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Abstract 

This thesis studied the use of a bi-metallic Cu and Mg catalyst dispersed on γ-Al2O3 for the 

complete oxidation of a naphthenic acid (NA) model compound, trans-4-

pentylcyclohexanecarboxylic acid (4PCH) by ozone. Mono-metallic Cu and Mg, and bi-

metallic Cu-Mg catalysts were tested for the ozonation of 4PCH. The catalysts were 

characterized by ICP-OES, BET, SEM, TEM, XRD, NH3-TPD and XPS. It was found that 

bi-metallic catalysts with high amount of surface hydroxyl groups and with pHpzc close to 

the pH of the solution at 8.5 were suitable for the mineralization of 4PCH. The catalyst with 

1 and 5 wt% of Cu and Mg loading, respectively, had the highest activity with 90% total 

organic carbon (TOC) removal at a dosage of 2 g/L in 120 min. The use of tert-butyl 

alcohol (TBA) confirmed the involvement of OH• radicals in the oxidation mechanism of 

4PCH.  Mg fine-tuned the pHpzc of the catalyst and provided a high concentration of 

neutrally charged surface hydroxyl groups to generate reactive oxygen species (ROS) to 

break down 4PCH in the liquid bulk. Cu participated in the complete oxidation of smaller 

carboxylic acid molecules through complexation and surface reactions with adsorbed ROS. 

The by-products of the oxidation of 4PCH were identified and a reaction network was 

proposed based on a meta-addition mechanism. The most active catalyst retained its TOC 

removal over 5 reusability cycles with an average Cu, Mg, and Al leaching of 0.07, 1.30 

mg/L, and 0.2, respectively. The best performing catalyst was also proven effective for the 

complete oxidation of a mixture of 4 NA model compounds with an electric energy per 

order of 78.1 kWh/m3. 
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Chapter 1: Introduction 

1.1 Research background and motivation 

Canada has the third largest oil reserves in the world. Synthetic crude oil is originated in 

Canada from bitumen, which is entrapped in oil sands. Bitumen extraction by surface 

mining generates wastewater effluents, known as oil sands process water (OSPW). Most of 

OSPW is treated and recycled in the bitumen extraction process, but a fraction of it must be 

disposed of in engineered tailing ponds under the current zero discharge policy imposed in 

Alberta [1,2]. The water matrix of OSPW is composed of several chemical species with 

severe environmental concerns. Naphthenic acids (NAs) are among the main target 

pollutants in OSPW due to their corrosivity and high toxicity to aquatic organisms that may 

be exposed to the tailing ponds [3,4].  

The Government of Canada has recently initiated developing regulations that will allow 

releasing the treated OSPW to the environment [5]. Wastewater treatment technologies 

have been tested in the past years to degrade NAs. Throughout the past decade, single 

ozonation (non-catalytic ozonation) has been studied to remove NAs and has been proven 

to reduce their toxicity [6]. However, it has limitations in complete oxidation of NAs to 

CO2. Heterogeneous catalytic ozonation (HCO) is reported as a more efficient and cost-

effective alternative to single ozonation for the mineralization of NAs [7]. Despite its 

potential, HCO has only been studied after 2019 for complete oxidation of model NA 

compounds and their mixtures  [8–10]. Researchers have shown the potential of metal 

oxide and carbon-based catalysts to degrade NAs by HCO [8–11]. Their studies have 

provided preliminary insight into the feasibility of HCO to mineralize NAs and to reduce 
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the toxicity of NA containing wastewaters. Despite the effectiveness of HCO for the 

removal of NAs, the relationship between the physico-chemical properties of catalysts and 

their activity in the oxidation of NAs is not thoroughly studied. There is currently a lack of 

knowledge in how the catalysts’ active sites progress the NA oxidation reactions. 

Furthermore, the mechanism and reaction network of complete oxidation of NAs by HCO, 

as well as the reusability and economic performance of HCO for the mineralization of NAs 

are not fully investigated. 

Al2O3 with high porosity and structural stability has long been used as a catalyst support 

in liquid and gas phase reactions [12–14]. Building on the previous findings of our research 

group on the effectiveness of catalysts based on Cu and Mg for the catalytic ozonation of 

NAs [10], this work aims at formulating a new bi-metallic catalyst by dispersing Cu and 

Mg on the surface of γ-Al2O3 to mineralize a recalcitrant NA model compound, i.e., trans-

4-pentylcyclohexanecarboxylic acid (4PCH). This work also elucidates the role of catalysts’ 

active sites and solid acidity of catalysts in the complete oxidation of 4PCH. The reaction 

network and mechanism of 4PCH mineralization, as well as practical aspects of the 

formulated bi-metallic catalyst (reusability, metal oxide leaching, oxidation of mixture of 

NAs, and toxicity of reaction by-products) are also investigated. It is expected that the 

results of this dissertation contribute to the generation of fundamental and practical 

knowledge, which can be used for the treatment of OSPW in Canada. 
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1.2 Structure 

Chapter 2 presents a literature review on the OSPW effluents in Canada, the environmental 

impacts of NAs, and different treatment methods that have been studied in recent years for 

the removal of NAs form the tailing ponds. The HCO process and its applications in the 

treatment of NAs are also reviewed in Chapter 2. Chapter 3 presents the experimental 

methods and analytical techniques used in this work to conduct the proposed research in 

this thesis. Chapter 4 presents and discusses the results of catalytic ozonation of 4PCH and 

a mixture of NAs, as well as the characterization of the bi-metallic catalysts. The reaction 

mechanism and practical aspects of the catalytic ozonation of 4PCH are also presented in 

Chapter 4. Finally, Chapter 5 includes the conclusions of the present work and presents 

recommendations for future works.  
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Chapter 2: Literature review 

2.1 Oil sands 

2.1.1 Oil sands process water 

Discovered bitumen and heavy oil reserves in Canada (170 billion barrels) represent 10% 

of the total reserves in the world, placing Canada among the top five petroleum producing 

countries worldwide [15,16]. The majority of bitumen in Alberta is entrapped in oil sands, 

which consist of around 85% clay and quartz and 15% bitumen and water. Due to the high 

viscosity (greater than 100,000 cp) and low API degree (less than 10) of bitumen, special 

recovery methods are used for the extraction of bitumen from oil sands, i.e., surface mining 

for deposits near the surface and steam assisted gravity drainage for deposits deeper than 75 

m. The surface mining process involves crushing oil sands and mixing it with large 

volumes of alkaline hot water (70-80 oC) for bitumen extraction [15]. The bitumen is 

separated from water and sands in the form of froth by injecting air. The separated bitumen 

is then mixed with diluents and sent for upgrading to synthetic crude oil and further 

refining. The majority of process water separated from sands and bitumen is recycled for 

bitumen extraction. Between 1.06 to 4.56 barrels of fresh water are required per barrel of 

oil equivalent produced by surface mining. This accounts for 20 % of the total water 

demand of bitumen extraction, while the remaining 80% is supplied by recycling the treated 

process water. In 2022, a total of 1043 million m3 of water (6560 million barrels) were used 

to produce 657 million barrels of oil equivalent [16]. The wet sands are stored in tailing 

ponds to separate water and sand by gravity [15].  
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The accumulated water in tailing ponds (OSPW) has a pH between 7.7 and 8.8 with a 

hardness of 15-25 mg/L Ca2+ and 5-10 mg/L Mg2+[3]. OSPW includes inorganic 

components such as chlorides, bicarbonates, and sulphates, as well as trace metals such as 

Al, As, Cd, Cr, and Cu. The organic content of tailing ponds consists of volatile organic 

compounds, polycyclic aromatic hydrocarbons (PAHs), and  NAs [3]. Table 2.1 presents a 

summary prepared by Allen on the components of OSPW with potential operational and 

environmental concerns. Among the chemicals listed in Table 2.1, ammonia, chloride, 

sulphates, NAs, and total dissolved solids (TDS) can cause equipment corrosion, which 

hinders OSPW reusability. PAHs, NAs, TDS, and some trace metals are sources of chronic 

and acute toxicity. In addition, the presence of hardness and suspended solids are undesired 

in the bitumen extraction process [4]. 

 

Table 2.1. Target components of OSPW with operational and environmental concerns. 

Target chemical Concentration range in tailing ponds (mg/L) 
Ammonia ~ 3-14 
Aromatic hydrocarbons (benzene, phenols, 
toluene, PAHs) 

0.01-5 

Bitumen (heavy oil) 25-7500 
Chloride 80-720 
Hardness 70-112 
NAs 50-70 
Sulphate 230-290 
Suspended solids Variable with depth; < 1% in surface water 
TDS 1900-2200 
Trace metals (Cr, Cu, Pb, Ni, Zn) ~ 0.001-3 
Reprinted from Allen (2008b) [4] 

 



6 
 

Canada has long operated under a zero-discharge policy, which mandates the storage of 

OSPW in tailing ponds in Alberta. The Alberta Energy Regulator report states that the total 

volume of OSPW in the tailing ponds has increased from 1075×106 m3 in 2014 to 1392×106 

m3 in 2022 due to the increase in bitumen extraction from oil sands in recent years [17]. 

The Government of Canada has recently announced the development of regulations that 

allow the discharge of treated OSPW to the environment, which can alleviate concerns 

about the growth of the tailing ponds [18]. Therefore, it is imperative to develop new 

technologies for the treatment of OSPW before its discharge to nearby water bodies.  

 

2.2 Naphthenic acids and their removal methods from OSPW 

Among the different components listed in Table 2.1, NAs have been identified as the major 

toxic component in OSPW [3]. They are toxic to several organisms, including flora and 

fauna [19]. Their presence in the growing tailing ponds represents an environmental risk for 

all organisms that may be exposed to them. The next subsections present an overview of 

NAs and different methods that have been studied for the removal of NAs from OSPW. 

 

2.2.1 Naphthenic acids  

NAs are weak alicyclic, aliphatic, and non-aromatic carboxylic acids. NAs follow the 

general formula CnH2n+ZOX, where n is the number of carbon atoms in the molecule, Z is the 

hydrogen deficiency related to the number of rings in the molecule (Z is equal to negative 

two times the number of rings), and X is the number of oxygen atoms in the molecule [20]. 
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A generalized structure of monoacidic NAs (X = 2) with different number of rings (-6 > Z 

>0) is shown in Fig. 2.1 [21]. NAs have been reported to be present in OSPW in a 

concentration range of 20-120 mg/L with a uniform distribution of different molecules 

having 0 (Z = 0) to 4 (Z = -8) rings [6,22–24]. Frank et al. found that the toxicity of 

monoacidic NAs is proportional to their molecular weight (MW) and that the introduction 

of more carboxylic groups into the structure of NAs reduces their toxicity [25]. The toxicity 

of several NA molecules has been predicted by using the publicly available ECOSAR 

software [21]. 

 

Fig. 2.1. Generalized structure of monoacidic naphthenic acids. R represents 

aliphatic branching. Reprinted from Quinlan and Tam [21]. 
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2.2.2  Removal methods of naphthenic acids from OSPW 

A review paper by Quinlan and Tam (2015) presented several remediation technologies, 

which were studied to remove NAs from OSPW [21]. They included biodegradation, 

coagulation/flocculation, membrane filtration, adsorption, and advanced oxidation 

processes (AOPs). The next subsections present a literature review on physico-chemical 

methods (coagulation/flocculation, membrane filtration, and adsorption), biological 

treatment technologies, and AOPs used for the treatment of NAs. 

 

2.2.2.1 Physico-chemical methods 

In coagulation/flocculation technologies, a coagulant is used to transform pollutants to 

suspended particles (also known as flocs), which can be separated from wastewater by 

settling or flotation [14,15]. Pourrezaei et al. studied the use of two commercial coagulants 

(alum and polydiallyldimethylammonium chloride) to remove organic compounds from 

OSPW [15]. They found that NAs with X = 2 were removed by 37%, while NAs with X = 

3 were removed by 86%. Furthermore, they reported higher removal of polycyclic NAs, 

where the concentration of NAs with Z = -2 and -12 was reduced by 55% and 93%, 

respectively.  A patent by Sasaki et al. reported a coagulation/flocculation process using 

iron oxides followed by magnetic separation, resulting in 91% NAs removal from a 

simulated OSPW [16]. Coagulation/flocculation techniques are low energy consuming 

technologies, which are mainly used to remove suspended solids [17]. Nonetheless, the 

previously mentioned studies prove coagulation/flocculation technologies to be efficient in 

removing high-MW NAs from OSPW. Therefore, this technology has been reported to be 

more effective as a pretreatment step to other remediation techniques such as membrane 
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filtration and ozonation [18–20]. Reported disadvantages of coagulation/flocculation 

processes are the high cost of coagulants and the production of large volumes of sludge, 

which requires further treatment [17,21].  

Membrane filtration separates pollutants by passing wastewater through a porous 

medium that is only permeable to water [14,20,22]. The efficiency of membranes depends 

on their pose size with nanomembranes being more effective than micromembranes for the 

removal of NAs. Alpatova et al. reported that when micromembrane filtration was used 

after the coagulation/flocculation treatment of OSPW, the membrane was only able to 

remove 12% of NAs [20]. The low efficiency of the membrane for the removal of NAs was 

attributed to the large pore size (0.01-0.1 µm) of the membrane, which prevented the 

rejection of low-MW NAs. In contrast, Peng et al. achieved 95% NAs rejection from 

previously clarified OSPW samples (TDS removed by settling) using nanomembranes with 

pore sizes in the range of 0.34-0.81 nm [22]. Motta Cabrera et al. studied the use of 

titanium nanomembranes (average pore size of 5 nm) to improve recyclability of OSPW in 

a Canadian oil sands mine and reported a 92% total organic carbon (TOC) rejection [23]. 

