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Abstract: The treatment of wastewaters containing hazardous volatile organic compounds (VOCs)
requires the simultaneous treatment of both water and air. Refractory toluene, extensively studied
for its removal, provides a basis for the comparison of its abatement methods. The oxidation of
aqueous toluene by gas-phase pulsed corona discharge (PCD) in combination with the subsequent
photocatalytic treatment of exhaust air was studied. The PCD treatment showed unequalled en-
ergy efficiencies in aqueous and gaseous toluene oxidation, reaching, respectively, up to 10.5 and
29.6 g·kW−1·h−1. The PCD exhaust air contained toluene residues and ozone in concentrations not
exceeding 0.1 and 0.6 mg·L−1, respectively. As a result of the subsequent photocatalytic treatment,
both airborne residues were eliminated within a contact time with TiO2 as short as 12 s. The re-
sults contribute to the possible application of the studied approach in closed-loop energy-saving
ventilation systems.

Keywords: electric discharge; plasma; ozone; VOCs; water purification; air purification

1. Introduction

Volatile organic compounds (VOCs) in industrial wastewaters present a challenge
in their removal if stripping to the atmosphere is avoided. Toluene is a hydrophobic
aromatic hydrocarbon of moderate toxicity occurring in wastewaters with concentrations
recorded within the interval of 0.2–12,900 µg·L−1 in several industries, such as paint and
coating production, oil refinery, and gas processing [1–3]. Wastewaters subjected to the
appropriate treatment may still contain residual toluene [3] that can be released to the
ambient air, thereby having a detrimental impact on ecosystems. In urban air, toluene
concentrations range from 5 to 150 µg·m−3, and in places with high traffic density they can
reach 1310 µg·m−3 [4,5]. Human exposure to toluene has been reported to affect the central
nervous and respiratory systems, also causing eye irritation [6–8]. Toluene is a refractory
compound that is known due to extensive studies of its oxidation in air [7], thus providing
a reasonable basis for the comparison of its abatement with various methods.

Advanced oxidation processes (AOPs) have proven their ability to degrade organic
pollutants in various matrices [9–11]. The present research explores an alternative to con-
ventional AOPs in the form of low-temperature plasma of pulsed corona discharge (PCD)
as a source of active short-living oxidants. The abatement of aqueous and gaseous toluene
using non-thermal plasma of electric discharges has been studied previously [12–15]. These
studies only report the results obtained in either the aqueous or the gaseous phase, without
considering the necessity to control pollutant removal in both phases. The pulsed corona
discharge used in the study has shown an energy-efficient degradation of various aqueous
pollutants [16–18], although the volatile acetone demonstrated its refractory character [19].
Therefore, the PCD not only faces the problem of ozone (O3) present in the discharge, but
also of residual VOCs in the air exhaust, requiring their elimination. Ozone is formed in
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plasma reactions together with HO-radicals (HO•), hydrogen peroxide (H2O2), and atomic
oxygen [17,20–22]. Photocatalytic oxidation successfully degrades low concentrations of
airborne VOCs, converting them into harmless products, often H2O and CO2 [7]. The
successful photocatalytic abatement of O3 and VOCs, including toluene, was reported
earlier [11]: toluene at a concentration of 60 ppm (0.23 mg·L−1), in the presence of ozone,
was degraded at the energy efficiency of 12.1 g·kW−1·h−1. The efficiency was calculated
for 40% toluene removal at a photocatalyst irradiance of 3.5 mW·cm−2 (365 nm).

A composite approach simultaneously removing toluene from polluted aqueous
media and air is applied in the present study, combining gas-phase electric discharge with
the subsequent photocatalytic oxidation of exhaust air.

2. Results and Discussion
2.1. PCD Oxidation of Aqueous and Gaseous Toluene

A second-order kinetic law (Equation (1)) was used for the characterization of PCD
oxidation [20]:

dC
dt

= − k2·C·P
V

, (1)

where k2 is the second-order reaction rate constant for PCD, m3·J−1; C is the concentration
of toluene, mol·m−3; P is the power of pulsed corona discharge, W; and V is the volume of
plasma zone, m3.

