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ABSTRACT

The possibility that the modification of Mobil Composition of Matter No. 41 (MCM-41)
by the incorporation of iron in its molecular structure and the loading of the support (iron
substituted MCM-41; Fe-MCM-41) with active metals of manganese and cerium improve the
removal of the representative organic pollutants (ibuprofen (IBU) and oxalic acid (OA)) in water
in a catalytic ozonation process was investigated in this thesis. This study particularly addresses
the preparation of modified catalysts, the role of pH and water matrices on the performance and
stability of the catalysts, reaction pathways, and kinetics of the catalytic ozonation processes.
As for preparation of modified catalysts, Fe-MCM-41 catalysts were effective for the
ozonation of OA in water. The molecular framework of the prepared Fe-MCM-41 catalysts were
stable up to 1wt% iron content and did not leach iron to the reaction solution during catalytic
ozonation processes. High (94%) removal of OA was achieved in the presence of Fe-MCM-41
loaded with manganese and cerium oxides. However, the deposited metals on the Fe-MCM-41
support leached significantly (13-38% of initial concentration) during the processes.
Regarding the reaction pathways, it was found out that the degradation of OA
predominantly occurred by the reaction with hydroxyl radicals while IBU is mainly degraded by
ozone molecule.
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The pH of reaction solution affected the activity and stability of catalysts for the removal
of OA and IBU differently. For degradation of OA, Fe-MCM-41 presented similar catalytic
activity in acidic pH conditions (55% removal of OA) with enhanced catalytic activity (14%
additional OA removal) in basic pH conditions due to the generation of hydroxyl radicals. For
degradation of IBU, the catalyst was very active (74-94% IBU removal) at the pH levels below
the pHpzc of the catalyst. However, the catalyst was inactive at pH levels above pHpzc due to
the permanent damage in its morphological structure.
A modified kinetic model was derived basically by the mass balance of the consumed
ozone and degraded total organic carbon. The results of the model were in good agreement with
the literature, and it also confirmed the experimental observations.
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CHAPTER 1
Introduction and Thesis Outline

Contribution of this chapter to overall study
In this chapter, different kinds of emerging pollutants in water are classified and
presented. In addition, some of the most effective technologies to fully or partly remove the
unwanted organic contaminants from water are explained. This chapter also deals with a
literature review on the two types of catalytic ozonation. Different catalysts and proposed
degradation mechanism for both types of catalytic ozonation are also introduced. In addition,
knowledge gaps, hypothesis and research objectives are elaborated. Finally, the organization and
the manuscript content of the thesis are listed at the end of this chapter.

1.1. Emerging Pollutants
The emerging contaminants in the aquatic environment are products and chemicals
without regulatory status, which possibly impact environment and human health (Deblonde et
al., 2011; Bell et al., 2011). The emerging environmental contaminants of interest in water
mainly include pesticides, pharmaceuticals and personal care products (PPCPs), and endocrine
disrupting chemicals (EDCs).
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The presence of pesticides, PPCPs and EDCs in the aquatic environment as well as in
finished drinking water has raised concerns about their potential effect on environment and
public health (Waiser et al., 2011; Jasim et al., 2006; Hua et al., 2006a).

1.1.1. Pesticides
The pollution of surface water and ground water supplies due to the presence of
pesticides has been recognized as a major concern worldwide because of pesticides’ persistence
in aquatic environment and potential adverse public and environmental health effects (Palma et
al., 2004; Ikehata and Gamal El-Din, 2005; Hua et al., 2006a). Based on their application,
different types of pesticides include herbicides, insecticides, fungicides, rodenticides,
nematicides, microbiocides, and plant as well as insect growth regulators. Pesticide
contamination in drinking water has been mainly caused by agricultural and urban runoffs, direct
application to control aquatic insects and vegetation, domestic usage, leaching from pesticide
wastes, and industrial scale pest control operations (Ikehata and Gamal El-Din, 2005; Arbuckle
et al., 2006; Hua et al., 2006b).

1.1.2. Pharmaceuticals and personal care products (PPCPs)
The first possible source of pharmaceutical pollution includes the partially metabolized
and excreted consumed drugs in the urine and feces, which go into wastewater collection system
(Heberer et al., 2002; Jones et al., 2005a). The second probable source is the unused, surplus, or
expired drugs, which may be disposed into toilets (Heberer et al., 2002; Jones et al., 2005a).
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Some of these drugs are practically non-biodegradable and may be released to surface water or
be subjected to ground water, and as a result they enter the aquatic environment. Some of the
adverse effects caused by the PPCPs pollution in the aquatic environment include aquatic
toxicity, resistance development in pathogenic bacteria, genotoxicity, and endocrine disruption
(Arcand-Hoy et al., 1998; Halling-Sørensen et al., 1998; Sumpter, 1998; Kümmerer, 2004). In
addition, the presence of trace PPCPs in finished drinking water is another public health concern
since little is known about potential chronic health effects associated with long term ingestion of
mixtures of these compounds through drinking water (Kümmerer, 2001; Stackelberg et al.,
2004).

1.1.3. Endocrine disrupting chemicals (EDCs)
EDCs are generally classified into two groups. The first group of EDCs are the excreted
steroids which are intentionally made to cause endocrine disruption and they possess the highest
estrogenicity. The natural estrogens estrone, 17 α-estradiol, and 17 β-estradiol and the exogenous
17 α-ethinylestradiol, and the active ingredients in oral contraceptive pills (i.e. estrogen and
progesterone) are examples of this group. The second group of EDCs are the xenoestrogens
which present estrogenic potentials. For instance, alkylphenols (such as 4-tert-octylphenol), the
technical isomer mixture of 4-nonylphenols (NP), and bisphenol A (BPA) belong to this group.
Most of the EDCs consumed end up in aquatic environments via discharge from municipal and
industrial wastewater treatment plants (Kuch and Ballschmiter, 2001; Mohapatra et al., 2010;
Vethaak et al., 2005). The release of EDCs to drinking water sources is a great public health
concern (Chang et al., 2009; Welshons et al., 2006; Rahman et al., 2009).
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The consumptions of EDCs can interfere with human reproductive systems and block the
activity of natural hormones. There are even some reports that long-term consumption of EDCs
causes deleterious effects in wildlife and humans such as an increase in hormone-dependent
cancers and a decrease in sperm-count owing to estrogenic activity (Safe et al., 2001;
Vandenberg et al., 2007; Soto et al., 2010).

1.2. Treatment processes for removal of emerging pollutants
Since the presence of emerging pollutants in both the aquatic environment and in finished
drinking water has various harmful effects on environment and human beings, it is important to
eliminate these pollutants from water by the utilization of a feasible technology. Several
treatment processes have been investigated for their possible implementation to reduce the
concentrations of the emerging pollutants in water, and to minimize the potential health risk
associated with exposure to these chemicals by the consumption of contaminated waters (Al
Momani et al., 2004).
As for pesticide pollution, several physical treatment processes such as nanofiltration and
reverse osmosis (Agbekodo et al., 1996; Berg et al., 1997; Boussahel et al., 2000; Van der
Bruggen et al., 1998), slow sand filtration (Lambert and Graham, 1995), and activated carbon
adsorption (Baldauf, 1993; Gicquel et al., 1997; Thacker et al., 1997), as well as chemical
oxidation technologies (Camel and Bermond, 1998; Reynolds et al., 1989) have led to partial
removal of pesticides residues during water treatment.
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Since surface water and groundwater contain only trace amounts of pesticides,
biodegradation is not an appropriate treatment except for the use of inoculated granular activated
carbon filtration (Feakin et al., 1995; van der Hoek et al., 1999). In addition, activated carbon
adsorption is not suitable for removal of polar substances (Baldauf, 1993). Chemical oxidation
can reduce or completely eliminate the pesticide contamination although this treatment may lead
to the formation of undesirable oxidation by-products. Ozonation and advanced oxidation
processes (AOP) are considered as one of the most promising chemical oxidation technologies,
and has been applied for decades to reduce/eliminate the aqueous pesticide in water/wastewater
treatments (Reynolds et al., 1989).
As for PPCPs pollution, several studies showed that the conventional water and
wastewater treatment processes (e.g. biodegradation) are unable to act as a reliable barrier
toward some of the prescription and non-prescription drugs (Ternes et al., 2002; Stackelberg et
al., 2004; Jones et al., 2005b; Jasim et al., 2006). In addition, the disinfection methods such as
UV or chlorine are inadequate to eliminate most polar pharmaceuticals in water (Ikehata et al.,
2006). However, among all the advanced treatment technologies (e.g. ozone, membrane
filtration, and activated carbon adsorption) evaluated for this purpose, ozonation and AOP are
recognized as one of the most efficient treatment processes for the degradation of PPCPs
(Ikehata et al., 2006; Zwiener and Frimmel, 2000; Ternes et al., 2002; Jasim et al., 2006; Beltrán
et al., 2009a).
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1.2.1. Ozonation
Molecular ozone reactions (ozonation) and advanced oxidation processes (AOP) are the
two remarkable technologies, which have been applied for the oxidation and destruction of a
wide variety of organic pollutants in water and wastewater successfully (Legrini et al., 1993;
Alvares et al., 2001; Zhou and Smith, 2002). During the treatment with ozone or AOP, organic
pollutants such as pesticides and pharmaceutical compounds undergo a series of oxidation and
spontaneous transformations.
Ozone has been widely used in water treatment technology due to its high oxidation
capacity (Ternes et al., 2002; Hua et al., 2006b). The high reactivity of ozone molecule is
attributed to its special electric configuration. Figure 1.1 illustrates the two extreme forms of
resonance structures of ozone molecule. The lack of electrons in one of the terminal oxygen
atoms indicates the electrophilic nature of ozone while the excess negative charge in other
oxygen atom impose a nucleophilic character to the molecule (Oyama, 2000).

1

Figure 1.1. Resonance structures of the ozone molecules (Oyama, 2000).
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The high standard redox potential of ozone (2.07 V) implies its high capacity to react
with numerous compounds through redox reactions. The redox reactions occur either by explicit
electron transfer or by oxygen transfer from the ozone molecule to the other reactant (Oyama,
2000). However, there are other molecules which get involved in redox reactions more actively
compared to ozone. For instance, fluorine, hydroxyl (HO•) radicals and atomic oxygen with
standard redox potentials of 3.06 V, 2.80 V, and 2.42 V, respectively, are more reactive than
ozone (Oyama, 2000).
Ozone reactions in water is a kind of oxidation reaction and can be classified as direct
and indirect reactions, as shown in Figure 1.2.
Direct ozone reactions in water are those that occur between ozone molecules and other
chemical species, particularly organic compounds, through 1,3 dipolar cycloaddition,
electrophilic, and nucleophilic reaction (Bailey, 1958). However, only 1,3 dipolar cycloaddition
and electrophilic reactions have been identified for direct reaction of ozone with many organics
in water (Decoret et al., 1984), whereas, the nucleophilic reaction has been proposed in only a
few cases in non-aqueous systems (Riebel et al., 1960).
On the other hand, indirect reactions of ozone in water are radical-type reactions which
occur between the HO• radicals and organic compounds present in water. The HO• radicals are
formed from both the decomposition of ozone and other direct ozone reactions.
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Figure 1.2. Oxidation reactions of organic compounds during ozonation in water.

Due to considerably high standard redox potential of HO• radicals, they react nonselectively with organic compounds, mainly by means of electrophilic addition to unsaturated
bonds, addition to aromatic rings, abstraction of hydrogen or by electron transfer. In contrast to
other conventional oxidant species such as ozone, HO• radicals are capable of oxidising almost
all organic compounds even the less reactive pollutants and non-harmful organic species. This
reaction is often called mineralisation and the end products are generally inorganic carbon, water
and inorganic ions. The rate of constants of mineralisation are usually in order of 106-109 M-1 s-1
(Buxton et al., 1988).
Prior to the start of indirect ozonation (oxidation of organic compounds in water using
ozone), it is essential that the dissolved ozone molecules get decomposed to produced HO•
radicals. The mechanism of ozone decomposition in water is quite complicated. The first model
for the spontaneous decomposition of ozone was proposed by Weiss in 1935 (Weiss, 1935).
Since that time, numerous studies have been carried out to clarify the mechanism of ozone
decomposition in water (Staehelin and Hoigné, 1982).
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The chain mechanism, which is generally accepted, for the decomposition of dissolved
ozone includes the three main steps of initiation, propagation, and termination (Sotelo et al.,
1987). The reactions that occur in each of these steps are listed below (Kasprzyk-Hordern et al.,
2003):
Initiation:
O3 + H2O → 2HO• + O2

(1.1)

O3 + HO- → O•2- + HO•2

(1.2)

Propagation:
O3 + HO• → O2 + HO•2

(1.3)

O3 + HO•2 → 2O2 + HO•

(1.4)

Termination
2HO•2 → O2 + H2O2

(1.5)

The initiation step of ozone decomposition involves two reactions of ozone with water
and hydroxide ions (HO-) to produce HO• radicals and superoxide radicals (HO•2). As it was
mentioned before, the produced radicals react very fast due to their markedly high standard
redox potential compared to conventional oxidants like ozone. Thus, the reactions in the
propagation and termination steps, which involve the participation of the radicals, occur more
rapidly in comparison with the reactions in the initiation step. It was also experimentally proved
that HO• radicals are the prevailing products in the decomposition of ozone, and their presence
accelerate the chain reactions (Buehler et al., 1984).
9

Therefore, the rate determining step (the slowest step of a chemical reaction series, which
determines the speed of the overall reaction) is the initiation step.
It is generally believed that utilization of ozone for the oxidation of organic compounds
in water has some drawbacks. First, the solubility of ozone in water is low and a part of dissolved
ozone can be changed to HO• radicals, which are non-selective oxidants (Andreozzi et al., 1996;
Legube and Karpel Vel Leitner, 1999). Second, it is almost impossible the capture all the organic
compounds in water by ozonation alone due to the slow initiation step.

1.2.2. Advanced oxidation processes
The initiation step of ozone decomposition in aqueous solution can be accelerated by
reducing the stability of ozone in water artificially. The stability of ozone in water depends on
the pH (Chu et al., 2004), temperature, chemical composition (such as, the presence of natural
organic matter (NOM) and biocarbonate/carbonate ions) (Hoigné, 1997) of water. It has been
found that the rate of the initiation step reactions can be increased by increasing the pH, or by the
application of UV radiation, hydrogen peroxide, reduced metal ions or heterogeneous catalysts,
leading to an advanced oxidation process (AOP) (von Gunten, 2003).
There are some evidences in the literature that in acidic conditions (pH < 4), the direct
reaction pathway is prevalent, while in basic environments (pH > 10), the radical-type reaction
pathway is dominant (Hoigné and Bader, 1983). However, in neutral conditions, both reaction
pathways have almost the same impact (Hoigné and Bader, 1983).
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There are three groups of chemicals that their presence can alter the rate of the
aforementioned chain reactions in non-pure water (Staehelin and Hoigné, 1985; KasprzykHordern et al., 2003). The first group is initiators (e.g. OH-, Fe2+, H2O2 or HO2-) which assist in
the formation of O•2- ion. The second category of chemicals is called promoters (e.g. R2-CH-OH,
aryl- (R), formate, O3), which take part in the regeneration of the O•2- ion from the HO• radicals.
The third class of the chemicals is the inhibitors, which are the compounds capable of consuming
the HO• radicals without regenerating the HO•2 radicals. Beside the reaction of two HO•2 radicals
with each other, the ozone decomposition chain can be terminated when HO• and HO•2 radicals
react with inhibitors. Some of the familiar inhibitors are tertiary alcohols (e.g. tert-butanol),
chloride ions, carbonate, and bicarbonate ions. Since the presence of these inhibitors retard or
stop the action of the radicals on the target organic compounds, they are called hydroxyl radical
scavengers in the literature (Guzman-Perez et al., 2012). For instance, tert-butanol reacts with
HO• radicals at a rate constant of 5 × 108 M-1 s-1 (Hoigné, 1997), which is in the range of the rate
constants of reactions between HO• radicals and organic compounds. It is evident that the direct
reaction plays the key role in the decomposition of ozone in water if the radical-type reaction is
inhibited.
In AOPs, various radical reactions are involved. The traditional AOPs involves
combinations of chemical agents (e.g. ozone, hydrogen peroxide), and auxiliary energy sources
(e.g. UV-Vis radiation, electronic current, γ-radiation, and ultrasound) to create the reactive
radicals (Meunier et al., 2006; Real et al., 2009).
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Traditional AOPs, however, present some potential drawbacks, including high cost of
operation, generation of hazardous oxidation by-products such as bromate and Nnitrosodimethylamine (NDMA), the residual of hydrogen peroxide (H2O2), the high energy
consumption of UV lamp systems, and the efficacy that is highly variable depending on the
water quality, which is particularly problematic for wastewater treatment (Andreozzi et al., 1999;
von Gunten, 2003; Canton et al., 2003; Hofbauer and Andrews, 2004). These shortcomings
indicate that new treatment technologies are required, or that traditional AOP technologies need
improving before they can mature into a viable means of treating emerging organic microcontaminants. Research into a new technique has ultimately led to a new technology concept
based on “catalytic ozonation”. Catalytic ozonation presents an alternative approach to current
AOPs because it has the potential to overcome traditional limitations associate with AOPs
(Kasprzyk-Hordern et al., 2003).

1.3. Catalytic ozonation of emerging pollutants in water
Degradation of recalcitrant emerging pollutants in water and wastewater can be achieved
using an AOP technology called “catalytic ozonation” (Guzman-Perez et al., 2011, Guo et al.,
2012). Catalytic ozonation enhances the oxidation of the organic compounds, which are difficult
to oxidize using ozonation alone under ambient temperature and pressure conditions. Compared
to the traditional AOPs, catalytic ozonation has fewer drawbacks and limitations. Catalytic
ozonation utilizes a catalyst to enhance HO• production via O3 decomposition and improves
contaminant removal compared to ozonation alone (Kasprzyk-Hordern et al., 2003).
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There are two types of catalytic ozonation depending on the nature of the catalyst:
1. Homogeneous catalytic ozonation, in which the catalysts are metal ions.
2. Heterogeneous catalytic ozonation, in which the catalysts are mainly metal oxides alone or
metals/metal oxides on solid supports.

In homogeneous catalytic ozonation processes, transition metals are applied in
combination with the ozonation process. It was reported that ozone decomposition occurs
through transition metal ions in homogeneous catalytic ozonation processes (Ahmadi et al.,
2017). High degradation efficiency and low cost are the two benefits of homogeneous catalysts.
However, the catalytic transition metal ions are difficult to recover. This drawback increases the
operating cost and causes potential secondary pollution (Nawrocki and Kasprzyk-Hordern,
2010).

1.3.1.1. Catalysts for homogeneous catalytic ozonation
Various transition metal ions such as Fe2+, Mn2+, Ni2+, Co2+, Cd2+, Cu2+, Ag+, Cr2+, Zn2+,
Ce3+ have been used as catalysts of homogenous catalytic ozonation to degrade the emerging
pollutants in water (Pines and Reckhow, 2002; Wu et al., 2008; Xiao et al., 2008; Trapido et al.,
2005; Pachhade et al., 2009; Beltrán et al., 2005; Matheswaran et al., 2007). Due to the critical
role of metal ions, they influence the rate, selectivity, and efficiency of the process.
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1.3.1.2. Proposed mechanisms for homogeneous catalytic ozonation
In homogenous catalytic ozonation, metal ions first accelerate the decomposition of
ozone to produce the O•2− ion. Then the electron of the O•2− ion is transferred to O3 to produce
O•3 and HO• radicals. This mechanism has been explained in details for a cobalt (II)
oxalate/ozone system at pH 6 (Pines and Reckhow, 2002). It was proposed that the first step in
the reaction pathway is the formation of a cobalt (II) -oxalate complex (Pines and Reckhow,
2002). Cobalt (II) oxalate is then oxidized by ozone to form cobalt (III) oxalate. It is suspected
that the site of attack is the metal center. The partial donation of electron density from oxalate to
cobalt (II) may increase the reactivity of cobalt (II) oxalate as compared to free cobalt (II). The
catalytic cycle is completed with the decomposition of cobalt (III) complex to form an oxalate
radical and cobalt (II) (Pines and Reckhow, 2002). The proposed reaction pathway for the
ozonation of cobalt (II) -monooxalate complex is shown in Figure 1.3.

3

Figure 1.3. Proposed mechanism for homogenous catalytic ozonation of oxalic acid using the
Co(II)/ O3 system (Pines and Reckhow, 2002).
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Although homogenous catalytic ozonation can remove the organic materials in water
effectively, it introduces ions into water, and causes secondary pollution. Since further
treatments are required to be conducted on the products to capture the secondary pollutants, it
imposes relatively high additional cost.

Heterogeneous catalytic ozonation has recently been attracting increasing interest due to
its potentially higher effectiveness in the degradation, more mineralization of refractory organic
pollutants, and fewer negative impacts on water quality (Yang et al., 2009a; Rosal et al., 2010a;
Chetty et al., 2012; Sui et al., 2012). Heterogeneous catalysts have some unique characteristics
such as higher stability, lower loss, and the capability to be recycled and re-used without further
treatment (Guo et al., 2012). The efficiency of a heterogeneous catalytic ozonation strongly
depends on the catalyst and its surface properties as well as the pH of the solution (KasprzykHordern et al., 2003). It was found that the pH of the solution affects the properties of the active
sites on the surface of the catalyst, and consequently influences the ozone decomposition
reactions in water (Kasprzyk-Hordern et al., 2003).
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The choice of catalyst is the most critical parameter that can significantly alter the
efficiency of the process. Several effective catalysts including metal oxides (e.g. MgO (Moussavi
and Mahmoudi, 2009), Co3O4 (Anipsitakis et al., 2005; Guo et al., 2013), ZnO (Zhai et al.,
2010), TiO2 (Song et al., 2010), Al2O3 (Sharma et al., 2010; Guzman-Perez et al., 2012;
Keykavoos et al., 2013)), and metal or metal oxides on supports (e.g. Pr/Al2O3 (He et al., 2010),
Co/Al2O3 (Beltrán et al., 2003), Au/Bi2O3 (Anandan et al., 2010), MnOx/MWCNT (Sui et al.,
2012), TiO2/silicagel (Yang et al., 2009b), TiO2/Al2O3 (Beltrán et al., 2004)) have been
identified in the literature.

1.3.2.1. Metal oxides for of heterogeneous catalytic ozonation
Both physical and chemical properties of metal oxides have impact on the efficiency of
the catalyst. The physical properties mainly include surface area, pore size, and surface charge,
while the chemical properties mainly include chemical stability and active surface sites. Distinct
catalytic activities have been reported for several metal oxides in the literature, such as Al2O3 (Qi
et al., 2009; Ernst et al., 2004; Kasprzyk-Hordern et al., 2006), MnO2 (Dong et al., 2009; Tong et
al., 2003), TiO2 (Rosal et al., 2009; Beltrán et al., 2005), ZnO (Huang et al., 2005; Zhai et al.,
2010), and FeOOH (Zhang and Ma, 2008; Sui et al., 2010).

1.3.2.2. Metal or metal oxides on support for heterogeneous catalytic ozonation
The activity of a supported catalyst is affected by the choice of the support, the active
components of the catalysts, and the preparation of the catalysts.
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•

The support of a heterogeneous catalyst should be selected to meet the
requirement of an appropriate support (e.g. effective surface area, suitable pore
structure, relatively high mechanical and thermal stabilities), and play the role of
active centre. Some of the catalyst supports that have commonly been used are
TiO2, Al2O3, clay, and activated carbon (AC). Since AC is used nowadays in
water and wastewater treatment as an adsorbent, it is a very logical first choice
substrate to be used in catalytic ozonation. Research suggests that although the
reaction between ozone and AC takes place on the AC surface, HO• is present in
the bulk aqueous phase, leaving it free to react with other dissolved species
(Kasprzyk-Hordern et al., 2003). Recent research also showed that AC is
favourable due to its high surface area, basic surface functionalities (such as –OH
and –NH2), and is the most effective support (Alvárez et al., 2006). In addition,
past studies indicated that the reaction takes place between O3 and the unpaired π
electrons of the AC’s grapheme plains (Sanchez-Polo and Rivera-Utrilla, 2003).

•

The active component affects the efficiency of a heterogeneous catalyst. A high
activity would be achieved if noble metals are placed on the supports. However,
transition metals have generally been used due to their low cost, high thermal
stability, and moderate mechanical strength, although they have lower activity
compared to the noble metals. Fe, Co, Mn, Cu, Ni have been recently used as the
active component of a catalyst (Leitner et al., 2000; Zhao et al., 2009a,b; Sui et
al., 2011; Beltrán et al., 2005; Rosal et al., 2010a,b; Fu et al., 2002; Skvortsova et
al., 2012; Xing et al., 2008; Beltrán et al., 2009a; Zhang et al., 2011). The results
present excellent activity during the ozone decomposition.
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•

Appropriate preparation method is an essential factor in designing a catalyst
because the structure and dispersion of the catalysts depends on the preparation
method. Therefore, enhanced catalytic activity is the result of appropriate catalyst
preparation (Leitner et al., 2000; Zhao et al., 2009a,b; Sui et al., 2011; Beltrán et
al., 2005; Rosal et al., 2010a,b; Fu et al., 2002; Skvortsova et al., 2012; Xing et
al., 2008; Zhang et al., 2011).

1.3.2.3. Proposed mechanisms of heterogeneous catalytic ozonation
Three phases of gas, liquid, and solid are involved in heterogeneous catalytic ozonation.
Furthermore, the catalytic process depends on the kind of catalysts, the target pollutants, and the
pH value of the solution. Due to these complexities, it is quite difficult to determine the
mechanism which controls the process.
Although some researchers have conducted several studies about the heterogeneous
catalytic system, there is still a great deal of conflicting conclusions. The results of some of the
notable research are presented in this section.
Two probable pathways of the heterogeneous catalytic ozonation can be speculated
(Zhang et al., 2008): (1) enhancing HO• generation from aqueous ozone and (2) forming surface
complexes between the functional (e.g. carboxylic) groups of the pollutants and the surface metal
sites of the catalyst, which renders the coordinated pollutants more reactive towards molecular
ozone. The details of the two representative mechanisms are elaborated below.
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1. Interfacial reaction mechanism: In this mechanism, the main function of a catalyst is to
act as an adsorptive material. The mechanism occurs in two ways: First, a catalyst uses its
large surface to adsorb and remove the organic pollutants from water. Second, a catalyst
provides active adsorptive site and combine with the target molecules to form active
complexes with lower activation energy. All of these facilitates the oxidation of the
pollutants by dissolved ozone or HO• in solution. Then, the intermediates can be further
oxidized at the surface of the catalyst or desorbed to the aqueous solution to be oxidized
by ozone or HO•. It was proposed that the catalyst would behave only as adsorbent (MeOH), and ozone and hydroxyl radical would be the oxidant species (Legube and Karpel
Vel Leitner et al., 1999). In this mechanism, initial organic compound would firstly be
adsorbed on the surface of catalyst. The ozone or hydroxyl radical would then oxidize the
surface complex to give oxidation by-products, which could be either desorbed in
solution or still stay adsorbed at the surface of catalyst. The mechanism is shown in
Figure 1.4. Therefore, in this mechanism the catalysts essentially act as adsorptive
materials; they only combine with organics to form the chelate that can be degraded by
ozone or HO• radical easier. This mechanism is only valid for the catalytic ozonation
system with good adsorptive properties. However, some heterogeneous catalytic
processes, which show poor adsorptive ability, are difficult to be explained by this
mechanism.
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Figure 1.4. The mechanism for adsorption on catalyst and oxidation by ozone or HO radical of
adsorbed organic (Legube and Karpel Vel Leitner et al., 1999).

2. HO• mechanism: In this mechanism, it is proposed that the metal oxide catalysts would
be able to increase the solubility of ozone and initiate the ozone decomposition. This
mechanism speculates that surface hydroxyl groups of metal oxides contribute to the
formation of HO•. Soluble ozone in aqueous solution is firstly adsorbed on the surface of
the catalyst, and then a series of radical chain transfers occur to generate HO•, which have
a high oxidation potential and can oxide the organic pollutants in wastewater. This
mechanism can explain catalytic ozonation systems with poor adsorptive ability. Figure
1.5 depicts this mechanism.
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Figure 1.5. The possible mechanism for HO• or other radical species generation by reaction of
ozone with reduced metal of catalyst (Legube and Karpel Vel Leitner et al., 1999).

It was also proposed that in this mechanism, the catalyst would react with both ozone and
adsorbed organics (Legube and Karpel Vel Leitner et al., 1999). First, ozone would
oxidize metal, which could lead to HO• radical generation. Organic compounds would be
adsorbed on oxidized catalyst and then be further oxidized by an electron-transfer
reaction to reduced catalyst. The organic radical species A• would be then easily desorbed
from catalyst and subsequently oxidized by HO• or O3 in the bulk solution (Figure 1.5).
It was later suggested that the adsorption of organics on the catalyst’s surface would not
be necessary to provide the catalytic effect, and dissolved organic carbon (DOC)
adsorption would probably inhibit the effect due to an overlaying of hydroxyl groups
(Ernst et al., 2004).
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As can be seen in Figure 1.6, the dissolved ozone adsorbs first on the catalyst’s surface
and then decomposes rapidly due to the presence of hydroxyl surface groups. Due to the
decomposition of ozone, active atomic oxygen is produced and reacts with alumina
hydroxyl surface groups to form O2H− anions which subsequently can react very fast with
another O3 to form O2H radicals or the O2H radicals can be produced directly. This
radical reacts subsequently with another ozone molecule to generate an O3− radical. The
O3− radical decomposes into oxygen and a free HO• radical which can oxidize organic
compounds either in solution or on the surface or in a thin film layer above the surface of
the catalyst (Figure 1.6).
Thus, when the interfacial reaction occurs during the process of degradation of the
pollutants by heterogeneous catalytic ozonation, the characteristics of organics play a
decisive role. The pH of solution affects the adsorption of organic pollutants on the
catalyst surface. Since the adsorption is the rate controlling step of the interfacial
reactions, it determines the extent of removal of the organic pollutants. Thus for HO•
mechanism, the activity of catalysts is related to the surface properties of metal oxides,
particularly the surface Lewis acid sites.
It should be noted that there is currently debate over whether catalyst surfaces truly
behave as catalysts for HO• production during ozonation. This term was adopted during
early research into the phenomena, and more recent research suggests AC does not
behave as a catalyst (i.e., it is consumed during the reaction) because of reports that it
loses functionality over time and repeated reactions (Sanchez-Polo and Rivera-Utrilla,
2003; Sanchez-Polo et al., 2005).
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Figure 1.6. Suggested reaction mechanism during catalytic ozonation with Al2O3 (Ernst et al.,
2004).

1.4. Knowledge gaps
Although numerous investigations have been carried out on the heterogeneous catalytic
ozonation of emerging pollutants over the recent years, there still exist several knowledge gaps
in the literature. This section seeks to list some of the broad knowledge gaps:
•

Although the deposition of some metals (e.g. Fe, Ce, and Mn) on MCM-41 showed
an improvement in the performance of MCM-41 (Lan et al., 2013; Bing et al., 2013),
there is almost no evidence on the introduction of metal ions, metal oxides and metal
complexes into Fe-MCM-41 to obtain modified-mesoporous materials with catalytic
properties.
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•

There is still debate over the mechanism of catalytic ozonation, and how the catalyst
gets involved in the process. Some researchers believe that the presence of the
catalyst enhances the generation of •OH from aqueous ozone while others believe that
surface complexes are formed between the pollutant molecules and the surface metal
sites of the catalyst, which renders the coordinated pollutants more reactive towards
molecular ozone. The mechanism of catalytic ozonation in the presence of MCM-41
and Fe-MCM-41 has been rarely studied.

•

The performance of catalysts in pure water and natural water matrices are not wellunderstood.

