conducted with physical mixtures of anatase and
rutile and varying ratios between the two phases.

2. Experimental
2.1. Materials

All chemical reagents were used without any purification. The CAS
number, source and grade of the chemicals are as follows: titanium di-
oxide (TiOy, CristalACTiV™ DT-51, Tronox, >99.0%), phosphoric acid
(H3PO4, 7664-38-2, Merck, >85.0%), sodium hydroxide (NaOH,
1310-73-2, Merck, >99.0%), titanium isopropoxide (TTIP, 546-68-9,
Sigma-Aldrich, >97.0%), isopropanol (67-63-0, Merck) and hydro-
chloric acid (HCl, 7647-01-0, Merck, >37.0%).

2.2. Preparation of catalysts

The synthesis of anatase (A) and brookite (B) samples started with
TiO9 nanotubes as a precursor, which were prepared by means of a
hydrothermal procedure described in detail in our previous work [41].
2 g of TiO5 nanotubes were dispersed in 120 ml of 0.001 M H3PO4 and
further hydrothermally treated in a Teflon-lined autoclave (24 h, 180
°C). The white product was obtained by centrifugation and then washed
several times with ultrapure water (Elga PURELAB Flex, 18 MQcm) and
dried under cryogenic conditions for 24 h (freeze dryer Christ, model
ALPHA 1-2 LDplus) to obtain anatase (A). Anatase sample A2 was ob-
tained by calcination of sample A at 550 °C for 24 h.

The synthesis of brookite (B) started by dispersing TiO2 nanotubes in
200 ml of 0.1 M NaOH. The TiO2 nanotubes/NaOH solution was hy-
drothermally treated in a Teflon-lined autoclave for 72 h at 200 °C.
Afterwards, was the product obtained by centrifugation and washed
several times with ultrapure water and dried for 24 h under cryogenic
conditions.

Rutile (R) TiO2 was prepared using titanium isopropoxide (TTIP,
Sigma-Aldrich, >97.0%) as a precursor and applying a low-temperature
synthesis route proposed by Zhang et al. [42]. TTIP (3.7 ml) was drop-
wise added to 37 ml of isopropanol under vigorous stirring. After 30 min
of stirring, we added dropwise 100 ml of 1 M HCI (the solution was
cooled during this procedure on an ice bath). Before leaving the solution
for 21 days to stay at room temperature, we stirred it for 4 h. After 21
days, the white precipitate was obtained by centrifugation and washed
several times with ultrapure water and dried under cryogenic conditions
for 48 h. Afterwards, it was annealed at 450 °C for 3 h.

Brookite B2 was also prepared using TTIP (Sigma-Aldrich, >97.0%)
as a precursor. In this case, 11.1 ml of TTIP was dropwise added to 50 ml
of isopropanol under vigorous stirring. After 30 min of stirring, 200 ml
of 0.1 M NaOH was dropwise added to the solution and stirred for
another 2 h. Afterwards, the solution was transferred to a Teflon-lined
autoclave and heated at 200 °C for 72 h. The material was obtained
by centrifugation, thoroughly washed with ultrapure water and dried in
an oven at 60 °C for 18 h.

2.3. Characterization methods

N, adsorption-desorption isotherms of prepared catalysts were ob-
tained at — 196°C (Micromeritics TriStar II 3020 analyzer) and used to



G. Zerjav et al.

determine the specific surface area by means of the Brunauer, Emmett
and Teller (BET) theory, total pore volume and average pore size of
catalysts. The samples were degassed (Micromeritics SmartPrep degas-
ser) in a stream of N3 (Linde, purity 6.0) before the analysis following a
two-step procedure. During the first step, the samples were degassed at
90 °C for 60 min, which was followed by the second step at 180 °C for
240 min

Field-emission scanning electron microscope (Carl Zeiss, model FE-
SEM SUPRA 35 VP) was used to examine the morphology of prepared
materials. PANanalytical X pert PRO MPD diffractometer with Cu Kal
radiation (1.54056 A) in reflection geometry (scan range was between
20 and 90° in increments of 0.034°) was used to collect the X-ray powder
diffraction (XRD) patterns of the materials. To identify the crystalline
phases of measured samples, the obtained XRD patterns were compared
to PDF standards from the International Centre for Diffraction Data
(ICDD).

The crystal structure and phase composition of such-prepared nano-
sized particulates were analysed by transmission electron microscope
(TEM, JEM-2100, JEOL, Inc.) operating at 200 kV. The micrographs
were recorded by slow-scan CCD camera (Orius SC1000, Gatan, Inc.).
The powdered samples were first dispersed and sonicated in EtOH(abs)
(CAS No. 64-17-5) and transferred by drop-casting onto Ni-supported
amorphous lacey carbon grids. A multiple specimen holder (Mod. 667,
Gatan, Inc.) was used for sample mounting.

Surface acidic properties were determined with the use of pyridine
and a Pyris 1 TGA instrument (Perkin Elmer). To eliminate the surface
impurities, the samples were pretreated at 500 °C in air for 15 min.
Afterwards, the samples were cooled to 120 °C and purged with pure Na.
Pyridine was then introduced into the Ny stream until a constant mass
was obtained. After that, the samples were purged for 120 min with pure
N to completely remove the excess of pyridine before the pyridine time
programmed desorption (TPD) measurement. During the pyridine
desorption, the samples were heated to 750 °C at a rate of 20 °C/min.

Zetasizer Ultra Red (Malvern Panalytical) was used to determine zeta
potential of investigated TiO2 polymorphs. The system was equipped
with an automatic titration device to measure the zeta potential in the
pH range from 2 to 9 using NaOH and HCI solutions to control the pH
value. Before measurement, the investigated TiOy polymorphs (50 mg)
were dispersed for 20 min in distilled water (500 ml) using an ultra-flat
stirrer (IKA Lab Disc).

Particle size distribution (PSD) of TiOy polymorphs A and R was
determined in wet mode (samples were previously suspended in dem-
ineralized water) by applying the laser diffraction method (Shimadzu,
model SALD 3101). Each sample was treated four times under identical
process conditions in order to test the reproducibility and to gain more
representative size distribution data for each sample. The net size dis-
tribution data was provided by averaging those 4 size distribution data
for each size interval. Averaged PSD is expressed on the basis of volume,
with characteristic diameters: dsg as a median diameter, dpode as a
modus diameter (dominant size in a population), and diameter mean,
ds > and reported via differential distribution function, dQs(d). Due to
the nanosized particles, the particle size distribution of sample B was
measured by multi-angle dynamic light scattering (MADLS, Zetasizer
Ultra Red, Malvern Panalytical) using a water suspension containing
240 mg/1 of sample B.

