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A B S T R A C T

Different types of photolytic and photocatalytic advanced oxidation processes (AOPs) were used for treatment of
refinery effluents from bitumen production. The treatment efficiency was evaluated by analyzing chemical
oxygen demand (COD), biological oxygen demand (BOD5), volatile organic compounds (VOCs) and sulfide ions
concentration. The studies revealed a synergistic effect of application of external oxidants (O3, H2O2, O3/H2O2)
with TiO2 and UV applied for improved COD and BOD5 reduction as well as the degradation of the VOCs present
in the effluents. Among studied processes a photocatalytic process combined with peroxone (TiO2/UV/O3/H2O2)
was the optimal and the most economical technology. It allows to reduce 38 and 32% of COD and BOD5 re-
spectively and degrade 84% of total VOCs in 280 min of treatment. At this conditions the reduced COD exceeds
over 30% a theoretical value based on the dose of oxidants, which proves the importance of photocatalysis in the
developed technology. The sulfide ions were completely depleted in all experiments in the first 30 min of
treatment. The addition of TiO2 in the AOPs technology revealed a decrease in the process cost using less amount
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of chemicals achieving similar treatment efficiency when comparing with photolytic and non-catalytic tech-
nologies. The application of these technologies can be conducted in two alternative scenarios; whether to deplete
the sulfides ions concentration or to maximize the treatment efficiency. In both options, the technologies studied
are promising as a pre-treatment before other types of AOPs effective at neutral/acidic pH values or before a
biological treatment stage. Further studies should be developed, by scaling up the process to a pilot scale in a real
case scenario to check the possibility of its implementation in the industrial practice.

1. Introduction

Petroleum & Refinery effluents are known to contain several re-
fractory and recalcitrant compounds, and a high load of organic pol-
lutants, which can be difficult to treat effectively [1–4]. The available
technologies used to treat such effluents include, electrocoagulation
[5], coagulation–flocculation and flotation [6] catalytic vacuum dis-
tillation [7], activated sludge [8], activated carbon [9], Advanced
Oxidation Processes (AOPs) [10] among others. There are some reviews
concerning the treatment for this type of effluents, namely, catalytic
[11], photocatalytic [12,13], membrane technology [14] and the
combination of AOPs and biological technologies [15]. There are cases
of petroleum & refinery wastewater (WW) that are generated at a strong
alkaline pH, namely, spent caustic [16] and post-oxidative effluents
from bitumen production [3]. In the case of post oxidative effluents
from bitumen production, their caustic pH (≈11), high concentration
of sulfide ions present at the concentration level of 1–2 g/L and the
presence of several types of volatile organic compounds (VOCs), limits
the range of treatment technologies that can be applied, namely open
air, biological and Fenton technologies. The VOCs present include many
groups of compounds, i.e., oxygen volatile organic compounds (O-
VOCs) (including phenol and its derivatives), volatile nitrogen com-
pounds (VNCs) and volatile sulfur compounds (VSCs). These type of
compounds were characterized in previous papers, where each group
described was identified and quantified by dedicated method of de-
tailed analysis [17–19]. The pH correction can lead to the generation of
H2S (due to presence of sulfide ions) which must be avoided [20]. In
addition, there is a risk of VOCs emission to the atmosphere if open air
biological treatment technologies are used.

Recent studies described the treatment of post oxidative effluents
using classic AOPs oxidants [21] and sulfate radical based AOPs oxi-
dants [22], as technologies that obtained effective degradation of the
VOCs and sulfide ions, along with the decrease in the pH to values close
to neutral. In addition, they achieved partial chemical oxygen demand
(COD) and biological oxygen demand (BOD5) reduction. These findings
suggest that the technologies used are useful as a pre-treatment stage
before biological treatment. Taking this into account and to attempt to
improve the degradation of the organic load of the effluents (increase
COD and BOD5 reduction), the photolytic and photocatalytic processes
were proposed and studied. In the case of the photocatalytic processes,
the generation of reactive radicals, mostly as hydroxyl radicals (HO%),
and their reaction with the compounds takes place on the surface of the
catalyst, when properly activated by the ultraviolet (UV) light [23–27].

Some examples of catalysts include, Titanium Dioxide (TiO2), Zinc
Oxide (ZnO) [28–30], or their doped materials like iron doped ZnO
[31], iron doped TiO2 [32], TiO2 co-doped with two metallic com-
pounds [33,34] or combined approaches such as ZnO immobilized on
nanocellulose [35]. In addition, the use of a support can improve the
surface area of the catalyst, decrease sintering, improve hydrophobicity
and thermal hydrolytic, chemical stability and manage the reusability
of the catalyst [36,37]. Cementitious nano TiO2-SiO2 [38], glass–-
ceramic immobilized bismuth based catalysts [39,40], magnetic
CuFe2O4 nanoparticles [41], graphene oxide modified sea urchin-like
α-MnO2 architectures [42], iron related nanostructures [43,44] are
examples found in the literature that have been developed. Several
reviews were performed to relate the state of the art of different types of
catalysts. The application of graphene and carbon nanotubes was

reviewed using different configurations like doped and co-doped with
several types of heteroatoms like O, S, F, P, B and N for the activation of
peroxydisulfate and peroxymonosulfate [45]. A review in the different
types of ZnO based catalysts in the treatment of various pollutants was
performed. This work compared the efficiency of the solely use of ZnO
in powder with ZnO doped with heteroatoms and transitions metals and
ZnO coupled with other semiconductor particles [46]. Also some re-
views discussed the catalytic activity of TiO2 in different configurations
like simple powder, doped and co-doped with heteroatoms and transi-
tions metals, coupled with other semiconductors to evaluate the treat-
ment efficiency of pollutants, toxins among others [47,48]. A structural
design of the TiO2 photocatalysis was also reviewed in several point of
views to check the efficiency of the activation of the TiO2 and its ap-
plications [49]. It is clear from these reviews that the mostly used and
studied catalyst is TiO2 due to its low cost and availability as well as
chemical stability, nontoxicity, and high reactivity [50,51]. The pho-
tocatalytic and catalytic processes have been applied in several types of
real effluents, seawater-soluble crude-oil fractions [52] petrochemical
[53], petroleum & refinery [54–59] and post-treatment of refinery WW
[60]. The common factor about these studies is that the effluents used
had a relatively low organic load (COD between 100 and 200 mg/L)
when comparing with the effluent used in this work, since some of them
were collected after some treatment stages. In this work it is attempt to
use photocatalytic AOPs in primary and highly polluted effluents before
any treatment stage, so the challenge is more demanding.

Taking this into account, the goal of this work is to understand the
synergy and the performance of the addition of the TiO2 and UV to the
classic AOPs based on external oxidants. A comparison between classic
AOPs oxidants (O3, H2O2, O3/H2O2), photolytic AOPs (O3/UV, H2O2/
UV, O3/H2O2/UV) and photocatalytic AOPs (TiO2/UV/O3, TiO2/UV/
H2O2, TiO2/UV/O3/H2O2) was performed for treatment of the post-
oxidative effluents from bitumen production at their natural conditions
of their formation (no pH and temperature correction).

2. Materials and methods

2.1. Materials

Laboratory procedures were carried out using refinery post oxida-
tive effluents from bitumen production plant from Lotos Asfalt (Grupa
Lotos, Poland). The chemical characteristics are the following; COD
within the range of 18–22 gO2/L, Biological Oxygen Demand after
5 days (BOD5) within the range of 5–6 gO2/L, Sulfides ions within the
range of 1–2 g/L, pH 10.5–11, conductivity: 18,55 mS/cm.

