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ABSTRACT 

Photocatalytic oxidation process has been demonstrated as an effective technology for the 

removal of micropollutants in water. This process, however, is greatly affected by the presence of 

natural organic matter (NOM) in natural water, which interferes with treatment process by 

absorbing UV radiation and scavenging oxidant species. This research focused on investigating 

the effect of NOM on the photocatalytic oxidation of 2,4-dichlorophenoxy acetic acid (2,4-D), as 

target contaminant at different pH. Experiments were performed in fluidized photocatalytic reactor 

using template free photocatalyst spheres. 

Changes in solution pH were used to decouple the effects of NOM on adsorption and major 

oxidative mechanisms, e.g., reactions on the surface of the photocatalytic spheres via positive hole 

mediation and in the solution via hydroxyl radicals (●OH) reaction. At pH 3, due to electrostatic 

attraction between solutes (2,4-D and NOM) and photocatalyst surface, photocatalytic oxidation 

mostly occurred via charge transfer on the surface of the photocatalyst. At pH 7, on the other hand, 

electrostatic repulsion between solutes and photocatalyst surface reduced adsorption and the 

process was primarily driven by hydroxyl radical reactions. The removal of 2,4-D reduced from 

49% in the absence of NOM to 7% in the presence of 5 mgL-1 TOC NOM in neutral pH. At pH 3, 

this reduction was from 88% to 58%. It was observed that at neutral pH, due to higher aromatic 

moieties concentration and lower NOM adsorption, the effect of NOM on scavenging ●OH was 

considerable. This effect substantially decreased at low pH due to high adsorption of NOM. 

Higher 2,4-D removal at low pH was also due to the effect of pH on the kinetic of 

photocatalytic oxidation. Photocatalytic oxidation at pH 7 followed first order kinetic model.  At 

pH 3, on the other hand, the rate of oxidation was a combination of first order and L-H models. 

Furthermore, the dependence of rate constants on UV intensity changed with pH; the rate constant 
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was directly proportional to UV intensity at pH 3; whereas it is proportional to the square root of 

intensity at pH 7.   
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Chapter 1: INTRODUCTION 

Chemical contamination of natural water sources has become one of the major 

environmental concerns around the world. Industries and municipalities generate large amounts of 

wastewater containing numerous chemicals (Schwarzenbach et al., 2010). While much of 

wastewater is treated for many harmful chemicals, micropollutants such as pharmaceuticals, 

surfactants, pesticides, and herbicides at very low concentration can remain untreated and may 

pose harm to the environment and human health. These compounds are very persistent in natural 

water and may quite readily enter drinking water systems (Cunningham et al., 2009; 

Schwarzenbach et al., 2006). Human exposure may then occur either directly from water 

consumption or indirectly by consuming aquatic species such as fish which contain accumulated 

chemical residues (Cunningham et al., 2009).  Major concerns of micropollutant exposure in 

humans are endocrine disrupting effects, chemo-sensitizing effects, possible interactions of 

contaminant mixtures, and chronic effects of long-term exposure (Musolff et al., 2010). 

The removal of these contaminants has been shown to be very difficult due to their physico-

chemical properties (low concentration in water and often poor biodegradability). Conventional 

treatment processes consisting of coagulation with rapid mixing followed by flocculation, 

sedimentation, granular media filtration, and chlorine disinfection has been demonstrated to be 

ineffective at removing micropollutants (McGivney and Kawamura, 2008). Studies indicate that 

coagulation and sedimentation achieve a minimal level of pesticides and pharmaceutical residue 

removal (Adams et al., 2002; Ternes et al., 2002; Zhang and Emary, 1999). Furthermore, some of 

these methods generate concentrated waste streams requiring further treatment and/or disposal. 
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Hence, conventional water treatment systems on their own, cannot remove all pollutants, 

especially micropollutants present at low concentrations in natural water.  

Advanced treatment techniques such as ozonation, granular activated carbon (GAC) 

adsorption, and membrane filtration processes, occasionally used in conjunction with conventional 

treatment, have been considered as promising technologies for the removal of micropollutants. 

While effective at removing micropollutants, these processes bring additional problems of their 

own. For example, ozone will lead to the formation of bromate when bromide is present in water 

(O’Shea and Dionysiou, 2012). GAC, on the other hand, brings the problem of transferring 

contaminants from one phase to another, thereby requiring expensive regeneration and/ or disposal 

of spent carbon (Adams et al., 2002). High pressure membrane processes such as nanofiltration 

(NF) and reverse osmosis membranes (RO) that are incorporated in some drinking water treatment 

plants, are also expensive and generate waste streams that require further treatment.  

Advanced oxidation processes (AOPs) are considered as an alternative for the removal of 

micropollutants. Through a high yield of hydroxyl radicals (•OH), AOPs have been shown to be 

effective technologies in mineralizing micropollutants leading to the formation of relatively 

harmless and inorganic molecules (Ameta et al., 2012; Parsons, 2004). Hydroxyl radical is the 

most powerful oxidizing species after fluorine and is short-lived (10-9 s), non-selective, and able 

to oxidize almost every organic molecule yielding CO2, water and inorganic ions (Mills et al., 

2006; Parsons, 2004; Xiang et al., 2011).  

݀݊ݑ݋݌݉݋ܿ	ܿ݅݊ܽ݃ݎܱ
௛௩,	்௜ைమ
ሱۛ ۛۛ ሮۛ ଶܱܥ ൅ ଶܱܪ ൅݈݉݅݊݁ܽݎ  (1-1) ݏ݀݅ܿܽ

Different AOPs vary according to the type of chemical or catalyst used to generate hydroxyl 

radicals. Some processes use ozone, usually in combination with hydrogen peroxide (O3/ H2O2) 

(Wojcicka et al., 2009). Fenton (Fe2+ / H2O2), photo-Fenton (Fe3+ H2O2 / hν) have also been studied 
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as AOPs. Other processes make use of ultraviolet (UV) irradiation as part of the process, such as 

UV/H2O2 and Vacuum UV (VUV) and some use photocatalysts such as titanium dioxide (TiO2). 

Each of these processes have advantages and disadvantages, and as a result have their niche 

application areas. 

 The focus of this thesis is on photocatalysis as a treatment for the removal of 

micropollutants. Photocatalysis is a widely studied UV-based AOPs that has shown great potential 

for the effective removal of pollutants from water (de Lasa et al., 2005a; Guzsvány et al., 2012; 

O’Shea and Dionysiou, 2012). The following are some of the potential advantages of 

photocatalysis: 

 It is chemical free process, which does not require continue addition of chemical 

oxidants (e.g., H2O2, ozone) 

 Photocatalysis has high capability to mineralize organic pollutants,  

 The most commonly used photocatalysts are cheap, non-toxic, stable, biologically, 

and chemically inert, and insoluble under most conditions and reusable 

 In most cases, the catalyst needs a low energy UV source to be activated 

Further to the above, photocatalysis is an effective process against a broad range of pollutants 

such as herbicides, pesticides, pharmaceuticals, surfactants, dye stuff etc., which are not 

biodegradable and also easily removed by conventional water treatment processes (Byrne and 

Fernández-Ibáñez, 2012). However, the performance of photocatalytic process is affected by water 

matrix and any constituents and hence, any effort to implement this technology in real condition 

should consider such impacts. The primary objective of this thesis is to address this challenge and 

evaluate of water matrix, in particular natural organic matter (NOM), on the efficiency of 

photocatalysis.  
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 Photolcatalysis 

Photocatalysis is an effective process against a broad range of pollutants that are not easily 

removed by conventional water treatment processes (Byrne and Fernández-Ibáñez, 2012). In this 

process, UV radiation activates a semiconductor photocatalyst to generate hydroxyl radicals (see 

Eq. (1-2) to Eq. (1-7)). 

Photocatalytic process can be described as photo-driven catalytic process where a 

semiconductor is activated by light with energy equal or greater than the band gap energy (Eg). 

Unlike conductors with continuum electronic states, semiconductors possess a void energy region 

where electron is promoted from high energy level (conduction band) to no energy level (valence 

band) by photoactivation in the solid (Linsebigler et al., 1995). The energy of photons excites 

electrons from the valence band (VB) to the conduction band (CB) generating e- -h+ pairs. These 

electron-hole pairs migrate to the surface of the semiconductor where they initiate redox reactions 

with adsorbed molecules such as organic pollutants, water or oxygen (Vega, 2009).  

ݐݏݕ݈ܽݐܽܿ݋ݐ݋݄ܲ
௛ఔ
ሱሮ݄ܲݐݏݕ݈ܽݐܽܿ݋ݐ݋ ሺ݁௖௕

ି ൅ ݄௩௕
ା ሻ (1-2) 

݄ା ൅ ଶܱܪ → •ܪܱ ൅  ା (1-3)ܪ

݄ା ൅ ܴܺ → ܴܺା (1-4) 

݁ି ൅ ܱଶ → ܱଶ
ି (1-5) 

ܱଶ
ି ൅ ାܪ → ଶܱܪ

• (1-6) 

ܱଶ
ି ൅ ାܪ ൅ ଶܱܪ

• → ଶܱଶܪ ൅ ܱଶ (1-7) 
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Excited electrons and holes can get trapped in metastable surface states, or react with adsorbed 

electron donors (e.g., water) and electron acceptors (e.g., oxygen) on the semiconductor surface. 

Suitable electron and hole scavengers prevent the recombination of electron-hole pairs, and leads 

the redox reactions to remove organic molecules. Organic molecules can be oxidized either 

directly via positive holes on the surface of photocatalyst or indirectly by hydroxyl radicals attack 

in the solution (see Figure 1-1).   

1.1.1 Titanium dioxide (TiO2) as photocatalyst 

TiO2 is the most common and widely studied photocatalyst that has been employed for 

environmental applications and water purification. There is a general consensus that TiO2 is 

superior because it is cheap, easy to produce, has high chemical stability, and its photogenerated 

holes are highly oxidizing (Dalrymple, 2011; Haarstrick et al., 1996; Vega et al., 2011). TiO2 band 

gap Energy (Eg) is 3.0-3.2 eV, thereby it requires an excitation light wavelength range shorter than 

400 nm (Eg = hc/λ ≅ 1240/λ) (Boschloo et al., 2006; Park et al., 2013). Moreover, the band edge 

positions of TiO2 (ECB = −0.51 V at pH 7) are suitable for achieving the redox transformation of 

H2O 

-

+

CB 

VB 

Eg 

O2 

O2
- 

hv >Eg 

OH ads

ads Pollutant

Mineral

Figure 1-1. A semiconductor photo-electrochemical mechanisms 
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environmental pollutants. It lies below the reduction potential of oxygen (E0(O2/O
2

−) = −0.33 V) 

used as an electron scavenger in aqueous media. (Hernández-Ramírez and Medina-Ramírez, 2015; 

Park et al., 2013).   

The efficiency of a photocatalyst depends on the competition between charge transfer 

reactions and the recombination of e--h+ pairs. In this context, TiO2 surface properties as an 

intrinsic parameter along with extrinsic parameters such as pH of solution, initial pollutant 

concentration, light intensity, catalyst dosage, and flowrate affect the kinetic and mechanism of 

photocatalytic reaction in aqueous media (Hernández-Ramírez and Medina-Ramírez, 2015; 

Nosaka, 2010).  

1.1.1.1 TiO2 crystalline characteristics  

Titanium dioxide exists in three crystallographic forms: rutile, anatase and brookite. Rutile 

and anatase structures are the two most common and widely used polymorphs of TiO2; brookite 

transforms to rutile at quite low temperatures (Diebold, 2003). Since the anatase type is the most 

active form of TiO2 it has been widely used for photocatalytic application (Wetchakun and 

Phanichphant, 2008). Anatase has a body centered tetragonal crystalline structure while rutile has 

a symmetrically tetragonal crystalline structure and is more stable (Kosmulski, 2002). The 

octahedron (TiO6) is the fundamental structure of TiO2 in crystal form. Ti4+ is surrounded by an 

octahedron of six O2-. Each Ti atom is coordinated with the six neighboring oxygen via two longs 

(1.976 Ao in anatase and 1.979 Ao in rutile) and four shorts (1.946 Ao in anatase and 1.932 Ao in 

rutile) bonds. The anatase phase is 9% less dense than rutile, and has a tetragonal unit cell 

containing four TiO2 units (Diebold, 2003). These different lattice structures cause different 

electronic band structures, the band gap of anatase is 3.2 eV while it is 3.0 eV for rutile (Hernández-

Ramírez and Medina-Ramírez, 2015). Anatase, due to the position of oxygen and titanium ions on 



7 

 

the exposed crystal surface, is the most active phase but thermodynamically is less stable; it is 

formed at temperatures above 600oC (Hernández-Ramírez and Medina-Ramírez, 2015; 

Thiruvenkatachari et al., 2008). Upon increasing the calcination temperature (from 600oC to 

700oC) the anatase gradually transforms to the rutile phase (Vega et al., 2011).   

