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INTRODUCTION

Nowadays, the questions of water and energy are perhaps the most immediate
problems facing mankind. The increase in population, urbanisation and
industrialisation, combined with intensified agricultural activities, are the main
causes for increased water pollution, being at the same time the main reasons
behind constantly increasing water and energy demands.

On one hand, not only water shortage is the main issue in the global water
crisis, but also its quality tends to be a major issue Many pollutants present in the
contaminated water, including those studied in this work, are not effectively
removed by the conventional and even some advanced water treatment methods,
putting forward the need for alternative treatment technologies, both efficient and
cost-effective.

On the other hand, the ever growing need for energy coupled with the likely
shortage of fossil fuels, reported in the literature, raises the question of new,
sustainable energy sources, e.g. hydrogen. Needless to say, such fuels must be
produced in a sustainable way without secondary pollution.

Photocatalytic oxidation (PCO) is a technology that can provide solutions for
both recalcitrant pollutant degradation, giving clean water, and hydrogen (i.e. clean
fuel) production by water splitting. While the rate of water splitting is quite low,
the process can be accelerated by orders of magnitude with the addition of
sacrificial electron donors (hole scavengers) which, reacting with semiconductor
photocatalyst valence band (VB) holes, obstruct the recombination of the
mentioned holes with conduction band (CB) electrons. The latter are, in turn, are
responsible for hydrogen production. In the process, electron donors are oxidised.
Using waste organic compounds as sacrificial electron donors can accomplish the
tasks of hydrogen production and waste treatment simultaneously.

Pure semiconductor photocatalysts, like titanium dioxide, need UV-irradiation
to drive PCO process; however, doping them with various elements can result in
pronounced photocatalytic activity under visible light (VIS), which significantly
increases the perspectives of PCO and solar-driven PCO applications in terms of
both energy efficiency, and geographical range.

Consequently, the following objectives of the study can be declared:

- The determination of PCO applicability range when using visible light-
sensitive photocatalysts

- Synthesis and characterisation of photocatalysts and photocatalytic
coatings

- Testing their performance under various conditions in the degradation
of pollutants with various chemical structure and properties

- Testing the performance of various doped photocatalyst in hydrogen-
producing photocatalysis

- The investigation of photocatalytic reactions’ mechanism
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LITERATURE REVIEW

1.1.  Basis of photocatalysis

Heterogeneous photocatalysis can be defined as a catalytic process taking place
due to photogeneration of electron—hole pairs on the surface of semiconducting
materials illuminated by electromagnetic irradiation possessing energy equal to or
higher than that of the material’s band gap energy (Palmisano and Sclafani, 1997).
The process can be carried out in various media: gaseous phase, aqueous solutions,
and pure organic liquids (Herrmann, 1999). Various catalysts have been used in
PCO: TiO,, ZnO, CeO,, CdS, ZnS, etc. As generally observed, the best
photocatalytic performances with maximum quantum yields are usually obtained
with titania, coupled with titania’s high chemical stability in a wide range of
conditions. Anatase is the most active allotropic form in comparison with two
others, rutile and brookite. Anatase is thermodynamically less stable than rutile, but
its formation is kinetically favoured at lower temperatures (< 600 °C) (Hermann,
1999). Titanium dioxide (anatase) is a semiconductor photocatalyst with an energy
band gap of 3.2 eV thus being activated by UV illumination with wavelength up to
387.5 nm, which comprises around 4 % of the solar irradiation reaching the Earth’s
surface (Zhang et al., 1994).

The major difference between conventional heterogeneous catalysis and
photocatalysis is the mode of activation of the catalyst in which the thermal
activation is replaced by a photonic activation. The semiconductor absorbs
radiation quanta that promote electrons from the valence band to the conduction
band of the metal oxide (Eq. 1). The electron-hole pair migrates to the solid-fluid
interface where they can react with species in fluid phase. Transfer of electrons
across the interface is dependent on the relative energy levels of electron donors
and acceptors (Carey, 1992). When the photocatalyst is in contact with fluid phase,
adsorption of the fluid matter takes place; according to the adsorbate redox
potential, either conduction band electron transfer may proceeds towards electron
acceptor (A) molecules (Eq. 2), reducing them, or the electron donor (D) molecules
have their electrons transferred to positively charged holes on the semiconductor
surface (Eq. 3), oxidising the donor molecules (Herrmann, 1999). Alternatively,
electron and hole may recombine; this is a fast process taking place in up to 40 ns
(Kolen’ko et al., 2004), and it limits the overall PCO process efficiency.

hv + (semiconductor)—(semiconductor*) (¢" + h") (1)
Adads) T € — Agaas) 2)
D(adgs) + h™— Dyads) " 3)

These steps are followed by subsequent transformation of the reduced electron
acceptor and oxidised electron donor. The photocatalytic oxidation (PCO) process
investigation mainly involves the fate of electron donor transformations, as this is
the role taken by the pollutants.
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In the aqueous phase, which is the situation examined in the present work, both
pollutant molecules and water molecules act as electron donors. Depending on the
applied conditions, either dissolved oxygen (Eq. 4), or protons act as electron
acceptors, with the latter situation, taking place under anoxic conditions, yields
gaseous hydrogen (Eq. 5). Water molecules, reacting with positively charged holes,
decompose, producing highly reactive hydroxyl radicals (Eq. 6); there is
experimental evidence (Carey, 1992) indicating that at its formation it remains
absorbed at the interface. While hydroxyl radicals can subsequently desorb into the
solution, due to their relatively short lifetime of 107 s (Buxton et al., 1988), they
cannot migrate into the bulk of the solution, instead remaining a region in the
vicinity of the photocatalyst surface. Thus in order for the organic compounds to
be photocatalytically degraded, these probably have to be either adsorbed or be
present in the vicinity of the surface at the time of excitation. As a consequence, it
can be seen that mass transfer is of great importance, especially in case of dilute
solutions where it becomes the limiting factor of photocatalytic process. Dissolved
oxygen, being reduced by the CB electrons to superoxide ion-radical, serves as a
source of additional radical species.

e + 0y — 0Oy (4)
2H +2¢ > H, T (5)
h*+ H,0 — H'+ «OH (6)

At this point it can be seen that photocatalytic oxidation process has two basic
mechanisms: one initiated by the direct reaction of the substrate and hole on the
semiconductor surface (hole mechanism), and another one initiated directly by the
radical attack (Turci and Ollis, 1990). The latter is done not only by the hydroxyl
radicals, but also by the numerous radical species originating from superoxide ion-
radicals formation (Eq. 7-13).

*O; + H" -HO,* (7)
2 HOy» —-H,0,+ Oy (8)
Oy +e — ’022_ (9)
'022_+2H+—>H202 (10)
H,0, +e — *OH + OH" (11)
H,O, + *OH — H,0O + <Oy + H* (12)
H,O; +«O;” — 02+ OH™ + +OH (13)

The main advantages of PCO is that as a treatment method for water and air
purification it utilises simultaneously two oxidants with the highest available redox
potential, i.e. hole and hydroxyl radical, with the potential values of 3.5 and 2.8 V,
respectively (Sun et al., 1997, Bahneman, 2004), and the ability of using direct
solar radiation for the catalyst excitation, which makes photocatalytic treatment
cost-effective. The major disadvantages of PCO are the relatively low reaction rate
and quantum yield. Another PCO-connected challenge is the process’s selective
performance towards different substrates, which inevitably requires testing the
activity of any novel photocatalytic material with a range of substrates having
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different structure, composition and propertiecs. However, such investigations
increase the amount of available knowledge on PCO, bringing this technology
closer to practical applications either as a standalone process, or integrated as a
stage into a more complex combined technology.

1.2. Semiconductor photocatalytic water splitting for hydrogen
production

Hydrogen is considered as an ideal fuel for the future. Hydrogen fuel can be
produced from renewable and/or clean sources and, thus, it can be clean and
renewable throughout the whole of its life cycle. However, presently the majority
of commercially available hydrogen (95 %) is produced from fossil fuels (Ni et al.,
2004). Renewable hydrogen production, using e.g. solar or wind energy for water
electrolysis, is not popular due to high production costs. Alternatively, hydrogen
can be produced photocatalytically by water splitting; this allows the use of an
abundant, clean and renewable resource, i.e. water, which is also the product of
hydrogen fuel combustion.

With water subjected to photocatalytic treatment by unmodified titania, the
aforementioned recombination severely limits the results of water splitting, with
the reaction quantum yields being at the level of a centime fraction of per cent.
However, with certain photocatalyst modifications (introduction of crystal lattice
defects and other charge carrier traps, e.g. noble metal nanoparticles), and the
addition of sacrificial electron donors can greatly improve the process
performance: the latter has been reported to increase hydrogen yields by several
orders of magnitude (Ni et al., 2007; Kim and Choi. 2010). As mentioned, in order
to obtain hydrogen, oxygen needs to be eliminated from the treated solution.

In terms of photocatalyst modifications, the literature data from the last years
shows a significant growth in the quantity and the complexity of the photocatalytic
systems for water decomposition. The examples of dopants applied can be
nitrogen- (In et al., 2006), gold- (Sreethawong and Yoshkikawa, 2005), palladium-
(Bahruji et al., 2010) or platinum- doped titanium dioxide (Matsuoka et al., 2007).
Also, a number of systems based on the In, Sn, Sb and Ge compounds doped with
ions of various metals (e.g. strontium, niobium, tantalum, etc.) exhibited certain
activity in UV-induced photocatalytic water decomposition (Sato et al., 2001,
Ikarashi et al., 2002, Sato et al., 2001, Sato et al., 2002, Sato et al., 2003a, Sato et
al., 2003b, Kadowaki et al., 2005).

As for the sacrificial electron donor addition, a wide range of inorganic and
organic substances can be put into that role. Utilising non-biodegradable
recalcitrant water pollutants this way allows simultaneous solution to two
problems, waste decomposition and clean fuel production; also, part of the organics
can directly degrade producing hydrogen and low molecular weight (LMW)
hydrocarbons, as observed both in the literature (Bahruji et al., 2010), and by the
author (Article V).
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1.3. Visible light-active TiO: photocatalysts

To improve the photocatalytic properties of TiO,-based materials, many studies
have been performed to enhance the light absorption and delay recombination of
photogenerated electron-hole pairs by adjusting its microstructure, processing routs
and compositions (Chang et al., 2005). To increase visible light absorption of TiO»
materials these can be doped with metals, like Al, Ag, Li, Cd, Co, Fe, Pd, Pt, Zn,
Cr, Ni, and Zr or non-metals, like S, B, N, C, or F to reduce energy band-gap of the
photocatalyst (Asahi et al., 2001, Yu et al., 2002, Umebayashi et al., 2003, Irie et
al., 2003, Lettmann et al., 2001, Ihara et al., 2003, Bessekhouad et al., 2004, Ohno
et al., 2004, Wang et al., 2005, Sharma et al., 2006, Arpac et al., 2007). Doping
titanium dioxide results in the formation an additional energy level inside the
semiconductor band gap, whether donor level (n-type semiconductors), or acceptor
level (p-type semiconductors). In both scenarios, the electrons are displaced to CB
from an additional level inside the band gap, thus decreasing the energy required
for the creation of electron-hole pairs. Other options allowing the utilisation of
visible light by titanium dioxide include coupling TiO, with narrow band-gap
semiconductors, preparing oxygen-deficient TiO, (e.g. by hydrogen treatment of
photocatalyst, as in Article V).

1.4 Pollutants: an overview
Humic substances

The name “humic substances” (HS) is applied to a wide range of water-soluble
plant tissue decomposition products with the molecular weight ranging from
several hundreds to a few hundred thousand Daltons. Structurally, the HS are
believed to possess a branched polyaromatic carbon skeleton with a large number
of carboxylic and phenolic groups, although the exact structure is not clearly
established; moreover, it may vary significantly depending on the HS source and
geographical location. While the HS are not toxic, the intensive yellow-to-black
colour given by their presence in water may irritate end-users and make water
inappropriate for food industry, laundering, paper, and textile making (Manahan,
1994). However, real threat that the HS pose is their ability to bond heavy metals,
and organic toxics (e.g. pesticides, insecticides, herbicides etc.), consequently
making them difficult to remove by simple methods, as the HS are resistant
towards biological oxidation and conventional physical and chemical removal
methods are not efficient in their removal as well, as the HS have radical
scavenging properties (Manahan, 1994). This is especially well-pronounced in the
landfill leachate, where the HS are abundantly formed due to natural
decomposition processes. Also, the HS are known as precursors of carcinogenic
trihalomethans (THMs) upon by chlorination (Eggins et al., 1997, Wang et al.,
2001).
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Aromatic substances: p-toluidine and phenol

p-Toluidine is used mostly as an intermediate in chemical processes, such as in
production of pigments, dyestuff, pesticides, rubber chemicals, antioxidants and
pharmaceutics (Bowers, 2002; Srour, 2002), being also a major component of jet
and rocket fuels (Hingst et al., 1994). Non-biodegradable p-toluidine may
accumulate in groundwater aquifers in toxic amounts. Phenol is a renowned
environment pollutant strongly associated with e.g. oil shale industry (Kahru et al.,
2002) and a variety of chemical productions such as coal refineries, manufacturing
of pharmaceuticals, resins, plastics, paints, dyes, textile wood and petrochemicals
(Howard, 1989; Jaromir et al., 2005); while it has a reputation of a standard model
contaminant for the activity comparison of various oxidation methods and
catalysts, the findings of Article III demonstrate that such an approach may often
be somewhat misleading.

The most common methods for the removal of the amines and phenols from
effluents are biological wastewater treatment technologies, both aerobic and
combined aerobic/anaerobic. Chemical oxidation and several membrane
technologies were suitable to recover and reuse aromatic amines from the
wastewater cycle cost-effectively (Ferreira et al., 2002; Sarasa et al., 2002). But
still these water treatment methods have been shown to be inadequate against
aromatic amino compounds pollution (Rozkov et al., 1999). Adsorption on
activated carbon is an effective method for phenol removal from wastewater. This
method is simple, economical, fast and requires no chemical treatment (Qadeer and
Rehan, 2002). Phenol-containment water can effectively be treated by ozonation.
However this method showed to be a costly process (Busca et al., 2008).

Aliphatic substances: methyl-tert-butyl ether

Methyl tert-butyl ether (MTBE) is a widely used motor fuel oxygenate and octane
booster, although currently banned in the USA. Biodegradability of MTBE is low,
and as a consequence it accumulates in groundwater aquifers (Yeh and Novak,
1994). Moreover, MTBE is readily miscible in water and does not adsorb to soil
very well; consequently, unlike main fuel compounds, it migrates faster and farther
from the original spill site, making it more likely to reach and contaminate water
supply sources (US Environmental Protection Agency, 2009). At the same time,
MTBE is not readily removed by conventional physical removal and chemical
oxidation (Johnson, 1998, Xu et al., 2004; Safarzadeh-Amiri, 2001).

Prednisolone

Prednisolone (PNL) is an extremely widely used anti-inflammatory agent,
representative of corticosteroid class, and, in environmental terms, an emerging
micropollutant with a polycyclic structure. Like other micropollutants in general,
and corticosteroids in particular, they exhibit a range of effectson aquatic
organisms even at very low concentrations (Li et al., 2009; Chang et al., 2007).
Conventional treatment methods have not shown high efficiency in micropollutant
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abatement, thus, the need for new efficient technologies is an important matter in
this field as well. While PNL concentrations used in Article II are higher than those
found in the natural water samples (Ikehata et al., 2006; Liu et al., 2011), this was
an inevitable measure allowing the investigation of PNL PCO regularities and
degradation mechanism; the observations can be then extrapolated to lower
concentrations, where kinetic control of the reaction is pronounced (Klauson et al.,
2010), similarly to the studied concentrations range.
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2. MATERIALS AND METHODS

Experimental setup

In the research described in Articles I to III, PCO experiments were undertaken in
two thermostatted (20+1 °C) 200-mL simple batch reactors, agitated with magnetic
stirrers, having the inner diameter of 100 mm (evaporation dishes) and the
irradiated contact surface 40 m? m>. Each experiment involved the use of a two-
reactor set: the first one used for the PCO (“active”) while the second one
(“reference” or “blank™), containing no photocatalyst and not exposed irradiation.
This was done in order to compensate the concentration changes due to water
evaporation taking place during the experimental run. The photocatalysts were
used as a 1 g L' slurry (Articles I-I11, V), or attached to Pyrex glass plates of 8 to
12 cm? (Article IV) during the catalyst synthesis (see below). The photocatalyst-
coated plates were submerged into the solution to the depth of ca 10 mm.

Two sorts of light sources were used in the research, UV-A and daylight
fluorescent lamps. A Philips Actinic 15 W 365-nm low pressure luminescent lamp
was used as UV-A source. Artificial daylight was provided by Philips TL-D
15W/33-640 fluorescent lamp. The lamps were positioned horizontally over the
active reactor, providing the irradiance of about 1 mW cm™ measured at a distance
corresponding to the level of the free surface of the reactor. With UV-A, the
irradiance was measured by Micropulse MP100 optical radiometer (Micropulse
Technology, UK) in Articles I to III, and with Ocean Optics USB 2000+
radiometer in Article IV. In case of artificial daylight fluorescent lamp (Articles I
to III), the irradiance was determined indirectly, being calculated from the
illuminance, measured by TES luxmeter (TES, Taiwan), using lumen to watt ratio
of 684 (Kirkpatrick, 2005); the amount of UV-light emitted by the mentioned lamp
type was determined by the USB 2000+ spectrometer to be negligible, in
accordance to the data from the lamp manufacturer. Thus, any noticeable action of
the photocatalyst when using Philips TLD visible light lamp may not be attributed
to the emitted UV fraction but is clearly due to the activity of the catalysts in
visible light.

Adsorption experiments with the pollutants on the photocatalyst surface were
carried out at respective pH in closed flasks thermostatted at 20 + 1°C and
equipped with magnetic stirrers. The adsorbed amount of substances was derived
from the batch mass balance: the concentration of the dissolved substance was
determined before and after adsorption.

All the experiments were carried out for at least three times under identical
experimental conditions. The average deviation of data in parallel experiments did
not exceed 5 %.

The experimental setup for Article V, used to photocatalytically produce
hydrogen and LMW hydrocarbons, needs a separate description. The
photocatalytic reaction vessel used was a glass vial equipped with magnet stirrer;
the vial contained 5 mL of the treated solution, and was placed in a hermetically
sealed metal reactor (interior volume 48.2 mL), having a window on top for the
solution illumination. Solar simulator (Abet Technologies) with the irradiance of 1

17



SUN (=100 mW cm™) was used as the radiation source; in order to cut off IR in the
radiation spectrum and thus avoid treated solution overheating, a Petri dish
containing water was placed between the reactor and solar simulator. The solution
to be treated was first purged with nitrogen (0.15 L min™) for 0.5 h before the
experiment to eliminate oxygen, and then the reaction system was purged for
another 0.5 h with argon (0.1 L min™"), which was used as the carrier for the gas
chromatography (GC) system in subsequent reaction gaseous products analysis.
The treatment time 4 h was chosen to provide reasonable HA decomposition and
enable comparison of the photocatalysts’ potentials in water splitting in terms of
gaseous products amounts.

Experimental and analytical procedures

In Articles I and III, the experiments were carried out with 100 mg L™ of p-
toluidine and phenol in acidic (pH 3), natural (pH 6.5) and alkaline (pH 11) media,
adjusted either by 4 N sulphuric acid or 15% sodium hydroxide (Article I). In
Article III, natural pH values of the solutions were used (pH ca. 6.5); the pH was
monitored, but not adjusted. With the mentioned substances, the treatment time
was 24 h. Concentrations of MTBE (Articles I, I1I) were 100 mg L™ likewise, with
the treatment time chosen to be 2 h and 4 h, respectively. Concentrations of PNL
varied between 10 and 100 mg L' (Article II); the experiments were conducted at
natural pH values (ca. 6.5), unadjusted during the experimental runs. Treatment
time for PNL was 2 h. Humic acid sodium salt (HA), taken as a representative of
HS (Articles IV and V), had initial concentration of 100 mg L™'; treatment time was
chosen to be 24 h in Article 1V, and 4 h in Article V, where radiation source with
much higher irradiance was applied.

Concentrations of p-toluidine (Articles I, III) were measured photometrically
after diazotation and reaction with phenol at 490 nm, and those of phenol were
determined photometrically after reaction with p-nitroaniline at 570 nm using
Helios B spectrophotometer together with the COD. In case of p-toluidine, the
evolution of nitrite and nitrate ions was also determined using Metrohm 761
Compact ion chromatograph (IC).

The decrease in the MTBE concentration was determined by gas
chromatography using Finnigan Focus GC chromatograph (Article I1I); MTBE was
extracted from pre-salinated aqueous samples by benzyl alcohol using IKA Vortex
Genius 3 extractor. As expected, complete MTBE removal was observed during
the treatment time, unlike the mineralisation. Consequently, the performance of
MTBE PCO was determined from the decrease in chemical oxygen demand
(COD), measured by a standard method, as applied previously (Article I).

Prednisolone concentrations were determined by Shimadzu 2020 HPLC-PDA-
MS, using Gemini-NX 5u C;s reverse-phase column, operating in gradient mode
with the total flow of eluents (acetonitrile and acetic acid-containing water) of 0.3
mL min™ (Article II).

For the HA concentration measurement, the analytical procedure used by
Portjanskaja et al. (2009) was applied: colour at 455 nm was determined with the
Thermo Scientific Evaluation 300 UV-VIS dual-wavelength spectrophotometer
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(Article V) with the results interpreted using VisionPro software, or with HACH
Lange DR2800 spectrophotometer (Article IV).

In hydrogen-producing photocatalytic experiments (Article V), in the end of
each experimental run, the gaseous products in 1-mL sample were analysed using
the Hewlet Packard GC, model #61540A with the thermal conductive and the
flame ionizer detectors (GC-TCD-FID), with the concentrations expressed as parts
per million (ppm).

Photocatalyst synthesis and characterisation

Sulphur-containing photocatalysts were prepared by titanium tetrabutoxide (TTB)
hydrolysis with addition of a pre-calculated amount sulphur source (0.1 N sodium
thiosulphate); this was followed by calcination at 400 °C for 4 h. This was
followed by washing the catalyst with hot distilled water applied in a sequence of
10-15 rinsing rounds (ca. 1 L per 1 g of catalyst) in order to clean the catalyst
surface from water-soluble compounds, with the obtained leachate analysed by
Metrohm 761 Compact IC. In case of boron-containing photocatalysts, sodium
tetraborate was used as boron source. An additional catalyst was synthesised using
the same pattern, although without the addition of sulphur or boron sources.

Carbon-containing photocatalysts were prepared by the near-instant hydrolysis
of pure TTB, followed by calcinations at temperatures from 200 to 950 °C for 4 h.
Subsequently, the abovementioned washing procedure was undertaken in order to
clean the catalyst surface from water-soluble compounds.