1. According to the literature, complete degradation of a model organic compound (pchlorobenzoic acid) and high mineralization could be achieved by catalytic ozonation
in the presence of Fe-MCM-41 (Lan et al., 2013). Therefore, it was hypothesized that
the modification of MCM-41 by the substitution of iron in its molecular framework
would improve the removal of the representative organic pollutants (OA and IBU) in
water in a catalytic ozonation process.
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2. It was reported that among the transition metals, manganese and cerium oxides
presented excellent catalytic activity for degradation of organic pollutants once they
are deposited on various supports such as activated carbon and SBA-15 (Sun et al.,
2014; Yan et al., 2013; Bing et al., 2013). Therefore, it was hypothesized that loading
the support (MCM-41 and Fe-MCM-41) with active metals of manganese (Mn) and
cerium (Ce) would enhance the catalytic activity of the catalyst.
3. Since the proportions of metal oxides could possibly affect the activity of the
catalysts, it was hypothesized that there is an optimum loading of active metal oxides
leading to achieve the highest elimination of the representative organic pollutants.
4. It was reported that the surface acidity and catalytic activity of molecular sieve
materials such as MCM-41 are often improved by the incorporation of foreign atoms
such as iron into their frameworks (Kawabata et al., 2005; Li et al., 2012). Based on
that, it was hypothesized that the mechanism of catalytic ozonation would be different
for MCM-41 and Fe-MCM-41.
5. Since both OA and IBU have an organic nature, it was hypothesized that for a
particular catalyst (MCM-41 or Fe-MCM-41), the mechanism of catalytic ozonation
would be the same for both OA and IBU.
6. According to the literature, water matrix properties such as pH and the presence of
phosphates, humic acids and hydroxyl radical scavengers affect the catalytic activity
of catalysts and the mechanism of catalytic ozonation (Sui et al., 2010; Ikhlaq et al.,
2012, 2014). Therefore, it was hypothesized that the performance of catalytic
ozonation would be different in different water matrices.
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The principal objective of this research has been to investigate the validity (or the lack) of
the mentioned hypotheses, particularly that the application of the support Fe-MCM-41 loaded
with active metals of Mn and Ce in a catalytic ozonation process enhances the removal of the
representative organic pollutants in water. In order to achieve the main objective, the following
specific sub-objectives have been pursued:
1. The evaluation of the performance of three heterogeneous catalysts (Mn/ MCM-41,
Ce/ MCM-41, and Mn, Ce/ MCM-41) on the removal of a model organic pollutant.
2. The evaluation of the performance of three heterogeneous catalysts (Mn/ Fe-MCM41, Ce/ Fe-MCM-41, and Mn, Ce/ Fe-MCM-41) on the removal of a model organic
pollutant.
3. Investigation of the performance of the most effective catalysts determined from the
sub-objectives 1 and 2 in catalytic ozonation of OA in different pH and water
matrices.
4. Investigation of the performance of the most effective catalysts determined from the
sub-objectives 1 and 2 in catalytic ozonation of IBU in different pH and water
matrices.
5. Derivation of a kinetic model to determine the reaction rate constants.
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1.5. Organic contaminants and catalysts of interest
The two organic pollutants of interest in this thesis are IBU and OA as the representative of
parent organic contaminants and recalcitrant end-product of ozonation.
IBU is a nonsteroidal drug, which is widely used for relieving pain, treating fever, and reducing
inflammation. IBU with molecular formula of C13H18O2 and molar mass of 206.29 g/mol is
practically soluble in water (solubility in water: 0.021 mg/mL at 20 °C). 70 to 80% of IBU is
excreted as the parent compound or major metabolites (e.g. hydroxyibuprofen and
carboxyibuprofen) during metabolism, and all of them are toxic and relatively persistent (halflife of about 32–50 d) (Ashton et al., 2004) in water. Sewage treatment can remove significant
amount (75-98%) of this pharmaceutical (Waiser et al., 2011). However, widespread
consumption of IBU has caused its regular detection in surface water such as in Wascana Creek,
Saskatchewan, Canada, at levels above analytical detection limits (e.g. 0.21-1.05 μg/L) (Waiser
et al., 2011). This was identified as a potential risk to aquatic biota in the creek (Waiser et al.,
2011). Therefore. IBU was selected as an organic compound of interest in this research.
Although ozonation is promising in oxidation of numerous organic compounds such as IBU, its
application leads to partial oxidation of the parent organic compound and the generation of
recalcitrant carboxylic acids. OA is often the major generated carboxylic acid after ozonation,
which is not oxidized with ozone alone. Therefore, OA was selected as the second organic
compound of interest in this research.
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Mobil Composition of Matter No. 41 (MCM-41) is one of the several catalysts, which have been
reported to be effective for the degradation of organic contaminants in water in the presence of
ozone (Lan et al., 2013; Jeirani and Soltan, 2016) due to its unique characteristics such as high
surface areas, well defined pore structures, and tunable pore sizes. In addition, the incorporation
of iron in the framework of MCM-41 has been proved to enhance the surface acidity and
consequently catalytic activity of the catalyst (Kawabata et al., 2005; Li et al., 2012). For
instance, iron substituted MCM-41 (i.e. Fe-MCM-41) was introduced as an effective catalyst for
catalytic ozonation of organic pollutants (Lan et al., 2013; Jeirani and Soltan, 2017) such as pchlorobenzoic acid and oxalic acid. Therefore, MCM-41 and Fe-MCM-41 were selected as the
two catalysts of interest in this research.

1.6. Organization of the thesis
Organization of this Ph.D. thesis is aligned with the guidelines for manuscript-based
thesis of University of Saskatchewan. In this regard, discussions have been presented as a series
of journal manuscripts rather than analysis of raw experimental data for the first time. The main
portion of the thesis is the compilation of publications out of the research work carried out over
the span of the project. Manuscripts were mostly drafted and submitted to journals for peer
review prior to their publications following the completion of the various stages of the project.
As of the time of writing of this thesis, the manuscripts presented in chapters 1, 2, 3 have been
published in recognized journals. It is intended that manuscripts for chapters 4, 5 and 6 be
prepared and submitted for review and possible publication.
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In the beginning of each manuscript-based chapter, the contributions of the paper in the
overall study as well as the contribution of the Ph.D. candidate have been discussed. This section
is also used to make a connection between the previous chapter for more clarity and
cohesiveness of the thesis.
Chapter 1 provides the introduction and thesis outline while chapter 7 is allocated to the
main conclusion of thesis in line with the main objective of the work. From chapter 2 to 6, each
chapter is allocated to investigation of one-subjective. In other words, chapters 2 to 6 reflect the
research related to sub-objectives 1 to 5, respectively. Since one paper was prepared from each
sub-objective, each chapter is an individual paper with some addition to or deletion from the
original paper to maintain coherency of the thesis content. The manuscript content of the thesis is
explained in section 1.6 in details. Each chapter contains its relevant introduction, literature
review, methodology, results and discussion and conclusions. Chapter 7 contains the overall
research conclusions in line with the main research objective. Furthermore, some
recommendations for future work are listed in chapter 7. Finally, the list of references for the
entire thesis as well as the relevant supplementary materials are presented in the references and
appendices sections, respectively.

1.7. Manuscript content of the thesis
The specific topic of each chapter and the way in which it addresses the overall
objectives of the thesis are detailed below. It should be noted that the use of manuscript-based
thesis may result in overlapping of materials between chapters. However, great attempts have
been made to minimize such potential redundancies.
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As it was mentioned before, the main objective of the thesis is to investigate the validity
(or the lack) of the mentioned hypotheses, particularly that the application of the support FeMCM-41 loaded with active metals of Mn and Ce in a catalytic ozonation process enhances the
removal of the representative organic pollutants in water. After an introduction in chapter 1, the
five sub-objectives of the thesis are addressed in a chapter from chapters 2 to 6. Details
information in this regard is provided below.
Chapter 1 compiles an introduction to the concepts of emerging pollutants as well as
treatment processes for the elimination of the organic contaminants. In particular, ozonation and
advanced oxidation processes are explained in details. The materials in section 1.1 are taken
from the published paper of “Adsorption of emerging pollutants on activated carbon”, Reviews
in Chemical Engineering 33(5) (2017) 491-522. The document has been reformatted from the
original version for inclusion in the thesis. The rest of contents of the paper are not included in
this chapter since they are out of thesis scopes. Instead, section 1.2 is added to this chapter to
provide more information about treatment process, and to ensure clarity and cohesiveness of
thesis. The Ph.D. candidate conducted a comprehensive literature review, tabulated and
compared the reported data in the literature as well as prepared the drafts of a report and a
manuscript. Dr. Soltan and Dr. Niu provided comments on the report and revised the manuscript.
Furthermore, chapter 1 outlines a literature review on different types of catalytic ozonation
process, their different catalysts and degradation mechanisms. The knowledge gaps, hypotheses,
overall research objectives and sub-objectives, organization of the thesis, and manuscript content
of the thesis are also included in this chapter.
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Chapter 2 deals with the first sub-objective of thesis, which is “The evaluation of the
performance of three heterogeneous catalysts (Mn/ MCM-41, Ce/ MCM-41, and Mn, Ce/ MCM41) on the removal of a model organic pollutant”. Catalysts were prepared by loading various
fractions of manganese and cerium oxides on MCM-41. The performance of each catalyst was
examined by its application in a catalytic ozonation treatment for removal of oxalic acid. Twofactor design was then used to estimate the optimum loads of active metal oxides. The impacts of
the proportions of metal oxides on the activity of the catalysts were also investigated. In addition,
leaching of manganese and cerium oxides was studied. The contents of this chapter are taken
from the published paper of “Ozonation of oxalic acid with an effective catalyst based on
mesoporous MCM-41 supported manganese and cerium oxides”, Journal of Water Process
Engineering 12 (2016) 127-134. The document has been reformatted from the original version
for inclusion in the thesis. Sub-section 3.4.8 is added to this chapter to provide more information
about leaching of manganese and cerium oxides, and to ensure clarity and cohesiveness of thesis.
The Ph.D. candidate prepared catalysts, designed the experimental set-up, ordered the chemicals
and equipment, installed and calibrated the equipment, carried out the experiments, analyzed the
experimental data, and prepared a manuscript. As the supervisor, Dr. Soltan provided advices on
each step of the research and revised the manuscript.
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Chapter 3 presents the second sub-objective of thesis, which is “The evaluation of the
performance of three heterogeneous catalysts (Mn/ Fe-MCM-41, Ce/ Fe-MCM-41, and Mn, Ce/
Fe-MCM-41) on the removal of a model organic pollutant”. In this study, catalysts were
prepared by loading various fractions of manganese and cerium oxides on Fe-MCM-41.
Catalytic ozonation experiments were conducted to evaluate the performance of each prepared
catalyst for removal of oxalic acid. The iron content and the fractions of active metal oxides
loadings were optimized. The role of catalysts on the mechanism of the catalytic ozonation
process was then studied. In addition, the leaching of iron, manganese and cerium oxides was
estimated. The contents of this chapter are taken from the published paper of “Improved
formulation of Fe-MCM-41 for catalytic ozonation of aqueous oxalic acid”, Chemical
Engineering Journal 307 (2016) 756-765. The document has been reformatted from the original
version for inclusion in the thesis. Sub-section 4.4.8 is added to this chapter to provide more
information about leaching of iron, manganese and cerium oxides, and ensure clarity and
cohesiveness of thesis. The Ph.D. candidate prepared catalysts, designed the experimental set-up,
ordered the chemicals and equipment, installed and calibrated the equipment, carried out the
experiments, analyzed the experimental data, and prepared a manuscript. As the supervisor, Dr.
Soltan provided advices on each step of the research and revised the manuscript.
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Chapter 4 covers the third sub-objective of the thesis, which is “Investigation of the
performance of the most effective catalysts in catalytic ozonation of OA in different pH and
water matrices”. The most effective catalysts were determined from the results of the first and
second sub-objectives in the two previous chapters. Based on the performance, leaching and
stability of the prepared catalysts in the previous steps, MCM-41 and Fe-MCM-41 were selected
as the most effective catalysts for further stability and performance studies. The effects of pH,
hydroxyl radical scavengers, phosphates and humic acid on the degradation efficiency of OA by
catalytic ozonation in the presence of MCM-41 and Fe-MCM-41were investigated in this
chapter. Based on the results, the reaction mechanism was then predicted. Furthermore, the
stability and reusability of both catalyst in multiple catalytic ozonation experiments were studied.
The contents of this chapter are taken from the ready-to-be-submitted paper of “Catalytic
ozonation of oxalic acid in the presence of modified MCM-41 and Fe-MCM-41 in different
water matrices”. The paper will be submitted shortly after the submission of thesis. The
document has been reformatted from the original version for inclusion in the thesis. The Ph.D.
candidate prepared catalysts, designed the experimental set-up, ordered the chemicals and
equipment, installed and calibrated the equipment, carried out the experiments, analyzed the
experimental data, and prepared a manuscript. As the supervisor, Dr. Soltan provided advices on
each step of the research and revised the manuscript.
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Chapter 5 addresses the fourth sub-objective of thesis, which is “Investigation of the
performance of the most effective catalysts determined from the sub-objectives 1 and 2 in
catalytic ozonation of IBU in different pH and water matrices”. The identical experimental
procedure conducted in chapter 4 for OA was repeated for IBU in this chapter. The contents of
this chapter are taken from the ready-to-be-submitted manuscript of “Stability and activity of
MCM-41 and Fe-MCM-41 catalysts in catalytic ozonation of ibuprofen in water”. The paper will
be submitted shortly after the submission of thesis. The document has been reformatted from the
original version for inclusion in the thesis. The Ph.D. candidate prepared catalysts, designed the
experimental set-up, ordered the chemicals and equipment, installed and calibrated the
equipment, carried out the experiments, analyzed the experimental data, and prepared a
manuscript. As the supervisor, Dr. Soltan provided advices on each step of the research and
revised the manuscript.
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Chapter 6 presents the last sub-objective of thesis, which is “Derivation of a kinetic
model to determine the reaction rate constants”. A kinetic model was developed by mass balance
of consumed ozone and total organic carbon (TOC) degradation. Then the rate constants of
ozonation and catalytic ozonation in the presence of MCM-41 and Fe-MCM-41 for both OA and
IBU at different pH values were estimated. The obtained rate constants for the homogeneous and
heterogeneous reactions were then compared with the data in the literature. The contents of this
chapter are taken from a ready-to-be-submitted paper of “Kinetics of catalytic ozonation of
ibuprofen and oxalic acid in a semi-batch slurry reactor”. The paper will be submitted shortly
after the submission of thesis. The document has been reformatted from the original version for
inclusion in the thesis. The Ph.D. candidate prepared catalysts, designed the experimental set-up,
ordered the chemicals and equipment, installed and calibrated the equipment, carried out the
experiments, analyzed the experimental data, developed a kinetic model, and prepared a
manuscript. As the supervisor, Dr. Soltan provided advices on each step of the research and
revised the manuscript.
Chapter 7 contains the main conclusions related to the study of each sub-objective of
thesis as well as the overall research conclusion in line with the main research objective. It
should be noted that the detailed conclusions of sub-objectives 1 to 5 of thesis are presented at
the end of chapters 2 to 6, respectively. Some recommendations or directions for future research
are also provided in chapter 7.

35

References for the entire thesis were then listed prior to appendices. The research
outcome, which are both journal publications and refereed conference presentations are given in
Appendix A. Blank tests of the experimental set-up and the calibration curves for the peristaltic
pump, TOC analyzer and HPLC instruments were provided in Appendix B. Finally, permission
to use for all the three published papers are presented in Appendix C.
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CHAPTER 2
Ozonation of oxalic acid with an effective catalyst based on mesoporous
MCM-41 supported manganese and cerium oxides

Contribution of this chapter to overall study
This chapter covers the first sub-objective of the thesis, which is “The evaluation of the
performance of three heterogeneous catalysts (Mn/ MCM-41, Ce/ MCM-41, and Mn, Ce/ MCM41) on the removal of a model organic pollutant”. Preparation and characterizations of catalysts
are provided in this chapter. The support of all the prepared catalysts in this chapter is MCM-41.
The experimental set-up and the degradation efficiency of OA in catalytic ozonation process in
the presence of each catalyst are also explained. In addition, response surface methodology is
used to estimate optimum loadings of cerium and manganese oxides on MCM-41. Furthermore,
the effects of the loading of metal oxides on the activity of the catalysts as well as leaching of the
metal oxides are discussed.
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2.1. Abstract
In this chapter, the preparation of mesoporous catalysts and deposition of various
fractions of manganese and cerium oxides on the prepared MCM-41 are presented. The prepared
catalyst samples presented uniform hexagonal pore structure in XRD, BET, and TEM
characterization tests. The application of supported catalysts in the presence of ozone was found
to be remarkably effective in elimination of oxalic acid in water with a conversion as high as 76
to 92%, compared to ozonation (10% removal), adsorption (20% removal), and catalytic
ozonation using the support alone (56% removal). It was shown that the main portion of OA was
degraded through reaction with hydroxyl radicals, which were generated by the application of the
catalysts. In addition, the investigation of the activity of catalysts at various loadings of
manganese and cerium oxides on the support showed that cerium oxide alone is more effective
than manganese oxide alone. However, the co-deposition of cerium oxide on a surface preloaded
with fixed amount of manganese oxides led to mutual interactions, affecting the activity of the
catalysts. At fixed loading of manganese oxides, the rate of degradation of oxalic acid was found
to be much higher in the absence of any cerium oxide on the surface than high cerium oxide
concentration. At optimum metal oxides proportions, the highest total organic carbon removal
(90.3%) was achieved.
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2.2. Introduction
Various kinds of emerging pollutants such as pesticides, pharmaceuticals and personal
care products (PPCPs), and endocrine disrupting chemicals (EDCs) have been detected in water
at concentrations that may pose a risk to aquatic organisms and public health (Palma et al., 2004;
Kümmerer, 2004; Jasim et al., 2006; Waiser et al., 2011). Therefore, it is important to devise an
effective and feasible technology to remove the organic pollutants from water.
Ozonation treatment is one of the promising technologies, which has been used in
oxidation and destruction of a wide variety of organic pollutants in water and wastewater (Zhou
and Smith, 2002; Jeirani et al., 2015). However, ozonation can lead to partial oxidation of
organic compounds (Alvares et al., 2001) and accumulation of recalcitrant and possibly more
toxic end-products (von Gunten, 2003). Degradation of recalcitrant organic pollutants in water
and wastewater requires the application of an advanced oxidation process (AOP) such as
catalytic ozonation (Sun et al., 2014; Guzman-Perez et al., 2012; Guo et al., 2012).
Catalytic ozonation enhances the oxidation of the aqueous organic compounds, which are
difficult to oxidize using ozonation alone. Catalytic ozonation utilizes a catalyst to enhance the
generation of free radicals through ozone decomposition. An increased free radical concentration
yields higher removal of organic contaminants, compared with ozonation alone (KasprzykHordern et al., 2003).
The efficiency of a heterogeneous catalytic ozonation substantially depends on the choice
of the catalyst. Activity of a supported catalyst is strongly affected by the choice of the support,
the active components of the catalysts, and the preparation of the catalysts.
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Some of the catalyst supports that have commonly been used in catalytic ozonation are
TiO2, Al2O3, clay, MCM-41, SBA-15 and activated carbon (AC). The recent discoveries of
various mesoporous molecular sieves such as MCM-41 have brought a new aspect to the design
of catalysts due to the flexibility they offer in fine-tuning pore diameters during their synthesis.
Their potential is currently under study in a variety of catalytic applications such as catalytic
ozonation. In addition, the unique properties of the molecular sieve materials including high
surface area, large and uniform mesoporous channels make them effective adsorbents (Cooper
and Burch, 1999) and catalysts (Nowak et al., 2002; Lan et al., 2013) in the ozonation of organic
compounds in water. Therefore, MCM-41, as a typical mesoporous molecular sieve, was selected
as the support of the catalyst in this study.
The active component also affects the efficiency of a heterogeneous catalyst
significantly. The oxides of transition metals such as Fe, Co, Mn, Cu, Ni, and Ce have generally
been used as the active component of a catalyst due to their low cost, high thermal stability, and
moderate mechanical strength (Rosal et al., 2010a; Skvortsova et al., 2012). Among them,
manganese and cerium oxides loaded on MCM-41 have presented improved activity during
ozone decomposition (Sui et al., 2011; Bing et al., 2013). However, the performance of the
mesoporous MCM-41 supported combined manganese and cerium oxides in catalytic ozonation
for the removal of organic contaminants in water has not been studied. In particular, it is unclear
if the simultaneous introduction of the two metal oxides on the support would cause synergy
leading to an enhancement or reduction of the catalytic activity of the catalyst.
Therefore, this study aims to evaluate performance of a modified-mesoporous material in
degradation of aqueous organic pollutants by loading two transition metal oxides on a
mesoporous support, and investigating the possible synergy of the two metal oxide loadings.
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Therefore, this study aims at preparation, characterization, and application of the supported
catalysts (Mn, Ce/ MCM-41) with different loadings of the active metal oxides in catalytic
ozonation of a representative recalcitrant organic pollutant in water. The main objective of this
study is to investigate the activity of the prepared catalysts in order to determine the optimum
loadings of the metal oxides, which lead to the maximum removal of the organic pollutant.
Response surface methodology (RSM) was applied in this study to facilitate the investigation of
the simultaneous effect of the two metal oxides loadings on the activity of the catalyst.

2.3. Methodology
Details of methodology are provided in the following sub-sections.

Mesoporous siliceous MCM-41 molecular sieve was prepared by aging Ludox HS-40 in
cetyl-trimethyl-ammonium bromide (CTAB) under hydrothermal conditions as reported
elsewhere (Sayari et al., 1997; Reddy et al., 2002).
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Typically, 35 g of Ludox HS-40 was added to 14.55 mL of water under stirring, and 18.2
mL of 25% tetra-methyl-ammonium hydroxide solution was added. Independently, 18.25 g of
CTAB was dissolved in 33 mL of water, and subsequently, 7 mL of 28% ammonium hydroxide
solution was introduced. Finally, the above two solutions were mixed together, and the final
mixture was stirred for 30 min and then transferred into a Teflon®-lined autoclave for
hydrothermal treatment at 90 °C for 3 days. The resulting solids were filtered, washed, dried and
calcined at 540 °C for 5 hours under airflow at about 2 °C/min ramping rate. The synthesized
MCM-41 was used as the support of the catalyst in this study.
Manganese-cerium loaded MCM-41 (Mn, Ce / MCM-41) was prepared by dry
impregnation method using manganese acetate (Mn(CH3COO)2.4H2O) and cerium nitrate
(Ce(NO3)3.6H2O) as manganese and cerium precursors, respectively. Appropriate amounts of the
salts were dissolved in water for dry impregnation process. The solution was mixed with the
support, air-dried, and calcined at 450 °C for 3 hours under airflow at about 2 °C/min ramping
rate.

A schematic of the experimental set-up of catalytic ozonation reactions is presented in
Figure 2.1. The reactions were conducted in a semi-batch reactor. The reaction solution was
stirred with a magnetic stirrer with agitation speed of 600 rpm.
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Figure 2.1. A schematic diagram of the experimental setup for the catalytic ozonation
experiments.

A peristaltic pump (Model 72-320-000, Thermo-Scientific) was used to circulate water
from the reactor to the aqueous ozone analyzer (Model UV-106-W, 2B Technologies, Inc.). A
filter (stainless steel Tee-type particulate filter, 3/8 in. Swagelok tube fitting, 15 Micron pore
size) was used before the pump to avoid the entrainment of catalyst particles from the reactor.
Ozone was generated by a laboratory ozone generator (Model OZV-8S, Ozone Solutions Co.)
from pure oxygen and injected into the water in the reactor at a specific experimental condition
(69.5 L h-1 gas flow rate and 21.8 ppm ozone concentration in the feed gas) in all experiments
unless it is stated otherwise. The effluent gas stream was passed through a gas phase ozone
analyzer (Model 465M, Teledyne Advanced Pollution Instrumentation) and then an ozone
destruction unit.
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A pH probe (Model PHE-1311, Omega®) was used to monitor pH of the reaction
medium. The pH, the concentrations of ozone in water and the gas leaving the reactor, were
recorded by a data logging system (NI USB6002 analog input module and Labview software).

The semi-batch reactor was initially filled with 995 mL of Milli-Q water, and ozone was
bubbled into the water to reach stable concentration. Under this condition, the concentrations of
ozone in liquid and gas phases became stable at 6.4 ppm and 14.5 ppm, respectively. At t = 0, 0.4
g of the prepared catalyst powder and 5 mL of the OA stock solution were added to the reactor.
At selected time intervals (0, 2, 5, 10, 15, 20, and 30 min), a sample of 10 mL of the
reaction mixture was taken from the reactor, and mixed with 200 µL sodium thiosulphate in a
vial to quench the ozone reaction. The amounts of TOC (total organic carbon) at each time
interval were measured and recorded. The changes in the dimensionless number for the total
organic carbon (TOC/TOC0) by time was then plotted.
The aforementioned method was used to carry out adsorption and ozonation alone.
However, in the former oxygen was injected instead of ozone, while in the latter no catalyst was
added to the reaction solution.
Tert-Butanol (TBA) as a strong radical scavenger was also used to study the
contributions of free radicals and molecular ozone in the oxidation process. Thus all catalytic
ozonation experiments were repeated in the presence of 50 ppm TBA.
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The total organic carbon of the samples was measured using TOC-L Shimadzu TOC
analyzer.
The low-angle X-ray diffraction (XRD) measurements of the support samples were
carried out using Cu Kα radiation in the 2θ ranges of 2 to 10° on a Bruker D8 Advance Powder
diffractometer.
The N2 adsorption-desorption isotherms of the supports were also attained at 77 K on a
Micromeritics ASAP 2000 instrument. The surface area was estimated by the BET method. The
pore size distribution, pore volume, and average pore diameter were determined by the BarrettJoyner-Halenda (BJH) method.
Electron microscopy was performed with a Philips CM10 transmission electron
microscope (Eindhoven, The Netherlands) equipped with a field emission gun and operated at
200 keV. For the measurements, sample catalyst powder was ultrasonically dispersed in ethanol
and a drop of the resulting, highly diluted suspension was applied onto a holey carbon film
supported on a copper grid.
Inductive coupled plasma mass spectrometry (Perkin Elmer NexION 300D ICP-MS) was
used to measure the amount of manganese and cerium in the catalyst samples (Mn, Ce/ MCM41).
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A specific technique of response surface methodology (RSM), called two factor design
(TFD), was applied in this study to model and optimize the removal of OA as a function of the
fractions of manganese and cerium oxides deposited on the surface of MCM-41. Design Expert
software version 8.0.6 (STAT-EASE Inc., Minneapolis, USA) was used to define and carry out
the TFD. In the TFD, a reduced cubic model was firstly developed to predict the single-response
(TOC/TOC0) as a function of the two variables (fractions of manganese and cerium oxides). The
adequacy of the model was then verified through analysis of variance (ANOVA). The model was
ultimately minimized to estimate the fractions of manganese and cerium oxides at which the
TOC/TOC0 is minimum.

2.4. Results and discussion

The XRD spectroscopy was used to study the mesoporous structure and crystalline phase
of the support MCM-41. The small angle XRD pattern of calcined MCM-41 is shown in Figure
2.2 in the interval between the 2θ values of 2 – 10°. The small-angle X-ray scattering pattern of
the calcined MCM-41 exhibited four well-resolved peaks, which is a characteristic of a wellordered mesoporous MCM-41 material (Sayari et al., 1997; Liu et al., 2013).
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The four diffraction peaks in the XRD pattern of MCM-41 materials are due to the (100),
(110), (200) and (210) reflection planes for hydrothermally-synthesized materials, indicating the
hexagonal ordered pore structure, as reported in the literature (Liu et al., 2013). In particular, the
appearance of the well-resolved higher order peaks with indices (110), (200) and (210) in the
XRD spectra illustrates the long-range order of the channel system. This superior quality of the
synthesized silica MCM-41 may stem from the enhanced condensation of the silanol groups and
the consequent polymerization of the silicate species under the hydrothermal conditions. The dspacing of the most intense (100) peak in the XRD pattern of MCM-41 was found to be 39.8 Å
by the application of Bragg’s Law. The lattice parameter (ao), which represents the distance
between two adjacent pore centers in the MCM-41-type material including the pore wall, was
also calculated to be 46.0 Å. Overall, the hexagonal structure of MCM-41 was confirmed by the
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Figure 2.2. XRD pattern for MCM-41.
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9.1

The nitrogen adsorption and desorption isotherms for the calcined MCM-41 sample is
shown in Figure 2.3. The MCM-41 sample showed typical type IV isotherm according to IUPAC
classification, and it has the textural characteristics of mesoporous solids (Vadia et al., 2013).
The isotherm of MCM-41 presented a H1 hysteresis loop at high relative pressure (P/P0 range
from 0.85 to 0.99), which has been ascribed to the presence of inter-particle porosity (Choma et
al., 2002).
The isotherm also has a visible step for a relative pressure between 0.25 and 0.45, which
indicates the condensation of nitrogen (N2) in the primary mesopores. This observation (steep
condensation) is typical for the case of ordered mesopores (Melo et al., 1999). Therefore, the
BET data proves the good structural order of MCM-41, and the quality of the product. This result
is in agreement with XRD results due to the appearance of the peaks for the three higher order
reflection planes (110), (200) and (210).
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Figure 2.3. N2 adsorption isotherm of the calcined MCM-41 sample
(Average value of error: ±5).
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In addition, it was deduced that the sample exhibited a high BET specific surface area
(1305 m2/g) and a large pore volume (1.5 cm3/g). The average BJH pore size of MCM-41 was
also found to be 3.9 nm, and therefore a wall thickness of 0.7 nm was determined by deducting
the average BJH pore diameter from lattice parameter (ao).
Figure 2.4 shows the transmission electron microscope (TEM) micrograph of a sample of
MCM-41. The TEM image provides insight into the porous framework of MCM-41. A typical
hexagonal pore structure of MCM-41 with network channels, uniform pore sizes, and long-range
ordering can be seen in Figure 2.4 as it was also confirmed by low angle XRD pattern. It was
also observed that the uniform mesopores are not necessarily running in a straight way through
the silica matrix, but they can be slightly curved, thereby retaining the hexagonal ordering. From
the TEM micrograph, the calculated pore diameter is about 4 nm, which is close to that estimated
from the nitrogen sorption isotherms.
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Figure 2.4. TEM micrograph of MCM-41.

Assuming that the fractions of manganese and cerium oxides on MCM-41 are the only
two parameters affecting the activity of the resulting catalysts for ozonation treatment under the
same operating conditions, Design Expert® software was used to design the required experiments
using TFD.
The ranges for the loadings of manganese and cerium oxides were first determined to be
from 0 to 4 wt% based on previous research in the literature (Sui et al., 2011; Bing et al., 2013).

50

Based on the defined design (number and the ranges of factors, design type, design
model, blocks, number of outputs), the design parameters were calculated and the metal loading
(the fractions of manganese and cerium oxides) of the most appropriate 16 catalysts to be
prepared for catalytic ozonation experiments were determined.

The 16 desired catalysts were first prepared by loading of MCM-41 with the determined
fractions of manganese and cerium oxides by dry impregnation method.
Several characterization techniques indicated that the characteristic features of the MCM41 support material were retained after application of manganese and cerium oxides. The
reduction of surface areas and pore volumes were almost insignificant after the metal oxides
incorporation, implying the absence of mesopore blocking in all supported catalyst samples.
TEM as well as XRD measurements confirmed that the characteristic, hexagonal structure, of the
support material is retained after manganese and cerium oxides application, indicating the
framework stability.

Adsorption and ozonation experiments were initially carried out as blank tests prior to
catalytic ozonation. Similar results were obtained experimentally for the adsorptions on the
support alone and different catalyst samples.
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Figure 2.5 compares the performance of ozonation and adsorption on a typical prepared
catalyst sample (Mn, Ce/ MCM-41; 1.74 wt% Mn, 1.74 wt% Ce) in the elimination of OA. The
adsorption results showed that approximately 20% of OA could be removed by adsorption on the
support and catalysts, and it occurred quickly in the first 2 min contact time between the catalysts
and OA. The ozonation results indicated that the removal of OA as a result of oxidation with
ozone alone occurred gradually. However, the efficiency of degradation could not exceed 8%
after 30 min reaction time. Therefore, the removal of OA by the adsorption process was found to
be more than double the ozonation process.
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Figure 2.5. Profiles of TOC/TOC0 against time for ozonation and adsorption using the catalyst
Mn, Ce/ MCM-41 with 1.74 wt% Mn and 1.74 wt% Ce.
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In the next step, the 16 catalyst samples were applied individually in a catalytic ozonation
process. Similar profiles of degradation were observed in the catalytic ozonation experiments.
Disregarding the different catalysts used, a common trend of TOC/TOC0 was observed in all 16
catalytic ozonation experiments. After a sharp decline in the first 5 min of reaction, the
TOC/TOC0 profile decreased gradually till 20 min, when no significant change was found
afterwards.
Figure 2.6 compares the profiles of TOC/TOC0 against time for the catalytic ozonation
runs using two selected loaded catalysts and the support alone. The general reduction of
TOC/TOC0 profiles with reaction time clearly shows the degradation of OA in the catalytic
ozonation experiments.