Aqueous toluene oxidation at its initial equilibrium concentration (C0) of 6.3 mg·L−1

at pulse repetition frequencies of 50, 200, and 800 pulses per second (pps) is depicted
in Figure 1. It can be observed that the oxidation rates grow with the pulse repetition
frequency (Figure 1a, Table 1a–c), whereas only modest variations were observed in energy
efficiencies (Figure 1b) comprising 10.5, 8.6, and 7.5 g·kW−1·h−1 at 50, 200, and 880 pps,
respectively. At lower frequencies, the long-living ozone promotes, although quite moder-
ately, toluene oxidation due to the longer periods of time between pulses and, thus, a longer
overall treatment time. This indicates that ozone plays a minor role in toluene oxidation.
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Figure 1. Degradation of aqueous toluene dependent on treatment time (a) and delivered energy (b) at pulse repetition
frequencies of 50, 200, and 880 pps: C0 = 6.3 mg·L−1, initial pH 7.0, 20 ◦C.

Table 1. The second-order kinetic constants and efficiency values of aqueous toluene PCD oxidation.

PCD Treatment Conditions
k2 × 10−7,

m3·J−1 R2
Efficiency of Toluene Oxidation for 40%,

g·kW−1·h−1

Aqueous Airborne

(a) C0 = 6.3 mg·L−1, 880 pps, initial pH 7.0, 20 ◦C 6.9 0.9981 7.5 22.3
(b) C0 = 6.3 mg·L−1, 200 pps, initial pH 7.0, 20 ◦C 8.3 0.9964 8.6 27.0
(c) C0 = 6.3 mg·L−1, 50 pps, initial pH 7.0, 20 ◦C 10.7 0.9905 10.5 29.3
(d) C0 = 3.7 mg·L−1, 200 pps, initial pH 7.0, 20 ◦C 12.4 0.9994 7.5 23.0
(e) C0 = 1.0 mg·L−1, 200 pps, initial pH 7.0, 20 ◦C 37.0 0.9938 6.4 13.7
(f) C0 = 3.7 mg·L−1, 200 pps, pH 3.0, 20 ◦C 12.5 0.9887 7.6 22.4
(g) C0 = 3.7 mg·L−1, 200 pps, pH 12.0, 20 ◦C 13.0 0.9943 7.6 24.9
(h) C0 = 2.5 mg·L−1, 200 pps, initial pH 7.0, 30 ◦C 12.2 0.9984 5.3 29.5
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Further studies were carried out at a pulse repetition frequency of 200 pps, thus pro-
viding a treatment time long enough for accurate sampling at lower initial concentrations
of toluene. The degradation of toluene in time of treatment in both the aqueous and air
phases is shown in Figure 2, also illustrating the difference in oxidation rates depending
on the initial aqueous toluene concentration. Gas-phase toluene degradation follows the
pattern of the one in the aqueous phase, since the sampling method applied in the study
(see Experimental Section) provided an equilibrium between phases that was achieved
before sampling.
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The dependence of toluene oxidation energy efficiency on its initial concentration is
seen in Table 1b,d,e: the values of 6.4, 7.5, and 8.6 g·kW−1·h−1 correspond to the initial
equilibrium aqueous toluene contents of 1.0, 3.7, and 6.3 mg·L−1, respectively. These
values exceed the ones reported by Jose et al. by an order of magnitude [23], comprising
0.543 g·kW−1·h−1 in the needle-plate corona above water reactor at toluene concentrations
as high as 200 mg·L−1.