Iron-containing titanium dioxide samples were prepared by a variation of sol-
gel method: 75 mL of TTB (25 % solution in tert-butyl alcohol) were sprayed into
1 L of pre-sonicated Fe,O; suspension (0.5 g L™). Hydrolysis was followed by
sonication, drying at room temperature and calcination at 200 °C. These steps were
followed by the washing procedure.

Copper-containing hydrogen treated titanium dioxide sample was synthesised
by sol-gel method, as described by (Chen et al., 2011), loaded with pre-calculated
amount of copper (I) acetate to achieve 0.5 % of copper in the catalyst, dried under
vacuum, and then calcinated at 400 °C for three hours. This was followed by the
drying period at 200 °C with gaseous hydrogen introduced to the pressurized
compartment at 200° C and 25 bar. The sample was left in the reactor for three
days and then cooled down to ambient temperature. Platinum-containing
photocatalyst was produced by Vorontsov et al. (1999), referred in their publication
as the specimen C. Cobalt- and tungsten-containing photocatalysts were obtained
by the hydrolysis of TiCls (15 % solution in 10 % HCI, Merck) in presence of cetyl
trimethylammonium bromide (0.005 pug mL™, Merck) as template with dopant
sources, Co(OOCCH3), (9.4 pg mL™' solution) and Na,WO4 (1.17 pg mL’
solution) respectively added to the solution. The precipitate was dried at room
temperature and calcinated at 400 °C in order to remove template.

The crystallinity, crystal structure and phase composition of carbon-doped
photocatalysts were analysed using D 5000 Kristalloflex X-ray diffractometer
(XRD), Siemens, with the phase composition calculated by Topas R Software. The
crystal structure of copper-containing catalyst was determined with XRD
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measurements using Scintag XDS 2000 diffractometer. With other samples,
Scintag Pad V Siemens (Cu-Ka irradiation source) diffractometer was used.
Titanium dioxide coatings were analysed by Rigaku Ultima IV diffractometer
using Cu Ka radiation.

Surface morphology of doped photocatalysts was examined by scanning
electronic spectroscope (SEM) JEOL JSM-6480 LV equipped with energy-
dispersive spectroscope (EDS), while in case of titanium dioxide coatings, Zeiss
EVO MA-15 SEM was used.

The specific surface area (BET and Langmuir adsorption) and the pore volume
of the sulphur, boron and iron-containing catalysts were measured by the
adsorption of nitrogen using KELVIN 1042 sorptometer.

Quantitative measurements of the photocatalysts’ composition in Article V
were performed with an ARL 3410+ inductively coupled optical emission
spectrometer (ICP-OES).

The isoelectric points (IEP) of pure and sulphur-, carbon and iron-doped
titanium dioxide suspensions (Article II) were determined by potentiometric
titration using a Zetasizer Nano-ZS equipped with an MPT-2 autotitrator and
vacuum degasser (Malvern Instruments, UK). Toxicity issues (Article II) were
addressed by the analyses performed with Protozoan culture (Tetrahymena
thermophila strain BIII).

PCO efficiency

The performance of PCO with artificial radiation sources was characterised by the
process efficiency E (Eq. 14), defined as the pollutants degradation relative to the
energy reaching the surface of the treated sample calculated for the treatment time.
This makes the PCO efficiency the universal term to compare the results achieved
with different catalysts (Preis et al., 2002):

E- AcxV x1000

Ixsxt (14)

where E — PCO efficiency, mg W' h''; Ac — the decrease in the pollutant’s
concentration or COD, mg L' or mg O L™'; ¥ — the volume of the sample to be
treated, L; / — irradiance, mW cm; s — irradiated area, cm?; ¢ — treatment time, h.
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3. OBJECTIVES

Based on its performance and relatively low operating costs, PCO can be
promising treatment method for the removal of pollutants from contaminated
water, together with the possibility of simultaneously producing green fuel, i.e.
hydrogen.

The main objectives of the present research were as follows:

1.

2.

3.

To clarify the PCO potential in degradation of a fairly wide range of model
pollutants, and investigate the process mechanism;

To compare different modifications of synthesised titanium dioxide-based
photocatalysts;

Combine pollutant photocatalytic ~decomposition with hydrogen
production.

In order to fulfil the objectives, the following questions were examined:

1.

The efficiency of PCO in degradations of pollutants;

Synthesis and examination of visible-light-sensitive  modified
photocatalysts with both non-metal and metal dopants.

Establishment of maximal hydrogen, oxygen and low molecular weight
hydrocarbons photocatalytic production using non-biodegradable pollutant
as sacrificial electron donor.
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4. RESULTS AND DISCUSSION

The obtained results show that the performance of doped titania photocatalysts,
although relatively efficient, can be selective dependent on the substrate applied.
The noted performance selectivity in the PCO of various water pollutants with
different chemical structure and composition is studied in Articles I-III; these
observations allow drawing some general conclusions on PCO process mechanism
and influencing factors. The reaction pathway of an emerging micropollutant,
prednisolone, was also investigated (Article II). Article IV provides an insight on
the role of titanium dioxide surface features on the PCO process performance.
Article V examines hydrogen-producing photocatalysis, comparing different
materials in terms of gaseous products yield and also differentiating two
mechanism of hydrogen production: water splitting with organic pollutant acting as
sacrificial electron donor versus direct organic pollutant photocatalytic splitting.

4.1. Photocatalytic oxidation of organic pollutants
Sulphur-doped TiO;

The photocatalytical decomposition of a several pollutants, namely, MTBE, p-
toluidine and phenol, was investigated under both UV and VIS irradiation (Article
I). Composition and surface properties of S-TiO, can be seen in Table 1 (Article I).
According to the XRD investigation results, S-TiO, photocatalysts were of anatase
phase.

The experiments with aliphatic MTBE have shown that its PCO efficiency
under VIS-irradiation with S-doped titanium dioxide catalysts were to up twice as
high as that achieved with P25 Evonik, and comparable to that under UV. The best
results were obtained in acidic media (Article I, Fig. 2a). In terms of dopant content
influence on the PCO process, it can be seen (Article I, Fig. 3a) that the PCO
efficiency under both UV and VIS increased at smaller sulphur concentration with
the increase of S content up to 1.5 at. %, followed by a steady decreased. The
MTBE degradation under the solar light with Degussa P25 and S-doped catalysts
proceeded quite similarly.

When PCO by S-TiO, was applied to aromatic substances, the results obtained
with phenol were inefficient. In case of p-toluidine, the best performance was
observed in alkaline media; in general, the results observed were comparable to
that of P25 Evonik TiO: (Article I, Fig. 4a).

Consequently, it can be seen that the performance of S-TiO, towards three
substrates of different structure — aliphatic MTBE, aromatic phenol, and aromatic
heteroatom-containing p-toluidine — is highly selective. As no adsorption of
substances under scope was experimentally determined on the surface of the
catalysts within the limits of analytical precision, the PCO is assumed to proceed
here mainly as a nucleophilic attacks of hydroxyl radicals, and the observed
differences thus arise from the substances’ properties, PCO regularities and
nucleophilic reaction mechanism. According to the latter, the attack of hydroxyl
radical should proceed upon the carbon atom having the highest partial positive
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charge: tertiary carbon atom in MTBE, and carbon atoms connecting with —OH and
—NH: groups in phenol and p-toluidine. While in case of MTBE, the nucleophilic
attack on the mentioned atom effectively destroys the molecule, the rupture of
stable aromatic cycle is a much harder task. Consequently, phenol PCO with S-
TiO, was poor, while in case of p-toluidine the amine group is oxidised as the step
preceding the immediate aromatic cycle rupture, effectively producing the
observed substrate concentration decrease. The growth of the PCO efficiency of
sulphur-doped catalysts with the growth of sulphur content, as observed in case of
MTBE, and the subsequent decrease may be explained by the overpowering of the
positive effect obtained from the band-gap decrease by the decrease of the
catalysts’ redox potential.

In PCO of PNL (Article II), S-TiO, performance was inferior to that of P25
Evonik (PCO efficiency 1.5-2 times lower, depending on the sulphur content),
although superior to other doped catalyst species used (Fe-TiO; and C-TiO,). This
can be attributed to the electrostatic repulsion between PNL molecules and S-TiO,
surface, as no adsorption of PNL was observed indeed. Under natural solar
irradiation, the acceleration of PNL degradation in comparison to artificial
radiation increased to greater extent than that of P25, although being still inferior to
the latter. While the PNL oxidative ability of sulphur-containing titania was lower,
it was shown, unlike P25, to be non-toxic towards Tetrahymena thermophilia,
activated sludge ciliate protozoa, both in the dark or under irradiation, indicate the
potential of using such materials for selective removal of micropollutants when
combined with activated sludge process, as photocatalysis has been shown (Article
II) to selectively remove these from wastewater matrix.

Boron-doped TiO,

The action of B-TiO; in the PCO of MTBE and p-toluidine was also investigated in
Article 1. The dependence of MTBE PCO efficiency on pH was similar to that of
S-TiO; (Article I, Fig. 2b). Under visible radiation in acidic media an increasing
trend in PCO efficiency was observed with the boron content increasing to 2
atomic % (at. %); above that content, the efficiency remained at a constant level
(Article I, Fig. 3b), with the MTBE PCO efficiency significantly exceeding the one
observed with P25 Evonik under UV, however, somewhat inferior to the results of
S-TiOs.

With p-toluidine, contrary to the S—TiO, catalysts, the highest PCO efficiency
of B-TiO, was observed in acidic media followed by neutral and basic ones
(Article I, Fig. 4b). In acidic media, the PCO efficiency values obtained under VIS-
irradiation exceeded the one of P25 under UV by 1.5 times for p-toluidine and two
times for COD removal. Remarkably, the dependence of the PCO efficiency on
dopant content with B-TiO, has different trends dependent on the values of pH: in
neutral and alkaline media the PCO efficiency decreases slightly with the increase
in the boron content in the catalysts, however, in acidic media, where a certain
increase is observed. This can be explained by the different behaviour in acidic
media of the blank catalyst containing only carbon as opposed to those containing
both boron and carbon.
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P25 Evonik TiO>

The results of PNL PCO investigation (Article II) show efficient removal of a
widely-used micropollutant by photocatalytic oxidation. The PCO of PNL was
shown to follow well Langmuir-Hinshelwood (L-H) kinetics. A high degree of
mineralisation was obtained: indeed, at PNL concentrations up to 25 mg L', the
removal rate was around 90-96 % with simultaneous COD decrease over 80 %. To
compare, at 100 mg L™ PNL, the target pollutant and COD removal rates decreased
to 57 and 30 %, respectively, although the absolute oxidation rates increased. Thus,
photocatalytic oxidation is able to degrade both target compound and its
degradation by-products reasonably well. The effect of wastewater matrix,
modelled by carbamide and sucrose, was shown to possess only some inhibitive
effect on PNL PCO. The LC-MS investigation of PNL PCO by-products allowed
the proposition of four degradation pathways, dependent on pH.

Carbon-doped TiO;

The experiments with carbon-containing photocatalysts were undertaken with
MTBE, p-toluidine and phenol (Article III). Crystallographically, photocatalysts
calcinated at 200 to 600 °C were a mixture of anatase and brookite, while at higher
temperatures (700 to 1000 °C) they were pure rutile (Article III, Fig. 1).
Crystallographic composition and surface properties of C-TiO, photocatalysts can
be seen in Table 1 (Article III). The investigation of the photocatalysts’ optical
properties, especially band gap energy (Table 2) provides evidence of carbon
incorporation into titanium dioxide crystal lattice, i.e. actual doping; this is also
supported by slight shifts observed in XRD peak positions.

As no adsorption of the mentioned substances was detected on the surface of the
carbon-containing photocatalysts above the limits of analytical precision, it can be
stated that radical reactions should be responsible for PCO at C-TiO, catalysts, as
opposed to surface hole reactions.

The values of PCO efficiency observed with carbon-doped catalysts irradiated
with VIS were higher than that with UV-irradiated P25 under similar conditions
(Article 111, Fig. 3), with photocatalyst calcinated at 600 °C exhibiting the highest
performance. Under VIS, MTBE was totally degraded within 1 h with all tested C-
TiO, samples, including the less photocatalytically active rutile. With p-toluidine
the PCO efficiency values observed with the catalysts under artificial daylight was
close to that of P25 under UV at lower calcination temperatures, steadily
decreasing with the growth of calcination temperature, i.e. with the decrease in
carbon content and contact surface area (Article III, Fig.4). With phenol, the PCO
efficiency was lower than in case of P25 TiO, and declined with the growing
catalyst calcination temperature as well (Article III, Fig. 5).

The observed differences in the PCO activity of the substances under scope can
be explained by their different interactions with the surface of the catalysts due to
their electrostatic properties. Under the experimental conditions (pH slightly lower
than neutral) both TiO, surface and aromatic substances (phenol and p-toluidine)
are partially positively charged, and the aromatics are repelled from the catalyst
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surface. While C-TiO, catalysts have a lower point zero charge, and forces of
electrostatic attraction may come into effect, this still does not inevitably result in
increased adsorption, dependent on surface features; the stability of aromatic cycle
discussed earlier is another matter responsible for the PCO results observed. On the
other hand, MTBE is electrically neutral and can thus get closer to the vicinity of
the photocatalyst surface, where larger supply of hydroxyl radicals is available for
efficient PCO. Photocatalytic oxidation of MTBE does not depend on the
calcinations temperature even at calcination temperature exceeding 600 °C when
all anatase and brookite turned to rutile; photonic efficiency calculations suggest
that during PCO MTBE can partially undergo auto-catalysis. The latter supports
the use of its relatively recalcitrant degradation by-products’ mineralisation as a
meter of MTBE-related contamination removal.

In general, the decrease of carbon-doped photocatalysts’ performance with the
increase of calcination temperature is attributed to both loss of carbon and
transformation of anatase and brookite phases into less active rutile. C-TiO;
photocatalysts showed stable activity even after repeated applications.

TiO: coatings obtained by spray deposition

Immobilisation of photocatalysts on various surfaces allows numerous operating
benefits and ease of the material’s applications. Consequently, in Article IV the
author investigated the performance of spray-deposition synthesised titanium
dioxide  coatings with  varying amount of template substance,
cetyltrimethylammonium bromide (CTAB), used (0 to 3 pg mL™"). Humic acid
sodium salt (HA), a representative of the HS class, was taken as the test substrate.

Examination of the coatings’ surface, performed by SEM, revealed the
availability of the following surface features: cracks, pores, collapsed bubbles and
unbroken bubbles. The changes in HA PCO efficiency dependent on the template
amount in the coating’s synthesis (showing performance comparable with or
superior to P25 titanium dioxide) were observed to clearly correlate to the surface
concentration of unbroken bubbles (amount of surface features per surface unit of
the coatings): their sharp edges protruding into the treated solutions, where the
surface defects localisation can be significantly higher in comparison to the
remaining coating surface, can act as “radical volcanoes” producing the oxidants
responsible for HA oxidation. In the sample showing the best performance, the
combination of highest surface concentration of collapsed bubbles and the smallest
crystallites is able to produce the highest amount of sharp spiked catalyst edges
with larger area possessing greater defect concentration, which results in enhanced
radical production.

Photocatalytic oxidation: summary
The observed selective performance of doped titania species -clearly
demonstrates that contrary to the well-established practice, an objective view of the

materials’ capabilities can be obtained only through testing their photocatalytic
performance by the examination of PCO of several substrates possessing different
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chemical structure; choosing recalcitrant pollutants as degradation substrates, as
opposed to photolysis-prone dyes, allows the evaluation of the photocatalysts’
applicability to the solution of actual environmental problems. Also, the established
use of phenol as a “standard” pollutant for the comparison of various oxidative
technologies can be questioned.

Photocatalyst surface features and defects possess significant influence on the
material’s activity. Contrary to what might be expected from surface-related
phenomenon such as photocatalysis, the increase in photocatalyst specific surface
area does not necessary result in increased photocatalytic activity of the materials,
or even increased adsorption. On the other hand, electrostatic interactions between
the photocatalyst surface and the pollutants to be degraded are of high importance:
they influence the ease of the pollutant molecules’ adsorption on the photocatalyst,
resulting in direct hole oxidation, or their movement into the close vicinity of
photocatalyst surface where hydroxyl radicals exist during their lifetime.

4.2. Photocatalytic production of hydrogen

Titanium dioxide catalysts doped with platinum, cobalt, tungsten, copper and iron
were experimentally tested for production of hydrogen, oxygen, and low molecular
weight (LMW) hydrocarbons from aqueous solutions of HA (Article V). The
crystallographic data and the composition of the photocatalysts used in the study
can be seen in Fig. 2 and Table 1 (Article V).

The experimental results of the HA aqueous solution photocatalytic treatment
can be found in Table 2 (Article V). Remarkably, HA removal rate and the yields
of gaseous products seem not to be directly correlated. While the highest oxygen
yield (ca. 310 ppm O; in gas, or 0.45 pumol O, produced per 1 umol of HA
degraded) was observed simultaneously with highest (over 50 %) HA removal
(P25), this did not result in any noticeable hydrogen yield. On the contrary, Pt-TiO;
photocatalyst removed 29 % of HA, producing 94 ppm of hydrogen (0.25 pmol H;
produced per 1 pmol HA degraded), together with small amounts of LMW
hydrocarbons (C1-C2), and some amounts of oxygen as well. CuyO-H-TiO,
degraded around 6 % of HA, producing 15 ppm of hydrogen, and 280 ppm of
oxygen (2 pmol O; per 1 umol of HA).

The investigation of the gas composition obtained with different samples allows
suggesting two principal mechanisms for gaseous product yields in the anoxic
photocatalytic treatment of HA solutions: water splitting with HA acting as
electron donor, and direct HA splitting. Hydrogen production appears to be directly
tied to LMW hydrocarbons production (Article V, Table 2): both seem to proceed
simultaneously and they appear to be interdependent. The majority of hydrogen
thus originates not from water splitting, but from HA molecule cleavage, where the
shortest pathway for hydrogen production is hydroxyl groups’ dissociation on
platinum particles, which also serve as electron traps. Oxygen production, on the
other hand, in the amounts actually observed is more likely the result of water
splitting: indeed, in case of oxygen-producing photocatalysts, the amount of HA
degraded by them differed by an order of magnitude, whereas their results in
oxygen production were comparable. As a result, it can be seen that under anoxic
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conditions, HA can successfully undergo photocatalytic splitting, producing
hydrogen. Direct HA photocatalytic splitting seems to result in a higher hydrogen
yields than water splitting with HA as sacrificial electron donor.
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5. CONCLUSIONS

A number of photocatalytic systems, namely visible-light sensitive photocatalysts
containing both metallic and non-metallic admixtures (C, S, B, Pt, CuO, Co, Fe,
W), and photocatalytic TiO, coatings were synthesized and their activity
successfully tested for the degradation of several environemtnal pollutants having
different structure and properties, namely methyl-tert-butyl ether (MTBE), p-
toluidine, prednisolone (PNL), phenol and humic acid sodium salt (HA), taken as a
representative of humic substances (HS). A renowned commercial photocatalyst,
P25 Evonik titanium dioxide was used as a reference.

The performance of doped titania species was shown to be selective in
photocatalytic oxidation (PCO) of different pollutants. While S-, B- and C-doped
catalyst species showed superb performance in MTBE PCO, surpassing P25, being
comparable to the latter with p-toluidine PCO, they performed poorly with phenol.
Similarly, while the performance of S-TiO, was somewhat inferior, but still
comparable to that of P25 with PNL PCO, the performance of C- and Fe-TiO, were
significantly inferior. The purpose of the observed selective performance was
found mainly in different interactions of the pollutant molecules and the surface of
the photocatalysts due to their electrostatic properties. Another aspect of PCO
selective performance was exhibited is case of PNL degradation: the availability of
wastewater matrix (represented by carbamide and sucrose) did not have significant
effect on PNL degradation. At the same time, the doped photocatalysts were shown
to be non-toxic in comparison to P25 TiO; both in the dark and under illumination,
providing a possibility of their future applications as a stage of combined processes
including biological degradation. Surface morphology was shown to be another
important factor influencing PCO, specifically, the availability of active sites,
serving as radical species sources.

The performance of Pt-, Co-, W-, CuxO- and Fe-TiO; in hydrogen, oxygen, and
low molecular weight (LMW) hydrocarbons production from anoxic aqueous
solutions of HA allowed differentiating two principal sources of gaseous products:
HA serving as a sacrificial electron donor versus direct HA photocatalytic splitting.
The relative prevalence of one mechanism over another depends on the catalysts’
composition. The direct HA splitting results in higher hydrogen yield than the
water splitting, and also gives LMW hydrocarbons. Oxygen production, on the
other hand, could be attributed to water splitting reactions.
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KOKKUVOTE

Kédesolevas t00s uuriti mitme erineva struktuuriga bioloogiliselt lagundamatu
orgaanilise saasteaine traditsioonilist fotokataliiiitilist oksiidatsiooni vees,
kasutades Kkataliisaatorina legeeritud titaandioksiidi. Samuti voOrreldi erinevate
fotokataliisaatorite toimet fotokataliiiisis, mille kédigus toimub vesiniku
genereerimine.

Vee ja dhu puhastamisel on fotokataliiiitilisel oksiidatsioonil vorreldes teiste
meetoditega teatud eelised — selles kasutatakse koige kdrgema redokspotentsiaaliga
oksiidanti, positiivselt laectud auku ja suhteliselt odavast materjalist
fotokataliisaatorit, samuti ei mdjuta protsessi reovee pohikomponendid ning on
voimalus kasutada péikesevalgust kataliisaatorite fotoergastamiseks. Seega voib
fotokataliiis osutuda perspektiivseks meetodiks sihtreoainete selektiivsel
lagundamisel reovees, kusjuures samaaegselt on vdimalik toota rohelist kiitust —
vesinikku.

Kéesoleva t66 pohieesmirgid olid jargmised:
1. Uurida legeeritud kataliisaatorite  fotokataliiiitilise  oksiidatsiooni
potentsiaali erineva struktuuriga saasteainete lagundamisel ning protsessi
mehhanismi.

2. Vorrelda erinevaid titaandioksiidi baasil siinteesitud fotokataliisaatoreid.
3. Kombineerida saasteaine fotokataliiiitilist lagundamist  vesiniku
genereerimisega.

To606s uuriti eksperimentaalselt:

1. erinevate saasteainete fotokataliiiitilise oksiidatsiooni efektiivsust;

2. néhtavas valguses aktiivsete mittemetalliliste ja metalliliste lisanditega
legeeritud titaandioksiidfotokataliisaatorite siinteesi ja toimet ning
titaandioksiidkatete aktiivsust;

3. fotokataliiiitilise oksiidatsiooni mehhanismi ja reovee pohikomponentide
mdju protsessi efektiivsusele;

4. vesiniku, hapniku ja madalmolekulaarete siisivesinike fotokataliiiitilist
genereerimist, kasutades  bioloogiliselt lagundamatut  saasteainet
elektronide doonorina.

