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Abbreviation table 

 

  

Abbreviation Terminology 

$ American Dollars 

AOPs Advanced Oxidation Processes 

BOD5 Biological Oxygen Demand after 5 days 

BTEX Benzene/ Toluene / Ethylbenzene / Xylene 

CB Conductive Band 

CO2 Carbon Dioxide 

COD Chemical Oxygen Demand 

Eº Standard oxidation potential 

H2O Water 

H2O2 Hydrogen Peroxide 

H2S Hydrogen sulfide 

H-AOPs Hydroxyl radical related AOPs 

HO• 
Hydroxyl radicals 

k Thousand 

O-VOCs Oxygen Containing  Volatile Organic Compounds 

O3 Ozone 

O3/H2O2 Peroxone 

PMS Peroxymonosulfate 

PS Persulfate 

pKa Dissociation constant 

PZC Point of zero charge 

rox 

Mass ratio between oxygen introduced 

in the oxidant source and the chemical oxygen 

demand of the effluent 

S-AOPs Sulfate radical related AOPs 

SMP Semiconductor particle 

SO4
•- Sulfate radicals 

t-VOCs Total Volatile Organic Compounds 

TiO2 Titanium Dioxide 

UV Ultraviolet 

VB Valence band 

VOCs Volatile Organic Compounds 

VNCs Volatile Nitrogen Compounds 

VSCs Volatile Sulfur Compounds 

WW Wastewater 
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Summary of the Dissertation in Polish 

W  pracy przedstawiono wyniki badań nad zastosowaniem niekatalitycznych, 

fotolitycznych i fotokatalitycznych procesów zaawansowanego utleniania (ang. 

Advanced Oxidation Processes, AOPs) bazujących na „klasycznych” utleniaczach 

(ozon, nadtlenek wodoru i ich połączenie tzw. proces perokson) oraz utleniaczach z 

grupy nadsiarczanów (nadsiarczan sodu i mononadsiarczan potasu) do oczyszczania 

ścieków pochodzenia rafineryjnego - z produkcji asfaltów naftowych. 

Badania wykazały, że AOPs wybrane w ramach niniejszej pracy, są efektywną 

metodą degradacji LZO obecnych w ściekach modelowych i rzeczywistych oraz 

pozwalają na istotne obniżenie parametrów ChZT i BZT5. Stwierdzono synergistyczne 

działanie układu fotokatalitycznego UV/TiO2 z utleniaczami zewnętrznymi. 

Optymalne i najbardziej ekonomiczne okazały się AOPs z zastosowaniem 

peroksonu. Badania tej pracy wykazały, że badane AOPs stanowią efektywną i 

obiecującą technologię do wstępnego oczyszczania ścieków z produkcji asfaltów 

naftowych, przed etapem końcowego oczyszczania na drodze procesów oczyszczania 

biologicznego. AOPs zapewniają eliminację ze ścieków większości związków 

tlenoorganicznych - silnie toksycznych dla osadu czynnego stosowanego do 

oczyszczania typowych ścieków rafineryjnych. Jednocześnie efektywnemu utlenianiu 

ulegają lotne związki siarkoorganiczne (LZS) charakteryzujące się silną odorowością.  
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Summary of the Dissertation in English 

The dissertation presents studies of non-catalytic, photolytic and photocatalytic 

advanced oxidation processes (AOPs) (with application of ozone (O3), hydrogen 

peroxide (H2O2) and their combination, i.e. Peroxone (O3/H2O2)) and sulfate related 

AOPs based on sodium persulfate and potassium peroxymonosulfate for the treatment 

of refinery effluents from bitumen production.  

The studies revealed that selected AOPs were effective in the degradation of the 

VOCs, in the model and real wastewater (WW) and partially reduce the COD and 

BOD5. A positive synergism was observed with the simultaneous application of the 

ultraviolet (UV) light and the Titanium Dioxide catalyst along with the external 

oxidants i.e. O3, H2O2 and O3/H2O2.  

Peroxone related AOPs were the most optimal and economical processes for 

treatment of the post oxidative effluents from bitumen production. The AOPs studied 

can be considered as effective and promising technologies used as a pre-treatment stage 

before a biological final treatment stage, due to the elimination of most of the oxygen 

containing Volatile Organic Compounds (O-VOCs), known to be toxic for 

microorganisms of activated sludge and compounds known to have a malodor character 

like Volatile Sulfur Compounds (VSCs). 
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1. Introduction 

The industrial wastewater (WW) has been under extensive research by the 

science community due to their serious danger to the aquatic, air and soil environment, 

especially in respect to the human and animal health. The WW can contain heavy 

metals, oil emulsions, inorganic and organic compounds, which are difficult to remove 

due to their solubility in water or due to the presence of persistent and recalcitrant 

compounds. These compounds can include, aromatics, sulfur, nitrogen, oxygen as well 

as high molecular compounds [1–5]. Treatment technologies like gravitational 

separation, centrifugation, coagulation, flotation, adsorption, biological methods, 

filtration methods, thermal oxidation, among others, have been used to fulfill the 

legislation requirements [6,7]. Nevertheless, they generate by- products like sludge, 

syrups or salts that need further treatment. Therefore, one of the main goals in the 

twenty first century is to develop a simple, safe, economical, efficient and the most 

important factor, non-harmful to the environment WW treatment technologies. 

A one group of technologies, that have been seen as a “green chemistry” 

approach, since it does not produce any secondary by-products, are the Advanced 

Oxidation Processes (AOPs). These type of technologies generates and uses mainly 

hydroxyl radicals (HO•) to oxidize the organic pollutants [8,9]. The HO• have a high 

standard oxidation potential (Eº) (2.8 V), higher than most of the species that could be 

used for such a purpose i.e. sulfate radicals (SO4
•-), chlorine, permanganate, persulfate 

anion, hydrogen peroxide (H2O2) and ozone (O3)[10]. The main characteristics of the 

HO• are short-life, simply produced, powerful oxidant, having electrophilic behavior, 

ubiquitous in nature, highly reactive and practically non-selective [11]. It reacts with a 

wide variety of organic compounds classes, producing lower-molecular and simpler 

organic compounds, or in case of full mineralization, carbon dioxide (CO2), water 

(H2O) and inorganic salts as described by equation (1) [12].  

