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Experimental arrangements for determining the photocatalytic activity of Au/TiO; in
air and wastewater purification
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Photocatalytic material, representing 0.5wt% AuU/TiO,, has been synthesized using the deposition-precipitation
method (DP), on the basis of the commercially available TiO, (Degussa P25), modifying it with nanosized gold
nanoparticles. The single point BET specific surface area has been found to be 52 m?/g. The Au/TiO; slurry has been
deposited on an Al TLC sheet pre-coated with SiO, and characterized by SEM revealing uniform thin film coating. The
TPR profile proved the presence of oxidic species around the nanosized gold particles and transformation of some Ti%*
to Ti** enhanced by gold in close vicinity. The photocatalytic activity in air purification from ethylene has been
measured in a continuous flow flat-plate gas-phase photocatalytic reactor (illumination intensity of 0.14 W/cm?). The
reactor configuration was improved with gas circulation pump and air splitter. The efficiency of the Au/TiO suspension
has been tested in model wastewater purification from 4-chlorophenol in a semi-batch slurry reactor (illumination
intensity of 0.05 W/cm?). Both photocatalytic experiments proved that the gold-doped TiO, is superior in its
performance to the Evonik TiO2 P25 commercially available photocatalyst due to charge separation and prevention of

the electron-hole recombination.
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INTRODUCTION

4-chlorophenol is a popular model pollutant,
selected in photocatalytic studies, as it often
appears in industrial wastewaters from the
production of diazo dyes or pesticides [1, 2].
Chlorophenols are of special interest due to their
high toxicity and low biodegradability [3].
Different semiconducting metal oxides have been
studied in the photocatalytic oxidation of organic
contaminants [4, 5] and TiO- is generally accepted
to be the most active photocatalyst among them all
[6]. Ethylene (C:Hs) is the most widely
manufactured petrochemical, which causes air
pollution in industrial sites, [7, 8] and for this
reason C,H,4 and its chlorinated derivatives (applied
as solvents) are often selected as model air
pollutants in photocatalytic decontamination studies
[9- 16].

There is debate in the current literature about
modifying TiO, with noble metals, whose clusters
possibly separate the charge carriers (capturing the
photoexcited electrons) and leaving behind the
positively charged holes to act as active sites for
oxidation reactions [2, 4, 6, 8, 15]. This supposition
is based on the existence of Schottky barriers on the
metal/semiconductor oxide inter-phase boundary,
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preventing the return of the photoexcited electrons
to the oxide phase (recombination) [17, 18]. In
order to test this hypothesis we chose to deposit
gold nanoparticles on commercially available TiO;
Degussa P25. If it is correct one can expect increase
in the photocatalytic activity of the AuU/TiO;
composite in view of the fact that longer life-time
of holes will result in generation of larger number
of hydroxyl radicals on this type of active sites. It is
known, in fact, that these hydroxyl radicals are the
active particles in a radical-chain type of oxidation
reaction mechanism. Increasing the gold content,
however, decreases the adsorption capacity of TiO>
and reduces the reaction rate, i.e. too high metal
content could be an unfavorable factor [17]. There
are studies, which claim that metal clusters can
cause photon absorption in the visible range, which
would considerably increase the utilization of a
larger portion of the solar light spectrum and this
would make the photocatalysts applicable on an
industrial scale [18]. Details about the optimal
reactor configurations are to be found in [25, 26].

EXPERIMENTAL

Synthesis of Au/TiO, photocatalytic composite
material

Photocatalytic material has been synthesized
using the deposition-precipitation method (DP), on
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the basis of commercially available TiO, (Degussa
P25), modifying it with nanosized gold
nanoparticles. The deposition was aimed at
achieving an optimal gold loading of 0.5% by
weight preserving to a great extent the high
adsorption capacity of TiO,. First, the TiO, was
suspended in deionized water by sonication
(Ultrasonic Processor Hielscher UP200S, Germany)
aimed at disintegration of the agglomerates and
obtaining a stable slurry. Then an agueous solution
of HAuCl, and K2COs3 was added to the suspension
and the interaction process was carried out at
constant pH of 6.8 and reaction temperature of
60°C. After ageing for 1 hour the precipitate was
carefully washed until complete elimination of
chloride traces was achieved. Then it was dried first
in vacuum at 80°C and then calcined in air at 400°C
for 2h. The entire synthesis procedure was carried
out with high degree of reproducibility using
computer-controlled laboratory reactor Contalab
(Contraves AG, Switzerland) under complete and
precise control of all reaction parameters: reaction
temperature, pH factor of the medium, stirrer speed,
reactant feed flow rate.