H2O2 (30%, v/v) was purchased from POCH Poland. The catalyst
AEROXIDE® P25, titanium dioxide (TiO2) (≥99.5% purity) was kindly
given by Evonik Company. Antifoam agent, STRUKTOL SB 2032, was
kindly provided by ICSO Chemical Production Polska

2.2. Apparatus

An acid-resistant steel closed cylindrical reactor with a total volume
of 15 dm3 was used for these studies and is illustrated in Fig. 1S in
Supporting information (SI). It has 3 inlets, air, oxidant and WW inlet,
and sample collection outlet. In the top of the reactor, one outlet for the
exhaust air from the ozone technologies. To control the temperature the
reactor was equipped with a temperature regulator model AR600
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(APAR, Poland), coupled with a 2000 W heater. Detailed description of
the reaction system is provided in SI section 1.1 and Fig. 1S. In the
photolytic and photocatalytic processes, a medium pressure, mercury
lamp model UVHQ 250Z (UV-technik, Germany) with a power of 250 W
and a specific lamp power of 56 W/cm was used. This lamp was in-
stalled inside a chamber (marked as “b” symbol on Fig. 1S-I)–and is
parallel to the vertical axis of the reactor. This chamber was connected
to one of the windows of the reactor (number 5 in Fig. 1S-II). The WW
was pumped into the reactor by a membrane (PTFE) pump model UGD
100/120-03 (Euralca, Italy). The recirculation of the effluent in the
reactor through the UV chamber was obtained by means of a rotary
vane pump model MS 632–4 B34 (Fluid-o-Tech, Italy). The ozone was
fed by a Tytan 32 ozone generator having an efficiency of 70 mgO3/L of
air. Air was used to produce ozone·H2O2 was fed to the reactor using a
Hitachi LaChrom HPLC Pump model L-7110. To perform the separation
of the catalyst and the treated WW, an Heraeus Sepatech centrifuge was
used.

The equipment used in the analysis of the volatile organic com-
pounds was a Perkin Elmer Autosystem XL gas chromatograph (GC)
with an autosampler, a flame photo- metric detector (FPD)
(PerkinElmer, USA) to analyze the VSCs. To analyze the VNCs, a Perkin
Elmer Autosystem XL gas chromatograph (GC) with an autosampler and
nitrogen- phosphorus detector (NPD) (PerkinElmer, USA) was used.
Analysis of the O-VOCs was performed using a HP 5890 II gas chro-
matograph coupled with a HP 5972A mass spectrometer (Hewlett-
Packard, USA). Details of each procedure are fully described in our
previous papers dedicated to each group of compounds [17–19]. COD
determination was done using a HACH COD reactor and a HACH DR/
2010 spectrophotometer. The oxygen concentration changes (before
and after the 5-day incubation period of the BOD5 method) were de-
termined using an Elmetron COG-1 oxygen electrode connected to El-
metron CP-505. The reading in millivolts was recalculated to oxygen
concentration on the basis of calibration curve. The samples during a
5 day period of incubation were stored in an incubation chamber (Flow
Laboratories catalog number S1- 500–00). Sulfide concentration mea-
surements were performed using an Elmetron EAg/S-01 sulfide/silver
electrode in combination with an Elmetron RL-100 reference electrode
(supporting electrolyte in the form of saturated solution of potassium
chloride). The limit of detection of sulfide ions is 0.032 mg/L. The
values in millivolts from the method to determine the sulfide ions were
read by Elmetron CP-505 and recalculated to concentration of sulfide
ions using calibration curve. pH was measured by Merck non-bleeding
pH paper strips.

2.3. Effluent treatment

In every procedure, 5 dm3 of effluent were added to the reactor. All
procedures were done at original pH of the effluents without any ad-
justment, i.e. pH of 10.5–11, stirred at 200 rotations per minute (rpm)
and heated until 40 °C (temperature which the effluents are generated).
In the ozone and peroxone procedures, due to the high amount of foam
produce from stirring and barbotage, a STRUKTOL SB 2032 antifoam
agent, kindly provided by ICSO Chemical Production Polska, was used
in the concentration of 200 ppm (selected during preliminary studies in
this project). When the effluent reached the desired operational con-
ditions, the catalyst was added by the upper part of the reactor and the
recirculation pump was turned on. The catalyst was in contact with the
effluent for 30 min before the beginning of the treatment. The oxidant
dose was established depending on the molar ratio between the O2

added from the oxidant source and the COD of the effluent (rox). The
method to determine the rox is fully described in previous work [21].
The treatment time depended on the rox. The pH was measured by non-
bleeding pH strips in every sample taken. The temperature of the ex-
periments did not change significant changes during the treatment
time. Furthermore, the pressure of the treatment remained unchanged
at 1 bar.

2.4. Process control

Samples with a total volume of 0.022 dm3 were taken prior to
catalyst addition and after the 30 min of contact to fully understand the
adsorption phenomena by studying the changes in the concentration of
the VOCs. After the treatment started, a samples of 0.022 dm3 were
taken every 15 min in the first hour of treatment, at 90 min, 120 min
and every hour until the end of the treatment. The volume of collected
samples were not significant in relation to the treated volume of ef-
fluent, thus it was not affecting the obtained results. The samples were
afterwards centrifuged for 20 min at 5 000 rpm. Samples were collected
with the purpose of analyzing the VOCs concentration, COD, BOD5,
sulfide ions and pH. COD was measured using the Polish standard test
method PN-ISO 15705:2005, based on the dichromate method by
HACH. The BOD5 was measured by the International Standard Norm
5815–1, where the samples were incubated at 20 ± 1 °C [21]. The
method to determine the sulfide ions is detailed described in Section
1.2. of SI. The procedures to determine COD, BOD5, sulfide ions and pH
were equal to our previous work and are described in detail elsewhere
[22]. Regarding the volatile organic compounds monitoring, the sample
preparation in all cases was done by dispersive liquid–liquid micro-
extraction (DLLME). The obtained extracts were analyzed by means of

• gas chromatography with flame photometric detector (DLLME-GC-
FPD) for VSCs [17]

• gas chromatography-mass spectrometry (DLLME-GC–MS) for O-
VOCs [18]

• gas chromatography with nitrogen phosphorus detector (DLLME-
GCNPD) for VNCs [19].

The procedures are described in details in above referenced papers.

2.5. Quality assurance of the data

To assure the reproducibility and the reliability of the results shown,
all procedures were done in triplicate. In addition, it was supported
with the analysis of COD and BOD5, done also in triplicate for every
sample, with a relative standard deviation (RSD) not higher than 2%.

3. Results and discussion

3.1. The role of UV and TiO2 on the treatment effectiveness

The literature regarding the AOPs clearly indicates that combination
of UV with O3, or H2O2 as well as O3/H2O2 increases the yield of HO%

available to react with the organic pollutants, increasing the treatment
efficiency [50]. Furthermore, in the photocatalytic technologies, the
TiO2 is irradiated with enough energy, enabling an electron (e−) to be
conducted from its valence band (VB) to the conductive band (CB),
(bandgap energy). The outcoming of the irradiation is the formation of
holes in the VB (hVB+) that will act as oxidizing sites as described in Eq.
(1) [61–63].

→ +
− +TiO TiO (e h )

hυ
2 2 CB VB (1)

In the hVB+ of the TiO2 surface, H2O and OH−, will act as electron
donors, generating HO%, as demonstrated in Eqs. (2) and (3) [64].

