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Abstract A bench-scale advanced oxidation (AO) reactor
was investigated for the degradation of six pollutants (2-naph-
thol, phenol, oxalic acid, phthalate, methylene blue, and D-
glucose) in a model wastewater at with the aim to test oppor-
tunities for the further upscale to industrial applications. Six
experimental conditions were designed to completely exam-
ine the experimental reactor, including photolysis,
photocatalysis, ozonation, photolytic ozonation, catalytic
ozonation, and photocatalytic ozonation. The stationary cata-
lyst construction was made from commercially available TiO2

nanopowder by mounting it on a glass support and subse-
quently characterized for morphology (X-ray diffraction
analysis and scanning electron microscopy) as well as dura-
bility. The ozone was generated in a dielectrical barrier dis-
charge reactor using air as a source of oxygen. The degrada-
tion efficiency was estimated by the decrease in total organic
carbon (TOC) concentration as well as toxicity usingDaphnia
magna, and degradation by-products by ultra-performance
liquid chromatography–mass spectrometry. The photocatalyt-
ic ozonation was the most effective for the treatment of all
model wastewater. The photocatalytic ozonation was most
effective against ozonation and photolytic ozonation at tested
pH values. A complete toxicity loss was obtained after the
treatment using photocatalytic ozonation. The possible degra-
dation pathway of the phthalate by oxidation was suggested
based on aromatic ring opening reactions. The catalyst used at
this experiment confirmed as a durable for continuous use

with almost no loss of activity over time. The design of the
reactor was found to be very effective for water treatment
using photocatalytic ozonation. Such design has a high poten-
tial and can be further upscaled to industrial applications due
to the simplicity and versatility of manufacturing and
maintenance.
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Introduction

Advanced oxidation (AO) technology undergoes an intensive
scientific exploration for its ability to decompose persistent
organic compounds in water, which are hardly degradable
using conventional technologies (Tijani et al. 2014;
Fernández-Castro et al. 2015). Generally, AO processes utilize
the in situ formation of reactive hydroxyl and oxygen radicals
which serve as oxidative agents. Such highly reactive environ-
ments are being achieved primarily by two techniques differ-
ing by reaction phases: homogeneous processes, based on the
salvation of plasma ionized gas (including O3) or H2O2 and
Fe2+ ions together with ultraviolet radiation (UV); or hetero-
geneous processes based on the application of a
(photo)catalyst (Tijani et al. 2014). A combination of plas-
ma/O3 with UV/visible light photocatalysis was found to be
very promising to increase the effectiveness of these processes
as compared to the same methods used alone due to insuffi-
cient oxidation capability of ozone for some organic com-
pounds (Martins and Quinta-Ferreira 2014; Mano et al.
2015; Huang et al. 2016; Moreira et al. 2016; Wei et al. 2017).

The oxidative species in non-thermal plasma reactors can
be produced via in situ and ex situ processes. In in situ
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systems, the discharge occurs on a gas/water contact surface,
producing HO· radicals (Zhang et al. 2016a). In ex situ sys-
tems, active species are formed in gas, which is then delivered
to water. The main product of ionization reactions in air is
ozone, with trace amounts of nitrogen oxides (Simek et al.
2012; Pekárek and Mikeš 2014). Other reactive radicals, in-
cluding HO·, have a very short life span (<0.5 s), thus are not
being transferred from the reactor, but form in water as the
product of the O3 decomposition or UV radiation. Ex situ
configuration is more feasible in upscaled reactors in a view
of simplicity of design and a long-term maintenance.

Various photo and ozone heterogeneous catalysts were re-
cently researched for their application for photocatalysis in
plasma-based advanced oxidation wastewater treatment pro-
cesses. Transition metal oxides or their mixtures, such as
TiO2, MnO2, Fe2O3, WO3 (Bloh et al. 2012; Mano et al.
2015; Xiao et al. 2015; Huang et al. 2016), elemental metal
powders (Wen et al. 2014), or metal fibers (Zhu et al. 2014)
were tested. UV-activated TiO2 catalyst was proved as the
most feasible catalyst for wastewater treatment, as the most
stable and efficient (Mano et al. 2015; Xiao et al. 2015).
Mostly, TiO2 was introduced to wastewater in a powder form,
making it difficult to remove after the treatment. TiO2 immo-
bilization on supports was used less frequently, usually utiliz-
ing micro-sized support particles (Choi et al. 2016), while
experiments utilizing TiO2 coatings on fixed support surfaces
are rare. The use of immobilized heterogeneous catalyst for
wastewater treatment has been suggested as technologically
superior (Mehrjouei et al. 2015) due to avoided necessity of
the separation of the catalyst from the treated water, such as in
case of a powdered form of the catalyst.