MCM-41 alone (0 wt% Mn, 0 wt% Ce)
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Figure 2.6. Profiles of TOC/TOC0 against time for the catalytic ozonation experiments using
two loaded catalyst samples and the support alone.
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Figure 2.6 shows that even the application of the support alone (MCM-41) could enhance
the removal of OA considerably. 56% OA removal was achieved by the application of only
MCM-41 in the presence of ozone. Therefore, significant amount of OA was eliminated in the
catalytic ozonation using the support alone, compared to the ozonation alone (i.e. 8%).
The 16 experimental conditions (i.e. the wt% of the manganese and cerium oxides on the
support) and the corresponding experimental degradation results (i.e. TOC/TOC0 at 30 min
reaction time) are summarized in Table 2.1. From the data, it was deduced that 76 to 92% of OA
was ultimately eliminated in the catalytic ozonation runs after 30 min reaction using different
prepared catalyst samples. Table 2.1 also indicates that the degradation of the pollutant depends
on the fractions of manganese and cerium oxides loaded on MCM-41.
Comparison of the removal of OA by adsorption (20%), ozonation (8%), and catalytic
ozonation (76-92%) in 30 min reaction time proved that the catalyst samples play a role beyond
providing surface for adsorption. In fact, the rate of oxidation of OA was accelerated when the
catalyst samples (Mn, Ce/ MCM-41) were used in the presence of ozone, and the application of
catalysts improved the extent of oxidation. Therefore, there is a synergetic effect between ozone
and the catalysts.
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Table 2.1. The experimental results on the degradation of OA in the 16 catalytic ozonation runs.
Run

Factor 1

Factor 2

Response

A: Mn

B: Ce

TOC/TOC0

wt%

wt%

1

4.00

2.78

0.13

2

0.00

0.00

0.44

3

0.00

4.00

0.10

4

3.32

1.43

0.12

5

1.32

0.44

0.21

6

2.80

4.00

0.09

7

1.40

3.26

0.08

8

2.80

4.00

0.08

9

4.00

0.00

0.16

10

4.00

0.00

0.17

11

0.00

4.00

0.09

12

2.64

0.08

0.24

13

0.00

2.12

0.08

14

1.74

1.74

0.10

15

0.00

0.00

0.45

16

4.00

2.78

0.14
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Comparison of the experimental results of catalytic ozonation in the presence and
absence of TBA demonstrates the extent of involvement of hydroxyl radicals and molecular
ozone in the degradation of OA. Since the outcome of all catalytic ozonation experiments was
the same, the application of only one of the catalyst samples is described, as an example. Figure
2.7 compares the variation of TOC/TOC0 against time in ozonation and catalytic ozonation of
OA using the catalyst Mn, Ce/ MCM-41 with 1.74 wt% Mn and 1.74 wt% Ce in the absence and
presence of TBA. It was observed that the extent of degradation of catalytic ozonation was
reduced from 90% to about 12% with the addition of 50 ppm TBA to the reaction media. The
significant reduction of oxidation by the addition of TBA (a radical scavenger) demonstrates the
major role of hydroxyl radicals in the oxidation of OA, compared to molecular ozone. This result
is in an agreement with the previous research studies in catalytic ozonation of OA (Beltrán et al.,
2002a, 2005). In addition, Figure 2.7 shows that the removal of OA in catalytic ozonation with
TBA is almost the same as ozonation process. Therefore, the application of the catalyst enhanced
the generation of hydroxyl radicals leading to high degradation of OA.
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Figure 2.7. Profiles of TOC/TOC0 against time for catalytic ozonation using the catalyst Mn, Ce/
MCM-41 with 1.74 wt% Mn and 1.74 wt% Ce in the absence and presence of TBA.

The activity of the catalysts in degradation of the pollutant is inversely proportional to the
reduction of dimensionless TOC (i.e. TOC/TOC0). Therefore, modeling of TOC/TOC0 as a
function of the fractions of manganese and cerium oxides would assist in investigation of the
mutual interactions of the metal oxides affecting the activity of the catalysts.
In the TFD, the fractions of manganese and cerium oxides on MCM-41 were the two
factors affecting the response (i.e. TOC/TOC0 at the 30 minutes reaction time). Based on the
experimental data reported in Table 2.1, the following reduced cubic model was developed to
predict the response as a function of the two factors:

57

TOC/TOC0 = 0.37967 – 0.059341*Mn + 0.039972*Mn*Ce – 0.098135*Ce2 – 5.47085*Mn*Ce2
+ 0.019867*Ce3

(2.1)

where Mn and Ce represent the mass fractions of manganese and cerium oxides on the support
MCM-41, respectively.
In order to validate the model, the predicted TOC/TOC0 (derived from the model) was
plotted against actual TOC/TOC0 (obtained from experiments) at the design points, as shown in

Predicted TOC/TOC0

Figure 2.8.

Actual TOC/TOC0

14

Figure 2.8. The predicted TOC/TOC0 versus actual TOC/TOC0.
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The R-squared and adjusted R-squared of the regression line on the plot of the predicted
TOC/TOC0 (derived from the model) versus actual TOC/TOC0 (obtained from experiments)
were found to be 0.9924 and 0.9886, respectively. Since the values of R-squared and adjusted Rsquared of the regression line were close to unity, they indicated that there was a good agreement
between the experimental and predicted values from the model at the design points. Furthermore,
the small standard deviation of the model (0.012) denoted that the predicted values of
TOC/TOC0 were very close to the experimental TOC/TOC0 values.
The adequacy of the reduced cubic model was also analyzed by analysis of variance
(ANOVA), which is presented in Table 2.2.

2

Table 2.2. ANOVA table for the reduced cubic model.

Source

Sum of Squares

df

Mean
Square

F-Value

p-value
Prob > F

Remarks

Model

0.20

5

0.041

261.55

< 0.0001

Significant

A-Mn

1.378×10-3

1

1.378×10-3

8.82

0.0140

Significant

AB

0.024

1

0.024

150.78

< 0.0001

Significant

B2

0.022

1

0.022

138.11

< 0.0001

Significant

AB2

0.014

1

0.014

91.94

< 0.0001

Significant

B3

0.094

1

0.094

604.61

< 0.0001

Significant

Residual

1.561×10-3

10

1.561×10-4

Lack-of-fit

1.213×10-3

5

2.426×10-4

3.48

0.0986

Not significant

Pure Error

3.485×10-4

5

6.969×10-5

Cor Total

0.21

15
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The parameters included in Table 2.2 are explained below:
•

Sum of Squares is the sum of the squared differences between the overall average and
the amount of variation.

•

df stands for degrees of freedom, and it indicates the number of estimated parameters
used to compute the source’s sum of squares.

•

Mean square is the sum of squares divided by the degrees of freedom. It is also called
variance.

•

F-value is the test for comparing the source’s mean square to the residual mean square.

•

p-value or Prob > F presents the probability of seeing the observed F-value if the null
hypothesis is true (i.e. there are no factor effects). Small probability values call for
rejection of the null hypothesis. The probability equals the integral under the curve of the
F-distribution that lies beyond the observed F-value. Therefore, if the Prob>F value is
very small (less than 0.05 by default) then the source has tested significant. Significant
model terms probably have a real effect on the response. Significant lack of fit indicates
the model does not fit the data within the observed replicate variation.
The large Model F-values (261.55) and the small Model p-values (<0.0001) indicated the

model was significant. Furthermore, the p-value of all parameters in the model was less than
0.05, which implied that all of the parameters of the model were significant. The p-values of
lack-of-fit was 0.0986, which was greater than 0.05. Therefore, the lack-of-fit was not significant
and the model was able to capture a precise correlation between TOC/TOC0 and the fractions of
manganese and cerium oxides using the design points. Thus the model was found to be accurate
enough statistically to be applied to predict the response.
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According to the ANOVA table, all the parameters of the equation were deemed
significant, and therefore they had a great impact on the response (TOC/TOC0). However, among
all parameters, the effect of the linear term A alone (i.e. the fraction of manganese oxides) was
less substantial due to its relatively low F-value (8.82).
Since in this modeling the impact of one factor depends on the level of the other, the
mutual interaction effect exists. The ANOVA table showed that the mutual interactions of the
factors (weight percent of metal oxides) on the performance of the catalyst are significant.
Therefore, the three-dimensional surface plot of the model is only able to present the effect of
parameters clearly.
The three-dimensional surface plot of TOC/TOC0 as a function of the fractions of
manganese and cerium oxides on the support MCM-41 is shown in Figure 2.9. According to the
figure, it is obvious that the increase of the amount of manganese oxides at a fixed amount of
cerium oxide led to a gradual decrease in TOC/TOC0. The reduction of TOC/TOC0 with an
increase of manganese oxides occurred due to an increase in the number of active sites on the
surface of MCM-41. This decrease was much more noticeable in the absence of any cerium
oxide on the surface than high cerium oxide concentration. It indicates that the co-deposition of
cerium oxide affects the activity of manganese oxides.
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Figure 2.9. Three-dimensional surface plot of the predicted TOC/TOC0 as a function of the
fractions of manganese and cerium oxides.

As it can be seen in Figure 2.9, the increase of cerium oxide at a fixed amount of
manganese oxides led to a rapid decrease of TOC/TOC0 up to a minimum point followed by an a
very slight increase. This effect was more apparent in the absence of manganese oxides on the
surface. The initial decrease of TOC/TOC0 (more oxidation of OA) with cerium oxide occurred
due to the presence of more active sites on the surface of MCM-41. This observation is in
agreement with the reports in the literature (Bing et al., 2013).
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It was reported that cerium oxide, as an effective active component, can increase the
generation rate of hydroxyl radicals in heterogeneous catalytic ozonation and the amounts of
active sites on the catalyst surface increased with cerium oxide content on MCM-41 (Bing et al.,
2013). Since the reduction of TOC/TOC0 is sharper for cerium oxide in the absence of
manganese oxides than manganese oxides in the absence of cerium oxide, it is believed that
cerium oxide can degrade the organic pollutant more rapidly, compared to manganese oxide.
Therefore, cerium oxide deems to be much more active than manganese oxides for the removal
of OA.
It was also observed that the elimination of OA is retarded once the amount of the
deposited cerium oxide at a fixed amount of manganese oxides exceeded a certain level. This
observation also agrees with the literature reports, which shows that overload of cerium species
will increase steric hindrance, decrease catalysts surface area, and consequently reduce the
catalytic activity (Bing et al., 2013). This effect was not observed for an increase in the
deposition of manganese oxides on the support. This is contrary to previous research, which
showed overload of manganese oxides led to adjoin of the close active sites on the surface to
make a larger active site, which could retard the free access of the organic contaminant to few
active sites (Sui et al., 2011; Shao et al., 2014).
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An important objective of this study was to determine the fractions of manganese and
cerium oxides on MCM-41 yielding the highest removal of OA, or minimum TOC after the
reaction. As shown in Figure 2.9, the TOC/TOC0 reaches a minimum at certain fractions of
manganese and cerium oxides. The minimum point of the figure could be determined by
numerical optimization of the obtained valid cubic model. It was predicted that the minimum
TOC/TOC0 was 0.071, which occurred at the optimum loads of 0.02 wt% manganese and 2.44
wt% cerium oxides on MCM-41.
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Figure 2.10. Experimental profile of TOC/TOC0 against time for the optimum catalyst (0.02
wt% Mn and 2.44 wt% Ce on MCM-41).
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To evaluate the validity of the developed model in the optimization, a catalyst with the
optimized metal content (0.02 wt% Mn and 2.44 wt% Ce on MCM-41) was prepared and used in
a catalytic ozonation reaction for the removal of OA. Figure 2.10 shows the profile of
TOC/TOC0 with time in the catalytic ozonation experiments using the optimum catalyst. The
TOC/TOC0 at 30 min reaction time was found to be 0.097 experimentally, which is in good
agreement with the predicted value obtained from the model (0.071).

The amounts of leached metals (i.e. manganese and cerium) were determined from ICPMS analysis of the catalyst samples before and after catalytic ozonation process. Tables 2.3 and
2.4 present the experimental data of leaching for loaded manganese and cerium on MCM-41,
respectively. For both manganese and cerium, the leaching percentage of metal was overall
significant, and the percentage of metal leaching increased with the metal concentration. The
percentage of leaching was considerably higher for manganese (17-38% of manganese initial
concentration) than cerium (13-19% of cerium initial concentration).
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Table 2.3. The leaching data of loaded manganese on MCM-41.

Catalyst sample
#

Mn before
experiment
(wt%)

Mn after
experiment
(wt%)

Leached Mn
(wt%)

2

0

0

0

5

1.32

1.09

0.23

17.42

14

1.74

1.35

0.39

22.41

12

2.64

1.91

0.73

27.65

6

2.8

1.86

0.94

33.57

4

3.32

2.13

1.19

35.84

10

4.00

2.48

1.52

38.00
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Leaching
percentage (%)
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Table 2.4. The leaching data of loaded cerium on MCM-41.

Catalyst sample
#

Ce before
experiment
(wt%)

Ce after
experiment
(wt%)

Leached Ce
(wt%)

2

0

0

0

4

1.43

1.24

0.19

13.29

14

1.74

1.49

0.25

14.37

13

2.12

1.79

0.33

15.57

1

2.78

2.31

0.47

16.91

7

3.26

2.70

0.56

17.18

3

4.00

3.26

0.74

18.50

Leaching
percentage (%)

2.5. Conclusions
An effective supported mesoporous catalyst was prepared and optimized for enhanced
catalytic activity in oxidation of aqueous oxalic acid in the presence of ozone. Compared to
adsorption and ozonation alone, which could remove 20% and 10% of OA, respectively, 56% of
OA was degraded by catalytic ozonation using MCM-41 alone. However, superior catalytic
activity (76 to 92% removal of OA) was observed for the 16 designed catalysts by simultaneous
introduction of manganese and cerium oxides on MCM-41support at various loadings.
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It was proved that the utilization of the catalysts contributes to the generation of hydroxyl
radicals, which yield high removal of OA. The characterization of the support MCM-41, and the
supported catalysts (Mn, Ce/ MCM-41) showed that the hexagonal pore structure of MCM41materials with uniform pore sizes, and long-range ordering was not damaged by the deposition
of the metal oxides. The impact of the loadings of manganese and cerium oxides on the activity
of the catalyst was investigated using a validated reduced cubic model, which established the
relationship between TOC/TOC0 and of the fractions of the two metal oxides on the support.
Although the deposition of both manganese and cerium oxides yielded satisfactory catalytic
activities, the application of cerium oxide could eliminate OA more rapidly than manganese
oxides, and therefore it was concluded that cerium oxide acted more effectively in the removal of
OA, compared to manganese oxides. In addition, mutual interactions between the metal oxides
affected the performance of the catalysts. The validated model was finally optimized numerically
and the optimum fractions of manganese and cerium oxides (0.02 wt% Mn and 2.44 wt% Ce)
and the minimum TOC/TOC0 (0.071) were predicted. Application of the optimum catalyst in
catalytic ozonation resulted in TOC/TOC0 as low as 0.097, which is close to its predicted value.
Although the loading of manganese and cerium on MCM-41 improved the catalytic activity of
the catalyst, the assessment showed significant leaching of the metals (about 13-38% of their
initial concentrations) during catalytic ozonation processes.
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CHAPTER 3
Improved formulation of Fe-MCM-41 for catalytic ozonation of aqueous
oxalic acid

Contribution of this chapter to overall study
This chapter covers the second sub-objective of thesis, which is “The evaluation of the
performance of three heterogeneous catalysts (Mn/ Fe-MCM-41, Ce/ Fe-MCM-41, and Mn, Ce/
Fe-MCM-41) on the removal of a model organic pollutant”. Fe-MCM-41 constitute the support
of all the prepared catalysts in this chapter. Preparation, characterizations and application of the
catalysts in catalytic ozonation for the degradation of OA are included in this chapter. The
optimization of cerium and manganese oxides loadings on Fe-MCM-41 by the application of
two-factor design are also explained. Finally, the information regarding the leaching of
incorporated iron as well as loaded manganese and cerium in catalytic ozonation are provided.
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3.1. Abstract
In this chapter, the synthesis of a modified mesoporous Fe-MCM-41 based catalyst and
evaluation of its activity in removal of oxalic acid by catalytic ozonation are presented. With the
introduction of two active metal oxides (i.e. manganese and cerium oxides) at various loadings
on Fe-MCM-41, the elimination of oxalic acid was increased to 83% from its initial
concentration. The catalytic activity was found to strongly depend on the proportions of the
active compounds. Cerium oxide was more effective active compound than manganese oxides
because it led to higher degradation efficiency of oxalic acid. The iron content and the
proportions of the metal oxides loadings were optimized. The application of optimum catalyst
formulation (0.75 wt% manganese oxides and 1.19 wt% cerium oxide on Fe-MCM-41 with 1
wt% iron content) in the presence of ozone was found to be remarkably promising in degradation
of oxalic acid. The optimum supported catalyst could practically remove 94% of the oxalic acid.
It was observed that the higher adsorption of oxalic acid on the catalyst samples, the higher
elimination of oxalic acid by catalytic ozonation. Therefore, it was deduced that the adsorption of
oxalic acid influenced the catalytic activity of the supported catalysts. It is believed that the
oxidation of adsorbed organic pollutant on the surface predominantly occurred during the
catalytic ozonation processes.
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3.2. Introduction
The presence of emerging pollutants (i.e. pesticides, pharmaceuticals and personal care
products (PPCPs), and endocrine disrupting compounds (EDCs)) in the aquatic environment as
well as in finished drinking water has raised concern about their potential effect on environment
and public health (Jasim et al., 2006; Waiser et al., 2011).
Although treatment with ozone is a promising technology for the degradation of a wide
variety of organic pollutants in water and wastewater, reaction with ozone does not lead to
complete mineralization of the pollutants due to the production and accumulation of recalcitrant
organic end-products (Alvares et al., 2001). Catalytic ozonation has been introduced and utilized
as an effective chemical treatment to reduce the concentration of organics in water (Sun et al.,
2014; Guzman-Perez et al., 2012; Guo et al., 2012). Catalysts usually enhance the decomposition
of ozone and generation of free radicals, which can subsequently oxidize organic compounds
non-selectively. Since free radicals (i.e. hydroxyl radicals) are capable of oxidizing almost all
organic compounds even the less reactive organic species, the efficiency of catalytic ozonation is
higher than ozonation alone (Kasprzyk-Hordern et al., 2003).
The effectiveness of heterogeneous catalytic ozonation in the elimination of organic
compounds depends strongly on the choice of catalyst. In other words, the choice of the support,
the active components of the catalysts, and the preparation of the catalysts affect the activity of a
supported catalyst. Therefore, in this study an attempt has been made to investigate the role of
mesoporous Fe-MCM-41 supported manganese and cerium oxides catalyst in removal of a
representative organic compound by catalytic ozonation.

71

It was recently reported that the application of iron-substituted MCM-41 (Fe-MCM-41)
led to complete degradation of a model organic compound (p-chlorobenzoic acid) and high
mineralization (Lan et al., 2013). Therefore, Fe-MCM-41 was selected as the support of the
heterogeneous catalysts in this study.
Transition metals (e.g. Fe, Co, Mn, Cu, Ni, and Ce) have commonly been used as
catalysts’ active components (Rosal et al., 2010a; Skvortsova et al., 2012; Martins and QuintaFerreira, 2009a, b; Martins and Quinta-Ferreira, 2011) due to their low cost, high thermal
stability, and moderate mechanical strength despite comparatively lower activity. Among the
transition metals, manganese and cerium oxides presented excellent activity once they are
deposited on various supports such as activated carbon and SBA-15 (Sun et al., 2014; Yan et al.,
2013; Bing et al., 2013). The application of the manganese and cerium oxides on the supports
significantly improved ozone decomposition to hydroxyl radicals, which consequently yielded
high degradation of organic compounds (Sun et al., 2014; Yan et al., 2013; Bing et al., 2013).
Therefore, these metal oxides are selected as the active component(s) of the catalysts in this
study. It should be mentioned that the performance of the mesoporous Fe-MCM-41 supported
combined manganese and cerium oxides in catalytic ozonation for the elimination of organic
contaminants in water has not been studied. It is particularly not clear whether the simultaneous
introduction of the two metal oxides on the support would cause synergy leading to an
enhancement or reduction of the catalytic activity of the catalyst.
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Point of zero charge (pHPZC) of a heterogeneous catalyst could be altered either by the
incorporation of a metal in the structure of support or by the introduction of metal oxides on the
support. This surface property (i.e. pHPZC) affects the electrostatic charge of the surface and the
active sites of zeolites, which are responsible for aqueous ozone decay and generation of
hydroxyl radicals (Valdés et al., 2009). Therefore, it is of interest to investigate the activity of
the supported catalysts by single and simultaneous introductions of the two metal oxides on the
support, which has a metal (i.e. Fe) in its structural framework. This study particularly focuses
on the preparation, characterization, optimization, and application of the supported catalysts
(Mn, Ce/ Fe-MCM-41) at various loadings of the active metal oxides in catalytic ozonation of a
representative recalcitrant organic pollutant in water. The main objective of this paper is to
investigate the role of the heterogeneous catalysts surface in catalytic ozonation processes and
the possible synergy of the two metal oxide loadings on the support.

3.3. Methodology
Details of methodology are provided in the following sub-sections.

In a typical hydrothermal synthesis of mesoporous Fe-MCM-41 molecular sieve samples,
appropriate amounts of Fe(NO3)3.9H2O were first dissolved in 14.55 g of water, and
subsequently 35 g of Ludox HS-40 and 18.2 mL of 25% tetra-methyl-ammonium hydroxide
solution were added to the solution under vigorous stirring.
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Separately, 18.25 g of CTAB was dissolved in 33 mL of water, and then 7 mL of 28%
ammonium hydroxide solution was added. The above two solutions were mixed together, and
stirred for 30 min prior to transfer into a Teflon-lined autoclave for hydrothermal treatment at 90
°C for 3 days. The resulting solids were filtered, washed, dried and calcined at 540 °C for 5
hours with temperature ramp of 2 °C/min to synthesize Fe-MCM-41 samples, which were used
as the support of the catalysts in this study.
Manganese acetate (Mn(CH3COO)2.4H2O) and cerium nitrate (Ce(NO3)3.6H2O) were
used as manganese and cerium precursors, respectively, in the preparation of Fe-MCM-41
supported manganese and cerium oxides (Mn, Ce / Fe-MCM-41) catalysts by dry impregnation
method. Appropriate amounts of the salts were dissolved in water to fill the pore volume of the
support. The solution was then mixed with the Fe-MCM-41 support, air-dried, and calcined at
450 °C for 3 hours with a temperature ramp of 2 °C/min.

The experimental set-up of catalytic ozonation is previously explained in chapter 2
section 2.3.2. It is not presented again in this section to avoid duplication in the entire thesis.
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In a typical catalytic ozonation experiment, the following procedure was followed. Ozone
was continuously bubbled into the semi-batch reactor containing 995 mL of Milli-Q water. Once
the concentration of ozone in water and gas phase became stabilized at 6.4 ppm and 14.5 ppm,
respectively, 0.4 g of the prepared catalyst powder and 5 mL of the OA stock solution were
simultaneously added to the reactor.
At selected time intervals of reaction (0, 2, 5, 10, 15, 20, and 30min), a sample of 10 mL
of the reaction mixture was taken from the reactor. The sample was promptly mixed with 200 µL
sodium thiosulphate stock solution (sodium thiosulphate concentration: 32 mM) in a vial to
quench the ozone reaction. The amounts of total organic carbon (TOC) in all samples were
measured and recorded at each time interval. The changes in the ratio of TOC/TOC0 with time
were recorded.
In order to evaluate the performance of catalytic ozonation process, adsorption and
ozonation experiments were carried out using the above method. However, in adsorption, oxygen
was injected into the reactor instead of ozone, and in ozonation no catalyst was added to the
reaction solution.
All the experiments were conducted in triplicate and at the initial pH of 3.6, which was
obtained by the addition of 5 mL of the OA stock solution (OA concentration: 4000 ppm) to the
reaction medium. The average of the three measured TOC data for each run with the error of
±0.05 was used in the calculation of TOC/TOC0. Therefore, all reported OA removal (or percent
of degradation) data in this work has an average error of ±5%.
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TOC-L Shimadzu TOC analyzer was used to measure the total organic carbon of the
samples. The low-angle X-ray diffraction (XRD) analyses of the support samples and catalysts
were carried out using Cu Kα radiation in the 2θ ranges of 2 to 10° on a Bruker D8 Advance
Powder diffractometer.
The N2 adsorption-desorption isotherms of the supports and catalysts were also
conducted at 77 K on a Micromeritics ASAP 2000 instrument. The surface area was estimated by
the BET method while the pore size distribution, pore volume, and average pore diameter were
determined by the BJH method.
Electron microscopy was performed with a Philips CM 200 transmission electron
microscope (TEM) equipped with a field emission gun and operated at 200 keV. In a typical
measurement, the powder of a catalyst sample was ultrasonically dispersed in ethanol and a drop
of the highly diluted dispersion was applied onto a holey carbon film supported on a copper grid.
Scanning electron microscopy (SEM) images were recorded at 2.0 kV using a HitachiS4700 scanning electron microscope. The catalyst samples were mounted using a conductive
carbon double-sided sticky tape.
Inductive coupled plasma mass spectrometry (Perkin Elmer NexlON 300D ICP-MS) was
used to measure the amount of metals (iron, manganese, and cerium) in the catalyst samples
(Mn, Ce/ Fe-MCM-41).
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The point of zero charge (pHPZC) of the catalysts was determined by mass titration
method. The catalysts were initially washed with Millipore water and dried. Then, 0.1 g of the
catalyst was added to 25 mL of 10-3 mol/dm3 electrolyte solution (i.e. NaCl) under continuous
stirring. This step was repeated and the pH of the dispersion was measured in each step. The
measured pH was then plotted against catalyst mass. The point of zero charge was identified as
the point at which the dispersion pH is level off by the catalyst mass.

The range for the possible iron content of the support Fe-MCM-41 was first determined
by investigation of the stability of the hexagonal crystalline structure of MCM-41 after the
substitution of different amounts of iron (0, 0.5, 1 and 2 wt% Fe) in its framework. The impact of
incorporated iron on the catalytic activity of Fe-MCM-41 for the removal of OA was then
investigated by conducting catalytic ozonation using the support samples prepared at various iron
contents within the determined iron content range. The support sample, which led to the highest
degradation of OA was finally selected as the most appropriate support containing optimum iron
content.
Optimization of the active metal oxide loading on the support was performed using
response surface methodology (RSM). A two-factor design (TFD) was used to model and
optimize the removal of OA as a function of the fractions of manganese and cerium oxides
loaded on the surface of Fe-MCM-41. Design Expert software version 8.0.6 (STAT-EASE Inc.,
Minneapolis, USA) was used to perform the TFD.
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In the modeling, a reduced cubic model was initially developed to predict the singleresponse (TOC/TOC0) as a function of the two variables (fractions of manganese and cerium
oxides). The TOC ratio (i.e. TOC/TOC0) was chosen as the response of the modeling because the
capability of a catalyst to degrade an organic pollutant is inversely proportional to its reduction.
Therefore, the most effective catalyst in mineralization of an organic compound is the catalyst
which yields the least TOC after the reaction. Hence, minimization of the profile of TOC/TOC0
would assist in the determination of the optimum loading proportions.
After evaluating the statistical adequacy of the model by analysis of variance (ANOVA),
the model was minimized to estimate the optimum content of manganese and cerium oxides
yielding minimum amount of TOC/TOC0 after 30 min reaction.

3.4. Results and discussion

The XRD measurements were carried out to determine the crystalline structure of the
support Fe-MCM-41, and investigate the effect of iron content on the stability of the structure.
The low angle XRD patterns of calcined Fe-MCM-41 at different iron content of 0, 0.5, 1 and 2
wt% are compared in Figure 3.1. The hexagonal structure of MCM-41 and Fe-MCM-41
(containing less than 1 wt% iron) was confirmed by the location of peaks in the XRD patterns.
The small-angle X-ray scattering patterns of the calcined Fe-MCM-41 samples with iron content
less than 1 wt% exhibited four well-resolved peaks, which is a feature characteristic well-ordered
mesoporous material (Sayari et al., 1997; Liu et al., 2013).
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The observed four diffraction peaks in the XRD patterns are assigned to the (100), (110),
(200) and the (210) reflection planes for hydrothermally-synthesized materials indicating the
hexagonal ordered pore structure (Liu et al., 2013). The occurrence of the well-resolved higher
order peaks with indices (110), (200) and (210) in the XRD patterns is particularly a unique
characteristic of long-range order of the channel system. Using Bragg’s Law, the d-spacing of
the most intense (100) peak in all XRD patterns of Fe-MCM-41 with iron content less than 1
wt% was determined to be 39.8 Å. The lattice parameter (ao) was also calculated to be 46.0 Å in
the samples. These observations confirm the stability of crystalline hexagonal structure of MCM41 by the substitution of iron (less than 1 wt%) in the framework.

MCM-41

Fe-MCM-41 (0.5 wt% Fe)

Fe-MCM-41 (1wt% Fe)

Fe-MCM-41 (2wt% Fe)
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Figure 3.1. XRD patterns for Fe-MCM-41 samples (0, 0.5, 1, and 2 wt%).
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In addition, the incorporation of iron in the structure of MCM-41 led to a reduction in the
intensities of the peaks. This is attributed to the presence of foreign ions (i.e. iron) in the solution
during synthesis, which alter the ionic strength of the medium, and consequently hinder the
structure-directing action of the template.
On the other hand, XRD analysis showed that the crystalline structure of Fe-MCM-41 did
not remain well ordered as the amount of iron exceeded 1 wt%. The disappearance of the
corresponding peaks in the XRD patterns of Fe-MCM-41 with iron content higher than 1 wt%
(i.e. 2 wt%) implies the damage in the hexagonal structure by the addition of iron.
Since the crystalline structure of Fe-MCM-41 was found to be unstable at iron contents
above 1 wt%, the range of iron content of Fe-MCM-41 was set between 0 and 1 wt% in this
study.
Based on IUPAC classification, type IV isotherms with a visible step for a relative
pressure between 0.25 and 0.45 were found in the nitrogen adsorption and desorption isotherm
measurements for the calcined Fe-MCM-41 (0- 1 wt% Fe) samples, which is a textural
characteristic of ordered mesoporous solids (Vadia et al., 2013). This result agrees very well with
the XRD spectra due to the appearance of the peaks for the three higher order reflection planes
(110), (200) and (210).
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The BET data presented in Table 3.1 implies that the surface area decreases while the
pore volume and BJH pore size increase with the incorporation of iron in the structure of MCM41. The enlargements of pore size and pore volume are attributed to the replacement of small
silicon ions with large iron ions in the framework of MCM-41 occurred during hydrothermal
synthesis of Fe-MCM-41, as described in section 2.2. The surface area was therefore reduced by
about 150 m2/g due to the increase of iron content from 0 to 1 wt%.
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Table 3.1. The characterization results of MCM-41 and Fe-MCM-41 with 0.5 and 1 wt% Fe by

the BET method.
Support

BET surface area

Pore volume

BJH pore size

(m2/g)

(cm3/g)

(nm)

MCM-41

1306

1.5

3.9

Fe-MCM-41 (0.5wt% Fe)

1245

1.7

4.3

Fe-MCM-41 (1wt% Fe)

1150

1.8

4.9

The TEM images of all Fe-MCM-41 samples consisting of less than 1 wt% Fe showed a
similar trend of pore structure. An example of the TEM images is shown in Figure 3.2. The TEM
image confirms that the pore structure is composed of network channels, uniform pore sizes, and
long-range ordering. The uniform mesopores were also found to be slightly curved through the
silica matrix.
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Figure 3.2. TEM micrograph of Fe-MCM-41 (1wt% Fe).