+ → +
+ ∙ +h H O HO HVB 2 (2)

+ →
+ − ∙h OH HOVB (3)

If external oxidants are present in the medium like O3 or H2O2, they
will act as an e− acceptors, generating HO%, as described in Eqs. (4) and
(5) [65–67].

+ + → + +
− − HOO e H O OH O3 CB 2

·
2 (4)
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+ → +
− −H O e HO OH2 2 CB

· (5)

Thus, to attempt to prove such mechanisms and statements, a
comparison between classic AOPs oxidants (O3, H2O2, O3/H2O2), pho-
tolytic AOPs (O3/UV, H2O2/UV, O3/H2O2/UV) and photocatalytic AOPs
(TiO2/UVO3, TiO2/UV/H2O2, TiO2/UV/O3/H2O2) was performed in
bitumen effluents. In addition, the synergism of the combined photo-
lytic and photocatalytic processes was studied to check the role of the
UV and TiO2 addition to the classic AOPs oxidants.

3.1.1. COD reduction and VOCs degradation using classic AOPs oxidants,
photolytic and photocatalytic processes

Fig. 1 depicts the COD reduction of the post oxidative effluents for
the different advanced oxidation technologies. It is clear and proved
that the sole use of TiO2 and UV were ineffective to degrade compounds
present in such effluents. This is supported with the facts that the sole
use of UV and TiO2 cannot generate HO% in such conditions and also do
not have oxidation potential to provide oxidation of the WW alone. The
analysis of Fig. 1, also revealed that the photocatalytic processes
without the addition of external oxidants, TiO2/UV are also ineffective.
It is proved that the generation of HO% in the surface of the TiO2 par-
ticle, via Eqs. (2) and (3), is very poor and therefore providing no
significant change in the primary COD. A possible explanation is related
with the pH value and the point of zero charge (PZC) of the TiO2. It is
known that the PZC of the TiO2 is around 6.25 [13], which means that
at the pH used the surface of the catalyst is negatively charged and the
compounds present in the effluents (having mainly neutral character)
have repulsive attraction to the negative charge of the surface. A second
explanation to this phenomenon can be related with the presence of
carbonates and other scavengers that react with the HO% instead of the
organic pollutants present in the WW:

Fig. 1 and Table 2 also revealed that the photolytic processes ob-
tained higher treatment efficiency for all oxidants studied comparing to
the sole oxidant processes. When the TiO2 was added to the photolytic
processes, i.e., H2O2/UV, O3/UV and O3/H2O2/UV some differences
were observed. The addition of the TiO2 to the O3/UV and O3/H2O2/UV
processes had a minor positive influence on the COD reduction. In the
case of the TiO2/UV/O3/H2O2 the rate of degradation was significantly
higher in the first 60 min. The most interesting result relates to the fact
that H2O2/UV process had a higher COD reduction than TiO2/UV/
H2O2, 31% and 24% respectively. It seems that the addition of TiO2

inhibit the reduction of the organic load of the effluent. A possible
hypothesis is related to the increase of turbidity caused by addition of
the TiO2, which decreases the H2O2 activation. The turbidity increase is
inhibiting the H2O2 conversion by UV, and the predominant reaction is
the H2O2 at basic pH which led to formation of less reactive species

than hydroxyl radicals, which results in the decrease of effectiveness
observed. Other hypothesis is related with a different degradation
pathway of the compounds via photocatalytic process using TiO2 and
H2O2, in which the by-products are not further degraded in a specific
step.

To obtain a more solid opinion of the role of the TiO2 and UV in the
treatment behavior of the bitumen effluents, the degradation of the
VOCs detected were analyzed. In order to determine whether the VOCs
are degraded and not emitted when using O3 related technologies, the
phenomena of partial stripping of the VOCs was studied, due to the
significant gas barbotage in these technologies. The preliminary studies
passed through the effluents nitrogen gas solely (instead of air to insure
that no oxidation by oxygen takes place) at the highest flowrate used in
this work during 440 min. The VOCs with boiling point up to 100 °C
were removed by nitrogen barbotage in less than 30% and less than
10% in the case of the VOCs with boiling point above 150 °C. The ef-
fluents studied are collected prior to the biological stage in the WWTP
and the goal is to degrade the VOCs content. Thus, this effect is positive,
since, even if a small amount of the VOCs were removed by gas strip-
ping, it is a common practice in the industry to use a thermal treatment
of gases prior to its emission to atmosphere (i.e., they are used to supply
flame towers, burners etc.), which convert VOCs to nontoxic carbon
dioxide. That is why this effect is positive in terms of the goal of this
paper.

In respect to the VOCs monitoring, Fig. 2 and Table 1S, 2S and 3S
present an overview of the oxygen volatile organic compounds (O-
VOCs), volatile nitrogen compounds (VNCs) and volatile sulfur com-
pounds (VSCs) and total-VOCs (t-VOCs) degradation in the different
technologies. It is clear that the t-VOCs degradation increased when
H2O2 was activated by UV or TiO2/UV system. Also in O-VOCs and
VNCs the increase is significant. Thus, the decrease of the COD reduc-
tion in the H2O2 related AOPs is not related with the lower degradation
of the VOCs. Fig. 2S and 3S in SI revealed that p-toluidine, and phenolic
compounds reported higher degradation. Looking to their structure,
HO% will react with the compounds promoting the addition of OH group
to ring and afterwards the cleavage of the ring to carboxylic acids,
which seems to not contribute to an increase of the COD. Thus, a pos-
sible explanation can be related with the fact that some of the com-
pounds not detected by the used method (i.e. not oxidized under COD
measurement conditions) are converted to by-products that can con-
tribute to a higher COD (i.e. these compounds start to be available for
oxidation during COD measurement). Regarding the O3 related pro-
cesses, similar t-VOCs degradation was reported, with approx. 80%
degradation of t-VOCs in O3, O3/UV and TiO2/UV/O3 processes. In
TiO2/UV/O3 processes VNCs and VSCs were fully degraded and exhibit
a higher degradation rate comparing to O3 and O3/UV. In the O-VOCs

Fig. 1. COD reduction profile during treatment time of different AOPs studied.
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the degradation rate was similar. In the O3/H2O2 related processes a
significant difference was observed, where O3/H2O2/UV obtained 90%
of t-VOCs degradation while TiO2/UV/O3/H2O2 achieved 84%. This
difference is mainly due to the degradation of 1-propanol (Fig. 3S),
which was significantly lower in TiO2/UV/O3/H2O2 than in the non-
catalytic processes decreasing the O-VOCs degradation from 87% (O3/
H2O2/UV) to 83% (TiO2/UV/O3/H2O2). In the VNCs, the opposite re-
sult was obtained, where the addition of UV to O3/H2O2 and TiO2 to
O3/H2O2/UV increased their degradation significantly. VSCs were ef-
fectively degraded, with concentrations after treatment bellow the limit
of detection (LOD) in all processes.

3.1.2. Synergism of the combined photolytic and photocatalytic processes
The synergism effect of the combined processes was evaluated using

the COD reduction of the processes studied. The synergism of the
photolytic and photocatalytic combined processes was calculated by the
Eqs. (6) and (7) bellow respectively.