Most of the reported data from the AO systems based
on plasma-catalysis-UV simultaneous process has been
reported from small laboratory-scale experiments, with
reactor volumes up to 1 L, aiming to explore the reaction
mechanisms, possible degradation products, and kinetics
(Dai et al. 2014; Solís et al. 2016). There is lack of re-
search devoted to the upscaling such AO systems to in-
dustrial level, which was emphasized in recent reviews
(Nawrocki 2013; Xiao et al. 2015). Recent attempts to
convert fundamental processes to technological upscaling
include removal of contaminants of emerging concern
(diclofenac, carbamazepine, etc.) from the water using
photocatalytic ozonation reactor packed with TiO2-coated
glass rings (Moreira et al. 2016), decomposition of emerg-
ing pollutants (antipyrine, bisphenol A, etc.) in municipal
wastewater in solar photocatalytic reactor, working with
powdered TiO2 as catalyst (Quiñones et al. 2015), and
degradation of methyl orange, amoxicillin and 3-
chlorophenol using TiO2-coated silica gel beads in the
photocatalysis reactor (Li et al. 2015).

The up to now data on the application of such AO setups
for wastewater treatment indicated the following important

design parameters for an easily upscalable reactor
construction:

1) Energy-efficient production of oxidative species.
Nowadays, the dielectric barrier discharge (DBD)
technique is the most efficient for the production of
low temperature plasma containing ozone and other
oxidative species (Wei et al. 2017). This may be
achieved by the application of a high-voltage power
converter working at the resonant mode with the re-
actor. Such principle is usually implemented in indus-
trial ozonizers.

2) Energy efficient UV generation (Xiao et al. 2015). The
most common source of UVC radiation is mercury lumi-
nescent lamps, which are comparatively energy efficient.
The power of UV source must be calculated for the vol-
ume of treated water.

3) Catalyst configuration, activity, and durability. The cata-
lyst must have high catalytic activity as well as to be inert
and highly resistant to aging, to avoid wear and early
replacement (Nawrocki 2013; Martins and Quinta-
Ferreira 2014). While TiO2 has been proved as the most
suitable chemically, the configuration of the introduction
of the catalyst, including proper support and layer quality,
must be adequately solved in the upscaled reactors.

4) Optimal configuration of the running parameters (Tijani
et al. 2014; Xiao et al. 2015). This technology is rather
sensitive to the type of wastewater and the matrix that
pollutants are dissolved in, including pH. This treatment
method is applied for specific industrial wastewater con-
taining relatively low concentrations of highly persistent
organic pollutants. The optimum configuration between
plasma, UV, and catalyst operation must be achieved, in
addition to other engineering challenges for the prolonga-
tion of catalyst activity and highly efficient decomposi-
tion of pollutants.

In this study, we have addressed all of the above pa-
rameters, especially the catalyst configuration and the
joint application of plasma-UV-catalysis system in the
bench-scale AO-based wastewater treatment reactor. 2-
naphthol, phenol, oxalic acid, phthalate, methylene blue,
and D-glucose served as model pollutants, while the mix-
ture of these compounds was used to simulate the real-life
industrial wastewater. Full degradation of pollutants as
determined by TOC value and a complete loss in toxicity
was reached. We have proved that the AO method of
plasma-UV-catalyst can be successfully applied for the
treatment of wastewater containing hardly degradable or-
ganic compounds. The results provide background for the
further investigations of this AO system to industrial ap-
plications, confirming the versatility of such reactor de-
sign and selected AO method.
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Materials and methods

Experimental setup

The bench-scale advanced oxidation system based on plasma-
UV-catalysis processes was designed and assembled at the
Department of Environmental Technology at Kaunas
University of Technology. The design of the DBD reactor
for plasma production was similar as in our recent experi-
ments in small-scale systems (Tichonovas et al. 2013;
Krugly et al. 2015). The current setup was designed for
bench-scale experiments for various combinations of plasma
(ozonation) and photocatalysis processes to degrade pollutants
in water. The principal scheme of the setup is presented in
Fig. 1.

This setup is based on a batch operation, and employs a
system of three vessels, each of 2 L volume. Initially, the
wastewater is pumped to the buffer vessel (8) which has vol-
ume markers, to measure the amount needed for the experi-
ments (1.6 L). Afterwards, the water is supplied either to the
second vessel (9) (DBD plasma reactor vessel) or the third
vessel (16) (photocatalysis reactor). The DBD plasma reactor
(10) consists of a double wall quartz tube installed in the
center of the vessel and containing a salt solution-based
high-voltage central electrode and a gap between two quartz
walls. The outer quartz wall surface is surrounded by the water
when the device is under operation; the water in this vessel is
electrically grounded and at the same time acts as a cooling
medium for the reactor. The air is supplied to the gap of the
DBD reactor, where the plasma forms when high-voltage

generation is activated. The formed plasma then is bubbled
to the wastewater trough ceramic diffusers in the same reactor.
The third reactor has a UVC lamp (15) (40 W model
F980078BU, LightTech, Hungary) installed in the middle of
this vessel, and a frame for the mounting of catalyst (14), as
well as the diffusers for bubbling remaining ozone from the
DBD reactor. Thus, the third reactor employs all three fac-
tors—ozone, UV radiation, and catalyst.