The SEM images taken from all the Fe-MCM-41 samples containing less than 1wt% Fe
were very similar. One of these images is presented in Figure 3.3, as an example. In all cases,
elongated bent rod-like particles were observed. The morphological transformation from sphere
shaped to rod-like particles was achieved due to extended crystallization time in the
hydrothermal synthesis step under basic condition (Mokaya, 2001, 2002). As reported in the
literature, the micrometer sized Fe-MCM-41 rods were composed of smaller silica nanotubes or
fibers (Mokaya, 2001, 2002).
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Figure 3.3. SEM image of Fe-MCM-41 (1wt% Fe).

The ICP-MS analysis for Fe-MCM-41 with 0.5 and 1wt% Fe revealed the actual Fe
content as 0.53 and 1.1 wt%, respectively, which are close to the intended values.

TFD is the most appropriate experimental design method in this specific case because the
loadings of manganese and cerium oxides on Fe-MCM-41 are the only two parameters affecting
the activity of the resulting catalysts for ozonation reaction under the same operating conditions.
Design Expert® software was used to run TFD to design the required experiments. Table 3.2
presents the design summary.
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Table 3.2. Design summary.
Study Type: Response Surface
Design Type: IV-optimal
Design Model: Quadratic
Runs: 16
Blocks: 0
Factor
Name Units Type
A
Mn
wt%
Numeric
B
Ce
wt%
Numeric

Subtype
Continuous
Continuous

Response
Y1

Analysis
Polynomial

Name
TOC/TOC0

Units
-

Minimum Maximum
0.00
4.00
0.00
4.00

Minimum
0.078417

Maximum
0.4474

The design type was selected as ‘IV-optimal’ because it leads to a good prediction over
the input range. IV-optimal design makes use of an integrated variance criterion that minimizes
the average variance of the responses throughout a specific region of interest. Since the IVoptimal designs provide lower average prediction variance across the region of experimentation,
the IV-optimality was determined as the desirable design type. Based on defining all design
parameters (i.e. number and the ranges of factors, design type, design model, blocks, number of
outputs), the algorithm of IV-optimal design calculated the design parameters and determined the
loading composition (the fractions of manganese and cerium oxides) of the most appropriate 16
catalysts to be prepared for catalytic ozonation experiments. Therefore, the conditions of the 16
appropriate experiments were determined by the model and the user has to enter the values of the
response values of the runs obtained by carrying out experiments at the determined conditions
proposed by the model.
The 16 designed catalysts (Mn, Ce/ Fe-MCM-41) were prepared by dry impregnation
method at determined loadings of manganese and cerium oxides.
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Figure 3.4 shows the profile of TOC/TOC0 for adsorption of OA on Fe-MCM-41
prepared at various concentrations of iron (0, 0.5, and 1wt% Fe). As it can be seen in Figure 3.4,
the incorporation of iron in the structure of MCM-41 did not affect the adsorption capacity of the
support. In all iron compositions, about 20% of OA was removed by adsorption, and it occurred
mainly in the first 2 min contact time between the support and the contaminated water. The
removal of OA by the adsorption process (i.e. 20%) is quite significant compared to the
adsorption of other carboxylic acids on ZSM-5 zeolites (Ikhlaq et al., 2014) at the reaction pH of
3.6.
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Figure 3.4. Profile of TOC/TOC0 against time for adsorption using the support Fe-MCM-41 at
different iron contents.

85

The adsorption results could be explained with respect to the pH of the reaction, pKa of
OA, and point of zero charge (pHpzc) of the catalysts and supports.
On the one hand, the dissociation of OA (i.e. 𝐶2 𝑂4 𝐻2) in water involves two steps:
𝐶2 𝑂4 𝐻2 →
𝐶 𝑂 𝐻− + 𝐻+
← 2 4

(3.1)

𝐶2 𝑂4 𝐻 − →
𝐶 𝑂2− + 𝐻 +
← 2 4

(3.2)

The pKa of the above reactions at 25 °C are 1.25 and 3.81, respectively (Lide, 2004).
Since the pH of the reaction (3.6) was between the pKa values, OA was ionized to monovalent
hydrogen-oxalate anion (𝐶2 𝑂4 𝐻 − ). However, the monovalent hydrogen-oxalate anion could not
dissociate further to form oxalate (𝐶2 𝑂4 𝐻− ). Thus OA was negatively charged and was present
in the form of monovalent hydrogen-oxalate anion.
On the other hand, pHpzc of the MCM-41 support was measured to be 4.80. Since the pH
of the reaction (3.6) was lower than pHpzc of MCM-41, the surface of MCM-41 was positively
charged.
Therefore, the high adsorption of OA on MCM-41 (about 20%) occurs due to the
existence of electrostatic interactions between negatively charged OA and positively charged
MCM-41.
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The adsorption experimental data showed that the incorporation of iron in the structure of
MCM-41 did not affect the adsorption capacity of the support (Figure 3.4). The pHpzc
measurements for the Fe-MCM-41 samples support this observation. The pHpzc was increased
from 4.80 to 4.95 with the increase of iron content of Fe-MCM-41 from 0 to 1 wt%. The change
of pHpzc was found to be relatively insignificant. Therefore, the substitution of iron in the
structure of MCM-41 has negligible impact on the adsorption capacity of MCM-41 support.
The removal of OA by adsorption on the 16 heterogeneous catalyst samples (Mn, Ce/ FeMCM-41) was enhanced slightly depending on the loadings of manganese and cerium oxides.
The experimental adsorption results showed that metal oxides loadings on the surface of FeMCM-41 led to more uptake of the organic compound. It implies that the loadings of cerium and
manganese oxides facilitate the bonding of the organic pollutant to the surface. The improvement
in the elimination of OA by adsorption on the 16 heterogeneous catalyst samples (Mn, Ce/ FeMCM-41) was due to considerable increase of pHpzc of the supported catalyst samples. It
indicates that the introduction of cerium and manganese oxides on Fe-MCM-41 could make the
surface of the catalysts more positively charged. Thus, greater electrostatic interactions between
negatively charged OA and positively charged catalysts surface were established. Therefore,
higher adsorption was observed for the loaded catalyst samples (Mn, Ce/ Fe-MCM-41),
compared to the support (Fe-MCM-41) alone.
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The performance of adsorption on one of the catalyst samples (Mn, Ce/ Fe-MCM-41;
1.74 wt% Mn, 1.74 wt% Ce) in the removal of OA is shown in Figure 3.5 and it is compared
with ozonation alone. Although the elimination of OA by both processes were not generally
high, higher removal of OA was achieved in adsorption compared to ozonation. The adsorption
results indicated that approximately 24% of OA could be removed by adsorption on the catalyst,
while the extent of removal by of oxidation of OA with ozone alone was less than 10%. The
rates of removal of OA by the two processes were also observed to be different. Adsorption of
OA on the catalysts mainly occurred in the first 5 min contact time between the catalysts and
OA. However, the degradation of OA with ozone alone was found to have a gradual decreasing
trend with the reaction time.
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Figure 3.5. Profile of TOC/TOC0 against time for ozonation and adsorption using the catalyst
Mn, Ce/ Fe-MCM-41 with 1.74 wt% Mn and 1.74 wt% Ce.

88

Figure 3.6 shows the profile of TOC/TOC0 for catalytic ozonation using the support alone
(Fe-MCM-41) at various iron contents (0, 0.25, 0.5, 0.75, and 1wt% Fe). The efficiency of the
OA elimination by these catalytic ozonation processes after 30 min reaction time was found to be
between 56 and 59%. Since Fe-MCM-41 with 1wt% Fe showed to be slightly more effective in
degradation of OA than other supports, it was selected as the most appropriate support in this
work.
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Figure 3.6. Profile of TOC/TOC0 against time for catalytic ozonation using Fe-MCM-41
samples at different iron contents.
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The performance of the 16 catalyst samples, prepared by deposition of different
proportions of manganese and cerium oxides on Fe-MCM-41 with 1wt% Fe, in catalytic
ozonation of OA were compared. Table 3.3 presents the amount of manganese and cerium oxides
on each supported catalyst and the corresponding experimental OA removal results (i.e.
TOC/TOC0) achieved at 30 min reaction time in the presence of the catalyst and ozone.
Table 3.3 indicates that the extent of degradation of the pollutant in the 16 catalytic
ozonation runs after 30 min reaction varied between 59 and 92% with an average of 83%.
In the majority cases, the removal of OA by the loaded catalysts after 30 min reaction
time in the presence of ozone was observed to be significantly higher than the application of the
support alone (59%). It indicates the effectiveness of the application of the prepared catalysts in
catalytic ozonation of OA, compared to the use of the support alone. However, it was found that
the efficiency of the catalytic ozonation depends on the proportions of manganese and cerium
oxides loaded on the support.
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Table 3.3. The experimental results on the degradation of OA in the 16 catalytic ozonation runs.
Run Mn (wt%)

Ce (wt%)

TOC/TOC0

% Degradation

1

4.00

2.78

0.08

92

2

0.00

0.00

0.41

59

3

0.00

4.00

0.12

88

4

3.32

1.43

0.22

78

5

1.32

0.44

0.13

88

6

2.80

4.00

0.11

89

7

1.40

3.26

0.18

82

8

2.80

4.00

0.11

89

9

4.00

0.00

0.17

83

10

4.00

0.00

0.15

85

11

0.00

4.00

0.14

86

12

2.64

0.08

0.36

64

13

0.00

2.12

0.18

82

14

1.74

1.74

0.14

86

15

0.00

0.00

0.42

58

16

4.00

2.78

0.08

92

91

Figure 3.7 presents the comparison of the degradation profiles for the catalytic ozonation
using two selected loaded catalysts and the support alone. The two selected loadings were 4 wt%
Mn and 4 wt% Ce. A steady decreasing trend for the profile of TOC (TOC/TOC0) was observed
in the catalytic ozonation experiments. Figure 3.7 shows that 80 and 88% of OA were eliminated
by the application of the Mn/Fe-MCM-41 and Ce/Fe-MCM-41, respectively, in the catalytic
ozonation. It demonstrates that the loading of cerium oxide alone on Fe-MCM-41 yielded higher
degradation of OA, compared to the loading of manganese oxides alone. Therefore, cerium oxide
is a more effective active component than manganese oxides in this specific case due to the
creation of new active sites on the support, which is believed to promote ozone decomposition
into hydroxyl radicals (Bing et al., 2013).

Fe-MCM-41 alone (0 wt% Mn, 0 wt% Ce)
Mn, Ce/Fe-MCM-41 (0 wt% Mn, 4 wt% Ce)
Mn, Ce/Fe-MCM-41 (4 wt% Mn, 0 wt% Ce)
1

TOC/TOC0

0.8
0.6
0.4
0.2
0
0

5

10

15

20

25
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Time (min)
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Figure 3.7. Profile of TOC/TOC0 against time for the catalytic ozonation experiments using two
loaded catalyst samples and the support alone.
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The outcome of catalytic ozonation runs showed that the mutual interactions of the metal
oxides on the performance of the catalyst are considerable. In the TFD conducted in this study to
investigate the phenomenon, it was assumed that the fractions of manganese and cerium oxides
on Fe-MCM-41 were the two factors affecting the response (i.e. TOC/TOC0 at the 30 min
reaction time).
Based on the experimental data reported in Table 3.3, the following reduced cubic model
was developed to predict the response as a function of the two factors:
TOC/TOC0 = 0.40172 – 0.32358*Mn – 0.10570*Ce + 0.068787*Mn*Ce + 0.17540*Mn2 –
8.32691*Mn2*Ce – 8.66395*Mn*Ce2 – 0.027173*Mn3 + 2.43570*Ce3

(3.3)

where Mn and Ce represent the mass fractions of manganese and cerium oxides on the support
MCM-41, respectively. The adequacy of the reduced cubic model was then analyzed by analysis
of variance (ANOVA), which is presented in Table 3.4.
The statistical analysis showed that the model and all its parameters are significant while the
lack-of-fit was not significant. Therefore, the model was found to be able to capture a valid
correlation between TOC/TOC0 and the fractions of manganese and cerium oxides using the
design points. Thus it is statistically accurate enough to be applied to predict the response.
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Table 3.4. ANOVA table for the reduced cubic model.

Source

Sum of Squares

df

Mean
Square

F-Value

p-value
Prob > F

Remarks

Model

0.19

8

0.023

348.08

< 0.0001

Significant

A-Mn

0.035

1

0.035

514.77

< 0.0001

Significant

B-Ce

0.012

1

0.012

175.87

< 0.0001

Significant

AB

2.787×10-3

1

2.787×10-3

41.55

0.0004

Significant

A2

0.012

1

0.012

184.82

< 0.0001

Significant

A2B

2.391×10-3

1

2.391×10-3

35.66

0.0006

Significant

AB2

0.010

1

0.010

149.22

< 0.0001

Significant

A3

0.045

1

0.045

670.41

< 0.0001

Significant

B3

0.024

1

0.024

351.63

< 0.0001

Significant

Residual

4.694×10-4

7

6.706×10-5

Lack-of-fit

4.270×10-6

2

2.135×10-6

0.023

0.9774

Not significant

Pure Error

4.652×10-4

5

9.303×10-5

Cor Total

0.19

15

As the model indicates the mutual interaction of factors is inevitable since the impact of
either factor on the response depends on the level of the other. This phenomenon is clearly
illustrated in the counter plot of TOC/TOC0 as a function of the fractions of manganese and
cerium oxides on the support Fe-MCM-41, as shown in Figure 3.8.
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Figure 3.8. Three-dimensional surface plot of the predicted TOC/TOC0 as a function of the
fractions of manganese and cerium oxides.

As it can be seen in Figure 3.8, the model predicts that the increase of either factor
(fractions of manganese or cerium oxides) at a fixed amount of the other factor leads to a
decrease to a minimum point followed by an increase to a maximum and subsequently a second
decrease in the amount of TOC/TOC0. Similar trend of TOC/TOC0 was observed at various
fractions of manganese and cerium oxides. However, the amount of TOC/TOC0 depends on the
proportions of the metal oxides indicating that the co-deposition of a second active component
affects the activity of the catalyst.
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The reason for the initial decrease of TOC/TOC0 (more oxidation of OA) with an increase
of either active components in the absence of the other is the appearance of more active sites on
the surface of the support (Bing et al., 2013; Sui et al., 2011). Thus this prediction is in
agreement with the data in the literature both for cerium (Bing et al., 2013) and manganese
oxides (Sui et al., 2011) on a different support (i.e. MCM-41). It was also reported that the
generation of more active sites by the increase of the active component content essentially led to
an increase in the generation rate of hydroxyl radicals in heterogeneous catalytic ozonation (Bing
et al., 2013). The initial reduction of TOC/TOC0 in this modeling was found to be sharper for
cerium oxide in the absence of manganese oxides than manganese oxides in the absence of
cerium oxide. Therefore, cerium oxide can degrade the organic pollutant more rapidly, compared
to manganese oxide. Thus, cerium oxide seems to be much more active than manganese oxides
for the removal of OA in this specific case.
In addition, it was predicted that overloading of either active species in the absence of the
other one leads to an increase in TOC/TOC0 to a maximum, implying a decrease in the
elimination of OA. This prediction also agrees with the literature reports (Bing et al., 2013; Sui
et al., 2011; Shao et al., 2014). It was reported that overloading of cerium species will increase
steric hindrance, decrease catalysts surface area, and consequently reduce the catalytic activity
(Bing et al., 2013). It was also reported that overloading of manganese oxides led to adjoining of
the close active sites on the surface to make a larger active site, which could retard the free
access of the organic contaminant to few active sites (Sui et al., 2011; Shao et al., 2014).
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The second decrease of TOC/TOC0 after the maximum, predicted in this modeling, was
verified by SEM images to take place for the deposition of the metal oxides on the external
surface of the support. The SEM images in Figures 3.9(a) and (b) are representative samples of
the SEM images taken from the catalyst samples (Mn, Ce/ Fe-MCM-41), which were prepared at
high (4 wt% Mn; 4 wt% Ce) and medium (1.74 wt% Mn; 1.74 wt% Ce) concentrations of the
metal oxides, respectively.
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Figure 3.9. SEM images of Mn, Ce/ Fe-MCM-41: (a) 1 wt% Fe; 4 wt% Mn; 4 wt% Ce; (b) 1
wt% Fe; 1.74 wt% Mn; 1.74 wt% Ce.

97

Comparison of the SEM images presents the appearance of some agglomerates of various
sizes on the external surface of Fe-MCM-41 by the increase of metal oxides loadings. It is
believed that the dispersed particles on the external surface of the support are the extra metal
oxides, which could not move into the internal pores during impregnation due to pore blockage
and reduction of accessible pore volumes. These external loadings of metal oxide could assist in
more degradation of OA, and decrease of TOC/TOC0.

In order to predict the fractions of the active metal oxides on the support yielding the
highest removal of OA, or the minimum TOC after the reaction, the valid cubic model was
optimized numerically. It was estimated that the minimum TOC/TOC0 was 2%, which occurred
at the optimum loading of 0.75 wt% manganese and 1.19 wt% cerium oxides on Fe-MCM-41
containing 1 wt% Fe.
To evaluate the validity of the developed model in the optimization, the optimum Mn,
Ce/ Fe-MCM-41 catalyst (0.75 wt% Mn and 1.19 wt% Ce on Fe-MCM-41) was prepared and
used in a catalytic ozonation reaction for the removal of OA. Figure 3.10 shows the profile of
TOC/TOC0 with time in the catalytic ozonation experiments using the optimum catalyst. The
TOC/TOC0 at 30 min reaction time was found to be 6% experimentally, which is in good
agreement with the predicted value obtained from the model (2%) considering the TOC
measurement error of 5%. The reduction of TOC/TOC0 to 6% in this catalytic ozonation
experiment indicates 94% removal of OA after 30 min reaction time. The high oxidation
efficiency denotes the superior catalytic activity of the optimum catalyst prepared in this work.
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Figure 3.10. Experimental profile of TOC/TOC0 against time for the optimum catalyst (0.75
wt% Mn and 1.19 wt% Ce on Fe-MCM-41).

Comparison of adsorption and catalytic ozonation of oxalic acid revealed existence of a
relationship between these two processes.

•

On one hand, the catalytic activity of the Fe-MCM-41 samples at different iron contents
did not show significant changes. On the other hand, the substitution of iron in the
structure of MCM-41 has negligible impact on the adsorption capacity of MCM-41
support.
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•

Both adsorption and catalytic activity of Fe-MCM-41 were considerably improved by the
introduction of the metal oxides on the surface of support. The catalytic activity of the
supported catalysts (Mn, Ce/ Fe-MCM-41) was found to be dependent on the proportions
of manganese and cerium oxides on Fe-MCM-41. Similar dependency of adsorption to
the concentrations of the deposited metal oxide was observed.

•

On one hand, the highest catalytic activity was observed in the application of the
optimum catalyst (0.75 wt% Mn and 1.19 wt% Ce on Fe-MCM-41). On the other hand,
the highest value of pHpzc for the supported catalyst samples was measured to be 6.00 for
the optimum Mn, Ce/ Fe-MCM-41 catalyst (0.75 wt% Mn and 1.19 wt% Ce on FeMCM-41). This proves that the surface of the optimum catalyst is the most strongly
positively charged surface among other supported catalyst surfaces. This resulted in the
highest adsorption capacity for the optimum catalyst.
Overall, comparison of the trends in the removal of oxalic acid by adsorption and

catalytic ozonation showed that the higher adsorption capacity the higher catalytic activity. It is
likely that the mechanism of catalytic ozonation involves the surface reaction of adsorbed
organic pollutants on Fe-MCM-41. This result is in agreement with the mechanism of catalytic
ozonation of organic pollutants using ZSM-5 zeolites in the literature (Ikhlaq et al., 2012).
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The amounts of released metals (i.e. iron, manganese and cerium) during catalytic
ozonation process were determined from ICP-MS analysis of the catalyst samples before and
after the process. The assessment showed that the substituted iron in the framework of MCM-41
tends to be stable, and it is not extracted to water during catalytic ozonation. Therefore, iron was
properly incorporated in the framework of MCM-41.
The experimental data of leaching for loaded manganese and cerium on Fe-MCM-41 are
provided in Tables 3.5 and 3.6, respectively. It was found out that the leaching percentages of
both loaded manganese and cerium from catalyst samples are significant. However, it was higher
for manganese (16-37% of manganese initial concentration) than for cerium (14-19% of cerium
initial concentration). The more loaded metals, the more leaching. Manganese and cerium
showed almost the same leaching on Fe-MCM-41 and MCM-41. It indicates that the substitution
of iron in framework of MCM-41 did not influence the leaching of loaded manganese and
cerium. That is because the two set of experiments carried out in similar time, pH, temperature,
pressure, liquid to solid ratio, particle size distribution, and agitation speed.
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Table 3.5. The leaching data of loaded manganese on Fe-MCM-41.
Mn before

Mn after

experiment

experiment

(wt%)

(wt%)

2

0

0

0

5

1.32

1.11

0.21

15.91

14

1.74

1.32

0.42

24.14

12

2.64

1.85

0.79

29.92

6

2.8

1.79

1.01

36.07

4

3.32

2.11

1.21

36.44

10

4.00

2.53

1.47

36.75

Leached Ce

Leaching

(wt%)

percentage (%)

Catalyst sample
#

10

Leached Mn

Leaching

(wt%)

percentage (%)

Table 3.6. The leaching data of loaded cerium on Fe-MCM-41.
Ce before

Ce after

experiment

experiment

(wt%)

(wt%)

2

0

0

0

4

1.43

1.23

0.20

13.99

14

1.74

1.44

0.30

17.24

13

2.12

1.74

0.38

17.92

1

2.78

2.27

0.51

18.34

7

3.26

2.65

0.61

18.71

3

4.00

3.25

0.75

18.75

Catalyst sample
#
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3.5. Conclusions
An effective supported mesoporous catalyst in oxidation of oxalic acid in the presence of
ozone was prepared and its metal oxides loadings were optimized. High elimination of oxalic
acid (83% in average) was observed in the 16 catalytic ozonation using the designed supported
catalysts (Mn, Ce/Fe-MCM-41) with various loadings of manganese and cerium oxides.
Application of the optimum catalyst in catalytic ozonation resulted in degradation efficiency as
high as 94%. This signifies the superior catalytic activity of the optimum catalyst. The
experimental data presented corresponding trends of adsorption and catalytic ozonation in
removal of oxalic acid. The higher adsorption efficiency, the higher catalytic activity of the
catalysts. Loading of manganese and cerium on Fe-MCM-41 enhanced catalytic activity of the
catalyst. However, it led to significant leaching of metals during catalytic ozonation processes.
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CHAPTER 4
Catalytic ozonation of oxalic acid in the presence of modified MCM-41 and
Fe-MCM-41 in different water matrices

Contribution of this chapter to overall study
This chapter covers the third sub-objective of thesis, which is “Investigation of the
performance of the most effective catalysts determined from the sub-objectives 1 and 2 in
catalytic ozonation of OA in different pH and water matrices”. In chapters 2 and 3 from the study
of the sub-objectives 1 and 2, MCM-41 and Fe-MCM-41 were selected as the most effective
catalysts due to significant leaching of loaded manganese and cerium metals. Therefore, the two
catalysts of MCM-41 and Fe-MCM-41 have been used in the next steps of the thesis for further
studies on their degradation performance, stability, and re-usability. Thus the target catalysts in
this chapter (chapter 4) and the next chapters (chapters 5 and 6) are MCM-41 and Fe-MCM-41.
This chapter includes the impacts of different water matrices (particularly the level of pH as well
as the presence of hydroxyl radical scavengers, phosphates and humic acid) on the degradation
efficiency of OA by catalytic ozonation in the presence of MCM-41 and Fe-MCM-4. In addition,
the stability and reusability of both catalyst in subsequent catalytic ozonation processes for
degradation of OA are discussed in this chapter.
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4.1. Abstract
MCM-41 and its substitutions are effective catalysts in catalytic ozonation of organic
pollutants. However, modification in the morphological structure of a catalyst can potentially
impact its stability and catalytic activity in different water matrices. This chapter presents the
impact of different water matrices (e.g. natural water and drinking water) on the stability and
catalytic activity of modified MCM-41 and Fe-MCM-41. Degradation of oxalic acid (OA) in the
presence of ozone and modified MCM-41 and Fe substituted MCM-41 (Fe-MCM-41) in a wide
range of pH (2.3-12.1), in the absence and presence of hydroxyl radical scavengers, humic acids,
and phosphates were studied. The change in pH of solution did not have an impact on the
morphological structure of the catalysts, but the activity of the catalysts was improved
significantly in basic pH conditions due to the formation of more hydroxyl radicals. About 14%
more OA was removed at pH level of 12.1, compared to pH level of 2.3. The presence of humic
acid did not affect the degradation of OA (about 55% removal of OA) although humic acid was
also adsorbed on the catalyst (maximum humic acid adsorption of 71% at pH level of 2.3) and
degraded (maximum humic acid degradation of 70% at pH level of 12.1) during the process. The
modified MCM-41 and Fe-MCM-41 presented considerable uptake of phosphates (maximum
46% uptake of phosphates at pH level of 2.3). The adsorption of phosphates did not deactivate
the catalysts due to poisoning. However, the removals of OA by catalytic ozonation in the
presence of phosphates were significantly reduced (28-34%) due to scavenging of hydroxyl
radicals by phosphates. It was concluded that Fe-MCM-41 can be applied for degradation of OA
by catalytic ozonation in a wide pH range and in natural water matrix containing humic acids.
However, catalytic ozonation of OA in drinking water containing phosphates is not
recommended.
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4.2. Introduction
Ozone has been widely used for oxidation of organic pollutants in water due to its
relatively rapid reactions with organic pollutants containing amino groups, activated aromatic
systems, or double bonds (von Gunten, 2003; Qiang et al., 2004). However, it is known that
ozonation does not lead to complete mineralization of the organic compounds (Alvares et al.,
2001), and even often it leads to the production of toxic intermediates (von Gunten, 2003). These
intermediate compounds are recalcitrant organic pollutants, such as carboxylic acids (e.g., oxalic,
acetic, pyruvic), which are refractory to ozone (Avramescu et al., 2008).
Advanced oxidation processes (AOPs) have been frequently applied as a water treatment
option to remove refractory and toxic organic compounds present in water. Catalytic ozonation
has been used as a promising AOPs for removal of recalcitrant organic species in water (Legube
and Karpel Vel Leitner, 1999). Oxalic acid is often a major end product, which is not oxidized
with ozone alone, and its degradation requires the application of an advanced oxidation process
such as catalytic ozonation.
Several catalysts (homogeneous and heterogeneous) have been reported to be effective
for the degradation of oxalic acid in water in the presence of ozone (Beltrán et al., 2002a,b;
Beltrán et al., 2004; Beltrán et al., 2005; Avramescu et al., 2008; Faria et al., 2008; Sui et al.,
2010; Wu et al., 2011; He et al., 2012; Lv et al., 2012; Orge et al., 2012; Sun et al., 2014; Yan et
al., 2016; Jeirani and Soltan, 2016). Molecular sieve materials such as MCM-41, SBA-15 and
ZSM-15 have attracted an increasing interest in the ozonation of organic pollutants in water due
to their high surface areas, well defined pore structures, and tunable pore sizes.
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The surface acidity and consequently catalytic activity of the catalysts are often improved
by the incorporation of foreign atoms into their frameworks (Kawabata et al., 2005; Li et al.,
2012). For instance, isomorphous substitution with metal ions such as iron leads to the formation
of Brönsted acid sites enhancing catalytic performance of MCM-41 in the hydroxylation of
phenols and the Baeyer-Villiger oxidation of ketones in water medium (Kawabata et al., 2005; Li
et al., 2012). Fe-MCM-41 was also introduced as an effective catalyst for catalytic ozonation of
some organic pollutants (Lan et al., 2013; Jeirani and Soltan, 2017). In our recent work, an
improved formulation of Fe-MCM-41 with enhanced catalytic activity was prepared (Jeirani and
Soltan, 2017). The scanning electron microscope (SEM) images of the modified Fe-MCM-41
showed a morphological transformation from sphere-shaped to elongated bent rod-like particles
due to extended crystallization time in the hydrothermal synthesis step (Jeirani and Soltan,
2017). A concern in practical application of the modified MCM-41 and Fe-MCM-41 is their
stabilities and activities in different water matrices.
Water matrix properties such as pH and the presence of phosphates, humic acids and
hydroxyl radical scavengers affect the catalytic activity of catalysts and the mechanism of
catalytic ozonation:
•

The pH of solution affects the mechanisms of catalytic ozonation significantly because it
controls ozone decomposition process. For instance, the presence of OH− ions in water
expedites ozone decomposition to generate hydroxyl radicals (•OH), which can
subsequently degrade organic species non-selectively. In addition, the pH of the solutions
can influence the surface properties of zeolites. For example, aqueous ozone decay rates
in the presence of zeolites could be changed with a variation in pH of solution (Ikhlaq et
al., 2012).
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•

Humic acid (HA) is commonly present in natural waters. As a natural organic matter, it
can be involved in catalytic ozonation process, and therefore its degradation can affect
the performance of catalytic ozonation.

•

Drinking water commonly contains phosphates, sulphates, carbonates and bicarbonates.
Among all of them, phosphates can possibly scavenge hydroxyl radicals in the solution,
and poison the catalyst surface by its adsorption on the catalyst (Sui et al., 2010; Ikhlaq et
al., 2014).

•

The presence of hydroxyl radical scavengers has an impact on the mechanism of catalytic
ozonation. It mainly determines whether the organic contaminant is oxidized with
molecular ozone or hydroxyl radicals.
The effects of these parameters on the performance of catalytic ozonation in the presence

of both modified MCM-41 and Fe-MCM-41 have not been studied. The main objective of this
study is to investigate the activity of modified MCM-41 and Fe-MCM-41 in different water
matrices such as natural water and drinking water. In order to achieve the objective, the
performances of adsorption, ozonation and catalytic ozonation for the removal of oxalic acid in
water at different pH values and in the presence of phosphates, humic acid and hydroxyl radical
scavengers were studied. In addition, a SEM was used to analyze the morphological structure of
the catalysts before and after a catalytic ozonation reaction, and therefore determine the stability
of the catalysts due to reactions at different pH levels. Furthermore, the reusability of the
catalysts was examined in terms of the catalytic activity in successive applications for the
degradation of OA.
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4.3. Methodology
Details of methodology are provided in the following sub-sections. Hydrothermal
synthesis was used to prepare mesoporous MCM-41 and Fe-MCM-41 catalysts, as previously
explained in chapters 2 and 3. The experimental set-up of catalytic ozonation is also previously
explained in chapter 2 section 2.3.2. They are not presented again in this section to avoid
duplication in the entire thesis.

A semi-batch reactor initially contained 1 L of the reaction solution (i.e. 20 ppm OA in
water). In the beginning of a catalytic ozonation experiment, 0.4 g of the catalyst (MCM-41 or
Fe-MCM-41) was added to the reactor and simultaneously ozone started bubbling into the
reaction solution. At selected time intervals (0, 2, 5, 10, 15, 20, and 30 min), a 10 mL sample
was taken from the reactor. The sample was filtered using a PTFE 0.45 µm syringe filter, and
quenched with 200 µL sodium thiosulphate solution (0.025 M) to remove residual ozone prior to
the analysis. The concentration of OA at each time interval was measured and recorded.
In order to carry out ozonation for removal of OA, the above method was repeated in the
absence of MCM-41. In order to investigate the effect of adsorption of OA on MCM-41, the
above method was followed in the absence of ozone.
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Adsorption, ozonation and catalytic ozonation were carried out at five initial pH of
reaction solution (2.3, 3.8, 4.9, 9.2, 12.1). The pH values were selected by taking into
consideration the ionized and protonated forms of OA (pKa) and point of zero charge of the
catalysts (MCM-41 and Fe-MCM-41). The pH of the solutions was adjusted by the addition of
appropriate amounts of sodium hydroxide or hydrochloric acid to the reaction solutions.
The performances of ozonation and catalytic ozonation were also investigated in the
presence of 50 mg/L tertiary-butyl alcohol (TBA) as a strong radical scavenger.
In addition, adsorption, ozonation and catalytic ozonation experiments were conducted in
the presence of 50 mg/L of sodium dihydrogen phosphate solution. The concentration of
phosphates in the samples were also measured in water samples taken during the experiments to
study the adsorption of phosphates on the surface of MCM-41.
Furthermore, the adsorption, ozonation and catalytic ozonation experiments were
conducted in the presence of 7 mg/L of humic acid (HA). Since HA could also become degraded
in the ozonation process due to its organic nature, its single oxidation in each of the experiments
was also studied as blank tests.
The reusability tests were conducted for five times. The same methodology was followed
in reuse experiments. The only difference was the application of the used catalysts, which were
separated from the reaction fluid in previous experiment. The catalyst samples were washed with
Milli-Q water three times and air dried prior to the next application.
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All the experiments were conducted in triplicate, and the average of the three measured
concentration data for each run with corresponding standard deviation was used for data analysis.

