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A B S T R A C T

Several advanced oxidation processes (AOPs) including photocatalytic processes were studied for effective treat-
ment of complex model wastewater containing a wide variety of VOCs. The studies revealed synergistic effects
of TiO2 based processes for improved degradation of the VOCs. A peroxone combined with TiO2/UV system
(TiO2/UV/O3/H2O2) with a ratio between the oxygen source from the oxidant to chemical oxygen demand (COD)
of the model wastewater (rox) of 0.5 and 100 mgTiO2/L was the optimal process. TiO2 revealed to be econom-
ically reasonable to be used in TiO2/UV/H2O2 and TiO2/UV/O3/H2O2 photocatalytic technologies for efficient
and fast (100min) degradation of VOCs with significantly low amounts of chemicals. Developed system provide
high effectiveness with low treatment cost, which in case of most VOCs studied provide satisfactory effects in
15min. of treatment process with 4 $/m3 of process costs. The technologies are promising in degradation and
purification in several types of industrial effluents with a high VOCs content.

1. Introduction

The studies on effective methods for complete degradation of
volatile organic compounds (VOCs) are very important, since, a vast
variety of industrial facilities generate VOCs in their processes and in
many cases they are present in the industrial effluents. Pharmaceuti-
cal [1], petroleum and refinery [2,3], paper [4,5], dye [6], tanning
and textile [7], paint, gas [8], biogas [9], food [10] among others are
some examples of industries which generate VOCs. Primary, the VOCs
are often present in the flue gases, which are treated by absorption
in aqueous media, forming effluents [11,12]. This approach allows to
minimize the gas emission to the atmosphere – only non-absorbable
gaseous compounds are introduced to thermal treatment (incineration).
The importance of wastewater treatment regarding VOCs is related with
few factors. Firstly, with the high biotoxicity of some groups of the
VOCs to microorganisms, which makes ineffective the usage of biologi-
cal methods to degrade such compounds. Secondly, open air treatment
technologies (common practice at biological treatment stage) can in-
crease the risk of VOCs emission to the atmosphere instead of their
quantitative degradation. Thirdly and maybe one of the most impor-
tant factors, the majority of the compounds present in this work are
harmful to the animal and human health. Compounds like phenol [13]

and di-tert-butyldisulfide are known to be toxic to aquatic and flora
ecosystems and also dangerous to the human health. Dibutylsulfide
[14], cresols [15] and Benzene, Toluene, Ethylbenzene, Xylene (BTEX)
[16] are known to be toxic to the human health. Benzene [17] naph-
thalene [18] and nitro-aromatic compounds, i.e., nitrobenzene, nitro-
toluene and nitrophenol [19,20] have been reported to have more harm-
ful effects on the human health such as mutational and carcinogenic ef-
fects. Thus, such compounds must be effectively degraded by means of
proper technology without formation of any toxic by-products.

Advanced oxidation processes (AOPs) have gained significant atten-
tion in the recent years for the treatment of VOCs. They were first re-
ported by Glaze and co-workers, who stated that AOPs are capable of
generating highly reactive species named hydroxyl radicals (HO ) [21].
HO possesses a high oxidation potential (E°=2.7V) and capable of ox-
idizing the majority of the organic pollutants [22–24]. AOPs are seen
as environmental friendly technologies, since their reaction with inor-
ganic and organic compounds can generate CO2, H2O and inorganic
compounds in case of full mineralization [25].

Photocatalysis is one of the most studied and economically feasible
AOPs. Several types of catalysts are generally applied in AOPs such as
TiO2 [26,27], ZnO [28,29], bismuth [30,31] and other complex nanos
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Table 1
Operational parameters and COD reduction of the processes studied.

Experiment
number Process rox

Oxidant
amount (g)

[TiO2]
(mg/L)

COD
reduction
(%)

1 TiO2/UV/O3 0.70 12 100 41
2 TiO2/UV/O3 0.70 12 500 44
3 TiO2/UV/O3 0.70 12 1000 42
4 TiO2/UV/O3 0.70 12 2000 43
5 TiO2/UV/O3 1.50 24 500 55
6 TiO2/UV/O3 0.4 6 500 40
7 TiO2/UV/O3 3.4 57.24 500 66
8 TiO2/UV/

H2O2

0.50 5.84 100 13

9 TiO2/UV/
H2O2

0.50 5.84 500 14

10 TiO2/UV/
H2O2

0.5 5.84 1000 13

11 TiO2/UV/
H2O2

1.1 11 100 18

12 TiO2/UV/
H2O2

0.27 2.75 100 8

13 TiO2/UV/
O3/H2O2

0.50 O3: 5.92;
H2O2: 1.78

100 38

14 TiO2/UV/
O3/H2O2

0.50 O3: 5.92;
H2O2: 1.78

500 33

15 TiO2/UV/
O3/H2O2

0.50 O3: 5.92;
H2O2: 1.78

1000 37

16 TiO2/UV/
O3/H2O2

0.26 O3: 2.96;
H2O2: 0.89

100 26

17 TiO2/UV/
O3/H2O2

1.1 O3:
11.84;H2O2:
3.55

100 43

18 TiO2 – – 100 –
19 TiO2 – – 500 –
20 H2O2 1.09 11 – −8
21 H2O2/UV 1.09 11 – −18
22 O3 0.68 12 – 29
23 O3/UV 0.68 12 – 43
24 O3/H2O2 0.51 O3: 5.92;

H2O2: 1.78
– 32

25 O3/H2O2/UV 0.51 O3: 5.92;
H2O2: 1.78

– 46

tructures [32,33]. In photocatalytic process, light photons are bom-
barded over a semiconductor particle (SMP), in this work titanium
dioxide (TiO2), which results in the formation of several reactive radi

cals which are responsible for the oxidation of organic compounds
[34–41]. When irradiated with enough energy, an electron (e−) from the
valence band (VB) of SMP transfer to its conduction band (CB), leav-
ing behind a positive hole in the CB (hVB

+). The e−-hVB
+ pair initiates a

number of redox reactions especially the ones with the surface adsorbed
water molecules which finally lead to formation of HO on the surface
of TiO2.

Literature regarding photocatalytic processes at alkaline pH revealed
that its effectiveness depends upon the point of zero charge (PZC) of the
catalyst used and the dissociation constant (pKa) of the compounds un-
der study [42]. Thus, the effectiveness of the photocatalytic process us-
ing TiO2 will always depend on the pKa of the VOCs studied.

The generality of the research of the AOPs in treating different types
of VOCs mainly focuses on specific compounds, including studies of the
scavengers effect on their degradation. This phenomenon strongly limits
the range of application of the methods studied. In addition, real efflu-
ents contain more than one type of VOCs and their interaction may af-
fect their degradation. These facts sustain a methodology of research on
the applicational value of the developed technology for a specific type
of industrial effluent. where first the technology needs to be tested using
a model WW containing several VOCs, widely present in industrial efflu-
ents, and in the second step evaluated using real effluents. Some studies
did such approach by testing some types of AOPs in the treatment of
several types of VOCs in the same water matrix [43–47]. Thus, the aim
of this work is to evaluate the performance of the photocatalytic and
photolytic technologies in caustic model WW containing several VOCs
to check if these technologies have the potential to be applied for highly
polluted real effluents. With a proper degradation of the VOCs, there
is an increase in the treatment efficiency of the biological technologies,
commonly used in several types of industries, providing an important
contribution for further purification of the treated effluent before being
discharge to the environment.

2. Experimental

2.1. Materials

Hydrogen peroxide (30% w/v) and sodium hydroxide were pur-
chased from POCH Poland and AEROXIDE® TiO2 P-25 was kindly pro-
vided by EVONIK industries. The surface area given by the supplier is
between 35 and 65m2/g and the particle size is between 2 and 3µm.