Organic species +  HO•  →  CO�  + H�O +  inorganic ions (1) 

There are four reaction mechanisms of HO•, which are addition, hydrogen atom 

transfer, electron transfer and radical interaction [11]. The compounds containing 

carbon double bonds in their structure are more reactive towards HO• attack than 
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saturated molecules. In addition, the reactivity towards oxidative compounds decreases 

with the decrease of the molecular weight and the increase of the oxidation level [10]. 

AOPs are useful for treating refractory pollutants resistant to other treatments 

such as, for example, biological technologies. A disadvantage of AOPs is related with 

the cost of oxidants, and electric energy when ozone (O3) or ultraviolet (UV) are 

applied. For these reasons, they are considered as an alternative treatment of wastewater 

that cannot be biologically treated [7]. AOPs have been widely studied in a large range 

of WW like food [13], petroleum and refinery [14–16], textile [17], among others, 

mentioned in several review articles on AOPs in the recent years. Regarding the type of 

AOPs, they include sulfate radical related AOPs (S-AOPs) [18], ozone related AOPs 

[19], ultrasounds [20], catalytic related AOPs [21], among others. This literature 

generally did not discriminate the range of pH involved. However, some types of 

industrial WW are formed at basic pH conditions or for some reason have a basic pH. 

Its origin can be from the process conditions or when the basic pH conditions are the 

best solution to absorb and effectively trap acidic pollutants in the aqueous WW. 

Effluents like spent caustic [22], dye [23] or post-oxidative effluents from bitumen 

production [24] are some examples.  

In the case of post oxidative and spent caustic effluents, a presence of high 

concentrations of sulfide ions forces further processing of the WW at basic pH 

conditions. A change to acidic or neutral pH will result in this case in releasing acidic 

compounds like hydrogen sulfide (H2S) to the atmosphere which must be avoided. In 

addition, they contain a wide variety of Volatile Organic Compounds (VOCs) present in 

many types of industrial effluents [25–29]. The importance of wastewater treatment 

regarding VOCs is related with few factors. Firstly, it follows from the high biotoxicity 

of some groups of the VOCs, like oxygen containing VOCs (O-VOCs), to 

microorganisms. It makes ineffective the usage of biological methods to degrade such 

compounds. Secondly, open air treatment technologies (common practice at biological 

treatment stage) can increase the risk of VOCs emission to the atmosphere instead of 

their quantitative degradation. Some groups of VOCs (like volatile sulfur compounds 

(VSCs)) have odorous character, thus their emission from WW treatment plants will 

cause a lowering of the air quality in the region. Thirdly and maybe one of the most 

important factors, the majority of the compounds present in this work are harmful to the 
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animal and human health. Thus, the elimination of VOCs from industrial effluents could 

be one of the big steps contributing to a high quality of treated wastewater and 

possibility of reusing it, contributing to a higher sustainability. Since the effluents 

studied in this dissertation are the post oxidative effluents from bitumen production, pH 

correction before treatment will not be conducted and therefore limits the range of the 

AOPs studied. The AOPs technologies chosen to be studied are briefly described below.  

Ozone (O3) is a powerful oxidizing agent (Eº 2.07 V) that is able to transform 

the organic compounds. It is characterized by a short lifetime and low solubility in 

aqueous media. To overcome the low solubility, some techniques have been explored, 

like fixed beds of porous glass or metals, solid catalysts, stirring, line mixers, contact 

towers and increase of retention time by large bubble columns or diffusers [10]. 

Ozonation is characterized as an AOP when used in alkaline medium, in combination 

with UV/sun light or with addition of transition metal cations [6]. At an alkaline pH, the 

effect of HO- is beneficial, where O3 directly attacks OH- to generate HO• as described 

in Equation (2) [30].  

O�  +  OH�  →  O�
•�  +  HO•     (2) 

Furthermore, HO• can react with O3 generating much less reactive perhydroxyl radicals 

(HO2
•), which react with O3 generating once more HO• (Equations. (3) and (4)) [31].  

O�  +  HO•  →  O�  + HO�
•      (3) 

O�  +  HO�
•  →  2O�  +   HO•      (4) 

The usage of UV light in combination with O3 in aqueous medium can increase the 

formation of HO• and its concentration as illustrated in Equations. (5) [12]. 

O�  +  H�O + hν → O� +  2HO•      (5) 

Hydrogen peroxide (H2O2) is a weak acid with relatively high standard oxidant 

potential (Eº 1.77 V) which alone does not lead to the generation of hydroxyl radicals 

(Equations. (6) to (8)) [6]. 

H�O� ↔  HO�
� +  H�       (6) 
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H�O�  →  H�O +  
�

�
O�     (7) 

H�O� + HO�
�  →  H�O +  O� +  OH �     (8) 

Furthermore, in the presence of an alkaline medium H2O2 will react with OH- to 

produce perhydroxyl ions (HO2
-) as described in Equation (9) [32]. 

H�O� +  OH�  ↔  HO�
� +  H�O    (9) 

When H2O2 is irradiated with UV, this type of light provide enough energy to break the 

O-O bounds and generate HO•, as it is presented in Equation (10) [33].  

H�O� + hν →  2HO•       (10) 

The combination of H2O2 with other reagents can improve the generation of 

HO•. The combination of O3 and H2O2 (O3/H2O2) is named as peroxone process which 

combines the indirect and direct oxidation of organic compounds. The major effects in 

combining O3 and H2O2 are the increase of oxidation efficiency by conversion of O3 to 

HO• and improvement of O3 transfer from the gas to the liquid phase as demonstrated in 

Equation (11) [11]. 

H�O� +  O� →  HO• + HO�
• + O�    (11) 

Furthermore, the combination of UV with O3/H2O2, the generation of HO• (Equation 

(12)) is enhanced and can transform H2O2 to HO• (Equation (10)) consequently 

increasing the degradation rate [34]. 