Analysis of oxalic acid
The concentration of OA in the samples was determined by HPLC equipped with a 150
mm × 4.6 mm C-18 Phenomenex column and a diode array detector with UV set at 210 nm. 50
mM potassium dihydrogen phosphate solution was used as the mobile phase at a constant flow
rate of 1 mL min−1. The HPLC column was maintained at 35 °C during the measurements.

Analysis of phosphates
The concentration of phosphates in the aqueous samples was determined by ion
chromatography using a Dionex ICS2100 coupled to a Dionex AS-AP Autosampler. A Dionex
IonPac AS9-HC 2×2 mm exchange column was used with a 9.00 mM K2CO3 eluent for the
separation of common anions. A conductivity detector was used after suppression (Thermo
Scientific ASRS 300 2 mm regenerating suppressor). The conductivity was recorded using
Chromeleon 7.2 software. Accuracy and precision of analysis were less than 5%.
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Analysis of humic acid
The concentration of humic acid was determined by the measurement of absorbance at
254 nm using a UV-Vis Spectrophotometer (MECASYS Optizen POP spectrophotometer).
Calibration curves was established prior to analysis. Accuracy and precision of analysis were less
than 5%.

Measurement of point of zero charge (pHpzc)
Point of zero charge (pHpzc) of a heterogeneous catalyst affects the electrostatic charge of
the surface and the active sites of zeolites, which are responsible for aqueous ozone decay and
generation of hydroxyl radicals (Valdés et al., 2009). As for our catalysts (MCM-41 and FeMCM-41), it is important to measure the pHpzc, and set one of the studied pH of solution at the
pHpzc of the catalysts.
The pHpzc of the catalysts was determined by mass titration method. After washing and
drying of the catalyst, 0.1 g of it was added to 25 mL of 10-3 mol/dm3 electrolyte solution (NaCl)
under continuous stirring. The pH of the dispersion was measured after each time the same
amount of catalyst was added to the solution. The pHpzc was identified as the point at which the
dispersion pH is leveled off by the catalyst mass (Valdés et al., 2009).
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Low-angle X-ray diffraction (XRD) and Scanning electron microscopy (SEM) analyses
The low-angle X-ray diffraction (XRD) analyses of the support samples and catalysts
were carried out using Cu Kα radiation in the 2θ ranges of 2 to 10° on a Bruker D8 Advance
Powder diffractometer. Scanning electron microscopy (SEM) images were recorded at 2.0 kV
using a Hitachi-S4700 scanning electron microscope. The catalyst samples were mounted using a
conductive carbon double-sided sticky tape.

4.4. Results and discussion

Based on the measured pHpzc and the ionized and protonated forms (pKa) of OA, the five
studied pH values were selected to be 2.3, 3.8, 4.9, 9.2 and 12.1. pH of 3.8 and 4.9 stand for the
pKa of OA, and pHpzc of catalysts (MCM-41 and Fe-MCM-41), respectively. pH of 2.3, 9.2 and
12.1 represent strongly acidic, weakly basic and strongly basic conditions, respectively.
The dissociation of OA (i.e. 𝐶2 𝑂4 𝐻2) in water involves two steps:
𝐶2 𝑂4 𝐻2 →
𝐶 𝑂 𝐻− + 𝐻+
← 2 4

(4.1)

𝐶2 𝑂4 𝐻 − →
𝐶 𝑂2− + 𝐻 +
← 2 4

(4.2)

The pKa of the above reactions at 25 °C are 1.25 and 3.81, respectively (Lide, 2004).
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At pH of 2.3 (less than the second pKa), OA was ionized to monovalent hydrogenoxalate anion (𝐶2 𝑂4 𝐻 − ). However, the monovalent hydrogen-oxalate anion could not dissociate
further to form oxalate (𝐶2 𝑂42− ). Thus OA was negatively charged and it was present in the form
of monovalent hydrogen-oxalate anion.
At pH of 4.9, 9.2 and 12.1 (higher than the second pKa), OA was ionized to oxalate anion
(𝐶2 𝑂42− ). Therefore, OA has a strong negative charge, and it was present in the form of oxalate
anion.

The changes in the normalized concentration of OA (i.e. C/C0) in three processes of
adsorption, ozonation, and catalytic ozonation in the presence and absence of TBA at five pH
values of 2.3, 3.8, 4.9, 9.2 and 12.1 are shown in Figure 4.1 panels (a), (b), (c), (d) and (e),
respectively.
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Figure 4.1. Profiles of C/C0 in three processes of adsorption, ozonation, catalytic ozonation of OA using Fe-MCM-41 in the
presence and absence of TBA at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1.
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Figure 4.1 shows that with an increase in pH, the adsorption of OA on MCM-41
increases to a maximum followed by a decrease. The maximum adsorption occurs at a pH
between 4.9 and 3.8. In other words, the surface of the catalyst presented low affinity toward
adsorption of OA in both strongly acidic and strongly basic conditions. At pH values below 3.8,
both the catalyst surface and OA are positively charged, and therefore adsorption of protons
would induce an electrostatic repulsion and lower the affinity of the OA for adsorption on the
surface (Durimel et al., 2013). At pH values above 4.9, both the catalyst surface and OA are
negatively charged, and therefore the electrostatic repulsion between the negative surface of the
Fe-MCM-41 and OA would occur leading to a reduction in adsorption uptake (Durimel et al.,
2013).
As it was shown in Figure 4.1, the performance of ozonation of OA was improved by the
addition of Fe-MCM-41, compared to ozonation. This was valid at all pH values. In comparison
to MCM-41, Fe-MCM-41 presented 10 to 20% higher activity toward degradation of OA. The
performance of catalytic ozonation in the presence of Fe-MCM-41 was almost the same (about
67%) at acidic conditions. However, the catalyst presented higher activity toward degradation of
OA at basic conditions. For instance, 76 and 81% of OA was removed at pH values of 9.2 and
12.1, respectively. In fact, it is likely that the high concentrations of hydroxide ions at basic
conditions promote the formation of hydroxyl radical leading to higher degradation of OA.
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It was mentioned that the maximum removal of OA by adsorption takes place at a pH
value between 3.8 and 4.9. However, the maximum elimination of OA by catalytic ozonation is
at basic pH conditions. Since the trends of OA removal in the two processes of adsorption and
catalytic ozonation were not identical, it was concluded that the adsorption of the organic
pollutant on the surface is not involved in the mechanism of catalytic ozonation. Therefore, it is
the OA molecules in the solution that are involved in the oxidation process, not the OA
molecules which are adsorbed on the surface.
In addition, Figure 4.1 clearly illustrates the effect of TBA as a radical scavenger on the
performance of the catalytic ozonation. In the presence of TBA, the removal of OA by catalytic
ozonation after 30 min reaction was considerably reduced to 17% at all reaction pH values below
9.2. The decline in the removal of OA was more significant (69%) at reaction pH of 12.1 due to
the scavenging of hydroxyl radicals. Therefore, the main oxidation of OA in the catalytic
ozonation occurs through reaction of OA with hydroxyl radicals generated from ozone
decomposition on the surface of the catalyst. However, small portion of OA (i.e. 12 to 17%)
reacted with molecular ozone. This result is in an agreement with the previous research studies in
catalytic ozonation of OA on other catalyst surfaces (Beltrán et al., 2002a, b, 2005).
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The fact that the removal of OA by catalytic ozonation was higher at pH values above
pHpzc than the pH values below pHpzc proves significant change in surface properties of FeMCM-41 (i.e. the inclination of Fe-MCM-41 surface to aqueous ozone decay and generation of
hydroxyl radicals) with reaction pH. This conclusion is also in agreement with the reports in the
literature that pH of solution has an impact on the rate of aqueous ozone decay in the presence of
zeolites (Valdés et al., 2009). It was also reported that at pH levels below pHpzc, Bronsted acid
sites on the zeolites surface are responsible for aqueous ozone decay and generation of hydroxyl
radical (Valdés et al., 2009). In contrast, at the pH levels above pHpzc, Lewis acid sites take over
this role (Valdés et al., 2009). Since the generation of hydroxyl radicals and consequently the
degradation of OA were quite significant in the entire range of studied pH in this study, it can be
concluded that both Lewis and Bronsted sites on Fe-MCM-41 could be considered active in
generation of hydroxyl radicals.

MCM-41 and Fe-MCM-41 showed similar trends in adsorption of OA in the presence
and absence of humic acid and phosphates. Figure 4.2 shows the effects of the addition of
phosphates and humic acids on removal of OA by adsorption on Fe-MCM-41 at five pH levels of
2.3, 3.8, 4.9, 9.2 and 12.1, respectively. Figure 4.3 shows the effects of the addition of
phosphates and humic acids on removal of OA by adsorption on MCM-41 at five pH levels of
2.3, 3.8, 4.9, 9.2 and 12.1, respectively.
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Figure 4.2. Profiles of C/C0 in adsorption of OA on Fe-MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1
in the presence and absence of phosphates and humic acid.
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Figure 4.3. Profiles of C/C0 in adsorption of OA on MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1 in
the presence and absence of phosphates and humic acid.
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At pH values above 4.9, the addition of phosphates and humic acids to the reactor did not
alter the performance of adsorption of OA on Fe-MCM-41. It was speculated that the
electrostatic repulsion of negatively charged catalyst surface, OA, and phosphates limited the
occurrence of adsorption. Therefore, the adsorption of phosphates and humic acids on Fe-MCM41 did not influence the adsorption of OA at pH values above 4.9. In contrast, at the pH level
below 4.9, the presence of phosphates resulted in an increase in the adsorption of OA on FeMCM-41 (i.e. 9 and 20% at pH levels 3.8 and 2.3, respectively). It is possible that the adsorption
of phosphates on positively charged surface provided a connection between the catalyst surface
and positively charged OA.

Figure 4.4 shows the amount of phosphates in the solution after 30 min adsorption of OA on
MCM-41 and Fe-MCM-41 at pH of 2.3, 3.8, 4.9, 9.2 and 12.1.
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Figure 4.4. The amount of phosphates in the solution after 30 min adsorption of OA on MCM41 and Fe-MCM-41 at pH of 2.3, 3.8, 4.9, 9.2 and 12.1.

As it can be seen in Figure 4.4, the concentration of phosphates in the solution decreased
with a decrease in pH. It indicates that phosphates are adsorbed more on Fe-MCM-41 as the
charge of catalysts surface becomes more positively-charged with a decrease in pH. The
prepared modified zeolites (MCM-41 and Fe-MCM-41) showed significant adsorption of
phosphates, particularly at pH values below pHpzc. It is believed that the modification of the FeMCM-41 catalyst during hydrothermal synthesis affected the catalysts characteristics toward the
uptake of phosphates. This finding is in agreement with the recent literature reports that the
surface modification of the MCM-41 framework by the incorporation of a metal ion (i.e.
ammonium) leads to an enhancement in phosphate removal from aqueous solution (Kang et al.,
2016). Therefore, the incorporation of iron in the framework of MCM-41 was found to have a
positive effect on adsorption of phosphates on the surface.

122

Fe-MCM-41 could adsorb 8 to 13% more phosphates, compared to MCM-41. This effect
was more noticeable at pH values below pHpzc of the catalyst.
Figure 4.5 shows the profiles of the concentration of humic acids in the solution in the
process of adsorption of OA on Fe-MCM-41 at different pH values. It was observed that the
concentration of humic acids in the solution was decreased in the first 5 to 10 min reaction time,
and then remained stable. As the pH decreases, higher amount of humic acids was adsorbed on
the surface of the catalyst. This observation is in agreement with literature reports that adsorption
of humic acids on hydrophilic surfaces is relatively fast at low pH where surface and humic acids
attract each other electrostatically (Avena and Koopal, 1999).
Although the adsorption of humic acids on Fe-MCM-41 was sometimes quite significant,
it did not lead to considerable reduction in the adsorption of OA on Fe-MCM-41. This result
suggests that the adsorption of humic acids and OA took place on different active sites on the
surface, and therefore their co-adsorption did not show any competition. This possibility was
confirmed based on the literature reports. On one hand, it was reported that carboxylic and
phenolic groups are exposed to the outside of the humic acid molecules, and these groups form
complexes with surface hydroxyl groups (Avena and Koopal, 1999). On the other hand, it was
reported that the adsorption of oxalic acid onto Al-MCM-41 is attributed to the interaction of the
carboxylic oxygen of oxalic acid with the Brönsted acid sites on the interior and exterior surfaces
of the adsorbent, as well as hydrogen-bonding interactions between the oxalic acid molecules
and the bridging hydroxy group of Al-MCM-41 (Gokulakrishnan et al., 2008).
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Figure 4.5. The profiles of the concentration of humic acids in the solution in the process of
adsorption of OA on Fe-MCM-41 at different pH values.

Figure 4.6 shows the impact of presence of phosphates and humic acids on removal of
OA by catalytic ozonation on Fe-MCM-41 at five different pH levels of 2.3, 3.8, 4.9, 9.2 and
12.1.
It is reported in the literature that phosphates can not only scavenge hydroxyl radical in
the solution but also poison alumina surface by adsorption (Beltrán et al., 2004; Ikhlaq et al.,
2015). However, the study on the influence of phosphates on the removal of different organic
pollutants in the presence of ZSM-5 zeolites showed negligible effect of phosphates on the
performance of the process (Ikhlaq et al., 2014).
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In contrast to ZSM-5 zeolites, our experimental observations on catalytic ozonation of
OA in the presence of modified Fe-MCM-41 indicated a decrease (28-34%) in removal of OA in
the presence of phosphates. The reduction in catalytic activity of Fe-MCM-41 with addition of
phosphates provides further evidence on •OH radical mechanism for degradation of OA using
Fe-MCM-41. In fact, phosphates acted as a radical scavenger leading to a decrease in the
efficiency of OA oxidation.
Figure 4.7 presents the profiles of adsorption of phosphates on MCM-41 and Fe-MCM41 after 30 min catalytic ozonation. The experimental results proved that phosphates are
adsorbed on the surface of the catalysts, except for MCM-41 at pH levels higher than pHpzc.
This observation was particularly noticeable at pH values below pHpzc of both catalysts,
particularly Fe-MCM-41, due to the fact that the catalyst surface is positively charged and
phosphate ions are negatively charged. This observation was in agreement with the literature
reports. Excessive phosphate adsorption was reported in the literature once the surface of MCM41 was modified by the substitution of metal ions (i.e. ammonium) in its framework (Kang et al.,
2016).
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Figure 4.6. Profiles of C/C0 in catalytic ozonation of OA on Fe-MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and
(e) 12.1 in the presence and absence of phosphates and HAs.
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Comparison of Figures 4.4 and 4.7 shows that less adsorption of phosphates on catalyst
surfaces were observed in catalytic ozonation process, compared to adsorption process.
Therefore, the presence of ozone, and consequently hydroxyl radical, in the process had a
negative impact on the adsorption of phosphates on the catalyst surfaces. This could be due to
the accumulation of generated hydroxyl radicals on the surface of the catalyst, which works as a
barrier toward the approach of phosphate ions to the catalyst surface. Similarly, it was reported
in the literature that the phosphate removal by the ammonium incorporated MCM-41 (A-MCM41) in highly alkaline conditions was significantly reduced due to the competition of the
hydroxyl radicals with phosphate ions for sorption sites (Kang et al., 2016).
The fact that the adsorption of phosphates on catalyst surface led to a reduction in OA
removal in a catalytic ozonation process (Figure 4.6) suggests that the phosphates ions scavenged
the generated hydroxyl radicals (i.e. the main means for the degradation of OA). Therefore, ionic
constituents of drinking water such as phosphates act as radical scavenger in catalytic ozonation
of OA in the presence of MCM-41 and Fe-MCM-41. This finding clarified an important
shortcoming of MCM-41 and Fe-MCM-41 in removal of OA by catalytic ozonation.
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Figure 4.7. The amount of phosphates in the solution after 30 min catalytic ozonation of OA on
MCM-41 and Fe-MCM-41 at pH of 2.3, 3.8, 4.9, 9.2 and 12.1.

It is believed that the presence of humic acids in the reaction medium in catalytic
ozonation can compete with the target organic pollutant in a typical catalytic ozonation process.
The profiles of the concentration of humic acids in the solution in the process of catalytic
ozonation of OA in the presence of Fe-MCM-41 at different pH values are shown in Figure 4.8.
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Figure 4.8. The profiles of the concentration of humic acids in the solution in the process of
catalytic ozonation of OA on Fe-MCM-41 at different pH values.

As it can be seen in Figure 4.8, humic acid was also degraded during the catalytic ozonation of
OA. The removal of humic acids increased by increasing pH. Higher oxidation of humic acids at
higher pH levels occurred due to formation of hydroxyl radicals. However, our experimental data
shown in Figure 4.6 indicated that the degradation of humic acids did not affect the degradation
of OA in the catalytic ozonation process at all pH values. This indicates that the mechanism of
oxidation of humic acid is different from OA, and therefore, they did not compete with each
other in oxidation. This is a confirmation on our previous findings and the literature reports.
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According to the literature, humic acid adsorbs on hydrophilic surfaces such as MCM-41 due to
the formation of complexes between surface hydroxyl groups and carboxylic and phenolic
groups of humic acid (Avena and Koopal, 1999). In contrast, it was discussed earlier in this
chapter that the degradation of OA involves its reaction with hydroxyl radicals in the bulk
solution, and therefore it does not proceed through adsorption on the surface. Thus, OA and
humic acid could not compete with each other due to having two distinct degradation pathways.

The stability of the catalysts due to reactions at different pH levels was investigated by
two methods.
In the first method, the morphological structure of the catalysts was studied using
scanning electron microscope (SEM). The SEM images of fresh MCM-41 and Fe-MCM-41 and
those after the catalytic ozonation of OA at different pH values are presented in Figures 4.9 and
4.10, respectively. The SEM images of both MCM-41 and Fe-MCM-41 samples after catalytic
ozonation of OA at five pH values of 2.3, 3.8, 4.9, 9.2 and 12.1 showed elongated bent rod-like
particles similar to the image taken from the fresh MCM-41 and Fe-MCM-41 sample. This
indicates that the original morphological structure of the catalysts (MCM-41 and Fe-MCM-41)
was maintained after catalytic ozonation of OA in a wide range of pH values.
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Figure 4.9. The SEM images of (a) fresh MCM-41 and that after the catalytic ozonation reaction
of OA at five pH values of (b) 2.3, (c) 3.8, (d) 4.9, (e) 9.2, and (f) 12.1.
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Figure 4.10. The SEM images of (a) fresh Fe-MCM-41 and that after the catalytic ozonation of
OA at five pH values of (b) 2.3, (c) 3.8, (d) 4.9, (e) 9.2, and (f) 12.1.
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In the second method, the crystalline structure of the catalysts was studied by the
application of XRD. The low angle XRD patterns of fresh MCM-41 and Fe-MCM-41 and those
after the catalytic ozonation of OA at different pH values (i.e. 2.3, 3.8, 4.9, 9.2 and 12.1) are
compared in Figures 4.11 and 4.12, respectively. All the presented patterns in Figures 4.11 and
4.12 showed similar crystalline structure to that of the main catalysts (i.e. MCM-41 and FeMCM-41) (Jeirani and Soltan, 2017). The appearance of four well-resolved peaks at the (100),
(110), (200) and the (210) reflection planes for hydrothermally-synthesized materials indicates
the hexagonal ordered pore structure (Liu et al., 2013). Since the XRD patterns of the fresh
catalysts and those after the catalytic ozonation of OA at different pH values are the same, it can
be deduced that the structure of the catalysts was stable in the wide range of studied pH.
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Figure 4.11. XRD pattern for fresh MCM-41 and that after the catalytic ozonation reaction of
OA at five pH values of 2.3, 3.8, 4.9, 9.2, and 12.1.
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Figure 4.12. XRD pattern for fresh Fe-MCM-41 and that after the catalytic ozonation reaction of
OA at five pH values of 2.3, 3.8, 4.9, 9.2, and 12.1.

The reusability of the catalysts (MCM-41 and Fe-MCM-41) were examined in terms of
the catalytic activity in successive applications for degradation of OA.
The plots of the normalized concentration of OA (i.e. C/C0) versus time in five successive
catalytic ozonation processes at pH of 3.8 in the presence of MCM-41 and Fe-MCM-41 are
shown in Figure 4.13 panels (a) and (b), respectively. There were no phosphates present during
the catalytic ozonation processes. Figure 4.11 shows negligible change in the performance of
catalytic ozonation in the application of the used catalysts for five times in the absence of
phosphates. It proves both catalysts (MCM-41 and Fe-MCM-41) retain their catalytic activities
even after being used for five times in a catalytic ozonation process. This conclusion was valid
for all catalytic ozonation processes conducted in the whole range of pH level. Therefore, the
change in pH of solution does not affect the reusability of catalysts.
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Figure 4.13. Profiles of C/C0 in catalytic ozonation of OA on (a) MCM-41 and (b) Fe-MCM-41
at pH of 3.8 in five successive re-use attempts in the absence of phosphates.
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It was previously found that considerable amounts of phosphates are adsorbed on the
catalyst surface, particularly in the reactions carried out at a pH level below pHpzc of the
catalysts. It was also observed that the presence of phosphates during catalytic ozonation leads to
a decrease in degradation efficiency of OA. There was a concern that the catalyst surface might
also turned inactive as a result of phosphate adsorption (Beltrán et al., 2004; Ikhlaq et al., 2015).
The concerns regarding the possibility of deactivation of the catalysts by adsorption of
phosphates was therefore investigated by three successive catalytic ozonation processes.
Phosphates were only present in the second catalytic ozonation experiment and both runs 1 and 3
were carried out in the absence of phosphates. Figure 4.14 compares the performances of these
three catalytic ozonation processes using the same re-used Fe-MCM-41 catalyst. A significant
reduction in degradation efficiency of OA was observed in run 2, compared to run 1. However,
the application of the re-used catalyst of run 2 in run 3 presented similar performance as run 1.
This proves that the present phosphate in run 2 did not affect the catalytic activity of the catalyst.
Therefore, the presence and uptake of phosphates from reaction solution on the catalyst surface
do not poison or deactivate the catalyst surface. It was concluded that the effect of phosphates in
a catalytic ozonation for removal of IBU is only limited to scavenging hydroxyl radicals, as it
was explained before.
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Figure 4.14. Profiles of C/C0 in catalytic ozonation of OA on Fe-MCM-41 at pH of 3.8 in three

successive re-use attempts. Unlike attempts 1 and 3, attempt 2 was conducted in the presence of
phosphates.

4.5. Conclusions
In this work, the performance of catalytic ozonation for the removal of oxalic acid using
modified MCM-41 and Fe-MCM-41 in different water matrices was investigated. The effects of
pH, presence of hydroxyl radical scavengers, humic acids, and phosphates on the performance of
catalytic ozonation were investigated. Fe-MCM-41 was identified as a more effective catalyst,
compared to MCM-41. The activity of Fe-MCM-41 for elimination of OA was found be the
same in the range of acidic pH (about 55% degradation of OA) whereas it enhanced in the basic
pH condition due to the generation of hydroxyl radicals.
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Despite co-degradation of humic acid during the process, the presence of humic acid did
not have an impact on the efficiency of OA oxidation. The presence of phosphates showed
considerable adsorption on the modified catalyst surface as well as it led to a significant
reduction in the degradation efficiency of OA by catalytic ozonation. However, phosphates did
not cause the deactivation of the catalysts by poisoning and their effect was limited to
scavenging of hydroxyl radical during a catalytic ozonation process. Therefore, the modified FeMCM-41 is a promising catalyst for degradation of organic pollutants in a wide pH levels.
Although modified Fe-MCM-41 is an effective catalyst for catalytic ozonation in natural water
matrix containing humic acids, it is not suggested to be used for removal of organic contaminants
from drinking water containing phosphates.
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CHAPTER 5
Stability and activity of MCM-41 and Fe-MCM-41 catalysts in catalytic
ozonation of ibuprofen in water

Contribution of this chapter to overall study
This chapter presents the fourth sub-objective of the thesis, which is “Investigation of the
performance of the most effective catalysts determined from the sub-objectives 1 and 2 in
catalytic ozonation of IBU in different pH and water matrices”. In chapters 2 and 3 from the
study of the sub-objectives 1 and 2, MCM-41 and Fe-MCM-41 were selected as the most
effective catalysts due to significant leaching of loaded manganese and cerium metals. Therefore,
the two catalysts of interest in chapters 4 to 6, including this chapter, are MCM-41 and FeMCM-41. IBU is selected as the organic pollutant of interest in this chapter to represent parent
organic contaminants. This chapter includes the effects of different water matrices (particularly
the level of pH as well as the presence of hydroxyl radical scavengers, phosphates and humic
acid) on the degradation efficiency of IBU by catalytic ozonation in the presence of MCM-41
and Fe-MCM-4. In addition, the stability and reusability of both catalysts in subsequent catalytic
ozonation processes for degradation of IBU were discussed in this chapter.
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5.1. Abstract
This work reports on stability and activity of MCM-41 and Fe-MCM-41 catalysts in
catalytic ozonation of ibuprofen (IBU) over a wide range of pH (2.3-12.1) and in different water
matrices. The catalysts were found to be remarkably active at pH levels below their point of zero
charge (i.e. 4.9). Fe-MCM-41 presented up to 9% higher degradation efficiency in respect to IBU
in a catalytic ozonation process, compared to MCM-41. After 30 min reaction time, 74% and
94% of IBU was removed by catalytic ozonation in the presence of Fe-MCM-41 at pH values of
2.3 and 3.8, respectively. However, the catalysts did not present any catalytic activity once the
pH of solution exceeded 4.9 due to the permanent damage in the morphological structure of the
catalysts. The addition of humic acids did not affect adsorption and catalytic ozonation processes
for the removal of IBU although humic acid co-adsorbed (up to 58% at pH level of 2.3) and codegraded (up to 97% at pH level of 12.1) during the processes. Phosphates were adsorbed (up to
28% and 45%, on MCM-41 and Fe-MCM-41, respectively, at pH level of 2.3) on the catalysts
from the reaction solution during the processes, but they did not deactivate the catalysts. The
presence of phosphates did not cause a considerable reduction in the degradation efficiency of
IBU. Both catalysts maintained their catalytic activities even after being used for five times in a
catalytic ozonation at pH levels below 4.9. However, even one run at pH levels above 4.9 was
sufficient to inactive the catalysts permanently.
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5.2. Introduction
The presence of pharmaceuticals and personal care products in the aquatic environment
as well as in finished drinking water has raised concerns about their potential effect on the
environmental and public health. Several studies showed that the conventional water and
wastewater treatment processes (e.g. biodegradation) cannot remove some of the prescription
and non-prescription drugs. For instance, about 75% of ibuprofen (IBU) is removed during
sewage treatment (Zorita et al., 2009). However, widespread consumption of IBU causes its
regular detection at high concentrations in treated sewage effluent and surface waters receiving
treated sewage effluent worldwide. IBU concentrations up to 3.4 mg/L have been reported in
sewage treatment plant effluents (Daughton and Ternes, 1999; Ashton et al., 2004), with
corresponding concentrations in receiving water streams ranging from less than 0.02 mg/L to
approximately 5 mg/L (Ashton et al., 2004). In Wascana Creek in Saskatchewan, Canada,
ibuprofen concentrations ranged from 0.21 to 1.05 mg/L. This has been identified as a potential
risk to aquatic biota in the creek (Waiser et al., 2011).
Therefore, it is important to devise an effective and feasible technology to remove the
organic pollutants from treated sewage effluent prior to discharging to surface water. Ozonation
is effective in oxidation of numerous organic compounds such as IBU. However, in most cases,
application of ozone leads to partial oxidation of the parent organic compound and generation of
recalcitrant carboxylic acids such as oxalic acid. Thus, a catalyst is commonly used in a typical
ozonation process to improve the degradation and mineralization of the organic species. The
efficiency of a heterogeneous catalytic ozonation substantially depends on the choice of the
catalyst.
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Mesoporous molecular sieves (e.g. MCM-41, ZSM, SBA, etc.) have presented potential
catalytic applications due to their high surface areas, well defined pore structures, and tunable
pore sizes (Kresge et al., 1992; Jeirani and Soltan, 2016). Contrary to zeolites, the framework of
MCM-41 has no Brönsted acid centers because there is no aluminium contained in the lattice.
However, incorporation of foreign atoms such as metal ions into the framework of MCM-41 was
found to be an effective strategy to form negative centers or Brönsted acid sites (Kawabata et al.,
2005; Li et al., 2012; Lan et al., 2013). Ozone is electrophilic and therefore it adsorbs to the
Brönsted acid sites on the Fe-MCM-41 surface promoting the generation of superoxide radicals
which initiate ozone decomposition (Lan et al., 2013). Therefore, the substitution of trivalent
iron (i.e. a kind of metal ions) in the framework of MCM-41 accelerates ozone decomposition
and consequently it enhances catalytic activity of the catalyst (Kawabata et al., 2005; Li et al.,
2012). Iron substituted MCM-41 (i.e. Fe-MCM-41) was introduced as an effective catalyst for
catalytic ozonation of organic pollutants (Lan et al., 2013; Jeirani and Soltan, 2017) such as pchlorobenzoic acid and oxalic acid.
Stability and catalytic activity are two fundamental properties of a catalyst, which
determine the usefulness of a catalyst for a particular process in an industry. The stability and
catalytic activity of MCM-41 and Fe-MCM-41 in catalytic ozonation of IBU in different water
matrices have not been reported in the literature. The main objective of this study is to
investigate the stability and catalytic activity of MCM-41 and Fe-MCM-41 for degradation of
IBU in the presence of ozone in different water matrices such as synthetic natural water and
drinking water.
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In order to achieve this objective, the performance of catalytic ozonation for the removal
of ibuprofen in water at different pH levels and in the presence of phosphates, humic acid and
hydroxyl radical scavengers was studied. In addition, the stability of the catalysts due to
reactions at different pH levels was investigated by analyzing the morphological structure of the
catalysts using scanning electron microscopy (SEM). The reusability of the catalysts (MCM-41
and Fe-MCM-41) was also studied in terms of the catalytic activity in successive applications for
degradation of IBU.

5.3. Methodology
Details of methodology are provided in the following sub-sections. Hydrothermal
synthesis was used to prepare mesoporous MCM-41 and Fe-MCM-41 catalysts, as previously
explained in chapters 2 and 3. The experimental set-up of catalytic ozonation is also previously
explained in chapter 2 section 2.3.2. They are not presented again in this section to avoid
duplication in the entire thesis.

142

Experiments for ozonation, catalytic ozonation and adsorption were carried out in a semibatch reactor containing 1 L of reaction solution (i.e. 5 ppm IBU in Milli-Q water). For catalytic
ozonation and adsorption experiments, 0.4 g of the catalyst (MCM-41 or Fe-MCM-41 containing
1wt% Fe) was added to the reactor. For ozonation and catalytic ozonation, ozone was injected
into the reaction solution at a controlled condition (69.5 L.h-1 gas flow rate and 21.8 ppm ozone
concentration in the feed gas). 10 mL samples were taken from the reactor at selected time
intervals (0, 2, 5, 10, 15, 20, and 30 min) and instantly quenched with 200 µL sodium
thiosulphate solution (0.025 M) in vials to remove residual ozone prior to analysis. The
concentration of the pollutant (i.e. IBU) at each time interval was measured by an HPLC.
To investigate the effects of pH on the performance of ozonation, catalytic ozonation and
adsorption, the experiments were conducted at five levels of initial pH of the reaction solution
(2.3, 3.8, 4.9, 9.2 and 12.1). The ionized and protonated forms of IBU (pKa) and point of zero
charge of the catalysts (MCM-41 and Fe-MCM-41) were the criteria in selection of the pH
values. In order to adjust the pH of the solutions, appropriate amounts of sodium hydroxide or
hydrochloric acid were added to the reaction solutions.
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To study the impact of the presence of phosphates, humic acids and tertiary butyl alcohol
(TBA) in the reaction system, experiments were also carried out at the compound’s initial
concentrations of 50, 7 and 50 mg/L, respectively. In order to evaluate the adsorption of
phosphates on the surface of catalysts, the concentrations of phosphates were also measured in
water samples taken during the experiments. The concern in the application of HA is its possible
competition with IBU in reaction with ozone. Therefore, oxidation of HA in each of the
experiments was also investigated.
For the reusability tests, the same methodology was followed five times subsequently
with the used catalyst of the previous experiment. In order to remove the unreacted IBU and
degradation products from the surface of the catalysts, the catalyst samples were washed with
Milli-Q water three times and air dried prior to the next application.
All the experiments were conducted in triplicate, and the average of the three measured
concentration data for each run with corresponding standard deviation was used.