Although the TOC removal was mainly attributed to residual bitumen in OSPW, the NA 

fraction of TOC was still found to be reduced. Membrane filtration allows the continuous 

treatment of large volumes of OSPW [14,22]. Furthermore, membrane filtration 

technologies are effective to treat OSPW to the quality needed for recycling [17]. 

Membrane fouling is one of the operational obstacles of the membrane filtration method, 

which could be fixed by backwashing. However, the backwashing water would then need 

further treatment or storage [3,14,17,20,22,23]. 
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Adsorption technologies can selectively remove dissolved organic pollutants depending 

on the surface properties of the adsorbents such as surface area, porosity, and functional 

groups [4,24]. Gamal El-Din et al. showed that the application of a petroleum coke 

adsorbent resulted in 85% removal of NAs from OSPW [25]. The adsorbent preferentially 

adsorbed 99% of NAs with five and six rings (Z = -10 and Z = -12). Despite high removal 

efficiency of the petroleum coke, more research was needed on the regeneration and/or 

disposal methods of the adsorbent [25]. Da Silva Medeiros et al. studied a sludge-based 

biochar modified by Sb and Zn to adsorb NAs from OSPW [26]. They reported a maximum 

NA removal efficiency of 86%, where 100% of NAs with 20 to 22 carbons were removed. 

Additionally, they reported a three-fold decrease in the toxicity of OSPW. Their adsorbents 

were saturated and needed regeneration after 24 h. A decrease in the adsorption capacity of 

the adsorbents was also observed after the fifth regeneration cycle. Adsorbents can 

preferentially remove high concentrations of high-MW NAs and reduce the toxicity 

associated with them [24]. Adsorption processes are cost-effective, especially when 

adsorbents are produced from process wastes, such as petroleum coke or sludge. However, 

the energy demand associated with the regeneration of adsorbents and the need for the 

purchase of fresh adsorbents (due to loss of activity after regeneration) could result in high 

operational costs [14,17,25,26].  

 

2.2.2.2 Biological methods 

Biodegradation technologies utilize bacteria, algae, or fungi, which degrade organic 

pollutants by digesting and metabolizing them [26]. McKenzie et al. studied the application 

of a continuous bioreactor to remove NAs from OSPW [27]. The bioreactor removed 39% 
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of NAs over 16 months with a removal rate of 2.32 mg NAs/(L day) for a residence time of 

6.7 days. The bioreactor was found not to be effective for the removal of large non-

biodegradable NA molecules with 4 to 6 rings. However, it reduced the toxicity of the 

OSPW by 73% [28]. The remaining toxicity was attributed to the presence of NAs with 14 

and 15 carbon atoms and the ones with 1 and 2 rings. More recently, Arslan et al. (2022) 

tested a fixed-bed biofilter with a bacteria consortium indigenous to tailing ponds, which 

removed 32.5 % of NAs with X = 2 from OSPW in 15 days [29]. However, the removal of 

NAs with X values from 4 to 6 was insignificant.  

In contrast to coagulation/flocculation, micromembrane filtration, and adsorption, 

biodegradation is highly effective in removing lower-MW NAs. Additionally, it is reported 

as a cost effective remediation technique [26,30]. The limitations of the biological 

treatment of OPSW are related to its ineffectiveness to degrade large-MW NAs and the 

need for high reactor space times (large investment). Furthermore, microorganisms must 

thrive in the toxic medium of OSPW to degrade NAs [3,31]. Due to these limitations, it has 

been recommended that biological treatment methods are more efficient when used in 

combination with other remediation techniques such as AOPs (explained in Section 2.2.2.3) 

or adsorption [32,33]. 

 

2.2.2.3 Advanced oxidation processes 

AOPs refer to several technologies that can completely oxidize organic matter to CO2 by 

utilizing the high oxidation potential of reactive oxygen species (ROS) such as hydroxyl 

radicals (OH•), superoxide radicals (O2
•−), singlet oxygen (1O2), and sulfate radicals (SO4

•−). 

These ROS are generated by UV, H2O2, sonication, ozonation, and ionizing radiation 
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[21,34–36]. Despite earlier conclusions of Quinlan and Tam that AOPs (such as UV/H2O2 

and Fenton) were more effective in the degradation of polycyclic NAs and less effective in 

the degradation of low-MW NAs [21], Abdalrhman et al. reported 90% removal of 

cyclohexanecarboxylic acid, a single-ringed low-MW NA, using a UV/chlorine combined 

AOP [21,37]. Similarly, Xu et al. reported an 80% mineralization of cyclohexanecarboxylic 

acid using a combined sulfate/Fenton process at 80°C [38]. The remaining 20% organic 

molecules were identified as short-chain carboxylic acids such as acetic, formic, oxalic, and 

fumaric acid. Kumar et al. reported an 84% removal of dicyclohexylacetic acid (DCHA) by 

simultaneous utilization of ultrasound and H2O2 to enhance the generation of OH• radicals 

[36]. Using electrochemically activated peroxymonosulfate, Abdelrahman et al. reported 

92% removal of NAs from OSPW in 4 h, resulting in 85% TOC removal [39].  

AOPs have a high potential to rapidly convert NAs to water and CO2. They are 

considered clean technologies that remove a broad range of NAs [40,41]. Nevertheless, the 

oxidation of NAs through AOPs might lead to the production of toxic and stable by-

products if a complete oxidation is not achieved. Furthermore, AOPs are often associated 

with high operational costs [38,42]. AOPs that involve the activation of ROS through UV, 

ultrasound, or electrically powered cathode-anode couples have high energy demands 

[34,37,42], while sulfate based AOPs have high reagent costs [38]. The application of 

ozone (catalytic and non-catalytic) has also been reported since as early as 2008 as an AOP 

to remove NAs [43]. More information about the principle and performance of ozone-based 

technologies are provided separately in the next section. 
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2.3 Ozonation of naphthenic acids 

2.3.1 Ozone molecule 

Ozone is a powerful oxidant, which is highly reactive due to its resonance structures and its 

electron abstracting and donating capabilities [7,44]. More importantly, ozone can undergo 

a decomposition process in alkaline water, which transforms it into ROS such as hydroxyl 

radicals, superoxide radicals, and singlet oxygen for effective oxidization of organic 

pollutants. Eqs. (2.1) to (2.6) show the ozone decomposition process in the absence of a 

catalyst at alkaline conditions [44–46]. Molecular ozone reacts with water to form OH• and 

O2 in Eq. (2.1). Ozone can also react with hydroxide ions (OH−) to form O2
•− and peroxy 

radicals (O2H•) in Eq. (2.2). Following the initiation reactions, the produced OH• and O2H• 

further react with molecular ozone to continue the ozone decomposition through Eqs. (2.3) 

and (2.4). Eq. (2.5) shows the formation of singlet oxygen through the reaction of hydroxyl 

and superoxide radicals. The process is terminated with the formation of hydrogen peroxide 

(H2O2) through the recombination of peroxy radicals in Eq. (2.6) [47]. Since the initiation 

of ozone decomposition involves hydroxide ions, higher pH values result in faster 

decomposition of ozone and in high concentrations of ROS (singlet oxygen, and hydroxyl 

and superoxide radicals). 

O3 +  H2O → 2OH• + O2          (2.1) 

O3 +  OH− → O2
•− +  O2H•      (2.2) 

O3  + OH•  → O2 +  O2H•                   (2.3) 

O3  + O2H•  → 2O2 +  OH•      (2.4) 
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OH• + O2
•− → O2

1 + OH−      (2.5) 

2O2H•  → O2 +  H2O2      (2.6) 

The involvement of ROS in the oxidation of a pollutant can be confirmed using 

quenchers. The quenching method is based on the introduction of a molecule that interrupts 

the ozone decomposition cycle by scavenging specific ROS [48–50]. For instance, tert-

butyl alcohol (TBA) can be introduced into the reaction medium to study the presence of 

OH• radicals as it reacts slowly with ozone (k = 2×10-5 M-1s-1) and rapidly with OH• (k = 

6×108 M-1s-1) [51]. If the degradation rate of a pollutant is decreased after the addition of 

TBA, one can conclude that OH• radicals play a role in the oxidation of the pollutant. Other 

frequently used quenchers include para-benzoquinone (p-BQ) and sodium azide (NaN3). p-

BQ can be used to quench OH• (k = 1.2 ×109 M-1s-1) and O2
•− (k = 8.3 ×108 M-1s-1), while 

NaN3 may be utilized for reacting with OH• (k = 1.2 ×109 M-1s-1) and 1O2 (k = 2 ×109 M-1s-

1). Given that p-BQ and NaN3 can quench different ROS, the use of multiple quenchers has 

been suggested in the literature to assign the contribution of each ROS in the oxidation of 

pollutants [48,50,52]. For instance, Guo et al. estimated the contribution of OH• and O2
•− in 

the oxidation of 1,3-dichlorobenzene by ozone by using TBA and p-QB [50]. They first 

employed TBA to determine the contribution of OH• . Afterwards, p-BQ was used to 

measure the contribution of O2
•− by comparing the removal efficiencies in the presence of 

TBA and p-BQ [50]. Similarly, NaN3 has been used after initial tests with TBA to confirm 

the role of  1O2 in the oxidation of para-hydroxylbenzoic acid [48,50,53].  
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2.3.2 Single ozonation (non-catalytic ozonation) of NAs 

Scott et al. reported that the treatment of an OSPW sample by single ozonation increased its 

biodegradability and decreased its toxicity [43]. The authors reported a 95% removal of 

NAs with an insignificant reduction in the TOC of the OSPW, showing that single 

ozonation was not effective in the mineralization of NAs. [43]. Pérez-Estrada et al. studied 

the reactivity of two NA model compounds (4PCH and 1,3-adamantanedicarboxylic acid 

(ADA)) towards ozone. Their findings showed that NA molecules with higher Z value 

(more rings) were easily oxidized by ozone due to the presence of a higher number of 

tertiary carbon atoms, which are more reactive towards ROS [54]. Similar findings were 

reported by Vaiopolou et al., where they studied the removal of a commercial mixture of 

naphthenic acids by ozonation and found an 85% removal of NAs after 60 min [32]. Linear 

naphthenic acids (Z = 0) such as octanoic acid and 2-ethylhexanoic acid had a conversion 

of 32 and 37%, while DCHA (Z = -4) had a 40% conversion. Kumar et al. tested ozone for 

the removal of DCHA from a solution [36], where ozonation removed 79% of the molecule 

at pH 8. It is worth noting that the reports by Pérez-Estrada et al., Vaiopolou et al., and 

Kumar et al. did not report the complete oxidation of NAs by measuring TOC. Islam et al. 

found that the oxidation of NAs through ozonation did not correlate to the removal of TOC 

[55]. For example, only 30% of TOC was reduced when 100% removal of NAs with X = 2 

was achieved by single ozonation. To address the deficiency of single ozonation for 

complete mineralization of NAs, HCO has been investigated in recent years, which is 

discussed in the next section.  
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2.3.3 Catalytic oxidation of NAs by ozone. 

Even though HCO has been extensively investigated to degrade organic pollutants in water 

and wastewater, it has only been recently studied to oxidize NAs [7,49]. The application of 

HCO for the mineralization of a petroleum refinery wastewater effluent was studied by 

Chen et al. in 2017 [11]. The wastewater was collected from the Huizhou refinery 

(Guangdong, China) and contained a fraction of NAs. They tested a poly-metallic catalyst 

based on Mn-Fe-Mg-Ce dispersed on pseudoboehmite (65.4 wt% Al2O3). They optimized 

the formulation of the catalyst by varying the loading of the active metals on the support, 

changing the impregnation sequence of the active metals, and calcining the catalysts at 

different temperatures. The best catalyst formulation (2.2 wt% MnO, 2.2 wt% Fe2O3, 0.9 

wt% MgO, 0.9 wt% CeO2) removed 50.4 % of the TOC associated with the wastewater 

after 15 min. The authors claimed that the catalyst was able to mineralize NAs with two 

oxygen atoms (X = 2). The TOC removal efficiency of the catalyst was attributed to the 

high dispersion of Mn, Fe, and Ce after an initial impregnation of the support with Mg and 

Ce. Surface hydroxyl groups were suggested as the catalyst active sites to convert ozone to 

OH• radicals for the oxidaiton NAs. No further details were provided on the role of 

individual metal oxides (Lewis acid sites) in the mineralization of NAs.  

The first study of HCO focusing solely on NAs was presented by Al jibouri et al. in 

2019 [8]. They focused on an activated carbon catalyst to remove a commercial mixture of 

NAs. The tested activated carbon removed 85 % of the NA mixture in a third of the time 

required by single ozonation to reach the same removal extent. It was found that, out of the 

85% NA removal, 15% was related to the adsorption of NAs on the surface of activated 

carbon and 70% was associated with the oxidation of NAs by ozone. The toxicity of the 
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tested mixture was reduced to a minimum of 1.2% (percentage measuring the inhibition of 

bioluminescence of Vibrio Fischeri using a Microtox test) after 45 min. HCO increased the 

biodegradability of the treated water (measured as the ratio of the biological and chemical 

oxygen demands) to 0.5, whereas the treated water by single ozonation only had a 

biodegradability of 0.1. Even though authors highlighted the role of activated carbon for the 

generation of OH• radicals, they did not provide any insight on the mechanism of the 

oxidation of NAs by these radicals [8]. Furthermore, the efficiency of the catalyst for 

complete oxidation (TOC removal) of NAs, as well as the stability and the reusability of the 

exposed activated carbon to ozone were not reported.  