Fig. 1. Influence of the UV and photocatalytic activity in O3, H2O2 and O3/H2O2 processes for the degradation of the VOCs degradation. TiO2/UV/O3/H2O2 (Table 1, exp. 13); O3/H2O2/UV
(Table 1, exp. 25), O3/H2O2 (Table 1, exp 24); TiO2/UV/O3 (Table 1, exp. 2); O3/UV (Table 1, exp. 23); O3 (Table 1, exp. 22); TiO2/UV/H2O2 (Table 1, exp. 11); H2O2/UV (Table 1, exp.
21); H2O2 (Table 1, exp. 20). Green columns, total- volatile organic compounds (t-VOCs); Yellow columns, sulfur volatile organic compounds (VSCs); Red columns, nitrogen volatile or-
ganic compounds (VNCs); Blue columns, oxygen volatile organic compounds (O-VOCs). H2O2: VNCs degradation, −194%; t-VOCs degradation, −8%. H2O2/UV: VNCs degradation, −270%.
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Table 2
Degradation of the studied volatile organic compounds in the different non-UV, UV and photocatalytic processes.

Compound H2O2 H2O2/UV TiO2/UV/H2O2 O3 O3/UV TiO2/UV/O3 O3/H2O2 O3/H2O2/UV TiO2/UV/O3/H2O2

Experiment number (according to Table 1)

20 21 11 22 23 2 24 25 13

Benzene 39.8% 42.8% 52.5% 96.1% 100.0% 99.5% 100.0% 100.0% 100.0%
Toluene 25.8% 51.5% 59.5% 89.7% 95.4% 99.6% 100.0% 100.0% 100.0%
ethylbenzene 12.2% 66.7% 66.2% 84.7% 91.0% 99.6% 100.0% 100.0% 100.0%
Furfural −185.4% 66.8% 59.3% 65.2% 100.0% 88.4% 100.0% 100.0% 99.0%
o-xylene 15.3% 62.5% 60.4% 88.2% 92.6% 99.3% 100.0% 100.0% 99.5%
Phenol 35.6% 49.4% 42.4% 96.9% 98.2% 99.6% 97.8% 99.4% 99.5%
Dibutyl sulfide 42.7% 23.1% 93.7% −26.2% −6.3% 88.3% 100.0% 100.0% 94.6%
o-cresol 61.0% 71.2% 99.0% 78.4% 86.1% 99.7% 100.0% 100.0% 99.6%
m-cresol 46.7% 69.2% 99.3% 95.1% 100.0% 100.0% 100.0% 100.0% 100.0%
tert-butyl disulfide 100.0% 100.0% 94.4% 100.0% 100.0% 97.8% 100.0% 100.0% 94.5%
2-Nitrophenol −373.4% −552.7% 80.3% 58.7% 60.8% 100.0% 77.6% 82.4% 99.4%
4-ethylphenol 64.4% 73.4% 99.0% 83.1% 88.8% 99.4% 82.8% 89.7% 99.8%
Naphthalene 19.0% 21.5% 55.6% 20.7% 42.4% 98.6% 35.2% 37.4% 98.2%
2-Nitrotoluene −16.1% 13.3% 46.1% 56.5% 82.8% 96.2% 60.9% 72.4% 93.3%
O-VOCs 33.07% 55.04% 69.32% 89.93% 95.85% 98.35% 96.34% 92.03% 99.55%
VNCs −84.64% −96.75% 63.23% 66.96% 79.82% 98.10% 70.35% 69.29% 96.32%
VSCs 61.00% 56.96% 94.07% 35.51% 46.50% 93.06% 100.00% 100.00% 94.56%
t-VOCs 31.54% 47.80% 71.98% 86.10% 93.80% 97.56% 92.02% 88.83% 98.37%

Fig. 2. Mechanism of the photocatalytic process aided with O3, H2O2 and O3/H2O2.

Toluene, 2-ethyl-1-hexanol, and phenol were purchased from POCH
Poland; 1-nitropropane, heptylamine, 2-ethylthiophene, dibutyl sulfide,
di-tert-butyldisulfide, pyridine and naphthalene from Sigma Aldrich and
4-ethylphenol was purchased from Acros organics (a POCH product).
Benzene, o-xylene, ethylbenzene, nitrobenzene, 2-nitrophenol, 2-nitro-
toluene, heptanoic acid, nonanoic acid, decanoic acid, 10-undecylenic
acid, dodecanoic acid, furfural, m-cresol, o-cresol, acetophenone,
tetrahydrofuran and 2-butanol were purchased from Merck (Germany).

2.2. Apparatus

To conduct the experiments, a pilot scale acid resistant steel closed
cylindrical reactor was used, with a total volume of 15dm3 (Fig. 1S,
Supporting Information (SI)). The details about the reactor are fully de

scribed in our previous work [48]. Additionally, to conduct the photo-
catalytic experiments, a UVHQ 250Z, Hg lamp from UV-technik (Ger-
many), was connected to the reactor by one of lower windows of the
reactor (Fig. 1S, number 2 and 3). The power of the lamp is 250W,
with a specific lamp power of 56W/cm. A circulation of the model
WW in the reactor through UV chamber was obtained by means of
fluid-o-tech model MS 632–4 B34 pump (Italy) (Fig. 1S, number 4).
The procedures were done in semi-batch mode where the oxidant was
added in a continuous mode during the whole time of treatment. The
model WW was pumped into the reactor by membrane (PTFE) pump
model UGD 100/120-03, Euralca (Italy). H2O2, was fed to the reactor
using a Hitachi LaChrom HPLC Pump model L-7110. Ozone was fed by
a Tytan 32 Ozone generator that is able to produce up to 70mg O3/L
of Oxygen. Dried air was used to produce Ozone. The separation be
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Table 3
Dissociation constant (pKa) of the compounds composing the model WW.

Compound pKa reference

acetophenone 19 [63]
nonanoic acid 4.96 [64]
heptanoic acid 4.89 [64]
2-butanol 17.6 [64]
phenol 9.98 [64]
4-ethylphenol 10 [64]
heptylamine 10.67 [65]
pyridine 5.23 [66]
nitrobenzene 4.60 [67]
o-cresol 10.29 [64]
m-cresol 10.09 [64]
benzene 43 [68]
naphthalene 42 [68]
2-nitrophenol 7.23 [69]
1-nitropropane 9 [70]
decanoic acid 4.9 [64]
10-undecylenic acid 5 [64]
lauric acid 5.3 [64]
2-nitrotoluene 4.43 [67]
toluene 41 [71]
ehtylbenzene 36 [72]

tween the catalyst and the model WW taken in the samples collected
was made by a Heraeus Sepatech centrifuge.

The detailed description of the apparatus for VOCs analysis by gas
chromatography is described in our previous papers [49–51]. COD de-
termination was done using a HACH COD reactor and a HACH DR/2010
spectrophotometer.

2.3. Procedure

2.3.1. Model wastewater
In order to simulate caustic effluents containing several VOCs pre-

sent in a wide variety of industries, a model WW was prepared with
the VOCs listed in Section 2.1 with a concentration around 40±2mg/
L. The model WW has an initial pH of 11 and a measured COD between
2100 and 2300 mgO2/L.

2.3.2. Wastewater treatment
To conduct all experiments performed, the model WW was pre-

pared as followed; Firstly 5dm3 of deionized water at a pH of 10.5 (the

pH of the deionized water was corrected with 0.1M NaOH) was pumped
to the reactor and heated until the desired temperature. Afterwards a
known volume of primary solution was added by the special injection
port, present in the reactor using a 10ml gas tight syringe. The final
concentration of each compound in the model WW was 40±2ppm. The
initial pH was 11 in all procedures and no pH adjustment was performed
during the treatment time. The stirring was established at 200 rotations
per minute (rpm). After the model WW was prepared and at the desired
operational conditions obtained, the catalyst was added by the upper
part of the reactor and the recirculation pump was turned on. The cata-
lyst was in contact with the model wastewater for 30min before the be-
ginning of the treatment. Samples were taken prior to catalyst addition
and after the 30min of contact to fully understand the influence of the
adsorption phenomena on the concentration changes in primary WW.
Regarding the oxidants used, the H2O2, the dose was establish depend-
ing on the mass ratio between the oxygen source provided by the oxi-
dant and the COD of the model WW (rox) chosen. The detailed method
to determine this ratio is provided in previous work [11]. This approach
enables to optimize the amount of oxidant used. Table 1 presents the
main parameters for the experiments (exp.) studied. The treatment time
was set depending on the rox. The pH of collected samples was measured
by non-bleeding pH strips (Merck).