Analysis of ibuprofen
The concentration of IBU in the samples was measured by HPLC equipped with a 100
mm × 4.6 mm C18 Acclaim 120 column and a diode array detector. The mobile phase was
acetonitrile/water (55/45 v/v) modified with 0.1% phosphoric acid at a constant flow rate of 1.5
mL min−1. The injection volume and UV wavelength were 80 µL and 220 nm, respectively. The
column was maintained at 30 °C during the measurements.
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Other analyses
The same methodologies, as explained in chapter 4, section 4.3.2., were followed in this
section to obtain point of zero charge (pHpzc) and scanning electron microscopy (SEM) images of
the catalysts as well as to determine the amounts of phosphates and humic acids in the samples.

5.4. Results and discussion

The five pH values in this study were selected as 2.3, 3.8, 4.9, 9.2 and 12.1 for the
following reasons. The ionized and protonated form (pKa) of IBU as well as the point of zero
charge (pHpzc) of the catalysts (MCM-41 and Fe-MCM-41) are 4.9. pH values of 2.3 and 12.1
represent the strongly acidic and strongly basic conditions, respectively. pH values of 3.8 and 9.2
were selected between these three pH values for further investigation.
The changes in the normalized concentration of IBU (i.e. C/C0) in three processes of
adsorption, ozonation, catalytic ozonation in the presence and absence of TBA at five pH values
of 2.3, 3.8, 4.9, 9.2 and 12.1 are shown in Figure 5.1 panels (a), (b), (c), (d) and (e), respectively.
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Figure 5.1 shows that adsorption of IBU on Fe-MCM-41 increases with increasing pH,
reaching the maximum adsorption (53%) at the pH value of 4.9. As the pH exceeds 4.9, the
adsorption starts to decrease. The low adsorption of IBU on Fe-MCM-41 at pH above 4.9 took
place due to the electrostatic repulsion of negatively charged IBU and negatively charged FeMCM-41. The low adsorption of IBU on Fe-MCM-41 at pH below 4.9 occurred due to the
repulsion of positively charged IBU and positively charged Fe-MCM-41. The maximum uptake
of IBU happened at around pH of 4.9 where the catalyst surface is neutral. All these results are in
agreement with the literature data on the adsorption of IBU on other types of zeolites (Ikhlaq et
al., 2014).
The performances of both ozonation and catalytic ozonation were improved by an
increase in pH due to an increase in concentration of OH− ions leading to high rates of aqueous
ozone decomposition.
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Figure 5.1. Profiles of C/C0 in three processes of adsorption, ozonation, catalytic ozonation of IBU using Fe-MCM-41 in the
presence and absence of TBA at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1.
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The catalytic ozonation on Fe-MCM-41 was effective only at the pH values less than 4.9.
At pH of 2.3, the removal of IBU by catalytic ozonation in the presence of Fe-MCM-41 was
74%, while it was 42% and 7% for ozonation and adsorption, respectively. At pH of 3.8, the
elimination of IBU by catalytic ozonation (93%) in the presence of Fe-MCM-41 was significant
compared to the other two processes of ozonation (65%) and adsorption (42%). However, the
experimental data of ozonation and catalytic ozonation at pH values equal and above 4.9 showed
that Fe-MCM-41 did not have any significant catalytic activity. The reason for this observation is
the instability of the catalyst, which is explained further in section 3.5.
The removal of IBU by catalytic ozonation in the presence of Fe-MCM-41 reached 74%
and 94% after 30 min reaction time at pH values of 2.3 and 3.8, respectively. However, the same
reaction in the presence of MCM-41 did not exceed 65% and 91% at pH values of 2.3 and 3.8.
Therefore, at the pH values less than 4.9, the conversion of IBU in catalytic ozonation in the
presence of Fe-MCM-41 was about 3 to 9% higher than that in the presence of MCM-41.
Compared to the experimental error bars of 2 to 5%, the incorporation of only 1 wt% iron in the
framework of MCM-41 could slightly improve the activity of the catalyst toward the degradation
of IBU. This is in agreement with previous reports that the incorporation of transition metal
elements into the framework of silica molecular sieves creates sites for redox reaction leading to
an improvement in catalytic activity of the catalyst (Kawabata et al., 2005; Li et al., 2012).
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The availability of both Bronsted and Lewis acidic sites when aluminum or iron was
incorporated into MCM-41, was proved by infra-red (IR) spectroscopy (Szegedi et al., 2004).
The Fe3+ component was suggested to be similarly incorporated into the framework, but with
only one ligand, a silanol oxygen of an adjacent layer, in a tetrahedral arrangement of rather low
symmetry (Szegedi et al., 2001). The valence state of the iron species can be easily and
reversibly changed in redox cycles (Szegedi et al., 2001). The surface of metal substituted
MCM-41 containing Lewis acid sites can strongly coordinate with water molecules on the
surface, forming a layer of hydroxyl group, which is the active adsorption center for ozone (Lan
et al., 2013; Pan et al., 2015).
Comparison of the trends in the experimental adsorption and catalytic ozonation results
showed that the highest adsorption of IBU on Fe-MCM-41 was observed at pH of 4.9, where the
difference between ozonation and catalytic ozonation results is insignificant. Due to the two
distinct trends, it was concluded that the IBU molecules, which take part in catalytic reaction, are
the dissolved IBU in the solution, not the adsorbed IBU. Therefore, the adsorption of IBU on the
surface does not play an important role in the mechanism of catalytic ozonation. This result for
the modified MCM-41 catalyst is in contrast to the reported literature about ZSM-5 zeolites. It
was previously reported that catalytic ozonation on ZSM-5 involves direct reaction between
adsorbed organic pollutant and ozone (Ikhlaq et al., 2012, 2014). It is believed that the
modification of zeolite affected the mechanism of catalytic ozonation in this system.
The application of TBA showed that the conversion of catalytic ozonation after 30 min
reaction were not reduced significantly at all pH values. Therefore, the oxidation of IBU occurs
through direct reaction of IBU with molecular ozone rather than OH radical mechanism.
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Both catalysts of MCM-41 and Fe-MCM-41 showed similar adsorption performance with
respect to IBU in the presence and absence of humic acid and phosphates. Figure 5.2 shows the
effect of the presence of phosphates and humic acids on removal of IBU by adsorption on FeMCM-41 at five pH levels of 2.3, 3.8, 4.9, 9.2 and 12.1. Figure 5.3 shows the effect of the
presence of phosphates and humic acids on removal of IBU by adsorption on MCM-41 at five
pH levels of 2.3, 3.8, 4.9, 9.2 and 12.1.
As it can be seen in Figure 5.2, the presence of humic acid did not influence the
adsorption of IBU on Fe-MCM-41 at all pH levels. However, the presence of phosphates
increased the adsorption of IBU on the catalyst at pH levels below pHpzc (i.e. 4.9). Based on the
pKa of phosphoric acid (2.12, 7.21 and 12.67), phosphates are ionized in the form of dihydrogen
phosphates (H2PO4−) at pH levels between 2.3 and 4.9. At pH level below 4.9, both the catalyst
and IBU are positively charged. The ionized phosphates (H2PO4−) can connect the protonated
IBU and positively charged catalyst surface due to electrostatic attraction. It was reported in the
literature that P–OH bonds in phosphate molecules can interact with one isolated or two adjacent
hydroxyl (OH) group(s) on the surface of siliceous MCM-41 (Kawi et al., 2002). This effect was
more noticeable at pH of 2.3 than 3.8, which is likely due to stronger positive charges on the
surface. Such an effect was not observed at pH above pHpzc of the catalyst due to the
electrostatic repulsion of negatively charge surface, IBU and phosphates.
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The adsorption of phosphates on the catalysts surface was investigated further by
measuring the concentration of phosphates in the solution after the adsorption process. The
amount of phosphates in the solution after 30 min adsorption of IBU on MCM-41 and Fe-MCM41 at pH of 2.3, 3.8, 4.9, 9.2 and 12.1 are presented in Figure 5.4.
The experimental data in Figure 5.4 showed lower concentration of phosphates in the
solution, and consequently more adsorption of phosphates on both catalysts surfaces with a
decrease in pH of solution. According to reports in the literature, the P–OH bonds in phosphate
molecules can interact with one isolated or two adjacent hydroxyl (OH) group(s) on the surface
of siliceous MCM-41 (Kawi et al., 2002) leading to adsorption of the phosphates ions. The
prepared modified catalysts showed significant adsorption of phosphates, particularly at pH
values lower than pHpzc (i.e. 4.9). At pH of 2.3 and 3.8, the adsorption uptake of phosphates was
28% and 16% for MCM-41 and 45% and 28% for Fe-MCM-41, respectively. This observation
for the modified catalysts (MCM-41 and Fe-MCM-41) is in agreement with the recent literature
reports for other kinds of modified zeolites (Kang et al., 2016). It was reported that adsorption of
phosphates from aqueous solution was improved by modification of the MCM-41 (Kang et al.,
2016). As it is discussed in section 3.5, the uptake of phosphate does not lead to poisoning of the
catalyst surface. In addition, the incorporation of iron in the framework of MCM-41 tends to
increase the adsorption of phosphates on the catalyst surface. Fe-MCM-41 could adsorb 12 to
17% more phosphates at pH levels of 3.8 and 2.3, respectively, compared to MCM-41. The
adsorption of phosphate on the catalysts did not occur at pH values above pHpzc of the catalysts.
Almost no uptake of phosphates on both MCM-41 and Fe-MCM-41 was observed during
adsorption of IBU on MCM-41 and Fe-MCM-41 at pH values above pHpzc (9.2 and 12.1). This
can be due to electrostatic repulsion of negatively charged catalyst surface and phosphate ions.
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Figure 5.2. Profiles of C/C0 in adsorption of IBU on Fe-MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1
in presence and absence of phosphates and humic acid.
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Figure 5.3. Profiles of C/C0 in adsorption of IBU on MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and (e) 12.1 in
presence and absence of phosphates and humic acid.
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Figure 5.4. The amount of phosphates in the solution after 30 min adsorption of IBU on MCM41 and Fe-MCM-41 at pH of 2.3, 3.8, 4.9, 9.2 and 12.1.

Figure 5.5 shows the profiles of the concentration of humic acids in the solution in the
process of adsorption of IBU on Fe-MCM-41 at different pH values. The adsorption of humic
acids was insignificant at pH levels above pHpzc of the catalyst. However, considerable amounts
of humic acids (24-58%) were adsorbed at pH level below pHpzc. The experimental data also
proved that humic acids were mainly adsorbed on the catalyst surface in the first 5 min of the
process. In addition, the uptake of humic acid was increased with a decrease in pH. Despite
relatively significant co-adsorption of humic acids in the process of adsorption of IBU on FeMCM-41 at a pH level below pHpzc (shown in Figure 5.4), no competition was found between
IBU and humic acid on adsorption on the surface (shown Figure 5.2). It implies that the
adsorptions of humic acids and IBU took place on different active sites on the catalyst surface.
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Figure 5.5. The profiles of the concentration of humic acids in the solution in the process of
adsorption of IBU on Fe-MCM-41 at different pH values.

Figure 5.6 shows the effects of phosphates and humic acids on removal of IBU by
catalytic ozonation on Fe-MCM-41 at five different pH levels of 2.3, 3.8, 4.9, 9.2 and 12.1.
The phosphates tend to scavenge hydroxyl radicals in the solution as well as poison
alumina surface by adsorption (Beltrán et al., 2004; Ikhlaq et al., 2015). However, phosphates
showed insignificant effect on the removal of different organic pollutants in the presence of
ZSM-5 zeolites (Ikhlaq et al., 2014). Our experimental data showed agreements with the
literature (Ikhlaq et al., 2014) that the impact of phosphates on the performance of catalytic
ozonation with the modified catalysts (MCM-41 and Fe-MCM-41) is insignificant.
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Figure 5.6. Profiles of C/C0 in catalytic ozonation of IBU on Fe-MCM-41 at five pH values of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2, and
(e) 12.1 in presence and absence of phosphates and humic acids.
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At pH levels below pHpzc, the presence of phosphates caused only about 10% reduction
in the degradation of IBU. It was not a notable impact compared to 5% experimental error bars.
The reason for this small amount of reduction in elimination of IBU in the presence of Fe-MCM41 and ozone is the scavenging of hydroxyl radicals. As it was explained before, the mechanism
of catalytic ozonation of IBU in this range of pH is mainly through reaction with molecular
ozone. However, a small portion of IBU degradation (i.e. 10%) occurs by hydroxyl radicals,
which did not happen in the presence of phosphates. This fact was confirmed once the plots of
catalytic ozonation in the presence of phosphates at pH 2.3 and 3.8 (presented in Figure 5.6
panels (a) and (b)) were compared with catalytic ozonation in the presence of TBA (presented in
Figure 5.1 panels (a) and (b)). Almost similar degradation performance was observed in these
two plots. Therefore, the role of phosphates is identical to TBA, which is scavenging hydroxyl
radicals, as reported in the literature (Roshani et al., 2014; Ikhlaq et al. 2015).
At pH levels equal to and above pHpzc, the addition of phosphates did not have any
effect on the degradation of IBU for two reasons. First of all, the mechanism of reaction in this
range of pH is only by reaction with molecular ozone. Thus, hydroxyl radicals did not get
involved in the degradation process. Therefore, even if the hydroxyl radicals were scavenged by
phosphates, there was insignificant impact in the degradation process of IBU.
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Measurement of the concentrations of phosphates in the reaction solution after 30 min
catalytic ozonation of IBU using MCM-41 and Fe-MCM-41 showed the same results as shown
in Figure 5.4 for adsorption process. Therefore, the presence of ozone and consequently the
degradation of IBU do not have an impact on the adsorption of phosphates on the surface.
Although significant amounts of phosphates were adsorbed on the catalysts surface at pH of 2.3
and 3.8, it did not cause a considerable reduction in the performance of catalytic ozonation. The
reason, as explained before, is that the reaction of IBU and molecular ozone is the primary
reaction in this range of pH, and only a small portion of degradation occurred through reaction
with hydroxyl radicals, which are generated on the catalyst surface.
Since humic acids has an organic nature, it was expected that its presence in natural water
would compete with IBU for degradation in a catalytic ozonation reaction. Figure 5.6 showed
that the degradation of IBU by catalytic ozonation was not altered by the addition of humic acids
to the reaction solution. The negligible effect of humic acid on the performance of catalytic
ozonation was valid at all studied pH levels. It is noteworthy that humic acids are co-adsorbed
and co-degraded during the catalytic ozonation processes. The profiles of the concentration of
humic acids in the solution in catalytic ozonation of IBU in the presence of Fe-MCM-41 at
different pH levels are shown in Figure 5.7. Compared to Figure 5.5, higher elimination of humic
acids was observed in catalytic ozonation process than adsorption process. It justifies the
occurrence of degradation (whether with ozone or hydroxyl radicals) in addition to adsorption.
The increase in removal of humic acids was more significant at basic pH levels than acidic pH
levels due to the formation of considerable amounts of hydroxyl radicals from decomposition of
aqueous ozone in the presence of dissolved OH− ions in the reaction solution.
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Figure 5.7. The profiles of the concentration of humic acids in the solution in the process of
catalytic ozonation of IBU on Fe-MCM-41 at different pH values.

As it was discussed before, both MCM-41 and Fe-MCM-41 catalysts were found to be
inactive in catalysis of IBU in the presence of ozone at pH levels equal to and above pHpzc of
the catalysts. The stability of the catalysts due to catalytic ozonation of IBU at different pH
levels was investigated by two methods.
In the first method, scanning electron microscopy (SEM) was used to analyze the
morphological structure of the catalysts and investigate the stability of the catalysts at different
pH levels.
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The scanning electron microscope (SEM) images of fresh MCM-41 and Fe-MCM-41 and
those after the catalytic ozonation of IBU at different pH values are presented in Figures 5.8 and
5.9, respectively.
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Figure 5.8. The SEM images of (a) fresh MCM-41 and that after the catalytic ozonation reaction
of IBU at five pH values of (b) 2.3, (c) 3.8, (d) 4.9, (e) 9.2, and (f) 12.1.
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Figure 5.9. The SEM images of (a) fresh Fe-MCM-41 and that after the catalytic ozonation of
IBU at five pH values of (b) 2.3, (c) 3.8, (d) 4.9, (e) 9.2, and (f) 12.1.

The SEM images of the MCM-41 and Fe-MCM-41 samples after catalytic ozonation of
IBU at pH values of 2.3 and 3.8 showed elongated bent rod-like particles similar to the image
taken from the fresh catalyst samples. It indicates that the original morphological structures of
catalysts were maintained after catalytic ozonation of IBU at pH values of 2.3 and 3.8. However,
the morphological structures of both catalysts (MCM-41 and Fe-MCM-41) collapsed by catalytic
ozonation of IBU at pH values equal to and higher than 4.9. Thus, it was concluded that due to
the damage of the morphological structures of the catalysts at pH values above 4.9, the catalysts
were deactivated and therefore all oxidations of IBU took place through ozonation alone.

161

It is believed that the pH by itself is not the main reason for the morphological damage
because the catalytic ozonation of OA in the presence of Fe-MCM-41 at pH values equal to and
higher than 4.9 did not lead to the morphological damage to the catalyst. It was reported in the
literature that the six intrinsic mechanisms of catalyst decay are (i) poisoning, (ii) fouling, (iii)
thermal degradation, (iv) vapor compound formation accompanied by transport, (v) vapor–solid
and/or solid–solid reactions, and (vi) attrition/crushing (Bartholomew, 2001). A thorough study
is required to be performed to assess all possibilities and investigate the reason for the damage of
the morphological structure of the catalysts at pH levels above 4.9.
In the second method, XRD analysis was used to study the crystalline structure of the
catalysts. The low angle XRD patterns of fresh MCM-41 and Fe-MCM-41 and those after the
catalytic ozonation of IBU at different pH values (i.e. 2.3, 3.8, 4.9, 9.2 and 12.1) are compared in
Figures 5.10 and 5.11, respectively. As it was shown, the XRD patterns of both MCM-41 and
Fe-MCM-41 after the catalytic ozonation of IBU at pH levels of 2.3 and 3.8 were similar to the
fresh catalysts. The appearance of four well-resolved peaks at the (100), (110), (200) and the
(210) reflection planes for hydrothermally-synthesized materials indicates the hexagonal ordered
pore structure (Liu et al., 2013). Therefore, the crystalline structure of the catalysts was stable
after catalytic ozonation of IBU at pH levels below 4.9. However, the same XRD patterns were
not obtained for both MCM-41 and Fe-MCM-41 after the catalytic ozonation of IBU at pH levels
equal to and above 4.9. Therefore, it was deduced that the crystalline structure of the catalysts
was collapsed after being used at pH levels above 4.9.
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Figure 5.10. XRD pattern for fresh MCM-41 and that after the catalytic ozonation reaction of
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Figure 5.11. XRD pattern for fresh Fe-MCM-41 and that after the catalytic ozonation reaction of
IBU at five pH values of 2.3, 3.8, 4.9, 9.2, and 12.1.
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The reusability of the catalysts (MCM-41 and Fe-MCM-41) were examined in terms of
the catalytic activity in five successive applications for degradation of IBU. The plots of the
normalized concentration of IBU (i.e. C/C0) versus time in five successive catalytic ozonation
processes at pH of 2.3 in the presence of MCM-41 and Fe-MCM-41 are shown in Figure 5.12
panels (a) and (b), respectively. In all experiments, no phosphates were present in the reaction
solution and the initial pH was set at 2.3. As it can be seen in Figure 5.12, no significant
difference was observed between the performance of catalytic ozonation by the application of the
used catalysts for five times. It shows that both catalysts (MCM-41 and Fe-MCM-41) retain their
catalytic activities even after being used for five times in a catalytic ozonation process under
similar operating conditions. This conclusion was also found to be valid for five successive
catalytic ozonation processes at pH of 3.8 in the presence of both catalysts. The results are not
included in this section to avoid duplication.
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Figure 5.12. Profiles of C/C0 in catalytic ozonation of IBU on (a) MCM-41 and (b) Fe-MCM-41
at pH of 2.3 in five successive re-use attempts in the absence of phosphates.

Figure 5.13 shows the effect of phosphates on the reusability of Fe-MCM-41 by
conducting three successive catalytic ozonation processes. Phosphates were added to the second
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run while the first and the third runs were carried out in the absence of phosphates. As it can be
seen in Figure 5.13, degradation efficiency was slightly reduced by the addition of phosphates to
the process in run 2, compared to run 1. However, the performance of catalytic ozonation in run
3 was similar to run 1 although the re-used catalyst of run 2 was used in run 3. These
observations showed that the presence and uptake of phosphates from reaction solution on the
catalyst surface do not poison or deactivate the catalyst surface. Therefore, the effect of
phosphates in a catalytic ozonation for removal of IBU is only limited to scavenging hydroxyl
radicals, as it was explained before.

1

C/C0

0.8
0.6
Attempt 1
0.4

Attempt 2

0.2

Attempt 3

0
0

53

5

10
15
20
Time (min)

25

30

Figure 5.13. Profiles of C/C0 in catalytic ozonation of IBU on Fe-MCM-41 at pH of 2.3 in three

successive attempts with a reused catalyst. Unlike attempts 1 and 3, attempt 2 was conducted in
presence of phosphates.
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Figure 5.14 shows the effect of pH on reusability of Fe-MCM-41 catalyst. The initial pH
of reaction in runs 1 and 3 were set at 2.3 while that for run 2 was 9.2. Application of the
catalyst, which was previously used at pH level of 2.3, in a second catalytic ozonation reaction at
pH of 9.2 presented a usual degradation trend as a fresh catalyst (Figure 5.1, panels (a) and (d)).
However, the re-use performance of the catalyst, which was previously used at pH level of 9.2,
in a third catalytic ozonation reaction at pH of 2.3 was interesting. As it can be observed in
Figure 5.14, the profiles of IBU degradation in catalytic ozonation of runs 1 and 3 fell apart
significantly. The degradation efficiency was about 31% less in run 3, compared to run 1.
Instead, the degradation trend in run 3 in Figure 5.14 was found to be identical to ozonation of
IBU at pH of 2.3 (Figure 5.1, panel (a)). The obtained result implied that the catalyst is inactive
in run 3, which was believed to occur as a result of its previous application at pH 9.2. It
consequently proved that the deactivation of Fe-MCM-41 catalyst due to collapse of its
morphological structure at pH above 4.9 is a permanent damage, and it is irreversible.
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Figure 5.14. Profiles of C/C0 in catalytic ozonation of IBU on Fe-MCM-41 in three successive
attempts with a reused catalyst. pH of reaction in attempts 1 and 3 was 2.3, but it was 9.2 in
attempt 2.

The concentration profiles of three carboxylic acids (i.e. oxalic, acetic and pyruvic acids) as
examples of organic recalcitrant by-products of catalytic ozonation of IBU in the presence of FeMCM-41 at pH of 2.3 are presented in Figure 5.15.
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Figure 5.15. Concentration profiles of oxalic, acetic and pyruvic acids in catalytic ozonation of
IBU in the presence of Fe-MCM-41 at pH of 2.3.

Among the studied by-products, oxalic acid with approximate maximum concentration of 1.1 pm
was determined to be the main carboxylic acid generated during the reaction. In addition, the
concentration profiles of all the by-products were observed to increase to a maximum level prior
to a decrease. The increase of the concentration profiles indicates the formation of the organic
pollutant during the reactions. The subsequent decrease in the concentration profiles occurred
due to the co-degradation of the organic pollutants during catalytic ozonation of IBU.
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5.5. Conclusions
In this work, the catalytic activity of MCM-41 and Fe-MCM-41 for the removal of IBU
in a wide range of pH (2.3-12.1) and in the presence of phosphates and humic acids were
investigated. It was found that the degradation mechanism of catalytic ozonation for the removal
of IBU using Fe-MCM-41 is similar to MCM-41 and is pH dependent. Fe-MCM-41 presents
pronounced catalytic activity at pH levels below its pHpzc. Under this condition, the primary
ozonation reaction was direct reaction of non-adsorbed IBU and molecular ozone on the surface
of catalyst. When the pH of solution exceeded 4.9, Fe-MCM-41 had no catalytic activity. The
scanning electron microscope (SEM) images, taken from the catalysts samples prior to and after
catalytic ozonation, confirmed that the collapse in the morphological structure of Fe-MCM-41 at
pH values above 4.9 was the reason for deactivation of the catalysts. The damage in
morphological structure of the catalyst was permanent. Under this condition, the degradation of
IBU solely occurred by ozonation (i.e. a reaction between IBU and ozone molecule in the bulk of
fluid). The presence of humic acids did not affect both the performances of adsorption and
catalytic ozonation of IBU using Fe-MCM-41. Although the modified zeolites adsorbed
phosphates from the reaction solution, the adsorbed phosphates did not poison the catalyst
surface and they did not affect the performance of catalytic ozonation significantly. The
catalysts, which were previously used in catalytic ozonation below pHpzc, were reusable in at
least five successive catalytic ozonation processes.
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CHAPTER 6
Kinetics of catalytic ozonation of ibuprofen and oxalic acid in a semi-batch
slurry reactor

Contribution of this chapter to overall study
This chapter covers the last sub-objective of the thesis, which is “Derivation of a kinetic
model to determine the reaction rate constants”. In this chapter, the derivation of a new kinetic
model is presented. The kinetic model was basically derived by the mass balance of consumed
ozone and total organic carbon (TOC) degradation. The kinetic model was then applied to
estimate the rate constants of ozonation and catalytic ozonation in the presence of MCM-41 and
Fe-MCM-41 for both OA and IBU at different pH values.
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6.1. Abstract
A kinetic model was developed, and the rate constants of ozonation and catalytic
ozonation in the presence of MCM-41 and Fe-MCM-41 for both oxalic acid (OA) and ibuprofen
(IBU) at different pH values (2.3, 3.8, 4.9, 9.2, 12.1) were determined. Gaseous ozone
absorption, external diffusion and reaction steps were taken into consideration in derivation of
the model. With an increase in the pH level in the degradation of OA, the rate constant of
homogeneous reactions varied from 2.7×10-5 L.mol-1.s-1 to 6.0×10-4 L.mol-1.s-1 while the rate
constant of heterogeneous reactions increased from 7.5×10-3 L.mol-1.s-1 to 8.5×10-2 L.mol-1.s-1. In
the degradation of IBU in the studied range of pH, the rate constant of homogeneous reactions
varied from 1.8×10-4 L.mol-1.s-1 to 3.2×10-3 L.mol-1.s-1 while the rate constant of heterogeneous
reactions increased from 1.4×10-3 L.mol-1.s-1 to 1.6×10-1 L.mol-1.s-1. The developed kinetic
model was satisfactorily applicable to the degradation of IBU and OA in the studied range of pH.
In addition, the higher rate constant estimated for heterogeneous reaction in the presence of FeMCM-41, compared to MCM-41 indicated that the incorporation of iron in the framework of
MCM-41 accelerated the removal rate of organic pollutants (OA and IBU) from water.
Furthermore, the increase of both homogeneous and heterogeneous rate constants with an
increase in pH level for both IBU and OA indicated the expedited degradation reaction with
increasing of solution pH.
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6.2. Introduction
Slurry reactors are the reactors in which the catalyst is suspended in the liquid medium by
either mechanical or gas induced agitation. Mechanically agitated slurry reactors and bubble
column slurry reactors are two types of slurry reactor operations with their unique pros and cons.
In the mechanically agitated reactors, either a shaft or a magnetic stirrer is used to
provide agitation of the liquid and suspension of catalyst particles. The advantages of these
reactors include high heat and mass transfer efficiencies. However, they cause problems like
catalyst attrition and complete backmixing of the liquid phase. Backmixing occurs whenever
“spent” gas that should be exiting a reactor mixes with the liquid phase. Backmixing is
unfavourable to the performance of a gas-liquid or a gas-liquid-solid reactor because it reduces
overall mass transfer efficiency, since the backmixed gas is basically taking up space without
contributing to the reaction (Shah et al., 1978; Chaudhari and Ramachandran, 1980).
In the bubble column reactors, catalyst is suspended by means of gas induced agitation.
These types of reactor have the advantages of low power consumption and insignificant
backmixing of liquid phase. However, nonuniform catalyst distribution and lower mass and heat
transfer efficiencies are some of their disadvantages. A mechanically agitated reactor was
practically used in this work due to the application of a magnetic stirrer.
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Catalytic reaction in a semi-batch slurry reactor is a complicated three-phase system
because it involves several processes such as gas-liquid mass transfer, liquid-to-particle mass
transfer, intraparticle diffusion, adsorption, surface reaction and desorption of products. A
general theoretical analysis for estimating the overall rate of reaction in a slurry reactor
incorporating all the transport effects was basically introduced a few decades ago (Chaudhari and
Ramachandran, 1980). However, the model was later improved or revised for specific studies
(Benitez et al., 1991; Beltrán et al., 2002a,b, 2009a). For instance, the effects of one or some of
the transport steps were assumed to be insignificant, and therefore they were removed from the
past theoretical kinetic analysis of catalytic ozonation process (Beltrán et al., 2006).
The modeling in this work is a recent modification of an available kinetic model in the
literature (Beltrán et al., 2009b). Due to the ability to measure and record the concentration of
aqueous ozone every two-seconds during the reaction, the model was revised by replacing
𝐶𝑂3 (𝑔) 𝑅𝑇
𝐻𝑒

with its measured value of 𝐶𝑂3 (𝑙) . In this model the rate equations were established for

the steps that are taken for the compound O3 present in the gas phase to be converted to
product(s) over the active surface of the catalyst in a slurry reactor. The differential equation
relating total rate of ozone consumption to the rate of TOC degradation was then integrated using
two initial conditions to find final equations for the estimations of rate constants.
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6.3. Methodology
Details of methodology are provided in the following sub-sections. Hydrothermal
synthesis was used to prepare mesoporous MCM-41 and Fe-MCM-41 catalysts, as previously
explained in chapters 2 and 3. The experimental set-up of catalytic ozonation is also previously
explained in chapter 2 section 2.3.2. They are not presented again in this section to avoid
duplication in the entire thesis.