In addition to reaction vessels, two foam dampers, air flow
and UV controllers, power measurement unit, and the high-
voltage generator are employed. The latter had a power con-
trol and the adjustment of frequency in the range of 1–10 kHz.

Such versatile system can be used to study the separate or
simultaneous effects of plasma, UVand catalyst to the pollut-
ant decomposition. In the further experiments, the DBD plas-
ma reactor was used as an ozone generator, and all the decom-
position processes with model wastewater were performed in
the third vessel—UV reactor. For ozone generation purposes,
the DBD reactor vessel was filled with clean synthetic tap
water in each experiment; this water was changed before ev-
ery run.

The ambient air was fed to the DBD reactor as the most
feasible solution with almost zero costs. Such application is
most likely to occur in industrial settings, although having
less-efficient ozone generation compared to pure oxygen.
The formation of nitrogen oxides occurs in air-based plasma,
which can be partially responsible for pollutant degradation
and may interfere with the pH of the treated water. The
formation of NOx has been shown to depend on the energy
density of DBD reactor. Simek et al. (2012) has calculated O3/

Fig. 1 Principal layout of the
bench-scale advanced oxidation
system for decomposition of
wastewater pollutants: 1—high-
voltage transformer, 2—high-
voltage controller, 3—UV con-
troller, 4—air supply pump, 5—
rotameter, 6—air flow valve, 7—
liquid pumps, 8—buffer vessel,
9—DBD reactor vessel, 10—
DBD reactor, 11—pressure
measurement, 12—sampling
syringes, 13—foam damper, 14—
frames of the catalyst, 15—UV
lamp with quartz cover, 16—UV-
photocatalysis reactor, 17—
valves
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NOx ratio equal to approx. 40 ± 8 at energy densities (10−3–
10−2 Wh/L) in air feed surface DBD reactor. Our setup has
also operated at similar energy density values (4.3 × 10−2 Wh/
L at main experiment); thus, we refer to the mixture of ionized
gas from the DBD reactor as ozone onwards.

Catalyst preparation

The catalyst coating on glass was prepared using commercial-
ly available TiO2 nanopowder Aeroxide P25, primary particle
size 21 nm (Evonik Degussa GmbH, Germany). Glass rods
(Simax) 5 mm in diameter and 20 cm in length were used as
the catalyst support. The TiO2 powder was dispersed into
methanol at a concentration of 10 g/L and ultrasonicated for
30 min. The glass rods were positioned on a heating plate and
sprayed with TiO2-methanol suspension using atomizer noz-
zle. The procedure was repeated several times to form uniform
layer of the catalyst. The glass rods with TiO2 coating were
placed to the muffle furnace and heated at 450 °C for 3 h. The
prepared rods were fastened in polytetrafluoroethylene
(PTFE) and stainless steel frames. This frame consisted of
two PTFE rings, which have been fastened in parallel position
to each other with two stainless steel bolts. The rings had holes
for mounting of glass rod ends. The 30 rods were positioned in
a radial arrangement around the center of the cylindrical con-
struction, with an orifice for UV lamp positioned in the center.
Two frames of the prepared catalyst were installed in the re-
actor. The catalyst specific surface area in the reactor,

calculated as glass substrate surface area divided by wastewa-
ter volume was approximately 111.8 m2/m3.

Model wastewater

Model wastewater was prepared using six compounds
(Table 1)—2-naphthol, phenol, oxalic acid, potassium hydro-
gen phthalate, methylene blue, and D-glucose—representing
pollutants in wastewater from various industrial processes. 2-
naphtol, phenol, and phthalate were chosen due to their pres-
ence in wastewaters of chemical industries (Contreras et al.
2011). Methylene blue was selected as an example of a syn-
thetic dye, which are common pollutants in textile industry
wastewater (Tichonovas et al. 2013). Oxalic acid was widely
used as a chemical resistant to ozonation (Orge et al. 2015). D-
glucose was chosen as a potentially easy-to-degrade com-
pound, which can compete with more persistent pollutants in
oxidation reactions. All target chemicals and other chemicals
were of an analytical grade. Synthetic tap water was prepared
according to the methodology described by Morrow et al.
(2008), using the distilled water (TOC value <0.1 mg/L, con-
ductivity <15μS/cm), and analytical grade inorganic reagents.
Model wastewater was prepared by dissolving target organic
compounds in the synthetic tap water according to concentra-
tions presented in Table 1. In case of the mixture of the six
compounds, the concentration of every compound was calcu-
lated according to the desired TOC value of 50 mg/L, i.e.,
equal to 8.33 mg/L of TOC for each compound. Such

Table 1 Substances acting as pollutants in the model wastewater

Model
wastewater
no.