2.3.3. Process control
Samples with a volume of 0.022dm3 were collected prior to cata-

lyst addition and after the 30min of contact with the catalyst. After
the treatment started, samples were collected every 15min in the first
hour of treatment, at 90min, 120min and every hour until the end
of the treatment. Samples were afterwards centrifuged for 20min at
5000rpm to obtain a good separation between treated effluent and cat-
alyst. Every sample was taken with the purpose of analyzing the volatile
organic compounds concentration, COD, and pH. COD was measured
using the Polish standard test method PN-ISO 15705:2005, based on the
dichromate method by HACH. Regarding the VOCs monitoring, the sam-
ple preparation was done by dispersive liquid-liquid micro-extraction
(DLLME), the analysis of obtained extracts by means of Gas Chromatog-
raphy-Mass spectrometry (GC–MS). Details of the procedures are fully
described in our previous papers [49–51].

Fig. 3. Total-VSCs, VNCs, O-VOCs, carboxylic and total VOCs degradation in the TiO2/UV/O3 technologies. Purple columns, rox of 0.7 and a [TiO2] of 100mg/L; brown columns, rox of
0.70 and a [TiO2] of 500mg/L; black columns, rox of 0.70 and a [TiO2] of 1000mg/L; yellow columns, rox of 0.70 and a [TiO2] of 2000mg/L; blue columns, rox of 1.5 and a [TiO2] of
500mg/L; green columns, rox of 0.40 and a [TiO2] of 500mg/L; red columns, rox of 3.4 and a [TiO2] of 500mg/L. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Volatile nitrogen compounds and volatile sulfur compounds degradation using TiO2/UV/O3 processes. Purple columns, rox of 0.7 and a [TiO2] of 100mg/L; brown columns, rox of
0.7 and a [TiO2] of 500mg/L; black columns, rox of 0.7 and a [TiO2] of 1000mg/L; yellow columns, rox of 0.7 and a [TiO2] of 2000mg/L; blue columns, rox of 1.5 and a [TiO2] of 500mg/
L; green columns, rox of 0.4 and a [TiO2] of 500mg/L; red columns, rox of 3.4 and a [TiO2] of 500mg/L. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Oxygen-volatile organic compounds degradation using TiO2/UV/O3 processes. Purple columns, rox of 0.7 and a [TiO2] of 100mg/L; brown columns, rox of 0.7 and a [TiO2] of
500mg/L; black columns, rox of 0.7 and a [TiO2] of 1000mg/L; yellow columns, rox of 0.7 and a [TiO2] of 2000mg/L; blue columns, rox of 1.5 and a [TiO2] of 500mg/L; green columns,
rox of 0.4 and a [TiO2] of 500mg/L; red columns, rox of 3.4 and a [TiO2] of 500mg/L. (double column). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

3. Results and discussion

Experimental procedures were carried out using photocatalytic pro-
cedures assisted with external oxidants, namely, O3, H2O2 and O3/H2O2.
To determine the effectiveness of the studied processes, control and
monitoring during and after treatment of the VOCs present in the model
WW was performed. In addition, the COD was analyzed before and af-
ter treatment for evaluation of changes of total pollution load (including
possible by-products formed during oxidation). The dose of catalyst, the
rox and adsorption are parameters under study.

Several types of VOCs were added into the caustic water matrix, in-
cluding oxygenated volatile organic compounds (O-VOCs), volatile ni-
trogen compounds (VNCs), volatile sulfur compounds (VSCs) and car-
boxylic acids. The carboxylic acids are important compounds to study

due to be part of the degradation pathway of some VOCs present in this
work. There are evidences of the presence of carboxylic acids in the min-
eralization pathway of compounds like phenolic [13,52], nitrobenzene
[53], toluene [54] and polyaromatic [55]. An alkaline water matrix was
used to simulate caustic industrial WW and to check the performance
of the photocatalytic processes under alkaline pH. In addition, there is
an increase of the number of VOCs present and studied in the alkaline
model WW, from 16 to 28 VOCs [48]. Nevertheless, the study can also
be of an interest for other types of industrial effluents depending on the
efficiency of the degradation of certain VOCs.

The selection of model compounds for this research was based on
previous studies on treatment of real refinery effluents in basic pH con-
ditions [11,12]. The compounds belong to different groups, covering a
wide range of physiochemical properties and “reactivity” in terms of
AOPs. The goal of this work was not to show 100% degradation of all
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Fig. 6. Carboxylic acids degradation using TiO2/UV/O3 processes. Purple columns, rox of 0.7 and a [TiO2] of 100mg/L; brown columns, rox of 0.7 and a [TiO2] of 500mg/L; black columns,
rox of 0.7 and a [TiO2] of 1000mg/L; yellow columns, rox of 0.7 and a [TiO2] of 2000mg/L; blue columns, rox of 1.5 and a [TiO2] of 500mg/L; green columns, rox of 0.4 and a [TiO2] of
500mg/L; red columns, rox of 3.4 and a [TiO2] of 500mg/L.

Diagram 1. Proposed mechanism for the degradation of phenol by ring cleavage resulting
in formation of carboxylic acids [74].

model compounds allowing to state the complete success of the re-
search. It was tried to perform a systematic evaluation of the per-
formance of AOPs based on TiO2. Thus, some model compounds are
persistent to degradation and overall results of each group of studied
processes strongly differs. This allows to perform a real evaluation of
studied AOPs performance and highlight the challenges for further stud-
ies.

3.1. Performance evaluation of TiO2

To understand the importance of the catalytic activity in the effi-
ciency of the studied processes, non-irradiated and UV irradiated O3,
H2O2 and O3/H2O2 processes were also performed keeping the same op-
erational parameters as of the photocatalytic processes. Fig. 1 and Table
2 depict the degradation of the O-VOCs, VNCs, VSCs and total VOCs
(t-VOCs) in each process. Compounds like, 2-nitrophenol, naphthalene,
2-nitrotoluene, dibutyl-sulfide and ethylbenzene exhibit significant im-
provement in their degradation when TiO2 was added in the process
as illustrated in Figs. 2S and 3S. Looking to Fig. 5S, these compounds
reveal to have significant adsorption to the TiO2 surface, contribut-
ing for the degradation increase of the listed compounds. These stud-
ies revealed, that the TiO2 can increase the degradation of the VOCs in
general, when comparing with UV related and non-catalytic processes.
This can be related with the higher yield of HO produced at the cat-
alyst surface as illustrated in Fig. 2 (reactions (1)–(4)). As stated in
introduction section, the irradiation of TiO2, enables an electron (e−)
to be conducted from its VB to the CB with the consequent formation

Fig. 7. Volatile nitrogen compounds and volatile sulfur compounds degradation using TiO2/UV/H2O2 processes. Purple columns, rox of 0.5 and a [TiO2] of 100mg/L; yellow columns,
rox of 0.5 and a [TiO2] of 500mg/L; blue columns, rox of 0.5 and a [TiO2] of 1000mg/L; green columns, rox of 0.27 and a [TiO2] of 100mg/L; red columns, rox of 1.111 and a [TiO2] of
100mg/L. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Total-VSCs, VNCs, O-VOCs, carboxylic and total VOCs degradation in the TiO2/UV/H2O2 technologies. Purple columns, rox of 0.5 and a [TiO2] of 100mg/L; yellow columns, rox of
0.5 and a [TiO2] of 500mg/L; blue columns, rox of 0.5 and a [TiO2] of 1000mg/L; green columns, rox of 0.27 and a [TiO2] of 100mg/L; red columns, rox of 1.1 and a [TiO2] of 100mg/L.