Single point BET measurements

The standard reference photocatalyst TiO;
Degussa P25 (80% anatase, 20% rutile), had a
specific surface area of 50m?/g, measured using
30%N, +70%He mixture in order to obtain
adsorbed N, monolayer at the boiling temperature
of liquid nitrogen (77 K). The obtained value for
the gold modified sample was 52 m?g — the
difference between the two values is of the order of
the experimental error so it can be accepted to be
practically the same.

Deposition of thin film coating on TLC sheet

The powdered photocatalytic  material,
representing 0.5%Au/TiO, Degussa 25, was tested
in regard to its photocatalytic activity in air
purification from ethylene. The color of the powder
material is grayish-violet. An amount of 56 mg of
the material was weighed on an analytical balance
Precisa XB 220A (Switzerland) in order to obtain a
thin film coating of 1 mg/cm? on a flat sheet of
geometric area of 56 cm?. The piece of sheet has
dimensions 13.4 cm x 4.2 cm with rounded up
corners — it was cut out of TLC foil (thin layer
chromatography aluminum sheet 20 cm x 20 cm
Merck, Art.5554). It is commercially available pre-
coated with silica gel 60 F2s4 having layer thickness
of 0.2 mm. TiO. suspensions form thin film
coatings on silica gel having very good adhesion
properties (high sticking coefficient) because of the

similar chemical nature of TiO, and SiO.. The
sample amount was transferred into a 5 ml
volumetric flask and deionized water was filled up
to the mark. Then the suspension was treated in
ultrasound bath for 15 min to disintegrate the
agglomerates using Hielscher Ultrasonic Processor
UP200S (Germany) under the following conditions:
24 kHz ultrasound, impulse regime of cycle 0.5,
intensity 70% of the maximal amplitude. After the
sonication the suspension was deposited drop-wise
on the TLC sheet using a capillary with a directing
air stream to obtain uniform coating. The coating
was dried using an air-drier and left to stay
overnight before the photocatalytic activity testing.
Then the TLC sheet with the so obtained thin film
coating of 0.5%Au/TiO, Degussa 25 (1 mg/cm?)
(Figure 1) was mounted in the reactor nest of a
POLITEF gas-phase flat-plate continuous flow
photocatalytic reactor reported in our previous
paper [19].
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Fig. 1. Secondary electron image of uniform coating
of Au/TiO; deposited on SiO, pre-coated TLC alumina
sheet at magnification x 500 and 15 kV acceleration
voltage.

RESULTS AND DISCUSSION
TPR Measurements

Titania is among the nonreducible bulk oxides,
the standard free energy change (AG®) for reduction
has a high positive value of about 200 kJ mol* [20].
The TPR profile of an Au/TiO, sample containing 3
wt% of Au is shown in Figure 2. The detector
sensitivity is not enough concerning the samples on
TiO2 with lower Au content. The two registered
peaks are with very low intensity. The small LT
peak at about 50 °C (HC of only 0.003 mmol/g) can
be assigned to the oxidic species around the
nanosized gold particles [21]. The peak in the
temperature interval 400-500 °C (0.01 mmol/g)
could be connected to the transformation of some
Ti* to Ti*" enhanced by gold in close vicinity.

979



A. Eliyas et al.: Experimental arrangements for determining the photocatalytic activity of Au/TiO2 in air and ...

There are literature data for TiO, concerning the
possibility of Ti®" existing. Since Ti®*" ions are not
characteristic of anatase, they are assumed to be the
places of localization of the hydroxyl groups [22].
Hadjiivanov et al. [23] have reported about anatase
reduction with hydrogen at 400 °C (100 Torr of H»
for 1 h) leading to the formation of some Ti%*ions.
Supplementary to the main anatase phase, small
quantities of Ti,O3 and Ti4O7 have been registered
by XRD in the case of titania supported on
activated carbon. The existence of these Ti%* ion
containing phases were explained by the reducing
effect of the carbon [24].