=
−

+

S COD UV Oxidant
COD UV COD Oxidant

( )
( ) ( )
reduction

reduction reduction
1 (6)

=
− −

+ +

S COD Oxidant UV Catalyst
COD oxidant COD UV COD catalyst

( )
( ) ( ) ( )

reduction

reduction reduction reduction
2

(7)

This was calculated for the H2O2, O3 and O3/H2O2 oxidants. The
higher the value of S1 and S2, the higher the synergism of the combined
process. A significant synergism was observed in photolytic processes
using H2O2 (S1, 1.19), O3 (S1, 1.23) and O3/H2O2 (S1, 1.06). As ex-
plained in section 3.1., the combination of UV with these oxidants in-
creased significantly the generation of HO% and consequently increase

its degradation efficiency, which can explain the high values of synergy.
O3/UV had the highest synergism, probably due to ability to generate
HO% from O3 at basic pH. The synergism maintained the same level
when TiO2 and UV was combined with O3 (S2 1.22) and increased for
O3/H2O2 (S2 1.15 for photocatalytic process vs 1.06 for photolytic
process). In contrast, the synergism slightly decreased when TiO2 and
UV were combined with H2O2 (S2 1.06). This decrease can be explained
by the lack of efficacy of TiO2 and UV to react with H2O2 and between
them, probably due to high turbidity or even with the dissociation of
H2O2 at basic pH to less reactive species before the reaction with UV or
TiO2. Nevertheless, all the combined processes obtained a positive sy-
nergism values (S values above 1), which is a positive outcome of this
work. Thus, the addition of TiO2 to the photolytic processes had a po-
sitive synergistic effect in the treatment efficiency of the bitumen ef-
fluents. A positive synergism can obtain the same level of COD reduc-
tion needing less treatment time, which can influence the cost of
treatment that will be discussed in a further section.

3.2. Photocatalytic processes using external oxidants

To analyze the photocatalytic processes aided with external classic
AOPs oxidants in detail using the post oxidative effluents, water quality
parameters like, COD, BOD5, biodegradability, sulfide ions and VOCs
content were monitored before, during and after treatment. Operational
parameters like rox and catalyst concentration were studied to reach the
highest degradation possible using the less amount of oxidants and
catalyst possible at an economic cost.

Fig. 2. t-VOCs, O-VOCs, VSCs, VNCs degradation after treatment time of different AOPs.

Fig. 3. COD reduction profile during treatment time of. TiO2/UV/H2O2 processes.
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3.2.1. Photocatalytic process using TiO2 assisted with H2O2

Fig. 3 and Table 2 depicts the COD reduction of the post oxidative
effluents under different catalyst concentration and rox values. It is clear
that the rox plays a critical role in the effectiveness of the treatment
used, with a significant decrease in the COD reduction when the rox was
decreased. Regarding the influence of the TiO2, there is an optimal
catalyst concentration in which the COD reduction is the highest. At
500 mg/L of TiO2 the COD reduction achieved 24%, a further increase
to 1000 mg/L had a significant negative impact on the COD reduction,
with only 6% of COD reduction. Regarding the BOD5 parameter a dif-
ferent profile was obtained (Table 2). For less efficient COD reduction
processes, the BOD5 reduction was significantly higher. A possible ex-
planation for such behavior can be related with the higher capability of
the technology to degrade compounds that can be degraded by the
biological approach than the non-biodegradable compounds. In addi-
tion, the lower yield of radicals generation can also be related with such
behavior. The optimal process for total organic load reduction of the
effluents was experiment 1 from Table 1 (rox of 0.49; 100 mg/L of TiO2)
achieving 23% and 53% of COD and BOD5 reduction respectively.

Fig. 4 reveals the t-VOCs, O-VOCs, VNCs and VSCs reduction in the
most effective COD reduction processes studied. VNCs and VSCs were
degraded to a level below the LOD values of the analytical methods
(generally very sensitive methods, thus the obtained results can be
discussed in terms of complete removal) in processes using similar rox
(0.47 and 0.49) using 100 and 500 mg/L of TiO2 respectively. In the
case of O-VOCs they achieved partial degradation. The process using
500 mg/L of TiO2 achieved slightly higher reduction than the process
using [TiO2] of 100 mg/L, 61 comparing to 55% respectively, which
can be explained by the increase in the degradation rate via AOP.
Specific compounds like furfural, cyclohexanol and cyclohexanone had

their concentration increased after treatment applying a rox of 0.49 and
100 mg/L of TiO2. This is probably due to their generation from the
oxidation of other compounds via AOP. Similar behavior was found
previous studied using H2O2 related processes [21]. The optimal pro-
cess to degrade VOCs was experiment 1 (rox of 0.49; 100 mg/L of TiO2),
with 58% of t-VOCs degradation, same process in the case of the COD
and BOD5 reduction.

3.2.2. Photocatalytic process using TiO2 assisted with O3

. Fig. 5 presents the COD reduction over treatment time using TiO2/
UV/O3 with different catalyst concentration and rox values. Fig. 5, de-
picts a minor influence of the TiO2 concentration on the COD reduction
keeping similar rox value 0.43 ± 0.02. In the BOD5 reduction only at
2000 mg/L of TiO2 there was a significant BOD5 reduction from 40 to
57%, comparing with 100 and 500 mg/L of TiO2. Apparently, the in-
crease concentration of TiO2 in the medium is producing reactive spe-
cies that are degrading the biological degradable compounds, con-
tributing to the BOD5 significant decrease. A possible hypothesis for
such behavior can be related with the point of zero charge (PZC) and
the pH of effluent was already explained in section 3.1. Such behavior
was reported in our previous work using photocatalytic assisted with O3

[68]. Once more, Fig. 5 and Table 2 once more reveals that the rox value
is crucial for an effective COD and BOD5 reduction. It is clear that for
low rox, 0.11 and 0.27 the treatment efficiency was proportional to
oxidant dose with 14 and 25% of COD reduction. It means that almost
total dose of the oxidant was utilized for COD lowering predicted via
AOPs chemistry. But when the rox value was increased twice, to 0.56,
the COD reduction did not increase twice and reached 34%. This means
that the oxidant utilization effectiveness decreased and only a part of
the oxidant added was used for COD lowering comparing to the

Table 1
Operational parameters of the non-catalytic, photolytic and photocatalytic AOPs studied.

No. Process rox Treatment time (min) Oxidant amount (g) TiO2 (mg/L) Oxidant Flowrate (ml/
min)

[O3] (mg/L) Air flowrate (L/min) ratio of O3/H2O2

1 TiO2/H2O2/UV 0.49 274 47.81 100 0.529 – – –
2 TiO2/H2O2/UV 0.47 274 47.81 500 0.529 – – –
3 TiO2/H2O2/UV 0.46 274 47.81 1000 0.529 – – –
4 TiO2/H2O2/UV 0.38 240 55.78 500 0.704 – – –
5 TiO2/H2O2/UV 0.07 240 11.16 500 0.141 – – –
6 TiO2/H2O2/UV 0.19 240 27.89 500 0.352 – – –
25 H2O2 0.55 274 58.44 – 0.647 – – –
26 H2O2/UV 0.56 274 58.44 – 0.647 – – –
7 TiO2/O3/UV 0.45 274 56.25 100 – 10.3 20 –
8 TiO2/O3/UV 0.43 274 56.25 500 – 10.3 20 –
9 TiO2/O3/UV 0.43 274 56.25 1000 – 10.3 20 –
10 TiO2/O3/UV 0.41 274 56.25 2000 – 10.3 20 –
11 TiO2/O3/UV 0.12 260 16.5 500 – 12.5 5 –
12 TiO2/O3/UV 0.27 260 41.25 500 – 10.6 15 –
13 TiO2/O3/UV 0.56 400 82.5 500 – 10.3 20 –
23 O3 0.56 400 82.5 – – 10.3 20 –
24 O3/UV 0.57 400 82.5 – – 10.3 20 –
14 TiO2/O3/H2O2/