A semi-batch reactor was filled with 1 L of the reaction solution (i.e. 20 ppm OA or 5
ppm IBU in Millipore water). Then the pH of the solution was adjusted at a desired pH level
(2.3, 3.8, 4.9, 9.2, 12.1) by addition of appropriate amounts of sodium hydroxide or hydrochloric
acid to the reaction solutions. In the beginning of a catalytic ozonation experiment, 0.4 g of the
catalyst (MCM-41 or Fe-MCM-41) was added to the reactor and simultaneously ozone started
bubbling into the reaction solution. At selected time intervals (0, 2, 5, 10, 15, 20, and 30 min), a
10 mL sample was taken from the reactor. The sample was filtered using a PTFE 0.45 µm
syringe-filter and quenched with 200 µL sodium thiosulphate solution (0.025 M) to remove
residual ozone prior to the analysis. The amount of total organic carbon (TOC) of the samples
taken at each time interval was measured and recorded. TOC was measured using TOC-L
Shimadzu total organic carbon analyzer. All experiments were carried out in triplicate, and the
average of data was used for plotting.
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A schematic drawing of the semi-batch slurry reactor is shown in Figure 6.1. Consider a
typical catalytic ozonation reaction, in which ozone (O3) in the gas phase reacts on the surface of
catalyst with water (H2O) in the liquid phase to generate hydroxyl radicals, which subsequently
react with the organic compound in the aqueous phase.
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Figure 6.1. Schematic drawing of the semi-batch slurry reactor
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For a species O3 present in the gas phase to be converted to product(s) over the active surface of
the catalyst in a slurry reactor, the following steps occur:
1. Transport of O3 from the bulk gas phase to the gas-liquid interface.
2. Transport of O3 from gas-liquid interface to the bulk of liquid.
3. Transport of O3 from bulk liquid to the catalyst surface.
4. Intraparticle diffusion of O3 in the pores of the catalyst.
5. Adsorption of O3 on the active sites of the catalyst.
6. Surface reaction of O3 with H2O to yield products.
The concentration profile of O3 in such a semi-batch reactor during a catalytic ozonation
process is schematically presented in Figure 6.2. The aforementioned six steps required for a
catalytic ozonation are explained in the following sub-sections.
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Figure 6.2. Schematic of concentration profile of ozone during a catalytic ozonation process.
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6.3.2.1. Ozone absorption in water (steps 1 and 2)
To obtain the rate of mass transfer of O3 from the gas phase to the liquid phase (i.e. steps
1 and 2), the ozone absorption process was studied. It should be noted that pH, gas flow rate,
ozone partial pressure and agitation speed affect the absorption of ozone in water. The dissolved
ozone concentration decreases when the pH is increased, due to the fact that high pH values are
inducing the ozone decomposition. The gas flow rate and the agitation speed influence on the
liquid and gas mass transfer resistance, that is, on the mass transfer coefficients and the
interfacial area. On the other hand, ozone partial pressure affects both liquid and gas phase
driving forces. It is reported in the literature that the dissolved ozone concentration increases
when these variables (gas flow rate, agitation speed and ozone partial pressure) increase (Sotelo
et al., 1989).
In this specific case of ozone absorption in water, the flow rate and the concentration of
ozone in the feed gas were constant at 69.5 L h-1 and 21.8 ppm, respectively. The blank tests
showed that the aqueous concentration of ozone does not significantly change at equal and above
this gas flow rate and gaseous ozone concentration. Therefore, these parameters are sufficiently
high to consider the gas phase resistance to mass transfer is negligible. Therefore, during the
absorption of ozone into water, the only resistance exists in a liquid film near the interface. If the
absorption is accompanied by an irreversible chemical reaction in the liquid, this reaction will
occur in the liquid bulk (slow kinetic regime), or in the film (fast kinetic regime) (Sotelo et al.,
1989). These possibilities are shown in Figure 6.3.
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Figure 6.3. Concentration profiles of gas during its (a) physical absorption, (b) chemical
absorption (slow kinetic regime) and (c) chemical absorption (fast kinetic regime)
(Charpentier, 1981).

The absorption regime depends on the ratio between the maximum chemical reaction rate
developed in the film and the maximum physical absorption rate (Sotelo et al., 1989). Thus, a
gas-liquid reaction mass transfer and chemical reaction must be considered to study the kinetics
of gas absorption.
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The dimensionless number of Hatta (Ha) establishes the relative importance of chemical
reaction and mass transfer rates. It establishes distinctions between slow or fast ozonation kinetic
regimes (Beltrán et al., 2009a,b). For a second-order reaction, as most of ozone reactions in
water (Kuczkowski, 1984; Beltrán et al., 2009a,b), the Hatta number is defined as (Hatta, 1932):

𝐻𝑎 =

∗
√𝑘 𝐷𝑂3 𝐶𝑂3 (𝑙)

(6.1)

𝑘𝐿

where k is the rate constant of the direct reaction between dissolved ozone and pollutant in water,
𝐷𝑂3 is the diffusivity of ozone in water, 𝐶𝑂∗3 (𝑙) is the solubility of ozone in water and 𝑘𝐿 is the
individual liquid phase mass transfer coefficient. The Hatta number allows to ascertain the type
of kinetic regime. Low values of Ha (i.e. less than 0.3) indicate that the reaction occurs in the
slow regime. For values of Ha higher than 3, the reaction occurs in fast regime. Finally, for
values of Ha between 0.3 and 3, the reaction occurs in moderately fast regime (Charpentier,
1981).
In order to start derivation of the kinetic model in this step, it was assumed that the
ozonation reaction regime is slow (i.e. Ha < 0.3). The implication of this assumption is examined
subsequently by the calculation of the dimensionless number of Ha using the estimated rate
constant of the direct reaction between dissolved ozone and pollutants in water.
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Assuming that the kinetic regime is slow, the ozone absorption rate will be:

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 1 𝑎𝑛𝑑 2 = (𝑘𝐿 𝑎)𝑂3 (𝐶𝑂∗3(𝑙) − 𝐶𝑂3(𝑙) ) − 𝑘𝑑 𝐶𝑂3(𝑙)

(6.2)

where 𝑘𝑑 , 𝐶𝑂3 (𝑙) and (𝑘𝐿 𝑎)𝑂3 are the rate constant of the ozone decomposition reaction,
concentration of dissolved ozone in the bulk of liquid and the overall mass transfer coefficient
for the transfer of O3 from bulk gas to bulk liquid, respectively.
The process was considered to be steady-state for the gaseous phase because the flow rate
and concentration of inlet gaseous O3 were maintained constant, and the concentration of outlet
gaseous O3 was almost unchanged with time except for the first five seconds of the reaction.
Neglecting the first five seconds in the beginning of the reaction, the process relative to the gas
phase can therefore be assumed steady-state. In a steady-state gas adsorption process,

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 1 𝑎𝑛𝑑 2 = 0

(6.3)

and therefore,

𝐶𝑂∗3(𝑙) = 𝐶𝑂3 𝑠𝑠 [1 + (𝑘

𝑘𝑑

𝐿 𝑎)𝑂3

]

(6.4)

where 𝐶𝑂3 𝑠𝑠 is the dissolved ozone concentration at steady-state condition. It was experimentally
found that the plot of dissolved ozone concentration against time showed that the dissolved
ozone concentration first increases and after 2 to 4 minutes reaches a plateau value at the
concentration of 𝐶𝑂3 𝑠𝑠 . Due to the impact of the simultaneous decomposition reaction occurring
during the absorption process, this concentration does not correspond to the equilibrium
condition but to the steady state.
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Due to high solubility of ozone in water (109 mg/l at 25°C) and complete mixing
condition, the rate constant of the ozone decomposition reaction (𝑘𝑑 ) was assumed to be
significantly less than the overall mass transfer coefficient for the transfer of O3 from bulk gas to
bulk liquid ((𝑘𝐿 𝑎)𝑂3 ). The validity of this assumption was subsequently checked after the
calculation of (𝑘𝐿 𝑎)𝑂3 and its comparison with reported value of 𝑘𝑑 in the literature. If 𝑘𝑑 is
neglected in comparison with (𝑘𝐿 𝑎)𝑂3 , the ozone solubility coincides with the ozone
concentration at steady state. Values of 𝐶𝑂3 𝑠𝑠 and hence the ozone solubility (𝐶𝑂∗3 (𝑙) ) in each
specific process was therefore obtained from the plot of dissolved ozone concentration versus
time. It should be noted that the solubility of a substance fundamentally depends on the physical
and chemical properties of the solute and solvent as well as on temperature, pressure and the pH
of the solution. All the experiments were carried out under ambient temperature and atmospheric
pressure. However, different initial pH of reaction medium in each process would cause different
ozone solubility in water. Under such a condition, equation (6.2) can be simplified as:

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 1 𝑎𝑛𝑑 2 = (𝑘𝐿 𝑎)𝑂3 (𝐶𝑂∗3(𝑙) − 𝐶𝑂3(𝑙) )
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(6.5)

6.3.2.2. External mass transfer (step 3)
The rate of mass transfer from the liquid to the surface of the solid (step 3):

𝑅𝑂3 𝑠𝑡𝑒𝑝 3 = 𝑤(𝑘𝑆 𝑎𝑃 )𝑂3 (𝐶𝑂3(𝑙) − 𝐶𝑂3(𝑠) )

(6.6)

in which 𝑘𝑆 , 𝑎𝑃 , 𝑤, and 𝐶𝑂3(𝑠) are the liquid-solid mass transfer coefficient, external surface area
of the catalyst particle, mass of catalyst (solid), and concentration of dissolved ozone at the
surface of catalyst particles, respectively. The external surface area of the catalyst particles (𝑎𝑃 )
was obtained from the BET analysis. The liquid-solid mass transfer coefficient (𝑘𝑆 ) was
estimated from the following correlation (Sano et al., 1974):

𝑘𝑆 𝑑𝑝
𝐷𝐹𝑐

4 𝜌3
𝑒𝑑𝑝
𝐿

= 2 + 0.4 [

𝜇𝐿3

1/4

]

[

𝜇𝐿 1/3
𝜌𝐿 𝐷

]

(6.7)

where 𝜌𝐿 , 𝜇𝐿 , 𝑑𝑝 , 𝐷, 𝐹𝑐 and 𝑒 are the density of liquid, viscosity of liquid, mean diameter of
particles, mass diffusivity, shape factor, and energy supplied to liquid, respectively.
Shape factor (𝐹𝑐 ) was defined as Carman’s surface factor, and it is constant over a wide range of
porosities (Sano et al., 1974). For values of solid porosities up to 0.8, Carman’s surface factor
can be taken as 5 (Barbosa-Cánovas et al., 2005).
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The power being consumed to turn the magnet (𝑃), and or the energy supplied to liquid (𝑒) was
calculated from equation (6.8) (Atkinson et al., 2000):
𝑃 = Τ𝜔/9.5488

(6.8)

where 𝑃, Τ and 𝜔 are power (kW), torque (N.m) and angular velocity (rpm). In this case, the
angular velocity is 600 rpm or 20π rad/s. Torque (Τ) can be estimated from equation (6.9):

Τ = Iα = I

𝑑𝜔

(6.9)

𝑑𝑡

I is the moment of inertia of the magnet (kg.m2) and it can be calculated from its geometry. α is
angular acceleration of the magnet (rad/s2) and it can be determined from the experimental
measurement of the angular displacement as a function of time by video capturing of the magnet
from the above when the magnetic stirrer is removed rapidly (Atkinson et al., 2000).

6.3.2.3. Internal diffusion, adsorption, surface reaction (steps 4 to 6)
Steps 4 to 6 include internal diffusion, adsorption, surface reaction. In the preliminary
studies for the screening of catalyst size, it was found that the degradation profile is identical for
catalysts with particle sizes smaller than 250 microns. The fact that the particle size of catalyst
does not influence the performance of catalytic ozonation indicates that the surface reaction is
the rate limiting step, compared to the internal diffusion. In the other words, the rate of internal
diffusion is much faster that the rate of reaction, and therefore the intraparticle concentration
gradients may be considered to be negligible in this range of particle size distribution.
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Therefore, it was decided to use a specific particle size distribution (i.e. 125-250 microns)
for the catalyst to eliminate the effects of internal diffusion. This discussion was also confirmed
by plotting the uptake of TOC (qt) at each time interval against square root of time, presented in
Figure 6.4. Since the regression line did not pass through the origin, it was concluded that intraparticle diffusion is not the rate limiting step (Gupta et al., 2013).
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Figure 6.4. Uptake of TOC at each time interval against square root of time. pH= 2.3; Catalyst:
Fe-MCM-41

The possibility that whether adsorption or reaction is the rate limiting step was
investigated by the plots of pseudo first and pseudo second order kinetic models, presented in
Figures 6.5 and 6.6. The experimental data in Figures 6.5 and 6.6 were linearly fitted very well
(R2=0.9998), which indicate that the reaction is the rate limiting step. Since the R-squared of
both kinetic models were identical, the adsorption capacity (qe) were calculated from both model.
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It was found out that the adsorption capacity from the pseudo-second order kinetic model (12.91)
is in good agreement with the experimental value (12.66), compared to the adsorption capacity
from the pseudo-second order kinetic model (2.85). Therefore, the reaction can be considered as
a pseudo-second order reaction.
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Figure 6.5. Fitted model of pseudo-first order kinetic data of TOC on Fe-MCM-41 at pH of 2.3.
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Figure 6.6. Fitted model of pseudo-second order kinetic data of TOC on Fe-MCM-41 at pH of
2.3.

Since the reaction is the rate limiting step, steps 4 to 6 are considered as chemical
reactions with apparent rate constants, and the concentration of ozone can be assumed to be close
to 𝐶𝑂3(𝑠) within the catalyst particle.
In a typical catalytic ozonation process, the abatement of TOC can occur due to two types
of simultaneous processes:
1. Homogeneous reactions: This process is also called ozonation, which involves the
reactions of TOC both with dissolved ozone and with the generated hydroxyl radicals in the bulk
of liquid from the self-decomposition of ozone. All the homogeneous reactions occur in the bulk
of liquid without the engagement of catalyst. pH of the solution, and presence of buffers and
radical scavenger are some of the factors that likely affect the rate of ozone self-decomposition.
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According to an established approach (Elovitz and von Gunten, 1999), the concentration
of hydroxyl radicals generated from ozone self-decomposition is linearly correlated to the
concentration of ozone.

𝑅𝑐𝑡 =

𝐶.𝑂𝐻

(6.10)

𝐶 𝑂3

Thus, the concentration of hydroxyl radicals is a function of the concentration of ozone, and
therefore it is a dependent variable. Therefore, rate of the reaction is only a function of the
concentration of ozone and TOC, and the overall homogeneous reactions are considered as a
pseudo second order reaction. The overall apparent reaction rate constant of the homogeneous
reactions is presented by 𝑘𝐻 .

(𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 4−6 ) = 𝑘𝐻 𝐶𝑂3 . 𝑇𝑂𝐶

(6.11)

𝐻

2. Heterogeneous catalytic ozonation: In this case, the reaction occurs between organic
matter and hydroxyl radicals generated from ozone decomposition on the catalyst surface. Based
on the preliminary studies, the impact of the internal diffusion was found to be negligible, and
the catalyst effectiveness factor (𝜂𝐶 ) was considered to be 1 in this specific study. Thus the rate
of reaction per unit volume of slurry is expressed as,

(𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 4−6 )

𝐻𝐸𝑇

= 𝑤. 𝑘𝐻𝐸𝑇 𝐶𝑂3(𝑠) . 𝑇𝑂𝐶

in which, 𝑘𝐻𝐸𝑇 is the apparent reaction rate constant of the heterogeneous reaction.
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(6.12)

The combination of equations (6.11) and (6.12) gives the rate of reactions (steps 4 to 6) in a
catalytic ozonation process:

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 4−6 = 𝑘𝐻 𝐶𝑂3 . 𝑇𝑂𝐶 + 𝑤. 𝑘𝐻𝐸𝑇 𝐶𝑂3(𝑠) . 𝑇𝑂𝐶

(6.13)

The rate of ozone consumption is as follows:

𝑅𝑂3 𝑡𝑜𝑡𝑎𝑙 = 𝑁𝐴 (𝐶𝑂∗3(𝑙) − 0) = 𝑁𝐴 (𝐶𝑂∗3(𝑙) − 𝐶𝑂3(𝑙) + 𝐶𝑂3(𝑙) − 𝐶𝑂3(𝑠) + 𝐶𝑂3(𝑠) ) (6.14)
The terms (𝐶𝑂∗3 (𝑙) − 𝐶𝑂3 (𝑙) ), (𝐶𝑂3 (𝑙) − 𝐶𝑂3 (𝑠) ), and 𝐶𝑂3 (𝑠) can be obtained from equations
(6.5), (6.6), and (6.13). Substitutions of the terms yields:
𝑅𝑂3 𝑡𝑜𝑡𝑎𝑙
𝑁𝐴

=

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 1 𝑎𝑛𝑑 2
(𝑘𝐿 𝑎)𝑂3

+

𝑅𝑂3 𝑠𝑡𝑒𝑝 3
𝑤(𝑘𝑆 𝑎𝑃 )𝑂3

+

𝑅𝑂3 𝑠𝑡𝑒𝑝𝑠 4−6
𝑘𝐻 .𝑇𝑂𝐶+𝑤.𝑘𝐻𝐸𝑇 .𝑇𝑂𝐶

(6.15)

Therefore,

𝑁𝐴 = [(𝑘

1

𝐿 𝑎)𝑂3

+

1
𝑤(𝑘𝑆 𝑎𝑃 )𝑂3

+

−1

1
𝑘𝐻 .𝑇𝑂𝐶+𝑤.𝑘𝐻𝐸𝑇 .𝑇𝑂𝐶

]

(6.16)

Replacement of equation (6.16) in equation (6.14) gives:

𝑅𝑂3 𝑡𝑜𝑡𝑎𝑙 = [(𝑘

1

𝐿 𝑎)𝑂3

+

1
𝑤(𝑘𝑆 𝑎𝑃 )𝑂3

+

1
𝑘𝐻 .𝑇𝑂𝐶+𝑤.𝑘𝐻𝐸𝑇 .𝑇𝑂𝐶
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−1

]

(𝐶𝑂∗3 (𝑙) )

(6.17)

Since the rate of ozone consumption equals the rate of TOC degradation,

𝑧𝐻𝐸𝑇

𝑑𝑇𝑂𝐶
𝑑𝑡

= 𝑅𝑂3 𝑡𝑜𝑡𝑎𝑙 =

∗
𝐶𝑂
3 (𝑙)

(6.18)

1
1
1
+
+𝑘 .𝑇𝑂𝐶+𝑤.𝑘
[
]
(𝑘𝐿 𝑎)𝑂
𝑤(𝑘𝑆 𝑎𝑃 )𝑂
𝐻
𝐻𝐸𝑇 .𝑇𝑂𝐶
3
3

where 𝑧𝐻𝐸𝑇 is called the stoichiometric ratio of the ozone-TOC in a heterogeneous reaction and it
is defined as the consumption of ozone per mole of consumed TOC:
𝑡

𝑧𝐻𝐸𝑇 = [

𝐶𝑂3 𝑔,𝑖𝑛𝑙𝑒𝑡 𝑄𝑔 Δ𝑡−∫𝑡 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡−𝐶𝑂3 (𝑙) 𝑉
𝑖
𝑉(𝑇𝑂𝐶𝑖 −𝑇𝑂𝐶)

]

(6.19)
heterogeneous reaction

𝑧𝐻𝐸𝑇 is a constant for each catalytic ozonation process and it can be obtained from equation
(6.19). All the parameters on the right-hand side of the equation are known. 𝐶𝑂3 𝑔,𝑖𝑛𝑙𝑒𝑡 ,
𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 , 𝐶𝑂3 (𝑙) , 𝑉, 𝑄𝑔 , Δ𝑡, 𝑇𝑂𝐶𝑖 , and 𝑇𝑂𝐶 are the concentrations of gaseous ozone in the
inlet and outlet streams, concentration of aqueous ozone at the end of reaction, volume of
reaction medium (polluted water), flow rate of gaseous ozone, time interval (whole reaction
time), and the initial and final TOC.
The integration of equation (6.18) using the two initial conditions of
𝑡 = 𝑡𝑖

𝑇𝑂𝐶 = 𝑇𝑂𝐶𝑖

(6.20)

𝑡=𝑡

𝑇𝑂𝐶 = 𝑇𝑂𝐶

(6.21)

Leads to

[(𝑘

1

𝐿 𝑎)𝑂3

+

1
𝑤(𝑘𝑆 𝑎𝑃 )𝑂3

] (𝑇𝑂𝐶 − 𝑇𝑂𝐶𝑖 ) −

∗
𝐶𝑂
3 (𝑙)

𝑧𝐻𝐸𝑇
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(𝑡 − 𝑡𝑖 ) = (

1

𝑘𝐻 +𝑤𝑘𝐻𝐸𝑇

𝑇𝑂𝐶

) [ln 𝑇𝑂𝐶𝑖 ] (6.22)

If the left-hand side of equation (6.22) is plotted against ln
gives

1
𝑘𝐻 +𝑤𝑘𝐻𝐸𝑇

𝑇𝑂𝐶𝑖
𝑇𝑂𝐶

, the slope of the regression line

. Therefore, the apparent rate constant for the heterogeneous reaction (i.e. 𝑘𝐻𝐸𝑇 )

can be estimated from the slope of the regression line if 𝑘𝐻 is known.
The apparent rate constant for the homogeneous reaction (i.e. 𝑘𝐻 ) can be estimated from
the TOC mass balance for the homogeneous reaction (ozonation):

𝑑𝑇𝑂𝐶

𝑧𝐻𝑂𝑀

𝑑𝑡

=

∗
𝐶𝑂
3 (𝑙)
1
[
(𝑘𝐿 𝑎)𝑂

3

(6.23)

1
+𝑘 .𝑇𝑂𝐶 ]
𝐻

where 𝑧𝐻𝑂𝑀 is the stoichiometric ratio of the ozone-TOC in homogeneous reaction, and it is
defined as the consumption of ozone per mole of consumed TOC:
𝑡

𝑧𝐻𝑂𝑀 = [

𝐶𝑂3 𝑔,𝑖𝑛𝑙𝑒𝑡 𝑄𝑔 Δ𝑡−∫𝑡 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡−𝐶𝑂3 (𝑙) 𝑉
𝑖
𝑉(𝑇𝑂𝐶𝑖 −𝑇𝑂𝐶)

]

(6.24)
homogeneous reaction

Integration of equation (6.23) using the same initial conditions of (6.20) and (6.21), and rearrangement of the equation leads to

ln

𝑇𝑂𝐶𝑖
𝑇𝑂𝐶

𝑇𝑂𝐶−𝑇𝑂𝐶𝑖

= 𝑘𝐻 [

(𝑘𝐿 𝑎)𝑂3

−

𝐶𝑂∗ 3 (𝑙)
𝑧𝐻𝑂𝑀

(𝑡 − 𝑡𝑖 )]

(6.25)

The apparent rate constant for the homogeneous reaction (i.e. 𝑘𝐻 ) was then estimated
from the slope of the regression line for the plot of ln
the homogeneous reaction (ozonation).
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𝑇𝑂𝐶𝑖
𝑇𝑂𝐶

against [

𝑇𝑂𝐶−𝑇𝑂𝐶𝑖
(𝑘𝐿 𝑎)𝑂3

∗
𝐶𝑂
3 (𝑙)

−𝑧

𝐻𝑂𝑀

(𝑡 − 𝑡𝑖 )] for

6.4. Results and discussion

The changes in the amounts of TOC in ozonation and catalytic ozonation processes for
removal of OA in the presence of either MCM-41 or Fe-MCM-41 at five initial pH levels of 2.3,
3.8, 4.9, 9.2 and 12.1 are shown in Figure 6.7 panels (a), (b), (c), (d) and (e), respectively. The
efficiency of ozonation treatment for the elimination of TOC was improved from 13% to 40%
with increasing pH level from 2.3 to 12.1, respectively. The reason was the formation of
hydroxyl radicals from dissolved hydroxide ions. Compared to ozonation, catalytic ozonation
was significantly more effective. At strongly acidic pH level of 2.3, the removal of TOC was
85% and 88% in the presence of MCM-41 and Fe-MCM-41, respectively. Both catalysts were
able to completely eliminate TOC at pH levels above 4.9. Fe-MCM-41 presented a slightly (up
to 9%) higher activity.
The changes in the amounts of TOC in ozonation and catalytic ozonation processes for
removal of IBU in the presence of either MCM-41 or Fe-MCM-41 at five initial pH levels of 2.3,
3.8, 4.9, 9.2 and 12.1 are shown in Figure 6.8 panels (a), (b), (c), (d) and (e), respectively. The
efficiency of ozonation treatment for the elimination of TOC was improved from 34% to 100%
with increasing pH level from 2.3 to 12.1, respectively. Compared to ozonation, catalytic
ozonation was more effective at the pH level below 4.9. For instance, at strongly acidic pH level
of 2.3, the removal of TOC was 87% and 93% in the presence of MCM-41 and Fe-MCM-41,
respectively. However, the catalysts did not show any catalytic activity at pH level equal to and
above 4.9.
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Figure 6.7. Profiles of TOC in ozonation and catalytic ozonation processes for removal of OA in the presence of either MCM-41 or
Fe-MCM-41 at five initial pH levels of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2 and (e) 12.1.
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Figure 6.8. Profiles of TOC in ozonation and catalytic ozonation processes for removal of IBU in the presence of either MCM-41
or Fe-MCM-41 at five initial pH levels of (a) 2.3, (b) 3.8, (c) 4.9, (d) 9.2 and (e) 12.1.
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𝑡

The mount of discharged ozone from the outlet, ∫𝑡 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡, was numerically
𝑖

calculated in an Excel spreadsheet for both ozonation and catalytic ozonation processes at different
pH values. Trapezoidal rule was used to estimate the area under the curve of 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 against
time over the whole reaction (ozonation or catalytic ozonation) time. The obtained result of the
numerical approach for each process was then multiplied by the constant 𝑄𝑔 to find the term
𝑡

∫𝑡 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡, which is presented in Table 6.1. This term was typically between 400 and 600
𝑖

mg.
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Table 6.1. The calculated amounts of discharged ozone from the outlet for both ozonation and

catalytic ozonation processes at different pH values.

𝑡

Organic compound

pH

𝑡

∫ 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡
𝑡𝑖

Catalyst

mg

OA

IBU

2.3

505

3.8

489

4.9

469

9.2

452

12.1

441

2.3

483

3.8

488

4.9

492

9.2

480

12.1

473

∫ 𝐶𝑂3 𝑔,𝑜𝑢𝑡𝑙𝑒𝑡 𝑄𝑔 d𝑡
𝑡𝑖

mg
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MCM-41

488

Fe-MCM-41

477

MCM-41

474

Fe-MCM-41

463

MCM-41

502

Fe-MCM-41

593

MCM-41

428

Fe-MCM-41

412

MCM-41

399

Fe-MCM-41

448

MCM-41

468

Fe-MCM-41

580

MCM-41

459

Fe-MCM-41

438

MCM-41

445

Fe-MCM-41

508

MCM-41

462

Fe-MCM-41

456

MCM-41

491

Fe-MCM-41

467

The stoichiometric ratios of the ozone-TOC in homogeneous and heterogeneous reactions
(i.e. 𝑧𝐻𝑂𝑀 and 𝑧𝐻𝐸𝑇 , respectively) were calculated using equations (6.24) and (6.19) from
ozonation and catalytic ozonation experimental data, respectively. The calculated values of 𝑧𝐻𝑂𝑀
and 𝑧𝐻𝐸𝑇 are presented in Table 6.2. As it was aforementioned, the stoichiometric ratio of the
ozone-TOC is defined as the ratio of consumed ozone to consumed TOC.
For OA, the typical values for 𝑧𝐻𝑂𝑀 is in the range of 154-411 and 𝑧𝐻𝐸𝑇 is in the range of 52-63.
For IBU, the typical values for 𝑧𝐻𝑂𝑀 is in the range of 69-106 and 𝑧𝐻𝐸𝑇 is in the range of 64-101.
Higher 𝑧𝐻𝑂𝑀 for OA than that for IBU indicates less consumption of TOC in OA reactions,
compared to IBU reactions. The reason is that OA is more recalcitrant to ozonation than IBU.
For IBU reactions, almost the same values were found for 𝑧𝐻𝑂𝑀 and 𝑧𝐻𝐸𝑇 at each pH level
equal to and above 4.9. The reason is the instability of the catalysts (both MCM-41 and Fe-MCM41) in catalytic ozonation of IBU at this range of pH. Since the catalysts do not get involved in the
degradation process, the TOC is only consumed in the bulk of water with almost the same amount
in both ozonation and catalytic ozonation process. Therefore, the calculated 𝑧𝐻𝑂𝑀 and 𝑧𝐻𝐸𝑇 were
noticed to be identical.
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Table 6.2. The calculated stoichiometric ratios of the ozone-TOC in homogeneous and

heterogenous reactions.
Organic compound

pH

𝑧𝐻𝑂𝑀

2.3

411.0 ± 21

3.8

OA

4.9

9.2

12.1

2.3

3.8

IBU

4.9

9.2

12.1

Catalyst

𝑧𝐻𝐸𝑇

MCM-41

55.2 ± 3

Fe-MCM-41

54.0 ± 3

MCM-41

54.6 ± 3

Fe-MCM-41

53.9 ± 3

MCM-41

53.3 ± 3

Fe-MCM-41

52.1 ± 3

MCM-41

58.7 ± 3

Fe-MCM-41

56.3 ± 3

MCM-41

63.0 ± 3

Fe-MCM-41

59.8 ± 3

MCM-41

100.2 ± 5

Fe-MCM-41

64.4 ± 3

MCM-41

96.1 ± 5

Fe-MCM-41

64.0 ± 3

MCM-41

93.7 ± 5

Fe-MCM-41

93.7 ± 5

MCM-41

81.2 ± 4

Fe-MCM-41

79.9 ± 4

MCM-41

70.2 ± 4

Fe-MCM-41

70.4 ± 4

326.4 ± 16

280.2 ± 14

209.7 ± 10

154.9 ± 8

105.8 ± 5

97.6 ± 5

93.4 ± 5

81.1 ± 4

69.8 ± 3
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In all OA reactions as well as the IBU reaction at pH of 2.3, it was ascertained that 𝑧𝐻𝑂𝑀 is more
than 𝑧𝐻𝐸𝑇 in the presence of MCM-41, and it is subsequently more than 𝑧𝐻𝐸𝑇 in the presence of
Fe-MCM-41. It was deduced that the application of the catalysts with ozone for the degradation of
pollutants is effective because it leads to more elimination of TOC and consequently a reduction
in the stoichiometric ratios. Since the estimated 𝑧𝐻𝐸𝑇 is less for the catalytic ozonation processes
in the presence of Fe-MCM-41, compared to MCM-41, it indicates that Fe-MCM-41 is able to
degrade more TOC, compared to MCM-41 in these particular reactions. In other words, the
incorporation of Fe in the framework of MCM-41 improved its efficiency in removal of TOC.

The overall mass transfer coefficient for the transfer of O3 from bulk gas to bulk liquid,
(𝑘𝐿 𝑎)𝑂3 , was obtained from ozone adsorption process in organic free water at different pH levels
of 2.3, 3.8, 4.9, 9.2 and 12.1. This method is well established in the literature (Sotelo et al., 1989;
Rivas et al., 2003; Beltrán et al., 2006, 2009a,b).
Based on the mass balance for the ozone compound in this system,
𝑑𝐶𝑂3 (𝑙)
𝑑𝑡

= (𝑘𝐿 𝑎)𝑂3 (𝐶𝑂∗3(𝑙) − 𝐶𝑂3(𝑙) )

(6.26)

After re-arrangement and integration of the above equation,

ln (

𝐶𝑂∗ 3 (𝑙)
∗
𝐶𝑂
−𝐶𝑂3 (𝑙)
3 (𝑙)

) = (𝑘𝐿 𝑎)𝑂3 𝑡

(6.27)
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In this modeling, it was assumed that ozone partial pressure, gas flow rate, concentration
of ozone in gas phase, agitation speed, and other operating conditions such as temperature,
pressure and pH are constant. Since the pH is altering in our specific study from one process to
another one by the change of pH, it is essential to evaluate the term (𝑘𝐿 𝑎)𝑂3 at the studied pH
levels (i.e. 2.3, 3.8, 4.9, 9.2 and 12.1). According to equation (6.27), by plotting the left handside term (ln (𝐶 ∗

∗
𝐶𝑂
3 (𝑙)

𝑂3 (𝑙) −𝐶𝑂3 (𝑙)

)) against time (𝑡), straight lines must be obtained. The term (𝑘𝐿 𝑎)𝑂3

was then deduced from the corresponding slopes of lines. Both the estimated values of (𝑘𝐿 𝑎)𝑂3
and the corresponding R-squared of linear regression at the studied pH levels are tabulated in
Table 6.3.
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Table 6.3. The estimated values of overall mass transfer coefficient for the transfer of O3 from

bulk gas to bulk liquid and the corresponding R-squared of linear regression at the studied pH
levels.

pH

(𝑘𝐿 𝑎)𝑂3 , s-1

R2

2.3

0.0111

0.9964

3.8

0.0115

0.9926

4.9

0.0118

0.9914

9.2

0.0307

0.9939

12.1

0.0571

0.9953
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The statistical parameter of R-squared in all linear regressions was close to unity, which
indicates the goodness of the linear fittings. Table 6.3 also presents that the range of (𝑘𝐿 𝑎)𝑂3 was
between 0.0111 and 0.0571 s-1with an increase in pH from strongly acidic to strongly basic
condition. In other words, (𝑘𝐿 𝑎)𝑂3 was about five times higher in strongly basic condition than
strongly acidic condition. The higher ozone adsorption in basic condition occurred due to the fact
that high pH values are inducing the ozone decomposition, leading to high overall mass transfer
coefficient for the transfer of O3 from bulk gas to bulk liquid.
The values of (𝑘𝐿 𝑎)𝑂3 in organic-free water under different operating conditions (e.g.
ozone partial pressure, gas flow rate, concentration of ozone in gas phase, agitation speed, and
pH) were previously estimated and reported in the literature as 3.9×10-2 s-1 (Beltrán et al., 1993),
0.011 s-1 (Beltrán et al., 2002a,b) and 2.4 min-1 (Beltrán et al., 2006). The estimated values of
(𝑘𝐿 𝑎)𝑂3 from this specific study was comparable with the available data in the literature.
In the derivation of the kinetic model, it was assumed that the rate constant of the ozone
decomposition reaction (𝑘𝑑 ) was significantly less than the overall mass transfer coefficient for
the transfer of O3 from bulk gas to bulk liquid ((𝑘𝐿 𝑎)𝑂3 ). The validity of the assumption is
required to be checked. It was reported in the literature that ozone decomposition kinetics in
water follows a first order reaction with the rate constant (𝑘𝑑 ) of 6.2×10−4 s−1 at pH 7 (Beltrán et
al., 2006). The predicted values of (𝑘𝐿 𝑎)𝑂3 was found to be between 0.0111 and 0.0571 in a
wide range of pH. Therefore, the assumption that 𝑘𝑑 is much less than (𝑘𝐿 𝑎)𝑂3 is correct and
valid.
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Based on equation (6.25), the apparent rate constant for the homogenous reaction (𝑘𝐻 )
was directly estimated from the slope of the regression line for the plot of ln
[

𝑇𝑂𝐶−𝑇𝑂𝐶𝑖
(𝑘𝐿 𝑎)𝑂3

∗
𝐶𝑂
3 (𝑙)

−𝑧

𝐻𝑂𝑀

𝑇𝑂𝐶𝑖
𝑇𝑂𝐶

against

(𝑡 − 𝑡𝑖 )] for the ozonation experiment.