Detector res ponse

ﬂl j 1= -1 -] eHm . -1] [ -] Tim [ 1] [ -]
Temperature,'C

Fig. 2. TPR profile of 3%Au/TiO, composite
photocatalyst sample.

Continuous flow /flow-circulation photocatalytic
reactor

The construction of the POLITEF flat-plate gas-
phase continuous-flow photocatalytic reactor
(Figure 3), reported previously [19], has been
improved by creating a circular contour: reactor-
gas pump [20]. Thus the reactor is transformed
from plug-flow type PFG reactor [21] into an ideal-
mixing type of reactor, when the gas circulation
rate inside the circulation contour is more than 50
times greater than the feed flow rate at the reactor
inlet [20]. The conversion degree of ethylene, used
as a model air contaminant, this time was measured
under heavy-duty conditions for the catalyst (in the
present study 5% = 50 000 ppm CxHy) — much
higher than the concentration used previously
(1000 ppm) [19]. The feed concentration of
ethylene at the inlet of the reactor is the same as
that at the outlet of the reactor when there is no
illumination - the reaction is not occurring at room
temperature in the dark. In both cases — with
illumination and without illumination the
LANCOM Il gas analyzer (England) is connected
to the reactor outlet, measuring feed concentration
(the light is off) or converted mixture concentration
(the light is on). Multiple flow controller
MATHESON model 8249 (Belgium) was used to
feed the reactants to the reactor. There are two N>
980

flow rates: 30 ml/min dry N (directly into the
reactor), while 15 ml/min moist N, passes first
through a deionized water saturator. The
temperature of the saturator was maintained
constant using a thermostat set at 25°C. The
concentrations of the feed mixture at the inlet of the
reactor were 84% N, 11% O, 5% C,Ha. All the
experimental runs were carried out at one and the
same contact time 4.5 min (highest possible contact

time) to obtain the highest conversion.
2 x 8W BLB lamps

Quartz plate
5x15x 0. Scm

10 ¢m distance

— outlet

inlgt ——- \
Ring seal
C;H, Flat plate photocatalytic material

13.5x4.2¢m
I

Th ermostat

LANCOM Il Gas Analyzer
] oo
00 0, sensor, CxHy sensor
CO sensor, CO, sensor
Four channel Matheson mass flow controller
Fig. 3. Gas-phase flat-plate continuous flow

photocatalytic reactor, equipped with mass-flow
controller and multi-sensor gas analyzer.

The ethylene contact time was calculated as the
time interval within which a volume of ethylene
equal to the volume of the reactor is passing
through the reactor (residence time) — the reactor
volume is 11.2 cm® and ethylene feed flow rate is
2.5 ml/min. All other conditions were preserved the
same — oxygen/ethylene feed ratio and optimal
relative humidity of 30%. The relative humidity is
calculated as the feed flow rate of moist N (15
ml/min) related to the total feed flow rate (53.5
ml/min). As a result of the transition from the
diffusion region to the kinetic region of operation
and elimination of concentration gradients and the
dead zones, existing previously [19], the
performance was improved considerably. The
performance of this new photocatalytic material is
to be compared with the standard reference
photocatalyst TiO, Degussa P 25 (75% anatase +
25% rutile with average anatase particle size 25
nm). The small nanometer size of both types of
photocatalyst particles excludes in advance the pore
diffusion retardation effect and so there is no need
of grinding the catalyst and collecting specific sieve
fraction, as is the case with classical catalysis and
industrial catalysts, tested under laboratory
conditions. A sheet of desired dimensions
(13.4x4.2 cm) is cut out and accommodated in the
reactor nest, giving an illuminated surface area of
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56 cm?. The illumination window was a flat plate
quartz glass, enabling the use of two UV light
lamps Philips TUV 4W/G4 T5 (Holland), achieving
illumination intensity of 0.14 W/cm?at illumination
distance 0 cm. The use of non-gradient external gas
circulation catalytic reactor simplifies to a great
extent the mathematic task of calculating the
reaction rates [19]. In this specific case the reaction
rate. R (mol/h.g-cat) is calculated simply by
dividing the conversion degree of the substrate (in
our case — ethylene as a model air pollutant) by the
contact time t (h.g-cat/mol).