O�  +  H�O� + hν → 3O� +  2HO•      (12) 

In recent years, an increase of the interest and study of sulfate radical related 

AOPs (S-AOPs) was observed. The S-AOPs can be an alternative to the hydroxyl 

radical related AOPs (H-AOPs),  generating and using sulfate radicals (SO4
•-) which 

possess a high standard oxidation potential (Eº 2.6 V) [35]. Rastogi and co-workers 

concluded that the SO4
•- have a longer half-life than HO• due to the fact that SO4

•-prefer 

the electron transfer reactions while HO• can react by hydrogen-atom abstraction which 

is less dominant [36]. The term S-AOPs generally relates to a two alternative 



 

9 

 

technologies based on sodium persulfate (PS; Na2S2O8) and potassium 

peroxymonosulfate (PMS; KHSO5). 

The persulfate anion (S2O8
2-) and peroxymonosulfate anion (HSO5

-) are strong oxidants, 

with a Eº of 2.01 and 1.85 V respectively, which can be activated by heat, light or by the 

use of a catalyst, to generate SO4
•- (Equations. (13) to (18)). The sulfate radicals have 

high stability and longer, comparing to hydroxyl radicals, life-time and can be used in a 

wide range of organic contaminants [37,38]. 

S�O�
�� +  hν → 2SO�

•�     (13) 

S�O�
�� +  Δ → 2SO�

•�      (14) 

S�O�
�� +  2e� → 2SO�

•�     (15) 

HSO 
� +  hν → 2SO�

•�     (16) 

HSO 
� +  Δ → 2SO�

•�      (17) 

HSO 
� + 2e� → 2SO�

•�     (18) 

Sulfate radicals when present in aqueous medium or at basic pH, can be decomposed to 

generate HO• as illustrated in Equations. (19) and (20) [39].  

SO�
•� +  H�O → HO• +  HSO�

�    (19) 

SO�
•� +  !"�  → HO• +  SO�

��    (20) 

In recent years, the activation of PS by a base (NaOH) was proposed by Furman and co-

workers (Equation (21)) [40]. 

2S�O�
�� +  2H�O 

#$%

&⎯( 2SO�
�� + SO�

•� +  !�
•� + 4"� (21) 

In addition, Qi and co-workers suggested a mechanism of activation of PMS by means 

of a base (NaOH) [41].  

Another group of AOPs relates to photocatalytic processes. The photocatalytic 

process enables the activation of a semiconductor particle (SMP) material by means of 

radiation at a specific wavelength, heat or external oxidants. As showed in Equation 
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(22), when irradiated, adsorption of photons by SMP occurs, which acquire enough 

energy to conduct an electron (e-) from its valence band (VB) to the conductive band 

(CB), (bandgap energy). This phenomenon leads to the formation of holes in the VB 

(h+) that will act as oxidizing sites [42]. 

SMP →  SMP,e-.
� +  h/.

� 0       (22) 

In the hVB
+ sites of the catalyst surface H2O (Equation 23)) and OH- (Equation (24)) will 

act as electron donors, generating HO•, which can react with the organic species 

(reaction 1 and 2 of figure 1). 

h/.
�  +  H�O →  HO• +  H�       (23) 

h/.
�  +  OH� →  HO•       (24) 

If H2O2 is present in the medium, it plays a role of external oxidant and will act as an e- 

acceptor, generating HO•. and OH-, (Equation. (25)) illustrated in reaction 3, figure 1 

[43]. When O3 is present it will produce an O3 anion (O3
-) in the adsorption layer, which 

afterwards will generate HO•, as demonstrated in Equation (26) and exhibit in reaction 3 

in figure 1 [10]. 

O� +  e� + "�O →  OH � +  HO• + !�    (25) 

H�O� +  e-.
�  → OH• + OH�     (26) 
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Figure 1 - Mechanism of the degradation of the organic species via different types of 

AOPs, non-catalytic (reaction 6), photolytic (reaction 7) and photocatalytic processes 

(reaction 1 to 5) [44]. 

The photocatalytic and catalytic processes have been applied in several types of 

real effluents  like cellulose [43], winery [45], petrochemical [46], petroleum & refinery 

[47–49], post-treatment of refinery WW [50] and are considered as promising 

techniques in treatment of heavy polluted WW.  

The technologies described above have been studied in several types of 

industrial effluents containing compounds that are persistent and recalcitrant to other 

types of technologies like biological. The AOPs and have been proving that they can 

effectively treat these compounds and at the same time reduce significantly the organic 

load. Thus, these technologies were tested in heavily polluted refinery effluents from 

bitumen production. 

 



 

12 

 

2. Plan of the research 

The aim of this dissertation was to study different types of AOPs at alkaline 

conditions to obtain effective degradation of the organic compounds responsible for 

pollution load of refinery effluents from bitumen production. The processes studied 

were tested using a post oxidative effluents from bitumen production (Lotos Asfalt Sp. z 

o. o., Grupa LOTOS S.A.) and simulated caustic WW, with carefully selected VOCs 

commonly present in refinery effluents. The parameters of the WW quality analyzed 

were Chemical Oxygen Demand (COD), Biological Oxygen Demand after 5 days 

(BOD5), sulfide ions and content of several VOCs. Important process parameters like, 

mass ratio between oxygen introduced in the oxidant source and the chemical oxygen 

demand of the effluent (rox), temperature, catalyst concentration were studied. The 

calculations to determine the oxidant amount needed for the rox established are  

explained in details in the published paper [51]. In addition, economical evaluation was 

performed for all processes studied to understand the feasibility of the technologies to 

implement them in a real case scenario. The main stages of this dissertation are briefly 

described below. 

• An extensive review of the state of the art of the AOPs exclusively at an alkaline 

pH and the main operational parameters studied.  

• Comparison of the degradation efficiency between the classic AOPs oxidants 

(O3, H2O2 and O3/H2O2) in the treatment of the model and real WW studied, 

varying parameters like temperature and rox.  

• Comparison of the degradation efficiency between the sulfate related AOPs 

oxidants (Na2S2O8 and KHSO5) in the treatment of the model and real WW 

studied, varying parameters like temperature and the rox.  

• Studies on possibility of increase of degradation effectiveness of pollutants 

present in effluents from bitumen production by photolytic and photocatalytic 

AOPs using UV and Titanium Dioxide (TiO2) as a catalyst. 
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3. Literature review. 