In order to calculate the apparent rate constant for the heterogeneous reaction (𝑘𝐻𝐸𝑇 ), two
steps were taken. Based on equation (6.22), the value of

slope of the regression line for the plot of [

1

(𝑘𝐿 𝑎)𝑂3

∗
𝐶𝑂
3 (𝑙)

𝑧𝐻𝐸𝑇

(𝑡 − 𝑡𝑖 ) against ln

from the value of

𝑇𝑂𝐶𝑖
𝑇𝑂𝐶

1
𝑘𝐻 +𝑤𝑘𝐻𝐸𝑇

+

1
𝑘𝐻 +𝑤𝑘𝐻𝐸𝑇
1

𝑤(𝑘𝑆 𝑎𝑃 )𝑂3

was first estimated from the

] (𝑇𝑂𝐶 − 𝑇𝑂𝐶𝑖 ) −

for the catalytic ozonation experiment. Then 𝑘𝐻𝐸𝑇 was obtained

using the calculated 𝑘𝐻 from the previous step.

Table 6.4 presents the calculated apparent rate constants for the ozonation and catalytic
ozonation processes in the presence of MCM-41 and Fe-MCM-41. In the degradation of OA in
the studied range of pH, 𝑘𝐻 varied from 2.7×10-5 L.mol-1.s-1 to 6.0×10-4 L.mol-1.s-1 while 𝑘𝐻𝐸𝑇
was changing between 7.5×10-3 L.mol-1.s-1 and 8.5×10-2 L.mol-1.s-1. In the degradation of IBU in
the studied range of pH, 𝑘𝐻 varied from 1.8×10-4 L.mol-1.s-1 to 3.2×10-3 L.mol-1.s-1 while 𝑘𝐻𝐸𝑇
was changing between 1.4×10-3 L.mol-1.s-1 and 1.6×10-1 L.mol-1.s-1.
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Table 6.4. The calculated apparent rate constants in different oxidation processes.
Organic compound

pH
2.3

3.8

OA

4.9

9.2

12.1

2.3

3.8

IBU

4.9

9.2

12.1

𝑘𝐻 (L.mol-1.s-1)
-5

Catalyst

𝑘𝐻𝐸𝑇 (L.mol-1.s-1)

MCM-41

7.5×10-3

Fe-MCM-41

8.7×10-3

MCM-41

8.3×10-3

Fe-MCM-41

9.1×10-3

MCM-41

1.1×10-2

Fe-MCM-41

1.2×10-2

MCM-41

3.5×10-2

Fe-MCM-41

5.4×10-2

MCM-41

6.6×10-2

Fe-MCM-41

8.5×10-2

MCM-41

1.4×10-3

Fe-MCM-41

1.6×10-3

MCM-41

7.7×10-3

Fe-MCM-41

8.0×10-3

MCM-41

1.1×10-2

Fe-MCM-41

1.2×10-2

MCM-41

7.3×10-2

Fe-MCM-41

7.6×10-2

MCM-41

1.6×10-1

Fe-MCM-41

1.6×10-1

2.7×10

-5

5.8×10

-5

7.2×10

-4

1.6×10

-4

6.0×10

-4

1.8×10

-4

1.9×10

-4

2.1×10

-4

9.4×10

-3

3.2×10
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Based on the results the following conclusions were drawn:
1. The fact that the 𝑘𝐻𝐸𝑇 is higher than 𝑘𝐻 at a specific pH level, implies the expedited
reaction in the presence of catalysts.
2. At a specific pH, the rate constant of catalytic ozonation (𝑘𝐻𝐸𝑇 ) in the presence of FeMCM-41 is more than that in the presence of MCM-41. It proves that the incorporation of
iron in the framework of MCM-41 improved the catalytic activity of the catalyst.
3. At a specific pH, the rate constant of homogeneous reaction (𝑘𝐻 ) for IBU is higher than
that for OA. The reason is the recalcitrant nature of OA, compared to IBU. Similar fact was
found to be valid for 𝑘𝐻𝐸𝑇 .
4. For both IBU and OA, the values of 𝑘𝐻 and 𝑘𝐻𝐸𝑇 increased with an increase in pH level.
The faster reaction occurred as a result of the formation of hydroxyl radicals from
hydroxide ions.

Since in the derivation of the kinetic model, it was assumed that the kinetic regime is not
fast, it is essential to calculate the dimensionless number of Ha at the end to prove the validity of
the assumption.
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According to the literature, ozone diffusivity and individual liquid side mass transfer
coefficient are 1.3×10−9m2 s−1 (Johnson and Davis, 1996) and 5×10−5 ms−1 (Charpentier, 1981),
respectively. According to Table 6.4, it was estimated that the rate constant of the homogenous
reaction between ozone and OA changed from 7.2×10-5 to 6.0×10-4 by the alteration of pH from
2.3 to 12.1. In addition, it was estimated that the rate constant of the homogenous reaction
between ozone and IBU changed from 1.8×10-4 to 3.2×10-3 by the alteration of pH from 2.3 to
12.1. The number of Ha was then calculated from equation (6.1). It was found out that the Ha
number ranged between 0.008 and 0.014 for OA processes, and between 0.020 and 0.021 for
IBU processes conducted in the pH range of 2.3 to 12.1. Therefore, the calculated number of Ha
remains less than 0.3 in the entire range of studied pH values for both OA and IBU reactions.
Thus, based on the kinetic regime criteria (Charpentier, 1981), the ozonation kinetic regime is
slow, and therefore it proves that the assumption is valid.
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6.5. Conclusions
In this work, the elimination of total organic carbon (TOC) during catalytic ozonation of
OA and IBU in a wide range of pH levels (2.3-12.1) was studied. A new kinetic model was
derived considering gaseous ozone absorption, external diffusion and reaction steps. The rate
constants of homogeneous and heterogeneous reactions were then determined. In the degradation
of OA in the studied range of pH, 𝑘𝐻 varied from 2.7×10-5 L.mol-1.s-1 to 6.0×10-4 L.mol-1.s-1
while 𝑘𝐻𝐸𝑇 was changing between 7.5×10-3 L.mol-1.s-1 and 8.5×10-2 L.mol-1.s-1. In the
degradation of IBU in the studied range of pH, 𝑘𝐻 varied from 1.8×10-4 L.mol-1.s-1 to 3.2×10-3
L.mol-1.s-1 while 𝑘𝐻𝐸𝑇 was changing between 1.4×10-3 L.mol-1.s-1 and 1.6×10-1 L.mol-1.s-1. The
developed kinetic model was satisfactorily applicable to the degradation of IBU and OA in the
studied range of pH.
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CHAPTER 7
Conclusions and recommendations for future work

Contribution of this chapter to overall study
The purpose of this chapter is to relate the individual manuscripts (chapters 2 to 6) to the
overarching goal of the thesis. In this chapter, the main contributions of each chapter (each subobjective of thesis) are first revisited to form the body of main conclusions for the coherency of
the thesis. Main findings with respect to research the initial research questions are also included
to emphasize on the novelty of the work and the knowledge gaps, which were addressed in this
thesis. In addition, the overall research conclusion in line with the main research objective is
provided. Some recommendations for future research are also presented at the end of this
chapter.

7.1. Conclusions

In this section, the body of main conclusions addressing the main findings of each
individual manuscripts (presented in chapters 2 to 6) corresponding to the sub-objectives 1 to 5
of thesis are listed.
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Chapter 2- Sub-objective 1: “The evaluation of the performance of three heterogeneous catalysts
(Mn/ MCM-41, Ce/ MCM-41, and Mn, Ce/ MCM-41) on the removal of a model organic
pollutant”
•

Supported mesoporous catalysts with superior catalytic activity were prepared by
simultaneous introduction of various loadings of manganese and cerium oxides on MCM41 support. Despite the improvement in the catalytic activity of the catalyst due to the
loading of manganese and cerium on MCM-41, there was a concern regarding significant
leaching of the metals during the catalytic ozonation processes.

Chapter 3- Sub-objective 2: “The evaluation of the performance of three heterogeneous catalysts
(Mn/ Fe-MCM-41, Ce/ Fe-MCM-41, and Mn, Ce/ Fe-MCM-41) on the removal of a model
organic pollutant”
•

Simultaneous introduction of various loadings of manganese and cerium oxides on FeMCM-41 led to development of supported mesoporous catalysts with enhanced catalytic
activity for ozonation of aqueous oxalic acid. The iron substituted in the structure of
MCM-41 was stable at wide range of pH, while the loaded catalyst samples considerably
leached metals during the catalytic ozonation processes.

•

Due to high amount of metals leaching from the loaded catalysts, it was decided to limit
the research focus on the application of MCM-41 and Fe-MCM-41 only in the next
chapters.
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Chapter 4- Sub-objective 3: “Investigation of the performance of the most effective catalysts
determined from the sub-objectives 1 and 2 in catalytic ozonation of OA in different pH and
water matrices”
•

The modified Fe-MCM-41 was more effective than MCM-41. The activity of Fe-MCM41 for degradation of OA was enhanced in the basic pH condition due to the generation
of hydroxyl radicals. The presence of humic acid during the process did not affect the
efficiency of OA oxidation, while the presence of phosphates led to a significant
reduction in the degradation efficiency of OA by catalytic ozonation due to the
scavenging of hydroxyl radical during the process. Despite considerable adsorption of
phosphates on the modified catalyst surface, the catalyst was not deactivated by
poisoning.

•

The modified Fe-MCM-41 is an effective catalyst for catalytic ozonation of organic
pollutants in natural water matrix containing humic acids, but it is not an appropriate
catalyst for catalytic ozonation of organic contaminants from drinking water containing
phosphates.

Chapter 5- Sub-objective 4: “Investigation of the performance of the most effective catalysts
determined from the sub-objectives 1 and 2 in catalytic ozonation of IBU in different pH and
water matrices”
•

The degradation mechanism of catalytic ozonation for the removal of IBU using FeMCM-41 is pH dependent. The degradation of IBU primarily occurred by ozonation (i.e.
a reaction between non-adsorbed IBU and ozone molecule) in the bulk of fluid.
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•

Fe-MCM-41 presented pronounced catalytic activity in degradation of IBU at pH levels
below its pHpzc. When the pH of solution exceeded 4.9, Fe-MCM-41 was permanently
deactivated due to damage to its morphological structure. The presence of humic acids
and phosphates did not influence the performance of catalytic ozonation of IBU
significantly. The catalysts were reusable in at least five successive catalytic ozonation
processes provided maintaining the pH level below pHpzc.

Chapter 6- Sub-objective 5: “Derivation of a kinetic model to determine the reaction rate
constants”
•

The rate constants of homogeneous (𝑘𝐻 ) and heterogeneous (𝑘𝐻𝐸𝑇 ) reactions were
estimated from a new kinetic model. In derivation of the kinetic model, the absorption,
external diffusion and reactions of ozone molecule were related to the total organic carbon
(TOC) degradation by mass balance. The higher value of 𝑘𝐻𝐸𝑇 compared to 𝑘𝐻 at a specific
pH level indicated the expedited reaction in the presence of catalysts. The higher value of
𝑘𝐻𝐸𝑇 in the presence of Fe-MCM-41 compared to 𝑘𝐻𝐸𝑇 in the presence of MCM-41 proved
enhanced catalytic activity of Fe-MCM-41 due to the incorporation of iron in the
framework of MCM-41. For both IBU and OA, the increase of the values of 𝑘𝐻 and 𝑘𝐻𝐸𝑇
with an increase in pH level indicated the occurrence of faster reaction due to the formation
of hydroxyl radicals from hydroxide ions.

210

In this section, the findings with respect to the initial research questions are summarized
to emphasize on the novelty of the work and the addressed knowledge gaps in this thesis.
The initial questions were: How does the modification of MCM-41 due to the
substitution of iron in its molecular framework affect its performance in catalytic ozonation of
the representative organic pollutants (OA and IBU) in water? How do the depositions of
manganese and cerium oxide on the surface of Fe-MCM-41 affect the catalyst catalytic activity?
Is there an optimum manganese and cerium oxide loadings on MCM-41 and Fe-MCM-41 to
achieve the highest elimination of OA? How stable are the modified-mesoporous materials? Is
the reaction pathway the same in catalytic ozonation of OA and IBU for a specific catalyst? How
do the catalysts get involved in the degradation processes? Is the mechanism of catalytic
ozonation different for MCM-41 and Fe-MCM-41 for a specific organic pollutant? How do
different pH and water matrices alter the removal of IBU and OA by catalytic ozonation? How
do different pH and water matrices affect the stability of the catalysts? Can a kinetic model be
developed to be applicable for the degradation of both pollutants in the presence of both catalysts
(i.e. MCM-41 and Fe-MCM-41) in a wide range of pH?
The following conclusions were made regarding the research questions on the
modifications and metal leaching of the catalysts after the incorporation of iron in the MCM-41
framework and introductions of manganese and cerium oxides on the catalyst surface:
•

The incorporation of iron in the molecular framework of MCM-41 was an effective
technique to improve its catalytic activity for ozonation of organic contaminants from
water.
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•

The incorporated iron in the framework of MCM-41 was stable up to 1wt% iron content.
Insignificant leaching of iron to the reaction solution was observed during all processes
(i.e. adsorption, ozonation and catalytic ozonation).

•

To obtain the highest removal of OA, different optimum loadings of manganese and
cerium oxides on MCM-41 (0.02 wt% Mn and 2.44 wt% Ce) and Fe-MCM-41 (0.75 wt%
Mn and 1.19 wt% Ce) were required.

•

Although the activity of Fe-MCM-41 was significantly enhanced by the depositions of
manganese and cerium oxides on its surface, the supported catalysts led to considerable
leaching of metals (manganese and cerium) during catalytic ozonation processes.
Concerning the research questions on the mechanism and reaction pathways of catalytic

ozonation processes, the following conclusions were drawn:
•

During a catalytic ozonation process, OA was mainly degraded by hydroxyl radicals
while IBU is primarily degraded by ozone molecule.

•

The mechanism of catalytic ozonation for a specific organic pollutant in the presence of
the two catalysts (MCM-41 and Fe-MCM-41) were the same.

•

Since the catalysts role was the generation of hydroxyl radicals, they play a significant
role in the degradation of OA than IBU.
Regarding the effects of pH and water matrices on the activity and stability of the

catalysts for the removal of OA and IBU, the following conclusions were made:
•

For the degradation of OA, the activity of Fe-MCM-41 remained the same in the range of
acidic pH, but it was improved in basic pH conditions due to the generation of hydroxyl
radicals.
212

•

For degradation of IBU, the catalyst presented high catalytic activity below the pHpzc of
the catalyst. However, the catalyst was inactive at pH levels above pHpzc due to
permanent damage to its morphological structure.

•

The presence of humic acids did not affect the elimination of both pollutants (OA and
IBU) in the presence of both catalysts (MCM-41 and Fe-MCM-41). Therefore, both
catalysts can be used for catalytic ozonation in natural water matrix containing humic
acids.

•

The presence of phosphates did not deactivate the catalysts by poisoning. However, since
the presence of phosphates scavenged hydroxyl radicals, it led to a significant reduction
in degradation of OA. Therefore, the catalysts were not effective for removal of OA from
drinking water containing phosphates. Such an effect did not exist in the degradation of
IBU because the mechanism of IBU degradation involved the direct reaction of IBU with
ozone molecule rather than hydroxyl radicals.
Concerning the derivation of a kinetic model to be applicable for the degradation of both

pollutants in the presence of both catalysts in a wide range of pH, it was concluded that:
•

The ozonation kinetic regime is slow.

•

The incorporation of iron in the framework of MCM-41 was effective since it led to higher
rate constant for heterogeneous reaction for Fe-MCM-41, compared to MCM-41.

•

For both IBU and OA, the increase of both homogenous and heterogeneous rate constants
with an increase in pH level indicated the occurrence of faster reaction.
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•

The kinetic model was applicable for the ozonation and catalytic ozonation of both
pollutants in a wide range of pH. The model was in good agreement with the literature. It
also confirmed the experimental observations in the previous chapters.
Based on all the aforementioned knowledge gaps in this study, the thesis has novelties in

the following aspects:
•

Formulation of improved catalysts

•

Experimental studies

•

Kinetic modeling

The overall research conclusion of the thesis within a broader prospect of the literature
and discipline is presented in this section.
Based on the literature, it was hypothesized that the modification of MCM-41 by the
incorporation of iron in its molecular structure and the loading of the support (iron substituted
MCM-41; Fe-MCM-41) with active metals of manganese (Mn) and cerium (Ce) can improve the
removal of the representative organic pollutants (ibuprofen and oxalic acid) in water in a
catalytic ozonation process. The overall objective of this research project was set to investigate
the validity (or the lack) of the mentioned hypothesis.
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Wrapping up the thesis conclusion in a sentence, it was concluded that the hypotheses
was partly valid. The application of the support MCM-41 and Fe-MCM-41 in a catalytic
ozonation process enhances the removal of the representative organic pollutants (IBU and OA)
in water. However, the idea of loading of manganese and cerium oxides on the supports is not
practical due to significant leaching of metals during the process. The experimental results were
in agreement with the obtained rate constants from kinetic modeling.

7.2. Limitations of this research
The main limitations of this research are listed in this section, as follows.
•

Millipore water was used in the preparation of all stock solutions. Therefore, the effects
of the presence of multiple organic pollutants and even complex water matrices such as
real wastewater were not investigated.

•

The initial concentrations of IBU and OA were selected much higher than their detection
limits in real surface water due to inability of the used HPLC in measurement of very
low concentrations of the pollutants.

•

All the experiments were conducted under ambient temperature and atmospheric
pressure. The effects of temperature and pressure on the processes were not studied
because they were not included in the research objectives.
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7.3. Recommendations for future work
This section presents some thoughts and recommendations for future research. It would
be worthwhile to:
•

Study the catalytic ozonation in mixtures of organic pollutants

•

Investigate the effect of combinations of different water matrices (or real wastewater
matrices) on the degradation of organic pollutants and stability of catalysts.

•

Find the reason for the permanent damage to the morphological structure of MCM-41
and Fe-MCM-41 in catalytic ozonation of IBU at pH levels above pHpzc.

•

Apply the kinetic model to the catalytic ozonation of other organic pollutants in the
presence of other catalysts other than zeolites.
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APPENDIX B
Experimental calibration curves and blank tests

B.1. Blank tests of the experimental set-up
After tubing and tuning of the experimental set-up (Figure 2.1), the following blank tests were
carried out to investigate the performance of each instrument and determine a reliable range for
the operating conditions.

Blank Test #1
This blank test was designed to evaluate the performance of gaseous ozone analyzer (Model
465M, Teledyne Instruments) as a single equipment. The ozone gas analyzer was directly
connected an ozone generator (OZV-8S model, Ozone Solutions Co.). The data of generated and
analyzed ozone concentrations were tabulated and compared in 12 tests carried out at three
oxygen flow scales (20, 40, and 60) and four ozone generator settings (2, 4, 6, and 8) over 6min.
Table B.1 compares the generated and measured ozone concentration at different operating
condition for blank tests #1, #2, and #3.
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Table B.1. Comparison of generated and measured ozone in gas phase for blank tests 1, 2, and 3.

O2
flow
scale

O2 flow O3
O3
O3
O3
rate,
generator generated, generated, measured
L/min
setting
g/h
ppm
in blank
test #1

O3
measured
in blank
test #2

O3
measured
in blank
test #3

20

0.5788

2

0.56

16.12

16.0

15.9

15.8

20

0.5788

4

1.12

32.25

34.1

35.2

35.2

20

0.5788

6

1.68

48.37

Invalid

Invalid

Invalid

20

0.5788

8

2.24

64.50

Invalid

Invalid

Invalid

40

1.1576

2

0.76

10.94

9.17

9.12

9.10

40

1.1576

4

1.52

21.88

20.8

20.7

20.7

40

1.1576

6

2.28

32.83

40.8

45.1

45.1

40

1.1576

8

3.04

43.77

Invalid

Invalid

Invalid

60

1.7364

2

0.80

7.68

6.9

6.5

6.2

60

1.7364

4

1.60

15.36

15.1

14.9

14.6

60

1.7364

6

2.40

23.04

31.5

34.2

34.1

60

1.7364

8

3.20

30.71

44.3

46.6

46.6
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These values were quite in good agreement at low ozone concentrations. However, considerable
differences were noticed between the measured and generated ozone concentrations when these
values fall in the uncertainty level of ozone analyzer. The maximum limit of O3 measurement for
the gaseous ozone analyzer is 50 ppm, and the readings were invalid once the O3 concentration
exceeds 50 ppm.

Blank Test #2
This blank test was designed to evaluate the performance of ozone gas analyzer (Model 465M,
Teledyne Instruments) as a part of the experimental set-up. The ozone generated from the ozone
generator (OZV-8S model, Ozone Solutions Co.) was directed to an empty reactor prior to
entering the gaseous ozone analyzer. The data of generated and analyzed ozone concentrations
were tabulated and compared in 12 tests carried out at three oxygen flow scales (20, 40, and 60)
and four ozone generator settings (2, 4, 6, and 8) over 6 min. Table B.1 compares the generated
and measured ozone concentration. These values were quite in good agreement at low ozone
concentrations. However, considerable differences were noticed between the measured and
generated ozone concentrations when these values fall in the uncertainty level of ozone analyzer.
The maximum limit of O3 measurement for the gaseous ozone analyzer is 50 ppm, and the
readings were invalid once the O3 concentration exceeds 50 ppm.
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Blank Test #3
This blank test was designed to evaluate the performance of ozone gas analyzer (Model 465M,
Teledyne Instruments) as a part of the experimental set-up once the pump is working in the
absence of water. The procedure was mostly the same as Blank Test #2. The only difference was
that the pump connected to the reactor was turned on prior to the test. The excellent agreement
between the experimental results of Blank Tests # 2 and 3 indicate that the impact of pump on
the flow of gaseous ozone is negligible.
The measured concentrations of ozone by the gaseous ozone analyzer versus time for Blank
Tests #1, 2, and 3 at a fixed experimental condition (O2 flow scale of 40 and O3 generator setting
4) were plotted in Figure B.1. These plots also provide the comparison of the three blank tests
with the generated ozone. As it can be seen in Figure B.1, all the plots tend to an increase toward
a stabilized value, which is adequately close to the generated ozone concentration. For Blank
Test #1, in which the ozone generator and gaseous analyzer were connected directly, the
concentration of ozone starts to increase from the beginning of the test. However, when a reactor
gets involved in between the two instruments, a lag-time for about 6 seconds was observed in the
measured ozone concentration profile in Blank Tests #2 and 3. During the first 6 seconds of the
tests, the gas was occupying the whole volume of the system (reactor and tubing) and moving
from the generator toward the analyzer. Therefore, the measured ozone concentration was
relatively negligible.
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Figure B.1. The measured concentrations of ozone by the gaseous ozone analyzer versus time
for Blank Tests #1, 2, and 3 at a fixed experimental condition (O2 flow scale of 40 and O3
generator setting 4).

Blank Test #4
This blank test was designed to investigate the effect of presence of a reactor containing water in
between the ozone generator and the gas phase ozone analyzer. The semi-batch reactor was
initially filled with 1L of Millipore water, which was stirred with a magnetic stirrer. Ozone was
generated by a laboratory ozone generator (OZV-8S model, Ozone Solutions Co.) from pure
oxygen and injected into the water in the reactor at a fixed experimental condition (O2 flow scale
of 40 and O3 generator setting 4). The effluent gas stream was passed through a gas phase ozone
analyzer and then an ozone destruction unit.
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The gas phase ozone analyzer was routinely recorded the concentration of ozone leaving the
reactor. Figure B.2 shows the change in the measured ozone concentration in the gas phase.
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Figure B.2. The measured concentration of ozone by the gaseous ozone analyzer versus time for

Blank Test #4 at a fixed experimental condition (O2 flow scale of 40 and O3 generator setting 4)
and in the presence of the reactor containing water.

Blank Test #5
This blank test was designed to investigate the solubility of ozone in Millipore water in a semibatch reactor. The semi-batch reactor was initially filled with 1L of Millipore water, which was
stirred with a magnetic stirrer. A peristaltic pump was used to circulate water from the reactor to
the aqueous ozone analyzer. The pump was working for at least 30 min before starting the test
for warm up.
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At t = 0, ozone was generated by a laboratory ozone generator (OZV-8S model, Ozone Solutions
Co.) from pure oxygen and injected into the water in the reactor at a fixed experimental
condition (O2 flow scale of 40 and O3 generator setting 4). The effluent gas stream was passed
through a gas phase ozone analyzer and then an ozone destruction unit. The gas and liquid
phases ozone analyzer were routinely recorded the concentrations of ozone in water and the gas
leaving the reactor. Figures B.3 and B.4 present the change in the measured ozone concentration
in the gas and liquid phases, respectively.
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Figure B.3. The measured concentration of ozone in the gas phase leaving the rector against

time for Blank Test #5 at a fixed experimental condition (O2 flow scale of 40 and O3 generator
setting 4) and in the presence of the reactor containing water, pump, and aqueous ozone analyzer.
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Figure B.4. The measured concentration of ozone in the liquid phase against time for Blank Test
#5 at a fixed experimental condition (O2 flow scale of 40 and O3 generator setting 4).

Blank Test #6
This blank test was designed to investigate the performance of aqueous ozone analyzer by indigo
colorimetric method.
The same procedure as Blank Test #5 was followed. Once the concentrations of ozone in liquid
and gas phases became stabilized, it was assumed that equilibrium has been reached and the
water is saturated with ozone. Although the saturation process took about 5 min or 300 s, the
gaseous ozone was continuously bubbled for about 30 min to ensure that the sample water was
saturated with ozone.
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During the 30 min, indigo stock solution was firstly prepared by the addition of 1 mL of
concentrated phosphoric acid to 500 mL of Millipore water in a 1 L volumetric flask. 770 mg of
potassium indigo trisulfonate (C16H7N2O11S3K3) was then added to the solution under stirring.
The flask was filled to the mark with Millipore water. Indigo reagent was prepared using a 1 L
volumetric flask filled with 100 mL of indigo stock solution, 7 mL of concentrated phosphoric
acid, and 10 g of sodium dihydrogen phosphate (NaH2PO4).
After 30 min of saturating water with ozone, the aqueous ozone analyzer measured the
concentration of ozone in water in the range of 5.66 ppm to 5.85 ppm with an average of 5.74
ppm. The accuracy of the specific ozone concentration measurement by the aqueous ozone
analyzer was subsequently verified by the indigo colorimetric method using a sample of
ozonated water taken from the reactor by a syringe at that moment.
To conduct the indigo method, 40 mL of indigo reagent was added to two 100 mL volumetric
flasks. One of the flasks was filled to the mark with Millipore water to make the blank sample,
while the other one was filled to the mark with ozonated water. Absorbance of each sample at
600±10 nm was measured using the sample with Millipore water as blank. The difference in
absorbance of the blank sample and the sample containing indigo and ozone was recorded as ΔA.
In this specific case, ΔA was found to be 1.47.
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The actual concentration of ozone was therefore calculated using the following equation:
𝑚𝑔

𝑂3 (

𝐿

)=

100×∆𝐴

(B.1)

𝑓×𝑏×𝑉

where b and V indicate the path length of spectrophotometer cell, and the volume of ozonated
water, respectively. f is also a constant (0.42 (cm.mg.L)-1). In this specific case, b and V were 1
cm and 60 mL, respectively.
Therefore, the concentration of ozone in the sample by the indigo method was determined to be
5.84 ppm, which is in good agreement with the measured concentration of ozone by the ozone
analyzer. The slight difference between the two measurements occurred due to relatively long
tubing (about 1 m) from the reactor to the analyzer.

Blank Test #7
This blank test was designed to study the reading errors (noises) of both the gas and liquid phase
ozone analyzers. The semi-batch reactor was initially filled with 1L of Millipore water, which
was stirred with a magnetic stirrer. A peristaltic pump was used to circulate water from the
reactor to the aqueous ozone analyzer. The pump was working for at least 30 min before starting
the test for warm up. No ozone was injected to the system in this blank test. The effluent gas
stream was passed through a gas phase ozone analyzer and then an ozone destruction unit. The
gas and liquid phases ozone analyzer were routinely recorded the concentrations of ozone in
water and the gas leaving the reactor.
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Figures B.5 and B.6 present the change in the measured ozone concentration in the gas and liquid
phases, respectively. Considering the noises observed in Figures B.5 and B.6, the readings of the
aqueous and gaseous ozone analyzers have the accuracies of ±0.02 ppm and ±0.05 ppm,
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Figure B.5. The measured concentration of ozone in the gas phase leaving the rector against
time for Blank Test #7 when no ozone was injected to the system.
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Figure B.6. The measured concentration of ozone in the liquid phase against time for Blank Test
#7 when no ozone was injected to the system.

Blank Test #8
This blank test was designed to investigate the possibility of volatility of OA and IBU. The semibatch reactor was initially filled with 1L of reaction solution (20 ppm OA or 5 ppm IBU in
Millipore water), and it was stirred with a magnetic stirrer. The peristaltic pump was applied to
circulate the reaction solution from the reactor to the aqueous ozone analyzer. Oxygen was
injected to the reactor in this blank test. At a specific time intervals (0, 5, 10, 20 and 30 min), a
sample was taken from the reaction solution and after quenching of ozone with sodium
thiosulfate, the concentration of IBU and OA was measured by HPLC, as explained in chapters 4
and 5 of the thesis. The results did not show any significant change in the concentrations of the
pollutants from the initial to the final time. Therefore, it was concluded that OA and IBU are
non-volatile in the specific operating condition of the experimental set-up.
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B.2. Calibration curve of the peristaltic pump
The purpose of this calibration was to study the relationship between the speed of the pump and
the flow rate of water. In this test, at different speeds of pump (10, 20, 30, 40, 50, 60, 70, 80, 90,
100), the time required to pump 100 mL of water was measured. The flow rate of water at each
pump speed was determined by dividing the volume of water (i.e. 100 mL) to the measured time.
The calibration curve for the peristaltic pump is shown in Figure B.7.
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Figure B.7. The calibration curve for the peristaltic pump.

B.3. Calibration curves of the TOC analyzer for OA and IBU
The calibration curves of the TOC analyzer for OA and IBU are presented in Figures B.8 and
B.9, respectively.
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Figure B.8. The calibration curve of the TOC analyzer for OA.
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Figure B.9. The calibration curve of the TOC analyzer for IBU.
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B.4. Calibration curves of the HPLC instrument for OA and IBU
The calibration curves of the HPLC instrument for OA and IBU are presented in Figures B.10
and B.11, respectively.
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Figure B.10. The calibration curve of the HPLC instrument for OA.
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Figure B.11. The calibration curve of the HPLC instrument for IBU.
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