The use of a circulation contour: reactor-
gas pump and the creation of ideal mixing
conditions do not affect, however, the depth of the
kinetic region. As in our previous work [19] the
optimal thickness of the TiO; film coating remains
about 1 mg of photocatalyst per 1 square
centimeter. When this film thickness is increased
the lower layers suffer from CyHs diffusion
limitations. The highest conversion degrees were
achieved with the gold-doped sample and UV-C
light at the highest contact times of ethylene (4
min) and optimal relative humidity of 28% - Table
1. It can be seen from the data in Table 1 that with
all the three different types of illumination the
performance of the gold-doped sample is superior
to the non-doped TiO, samples. The visible light
photocatalytic activity can be attributed to the rutile
TiO, component of Degussa (band gap 3.0 eV and
Amax = 413 nm, i.e. activation by visible light) but it
is difficult to explain such a huge promoting effect
by gold-nanosized particles, which are supposed
only to increase the charge carriers separation and
promoting the lifetime of the oxidation sites, i.e. the
positively charged holes.

Flow-splitter calibration

The second improvement was the application of
a flow-splitter at the reactor outlet to improve the
precision of the analyses. The LANCOM Il gas-
analyzer (Land Instruments Co., UK), used for the
analyses of the feed mixture and of the converted
reaction mixture, creates a problem as it is
equipped with a powerful sucking pump creating
under-pressure in a small-scale laboratory reactor.
In fact this gas-analyzer is designed for use in
industrial chimneys at great gas flow velocities to
analyze the flue gas. In order to avoid the under-
pressure problem in the photocatalytic reactor we
had to use a three-way fitting with a loose end —
now the analyzer is sucking in the converted
mixture together with laboratory air (Figure 4). The
ratio between the two split flow rates was
calculated for each case based on the gas-analyzer

pump productivity (constant) and the specific outlet
mixture flow rate (variable) — the latter is specific
for each experimental run. So the ratio is also a
variable. This calculation is not sufficiently
accurate. We applied precision calibration using a
cylinder of standard gas 19.25% COg, to determine
the ratio between the two split flow rates after the
reactor outlet and before the LANCOM Il gas-
analyzer. The analyzer detected 0.36% CO,, which
is 53.47 times lower than the actual CO:
concentration. Based on these two values one can
calculate that the ratio between the air flow, sucked
in by LANCOM and the flow of converted mixture
at the outlet of the reactor is:

Fair : Fouu=53.47:1

Therefore one can calculate the actual CxHy,
obtained as a result of the photocatalytic reaction at
the reactor outlet by multiplying Cmeasured by 53.47.

LE

Fs

GA

4HP_

Fig. 4. Block-scheme of a flow-circulation
photocatalytic reactor: R-reactor, P —pump, FC — flow
controller, FS — flow splitter, LE — loose end, GA — gas
analyser

Photocatalytic activity measurements in a semi-
batch stirred suspension reactor

The experimental runs for waste water
purification were carried out in a semi-batch stirred
suspension reactor using 4-chlorophenol as the
model contaminant with a concentration of 350
mgC/L. The reactor is “batch type” with respect to
the charged amount of photocatalyst (slurry 200 mg
in 200 ml 4-chlorophenol solution). At the same
time there is continuous air flow through the
suspension — it is accepted to denote such
combination as ‘“semi-batch reactor”. The
photocatalytic reactor has a total volume of 300 ml
volume (diameter of the reactor 11.2 cm). The
reactor is equipped with an electromagnetic stirrer.
A sample of the studied photocatalytic powder
material is added (200 mg) gradually upon stirring
(400 rpm) and bubbling atmospheric air through the
suspension, fed by a micro-compressor RESUN
AC-2600B at a flow rate of 88 ml/min. The air is
fed into the reactor through 2 frits, situated
symmetrically on both sides of the UV lamp,
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dispersing the air flow in very small bubbles to
ensure saturation of the aqueous phase with
dissolved oxygen in large stoichiometric excess,
compared to the model pollutant 4-chlorophenol.
The illumination is achieved by means of a Philips
UV-C lamp TUV 4W/G4 T5 (4 Watts), which
ensures monochromatic illumination at wavelength
A =253.7 nm. The lamp is located at a distance of 3
cm from the illuminated suspension. The light
intensity is 0.05 W/cm?2. The lamp is covered with
an aluminum foil reflector to concentrate the light
intensity downwards towards the suspension. In the
case of using visible light (Tungsram lamp of 500
Watts) the distance of illumination was 50 cm and
the illumination intensity was 8.9 Watts/cm?.