Substance name;
CAS number

Concentration
(mg/L)

Calculated
TOC value
(mg/L)

Measured
TOC value
(mg/L)

Measured
initial pH
value

Measured
final pH
value

Initial
temperature
(°C)

Final temperature (°C)

1 2-naphthol;
135-19-3

60.00 50.0 50.2 5.4 3.6–5.9 ~18 ~20 (without UV lamp
operating) /~25 (with UV
lamp operating)2 Phenol;

108–95-2
65.35 50.0 51.6 5.4 3.7–5.7

3 Oxalic acid
(dihydrate);
144-62-7

262.64 50.0 51.4 2.7 3.2–4.3

4 Potassium
hydrogen
phthalate;
877-24-7

106.36 50.0 50.3 4.3 3.5–4.3

5 Methylene blue
(trihydrate);
7220-79-3

97.36 50.0 43.1 5.4 3.7–5.2

6 D-glucose
(monohydrat-
e); 50-99-7

137.61 50.0 52.1 5.7 3.6–5.3

7 Mixture of all 6
pollutants

8.33 mg/L of
TOC for each
compound

50.0 50.1 3.4
3
7
11

3.3–4.0
3.3–3.8
5.9–6.2
8.2–8.7
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concentrations of specific pollutants may be on a higher range
for a real industrial wastewater, but are suitable for the exam-
ination of decomposition technology. An efficient degradation
at higher concentrations implies that the technology should be
effective at lower concentrations as well. The prepared model
wastewater was employed in experiments immediately after
preparation, to avoid possible degradation and other reactions
over time.

The experimental design

Optimal parameters of the DBD reactor and ozone pro-
duction The DBD reactor systemwas adjusted to the resonant
frequency, with the aim to achieve the maximum power usage
efficiency for conversion of low voltage to high voltage. This
procedure is described in supplementary material.

Efficiency of the AO system This experiment aimed to de-
termine the effects of various combinations of ozonation, UV,
and catalysis to the pollutant decomposition. These experi-
ments were carried out in the third (UV) reactor. The follow-
ing combinations of parameters were set:

& Air (no ozone) + UV (photolysis)
& Air (no ozone) + UV + Catalyst (photocatalysis)
& O3 only (ozonation)
& O3 + UV (photolytic ozonation)
& O3 + Catalyst (catalytic ozonation)
& O3 + UV + Catalyst (photocatalytic ozonation)

The treatment efficacy was evaluated by measuring TOC
of treated water. Of the model wastewater, 1.6 L was treated
during every run.

All experiments lasted for 60 min, sampling in 10-min
intervals (except oxalic acid, where additional samples at 5,
15, and 25min were taken). Three repetitions of each test were
made. The toxicity and UPLC-MS analyses were applied to
photocatalytic ozonation experiments to identify the possible
products of degradation and their toxicity.

Influence of initial pH The model wastewater no. 7 (mixture
of all compounds) was used for testing the effects of the initial
pH value to the decomposition efficiency for photocatalytic
ozonation process. pH values of 3, 7, and 11 were tested,
making adjustments with 0.1 M H2SO4 or 0.1 M NaOH.
The value of the pH was not controlled during the treatment.

Determination of catalyst durability The catalyst durability
was measured by performing a series of photocatalytic ozon-
ation experiments in a row using a fresh 2-naphthol model
wastewater. Firstly, experiments with freshly prepared catalyst
were conducted as a series of 10 experiments in a row. After
approx. 100 h of operation of the same catalyst with various

pollutants, it was tested against 2-naphtol again, by measuring
its activity during a series of 5 experiments. All durability
experiments lasted for 30 min. SEM and XRD analyses were
performed for characterization of new made and used catalyst,
as well as the commercial powder sample.

Analytical methods

Power measurements Power measurements of DBD reactor
were made following a standard Lissajous power measure-
ment method (Cai et al. 2010). The oscilloscope Rigol
DS1052E (Rigol technologies, P.R.C.) and 1000× high-
voltage probe (Tektronix, P.R.C.) was used for the measure-
ments. A capacitor of 6.8 × 10−8 F was connected between
DBD reactor and the ground during the measurements.

Ozone production Ozone concentration in gas phase was
determined using a standard iodometric analysis method
(Standardized Procedure 001/96).

TOC analysis TOC analyses were performed using TOC an-
alyzer (TOC-L, Shimadzu, Japan) following the EN
1484:2002 standard.