UV
0.52 360 96.03 100 0.187 10.3 20 0.3

15 TiO2/O3/H2O2/
UV

0.61 360 96.03 1000 0.187 10.3 20 0.3

16 TiO2/O3/H2O2/
UV

0.33 360 70.45 1000 0.146 10.7 15 0.3

17 TiO2/O3/H2O2/
UV

0.54 440 117.12 500 0.187 10.3 20 0.3

18 TiO2/O3/H2O2/
UV

0.13 290 23.48 500 0.1 12.5 5 0.3

19 TiO2/O3/H2O2/
UV

0.28 280 58.71 500 0.146 10.6 15 0.3

27 O3/H2O2 0.3 280 58.7 – 0.146 10.7 15 0.3
28 O3/H2O2/UV 0.28 280 58.7 – 0.146 10.7 15 0.3
20 TiO2/UV – 360 – 100 – – – –
21 TiO2/UV – 360 – 1000 – – – –
29 UV – 400 – – – – – –
22 TiO2 – 360 – 1000 – – – –
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predicted value. Some amount of the oxidant was either dissociated to
other less reactive radicals or compounds, which did not react with the
organic compounds present. In terms of BOD5, the rox value had a
moderate influence on lowering of this parameter. The increase of 0.11
to 0.27 in the rox value did not significantly increased the BOD5 re-
duction, just from 26 to 33% respectively. The influence became
slightly negative from 0.27 to 0.56 with a decrease of 2% in the BOD5

reduction (33 to 31% respectively). Thus, the optimal TiO2/UV/O3

processes to degrade the COD and BOD5 from the bitumen effluents was
experiment 8 (rox 0.43; 500 mg/L of TiO2) with 33 and 41% of COD and
BOD5 reduction.

Fig. 6 shows the t-VOCs, O-VOCs, VNCS and VSCs degradation in
the most effective processes of TiO2/UV/O3. It is clear that they were
effective in degrading VNCs and VSCs monitored, reaching full de-
gradation in all processes. Only the process TiO2/UV/O3 using a rox of
0.43 and 500 mg/L of TiO2 was able to degrade completely all O-VOCs.
The critical compounds which were responsible for a VOCs degradation
decrease when the rox changed were non-aromatic compounds, i.e., 1-

propanol, furfural, cyclohexanol and cyclohexanone (Fig. 4S). In addi-
tion, it is possible to observe in Fig. 4S that 1-propanol and furfural had
their concentration increase after treatment in processes using 0.11 and
0.27 rox value at 500 mg/L of TiO2. This can be related with their
generation from oxidation of other compounds present in the effluents.
This phenomenon or mechanism was also revealed in previous works
using same oxidants and effluent [21,22]. Thus looking into the t-VOCs
in Fig. 6 it is clear that the optimal process to degrade effectively the
VOCs monitored was the same to degrade COD and BOD5, was ex-
periment 8 (rox 0.43; 500 mg/L of TiO2) with at least 97% of t-VOCs
degradation.

It is clear that TiO2/UV/O3 reach a higher treatment efficiency than
TiO2/UV/H2O2, due to higher VOCs degradation and COD reduction
and using less amount of oxidants. This can be related with the higher
yield of HO% generation using O3 rather than H2O2, with the higher
oxidation potential of O3 comparing with H2O2 and due to the pH of the
medium, alkaline, which favors the HO% generation using O3.

Table 2
Main results of the non-catalytic, photolytic and photocatalytic processes studied.

No. Process rox COD reduction (%) BOD5 reduction (%) Final pH Sulfide ions reduction (%) Biodegradability 0 Biodegradability f

1 TiO2/H2O2/UV 0.49 23 53 9.75 100.0 0.23 0.14
2 TiO2/H2O2/UV 0.47 24 26 10.5 99.4 0.22 0.21
3 TiO2/H2O2/UV 0.46 6 57 10.5 100.0 0.39 0.18
4 TiO2/H2O2/UV 0.38 20 – 10.5 62.2 – –
5 TiO2/H2O2/UV 0.07 3 – 11 – – –
6 TiO2/H2O2/UV 0.19 8 – 11 – – –
25 H2O2 0.55 18 32 11 99.4 0.28 0.24
26 H2O2/UV 0.56 25 46 11 100 0.35 0.28
7 TiO2/O3/UV 0.45 31 40 9 99.9 0.43 0.38
8 TiO2/O3/UV 0.43 33 41 9.25 100.0 0.42 0.36
9 TiO2/O3/UV 0.43 28 33 9 99.9 0.41 0.38
10 TiO2/O3/UV 0.41 33 57 9.5 100.0 0.41 0.26
11 TiO2/O3/UV 0.12 12 26 10 99.5 0.36 0.33
12 TiO2/O3/UV 0.27 25 33 10 100.0 0.37 0.32
13 TiO2/O3/UV 0.56 34 31 9.5 99.8 0.36 0.36
23 O3 0.56 23 18 9.5 100 0.27 0.28
24 O3/UV 0.57 32 38 9.5 99.4 0.32 0.26
14 TiO2/O3/H2O2/UV 0.52 21 6 9 98.8 0.28 0.37
15 TiO2/O3/H2O2/UV 0.61 45 66 9 99.7 0.34 0.21
16 TiO2/O3/H2O2/UV 0.33 34 – 9.5 100
17 TiO2/O3/H2O2/UV 0.54 28 33 9.5 99.8 0.33 0.34
18 TiO2/O3/H2O2/UV 0.13 27 45 10 99.5 0.35 0.33
19 TiO2/O3/H2O2/UV 0.28 38 32 9.75 99.6 0.32 0.35
27 O3/H2O2 0.3 29 49 9.5 98.2 0.35 0.28
28 O3/H2O2/UV 0.28 34 39 9.75 100 0.33 0.31
20 TiO2/UV – 3 – 11 – – –
29 UV – 3 −5 11 – 0.32 0.36

Fig. 4. t-VOCs, O-VOCs, VSCs, VNCs degradation after treatment in the TiO2/UV/H2O2 processes.
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3.2.3. Photocatalytic process using TiO2 assisted with O3/H2O2

Section 3.1. revealed that TiO2/UV/O3/H2O2 processes were the
most effective to degrade the bitumen effluents and that further studies
should be performed. Fig. 7 and Table 2 revealed the COD and BOD5

reduction during treatment time on TiO2/UV/O3/H2O2 using different
catalyst concentration and rox values. Keeping the rox constant
(0.53 ± 0.01), the catalyst concentration had a minor significance on
the COD reduction with an increase of 5% of COD reduction (from 29 to
34%) when increasing from 100 to 500 mg/L of TiO2. Keeping constant
another rox value (0.30 ± 0.02) varying the TiO2 concentration from
500 to 1000 mg/L there was a decrease from 38 to 34% respectively. A
possible explanation for such results was explained in the section 3.1
and it is related with the PCZ of TiO2 and the pH of the WW. In contrast,
keeping the concentration of TiO2 in 500 mg/L, it was clear that the rox
had a significant effect on the treatment efficiency at a rox of 0.13 the
COD and BOD5 reduction was 28 and 33% respectively and when a rox
of 0.28 was applied it reach 38 and 32% of COD and BOD5 reduction
respectively. It reveals that all the theoretical amount of oxidant added
to degrade 13 and 28% of the COD of the effluent could actually de-
grade 28 and 38% respectively. It exceeded approx. 100% and 30% the
COD reduction theoretical value, proving the important role of the TiO2

addition to the combination of UV with peroxone. Nevertheless, dou-
bling the rox value (0.54) did not contribute to a higher degradation, by
the contrary it contributed to a decrease of 4%, from 38 to 34% in the
COD reduction. Also the rox value had a significant impact when the
catalyst concentration was kept at 1000 mg/L. The decrease of the rox

from 0.61 to 0.33 decreased the COD reduction from 45 to 34%. In
overall, looking to the COD reduction, the best processes used a rox of
0.61 and 1000 mg/L of TiO2. Nevertheless, the optimal process in terms
of COD and BOD5 reduction was experiment 19 (rox 0.28; 500 mg/L of
TiO2) with 38 and 32% of COD and BOD5 reduction respectively. This
process proved the usefulness of photocatalytic process, i.e. obtained
COD reduction is much higher than the expected one on the basis of
added amount of oxidant.