3.1 Wastewater treatment by means of advanced oxidation processes at basic pH 

conditions: A review (Publication/Attachment No. 1) 

The scope of this review was to report the state of the art of AOPs at basic pH, 

analyze the effectiveness of each AOP at alkaline pH, determine the type of effluents 

and compounds that can be degraded with high efficiency, perform an economical 

evaluation and attempt to determine the more promising AOP to treat alkaline WW. The 

studied AOPs, due to the mechanism of reactions and chemical character of the used 

oxidants, do not produce any harmful by-products of themselves i.e. H2O2 decompose to 

water, and O3 to oxygen. The by-products formed during oxidation are only products of 

oxidation of pollutants molecules. The exception is the sulfate radical related AOPs 

which form sulfates. A chlorination process was not studied due to its impractical nature 

in respect to industrial applications – they can produce harmful by-products as well as 

can form HCl and other corrosive species. Since this literature review was focused on 

the AOPs effective in strongly basic pH, the number of effective methods was limited. 

Thus, Fenton processes, electrochemical oxidation and ultrasounds were not reviewed 

and mentioned. 

Most important conclusions from the reviewed literature studies on ‘‘typical” 

oxidants used in AOPs revealed that ozone based processes are the most effective. This 

is supported by the ozone chemistry, which clearly shows that basic conditions in this 

case should be preferred. Published studies revealed that H2O2 is not effective in basic 

conditions and this direction or part of studies should be preferably substituted by more 

promising processes such as S-AOPs. 

S-AOPs are an interesting alternative to widely known AOPs based on hydroxyl 

radicals. The obtained effectiveness of degradation reported in review papers revealed 

better results for S-AOPs, but unfortunately the oxidant-pollutant ratio is generally 

much higher. Thus, further research should focus on effective activation of S-AOPs 

oxidants to improve the yield of generation of hydroxyl and sulfate radical species. This 

will allow to lower the amounts of the oxidant and make this process more 

economically effective. Still, there is no effective catalysts for AOPs at basic pH. The 

effectiveness of the process is much lower comparing with neutral and acidic 
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conditions. In this field, the design of processes must include the phenomena of 

adsorption of the compounds on the catalyst surface, which can be obtained if the 

surface has an opposite charge to the compounds in pH used. In some part also weak 

sorption interactions could be used to obtain such an affinity. Better situation can be 

reported in terms of photocatalytic processes. Studied TiO2 and Zinc Oxide (ZnO) 

catalysts allowed to increase the effectiveness of degradation comparing with sole use 

of oxidants. But still neutral and acidic conditions were more effective. 

The reviewed papers in many cases lacks of many important data characterizing 

the effluents studied as well as instrumentation used. Thus, it makes difficulties to 

compare different processes and obtain some general rules and conclusions, which will 

help other researchers to focus on really important aspects. Still, the influence of many 

factors of the process is not clear and demands further studies. It was presented some 

simple rules for planning the research which together form a ‘‘rules of thumb” or good 

practice, hoping to improve the quality of the papers in the field of wastewater 

treatment. These rules are explained in details in the attachment 1 (paragraph 4.2 - 

Strategies of planning the research for new scientists in the field). 
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4. Results and discussion 

4.1 Study of Different Advanced Oxidation Processes for Wastewater Treatment 

from Petroleum Bitumen Production at Basic pH (Publication/Attachment No. 2) 

The state of the art of the AOP technology unveils that when treating effluents 

with an extreme basic pH, the pH is generally corrected to neutral or acidic pH. In the 

case of spent caustic and post oxidative effluents from bitumen production, they present 

a relevant concentration of sulfide ions, which can generate hydrogen sulfide (H2S) 

consequently emitted to the atmosphere if the pH would be corrected to neutral or acidic 

pH values. In addition, they contain several sulfur compounds which can be easily 

emitted to the atmosphere. It was also clear from the literature review that there is a lack 

of studies which monitor the organic compounds present in the real effluents.  

Thus, the goal of the first part of the research was to study the most effective 

processes for the treatment of post oxidative effluents from a bitumen production plant 

using simple H-AOP oxidants, i.e., O3, O3/H2O2, and H2O2 without pH correction. The 

analysis and main conclusions from this part of the research are described below. 

Studies performed at 40 °C revealed, that AOPs based on H2O2 were less 

effective (33% COD and 37% BOD5 reduction) when comparing with O3 (36% COD 

and 37% BOD5 reduction) and O3/H2O2 (43% COD and 36 BOD5 reduction). 

Comparing the most effective processes at 25°C, also in this case, the peroxone process 

(O3/H2O2) was the most effective, achieving 43 and 34% of COD and BOD5 

respectively. The combination of both oxidants in basic pH contributed to the increase 

of HO• amount and therefore to the higher COD reduction. The results revealed that in 

the case of basic pH and treatment of such a specific effluent, lower temperature 

allowed to increase solubility of ozone in the aqueous solution, thus increasing the 

amount of formed HO• and therefore obtaining higher treatment efficiency. Further 

studies revealed, that O3 at rox of 0.34 at 25 °C was the optimal process due to the 

significant decrease of the biotoxicity (in respect to microtox test) of the treated 

effluents. Sulfide ions were effectively oxidized in all procedures. This enables the 

usage of other types of AOPs at a lower pH, like Fenton. Volatile Sulfur Compounds 

(VSCs) were effectively degraded in all technologies. The Volatile Nitrogen 

Compounds (VNCs) were more problematic to reach effective degradation from all 
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VOCs studied. O3 at a rox of 0.34 at 25 °C was the most effective to degrade the overall 

VOCs, while the H2O2 was less effective oxidant. Compounds like furfural and 2- ethyl-

1-hexylamine revealed to be by-products of oxidation of other compounds. This 

phenomenon participated in the effect of increased biotoxicity of the effluents treated by 

H2O2 processes. H2O2 process revealed to be the cheapest technology studied with a 

treatment cost (energy cost plus the chemical cost) of 8.5 thousand (k) American dollars 

($) per 1 m3 of treated effluent. In contrast, peroxone was the most expensive with a 

treatment cost of 72.9 k$ per 1m3 of treated effluent. This cost simulation assumed that 

the effluent COD will be lowered by 50%. These results, indicate that there is a need to 

conduct further studies in the combination of these oxidants with other sources to 

increase the treatment effectiveness and therefore decrease the costs of treatment.  