  

Figure 1-2. (a) Anatase Structure (b) Rutile structure (University of Liverpool) 

While anatase is the most active phase in the photocatalytic process, the presence of the rutile 

phase causes a wider pore size distribution and high surface area which may be responsible for the 

increased catalytic activity (Bacsa and Kiwi, 1998; Thiruvenkatachari et al., 2008). Furthermore, 

increasing the calcination temperature improves the mechanical strength of the photocatalyst 

which is a crucial factor in reducing fines production (Vega et al., 2011). These might be the 

reasons why commercial TiO2 (Degussa- P25) with the mixture of 80% anatase and 20% rutile is 

introduced as reference for getting better degradation efficiency compared to other crystalline 

ratios (Bacsa and Kiwi, 1998; Mir et al., 2013).  

(a) (b) 
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1.1.2 Photocatalytic reactors  

The successful application of photocalytic processes hinges on the use of a proper reactor 

that provides efficient contact between photons, photocatalysts, and reactants. Given the 

involvement of radiation sources and the need for optimum configuration of light sources, 

photocatalytic reactor engineering is much more complicated than the common chemical reactor 

engineering (Parsons, 2004). To achieve a successful commercial implementation, several reactor 

design parameters such as geometry of the reactor, type of photocatalyst, and optimum utilization 

of radiation energy, must be considered (de Lasa et al., 2005b). Photocatalytic reactors can be 

classified in terms of the irradiation source such as artificial UV light or solar radiation, or based 

on the state of catalyst in the reactor. However, classification of photocatalytic reactors based on 

the state of catalyst, that is, suspended or immobilized, is more common.  

Photocatalytic slurry reactors, with the photocatalyst suspended in liquid phase, are the most 

widely studied photoreactors (Mazierski et al., 2016). The use of suspended photocatalyst provides 

high total surface area which brings improved photocatalytic activity (de Lasa et al., 2005b; 

Mazierski et al., 2016). However, the use of suspensions requires separation of the ultrafine 

photocatalyst from the treated liquid and recycling of the photocatalyst back into the reactor. This 

can be an inconvenient, time-consuming and expensive process. In addition, the penetration of UV 

light is limited in slurry reactors due to strong light absorptions by catalyst particles.  

These problems can be avoided by having the photocatalyst immobilized in layers to a 

photoreactor. The use of immobilized photocatalyst eliminates the need of photocatalyst recovery 

and improves the UV radiation penetration. In stationary photocatalytic reactor, however, the 

overall degradation rate is affected by mass transfer limitation and low surface area (Mazierski et 

al., 2016; Parsons, 2004; Serrano and de Lasa, 1997).  
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1.1.2.1 Fluidized bed photocatalytic reactor (FBPR) 

Fluidized bed photocatalytic reactor (FBPR) is an alternative to slurry and stationary 

photocatalytic reactors. It presents many advantages, such as efficient contact between reactants 

and catalysts, efficient UV distribution and low mass transfer resistance (Haarstrick et al., 1996; 

Kabir, 2006; Vega et al., 2011). However, attrition of photocatalysts, which are usually 

immobilized on support materials, is a serious concern in utilizing FBPRs. Because of inter-

particle collisions and bed-to-wall impacts, catalysts as small particles may detach from the 

support. Attrition causes a significant loss of the catalyst mass, with the subsequent activity decay, 

and the need for downstream separation of the fine particles. 

 Braham and Harris (2009) reviewed different photocatalytic reactors and showed that 

attrition of supported photocatalyst is the main concern in the photocatalytic processes. Pozzo et 

al. (2005) evaluated photocatalyst TiO2-P25 in two different forms of operations, finely powder in 

a slurry photocatalytic reactor and immobilized on quartz sand in FBPR. The results showed 

attrition to be the main issue in FBPRs, reducing the efficiency of the process. Also, Qiu and Zheng 

(2007) showed poor adherence of TiO2 on hydroxylated glass beads, prepared via thermal and sol-

gel coating method, leading to significant attrition in FBPR.  To address the issues of attrition, 

Chen and Dionysiou (2006) introduced a modified technique, involving the loading of  TiO2-P25 

in sol derived TiO2, to coat the photocatalyst on stainless steel support.  The authors reported an 

improved mechanical integrity for the coated photocatalyst.  

Vega (2009) introduced an alternative approach to overcome the reduced photocatalytic 

activity due to attrition in a fluidized bed photoreactor. He developed a template-free composite 

photocatalyst, with high attrition resistance. The core of this photocatalyst with a diameter between 
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0.9-1.1 mm is TiO2. Studies with this photocatalyst showed superior mechanical integrity and high 

efficiency in removing model contaminants in water (Vega, 2009). 

1.1.3 Photocatalytic oxidation kinetic overview 

Analysis of liquid-phase kinetics in photocatalytic systems relied on Langmuir-Hinshelwood 

(L-H) model for years. This classic kinetic model assumes that a relatively rapid reaction achieving 

adsorption equilibrium, is followed by a slow surface reaction step (Ollis, 2013).  

ܴሺ݈݅݀݅ݑݍሻ
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where C is solute concentration, k is L-H reaction rate constant, and Kads is Langmuir equilibrium 

adsorption constant. Some key experiments have revealed that this mechanism is not consistent 

with the observed results(Emeline et al., 2005; Ollis, 2005). The dark adsorption equilibrium 

constant (Kads) was found to differ from the apparent adsorption constant (ܭ௔ௗ௦
௔௣௣) achieved through 

experimental results. According to the experimental results that assessed the influence of 

concentration and intensity on the photocatalytic reaction, the rate constant k  and the apparent 

adsorption (ܭ௔ௗ௦
௔௣௣) depend on the intensity of UV radiation(Emeline et al., 2000). Accordingly, 

Ollis (2005) proposed a revised simple model that has the same mathematical form as the L-H 

model. However, instead of equilibrium adsorption of reactants and, correspondingly a slow rate 

controlling surface step, the revised model assumes a pseudo steady state hypothesis to the surface 

coverage (
ௗఏ

ௗ௧
ൌ 0ሻ.  Under this assumption: 
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One important contribution is that k is related to intensity based on the following expression 

(Emeline et al., 2000; Mills et al., 2006; Turchi and Ollis, 1990).  

݇ ൌ కܫߙ  (1-17)

where ξ is a power term and usually varies from 0.5 at high photon flux to unity at low photon 

flux. While it could address the role of intensity in the kinetic of photocatalytic oxidation, this 

model did not consider photocatalytic oxidation via ⦁OH attack in the solution. Studies (Fu et al., 

2006; Hoffmann et al., 1995) have demonstrated the contribution of ⦁OH in oxidizing contaminants 

far from the surface of photocatalyst.  

A number of studies (Fox and Dulay, 1993; Gaya, 2014a; Herrmann, 2010; Pelaez et al., 

2011; Rengifo-Herrera et al., 2013) have demonstrated that water matrices and natural water 

condition could also influence the photocatalytic performance. These characteristics of water 

matrix such as dissolved oxygen, pH, natural organic matter (NOM) concentration, and alkalinity 

are critical on photocatalysis efficiency. For example, oxygen, adsorbed on the surface of 

photocatalyst, plays the important role in improving the performance of the process by scavenging 

electrons from the surface of photocatalyst and subsequently reducing e-- h+ recombination rate. 

The dependence of photocatalytic degradation rate on dissolved oxygen concentration can be 

interpreted by Langmuir adsorption (Turchi and Ollis, 1990),  

ݎ ∝
ைమሾܱଶሿܭ

1 ൅ ைమሾܱଶሿܭ
 (1-18)
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where ܭைమ is oxygen adsorption rate constant. However, in implementation condition the oxygen 

coverage at the surface of photocatalyst is constant and can be integrated into the apparent rate 

constant (Herrmann, 1999). In other words, the apparent rate constant is a function of the intensity 

and of the oxygen coverage. 

R ൅ ܱଶ → (19-1) ݐܿݑ݀݋ݎܲ

ݎ ൌ
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1.1.3.1 Effect of pH on photocatalytic process 

pH is another important factor, affecting the efficiency of photocatalytic process. 

Nonetheless, there is no general consensus over the effect of pH. Some studies showed that the 

rate of photocatalysis was not dependent upon pH (Duran, 2010; Mills et al., 1993), whereas de 

Lasa et al. (2005a) and Sakthivel et al. (2003) showed that increasing the pH of medium 

consistently reduced the rate of photocatalytic process. Pelaez et al. (2011) showed a indirect 

relationship between the performance of photocatalytic process and the pH of medium. The 

authors illustrated that the reaction rate decreased from 3.5×10-3 µM.min-1 in acidic condition (pH 

3) to 0.54×10-3 µM.min-1 in neutral condition (pH 7.1). Šojić et al. (2009), on the other hand, 

demonstrated that the effect of pH was dependent on its range. At very low range (pH= 1-3.2) an 

increase of pH caused a significant increase in degradation rate, a further increase of pH showed a 

distinct decay in degradation rate. pH effect on photocatalytic process depends on the influence of 

number of factors such as electrostatic interactions among the semiconductor surface, water, and 

charged compounds formed during the reaction process. 

The impact of pH can be explained based on its role in changing the semiconductor surface charge 

(Byrne and Fernández-Ibáñez, 2012; Rezaei and Mohseni, 2017a; Sakthivel et al., 2003) and the 
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energy levels of conductance and valence band (Byrne and Fernández-Ibáñez, 2012; Rothenberger 

et al., 1985). TiO2 like any other semiconductor behaves as a simple diprotic acid in water. In an 

aqueous medium, Ti cations can bond to oxygen atoms of water molecules that are adsorbed on 

the surface of the catalyst and dissociated to OH groups (Sakthivel et al., 2003). When a water 

molecule approaches to the surface of TiO2 , both the H2O and bridging oxygen disappear and are 

replaced by OH pairs (Figure 1-3) (Linsebigler et al., 1995).  

Hydrolyzed TiO2 surface according to medium pH becomes positively or negatively charged 

(See Eqs (1-21) and (1-22)). The effect of pH on photocatalyst surface charge can be explained 

basis on the zero point charge pH (pHzpc). pHzpc, a particular pH where the charge of the 

photocatalyst surface is zero, is the average of pKa, 
௣௄ೌభା௣௄ೌమ

ଶ
 (Eqs (1-21) and (1-22)). In the case 

of TiO2 P25 the pHzpc is 6.2 (pKa1 =4.5 and pKa2 =8) (Park et al., 2013). Nonetheless, different 

pHzpc of different types of TiO2, between 5.5 and 6.8, has been reported (Boschloo et al., 2006; 

Byrne and Fernández-Ibáñez, 2012; Doll and Frimmel, 2005a; Sakthivel et al., 2003; Šojić et al., 

2009).  

ଶܪܱ݅ܶ
ା	 	⇄ ܶ݅ െ ܪܱ ൅ ାܪ ௔ଵ (1-21)ܭ݌

Figure 1-3. Hydrated TiO2 surface. 



14 

 

ܶ݅ െ ܪܱ ⇄ ܶ݅ െ ܱି ൅ ାܪ ௔ଶ (1-22)ܭ݌

TiO2 surface is positively charged (TiOH2
+) in acidic media (pH< pHzpc), whereas it is 

negatively charged (TiO-) at pH> pHzpc; This will in turn, influences the micropollutant adsorption 

and its degradation pathways (Šojić et al., 2009; Tunesi and Anderson, 1991).  