A monitoring of the VOCs present in the effluents of the TiO2/UV/
O3/H2O2 processes was conducted. Fig. 8 depicts the t-VOCs, O-VOCs,
VNCs and VSCs degradation in the TiO2/UV/O3/H2O2 processes. VNCs
and VSCs were completely degraded after treatment in all processes
studied with exception of VNCs in the process using a rox of 0.33 and
1000 mg/L of TiO2. Regarding the O-VOCs, the scenario changed. Only
processes using a rox of 0.52 and 100 mg/L of TiO2 and 0.61 and
1000 mg/L of TiO2 completely degraded all the O-VOCs. In the pro-
cesses that kept constant the concentration of 500 mg/L of TiO2 the
degradation was not so effective. The compounds responsible for such
behavior were 1-propanol, furfural and cyclohexanol as exhibited in
Fig. 5S. In the case of 1-propanol in experiment 17 and furfural in ex-
periment 18 the concentration after treatment increased, influencing
the overall degradation of the t-VOCs. Such behavior can be related
with the formation of these compounds as the result of the oxidation/
degradation of other compounds present in the effluents. In overall the
optimal process to degrade the VOCs using TiO2/UV/O3/H2O2 was
experiment 14 (rox 0.52; 100 mg/L of TiO2) with all compounds

Fig. 5. COD reduction profile during treatment time of. TiO2/UV/O3 processes.

Fig. 6. t-VOCs, O-VOCs, VSCs, VNCs degradation after treatment in the TiO2/UV/O3 processes.
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monitored and compared reached complete degradation.
Comparing TiO2/UV/O3/H2O2 with TiO2/UV/O3, it reveals higher

COD reduction using a lower rox value (38 comparing with 33% COD
reduction) and the same TiO2 concentration. In contrast, it reached
84% t-VOCs degradation and 32% of BOD5 reduction, lower than TiO2/
UV/O3 (97% t-VOC degradation and 41% BOD5 reduction). Thus, a cost
evaluation is mandatory to understand which technology is more pro-
mising.

3.3. Comparison of degradation effectiveness between model and real
effluents

To study the effect of the water matrix, the VOCs degradation was
studied and compared in the real effluents and model WW. 8 VOCs
studied in this work were also studied in the previous work using a
model WW [68]. Table 4S presents the degradation of the 8 VOCs in the
model and real WW and Table 5S their respective reaction rate constant
(k).

Analyzing the Table 4S, the furfural degradation decreases when
changing from a model to a real WW matrix. However, some interesting
behavior in the concentration profile during degradation was observed.
The degradation increases for some time during the treatment and in
the final stage of treatment it decreases again in all processes studied
with exception of H2O2, where the concentration increased constantly
during the treatment time. This sustains the theory that this compound

is a by-product of the degradation of other compounds not present in
the model WW. Another interesting fact was observed in case of 2-ni-
trophenol. This compound had its concentration increased for the H2O2

and H2O2/UV using model WW, while in the real effluents the opposite
occurred. In addition, the O3/H2O2 related processes, its degradation
was lower in model WW than in real effluents. A possible hypothesis for
such behavior can be related with specific compounds present in the
model WW and not present in the real effluents which can generate 2-
nitrophenol as a by-product. Other hypothesis is based on comparison
of the phenol and benzene degradation profile. Its concentration in-
creased during the treatment time only in the H2O2 and H2O2/UV
processes using model WW. During this time, the increased con-
centration of these compounds can react with nitrite and nitrate ions,
generated by N2, to produce 2-nitrophenol, rather than reacting with
HO%. These radicals are present in a lower amount, due to the fact that
the H2O2 at basic pH produces less powerful reactive species

In overall a decrease in the VOCs degradation in the real effluents
was observed comparing with model WW in the H2O2 related processes.
On the other processes, no significant differences were observed.
Nevertheless, the k values decrease for all compounds in case of real
effluents treatment comparing with the model WW as observed in
Table 5S. A possible explanation for such findings can be related with
the water matrix of the real effluents. The turbidity value measured for
these effluents is 41, 6 NTU, which indicates high primary turbidity of
the effluent. Addition of even small amounts of TiO2 (such as 5 mg/L)

Fig. 7. COD reduction profile during treatment time of. TiO2/UV/O3/H2O2 processes.

Fig. 8. t-VOCs, O-VOCs, VSCs, VNCs degradation after treatment in the TiO2/UV/O3/H2O2 processes.
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makes the measurement of turbidity under standard conditions im-
possible – the results are above the scale of the instrument. Still, as
proved the studies of this paper, it is possible to increase the degrada-
tion effectiveness by application of UV light as well as TiO2. However,
the turbidity of the effluents is a one of the most important limiting
criteria of the photocatalytic processes in this case. Summarizing, till
some limiting level, the addition of TiO2 increases the process effec-
tiveness, after that further addition of TiO2 (that increases the turbidity)
can affect the efficacy of the UV, leading to the generation of less re-
active species than HO%. With the lack of efficacy of UV and TiO2, its
remains as the main reaction pathway, i.e. the reaction with the oxi-
dants in basic pH. Here, H2O2 at basic pH cannot generate HO% and can
explain why the decrease was more significant. Furthermore, the pre-
sence of HO% scavengers like carbonates, bicarbonates and sulfur ions
can also explain the lower k values.

3.4. Sulfide ions monitoring

Analyzing Table 2 it is clear that sulfide ions concentration was
completely depleted, achieving values bellow LOD (0.0032 mg/L) in all
processes and at the first 30 min of treatment. This suggests that the
sulfide ions were oxidized to sulfite or further to sulfate [69,70], much
less dangerous/hazardous compounds and not harmful for biological
technologies. Preliminary studies performed by ion chromatography for
this project (data not shown) confirmed this pathway. This monitoring
is very important due to the nature of the bitumen effluents. They
contain significant concentration of sulfide ions which if the pH is
corrected to neutral/acidic before treatment of the effluents, H2S can be
released [20], having a significant negative impact into environment
and can lead to corrosion in to the stream pipelines of the industrial
facility. All technologies including non-catalytic and non-irradiated
processes can offer a pre-treatment before using AOPs like Fenton re-
lated technologies which are effective especially at neutral/acidic va-
lues.