Most of the earlier studies on airborne toluene oxidation reviewed by Preis et al. [24]
were conducted using higher initial toluene concentrations, providing higher oxidation
efficiency numbers as opposed to those presented here. Dou et al. [25] studied toluene oxi-
dized in a 50-Hz AC dielectric barrier discharge (DBD) reactor with a starting concentration
of 1200 ppm (4.6 mg·L−1), showing that the energy yield averaged around 5 g·kW−1·h−1,
which is in accordance with the span given in the review by van Durme et al. [26], of
1 to 11 g·kW−1·h−1 for DBD combined with in situ or post-discharge catalysis. Schiorlin
et al. [27] observed toluene degradation in pulsed DBD at a removal efficiency of about
7.2 g·kW−1·h−1 at a starting concentration in dry air as high as 500 ppm (1.9 mg·L−1).
The air humidity rose to 40% at 20 ◦C, which resulted in the toluene oxidation efficiency
increasing to about 8.4 g·kW−1·h−1. The energy efficiency of such treatment is inferior to
the ones observed in this study for the air phase, taking into account that starting toluene
concentrations are higher for an order of magnitude. Such an observation is expected
for DBD, showing lower efficiencies [24]. The application of PCD, however, showed a
dramatic growth in the oxidation energy yield: Malik et al. [28] reported a toluene oxidation
efficiency as high as 30.1 g·kW−1·h−1 at the starting concentration of 300 ppm (1.1 mg·L−1)
in dry air at a pulse repetition frequency of 2 pps, which is close to the numbers observed
in the present study. We failed to find publications concerning the electric discharge
application towards combined treatment of water and air polluted with VOCs.

The efficiency of airborne toluene oxidation also shown in Table 1 logically exceeds
the ones of aqueous toluene by about three times in most of the cases, which is explained
by the interface-borne HO-radicals at the gas-phase side shown earlier [19]. At higher
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temperatures, the difference increased by about five times, which is also consistent with,
on the one hand, the higher gas-phase equilibrium concentration and, on the other hand,
lower oxidation rate of aqueous admixtures at elevated temperatures [29].

The measurement of gaseous ozone concentration showed its definitive involvement
in the oxidation of toluene: the higher the toluene concentration, the slower the ozone
concentration growth (Figure 3). The values of concentrations also indicate the ozone
consumption by oxidation reactions being an order of magnitude lower than the ones
observed in the reactor working with distilled water [20].
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The impacts of the pH and of the temperature were studied at a toluene initial equi-
librium concentration of 3.7 mg·L−1. The pH of acidic and alkaline solutions remained
unchanged throughout the treatment, while in neutral solutions the pH decreased from
7.0 ± 0.1 to 4.5 ± 0.2 within 12.5 min due to the formation of carboxylic acids [30] and
nitrate [31]. Variations in pH had no effect on the aqueous toluene degradation Table 1d,f,g,
regardless of the fact that basic pH conditions promote aqueous ozone decomposition,
producing additional HO radicals [32]. The minor role of this reaction is explained by
the low concentration of gaseous ozone. For example, within the first 5 min of treatment
0.22 mg·L−1 of gaseous ozone in the reactor (Figure 3) may provide 0.07 mg·L−1 of equilib-
rium aqueous ozone according to Henry’s law [33]. This circumstance confirms the smaller
role of ozone in toluene oxidation observed in experiments with various pulse repetition
rates. Clearly, variations in pH from 3.0 to 12.0 did not alter the non-dissociating toluene
molecule reactivity with discharge-generated HO-radicals in the PCD reactor.

The treated solution containing 3.7 mg·L−1 of aqueous toluene in equilibrium with
air in the reactor was adiabatically heated from 20 ± 2 ◦C to 30 ± 2 ◦C, providing a
toluene aqueous concentration of 2.5 mg·L−1. The increased temperature resulted in a
noticeably lower energy efficiency of 5.9 g·kW−1·h−1 in toluene oxidation at a slightly
lower reaction rate constant, as shown in Table 1d,h. This observation indirectly points
to toluene oxidation at the gas–liquid interface [19], since the increased airborne toluene
concentration resulted in a higher rate of oxidation at the gas-phase side.

The FTIR analysis of air outlet from the PCD reactor showed, in addition to toluene
and ozone, the minor presence of the product of incomplete oxidation, carbon monoxide
(CO). Compositions of gaseous exhaust originating from PCD at the end of the treatment
are shown in Table 2.