Diagram 2. Proposed mechanism for the nitration of benzene and phenol rings to syn-
thetize nitrobenzene (1) [48,81] and 2-nitrophenol/4-nitrophenol (2) [82].

of holes in the VB (hVB
+) that will act as oxidizing sites as described in

Eq. (1) [56–58].

(1)

In presence of hVB
+, the surface adsorbed H2O and OH− can act as

electron donors leading to the formation of HO , demonstrated in Eqs.
(2) and (3) [22] and in Fig. 2 (reaction (1)).
hVB

+ +H2O→HO +H+ (2)

hVB
+ +OH−→HO (3)
In addition, it is possible that the VOCs can be oxidized by the hVB

+

[59,60] as described in reaction (2) in Fig. 2. When ozone (O3) or hy-
drogen peroxide (H2O2) are in the bulk solution they will act as e− ac-
ceptors, reacting with the electron in the conduction band and generat-
ing HO , as described in Eqs. (4) and (5) [61,62] and illustrated in Fig.
2 (reaction (3)).

Fig. 9. Total-VSCs, VNCs, O-VOCs, carboxylic and total VOCs degradation in the TiO2/UV/O3/H2O2 technologies. Purple columns, rox of 0.5 and a [TiO2] of 100mg/L; yellow columns,
rox of 0.50 and a [TiO2] of 500mg/L; blue columns, rox of 0.50 and a [TiO2] of 1000mg/L; green columns, rox of 0.26 and a [TiO2] of 100mg/L; red columns, rox of 1.1 and a [TiO2] of
100mg/L
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Diagram 3. Proposed mechanism for the degradation of phenol to full mineralization. Degradation though carboxylation via HO reducing the carbon chain of the carboxylic acids to
simpler acids and to CO2 and H2O [86–89].

Table 4
Calculations to determine the cost of process of all technologies studied.

N° of
exp. Process

t
(min)

Oxidant
Amount
(g)

TiO2
amount
(g)

Equipment
cost ($)

Maintenance
cost/year($)

chemical
cost ($/m 3)

energy
demand
(kJ)

energy cost/
batch ($/)

energy
cost
($/m3)

Operation
cost ($/m 3)

1 TiO2/UV/O3 100 12 0.5 12,789 384 0.003 4200 0.128 25.67 25.67
2 TiO2/UV/O3 100 12 2.5 12,789 384 0.015 4200 0.128 25.67 25.68
3 TiO2/UV/O3 100 12 5 12,789 384 0.030 4200 0.128 25.67 25.70
4 TiO2/UV/O3 100 12 10 12,789 384 0.060 4200 0.128 25.67 25.73
5 TiO2/UV/O3 60 9.54 2.5 12,789 384 0.015 2520 0.077 15.40 15.42
6 TiO2/UV/O3 95 6 2.5 12,789 384 0.015 3990 0.122 24.38 24.40
7 TiO2/UV/O3 120 19.08 2.5 12,789 384 0.015 5040 0.154 30.80 30.82
22 O3 100 12 – 12,600 378 – 2700 0.083 16.50 16.50
23 O3/UV 15 1.8 – 12,789 384 – 630 0.019 3.85 3.85
13 TiO2/UV/

O3/H2O2

95 O3: 5.92
H2O2: 1.78

0.5 14,789 444 0.181 4446 0.136 27.17 27.35

14 TiO2/UV/
O3/H2O2

95 O3: 5.92
H2O2: 1.78

2.5 14,789 444 0.193 4446 0.136 27.17 27.36

17 TiO2/UV/
O3/H2O2

60 O3: 7.2
H2O2: 2.16

0.5 14,789 444 0.219 2808 0.086 17.16 17.38

24 O3/H2O2 60 O3: 5.92
H2O2: 1.78

– 14,600 438 0.178 1908 0.058 11.66 11.84

25 O3/H2O2/UV 60 O3: 5.92
H2O2: 1.78

– 14,789 444 0.178 2808 0.086 17.16 17.34

O3 +eCB
−+H2O→OH−+HO +O2 (4)

H2O2 +eCB
−→HO +OH− (5)

Furthermore, oxygen (O2) can also generate other reactive species
like superoxide radical anion upon reaction with e− (Eq. (6)) (Fig. 2, re-
action (4)).

O2 +eCB
−→O2

− (6)

A comprehensive analysis of the effectiveness and differences in the
treatment of the model WW is accompanied by the results of COD re-
duction of the studied processes (Table 1 and Fig. 4S). It can be seen
that photocatalytic AOPs can increase the treatment efficiency, with a
higher COD reduction. Non-catalytic processes obtain less COD reduc-
tion than photocatalytic processes. Also in the case of H2O2 and O3
assisted photocatalytic processes, higher COD reduction was achieved
when comparing with H2O2/UV and O3/UV. This proves the catalyst

influence on the treatment efficiency even in basic pH conditions. In
the case of O3/H2O2 assisted photocatalytic processes, O3/H2O2/UV
achieved slightly higher COD reduction, in contrast with the other cases.
Other explanation relates to the fact that radicals formed at the catalyst
surface can react with O3 and H2O2 instead of the VOCs, generating less
reactive species and consequently generating a negative impact on the
COD reduction of the model WW. To conclude, it was proven that TiO2
and photocatalytic AOPs influences positively the treatment of the se-
lected VOCs comparing with non-catalytic AOPs and have been further
studied and explained in the next sections.

3.2. Adsorption studies

To obtain a better insight regarding the interaction between the cat-
alyst and the VOCs present in the model WW, adsorption studies were
performed. The catalyst was left in contact with the model WW with-
out any irradiation and oxidant addition for 150min. Two different
concentrations of TiO2 (100 and 500mg/L) were used. The initial pH
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was 11 and kept constant during the contact time, which means that
the TiO2 surface was negatively charged (PZC=6.25) [34]. The iden-
tification and quantification of the VOCs after the contact time is pre-
sented in Fig. 5S. Table 3 illustrates the pKa of the compounds present
in the model WW that can explain their behavior in the adsorption stud-
ies. The results clearly illustrate that the compounds that had significant
percentage of adsorption also had high degradation efficiencies such as
1-nitropropane, dibutylsulfide, decanoic acid and BTEX. These studies
revealed that the adsorption on the catalyst surface is a limiting stage
for effective oxidation by the studied photocatalytic processes. This is
the main place of their oxidation. Reaction in the bulk solution in the
case of compounds having good adsorption on TiO2 has secondary im-
portance on the final effectiveness. This happens due to the interaction
between the negatively charged surface of the TiO2 and the compounds
present in the medium. Majority of them are in their neutral or anionic
form, thus limiting the adsorption on the catalyst surface.

In contrast, the compounds which were more persistent to degra-
dation, e.g., heptylamine (pKa=10.7), acetophenone (pKa=19),
nonanoic acid (pKa=4.96), 2-butanol (pKa 17.6) and tetrahydrofuran
had low adsorption (bellow 6%) to the surface of TiO2. Regarding hep-
tylamine, nonanoic acid and tetrahydrofuran at the pH used (11) in this
work, they are in their anionic form (nonanoic acid) or neutral form
(heptylamine) which will generate repulsing interactions (in respect to
heptylamine by electron pairs of the amine group) with the negatively
charged surface of TiO2, thus inhibiting their adsorption. In contrast,
acetophenone and 2-butanol at pH 11 are in their neutral state, thus in
some manner they are also not strongly attracted to interact with the
negatively charged surface of TiO2. These reasons sustain a lower inter-
action with the surface of the catalyst and therefore is more likely to
have lower percentage of degradation than the other VOCs. The reac-
tions with oxidants and their radical forms will take place mainly in the
bulk of the solution as illustrated in Fig. 2 (reactions 6 and 7).