The photoresponse characteristics of investigated materials under
UV-light illumination (UVA high pressure mercury lamp, 150 W,
Amax=365 nm) were evaluated using a Metrohm Autolab PGSTAT30
potentiostat/galvanostat and a three-electrode electrochemical cell. A
0.1 M KOH aqueous solution was used as electrolyte. A screen-printed
electrode (DropSens, model DRP-150) presented the working elec-
trode, onto which a 10 pl drop of catalyst-ethanol suspension (12.5 mg
of catalyst in 2.5 ml of absolute ethanol (Sigma Aldrich)) was deposited
and left to dry. The counter electrode was made of platinum, and the
calomel electrode HI5412 (HANNA instruments) presented the refer-
ence electrode.
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To record UV-Vis diffuse reflectance (DR) spectra of the catalysts, a
Perkin Elmer Lambda 35 UV-Vis spectrophotometer, equipped with the
RSA-PE-19 M Praying Mantis accessory for powdered samples, was used.
White reflectance standard Spectralon© was used for the background
correction in the range of 200-700 nm.

A Perkin Elmer UV-Vis fluorescence spectrometer (model LS-55) was
used to obtain the photoluminescence (PL) emission spectra of catalysts
at the excitation wavelength of 315 nm. To flatten the surface, the
catalyst samples were pressed in a holder prior to measurements.

2.4. ROS scavengers

The level of e and superoxide anions (O3) was measured by the
reduction of semi-stable free radical 2,2 -azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) cation (ABTS®"). The latter was pre-
pared by dissolving 17.2 mg of 2,2 ‘azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) salt (ABTS, Sigma) and 3.3 mg of KS20g (Aldrich) in 5 ml
of distilled water. Before the analysis, the solution was left in the dark at
room temperature for 16 h. For the measurements, a reaction suspension
containing 1 ml of ABTS** stock solution, 50 ml of ultrapure water and
5 mg of the catalyst was prepared. The reduction of ABTS*" during UV-
light illumination of the catalyst was followed by means of UV-Vis
spectrophotometry, as the green color of ABTS®" cation radical solu-
tion decolors upon reduction of ABTS®* with e or O3. Reduction of
ABTS"" causes that the intensities of peaks at 345, 395 and 410 nm in
the UV-Vis spectra shift.

The level of hydroxyl (OHe) radical formation was measured by
using an aqueous solution (50 ml) containing 20 mM NaOH (50 ml,
Merck) and 6 mM terephthalic acid (TA, Alfa Aesar, Haverhill, MA,
USA). To achieve an adsorption equilibrium before illumination, the
suspension containing 10 mg of a catalyst was stirred in the dark for 20
min. During the UVA-light illumination (Prizmatix multichannel LED
light source FC2-LED), the aqueous-phase samples were withdrawn in
different time intervals and filtered through a 0.2 ym membrane filter. A
UV-Vis fluorescence spectrometer (Perkin Elmer, model LS 55) was
employed to record the fluorescence signal of the generated 2-hydroxy-
terephthalic acid (TAOH) at the excitation wavelength of 315 nm and
scanning speed of 600 nm min~! (the widths of the excitation and the
emission slits were set to 5 nm). To quantitatively determine the con-
centration of photogenerated TAOH (or OHe), we used the calibration
curve illustrated in Fig. S1, where the PL intensity measured at A = 425
nm as a function of TAOH concentration is shown.

2.5. Photocatalytic oxidation experiments

Photocatalytic degradation of bisphenol A (BPA, ¢y = 10 mg/1) was
conducted in a 250 ml batch slurry reactor (Lenz, model LF60) at con-
stant temperature of 20 °C (Julabo thermostat, model F25/ME) and
atmospheric pressure. Bisphenol A (BPA) is an endocrine-disrupting
chemical with estrogen-like effects [43], which is widely used by the
manufacturers as an intermediate in the production of polycarbonate,
epoxy resins and other polymeric materials [44]. Due to its leaching into
waste and ground water, BPA presents a potential risk to human health.
Concentrations in the range of 0.16-0.36 pg L were detected in the
wastewater treatment plant effluent in Germany [45]. A maximum
concentration of 17.2 mg L' BPA has been reported in Japanese landfill
leachate [46]. The drinking water permissible limit of BPA is 100 pg L
[47]. During the whole experiment, the BPA solution was purged with
purified air (451 h'}) and stirred at 600 rpm to prevent the sedimentation
of catalyst particles (catalyst concentration was 125 mg/1). The sus-
pension was kept in the dark for the first 30 min to establish the sorption
process equilibrium, followed by illumination with a UVA high pressure
mercury lamp (150 W, Apax = 365 nm). The UVA lamp was immersed
vertically in the center of the reactor in a water-cooled quartz jacket to
get an optimal distribution of the light. Degradation of BPA was fol-
lowed by HPLC analysis (Thermo Scientific HPLC instrument, model
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Spectra) with the use of BDS Hypersil C18 2.4 ym column (100 mm x
4.6 mm) and isocratic analytical mode. The column was thermostated at
30 °C, and 70%/30% methanol/ultrapure water solution was used as
mobile phase (flow rate was 0.5 ml min’l). The UV detection was per-
formed at A = 210 nm. Prior to analysis, the collected aqueous-phase
samples (1.5 ml) were filtered through a 0.2 ym membrane filter. The
level of mineralization (TOCy) was determined by conducting mea-
surements of total organic carbon (TOC) content in fresh and
end-product BPA solution. For this purpose, we used a high-temperature
(750 °C) catalytic oxidation (HTCO) method and a TOC analyzer from
Teledyne Tekmar (model Torch). The observed error of three repetitions
of each analysis was within + 1%. A CHNS analyzer (Perkin Elmer,
model 2400 Series II) was used to determine the amount of accumulated
carbon on the catalyst surface during the photocatalytic oxidation of
aqueous BPA solution.

3. Results and discussion
3.1. Determination of morphological, optical and electronic properties

The values of measured specific surface area (BET), total pore vol-
ume, average pore width, bad gap energies and crystallite size of the
prepared materials are summarized in Table 1. The SEM images of
prepared TiO polymorphs (Fig. 1) show that the morphology of sample
A is dominated by small nanoparticles with a BET surface area of 129.5
m? g'l. After annealing at 550 °C for 24 h, the specific surface area
dropped to 65 m? g, although the morphology of A2 sample did not
change dramatically in comparison to the morphology of sample A.
Samples B and R exhibit low but almost the same BET surface areas of
17.2 and 17 m? g! (Table 1). Their morphologies were formed of
nanoparticles with length of 100-120 nm and diameter between 50 and
80 nm. The lowest BET surface area of all prepared materials (3 m? g)
was expressed by B2 sample with the “rock” like morphology. The Na
adsorption-desorption isotherms of A, A2 and R samples (Fig. S2)
correspond, according to the IUPAC classification, to the type IV iso-
therms, which are typical for mesoporous materials. Solids B and B2, on
the other hand, show typical type II isotherms of nonporous/macro-
porous materials [48].