It was proved that detailed process control is mandatory due to the risk of by-

products formation. In addition, good effectiveness in the degradation of the VOCs and 

the decrease in the biotoxicity in O3 related processes were other important outcomes.  

4.2 Treatment of bitumen post oxidative effluents by sulfate radicals based 

advanced oxidation processes (S-AOPs) under alkaline pH conditions 

(Publication/Attachment No. 3) 

As discussed in section 3 (Literature review), S-AOPs are considered as 

promising technologies for WW treatment, especially at alkaline pH conditions. Due to 

their higher pH range of application, these technologies can be considered a good 

alternative to H-AOPs, especially H2O2. The usage of these technologies at basic pH 

revealed to be scarce and lacks studies for real effluents. The already published studies 

were conducted mainly for model WW to target specific pollutants. This is a limiting 

factor and without solid results on effective treatment of real effluents, S-AOPs will 

remain only in the scientific field, without application in real case scenario. Thus, to 

compare H-AOPs and S-AOPs, studies for this thesis were performed using PS and 

PMS to attempt effective treatment of the effluents from bitumen production.  

The experiments revealed, that the optimal rox and temperature for PS processes 

in terms of COD and BOD5 degradation was 0.31 at 40 ºC with 27 and 31% of COD 

and BOD5 reduction. Regarding the VOCs degradation, PS with a rox of 0.41 at 40 ºC 

was the most effective process with 82%. The optimal PS process depends whether if 
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the goal is to maximize the COD and BOD reduction or to degrade the VOCs present in 

the effluents. In the case of PMS, the best process to degrade the VOCs and decrease the 

COD and BOD was with a rox 1.43 at 60 ºC obtaining 43% of COD and BOD5 reduction 

and 62% degradation of the total VOCs. PS was more effective for lower rox values and 

PMS for higher rox values. Sulfide ions were effectively oxidized using both types of 

technologies which consequently eliminates the risk of H2S formation if the pH is 

corrected to neutral or acidic values. Furfural and acetaldehyde, revealed to be by-

products of oxidation of other compounds. In addition, non-aromatic and non-cyclic 

oxygen containing VOCs (O-VOCs) were more persistent to degradation. Comparing 

with H-AOPs there were similarities in terms of furfural and non-aromatics/cyclic O-

VOCs degradation profile. Nevertheless, S-AOPs revealed that can be more effective in 

the degradation of 2-ethyl-1-hexylamine. A rich database of a good degradation 

effectiveness of numerous VOC-s in real conditions was reported. These data are 

valuable for other research groups focused on S-AOPs. The economical evaluation 

revealed, that PS process, with a treatment cost of 63.3 k$ per 1 m3 of treat effluent. It 

revealed cheaper than PMS with a treatment cost of 162.3 k$ per 1 m3 of treated 

effluent. These calculations were conducted for a scenario of 50% decrease of the COD 

of the effluent. It was proved that the cost of PS and PMS is a limiting factor to use 

these S-AOPs for industrial scale applications. Regarding the investment cost, S-AOPs, 

with an investment cost of 29.2 k$, are a promising alternative to ozone based AOP-s 

(O3 and O3/H2O2), with an investment cost of 41 and 46 k$ respectively. Thus, these 

AOPs revealed to be effective as a pre-treatment method. Comparing both H-AOPs and 

S-AOPs, the H-AOPs oxidants revealed to be more suitable to treat such type of 

effluents. Furthermore, this research revealed differences in the degradation 

mechanisms of specific VOCs when using sulfate or hydroxyl radicals. This aspect is 

discussed in section 4.3. 

Other relevant feature, not usually highlighted in AOPs papers, relates to the 

sustainability and “green” aspect of the developed technologies. In the case of 

comparison of oxidants used in AOPs studied, parameters like oxidants production, ease 

and safety of transportation and stability during storage should be included in the life 

cycle assessment methodology. Thus, the persulfate based technologies as well as 

hydrogen peroxide offer low costs and robustness of application comparing to ozone 

based technologies. Also the maintenance of such installation will be cheaper and more 
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environmentally friendly. In addition, PS and PMS are produced as a powder and are 

stable in normal conditions of storage and transportation. H2O2 is produced as a 

solution, which demands higher capacity to store and transport it but also is less stable 

in normal conditions of storage and transportation. In the light of this above mentioned 

factors of process effectiveness as well as sustainable development, the S-AOP are a 

promising oxidants which can play an important role in cleaner production processes. 

The main limiting factor which still prevents these technologies to be tested in a real 

case scenario is the price of the oxidants. 

4.3 Pilot scale degradation study of 16 selected volatile organic compounds by 

hydroxyl and sulfate radical based advanced oxidation processes 

(Publication/Attachment No.4) 

The research plan discussed so far on the treatment of post oxidative effluents 

from bitumen production by H-AOPs and S-AOPs revealed partial decrease of the 

COD, around 45%. The compounds responsible for the low overall COD reduction are 

saturated hydrocarbons [31,51]. Thus, the model WW was prepared to evaluate the 

effectiveness of conditions selected during the studies on the real effluents, for less 

complex cases where only defined compounds are present.  

The hypothesis stated at the beginning of this research was that for real effluents 

the effectiveness in respect to VOCs is underestimated due to formation of volatile by-

products which overlay on the results of treatment of the primary amount of VOCs 

present in the effluents. The model WW carefully prepared simulates as much as 

possible the caustic effluents from petroleum and refinery industries, which included 3 

groups of VOCs, O-VOCs, VNCs and VSCs [31,51]. Few studies followed such 

approach of preparing a model WW containing several types of VOCs [52–54], but on 

this specific type of effluents no studies were found. Therefore, the processes O3, 

O3/H2O2, H2O2, PS and PMS and respective operational parameters studied in the 

prepared model WW were the same as for the previous studies referred in section 4.1. 

and 4.2. 