Kéesoleva t60 peamine uudsus seisneb jargmises:

1. Saadud tulemused niitavad, et erinevalt laialt levinud praktikale kasutada
uuringutes véarvaineid, tuleb fotokataliisaatorite t60 uurimisel kasutada
mitut erineva keemilise struktuuriga saasteainet, et objektiivselt hinnata
uute fotokataliisaatorite materjalide efektiivsust. Erinevalt virvainetest, mis
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voivad fotoliiiisil laguneda, vdimaldab raskestilagundatavate saasteainete
kasutamine uuringutes hinnata fotokataliisaatorite rakendatavust reaalsete
keskkonnaprobleemide lahendamisel.

2. Leiti, et fotokataliilitilise oksiidatsiooni selektiivse toime tttu erinevate
saasteainete suhtes pole fenooli kasutamine standardsaasteainena erinevate
oksiidatsioonimeetodite vordlemiseks digustatud.

3. Tehti kindlaks, et fotokataliiiitilise oksiidatsiooniga histi lagundatav
metiiiil-tert-butiiiileeter (MTBE) v3ib protsessi kdigus osaliselt laguneda
autokataliiiitiliselt. Seetdttu on sobiv kasutada MTBE suhteliselt
raskestilagundatavate vaheproduktide mineraliseerumist MTBE-reostuse
kdrvaldamise uurimiseks.

4. Selgitati, et fotokataliisaatorite pinna morfoloogia ja defektid omavad
olulist mdju fotokataliiiitiliste materjalide aktiivsusele. Fotokataliisaatori
eripinna suurendamine ei too tingimata endaga kaasa fotokataliiiitilise
aktiivsuse vOi adsorptsioonivéime kasvu. Samas, fotokataliisaatori pinna ja
lagundatavate ainete molekulide elektrostaatilised vastasmojud omavad
suurt tdhtsust: nad vdimaldavad saasteainete molekulide levi
fotokataliisaatori pinna lihedusse, tsooni, milles saavad eksisteerida oma
lithikese eluea jooksul hiidroksiiiilradikaalid. Samuti mojutavad
elektrostaatilised vastasmojud saasteainete adsorptsiooni fotokataliisaatori
pinnale, kus nad saavad laguneda vahetult positiivselt laetud aukude peal.

5. Fotokataliitis hapnikuvabas keskkonnas vdimaldab peale saasteainete
lagundamise genereerida ka vesinikku, hapnikku ja madalmolekulaarseid
stisivesinikke mirgatavates kogustes, kusjuures on voimalik eristada kaht
mehhanismi.

Antud t66 tulemused on avaldatud wviies artiklis eelretsenseeritavates

rahvusvahelistes ajakirjades (kategooria 1.1) ning on esitatud iihel rahvusvahelisel
teaduskonverentsil.
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ABSTRACT

The present research considers conventional aqueous photocatalytic oxidation
(PCO) of a range of non-biodegradable water pollutants having different chemical
structure by doped photocatalysts, and also compares the performance of various
doped photocatalysts in hydrogen-producing photocatalysis.

As a method for water and air treatment PCO is in a somewhat advantageous
position due to a combination of its high oxidation potential, relative
inexpensiveness of photocatalysts, noted little interference from the main
wastewater matrix, and the ability of using direct solar radiation for the catalyst
excitation. Photocatalysis can be a promising treatment method for the selective
removal of target pollutants from contaminated water, together with the possibility
of simultaneously producing green fuel, i.e. hydrogen.

The main objectives of the present research were:

1. To clarify the doped catalysts’ PCO potential in degradation of a fairly
wide range of model pollutants, and investigate the process mechanism;

2. To compare different modifications of synthesised titanium dioxide-based
photocatalysts;

3. Combine pollutant photocatalytic ~decomposition with hydrogen
production.

The following points were addressed:

1. The efficiency of PCO in degradations of pollutants;

2. Synthesis and examination of visible-light-sensitive  modified
photocatalysts with both non-metal and metal dopants, and that of titania
coatings;

3. The investigation of PCO mechanism and the role of wastewater matrix on
the process performance

4. Establishment of maximal hydrogen, oxygen and low molecular weight
hydrocarbons photocatalytic production using non-biodegradable pollutant
as sacrificial electron donor.

The novelty of the present research includes:

1. The results obtained show that contrary to the practice well established in
the literature, an objective view of the materials’ abilities can be obtained
only through testing their photocatalytic performance by the degradation of
several substrates with different chemical structure; choosing recalcitrant
pollutants as degradation substrates, as opposed to photolysis-prone dyes,
allows the evaluation of the photocatalysts’ applicability to the solution of
actual environmental problems.
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2. Due to the observed selective character of photocatalysis towards
substrates with different chemical structure, the established use of phenol
as a “standard” pollutant for the comparison of various oxidative
technologies can be questioned.

3. Methyl-fert-butyl ether (MTBE), yielding well to photocatalysis, can be
partly prone to autocatalysis during the process. This supports the use of its
relatively recalcitrant degradation by-products’ mineralisation as a meter of
MTBE-related contamination removal.

4. Photocatalyst surface features and defects possess significant influence on
the material’s activity. However, the increase in specific surface area does
not necessary result in either increased adsorption capability or
photocatalytic activity of the materials. On the other hand, electrostatic
interactions between the photocatalyst surface and the substrates to be
degraded are of high importance: they govern the ease of the pollutant
molecules’ movement into the close vicinity of photocatalyst surface
where hydroxyl radicals exist during their lifetime, or to the surface where
the pollutants can undergo direct hole oxidation.

5. Photocatalysis carried out under anoxic conditions is capable not only of
degrading the pollutant, but also shows noticeable results in hydrogen,
oxygen and low molecular weight hydrocarbons production, with two
separate mechanisms clearly differentiated.

The issues of this work were published in five articles in international peer-
reviewed journals and presented at one international scientific conference.
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Aqueous photocatalytic oxidation of methyl-tert-butyl ether, p-toluidine, tert-butyl alcohol, i-propanol,
2-ethoxy ethanol and phenol, was studied using sulphur and boron-containing titania photocatalysts,
active in visible light. The activity of the catalysts, compared to commercial Degussa P25, was tested
in PCO of the pollutants dependent on the admixture content. The performance of S- and B-TiO, under
visible light in PCO of MTBE, TBA and i-propanol was surpassing that of P25 under UV. However, in
respect of p-toluidine and phenol both S- and B-containing titania showed an inferior, although compa-
rable, performance, to that of P25. Experiments were carried out under artificial and solar light.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Aqueous photocatalytic oxidation (PCO) of organic groundwater
pollutants, methyl-tert-butyl ether (MTBE, CH3-0-C(CHs)3), tert-
butyl alcohol ((H5C);C-OH, TBA), i-propanol (H3C-CH(OH)-CHjs),
2-ethoxy ethanol, p-toluidine, and phenol, was studied using two
series of titania photocatalysts, synthesised by sol-gel method,
doped with sulphur and boron active in visible light.

Methyl-tert-butyl ether, banned for its use in the USA, is still
widely used as an oxygenated component of motor fuels by the
rest of the world. Water pollution with MTBE may occur due to
traffic accidents, fuel leaks or inappropriate fuel disposal. This sub-
stance is of particular concern because of its accumulation in
groundwater due to its low biodegradability [1]. Physical removal
and chemical oxidation methods, such as air stripping, activated
carbon adsorption, ozonation and treatment with Fenton’s reagent
have been proven to be ineffective against MTBE [2-4].

p-Toluidine is a widely used industrial chemical, with its use
ranging from a component of several jet and rocket fuels to appli-
cations in paint and pharmaceutical industries [5]. Also, at former
munitions sites p-toluidine is a degradation intermediate of p-
nitrotoluene, and occurs in tobacco smoke [6]. Thus, the pollution

* Corresponding author.
E-mail address: dklauson@hotmail.com (D. Klauson).

1566-7367/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.catcom.2010.02.001

of soil and groundwater with p-toluidine occurs at the military
sites; industrial emissions are also possible. Non-biodegradable
p-toluidine may accumulate in groundwater aquifers in toxic
amounts. Conventional water treatment methods have been
shown to be inadequate against p-toluidine pollution [7].

Phenol, being a substantial environment pollutant of, for exam-
ple, oil shale industry [8], has a reputation of a standard model
contaminant used to test the activity of various oxidation methods
and catalysts. tert-Butyl alcohol (TBA) can be primarily found in the
groundwater as a result of MTBE hydrolysis; it may also enter
groundwater as an impurity of MTBE-blended motor fuels [9]. 2-
Ethoxy ethanol is used in multiple applications in industry and
transport and also may accumulate in subsurface aquifers. The
main interest in i-propanol, however, was to study the PCO of sec-
ondary carbon atom when compared to primary carbon of 2-EE,
tertiary carbon atom of MTBE and TBA and aromatic structures of
phenol and p-toluidine. Thus the choice of model pollutants was
serving the systematic study of the catalysts’ performance on pol-
lutant substances of different molecular structure found simulta-
neously in polluted groundwater. Although dyes are often used
as test objects for novel photocatalysts, the authors believe that
the performance of the latter would better be checked by real
and chemically stable pollutants, unlike dyes that can spontane-
ously decompose under visible irradiation. Also, often the modified
catalysts exhibit dramatically different performance with different
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substances [10]. In case when various pollutants can be found
simultaneously in, for example, fuel-polluted groundwaters, the
knowledge of photocatalytic activity against multiple targets is
necessary.

Subjected to electromagnetic irradiation of appropriate energy,
the excited semiconductor’s valence band electrons are displaced
to the conduction band, forming positively charged holes oxidizing
the water molecules into hydroxyl radicals reacting with the pollu-
tant. Also, the direct oxidation of organic pollutant adsorbed on the
photocatalyst surface by the positively charged holes takes place.

Most commonly used titanium dioxide photocatalysts can be
excited only by ultraviolet irradiation, as the band-gap energy of
TiO, is 3.2 eV. This way, only 4% of the solar radiation reaching
the Earth surface can be used. However, the semiconductor
band-gap can be reduced by doping, i.e. introducing additive atoms
into titanium dioxide structure, thus forming a crystalline struc-
ture with a misbalance in charge carriers. These charge carriers,
either electrons or holes, have enough energy to create a new ener-
getic level inside the band-gap (named either donor or acceptor le-
vel, depending on whether it is formed by electrons or holes
respectively), which is occupied at room temperature by electrons.
When subjected to electromagnetic irradiation, the electrons of do-
nor or acceptor level can be excited and displaced to the conduc-
tion band from an energetic level inside the band-gap with less
energy required for electron excitation, i.e. light with greater wave-
length may be utilised.

Sulphur- and boron-containing titania visible light-sensitive
photocatalysts were synthesised using sol-gel method and tested
in PCO of the abovementioned pollutants. An undoped titania sam-
ple synthesised by the same pattern was used as a reference. The
performance of the modified catalysts, dependent on the admix-
ture content, was compared to one another and to that of Degussa
P25 titanium dioxide.

2. Experimental

Two thermostatted at 20 + 1 °C 200-mL simple batch reactors
with inner diameter 100 mm (evaporation dishes), aperture
40 m? m 3, mechanically agitated with magnetic stirrers, were
used in PCO experiments: the one used for the PCO was called
“active” and the other containing no photocatalyst was called “ref-
erence”. Both reactors were exposed to identical experimental con-
ditions. The samples from the active reactor were compared to the
reference samples to avoid complications caused by water evapo-
ration. A UV-light source, Philips 365-nm low pressure lumines-
cent mercury UV-lamp (Sylvania Blacklight F 15W 350 BL-T8),
was positioned horizontally over the reactors, providing the irradi-
ance of about 0.7 mW cm 2 measured at a distance of 25 cm, cor-
responding to the level of the free surface of the reactor by the
optical radiometer Micropulse MP100 (Micropulse Technology,
UK). With daylight fluorescent lamp (Philips TLD 15 W/33-640),
the irradiance was measured indirectly, being calculated from
the illuminance, measured by TES luxmeter (TES Inc., Taiwan),
using lumen to watt ratio of 684, as the response of human eye
to light with the illuminance of 684 lumens (Im) equals to that
to the irradiance of 1 W [11]. With Philips TLD lamp, the amount
of UV-irradiation was also specifically measured using the above-
mentioned Micropulse radiometer for 254 and 365 nm and total
amount of UV by using Ocean Optics USB2000 + UV-VIS spectrom-
eter. Only negligibly small fraction of UV around 365-400 nm was
observed. These measurements are also confirmed by the publicly
available data from the lamp manufacturer [12]. Thus, any notice-
able action of the photocatalyst when using Philips TLD lamp as the
irradiation source may not be attributed to the UV fraction emitted
by the lamp but is clearly due to the activity of the catalysts in

visible light region. There were also some experiments conducted
outdoors, using natural solar irradiation. A schematic representa-
tion of the experimental setup can be seen in Fig. 1.

The experiments were carried out using aqueous solutions of
the chemicals supplied by Aldrich. With all chemicals except 2-
EE, the experiments were conducted with synthetic solutions (i.e.
the pollutants dissolved in distilled water) at 100 mg L™; with 2-
EE the concentration was higher, being 300 mg L~. The concentra-
tions were chosen with reference to those that may be found in
real contaminated aquifers used in previously conducted experi-
ments [7,13]. The experiments were carried out in acidic (pH 3),
natural (pH 6.5) and alkaline (pH 11) media, adjusted either by
4 N sulphuric acid or 15% sodium hydroxide. The treatment time
for MTBE was 2 h under artificial light and 30 min under solar radi-
ation. With i-propanol, treatment time was also 2 h. For p-toluidine
and phenol, treatment time was 24 h. TBA solutions were treated
for 4 h. Treatment time for 2-EE was chosen to be 24 h under arti-
ficial and 5 h under solar light. The treatment time in every case
was chosen to reduce the concentration of pollutants below 50%
of the residual concentration and was used in calculations of the
process efficiency E (see Eq. (1)). All the experiments were carried
out for at least three times under identical experimental conditions
to derive the average value of the process efficiency. The average
deviation of data in parallel experiments did not exceed 5%.

Adsorption experiments with the pollutants on the photocata-
lyst surface were carried out at respective pH in closed flasks
thermostatted at 20+ 1 °C and equipped with magnetic stirrers.
The adsorbed amount of substances was derived from the batch
mass balance: the concentration of the dissolved substance was
determined before and after adsorption.

Titanium dioxide Degussa P25, eight sulphur-containing and
five boron-containing synthetic catalysts were used. Sulphur-con-
taining photocatalysts were prepared by the hydrolysis of titanium
tetrabutoxide with addition of a pre-calculated amount of 0.1 N so-
dium thiosulphate as sulphur source, followed by calcination at
400 °C for 4 h. After this, the catalyst was washed with hot distilled
water applied in a sequence of 10-15 rinsing rounds (ca. 1 Lper 1 g
of catalyst) in order to clean the catalyst surface from water-solu-
ble compounds. In case of boron-containing photocatalysts, so-
dium tetraborate was used as boron source. An additional
catalyst was synthesised using the same pattern, although without
the addition of sulphur or boron sources. The experiments were
performed in photocatalyst suspensions of 1 gL'

Many authors indicate complete transformation of sulphide to
sulphate at calcination temperature in air from 300 to 500 °C
[14]. For verification of the catalysts stability, the S-modified cata-
lyst was suspended in distilled water in amount of 1 gL' under
the UV light for 24 h. The sulphate determination was carried out
with the IC (Dionex DX-120) with no corresponding peaks ob-
served at the sensitivity of 10 ppb. As for carbon, the available

UV/VIS-lamp
reflector
[ S .
STTTTTTTTToTTIoTTIOT reactor
cooling water
> water jacket
1 I
—=L
magnet
stirrer

Fig. 1. Experimental setup.
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Table 1
Main characteristics of sulphur- and carbon-doped photocatalysts.
Composition (at.%) Sger Stangmuir Smillipores Vimillipores
S Ti o C Impurities m?g! m?g! m?g! mm>g!
0 18.1 46.6 339 0 105.7 144.7 41 5.1
0.8 17.9 47.5 328 1.0 93.8 126.7 1.7 0.6
1.1 17.5 46.2 34.1 1.1 129.0 176.0 0 0
1.4 18.1 47.1 334 0 170.7 234.0 0 0
1.7 16.6 46.1 343 14 164.5 219.2 10.5 34
1.7 18.5 50.5 28.0 13 132.0 178.4 4.7 1.7
25 17.7 49.9 28.7 1.6 141.9 149.3 58.3 20.6
2.8 18.7 48.1 289 1.6 163.6 222.7 6.1 21
B Ti (0] C Impurities
1.1 17.3 47.1 34.0 0.6 150.7 206.1 10.3 3.6
1.5 123 342 51.1 0.8 112.6 156.6 0 0
2.0 9.9 35.0 53.1 0 2724 380.1 0 0
3.2 9.7 33.7 53.4 0.06 242.5 337.8 0 0
3.8 12.1 375 46.5 0 78.2 107.8 0 0

knowledge shows that when preparing titania photocatalysts by
sol-gel method, it is impossible to completely eliminate carbon
originating from tetrabutyl orthotitanate even when calcining the
catalysts at high temperatures, where free and organic carbon,
and also carbonate, would already decompose. This suggests that
the amounts of carbon that can be present in the sol-gel prepared
photocatalysts after calcinations and thorough washing are incor-
porated in a stable form into titanium dioxide crystal lattice [15].

In order to evaluate the stability of the photocatalysts, every
experiment was carried out using at least three times under iden-
tical conditions using the same portion of the photocatalyst. The
difference between the results of single experiments was even in
case of 24-h experiments well within the parallel experiments
deviation (under 5%) with no tendencies observed.

The crystallinity of modified titania photocatalysts was ana-
lysed using X-ray diffraction (XRD) spectroscope D5000 Kristallo-
flex, Siemens (Cu Ko irradiation source). Elements content was
measured with X-ray photoelectron spectroscope PHI 5600. The
specific area (BET and Langmuir adsorption) and the pore volume
of the catalysts were measured by the adsorption of nitrogen using
Kelvin 1042 sorptometer.

The decrease of MTBE, TBA, 2-EE and i-propanol concentrations
was determined from the decrease in chemical oxygen demand
(COD), measured by a standard method. This parameter, unlike
TOC, was proven to be universal, decreasing with the increased
conversion degree in oxidation reactions. Also, with several ran-
domly selected doped catalysts, the decrease of MTBE concentra-
tion was measured by gas chromatography, which showed that
MTBE was totally degraded in about 1 h time regardless the cata-
lyst used, however, COD decrease, i.e. the degradation of MTBE
PCO by-products, proceeded differently; this was another reason
for choosing COD decrease to evaluate PCO performance. Concen-
trations of p-toluidine were measured photometrically after diazo-
tization and reaction with phenol at 490 nm, and those of phenol
were determined photometrically after reaction with p-nitroani-
line at 570 nm using Helios B spectrophotometer together with
the COD. In case of p-toluidine, the evolution of nitrite and nitrate
ions was also determined using Metrohm 761 Compact IC ion
chromatograph.

The performance of PCO under artificial radiation was charac-
terised by the process efficiency E defined as the decrease in the
amount of pollutants divided by the amount of energy reaching
the surface of the treated sample within the treatment time (Eq.
(1))

~ ACxV x 1000

E= IxSxt (1)

where E - PCO efficiency, mg W' h~!; AC - the decrease in the pol-
lutant’s concentration mg L~! or mg O L~ measured as COD; V - the
volume of the sample to be treated, L; I - irradiance, mW cm~2; § -
irradiated area, cm?; t - treatment time, h.

3. Results and discussion
3.1. Photocatalyst characterisation

Table 1 shows the composition and surface properties of S- and
B-TiO,. As one can see, beyond the primary admixtures, i.e. sul-
phur and boron, there is also some amount of carbon, the presence
of which is inevitable in sol-gel synthesis even at high calcinations
temperatures (over 1000 °C). The first row of the table shows the
reference catalyst synthesised without sulphur or boron precur-
sors. Nitrogen and silica were detected by XPS in small amounts
as impurities. Judging from the XRD analysis, anatase prevailed
in all doped catalysts.

The specific surface area of both catalyst types shows a ten-
dency to pass a maximum with growing concentration of doping
elements. The changes in Millipore area and volume, on the other
hand, are far less systematic. It should be also noted that S-TiO,
catalyst samples tended to give acidic and B-TiO, - alkaline reac-
tion when suspended in water after thorough wash before use,
which should be attributed to the functional groups at the cata-
lysts’ surface, as the catalysts were thoroughly washed after calci-
nation (see Section 2).

3.2. Photocatalytic oxidation experiments

3.2.1. Sulphur-containing titania

The PCO of MTBE under artificial visible light (Philips TLD 15 W
fluorescent lamp) with S-TiO, proceeds best in acidic media, fol-
lowed by alkaline and neutral ones (Fig. 2a). This pattern was ob-
served for all S-containing catalysts. For this reason, further
experiments with MTBE on the impact of admixture content were
conducted in acidic media (pH 3.0). Here the efficiency increased
with the increasing sulphur content up to 1.5 at.% and then steadily
decreased (see Fig. 3a). The values of MTBE PCO efficiency observed
with S-doped catalysts were up to two times higher than with De-
gussa P25 (350 compared to 170 mg O W' h™!) [13]. With the
photocatalyst containing 1.7 at.% S, COD of the treated solutions
reached zero in time, i.e. not only MTBE was oxidized but also its
by-products were totally mineralized. Some of the S-containing
catalyst specimens under UV-radiation (Sylvania Blacklight lamp)
showed activity similar to the one of Degussa P25 (see Fig. 3a).
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Fig. 2. The dependence of efficiency of PCO of MTBE and TBA on the initial solution
pH with the sulphur (a) and boron-modified (b) photocatalysts, pH 3.0, 20 °C,
visible light.

The efficiencies achieved with S-containing catalysts in TBA oxi-
dation were also up to three times higher than those with Degussa
P25 (90 compared to 33 mg O W-'h~! [13]. The dependency of
TBA PCO efficiency on pH differed from the pattern of MTBE: under
alkaline conditions the catalysts showed similar efficiencies invari-
ant of S-content, although acidic media still seem to be superior,
followed by alkaline and neutral media (Fig. 2a). Interestingly,
the PCO efficiency of TBA under visible light increased almost lin-
early with growing sulphur content in the catalysts (Fig. 3a),
whereas under UV the dependence of PCO efficiency on dopant
concentration was similar to that observed with MTBE, having a
maximum at around 1.4 at.% S. The values of PCO efficiency under
UV-radiation were similar to the one achieved with Degussa P25.