An interesting behavior is that O-VOCs and VSCs had higher adsorp-
tion with a TiO2 of 100mg/L than 500mg/L, while carboxylic acids
had a significant increase on their adsorption percentage at 500mg/L
of TiO2. This behavior goes on the opposite direction than the theoret-
ical hypothesis. A possible explanation or hypothesis is related to the
phenomenon of multilayer adsorption formed in the case of lower TiO2
concentration. This multilayer formed by carboxylic acids interacts with
other compounds in the bulk, thus increasing their sorption. At higher
concentration of TiO2, the concentration of carboxylic acids in the bulk
is lowered, thus the multilayer is not formed, thus finally lower amount
of other groups of compounds exhibits sorptive interactions. These stud-
ies suggest that the degradation of VOCs on the TiO2 surface has a poor
impact on the overall degradation of the VOCs, resulting in a high de-
pendence of the VOCs degradation taking place in the bulk solution.
The role of the catalyst in this case is to effectively activate the oxidant
by photochemical reactions on its surface to produce hydroxyl radicals
which further go on reaction with the pollutants in the bulk solution.

3.3. Photocatalytic processes using TiO2 assisted with O3

The treatment of the model WW was carried out using photocat-
alytic processes based on TiO2 (TiO2/UV) and assisted by O3 (TiO2/UV/
O3) at different TiO2 concentrations. The effect of the TiO2 concen-
tration was studied using 4 different levels, i.e., 100, 500, 1000 and
2000mg/L (Fig. 3 and Table 1). The obtained results reveal that the
increase of the catalyst concentration, in the case of sole UV/TiO2
processes, had no significant effect on the VOCs degradation and COD
reduction. Some specific groups of VOCs can have a direct relation be-
tween adsorption phenomena and the degradation efficiency. For ex

ample, carboxylic acids degradation is higher at 500mg/L of TiO2 (74%;
exp. 2 Table 1) than at 100mg/L of TiO2 (65%; exp. 1 Table 1), which
can be related to the higher adsorption of the majority of carboxylic
acids (decanoic, laurylic and 10-undecylenic acid) (Fig. 5S). This behav-
ior can be related with the following hypothesis. First, the TiO2 is in fact
being activated by the UV light but the TiO2 surface charge at the basic
pH conditions is equal to the charge of the majority of the VOCs. This
is influenced by the pKa of the VOCs, the PCZ of theTiO2 and the pH of
the medium. Secondly, and in connection with the first hypothesis, the
pH of the medium negatively affects the adsorption of the VOCs to the
catalyst surface. The PZC of the TiO2 is 6.25 [42] which means that at
the beginning of the treatment with a pH of around 11, the surface of
the catalyst is negatively charged. With the treatment time the pH de-
creased to neutral values allowing the surface charge of the catalyst to
change to neutral or even positive charge which can enhance the possi-
bilities of adsorption of the VOCs.

Regarding the VOCs degradation in details, Fig. 4 shows the degra-
dation of VSCs and VNCs using TiO2/O3/UV. VSCs were effectively de-
graded with exception of dibutylsulfide in exp. 2 from Table 1 with 56%
of degradation. No major difference was observed in the degradation
of the VSCs when doubling the rox or the catalyst dose. Nevertheless,
TiO2/O3/UV, using a rox =0.39 and TiO2 =500mg/L (exp. 6 Table 1),
was the most efficient process with 97% degradation of the total VSCs
(Fig. 3).

In terms of VNCs, heptylamine was persistent to degradation in all
processes studied. Its chemical composition can explain such a behav-
ior – it is not an aromatic compound and does not contain any double
bonds.

In addition, it was proved that the reaction rate constant with ozone
decreases from tertiary to simple amines and were lower than phenol
and therefore most likely decreased the degradation of the contaminants
studied [73]. An increase of the rox from 0.69 to 3.44 (exp. 2, 5 and 7
from Table 1) has minor effect of the effectiveness of some VNCs like
nitrobenzene and 2-nitrotoluene. No major difference between the rest
of the process studied, with a difference of 6% between a rox of 3.44 and
0.69. The TiO2/UV/O3 (Table 1, exp. 2) (0.70 rox; 500 mgTiO2/L) was
the most efficient.

Fig. 5 describes in detail the O-VOCs degradation, and it allows to
identify some compounds that did not reach total degradation. Ace-
tophenone, tetrahydrofuran and 2-butanol were the compounds identi-
fied as persistent to degradation, effectively degraded only with a higher
rox applied (exp. 7, Table 1). High pKa of acetophenone (19) can ex-
plain the low degradation. Similar results were obtained in a previ-
ous study of acetophenone degradation by TiO2 based photocatalytic
process [74]. Non-aromatic compounds such as 2-butanol and tetrahy-
drofuran were the most resistant to be degraded. The remaining com-
pounds, like BTEX, phenolic and polyaromatic compounds achieved al-
most complete degradation in all processes. The TiO2/UV/O3 (exper-
iment no. 3) (rox of 0.7 and 1000 mgTiO2/L) was the most efficient
process to degrade O-VOCs.

Fig. 6 shows in detail the degradation of carboxylic acids. Nonanoic
and decanoic acids were persistent to degradation and in some cases
their concentration increased. This can be related with the degradation
of the other VOCs. It is known that carboxylic acids are formed as a
result of the oxidation via HO of compounds like, phenol [75], ni-
trobenzene[53], naphthalene based compounds like dyes [55] and BTEX
[76]. Carboxylic acids are usually generated when the aromatic ring is
cleaved via HO [74]. This mechanism is illustrated in Diagram 1. Other
carboxylic acids were effectively degraded. The results proved that in
fact there is a linkage between the aromatic compounds and the car-
boxylic acids, and also that this type of AOPs is effective in degrading
several types of carboxylic acids, enabling further degradation of the
VOCs attempting full mineralization. The experiment 7 (Table 1: rox of
3.44; 500mg TiO2/L) was the most effective to degrade all the acids
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studied with 86% of degradation but experiment 2 (Table 1: rox of 0.69;
500mg TiO2/L) allowed to obtain only slightly lower total effectiveness
−74% resulting in the optimal process to degrade carboxylic acids. This
result was affected mainly due to the low degradation of the nonanoic
acid.

Regarding the t-VOCs degradation, Fig. 3 shows that the highest effi-
ciency was obtained in TiO2/UV/O3 (exp. 7) with 93% of t-VOCs. Keep-
ing the rox constant, TiO2/UV/O3 (exp. 4) was considered the most ef-
ficient process obtaining 86% degradation of t-VOCs. With a signifi-
cant lower dose of TiO2 (500mg/L) and rox (0.68), 84% degradation of
t-VOCs was still obtained. Taking into account that the goal is to use the
less amount of oxidant and catalyst possible and to obtain highest effi-
ciency possible, the optimal process was achieved in TiO2/UV/O3 (exp.
2) (Table 1: rox of 0.70; 500mg TiO2/L).

Table 1 also reveals the effect of the rox value. It is clear that this
effect generates changes in the COD reduction. While keeping the TiO2
constant at 500mg/L, reducing the rox from to 0.70 to 0.40, a 4% reduc-
tion in COD was noted – from 44 to 40% in TiO2/UV/O3 (exp. 2 and
6, Table 1). In TiO2/UV/O3(exp. 6), the efficiency of oxidation reaches
nearly 100% – this situation is optimal in terms of oxidant utilization.
In contrast, when increasing the rox from 0.69 to 1.51 and 3.44, the
COD reduction increased from 44 to 55 and 66%, respectively (exp. 5–7,
Table 1).