XRD diffractograms illustrated in Fig. 2 confirm that the prepared
materials consist of only one TiOy polymorph (anatase JCPDS card no.
71-1167, brookite JCPDS card no. 29-1360 and rutile JCPDS card no.
21-1276). The average crystallite size listed in Table 1 were calculated
with the use of the Scherrer equation based on the main diffraction
peaks of anatase (101), rutile (110) and brookite (121). The results show
the diversity in the average crystallite size of examined TiO poly-
morphs. The highest crystallite size was expressed by brookite samples B
and B2 (82 nm), followed by rutile R (21 nm) and anatase A (10 nm).
Due to the thermal treatment of sample A at 550 °C for 2 h, growth of
anatase crystallites in the A2 sample to 20 nm was observed. This phe-
nomenon was already observed also by Erjavec et al. [49] where a

Table 1

Comparison of band gap energy, specific surface area (Sggr), total pore volume
(Vpore), average pore diameter (dpore), and TiO, crystallite size of studied anatase
(A and A2), brookite (B and B2) and rutile (R) samples.

Sample  Band SBET, Vpores dpores Crystallite size”, nm
2 3
(g}p’ m/g cm’/g  nm Anatase  Brookite  Rutile

A 3.20 129.5 0.40 10.3 10 / /

A2 3.15 65.0 0.30 16.0 20 / /

B 3.30 17.2 0.05 11.6 / 82 /

B2 3.20 3.0 0.01 11.7 / 78 /

R 3.00 17.0 0.05 6.7 / / 21

@ The average crystallite sizes were calculated with the use of the XRD dif-
fractograms and the Scherrer equation based on the main diffraction peaks of
anatase (101), rutile (110) and brookite (121).
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progressive growth of the anatase crystallites was observed when
annealing titanate nanotubes from 300° to 700°C.

The results of the TEM analysis are summarized in Fig. 3. Under the
electron beam, the nano-sized samples appear stable, and no alteration
during analyses were observed. The phase composition of the samples
was probed by selected-area electron diffraction (SAED) method, and
match well with the XRD results. The samples are single-phase, corre-
sponding to: samples A and A2 are pure anatase, samples B and B2 are
confirmed as brookite, and sample R corresponds to rutile. The ab-initio
powder diffraction patterns, used for additional visual confirmation of
experimental SAED with simulations, were calculated using the struc-
ture data from [50]. No amorphous phases which appear “invisible” for
XRD and SAED, were observed on the matching TEM micrographs. The
average size of the crystallites is comparable as calculated from XRD
data. As observed on HR-TEM micrographs, for anatase sample A
(Fig. 3a), the average crystallite size is about 10 nm, while for sample A2
(Fig. 3b) the crystallites are about twice as large, ~ 20 nm. The crys-
tallites are idiomorphic, with moderately developed morphology: indi-
vidual facets can be identified in certain orientations, while other
surfaces are still not developed well. On the other hand, both brookite
samples (Fig. 3c and d) appear to be composed of crystallites of similar
size. At first glance, from the low-magnification micrographs (Fig. 3,
first column), particles of sample B2 (Fig. 3d) appear much larger than
sample B (Fig. 3c), but upon higher magnification we can see that the
larger particles of sample B2 are actually agglomerates of semi-textured
individual crystallites. When put side-by-side, the individual crystallites
are very similar, about 80 nm in size, exhibiting well-developed
morphology. The rutile sample (Fig. 3e) is of two types: a bundle of
thin needles and cube-like particulates, latter prevailing. Individual
needle-like crystals can be as long as 100 nm, while the size of pre-
dominant cube-like crystallites is ~ 20 nm.

The surface acidic properties of prepared materials were evaluated
by means of pyridine TPD analysis. The peaks in high- and low-
temperature regions in the obtained TPD curves (Fig. 4) can be
ascribed to desorption of pyridine from strong and weak acid sites. The
TPD curve of solid B shows the presence of three distinguished peaks,
while in the TPD curves of A and B2 samples, the presence of two peaks
is obvious. Other materials express only one desorption peak. Table 2
summarizes temperatures at which peaks occur, together with the cor-
responding amounts and densities of acid sites for each investigated
solid. The results show that samples with the highest BET specific sur-
face area have the highest number of acid sites, namely 330 and 144
pmol ¢! for A and A2, followed by B (23 pmol g1), R (20 pmol g1) and
B2 (1 pmol g'l). The linear behavior between the surface area of TiO,
and the surface acidity was also noted by other authors [50].

Fig. 5 presents the results of zeta potential measurements versus the
pH value of aqueous suspension for all prepared materials. Minimal but
systematic differences between the three investigated TiO, polymorphs
as well as some slight differences between high and low specific surface
area anatase and brookite TiO5 polymorphs can be observed. The values
of point of zero charge (PZC) of the investigated TiO, polymorphs
decrease in the following order: A (4.45) > R (4.42) > A2 (4.40) >B
(4.15) > B2 (4.10). The results show that solids with lower specific
surface area tend to result in exhibiting lower PZC values, although the
differences in the PZC values under the same TiOy polymorphs are
minimal. These results are in agreement with the observations of other
researchers [51,52]. Li et al. [52] concluded that the brookite structure
contains the shortest Ti-O bond distance (1.84 [o\), which may give rise to
sites with the lowest proton affinity among the three TiO, phases.
Correspondingly, the brookite TiO, polymorphs express the lowest PZC
value in comparison to anatase and rutile TiOy polymorphs. The zeta
potential is an important factor which describes the stability of nano-
particles in solutions. If the zeta potential value is above + 30 mV,
maximum aggregation stability is achieved as the particles repel each
other and do not undergo flocculation [53,54]. The results in Fig. 5
reveal that for the investigated anatase A and A2 and rutile R TiO,
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Fig. 1. SEM images of anatase (A and A2), brookite (B and B2) and rutile (R) samples.

polymorphs, two pH regions of the maximum aggregation stability in
aqueous suspension occur, namely at pH values below 2.5 and above
6.5. For the brookite samples (B and B2), maximum aggregation stability
is available only in the pH region above 5.3. However, heterogeneous
photocatalytic experiments with water-dissolved TA and BPA were
performed at pH values above 6.5 (pH(ra solution) = 12.8), which enabled
us high aggregation stability of the suspensions for all investigated
samples.