Tunesi et al. (1991) attempted to make a connection between pH effect on TiO2 adsorption 

capability and photocatalytic mechanism. He showed that due to an increase in the electrostatic 

repulsion between the micropollutant anion and the oxide surface, the adsorption reduced at high 

pH. The increased distance between the reactant and the surface of photocatalyst causes reducing 

direct charge transfer.  

It should be emphasized that the effect of pH cannot be limited to its influence on surface 

charge of photocatalyst. Changing pH also causes a shift in the position of the valence and the 

conduction bands (Shaham-Waldmann and Paz, 2013). These changes in the position of the band 

edges may affect the rate of interfacial charge transfer (Duffy et al., 2000). Howe and Gratzel 

(1985) showed that pH affects the rate of the trapping charge process. In the acidic medium the 

rate of recombination is very low causing a high rate of oxidation via positive holes on TiO2 at low 

pH.   

According to Henderson-Hasselbalch (Clugston and Flemming, 2000), pH also influences 

the protonation state of micropollutants. At pH, higher than its pKa, the contaminant dissociates 

into unprotonated species that affects the adsorption and consequently the oxidation performance. 

1.1.3.2 Effect of Natural Organic Matter (NOM)  

NOM containing organic materials such as largely alphatic, highly coloured, aromatic, 

hydrophobic, hydrophilic, charged, and uncharged components, is produced from the 

decomposition of living materials and synthetic activities of microorganisms (Liu et al., 2013; 
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Matilainen and Sillanpää, 2010). NOM affects the quality of water by causing colour, taste and 

odour. Moreover, the presence of NOM in raw surface water brings several challenges to drinking 

water treatment processes. For example, NOM affects the efficiency of GAC adsorption process 

by competing with target pollutants (Ding, 2010). NOM also has a strong impact on the rate of 

fouling in microfiltration (MF)/ultrafiltration (UF) water treatment processes (Cho et al., 1998). 

Although, NOM can reduce the efficiency of UV disinfection by attenuating light as it passes 

through the water. 

NOM can have a pronounced influence on the performance of photocatalytic degradation. 

NOM may affect the adsorption process by competing with micropollutant for available binding 

sites or/and altering the surface charge of photocatalysts through adsorption ( Liu et al., 2008). Lin 

and Lin (2007) and Doll and Frimmel (2005b) studied the effect of NOM on photocatalytic 

removal of organic compounds, such as iomeprol, clofibric acid, carbamazepine, 4-chlorophenol, 

and 1,2,3-trichlorobenzene. The authors reported that NOM interferes with the adsorption process 

by competing with organic compounds for active sites on TiO2. However, they did not elaborate 

on the extent of competition between NOM and target contaminants as well as the parameters that 

affect this competition. For example, there was no mention of the effect of pH and its role in the 

adsorption process. As discussed earlier, the effect of pH can be interpreted in terms of electrostatic 

interaction between the charged TiO2 and solutes. The solution pH also affects the degree of 

dissociation of solutes (which depends on solutes pKa), and consequently the adsorption of their 

ionized form. Among the few studies investigating the effect of pH, Liu et al. (2008) analyzed the 

impact of NOM on photocatalytic degradation of arsenic at different pH. The study demonstrated 

that the presence of NOM, due to competition with As (III) for available binding site, caused a 

reduction of approximately 40% in adsorption of arsenic (As (III)) at low pH (Liu et al., 2008). 
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However, the effect of NOM on adsorption cannot be limited to its influence on competition for 

available binding site. The chemical structure of NOM also plays the major role in performance of 

contaminants adsorption. For example, adsorbed NOM due to negative charge of phenolic and 

carboxylic functional groups interferes with TiO2 surface charge; it reverses the photocatalyst 

surface charge and consequently reduces the adsorption of contaminants ionic form at low pH 

(Yang and Lee, 2006). NOM, due to its chemical structure, can also enhance the adsorption of 

target micropollutants. Drosos et al. (2015) demonstrated that the adsorbed NOM attracts 

carbamazepine (CBZ) adsorption ontoTiO2. In this study, π bound attraction between CBZ and 

aromatic functional group of adsorbed NOM facilitated CBZ adsorption.   

Much the same as its impact on UV disinfection process, NOM also plays as inner filter and 

decreases the efficiency of photocatalytic oxidation, by blocking the UV radiation reaches the 

photocatalyst surface. Aromatic and olefinic moieties in the NOM structure absorb UV at 254 nm 

and partially filter the radiation (Matilainen and Sillanpää, 2010). This in turn causes a reduction 

of photocatalysis efficiency, because the catalyst receives less photons, and fewer oxidant species 

are generated.  

Finally, NOM interferes with the process by scavenging the oxidant species generated in the 

system. Adsorbed NOM on the surface of photocatalyst acts as a scavenger of positive holes (h+). 

NOM is electron-rich and capable of scavenging positive holes from the surface of photocatalyst 

to reduce the rate of oxidation (Doll and Frimmel, 2005b; Lin and Lin, 2007; Yang and Lee, 2006). 

Non-adsorbed NOM in the solution, on the other hand, scavenges free hydroxyl radicals in the 

solution (Doll and Frimmel, 2005b; Rezaei and Mohseni, 2017b). While studies showed negative 

effects of NOM on photocatalytic oxidation, assessing the effect of NOM on scavenging different 

oxidant species is still lacking.  
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According to the above discussion, the exact role of NOM on photocatalytic process is not-

well known and very challenging. However, to better understand the efficiency of photocatalytic 

processes in the presence of NOM, further studies are required to elucidate this complex behavior 

of NOM in photocatalysis. 

 Knowledge gaps  

Application of FBPR involving photocatalytic spheres to real world water treatment needs a 

detailed understanding of the effect of the water matrix, in particular NOM. This is challenging, 

because of the complexity of the process as well as the complex nature of NOM molecules. To the 

best of the author’s knowledge, there has been no prior comprehensive research evaluating the 

impact of NOM and its fractions on the photocatalytic oxidation process. In particular, little work 

has been done to develop an understanding on the effect of NOM on adsorption and oxidation 

pathways (direct oxidation on the surface of photocatalyst vs. indirect reaction via hydroxyl 

radicals attack). The specific knowledge gaps around the influence of NOM on photocatalytic 

process are highlighted below:  

1.2.1 NOM impact on micropollutant adsorption 

It is well established that adsorption of reactants on the surface of the TiO2 photocatalyst 

improves the efficiency of electron transfer during the photocatalytic process (Friedmann et al., 

2010). It is hypothesized that NOM interferes with the adsorption process. However, there is no 

general consensus around the impact of NOM on adsorption process. To et al. (2008) reported that 

NOM has an adverse effect on micropollutant adsorption efficiency because NOM’s large 

molecular weight blocks adsorbent pores and slows down the diffusion of smaller compounds into 

the pores. Liu et al. (2008), on the other hand, showed that NOM competes with the target 
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micropollutant for adsorption sites. The authors asserted that arsenic adsorption reduces because 

NOM competes with arsenic ion for adsorption on TiO2 available binding sites. The 

aforementioned studies, however, are not in agreement with other reports which state that NOM 

does not have any effect on the adsorption of micropollutants (Faur et al., 2005; Li et al., 2003). 

For instance, Li et al. (2003) propose that large molecular NOM adsorbs onto the pores larger than 

those where small molecules of micropollutants are preferentially adsorbed.  

Adsorption is a complicated process with several determining parameters such as adsorbent 

surface properties, adsorbate molecular structure, temperature, inorganic ion strength, and pH of 

the solution (Newcombe, 1994; Snoeyink and Summers, 1990). The presence of NOM due to its 

complexity and heterogeneity in aquatic media, makes this process intricate. Investigating 

adsorption of different NOM fractions and functional groups is necessary to better delineate the 

effect of NOM adsorption. Therefore, a comprehensive study is required to understand thoroughly 

the adsorption of NOM on photocatalyst surface and its effect on the overall photocatalytic 

process. 

1.2.2 Impact of NOM on photocatalytic oxidation 

While several attempts have been performed to demonstrate the effect of NOM on 

photocatalytic oxidation, researchers could not separate the impact of NOM on different 

photocatalytic oxidation mechanisms; direct oxidation on the surface of photocatalyst via positive 

hole or indirect oxidation via hydroxyl radicals attack in the solution (●OHaq). Lin and Lin (2007) 

and Doll & Frimmel (2005) studied the effect of humic substances and NOM on reducing the 

efficiency of the photocatalytic process. While the impact of NOM on the overall photocatalytic 

process was evaluated, these studies did not separate NOM interferes with photocatalytic oxidation 
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mechanisms. Selli et al. (1999) attempted to examine the influence of NOM through a complicated 

approach of analyzing all the reaction pathways affected by NOM.  The results showed that this 

effect is dependent upon the source of NOM and chemical structure of micropollutants. Drosos et 

al. (2015) studied the effect of adsorbed humic acid, as a model NOM, on photocatalytic oxidation 

of micropollutant CBZ. Nonetheless, a comprehensive analysis of adsorbed humic acid on the 

surface oxidation was performed, this study could not analyze the effect of humic acid on 

scavenging hydroxyl radicals in the solution.  

Attributable to the complexity of the photocatalytic oxidation process, separating the 

influences of NOM is a major challenge. Hence, based on the existing literature on prior research, 

a comprehensive study is needed to assess NOM interferences on photocatalytic oxidations.  

 Thesis scope and objectives 

The overall goal of this research is to assess the impact of NOM on the photocatalytic 

degradation of micropollutant in FBPR. In particular, this research aims to contribute substantially 

to the understanding of the NOM effect on adsorption and photocatalytic oxidation of 2,4-D during 

the process of photocatalysis. 2,4-D is an inexpensive and common herbicide used for the control 

of broadleaf weeds in agriculture, forestry and lawn care practices. Because of its poor 

biodegradability, 2,4-D remains active for very long and can easily spread within the environment 

(Trillas et al., 1995). 2,4-D was selected as a target micropollutant in this research due to its 

propensity for being adsorbed on the surface of catalysts at different pH. The adsorption of 2,4-D 

on the surface of photocatalyst can be controlled and consequently the impacts of NOM on each 

photocatalytic oxidation pathways can be quantified.  

To achieve the aforementioned overall goals, the following specific tasks are pursued: 
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1. Study the impacts of NOM and its various fractions on the adsorption of 2,4-D on 

the photocatalytic spheres used in FBPR, 

2. Investigate the kinetics of different mechanisms involved in the photocatalytic 

oxidation of 2,4-D using the effect of pH, 

3. Examine the effect of NOM on photocatalytic oxidation of 2,4-D on the surface of 

photocatalyst and in the solution, separately by, 

i. evaluating the effect of NOM on different photocatalytic oxidation 

mechanisms,  

ii. developing a method to separate the effect of NOM on scavenging different 

oxidant species involved in photocatalytic oxidation at low pH, 

iii. measuring NOM removal during different photocatalytic oxidation 

mechanism.  

 Thesis layout 

This dissertation compiles the results achieved throughout the course of research, and 

discusses them in the form of five chapters following introduction and experimental methods 

chapters. Not all the research results are included main body of the thesis, so complementary data 

are presented in the appendices. The following is a description of how each of the above objectives 

has been met with respect to their presentation in the following chapters; 

Chapter 2 provides a detailed description of the experimental plan and research 

methodology, as well as analytical techniques employed in this study.  

Chapter 3 provides comprehensive information about the characteristics of the 

photocatalyst used in this research. 



21 

 

Chapter 4 contributes primarily to present the results related to objective 1, that is 

adsorption of 2,4-D and the impact of NOM on the adsorption process.   

Chapter 5 provides an in depth look into the adsorption of NOM, contributing objective 1. 

It discusses the adsorption of NOM and its fractions in terms of hydrophobicity and molecular 

weight. The effect of different NOM functional groups and their contribution to the adsorption, is 

also studied in this Chapter.  

Chapter 6 contributes primarily to meeting objective 2. It provides a detailed discussion 

around the kinetics of photocatalytic oxidation and the impact of pH on the photocatalytic 

oxidation mechanisms and kinetics.  