Messele et al. tested a carbon xerogel catalyst to remove the NA model compound ADA 

[9]. The tested carbon xerogel removed 97% of ADA in 60 min and maintained this 

removal efficiency (±3%) for three reusability cycles. They observed that the carbon 

xerogel generated OH• radicals in the liquid phase for the oxidation of ADA. The high 

removal extent of ADA was attributed to the large surface area and pore volume of the 

catalyst. A reaction mechanism was proposed for the oxidation of ADA by HCO. The 

mechanism included the oxidation of ADA in the bulk of the liquid phase, as well as on the 

surface of the catalyst. Authors did not identify the active sites of the catalyst and did not 

report the mineralization extent of ADA oxidation.  

Babazadeh et al. (a publication from our own research group) recently tested several 

supported metal oxide catalysts to mineralize trans-4-methylcyclohexanecarboxylic acid 

(4MCH) in 2023 [10] . Cu was found to be an effective catalyst, especially when supported 

on MgO. At low loadings of Cu (1 and 5 % wt.), the HCO process removed a maximum of 

93% of the TOC of 4MCH in 125 min. Although the Cu/MgO catalyst was highly effective 
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for the mineralization of 4MCH, it had considerable leaching of Cu and Mg at 3.4 and 44 

mg/L, respectively. Babazadeh et al. proposed that Mg provided positively charged surface 

hydroxyl groups that decomposed ozone to ROS, while Cu participated in the 

mineralization of the reaction by-products by complexation with small carboxylic acid 

molecules. No direct relationships were established between the observed catalytic 

activities and physico-chemical properties of the catalyst to elucidate the role of the 

catalyst’s Lewis and Brönsted active sites. 

  

2.3.3.1 Interaction of ozone with catalysts  

Chen et al. presented a review paper of metal-oxide catalyst active sites in HCO [56]. They 

have included surface hydroxyl groups (acting as Brönsted acid sites), oxygen vacant sites, 

and metal redox couples (Lewis acids and bases). Given their relevance to the present work, 

the role of surface hydroxyl groups and metal redox pairs as Lewis acid/base sites is further 

explained in this section. 

The mechanism through which surface hydroxyl groups interact with ozone is dependant 

on their charge, which is determined by the pH of the solution and the pH value of point of 

zero charge (pHpzc) of the surface of a catalyst. Fig. 2.2 shows the dependency of the charge 

of surface hydroxyl groups to the solution pH and the catalyst’s pHpzc. Surface hydroxyl 

groups are positively charged when the pHpzc of the catalyst is higher than the pH of the 

solution. In contrast, surface hydroxyl groups are negatively charged when the pH of the 

solution is higher than the pHpzc of the catalyst. Surface hydroxyl groups have a neutral 

charge when the pH is equal to the pHpzc of the catalyst. A common agreement is that a 

catalyst with a neutral surface charge is more effective for the decomposition of ozone 
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[51,57]. Ozone can be adsorbed on neutrally charged surface hydroxyl groups by the 

attachment of its positively and negatively charged ends to oxygen and hydrogen atoms of 

hydroxyl groups, respectively [58]. This results in the decomposition of ozone to ROS that 

can completely oxidize organic pollutants.    

 

 

Fig. 2.2. Surface charge dependence of surface hydroxyl groups. Adapted from 

Chen et al. (2015) [56]. 

 

Metal oxides with mixed oxidation states acting as Lewis acid/base sites (e.g., Cu, Fe, 

and Mn) have also been reported as active sites for ozone decomposition to generate ROS 

for the oxidation of pollutants [12–14]. Wang and Chen summarized the interaction of 

ozone with metals having multiple oxidation states through Eqs. (2.7) and (2.8) [49]: 

Mn+ + O3 + H2O → M(n+1)+ − OH + OH• + O2    (2.7) 

M(n+1)+ − OH + O2H• → Mn+ + H2O + O2     (2.8) 
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Eq. (2.7) shows how the lower valence state of a metal (Mn+) is oxidized to M(n+1)+ by 

ozone, generating OH• in the liquid. Afterwards, the oxidized M(n+1)+ is reduced back to Mn+ 

by peroxy radicals (Eq. (2.8)), which are originated from ozone decomposition in water 

(See Eqs. (2.1) to (2.3)) [45,49]. Transition metals (specially copper) have also been proven 

to form complexes with carboxylates, which can enhance the mineralization extent of the 

by-products of the oxidation of organic pollutants with ozone [59–61].  

 

2.4 Knowledge gaps and research objectives 

As explained in Section 2.3.3, heterogeneous catalysis has been rarely investigated for the 

complete oxidation of NAs. There is currently not much information available on desired 

surface properties of catalysts (solid acidity and pHpzc) for the mineralization of NAs. 

Reaction by-products and the mechanism of catalytic oxidation of NAs by ozone, as well as 

catalyst stability and reusability are among other topics that are not fully addressed in the 

literature. Building on the previous findings of our research group on the high activity of 

Cu/MgO catalysts to mineralize 4MCH, the main objectives of this thesis are to: (1) 

formulate a bi-metallic catalyst by confining the nano-particles of Cu and Mg in the porous 

structure of γ-Al2O3 to reduce the leaching of Cu and Mg; (2) to study the effect of catalyst 

surface properties (Lewis and Brönsted acidity and pHpzc) on the mineralization extent of 

4PCH; (3) identify reaction by-products of 4PCH oxidation to develop a reaction network 

for its mineralization by the Cu-Mg/γ-Al2O3 catalyst; (4) propose a mechanism for the 

generation of ROS and oxidation of 4PCH by the Cu-Mg/γ-Al2O3 catalyst; and (5) evaluate 
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the TOC removal effectiveness and economics of the Cu-Mg/γ-Al2O3 catalyst for the 

mineralization of 4MCH, ADA, and DCHA, as well as their mixture with 4PCH.  
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Chapter 3: Experimental 

3.1 Catalyst synthesis and characterization 

γ-Al2O3 (Fisher Scientific, 99.997%) was first crushed and sieved to obtain particles 

between 105 and 210 μm. Mono-metallic catalysts, CuOx/γ-Al2O3 and MgO/γ-Al2O3, with a 

metal loading of 5 wt% were prepared by the dry impregnation of γ-Al2O3 with the nitrate 

precursors of Cu and Mg, i.e. Cu (Cu(NO3)2.3H2O, Fisher Scientific, 99%) and Mg 

(Mg(NO3)2.6H2O, Fisher Scientific, 98%), followed by drying (12 h at 100 oC) and 

calcination (5 h at 500 oC). These catalysts were denoted as Cu(5)/γ-Al2O3 and Mg(5)/γ-

Al2O3. Bi-metallic catalysts, CuOx-MgO/γ-Al2O3, were prepared with an initial dry 

impregnation of γ-Al2O3 with the Mg precursor, followed by drying and a second dry 

impregnation of the resulting Mg-containing γ-Al2O3 with the Cu precursor. The drying and 

calcination procedure of the bi-metallic catalysts were the same as those of the mono-

metallic catalysts. Two sets of bi-metallic catalysts were synthesized by (1) fixing the Cu 

loading at 5 wt% at three Mg loadings of 1, 5, and 10 wt% and (2) fixing the Mg loading at 

5 wt% at three Cu loadings of 1, 5, and 10 wt%. These catalysts were labeled as 

Cu(x)Mg(5)/γ-Al2O3 and Mg(5)Cu(x)/γ-Al2O3 with x = 1, 5, and 10 wt%. The final 

catalysts were crushed and sieved to obtain particle sizes between 105 and 210 μm to be 

used for the oxidation of 4PCH.  

Inductively coupled plasma optical emission spectroscopy (ICP-OES, Varian Agilent 

Vista Pro Radial, USA) was used to determine the actual loading of the catalysts. Brunauer 

Emmett Teller (BET) analysis was used to measure the surface area and pore volume of the 

catalysts using a Micromeritics Gemini VII 2390a (USA). The catalysts were degassed at 
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200 °C for 2 h before N2 adsorption. X-ray diffraction (XRD) was used to identify the 

crystal structure of the catalysts using a PANalytical X’pert Pro multipurpose x-ray 

diffractometer (Netherlands) with a Cu k source. Data was collected in a 2 range of 6-

97°. X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation state of 

the catalysts using a Kratos Axis Ultra Spectrometer (UK) in the range of 0 to 1200 eV. 

The pass energy for core level spectra was 20 eV, while the survey spectra was obtained at 

a pass energy of 160 eV. The energy offset of the spectra was calibrated using the C 1s 

peak at 284.8 eV. Analysis of the XPS data was done using the ESCApe software (Version 

1.5). The morphology and surface elemental mapping of the catalysts were studied by 

scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS). SEM 

micrographs were taken using a Hitachi SU-70 microscope (Japan) equipped with EDS 

mapping. Transmission electron microscopy (TEM) including EDS, bright field scanning 

(BF), and high angle annular dark field (HAADF) was utilized to visualize the dispersion of 

CuOx and MgO particles and to estimate their particle size using a JEOL JEM-ARM200CF 

S/TEM (Japan) with an accelerating voltage of 200 kV. The solid acidity (Brönsted and 

Lewis acidity) of the catalysts was quantified by ammonia temperature-programmed 

desorption (NH3-TPD) using a Micromeritics AutoChem II 2920 chemisorption system 

(USA). The samples were first pretreated with He at 400 °C for 2 h and then cooled to 50 

°C. Next, NH3 adsorption was performed at 50 oC for 1 h at a flow rate of 50 sccm (10.1 

mol% NH3 with balancing He). Desorption was then performed with a heating rate of 15 

°C/min up to 900 °C. Fourier transform infra-red (FT-IR) spectroscopy was employed to 

study the surface of the used catalysts. The spectra were collected using a Tensor 37-Bruker 

(Germany) with a KBr beam splitter. Transmittance was collected in a wavelength range of 
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600-4000 cm-1. The pHpzc of the catalysts was measured by the pH drift method [62]. NaCl 

was added to Erlenmeyer flasks with 50 mL of deionized water. The pH of each flask was 

adjusted with NaOH (0.1 N) and HCl (0.1 N) to values ranging from 6 to 12. Afterwards, 

0.1 g of the catalyst was added to the solution and the pH was measured again after 24 h. 

The pHpzc was determined as the value where pH0 = pH24h. The amount of surface hydroxyl 

groups of the catalysts was quantified using the saturated – deprotonation method reported 

by Yuan et. al. [59]. In a typical analysis, 0.3 g of the catalyst was mixed in a solution of 

NaOH (0.05 M) and stirred for 24 h. The resulting solution was filtered and titrated using 

HCl (5.4 mM) and the residual NaOH concentration was calculated. The amount of surface 

hydroxyl groups was equal to double the amount of NaOH divided by the grams of the 

catalysts. Mass spectroscopy (MS) was used to measure the concentration of 4PCH and to 

identify the by-products of its catalytic oxidation by ozone. The MS spectra were collected 

using a Bruker amaZon X Ion Trap (Germany) with an m/z range of 50 to 240. Negative 

electrospray ionization was used in enhanced resolution mode of the MS (0.30 u). MS 

samples were prepared by diluting 10 times with methanol (Fisher Scientific, 99.9%). 

 

3.2 Model naphthenic acid molecules 

The catalytic ozonation of four recalcitrant low-MW NA model compounds and their 

mixture are studied in this work. The model compounds include 4PCH (Fisher Scientific, 

>99%), 4MCH (Fisher Scientific, >98%), DCHA (Sigma Aldrich, 99%), and ADA (Fisher 

Scientific, >97%) with limited number of rings between 1 and 3. The molecular structures 

of the NA model compounds are presented in Table 3.1. 4PCH was selected since it was 
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one of the most difficult NA molecules to be completely oxidized by ozone [54]. 4MCH 

was chosen to compare the performance of the bi-metallic catalyst in this work to the 

performance of Cu/MgO in our previously published work [10]. DCHA and ADA were 

selected as model NA molecules with two-ringed (Z = -4) and three-ringed (Z = -6) 

structures.  

 

Table 3.1. Model NA molecules tested in this work. 

ID Name MW 
(g/mol) 

Molecular structure 

4PCH 
trans-4-

pentylcyclohexanecarboxylic 
acid 

198 

 

4MCH 
trans-4-

methylcyclohexanecarboxylic 
acid 

142 

 

DCHA dicyclohexylacetic acid 224 

 

ADA 1,3-adamantanedicarboxylic 
acid 

224 
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3.3 Single (non-catalytic) and catalytic ozonation experiments 

The experimental set-up used for the single and catalytic ozonation experiments is shown in 

Fig. 3.1 [10]. A 2.2 L semi-batch reactor was first filled with deionized water, the NA 

model compounds or their mixture, and the sodium bicarbonate buffer (NaHCO3, Sigma 

Aldrich, 99.7%). The initial TOC concentration (TOC0) in all experiments was 29 mg/L. 

The catalyst was then added to the reactor and the initial pH of the solution was adjusted to 

8.5 (i.e., the pH of the OSPW) with HCl (0.1 N) and NaOH (0.1 N). The pH adjustment 

was necessary since the stock solutions of the NA model compounds were prepared in 

NaOH (pH = 12). After the pH adjustment, ozone was continuously bubbled into the 

reactor for 120 min. The reactor was maintained under constant stirring (600 rpm). The 

inlet gas phase ozone flow rate and concentration to the reactor were 600 mL/min and 

23,616 ppmv, respectively, in all experiments. All experiments were performed at room 

temperature. Samples with a volume of 15 mL were extracted every 10 min and quenched 

with 0.5 mL of Na2S2O3 (0.1 M). The samples were filtered with a 0.22 μm nylon syringe 

filter (ChoiceTM) to analyze their TOC with a Shimadzu TOC-LCSH/CSN analyzer in the 

range of 0 – 40 mg/L (Japan). TOC was measured by subtracting the inorganic carbon (IC) 

of the NaHCO3 buffer from the total carbon (TC) content of the samples (See calibration 

curve in Appendix A). The pH and ozone concentration in water were continuously 

measured throughout the 120 min of reaction with an Orion Star A211 pH meter (Canada) 

and an MS 08 AMT GmbH ozone analyzer (Germany), respectively. The data was recorded 

using LabView (Version 20.0.1). Selected experiments were repeated three times with a 

maximum standard deviation of ± 3% in terms of TOC/TOC0 as shown in Appendix B. 
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Appendix C shows that no mass transfer limitations were present during the ozonation 

experiments. 