Earlier, the authors noticed ozone increasing the yield of carbon monoxide in the
photocatalytic oxidation of toluene [11]. In PCD experiments, both ozone and CO concen-
trations were found to be descending, with declining pulse repetition frequencies at low
residual aqueous toluene concentrations being close to each other at the end of treatment,
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as shown in Table 2a–c. This observation might point to the potential similarity in the roles
of ozone in both photocatalytic and PCD oxidation: less ozone in the gas phase results
in a lower yield of carbon monoxide. In addition, a smaller initial content of toluene also
results in a smaller CO yield at approximately equal ozone concentrations, as shown in
Table 2b,d,e. The reduced CO yield at lower ozone concentrations observed at elevated
temperatures also fits into the association between CO production and gaseous ozone
concentration, as shown in Table 2b,h. However, the PCD oxidation experiments at various
pHs, as shown in Table 2d,f,g, show practically identical CO yields at ozone concentra-
tions expectedly being an order of magnitude lower in alkaline medium as a result of fast
decomposition and, thus, the chemisorption of ozone. From this, one can unequivocally
conclude that CO is a product of toluene oxidation without a particular role of ozone, i.e.,
along the predominant mechanism with discharge-generated HO-radicals.

Table 2. Toluene, O3, and CO concentrations in PCD outlet gas.

PCD Treatment Conditions Sampling Time, min
Concentration, mg·L−1

Toluene O3 CO

(a) C0 = 6.3 mg·L−1 (aq), C0 = 1.6 mg·L−1 (gas),
880 pps, initial pH 7.0, 20 ◦C

6 0.057 0.61 0.051

(b) C0 = 6.3 mg·L−1 (aq), C0 = 1.6 mg·L−1 (gas),
200 pps, initial pH 7.0, 20 ◦C

20 0.080 0.40 0.042

(c) C0 = 6.3 mg·L−1 (aq), C0 = 1.6 mg·L−1 (gas),
50 pps, initial pH 7.0, 20 ◦C

60 0.10 0.22 0.033

(d) C0 = 3.7 mg·L−1 (aq), C0 = 1.0 mg·L−1 (gas),
200 pps, initial pH 7.0, 20 ◦C

12.5 0.061 0.39 0.028

(e) C0 = 1.0 mg·L−1 (aq), C0 = 0.4 mg·L−1 (gas),
200 pps, initial pH 7.0, 20 ◦C

5 0.065 0.34 0.016

(f) C0 = 3.7 mg·L−1 (aq), C0 = 1.0 mg·L−1 (gas),
200 pps, pH 3.0, 20 ◦C

12.5 0.057 0.42 0.030

(g) C0 = 3.7 mg·L−1 (aq), C0 = 1.0 mg·L−1 (gas),
200 pps, pH 12.0, 20 ◦C

12.5 0.065 0.044 0.030

(h) C0 = 2.5 mg·L−1 (aq), C0 = 1.2 mg·L−1 (gas),
200 pps, initial pH 7.0, 30 ◦C

12.5 0.096 0.22 0.029

As shown in Table 2b,d,e, the trace concentrations of toluene remain at about
0.06–0.10 mg·L−1 after PCD treatment, regardless of its initial concentration. The complete
PCD oxidation of toluene may prove to be a time-and energy-consuming task. Besides this,
residual ozone is also considered an air pollutant. Under these circumstances, gaseous
exhausts containing trace amounts of toluene and residual ozone treated photocatalytically
present a reasonable approach.

2.2. Photocatalytic Treatment of Toluene and Ozone Residues in the PCD Exhaust

Residual toluene, O3, and CO exiting the PCD reactor enter the photocatalytic reactor
at the concentrations shown in Table 3.

Table 3. Contents of toluene, ozone, and carbon monoxide in PCD outlet gas entering photocatalytic
reactor.

