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Effectiveness of TiO,-based photocatalysts in the ozone assisted oxidative
degradation of model wastewater contaminant adipic acid under UV-light irradiation
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Palladium and gold modified TiO, (Degussa P25) under the effect of feeding oxygen and ozone containing mixture to
the reactor under UV-A and UV-C irradiation were examined for their catalytic activity in the reaction of adipic acid
oxidation. The samples were synthesized by extractive-pyrolytic method by loading 0.5% of the active metal having
particles size varying from 7 to 12 nm. The XRD, TEM and BET methods were employed for their structural and chemical
characterization. In the presence of oxygen under UV-A light the apparent first-order reaction rates constants of Pd- and
Au-modified TiO, samples were respectively 1.7 and 2.3 times higher than that of the pure TiO2 under the same
conditions. These higher reaction rate constants are due to the more efficient separation of the electron-hole charge
carriers generated during irradiation. Further, the effectiveness of the catalysts in regard to the photooxidation of adipic
acid in the presence of ozone is greater both under UV-C and UV-A light with all the tested samples. The reaction rate
constants under monochromatic 254 nm irradiation are about 3 times higher than those evaluated with polychromatic
(Amax=365 nm) light. This is due to the additional generation of HO" radicals by the ozone on the conduction band of the

TiO; photocatalysts as well as the result of O3 photolysis by the UV-C light photons of high energy.
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1LINTRODUCTION

Adipic acid is used primarily in the manufacture
of nylon-6, 6 polyamide, polyester polyols,
plasticizers, and lubricant additives. Worldwide
demand for adipic acid is about 2 billion tons
annually growing up continuously at a steady rate.
This could result in its discharging into the
environment through various waste streams. Many
processes have been proposed over the years and
they are being currently used to remove organic
toxins from wastewaters. Adipic acid is classified as
a hazardous substance and its complete degradation
by photocatalytic oxidation is considered to be
suitable process. Photocatalysis employing various
semiconductors has been the focus of intensive
investigations by a number of researchers [1- 6]. A
number of metal composite systems have been
investigated in degradation of water contaminants by
photocatalytic processes through induced redox
reactions on the surface of the catalyst. By
illumination of the semiconductor catalyst with
appropriate light energy, corresponding to the band
gap, these processes involve a generation of
conduction band electrons and valence band holes
and they have been studied sufficiently well. An
ideal photocatalyst should be stable, inexpensive,
non-toxic and of course highly photoactive. Several
semiconductors such as TiO,, ZnO, Fe,0;, WO;,,
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Sn0O,, ZrO,, CdS, SrTiO;, ZnS have band gap
energies sufficient for catalyzing a wide range of
chemical reactions. Considerable efforts have been
devoted to the design of photocatalytic systems
exhibiting a high efficiency for converting light into
chemical energy [7 - 9]. Titania, the most
thoroughly investigated semiconductor in the
literature, seems to be the most promising for
photocatalytic destruction of organic pollutants. This
semiconductor provides the best combination
between catalytic performance and stability in
aqueous media. From a practical point of view one
of the difficulties in developing a photocatalytic
setup including semiconductor dispersion is the
separation of the product from the photocatalytic
slurry. This implies that the photocatalyst should be
fixed on carrier material. It has been reported that
TiO, is the most suitable because of its good
anchoring on the support material [10].

The most important process in photocatalysis
employing semiconducting materials is without any
doubt the charge separation of electrons and holes.
In order to reduce the high recombination rate of
photoexcited electron-holes (excitons) and utilize
more efficient sunlight, a variety of methods, such as
metal and nonmetal doping of TiO, have been
applied. It has been demonstrated convincingly that
the doping with noble metal leads to promotion of its
catalytic efficiency in photooxidation processes [11
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— 13]. Alongside with the employing of TiO; in
photocatalytic oxidation of water pollutants, the
involving of ozone in the process can improve the
oxidation processes leading to higher conversion
degrees at low cost [14]. The photocatalytic
ozonation consists in the simultaneous application of
ozone and photocatalysis [15 — 17]. The combination
of ozone in photocatalytic systems brings forth a
synergistic effect based on the high efficient electron
trapping by ozone molecules. In addition to it higher
amounts of hydroxyl radicals are being generated
when comparing with photocatalysis in the presence
of oxygen alone [18].