The degradation of COD of MTBE solutions treated under the so-
lar light proceeded faster with Degussa P25, although the perfor-
mance of some sulphur-containing photocatalysts was close to
that.

Sulphur-containing titania catalysts exhibited poor perfor-
mance in PCO of phenol: only 3% of phenol in 100-ppm solution
was degraded with visible light under experimental conditions in
24 h; under UV-radiation the result was slightly better — 19%.
The PCO efficiency in visible light, measured in COD units, was thus
only 0.5mgOW 'h™!. The efficiency of Degussa P25 in phenol
PCO was 10 mg O W' h~! under similar experimental conditions.

The sulphur-containing catalysts showed poor performance
both under artificial and solar radiation in 2-EE PCO. With another
aliphatic alcohol i-propanol, however, the PCO efficiency with S-
TiO, under visible light was almost two times higher than the

400 ® MTBE, VIS
(a) 'S ATBA, VIS
350 - L) Y & MTBE, UV
300 4 . ATBA, UV
= * \‘
= 250 A o
=
o 200 @
21509 >
= 100 A Ao A
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Fig. 3. The dependence of the efficiency of MTBE (a) and TBA (b) PCO on the sulphur
content in the photocatalysts, pH 3.0, 20 °C, UV and visible light.

one achieved with Degussa P25
38 mg OW~'h™', respectively.

The best performance in p-toluidine PCO with S-TiO, was ob-
served under alkaline pH (see Fig. 4a), where the experiments were
subsequently carried out. Under acidic and neutral conditions, p-
toluidine PCO did not proceed with the sulphur-containing photo-
catalysts. The efficiency of S-TiO, catalysts in alkaline media under
visible light in PCO of p-toluidine was comparable to the one of
commercial Degussa’s under UV, which was 4mgW 'h™! or
8 mg O W' h~1. However, the variation in sulphur content in the
photocatalysts did not affect much the efficiency numbers.

under UV, 69 and

3.2.2. Boron-containing titania

With B-TiO,, the dependence of the efficiency of MTBE and TBA
PCO on pH was similar to that of S-TiO, (see Fig. 2b). Under visible
radiation at pH 3.0 an increasing trend in PCO efficiency was ob-
served with the boron content increasing to 2 at.%; above that con-
tent, the efficiency remained at a constant level (Fig. 3b). Under
visible light with B-TiO, the efficiency of PCO of both MTBE and
TBA exceeded the one achieved with Degussa P25 under UV for
about two times (Fig. 3).

Contrary to the S-TiO, catalysts, the boron-containing titania
exhibited the fastest p-toluidine PCO in acidic media followed by
neutral and basic ones (Fig. 4b). The PCO efficiency with B-TiO,
in acidic media under visible light exceeded the one of Degussa’s
under UV by a factor 1.5 for p-toluidine and 2.0 for COD degrada-
tion. It is noticeable that in neutral and alkaline media the PCO effi-
ciency decreases slightly with the increase in the boron content in
the catalysts (rather similar to the effect observed with S-TiO,),
however, the trend is quite contrary in case of acidic media, where
certain growth can be observed. The reason behind this observa-
tion is the different behaviour in acidic media of the catalyst
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Fig. 4. The dependence of the p-toluidine PCO efficiency on the initial solution pH
with the sulphur (a) and boron-modified (b) photocatalysts: pH 3.0, 20 °C, visible
light.

containing only carbon as opposed to those containing boron and
carbon.

The adsorption of substances under scope on the surface of both
doped catalyst types was found to be insignificantly small, ranging
around a few mg g~! of titania. This makes the major part of deg-
radation proceeding through hydroxyl radical reactions.

3.3. Discussion

The dependence of efficiency of MTBE PCO on the S-admixture
concentration passing through the maximum at 1.5-1.7 at.% can be
explained by the decrease in catalyst redox potential accompany-
ing the decrease in the band-gap energy with growing dopant con-
centration [16]. Under visible light, at first, the decrease in the
band-gap enhances the PCO performance. With the growing
admixture content, however, the decrease in the redox potential
overpowers the positive effect of the decreased band-gap, resulting
in the PCO efficiency decrease. Slight PCO efficiency growth be-
tween 0.8 and 1.5 at.% S may be attributed to the growth of the cat-
alysts’ contact surface area. Even though the substances’
adsorption does not greatly improve due to this, greater area is
illuminated, which may result in a better hydroxyl radical produc-
tion. The linear growth of PCO efficiency of TBA with growing con-
tent of sulphur within the experimental limits could be explained
by the turning point laying at higher dopant concentrations.

It may be seen that with aliphatic substances the modified cat-
alysts showed the best performance with MTBE and TBA, followed
by i-propanol and 2-EE. Since the adsorption of substances under
scope on the surface of the catalysts was found to be negligible,
the PCO is assumed to proceed here mainly as a nucleophilic at-
tacks of hydroxyl radicals. Nucleophilic attack proceeds upon the
carbon atom having the highest partial positive charge. In ethers
and alcohols this is a carbon atom located next to oxygen due to
oxygen being more electronegative: with 2-EE, the nucleophilic
attack proceeds on both C1 and C2 atoms [17], although an attack

on C1 tends to prevail. With i-propanol, a secondary carbon atom
connected to the hydroxyl group is under attack, in TBA and MTBE
molecules hydroxyl radical attacks tertiary carbon atom, con-
nected to the hydroxyl and methoxy groups, respectively, although
an attack on the methyl group in MTBE may also take place. De-
spite obvious geometric obstruction, the nucleophilic attack on ter-
tiary carbon atom is the most effective, followed by secondary and
finally by the primary atom, as one can see from the present re-
sults. This is to be explained by greater charge localisation on ter-
tiary and secondary carbon atoms: tertiary carbon’s electron cloud
is pulled to oxygen atom on one hand and to three comparatively
electronegative methyl groups on the other hand. The secondary
carbon atom is less affected by methyl groups, and the C-atoms
in 2-EE are least affected.

The difference observed in the behaviour of S-TiO, and B-TiO,
in PCO of p-toluidine and phenol may be explained by the different
nature of functional groups attached to the aromatic ring: the PCO
is known to proceed first through the oxidation of functional
groups followed by the ring rupture, which is harder than the first
step. In p-toluidine amino and methyl groups are both less electro-
negative than hydroxyl group of phenol. Also, it is far easier to oxi-
dize amino or methyl group than the hydroxyl one, as the latter
process means in fact breaking the aromatic ring.

The overall performance of S-TiO; is slightly better than that of
B-TiO,, however, when the dependence of PCO efficiency on
admixture concentration is examined, the trends observed with
oxygenated hydrocarbons are similar. Also, with both catalyst
types the best performance was observed in acidic media, despite
the fact that PCO of the substances under scope appears to proceed
mainly through radical reactions, which should be favoured by ba-
sic media. The only exception in terms of pH is p-toluidine with S-
containing titania: the best performance was in alkaline condi-
tions, and the efficiency was higher with B-containing titania. This
may be explained by the fact that S-TiO, surface had acidic reac-
tion, while B-TiO, ones had alkaline; thus, pH of the solutions each
time shifted towards neutral reaction during PCO experiments
with p-toluidine.

4. Conclusions

Aqueous photocatalytic oxidation (PCO) of methyl-tert-butyl
ether (MTBE), tert-butyl alcohol (TBA), 2-ethoxy ethanol (2-EE), i-
propanol, p-toluidine and phenol was undertaken using visible
light-sensitive sulphur- and boron-containing titania. Those phot-
ocatalysts have proven to be effective against MTBE, TBA and i-pro-
panol, with respective PCO efficiencies under visible light
exceeding those of commercial photocatalyst Degussa P25 under
UV. The performance of S- and B-TiO, with p-toluidine was less
efficient but still comparable to that of Degussa P25. In case of 2-
EE and phenol, however, the performance of both photocatalyst
types was clearly insufficient.
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Abstract: The research into the aqueous photocatalytic oxidation of the anti-inflammatory drug prednisolone was undertaken with P25 titanium
dioxide (Evonik) and visible light-sensitive sol-gel synthesized titania-based photocatalysts containing carbon, sulphur, and iron. Possible
prednisolone photocatalytic oxidation reaction pathways were proposed based on a number of oxidation by-products determined in
the present study. The prednisolone adsorption properties, effects of initial prednisolone concentration, pH, usual wastewater matrix
admixtures, like carbamide and sucrose, were studied. The nontoxicity of doped catalysts towards Tefrahymena thermophila, a ciliate
protozoa present in the activated sludge, indicated their lower oxidative ability compared to P25, but also implied their potential application
in pre-treatment of toxic hazardous materials under VIS or solar radiation before the biological degradation stage.
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1. Introduction

The occurrence of pharmaceuticals as environmental
contaminants is reported for ground water, surface
water as well as for sludge, soil and sediment samples
[1]. Pharmaceuticals get into the environment from
disposal of incompletely metabolized and unused drugs,
solid waste landfills and wastes of animal feedlots. The
wide range of pharmacological properties put hormonal
corticosteroids, including prednisolone, among the most
used drugs in the world [2]. These are able to affect
aquatic organisms in the smallest concentrations [3].
Toxic effects of corticosteroids on aquatic organisms

@ Springer

are exhibited as inhibition of locomotion, aggressive
behaviour, immunological responses and altered
reproductive cycles [1,4].

Widely present in the influents of the wastewater
treatment plants, pharmaceuticals, including steroids,
are often incompletely removed by the secondary
wastewater and excess sludge treatment, including
aerobic oxidation [1], and methane digestion of sediments
[4]. As a result, frequent occurrence of pharmaceuticals
in the aquatic environment as well as in the drinking
water has raised a concern about their potential impact
on environmental and public health. Various treatment
technologies have been evaluated for pharmaceutical

* E-mail: deniss.klauson@ttu.ee



D. Klauson et al.

removal in recent years, including application of ozone
and ozone/hydrogen peroxide, and membrane filtration
[5]. Ozonation of pharmaceuticals in low concentrations,
however, requires long treatment time and, thus,
high doses of expensive ozone are needed doses of
expensive ozone are needed [6]. Even more expensive
membrane filtration creates retentate with elevated
pollutant concentrations requiring further handling [7].

Concentrations of prednisolone present in natural
aquifers are reported to be in ng L scale [5], however,
the content in sludges may reach up to 200 ug kg™ [8].
In this study, higher concentrations of prednisolone
were used in order to reliably determine its degradability
by photocatalytic oxidation, and its degradation by-
products. Regularities of prednisolone degradation at
elevated concentrations could be extrapolated to lower
concentrations, since photocatalytic oxidation has been
shown to be kinetically controlled at lower pollutant
concentrations [9]. Major physico-chemical properties of
prednisolone are summarised in Table 1.

Photocatalytic oxidation is based on the action of
positively charged holes on the illuminated surface
of semiconductor, most often TiO,. Water molecules
decompose on the holes forming hydroxyl radicals
[15]; the hole, having even higher oxidation potential
than the OH-radical [16], can also directly degrade the
pollutants adsorbed on the surface of the photocatalyst,
making adsorption often important in photocatalytic
oxidation. The ratio of radical to hole oxidation depends
on the adsorptive and reactive properties of pollutants
[17-19], reflected also in the nature of oxidation products.
However, titania photocatalysts can use only UV fraction
(4%) of solar radiation due to the high band gap energy
[20]. Hence, sensitising TiO, to visible light enables to
widen the utilised solar spectrum. The sensitisation
could be achieved by doping TiO, with various elements
reducing the band-gap [21-23] for excitation of electrons
by lower energy photons. However, the authors found
earlier that the doped titania photocatalysts may oxidise
only selected pollutants, such as methyl-tert-butyl ether,
tert-butyl alcohol, i-propanol, p-toluidine, amoxicillin, but
not phenol, humic substances, 2-ethoxy ethanol and
ethylene glycol [9,24,25]. This can be explained by the
smaller redox potential and, possibly, faster electron-
hole recombination [26]. The reduced redox potential
of new catalytic materials may still be high enough to
produce hydroxyl radicals, although some substances
may escape oxidation due to their susceptibility to hole
oxidation only.

The authors failed to find any information in
the scientific literature considering photocatalytic
oxidation of corticosteroids, including prednisolone.
The study on feasibility of prednisolone photocatalytic

Table 1. Physico-chemical properties of prednisolone

(11B)-11,17,21-trihydroxypregna-1,4-diene-
3,20-dione

360.44

IUPAC name

Molecular mass

Melting point 235°C, with partial decomposition [10]

Octanol/water partition

coefficient log Ky, = 1.62 [11]

Solubility in water 223 mg L' at 25°C [12]
Solubility in organic
solvents

1g/30 g ethanol, 1 g/ 180 mL chlorophorm,

1g/50 mL acetone [13]
Vapour pressure 1.18 x 10° mm Hg at 25°C (estimate) [14]

Henry's law constant 2.71 x 10® at 25°C (estimate) [14]

oxidation, also in presence of co-pollutants, with the
elucidation of its oxidation pathways was one of the
objectives of the present research. Another objective
was characterisation and study of visible light active
photocatalysts testing their performance towards the
degradation of prednisolone. The applicability of doped
photocatalysts under visible or solar irradiation as the
pre-treatment stage before biological oxidation, i.e., the
toxicity of the catalysts, not considered before was also
studied.

2. Materials and methods

2.1. Experimental setup and procedures

Two 200-mL thermostated (20+£1°C) batch reactors
with inner diameter of 100 mm, irradiated plane surface
40 m? m?3, with magnetic stirrers, were used: the one
used for the photocatalytic oxidation further designated
as “active” and the other containing no photocatalyst
further designated as ‘“reference”, ie., blank
experiments, exposed to the identical conditions. The
samples from both reactors were compared to avoid
errors caused by water evaporation. A UV-light source,
Philips Actinic BL low pressure luminescent mercury UV-
lamp (15 W) with maximum emission around 365 nm
was positioned horizontally over the reactors, providing
the irradiance of 1.5 mW cm at their surface, measured
by the radiometer Micropulse MP100. The illuminance
of the daylight fluorescent lamp (Phillips TL-D 15W/33-
640) was measured using TES 1332 luxmeter reaching
3,700 Ix (I m m), which corresponds to the irradiance
of 0.6 mW cm2 [27]. For Philips TLD lamp, the amount
of UV-irradiation was measured at 254 and 365 nm
using the above mentioned Micropulse radiometer and
total amount of UV was measured with Ocean Optics
USB2000+UV-VIS-ES spectrometer. Only negligible
fraction of UV around 365-400 nm was observed, which
is in accordance with the data provided by the Philips
TLD manufacturer. Thus, when using Philips TLD lamp,
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any noticeable action of the photocatalyst is clearly due
to the activity of the catalyst in visible light region. The
prednisolone photocatalytic oxidation experiments were
additionally conducted outdoors using natural solar
radiation; the irradiance was measured by luxmeter
approximating 16 mW cm2.

TiO, was used as a slurry of 1 g L™". The prednisolone
(Sigma-Aldrich) concentration varied from 10 to
100 mg L. The pH was adjusted with sulphuric acid
(4 N) or sodium hydroxide (15%) and the impact
of pH was studied in the range from 3 to 10. The pH
changes were monitored during the runs, pH was not
kept constant, and its changes were monitored. The
treatment times chosen according to pre-screening
results were 2 h under artificial irradiation, and
1 h under natural solar irradiation. Such treatment
conditions were chosen in order to achieve at least
50% reduction of the initial prednisolone concentration,
as complete conversion may require greatly increased
treatment time, and will not give additional information
on the possibility of prednisolone degradation by
photocatalysis. Experiments were carried out three times
under identical conditions with the average deviations
under 5%.

Carbamide and sucrose, used as model co-pollutants
in prednisolone photocatalytic oxidation experiment
in order to simulate municipal wastewater, were used
in the amounts of 75 and 50 mg L, respectively.
These concentrations broadly reflect normal values
in domestic sewage [28] and are in agreement with
previously conducted experiments [29]. These additives
simulated wastewater with chemical oxygen demand
(COD) of 145 mg O L and 35 mg L™ of total nitrogen.
tert-Butyl alcohol (TBA) as a radical scavenger was
added to the treated prednisolone solution at molar ratio
of [prednisolone]:[TBA] = 1:2 in order to determine the
dominance of reactions taking place on titanium dioxide
surface vs. reactions in the solution in the vicinity of the
surface in prednisolone photocatalytic oxidation. These
experiments were carried out at near-neutral pH with the
prednisolone concentration of 10 mg L.

Adsorption experiments were carried out in
thermostated flasks with magnetic stirrers at20+1°C. The
amount of prednisolone adsorbed on titanium dioxide
was derived from the mass balance by determining
the concentration of the dissolved substance before
adsorption and after the equilibrium was reached in
30 min, determined experimentally. With P25 titanium
dioxide (Evonik), the adsorption experiments were
performed in the prednisolone concentration range of 10
to 100 mg L. With doped titania samples, adsorption
of prednisolone was studied at 25 mg L, in order to
compare the photocatalysts’ adsorption capabilities.

2.2. Synthesis of photocatalysts

Specimens of carbon-containing titania were obtained by
hydrolysing tetrabutyl orthotitanate at room temperature
with unadjusted pH around 5.5 to 6.0, followed by
thermal treatment in a range between 200 and 400°C.
Three sulphur-containing photocatalysts used in
this study were prepared by hydrolysis of tetrabutyl
orthotitanate with addition of a pre-calculated amount
of 0.1 N sodium thiosulphate as a sulphur source,
followed by calcination at 400°C. Three iron-containing
titania catalysts with calculated iron content from 0.4
to 1.3 at.% were prepared by pulverisation of 75 mL of
tetrabutyl orthotitanate into 1 L of pre-sonicated Fe,O,
suspensions of various concentrations (from 0.1 to
0.5 g L"). The hydrolysis was followed by sonication,
drying and calcination at 200°C. After 4-h calcination, all
the catalysts were washed with hot, 70 to 80°C, distilled
water applied in a sequence of fifteen rinsing rounds,
making about 1 L per 1 g of catalyst in total, to clean
the catalyst from water-soluble compounds. In order to
determine possible leaching of the dopants, the catalysts
were dispersed in distilled water and subjected to UV-
irradiation for overnight. After the catalyst separation,
the possible content of dopants was analysed as follows:
carbon species in the water were analysed for chemical
oxygen demand (COD, see Section 2.3), the contents
of nitrate and sulphate were analysed using Metrohm
761 Compact IC ion chromatograph; ammonia content
was analysed photometrically by a modified version of
standard phenate method [30]. The iron ions leakage
was analysed using modified version of standard
phenantroline method [30]. No leakage of any dopant
was detected within the accuracy of the methods used.

2.3. Analytical procedures

High-performance liquid chromatography combined
with diode array detector and mass-spectrometer,
(HPLC-PDA-MS, Shimadzu LC-MS 2020) was used
for the determination of prednisolone concentration.
Phenomenex Gemini-NX 5u C18 110A 150x2.0 mm
column, inner diameter 1.7 pym, was used with two
eluents, 0.1% acetic acid aqueous solution (eluent A),
and acetonitrile (eluent B), with total eluents flow of
0.3 mL min"'. The starting concentration of eluent B
was 5%, increased to 48.5% by 23 minutes with linear
gradient, held at that concentration for two minutes, and
then decreased to 9.5% by 30 minutes, out of 30 minute
analysis. Mass spectra were acquired in full scan mode,
MS operated in positive ionisation mode with interface
voltage of 4.5 kV, and detector voltage of 3.3 kV. Diode
array detector was set to scan samples at 190 — 800 nm.
The instrument was operated and the results obtained
with MS and PDA detectors were handled using
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Shimadzu LabSolutions software. The by-products of
prednisolone photocatalytic oxidation were determined
using the described HPLC-MS method, at different initial
pH values (3.0, 6.8 and 10.0).

Chemical oxygen demand (COD) was determined
by a standard dichromate method [30], using HACH
kit LCK 314 (15 to 150 mg O L"). This parameter was
used to evaluate the oxidation degree of prednisolone,
reflecting, unlike total organic carbon (TOC), not only
the prednisolone mineralization, but also the changes
in oxygen incorporation to organic matter during
photocatalytic oxidation.

The crystallinity of carbon-containing titania was
analysed using D5000 Kristalloflex, Siemens X-ray
diffraction spectroscope (XRD), with composition
calculated by Topas R software, and sulphur- and
iron-containing specimen were analysed with Scintag
PAD V XRD (Cu Ka irradiation source in both cases).
The specific surface area (SSA: BET and Langmuir
adsorption) and the pore volume were measured by the
adsorption of nitrogen using KELVIN 1042 sorptometer.

The isoelectric points (IEP) of pure and sulfur-,
carbon and iron-doped titanium dioxide suspensions
were determined by potentiometric titration using a
Zetasizer Nano-ZS equipped with an MPT-2 autotitrator
and vacuum degasser (Malvern Instruments, UK).
The technique (Laser Doppler Micro-electrophoresis)
is based on the electrophoretic light-scattering that
measures migration rate of dispersed particles under
the influence of an electric field. Zeta, ¢, potential was
calculated by Malvern software using Smoluchowski
equation. Suspensions of 1g L TiO, (P25) and doped
TiO, were prepared in deionized water, sonicated for
30 min (70 W, 42 kHz, Branson 1510, Bransonic
Ultrasonic Corporation, USA) and diluted to 100 mg L" in
deionized water. Automatic titrations were performed in
10 ml as an initial sample volume, from pH 11 to pH 1.5
with 0.25 M NaOH and 0.25 M HCI. pH increment was
0.5 and target pH tolerance was 0.2. Each (-potential
value recorded was the average of 10 measurements.

Protozoan culture (Tetrahymena thermophila strain
BIIl) used for toxicity analysis was cultivated as described
previously [31]. The cells were harvested during the
exponential growth phase (cell density 5%10° cells mL"")
by centrifugation at 300 g for 5 min at 4°C and washed
twice with MilliQ water. In order to evaluate cell density
the cells were counted in haemocytometer (Neubauer
Improved, bright line; Germany) after immobilising the
cells in 5% formalin. To conduct the toxicity test 100 pL
of the photocatalyst in MilliQ water was pipetted into the
wells of 96-well polystyrene plates (Falcon) and 100 pL
of T. thermophila cells in MilliQ water was added to the
wells. The final photocatalysts concentrations in the test

were 50, 500 and 1000 mg L', each concentration was
tested in three replicates and the final cell density in the
test was 5x10° cells mL™'. The protozoan culture in MilliQ
water and photocatalysts in MilliQ water were used as
controls. The exposure of the protozoa to photocatalysts
was performed comparatively under illumination and
dark conditions for 2 and 24 h at 30°C with moderate
shaking. The plates were illuminated from below using
Philips TL-D 38 W aquarelle fluorescent tubes. The pH
of T. thermophila control culture in MilliQ water was
6.8 and did not change significantly upon the addition
of the photocatalysts. The pH remained unchanged
during the 24-hour toxicity test. The viability of the cells
was evaluated by measuring the ATP content using
the luciferin-luciferase method as described previously
[31] with slight modifications. The EC, (effective
concentration leading to a 50% cell death) values
were calculated from concentration-effect curves with
REGTOX software for Microsoft Excel™ [32].