Chapter 7 contributes to meeting objective 3. It presents a method to separate the 

photocatalytic oxidation mechanisms to evaluate the impact of NOM on each oxidation process. 

It also demonstrates the impact of NOM on the photocatalytic oxidation of 2,4-D.  

Chapter 8 presents an overall conclusion, a summary of key findings, and recommendation 

for future research.  
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Chapter 2: EXPERIMENTAL METHODOLOGY  

 Water sample preparation 

The synthetic water was prepared by diluting a NOM stock solution in milli-Q water to make 

different dissolved organic carbon (DOC) concentrations. The NOM stock solution was made by 

dissolving Suwannee River (SR) NOM, purchased from the International Humic Substances 

Society, in milli-Q water to make 100 mgL-1 DOC following filtration by 0.45µm. The stock 

solution was stored in dark at 4oC. The pH of the synthetic water samples was adjusted using HCl 

and NaOH (0.1 N).   

2.1.1 NOM fractionation 

The experimental method and apparatus used for NOM fractionation were based on the 

fractionation technique proposed by Chow et al. (2004). Two resins, Supelite DAX-8 (Supelco) 

and Amberlite XAD-4 (Supelco) were used in series to fractionate the NOM. Water was filtered 

(0.45 μm) and acidified to pH 2 using HCl. The solution was pumped through DAX-8 column. 

Samples were taken for DOC, UV absorbance at 254 nm and, HPSEC analysis. The hydrophobic 

(HPO) fraction was defined as the fraction of NOM that was adsorbed on DAX-8. The rest of the 

sample was pumped through the XAD-4 column, and similar samples were taken for the same 

analytical measurements termed Transphilic fraction (TPI). The fraction of NOM that was not 

adsorbed on either DAX-8 or XAD-4 is termed as hydrophilic (HPI). NaOH (0.1 N) and HCl will 

be used to adjust the pH.  

%HPO=  
்ை஼೔೙೔೟೔ೌ೗ି்ை஼ೌ೑೟೐ೝ	ವಲ೉షఴ

்ை஼೔೙೔೟೔ೌ೗
ൈ100 



23 

 

%TPI= 	
்ை஼ೌ೑೟೐ೝ	ವಲ೉షఴି்ை஼ೌ೑೟೐ೝ ೉ಲವషర

்ை஼೔೙೔೟೔ೌ೗
ൈ100 

 %HPI= 	
்ை஼ೌ೑೟೐ೝ	೉ಲವషర

்ை஼೔೙೔೟೔ೌ೗
ൈ100 

In general, this method has an error (TOC instrument and fractionation procedure errors) 

around 0.25 mgL-1 when measuring the DOC concentration after and before exposure to resins. 

Therefore, the fractionation of NOM was performed for NOM concentration higher than 3 mgL-1 

to eliminate or minimize the potential error.  

2.1.2 NOM analytical measurement 

The concentration of NOM was measured using total organic carbon (TOC) analyzer 

(Shimadzu TOC- VCPH). The UV absorbance at 254 nm (UV254) was employed to measure NOM 

aromatic moieties using a UV–vis spectrophotometer (Agilent Technologies UV-Vis Cary 100) 

with a cell path length of 1 cm. 

The apparent molecular weight (AMW) distribution of NOM in untreated and treated waters 

were measured using high-performances size exclusive chromatograph (HPSEC). Following the 

method described by Sarathy & Mohseni (2007), HPLC Waters 2695 separation module equipped 

with a Waters Protein-PakTM 125 Å column and a 2998 photodiode array detector, set to detection 

at 260 nm, was used as the instrument for HPSEC analysis. The carrier solution was phosphate 

buffer (0.02 M), pH 6.8, (Laboratory grade, Fisher Scientific) adjusted to 0.1 M ionic strength 

using sodium chloride (certified A.C.S, Fisher Scientific). The flow rate of the carrier solution was 

set at 0.7 mL.min-1. AMW was correlated to retention time using polysulfonate standards (15 kDa 

PSS15K, 7 kDa PSS7K, 4 kDa PSS4K, 3 kDa PSS3K, American Polymer Standards Corporation) 

for making a the calibration curve.	
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Fourier Transform Infrared (FTIR) analysis was performed to identify the inorganic and 

organic functional groups using Perkin Elmer Frontier FTIR Spectrometer. The sample was 

pressed under a pressure of about 12 MPa to produce a thin film. FTIR spectra of the sample was 

recorded from 1000 to 4000 cm-1 with a 4 cm-1 resolution operated at scan speed of 50 scans. The 

spectra of adsorbed species on the surfaces of titanium dioxide were obtained following the 

protocol by Gong (2001). 

 2,4-D sample preparation 

2,4-D solution was prepared by diluting 2,4-D stock solution in synthetic or milli-Q water to 

make different 2,4-D concentrations (1 mgL-1, 4 mgL-1 and, 7 mgL-1). The 2,4-D stock solution 

was made by dissolving 2,4-D solids purchased from Sigma–Aldrich, Canada, in milli-Q water to 

make 180 mgL-1 2,4-D. The solution was filtrated by 0.22 µm before being used. The stock 

solution was stored in the dark at 4oC. 

2.2.1 2,4-D measurement 

Concentration of 2,4-D was quantified using a high-performance liquid chromatograph 

(HPLC, Dionex 2695) equipped with C-18 column (4-micronmeter particle diameter) and a UV 

detector. Methanol/water/acetic acid (58%:40%:2%v/v) were used as mobile phase. The injected 

sample volume was 100 μL. The flow rate of the mobile phase was 1 mL min−1 using λ=280 nm 

UV detection. 
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 Photocatalyst  

2.3.1 Photocatalyst preparation 

The template free photocatalytic spheres (PSs) are made of sol-gel derived composite TiO2 

as described in (Vega et al., 2011). Titanium tetraisopropoxide (TTIP) is used as the precursor and 

slowly added to a solution of denatured ethyl alcohol (81% v/v), water (5% v/v) and HCl (14%v/v). 

Ethyl alcohol is used as a solvent for the sol-gel reaction and HCl is used to control the rate of 

condensation, eliminating the fast gelation and precipitate formation due to uncontrolled 

hydrolysis reactions. The mixture is magnetically stirred for 2 hrs, resulting in a clear and stable 

alkoxide-based solution. Pre-calcined TiO2 powder, Degussa P-25, is used as a filler material. The 

powder is added to the sol-gel solution (0.3 g P-25 per mL TTIP) and the resulting composite sol-

gel (CSG) is vigorously stirred overnight (16 hrs) to form a homogenous mixture.  

One part of CSG is mixed with two parts of a polymeric solution made of chitosan (10 gL-1) 

and milli-Q water at pH 4.5 (used glacial acetic acid to acidify milli-Q water) to create a suspension 

with desirable viscosity (135 cp) needed for sphere formation. The solution is added drop-wise to 

a basic solution, (pH 12) NH4OH/water (20:80% v/v), to produce the spheres. On contact with the 

basic solution, the droplets are instantly hardened into spherical particles due to the fast gelation 

of the chitosan polymer. The spheres are then dried at 85o C for 45 hours before calcination. The 

calcination process is carried out at 600o C for 3 hours. The ramping temperature is regulated at 

approximately 3.5o C min-1 during the calcination process.  

2.3.2 Attrition resistance determination 

Titanium dioxide fine particles generated due to attrition in the fluidized bed photocatalytic 

reactor were quantified through a spectrophotometric method initially proposed by (Sandell and 
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Ōnishi, 1978) and later updated by Jackson et al. (1991). In this technique, 10 mL of a sample 

containing TiO2 particles is added to a solution of 0.85 mL (NH4)SO4/H2SO4 (40% w/v) and boiled 

until the TiO2 is fully dissolved. 6 mL H2O is added to the cooled solution followed by diluting 

with concentrated H2SO4 (95%) reached to 25 mL. 10 mL of this solution is then transferred to a 

beaker into which 2-3 drops of H2O2 (30%) is added. The amount of Ti+4 present in the solution is 

then determined using spectrophotometer at =410 nm.  

 

Figure 2-1. Template free photocatalyst spheres. 

2.3.3 Photocatalyst characterization  

Microstructural characteristics of the photocatalyst were analyzed using Hitachi S2600 

Variable Pressure-SEM. An X-ray diffraction (XRD) diffractometer (Bruker D8-Advance X-ray, 

40 kV,40 mA) was used to determine the crystallinity of produced photocatalyst. X-ray diffraction 

patterns were recorded using CoKα1 (λ1= 1.5406A˚) and CoKα2 (λ2= 1.54439A˚) over the range 

2θ from 5o to 90o, with a scanning speed of 0.016o min−1. Diffraction patterns of both anatase and 

rutile TiO2 powders were compared with reference to Joint Committee on Powder Diffraction 

Standards (JCPDS) database. The Rietveld refinement method was used to determine the amount 

of anatase and rutile phases. 
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Specific surface areas of PSs were measured by nitrogen adsorption at 77K, and based on 

the multipoint Brunauer-Emmet-Teller (BET) method using Micromeritics ASAP 2020. The pore 

size distributions (average pore diameter and mean pore volume) were measured from the N2 

desorption isotherm using the method proposed by Barrett, Joyner and Halenda (BJH).   

Zeta potential charges of PSs were determined using a Malvern Zetasizer 2000. The spheres 

were first ground to form a colloidal suspension (0.002 wt% in water) before analysis. 

 Photocatalytic process 

2.4.1 Experimental setup 

Photocatalytic experiments were conducted in a fluidized bed photoreactor (FBPR) 

consisting of a quartz tube (150 mm height and 26 mm internal diameter) as the body of the reactor, 

held by two polycarbonate pieces at the top and the bottom. The flow passed through the 

photocatalytic spheres bed in the quartz tube to fluidize them. The conical shape of the bottom 

piece helped to fluidize the spheres and expand them thoroughly in the reactor. Photocatalytic 

spheres inside the quartz tube (the photoreactor) were irradiated by three UV lamps placed 

surrounding the reactor. The reactor and UV lamps were placed in a wooden box to avoid any 

direct contact with UV radiation.  
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Figure 2-2. Fluidized bed photocatalytic reactor. 

2.4.2 Experimental procedure 

The reactor was filled with 25 g PSs and the system was operated at a flowrate of                    

3.6-3.9 L.min-1, corresponding to a bed expansion of about 400%. The storage tank was equipped 

with a diffuser to sparge air through the solution in order to provide a constant concentration of 

dissolved oxygen, which is required as an electron acceptor for photocatalytic oxidation reactions. 

Two liters of water contaminated with different concentrations of 2,4-D and NOM was re-

circulated in the reactor, first with the lamps being turned off to ensure the adsorption of solutes 

on the surface of spheres reached equilibrium. The lamps were then turned on after 90 min and 

samples were taken at different intervals with a total reaction time of 30 min. The samples were 

filtered through 0.2 µm filter prior to analysis.  
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  Photocatalyst spheres reactivation  

Photocatalytic spheres were reactivated by desorption of organic molecules at high pH.  Used 

25 g photocatalysts were fluidized by NaOH solution (pH 11) in FBPR. Two liters of NaOH 

solution was recirculated in the reactor in the absence of UV radiation and at the same condition 

used for photocatalytic experimental procedure for 30 min to desorb 95±2% of organic molecules 

from the surface of photocatalyst spheres.   

 Adsorption process  

2.6.1 2,4-D adsorption 

Adsorption experiments were performed in the FBPR at 25o C. The reactor was filled with 

25 g photocatalytic spheres and two liters of the solution was recirculated in the reactor in the 

absence of light at the same condition used for photocatalytic experiments.  

Sampling 

Air 

1 

2 

3 

4 

Figure 2-3. Experimental setup: (1) FBPR, (2) storage tank, (3) pump, (4) flowmeter. 
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Adsorption kinetic experiments were performed for 90 min and samples were taken at 

different intervals to monitor the change in 2,4-D concentrations. For the isotherm experiments, 

the solution was recirculated through the reactor for over 8 hrs to ensure an equilibrium condition 

was reached before taking samples.  Samples were filtered through a 0.22 µm syringe filter before 

being analyzed by HPLC. 