 

 

Fig. 3.1. Schematic of the experimental set-up. Reprinted from Babazadeh et al. 

[10]. 
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Chapter 4: Results and discussions 

4.1 Optimization of the composition and dosage of Cu-Mg/γ-Al2O3 

catalyst 

4PCH was selected as the NA model compound to find the best loadings of Cu and Mg that 

resulted in the highest TOC removal of the bi-metallic catalysts, i.e., Cu(x)Mg(5)/γ-Al2O3 

and Cu(5)Mg(x)/γ-Al2O3 (x = 1, 5, and 10 wt%). A catalyst dosage of 1 g/L was used. The 

BET surface area and pore volume, as well as the ICP-OES measurements of the mono- 

and bi-metallic catalysts are reported in Table 4.1. ICP-OES confirmed that the actual 

loading of the catalysts was close to their nominal loading. Additionally, a consistent 

decrease of surface area and pore volume was found with the increase of Cu or Mg loadings 

on γ-Al2O3. The decrease in surface area and pore volume suggested that Cu and Mg 

particles were formed either inside the porous structure of γ-Al2O3 or outside the pores, 

resulting in partial pore blocking.  

 

Table 4.1. Characterization of the mono-metallic and bi-metallic catalysts by ICP-OES and 
BET analyses. 

Catalyst Cu content (% 
wt.) 

Mg content 
(% wt.) 

BET surface area 
(m2/g) 

Pore volume 
(cm3/g) 

γ-Al2O3 - - 224.0 0.76 
Cu(5)/γ-Al2O3 4.56 0.00 200.6 0.68 
Mg(5)/γ-Al2O3 0.00 4.40 200.0 0.69 
Cu(1)Mg(5)/γ-Al2O3 0.96 4.84 191.5 0.67 
Cu(5)Mg(5)/γ-Al2O3 5.50 4.64 187.6 0.63 
Cu(10)Mg(5)/γ-Al2O3 9.12 4.63 167.3 0.56 
Cu(5)Mg(1)/γ-Al2O3 4.71 0.81 200.9 0.71 
Cu(5)Mg(10)/γ-Al2O3 5.69 9.21 169.0 0.58 
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The normalized TOC profiles of the ozonation experiments with mono- and bi-metallic 

catalysts are shown in Figs. 4.1(a-c) to determine the best loadings of the Cu and Mg. Once 

the optimum loadings were identified, the effect of catalyst dosage (0.5 to 4 g/L) was 

studied on the TOC removal of the catalyst with the optimized loadings. The normalized 

TOC profiles of the selected catalyst at different dosages are shown in Fig. 4.1(d). Fig. 

4.1(a) shows the mineralization of 4PCH by single and catalytic ozonation with γ-Al2O3 

and the mono-metallic Cu(5)/γ-Al2O3 and Mg(5)/γ-Al2O3 catalysts. Single ozonation of 

4PCH resulted in an 80% TOC removal after 120 min, while the catalytic ozonation of 

4PCH with γ-Al2O3 resulted in a 63% TOC removal. Cu(5)/γ-Al2O3 showed a very similar 

normalized TOC profile to that of the single ozonation. However, a slight improvement in 

the final stages of the reaction was observed, resulting in an 85 % TOC removal after 120 

min. Mg(5)/γ-Al2O3 showed a TOC removal of 77% after 120 min, which was statistically 

the same as that of the single ozonation (difference within experimental error). Fig. 4.1(b) 

shows the results of the complete oxidation of 4PCH with the bi-metallic Cu(5)Mg(x)/γ-

Al2O3 catalysts (x = 1, 5, and 10 wt%). The TOC removal of Cu(5)Mg(1)/γ-Al2O3 (Fig. 

4.1(b)) showed no significant difference when compared to that of Cu(5)/γ-Al2O3 in Fig. 

4.1(a). Cu(5)Mg(5)/γ-Al2O3 had a steeper normalized TOC profile in Fig. 4.1(b) than that 

of Cu(5)/γ-Al2O3 in Fig. 4.1(a) with a final TOC removal of 89%. Further increase of Mg 

loading to 10 wt% in Cu(5)Mg(10)/γ-Al2O3 resulted in a TOC removal of 83%, which was 

similar to that of the single ozonation experiment. Fig. 4.1(c) shows the results obtained for 

the Cu(x)Mg(5)/γ-Al2O3 bi-metallic catalysts (x = 1, 5, and 10 wt%). All the Cu(x)Mg(5)/γ-

Al2O3 catalysts showed an increase in the final TOC removal in comparison to that of the 

single ozonation. The normalized TOC profiles of the Cu(x)Mg(5)/γ-Al2O3 catalysts were 

very close to each other. Cu(1)Mg(5)/γ-Al2O3 and Cu(5)Mg(5)/γ-Al2O3 showed an 89% 
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TOC removal after 120 min. Cu(10)Mg(5)/γ-Al2O3 showed an 86% TOC removal, which 

was statistically the same as the Cu(x)Mg(5)/γ-Al2O3 catalysts with x = 1 and 5 wt%. 

Cu(1)Mg(5)/γ-Al2O3 was selected as the most promising catalyst because of its high TOC 

removal and lower amount of copper. This catalyst was further studied to optimize its 

dosage as shown in Fig. 4.1(d). A direct relationship was observed between the dosage of 

Cu(1)Mg(5)/γ-Al2O3 and the mineralization extent of 4PCH up to 2 g/L. Increasing the 

dosage from 2 to 4 g/L did not change the normalized TOC profile of the catalysts. This 

suggested that a sufficient amount of catalyst was present in the reaction medium at a 

catalyst dosage of 2 g/L to interact with dissolved ozone and organic molecules. A further 

increase of the dosage to 4 g/L likely resulted in the futile decomposition of ozone with no 

positive effect on TOC removal. Therefore, 2 g/L was chosen as the optimum dosage of 

Cu(1)Mg(5)/γ-Al2O3 and was used in experiments conducted in Sections 4.2 to 4.5.   
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Fig. 4.1. Normalized TOC profiles of the mineralization of 4PCH using (a) 1g/L of γ-

Al2O3, Cu(5)/γ-Al2O3, and Mg(5)/γ-Al2O3, (b) 1 g/L of Cu(5)Mg(x)/γ-Al2O3, (c) 1 g/L of 

Cu(x)Mg(5)/γ-Al2O3, and (d) 0.5 to 4 g/L of Cu(1)Mg(5)/γ-Al2O3. X = 1, 5, and 10 wt%, 

initial 4PCH concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 

mM, inlet gas phase ozone concentration = 23,616 ppmv, and initial pH = 8.5. The TOC 

profile of Cu(5)Mg(5)/γ-Al2O3 is shown twice in Figs. (b) and (c) for ease of comparison. 
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The pH and liquid ozone concentration profiles associated with Fig. 4.1 are shown in 

Figs. 4.2 and 4.3, respectively. The pH profiles show that the pH dropped slightly during 

the first 60 min of the reaction, which was likely due to the production of acidic by-

products during the reaction. Afterwards, the pH returned to the initial value of 8.5. Overall, 

the pH of the solution was fairly constant at the target value of 8.5 during the 120 min of 

the reaction. The liquid ozone concentration profiles show a general decreasing trend 

during the first 40-60 min of the reaction due to the production of ROS by ozone 

decomposition. This was followed by a general increasing trend towards the end of the 

reaction because of lower ozone consumption and its dissolution in the liquid phase. 
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Fig. 4.2. pH profiles the mineralization of 4PCH using (a) 1g/L of γ-Al2O3, Cu(5)/γ-Al2O3, 

and Mg(5)/γ-Al2O3, (b) 1 g/L of Cu(5)Mg(x)/γ-Al2O3, (c) 1 g/L of Cu(x)Mg(5)/γ-

Al2O3, and (d) 0.5 to 4 g/L of Cu(1)Mg(5)/γ-Al2O3. x = 1, 5, and 10 wt%, initial 

4PCH concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 

mM, inlet gas phase ozone concentration = 23,616 ppmv, and initial pH = 8.5. The 

TOC profile of the Cu(5)Mg(5)/γ-Al2O3 catalyst are shown twice in Figs (b) and (c) 

for ease of comparison. 
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Fig. 4.3. Liquid ozone concentration profiles the mineralization of 4PCH using (a) 1g/L of 

γ-Al2O3, Cu(5)/γ-Al2O3, and Mg(5)/γ-Al2O3, (b) 1 g/L of Cu(5)Mg(x)/γ-Al2O3, (c) 1 

g/L of Cu(x)Mg(5)/γ-Al2O3, and (d) 0.5 to 4 g/L of Cu(1)Mg(5)/γ-Al2O3. x = 1, 5, 

and 10 wt%, initial 4PCH concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate 

ionic strength = 5 mM, inlet gas phase ozone concentration = 23,616 ppmv, and 

initial pH = 8.5. The TOC profile of the Cu(5)Mg(5)/γ-Al2O3 catalyst are shown 

twice in Figs. (b) and (c) for ease of comparison. 
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To provide an insight into the TOC removal trends observed in Fig. 4.1, the amount of 

surface hydroxyl groups and pHpzc of all tested catalysts were determined. The results are 

summarized in Table 4.2. Mg(5)/γ-Al2O3 and γ-Al2O3 had the highest amount of surface 

hydroxyl groups at 0.74 and 0.71 mmol/g, respectively, which were close to the values 

reported in the literature for γ-Al2O3 [63]. The addition of Cu to γ-Al2O3 decreased the 

amount of surface hydroxyl groups to 0.44 mmol/g in Cu(5)/γ-Al2O3. This was likely 

because of the attachment of Cu to the surface of γ-Al2O3 by removing a hydrogen atom 

from surface OH groups and binding with the remaining oxygen atom, leading to the 

formation of Cu2O [64–66]. The amount of surface hydroxyl groups of the bi-metallic 

catalysts was mainly between 0.57 and 0.59 mmol/g. The only exception was 

Cu(5)Mg(1)/γ-Al2O3 with a surface hydroxyl group amount of 0.43 mmol/g, which was 

close to that of Cu(5)/γ-Al2O3 (0.44 mmol/g). The γ-Al2O3 support had the lowest pHpzc at 

6.98 followed by Cu(5)/γ-Al2O3 at 7.15. The addition of Mg to γ-Al2O3 significantly 

increased the pHpzc of the support to 8.42. All the bi-metallic Cu(5)Mg(x)/γ-Al2O3 and 

Cu(x)Mg(5)/γ-Al2O3 catalysts had a pHpzc between 8.45 and 8.65. The only exceptions were 

Cu(10)Mg(5)/γ-Al2O3 and Cu(5)Mg(1)/γ-Al2O3 with pHpzc of 8.08 and 7.25, respectively. 

This could be related to the coverage of Mg particles by Cu at high Cu to Mg loading ratios 

of 10 to 5 and 5 to 1 since the impregnation of Cu was done after the impregnation of Mg 

[67,68].  
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Table 4.2. Surface hydroxyl groups and pHpzc of the γ-Al2O3 support and catalysts. 

Catalyst Surface hydroxyl groups (mmol/g) pHpzc 
γ-Al2O3  0.71 6.98 
Cu(5)/γ-Al2O3  0.44 7.15 
Mg(5)/γ-Al2O3  0.74 8.42 
Cu(5)Mg(1)/γ-Al2O3  0.43 7.25 
Cu(5)Mg(5)/γ-Al2O3  0.58 8.52 
Cu(5)Mg(10)/γ-Al2O3  0.57 8.65 
Cu(1)Mg(5)/γ-Al2O3  0.57 8.45 
Cu(10)Mg(5)/γ-Al2O3  0.59 8.08 
 

 

Figs. 4.4(a-c) present the dependency of the TOC removal of the catalysts tested in Figs. 

4.1(a-c) to the amount of surface hydroxyl groups after the first 50 min of the oxidation of 

4PCH. On the other hand, Figs. 4.4(d-f) show the dependency of the TOC removal of the 

tested catalysts to their pHpzc after 120 min of the reaction. As seen in Fig. 4.4(a), the high 

amount of the surface hydroxyl groups of Mg(5)/γ-Al2O3 and γ-Al2O3 correlated to their 

high TOC removal extent (around 47%) after the first 50 min of the reaction. The TOC 

removal of Cu(5)/γ-Al2O3 in Fig. 4.4(a) was lower than those of Mg(5)/γ-Al2O3 and γ-

Al2O3 due to its lower amount of surface hydroxyl groups. The liquid ozone concentration 

profiles reported in Fig. 4.3(a) also followed the same trends as those observed for the TOC 

removal of the catalysts in Fig. 4.4(a). Mg(5)/γ-Al2O3 and γ-Al2O3 showed higher rates of 

ozone decomposition (lower ozone concentrations) during the first 50 min of the reaction in 

comparison to that of Cu(5)/γ-Al2O3 (Fig. 4.3(a)). In fact, a U-shape was observed in the 

liquid ozone concentration profiles of Mg(5)/γ-Al2O3 and γ-Al2O3 due to faster 

decomposition of ozone to ROS by the high amount of surface hydroxyl groups of Mg(5)/γ-

Al2O3 and γ-Al2O3 at 0.74 and 0.71 mmol/g, respectively [10,51,69]. On the other hand, the 

ozone profile of Cu(5)/γ-Al2O3 was mainly flat during the first 50 min of the reaction (Fig. 
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4.3(a)) due to its lower amount of surface hydroxyl groups at 0.44 mmol/g. One could 

suggest that the higher amount of surface hydroxyl groups of Mg(5)/γ-Al2O3 and γ-Al2O3 

lead to fast decomposition of ozone to ROS, which resulted in the higher TOC removal of 

these two catalysts during the first 50 min of the reaction when compared to that of 

Cu(5)/γ-Al2O3 as shown in Fig. 4.4(a). The same dependency was also observed between 

the amount of surface hydroxyl groups and the TOC removal extent of the bi-metallic 

catalysts after the first 50 min of the reaction as shown in Figs. 4.4(b-c). As seen in Figs. 