PCD Treatment Conditions Sampling Time, min
Concentration, mg·L−1

Toluene O3 CO

C0 = 6.3 mg·L−1 (aq), C0 = 1.6 mg·L−1

(gas), 200 pps, initial pH 7.0, 20 ◦C
20 0.034 0.29 0.038

C0 = 3.7 mg·L−1 (aq), C0 = 1.0 mg·L−1

(gas), 200 pps, initial pH 7.0, 20 ◦C
12.5 0.046 0.29 0.024

C0 = 1.0 mg·L−1 (aq), C0 = 0.4 mg·L−1

(gas), 200 pps, initial pH 7.0, 20 ◦C
5 0.042 0.24 0.014
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Rather low inlet concentrations of toluene (Table 3) became undetectable over a TiO2-
coated area of 120 cm2 within all tested residence times of 4, 8, and 16 s—i.e., at SRTs of
0.033, 0.065, and 0.13 s·cm−2, respectively (Figure 4).
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The fast degradation of residual toluene is explained by the role of residual plentiful
ozone: Pichat et al. [34] reported easier capture of electrons photolytically promoted to the
TiO2 conduction band by ozone, either directly (Equation (2)) or indirectly (Equation (3)).
The radical-anion O3

•− may react with water adsorbed on a TiO2 surface, promoting the
generation of HO• (Equation (4)). Additionally, the scavenging of photoproduced electrons
with ozone obstructs the hole-electron recombination magnifying HO• formation from
hydroxyl-anions at the photocatalyst surface (Equation (5)).

e− + O3 → O•− + O2 (k = 1.8 × 109 L mol−1·s−1), (2)

e− + O2 → O2
•− and O2

•− + O3 → O3
•− + O2 (k = 2.1 × 1011 L mol−1·s−1), (3)

O3
•− + H2O→ HO• + HO− + O3, (4)

HOs
− + h+ → HO•. (5)

Since no significant difference in O3 conversion was observed at variable residual
toluene concentrations, Figure 4 only depicts the results obtained at an aqueous toluene
starting equilibrium concentration of 3.7 mg·L−1. At the longest SRT of 0.13 s·cm−2

provided by a residence time of 16 s over a TiO2-covered photocatalytic surface of 120 cm2,
O3 was fully degraded, although, at a SRT of 0.065 and 0.033 s·cm−2, the O3 depletion
accordingly required 240 and 360 cm2 with residence times of 16 and 12 s, respectively. At
lower SRTs of 0.033 and 0.065 s·cm−2 provided by the respective residence times of 4 and
8 s over 120 cm2 of TiO2 coating, ozone did not decompose entirely, thus indicating the
need for a greater area of the photocatalyst to ensure the time limit for O3 degradation.
The gradual depletion of O3, within a time span longer than the one necessary for the
complete oxidation of toluene residues confirms a deep oxidation of toluene degradation
by-products under the experimental conditions; the accelerated depletion of O3 in the
presence of toluene degradation by-products adsorbed on TiO2-coatings was reported
earlier [11].

The photocatalytic treatment of the PCD exhaust air resulted in CO remaining intact,
to which photocatalytic oxidation added slightly more of the CO produced from residual
toluene in amounts of 0.002–0.007 mg·L−1. Variations in the CO outlet concentrations are
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determined by differences in the residual toluene concentrations in the air entering the
photocatalytic reactor. The probable reason for the CO residues is the effect of water vapor
hindering the oxidation of poorly adsorbed CO to CO2, by blocking the active sites on
the photocatalyst surface [35]. The resultant CO concentration, however, is lower than
the maximum permissible concentration for an eight-hour exposure in a working zone
comprising 0.058 mg·L−1 [36].

3. Materials and Methods
3.1. Experimental Equipment and Procedure

The PCD reactor was combined with the photocatalytic one to treat the air exhaust
containing residual toluene and ozone. A 3D illustration of the combination is shown in
Supplementary Figure S1.