2.4. Photocatalytic oxidation efficiency

To express the results of prednisolone photocatalytic
oxidation, the photocatalytic oxidation efficiency E,
defined as the decrease in the pollutant amount divided
by the amount of energy reaching the treated sample,
was calculated according to Eq. 1 [33]:

_ ACxV %1000
Ixsxt

E M
where E — photocatalytic oxidation efficiency, mg W' h*";
Ac — the decrease in the pollutant’s concentration, mg
L7, or COD, mg O L"; V — the volume of the sample
to be treated, L; | — irradiance, mW cm?; s — irradiated
area, cm?; t — treatment time, h.

3. Results and discussion

3.1. Dark adsorption experiments

The most efficient prednisolone (initial concentration
25 mg L") adsorption on P25 was observed at near-
neutral pH, followed by acidic media and being
negligible in basic solutions as shown in Fig. 1a. This
may be explained by charging of both TiO, surface
and prednisolone molecules in acidic (minor positive
charging of prednisolone) and alkaline (major negative
charging of prednisolone) media, that results in
electrostatic repulsion of prednisolone molecules in
both cases; however, this is strongly pronounced only
in alkaline media. Since no significant charging of
TiO, occurs in neutral media, prednisolone adsorption
improves. A similar trend was observed with all other
catalysts studied.
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Figure 1. Dependence of prednisolone (PNL) adsorption (mg PNL g TiO, divided by mg PNL L") on pH for P25 (a) and for TiO~based catalysts
(b) at prednisolone concentration 25 mg L' and photocatalyst concentration 1 g L' at pH 6.7. Sulphur-doped TiO, showed negligible

adsorption

The prednisolone dark adsorption on the P25
in neutral media ranged from 0.8 to 15 mg g at the
initial prednisolone concentration from 10 to 100 mg L'
respectively. The adsorption experimental data fits well
to the Freundlich equation (Eq. 2, R?=0.9675):

4p = AxC", @)

where q — adsorption, mmol g'; A and m — empirical
constants, giving A = 0.262 and m = 1.25.

Fig. 1b shows the adsorption results for prednisolone
in 25 mg L solution on three synthesized catalysts,
carbon-containing and iron- and sulphur-doped TiO,,
compared to undoped P25 TiO,, as the decrease of
prednisolone normalised adsorption at pH 6.7. The
adsorption of prednisolone on the doped catalysts
showed that over 10% of initial prednisolone was
adsorbed on their surface at best, while up to 20%
of prednisolone adsorbed on P25 from the solution
with prednisolone initial concentration of 25 mg L.
No prednisolone adsorption was detected on S-TiO,,
indicating that increased specific surface area of the
doped photocatalysts does not necessarily lead to an
improved adsorption.

3.2. Photocatalytic oxidation experiments with
P25 (Evonik)

Similarly to the adsorption pattern, the best
photocatalytic oxidation performance was observed at
pH 6.7, occurring naturally in the prednisolone solutions,
followed closely by acidic media (pH 3), with the least
effective performance observed in alkaline solutions
(pH 10) (data not shown for the sake of brevity). Such
pH dependence was earlier observed with e.g. alcohols
[34-36] to which prednisolone is expected to exhibit
similar behaviour due to its chemical structure. The

decrease in the photocatalytic oxidation efficiency in
alkaline media favourable for the reactions of hydroxyl
radicals in the vicinity of photocatalyst surface indicates
the minor role that mechanism in photocatalytic oxidation
of prednisolone. Since photocatalytic oxidation efficiency
under acidic and near-neutral conditions is higher, the
prevalence of oxidation of adsorbed prednisolone on
the photocatalyst surface, as opposed to previously
mentioned mechanism, favoured by alkaline media,
is assumed. This assumption finds confirmation in the
prednisolone adsorption properties on P25 (see Section
3.1). However, the prevalence of oxidation of molecules
adsorbed on the photocatalyst surface may concern
only the starting point of prednisolone oxidation.
The prednisolone molecule that has lost one or more
electrons on titanium dioxide surface may subsequently
react both there and with hydroxyl radicals in the solution
in the vicinity of the photocatalyst surface.

The efficiency of COD reduction has the same trend
as efficiency calculated for prednisolone concentration
reduction. However, it yields to the efficiency of
prednisolone removal demonstrating slower degradation
rate of prednisolone photocatalytic oxidation by-
products. The significant difference, for almost 40%, in
the efficiency of COD reduction between neutral and
acidic media indicates lower reactivity of prednisolone
photocatalytic oxidation by-products at lower pH. Thus, it
could be assumed that since neutral medium is the most
favourable for oxidation of prednisolone by-products,
photocatalytic oxidation of by-products necessitates
utilizing both mechanisms, while low efficiency in alkaline
medium points that adsorption remains the prerequisite
of photocatalytic oxidation.

Fig. 2 shows the dependence of photocatalytic
oxidation efficiency E on the prednisolone initial
concentration: E increases with the increased initial
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Figure 2. The dependence of photocatalytic oxidation efficiency on the prednisolone initial concentration with P25 photocatalyst: pH 6.7, 2 h

treatment time, 1 g L' photocatalyst.

prednisolone concentration assuming the description
of the photocatalytic oxidation using Langmuir-
Hinshelwood (L-H) model of monomolecular surface
reaction, followed by the products desorption (Eq. 3).
The equation, derived from the experimental data via
the 1/r, = f (1/c,) dependence (plot not shown), gives k
=0.0044 mM" min"'and K = 11.4 mM at average square
deviation R2=0.9999, supporting the proposed L-H data
fit:

Kc,

r,=k ,
1+ Kc,

®)

where r, is the reaction rate, mM min™; k — reaction rate
constant, mM-" min-'; K — adsorption constant, mM; C,—
initial prednisolone concentration, mM.

The similar efficiencies of prednisolone and COD
degradation at neutral pH implies a high degree of
mineralization: indeed, at prednisolone concentrations
up to 25 mg L', prednisolone removal was around
90-96% with simultaneous COD decrease over 80% in
2 h of treatment time. At prednisolone concentration of
100 mg L, the target pollutant and COD removal rates
decreased to 57 and 30%, respectively, although the
absolute oxidation rates increased. Thus, photocatalytic
oxidation is able to degrade both target compound and
its degradation by-products reasonably well.

3.3. Prednisolone  photocatalytic oxidation
reaction pathway
A number of organic by-products were determined
qualitatively using HPLC coupled with Electrospray
lonization MS (ESI-MS, see Materials and Methods
for more detail). The determined products allow to
distinguishing four possible prednisolone photocatalytic
oxidation pathways (Fig. 3), depending on initial pH of

the treated solution. Two of them (A at pH3 and B at pH
of 6.8 and 10) begin with stepwise oxidation of quinonic
ring before finally forming the identified products with
m/z = 373 and 371, respectively; from both the product
with m/z = 359 is formed. Subsequently, in pathway A the
hydroxymethylene group connected to the cyclohexanic
ring (leftmost in the scheme) is oxidised stepwise,
yielding products with m/z = 357 and 327. In pathway B,
the abovementioned cyclohexanic ring undergoes direct
cleavage, leading to the formation of product with m/z =
345. Pathway C, present at natural pH of prednisolone,
begins with the oxidation of cyclopentanic part of the
molecule, leading to the formation of products with m/z
=323 and 277, depending on whether the cyclohexanic
part of the molecule adjacent to cyclopentanic is cleaved
orremains intact; subsequent oxidation of both fragments
leads to the formation of product with m/z = 253. In
alkaline media, product with m/z = 281 was identified,
suggesting a reaction pathway similar to C. Finally,
pathway D, occurring at both natural and alkaline pH
shows simultaneous oxidation of prednisolone molecule
from both sides. The relative abundance of the reaction
pathways is explained by the different prednisolone
adsorption mechanisms taking place simultaneously:
depending on which part of the prednisolone molecule
is adsorbed first (i.e., quinonic cycle, or one of hydroxyl
groups), the photocatalytic oxidation follows one
of the oxidation pathways proposed. At acidic pH
prednisolone, being a weak base as an alcohol, may be
slightly protonated and thus positively charged, leading
to electrostatic repulsion from the likewise positively
charged titanium dioxide surface, whereas the quinonic
group oxygen should be less affected by this, resulting
in the domination of pathway A, which originates from
prednisolone adsorption via quinonic group. At natural
pH of prednisolone and at alkaline pH, electrostatic
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Figure 3. Proposed prednisolone photocatalytic oxidation reaction pathway.

effects appear to be far less pronounced, resulting in a
greater variety of oxidation products forming pathways
B toD.

3.4.Theinfluence of admixtures onprednisolone

photocatalytic oxidation
The addition of tert-butyl alcohol did not exhibit any
influence on the efficiency of prednisolone oxidation.
This supports the hypothesis of the minor role of radical
reactions taking place in the vicinity of the photocatalyst
surface played in prednisolone photocatalytic oxidation
when compared to oxidation of adsorbed prednisolone
molecules on the surface of TiO,.

The addition of carbamide showed no negative
influence on the photocatalytic oxidation of prednisolone
(see Fig. 4). This can be explained by the insignificant
carbamide adsorption on the surface of titanium
dioxide [29], that, in turn, means practically unhindered
prednisolone adsorption, leaving overall photocatalytic
oxidation performance largely unaffected. No noticeable
carbamide oxidation was observed during the course of
the experiments.

The addition of sucrose hindered the photocatalytic
oxidation of prednisolone noticeably: around 20% of the
initial concentration remained unoxidized, as opposed
to complete prednisolone elimination without sucrose

under identical experimental conditions (Fig. 4). This can
be explained by the competitive adsorption of sucrose
and prednisolone on the catalyst surface: adsorbed
sucrose molecules hinder prednisolone adsorption,
leading to a decrease in prednisolone photocatalytic
oxidation rate. When carbamide and sucrose were
added to prednisolone solution simultaneously, the
decrease of prednisolone degradation rate was identical
to that observed upon sucrose admixture (Fig. 4), with
no synergism clearly observed.

These results show the ability of prednisolone to
successfully undergo oxidation upon the addition of
wastewater constituents, establishing the practicability
of photocatalysis against corticosteroids.

3.5. Characterization of photocatalytic materials
Table 2 shows the characteristics of carbon-containing
photocatalysts varying with calcination temperature.
Within the calcination temperature range applied, the
catalysts were composed of mainly anatase (>70%)
and brookite (> 20%). X-ray diffraction curves for C-TiO,
specimen can be seen in Fig. 5a; for anatase, (1 0 1),
(0 0 4) and (2 0 0) peaks are the most pronounced,
with (1 0 1) being the most distinctive, and for brookite,
(120), (121), and (2 3 1) peaks were identified.
Although no systematic changes in the catalysts’ phase
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Figure 4. The decrease of prednisolone (10 mg L") concentration in the presence of carbamide (75 mg L) and sucrose (50 mg L'): pH 6.7, 2 h

treatment time, 1 g L' photocatalyst.

Table 2. Physical characteristics of carbon-containing photocatalysts dependent on the calcination temperature

T(calcination), Phase composition, S(BET), S(Langmuir), Micropore Micropore

°C % m2 g m2 g’ area, m?2g' volume, mm?3 g’
Anatase Brookite Rutile

200 719 281 202 279 0 0

300 747 253 157 216 0.42 0.15

400 781 219 106 145 412 1.54

Table 3. Main characteristics of sulphur-doped TiO, photocatalysts (calcination temperature 400°C).

at.% S SSA(BET), SSA(Langmuir), Micropore area, Micropore volume,
mz g-i mZ g-1 mz g-1 mm3 g-1

0.8 93.8 126.7 1.7 0.6

1.1 129.0 176.0 0 0

1.4 170.7 234.0 0 0

composition were observed, specific surface area (SSA)
clearly decreased with the increased C-TiO, calcination
temperature from 200 to 400°C, whereas micropore
area and volume increased. However, the previous
results show that the surface area and pore volume
of the modified titania photocatalysts do not always
correlate with the adsorbed pollutants amount and the
photocatalytic oxidation performance [9,24]. Thus, the
surface data yield by their importance to the adsorption
and photocatalytic oxidation efficiency [9].

Table 3 shows the composition and surface
properties of S-TiO, photocatalysts after calcinations at
400°C. Judging from the XRD analysis (Fig. 5b), anatase
is the main crystallographic form, with (1 0 1), (0 0 4),
(200), (105),(211)and (2 04) peaks identified;
(10 1) peak has the highest intensity. Sulphur-containing
catalysts are described in more detail in previous paper
from the authors [25].

The calculated amount of iron in the Fe-TiO,
catalysts calcinated at 400°C was 0.4, 0.9 and 1.3 at.%.
XRD data for iron-containing titanium dioxide specimen
used in this study is provided in Fig. 5c. All specimen
exhibited (1 0 1), (0 0 4), (2 00), (105) and (2 0 4)
anatase peaks, with (1 0 1) being the most intensive here
as well. It can be seen that at 0.4 at.% Fe the catalyst is
pure anatase, whereas two other specimen with higher
iron content show two well-pronounced o-Fe,O, peaks —
(1 0 4) and (1 1 0), with their relative intensity
increasing with increasing iron content. This suggests
that at elevated dopant concentrations a portion of
iron remains unincorporated into titanium dioxide
crystal lattice in these catalysts, as no iron species-
associated peaks were observed at 0.4 at.% Fe,

where at least partial incorporation is supposed
lowering the measurable iron quantities to undetectable
limits.
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Figure 6. Zeta potential values of C- (200°C), S- (0.8 at.%) and Fe- (0.4 at.%) doped titanium dioxide suspensions (100 mg L") as a function of pH

Potentiometric titration curves of 100 mg L~
P25, 8-TiO, (0.8 at.%), C-TiO, (200°C) and Fe-TiO,
(0.4 at.%) suspensions are presented in Fig. 6. The
doping agents decreased the values of isoelectric point
of titanium dioxide suspension: C-TiO, IEP = 3.69 +
0.12, S-TiO, IEP = 3.59 = 0.04 and Fe-TiO, IEP = 2.90
+ 0.12; for comparison, IEP of P25 titanium dioxide has
been reported to be around 6 [37].

It has been shown previously that P25 was harmful
(EC,, < 100 mg L") to the “young” and “old” algal
cultures [38] and phototoxic to bacteria: concentration
of 100 mg TiO, L was lethal to 75% of the Escherichia
coli population whereas the same concentration of TiO,
in the dark showed no impact [39]. Thus, biological
effects of applied photocatalysts on microorganisms
present in the activated sludge process should be
considered. Beside bacteria ciliates constitute the
second most relevant and abundant community in
the activated sludge [40]. Tetrahymena are fresh-
water ciliate protozoa that have been used as model
organisms for environmental research for years [41].
Furthermore, Tetrahymena thermophila is also present
in the activated sludge process [42]. The biological
effects of P25 and synthesized TiO, photocatalysts
on Tetrahymena thermophila were evaluated and
average calculated EC,, values are presented in
Table 4.

The results indicate that according to the risk
phrases for ranking toxicity of chemicals for aquatic
organisms (EC Directive 93/67/EEC) the tested
photocatalysts could be classified as not harmful to
Tetrahymena thermophila as all the EC, values were
above 100 mg L. Moreover, the EC,, values of the
doped titania photocatalysts exceeded even 1 g L~
which is the concentration used in the experiments of
photocatalytic degradation of prednisolone. However,
the illumination at VIS-range rendered P25 TiO, about

two times more toxic compared to the dark conditions.
Additionally, compared to P25, doped TiO, samples had
milder effects on T. thermophila viability, indicating the
lower redox potential of synthesized catalytic materials
evidenced later in the course of photocatalytic oxidation
of prednisolone (see Section 3.6).

3.6. Photocatalytic oxidation experiments with

doped titania
During the course of the experiments the dopants were
not washed out of the catalysts, indicate by the sustaining
of their catalytic activity in sequential reuse and leaching
tests (see Section 2.2). It can be thus clearly stated that
the dopants were stably incorporated into the catalysts’
crystal lattice.

Negligible quantity of UV emitted by the VIS lamps
(see Section 2.1) cannot explain the photocatalytic
oxidation performance of the doped catalysts, as it does
not correlate with the level of observed photocatalytic
efficiency as compared to the results with the UV-
irradiated P25. This observation indicates that visible
light is responsible for photocatalytic oxidation due to
dopant species. The performance of three doped titania
catalysts containing carbon, sulphur and iron was tested
with prednisolone solutions of 25 mg L' at pH 6.7 under
VIS radiation (Fig. 7).

The S-TiO, sample with sulphur content of 0.8 at.%
showed the best photocatalytic oxidation performance
under VIS irradiation reaching 67% of the efficiency
of UV-radiated P25 photocatalyst. Iron-doped and
carbon-containing TiO, had relatively low efficiency. The
efficiency of iron-doped TiO, increased slightly with iron
content achieving the highest value at the iron content
0.3 at.%.; nevertheless, the best iron-doped TiO, was
about three times lower in efficiency than the P25
under UV-light. Similarly, the performance of carbon-
containing TiO, under VIS light increased slightly with
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Table 4. Toxicity of the studied photocatalysts to protozoa Tetrahymena thermophila. Average EC,,values (mg L") based on the loss of the viability

after 2- and 24-h exposure in light and dark are presented.

Photocatalyst 2-h EC, (95% confidence intervals), mg L' 24-h EC,,(95% confidence intervals), mg L™’
Light Dark Light Dark

:fg’n(i'gm'ﬂoﬂ 180 (148-219) 296 (230-430) 294 (220-550) 620 (355-9400)

C-TiO, (200°C) > 1000 > 1000 > 1000 > 1000

S$-TiO, (0.8 at.%) > 1000 > 1000 > 1000 > 1000

Fe-TiO, (0.4 at.%) 773 (535-1186) 917 (706-2161) > 1000 > 1000

25 7

E, mg W-1h!

o
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Figure 7. The photocatalytic oxidation efficiency of prednisolone with doped catalysts under VIS irradiation in comparison with the P25 under
UV irradiation: 1 — P25 with UV; Fe-TiO,: 2 - 0.4 at.% Fe, 3-0.9 at.% Fe, 4 - 1.3 at.% Fe; S-Ti0,: 5-08at % S, 6 -1.1at.% S, 7-1.4
at.% S; C-TiO,: 8 -~ 200°C, 9 - 300°C, 10 - 400°C; prednisolone concentration 256 mg L' and photocatalyst concentration 1 g L', initial

pH 6.7, treatment time 2 h.

the decrease in catalysts’ calcination temperature, the
latter is expected to result in higher carbon content.
The differences in behaviour of visible light-sensitive
photocatalysts containing different dopants may be
explained by different nature of the dopants and the
corresponding changes in the catalysts’ band gap and
redox potential. The comparison of the photocatalytic
oxidation and adsorption results obtained with the doped
catalysts show a consistence of both photocatalytic
oxidation efficiency and adsorption for iron-doped
and carbon-containing catalysts. The reason for poor
adsorption of prednisolone at S-TiO, despite its surface
area exceeding the one of P25 remains unknown,
especially taking into account the overall similarity of the
catalysts’ IEP and zeta-potential values at the pH of the
experiments. However, sulphur-doped catalysts show
the highest photocatalytic oxidation efficiency at no
adsorption observed (see Section 3.2). Unlike carbon
and iron-containing photocatalysts, S-TiO, exhibited
strongly acidic properties: solution pH decreased once
the catalyst was added to water. Since the catalysts
were thoroughly washed upon preparation, and no
sulphates leaching was detected, the acidic reaction

should originate from partially bonded sulphate on
the catalyst surface and resulting in negative catalyst
surface charge due to the sulphates’ dissociation. On
the other hand, in such conditions the prednisolone
molecule may be expected to act as a weak base
having its hydroxyl groups partially protonated and the
prednisolone molecule or its part charged positively.
As a result, the prednisolone molecule may be drawn
into close vicinity of the catalyst surface, where it can
react with the hydroxyl radicals. Though prednisolone
is better adsorbed onto the surface of C- and Fe—TiOZ,
the photocatalytic oxidation efficiency of these catalysts
is low. The latter is in agreement with the data reported
by Liu et al. [26], indicating the redox potential of doped
catalysts’ holes being lower than that of undoped
titania, consequently resulting in reduced photocatalytic
oxidation rate.

3.7. Solar photocatalytic oxidation experiments
The performance of prednisolone photocatalytic
oxidation under solar irradiation was studied with
P25 industrial photocatalyst and with sulphur-doped
(0.8 at.%) photocatalyst, utilizing the VIS portion of solar
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Figure 8. The decrease of normalised prednisolone concentration (25 mg L") in solar photocatalytic oxidation experiment compared to the

experiments with artificial irradiation, 1 g L' photocatalyst.

light along with UV. The main goal of these experiments
was not only convincing that the photocatalysts applied
can successfully operate under natural irradiation, but
mainly to investigate the changes in their performance
under solar light. The results obtained under solar
radiation were compared to the ones achieved under
artificial UV and VIS (see Section 2.1) (Fig. 8).
Degradation of prednisolone with P25 and sulphur-
doped TiO, under solar radiation was expectedly
faster than under artificial UV- or VIS-light. However,
the improvement of the photocatalytic oxidation rate
observed for different catalysts was also different. For
example, prednisolone was degraded with P25 for
94% and 73% in 60 min under solar irradiation and
artificial UV, respectively. With S-TiO, the corresponding
numbers were 58% and 15%. Thus the performance of
the sulphur-doped catalyst increased to a greater extent
than that of P25, even though the latter was still more
effective. The reason behind the different response of
the catalysts to natural solar radiation lays in the higher
intensity of ultraviolet and visible radiation in solar
spectrum (see Materials and Methods section).

4. Conclusions

Aqueous photocatalytic oxidation of prednisolone
was studied using P25 (Evonik) and visible light-
sensitive synthetic sol-gel carbon-containing titania
catalysts used as is or doped with sulphur and
iron. Photocatalytic oxidation was shown to be
an effective method for prednisolone degradation
with near-complete prednisolone removal at lower
concentrations, and the observed oxidation efficiency up
to 40 mg W-'h-'. Anumber of prednisolone photocatalytic

oxidation by-products determined in the present study
allowed the suggestion of possible reaction pathways
proceeding simultaneously: the stepwise oxidation
of the terminal parts of the prednisolone molecule,
quinonic ring or cyclopentanic part, or oxidation from
both quinonic and cyclopentanic part at the same time
was assumed.

In the presence of major wastewater constituents,
carbamide and sucrose, prednisolone photocatalytic
oxidation also proceeded well with a minor disturbance
from sucrose. The best prednisolone photocatalytic
oxidation results were achieved at near-neutral pH,
natural to prednisolone solutions.