To investigate the effect of various TiO, doped
catalysts in the reaction of complete adipic acid
oxidation in water under UV light illumination and
elucidate the role of ozone in the above reaction, in
the present work we successfully synthesized by
extractive pyrolytic method Pd/TiO, and Au/TiO-
catalysts with 0.5 % noble metal loading.

2.MATERIALS AND METHODS
2.1.Chemicals, experimental setup and procedure

Hexanedioic acid (adipic acid 99% purity) was
acquired from Merck and it was used in all
experiments as received. Paladinum powder (>99.9
%; Aldrich), HCI (35 %) and HNO; (65%)
(Lachema), n-tri-octylamine (CgHi7)sN (395 %;
Fluka) and toluene (analytical grade; Stanchem)
were used to produce the precursors. TiO, (Degussa,
P25) was used as a starting photocatalytic material.

The studies on the photocatalytic oxidation of
adipic acid have been performed in a specially
designed cylindrical semi-batch reactor (100 mm
internal diameter, 150 mm height) affording good
absorbance of the incident UV light by the
photocatalyst in the solution. In order to uniformly
irradiate the entire volume of the solution, Philips
(PL-S 2P or TUV PL-S) lamps for UV-A or UV-C
irradiation were mounted radially relative to the axis
of symmetry of the reactor inside a quartz tube. The
photon flux in the UV light region at the external
wall of the quartz tube was 10 mW cm™2 (UV-A) and
14 mW cm2 (UV-C), determined by means of a
Microprocessor-Controlled  Radiometer  (Cole
Parmer 97503-00). The experiments were performed
ata 12 dm®h? gas flow rate of oxygen, or an oxygen—
ozone mixture, at 293 K, pH 4 and atmospheric
pressure. The agqueous suspension containing the
respective catalyst sample at content of 1g/L was
sonicated for 30 minutes before adding the adipic
acid. Previously prepared solution of adipic acid was
added to the aqueous slurry of the photocatalyst
achieving an initial concentration of 8.3 x 10 mol/L
equivalent to 600 ppm TOC (Shimadzu VCSH).

Then the resulting mixture was transferred into the
photoreactor and stirred magnetically for 30 min in
order to reach the possible adsorption-desorption
equilibria onto catalyst surface. The initial volume of
the irradiated reaction mixture was 600 ml. During
the direct ozonation and the photocatalytic process
oxygen or oxygen-ozone mixture feed flow was
bubbled continuously through a diffuser at the
bottom of the reactor. The ozone concentrations at
the reactor inlet and outlet were analyzed by means
of an ozone analyzer, whereupon it was established
that in the feed O, —03 gas mixture its concentration
was 7.5 x 10™* mol/L providing a stoichiometric
excess of ozone during the experimental runs. The
concentration of the dissolved ozone has been
evaluated to be 2.1 x 10 mol/L on the basis of the
reactor outlet concentrations by using values of
Henry’s constants at room temperature [19].
Samples were collected at every 30 min and filtered
(Whatman, Grade 42) prior to be analyzed.

2.2.Photocatalyst synthesis

The extractive-pyrolytic method (EPM) was
used for the catalyst samples preparation. Its
simplicity and low cost, characterize the EPM as
suitable for nanosized catalysts synthesis. As it can
be seen below, this method allows depositing small
amounts of noble metals (1-5 %) with particle size
ranging from several nanometers to several tens of
nanometers onto the surface of the support.