A comparison between H and S-AOPs was performed, i.e., the behavior of 

hydroxyl and sulfate radicals in degradation of several VOCs was studied. The main 

results revealed that peroxone (O3/H2O2) process with a rox of 7.5 at 40 ºC was the most 
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efficient and economical technology to degrade the model WW with complete 

degradation of all VOCs studied after 60 min of treatment. When comparing both S-

AOPs technologies, PS (rox 23.1) and PMS (rox 11.6) at 60 ºC, achieved similar total 

VOCs degradation, around 95% after 120 min of treatment. PMS process was 

considered more effective than PS due to the usage of less amount of oxidant (including 

dose expressed as the mass of oxidant - approx. 3 times less). H2O2 with a rox of 32.4 at 

40 ºC obtain 74% of total VOCs degradation after 181 min of treatment, while PS and 

PMS obtain approx. 95%, proving that S-AOPs were more effective than H2O2, 

especially at 60 ºC. Further increase of temperature was not studied due to be unfeasible 

to heat the effluents above 60 ºC in terms of energy costs. VSCs were degraded between 

15 to 30 min of the treatment in the O3/H2O2 and 60 to 120 min in O3, PS and PMS and 

therefore considered the first group of VOCs to be effectively degraded. In contrast, 

VNCs were the most persistent compounds to degradation in all technologies studied. 

This could be related to the stability of the nitro group when bonded to the aromatic 

rings, retarding the reaction of the hydroxyl and sulfate radicals with the VNCs and 

therefore lowering the degradation rate [55].The Benzene, Toluene, Ethylbenzene and 

Xylene (BTEX) degradation time and efficiency differs in H-AOPs and S-AOPs. HO• 

were able to react first with BTEX, phenol and VSCs compounds and were less 

effective in the degradation of 2-nitrotoluene, nitrobenzene and 4-methylbenzaldehyde). 

Regarding SO4
•-, reacted first with non-aromatics O-VOCs, 2-nitrophenol and VSCs 

and afterwards with phenol and BTEX. The degradation of all VOCs studied was 

slower in case of S-AOPs. This could be related with a different oxidation mechanism 

of HO• and SO4
•- (HO• reacts mainly via addition and SO4

•- via electron transfer). 

Comparing the best processes of H-AOPs and S-AOPs, it was possible to reveal several 

disadvantages of PMS process comparing with O3/H2O2. Firstly, PMS process takes 

more time to reach similar degradation than O3/H2O2. Secondly, VOCs like Toluene, 

Xylene, Nitrobenzene and 2-nitrotoluene, did not reach full degradation in PMS 

processes as did by O3/H2O2. Thirdly, PMS is more expensive than O3/H2O2, due to the 

higher amount of chemicals and temperature needed. Finally, the residual sulfate ions 

generated from the oxidant can have a negative impact on biological technologies, but 

this hypothesis needs to be further studied.  

The study of by-products performed by chromatographic techniques, revealed 

that no toxic, complex and non-biodegradable by-products were identified after 
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treatment. The economic analysis revealed that H-AOPs are two orders of magnitude 

cheaper than S-AOPs, where peroxone proved to be the cheapest technology with a cost 

of treatment of 10 $ per 1m3 of the model effluent treated. When comparing both S-

AOPs technologies, PMS, with a cost of treatment of 520 $ per 1m3, was cheaper than 

PS, with a cost of treatment of 1180 $ per 1m3. Classical H-AOPs can be described as 

cheap, easy and more effective technologies to implement for VOCs degradation. The 

results obtained in the AOPs studied are useful not only in refinery effluents, but also in 

other types of industrial effluents which contain these type of VOCs in their water 

matrix. Comparing the costs of treatment determined for model vs real effluent clearly 

present a drastic difference in calculated value. The effect of the aqueous matrix of the 

bitumen effluents is very strong. Conclusions formed on research made exclusively for 

model effluents are thus overestimated in terms of effectiveness of AOPs for treatment 

of such a type of effluents. Many studies published in the worldwide journals highlight 

very optimistic effects obtained for new types of processes (including the one based on 

S-AOPs) obtained for model, often single compound mixtures, without further 

confirmation of method performance at real case scenario. Research in this thesis 

proved the need and role of studies performed for real effluents as a crucial stage for 

method evaluation. 

4.4 Integrated photocatalytic advanced oxidation system (TiO2/UV/O3/H2O2) for 

degradation of volatile organic compounds (Publication/Attachment No.5) 

The research plan discussed so far performed for simulated refinery effluents 

from bitumen production revealed that the H-AOPs based on peroxone (O3/H2O2) were 

more effective and cheaper than S-AOPs [51,56]. Thus, to attempt a higher degradation 

rate at a lower cost, a photolytic and photocatalytic technologies were performed using 

as external oxidants H-AOPs oxidants. The aim was to evaluate the performance of the 

photocatalytic and photolytic technologies in caustic model WW containing several 

VOCs to check if these technologies have a potential to be applied for highly polluted 

real effluents. In this part of the research, carboxylic acids were added to the model 

effluent, when comparing with the model effluent prepared in section 4.3, to check if 

the they could be degraded via advanced oxidation technologies. In addition, oxygen 

related VOCs are known to be toxic to the microorganisms commonly used in 

biological techniques, i.e., activated sludge. The oxidation of O-VOCs allows to further 
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treat this type of effluents by biological technologies, which are commonly used in 

several types of industries, providing an important contribution for further purification 

of the treated effluent before being discharge to the environment. 

The studies performed in this part of the research aimed the evaluation of the 

efficiency of photolytic (UV) and photocatalytic (UV/TiO2) processes based on three 

different classic oxidants, O3, H2O2 and O3/H2O2, on a model WW with variety of 

VOCs. The sole use of oxidants studied, revealed that O3/H2O2 obtain the highest 

efficiency with 92% of total VOCs (t-VOCs) degradation and a COD reduction of 46%. 

The application of UV increased the degradation efficiency of H2O2 and O3 based 

processes. O3/UV obtained the highest efficiency of the photolytic processes, with 94% 

of total VOCs degradation after 100 min of treatment. The photocatalytic processes 

aided with the classic AOPs oxidants proved to induce a further increase in the 

treatment efficiency when comparing with the sole use of oxidants and photolytic 

processes. The TiO2/UV/O3/H2O2 process obtained the highest efficiency with 98% of 

total VOCs degradation after 100 min of treatment. 