2.6.2 NOM adsorption 

Adsorption experiments were performed in a shaker incubator (Lab Companion SI-600) 

protected from light, at 25o C and 70 rpm (the optimum rate to minimize the fine production of the 

photocatalyst). Adsorption isotherms were studied through a series of experiments involving 

different initial concentrations of NOM exposed to a constant amount of photocatalyst spheres   

(1.5 g) and mixed over 48 hrs to ensure equilibrium condition. The equilibrium samples were taken 

and filtered with 0.22 µm syringe filter before analysis.  

Adsorption kinetics study was carried out to evaluate the time course of the adsorption of 

NOM on photocatalytic spheres. The experiments were performed in the shaker incubator at 25oC 

and 70 rpm. Photocatalyst spheres of 1g were placed into 100 mL solution (in Erlenmeyer) and 

mixed for a period of 300 min. Samples were taken at different intervals to monitor the change in 

the concentrations of NOM in the solution.    
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Chapter 3: TEMPLATE FREE PHOTOCATALYST SPHERES CHARACTERISTICS  

This Chapter reviews the intrinsic properties of the photocatalyst used in this research, 

template free photocatalyst spheres (PSs). PSs various analysis such as XRD, SEM and BET were 

performed and compared with the PSs previous generation synthesized by Vega et al. (2011) and 

pre-calcined commercial photocatalyst (TiO2 Degussa P25) characteristics. Analytical results 

showed that PSs provided relatively high surface area (35.27 m2g-1) and good percentage of anatase 

(71.5%). The charge of photocatalyst surface was also measured at different pH to determine the 

pH of zero point charge (pHzpc) as the major factor impacting the photocatalytic oxidation 

pathways.       

 Photocatalyst spheres (PSs) crystalline characteristic 

Figure 3-1 shows XRD paterns of PSs and pre-calcine TiO2 P-25. High intensity peaks at 

2θ=25o
 identify the most intensive peak (101) for the anatase TiO2. The rutile (110) characteristics 

peak was found at 2θ=27o. The Rietveld refinement method showed that the weight fraction of 

anatase is 71.5%, higher than that reported by Vega, et al. (2011) (64.19%) and lower than TiO2-

P25 (80%)(Mir et al., 2013). 

PSs low anatase ratio comparison to TiO2-P25 is due to heat treatment of photocatalyst 

preparation. Vega et al. (2011) showed that the percentage of anatase was significantly reduced 

from 64.19% to zero when the calcination temperature rose from 600oC to 700oC. Therefore, the 

calcination temperature of 600oC was applied to produce PSs with predominant anatase phase. On 

the other hand, as Zhang et al. (2008) showed that the surface-phase junction between anatase and 

rutile particles, formed during the calcination process, is responsible for the highest photocatalytic 

activity; the phase junctions facilitates transfer of the electron from CB of the rutile phase to the 
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trapping sites on the anatase surface, thereby improving the photocatalytic activity. Studies (Bacsa 

and Kiwi, 1998; Mir et al., 2013; Thiruvenkatachari et al., 2008; Yamazaki et al., 2001) 

demonstrated that 70% - 80% of anatase phase gives the best result for degradation of 

micropollutants. Thus, the ratio of the photocatalyst of this research was improved to place in the 

ideal range in terms of photocatalytic activity. Reducing the heating rate from 10o C min-1 reported 

by Vega et al. (2011) to 3.5o C min-1 in this research improves the heat treatment and increased the 

anatase percentage. This result is in agreement with Zhang et al. (2008) studies which 

demonastrated that not only calcination tempreture is responsible for higher anatase persentage on 

the surface of catalyst but the calcination time  process was also a main factor to improve the 

anatase phase percentage.  

Figure 3-1. XRD diffraction pattern of TiO2- P25 pre-calcine and photocatalytic spheres. 
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 PSs surface properties  

Table 3-1 shows surface properties information of PSs from this research and that of reported 

by Vega et al. (2011) as well as pre-calcined TiO2-P25. The surface area, pore volume and pore 

size were improved to a higher value compared to those of previously study (Vega et al., 2011). 

Increasing these parameters may result in an improvement of adsorption and consequently 

photocatalytic performance. Kim and Kwak (2007) showed that the photocatalyst with larger 

surface area due to providing more active sites for pollutants adsorption, exhibits better 

photocatalytic activity. It is clear that TiO2-P25 in powder form has a higher surface area than the 

composite photocatalyst spheres. This result indicates that PSs porosity is in the meso-range 

(Haber, 2009). BET results and XRD analysis of PSs from this study and Vega et al (2011), in 

agreement with other researches (Bacsa and Kiwi, 1998; González-Reyes et al., 2011; Vega et al., 

2011), indicates that the higher percentages of anatase culminate the surface area. 

Table 3-1.  Different photocatalyst TiO2 surface properties data 

Material Anatase 

(%) 

Surface area (m2g-1) Pore volume (cm3g-1) Pore size 

(nm) 

PSs (this study) 71.5% 35.2 0.30 25.0 

PSs (Vega et al., 2011) 64.2% 29.3 0.17 18.2 

TiO2-P25 (Vega et al., 2011) 87.8% 54.0 0.23 16.6 

 PSs morphology 

The Scanning Electron Microscope (SEM) is commonly used to analyze the morphology 

(size and shape), topography (surface features) and crystallographic features (atomic 

arrangements) of a photocatalyst. Photocatalytic spheres showed a consistency in size and shape 

with the average diameter of 0.90 mm, as shown in Figure 3-3.  PSs had a relatively smooth surface 
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despite the presence of some roughness along the surface of the catalyst. No cracks were present, 

indicating there were no extreme stresses during the catalyst production process. Figure 3-2 also 

shows SEM micrographs of the catalyst after 10 hrs of continuous use. The surface of the catalyst 

is smoother than that of the fresh photocatalyst.  

  

  

Figure 3-2- SEM micrograph of (a) fresh photocatalyst (b) used photocatalyst. 

 Attrition 

Figure 3-3 shows the amount of TiO2 detached from the spheres and released into the water 

after 90 min of operation for the modified PSs developed in this research and that of made by the 

previous procedure, suggested by Vega et al. (2011). The results demonstrate that the attrition 

resistance of the PSs made in this study improved by nearly %80, reducing the amount of TiO2 

a 

a b

b
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fines from 15.6 mg. L-1 to 3.3 mg. L-1. This improvement can be because of the more consistent 

geometry/shape and smaller size of the photocatalyst from this study, compared to that made by 

the previous procedure. According to the literature (Hatzantonis et al., 1998; Yang, 2003) several 

factors such as particle shape, initial particle size, and particle size distribution affect the attrition 

of the catalyst in fluidized bed reactors.  That is, applying smaller particles with higher consistency 

in shape and size reduces the attrition.  

 

3-3. Amounts of titanium detached from the photocatalyst spheres during fluidization. Error bars represent 

the standard errors for the four replicate runs. 

 The effect of pH on PSs charge surface 

Figure 3-3 shows the surface charge of the PSs versus pH of the solution. The results 

illustrate that pHzpc of PSs is 6, meaning the surface of PSs is positively charged (TiOH2
+) at pH< 

6, whereas it is negatively charged (TiO-) at pH> 6. At pH higher than 6, photocatalyst is favorable 

for adsorption of positively charged micropollutants, while it is favorable for negatively charged 

micropollutants at pH lower than 6. Hence, controlling the pH, and consequently controlling the 

surface charge of PSs, may serve as means toward preferential degradation.   
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Although changing the pH of the medium primarily affects the contaminant charge. At pH 

value higher than contaminant pKa, it dissociates into unprotonated species that affects the 

adsorption and consequently the oxidation performance. It should be emphasized that 

understanding the effect of pH is complex and important. This dissertation will present a detailed 

discussion in following chapters of the impact of pH on adsorption and photocatalytic oxidation 

performance.  

 

Figure 3-4. Influence of pH on zeta potential of TiO2 in aqueous medium. 
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Chapter 4: ADSORPTION OF 2,4-D ON THE SURFACE OF PHOTOCATALYST 

SPHERES  

 Introduction 

Thorough investigation of 2,4-D interaction with the photocatalyst surface is an essential 

prerequisite to the study of photocatalytic process. Adsorption affects the photocatalytic reaction 

rate by bringing molecules such as water, oxygen and organic solute (in the case of this work         

2,4-D), together and within a quasi-liquid layer on the surface of the photocatalyst (Satterfield, 

1980). Moreover, since hydroxyl groups or water molecules in an aqueous medium can serve the 

role of forming hydroxyl radical, initial adsorption is a prerequisite to highly efficient 

detoxification (Fox and Dulay, 1993). 

This Chapter presents the effect of pH and NOM on 2,4-D adsorption on the surface of 

photocatalyst spheres. It reports on the research involving detailed isotherm experiments and 

assessment of different isotherm models to determine the nature of the adsorption process and the 

role of pH. Also, it presents the results of kinetic experiments performed to provide detailed 

insights into the mechanism of adsorption. The interference of NOM on 2,4-D adsorption is 

investigated in detail and the results are presented.  

 Results and discussion 

4.2.1 The effect of pH 

Figure 4-1 shows the results obtained from adsorption experiments conducted in FBPR at 

different pH.  The amount of 2,4-D adsorbed by photocatalytic spheres increased by ~ 60% with 

decreasing pH from 7 or 5 to pH 3. 2,4-D adsorption is limited (~10%) at pH 5 and pH 7.   
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Figure 4-1. 2,4-D adsorption in FBPR with different initial concentration of 2,4-D; (a) 1 mgL-1 and                  
(b) 7 mgL-1. Error bars represent the standard errors for the triplicate runs. 

According to the results shown in Figure 4-1, the loading capacity of photocatalyst spheres 

in 90 min can be evaluated; it increases from 0.05 mg. g-1 to 0.32 mg. g-1 with increasing the initial 

concentrations of 2,4-D from 1 mgL-1 to 7 mgL-1 2,4-D. 

Difference in the amount of 2,4-D adsorbed at different pH can be explained based on the 

effect of pH on the photocatalyst surface charge. The photocatalyst surface is positively charged 

when pH is below pHpzc (i.e., pH 3), whereas it is negatively charged at pH above pHpzc (i.e., pH 

7). Moreover, the pKa of 2,4-D is 2.64 (Avdeef, 2012).  This means that 2,4-D is negatively charged 

at pH above 2.64 (Eq. 4-1). This causes high adsorption of deprotonated 2,4-D on positively 

charged photocatalyst surface. However, 2,4-D adsorption reduces markedly because of the 

electrostatic repulsion at pH above 3.  
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Figure 4-2 shows that the photocatalyst pHpzc changed from 6 for fresh catalyst to less than 

5 after 2,4-D adsorption of 0.31 mg per gram of photocatalyst. It means the photocatalyst surface 

is negatively charged at pH 5 after some initial adsorption of 2,4-D which causes an overall low 

adsorption of 2,4-D, the same that occurs at pH 7.  

 

Figure 4-2. The influence of the medium pH on zeta potential of, (●) bare photocatalyst and (□) photocatalyst 
with adsorbed 2,4-D of 0.31 mg.g-1 photocatalyst. 

4.2.2 Adsorption Equilibrium 

Adsorption isotherm equilibrium of 2,4-D was studied applying known isotherm models, 

Langmuir and Freundlich. In agreement with the literature (Doll and Frimmel, 2005a; Liu et al., 

2008), the results show that Freundlich model fits experimental data very well at pH 3 where       

2,4-D adsorption is high due to electrostatic attraction (see Figures 4-3 and 4-4). However, the 

equilibrium adsorption of 2,4-D at pH 5 and pH 7 due to repulsion between the photocatalyst’s 

negative charge and deprotonated 2,4-D, are very low and not considerable. 
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Figure 4-3. 2,4-D isotherm adsorption at different pH. 

 

Figure 4-4. Freundlich fitting of adsorption of 2,4-D on photocatalytic spheres at pH 3. 

The Freundlich isotherm is widely used to explain the multilayer adsorption, with non-

uniform distribution of adsorption and affinities over the heterogeneous surface (Foo and Hameed, 

2010). The Freundlich isotherm model is shown in the following equation: 
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exponent and unitless, and kf is the Freundlich constant. The Freundlich constant (kf) is related 

primarily to the capacity of the adsorbent for the adsorbate, and 1/n is a function of the strength of 

adsorption (Snoeyink and Summers, 1990). 