For synthesis of palladium containing catalyst the
method can be described as follows: at first a
solution of dihydrogen tetrachloropalladate
(Hz[PdCls]) was prepared. An amount of the
palladium powder was dissolved in aqua regia and
evaporated thereafter upon adding concentrated HCI
to the wet salt, which was then diluted with 2M HCI
to reach the necessary concentration (0.5 mol.L™?).
The organic precursor (extract) was prepared by
extracting the palladium from the HCI solution using
(1 M) n-trioctylamine (CgHai7)sN solution in toluene.
The following chemical interaction is occurring
during the extraction:

H2[PdCla]w) + 2(CsH17)sN-HCl o) —
[(C8H17)3NH]2PdC|4(O) + 2HC|(W)

e 9

Where, the subscripts “w” and “o0” denote the
aqueous phase and organic phase, respectively. As a
result, a solution of tri-n-octylammonium
tetrachloropalladate in toluene was obtained. The
results of the analysis of the aqueous solution after
extraction using a HITACHI 180-50 atomic
absorption spectrometer gave evidence that the
palladium amount had been completely extracted
into the organic phase. An appropriate volume of the
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extract was used to impregnate the TiO- in order to
produce photocatalyst sample having the required
content of 0.5% palladium. After impregnation, the
toluene was evaporated by drying at 90-110 °C.
Finally, the sample was heated up to 300 °C at a
temperature increase rate of 10 °C min™. A similar
procedure was employed for synthesis of a 0.5%
gold containing catalyst.

2.3. Analytical methods

X-ray powder diffraction patterns were recorded
on a Bruker D8 Advance powder diffractometer with
Cu Ko radiation source and SolX detector. The
samples were scanned at 20 angles from 10° to 80°
at a rate of 0.04° s, The X-ray power was operated
with a current of 40 mA and a voltage of 45 kV.

The metal crystallite size and the metal phase
distribution in Au/TiO, and Pd/TiO, composite
samples were examined with a high-resolution
transmission electron microscope (HRTEM JEOL
2100).

Ozone was continuously generated by electrical
discharges in pure oxygen flow in a self-assembled
apparatus having possibility of varying the operating
voltage up to 20 kV. Its gas phase concentration was
monitored with ozone analyzer BMT 964 based on
the absorption of ozone at 254 nm.

The photon flux in the UV light region at the
external wall of the quartz tube was 10 mW cm™2
(UV-A) and 14 mW cm2 (UV-C), determined by
means of a Microprocessor-Controlled Radiometer
(Cole Parmer, 97503-00) fitted with 254 nm and 365
nm sensors.

The specific surface area of the samples was
determined on a standard BET apparatus applying
the volumetric technique, as the measurements of
nitrogen adsorption and desorption were performed
at liquid nitrogen boiling temperature of 77 K.

The mineralization degree was analyzed by
means of (TOC) analyzer (Shimadzu VCSH).

3.RESULTS AND DISCUSSION
3.1. Catalysts characterization
The mechanisms of semiconductor
photocatalysis are known to involve hydroxyl
radicals, trapped electrons, and trapped holes on the
particle surface. The processes of entrapping the
holes or electrons, and hence a more efficient
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generation of OH radicals can be improved further
by synthesis of composite materials including noble
metal clusters. Of great importance for the
effectiveness of these processes is not only the
amount of metal loaded onto photocatalyst but also
the metal particle size as well. In order to avoid the
excessive coverage of the photocatalyst surface, the
metal loading must be within the range of 0.5-1 wt.%
[20 — 22 ]. In view of above details mentioned we
prepared catalysts with 0.5% loadings of gold and
palladium onto TiOs,.

The specific surface areas were determined by
nitrogen adsorption to be the following values: TiO>
— 49.9 m?/g; Pd /TiO, — 54.5 m?/g and TiO./Au —
53.1 m?/g. The crystalline phase of the synthesized
catalysts was analyzed by X-ray powder diffraction
(XRD). Figure 1 represents the XRD spectra of the
samples that revealed diffraction  peaks
corresponding to crystalline palladium and gold
phases in separate. The main peaks correspond to a
tetragonal TiO, — anatase, whose content dominates
over that of the rutile, are also represented in the
spectra. The crystallite sizes of the palladium and
gold particles were calculated to be 10-15 nm. The
addition of Au or Pd nanoparticles caused the
appearance of small characteristic peaks associated
with the dopants. The metal particles have not given
rise to any extra strong peaks on the XRD spectra of
the doped catalysts. A possible explanation could be
that both Au and Pd loading contents of noble metals
were too low (0.5% wt.) as well as the formation of
small clusters of noble metals with undefined
crystalline structure which remain unobserved in the
XRD pattern [23].