The optical behavior of prepared TiO polymorphs was studied by
recording UV-Vis DR spectra of catalyst samples (Fig. 6). The obtained
band gap energies listed in Table 1 were calculated using the following

equation:
h*C
E,=— ®

where Eg stands for band gap energy (eV), h is the Planck constant
(6.626 x1073* J s), C is the speed of light (3.0 x108 m s1) and 4 is the
cut-off wavelength (nm). The obtained Eg values are 3.2 eV for A, 3.3 eV
for B and 3.0 eV for R and are in good agreement with the Eg values of
TiO4 polymorphs obtained by other researchers [55,56]. In the case of
A2 sample, a slight red shift (3.15 eV) can be observed, which is due to
the high annealing temperature of 550 °C applied during the synthesis
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Fig. 2. XRD patterns of anatase (A and A2), brookite (B and B2) and rutile (R) samples. The vertical lines denote the standard data of anatase (black, JCPDS card no.
71-1167), brookite (red, JCPDS card no. 29-1360) and rutile (blue, JCPDS card no. 21-1276).

[57].

One of the main drawbacks of TiO as a photocatalyst is high rate of
charge carrier recombination, therefore it is of crucial importance to
study and understand the fate of light-generated electron-hole pairs. The
intensity of the photoluminescence (PL) signal of solids is proportional
to the electron-hole recombination rate, as the energy which is released
by the recombination of photogenerated electrons (¢’) and holes (h") is
in the form of PL emissions. The PL spectra of investigated materials are
illustrated in Fig. 7. In the PL spectra of A and A2 samples, well-resolved
peaks/shoulders at around 3.2, 2.95, 2.8, 2.7, 2.55 and 2.34 eV were
observed. Abazovi¢ et al. [58] used the calculations from Daude et al.
[59] and ascribed the signal in the area of 3.1 eV to direct (X;p—Xgp at
3.59 eV and X;p—Xj, at 3.45 eV) and indirect (X;p—I'3 at 3.19 eV and
I'1p—Xop at 3.05 eV) transitions in the anatase TiO5. The well-defined
peak at 2.9 eV was ascribed to the lowest indirect transition I'1p—Xj,.
The peaks at 2.8, 2.7, 2.55 and 2.34 eV are ascribed to the presence of
shallow trap levels. Abazovié et al. [59] assigned the high-energy peaks
to the band edge luminescence of the anatase TiO5 and the lower-energy
peaks/shoulders to the presence of oxygen vacancies. Kernazhitsky et al.
[60] ascribed the peaks at 2.71-2.80 eV to the excitonic electron-hole
recombination via oxygen vacancies, the strong excitonic peak at
2.91 eV to the recombination of self-trapped excitons and the peaks in
the area of 3.0 eV to indirect and direct transitions arising from the
band-to-band charge carrier recombination. The presence of oxygen
vacancies on the catalyst surface can promote charge transfer and
enhance catalyst photocatalytic activity [61]. A comparison of PL
spectra of anatase (A and A2) and rutile (R) samples in Fig. 7 reveals a
difference between the high-energy bands of anatase and rutile due to
differences in the band structure of the two TiO, polymorphs [59,61].
On the other side, the positions of shallow level traps at 2.8, 2.7, 2.55
and 2.34 eV remained the same. The PL processes in solids are strongly
affected by surface and bulk defects, particle size, calcination temper-
ature, etc. [61,62]. Kernazhitsky et al. [61] showed that the increase of
specific surface area and associated increase of surface defect states,
oxygen vacancies and surface hydration degree result in the enhance-
ment of PL signal in the PL spectra of anatase TiOy. On the other hand,
Nakajima et al. [63] reported that the decrease of intensity of PL bands
of TiO, +noble metal composites, in comparison to the intensity of PL
bands of pure TiO, supports, were independent of BET surface area of

materials, so the observed decrease was attributed to differences in the
work function between noble metal and TiO,. Ligiang et al. [63] re-
ported that the excitonic PL intensity of TiO, samples decreased as the
calcination temperatures and consequently particle size increased. The
PL intensity of sample A2 (Fig. 7) significantly decreased in comparison
to the PL intensity of sample A. This can be attributed to the calcination
of sample A2 at 500 °C (which means that the amount of surface defects
and extent of surface hydration decreased [61]) and growth of anatase
crystallite size from 10 to 20 nm. The intensity difference in the PL
spectra of brookite samples B and B2 (Fig. 7) can be attributed to the
difference in the BET surface area of samples, as synthesis temperature
and the brookite crystallite size are the same for both samples. In gen-
eral, the anatase samples A and A2 expressed the lowest PL intensities
and correspondingly the lowest recombination rates of photogenerated
charge carriers. This finding is consistent with the results of Zhang et al.
[64], who reported that the recombination process of photogenerated
charge carriers in TiO2 polymorphs differs due to the fact that anatase is
an indirect band gap semiconductor, whereas rutile and brookite are
direct band gap semiconductors. This in turn implies that the “lifetime”
of photogenerated charge carriers in anatase is longer compared to rutile
and brookite.

The ability of the prepared solids for generation and separation of
photogenerated electron-hole pairs under UV-light illumination was
further investigated by the measurements of current density versus UV-
light illumination time (Fig. 8a) and electrochemical impedance spec-
troscopy (EIS, Nyquist plots in Fig. 9) measurements. Fig. 8a shows that
the current density response of examined solids, when UV-light was
switched on and off for several cycles, was reproducible for all samples.
The highest photocurrent was expressed by the anatase A2 sample,
which is not a surprise, as it already expressed the lowest PL intensity
among the investigated samples (Fig. 7) and thus the lowest recombi-
nation rate of generated charge carriers. The beneficial effect of a large
anatase crystallite size on the “lifetime” of photogenerated charge car-
riers was proved once again, since the photocurrent density of sample
A2 was about twice that of sample A. In the case of brookite samples B
and B2, higher photocurrent density of sample B is attributed to its
higher specific surface area, as brookite crystallite size are the same in
both samples. The differences in the responses of photocurrent density
rates of TiOy polymorphs upon switching on and off the UV-light
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Fig. 3. TEM micrographs of hierarchical investigation of powdered samples; each row corresponds to the following sample: (a) anatase - sample A, (b) anatase -
sample A2, followed by (c) brookite - sample B, (d) brookite - sample B2, and (e) rutile - sample R. For direct comparison, each sample in the column was recorded at
the same magnification. The images of the last column are composed of experimental SAED pattern (right), and simulated SAED pattern used for phase identification.
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Table 2