Table 1. Comparison of CoHs conversion degrees
over 0.5%Au/TiO; and TiO, Degussa P25 photocatalytic
materials (film coating 1mg/cm?) in continuous flow
regime. Conditions: 51010 ppm feed CiH4
concentration, UV-C illumination intensity 0.14 W/cm?,
56 cm? illuminated area, ethylene contact time 4.48 min,
28% relative humidity

Photocatalytic Type of  Intensity of CaH4
material illumination illumination Conversion
0.5%Au/TiO,  UV-C light 0.14 W/cm? 88 %

TiO; Degussa P25 UV-C light 0.14 W/cm? 63 %
0.5%AUu/TiO,  UV-Alight 0.14 W/cm? 87 %

TiO, Degussa P25 UV-A light 0.14 W/cm? 40%
0.5%Au/TiO, Visible light 8.9 W/cm? 69%

TiO, Degussa P25 Visible light 8.9 W/cm? 3%

The photocatalytic activity testing was carried
out in the course of 5 hours taking 5 ml samples at
regular time intervals (1 hour). The photocatalyst
powder is filtered through a double-layer Whatman
42 filter paper (ashless, slow filtering, fine
crystalline, Cat. No. 1442 110). The concentration
of carbon in the chlorophenol measured with a
Total Organic Carbon analyser TOC Shimadzu
Model VCSH. Then taking the initial concentration
and the concentration at a given moment of time
(after switching on the lamp and starting the
illumination) i.e. at a given time interval of
illumination we evaluated the degree of conversion
of 4-chlorophenol, which was accepted as a
measure of the photocatalytic activity. The
dependence of the chlorophenol conversion degree
on the time of illumination for the 2 photocatalytic
materials is represented in Table 2.

The dependence is initially almost linear tending
to a plateau (4" — 5" hour) indicating probable
deactivation that could be due either to some
impurities in the chlorophenol or to some kind of
polymerization of the chlorophenol on the surface
in view of its two functional groups and possible
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interaction with the surface hydroxyl groups on
TiO..

Table 2. Comparison of the degree of 4-chlorophenol
conversion as a function of the time interval of
illumination in [mg C/L], measured with total organic
carbon analyzer (TOC Shimadzu VCSH) over
0.5%AU/TiO,, Degussa P25 (Spain) at initial
concentration 350 mgC/L and Degussa P25 (Bulgaria
Conc 63 mgC/L).

Degree of conversion of
4-chlorophenol (%) as a function of

Phost;)r?%[?elyﬁ the time interval of illumination
1 2 3 4 5
hour hours hours hours hours
Sample 1
AU/TIO; 11.6% 14.1% 17.7% 23.9% 26.1%
Degussa
Sample 2 -
Tiozs‘[’)ae'gussa 0.7% 113 14.8% 17.1% 20.7%
P25
Sample 3 -
BG 8.9% 10.2% 12.7% 16.3% 19.5%

Degussa P 25

CONCLUSIONS

The gold-doped photocatalytic ~ material
0.5%AUu/TiO; exceeds TiO, Degussa P25 in its
photocatalytic performance in the reaction of air
purification from ethylene in heavy duty
experiments (5% feed C;Hs concentration) in all
photocatalytic activity testing experimental runs —
under UV-C, UV-A and visible light illumination in
continuous flow experiments (Plug Flow Reactor
PFG, operation in the diffusion region). The
configuration of the reactor was improved by
including gas — flow circulation pump and a GC
flow splitter to achieve operation in the kinetic
region. The role of the gold nano-particles is to
serve as electron traps of photoexcited electrons,
preventing their recombination with the positively
charged holes in the TiO,. In this way the photonic
efficiency (quantum vyield) is increased as the holes
have longer lifetime - the Schottky barriers at the
metal/oxide inter-phase boundary are blocking the
return of the photo-excited electrons to the oxide
phase. Thus the holes, being the photocatalytically
active sites for oxidation reactions, prolong their
lifetime and increase their turnover number. It is
more difficult to explain the visible light activity —
in TiO, Degussa it is due to the rutile phase having
a band gap of 3.0 eV, activated by visible light and
it is not very high (3%). The extension of the light
absorption band edge to visible light in the presence
of gold nanoparticles is yet to be explained.
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ODPOPMIJIEHME HA EKCIIEPUMEHTAJIHATA KOHOUT'YPALIMSA 3A USMEPBAHE HA
OOTOKATAJIMTUYHATA AKTUBHOCT HA Au/TiO23A OUUCTKA HA BB3AYX U
OTIHAABYHHM BOJU