3.5. Biodegradability

It is well known that the biodegradability is an important factor to
determine the possibility of using biological technologies in certain
wastewaters. This parameter is determined by the ratio between BOD5

and COD and the larger the value, the higher the quality of the treated
effluent to be treated by biological techniques. Literature states clearly
that a biodegradability higher or equal to 0.3 or 0.4 is enough for the
biological technology, for instance activated sludge, to be operational
and effective [71,72]. Table 2 exhibit the biodegradability before and
after treatment for the non-catalytic and photocatalytic processes. It is

clear that he biodegradability index from the effluent was around 0.30
and 0.40. The technologies studied led to a small decrease in the bio-
degradability around 0.05 in the generality of the experiments.
Nevertheless, the biodegradability after treatment was around 0.30 and
0.40, which is still biodegradable by biological approaches. Experi-
ments 14, 19 and 29 were the only processes in which the biodegrad-
ability increased after treatment, with the exp. 14 with the most sig-
nificant increase (0.28 to 0.37). Interestingly, the sole use of UV (exp.
29) increase, yet a small, in the biodegradability. The small amount of
the COD oxidized by the UV light can be converted to BOD5, improving
the biodegradability of the treated effluent. These parameter proves
that in fact the technologies used, especially the TiO2/UV/O3/H2O2,
can sustain the application of biological technologies, like activated
sludge for example.

3.6. Economic analysis

One of the crucial factors when studying a technology to implement
in a real case scenario is the economic impact of the technology in the
industrial process. The ideal technology must be effective, cheap and
easy to implement, in order to reduce the economical and operational
impact in the industrial plant. To check if the technologies studied in
this work can be applied in an industrial plant, an economic evaluation
was performed. The processes selected to perform the economic ana-
lysis were the processes that reached at least 25% of COD reduction,
(exp. no. 8, 12, 14, 19, 24, 26–28, Table 1). The followed methodology
was similar to our previous work [73], where it was calculated the cost
of operation of each technology. It was set the milestone of 50% of COD
reduction for all processes chosen to establish an appropriate compar-
ison. The time of treatment needed to reach 50% of COD reduction was
predicted using the reaction rate constant of each experiment, de-
termined by standard procedures. The amount of oxidant needed to
reach the milestone was determined by the oxidant flowrate and the
treatment time. The prices of the chemicals were assumed taking into
consideration the actual market·H2O2 (30% v/v) has a market price of
500 American Dollars ($) per ton and TiO2 a market price of 3000 $ per
ton [74,75]. In Poland, the price of electricity to industrial customers is
around 0.11 $/kWh (3600 kJ). The ozone generator, oxidant pump and
UV lamp have working powers of 450, 80 and 250 W respectively.

Table 3 summarizes the main results of the operational costs of each
process chosen to treat 1 m3 of the bitumen effluents. The operational
cost is the sum of the energy and chemical cost (Eq. (8)). The chemical
cost is equal to sum of the cost of TiO2 and H2O2. The cost of O3 is zero
because it is produced from dry air. Also the energy cost is the sum of
the energy needed for O3 and H2O2 processes and the energy needed for
the UV processes. Each energy cost is determined using the treatment

Table 3
Main results to calculate the operational costs to treat 1 m3.

No. Process k (min−1) treatment time
(min)

Oxidant
amount (kg)

catalyst
amount (kg)

energy
demand (kJ)

Chemical cost Energy cost Operational cost
($/m3)

Cost of
O3 ($)

Cost of
H2O2 ($)

Cost of
TiO2 ($)

Cost of
O3 ($)

Cost of
H2O2 ($)

Cost of
UV ($)

26 H2O2/UV 9.0E-04 770 33 – 3049.8 – 16 – – 23 71 110
8 TiO2/O3/

UV
1.4E-03 495 20 0.5 4158.9 – – 1.5 82 – 45 129

12 TiO2/O3/
UV

1.0E-03 693 22 0.5 5822.4 – – 1.5 114 – 64 179

24 O3/UV 9.0E-04 770 32 – 6469.4 – – – 127 – 71 198
14 TiO2/O3/

H2O2/UV
9.0E-04 770 O3: 19

H2O2:6
0.1 7208.7 – 3 0.3 127 23 71 223

19 TiO2/O3/
H2O2/UV

1.6E-03 433 O3:14
H2O2:4

0.5 4054.9 – 2 1.5 71 13 40 127

27 O3/H2O2 1.0E-03 693 O3:22
H2O2:7

– 4408.4 – 3 – 114 20 – 138

28 O3/H2O2/
UV

1.2E-03 578 O3:19
H2O2:6

– 5406.5 – 3 – 95 17 53 168
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time, the power of each equipment needed and the cost of the energy.

= +Operationalcost Chemicalcost Energycost (8)

Comparing O3 technologies with O3/H2O2 technologies, it is clear
that the O3/H2O2 related processes were cheaper than O3 related
technologies. This is related with the time of treatment needed that is
lower in O3/H2O2 technologies. It follows from the synergistic effect of
simultaneous injection of ozone and hydrogen peroxide (peroxone
process). When the TiO2 was added to the O3/UV system the opera-
tional cost decreased significantly (by 35%) from $198 to $129/m3. The
same behavior occurred in the O3/H2O2 technologies. The addition of
the TiO2 to the O3/H2O2/UV system had a significant decrease in the
operational cost by 24% from $168 to $127/m3. In overall the cheapest
process studied was H2O2/UV process (exp. 26) with $110/m3. This
process takes more time to achieve the goal than TiO2/UV/O3/H2O2

process, which means that the residence time inside the reactor is
higher and consequently a reactor with higher volume is needed to be
used in the treatment process for same feedstock (fixed volumetric
flowrate), therefore increasing the investment cost. Thus, TiO2/UV/O3/
H2O2 (exp. 19) with a comparable operational cost of $127/m3 can be
taken into account as a reasonable alternative to H2O2/UV. Literature
review regarding the studied photocatalytic processes applied in pet-
roleum & refinery effluents was conducted in terms of cost evaluation.
Several studies were performed in this field but without any cost ana-
lysis, thus proper comparison with other studies cannot be performed.
Nevertheless, previous work based on the same technologies using a
model WW containing selected VOCs revealed that TiO2/UV/O3 was
the optimal process, with TiO2/UV/O3/H2O2 also having satisfactory
results. In case of model effluents, the cost was almost 6 times lower.
This indicates the importance of studies performed for real effluents
where its more complex matrix strongly affects the obtained effective-
ness and time of treatment.

This paper included also an alternative purpose of treatment. If the
goal is to degrade only the sulfide ions, the most economic process is
H2O2/UV (exp. 26) with an operational cost of only $6/m3 (Table 6S).
Thank to solving out the issue of presence of sulfide ions this approach
allows to further implement other very effective AOPs like Fenton re-
lated processes at a pH corrected to acidic.

Looking to the energy and operational cost, the economic analysis
reveals that the energy cost plays a detrimental role with more than
80% of the operational cost. This means that these technologies are
highly energy dependent. Since the effluent is generated in a refinery
industry, in many cases, the industrial plant has an excess of energy
(many refineries sell outside the electric energy), from recovery boilers
or during the vapor production and therefore it is possible that the
energy can be supplied by the facility itself rather than buying it from
the national electric power system. This would decrease dramatically
the operational cost of treatment, driving to conclusion that in this case
the TiO2/UV/O3/H2O2 is the optimal treatment process. A negative
outcome from the photocatalytic system is related with the fact that
further equipment is needed to separate the treated effluent from the
catalyst, i.e. sedimentation tank or ultrafiltration system, but these se-
paration processes are well established and do not state an issue at
industrial scale. Nevertheless, TiO2/UV/O3/H2O2 revealed to be pro-
mising technology to attempt scale up to a pilot scale in a real case
scenario as a pre-treatment stage before the biological treatment stage.