4.3(b-c), copper-containing bi-metallic catalysts also did not show a U-shape liquid ozone 

concentration profiles within the first 50 min of the reaction because of their lower surface 

hydroxyl groups amount between 0.43 and 0.59 mmol/g. In comparison to all the bi-

metallic catalysts in Figs. 4.4(a-c), Mg(5)/γ-Al2O3 and γ-Al2O3 had higher TOC removal 

after the first 50 min of the reaction because they had higher amount of surface hydroxyl 

groups.  

Despite the similarity in the TOC removal of Mg(5)/γ-Al2O3 and γ-Al2O3 after the first 

50 min of the reaction in Fig. 4.4(a), they had a very different final TOC removal after 120 

min in Fig. 4.4(d). This difference could be attributed to the difference in their pHpzc as 

summarized in Table 4.2. At the solution pH = 8.5, the surface of γ-Al2O3 was negatively 

charged (solution pH > pHpzc), which only resulted in a final TOC removal of only 63% 

after 120 min. On the other hand, the surface of Mg(5)/γ-Al2O3 was neutrally charged 

(solution pH ≈ pHpzc), which favoured further reduction of TOC to 77% after 120 min. The 

higher TOC removal of Mg(5)/γ-Al2O3 was related to the capability of ozone to 

electrophilically and nucleophilically attack the O and H atoms of neutrally charged surface 

hydroxyl groups to accelerate the formation of ROS for complete oxidation of the reaction 
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by-products in the bulk of the liquid phase during the final stages of the reaction (between 

50 and 120 min) [56,69–72]. The effect of pHpzc on the final TOC removal of Mg(5)/γ-

Al2O3 was in accordance with the findings of Psaltou et al., where they reported catalysts 

with neutrally charged surface were more effective for the oxidation of para-chlorobenzoic 

acid by ozone [51].  Similar to γ-Al2O3, Cu(5)/γ-Al2O3 had a negatively charged surface 

(solution pH > pHpzc). However, Cu(5)/γ-Al2O3 had a final TOC removal of 85%, which 

was higher than those of γ-Al2O3 and Mg(5)/γ-Al2O3 after 120 min. This showed that in 

addition to the pHpzc, the presence of Cu was another influential factor to enhance the final 

TOC removal of the catalysts. As will be explained in Section 4.3, Cu was capable of 

adsorption of small carboxylic acid by-products of the reaction, which enhanced their 

complete oxidation to CO2 on the catalyst’s surfaces. As seen in Figs. 4.4 (e) and (f), the bi-

metallic Cu(5)Mg(5)/γ-Al2O3, Cu(5)Mg(10)/γ-Al2O3, and Cu(1)Mg(5)/γ-Al2O3 catalysts 

with neutral surface charge (solution pH ≈ pHpzc) had higher final TOC removals after 120 

min than those of Cu(5)Mg(1)/γ-Al2O3 and Cu(10)Mg(5)/γ-Al2O3 with negative surface 

charge (solution pH > pHpzc). Overall, the results reported in Fig. 4.4 and Table 4.2 

suggested that a sufficiently high amount of surface hydroxyl groups was beneficial to 

produce more ROS to accelerate the initial oxidation rate of 4PCH in the bulk of the liquid 

phase, while a neutrally charge catalyst surface along with the presence of copper enhanced 

the final TOC removal by complete oxidation of recalcitrant by-products [58,69].  

 

 



39 
 

 

Fig. 4.4. Left panel: Surface hydroxyl groups (primary axis) and TOC removal after 

the initial 50 min of ozonation (secondary axis) of (a) γ-Al2O3, Cu(5)/γ-Al2O3, and 

Mg(5)/γ-Al2O3, (b) Cu(5)Mg(x)/γ-Al2O3, and (c) Cu(x)Mg(5)/γ-Al2O3; Right panel: pHpzc 

(primary axis) and TOC removal at 120 min (secondary axis) of (d) γ-Al2O3, Cu(5)/γ-

Al2O3, and Mg(5)/γ-Al2O3, (e) Cu(5)Mg(x)/γ-Al2O3, and (f) Cu(x)Mg(5)/γ-Al2O3. x = 1, 5, 

and 10 wt%. 
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4.2 Characterization of the mono-metallic and selected bi-metallic 
catalysts 

The characterization section of this work focuses on the γ-Al2O3 support, the mono-metallic 

Cu(5)/γ-Al2O3 and Mg(5)/γ-Al2O3 catalysts, and the selected bi-metallic catalyst 

(Cu(1)Mg(5)/γ-Al2O3). The XRD spectra of these materials are shown in Fig. 4.5. 

Diffraction peaks of γ-Al2O3  were present for all the catalysts at 37.7°, 39.4o, 45.8°, and 

66.8° (indicated by diamond symbols), which corresponded to alumina’s (3 1 1), (2 2 2), (4 

0 0), and (4 4 0) crystallographic planes [73]. These high index broad peaks showed the low 

crystallinity of Al2O3. No peaks of copper oxides (CuO and Cu2O) and MgO were observed 

in the XRD spectra of the catalysts, suggesting that the size of the Cu and Mg containing 

particles were less than the detection limit of XRD at around 5 nm (see TEM analysis 

below). 
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Fig. 4.5. XRD analysis of the γ-Al2O3 support and the Cu(5)/γ-Al2O3, Mg(5)/γ-

Al2O3, and Cu(1)Mg(5)/γ-Al2O3 catalysts (diamond symbols represent the diffraction peaks 

of γ-Al2O3). 

 

The XPS analysis of the support and catalysts are shown in Fig. 4.6. The wide XPS 

spectra (Fig. 4.6(a)) showed photoelectron peaks of Mg 2p, Cu 2p3/2, Cu L3M4.5M4.5, O 1s, 

and Al 2p, which were separately analyzed in Figs. 4.6(b-f).  Mg(5)/γ-Al2O3 and 

Cu(1)Mg(5)/γ-Al2O3 showed Mg 2p photoelectron peaks at 50.2 eV in Fig. 4.6(b), which 

were due to the presence of MgO [74,75]. Cu(5)/γ-Al2O3 and Cu(1)Mg(5)/γ-Al2O3 showed 

Cu 2p3/2 photoelectron peaks centered at 933.4 and 933.0 eV, respectively (Fig. 4.6(c)). The 

peaks were deconvoluted to two peaks at 933.8 and 932.2 eV, which were assigned to CuO 

and Cu2O, respectively. The presence of CuO resulted in two satellite peaks centered at 

941.5 and 940.8 eV for Cu(5)/γ-Al2O3 and Cu(1)Mg(5)/γ-Al2O3, respectively [74,76]. The 

presence of Cu2O particles was further confirmed by the Cu L3M4.5M4.5 peak at a binding 

energy of 570 eV as shown in Fig. 4.6(d) [74,77]. Using the method described by Biesinger 
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[76,78,79], the ratio of Cu2+/Cutotal was calculated as 0.81 and 0.62 for Cu(5)/γ-Al2O3 and 

Cu(1)Mg(5)/γ-Al2O3, respectively. This indicated that both Cu containing catalysts had 

more CuO than Cu2O. The O 1s peak of the support and the catalysts are shown in Fig. 

4.6(e). γ-Al2O3 had an O 1s peak centered  at 531.4 eV [80]. The O 1s peak shifted to lower 

values at 531.2, 531.2, and 530.9 eV for Cu(5)/γ-Al2O3, Mg(5)/γ-Al2O3, and Cu(1)Mg(5)/γ-

Al2O3, respectively, which were likely related to electron transfer from the support to MgO 

and CuOx (CuO and Cu2O) [81]. The γ-Al2O3 support showed an Al 2p binding energy 

centered at 74.5 eV as shown in Fig. 4.6(f). The binding energy of the Al 2p peak was 

decreased to 74.1, 74.2, and 74.4 eV for Cu(5)/γ-Al2O3, Mg(5)/γ-Al2O3, and Cu(1)Mg(5)/γ-

Al2O3, respectively, which further confirmed the electron transfer from the alumina support  

to MgO and CuOx, resulting in a strong metal-support interaction.  
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Fig. 4.6. XPS analysis of the γ-Al2O3 support and the Cu(5)/γ-Al2O3, Mg(5)/γ-Al2O3, and 

Cu(1)Mg(5)/γ-Al2O3 catalysts, (a) wide XPS spectra of (1) γ-Al2O3, (2) Cu(5)/γ-Al2O3, (3) 

Mg(5)/γ-Al2O3, and Cu(1)Mg(5)/γ-Al2O3, (b) XPS Mg 2p spectra, (c) XPS Cu 2p3/2 spectra, 

(d) Cu L3M4.5M4.5 spectra, (e) XPS O 1s spectra, and (f) XPS Al 2p spectra. 
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The SEM-EDS analysis of the support and the catalysts are shown in Fig. (4.7). γ-Al2O3 

had a porous structure (Figs. 4.7(a) and (b)), which was preserved in Cu(5)/γ-Al2O3 (Fig. 

4.7(c)), Mg(5)/γ-Al2O3 (Fig. 4.7(e)), and Cu(1)Mg(5)/γ-Al2O3 (Fig. 4.7(g)).  The EDS 

mapping of Cu(5)/γ-Al2O3 (Fig. 4.7(d)) and Mg(5)/γ-Al2O3 (Fig. 4.7(f)) showed the 

presence of well dispersed CuOx and MgO particles on the external surface of the support, 

respectively. Likewise, the EDS mapping of Cu(1)Mg(5)/γ-Al2O3 showed a good dispersion 

of CuOx and MgO particles as shown in Figs. 4.7(h) and (i), respectively.  
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Fig. 4.7. SEM-EDS analysis of (a) and (b): γ-Al2O3, (c) and (d): Cu(5)/γ-Al2O3, (e) and (f): 

Mg(5)/γ-Al2O3, and (g) to (i) : Cu(1)Mg(5)/γ-Al2O3. 

 

The TEM-EDS analysis of the support and catalysts are included in Fig. 4.8. The BF-

TEM images of γ-Al2O3 (Figs. 4.8(a-b)) showed the fiber shape structure of γ-Al2O3 
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particles with an approximate length of 36 nm. The CuOx particles were observable in the 

HAADF image of Cu(5)/γ-Al2O3 in Fig. 4.8(c) with estimated size of 1.2 to 2.6 nm (three 

of them are highlighted by red circles). The CuOx particles were uniformly dispersed in the 

porous structure of the support as shown in the EDS analysis of Cu(5)/γ-Al2O3 in Fig. 

4.8(d). The HAADF image of Mg(5)/γ-Al2O3 (Fig. 4.8(e)) did not show the particles of 

MgO due to the low contrast between Mg and Al. However, the EDS of Mg(5)/γ-Al2O3 

(Fig. 4.8(f)) showed high dispersion of MgO particles with their size to be likely close to 1 

nm. Figs. 4.8(g) to (i) show the HAADF image and EDS mapping of Cu(1)Mg(5)/γ-Al2O3. 

CuOx particles were observable in the HAADF image of the bi-metallic catalyst in Fig. 

4.8(g) since there was enough contrast between Cu and Al (two of them are highlighted by 

red circles in Fig. 4.8(g)). The size of the largest CuOx particles identified in the bi-metallic 

catalyst was close to 1 nm. No MgO particles were observable in Fig. 4.8(g) due to their 

low contrast with Al atoms. The EDS analyses of Cu and Mg (Figs. 4.8(h) and (i), 

respectively) showed that the CuOx and MgO particles remained highly dispersed on γ-

Al2O3 with the majority of their size being close to 1 nm. 
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Fig. 4.8. (a) and (b) BF-TEM images of γ-Al2O3. HAADF-EDS images of (b) and (c) 

Cu(5)/γ-Al2O3, (d) and (e) Mg(5)/γ-Al2O3, and (g) to (i) Cu(1)Mg(5)/γ-Al2O3. 
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The effect of the addition of Cu and Mg on the solid acidity (Brönsted and Lewis 

acidity) of the support was studied by NH3-TPD. The NH3-TPD profiles of the γ-Al2O3 

support, Cu(5)/γ-Al2O3, Mg(5)/γ-Al2O3, and Cu(1)Mg(5)/γ-Al2O3 are shown in Fig. 4.9. 