3.1.1. Pulsed Corona Discharge

Experiments with toluene aqueous solutions using 10 L samples were conducted using
the PCD device described earlier [16], and shown in Figure 5 (Flowrox Oy, Lappeenranta,
Finland). Toluene, as an easily fugitive compound, is rather difficult to use in precise
dosing in a 154 L reactor. To avoid massive toluene evaporation in ambient air, toluene
solutions were stored in hermetically closed vessels and transferred into the PCD reactor
using a peristaltic pump (Masterflex, Vernon Hills, IL, USA). Solutions initially containing
approximately 10 ± 0.5, 30 ± 1.5, and 50 ± 2.3 mg·L−1 of toluene provided equilibrium
to aqueous concentrations of 1.0 ± 0.05, 3.7 ± 0.15, and 6.3 ± 0.30 mg·L−1 at 20 ◦C. These
concentrations consistently provided equilibrium to airborne toluene concentrations in the
air phase, 0.4 ± 0.02, 1.0 ± 0.04, and 1.6 ± 0.07 mg·L−1, respectively, and in the overall free
gaseous volume of the PCD reactor. In experiments at temperatures elevated to 30 ◦C, the
equilibrium in solutions containing 30 mg·L−1 was established at an aqueous concentration
of 2.5± 0.10 mg·L−1 and an airborne toluene content of 1.2± 0.05 mg·L−1. An inbuilt spiral
coil heater was used to obtain a higher temperature of the solution. The equilibrium state
of toluene in a gas–liquid system verified implementing Henry’s law (Equation (6)) [37]
showed the measured concentrations being close to the theoretically calculated ones:

H = H0 × exp
d[ lnH

( 1
T )

]( 1
T−

1
T0

)
, (6)

where H is Henry’s law solubility constant; H0 is Henry’s law solubility constant at the
reference temperature, mol·kg−1·bar−1 [38]; T is the treated solution temperature, K; T0 is
a reference temperature of 298.15 K.

The aqueous samples were treated in a recirculation regime and continuously sprayed
into the electric discharge zone. High-voltage pulses were applied between horizontal
high-voltage electrodes made of stainless steel wire 0.55 mm in diameter and a total length
of 20 m, and two vertical grounded stainless steel plates with repetition frequencies of
50, 200, and 880 pps, corresponding to output powers of 9, 32, and 123 W, respectively.
Water containing toluene was dispersed through a perforated plate with 51 perforations
1 mm in diameter with a flow rate of 1.0 m3·h−1 using a circulation pump (Iwaki Co. Ltd.,
Tokyo, Japan). The PCD reactor was hermetically closed to prevent toluene vapor leaks to
ambient air.

The delivered pulsed energy was calculated using the integrated waveforms of voltage
and current, as described earlier [39]. Energy efficiency E, g·kW−1·h−1, was calculated at
40% of toluene oxidation using Equation (7):

E =
∆C·V

W
, (7)

where ∆C is the decrease in toluene concentration, g·m−3; V is the volume of treated
sample, m3; and W is the consumption of energy, kWh.
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Solution samples were recirculated for 10 min prior to the start of the experiment and
for 5 min prior to the sampling after treatment in order to reach equilibrium concentrations
of toluene in liquid and gas phases (Supplementary Figure S2). The gas samples from
the PCD reactor were transferred to the FTIR gas cell by means of an air pump (KNF
Neuberger S.A.S, France), and analyzed for the presence of VOCs and ozone (see below).
After the PCD treatment, the gaseous exhaust was transferred to the photocatalytic reactor
for post-treatment.
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3.1.2. Photocatalytic Oxidation

Air exhaust from the PCD reactor was treated photocatalytically using TiO2-coated
(P25, Evonik Industries, Essen, Germany) glass plates under UVA-emitting fluorescent
lamps, Actinic T8, 15 W (Philips, Amsterdam, Netherlands) in a multi-section continuous
reactor described earlier [11], consisting of five sequential sections with a volume of 130 mL
each (0.9 × 4.9 × 29.5 cm) and a wall thickness of 0.2 cm (Figure 6). The catalyst-coated sur-
face thus comprised 120 cm2 per section, with a TiO2 surface density of 1.4 ± 0.2 mg·cm−2

and a coating thickness in the range of 1 µm.
Temperature in the reactor was measured with a temperature controller supplied

with K-type thermocouple, CN9000A (Omega, Norwalk, CT, USA), comprising 38 ± 1 ◦C,
maintained by the heat of the lamp. The gas flow rate was controlled using a flow metering
valve SS-6MG-MM (Swagelok, Solon, OH, USA). The flow rates of 0.5, 1.0, and 2.0 L·min−1

were applied, providing residence times of 16, 8, and 4 s per section and specific residence
times (SRT) of 0.13, 0.065, and 0.033 s·cm−2, respectively.