Detailed studies on the mechanisms of the VOCs degradation revealed 

interesting findings. A first interesting mechanism, that takes place during these 

processes, was related with the increased concentration of nitrobenzene and 2-

nitrophenol can be explained by its generation from nitrate and nitrite group formed, 

which further react by radical pathway with the aromatic ring of benzene or phenol [57–

59]. Diagram 1 exhibits the proposed mechanism. 
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Diagram 1 – Proposed mechanism for the nitration of benzene and phenol rings to 

synthetize nitrobenzene (1) [57,58] and 2-nitrophenol/4-nitrophenol (2) [60]. 

This is possible 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 [60,61].  

 Second important mechanism affecting the by-products formation is related 

with the aromatic compounds degradation. It was proved that carboxylic acids can be 

by-products of oxidation of aromatic VOCs, by the mechanism of ring cleavage as 

proposed in diagram 2 [62].  

 

 

 

Diagram 2 – Proposed mechanism for the degradation of phenol by ring cleavage 

resulting in formation of carboxylic acids [62]. 

The third mechanism proposed that the carboxylic acids can also be degraded to 

shorter chain carboxylic acids aiming the full mineralization of the VOCs studied 

(diagram 3). 
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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 [63–66] 

This can be possible via hydroxylation and decarboxylation processes in the 

carbon chains, producing smaller chain acids like ketones or even aldehydes, which will 

step-by- step produce CO2 and H2O [63,64,66]. 

Even though TiO2/UV/O3 and TiO2/UV/O3/H2O2 achieved the highest t-VOCs 

degradation, they were not the most economical AOPs. These processes needed 100 and 

60 min respectively to reach the mark of 80% of t-VOCs degradation, with a treatment 

cost of 25.7 and 17.4 $ per 1m3 treated. It was proved that a combination between UV 

and O3 (UV/O3) was the optimal AOP with a low cost of treatment – a 4 $ per 1 m3 

treated needing only 15 min of treatment to reach the milestone of 80% of t-VOCs 

degradation. However, to maximize the degradation of the VNCs, application of 

photocatalytic AOP based on TiO2 is mandatory. In this case the cost of treatment 

increases to approx. 15 $ per 1m3 treated(TiO2/UV/O3) to reach 80% of t-VOCs 

degradation after 60 min of treatment. The cost of treatment is lower when comparing 

with the sole use of the oxidant (17 $/m3), which proves the importance of the UV and 

TiO2 in the advanced oxidation technologies. These technologies are promising at a 

large laboratory scale and able to be scale up to an industrial process scale in a real case 

scenario. 
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4.5 Synergistic effect of TiO2 photocatalytic advanced oxidation processes in the 

treatment of refinery effluents from bitumen production (Publication/Attachment 

No. 6) 

The photocatalytic processes can enhance the amount of HO• produced and 

available, in order to react with the pollutants, present in the aqueous media. These 

radicals can increase the treatment efficiency and reduce the treatment cost of the target 

pollutant or WW when comparing with photolytic and sole use of oxidants. These 

statements, described in section 1, were proved in the research performed in previous 

section, treating a simulated refinery effluents from bitumen production [44]. To prove 

such statements in a real case scenario, post oxidative effluents from bitumen 

production were treated by photolytic and photocatalytic processes and compared with 

the sole use of oxidants. Section 4.1. and 4.2. revealed that the treatment of post 

oxidative effluents from bitumen production using classic AOPs oxidants [51] and 

sulfate radical based AOPs oxidants [56], achieved effective degradation of the VOCs 

and oxidation of the sulfide ions, a decrease in the pH to values close to neutral from the 

oxidation and its oxidants, along with partial COD and BOD5 decrease.  

To study the possibility of improvement of the degradation rate of the 

compounds present in the effluents, a photocatalytic based AOPs were studied. Thus, 

the aim of this part of the studies was to understand the synergy and the performance of 

processes based on addition of the TiO2 and application of UV light to already studied 

H-AOPs. 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 

formation (no pH and temperature correction).    

The experiments revealed that the developed technology can be implemented 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 to acidic or neutral instead of the 

primary strongly basic pH. 
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A good synergism was confirmed for the approach of combining UV and TiO2 

with the oxidants studied and UV with the oxidants studied. A combined process based 

on ozonation performed in presence of TiO2 and UV light obtained the highest 

synergism. It was proved that the matrix of the real WW studied influences negatively 

the degradation rate of the generality of the VOCs studied (reaction rate constant 

values) comparing to treatment of model effluents.  

In all processes studied the sulfide ions were oxidized completely in the first 30 

min of treatment, avoiding the risk of the H2S generation and enabling the use of other 

types of AOPs effective at neutral or acidic pH values. The biodegradability of the 

treated effluents did not change significantly with values around 0.3 and 0.4 of the 

treated effluents, which can be considered as biodegradable. O-VOCs like 1-propanol, 

furfural, cyclohexanol and cyclohexanone were more problematic to be degraded via 

HO• and were not degraded bellow 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 and most economic process was TiO2/UV/O3/H2O2 

and 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 126 $ per 

1 m3 of treated effluent. Obtained effectiveness, exceeds by over 30% a theoretical, 

based on the rox, value of COD reduction, proving the importance of the photocatalytic 

technology. The experiments proved that the selection of the optimal process differs 

from model and real effluents. The optimal processes to treat model WW, due to the 

less complex water matrix, were simpler AOPs (photolytic AOP), when comparing with 

photocatalytic processes. The high amount of salts (conductivity), turbidity, sulfide ions 

and presence of HO• scavengers like carbonates and bicarbonates affected the treatment 

efficiency of the real effluents. This may lead to contradictory conclusions and 

consequently can cause a bad decision in the implementation of the technology in a real 

case scenario. If the goal is to degrade only the sulfide ions, the cheapest in the 

comparison is the H2O2/UV process with total cost of only 6.4 $ per 1m3 of treated 

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 at corrected pH value or biological treatment stage. Toxic compounds 

as well as sulfide ions were effectively degraded, thus the probability of H2S formation 
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as well as emission of malodor compounds was avoided. Therefore, such technologies 

should be further studied at a pilot scale in a real case scenario for complete evaluation 

of the proposed solution. Besides the 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. A 

comparison studies between the catalyst and the energy cost of such process are still 

scarce and remains as an open research field. Future investigations should be focused on 

this aspect. 
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5. Dissertation summary 

The aim of this dissertation was to conduct a research in different types of AOPs at 

alkaline conditions and reveal the optimal and economic AOP for the treatment of post 

oxidative effluents from bitumen production The studied technologies included non-

catalytic, photolytic and photocatalytic processes using “classic” and sulfate related 

AOP oxidants, i.e. O3, H2O2, O3/H2O2, Na2S2O8 and KHSO5. The main conclusions of 

this dissertation are described as follows:  

1) The O3 and O3/H2O2 related AOPs were more effective in treatment of the post 

oxidative effluents from bitumen production comparing to H2O2 related 

processes.  