A sigmoidal isotherm shape (Figure 4-3) indicates that the sorption-promoting effect starts 

only after a certain loading of the adsorbent (Schwarzenbach et al., 2002). 

According to the literature (Diebold, 2003b; Schmidt and Steinemann, 1991; Thomas et al., 

2007), it can be assumed that 2,4-D adsorption mostly occurs through binding of deprotonated 

carboxylic group with Tic5 on the surface of TiO2 (see Figure 4-5). Based on some other studies 

(Liu et al., 2008; Pang et al., 2008), it can be hypothesized that 2,4-D adsorption on hydroxylated 

TiO2 releases protons (see Eq (4-3)) which promote 2,4-D adsorption at the first layer. 

Furthermore, studies of organic adsorption onto TiO2 (Johansson et al., 2010; Thomas et al., 2007) 

shows that multilayer adsorption is governed by hydrogen binding may lead to multilayer 

adsorption for 2,4-D. 

 

ଶܪܱ݅ܶ
ା ൅ ିܱܱܥܴ → ܶ݅ െ ܴܥܱܱ ൅  ଷܱା (4-3)ܪ

Figure 4-5. Adsorption of 2,4-D on the surface of TiO2.
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4.2.3 2,4-D adsorption kinetics  

Figure 4-6 shows time course adsorption of 2,4-D on the surface of photocatalyst with 

different initial concentration of 2,4-D at pH 3. 2,4-D adsorption reached plateau within 

approximately 90 min for all initial concentrations, indicating that the rate of C/C0 of 2,4-D 

adsorption is independent of its initial concentration and falls rapidly during the initial uptake. 

Weber and Morris (1963) demonstrated that the adsorption initial rate is directly proportional to 

the solute concentration if external mass transfer is rate-limiting step. For this reason, the external 

mass transfer coefficients of different initial concentrations of 2,4-D were calculated (refer to 

Appendix A) and the results demonstrate that the mass transfer coefficients are similar and 

independent of 2,4-D initial concentrations. This indicates that external mass transfer is a not rate-

controlling step in this process.  

 

Figure 4-6. Time course adsorption of 2,4-D on the surface of photocatalytic spheres at pH 3. Error bars 

represent the standard errors for the triplicate runs. 
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To better understand 2,4-D adsorption behaviour, the kinetics of 2,4-D adsorption was 

modeled using Lagergren pseudo-first order model (See Eq. (4-4) and Eq. (4-5)) (Hameed et al., 

2008; Lee et al., 2007).  

௧ݍ݀
ݐ݀

ൌ ௘ݍଵሺܭ െ  ௧ሻ (4-6)ݍ

௧ݍ ൌ ௘ሺ1ݍ െ ݁ି௄భ௧ሻ (4-7) 

where K1 is the Lagergren’s first order rate constant (min-1) and qe (mg. g-1) and qt (mg. g-1.min-1) 

are the amounts of solute adsorption per unit weight of photocatalyst at equilibrium and at time t, 

respectively.  

The pseudo-first order rate constant, K1, was obtained by plotting ln[(qe − qt)/ qe] vs. time 

(Figure 4-7). A good linear correlation coefficient indicates an appropriate fit of Lagergren’s 

equation to 2,4-D adsorption data in the range from 2 to 90 min.  

Snoeyink and Summers (1990) described that the adsorption rate initially is controlled by 

intraparticle diffusion. A deviation from Lagergren model observed during the first 2 minutes can 

be due to the diffusion that governs the adsorption at the beginning of the process. Akasu and 

Kabasakal (2005) showed that intraparticular diffusion is a function of time squared and control 

the adsorption rate before uptake of 2,4-D on the sorption sites. 

The Lagergren’s first-order rate constant (Kl) determined from the model, is presented in 

Table 4-1 along with the corresponding correlation coefficients. The similar rate constants for 

different initial concentrations of 2,4-D indicate high adsorption capability of the photocatalyst 

spheres. 
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Table 4-1. Lagergren pseudo-first order adsorption rate constant obtained at different 2,4-D initial 
concentrations.  

2,4-D initial concentration (mgL-1) qe (mg. g-1) Kl (min-1) R2 

1 0.046 0.016 ± 0.001 0.99 

4 0.171 0.016 ± 0.002 0.98 

7 0.274 0.014 ± 0.001 0.97 

4.2.4 2,4-D adsorption in the presence of NOM 

Figure 4-8 presents the effect of NOM on 2,4-D adsorption at different initial concentration 

at pH 3. The experimental results suggest that NOM irrespective of its initial concentration, does 

not have any impact on 2,4-D adsorption. This result is in agreement with the observation of 

Pelekani and Snoeyink (1999) who demonstrated the negligible effect of NOM on adsorption of 

Figure 4-7- Lagergren pseudo-first order fitting of 2,4-D adsorption at different concentration on photocatalytic spheres 

at pH 3. Error bars represent the standard errors for the triplicate runs. 
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different micropollutants.  The negligible effect of NOM on 2,4-D adsorption is most likely due to 

the high capacity of photocatalyst spheres for adsorption and the relatively larger molecular size 

of NOM in comparison with that of 2,4-D.  

Figure 4-8. Time course adsorption of 2,4-D onto photocatalytic spheres in the presence and absence of NOM 
at pH 3. Error bars represent the standard errors for the triplicate runs. 

Figure 4-9 shows the adsorption of NOM in the presence of different concentrations of         

2,4-D at pH 3. This result shows that irrespective of the concentration of 2,4-D, a significant NOM 

adsorption takes place (~ 95%), confirming that the adsorptions of NOM and 2,4-D takes place 

independently. 

NOM with large molecular chains is adsorbed on larger pores (mesospores) (Newcombe and 

Drikas, 1997) and dose not interfere with 2,4-D adsorption (Snoeyink and Summers, 1990). 2,4-D 

adsorption, on the other hand, relies on crystalline and chemical structure of adsorbent. Therefore, 

photocatalyst spheres with specific crystalline structure and porosity make a good condition for 

high adsorption of 2,4-D and NOM. 
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Figure 4-9. NOM removal in the presence of different concentrations of 2,4-D. 

NOM, because of its functional groups such as carboxylic, phenolic, etc. (Bai and Zhang, 

2001; Thurman, 1985a; Tipping et al., 1990), prevalently has negative charge. Hence, adsorbed 

NOM may affect the adsorption of organic molecules by changing the photocatalyst surface 

charge. Figure 4-10 shows the effect of NOM on photocatalyst surface charge. After NOM 

adsorption, the photocatalyst was found to have lower pHzpc; the pHzpc reduced to 3.3. 

Nevertheless, this result shows that the photocatalyst surface is still positive at pH 3 even after 

high NOM adsorption. In other words, adsorbed NOM cannot affect 2,4-D adsorption at pH 3 even 

by changing photocatalyst surface charge.  

0

10

20

30

40

50

60

70

80

90

100

2,4‐D 0 mg/L 2,4‐D 2 mg/L 2,4‐D 4 mg/L 2,4‐D 5 mg/L 2,4‐D 10 mg/L

Removal of NOM of initial 5 mg/L Removal of NOM of initial 1 mg/L



47 

 

 
Figure 4-10. The influence of NOM on zeta potential of the photocatalyst spheres. 

 Conclusions 

The adsorption kinetics and isotherm of 2,4-D on the surface of photocatalytic spheres were 

studied. 2,4-D adsorption kinetics showed relatively high adsorption (~ 60%) at pH 3. The amount 

of adsorbed 2,4-D, however, dropped to 10% at pH>3. Adsorption of 2,4-D on photocatalyst, due 

to low mass transfer resistance, was independent of the initial concentration. Also, 2,4-D 

adsorption isotherm Freundlich model indicated multilayer adsorption of 2,4-D on the 

photocatalyst surface. 

2,4-D adsorption in the presence of NOM showed that NOM did not have any effect on 

adsorption performance. Since the photocatalyst has a high adsorption capacity and the adsorption 

mechanism of NOM is different from that of 2,4-D, none of these adsorbates can interfere with 

one another when it comes to their adsorption. Regardless of the initial concentration of 2,4-D, 

NOM is adsorbed by up to ~95% in the presence of different concentrations of 2,4-D.   
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Chapter 5: ADSORPTION OF NATURAL ORGANIC MATTER ON THE SURFACE OF 

PHOTOCATALYST SPHERES 

 Introduction 

Natural organic matter (NOM) represents a complex group of organic compounds with a 

wide range of chemical structure and molecular sizes which are commonly present in natural 

surface water. NOM contains largely aliphatic, highly coloured, aromatic, hydrophobic, 

hydrophilic, charged, and uncharged components. The presence of NOM in raw surface water 

brings several challenges to drinking water treatment processes such as the photocatalytic process. 

It significantly affects the efficiency of the photocatalytic degradation of micropollutants (Doll and 

Frimmel, 2005a) by absorbing UV radiation and scavenging oxidant species formed in the solution 

and on the surface of photocatalyst (Doll and Frimmel, 2005a; Guojing Liu et al., 2008; Guoj. Liu 

et al., 2008; Rezaei and Mohseni, 2017b). Hence, investigating the adsorption mechanism of NOM 

on photocatalyst spheres is crucial for better understanding the impact of NOM on photocatalytic 

oxidation taken place on the surface of photocatalyst.  

In this Chapter, the adsorption of NOM and its fractions at the different pH on photocatalyst 

spheres are discussed.  In particular, the impact of pH on electrostatic and hydrophobic interactions 

between NOM molecules and photocatalyst surface is presented. A characterization technique 

such as fractionation, and analytical methods like HPSEC, UV absorption and FTIR are used to 

analyze the adsorption of NOM and its fractions on the surface of photocatalyst spheres. 
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 Results and discussion 

5.2.1 The effect of pH on NOM adsorption 

Figure 5-1 shows the percentage of NOM removed at equilibrium (during adsorption 

isotherm experiments). At pH 3, the removal of NOM (95%) did not vary significantly with 

increasing the initial concentration; however, it decreased ~15% as NOM concentration increased 

from 5 to 20 mg.L-1 at pH 5 and 7. High removal of NOM at pH 3 indicates the role of hydrophobic 

attraction in the process. At pH 3 the charge on NOM is zero or very low (Newcombe and Drikas, 

1997) indicating the negligible electrostatic repulsion between adsorbed NOM (NOMads) and 

dissolved NOM (NOMsol). In the absence of a strong electrostatic interaction, the adsorption is 

governed by hydrophobic interaction with high molecular weight compounds. As shown in Figure 

4-10, the pHzpc of NOM post-adsorbed photocatalyst is 3.3 and due to electrostatic repulsion 

between the negative charge of NOM and the photocatalyst surface, the adsorption of NOM is 

significantly reduced at pH>3. In other words, the adsorption is quite clearly related to the 

increased repulsive NOMads -NOMsol electrostatic interactions with increasing pH (Kim et al., 

2009; Lee et al., 2007; Newcombe and Drikas, 1997).  

 
Figure 5-1. The effect of pH on NOM removal in adsorption isotherm process. 
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5.2.2 NOM equilibrium isotherm 

Figure 5-2 shows the adsorption equlibrium of NOM on the surface of the photocatalyst at 

different pH. Results indicate that NOM adsorption at pH 3 due to lack of electrostatic repution 

between NOMads and NOMsol is substantially higher than that at pH 5 and pH 7. To better 

understand the behaviour of NOM in the adsorption process, isotherm correlations are utilized. In 

this study, the NOM equilibrium isotherms have been investigated, by comparing three 

correlations namely, the Freundlich, Langmuir, and Sips isotherm models. Freundlich and 

Langmuir are two frequently used isotherm models that have been applied to the experimental data 

of adsorption studies. Sips is another empirical isotherm model that predicts the heterogeneous 

adsorption systems, and circumvent the limitation of the rising adsorbate concentration associated 

with the Freundlich isotherm model (Foo and Hameed, 2010). Langmuir and Freundlich isotherms, 

were applied on the experimental data using the following equations: 

Langmuir: 
௘ݍ ൌ

௘ܥܭ௠௔௫ݍ
1 ൅ ௘ܥܭ

 (5-1) 

Freundlich:  ݍ௘ ൌ ݇௙ܥ௘
ଵ/௡ (5-2) 

Experimental results (Figure 5-3) show that NOM equilibrium adsorption was fitted well to 

the Freundlich isotherm model at pH 3. At pH 5 and pH 7, on the other hand, due to the electrostatic 

repulsion between negatively charged NOM and photocatalyst spheres, the monolayer adsorption 

process probably dominated the adsorption process.  
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Figure 5-2. Adsorption Isotherm of NOM on the surface of photocatalytic spheres at different pH. 