3.2. Chemicals and Analyses

The concentration of aqueous toluene (≥99%, Sigma-Aldrich, St. Luis, MO, USA)
was measured using a 9300 HPLC System high-performance liquid chromatography (YL
Instrument Co., Anyang, Korea) equipped with a UV/Vis detector and XBridge C18 column
(130 Å pore size, 3.5 µm particle size, 150 mm in length, and 3.0 mm inner diameter) (Waters,
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Milford, MA, USA). The flow rate was 0.2 mL·min−1 at the sample run time of 13 min. The
isocratic elution was applied using 70% of 0.1% CH3COOH in ultrapure water and 30%
of acetonitrile.
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The pH was measured with a S220 digital pH-meter (Mettler Toledo, Greifensee,
Switzerland) and adjusted with either 5 M H2SO4 (96%, LACH-NER, Neratovice, Czech
Republic) or 5 M NaOH (≥ 98%, Sigma-Aldrich, St. Luis, MO, USA). The concentrations of
residual toluene and O3 in the air were determined using Fourier transform infrared spec-
troscopy (FTIR, Interspec 200-X, Tõravere, Estonia). Gaseous samples were collected into
the 8 m 1.33 L gas cell (Specac Tornado, Orpington, UK) and analyzed in the wavelength
range of 500–4000 cm−1. The spectrum was collected every 5 min for each reactor’s section.
Toluene peaks were integrated using the Essential FTIR software (Operant LLC, Houston,
TX, USA) and a quantitative database (FDM, HiRes VPFTIR for Quant). The content of
O3 in the air was determined by FTIR spectroscopy, with calibration acquired using a
MP-6060 ozone analyzer (Anseros Klaus Nonnenmacher GmbH, Tübingen, Germany). All
the measurements were duplicated, indicating that the standard deviation was not higher
than 5%.

4. Conclusions

The treatment of aqueous toluene in gas-phase pulsed corona discharge combined
with the photocatalytic treatment of exhaust air eliminates residual toluene and ozone,
thus producing carbon monoxide in minor amounts. The energy efficiency of both aqueous
and airborne toluene PCD oxidation demonstrated unequalled levels of 6.4 to 10.5 and up
to 29.6 g·kW−1·h−1, respectively, depending on the pulse repetition frequency and toluene
concentration. A temperate difference in energy efficiencies at variable frequencies points
to the moderate role of O3-induced oxidation of toluene. The increase of temperature in the
treated toluene solution from 20 to 30 ◦C resulted in the decreased oxidation efficiency of the



Catalysts 2021, 11, 549 10 of 11

aqueous toluene of about 20%, showing higher oxidation rates in the gas phase. Indifference
of toluene oxidation efficiency towards pH of treated solution indicates the predominant
role of discharge-generated HO-radicals in oxidation: at pH 12.0, an order of magnitude
lower gaseous ozone concentrations resulted in toluene oxidation efficiency attributable to
other pH media with high ozone concentrations. Residual toluene, ozone, and CO2 and
minor amounts of CO were observed as the humid air PCD exhaust constituents. Properly
selected conditions of photocatalytic oxidation over TiO2 allow the complete elimination of
toluene and ozone from the exhaust air, contributing, however, to a minor extent to CO
formation from residual toluene.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/catal11050549/s1: Supplementary Figure S1: 3D illustration of combined PCD and photocat-
alytic reactor; Supplementary Figure S2: Equilibrium between liquid and gaseous phase of toluene in
time: C0 = 50 mg·L−1, pH 7.0.
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