A. Emusac!”, I1. Terposal, ®@. X. Jlonec-Tensno?, JI. Tomosal, A. Mapunac?

Y Uuemumym no kamanus, Bvreapcka akademus na naykume, 1113 Cogus, Bvieapus
2 Kameodpa no opzanuuna xumus, Yuueepcumem e Kopooba, Kamnyc Pabananec, Czpaoa ,, Mapus Kiopu “, E-14014-
Kopooba

Moctenuna Ha 29 anpun, 2014 r.; kopurupana na 15 ronu, 2015 r.
(Pestome)

Cuntesupan 6¢ porokaTanuTuueH matepual, npeactasissain] 0.51% Au/TiO,, ¢ npriaraHeTo Ha METOa OTIIAraHe-
yrasBare (DP), usnmomsyBaiiku Teproecku npoaykt TiO. ([deryca P25) moaubumupaiiku ro ¢ HAaHOpa3MEpPHHU 37aTHH
yacThiu. [Ipaxoo6pasHUAT MaTepHal uMa crenupuIHa IUION] HAa TOBBPXHOCTTa 52 M?/T M3MepeHa Mo eHOTOYKOBHS
BET wmeroa. Cycnensusta Ha Au/TiO2 6e oTiokeHa kato mokputue Bppxy Al miaka 3a ThHKOCHOIHA XpoMarorpadusi,
¢ TpeaBapUTeNHO HaHeceHO mnokputue oT SiO,. IlokputHeTo O¢ OXapaKTEepU3HPaHO ChC CKAHUPAL] EJIEKTPOHCH
mukpockon (CEM), mpu koero 6e¢ HabmomaBaHO paBHOMEpHO pasmpeaeieHue Ha 1102 Bopxy SiO; cnoit. TIIP
npodIIBT IOKa3a NPUCHCTBHE HA OKCHIHU (OPMH OKOJIO HAHOPA3MEPHUTE 3JIaTHU YacTHLM M MpeoOpa3yBaHETO Ha
gact ot Ti* iionu B Ti®" iioHH, KOETO Ce TO/TOMAara OT MPUCHCTBHETO HA METAJTHO 3JIaTO B HETIOCPEICTBEHA OIIH30CT.
doTokaTaIUTHYHATA AKTUBHOCT HA MaTepuaja 3a OYHCTBAHE Ha BB3IYX, 3aMBPCEH C CTHICH, 0¢ M3MEepeHa B IUIOCHK
IUIOYECT TPOTOYCH ra3odazeH (HOTOKATATUTHYCH PEaKTOpP, OKOMIUICKTOBAH C JSNHUTEN Ha MoToKa. EdekruBHOCTTA Ha
cycrensust oT AU/TiO, 6e TecTBaHa 3a OYHCTBAHE HA OTIAIHH BOJH, 3aMBPCEHU ¢ MOJICNICH 3aMbpcuTe 4-xopdeHos B
MOJTyCTATHYCH CYCHEeH3HOHEH peaktop. M mBara Tuma (OTOKATATMTHYHH SKCIICPUMEHTa mokasaxa, e TiO» moTupan
ChC 3JIATHH YAaCTHUIIM MPEBBH3X0XK/A IO CBOCTO JCHCTBHE ThProBeKust hoTokaTanusarop Ha pupmara [deryca (TiO, P25)
MOpajy pa3JessiHETO Ha HOCUTEIUTE Ha 3apsiu, NPH KOETO Ce MPEAOoTBpaTsBa PEKOMOMWHALMATA HA MOJIO0XKUTEITHO
3apelieHu IYIKU ¥ POTOBB3OYICHHU CICKTPOHHU.
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