3.7. Statistical approach for method optimization

In order to determine the optimal conditions for wastewater treat-
ment and to examine the impact of individual conditions on the re-
duction of total parameters, multiple linear regression (MLR) followed
by optimizer regression were used. MLR was used to determine the
overall fit of the model and to describe how a single response variable Y
(summary parameters – COD; BOD; sulfide ions content; total content of
O-VOCs; total content of VNCs; total content of VSCs; overall total

content of VOCs;) depends linearly on a number of predictor variables
X1-X6 (rox; treatment time; application of UV; TiO2 dose; application of
H2O2; application of O3 - respectively). A range of variable values used
for the model is presented in Table 7S. A design matrix with response
for reduction of summary parameters is summarized in Table 8S.

The analysis of variance (ANOVA) was used to evaluate the data. In
ANOVA, the statistical F- and p-values were adopted as criteria at a 90%
confidence level. The variables for which the p-value less than 0.1 were
considered as statistically significant and having a substantial effect on
the regression model. As shown in Tables 9S–15S, the regression model
was found to be significant, with a p-value less than 0.052 and F-value
in range from 3.37 to 16.09 for all summary parameters.

The response Eqs. (9)–(15) obtained for experimental results can be
expressed as follow:

= + − + +

+ +

Y 9, 40 29, 33 X1 0, 0374 X2 3, 42 X3 0, 00577

X4 4, 82 X5 13, 22 X6
(COD reduction)

(9)

= + − + −

+ +

Y 39, 1 46, 5X1 0, 1298X2 3, 3X3 0, 0072X

4 4, 20X5 15, 8X6
(BOD reduction)

(10)

= + − − +

+ +

−Y 89, 4 91, 4X1 0, 1993X2 2, 11X3 0, 0008X

4 9, 68X5 35, 68X6
(S2 reduction)

(11)

= + − + −

+ +

−Y 0, 353 0, 494X1 0, 001171X2 0, 0662X3 0, 000030X

4 0, 0886X5 0, 5723X6
(O VOCs)

(12)

= + − + +

+ +

Y 0, 715 0, 647X1 0, 002130X2 0, 328X3 0, 000027X

4 0, 0349X5 0, 2281X6
(VNCs)

(13)

= + − − +

+ +

Y 0, 971 0, 515X1 0, 001334X2 0, 0751X3 0, 000018X

4 0, 0635X5 0, 2014X6
(VSCs)

(14)

= + − + −

+ +

−Y 0, 391 0, 527X1 0, 001163X2 0, 0781X3 0, 000066X

4 0, 0858X5 0, 5350X6
(t VOCs)

(15)

The equations explain the influence of the studied variables on the
reduction of summary parameters. The regression model presented a
high determination coefficient (R2) is within range from 55.94 to
87.34% along with the values of adjusted determination coefficient
(Radj

2) in range from 32.65 to 81.91%. The obtained results indicate a
good correlation between the experimental data and good fitting of the
model.

In order to determine optimal variable values, in the first stage the
minimum, maximum, and target values (i.e. total degradation) of in-
dividual summary parameters were selected (Table 16S).

In this study, a composite desirability (D) was used to identify the
combination of variable settings that jointly optimize a set of summary
parameters responses. The composite desirability combines the in-
dividual desirability of all the response variables into a single measure.
Greater emphasis is placed on the response variables with the greatest
importance. As shown in Table 9S–15S, statistically significant para-
meters (p-value lower than 0.1) affecting studied parameters are:

• in respect to COD reduction the variables X1 (rox), X6 (application of
ozone as oxidant),

• for BOD reduction: X1(rox)

• for VNCs: X1(rox), X2 (treatment time), X3 (application of UV light),
X6 (application of ozone as oxidant);

• in respect to S2− reduction, O-VOCs degradation, VSCs degradation
and tVOCs: X1(rox), X2 (treatment time), X6 (application of ozone as
oxidant).

The D values close to 1 indicate that the settings achieve favorable
results for all responses, zero indicates that one or more responses are
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outside their acceptable limits. For the proposed model, the composite
desirability is 0.9694 which demonstrate the high relative importance
of the responses.

The optimum process defined by presented approach is TiO2/UV/
O3/H2O2 performed at rox of 0,61 and TiO2 dose of 899 mg/L for
240 min. The optimization plot with fitted values for the predictor
settings is presented on Fig. 6S.

It should be highlighted that statistical evaluation of data and its
optimization is an useful approach, however in case of complex de-
pendencies between several parameters studied it is not able to fully
evaluate the effect of each parameters. A good example of such a case is
visible for peroxone processes (combined application of hydrogen
peroxide and ozone). The MLR approach used in this paper didn’t in-
dicate the advantages of peroxone process in comparison to sole use of
ozone, but indeed this synergism in clearly visible from the obtained
data. That is why the optimized by point-to-point experimental method
rox revealed to be much lower than the one predicted by the model.
Secondly, this studies revealed that there is a limiting amount of TiO2

that increases the degradation effectiveness. Exceeding this level causes
significant drop in degradation performance – it follows from increasing
turbidity which after the optimal catalyst dose inhibit the effect of UV
light. Thus, in overall, it can be stated that such an statistical approach
is useful to determine general dependencies, but final “tuning” of the
method must be based on point-to-point optimization with second level
of research planning allowing application of deep knowledge on the
chemistry of applied AOPs.

4. Conclusions

The studies revealed, that the developed technology can be im-
plemented in two alternative scenarios – one when the goal is to
maximize the degradation effectiveness and second one where the main
goal is to degrade sulfide ions allowing to perform further treatment in
a corrected pH values from the primary strongly basic pH.

A good synergism was confirmed for the approach of combining
TiO2 with UV and the oxidants studied. It was proved that the matrix of
the real WW studied influences negatively the degradation rate of the
generality of the VOCs studied (k values) comparing to treatment of
model effluents.

In all processes studied the sulfide ions were oxidized completely in
the first 30 min of treatment, which eliminates the risk of H2S formation
and its emission to the atmosphere in case of effluents pH lowering. The
biodegradability of the treated effluents did not change significantly
with values around 0.3 and 0.4 of the treated effluents. On the basis of
this value the compounds present in the effluents can be considered as
biodegradable. Compounds like 1-propanol, furfural, cyclohexanol and
cyclohexanone were persistent to degradation via HO% and were not
degraded below the LOD in any process studied. The addition of the
TiO2 decreases the operational cost of the O3 and O3/H2O2 related
technologies.

The optimal process was TiO2/UV/O3/H2O2. The selection is based
on low consumption of oxidant (rox of 0.28) and 500 mg/L of TiO2 with
38% of COD reduction, 84% of t-VOCs degradation and an operation
cost of $127/m3. It exceeds by over 30% the theoretical value of COD
reduction, based on the rox, proving the importance of the photo-
catalytic technology.

Furthermore, if the goal is to degrade sulfide ions, the cheapest in
the comparison is the H2O2/UV process (exp.26) with total cost of only
$6.4/m3 of effluent, with a decrease of COD and t-VOCs by 19% and
24% respectively.

These technologies are promising as a pre-treatment stage before a
second chemical treatment process or biological treatment stage, where
toxic compounds are effectively degraded and the probability of H2S
formation was avoided. Thus, such technologies should be further
studied at a pilot scale in a real case scenario, to evaluate if whether a
second chemical or biological treatment in combination with the

studied technology can reach a high quality of treated effluent capable
to be discharge without harmful consequences to the environment.
Besides future studies on this technology at pilot scale treatment unit,
the research should also include studies on implementation of available
AOPs based on modified titanium dioxide with increased effectiveness
in visible light, allowing successive lowering of the costs associated
with energy consumption. The comparison of catalyst costs (modified
TiO2) versus energy costs for such processes remains an open case.
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