XRD and SEM analyses The X-ray diffractometer D8
Advance (Bruker, USA) was used for XRD analysis, while
SEM images were obtained by EVOMA 15 (Zeiss, Germany)
electron microscope.

UPLC-MS analysis UPLC-MS analysis was performed
using Acquity UPLC (Waters, USA) system equipped with a
mass spectrometer Maixis 4G (Bruker, USA). The Acquity
UPLC BEH C18 column was used for separation. 0.1%
formic acid (v/v) in ultrapure water and methanol were used
as mobile phases. The MS was operated at the capillary volt-
age of 4500 V, nebulizer pressure of 2.5 bar and dry gas
(nitrogen) flow of 10 L/min at the temperature of 200 °C.
Ion polarity was set to negative, with scan range of 80–
1200 m/z.

Toxicity testing Toxicity of untreated and treated model
wastewater samples were determined using adapted Daphnia
magna toxicity testing procedure (Daphtoxkit F™),
(MicroBioTests Inc., Belgium). All samples were diluted
two times before testing; three repetitions of each test were
made. The daphnia mortality was checked after 24 h.

Data analysis The data were analyzed using Matlab7 soft-
ware package. The linear and non-linear regression modeling
was applied to estimate energy amounts required for pollutant
degradation and to determine parameters of the decomposition
kinetics.
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Results and discussion

The parameters of the ozone generation in DBD reactor

A direct non-linear (logarithmic) relationship between the
concentration of produced O3 in air and the DBD power were
observed (Fig. 2a) at all feed air flowrates. Such findings agree
with results from other studies using DBD reactors (Mok et al.
2008; Pekárek and Mikeš 2014). The analysis of the ozone
yield per consumed energy (Fig. 2b) suggested two points of
optimal parameters, namely at 11 L/min of air flow and
28.8 Wof DBD power (this combination was used for further
experiments), as well as 15 L/min and 54.9 W, respectively.

Characterization of the catalyst

The surface of the manufactured catalyst coating was relative-
ly rough, as suggested by SEM imaging (Fig. 3a, b), with a
uniform distribution of the TiO2 layer and various protrusions
in the size range between 1 and 10 μm. In fresh catalyst
(Fig. 3a), some of these TiO2 aggregates were as large as 5–
10 μm, while they are not visible on a used catalyst surface
(Fig. 3b), where only small sized (1–5 μm) aggregates of TiO2

occur. The larger TiO2 aggregates possibly were Bfluffy^ and
loosely attached, and were washed away from the surface
during the initial tests. Correspondingly, the degradation of
2-naphthol (which was run first) appeared as the most effi-
cient. Such washout of the nanoparticle-based catalyst is un-
wanted in commercial applications due to the potentially ad-
verse effects of released nanoparticles to aqueous ecosystems.
Newly made catalysts must be pretreated by rinsing with dis-
tilled water before the installations in operational

environments, for washing possibly poorly attached TiO2 par-
ticles after catalyst manufacturing process, to avoid the release
of these particles to the treated water.

The crystalline structure of the new and used catalysts was
the comparatively similar to each other and to the commercial
powder (Fig. 3c). The ratio between the anatase and rutile
phases in the coating remained the same as in commercial
powder sample. Only the slight reduction of all peaks was
observed, probably related to the agglomeration of
nanopowder to larger particles during thermal processing.

After the first run, the activity of the catalyst decreased
during succeeding runs, but remained stable (Fig. 4). The
measured treatment efficiency was also comparatively stable
(75%) during all series of durability testing experiments (1–
10), except in the first two experiments where efficiencies
were 78.9 and 76.9%. No significant loss of efficiency
(72.9%) was observed after secondary durability testing (ex-
periments 11–15). A low difference (2.4%) between new and
used catalyst can have attributed to the mechanical wearing
when installing and withdrawing catalyst constructions to the
reactor between experiments and can be avoided in industrial
installations assuming correct handling of catalyst frames.

In general, the construction of the catalyst coated glass rods
surrounding the UV source proved to be efficient in upscaling
to a bench scale, and potentially, to industrial scale.

Degradation efficiency of pollutants by various
combinations of AO components

The efficiency of the degradation of tested pollutants using
various combinations of AO techniques are presented below,
grouping to photolysis and photocatalysis, ozonation and

Fig. 2 The generation of O3 of the DBD reactor. aOzone concentration (mg/L) obtained at various air flow rate (L/min) and DBD power (W) settings. b
Ozone yield (g/kWh) at various air flow rate (L/min) and DBD power (W) settings
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catalytic ozonation, as well as photolytic ozonation and pho-
tocatalytic ozonation. Such groupingwas selected due to com-
parable performance of these techniques in the degradation
process.