Sips (1948) introduced a modified model of the Freundlich equation that could very well 

describe the adsorption of NOM on the surface of the photocatalyst spheres at different pH.   

௘ݍ ൌ
௘ܥ௠݇௦ݍ

ଵ/௡

1 ൅ ݇௦ܥ௘
ଵ/௡ (5-3)

where qm is monolayer adsorption capacity (mg.g-1) and ks is Sips constant related to the energy of 

adsorption (Günay et al., 2007). 

As shown in Figure 5-3, the Sips isotherm model could very well interpret the different NOM 

adsorption behaviours at pH 3 from Freundlich at low concentration to Langmuir at high 

concentration and also the monolayer adsorption of NOM at pH>3.  

The results of the models parameters as well as the sum of error squared (SSE) between the 

predicted values and the experimental data with the correlation coefficient are summarized in 

Table 5-1.  As can be seen, the Sips isotherm model had a maximum coverage to experimental 

data and the lowest SEE in comparison to other isotherm models applied to NOM adsorption 

isotherm at different pH. SEE was analyzed using the following equation:  
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ܧܧܵ ൌ ඨ෍
൫ݍ௘,௘௫௣ െ ௘,௘௦௧൯ݍ

ଶ

ܰ
 (5-4) 

where the subscripts “exp” and “cal” are the experimental and estimated values of qe from model, 

respectively, and N is the number of measurements (Günay et al., 2007).  

   

Figure 5-3. Different isotherm equation plots for the adsorption of NOM on the TiO2 photocatalytic spheres.  

Table 5-1. Freundlich, Langmuir and, Sips isotherm constant for NOM adsorption at various pH. 
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kf 1.12 0.13 0.10 

1/n 0.48 0.31 0.27 
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5.2.3 NOM adsorption kinetics 

Figure 5-4 shows the effect of pH on the kinetics of adsorption of NOM on photocatalytic 

spheres. As expected, the adsorption of NOM was significantly reduced at pH >3.   

The results show that adsorption of NOM is related to the square root of time. It can be 

explained by Fickian diffusion model which was used to express the adsorption process controlled 

by diffusion process (Lee et al., 2007). 

௧ݍ ൌ ߨ/ݐܦ଴ܵඥܥ2 ൌ ݇ிݐ଴.ହ (5-5) 

where qt is the amount of adsorbed NOM per unit weight of photocatalytic spheres (mg.g-1.min-1), 

C0 is the initial concentration of NOM in the bulk solution (mg L-1), D is the diffusion coefficient, 

and S is the specific area of photocatalytic spheres (m2g-1). As shown in Figure 5-5, the Fickian 

diffusion model fits the experimental data well, indicated that diffusion controlled the adsorption 

process during the first 360 min. It could be due to high capacity of photocatalyst spheres for 

adsorbing NOM, mentioned in previous chapter. Table 5.2 also presents the estimated values for 

kF, which shows a decrease with increasing pH. This can be described based on the effect of pH 

on diffusion coefficients. Wang et al. (2001) studied the effect of pH on humic substances 

diffusivity and showed that the value of diffusion coefficients increased by decreasing the pH. 

According to the authors’ explanations, the shape of humic molecules changes due to 

neutralization of functional groups (e.g., carboxylic and phenolic groups) at different pH. The 

effect of pH on the size and shape of humic molecules was studied by Schnitzer and Kodama 

(1975) who showed that humic molecules are transformed from small spheroidal aggregates to flat 

sheet perforated by voids of various dimensions by increasing pH.  
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Figure 5-4. NOM adsorption of 10 mg L-1 initial concentration on the surface of photocatalytic spheres at 
different pH. Error bars represent the standard errors for the triplicate runs. 

 
Figure 5-5. NOM adsorption of 10 mgL-1 initial concentration on the surface of photocatalyst spheres at 

different pH; Fickian diffusion. 
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Table 5-2. Experimental Fickian diffusion constants (kF) of NOM at different pH 

pH kF×102 (mg. g-1min-3/2) R2 

3 2.92 ± 0.10 0.990 

5 1.03 ± 0.05 0.995 

7 0.43 ± 0.06 0.987 

5.2.4 NOM fractionation analysis  

To further delineate NOM adsorption mechanism, a hydrophobicity fractionation technique 

was employed to investigate the adsorption of different fractions of NOM. The results showed that 

Suwannee River NOM (SRNOM) mostly contains hydrophobic (HPO), 76.3%, molecules, while 

transphilic (TPI) and hydrophilic (HPI) fractions account for about 5.2% and 18%, respectively 

(Table 5-3). HPO that is adsorbed by DAX-8, contains more aromatic carbons and less 

hetroaliphatic carbon such as alcohols, esters ethers and carboxylates, while HPI fraction that 

remains from DAX-4 fraction, has high aliphatic carbon and mostly alcohols (Aiken et al., 1992; 

Thurman and Malcolm, 1981).  

Table 5-3. SRNOM fractionations (post-DAX ). 

%HPO %TPI %HPI 

76.31 5.21 18.46 

Figure 5-6 shows the adsorption isotherm of 10 mg L-1 NOM and its fractions at different 

pH. By analysing the results, shown in Figure 5-6 and Table 5-3, and subtracting the removal of 

TPI and HPI fractions from the NOM removal, the percentage of the HPO removal in adsorption 

isotherm at different pH can be achieved. All (100%) of HPO removes at pH 3, but the removal of 

the HPO fraction dropps remarkably to 34% and 18% for pH 5 and pH 7, respectively. This 

significant change is because of the role of electrostatic interaction in adsorption isotherm at pH 
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higher than 3. HPO contains aliphatic carboxylic acids of 5-9 carbons, one and two-ring aromatic 

carboxylic acids and, aquatic fulvic acids (Aiken et al., 1992) that are deprotonated and negatively 

charged at pH>3. At pH 3 the hydrophobic attraction plays a major role in the adsorption process 

(Newcombe and Drikas, 1997), while at pH>3 the electrostatic repulsion, generally attributed to 

carboxylic acid and phenolic groups, controls the adsorption (Newcombe and Drikas, 1997).  

Likewise, the results (in Figure 5-6) show the removal of HPI at different pH. The removal 

of HPI fraction reduces from 76% at pH 3 to 30% at pH 5 and pH 7. HPI includes polyfunctional 

organic acids and aliphatic acids with five or fewer carbon atoms. Compared with the hydrophobic 

fraction, the HPI molecules have lower molecular weight, with greater hetero-atom and carboxyl 

content (Aiken et al., 1992). A marked difference between HPI and HPO fractions is not only in 

different molecular structures, but also in the different sizes of the hydrocarbon chain. HPO 

fraction includes a hydrocarbon chain higher than 6 carbon atoms (Thurman, 1985b) while a small 

hydrocarbon chain with the same functional group is categorized as HPI. The considerable 

adsorption of HPI fraction at pH 3 can be interfered based on the weak electrostatic repulsion. 

However, higher adsorption of HPI fraction compared to HPO adsorption at pH 5 and pH 7 is due 

to the different molecular structure. To better understand the impact of HPO and HPI different 

molecular structures on adsorption, the adsorption of aromatic moieties of NOM and its different 

fractions were studied.  Figure 5-7 shows the specific UV-absorbance (SUVA) of NOM and its 

fractions at 254 nm. SUVA defined as the ratio of A254 to TOC concentration is used as an aromatic 

character indicator of NOM (Sarathy, 2009). Figure 5-7 shows that 72% of aromatic moieties 

removed after XAD-4 contact; it might cause improvement of adsorption of PHI at pH 5 and pH 

7 because of the absence of aromatic moieties.  
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Figure 5-6. Adsorption Isotherm of SRNOM and Post-DAX fractions at different pH. Error bars represent 

the standard errors for the triplicate runs. 

The TPI fraction adsorption behaviour, as shown in Figure 5-6, is similar to HPI fraction. In 

terms of aromatic moieties concentration, TPI fraction has the same amount as HPI had, as shown 

in Figure 5-7. However, TPI fraction contains hydrophilic fraction mixed with 5% fulvic and 

humic acids lost from XAD-8 (Marhaba et al., 2003) that causes an increase in the adsorption at 

pH>3 compared to HPI fraction.  

 

Figure 5-7. SUVA of SRNOM of 10 mg L-1 and it fractionations. Error bars represent the standard errors for 

the triplicate runs. 
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5.2.5 HPSEC analysis 

Figure 5-8 shows (a) the HPSEC chromatograms of NOM and DAX resins effluents 

(representing HPO, HPI, and TPI fractions) prior to the adsorption process and, (b) the AMW 

distribution after reaching equilibrium in adsorption process. The HPSEC results indicates a broad 

molecular weight distribution of different fractions of NOM including HPO (1617 Da), HPI (1230 

Da) and, TPI (730 Da). The complete reduction of peak heights at pH 3, as shown in Figure 5-8 

(b), confirms the results illustrated in Figure 5-6, indicating high adsorption of NOM at pH 3. 

However, the removal of NOM is limited at pH>3. At pH 5 and pH 7, the results shows slight 

preferential removal of HPI and TPI fractions (AMW <1900 Da). In agreement with Figure 5-6, 

this shows that electrostatic repulsion affects the adsorption of HPO fraction with AMW higher 

than 1900 Da at pH 5 and 7.  

To better understand the pH impact on NOM fractions with different AMW, the HPSEC 

analysis of NOM during the timewise adsorption at pH 3 was studied. As adsorption progressed, 

the AMW of NOM decreased as shown in Figure 5-9. Considerable reduction of peak height, 

specifically for high AMW (>1700) illustrates that the hydrophobic attraction governs the 

adsorption process.  
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Figure 5-8. HPSEC chromatogram of SRNOM; (a) Post-DAX fractions, (b)after adsorption isotherm of NOM 

at different pH. 
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Figure 5-9. HPSEC chromatogram of NOM adsorption at different time at pH 3. 

5.2.6 Fourier Transform Infrared (FTIR) analysis 

FTIR has been widely used for the characterization of NOM adsorbed on the surface of 

photocatalyst spheres. FTIR absorption spectrum is a unique fingerprint of compounds, allowing 

the identification of both inorganic and organic functional groups.  

Figure 5-10 shows the FTIR analysis of adsorbed NOM of 60mgL-1 COD on the 

photocatalyst surface at different pH. NOM adsorption at different pH indicates that the NOM 

bonded via the C-O group (1050 cm-1) associated with alcohols, ethers, and polysaccharides, 

carboxylic groups (R-COOH) (1253 cm-1, 1400 cm-1, 1707 cm-1),  C=C alkenes and aromatic rings 

structures for the humic substances (1613 cm-1) and, CH3 and CH2 groups due to the C–H stretch 

(2850–2960 cm-1) (Hay and Myneni, 2007; Howe et al., 2002; Rodríguez and Núñez, 2011).  

‐1.00E‐04

4.90E‐03

9.90E‐03

1.49E‐02

1.99E‐02

2.49E‐02

0 2000 4000 6000 8000 10000

U
V
 a
b
so
rp
ti
o
n
 @

 2
6
0
 n
m

MW (Da)

Adsorption at 360 min

Adsorption at 120 min

Adsorption at 60 min

Adsorption at 20 min

Adsorption at 5 min

NOM 10 mg/L



61 

 

The FTIR results show that the adsorption of NOM from different functional groups at pH 

5 and 7, is much lower than that at pH 3. The same peak height of 1613 cm-1 and 1707 cm-1 at pH 

3 indicated the adsorption of C=C alkenes and aromatic rings (1613 cm-1), and C=O stretching 

vibration from carboxyl group (1707 cm-1) is changed at pH>3, which shows the preferential 

adsorption of C=O stretching vibration from the carboxyl group. The results also show that the 

low ratio of adsorption of alcohol or polysaccharides groups (1056 cm-1) to C-O-H of carboxyl 

groups (1253 cm-1) is changed at pH 3 to pH>3. This indicates the higher adsorption of alcohol or 

polysaccharides groups than those of the carboxylic group at pH>3.  