Density and quantity of acid sites of anatase (A and A2), brookite (B and B2) and
rutile (R) samples, corresponding temperatures of pyridine desorption and re-
action half-life values (t;,2) of BPA degradation.

illumination are very well expressed in Fig. 7b and c. In the case of
anatase and rutile samples, the photocurrent density increases imme-
diately after switching on the UV-light to a constant value (~50 to
~110 s), whereas on the other side, in the case of brookite samples, slow
increase of the photocurrent density was observed (~175 s). This can
also be attributed to the difference in the mechanism of generating e” and
h* under UV-light illumination of TiO, polymorphs. Vequizo et al. [65,
66] found that the majority of photogenerated e” in brookite is trapped at
defects. This trapping of e” decreased the number of free e” but on the
other hand extended the “lifetime” and number of h™ and trapped e as
the possibility that the trapped ¢ and h" encounter decreases. This was
also well observed in the present study by the slow increase of photo-
current density for brookite samples B and B2 in Fig. 8b after the
UV-light was switched on and slow decay of the photocurrent density to
zero after the UV illumination was switched off (Fig. 8c). Sopha et al.
[67] observed that different TiO, structures showed different time

5.00

Sample  Density of acid Amount of acid Peaks of pyridine t1/2,
sites, pmol/m? sites, pmol/g desorption,°C min
A 2.5 330 290 (highest), 610 10.8
A2 2.2 144 307 11.3
B 1.4 23 311, 452 (highest), 9.3
613
B2 2.8 1 300, 525 (highest) 77.7
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Fig. 5. Zeta potential versus pH value for the investigated TiO, polymorphs measured in water. The inset shows the point of zero charge (PZC) region.
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Fig. 6. UV-Vis-DR spectra of anatase (A and A2), brookite (B and B2) and rutile (R) samples. The inset shows the respective Kubelka-Munk function.

1100

1000

900

[o]
o
o

~
o
o

PL intensity, arb.u.
[6)] [e)]
8 8

N
o
o

-

300 ‘
shallow traps,
200 oxygen vacancies and
deffects
100 | i :
O " 1 " 1 " 1 1 " 1 3 .: 1 i " 1 i
3.8 3.6 34 3.2 3.0 2.8 2.6 2.4 2.2

Energy, eV

Fig. 7. Solid state photoluminescence (PL) emission spectra of anatase (A and A2), brookite (B and B2) and rutile (R) samples.

intervals required to achieve the maximum photocurrent density after
switching the UV-light illumination on. They concluded that the pres-
ence of electron traps in TiO; results in prolongation of time intervals.
Chinonso et al. [68] observed the same phenomenon of slow response of
the photocurrent decay to zero after the UV illumination of plasma
treated TiOz-carbon nanotube composite was switched off; they attrib-
uted this response to the release of charge carriers from shallow and
deep traps. Vequizo et al. [66] report also that in the case of anatase, the
¢’ trap depth is too shallow to extend the “lifetime” of h*, whereas in the
case of rutile, the depth of e trap is too deep, which means that e” cannot
participate in the e consuming reactions. Moss et al. [69] discovered
that anatase and brookite showed the presence of shallow charge trap-
ping in comparison to rutile, where deeper charge trapping occurred.
They concluded that brookite is a good choice as a photocatalyst in re-
actions where the “lifetime” of charge carriers is the limiting factor. The
charge transfer resistance of charge carriers at the surface of examined
solids was investigated by EIS measurements; the obtained results are
presented in the form of Nyquist plots in Fig. 9. The charge transfer
resistance process at the electrode interface and separation of

photogenerated charge carriers are reflected by the diameter of the
semicircle in Nyquist plot. A smaller diameter of the semicircle expresses
fast charge transfer and efficient separation of electron-hole pairs [70,
71]. The obtained EIS data were well fitted by an equivalent electro
circuit presented in Fig. S3, which consists of solution resistance (Rg),
charge transfer resistance (Rcr), Warburg impedance (W) and constant
phase element (CPE). The charge transfer resistance for samples R, B2,
A, B and A2 was calculated to be 193, 179, 141, 132 and 48 kQ,
respectively. The obtained charge transfer resistances are inversely
proportional to the photocurrent response of the investigated solids
illustrated in Fig. 8.

Based on the above, we can summarize that in the case of anatase
TiOy polymorphs (samples A and A2), larger anatase crystallite size
exhibits more beneficial effect on the decrease of charge carrier
recombination rate and increased amount of generated charge carriers
than high specific surface area. Examination of brookite samples B and
B2 shows that at a constant crystallite size, higher specific surface area
does beneficially influence the photogeneration of charge carriers. The
results of photocurrent measurements suggest that the differences in
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Fig. 8. (a) Off-on current density vs. time traces under UV-light illumination of anatase (A and A2), brookite (B and B2) and rutile (R) working electrode in aqueous
solution of 0.1 M KOH. Fig. (b) shows the time needed for each investigated material to reach the constant maximum current density value after switching on the UV-
light illumination. Fig. (c) displays the time needed for a decay from the maximum current density to zero after switching off the UV-light illumination.

charge carrier recombination rates of the polymorphs can be attributed
to the presence of different depths of e traps. High charge carrier
recombination rate and low amount of generated charge carriers in the
case of rutile sample R can be attributed to too deep e traps, which
hinders e from reaching the catalyst surface.

3.2. Photogeneration of reactive oxygen species and photocatalytic
degradation of organic model pollutant bisphenol A

The photogenerated h" in the VB of the catalyst are responsible for
the mineralization of organic pollutants (Eq. (2)) by (i) direct reaction
with the pollutant adsorbed on the catalyst surface or by (ii) reacting
with surface adsorbed water (H20) and/or hydroxide ion (OH’) to
generate hydroxyl radicals (OHe) (Egs. (3) and (4)).

Dygs + hy—Dipy, (2

10

H,0+hi,—H"+ OH* 3

OH™ + h},—OH" 4

To maintain the charge equilibrium and minimize the recombina-
tion, e in the CB reduce the surface adsorbed oxygen dissolved in water
and produce superoxide radical anions (03) (Eq. (5)).