The quantitative analysis of the solid acidity distribution of the materials is given in Table 

4.3. The acid sites were classified as weak, moderate, and strong in the temperature ranges 

of 150-250 °C, 250-450 °C, and >450°C, respectively [72,82,83]. γ-Al2O3 had a sharp 

desorption peak at ≈150 oC, which was due to the physisorption of NH3 on alumina’s 

hydroxyl groups [83]. The NH3 desorption between 150 and 450 oC could be assigned to 

the chemisorption of NH3 on weak Lewis acid sites (Al+3 cations in tetra-coordinated sites) 

and on the surface hydroxyl groups of γ-Al2O3 [84–87]. The support then showed a second 

desorption peak at ≈550 oC, which was related to the chemisorption of NH3 on strong 

Lewis acid sites, which were associated with unsaturated multivalent cations of alumina in 

tri-coordinated sites  [86,87]. As shown in Fig. 4.9, the addition of Cu to alumina in 

Cu(5)/γ-Al2O3 resulted in the appearance of the first desorption peak at ≈150 oC with the 

same intensity to that of γ-Al2O3. The NH3 desorption peak of the strong Lewis acid sites 

was shifted to lower temperatures in Cu(5)/γ-Al2O3 with a lower intensity when compared 

to that of γ-Al2O3, which was related to the shielding of strongly acidic aluminum cations 

by CuOx particles. [88,89]. When Mg was added to the support in Mg(5)/γ-Al2O3, a 

shoulder appeared at ≈220 oC, which was due to the adsorption of NH3 on the surface 

hydroxyl groups of MgO [90,91]. Mg(5)/γ-Al2O3 showed a strong desorption peak at ≈550 

oC with lower intensity comparing to that of the alumina support. The addition of a small 

amount of Cu to Mg in Cu(1)Mg(5)/γ-Al2O3 did not change NH3 desorption profile of 

Mg(5)/γ-Al2O3 up to 450 oC. However, the intensity of the strong NH3 desorption peak was 

reduced in Cu(1)Mg(5)/γ-Al2O3 when compared to that of Mg(5)/γ-Al2O3. As summarized 
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in Table 4.3, γ-Al2O3 had a total acidity of 0.50 mmol NH3/g, which was close to the values 

reported in the literature [92]. The total acidity of γ-Al2O3 decreased from 0.50 to 0.42 and 

0.39 mmol NH3/g after the addition of 5 wt% loading of Cu and Mg, respectively. The 

major cause for this reduction was related to the significant drop of the concentration of 

strong Lewis acid site (around 0.1 mmol NH3/g) after the addition of Cu or Mg to the 

support, while the concentration of weak and moderate acid sites almost remained the same 

[83,93]. The addition of Cu to Mg in Cu(1)Mg(5)/γ-Al2O3 resulted in the lowest 

concentration of strong Lewis acid sites and the lowest total acidity of 0.36 mmol NH3/g. 

An inverse relation was observed between the total acidities reported in Table 4.3 and the 

pHpzc values reported in Table 4.1 for the γ-Al2O3 support and Cu(5)/γ-Al2O3, Mg(5)/γ-

Al2O3, and Cu(1)Mg(5)/γ-Al2O3. As the total acidity of the materials decreased, their pHpzc 

increased. As discussed in Section 4.1, the increase of the pHpzc to values close to the pH of 

the solution at 8.5 lead to the charge neutrality of the catalysts’ surface, which was 

beneficial for the generation of ROS and the oxidation of 4PCH. Furthermore, the presence 

of CuOx particles was also crucial to achieve high TOC removals by Cu(1)Mg(5)/γ-Al2O3. 

The role of Cu is further elucidated in Section 4.3 below.  
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Fig. 4.9. NH3-TPD profiles of γ-Al2O3, Cu(5)/γ-Al2O3, Mg(5)/γ-Al2O3, and    

Cu(1)Mg(5)/γ-Al2O3. 

 

Table 4.3. Distribution of solid acid sites of the support and the catalysts. 

 NH3 desorbed (mmol/g) 

Catalyst Physisorption 
(T<150 oC) 

Weak acidity  
(150 oC<T<250 oC) 

Moderate acidity 
(250 oC<T<450 oC) 

Strong acidity 
(450oC<T) 

Total 
acidity a 

γ-Al2O3 0.11 0.15 0.12 0.23 0.50 
Cu(5)/γ-Al2O3 0.10 0.15 0.14 0.13 0.42 
Mg(5)/γ-Al2O3 0.10 0.17 0.10 0.12 0.39 
Cu(1)Mg(5)/γ-Al2O3 0.10 0.17 0.10 0.09 0.36 
a Calculated by addition of NH3 desorbed from the weak, moderate, and strong acidity regions excluding 
physisorption. 
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4.3 Reaction mechanism and network 

TBA (2.7 mM) was used as a hydroxyl radical scavenger (k = 3.8×108 – 7.6×108 M-1s-1) to 

determine if OH• radicals played a role in the mineralization of 4PCH by Cu(1)Mg(5)/γ-

Al2O3 [51]. Fig. 4.10(a) show the normalized concentration profiles of 4PCH in the 

presence and absence of TBA. As depicted in Fig. 4.10(a), 4PCH was not detected after 18 

min of the reaction when no TBA was used. However, the oxidation rate of 4PCH was 

significantly slowed down in the presence of TBA with detectable 4PCH up to 60 min of 

the reaction. This indicated that OH• radicals played a major role in the oxidation 

mechanism of 4PCH in the bulk of the liquid. Fig. 4.10(b) shows the liquid ozone 

concentration profiles associated with Fig. 4.10(a). The ozone concentration profile showed 

a gradual decrease in the presence of TBA over the 120 min of the reaction. This was likely 

because of the fast consumption of OH• radicals in the bulk liquid by TBA, which 

accelerated the decomposition of molecular ozone to OH• radicals in the bulk of the liquid 

phase. In the absence of TBA, the ozone concentration profile had a U-shape with a 

minimum around 40 min due to the fast decomposition of ozone to generate ROS for the 

oxidation of 4PCH during the early stages of the reaction. The ozone profile then increased 

to higher values after 40 min since less amount of ROS was needed for the oxidation of the 

remaining TOC, allowing the dissolution of more ozone in the liquid phase. 
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Fig. 4.10. 4PCH oxidation in the absence and presence of TBA, (a) Normalized 4PCH 

concentration and (b) liquid ozone concentration profiles of Cu(1)Mg(5)/γ-Al2O3. Initial 

4PCH concentration = 40 mg/L, bicarbonate ionic strength = 5 mM, inlet gas phase ozone 

concentration = 23,616 ppmv, catalyst dosage = 2 g/L, initial pH = 8.5, TBA concentration 

= 2.7 mM. 

 

As explained in Section 4.1, the surface hydroxyl groups of the Cu(1)Mg(5)/γ-Al2O3 

catalyst were neutrally charged. Ozone could be decomposed to hydroxyl (OH•) and 

superoxide (O2
•−) radicals by the neutrally charged surface hydroxyl groups of 

Cu(1)Mg(5)/γ-Al2O3 through the cycle presented by Eqs. (4.1) to (4.4) [69]: 

M‑OH +  O3 → M‑HO‑O3       (4.1) 

M‑HO‑O3 → M‑HO2
− + O2       (4.2) 

M‑HO2
− + O3 → M +  OH• +  O2

•− + O2       (4.3) 

M +  H2O → M ‑OH + H+       (4.4) 
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where M was used to represent Mg and Al cations. It was unlikely that Cu was involved in 

reactions (4.1) to (4.4) due its low concentration in comparison to those of Mg and Al. 

Ozone was first attached to the surface hydroxyl groups to form a M-OH-O3 complex as 

shown by Eq. (4.1). The M-OH-O3 complex decomposed into the deprotonated −HO2
− 

surface group and O2 in Eq. (4.2). The surface −HO2
− reacted with molecular ozone to form 

free OH• and O2
•−radicals and to free M as shown by Eq. (4.3) [44]. The freed metal site 

adsorbed a water molecule to form a hydroxylated surface in (Eq. (4.4)) to restart the cycle 

[7,69]. The generated O2
•−and OH• radicals through Eqs. (4.1) to (4.4) were highly reactive 

for the oxidation of 4PCH and its by-products.  

Section 4.1 also showed that the presence of copper was as important as the amount of 

surface hydroxyl groups and pHpzc. The role of copper in the generation of ROS and the 

oxidation of the products of the reaction could be explained by Eqs. (4.5) to (4.11) and Eqs. 

(4.12) to (4.16), respectively. The following redox cycle between Cu+ and Cu2+ (Eqs. (4.5) 

to (4.11)) was proposed to explain the role of copper for the generation of ROS [56,94]. 

The ROS included O2
•−, OH•(free radicals in the bulk of the liquid phase), and OH•

ads 

(adsorbed radicals on the surface of copper).  

Cu+‑OH + O3 → Cu2+‑O2H• + O2
•−      (4.5) 

Cu2+‑O2H• + O3  → Cu2+‑O3H• + O2     (4.6) 

Cu2+‑O3H• → Cu2+ + O2 + OH•      (4.7) 

Cu2+‑O3H• → Cu2+‑OH•
ads + O2      (4.8) 

Cu2+‑OH + O3 → Cu2+‑O3
• + OH•

ads     (4.9) 

Cu2+‑O3
• + H2O → Cu+ + HO2

• + O2 + H+     (4.10) 
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4Cu2+ + 2Olat
2− → 4Cu+ + O2      (4.11) 

 

Ozone decomposition started through an electron donation from Cu+ species to ozone, 

which lead to the formation of Cu2+‑O2H• and O2
•− radicals (Eq. (4.5)). Cu2+‑O2H• further 

reacted with ozone to form free OH• radicals in the bulk of the liquid phase through Eqs. 

(4.6) and (4.7). Cu2+‑O3H• formed in Eq. (4.6) could free an oxygen molecule to form 

adsorbed OH radicals (Cu2+‑OH•
ads) as shown by Eq. (4.8). The OH groups of 

hydroxylated Cu2+‑OH could undergo a replacement reaction with O3 in Eq. (4.9) to form a 

complex as Cu2+‑O3
• + OH•

ads. The adsorbed OH radicals (OH•
ads) produced by Eqs. 

(4.8) and (4.9) were readily available for the oxidation of the reaction by-products on the 

surface of the catalyst. Cu2+ was reduced to Cu+ through the reaction of Cu2+‑O3
• and H2O 

in Eq. (4.10). The reduction of Cu2+ to Cu+ could also proceed by accepting electrons from 

the lattice oxygen of CuOx (Eq. (4.11)).  

In addition to the involvement of the unsaturated Cu2+ (originated from the Cu+) for the 

generation of ROS through Eqs. (4.5) to (4.11), it could also complex with small carboxylic 

acidic by-products of 4MCH oxidation (e.g., oxalic acid as identified below) [61,95]. Eqs. 

(4.12) to (4.16) describe the role of Cu2+ in the adsorption of oxalates and in their complete 

oxidation to CO2 [59,94,96,97]: 

Cu(II) + C2O4
−2 → Cu(II)C2O4

−2      (4.12) 

Cu(II)C2O4
−2 + O3 → Cu(III)C2O4

−2 + O3
•−      (4.13) 

Cu(III)C2O4
−2  → Cu(II) + C2O4

•−      (4.14) 

C2O4
•− + OH• → 2CO2 +  OH−      (4.15) 

Cu(III)C2O4
−2 + OH•

ads → Cu(II) + 2CO2 +  OH−    (4.16) 
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Oxalates (C2O4
−2) first complexed with Cu(II) through Eq. (4.12). The complex 

(Cu(II)C2O4
−2) then donated an electron to ozone through Eq. (4.13). This resulted in the 

formation of highly unstable Cu(III)C2O4
−2 complex and O3

•−. The Cu(III)C2O4
−2 then 

dissociated to form Cu(II) and C2O4
•− (Eq. (4.14)) [61,95]. C2O4

•− and the unstable 

Cu(III)C2O4
−2 were finally mineralized to CO2 by OH• in the bulk of the liquid phase and 

by adsorbed hydroxyl radicals in Eqs. (4.15) and (4.16), respectively [96,97]. It should be 

noted that OH•
ads was generated in Eqs. (4.8) and (4.9) within the Cu2+/Cu+ redox cycle.  

To further prove the involvement of Cu2+/Cu+ redox cycle in the reaction mechanism, 

the catalyst was recovered after the reaction for XPS analysis. The Cu 2p spectra of the 

fresh and used catalyst are shown in Fig. 4.11. The XPS analysis showed that the 

Cu2+/Cutotal ratio of the used catalyst was 0.33, which was almost half of that of the fresh 

catalyst at 0.62. The decrease of Cu2+ in the used catalyst was also confirmed by the 

disappearance of the Cu 2p3/2 satellite peak in the used catalyst. This indicated the 

formation of more Cu+ at the end of the reaction, confirming the involvement of the 

Cu2+/Cu+ redox cycle in the reaction mechanism. Two new weak photoelectron peaks 

(denoted by S1 and S2 on Fig. 4.11) were observed in the Cu 2p3/2 spectra of the used 

catalyst, which were located at 942.9 and 938.6 eV, respectively. The simultaneous 

appearance of these new peaks were related to the formation of Cu-RCOO- complexes, 

confirming the involvement of Cu in the adsorption of reaction by-products [98,99].   
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Fig. 4.11. Cu 2p3/2 photoelectron peaks of the Cu(1)Mg(5)/γ-Al2O3 catalyst (1) before and 

(2) after ozonation of 4PCH. 

 

The by-products of the 4PCH oxidation, identified by MS, are summarized in Table 4.4. A 

total of 14 by-products (noted P1-P14) were found in the m/z range of 50-240. The time at 

which each of the by-products had their highest peak intensity is also reported in Table 4.4. 