Photolysis and photocatalysis These two techniques per-
formed the worst, with the slight increase in efficiency after
the introduction of the catalyst. The decrease in TOC concen-
tration during photolysis ranged from 0.4% in case of D-glu-
cose to 99.7% in case of oxalic acid. During photocatalysis
experiment, the TOC decrease ranged from 10.2 to 99.7%

using methylene blue and oxalic acid, respectively (Fig. 5a,
b). Such poor performance indicates that the production of
oxidative species was inefficient, except of oxalic acid. This
has been noticed in earlier studies (Mano et al. 2015; Huang
et al. 2016), suggesting the necessity of the introduction of
ozone to initiate the more rapid decomposition process. At
both photolysis and photocatalysis experiments, a strong
foaming of model wastewater was observed during the first
10 min of 2-naphthol decomposition. The foam was carried
off to the foam dampers with exhaust gas from the reactor.
This lead to a notable reduction of TOC, because the organic
matter was removed without degradation. After the foaming
stopped, no significant TOC reduction was observed. This
indicates that special measures must be taken to observe po-
tential formation of foams in specific cases of industrial
applications.

Ozonation and catalytic ozonation Ozonation and catalytic
ozonation were slightly more efficient experimental condi-
tions, providing the decrease in TOC values from 2.8% (oxalic
acid) to 37.7% (phthalate) during ozonation and from 3.1%
(D-glucose) to 48.9% (phthalate) during catalytic ozonation
(Fig. 5c, d). Such small degradation efficiency was reported
by other researchers, e.g., Orge et al. (2015) in case of oxalic
acid. The obtained ranges of degradation are not suitable for
industrial applications, where more rapid and complete degra-
dation of pollutants is expected. Strong foam formation was
registered this time during the degradation of methylene blue.
The mechanisms behind the formation of foam have not been
identified, but possibly related to the primary decomposition
by-products or initial compound which can have foaming
properties. It should be noted that the initial concentration of
the pollutants was relatively high; thus, the foaming may be
not so pronounced in industrial settings, although the presence

Fig. 3 Catalyst characterization. a SEM image of a newly made catalyst.
b SEM image of a used catalyst. c XRD spectrum of catalyst samples
(R—rutile phase, A—anatase phase)

Fig. 4 The change of decomposition efficiency vs catalyst aging. The
first 10 experiments show the effectiveness of the photocatalytic
ozonation using newly made catalyst; the last five show the same
experiments with the used catalyst
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of other matrix materials, such as surfactants, may be crucial
for the operation of such technology. A slight increase of
effectiveness during catalytic ozonation against purely ozon-
ation may be explained by the mechanism, where the
adsorbed ozone reacts with the TiO2 surface (without UV

light) producing ozonide ions which later can be transformed
to hydroxyl radicals (Hernández-Alonso et al. 2002).

Photolytic ozonation and photocatalytic ozonation
Photolytic ozononation and photocatalytic ozonation

Fig. 5 Decomposition kinetics and efficiency of tested compounds.
Photolysis (a), photocatalysis (b), ozonation (c), catalytic ozonation (d),
photolytic ozonation (e), and photocatalytic ozonation (f). The data is

given in relative units of measured TOC concentration. The linear and
non-linear regression models are fitted at the graphs
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processes yielded the best decomposition efficiencies, achiev-
ing decomposition efficiency as high as 99.9% for phenol
after 1 h of photocatalytic ozonation treatment (Fig. 5e, f).
The similar results were found by Oh et al. (2006) (phthalate
solution), where the photolytic ozonation showed much better
results than just ozonation. Moreover, the foaming was com-
paratively less intense during these experiments.

The above data indicate that the photocatalytic ozonation
(O3+UV+Cat.) was the most efficient process, capable in re-
moving target compounds reaching 90–99% degradation after
1 h of treatment. While technically efficient, this combination
should be further explored for its durability and robustness to
be implemented in industrial settings.

Degradation kinetics The approximation of degradation ki-
netics by regression models allowed the estimation of time
required for the 90% degradation efficiency, and the energy
consumption for each target pollutant at every experimental
condition (Table 2). The lowest energy requirement for the
degradation was during photocatalytic ozonation and ranged
between 0.16 and 2.16 MJ/g (oxalic acid and methylene blue,
respectively). The photolytic ozonation was more energy de-
manding (0.34–3.58 MJ/g, oxalic acid and methylene blue,
respectively). All other experimental conditions found to be
much more energy demanding.

Three parameter exponential and sigmoidal decay func-
tions observed to be most suitable to approximate the degra-
dation kinetics during tested AO combinations. The exponen-
tial decay was appropriate to model the TOC concentration
loss at experiments where foaming was observed, such as in 2-
naphthol photolysis and photocatalysis, or methylene blue
ozonation and catalytic ozonation. The foaming was rapid
during the first minutes and then decreased, with practically
no degradation during remaining treatment.