The ability of the catalyst sample to absorb
efficiently photoenergy, depends on the nature of the
nobble metal and on its content, and it must be
sufficiently well dispersed in order to influence the
TiO,. The morphology of the metal particles on the
TiO, photocatalyst was studied by transmission
electron microscopy (Fig 2). The particle sizes have
been estimated by means of the ImageJ software.
TEM images show that Pd (Fig. 2a) and Ag (Fig. 2b)
nanoparticles are visible as small dark particles with
size varying from 5 to 16 nm and a mean diameter of
5.9 and 7.1 nm respectively.
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Figure 1. The XRD patterns of the photocatalysts.
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Figure 3. Total degree of mineralization of adipic acid catalyzed by: in the presence of O, (A= 365 nm) — (a) TiO, (b)
Pd/TiOy, (c) Au/TiO2; in the presence of Oz (A =365 nm) — (d) TiO», (e) Pd/TiO,, (f) Au/TiO; in the presence of Oz (A

=2

54 nm) — (g) TiOz; (h) Au/TiO2.
33



V.F. Georgiev et al.: Effectiveness of TiO,-based photocatalysts in the ozone assisted oxidative degradation of ...

3.2.  Photocatalytic activity testing

Titanium dioxide doped with 0.5 wt% palladium
and gold loading were prepared and tested in
degradation of adipic acid in aqueous solution.
Further, the ozone-oxygen gas mixture with ozone
concentration of 7.5 x 10 mol/L was involved in
the studied process. Figure 3 represents the kinetic
curves of degradation of adipic acid in the presence
of the tested samples under UV irradiation.

A number of investigators have reported that the
rates of photodegradation of chemical compounds
on semiconductor surfaces follow the classical
Langmuir-Hinshelwood expression (Eg. (1)) and
that the sorption of reactants to the semiconductor
surfaces follows Langmuir sorption isotherms [24 —
26].

dc _ KkKC

dt 1+KC (1)
Where, r is the oxidation rate of the reactant, C the
concentration of the reactant, t the illumination time,
k the reaction rate constant, and K is the adsorption-
desorption equilibrium constant. If the initial
concentration of the reactant Co is of the order of
millimoles, the above equation can be simplified to
an apparent first-order reaction equation [27 — 29]:

l(CO)—th—k t
n )= =

app
C, = Cye Favnt
In accordance with this, the rate constant of the
adipic acid degradation (fig. 4.) was calculated
based on equation (2).

or

(2)
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Figure 4. Apparent rate constants of adipic acid degradation under UV-light (2] 365 nm) and UV-light ( E£#254

The photonic efficiency of bare TiO, is low
(<10%) as the photogenerated e—/h+ pairs (~90%)
recombine rapidly after excitation [30] which is
evidenced by the results obtained by TOC analysis
represented in Fig. 3 and 4. It was observed that the
degradation of adipic acid over bare TiO; is taking
place at a lowest rate constant compared to those
achieved in presence of samples doped with noble
metals. The principal approach to slow down the
electron-hole recombination is based on the loading
of electron accepting species on the TiO, surface.
The sample from composite material containing
0.5% palladium exhibits 1.7 times higher
effectiveness in mineralization of adipic acid than
that manifested by the pure TiO, under irradiation
with UV light 365 nm having rate constant of 4.2x10-
*min‘t. The palladium particles having a higher work

34

nm).

function (5.2 - 5.6 eV) relative to those of TiO (4.13
eV) [31] producing a high Schottky energy barrier at
the inter-phase boundary facilitating the electron
capture. In this case the photonic efficiency is
increased by inhibition the electron-hole pair
recombination as the photoelectron is transported to
the outer system and transfer of holes to the reactants
adsorbed on the TiO; surface is enhanced. The same
tendency was observed in the presence of gold doped
TiO- catalyst. It was found out that the rate constant
of the reaction catalyzed by Au/TiO, was 2.3 times
(9.25x10* mint) higher than that over pure TiO,. As
it was mentioned above these small metal clusters
(5-15 nm.) are regarded as photogerated electrons
scavengers preventing recombination and facilitate
the subsequent redox reactions. As it is visible from
Fig.3 and Fig.4 the presence of ozone leads to higher
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degrees of mineralization of adipic acid. Under
irradiation with 365 nm UV light the values of the
apparent rate constants of the samples were in order
as follows: TiO2<Pd/TiO.<Au/TiO2 which are about
4 times higher than those previously listed. It has
been widely accepted that the holes cogenerated
together with photoexcited electrons during
absorption of UV light can interact with an organic
molecule (at high concentration) or, in an aqueous
solution, with water forming OH radicals [32] which
are powerful oxidizing agents. This consideration
indicates that the concentration of hydroxyl radicals