P1 to P7 were identified within the first 10 min of the reaction with m/z values in the range 

of 211 to 229. The appearance of these by-products having m/z values higher than that of 

4PCH at 197 indicated that the oxidation of 4PCH was started by the addition of ROS (e.g., 

OH•) to the ring of 4PCH, forming carboradicals RO• and RO2
• as shown by reaction routes 

(1) and (2) in Fig. 4.12. The ROS was likely added to the 4PCH ring by electrophilically 

attacking meta positions of the ring with less steric hindrance in comparison to the ring’s 

ortho positions [35,37]. The meta-addition mechanism was also observed by Ansari et al. 

for the oxidation of 3-methylcyclohexanecarboxylic acid by OH• radicals [35]. After the 
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formation of RO• and RO2
•, the oxidation reactions could proceed through reaction routes 

(3) and (4). Reaction route (3) involved the transformation of RO2
• to ketone, hydroxyl, and 

peroxide by-products, which were shown as P1, P2, P3, in Fig. 4.12, respectively. Reaction 

route (4) was comprised of the C-C bond scission of the RO• carbon to form P4, P5, P6, and 

P7. In reaction route (4), the occurrence of ring-opening scission at the C-C bond close to 

the carboxyl group resulted in the formation of hydroxyl and aldehyde groups, i.e., P4 and 

P5, respectively. On the other hand, if the scission occurred at the C-C bond close to the 

pentyl group, H-shifts might take place in the open chain, resulting in the formation of P6 

and P7. Given that the tertiary carbon attached to the pentyl group in P1-P3 is primed for an 

electrophilic attack by OH• radicals, the pentyl group could detach from the hexane ring to 

produce aldehyde (P8), and an alcohol (P9) by-products through reaction route (5) [100]. 

The tertiary carbon present in P4-P7 was primed to be oxidized via H-abstraction, which 

resulted in breaking the chain and the formation of aldehyde (P10) and ketone (P11) 

intermediates through reaction route (6).  Further chain breaking in the open chains of P8-

P11 resulted in smaller dicarboxylic acids such as P12 to P14 via reaction route (7) 

[54,101]. The final mineralization of P12 to P14, reaction route (8), could proceed via the 

complexation mechanism with copper as discussed above. Other possibilities for the 

mineralization of P12 to P14 could be through an H-abstraction from the carboxyl group 

and/or the formation of carboradicals at the β-carbon of the carboxyl group as proposed by 

Oturan et. al [102]. 

 

 

 



58 
 

Table 4.4. Identified by-products of the mineralization of 4PCH through HCO using 
Cu(1)Mg(5)/γ-Al2O3. 

ID Name m/z time (min)a 
4PCH trans-4-pentylcyclohexanecarboxylic acid 197 0 

P1 4-pentyl-5-oxocyclohexanecarboxylic acid 211 5 
P2 3-hydroxy-4-pentylcyclohexanecarboxylic acid 213 5 

P3 3-hydroperoxy-4-pentylcyclohexanecarboxylic 
acid 229 10 

P4 2-hydroxymethyl-5-oxomethyldecanoic acid 229 10 
P5 2,5-dioxomethyldecanoic acid 227 5 
P6 10-hydroxy-2-(2-oxoethyl)decanoic acid 227 5 
P7 10-oxo-2-(2-oxoethyl)decanoic acid 229 10 
P8 4-formyl-5-oxo(2-oxoethyl)pentanoic acid 171 40 
P9 4-formyl-5-oxo(2-hydroxyethyl)pentanoic acid 173 40 
P10 1,8-octanedial 141 40 
P11 4-formyl-3-oxobutanoic acid 115 100 
P12 maleic acid 114 100 
P13 oxalic acid 89 100 
P14 fumaric acid 71 100 

a Time at which the corresponding peak is at its highest intensity. 
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Fig. 4.12. Reaction routes of 4PCH mineralization by ozonation using Cu(1)Mg(5)/γ-

Al2O3. (1) Formation of RO2
•, (2) formation of RO•, (3) transformation of RO2

• to ketone, 

hydroxyl, and peroxide groups, (4) ring opening by C-C scission of RO• , (5) ring opening 

following cleavage of the pentyl group, (6) H-abstraction of the carboxylic group, (7) chain 

breaking, and (8) mineralization. 
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4.4 Insights into practical applications of the selected Cu(1)Mg(5)/γ-Al2O3 

4.4.1 Reusability 

Cu(1)Mg(5)/γ-Al2O3 was recovered after the reaction by filtration and dried at room 

temperature for 12 h to be tested for a total of five reusability cycles. Fig. 4.13(a) shows 

that the TOC removal after 120 min for each cycle was around 89% with no significant 

difference between the cycles. The pH and liquid ozone concentration profiles of the five 

cycles associated with Fig. 4.13(a) are presented in Figs. 4.13(b) and 4.13(c), respectively, 

which also showed no significant difference between the cycles. The FT-IR spectra of the 

surface of the fresh and used catalyst after each cycle are shown in Fig. 4.13(d). The only 

adsorbed species were CO2 (1380, 2360, and 2384 cm-1) and H2O 1640 and 3460 cm-1, 

which were likely detected as the result of exposing the catalyst to air before analysis. No 

adsorption of 4PCH and its reaction by-products was observed on the fresh and used 

catalysts, indicating that the catalyst active sites were preserved.  
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Fig. 4.13. Reusability of Cu(1)Mg(5)/γ-Al2O3 for 4PCH mineralization over 5 cycles, (a) 

Normalized TOC profiles, (b) pH profiles, (c) liquid ozone profiles, and (d) FT-IR spectra 

of the fresh and used Cu(1)Mg(5)/γ-Al2O3 catalyst. Initial 4PCH concentration = 40 mg/L 

(TOC0 = 29 mg/L), bicarbonate ionic strength = 5 mM, inlet ozone concentration = 23,616 

ppmv, catalyst dosage = 2 g/L, and initial pH = 8.5.  

 

The leaching of Cu, Mg, and Al was analyzed over the five cycles with ICP-OES and the 

results are shown in Figs. 4.14(a) to (c). An average of 0.07, 1.3, and 0.2 mg/L of Cu, Mg, 

and Al leached after 120 min of the reaction for the five cycles, respectively. The leached 

amount of Cu and Mg was significantly lower than those reported in our previous work for 
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a Cu/MgO catalyst, where an average of 3.4 and 44 mg/L of Cu and Mg leached after 125 

min over five cycles of reaction of 4MCH oxidation, respectively [10]. The leaching values 

of Cu in this work were also lower than the ones reported by Sable et al. at 0.5-3.4 mg/L 

after 120 min oxidation of clofibric acid by a Cu-Mg-Al catalyst [60]. The average Cu 

leaching in this work at 0.07 mg/L was higher than the maximum allowable discharge limit 

of 2×10-3 mg/L Cu in discharged wastewater established by the Canadian Environmental 

Quality Guidelines (CEQG). Untreated OSPW was reported to have a Cu content as high as 

1 mg/L, which already needed to be removed [3,103]. The average Cu leached from 

Cu(1)Mg(5)/γ-Al2O3 (0.07 mg/L) in our work would only increase the existing Cu content 

of OSPW by only 7%, which could be removed by treatment methods such as adsorption 

by carbon based- materials [103]. Dissolved Mg ions were not reported to pose any 

environmental hazards [3,104]. However, the Mg leaching resulting from the use of 

Cu(1)Mg(5)/γ-Al2O3 could increase the hardness of receiving water bodies if the treated 

wastewater was discharged to the environment. OSPW already had a hardness of 100 mg 

CaCO3 eq/L. The average Mg leached from our catalyst would slightly increase the 

hardness of OSPW by about 5% to 105.3 mg CaCO3 eq/L. As outlined by Babazadeh et al., 

Mg precipitation in receiving water bodies could be predicted by calculating the Langelier 

index. In case of the prediction of Mg precipitation, operational parameters such as flow 

rate and hardness of the discharged OSPW must be adjusted to avoid the precipitation of 

Mg [10]. The averaged leached Al at 0.2 mg/L was lower than the value reported by 

Fajardo et al. at 0.5 mg/L for a Pt/Al2O3 catalyst used for the ozonation of phenol [105]. It 

was reported that untreated OSPW had a maximum Al concentration of 0.5 mg/L [3]. The 

oxidation of NA content of OSPW by Cu(1)Mg(5)/γ-Al2O3 would increase the existing Al 

content of OSPW by 40% to 0.7 mg/L. Even though dissolved Al ions were not classified 



63 
 

toxic by CEQG, colloids and precipitates of Al such as Al(OH)4 were considered toxic to 

aquatic organisms [104,106]. As mentioned by CEQG, the formation of Al colloids and 

precipitates depended on the pH, hardness, and dissolved organic carbon (DOC) of treated 

wastewater [104]. Considering the pH and hardness of the wastewater generated from the 

oxidation of NAs by Cu(1)Mg(5)/γ-Al2O3 at 8.5 and 105.3 mg CaCO3 eq/L, respectively, 

the application of CEQG guidelines would predict the formation of Al colloids and 

precipitates for DOC values higher than 1 mg/L (assumed for the treated OSPW) [104]. 

Therefore, Al removal might be necessary, which could be achieved by established 

microfiltration or coagulation/flocculation technologies [73,74]. 
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Fig. 4.14. Leaching after five reusability cycles of (a) Cu, (b) Mg, and (c) Al. Initial 4PCH 

concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 mM, inlet 

ozone concentration = 23,616 ppmv, catalyst dosage = 2 g/L, and initial pH = 8.5. 

 

4.4.2 Oxidation of a mixture of naphthenic acids 

To test the effectiveness of Cu(1)Mg(5)/γ-Al2O3 on different NA molecules, the catalytic 

ozonation of 4MCH, DCHA, and ADA, as well as their mixture with 4PCH was studied.  

The initial TOC concentration of 4MCH, DCHA, and ADA and their mixture with 4PCH 

was 29 mg/L (same as the initial TOC concentration in experiments with 4PCH). The 

normalized TOC removal of the NA molecules is shown in Fig. 4.15. The normalized TOC 
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profiles of 4PCH were also included for comparison as Fig. 4.15(a). The normalized TOC 

profile of the single ozonation of 4MCH (Fig. 4.15(b)) followed an almost identical trend to 

that of 4PCH in Fig. 4.15(a). This similarity suggested that the oxidation of 4MCH and 

4PCH likely followed a similar mechanism due to the similarity between their molecular 

structures. The application of Cu(1)Mg(5)/γ-Al2O3 increased the TOC removal of 4PCH 

and 4MCH in comparison to those of single ozonation of the molecules in Figs. 4.15(a) and 

(b), respectively. The use of Cu(1)Mg(5)/γ-Al2O3 also showed an improvement in the 

mineralization of DCHA and ADA in comparison to their single ozonation in Figs. 4.15(c) 

and (d), respectively. The final TOC removal of catalytic ozonation of 4PCH, 4MCH, 

DCHA, and ADA was 90, 90, 97, and 98 % respectively, after 120 min. One could conclude 

that the order of the difficulty of the oxidation of the 4 model compounds was ADA ≈ 

DCHA < 4PCH ≈ 4MCH. The higher TOC removal of ADA and DCHA could be related to 

ease of the oxidation of their tertiary carbon with ROS [43,54]. Fig. 4.15(e) shows the 

catalytic ozonation of the mixture of the 4 NA model compounds. Cu(1)Mg(5)/γ-Al2O3 was 

found to also be effective for the oxidation of the mixture of NAs with a final TOC removal 

of 97%, which was 8% higher than the TOC removal of single ozonation of the NAs 

mixture at 89%.  
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Fig. 4.15. Normalized TOC profiles of the catalytic ozonation of (a) 4PCH, (b) 4MCH, (c) 

DCHA, (d) ADA, and (e) mixture of 4PCH, 4MCH, DCHA, ADA using Cu(1)Mg(5)/γ-

Al2O3. TOC0 = 29 mg/L, bicarbonate ionic strength = 5 mM, inlet ozone concentration = 

23,616 ppmv, catalyst dosage 2 g/L. 
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The plots of -ln(TOC/TOC0) vs time for the single and catalytic mineralization of 

4MCH, DCHA, and ADA, as well as their mixture with 4PCH are shown in Fig. 4.16. The 

linearity of the plots showed that the oxidation of all four molecules followed a first order 

kinetics with R2 values between 0.97 and 0.99. The first order reaction rate constants 

obtained from the regression of the data are reported in Table 4.5. The single ozonation of 

4PCH and 4MCH showed kinetic rate constants of 0.016 and 0.015 min-1, respectively. 

These constants were increased to 0.022 min-1 for both molecules in the presence of 

Cu(1)Mg(5)/γ-Al2O3. Similarly, the application of the catalyst increased the rate constants 

of the single ozonation of DCHA and ADA from 0.023 and 0.021 min-1 to 0.031 min-1. The 

rate constants single and catalytic ozonation of DCHA and ADA were higher than those of 

4PCH and 4MCH since they were easier molecules to be oxidized. The rate constant of the 

mixture of NA molecules at 0.02 min-1 was also increased to 0.031 min-1 by Cu(1)Mg(5)/γ-

Al2O3. 
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Fig. 4.16. Regression of -ln(TOC/TOC0) vs time for the single and catalytic ozonation of 

(a) 4PCH, (b) 4MCH, (c) DCHA, (d) ADA, (e) mixture of 4PCH, 4MCH, DCHA, 

ADA using Cu(1)Mg(5)/γ-Al2O3. TOC0 = 29 mg/L, bicarbonate ionic strength = 5 

mM, inlet ozone concentration = 23,616 ppmv, catalyst dosage 2 g/L. 
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Table 4.5. First order kinetic rate constants and electrical energy per order of the single and 
catalytic mineralization of the different NAs and their mixture by Cu(1)Mg(5)/γ-Al2O3. 