)

The ability of the prepared solids to produce hydroxyl radicals (OHe)
was followed by using terephthalic acid (TA), which upon reaction with
the OH-radical forms photoluminescent 2-hydroxyterephthalic acid
(TAOH) (Fig. 10). The generation of superoxide radical anions (03) was
followed by the reduction of water-dissolved 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt cation ABTS*" [72]
(Fig. 11). To study the electronic mechanism a bit further, the reactions
in both solutions were performed in the presence and absence of

0y +ey—05
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Fig. 9. EIS Nyquist plot of anatase (A and A2), brookite (B and B2) and rutile (R) samples in a 0.1 M KOH electrolyte under UV-light irradiation. The dashed lines are
representing the data fitted with the electrochemical equivalent circuit presented in Fig. S3.

water-dissolved oxygen. Water-dissolved oxygen was removed by
purging the solutions with pure Ny (Fig. S4). Regardless of which ROS
scavenger was used, the measurements were conducted first for half an
hour in the dark to avoid the influence of the scavenger adsorption on
the results of ROS photogeneration rates. We can see in Fig. 10 that the
highest TAOH generation rate, after 1 h of UV-light illumination, was
expressed by the anatase solids A2 (0.8 pM TAOH/h) and A (0.63 pM
TAOH/h), followed by brookite sample B (0.54 pM TAOH/h). Solids B2
and R expressed significantly lower TAOH generation rates of 0.058 pM
TAOH/h and 0.015 pM TAOH/h, respectively. Sample A2 also expressed
the highest rate of ABTS®" reduction (88% after 2 h of UV-light illumi-
nation, Fig. 11), followed by sample B2 (67% reduction). The ABTS*"
reduction of sample A was significantly lower than that of sample A2
and dropped to 31% after 2 h of UV-light illumination. The lowest
ABTS** reduction rates were expressed by samples R and B2, with 17%
and 13%, respectively.

The OHe radical formation rates of all tested solids decreased
significantly under anaerobic conditions, indicating that the reaction
rate of photogenerated h" and surface adsorbed H,O/OH is low. Under
anaerobic conditions, the amount of surface adsorbed oxygen is lower,
so the e are not able to generate O3 and maintain the charge equilib-
rium, because no other electron scavenger was present in the solution.
This results in increased charge carrier recombination rates. Czili et al.
[73] observed that in the absence of any electron scavenger (dissolved
molecular oxygen and/or reducible metal ions), the TiO, formation rate
of OHe radicals under UV-light illumination was almost negligible. The
generated OHe radicals were attributed to some residual oxygen or other
impurities in the suspension which expressed electron-acceptor prop-
erties. The residual adsorbed oxygen might in our case also be the reason
that the solids with the highest specific surface area exhibited noticeable
OHe radical formation under anaerobic conditions. This was especially
well seen for the anatase samples, where sample A with higher specific
surface area generated, under anaerobic conditions, more OH-radicals
compared to sample A2. The high catalytic activity of brookite B under
anaerobic conditions, although the specific surface area is lower in
comparison to anatase samples, can be attributed to the presence of
shallow e traps, which increase the “lifetime” and number of h*. The
results obtained under anaerobic conditions show that brookite is a good
choice for the reactions where the limiting factor is the “lifetime” of
charge carriers. The order of the ABTS"" reduction rates of tested solids
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was the same under both aerobic and anaerobic conditions. Radical
cation ABTS** can be reduced to ABTS not only via 03 (Eq. (5)), but also
via the reduction with photogenerated electrons [74]. This means that
under anaerobic conditions, ABTS®" acted as an e scavenger and thus
maintained the charge equilibrium. The lower extent of ABTS®" reduc-
tion under anaerobic conditions can be attributed to the fact that the
formation of hydroxyl radicals (Eq. (4)) did not occur, so reduction of
ABTS** occurred only through photogenerated e”.

Further, the photocatalytic activity of prepared TiOy polymorphs
was tested by using water-dissolved model pollutant bisphenol A (BPA)
under UV-light illumination for 60 min. The adsorption equilibrium was
determined by keeping the BPA solution in the presence of the TiO5
polymorphs in the dark for 30 min before the UV-light illumination
phase. The results in Fig. 12 show that the adsorption of BPA onto the
surfaces of the investigated solids was in the range of 1-2%. The highest
BPA degradation rates were measured in the presence of samples B, A
and A2, with almost complete BPA degradation after 60 min of UV-light
illumination. On the other hand, samples B2 and R converted only 45%
and 30% BPA after 60 min of UV-light illumination, respectively
(Table S2). The photocatalytic oxidation kinetics of organic pollutants in
aqueous solutions is often modeled with the use of the Langmuir-
Hinshelwood (L-H) equation (Eq. (6)), which assumes that the reac-
tion takes place on the catalyst surface. In Eq. (6), r presents the reaction
rate (mg/(l min)), k the reaction rate constant (1/min), K is the
adsorption constant (1/g) and C (mg/1) concentration at time t (min):

. KC
1+KC

Due to the fact that we deal with a low initial concentration (KC is
consequently much lower than 1), Eq. (6) can be simplified to a first-
order equation (Eq. (7)):

===

(6)

-dC
yr=—

=kxKC=k *C
d[ * *

)

where k' presents the apparent first-order reaction rate constant (1/
min). The integrated form of Eq. (7) is presented by Eq. (8):
Ct)=Core ™ ®)

where the initial concentration (mg/1) is presented by Cy. Eq. (8) can be
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Fig. 10. Concentration of TAOH generated under UV-light illumination of anatase (A and A2), brookite (B and B2) and rutile (R) samples in the presence (a) and

absence (b) of oxygen.

linearly expressed (Eq. (9)) by using a logarithmic function:

ln(%): —k 1

The slope of the straight line in the plot of ln(%") versus time, upon
linear regression, equals the apparent first-order reaction rate constant
k'. The reaction half-life value (t1/2) is the time at which the concen-
tration of the model pollutant is equal to one half of the initial con-
centration (at t = 0) and is presented by Eq. (10):

9

n2
tiyp=—-

7 (10)

The calculated t; /5 values, listed in Table 2, show that morphology,
specific surface area and crystallite size of the tested TiO2 solids influ-
ence the photocatalytic BPA degradation rates. The lowest reaction half-
life value was expressed by brookite B (t;,2 = 9.3 min), whereas on the
other hand, brookite sample B2 with lower specific surface area

12

expressed the second highest reaction half-life of 77.7 min. Also, in the
case of anatase samples, the reaction half-life of sample A with higher
specific surface area is lower (t;,2 = 10.8 min) than that of sample A2
(t1/2 = 11.3 min). Considering the results of ROS generation rates and its
low specific surface area, it is not surprising that sample R expressed the
reaction half-life of 134.0 min. The TOC removal was monitored to
obtain data about the mineralization of BPA and reaction intermediates
to CO5 and H30, as with HPLC measurements, only temporal BPA con-
centration was determined (Fig. 12). CHNS analysis of fresh and spent
catalysts was performed to obtain data about the adsorption of BPA and/
or BPA degradation products onto the catalyst surface. The TOC removal
obtained in the presence of examined solids and calculated values of
TOC accumulation (TOC,) onto the catalyst surface obtained after
60 min of UV-light irradiation of BPA solution are listed in Table S1. The
highest values of mineralization were obtained by anatase A, brookite B
and anatase A2, i.e. 94%, 77% and 56%, respectively. For comparison,
samples R and B2 exhibited only 14% and 5% of BPA mineralization
after 60 min of UV-light illumination. The results of CHNS elemental
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absence (b) of oxygen.