The efficiency of doped titania of up to
13 mg W' h"' under visible light was inferior to the one
observed with P25 under UV; higher efficiencies were
observed as expected for the solar light application.
Sulphur-doped titania (0.8 at.%) showed the best
photocatalytic oxidation performance among the
doped photocatalysts tested although yielding to the
commercial P25 under both artificial and solar radiation
conditions. The nontoxicity of doped catalysts towards
Tetrahymena thermophila, a ciliate protozoa present
in the activated sludge, indicates their lower oxidative
ability, but also implies their potential application in pre-
treatment of toxic hazardous materials under VIS or
solar radiation before the biological degradation stage.
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Abstract—Photocatalysts synthesized by sol—gel method inevitably incorporate carbon together with
dopants. The objective of the research consists in the synthesis and testing of photocatalytic activity of car-
bon-containing titanium dioxide photocatalysts calcinated at various temperatures. The optical and struc-
tural properties of the catalysts were also studied. The activity was tested in visible light in aqueous photocat-
alytic oxidation of three various-type pollutants, methyl-zert-butyl ether, p-toluidine and phenol, where the
divergent character of the C—TiO, catalysts was distinctively observed: methyl-zert-butyl ether and p-tolui-
dine were oxidized with the efficiency close to or even surpassing that of UV-irradiated P25 (Evonik),
whereas phenol was oxidized poorly. The observed photocatalytic activity, where quantum efficiency varied
from 0.6 to 2.3 and from 0.1 to 1.2% for p-toluidine and phenol degradation respectively, may be explained
by the different electrostatic properties of the catalysts’ surface and the tested substances, i.e. their interac-
tion. This compromises the widespread usage of phenol as a reference substance for comparison of catalytic
activities of catalysts.

Keywords: TiO,, doping, visible light, photocatalysis, methyl-fert-butyl ether, p-toluidine, phenol
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1. INTRODUCTION

Heterogeneous photocatalytic oxidation (PCO) of
organic pollutants over semiconductor photocatalysts
is the result of the action of positively charged holes
formed by the displacement of electrons with irradia-
tion, oxidising adsorbed organic pollutant molecules,
or forming from water hydroxyl radicals oxidizing the
pollutant. Commercially available titanium dioxide
photocatalysts with the band-gap energy of 3.2 eV can
utilize only ultraviolet radiation photons, i.e. no more
than 4% of the solar radiation reaching the Earth sur-
face. Development of visible light sensitive photocata-
lysts receives attention for the reduced band gap and,
thus, widened light spectrum used in photocatalytic
reactions.

! The article is published in the original.
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To widen the solar spectrum useful in photocataly-
sis, the band-gap can be reduced by introducing addi-
tive atoms into titanium dioxide, thus creating a crys-
talline structure with a misbalance in charge carriers
creating a new energetic level inside the band-gap,
from which electrons can be displaced with greater
wavelength radiation. Various non-metal dopants are
used in photocatalyst synthesis widening the active
light spectrum, although the results of anion doping
are often contradictory: widening the absorption spec-
trum, the doping weakens the photocatalyst’s activity
[1, 2]. The authors previously observed the selective
character of the PCO with N-, S- and B-doped cata-
lysts showing dramatically dissimilar efficiencies with
different substances [3, 4].

The synthesis of doped photocatalysts using
hydrolysis of titanium-containing organic substances
in presence of doping ingredients is incapable of pro-
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ducing catalysts free from carbon admixtures [3—5].
This requires clarification of its dopant role, which was
undertaken in the present research. Aqueous PCO of
methyl-fert-butyl ether (MTBE), p-toluidine, and
phenol, using carbon-containing titanium dioxide
under visible light, was studied for assessment of the
photocatalytic activity of the catalysts.

Methyl-fert-butyl ether, banned in the USA, is still
widely used as an oxygenated component of motor
fuels by the rest of the world. This substance is of par-
ticular concern because of its poor biodegradability
and accumulation in groundwater [6]. Physical
removal and chemical oxidation methods have been
proven to be ineffective against MTBE [7—9].

p-Toluidine is a non-biodegradable chemical with
its use ranging from a component of jet and rocket
fuels to applications in paint and pharmaceutical
industries [10]. It is also a degradation intermediate of
p-nitrotoluene, thus polluting the soil and groundwa-
ter at military installations.

Phenol, a widespread environment pollutant, has a
reputation of a standard contaminant that is used to
test the efficiency of various oxidation methods, or the
activity of different catalysts [11, 12].

The objective of the present research was studying
the performance of carbon-containing photocatalyst
and providing explanation for the observed PCO activ-
ity phenomenon. Although the attempts on the doping
of titanium dioxide with carbon were undertaken ear-
lier [13—16], this topic is still of interest [17, 18]; the
novelty of the present research consists of the catalysts
of different composition tested in PCO of priority pol-
lutants different in their structure and properties giv-
ing a more encompassing description of the new cata-
lysts’ activity. The works showing high activity of
newly synthesised carbon-containing catalysts in PCO
of a single pollutant, most often textile dyes, may lead
to erroneous conclusions concerning a wider applica-
tion of the catalysts. In the present research, the
authors tested ten carbon-containing titanium dioxide
photocatalysts in PCO of the abovementioned pollut-
ants to establish the impact of the catalyst composition
and calcination temperature on the PCO efficiency.
The results were compared to the ones obtained with
P25 titanium dioxide (Evonik) under the UV light.
The comparison of the photocatalysts’ activity was
done as described due to the fact that in both theory
and practice P25 is active only in UV, as opposed to
visible light; working in UV with specifically synthe-
sised visible light-active photocatalysts is possible, but
does not seem proper as efforts were made to move
further from UV. Consequently, the performance of
both photocatalyst types is undertaken in the condi-
tions that suit them best; also, P25 under UV-irradia-
tion can be considered to be somewhat of a reference
system for testing new photocatalytic materials.

2. EXPERIMENTAL

Two thermostatted at 20 = 1°C agitated with mag-
netic stirrers 200-mL simple batch reactors with inner
diameter 100 mm (evaporation dishes) with the irradi-
ated contact surface 40 m?> m~ were used in PCO
experiments: the one used for the PCO was called
“active” and the other, called “reference” or “blank,”
contained no photocatalyst and was not exposed to the
light. The samples from the active reactor were com-
pared to the reference samples to avoid complications
caused by water evaporation.

A UV-light source, Phillips 365-nm low pressure
luminescent mercury UV-lamp (Sylvania Blacklight
F15 W 350 BL-T8), was positioned horizontally over
the active reactor, providing the irradiance of about
0.7 mW cm~2 measured at a distance corresponding to
the level of the free surface of the reactor by the optical
radiometer Micropulse MP100 (Micropulse Technol-
ogy, UK).

With daylight fluorescent lamp (Philips TL-D
15W/33-640), the irradiance was determined indi-
rectly, being calculated from the illuminance, mea-
sured by TES luxmeter (TES, Taiwan), using lumen to
watt ratio of 684 [19]. The irradiance of the reactors
under visible light was close to the one of the UV used
in experiments with P25 (Evonik). With Phillips
TL-D visible light lamp, the amount of UV-irradia-
tion was also measured using the abovementioned
radiometer for 254 and 365 nm, showing zero radi-
ance, as well as the total amount of UV by using Ocean
Optics USB2000+UV-VIS-ES spectrometer: this
instrument showed only negligibly small fraction of
UV around 365—400 nm, which is in agreement with
the data from the lamp manufacturer [20]. Thus, any
noticeable action of the photocatalyst when using
Philips TLD visible light lamp may not be attributed to
the emitted UV fraction but is clearly due to the activ-
ity of the catalysts in visible light.

The experiments were carried out using aqueous
solutions of the chemicals (Sigma-Aldrich) at their
initial concentrations of 100 mg L~!. With MTBE, the
experiments were conducted at naturally set pH 6.5
within the maximum treatment time 1 h. p-Toluidine
solution was used at maximum treatment time 24 h
carried out at pH 3, naturally set 6.5 and 11. Phenol
solutions were also treated for 24 h at natural pH 6.5.
The pollutant concentrations were chosen with refer-
ence to those found in real contaminated aquifers used
in previous experiments [12, 15, 21]. The treatment
time was chosen to provide the concentration of pol-
lutants reduced to about 50%; this was also used in cal-
culations of the process efficiency E (see Eq. 2). All the
experiments were carried out for at least three times
under identical experimental conditions to derive the
average value of the process efficiency. The average
deviation of data in parallel experiments did not
exceed 5%. In order to evaluate the stability of the
photocatalysts, the repeated experiments were carried

KINETICS AND CATALYSIS  Vol. 55

No. 1 2014



SELECTIVE PERFORMANCE OF SOL-GEL SYNTHESISED 49

out using the same portion of the photocatalyst. The
difference also fitted well to the 5% error with no ten-
dencies observed. This indicates the stable character of
the catalysts, i.e. is consistent with the carbon incor-
porated into titanium dioxide crystal lattice in sol—gel
synthesis [5].

The experiments were performed using photocata-
lyst suspension with the concentration of 1 g L~!. Tita-
nium dioxide P25 and carbon-containing catalysts
synthesised on course of the research were used. Car-
bon-containing photocatalysts were prepared by the
near-instant hydrolysis of pure titanium tetrabutoxide,
followed by calcinations at temperatures from 200 to
950°C for 4 h. After this, the catalysts were washed
with hot distilled water applied in a sequence of 10 to
15 rinsing rounds (ca. 1 L per gram of catalyst) in order
to clean the catalyst surface from water-soluble com-
pounds.

The crystallinity, crystal structure and phase com-
position of carbon-containing titanium dioxide were
analysed using D 5000 Kristalloflex, Siemens (Cuk,,
irradiation source) X-ray diffraction spectroscope
(XRD), with the phase composition calculated by
Topas R Software. The specific surface area (BET and
Langmuir adsorption) and the pore volume of the cat-
alysts were measured by the adsorption of nitrogen
using KELVIN 1042 sorptometer. Identified peak
positions were compared to the data found in literature
[22, 23].

For the optical measurements ethanol-based sus-
pensions (1 g L™!) of TiO, powders were prepared on
microscopic glass substrates and after total ethanol
evaporation measurements were carried out with the
obtained coatings. Total and diffused reflectance spec-
tra of the coatings were measured in the wavelength
range of 250—2500 nm on a Jasco V-670 UV-VIS
spectrophotometer equipped with an integrating
sphere. Obtained data were used to calculate the
absorption coefficient (o) and optical band gap values
(Ey). For the titanium dioxide photocatalysts of vari-
ous crystalline modifications, evidence supporting
both direct electron transition [24, 25] and indirect
one [23, 24, 26—30] has been published. It should be
pointed out, however, that the majority of the last
decade publications report indirect transition for tita-
nium dioxide. Consequently, band gap values of the
new photocatalysts were calculated assuming indirect
transition type. A standard expression for transitions
between two parabolic bands for the calculation of
band gap energy is:

(ahv)" = Ahv - E,),
where m = 1/2 and A is a constant.

Bang gap values were found from the intercept of
the linear fitting curve extrapolated to the zero absorp-

tion of (ahv)” vs. hv plot [31, 32]. Haze factor values

were calculated as the relationship of diffused reflec-
tance to total reflectance; it shows the extent of light

)]
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scattering, and, thus, the relative roughness of the
coatings [32].

The decrease in the MTBE concentration was
determined by gas chromatography using Finnigan
Focus GC chromatograph; MTBE was extracted from
pre—salinated aqueous samples by benzyl alcohol
using IKA Vortex Genius 3 extractor. Oxidation rate
was measured by a standard method from the decrease
in chemical oxygen demand (COD). This parameter,
unlike TOC, was proven to be decreasing with the
increasing conversion degree in oxidation reactions.

Concentrations of p-toluidine were measured pho-
tometrically after diazotation and reaction with phe-
nol at 490 nm, and concentrations of phenol were
determined photometrically after reaction with
p-nitroaniline at 570 nm using Helios B spectropho-
tometer [33].

The methods are highly selective without interfer-
ence from the PCO by-products proven by the PCO
reaction rationales for MTBE and phenol given in [34,
35]. Neither ammonia, the predominant PCO by-
product of amines, nor PCO intermediates of aro-
matic amino compounds [36] may interfere with
p-toluidine measurement [33]. The decrease in COD
was also followed. The evolution of nitrite and nitrate
ions was monitored using Metrohm 761 Compact 1C
ion chromatograph.

Adsorption experiments with the pollutants on the
photocatalyst surface were carried out at respective pH
in closed flasks thermostatted at 20 + 1°C and
equipped with magnetic stirrers. The adsorbed
amount of substances was derived from the batch mass
balance: the concentration of the dissolved substance
was determined before and after adsorption.

The performance of PCO with artificial radiation
sources was characterised by the process efficiency E,
defined as the pollutants degradation relative to the
energy reaching the surface of the treated sample cal-
culated for the treatment time. This makes the PCO
efficiency the universal term to compare the results
achieved with different catalysts:

E= Ac;’ x 1000, )
s
where E—PCO efficiency, mg W~' h~!; Ac—the
decrease in the pollutant’s concentration or COD,
mg L~! or mg O L™'; V—the volume of the sample to
be treated, L; /—irradiance, mW cm~2; s—irradiated
area, cm?; f—treatment time, h.

In order to measure the quantum efficiency of the
photocatalysts (expressed as mol of pollutant/COD
removed per 1 mol of photons reaching the surface of
the treated solution), the irradiance of the corre-
sponding light sources was measured qualitatively and
quantitatively by Ocean Optics USB2000+UV-VIS-
ES spectrometer, and integrated in the corresponding
part of the irradiance spectrum utilised by the photo-
catalysts, with the latter knowledge provided by band
gap measurements.
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Fig. 1. X-ray diffraction pattern of the C—TiO, photocatalysts (A—anatase, B—brookite, R—rutile).

The isoelectric points (IEP) of pure TiO, (P25) and
carbon-doped titanium dioxide suspensions were
determined by potentiometric titration using a Zeta-
sizer Nano-ZS equipped with an MPT—2 autotitrator
and vacuum degasser (Malvern Instruments, UK).
The technique (Laser Doppler Micro-electrophore-
sis) is based on the electrophoretic light-scattering
that measures migration rate of dispersed particles
under the influence of an electric field. Zeta potential
was calculated by Malvern software using Smolu-
chowski equation. Suspensions of 1 g L~! were pre-
pared in deionized water, sonicated for 30 min (70 W,
42 kHz, Branson 1510, Bransonic Ultrasonic Corpo-
ration, USA) and diluted to 100 mg L~ in deionised
water. Automatic titrations were performed in 10 mL
as an initial sample volume, from pH 11 to pH 1.5 with
0.25 M NaOH and 0.25 M HCI, pH increment was 0.5
and target pH tolerance was 0.2. Each C-potential
value recorded was the average of 10 measurements.

3. RESULTS
3.1. Characterisation of Photocatalysts

Figure 1 shows the X-ray diffraction patterns of
carbon-containing titania. With the growth of the cal-
cination temperature, abrupt changes take place in the
catalyst crystallographic composition at 600 to 700°C.
Judging from the XRD analysis, at temperatures up to
600°C the catalysts are composed of both anatase and

brookite in relatively constant amounts with occa-
sional fluctuations in measurements. For anatase,
the (1 0 1) peak was the best pronounced, followed by
(103),(200),(004), (103)and (11 2) whereas for
brookite, the (1 20), (12 1), (20 1) and (2 3 1) peaks
were determined. The catalysts obtained at the tem-
peratures starting from 700°C are pure rutile, as
expected for both anatase and brookite transforming
directly to rutile at temperatures around 500 to 600°C
[37]. For rutile, (1 10), (10 1), (1 11),(210)and
(220) peaks were identified. The exact composition
of the photocatalyst, as calculated from the XRD
graphs, is given in Table 1. All the observed peaks
belong to titanium dioxide, with no additional peaks
that could be attributed to carbon or carbon species.
The characteristic peaks of C—TiO, materials are
shifted relative to those of pure TiO, crystalline modi-
fications, by up to ca. ~0.12°, in either direction,
which can be explained by distortions in titanium
dioxide crystal lattice originating from the inclusion of
carbon into TiO, structure [17, 24]. The reason behind
crystal lattice distortions is the differences in atomic
radii during the replacement of oxygen atoms with
carbon ones for increased angles [17], and, probably,
the replacement of titanium atoms with carbon ones
for decreased angles. The peak shifts, along with the
absence of any secondary carbon-associated phase
peaks, are indirect evidence of stable carbon incorpo-
KINETICS AND CATALYSIS  Vol. 55
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Table 1. Crystallographic and surface properties of carbon-containing photocatalysts dependent on the calcination tem-

perature
T calcination, °C Crystallographic composition, % SgET:l SLaggmflm Micropzors,] N\l}i)clgon[:g’re
anatase brookite rutile m-g m-g area, m- g mm?g~!
200 71.9 28.1 - 202.3 278.9 0 0
300 74.7 25.3 — 157.2 215.8 0.42 0.15
400 78.1 21.9 — 105.7 144.7 4.12 1.54
500 76.9 18.2 5.0 39.45 53.85 3.95 1.39
600 74.4 25.6 — 8.81 12.08 0 0
700 — — 100 3.52 4.81 0.20 0.07
800 0.8 - 99.2 3.75 5.14 0.13 0.05
850 — — 100 2.92 4.03 0 0
900 - — 100 2.94 4.02 0.05 0.02
950 — — 100 2.62 3.61 0 0

ration into TiO, crystal lattice, i.e. titanium dioxide
doping.

The analysis of major XRD characteristic peaks
shifts shows that the calcination temperature
increased from 200 to 600°C results in anatase peaks
(1 01), (10 3)and (2 00) shifted towards smaller
angles, suggesting the preference of titanium replace-
ment with carbon in the titania crystal lattice. In rutile,
however, the contrary situation was observed: calcina-
tion temperature increased from 700 to 950°C resulted
in the increased shift of (1 0 1) peak position, which
suggests the oxygen preferential replacement by car-
bon in the crystal lattice. With other peaks, no clear
dependence was observed. The difference observed
between carbon incorporation mechanisms in anatase
and rutile could possibly be explained by the difference
in structure and formation mechanism of anatase and
rutile grains, along with transformation of anatase to
rutile.

The specific surface area of the catalysts decreases
with the calcination temperature increased from 200
to 500°C, whereas micropore volume and area some-
what increased at 400—500°C, approximating zero at
higher temperatures within accuracy of measurements
(Table 1). However, since the adsorption of the pollut-
ants by the catalysts was observed to be negligible, sur-
face structure and characteristics of the catalysts can
be considered as being of secondary importance for
the purposes of this study.

Diffused reflectance spectra given in Fig. 2a suggest
that in general smaller photocatalyst grains dominate
over the larger ones since the reflectance decreases
with the wavelength, however, the increased calcina-
tion temperature results in increased relative size of
the particles. With the calcination temperature
increased from 200 to 500°C, total reflectance of the
photocatalysts at 400 nm increased from 62 to 74%,
and then steadily decreases to 22% at 950°C. For com-

KINETICS AND CATALYSIS  Vol. 55

No. 1 2014

parison, total reflectance of P25 at 400 nm was 71%.
Thus, with the anatase and brookite phase transforma-
tion to rutile, total reflectance of the catalysts abruptly
decreased (see Table 2). Haze factor characterizing
light scattering decreased with the increased calcina-
tion temperature (Fig. 2b), suggesting the surface of
the coatings becoming smoother.

Optical band gap values, calculated for indirect
transition, as well as corresponding cut-off wave-
lengths, are given in Table 2. Optical band gap values
of the photocatalysts decreased with the increased cal-
cination temperature, with the biggest changes
observed between 500 and 700°C, coinciding with the
TiO, phase transformation. The changes in the band
gap energy should be viewed with the respect to both
dopant incorporation into titanium dioxide crystal lat-
tice and the changes in phase composition. Anatase,
brookite and rutile as individual phases were reported
to have band-gap energies of 3.34, 3.40 and 2.95 eV

Table 2. Optical properties of carbon-containing photocat-
alysts dependent on the calcination temperature

T Total reflectance | - Ry Acut-ofs
calcination, °C at 400 nm, % & nm
200 62 2.81 442
300 71 2.89 429
400 73 2.89 429
500 74 2.89 429
600 29 2.74 452
700 30.5 2.77 448
800 33 2.78 446
850 30.5 2.79 444
900 30.5 2.77 448
950 22 2.78 446
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Fig. 2. The dependence of diffuse reflectance (a) and haze
factor (b) on the calcination temperature of C—TiO,.

respectively [23, 26]. Optical band gap of a multi-
phase material gives an average value, which takes into
account, although not linearly, the band gaps of each
phase and their relative amounts. The decreased band-
gap energies, additionally to XRD analysis data
(Fig. 2), proves the incorporation of carbon into the
titanium dioxide crystal lattice, i.e. TiO, doping, espe-
cially well observed for rutile photocatalysts.

The zeta-potential determination showed the iso-
electric point (IEP) of carbon-doped titanium dioxide
decreased in comparison to that of P25: 3.69 and 4.74
for C—TiO, calcinated at 200°C and P25 respectively.
The reason for the choice of single specific photocata-
lyst for ZPC measurements is that in general this pho-
tocatalyst has shown the highest activity among other
C—-TiO, samples (see below).

E,(mgO)W'h!
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300 - .

250 .

-
-

200 F L]
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Fig. 3. The PCO efficiency of MTBE vs. the temperature
of C—TiO, calcination (squares, black bold solid line)
compared to P25 under UV (grey solid line): pH 6.5, 2 h.

3.2. Adsorption

Under applied experimental conditions, no
adsorption of the substances under consideration was
observed on the surface of the carbon-containing pho-
tocatalysts above the limits of analytical precision.
Consequently, radical reactions may be responsible for
PCO at C—TiO, catalysts with surface hole reactions
playing less important role.

3.3. Oxidation of MTBE

Under visible light MTBE was totally degraded within
1 h with all tested C— TiO, catalysts. Evaluated by the
decrease in COD, the PCO efficiency at different cata-
lysts somewhat oscillated showing no visible trend
(Fig. 3), although the catalyst calcinated at 600°C
appears to give the best result. The values of PCO effi-
ciency observed with C—TiO, irradiated with visual light
were higher than that with UV-irradiated P25 under sim-
ilar experimental conditions (170 mg O,W~! h™') [21].
The efficiency of rutile C—TiO, catalysts was also
equal to or exceeding the one of P25. For MTBE, clas-
sical photonic efficiency calculations were not appli-
cable, as it appears to partly undergo self-catalysis dur-
ing PCO.