uv
light

directly influences the rate of the reaction. Herein,
by generating hydroxyl radicals appears to be the
role of ozone and its impact on the effectiveness of
the photocatalytic oxidation because the rate of the
reaction of ozone with adipic acid is negligibly
small, practically it does not interact with it [33].
Under our experimental conditions (UV-A light,
pH=4), the adsorbed ozone is able to interact with
deposited metal particle accepting the supplied by
the metal photogenerated electrons to give ozonide
radicals (Os~) which subsequently form OH radicals

(Fig. 5).

05 + H' — HO;
HO; — 0,+OH

Figure 5. Schematic representation of the reduction of ozone on the metal surface.

The highest rate constant 9.23x10% min of the
adipic acid removal was achieved employing the
AU/TiO; catalyst in presence of ozone under 254 nm
light, which is at about 2,5 times higher, compared
to that over the irradiated with 365 nm light (Fig. 4).
A possible hypothesis to explain this result could be
the involvement the ozone photolysis under UV-C
light. Upon photolysis, O3 is decomposed into O»
and oxygen atom O (*D) and O (°P) [34]. The major
species formed under irradiation of ozone with UV-
C light are exited oxygen atom O(*D) with quantum
yield, ® = 0.9 and singlet dioxygen, O2(*A), as well
as oxygen in its ground triplet state, O2(3%q ) as
follows:

0; +hy —> O('D) + 0,('A,)

O; +hv —> O('D) + 0,C%y")
The competitive reactions are of smaller importance
that lead to formation of oxygen atom in its exited

state O(*P), oxygen singlet O.(*Ag) and O,(3%q )
according reactions (5) and (6).

O3 +hv —>O('P) + 0,('A,) (5)
O3 +hv — O('P) + 0,(°Zy) (6)
o('D)+H,0 — H,0, (7)
H,0, —> 2 0H (8)

As the O(!D) is in highly energetic state it reacts
very quickly with water molecule to give hydroxyl
peroxide which further breaks down into hydroxyl
radicals (reaction 7 and 8). It is supposed that H,O»
is formed directly by the addition of O(*D) to H.O
[35]. Upon photolysis of ozone, it is expected that
the exited oxygen atom O(*P) should react with
adipic acid. Hence cyclohexyl radicals and hydroxyl
radicals are formed by H atom abstraction, which is
promoting the destruction of the organic material by
forming hydroxyl radicals through an additional
route.
4.CONCLUSIONS

The degradation rates of adipic acid in aqueous
solution under irradiation with UV-A and UV-C
light in the presence of doped with palladium and
gold TiO; as well as the enhancement by ozone have
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been determined. The characterization of metal-
doped TiO, using XRD and TEM spectroscopy
techniques revealed good degree of dispersion and
nanometric size of noble metals clusters on the
surface of TiO.. Due to the uniform distributions and
small size (5-16 nm.) of the metal islands the
blocking of fine pores of TiO2 surface was
prevented and the specific surface area of the doped
and bare TiO; was similar. The photonic efficiency
of Au/TiO; is almost comparable to that of Pd/TiO2
but higher than that of Pd/TiO2. In general
composite catalysts have better activity than pure
TiO; as their rate constants are 1.7 (Pd/TiO,) and 2.3
(Au/TiOy) times higher. These results can be
explained in terms of trapping of photogenerated
electrons on the metal islands leading to better
electron-hole charge carriers separation. The highest
mineralization rates are achieved involving
participation of ozone. Under irradiation with UV-A
light in presence of ozone, it was determined that the
rate constant of 3.8x10- employing the Au/TiO, and
for the process carried under UV-C light the rate
constant was about 2.5 times higher. These
mineralization rates are due to the powerful capacity
of ozone to generate radicals enabling the oxidation
of organic pollutants.
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EGEKTUBHOCT HA ®OTOKATAJIM3ATOPU HA OCHOBATA HA TiO2B
INOAIIOMOI'HATO OT O30H OKHMCJIMTEJIHO PA3I'PAKJIAHE HA AJJMIIMHOBA
KHMCEJIMHA KATO MOJAEJIEH 3BAMBPCUTEJI B OTITA/IHU BOAU ITP1 OBJIBUBAHE C
¥YB CBETJIMHA.