analysis of anatase and brookite samples show that solids with higher
specific surface area tend to accumulate more BPA degradation products
onto their surfaces than solids with lower specific surface area, although
the solids with higher specific surface area exhibit higher overall
mineralization rates. We have to consider that the photocatalytic pro-
cesses for degradation of organic pollutant in wastewater occur mostly
on the catalyst surface. This means that in the case of solids with lower
specific surface area, accumulation of even smaller amounts of degra-
dation products on the catalyst surface could detrimentally affect their
photocatalytic activity. This was especially well expressed in the case of
anatase solids A and A2. Sample A2 exhibited higher ROS generation
rates under aerobic conditions (Figs. 8 and 9) than sample A, but in the
case of BPA degradation, sample A2 tend to adsorb BPA degradation
products (TOCA(A) = 6.2%, TOCA(A2) = 5.7%), which in combination
with lower specific surface area resulted in higher reaction half-life

13

value of sample A2.

3.3. Photogeneration of reactive oxygen species over physical mixtures of
anatase A and rutile R TiO, polymorphs

In addition to runs carried out in the presence of single TiO, poly-
morphs, photocatalytic formation of hydroxyl radicals (OHe) under UV-
light illumination was also tested in the presence of physical mixtures of
anatase (A) and rutile (R) TiO5 polymorphs with different ratios between
the two phases (A:R=1:3, A:R=1:1 and A:R=3:1). This was done to
investigate if there exists a positive effect on the photocatalytic activity
of A:R physical mixtures in comparison to the simulated photocatalytic
activities of A:R mixtures, calculated based on activity data obtained
from single TiO, polymorphs.

The concentration of catalysts in these experiments was kept to
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Fig. 12. Photocatalytic degradation of BPA (co =10.0 mg/1) conducted at T = 25 °C in the presence of anatase (A and A2), brookite (B and B2) and rutile (R) samples

under UV-light illumination. Catalyst concentration: 125 mg/1.

10 mg per 50 ml of TA solution. The obtained TAOH generation rates
and the simulated generation rates of A:R mixtures, calculated using Eq.
(8), are illustrated in Fig. 13. The results show that the actual photo-
catalytic activities of physical mixtures of A and R are lower than the
simulated photocatalytic activities. We can further see in Fig. 13 that the
actual amount of generated TAOH after 60 min of UV-light illumination
in comparison to the simulated value (if we assume that the simulated
amount of generated TAOH is 100%) decreases from 68.8% to 58.2%
with the increasing amount of R in the physical mixture. There can be
different reasons for this behavior of the physical catalyst mixtures in the
investigated heterogeneous photocatalytic system. Some authors claim
that the synergistic effect between the A and R phases is dependent on

the irradiation light source used during the photocatalytic tests [75,76].
As can be seen in Fig. S7a, where the UV-Vis DR spectra of A, R and the
prepared physical A:R mixtures are presented, the employed anatase A
and rutile R have different light-responsive ranges. The band gap en-
ergies of pure A and R differ for 0.2 eV, and in the UV-Vis DR spectra of
mixtures, we can clearly distinguish between the influences of the two
pure TiO5 phases. The energy spectrum of the UV lamp used is illustrated
in the inset of Fig. S7a and shows that the maximum occurs at 360 nm.
The results of UV-Vis DR measurements reveal that theoretically in the
AR physical mixtures, the transfer of electrons generated in anatase to
rutile (with lower conduction band) would be feasible [40]. With the
increasing amount of added R phase, the band gap energy of mixtures
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Fig. 13. Concentration of TAOH generated under UV-light illumination of anatase (A) and rutile (R) samples as well as physical mixtures of A+R with different ratios

between the TiO, phases.
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shifts to lower values, which means that the rutile R phase in the mixture
would be able to harvest more UV-light than the anatase A phase
(Fig. S7a). The ability of rutile TiO5 to absorb UV radiation over a wider
wavelength range was observed also by other authors [77]. Further, we
measured particle size distribution (PSD) of anatase A and rutile R in wet
mode by applying the laser diffraction method (Fig. S8). The measured
mean diameter d3 , of anatase A particles was 168.56 and 4.90 um for
the rutile R particles. Considering these values and supposing that the
particles have a spherical shape, the external surface area of all anatase
A specimens in 10 mg of pure anatase A powder is 1.73 cm? (8474
specimens of A) and that of rutile R equals 54.55 cm? (257 million
specimens of R). The ratio between the external surface area of anatase A
and rutile R in the mixtures is presented in Fig. 14. It can be seen that the
external surface area of the rutile R part in the mixtures is always higher
than the anatase A part, so the rutile R part is always able to harvest
more UV-light irradiation than the anatase A part. The effect of the
photocatalyst dosage and the so called “shadowing effect” of the catalyst
on the efficiency of a heterogeneous photocatalytic system has been
widely studied in the past [78-80]. The “shadowing effect” of the
separate TiO» polymorphs was also observed by us in separate tests,
where we increased the amount of the photocatalyst during photo-
catalytic TA oxidation from 5 to 15 mg. Fig. SO presents the TAOH
generation rates of separate TiOs polymorphs anatase A and rutile R
according to the amount of photocatalyst in the reactor system, the
simulated TAOH generation rates calculated using Eq. 8 and results of
the experiment in which 5 mg of the photocatalyst was introduced into
the reactor system. The results in Fig. SO show that regardless of which
TiO, polymorph was used, the “shadowing effect” took place already
when we increased the amount of the TiO, polymorph from 5 to 10 mg.
The amount of generated TAOH with 10 mg loading reached 67.0%
(rutile R) and 74.5% (anatase A) of the simulated value. When we
increased the loading to 15 mg, the “shadowing effect” was even more
pronounced, as the TAOH generation rates in the case of 15 mg of
catalyst loading reached only 47.8% (rutile R) and 56.6% (anatase A) of
the simulated value. Considering the results of experiments illustrated in
Fig. 14 and the results of PSD measurements (Fig. S8), we can conclude
that during the TAOH generation experiments with the A:R physical
mixtures, the large anatase A particles were “covered” by abundant and
small rutile R particles, regardless of the A:R ratio in the mixture, and
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that with increasing the rutile R part, the “shadowing effect” of the
anatase phase A by rutile R increases. During the execution of photo-
catalytic TA runs, we could observe that the turbidity of the rutile R/TA
aqueous suspension was higher than that of the anatase A/TA aqueous
suspension. This might be attributed to the small diameter and better
dispersion of rutile R particles in comparison to larger anatase A parti-
cles. We also have to point out that in rutile R/TA aqueous suspension,
the amount of specimens R is 30,000 x higher than the number of
specimens A in the anatase A/TA aqueous suspension. With increased
turbidity of the catalyst/TA suspension, penetration of the used UV-light
irradiation is hindered and consequently the efficiency of the hetero-
geneous photocatalytic system.