3.4. Oxidation of p-Toluidine

Similarly to P25 showing the maximum PCO effi-
ciency in acidic media [38], the best performance of
C—TiO, catalysts with p-toluidine was achieved at
unregulated natural pH 6.5 shifted on course of PCO
to acidic range, at which most of the experiments were
consequently carried out. The PCO efficiency
observed with C—TiO, under artificial daylight was
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Fig. 4. The dependence of p-toluidine PCO efficiency on
the photocatalysts calcination temperature compared to
P25: p-toluidine—solid squares and bold solid line,
COD—empty squares, dashed line, compared to P25
under UV (p-toluidine—solid line, COD—dotted line);
pH6.5,24h.

close to that of P25 under UV. In Fig. 4 one can see the
PCO efficiency of p-toluidine steadily declining with
the growth of calcination temperature, i.e. with the
decrease in carbon content and contact surface area.
For p-toluidine, photonic efficiency ranged between
0.6 and 2.3% for the catalysts calcinated at 850 and
400°C, respectively; in general, with the increase of
calcination temperatures, photonic efficiency values
decreased as did the PCO efficiency values. In general,
quantum efficiency photonic efficiency values were
quite low, as the reaction system was not specifically
optimized for the efficient use of light.

3.5. Oxidation of Phenol

With phenol, the PCO efficiency also decreased
with growing catalyst calcination temperature (Fig. 5).
For comparison, UV-irradiated P25 can degrade phe-
nol at the same initial concentration with the PCO
efficiency at pH from 7 to 3 from 5 to 10 mg W' h~!
[12], i.e. about 3 to 5 times higher than of C—TiO,. In
case of phenol, photonic efficiency values were even
lower, being between 0.1 and 1.2% for catalysts calci-
nated at 850 and 500°C. The dependence of photonic
efficiency on calcination temperature here was also
following the trend observed with PCO efficiency.

4. DISCUSSION
Negligible amount of UV emitted by the visible
radiation sources, coupled with selectively high pho-
tocatalytic performance of C—TiO, can only suggest
visible light activity of the photocatalysts. For indirect
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Fig. 5. The dependence of phenol PCO efficiency on the
photocatalysts calcination temperature: pH 6.5, 24 h.

band gap calculations, the applicability of which is
supported by numerous publications (see Introduc-
tion), the obtained band gap values, suggesting visible
light utilisation, are in good agreement with the
observed experimental results.

The divergent PCO performance of carbon-con-
taining titania photocatalysts, observed in oxidation of
MTBE and aromatic phenol and p-toluidine, may be
explained by the different interactions of these sub-
stances with the catalysts. No adsorption of the sub-
stances was detected beyond the limits of analytical
precision, which leaves the radical reactions in the
vicinity of the catalyst surface the only PCO mecha-
nism responsible for the pollutants’ degradation.
Under the experimental conditions, i.e. moderately
acidic pH, both TiO, and the aromatic substances, are
partially protonated and, thus, positively charged.
However, according to IEP measurements, C—TiO,
particles have point zero charge at lower pH, which
should give them negative charge at the applied exper-
imental conditions. Thus, if the aromatic substances
are electrostatically repelled from the P25 surface with
their PCO obstructed, then electrostatic forces attract
aromatic compounds to the surface of negatively
charges C—TiO,. The electrically neutral MTBE mol-
ecule, however, can get closer to the surface of a cata-
lyst under the scope with a larger supply of hydroxyl
radicals and, thus, a higher probability of the radical
impact to the pollutant molecule, resulting in PCO
efficiency two orders of magnitude higher. Increased
hydroxyl radical production can lead to the increase in
PCO efficiency of aromatic substances, which
explains the increased PCO efficiency at the decreased
catalysts’ calcination temperature, i.e. higher content
of the most photocatalytically active anatase.
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The oxidation potential of positively charged holes
formed at the new energetic levels in the semiconduc-
tor may be decreased but still sufficient for hydroxyl
radicals’ production thus improving the oxidation effi-
ciency with increased utilized light flux or irradiated
surface. Similar observations were made by the authors
with relatively well-adsorbed amoxicillin most likely
hole-oxidized at C— and Fe—TiO, catalysts [39]. With
the growth of the catalysts’ calcination temperature,
more carbon is burned out from the catalyst, and both
anatase and brookite are transformed into less photo-
active rutile, thus decreasing the activity of the photo-
catalysts and also the contact surface. This way the
amount of hydroxyl radicals decreases with increasing
catalysts’ calcination temperature thus having the
PCO efficiency of aromatic compounds decreasing.

5. CONCLUSIONS

Divergent performance of carbon-containing tita-
nium dioxide photocatalysts was established in aque-
ous photocatalytic oxidation (PCO) of methyl-
tert-butyl ether (MTBE), p-toluidine and phenol
using visible light. With MTBE and p-toluidine their
performance is similar to or surpasses that of P25 tita-
nium dioxide under UV-irradiation; with phenol, the
performance of C—TiO, was inferior to that of P25.
The observed PCO activity can be explained by the
different interactions of these substances with the cat-
alysts due to their electrostatic properties.

The photocatalysts exhibited a pronounced ability
to catalyze oxidation reactions of MTBE, p-toluidine
and phenol under visible light radiation. Variations in
the catalysts’ crystallographic composition and carbon
content, dependent on the calcination temperature,
influenced the photocatalytic activity in oxidation of
p-toluidine and phenol: the lower the anatase and
brookite content (higher calcination temperature) the
lower the photocatalytic activity. Photocatalytic oxi-
dation of MTBE does not depend on the calcinations
temperature even at calcination temperature exceed-
ing 600°C when all anatase and brookite turned to
rutile. C—TiO, photocatalysts showed stable activity
even after repeated applications.

The widespread opinion concerning a phenol used
as a single reference substance used for comparison of
catalysts is compromised by the dramatically diverse
behaviour of tested catalysts in PCO of different-type
substances.
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Abstract—In this work, aqueous photocatalytic oxidation of humic acid, present in various waters as
naturally occurring compound or anthropogenic pollutant, was studied using self-synthesized titanium
dioxide coatings. To obtain the latter, template synthesis, widely used for the production of
photocatalysts with improved surface properties and activity, was applied with variations in template
material, N-cetyl-N,N,N-trimethylammonium bromide content. The catalysts were characterized using
XRD, UV-VIS spectroscopy, and SEM. The activity of TiO, coatings in the degradation of humic acid
proved to be superior to that of commercial photocatalyst P25 (Evonik) The dependence of the
photocatalysts’ performance on the template content in the synthesis precursors, which was

responsible for the various surface features of the coatings, was established and explained.
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1. INTRODUCTION

Humic substances (HS) are the major constituents of various soil types, and, consequently,
found in water bodies worldwide. They are the ultimate products of plant matter
decomposition. In terms of chemical composition HS are polyaromatic molecules with
carboxylic and phenolic groups. Due to their properties, HS are resistant to biological
oxidation; being hydroxyl radical scavengers, they are hard to degrade by other chemical
means as well. Numerous functional groups enable HS to bond aqueous toxics such as heavy
metals and organic pollutants (e.g. pesticides), protecting them against water treatment
methods and, thus, conveying them into treated drinking water [1]. In potable water, HS
present a hazard as a source of carcinogenic and mutagenic trihalomethanes (THMs) formed
as a result of water chlorination [2, 3]. Besides natural plant matter decomposition, HS are
abundantly formed in landfill leachate due to anaerobic decomposition of lignocellulose [4].
There, HS are a matter of even greater concern because of high heavy metal and organic

toxics contents that HS can bond with.

Photocatalytic oxidation (PCO) is an advanced oxidation process (AOP) that has the highest
redox potential, proposing a promising alternative in elimination of toxic non-biodegradable
compounds [5, 6]. The use of suspended titanium dioxide, the most widely studied
semiconductor photocatalyst, is complicated due to the need to separate powdered TiO, after
water treatment. Alternatively, the catalyst may be attached to suitable solid support without
the need for separation from the effluent streams [7]. Various techniques are known for the
fixation of titanium dioxide onto the support matrix, e.g. dip-coating [8], sol-gel technique
[9], electrochemical oxidation [7] and chemical vapour [10] or spray deposition [11]. While
the use of photocatalytic films and coatings allows avoiding the slurries’ drawbacks, the PCO
efficiency of attached catalysts is lower and the problems in the design of reactors arise.
However, depending on the reactor setup and the substances to be degraded, the decrease may
be not very sharp, especially when taking into account the drastic decrease of photocatalyst

dosage and no need for its separation [12].

In order to enhance the performance of photocatalysts, they can be prepared using template
synthesis [13]. Meso-TiO, can be synthesized not only by sol—gel [14] or precipitation [15]
but also by the template-directed approach. Template-directed materials generally possess
structural and morphological abundance due to the diversity of employed template precursors

[16, 17]. The template-synthesized materials normally exhibit small crystallite size, high



surface area, large surface-to-volume ratio, and favourable structural stability [18].
Surfactants have been employed as structure directing agents to produce a variety of meso-

TiO, materials.

The first synthesis of a thermally stable hexagonally packed meso-TiO, by a modified sol—gel
method using an alkyl phosphate surfactant was carried out by Antonelli and Ying in 1995
[19]. Since then, numerous templating agents have been used. Kobayashi and collaborators
prepared a fibrous TiO, material with ‘‘macaroni’’- like structure by using their designed
amphiphilic compound containing cationic charge moieties [20]. Kavan ef al. used a
polymeric surfactant, poly (alkaline oxide) block copolymer, as templating agent for the
formation of anatase TiO, and investigated essentially Li' insertion [21]. Yang and co-
workers used amphiphilic poly (alkaline oxide) block copolymers as structuredirecting agents
in non-aqueous solutions for organizing the network forming metal oxide species that include
TiO; [22]. Byun ef al. elucidated the beneficial role of cetyl trimethylammoniumbromide as
surfactant in the enhancement of photovoltaic properties of mesoporous rutile TiO, [23].
Kavan et al. synthesized and characterized zirconia-stabilized 2.5 nm TiO, anatase crystallites
in a mesoporous structure templated by cetyltrimethylammonium chloride [24]. The
surfactant assisted templating method was used to fabricate high quality titania nanocrystals
by various researchers for different applications (i.e. dye-sensitized solar cells) [25-29]. Sol—
gel methods have often been used to prepare sub-micrometre-sized TiO; spheres by
controlling the hydrolysis and condensation reactions, and their crystallized structure was
formed by subsequent calcination at around 500 °C [14]. To conclude, the literature data
available shows that the addition of various template substances to photocatalyst precursors
during the synthesis can significantly improve the performance of the resulting materials

against a range of substrates.

The goal of the present study was the template synthesis of active titanium dioxide coatings
capable of efficiently degrading humic substances, with the establishment of optimal

template-to-precursor ratio, which results in the highest activity.

2. EXPERIMENTAL

Titanium (III) chloride 15 % solution in 10 % HCI, used as titanium precursor, was acquired

from Merck, as well as the template, N-cetyl-N,N,N-trimethylammonium bromide (CTAB).



For the photocatalyst coating synthesis, CTAB solutions with the concentrations of 0 to 3 pg
mL" in TiCl; reagent were prepared. The solutions were sprayed with compressed air upon
chromic acid-washed Pyrex glass plates (8 to 12 cm’), deposited upon molten tin. The
temperature of the glass plate surface was maintained at 220 °C. After ten deposition cycles,
the coatings were annealed at 400 °C for 4 h, in order to remove the template, and were
further treated under UV (details see below) in distilled water for 24 h. After subsequent
drying, the photocatalytic coatings were ready for use. For comparison with Degussa P25
titanium dioxide, P25 was deposited upon identical glass from slurry containing 1 g L™

titanium dioxide by spraying and drying.

Crystal structure of the photocatalyst coatings were determined by X-ray diffraction (XRD).
Rigaku Ultima IV diffractometer using Cu Ka radiation (=1.5406 A, 40 kV at 40 mA) with
Bragg—Brentano geometry conditions in the ®-20 regime was used. Joint Committee on
Powder Diffraction Standards (JCPDS) file no. 01-075-2547 was used as the XRD reference
standard. Crystallite size was calculated using the Debye-Scherrer method and the Scherrer

constant of 0.94.

The total and diffuse reflectance spectra of the coatings were measured in the wavelength
range of 300 — 2500 nm using Jasco V-670 UV-VIS-NIR spectrophotometer equipped with
an integrating sphere. Obtained data were used to calculate the absorption coefficient (o) and

subsequently optical band gap values (E).

Surface morphology of the photocatalyst coatings was analysed using Zeiss EVO MA-15
scanning electron microscope (SEM), working in secondary electron mode. Accelerating

voltage was 13 kV, and the working distance was 6.5 to 7 mm.

The activity of the photocatalytic coatings was tested by aqueous PCO of synthetic solutions
of humic acid sodium salt (HA, Merck) with the concentration of 25 mg L'. The
experimental setup was similar to the one applied in the authors’ previous studies (see e.g.
[30]). The experiments were performed at 201 °C in 200-mL batch glass reactors equipped
with magnet stirrers, positioned under reflector-equipped light source. Each experiment
involved the use of two reactors, active (with PCO taking place) and blank (to estimate the
concentration changes due to water evaporation during the experiment). Photocatalyst-coated
plates were positioned on top of Pyrex plates submerged into the solution to the depth of ca.
10 mm. Philips Actinic 15 W lamps were used as the UV source with the maximum energy

emission at 365 nm, with irradiance of about 1 mW cm™ measured at the surface of the



solution (23 c¢cm from the lamp) with Ocean Optics USB 2000+ radiometer. The pH was
monitored, but not adjusted; initial pH of HA solution was about 6.5, and changed
insignificantly during the treatment. The treatment time was chosen to be 24 h. Parallel
experiments were carried out three times under identical conditions, with the average
deviation of data being under 5%. For HA concentration, colour was determined with the
spectrophotometer HACH Lange DR 2800 at 455 nm. The UV-absorbance of HA samples at
254 nm was measured by Spectronic Unicam spectrophotometer (Helios ), which was
correlated with the content of HA by calibration line. These analytical procedures were used
by the authors previously [31], and indicated no interference of HA PCO by-products. Dark
adsorption of humic acid was determined in 24 h experiments without irradiation, with
adsorbed amount measured from the mass balance: concentration of humic acid was
determined before and after contact with photocatalytic coatings. The performance of the
coatings synthesised in this work was compared to that of P25 (Evonik), with the latter
photocatalyst deposited upon glass plate by spraying.

The results of PCO were described by efficiency E, showing the rate of HA degradation
relative to the amount of energy reaching the photocatalyst coating surface. The PCO

efficiency was calculated as follows [32]:

E:AC-V-IOOO

I-S-t M

where Ac is the difference in HA concentration before and after PCO, mg L, ¥ - volume of
the treated solution, L, / — irradiance, mW cm™, S — photocatalyst-coated plate surface area,

cm?, and ¢ — treatment time, h.
3. RESULTS AND DISCUSSION
3.1. Photocatalytic Coatings Characterization

For titanium dioxide photocatalysts, the evidence supporting both direct [33, 34] and indirect
[33, 35-40] electron transition for various titanium dioxide crystalline modifications has been
published. The majority of the publications published within the last decade report indirect
transition for titanium dioxide. The band gap values of the photocatalysts synthesized in the
present research were calculated assuming both transition types. A standard expression for
transitions between two parabolic bands for the calculation of band gap energy was used [41,

42]:



(ahv)" = Alhv-E,) @)

where hv is the quantum energy, eV; « is the absorption coefficient, cm™; E, is the optical

band gap, eV); 4 is constant; m = 2 for direct transition, and m = % for indirect transition.

Bang gap values were found from the intercept of the linear fit of (ahv)" vs hv plot
extrapolated to the zero absorption. Haze factor values were calculated as the relationship of
diffused reflectance to total reflectance; it shows the extent of light scattering, and, thus, the

relative roughness of the photocatalysts’ particle surface [43].

The results of the coatings” XRD measurements can be seen in Fig. la. In all samples, only
anatase phase was identified with (1 0 1) peak being pronounced in all catalysts preferable
orientation — 101. It was followed by (0 0 4), (2 0 0), (1 05), (2 1 1) and (2 0 4) peaks,
indicating the sample containing 1.0 pg mL"' CTAB in synthesis precursors exhibiting also
showed (1 1 6) and (2 1 5) peaks. The coatings showed developed crystal orientation, except
the sample containing 2.0 pg mL' CTAB in synthesis precursors, which has rather
amorphous structure. Crystallite size, calculated for anatase (1 0 1) peaks according to
Scherrer equation, varies between 14 and 19 nm (Fig. 1b), with the minimum observed at 0.5

pg mL-1 CTAB content in precursors.

Optical measurements reveal that total (Fig. 2a) and diffused (Fig. 2b) reflectance in general
increase with the template addition to the precursors, being in the range of 50 to 60 % of the
incident irradiation at the 400 nm wavelength. Reflectance measurements suggest that smaller
photocatalyst grains dominate over the larger ones, as the reflectance decreases with the
wavelength increase. The lowest reflectance was exhibited by the coating with 2 pg mL"
template in synthesis precursors, which, according to the XRD analysis, has amorphous
structure. Both total and diffuse reflectance at 400 nm had the highest and almost identical
values of ca. 65 and 45 %, respectively, with the catalysts containing 0.25 to 1 pg mL'
template. Haze factor values (Fig. 2c), indicating surface roughness and light scattering
ability, steadily increased with the CTAB concentration increasing from 0.5 to 1 pg mL™".
Higher concentrations of template lead to the decreased haze factor of the specimens. Haze
factor values at curtain wavelengths of 500, 1000 and 1500 nm decrease with increasing

wavelength, which also indicates that smaller grains dominate over the larger ones.

Optical band gap energy values, calculated for both direct and indirect electron transition (see

Table 1), were in good agreement with those expected for pure anatase. The error of Eg



m

values is mainly connected to the extrapolation procedure of the linear part of the (ahv)” vs hv
plot to the zero absorption and usually does not exceed 0.03 eV. No connection between the

template content and the band gap energy was observed.

The coatings’ surface structure SEM analysis results are given in Fig. 3a to 3f. One can see
that the photocatalyst coating surface has several clearly distinguishable surface features,
namely cracks, pores of various size, flake-like crystals, collapsed and unbroken bubbles.
Beside these, the structure is fairly homogeneous, although at higher CTAB concentrations
the photocatalysts are in the form of coalescent droplets separated by bare glass substrate, as
opposed to homogeneous coatings obtained at smaller CTAB concentrations. Cracks should
be attributed to annealing process eliminating template, whereas the other surface features can
be directly linked with the CTAB concentration. The thickness of the coatings was measured
to be generally between 6 and 15 pm, with thicker coatings obtained at higher CTAB

concentrations.

The average number of surface features was calculated for five randomly selected 90x120 um
rectangles for every sample with the average values derived. The dependence of the surface
feature average numbers on the CTAB concentration in synthesis precursor solution can be
seen in Fig. 4. The amount of pores dramatically increased with the addition of the template,
reaching the maximum at 0.25 pug mL" CTAB, and steadily decreasing with further increase
of CTAB concentration in the coating precursor. Similar dependence can be seen for
unbroken bubbles on the surface, although at the highest CTAB concentration the unbroken

bubbles amount somewhat increased.

According to the SEM micrograms (Fig. 3), the pore size steadily increased with the
increasing CTAB concentration. The number of collapsed bubbles, on the other hand,
increases up to 0.5 ug mL™ CTAB, declining with further increase in template content; this
way it is reversely consistent with the observed behaviour of the crystallite size (see Fig. 1b).
Also, maximum amount of flake-like structures can be seen on the photocatalyst coating with

1 ng mL" CTAB content in the precursor solution.

The described surface observations may be explained by the behaviour of CTAB micelles,
from which pores, collapsed and unbroken bubbles originate. At smaller CTAB
concentrations larger micelles are formed, and with the increased template concentration their
diameter decreases at the simultaneously increased number. On the other hand, agglomeration

of smaller micelles is expected with increasing CTAB concentration, thus resulting in the



decrease of pores number with their increased dimensions. Bubbles are likely to originate
from micelles located deeper within the coating, as opposed to the coating surface: dependent
on the micelles’ depth, bubbles can either remain intact or collapse. The surface concentration
of the unbroken bubbles follows the pattern of pores, indicating similarity in their origin. With
collapsed bubbles, however, their maximum surface concentration is shifted towards greater

CTAB concentrations; this tendency is similar to the decrease in the crystallite size.
3.2. Humic Acid Adsorption

No HA adsorption was determined in respective experiments within the limits of analytical
precision (0.5 mg L"), which suggests oxidation by hydroxyl radicals in the vicinity of the
photocatalytic coating surface as the predominant HA PCO mechanism, as opposed to hole-

induced oxidation of adsorbed pollutants.
3.3. Photocatalytic Oxidation of Humic Acid

The dependence of the efficiency of aqueous PCO of HA on the concentration of CTAB in
photocatalysts’ synthesis precursors can be seen in Fig. 5. One can see its similarity to the
dependence of the pores and collapsed bubbles on CTAB concentration, indicating that the
porosity and the availability of collapsed bubble feature on the surface of titanium dioxide
coatings are mainly responsible for the PCO efficiency of HA. The connection to the
crystallite size decrease may also be observable: this similarity can be explained by the
possibly greater concentration of TiO, surface defects in pores and on the edges of the

collapsed bubbles, acting as traps of positively charged holes as was also observed by [44].

However, since no HA adsorption by the synthesized catalysts was experimentally determined
within the limits of analytical precision, the more porous surface is not likely to be
responsible for better PCO of HA. The edges of collapsed bubbles, on the other hand,
protruding into the treated solutions, can act as “radical volcanoes” producing the oxidants
responsible for HA oxidation. The combination of maximum number of collapsed bubbles
and the smallest crystallites is able to produce the highest amount of sharp spiked catalyst
edges with larger area possessing greater defect concentration, which results in enhanced
radical production; in turn, enhanced radical generation is a key factor in the establishment
optimal degradation conditions for organic substrate, allowing treatment of solutions with

higher concentration and shorter contact time [45].



When comparing the performance of template synthesized photocatalyst coatings with the one
of spray-deposited Degussa P25, it was seen that the performance of the coatings was
comparable to or superior to that of P25, with the PCO efficiency values being up to around

1.5 times higher.
4. CONCLUSIONS

Template-synthesized photocatalytic TiO, coatings deposited on Pyrex glass were
characterized using XRD, UV-VIS absorbance, and SEM, and their photocatalytic activity
was tested by degradation of humic acid in aqueous solutions. N-cetyl-N,N,N-
trimethylammonium bromide was used as the template, with its concentration in synthesis
precursor solution ranging from 0 to 3 pg mL"'. When comparing the results of the aqueous
photocatalytic oxidation with the coatings’ surface morphology, the collapsed bubble-like
structures appeared to be mainly responsible for the oxidation, as opposed to pores, unbroken
bubbles and flake-like crystals. This can be explained by denser localization of surface defects
on the edges of collapsed bubbles, acting as hole traps and localized sources of hydroxyl

radicals protruding into the treated aqueous solution.
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Fig. 1. X-ray diffraction pattern of titanium dioxide coatings, dependent on the concentration
of CTAB in synthesis precursors from 0 to 3.0 pg mL'(a) and changes in anatase (1 0 1)

crystallite size with the increased CTAB content in synthesis precursors (b).