There is a need to double the value of rox (the double of the oxidant
dose) to obtain approx. 10% increase in the COD reduction. It is clear
that a percentage of the compounds that represent the remaining COD
of the model WW is not effectively degradable via AOPs. Fig. 6S depicts
that COD reduction happens mainly is the first 30min of treatment and
in this time the pH drastically reduces to values around 7, which is close
to the PZC. After this time the pH goes below the PZC, which results
in change of the surface charge of the TiO2 from negative to neutral or
positive value. In addition, the influence of the alkaline pH in the oxida-
tion of O3 stops and the oxidation occurs mainly assisted with UV and
photocatalytic activity. Furthermore, at 30min of treatment, the major-
ity of the VOCs studied were effectively degraded (above 80%), with
exception of acetophenone, 2-butanol, heptylamine, nitrobenzene and
some carboxylic acids that did not reach high degradation at 30min of
treatment time. These facts can sustain why the COD reduction is signif-
icantly lower than in the first 30min. The COD reduction rate decreases
after the majority of the VOCs were degraded under the LOD.

3.4. Photocatalytic process using TiO2 assisted with H2O2

H2O2 is one of the most widely used oxidants and has been consid-
ered to be safe due to the formation of water as its final product. There-
fore, its role on the photocatalytic degradation of VOCs was thoroughly
assessed. The H2O2, when present in the medium, is converted to HO

either directly by the UV radiation or can react on the surface of the
catalyst [42]. The effect of the catalyst concentration and rox on VOCs
degradation, COD content and pH variation during treatment were eval-
uated.

The analysis of the VOCs monitoring revealed a significant differ-
ences comparing with TiO2/UV/O3 as demonstrated in Fig. 7. Analyz-
ing the VSCs, it is clear that they were only effectively degraded in ex-
periment 11 (Table 1 and Fig. 8: rox of 1.1; 100mg TiO2/L). The use of
H2O2 was less effective comparing to O3 in the photocatalytic process
using TiO2. Previously, similar results were obtained for non-catalytic
[11,12] and cavitation based processes [77–79]. In terms of VNCs and
likewise in the TiO2/UV/O3, heptylamine was persistent to degradation
in all processes. In the case of TiO2/UV/H2O2, nitrobenzene was also
more persistent to degradation. In experiment 8 (Table 1 and Fig. 8:
rox of 0.50; 100mg TiO2/L) the nitrobenzene concentration increased by
33% as illustrated in Fig. 8. A possible hypothesis for this increase can

be related with the degradation pathway of benzene that could pos-
sibly generate nitrobenzene. In recent studies, it was revealed that
2-nitrophenol (mechanism 2, Diagram 2) and nitrobenzene (mecha-
nism 1, Diagram 2) derivatives can be formed from nitrate and nitrite
group formed which “attack” the aromatic ring of benzene or phenol
[48,80,81] as demonstrated in Diagram 2. In this case, this happens due
to nitrite ions formation from N2 in the presence of H2O2. Even though
this reaction occurs at a very low rate, only a small amount of nitrite is
needed to trigger the reaction [82,83]. Even though the reactor is closed
during the experiments, but the air is present inside which includes mol-
ecular nitrogen (N2). Interestingly, 1-nitropropane was effectively de-
graded by all processes studied in contrast with other compounds that
have more affinity with the “attack” of HO . This compound was per-
sistent to degradation and consider as a by-product of degradation of
other and more complex VNCs in a previous work, using real industrial
effluents [11]. What is important here to take into consideration is that
this type of AOP is able to also degrade short chain and non-aromatic
compounds, enabling to achieve complete mineralization. In TiO2/UV/
H2O2 (Exp. 11 (Table 1 and Fig. 8: rox of 1.1; 100 mgTiO2/L) was the
best choice to degrade VSCs and VNCs.

Regarding the O-VOCs and with similar behavior of TiO2/UV/O3, it
is clear that compounds like tetrahydrofuran, 2-butanol, acetophenone
and furfural were more persistent to degradation, with the first three
compounds having their degradation below 50% in all processes (Fig.
7S). The remaining compounds, with exception of 2-ethyl-1-hexanol,
are aromatic and were effectively degraded especially in experiment 11
(Table 1 and Fig. 7S: rox of 1.1; 100 mgTiO2/L), consistent with the re-
sults of TiO2/UV/O3. Keeping the rox constant 0.50, the optimal [TiO2]
for O-VOCs was 500mg/L, achieving 57% of O-VOCs degradation. Since
the optimal [TiO2] was chosen taking into account the t-VOCs, the con-
centration chosen was 100mg/L and the optimal process was achieved
in experiment 11 (Table 1 and Fig. 7: rox of 1.1; 100 mgTiO2/L), achiev-
ing 81% of O-VOCs degradation.

In respect to the carboxylic acids, nonanoic acid was poorly de-
graded in all processes (Fig. 8S). Laurylic acid was effectively degraded
in the processes using a [TiO2] of 100mg/L. When increasing the dose
of TiO2 the scenario changed with a negative degradation, meaning that
Laurylic acid is a by-product of other compounds present in the model
WW that were degraded with the increase of the [TiO2]. Overall, the
most efficient process was achieved in TiO2/UV/H2O2, experiment 8
((Table 1 and Fig. 4: rox of 0.50; 100 mgTiO2/L) In these processes, the
carboxylic acids are present in the pathways of degradation of the other
and more complex VOCs, due to the mechanism based on the cleavage
of the aromatic ring of the majority of the compounds studied in this
work, as illustrated in Diagram 1.

The most efficient concentration of TiO2 was 100mg/L with 51%
degradation of the t-VOCs and the optimal process to degrade the model
WW was obtained in TiO2/UV/H2O2 experiment 11 (Table 1 and Fig. 4:
rox of 1.1; 100mg TiO2/L) with 73% degradation of t-VOCs.

Table 1 summarizes the COD reduction results from TiO2/UV/H2O2
experiments studied. When the [TiO2] was kept at 100mg/L and the
rox value was changed, a significant difference were observed. When
the rox was decreased by approximately half (from 0.49 to 0.27), the
COD reduction decreased from 13 to 8%, which makes the dose of oxi-
dant crucial for the degradation of the model WW. Furthermore, when
the rox increased from 0.49 to 1.12, the COD reduction only increased
from 13 to 18%. This suggest a poor efficiency in degrading the or-
ganic load of the model WW. Not only the TiO2 photocatalytic process
is weak but also the oxidant used was not efficient in the operational
conditions used in this work. The sole use of H2O2 was reported to be
not efficient in the degradation of VOCs in a model caustic WW [48]
and in real industrial effluents [11]. In addition, Fig. 9S presents the
results of COD reduction and the changes in the pH during the treat-
ment process. It clearly reveals that, likewise in the TiO2/UV/O3, there

10

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


UN
CO

RR
EC

TE
D

PR
OO

F

A. Fernandes et al. Separation and Purification Technology xxx (xxxx) xxx-xxx

is no effect of the TiO2 concentration on the COD and the final pH
changes. The same explanation described in the previous section for
the TiO2/UV/O3 processes can be given here. It is related with the pH
value of the model WW, which makes the surface of TiO2 negative
(PZC=6.25) and pKa of the compounds, which will define if they are
in their cationic, anionic or neutral state at the pH of the model WW.
The experiment 11 (Table 1: rox of 1.1; 100 mgTiO2/L) was the best
TiO2/UV/H2O2 process with 18% of COD reduction.

3.5. Photocatalytic process using TiO2 assisted with O3/H2O2

The combination of O3 and H2O2 is often as an advanced oxidation
technology which produces higher amount of HO as compared to ei-
ther one of them alone [84]. The combination of both of these oxidants
(i.e., O3 and H2O2) with UV/TiO2 could enhance the removal efficiency
of target pollutants through formation of higher HO concentration.

No impact of TiO2 concentration in the range of 100–1000mg/L was
observed using TiO2/UV/O3/H2O2 process for VOCs degradation (Fig.
9). Analyzing the VSCs, the increase of the rox from 0.50 to 1.10, while
keeping the [TiO2] constant at 100mg/L, did not led to an increase of
the degradation, showing that there is no further oxidation of the VSCs
is possible via these processes. The optimal process to treat the VSCs de-
mands relatively low amounts of catalyst and oxidants – suggesting the
experiment 13 (Table 1, Figs. 9 and 10S: rox of 0.50; 100mg TiO2/L) has
the optimal operational conditions.