2) Sulfate radicals based AOPs (PS and PMS) exhibited higher treatment 

efficiency than H2O2 processes and comparable efficiency to O3 and O3/H2O2 

processes. The persulfates used in these studies were activated by heat 

provided by the natural temperature of the effluents studied (40°C). 

Nevertheless, S-AOPs have higher demand of oxidant amount, which makes 

them not economical when applying at an industrial scale. 

3) There is a need for further research in the area of the persulfate and 

peroxymonosulfate based AOPs in order to reduce the amount of oxidant 

needed to reach similar effectiveness comparing to H-AOPs and also to attempt 

to reduce the price of both chemicals. Current literature reports several new 

achievements in the field of persulfates activation but this reports relate only to 

simulated – one (or a few) –compounds containing effluents.  

4) Sulfide ions were effectively oxidized in all types of technologies studied in the 

first 30 min of treatment. H2O2/UV was the best processes to degrade the 

sulfide ions with a treatment cost of 6.4 $ per 1m3 of treated effluent. This can 

allow to reduce the pH, after oxidation of sulfide ions, to neutral or acidic 

conditions where the usage of other types of AOPs like Fenton is possible to 

reach higher purification of the treated effluents. 

5) Oxygen containing VOCs (O-VOCs), including phenolic compounds, were 

effectively degraded in all types of AOPs studied. This is an important 

outcome since these compounds are toxic to microorganisms. Also the VSCs 

were completely degraded which ensures a good deodorization of the effluents. 
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On the opposite direction, VNCs were the type of VOCs that revealed to be 

more persistent to degradation. Nitrobenzene and 2-nitrophenol can be 

generated during radical reactions with compounds having aromatic ring in 

their structure (such as BTEXs or phenol), in the presence of nitrogen 

containing inorganic anions. Compounds like furfural, acetaldehyde, and 2- 

ethyl-1-hexylamine revealed to be by-products of oxidation formed during the 

treatment. Nevertheless, O3 related AOPs were the best processes to degrade 

this group of compounds. In addition, it was proved that carboxylic acids are 

by-products formed by the mechanisms of ring opening of aromatic 

compounds during their oxidation by radical pathway and they can also be 

degraded via advanced oxidation technologies. 

6) Regarding the simulated refinery effluents from bitumen production, in the sole 

use of the oxidants, H-AOPs were more effective and economical than S-

AOPs. In addition, simpler combination of AOPs like O3/UV revealed to be the 

most effective and economical processes to treat simulated refinery effluents 

from bitumen production, obtaining 94% of t-VOCs degradation, 43% of COD 

reduction with a cost of 4 $ per 1 m3of treated effluent.  

7) A good synergy was achieved when combining UV and TiO2 with the oxidants 

and UV with the oxidants in post oxidative effluents from bitumen production. 

The optimal and most economic process was TiO2/UV/O3/H2O2 which 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 126 $ 

per 1 m3 of treated effluent. The obtained COD reduction exceeds by over 30% 

the theoretical value, based on the rox, proving the importance of the 

photocatalytic technology. 

8) When comparing both types of wastewater studied, it was clear that simpler 

AOPs, i.e. the combination of UV and O3, were the optimal to degrade the 

simulated WW. When treating the refinery effluents from bitumen production, 

more complex AOPs (combination of UV, TiO2 and peroxone) were 

mandatory to achieved effective treatment, which consequently increased its 

cost. The water matrix of the real effluents played a crucial role, due to its 

complexity. The presence of HO• scavengers like carbonates and bicarbonates, 

high amount of salts and sulfur ions affected the amount of oxidant and 



 

29 

 

radicals available to degrade the compounds and the high turbidity affected the 

effectiveness of the UV and TiO2 on the combined processes.  

9) Referring to the economical point of view, classic AOPs proved to be cheaper 

than sulfate related AOPs. Moreover, the application of UV radiation combined 

with TiO2 with the oxidants proved to reduce the cost of operation, proving the 

usefulness of photocatalytic and photolytic processes in treatment of such a 

type of industrial effluents. 

10) The AOPs studied proved to reach partial COD and BOD5 reduction, along 

with effective VOCs degradation. The studies revealed that the effluents 

contain several aliphatic and cyclic hydrocarbons, dissolved in aqueous phase, 

that are not effectively oxidized via AOPs. Therefore, part of the COD and 

BOD5 is related with the presence of these compounds and total degradation of 

the COD and BOD5 is not possible. However, presence of hydrocarbon type 

compounds is not an issue in respect to characteristic of refinery biological 

treatment plant. The type of activated sludge is effective in degradation of 

these type of compounds. The usefulness of developed processes related to 

effective removal of groups of compounds that are toxic to this type of 

activated sludge (oxygen containing VOCs) as well as malodorous compounds 

(sulfur containing VOCs as well as sulfide ions) allows to perform the 

biological treatment in commonly used open-reservoirs. Thus the developed 

processes are promising as a pre-treatment stage before the 

secondary/biological stage. 

11) The technologies studied can be used in two different scenarios – one when the 

goal is to maximize the degradation effectiveness and second one where the 

main goal is to oxidize sulfide ions allowing to perform further treatment in a 

corrected pH values from the primary strongly basic pH. 

12) The main important effects of these studies are a promising results that enables 

the possibility to further scale-up the process to a pilot scale studies in a real 

case scenario.  
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