 Single ozonation Catalytic ozonation 

NA k (min-1) EEO (kWh/m3) k (min-1) EEO (kWh/m3) 

4PCH 0.016 154.4 0.022 117.2 
4MCH 0.015 171.1 0.022 116.1 
DCHA 0.023 116.3 0.031 75.8 
ADA 0.021 111.6 0.031 71.1 
Mixture of NAs 0.020 121.0 0.031 78.1 

 

The Electrical Energy per Order (EEO) was used to estimate the treatment energy 

demand of 4PCH, 4MCH, DCHA, and ADA, as well as their mixture by single ozonation 

and catalytic ozonation using Cu(1)Mg(5)/γ-Al2O3 [107]. The calculation is described by 

Eq. (4.17), where EEO is in kWh/m3, P is the input power of the ozone generator in kW 

(0.13 kW in this study), t is time of ozonation in h, V is the volume of the reactor in L, and 

TOC/TOC0 is the normalized TOC removal after 120 min [107]. 

EEO =
P×t×1000

V×log(
TOC

TOC0
)
        (4.17) 

The calculated EEO values are summarized in Table 4.5. The EEO of single ozonation of 

4PCH, 4MCH, DCHA, and ADA was 154.4, 171.1, 116.3, and 111.6 kWh/m3, 

respectively. The EEO of all NA molecules was decreased in the presence of Cu(1)Mg(5)/γ-

Al2O3. The EEO was reduced by ≈ 40 kWh/m3 for all molecules except 4MCH, which was 

reduced by 55 kWh/m3 due to the low performance of single ozonation to oxidize it. 

Overall, higher EEO was required for complete oxidation of NAs with one ring (4PCH and 

4MCH) by single and catalytic ozonation when compared to those of NA molecules with 

multiple rings (ADA and DCHA). The obtained EEO of the single ozonation of the mixture 
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of NA model compounds was 121.0 kWh/m3, which was reduced to 78.1 kWh/m3 by 

Cu(1)Mg(5)/γ-Al2O3.  In comparison to the EEO of our previously reported Cu/MgO (1 

wt%) catalyst used for the mineralization of 4MCH [10], the EEO of Cu(1)Mg(5)/γ-Al2O3 at 

117.2 kWh/m3 was significantly lower than that of the Cu/MgO (1 wt%) catalyst at 199 

kWh/m3. This was mainly related to better mineralization rate and final TOC removal of 

Cu(1)Mg(5)/γ-Al2O3 (90% in 120 min) in comparison to that of Cu/MgO (1 wt%) (76% in 

125 min). It is worth noting that the treatment of actual OSPW by catalytic ozonation 

would likely have higher EEO than the values reported in Table 4.5 due to its complex 

composition and the presence of inorganic compounds that could consume ozone.  

 

4.4.3 Toxicity of the by-products 

The acute and chronic toxicity of the by-products of catalytic ozonation of 4PCH by 

Cu(1)Mg(5)/γ-Al2O3 (P1 to P14 summarized in Table 4.4) was predicted using the 

ECOSAR software via quantitative structure activity relationships (QSARs) [108]. The by-

products were categorized into 4 chemical classes by the software, being neutral organics, 

peroxy acids, mono- and poly-aldehydes. Neutral organics were classified as having 

“baseline toxicity”, while peroxy acids and mono- and polyaldehydes were identified as 

chemical classes with “excess toxicity” [109]. The acute and chronic toxicity of the by-

products was predicted using specific QSARs for each chemical class that were a function 

of the logarithm base 10 of the partition coefficient of the by-product molecules in water-

octanol mixtures (log(kow)). The toxicity decreases in each chemical class as the value of 

log(kow) decreases [109,110]. Each chemical class had a specific log(kow) value as its 
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toxicity threshold. The acute and chronic toxicity results, as well as the chemical class and 

log(kow) value of the by-product molecules are presented in Fig. 4.17. 4PCH was also 

included in Fig. 4.17 to provide a baseline for toxicity. The toxicity classification was based 

on the Globally Harmonized System, in which acute toxicity was estimated by the lethal 

concentration 50 (LC50) and the half maximal effective concentration (EC50), while the 

chronic toxicity was estimated by the chronic value index (ChV) [111]. 4PCH was 

identified as a neutral organic molecule with acute and chronic toxicity to fish, daphnid, 

and green algae with log(kow) = 4.74. The toxicity of the by-products P1 to P10 (formed 

during the first 40 min of the reaction) showed an overall decreasing trend as the reaction 

proceeded. P10 was an outlier to the trend, being classified as harmful. The remaining by-

products P11 to P14 (formed after 100 min of the reaction) showed no acute or chronic 

toxicity. An in-depth experimental study of the toxicity of the reaction medium would be 

required to identify the ozonation duration that resulted in a wastewater without acute and 

chronic toxicity. Nevertheless, the preliminary toxicity results of this work suggested that 

the reaction could be stopped at 100 min for safe discharge of the treated wastewater of 

4PCH oxidation, which would reduce the energy demand of 4PCH removal. 
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Fig. 4.17. Toxicity analysis of the by-product of 4PCH ozonation by Cu(1)Mg(5)/γ-Al2O3. 
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Chapter 5: Conclusions and recommendations 

5.1 Conclusions 

A bi-metallic catalyst based on Cu and Mg dispersed on γ-Al2O3 was formulated for the 

complete oxidation of 4PCH in this thesis. The optimum formulation of the bi-metallic 

catalyst was found to be 1 wt% Cu and 5 wt% Mg denoted as Cu(1)Mg(5)/γ-Al2O3. A 90% 

TOC removal of 4PCH was found using 2 g/L of Cu(1)Mg(5)/γ-Al2O3. It was found that a 

sufficient amount of surface hydroxyl groups played a role in increasing the TOC removal 

during the first 50 min of reaction, while pHpzc values close to the solution pH and the 

presence of Cu played a role in increasing TOC removal after 120 min of reaction.  

XPS and TEM analyses confirmed the presence of MgO and CuOx (CuO and Cu2O) 

particles on the Cu(1)Mg(5)/γ-Al2O3 catalyst with the majority of their size being close to 1 

nm. XPS analyses also confirmed the presence of higher amounts of CuO compared to 

Cu2O particles in copper-containing catalysts. The total acidity of the catalysts (Lewis and 

Brönsted acidity) determined by the NH3-TPD analysis showed that Cu and Mg reduced the 

Lewis acidity of γ-Al2O3. The addition of Mg fine-tuned the pHpzc of the catalyst to the 

desired values close to the solution pH.  

The catalytic ozonation of 4PCH in the presence of TBA confirmed that hydroxyl 

radicals played a role in the oxidation process. An ROS based mechanism was proposed for 

the mineralization of 4PCH by the Cu(1)Mg(5)/γ-Al2O3 catalyst. The presence of neutrally 

charged surface hydroxyl groups on the surface of Cu(1)Mg(5)/γ-Al2O3 accelerated ozone 

decomposition to generate ROS (OH• and O2
•−)  to oxidize 4MCH and some of its by-
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products in the bulk of the liquid phase. The used catalyst contained a higher content of 

Cu2O than the fresh catalyst, which confirmed that copper underwent a redox cycle to 

generate OH• and O2
•−in the bulk of the liquid phase and to form OH•

ads on the surface of 

the catalyst. It was believed that the adsorbed OH radicals (OH•
ads) oxidized small by-

products molecules (e.g., oxalic acids) adsorbed on the surface of CuOx particles. The 

reaction by-products of 4PCH oxidation were identified and a reaction network for the 

degradation of 4PCH by ROS was proposed. The mineralization of 4PCH was initiated 

through a meta-addition mechanism, which was followed by ring opening or the formation 

of ketone, aldehyde, alcohol, and peroxide functional groups. Further oxidation of ring-free 

by-products resulted in the formation of short dicarboxylic acids, which were completely 

oxidized to CO2 and H2O.  

The selected Cu(1)Mg(5)/γ-Al2O3 catalyst maintained its activity through five reusability 

test cycles. The average leaching of Cu and Mg from the Cu(1)Mg(5)/γ-Al2O3 catalyst was 

significantly reduced in comparison to the values reported in our previous work for a 

Cu/MgO catalyst. The Cu(1)Mg(5)/γ-Al2O3 catalyst was efficient in the TOC removal of 

other NA model compounds (4MCH, ADA, and DCHA) and their mixture with 4PCH. The 

bi-metallic catalyst also significantly reduced the energy demand of the treatment of NAs 

when compared to values reported by us for the Cu/MgO catalyst. The toxicity analysis 

indicated that reaction by-products identified after 100 min of the reaction did not show any 

acute and chronic toxicity. 
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5.2 Recommendations for future work 

The results of this dissertation proved the potential of Cu(1)Mg(5)/γ-Al2O3 to mineralize 

recalcitrant NA molecules by ozone. Additionally, this work provided insights into 

practical applications of the HCO process using Cu(1)Mg(5)/γ-Al2O3 for NA oxidation. 

Several research areas were identified to further investigate the scientific and practical 

aspects of the HCO of NAs. Recommendations for future work are described below. 

In order to prove the efficiency of HCO using Cu(1)Mg(5)/γ-Al2O3 to completely 

oxidize NAs from OSPW, it is recommended to test the catalyst with real OSPW samples. 

Furthermore, it is recommended to study the placement of HCO using Cu(1)Mg(5)/γ-Al2O3 

in an OSPW treatment train that comprehensively addresses the environmental concerns of 

the different components of OSPW such as Cu and Al. 

It is recommended to use probe-based methods using different scavengers such as TBA, 

p-BQ, and NaN3 to quantify the contribution of OH•, O2
•−, and 1O2 in the 4PCH 

mineralization process by HCO. Furthermore, the quantification of ROS contribution will 

allow the development of kinetic models, which will be useful for reactor design and scale-

up of the process. 

The results of this work suggested that Cu complexed with small carboxylic acid 

molecules and generate free and adsorbed OH radicals for their oxidation. It is 

recommended that the Cu-carboxylate complexes are further confirmed by in-situ FTIR to 

shed light on the mechanism of reactions occurring on the surface of the catalyst for the 

oxidation of small carboxylic acid molecules to CO2 and H2O.  
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Although toxicity predictions were theoretically performed in this work, it is 

recommended to experimentally study the toxicity of the reaction medium to confirm the 

time when the reaction medium is environmentally safe for discharge, which can 

potentially reduce the energy demands of the HCO process. 
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Appendix A: TOC calibration curve 

 

The TOC content measurements in this work were performed using a TC-IC method. Fig. 

A.1 presents the calibration curve used for TOC analysis. 

 

Fig. A.1. Calibration curve for TC and IC measurements. 
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Appendix B: Repeatability of experiments 

 

Selected ozonation experiments were performed in triplicate. A maximum standard 

deviation of ±3% TOC removal was observed, confirming the repeatability and reliability 

of the data obtained. Figure B.1 shows the normalized TOC profiles with error bars for the 

single ozonation of 4PCH. The normalized TOC profiles of 4PCH ozonation by 

Cu(1)Mg(5)/γ-Al2O3 at two dosages of 1 and 2 g/L are shown in Figures B.2 and B.3, 

respectively. 

 

 

Fig. B.1. Single ozonation of 4PCH. Initial 4PCH concentration = 40 mg/L (TOC0 = 29 

mg/L), bicarbonate ionic strength = 5 mM, inlet gas phase ozone concentration = 23,616 

ppmv, and initial pH = 8.5.  
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Fig. B.2. Catalytic ozonation of 4PCH using 1 g/L of Cu(1)Mg(5)/γ-Al2O3. Initial 4PCH 

concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 mM, inlet gas 

phase ozone concentration = 23,616 ppmv, and initial pH = 8.5.  
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Fig. B.3. Catalytic ozonation of 4PCH using 2 g/L of Cu(1)Mg(5)/γ-Al2O3. Initial 4PCH 

concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 mM, inlet gas 

phase ozone concentration = 23,616 ppmv, and initial pH = 8.5.  
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Appendix C: Mass transfer limitations 

 

In order to confirm that there were no external mass transfer limitations on the HCO of 

4PCH using 2 g/L of Cu(1)Mg(5)/γ-Al2O3, the stirring speed of the reactor was increased to 

700 rpm. Fig. C.1 shows the normalized TOC profile at 700 rpm and its comparison to that 

of 600 rpm. The normalized TOC profile obtained at 700 rpm was almost identical to that 

of the experiment at 600 rpm, showing that there were no external mass transfer effects for 

the adsorption of reactants from the bulk of the liquid phase to the surface of the catalyst 

and for the desorption of by-products from the surface of the catalyst to the bulk of the 

liquid phase.   
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Fig. C.1. Catalytic ozonation of 4PCH using Cu(1)Mg(5)/γ-Al2O3 at different stirring 

speeds. Initial 4PCH concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic 

strength = 5 mM, inlet gas phase ozone concentration = 23,616 ppmv, catalyst dosage = 2 

g/L and initial pH = 8.5.  

 

The absence of internal mass transfer limitations was proven by using two different 

catalyst particle sizes of less than 105 µm and between 105 and 210 µm. Fig. C.2 shows the 

normalized TOC profiles of the ozonation of 4PCH using 2 g/L of Cu(1)Mg(5)/γ-Al2O3 at 

the two range of particle sizes. Both normalized TOC profiles were nearly the same, 

confirming that particles with a size range of 105 – 210 µm were sufficiently small to allow 

for surface reactions without internal mass transfer limitations. 
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Fig. C.2. Catalytic ozonation of 4PCH using Cu(1)Mg(5)/γ-Al2O3 at different particle sizes. 

Initial 4PCH concentration = 40 mg/L (TOC0 = 29 mg/L), bicarbonate ionic strength = 5 

mM, inlet gas phase ozone concentration = 23,616 ppmv, catalyst dosage = 2 g/L and initial 

pH = 8.5.  

 