The three parameter sigmoidal models were found to be
most representative for the modeling of the degradation kinet-
ics where the TOC value was chosen as a main parameter for
degradation measurements, as selected in this study. In cases
where the kinetics is observed by the decrease of the concen-
tration of the initial compound, the kinetics usually follows
exponential decay (Oh et al. 2006; Li et al. 2015;Moreira et al.
2016), while sigmoid kinetics is rare (De Witte et al. 2010).
We believe that the kinetics represented by the degradation of
TOC is more meaningful as it shows the process of full min-
eralization of organic compound, representing full degrada-
tion and the overall efficiency of the process. The mechanism
of TOC concentration variation is a result of the initial degra-
dation of original compound to its by-products following step-
by-step reactions (Marotta et al. 2011; Márquez et al. 2014;
Dai et al. 2015; Tay andMadehi 2015; Krugly et al. 2015; Guo
et al. 2016; Zhang et al. 2016b). During the first minutes of
degradation, the reduction of organic carbon and production
of CO2 is very low, as indicated by the upper asymptote of the

sigmoid curve. Such low rate of conversion to CO2 during the
start of degradation was observed by Dobrin et al. (2013),
where the corona discharge above water was used for the
degradation of diclofenac. In the middle of the process, lower
molecular mass compounds fully degrade to CO2 thus increas-
ing the mineralization rate, represented by the steepest slope
of the S-curve and the inflection point. The mineralization rate
decreases when the residual organic carbon approaches 30%,
represented by the lower asymptote.

The linear regression model was found to be suitable for
negligible degradation results, as phenol, D-glucose or oxalic
acid ozonation, where low or no degradation was achieved. In
case of phenol degradation experiments, this model shows the
possible reduction of phenol model wastewater TOC value
due to loss by possible phenol evaporation, not degradation.

System testing usingmixed pollutants wastewater and var-
ious pH values AO process has been shown to depend on the
pH value of the wastewater (De Witte et al. 2010; Xiao et al.
2015), due to the changing reactions of ozone in water and
production of active radicals. The mixture model wastewater
(no. 7 in Table 1) containing a composition of hardly and
easily degradable pollutants was tested against the pH of the
solution in ozonation processes, measuring the effectiveness
of the process as the portion of the remaining TOC
concentration.

In case of uncontrolled initial pH (equal to 3.38), the pho-
tocatalytic ozonation provided the best degradation efficiency
(97.8%, Fig. 6a). The photolytic ozonation reached 84.4%,
while purely ozonation stayed at 18.2% after 60 min of treat-
ment. Similar trends have been registered in the initial pH-
adjusted experiments, where the photocatalytic ozonation per-
formed best, and ozonation worst (Fig. 6b–d). However, the
final efficiency varied broadly. The highest efficiency for pho-
tocatalytic ozonation of 96.6% occurred at pH = 3, which is
comparable with unadjusted pH. Although the end result was
almost similar, the kinetics of the pH = 3.38 degradation was
slightly faster in the initial phases, while in case of pH = 3, the
kinetics followed more of a sigmoidal pattern.

At the initial pH = 11, only 63.5% efficiency was mea-
sured using photocatalytic ozonation, for photolytic ozon-
ation—57.5%, and 31.8% for ozonation. This implies that
single ozonation, although least efficient overall, is more
efficient using elevated pH values. Similar findings were
obtained during the ozonation of ciprofloxacin (De Witte
et al. 2010), phenol (Contreras et al. 2011), and textile
dyes (Gomes et al. 2012). At high pH, the formation of
HO· radicals is facilitated by the reaction of O3 with hy-
droxyl ions (Mehrjouei et al. 2015):

O3 þ OH−→ O2�− þ HO2�;
O3 þ HO2 �→ 2O2 þ HO � :
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On the other hand, the photocatalytic ozonation using TiO2

as catalyst is more efficient at low pH values (Sánchez et al.
1998; Gimeno et al. 2007). Formation of ozonide (O3·

−) rad-
ical under photocatalytic ozonation conditions and subsequent
reaction chain with H+ ion to form HO· radicals has been
suggested as a prevailing mechanism (Sánchez et al. 1998;
Mehrjouei et al. 2015):

TiO2 þ hν→ e− þ hþ;
O3 þ e− → O3�− ;
O3�− þ Hþ→ HO3� ;
HO3 � → O2 þ HO � :

The UVeffect on ozone utilization is explained as a radia-
tion induced oxygen radical formation and further water de-
composition to HO· radicals (Mehrjouei et al. 2015):

O3 þ hν→O � þ O2;
O � þ H2O→HO � :

The selection of AO technology in upscaled systems thus
may depend on the pH of the wastewater. In cases of high pH,
it may be more profitable to use ozonation with longer treat-
ment duration, or to adjust pH before the treatment. The use of
photocatalytic ozonation should be applied to wastewaters of
low pH.