B.®. FeoprI/IeBl*, B. Wimes!, A.E. Emuscl, T.T. Baraxnues?, M.I1. Anaukos?, B.E. Cepraz,
I1.A. Kapaxamkosa®, C.K. PakoBcku®

Y Unemumym no xamanus, bvneapcka axademus na naykume, Cogus 1113, Bvneapus
2 Uncmumym no neopaanuuna xumust, Texnuuecku ynusepcumem 6 Puza, Puza, Jlameus.

IMocthnmia va 10 HoemBpw, 2016 r.; npuera Ha 21 despyapu, 2017 r.
(Pestome)

KartamuzaTtopu Ha ocHoBaTa Ha manamuii u 31aro moaudwuimpan TiOz (Degussa P25) 0Osxa usciensanu 3a
KaTaJUTUYHATA UM aKTHBHOCT IIpu (poTopasrpakiaHe Ha aJUIIMHOBA KHCEIWHA B MPUCHCTBHETO HA KHUCIOPOJ U 030H,
noj neiicteue Ha YB cBernmua. [IpoOute Osixa cuHTE3MpaHHM dUpe3 EKTPaKIMOHHO-TMponuTHdeH meron ¢ 0.5%
ChIbpKaHNE HA AKTUBEH METaJ ¥ Pa3Mep Ha YaCTUIMTE Bapupamy oT 7 1o 12 HM. 3a ycTaHOBSIBaHE Ha CTPYKTYPHHUTE U
XAMWYHH CcBO¥cTBa ca mpminokeHu Meroante XRD, TEM u BET. B npucsctBreTo Ha kuciopox u odompuBade ¢ UV-A
CBETIIMHATa, CKOPOCTHUTE KOHCTAHTH Ha PEAKIMiATa B IPUCHCTBHE Ha Iala uii 1 351aTo Moandunnpanu TiO2 MaTepuann
0sixa cpoTBeTHO 1.7 M 2.3 WBTH MO-BHUCOKH OT Te3u Ha umcT TiO, mpu cpmute ycmoswsa. ToBa ce IBIDKH Ha TO-
e(eKTUBHOTO pa3JelsiHe Ha 3apsauTe (eNeKTpoH-IyIKa), TeHepupaHu pyu obapuBaHe. OCBEH TOBa, €PEKTHBHOCTTA Ha
KaTaJM3aTOPUTE B MPHUCHCTBHETO HAa O30H € MOo-royisiMa, Kakto npu obmpuBane ¢ UV-C taka u ¢ UV-A cBetiiHa 3a
BCUYKHU MpoOu. CKOPOCTHUTE KOHCTAHTH Ha PEaklMUTE NPOBEJCHU B MPUCHCTBHE HA 030H IpU 00IbYBaHE ¢ 254 HM
CBETJIMHA, Ca OKOJIO 3 I'bTH TO-BUCOKH, B CpaBHEHHE C Te3W OONp4YeHH ¢ 365 HaHomerpa. ToBa ce IBIDKH Ha
JOITBJIHUTENTHOTO reHepupane Ha HOe® paguxanu nof AeficTBHe Ha 030HOBHS paankai O3z, o0pa3yBaH BbPXy 30HaTa Ha
npoBoauMOcT Ha GoTokaTtaiuzaropa TiOz, OT eaHa cTpaHa, U B pe3yiTar Ha (oTonu3a Ha 030Ha nipu obirbuBane ¢ UV-C
CBETJIMHA, OT JIpyTa CTpaHa.
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