Kaplan et al. [40] observed a synergistic effect when using a physical
mixture composed of anatase and rutile particles for the photocatalytic
oxidation of aqueous bisphenol A solution, which is quite similar to the
photocatalytic system for TAOH generation investigated in the present
study. As reported, higher photocatalytic activity of the physical ana-
tase/rutile mixture originates in the overall increase of hydroxyl radical
concentration by the transfer of OH., generated via HyO oxidation by
photogenerated holes in the anatase valence band, from the surface of
anatase to rutile during the collision of particles. This means that when
the mixture of anatase and rutile is used as the photocatalyst, the anatase
part represents the main driving force responsible for the higher overall
OH-radical concentration in the system. This was also the fact in our
investigated photocatalytic system (Fig. 10), however the anatase part
could not generate the same amount of OH-radicals in the mixture as in
the case if only anatase would be used, due to the “shadowing” effect
caused by small and abundant rutile particles, as discussed above.
Further, the rutile particles were acting as a UV-light filter to anatase
particles, as they are able to harvest the UV-light illumination in a wider
range (Fig. S7a). We can conclude that the “synergistic effect” between
the anatase and rutile phase in a physical mixture depends on the spe-
cifics of the investigated heterogeneous photocatalytic system, in which
besides electronic properties geometry of particles of each TiO5 poly-
morph and their photocatalytic activity plays an important role.

The same as described above was also observed when physical
mixtures composed of anatase A and brookite B and brookite B and rutile
R phases were used. In these cases, the “shadowing effect” on photo-
catalytic TA oxidation was even more pronounced (the results are
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Fig. 14. The amount of generated TAOH after 60 min of UV-light illumination of physical mixtures of anatase A and rutile R in comparison to the simulated values
calculated using Eq. (8). Further, the external surface area of anatase A and rutile R phase in dependence of the ratio between A and R in the mixtures are presented.

15



G. Zerjav et al.

displayed in Fig. S10), which is due to the use of very small brookite
particles with an average particle size of 0.54 um (Fig. S8c). Assuming
that the particles have a spherical shape, this means that the external
surface area of brookite B specimens in 10 mg of pure brookite B powder
equals 263.11 cm? (28,735 million specimens of B). In the physical
mixtures of brookite B and rutile R phases, we have to also consider the
UV-light filtering effect of rutile R (Fig. S7c) as observed also in the case
of the anatase A and rutile R physical mixtures (Fig. S7a). On the con-
trary, in the physical mixture of anatase A and brookite B, the UV-light
filtering effect was absent (Fig. S7b). To obtain a “synergistic” effect
exerted by collision of particles of different TiO, polymorphs, we believe
that the particles of each phase should be of a similar diameter.

4. Conclusions

To sum up, three TiO5 polymorphs (anatase (A and A2), brookite (B
and B2) and rutile(R)) were synthesized to evaluate the effect of poly-
morphism and their morphological, optical and electronical properties
on the generation of ROS and degradation of bisphenol A in the het-
erogeneous photocatalytic process. The obtained results suggest that one
of the main reasons for different catalytic performance of TiOz poly-
morphs is the depth of charge carrier traps. The slow increase and
decrease of the photocurrent density of brookite sample after switching
the light on and off shows that the photogenerated e are trapped at
shallow traps, which decreased the number of free e but on the other
hand extended the “lifetime” and number of h*. The presence of shallow
e traps in brookite was further confirmed by the results of ROS gener-
ation experiments conducted under anaerobic conditions, where the
brookite sample exhibited a moderate activity, although its specific
surface area was very low. These results suggest that brookite is a good
choice as a photocatalyst in cases where the reaction limiting factor is
the “lifetime” and the number of generated h*. In the case of the rutile
sample R, too deeply positioned e” traps were responsible for the fact that
the e could not reach the catalyst surface and participate in the e
consuming reactions, which resulted in the lowest charge carrier gen-
eration rate and highest charge carrier recombination rate among all
tested materials. The high photocatalytic activity of anatase can be
attributed to its high specific surface area and the fact that anatase be-
longs to an indirect band gap semiconductor, which enables its long
“lifetime” of generated charge carriers, which is opposite to rutile and
brookite being direct band gap semiconductors. The results further show
that the negative influence of decreasing specific surface area of anatase
onto the photocatalytic activity can be compensated by increasing the
anatase crystallite size. On the other side, high specific surface area of
anatase A was beneficial in the ROS experiment conducted under
anaerobic conditions, as the residual surface adsorbed oxygen partici-
pated in the generation of ROS. Lowering of specific surface area of
brookite, by keeping crystallite size constant, exhibited a detrimental
effect on its photocatalytic activity. The results of photocatalytic BPA
degradation runs and CHNS elemental analysis of fresh and spent cat-
alysts show that the deposition of degradation products onto the catalyst
surface significantly decreases the photocatalytic activity. In particular,
this was obvious in the case of anatase A2 sample, which exhibited the
highest rate of ROS generation, but its photocatalytic activity decreased
during the BPA degradation due to the blocking of its surface by BPA
degradation products. The results of ROS generation measurements with
physical mixtures of anatase and rutile show that there is no “synergistic
effect” between the two phases in the given range of reaction and
operating conditions. This can be attributed to the shadowing of anatase
particles by significantly smaller and more abundant rutile particles,
which caused that illumination of the anatase phase being the prevailing
phase for the production of OH-radicals was hindered. Another fact is
that the rutile phase could act as a UV-light filter due to its lower band
gap, which enabled it to harvest UV-light over a wider range compared
to anatase. The same behavior was also observed when physical mix-
tures of brookite B and rutile R or anatase A and brookite B were used.
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We can conclude that it is of crucial importance to use particles of close
diameters to obtain a “synergistic” effect exerted by collision of
particles.
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