The reduction of the pH was registered in most cases
(Table 1). This is associated with the fact that the formed
degradation by-products often contain low-molecular weight
organic acids (Marotta et al. 2011). The decrease of pH is also
associated with the efficiency of the degradation process. In
case of full mineralization (95–100% TOC reduction), the pH
has remained similar to initial solution (when the initial
compound was non-acidic) or increased (in case of oxalic
acid). In less efficient processes, with total TOC reduction of
~40–80%, the pH tend to decrease due to increasing concen-
tration of organic acids as by-products. In low efficiency pro-
cesses, with total TOC reduction of ~10–40%, the pH
remained at similar levels to initial solution due to minimal
degradation of initial substance.

Identification of decomposition by-products

Three samples of wastewater containing phthalate as the most
persistent compound (excluding D-glucose as a non-
hazardous substance) were analyzed, including the untreated
sample with 100% initial TOC concentration, half-treated
sample with 50% TOC concentration, and sample after
60min of treatment. The time needed to treat the model waste-
water to remaining 50% TOC value (27 min) was calculated
from experiment on catalyst activity testing. Various phthalate
degradation products were found in half-treated wastewater
sample, including salicylic, 4-hydroxyphthalic, adipic acids,T
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and salicylaldehyde. The proposed simplified pathway is
presented in Fig. 7. Possibly, the phthalate firstly degraded
to salicylic acid and salicylaldehyde and then to adipic acid
while loosing the aromaticity. Formation of various acids,
including aromatic ring containing and linear dicarboxylic
acids, was observed by Q. Zhang et al. (2016b) where

Fenton oxidation was used for the phthalate degradation.
The 4-hydroxyphthalic acid was formed from phthalate with
accession of HO· radical directly to the aromatic ring. The
direct accession of HO· radical to aromatic ring structure to
form various hydroxybenzoates was also confirmed by Yuan
et al. 2008 and Q. Zhang et al. 2016b. It should be noted that
many more by-products are forming during the degradation of
phthalate, but they are not detected due to low concentrations.
No significant peaks were observed in the mass spectrum after
60 min of degradation, suggesting that the residual carbon (as
measured with TOC analyzer) consisted of a wide range of
organic compounds of a high state of the oxidation, such as
simple organic acids. These compounds are comparatively
less toxic and can be degraded completely to CO2 and water
with extended treatment time.

Toxicity of decomposition by-products

The toxicity of the model wastewater corresponds to the tox-
icity of the dissolved pollutant. The oxalic acid, methylene
blue, 2-naphthol, and the mixture of all model pollutants were

Fig. 6 The effect of pH on the degradation efficiency of mixture wastewater as represented by TOC decrease. a Uncontrolled initial pH. b Artificially
adjusted initial pH = 3, c pH = 7, and d pH = 11

Fig. 7 Formation of phthalate degradation by-products
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identified as very toxic (100% mortality) at applied concen-
trations (Fig. 8). The phenol solution was observed as least
toxic (~80% mortality). The phthalate and D-glucose at select-
ed concentrations were identified as non-toxic in all cases and
in all treated wastewater samples.

Phenol, methylene blue and the mixture solutions have lost
their toxicity after 50% TOC removal. The toxicity of the 2-
naphthol solution was reduced by 20%, while oxalic acid
remained as toxic as the initial solution. Our results suggest
that the photocatalytic ozonation has a potential to fully reduce
the toxicity of various toxic substances and their mixtures
present in industrial wastewater. The treatment to the residual
TOC of 0–15% is sufficient to reduce the toxicity to almost
zero.

Conclusions

The photocatalytic ozonation (O3+UV+TiO2 catalyst) was
successfully applied in a bench-scale advanced oxidation sys-
tem. The efficiency of this technology for the degradation of
various organic compounds in a model wastewater was
proved based on the following parameters:

– The degradation efficiency reached 85.6–99.9% based on
the TOC reduction after 60 min of treatment.

– The energy requirements are low (0.16 to 2.16 MJ/g of
pollutant), including the energy for the production of
ozone and generation of UV, as compared against other
combinations of ozone/UV/catalysis.

– Complete loss in toxicity of wastewater has been reached
after 60 min of treatment, resulted by the decomposition
of persistent compounds (such as phthalate) to low-
molecular weight acids and CO2.

– The technology performed well in the wide range (3–11)
of initial pH of a wastewater.

– The stationary TiO2-coated glass catalyst has proved as
durable and effective for the ozone-based AO wastewater
treatment technology, assuming that the nanoparticles are
well adhered to the mounting substrate.

The presented design of the photocatalytic ozonation reac-
tor has a high potential to be upscaled to the industrial AO
system.
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