The degradation of the VNCs is similar to the TiO2/UV/O3 process.
Heptylamine was persistent to oxidation in all processes. It is clear
that this compound is hard to degrade by all processes studied in this
work or it is a by-product of the oxidation of other more complex com-
pound. Nitrobenzene had a degradation around 50% in the most effi-
cient processes and did not go for further degradation. One of the hy-
pothesis can be related with the formation of nitrobenzene via the ad-
dition of the nitro group to the benzene ring [82]. This nitrogen group
can be formed by irradiation of nitrite, which can be formed from ox-
idation of nitrogen molecule present in the aqueous media [83], the
nitrogen is introduced along with ozone, which is generated from the
dry air stream. In a previous work, same persistency of nitrobenzene
to degradation using peroxone was reported [48].In a similar way to
the other technologies studied in this work, 1-nitropropane was com-
pletely degraded. Overall, for VNCs, the most efficient TiO2 concentra-
tion was 100mg/L with 73% degradation using a rox of 0.50 (Figs. 9S
and 10S). The optimal rox value was 0.50 due to the small increase of
the degradation of the VNCs from 73 to 78% when increasing the rox to
1.1. Thus, TiO2/UV/O3/H2O2 experiment 13 (Table 1 and Fig. 9: rox of
0.50; 100mg TiO2/L) was the optimal process to degrade VNCs.

Regarding the O-VOCs, the results indicate a similar degradation
profile to TiO2/UV/O3 process with acetophenone, tetrahydrofuran and
2-butanol revealing more persistency to oxidation (Fig. 11S). All these
compounds, as described in Section 3.3, are non-aromatic in nature,
with the exception of acetophenone, and can be one of the reasons for
such decrease in their degradation. This is because, HO have a higher
ability to react with double bounds and aromatic rings than with sim-
ple chain compounds [85]. The experiment 13 (Table 1 and Fi. 9: rox of
0.50; 100 mgTiO2/L) was once more the optimal process, to degrade the
O-VOCs with 90%.

TiO2/UV/O3/H2O2 process was found to be effective in carboxylic
acids degradation (Fig. 12S). In similar trend with the other tech-
nologies studied, nonanoic and decanoic acid were more persistent
to degradation. By changing rox from 0.50 to 1.10 with a [TiO2] of
100mg/L, carboxylic acids degradation decreased except nonanoic acid.
This can be related with the higher degradation of the other com-
pounds present (O-VOCs, VNCs and VSCs) which will generate de-
canoic or heptanoic acids. Further decrease in rox from 0.50 to 0.26 re-
sulted in significant decrease of carboxylic acids degradation, probably

due to the less amount of oxidants to generate sufficient HO . Since all
of the carboxylic acids are simple chain carbon compounds, with excep-
tion to 10-undecylenic acid, the HO prefers to “attack” double bonds
and aromatic compounds due to their electron donor capabilities. The
degradation of the carboxylic acids via HO takes place via hydroxy-
lation and decarboxylation processes in the carbon chains, which will
step-by-step produce CO2 and H2O reducing the carbon chain produc-
ing smaller chain acids, ketones or even aldehydes [86–89]. This mech-
anism is detailed illustrated in Diagram 3. The chain will be slowly
reduced until its complete degradation generating CO2 and H2O. As
clearly shown in Fig. 12S, only 10-undecylenic acid was fully degraded
in all processes studied in this work, probably due to its double chain
in the edge of the compound. Experiment 14 (Table 1 and Fig. 9: rox of
0.50; 500 mgTiO2/L) was the most efficient process with 73% of degra-
dation. Nevertheless, experiment 13 (Table 1 and Fig. 9: rox of 0.50; 100
mgTiO2/L) allows to obtain a 69% of degradation of all carboxylic acids,
thus this process should be considered as the most optimal configura-
tion of the process parameters.

Carefully analyzing the Fig. 9, experiment 13 (Table 1: rox of 0.50;
100mg TiO2/L) was the optimal process to degrade the studied VOCs,
with 82% of total-VOCs degradation.

COD reduction of the model WW using TiO2/UV/O3/H2O2 is summa-
rized in Table 1. The effect of TiO2 concentration (100 to 1000mg/L)
employing rox =0.51 (exp. 13 to 15, Table 1), had minor influence on
the COD reduction. Thus, the optimal concentration was 100mg/L and
was used in the studies of the effect of the rox. With a rox of 0.26, 26%
of COD reduction was obtained indicating very good effectiveness of the
added oxidant. Increasing the rox value from 0.26 to 0.49 and 1.12, the
COD reduction increased to 38 and 43%, respectively. This proves that
the increase of the rox is not giving a linear increase on the COD reduc-
tion. In addition, the majority of the oxidant added was not used to de-
grade the organic load of the model WW or that part of the COD in the
form of by-product is persistent to degradation and cannot be effectively
degraded via this technology. Therefore, the experiment 13 (Table 1: rox
of 0.50; 100 mgTiO2/L) was considered the optimal process to obtain
an effective COD reduction. Likewise, the TiO2/UV/O3 processes and as
depicted in Fig. 13S, the COD reduction was higher in the first 30min of
treatment, when the pH value of the WW was mainly alkaline. When the
pH dropped to neutral or acidic values, the COD reduction rate tended
to decrease, probably due to the reasons stated in the Section 3.1.

3.6. Comparison between technologies

When comparing the three types of AOPs (TiO2/UV/O3, TiO2/UV/
H2O2 and TiO2/UV/O3/H2O2) studied in this work, it is important to
conclude which oxidants added to the photocatalytic process can in-
crease the efficiency of the process. TiO2/UV/H2O2 revealed to be the
less effective process with 73% of t-VOCs degradation and 18% of COD
reduction achieved in experiment 11 (Table 1: rox of 1.1; 100 mgTiO2/L)
This can be related with the lower oxidation potential of H2O2 compar-
ing with O3 and also with the fact that at alkaline medium it can be dis-
sociated to less effective forms like perhydroxyl ions [90].

Looking to the carboxylic acids degradation, it is clear that TiO2/UV/
H2O2 was less efficient, probably due to a lower efficiency to produce
reactive species in basic pH conditions. These processes produced lau-
rylic, decanoic and nonanoic acid as by-products. The formation of car-
boxylic acids is an expected phenomenon, since they can be gener-
ated from the cleavage of aromatic compounds as already discussed.
HO can be produced from the combination of UV and H2O2 in bulk
solution and with the photoactivation of TiO2. In the case of O3 and
O3/H2O2, HO can also be generated from sole O3. Under basic pH
conditions, O3 based AOPs generally produced higher amount of HO

which led to higher reaction rate constant. These possibilities sustain
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the fact that TiO2/UV/O3/H2O2 process obtained complete degradation
of all carboxylic acids studied. TiO2/UV/O3 had an increase of decanoic
and nonanoic acid concentration (18 and 17% respectively).

The most efficient process in VOCs degradation was TiO2/UV/
O3/H2O2 in experiment 17 (Table 1: rox of 1.1; 100 mgTiO2/L) with
86% degradation of t-VOCs and COD reduction of 43%. The optimal
process was TiO2/UV/O3/H2O2 in experiment 13 (Table 1: rox of 0.50;
100 mgTiO2/L) with 82% degradation of t-VOCs and a COD reduction of
38%. TiO2/UV/O3/H2O2 reached similar efficiency of TiO2/UV/O3 using
lower amount of catalyst and oxidants.

Increasing the rox and TiO2 concentration, the COD reduction ef-
ficiency of TiO2/UV/O3 increases. The COD reduction efficiency of
TiO2/UV/O3 at higher rox and TiO2 concentration surpassing that of
TiO2/UV/O3/H2O2. For instance, the TiO2/UV/O3 in experiment 5
(Table 1: rox of 1.50; 500 mgTiO2/L) achieved 55% of COD reduction,
when TiO2/UV/O3/H2O2 in experiment 17 (Table 1: rox of 1.10; 100
mgTiO2/L) had a COD reduction of 43%. Nevertheless, it is clear that
doubling the rox value above 1 did not increased significantly the COD
reduction. It means that some of the compounds or by-products of the
compounds degradation were not effectively degraded under the condi-
tions used in this work. This behavior was also reported in our previous
work using industrial effluents from bitumen production [91].