Fig. 2 The dependence of total (a) and diffused (b) reflectance, and haze factor (c) on the

template content in the coatings’ synthesis precursors.

Table 1. Optical band gap values of titanium dioxide coatings, calculated for direct and

indirect electron transition.

C(CTAB), g/ Direct band gap, eV | Indirect band gap,
mL™ eV

0 3.19 2.85

0.25 3.21 3.04

0.5 3.19 3.11

1 3.22 3.03

2 3.10 2.85

3 3.20 2.92

Fig. 3. SEM microgrammes of TiO, coatings deposited at different CTAB concentrations, pg
mL™: a) 0; b) 0.25; ¢) 0.5; d) 1.0; e) 2.0; f) 3.0.

Fig. 4. The dependence of average number of surface features of TiO, coatings on the content

of template in synthesis precursors.

Fig. 5. The dependence of the efficiency of photocatalytic oxidation of humic acid on the

content of template in the precursors of coatings’ synthesis.



Fig. 1. X-ray diffraction pattern of titanium dioxide coatings, dependent on the concentration of CTAB in
synthesis precursors from 0 to 3.0 pg mL"(a) and changes in anatase (1 0 1) crystallite size with the increased
CTAB content in synthesis precursors (b).

Fig. 2 The dependence of total (a) and diffused (b) reflectance, and haze factor (c) on the template content in the
coatings’ synthesis precursors.

Table 1. Optical band gap values of titanium dioxide coatings, calculated for direct and indirect electron
transition.

Fig. 3. SEM microgrammes of TiO, coatings deposited at different CTAB concentrations, pg mL": a) 0; b) 0.25;
¢) 0.5;d) 1.0; e) 2.0; f) 3.0.

Fig. 4. The dependence of average number of surface features of TiO, coatings on the content of template in
synthesis precursors.

Fig. 5. The dependence of the efficiency of photocatalytic oxidation of humic acid on the content of template in
the precursors of coatings’ synthesis.
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Photocatalytic water splitting for hydrogen and oxygen production requires sacrificial electron donors, for example, organic
compounds. Titanium dioxide catalysts doped with platinum, cobalt, tungsten, copper and iron were experimentally tested
for the production of hydrogen, oxygen and low molecular weight hydrocarbons from aqueous solutions of humic substances
(HS). Platinum-doped catalyst showed the best results in hydrogen generation, also producing methane, ethene and ethane,
whereas the best oxygen production was exhibited by P25, followed by copper — and cobalt-containing photocatalysts. Iron-
containing photocatalyst produced carbon monoxide as a major product. HS undergoing anoxic photocatalytic degradation
produce hydrogen with minor hydrocarbons, and/or oxygen. It appears that better hydrogen yield is achieved when direct
HS splitting takes place, as opposed to HS acting as electron donors for water splitting.

Keywords: humic substances; photocatalysis; hydrogen generation; doped titanium dioxide; template synthesis

1. Introduction

The problem of growing energy consumption at the likely
shortages in fossil fuels and the environmental degradation
has raised the questions of alternative, environmental-
friendly sustainable energy sources. One of the ‘green
fuels’ hydrogen has a high combustion heat coupled with
reduced greenhouse gas emissions when compared with
fossil fuels.[1] Among various possibilities in hydrogen
production, semiconductor photocatalysis is one of the
promising ones being a powerful and relatively inexpensive
process: due to the high oxidation potential of the positively
charged holes on the surface of semiconductor photocat-
alysts, especially titanium dioxide,[2,3] it is possible to
directly split water into hydrogen and oxygen transforming
solar radiation to energy-rich products.

In a semiconductor, the action of electromagnetic radi-
ation with the quantum energy equal to or exceeding the
semiconductor’s band gap results in the simultaneous for-
mation of a single-electron oxidant, positively charged hole
and the reductant, conductivity electron, which are spatially
separated in the electric field at the solid—liquid interface.
Following that, the catalytic oxidation of water to free
oxygen with the positively charged hole starts simultane-
ously with the reduction of protons to hydrogen with the
conductivity electron. The principal difficulty in this sce-
nario is the fast electron-hole recombination taking place
in up to 40ns.[4] This makes the quantum yield of the

photocatalytic reaction on the plain semiconductors very
small, at a centime fraction of percent level.

The success in the water decomposition reaction
depends on the spatial separation of the electron-hole pair
and the catalytic reactions’ rate in oxidation and reduction of
water. Starting from the first publications,[5] photocatalytic
water decomposition under UV radiation was extensively
studied in 1980s and 1990s.[6,7] Since then, there has been
constantly growing interest in the use of various promoters
with the function of advancement of certain catalytic reac-
tion stages in reduction of water to hydrogen and oxidation
of it to oxygen. For example, the dopants such as Cr, V, Mn,
Fe, Co, Ag, Pt, (d-elements), N and Be expand the activ-
ity spectrum of titanium dioxide to the visible range.[8—14]
However, the light absorbance coefficient of doped semi-
conductors can be considerably lower than that of the
corresponding coefficient of the semiconductor itself.[15]
Also, the redox potential of semiconductors was reported
to decrease on doping,[16] which may be compensated by
the enlarged utilizable wavelengths diapason making the
water decomposition efficiency improved.

For the last years, a considerable growth in number and
the complexity of the photocatalytic systems for the decom-
position of water was observed as a result of increased
interest towards hydrogen power. The data on high photoac-
tivity of titanium dioxide doped with, e.g. nitrogen [17,18]
and the Au-doped mesoporous titanium dioxide [19] were
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published. Various systems based on the In, Sn, Sb and
Ge compounds doped with ions of strontium, niobium, tan-
talum and other metals showed certain activity in water
decomposition under the UV radiation.[20-27]

Besides the choice of effective photocatalytic material,
two prerequisites must be fulfilled in order for the photocat-
alytic water splitting to proceed successfully: the solution
to be treated must be free of oxygen and to slow down
the electron-hole recombination, additional electron donor
is needed in excess. It has been reported [28—32] that the
availability of electron donors can enhance hydrogen evolu-
tion by several orders of magnitude. For this purpose, many
inorganic and organic substances can be utilized. It is seen
that the electron donors are sacrificial, i.e. they are oxi-
dized on course of the photocatalytic water splitting.[30]
When organic substances are added as donors for water
splitting, one must also bear in mind the possibility of their
direct photocatalytic degradation coupled with hydrogen
production.[30,33]

Naturally, when speaking of sacrificial electron donors,
putting non-biodegradable recalcitrant water pollutants into
that role presents a possibility of two problems, waste
decomposition and fuel production, being solved simul-
taneously. Variable hydrogen yield upon the changes in
wastewater composition may still be considered as a bet-
ter option than straightforward degradation of the pollutants
without getting beneficial side-products. Different pollutant
classes have been shown yielding to hydrogen-producing
photocatalysis, such as aromatics, dyes, organic acids, urea
and urine, estrogens, chemical warfare agents, etc. [1,28—
30,34,35]. Photocatalysis could effectively serve as pre- or
especially after-treatment stage in combination with con-
ventional treatment methods for the removal of recalcitrant
pollutants.[36]

Humic substances (HS) are the coloured ultimate
products of plant tissue decomposition of a polyaromatic
character with carboxylic and phenolic groups. Being objec-
tionable to water end users, HS are resistant to biological
oxidation and HS present a hazard as a source of car-
cinogenic and mutagenic trihalomethanes formed as a
result of water chlorination.[37,38] Abundantly formed
in landfill leachate due to anaerobic decomposition of
lignocellulose,[39] HS are of great concern due to bonding
aqueous toxics such as heavy metals and organic pollutants,
e.g. pesticides.[40] Bonding makes the toxics soluble in
complex form and thus difficult to remove by conventional
water treatment methods.[41]

Waste streams, such as landfill leachates, or natural sur-
face waters containing sufficient quantities of HS, may
be of great interest for the production of clean non-fossil
fuel, hydrogen, with HS serving as a sacrificial electron
donor in photocatalytic water splitting: non-biodegradable
waste decomposition and fuel production by a cost-efficient
method are achieved simultaneously. Since photocataly-
sis is powerful, but slow process, in this work the authors
were interested in testing the abilities of several selected

photocatalysts for the establishment of maximal hydrogen
and oxygen production within a relatively short treatment
time.

The goal of the present study is the comparison of
several visible light-utilizing titanium-dioxide-based pho-
tocatalysts in terms of producing hydrogen from humic
acid sodium salt (taken as a representative of HS) solu-
tions under simulated solar irradiation, combining organic
pollutant removal with fuel gas production.

2. Materials and methods

The experiments were conducted using 5 ml of the synthetic
solutions of humic acid sodium salt (HA, CAS 68131-
04-4, Arcos Organics), with the initial concentration of
100mg L~"; photocatalysts were used as 1 gL~" slurries
stirred at 350 rpm. Schematic outline of the experimental
setup can be seen in Figure 1. The reactor was a glass
vial equipped with magnet stirrer; the vial was placed
in a hermetically sealed metal reactor (interior volume
48.2 ml) with a window on top for the solution illumination.
Solar simulator (Abet Technologies) with the equivalent
of 1 SUN (100mW cm~2) was used as the radiation
source; a Petri dish with water layer was placed between
the reactor and solar simulator to cut off IR part of the
radiation spectrum. The solution was purged with nitrogen
(0.15Lmin~") for 0.5h before the experiment to elimi-
nate oxygen, and then the reaction system was purged for
another 0.5 h with argon (0.1 L min~'), which was used as
the carrier for the gas chromatography system in subse-
quent reaction gaseous products analysis. At the start of
the experiment, oxygen was present neither in the solu-
tion nor in the reaction system. The treatment time 4 h
was chosen to obtain at least 50% HA removal by P25
Evonik, often applied as a reference photocatalyst, and
enable comparison of the photocatalysts’ potentials in water
splitting in terms of gaseous products amounts. For the
HA concentration measurement, the analytical procedure

Solar

simulator

Petri dish with water

Ar line I I To GC-FID

—

Reactor with humic

acid solution
Magnet — ]

?= ) Stirrer

Figure 1. Schematic outline of the photocatalytic experimental
setup.
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used previously was applied:[42] after filtration, colour at
455 nm was determined with the Thermo Scientific Evalua-
tion 300 UV—Vis dual-wavelength spectrophotometer with
the results interpreted using VisionPro software. In the end
of each experimental run, the gaseous products in 1-ml
sample were analysed using the Hewlet Packard Gas Chro-
matograph, model #61540A with the thermal conductive
detector and the flame ionizer detector, with the concentra-
tions expressed as parts per million (ppm). A combination of
the mentioned detectors allows measuring both combustible
and non-combustible (i.e. CO,) gaseous products of HA
degradation. The experiments were performed at pH around
6.5, which was monitored along the experiment together
with the temperature, but not adjusted. During the experi-
mental runs, the pH changes were small, mostly an increase
of 0.2-0.3. Adsorption of HA, which may be an important
step preceding the immediate degradation reactions,[43]
was investigated at the same temperature conditions in the
dark, with the amount of adsorbed HA calculated from batch
mass balance using initial and final HA concentrations on
the solution.

Copper-containing hydrogen-treated titanium dioxide
sample was synthesized by sol-gel method, as described
by Chen et al.,[44] loaded with pre-calculated amount of
copper (I) acetate to achieve 0.5% of copper in the catalyst,
dried under vacuum and then calcinated at 400°C for 3 h.
This was followed by the drying period at 200°C with H,
gas introduced to the pressurized compartment at 200°C and
25 bar. The sample was left in the reactor for 3 days and then
cooled down to ambient temperature. Platinum-containing
photocatalyst was produced by Vorontsov et al.,[45] referred
in their publication as the specimen C. Cobalt- and tungsten-
containing photocatalysts were obtained by the hydrolysis
of TiCl; (15% solution in 10% HCI, Merck) in the pres-
ence of cetyl trimethylammonium bromide (0.005 g ml™!,
Merck) as the template with dopant sources, Co(OOCCH3),
(9.4ugml™! solution) and Na,WO, (1.17 pgml~" solu-
tion), respectively, added to the solution. The precipitate
was dried at room temperature and calcinated at 400°C
to remove template. Iron-containing titanium dioxide sam-
ple was prepared by a variation of sol-gel method: 75 ml
of Ti(OBu), (25% solution in #-butyl alcohol, Merck)
was sprayed into 1 L of pre-sonicated Fe,O; suspension
(0.5gL~"). Hydrolysis was followed by sonication, and
after drying at room temperature the product was calci-
nated at 200°C. After calcinations, all the last three catalysts
were washed with hot, 70—80°C, distilled water applied
in a sequence of 15 rounds, making about 1L of rinsing
water per 1 g of catalyst, to clean them from any possible
water-soluble compounds.

The crystallinity, crystal structure and phase composi-
tion of cobalt, tungsten, iron and nickel-containing titanium
dioxide were analysed using Scintag Pad V Siemens (Cu K«
irradiation source) X-ray diffraction (XRD) spectroscope.
Surface morphology was examined by scanning electronic
spectroscope (SEM) JEOL JSM-6480LV equipped with

energy-dispersive spectroscope. The crystal structure of
copper-containing catalyst was determined with XRD mea-
surements using a Scintag XDS 2000 X-ray diffractometer.
Quantitative measurements of the samples’ composition
were performed with an ARL 3410 + inductively coupled
optical emission spectrometer.

3. Results and discussion
3.1. Photocatalysts characterization

Figure 2 shows the XRD spectra of the doped titanium
dioxide photocatalysts. It can be seen that platinum-, iron-
and tungsten-containing photocatalysts are composed of
anatase: peaks(101),(004),(200),(105)and (204) were
clearly visible, with (1 0 1) peak having the highest inten-
sity. Tungsten-containing titania sample showed the less
pronounced peaks, indicating relatively amorphous struc-
ture in comparison with other catalysts. Iron-containing
photocatalyst showed two peaks of a-Fe, O3, (1 0 4) and
(110).

On the other hand, CuO- and Co-TiO, samples exhibit
both anatase and rutile phase; for rutile, (1 1 0) and (1 0
1) peaks were the most pronounced, with (1 1 0) possess-
ing the highest intensity. The anatase phase percentage was
determined according to the following equation:

100 x Ia

[A1% = ———————
In + 1265 x Iy

(€]
where /5 and Iy are the anatase phase plane (1 0 1) and rutile
phaseplane (1 10), respectively. The Co-TiO, photocatalyst
contains anatase in the amount of 71% and Cu,.O-TiO, 80%.

According to optical emission spectroscopy measure-
ments, the dopants content is shown in Table 1. It shows the
general dopant to titanium ratio between 0.15% and 0.53%.

3.2. Adsorption experiments

At the applied experimental conditions, ca. 16% of the ini-
tial HA amount was adsorbed on the surface of Pt-TiO,,
whereas in the case of other photocatalysts it was negligi-
ble (well below 1%). Accordingly, surface reactions play
important role in HA removal at platinized titania, while
theirrole in case of other photocatalysts applied is negligible
(minor).

3.3.  Photocatalytic degradation experiments

The experimental results of the HA aqueous solution pho-
tocatalytic treatment can be seen in Table 2. One can see
that the best humic acid removal was obtained with P25,
which also gave the best oxygen production. With hydro-
gen production, however, platinum-doped photocatalyst
showed unsurpassed results, producing 94 ppm of hydro-
gen gas in 4 h; ca. 29% of humic acid was removed with
this catalyst. Taking into account the estimated mass of
HA of 226 Da and the volumes of solution and gas (see
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Figure 2. X-ray diffraction patterns of the photocatalysts.

Table 1. The dopant content measured by optical emission
spectroscopy.

Co w Fe Pt Cu Ti

Catalyst (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)
Pt-TiO» - - — 1619  — 518989
Cu,O/H-Ti0y  — - - — 4200 560,600
Co-TiO, 842  — - - — 569,353
Fe-TiO, 85  — 3011 — — 566,856
W-TiO, 228 1280 — - — 561,701

Section 2), 0.25 uwmol H, was produced per 1pmol of
HA removed. Platinized photocatalyst was able to produce
24 ppm of oxygen, with up to 4 ppm of each methane, ethane
and ethene. Hydrogen-treated copper-doped titanium diox-
ide was also capable of producing hydrogen: 15ppm H,
was produced, together with over 280 ppm of oxygen, and
traces of methane and ethene with ca. 6% of the initial
humic acid removed. Cobalt-doped titanium dioxide, sim-
ilar to P25, showed good oxygen production with some
trace amounts of light hydrocarbons; although the oxy-
gen production rate is inferior to that of P25, the amount
of humic acid consumed to obtain this result is dramati-
cally smaller, about 9% of the initial concentration. Oxygen
yields for P25-, cobalt- and copper oxide-doped titania
are 0.45, 2 and 3.5 p mol O, umol’l HA, respectively, i.e.
the best oxygen production is achieved by Cu,O/H,-TiO,.
Iron-doped photocatalyst was not able to split water into
hydrogen and oxygen, but succeeded in producing signifi-
cant amounts of CO together with traces of low molecular

weight (LMW) hydrocarbons degrading modest amount
of humic acid. Finally, tungsten-doped sample, although
being able to remove up to 12% of humic acid, was able
to produce only trace amounts of methane. This suggests
only partial HA degradation to aqueous by-products tak-
ing place: the combination of practical lack of gaseous
degradation products and noticeable HA removal detected
spectrophotometrically implies primarily to the damaging
of chromatophore parts of HA molecule, producing the
noted solution discoloration.

Before explaining the observed differences in various
photocatalysts’ performance, one should look into the dif-
ferences in their behaviour originating from composition,
i.e. different dopants. According to Matsuoka et al.,[46] ele-
mentary platinum particles, deposited on titania, can serve
as electron traps, which prolongs the lifetime of positively
charged holes and also ease the formation of hydrogen
from protons; formed hydrogen atoms are adsorbed on
the surface of platinum particles, combining there into
molecules. Platinum also reduces the overpotential for
hydrogen evolution.[47] It has also been reported [33] that
hydroxyl groups may dissociate on palladium particles,
producing hydrogen, whereas platinum and palladium are
similar in their properties. Doping with transition metal ions
(in this case, Co, Fe and W) was shown in the literature
not only to increase the wavelengths diapason for titanium
dioxide excitation, producing red shift, but also to serve as
electron and hole traps,[28] effectively promoting charge
separation and preventing recombination. Metal oxide-
doping (Cu,O, Fe,03) of titanium dioxide can promote
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Table 2. The results of anoxic photocatalytic treatment of humic acid aqueous solution

(100mgL~ L pH 6.5, treatment time 4 h).

HA removal H» (6] CHy4 CyHg CyHy CO
Catalyst (%) (ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)
P25 52.5 0 309.5 0.3 0 0 0
Pt-TiO, 29.1 94.3 24.2 4 1.6 4.1 0
W-TiO, 11.7 0 0 0.2 0 0 0
Co-TiOy 8.9 0 232 0.3 0 0.5 0
Cu,O/H,-TiO3 5.8 153 282.3 0.2 0 0.1 0
Fe-TiO5 55 0 0 0.4 0 0.1 90.5

electron-hole separation due to the differences in two semi-
conductor oxides’ band-gap energy values.[28] Hydrogen
treatment of semiconductor photocatalysts increases the
overall amount of surface defects, mainly oxygen vacan-
cies, that can also serve as hole traps for efficient charge
separation. From the other side,[33] treatment of oxygen-
free organics-containing solutions results in hydrogen orig-
inating both from water splitting and from the cleavage of
organic molecules; the latter process also produces CO and
CO,, together with LMW alkanes and alkenes, as it was
actually observed in the current study.

Summarizing, in relatively short-time experiments the
catalysts seem to be clearly differentiated in terms of
gaseous products yield. Hydrogen production with HA
appears to be directly tied to LMW hydrocarbons pro-
duction: both seem to proceed simultaneously and they
appear to be interdependent. The majority of hydrogen
thus originates not only from water splitting but also from
HA molecule cleavage, where the shortest pathway for
hydrogen production is hydroxyl groups’ dissociation on
platinum particles, which also serve as electron traps. This
is in complete accordance with the available literature
data [30] and is further supported by adsorption results.
Oxygen production, on the other hand, in the amounts actu-
ally observed is more likely the result of water splitting:
indeed, in case of oxygen-producing photocatalysts, the
amount of HA removed by them differed by an order of
magnitude, whereas their results in oxygen production were
comparable. As a result, it can be seen that under anoxic
conditions, HA can successfully undergo photocatalytic
splitting, producing hydrogen.

4. Conclusions

Short-time aqueous photocatalytic treatment of humic acid
solutions was undertaken in anoxic conditions using several
titanium dioxide-based photocatalysts. Notable hydrogen
and oxygen production was observed, whereas the perfor-
mance of the photocatalysts could be clearly differentiated
in terms of gaseous products composition. The difference in
the photocatalysts’ performance can be explained by differ-
ent mechanisms responsible for hydrogen production, i.e.
direct humic acid molecule splitting versus humic acid serv-
ing as sacrificial electron donor for water splitting, whereas

the relative prevalence of one mechanism over another
depends on the way of catalysts’ synthesis and composition.
The direct humic acid splitting results in higher hydro-
gen yield; oxygen production, on the other hand, could be
attributed to water-splitting reactions.
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nihtavas valguses aktiivsete fotokataliisaatorite siintees, omaduste ja t66 uurimine.
Reaktsioonimehhanismide uurimine. Kataliisaatorite rakendusviiside uurimine.
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7. Uurimisprojektid

Projekt SF0142719s06 (2006-2011): Tehnoloogiliste protsesside intensiivvistamine
aktuaalsete keskkonnaprobleemide lahendamiseks

Projekt ETF7541 (2008-2010): Néhtavas valguses aktiivsete fotokataliisaatorite
stintees ja nende kinnitamine pindadele saasteainete mineraliseerimiseks

Projekt GUS10 (2010-2012): Fotokataliilisi kombinatsioon fermentatsiooniga
vesilahustest vesiniku ja hapniku tootmiseks

Projekt ETF8978 (2012-k.a.): Toksiliste keskkonnaohtlike ainete lagundamine vees
fotokataliiisi ja bioloogilise oksiidatsiooni kombineerimisel ning Ohus
fotokataliiiisiga

Projekt TUT1-7 (2013-k.a.): Keemiatehnikapohine ldhenemisviis prioriteetsete

saasteainete ja uute esilekerkivate mikrosaasteainete korvaldamisele veest/reoveest
ja pinnasest: tdiustatud okstidatsioonitehnoloogiate kasutamine ja optimeerimine
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