The rate of degradation is also an important factor to determine the
efficiency of the process, since it allows to determine the time needed
to reach the milestone of degradation. This could not only helps in
saving the time but also reduces the cost of the treatment in the case
of faster processes. The most efficient processes of each studied AOPs
was used to check which one had the best rate of degradation. A mile-
stone setpoint of 50% was used for such a comparison. 50% degrada-
tion of O-VOCs was achieved in 30 and 15min by using TiO2/UV/O3
and TiO2/UV/O3/H2O2, respectively (Tables 1S and 2S, SI). TiO2/UV/
H2O2 reached the 50% milestone only at the end of the treatment, i.e.
100min (Tables 1S and 2S, SI). To degrade O-VOCs, the TiO2/UV/O3
in experiment 5 (Table 1: rox of 1.50; 500 mgTiO2/L), had the high-
est degradation rate with 83% degradation in 15min of treatment. In
terms of VNCs, Tables 1S and 2S reveal that TiO2/UV/O3/H2O2 and
TiO2/UV/O3 reached the 50% milestone at similar times, between 30
and 60min, but the process with the highest degradation rate was once
more experiment 5 (Table 1: rox of 1.50; 500 mgTiO2/L) with 62%
in 15min. VSCs reached the 50% milestone in 15min of treatment
in the most efficient TiO2/UV/O3 processes and 30min of treatment
in the case of TiO2/UV/O3/H2O2. TiO2/UV/O3 in experiment 1 (Table
1: rox of 0.70; 100 mgTiO2/L) had the highest degradation rate with
74% of degradation in 15min. Regarding the carboxylic acids, it took
more time to reach the 50% milestone and in some cases this level
of degradation was not obtained during the time of treatment. Sur-
prisingly, the process with the highest degradation rate for carboxylic
acids was TiO2/UV/O3 experiment 6 (Table 1: rox of 0.4; 500 mgTiO2/L)
has revealed from 60% degradation in 15min of treatment. In terms
of t-VOCs, TiO2/UV/O3 processes reached this milestone faster than
TiO2/UV/O3/H2O2 and TiO2/UV/H2O2, needing between 15 and 30min,
while TiO2/UV/O3/H2O2 processes needed 30min to reach the 50%
milestone ((Tables 1S and 2S, SI). It was concluded that the most effi-
cient process was TiO2/UV/O3 experiment 5 (Table 1: rox of 1.50; 500
mgTiO2/L) needing only 15min to reach 66% of the t-VOCs degrada-
tion.

It is clear that despite the fact that TiO2/UV/O3/H2O2 could reach
similar t-VOCs degradation to TiO2/UV/O3 using a lower dose of TiO2
and rox, it needed more time to reach certain milestones like 50%.

3.7. Process cost analysis

To evaluate the possibility of using these technologies in further
studies using real industrial effluents, it is important to perform a cost

analysis of each process to determine whether it is applicable in a real
case scenario. Therefore, a simple cost evaluation analysis was per-
formed for all studied processes. A similar methodology performed by
Gagol and co-workers [78] was followed to determine the chemicals and
energy cost. To determine the equipment costs used in this work were
summed and the maintenance cost was determined as performed in our
previous work [42], which in this case is approx. 3% of the main equip-
ment cost. H2O2 (30% solution) had a cost of 500 American dollars ($)/
ton. A TiO2 market report from 2018 shows that the average cost of this
commodity is approx. 3000$/ton [92,93]. In Poland, the price of elec-
tricity for industrial customers is around 0.11 $/kWh (3600kJ). Further-
more, the prices of the power of the ozone generator, UV lamp and oxi-
dant pump were also taken to account while performing the cost calcu-
lations. Ozone generator had a working power of 450W and a price of
7600 $, the UV lamp had a power of 250W and a cost of 189 $ per lamp
with 10,000h of live time. The oxidant pump had a working power of
80W with a value of 2000 $. Finally, the cost of the reactor to perform
the treatment, with a working volume of 15m3, has a cost of approx.
15,000 $. Table 4 presents the calculations to determine the treatment
cost and the investment cost of each technology studied. The chemical
cost is the sum of the catalyst cost (if used) and oxidant cost. It was de-
termined first for each batch of 5 L (volume used in the experiments)
and afterwards re-calculated to 1m3. The energy cost was determined
by the same approach as the chemical cost. The operation cost is rep-
resented as American dollars per liter of treated WW ($/m3). The time
and dose of chemicals of each process was determined when reaching
the milestone of 80% of t-VOCs degradation – only ozone and peroxone
based AOPs reached this assumption.

Analyzing Table 4, the investment cost increases with the addition
of the UV. Also, the O3/H2O2 based processes had an investment cost
higher than the O3 processes. This is somehow expected due to the in-
crease of the number of equipment needed. The maintenance cost fol-
lowed the same trend that the equipment costs. Regarding the oper-
ational costs, Table 4 reveals that TiO2/UV/O3 processes had a cost
around 15 $/m3 and sole use of O3 was slightly more expensive (17 $/
m3). However, the O3/UV revealed to be the cheapest process studied
in this work with 4 $/m3. The catalyst did not decrease the treatment
time to reach the milestone and therefore only increased significantly
the process cost when comparing with O3/UV.

The positive effect of the catalyst was observed for peroxone based
AOPs - The catalyst allowed to obtain the milestone in shorter period
of time comparing to non-catalytic processes. It significantly lowered
the energy costs, compensating the catalyst costs. In overall TiO2/UV/
O3/H2O2 had the same process cost as of O3/H2O2/UV – 17 $/m3.

Independently of the above analysis, detailed comparison of degra-
dation results (on the basis of Table 2) reveals that there are only two
processes that allow to obtain degradation of each of studied VOCs ex-
ceeding 80% (above analysis was performed for milestone referring to
total content of VOCs). The compounds that are limiting the applica-
tion of the cheapest AOPs from the comparison (i.e. the O3/UV process
with treatment cost of 4$/m3) are naphthalene, 2-nitro-phenol and 2-ni-
tro-toluene. These compounds revealed to be persistent to degradation
in O3/UV system. In this cases application of photocatalytic treatment
based on TiO2 is a must. In this case the process cost will be higher –
15,42$/m3 and treatment technology will be based on TiO2/UV/O3.

4. Conclusions

The studies performed in this work aimed the evaluation of the
efficiency of photolytic (UV) and photocatalytic (UV/TiO2) processes
based on three different classical oxidants, O3, H2O2 and O3/H2O2, on a
model WW with variety of VOCs. The sole use of oxidants studied, re
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vealed that O3/H2O2 obtain the highest efficiency with 92% of t-VOCs
degradation and a COD reduction of 46%. The combination of UV with
O3 and H2O2 increased the degradation efficiency compared to sole
H2O2 and O3. The addition of TiO2 to the UV based technologies proved
to induce a further increase in the treatment efficiency in all three types
of technologies used.

The present study revealed that TiO2/UV/O3 and TiO2/UV/O3/H2O2
are efficient technologies to degrade several types of VOCs in a rela-
tively short time and using small amount of chemicals.

This studies revealed, that for most types of organic pollutants a sys-
tems based on UV/O3 are providing satisfactory results with low cost of
treatment cost – a 4 $/m3. In terms of nitrogen-containing VOCs, ap-
plication of photocatalytic system based on TiO2 is obligatory to obtain
high degree of degradation. In this case the cost of treatment is increases
to approx. 15 $/m3. Presented solutions were tested in large laboratory
scale reactor, possible to routine scale-up to process scale, making these
achievements available to industrial application.
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