 

Figure 5-10. ATR-FTIR spectra of SRNOM of 60 mgL-1 adsorbed on the surface of photocatalytic spheres 

 Conclusions  

In this research, the effect of pH on the adsorption of NOM on the surface of TiO2 

photocatalyst spheres was studied. At pH 3, where electrostatic interactions were minimised, the 
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photocatalytic spheres had a very high capacity for adsorbing NOM under low electrostatic 

interaction conditions. At pH>3, the electrostatic repulsion between NOMads and NOMsol 

remarkably reduced the adsorption of NOM.  FTIR analysis and fractionation of NOM showed 

that aromatic carboxyl groups were deprotonated and played the major role in reducing the 

adsorption at pH>3. Moreover, the effect of pH on adsorption isotherm models was considerable. 

It causes exchanging the multi-layer adsorption of Freundlich at pH 3 to monolayer adsorption 

capacity characteristic of Langmuir isotherm at pH>3.  

Supplementary information 

Supplementary	data	related	to	this	chapter	are	presented	in	Appendix	A. 
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Chapter 6: PHOTOCATALYTIC OXIDATION KINETICS AND THE IMPACT OF pH 

 Introduction 

Photocatalysis is a process where a semiconductor is activated by UV radiation to produce 

hydroxyl radicals. Hydroxyl radicals are bound or diffuse into the solution to act as the primary 

oxidants in the photocatalytic system. Hoffmann et al. (1995) analyzed the kinetics of 

photocatalytic oxidation of several acidic and non-acidic organic compounds. Assuming that all 

reactions take place on the surface of photocatalyst, the authors used the Langmuir-Hinshelwood 

(L-H) kinetic model to express the photocatalytic oxidation rates. While there was a verification 

for the presence of hydroxyl radical in the solution (●OHaq)(Cunningham and Srijaranai, 1988; 

Hoffmann et al., 1995; Howe and Gratzel, 1985; Liao and Reitberger, 2013; Ollis, 2005), 

Hoffmann et al. (1995) did not consider ●OHaq oxidation in their kinetics analysis.  

There is strong evidence for the contribution of ●OHaq in photocatalytic oxidation (Fu et al., 

2006; Hoffmann et al., 1995; Turchi and Ollis, 1990), even though ●OHaq has been considered 

equal to adsorbed hydroxyl radical (●OHads) in many kinetic studies. This is probably due to the 

difficulty in assessing the role of ●OHaq given the very short life of hydroxyl radicals and their 

high activity, resulting in ●OHaq diffusing a very short distance from the surface of the 

photocatalyst before being consumed (Liao and Reitberger, 2013; Pichat, 2007)  

Tunesi et al. (1991) studied the photocatalytic oxidation pathways and showed that there is 

a marked difference between decomposition via charge transfer on the surface of photocatalyst, 

and oxidation via ●OHaq attack in the solution. The different photocatalytic oxidation pathways 

can be explained on the basis of the solution pH. Tunesi et al. (1991) made a connection between 
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pH effect on TiO2 adsorption capability and photocatalytic mechanism but authors could not 

delineate how the kinetic of the photocatalytic oxidation changes according to the solution pH. 

While several studies have been performed around the effect of pH on photocatalytic 

oxidation (Du and Rabani, 2003; Sakthivel et al., 2003; Tunesi and Anderson, 1991),  detailed 

information on the effect of pH on photocatalytic oxidation kinetics is still lacking. The effect of 

pH on photocatalytic mechanism needs through analysis in order to gain an understanding of the 

impact of pH. In this chapter, a new kinetic model will be theoretically developed and 

experimentally validated to interpret the photocatalytic oxidation at different pH. It will be 

analyzed and demonstrated that photocatalytic oxidation kinetic models change according to the 

solution pH. Furthermore, it will be illustrated how pH impacts various kinetic parameters.  

 Theory of the pH effect on Photocatalytic mechanism  

Photocatalytic removal of contaminants includes two main processes; adsorption and 

photocatalytic oxidation (Legrini et al., 1993; Turchi and Ollis, 1990; Wang et al., 2011). The 

photocatalytic oxidation mechanism may be described by the following sequence of elementary 

reaction steps:  excitation, recombination, charge trapping, generation of oxidant species, and 

organic decomposition. Below are brief analyses of each of the two processes of adsorption and 

oxidation: 

6.2.1 Adsorption 

Adsorption encompasses the adsorption of reactant and water (Eq (6-1) and Eq (6-2)). As 

explained earlier, in an aqueous medium, the surface TiO2 is readily hydroxylated. Ti cations can 

bind to oxygen atoms of water molecules which are adsorbed on the surface of the photocatalyst 

and dissociated to OH- groups (Eq (6-2)). 
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݁ݐ݅ܵ ൅ ܴ௅ ⇌ ܴ௔ௗ௦		 ሺܭ ൌ ݇ଵ/݇ିଵሻ (6-1)

ܱܶ݅ଶ ൅ ଶܱܪ ⇌ ܶ݅ െ ିܪܱ ൅ ௦ାܪ ሺ݇ଶሻ  (6-2)

where RL and Rads are non-adsorbed and adsorbed reactant, respectively. Attributable to TiO2 

amphoteric behaviour, pH plays the main role in the adsorption of reactants. The TiO2 surface is 

positively charged (TiOH2
+) at pH< pHzpc, whereas it is negatively charged (TiO-) at pH>pHzpc; 

hence, influencing the micropollutant adsorption and its degradation pathways (Šojić et al., 2009; 

Tunesi and Anderson, 1991).  

ܪ݌ ൏ ݅ܶ											௭௣௖ܪ݌ െ ܪܱ ൅ ାܪ ⇄ ଶܪܱ݅ܶ
ା ሺ݇ଷሻ (6-3)

ܪ݌	 ൐ ݅ܶ												௭௣௖ܪ݌ െ ܪܱ ൅ ିܪܱ ⇄ ܶ݅ െ ܱି ൅ ଶܱܪ ሺ݇ସሻ (6-4)

The electrostatic repulsion between the reactant anion and the oxide surface reduces the 

adsorption and increases the distance between reactant and the photocatalyst surface. The 

increased distance between the reactant and photocatalyst causes reduced direct charge transfer. 

6.2.2 Photocatalytic oxidation 

Photocatalytic reaction is initiated when UV radiation activates a photocatalyst. UV radiation 

excites the electrons in the valence band to the conduction band, resulting in the formation of a 

positive hole (݄௩௕
ା ) in the valence band and an electron (݁௖௕

ି ሻ	in the conduction band. 

ܱܶ݅ଶ
௛ఔ
ሱሮܱܶ݅ଶ ሺ݁௖௕

ି ൅ ݄௩௕
ା ሻ ሺ݇௘௫ሻ (6-5) 

The overall rate of photocatalytic reactions in aqueous systems is governed by the capture 

of electrons and positive holes, and also by the electron–hole re-combination (e--h+), Eq (6-6) to 

Eq (6-10) (Du and Rabani, 2003; Gaya, 2014b; Hoffmann et al., 1995; Ikeda et al., 2003).  Charge 

carrier trapping suppresses re-combination of the electron-hole pair, and increases the lifetime of 

the separated electron and hole. The electron in the conduction band reduces adsorbed oxygen to 

produce supper oxide (Eq (6-9)), whereas the positive hole oxidizes either the reactant directly 
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(see Eq (6-10)), or the adsorbed water to produce hydroxyl radical (•OH), as shown in Eq.(6-7) (de 

Lasa et al., 2005c; Duran, 2010; Hoffmann et al., 1995). 

݁௖௕
ି ൅ ݄௩௕

ା → 	ݐ݄ܽ݁ ሺ݇௥௘௖ሻ (6-6)

 ܶ݅ସାܱܪ ൅ ݄ା ⇌ ܶ݅ସାܱܪ⦁ ሺ݇଻/݇ି଻ሻ (6-7)

ܶ݅ସା ൅ ݁ି ⇌ ܶ݅ଷା ሺ଼݇ሻ (6-8)

ܶ݅ଷା ൅ ܱଶ ⇌ ܶ݅ସା െ ܱଶ
⦁ି ሺ݇ଽሻ (6-9)

ܴ௔ௗ௦ ൅ ݄ା → ܴ௔ௗ௦
⦁ ሺ݇ଵ଴ሻ (6-10)

Rothenberger et al. (1985) indicated that pH affects the rate of charge trapping. It was also 

shown that the hole trapping occurs on a time scale (nano-second) much longer than that for the 

electron (pico-second) (Rothenberger et al., 1985). Therefore, we can assume low recombination 

rate and high oxidation rate via positive holes on TiO2 at low pH.  As will be shown later, this 

conclusion of the effect of pH on the trapping charge process plays the major role in the kinetic 

analysis. 

pH also impacts the generation of ●OHaq; at pH>pHzpc hydroxyl radicals can diffuse into the 

solution (see Eq (6-11)) to produce ●OHaq.  In contrast, at acidic pH (pH 3) the diffusion rate is 

very low (Liao and Reitberger, 2013). 

	ܶ݅ସାܱܪ⦁ ௛ఔሱሮܶ݅ସା ൅ ⦁௔௤ܪܱ ሺ݇ଵଵሻ 
(6-11)

The other oxidant species, which may contribute to the photocatalytic oxidation process, is 

perhydroxyl radical (ܱܪଶ
⦁). The reaction for ܱܪଶ

⦁	formation (see Eq. (6-12)) is largely pH 

dependent (the pKa of perhydroxyl radical is 4.8) (Du and Rabani, 2003; Nosaka and Nosaka, 

2013; Pichat, 2007).  The contribution of perhydroxyl radical oxidation even at pH 3 has not been 

considered in this research, because the rate constant of perhydroxyl radical reaction with the 

reactant is 103 times lower than that of hydroxyl radical oxidation (Yoon et al., 2009).  
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௔ܭ݌ ൌ 4.8 										ܶ݅ସା െ ܱଶ
⦁ି ൅ ାܪ ⇌ ܶ݅ସାሺܱܪଶ

⦁ሻ ሺ݇ଵଶሻ (6-12)

This review of the effect of pH on the photocatalytic mechanism will be used in developing 

and understanding the kinetic of photocatalytic process in this chapter. Reactions were selected 

based on their contribution at different pH.  

 Results and discussion 

Figure 6-1 shows the overall removal of 2,4-D at pH 7 and pH 3.  In agreement with results 

demonstrated in chapter 4, adsorption of 2,4-D is not significant at neutral pH, while nearly 60% 

of initial 2,4-D is adsorbed on the surface of photocatalyst at pH 3. It is, hence, hypothesized that 

●OHaq attack is the predominant process for oxidization of 2,4-D at pH 7, whereas all oxidant 

species, positive holes (trapped and un-trapped) and free hydroxyl radicals in the solution, 

contribute towards the degradation of 2,4-D at pH 3.  This hypothesis will be evaluated through a 

detailed theoretical analysis and further validated by experimental data. 

 

Figure 6-1. Photocatalytic oxidation of 2,4-D with the initial concentration of 1 mgL-1 in a fluidized 
photocatalytic reactor at (Δ) pH 3 and (□) pH 7. Error bars represent the standard errors for the triplicate 

runs. 
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6.3.2 Photocatalytic oxidation kinetic analysis at pH 7 

Since the adsorption at pH 7 is very negligible, it is assumed that photocatalytic oxidation 

occurred by the reaction of non-adsorbed reactant and ●OHaq, Eq (6-13): 

⦁௔௤ܪܱ ൅ܴ௅	→ 	ܴ௅
⦁ 													ሺ݇௔௤ሻ  (6-13) 

௣ு଻ݎ ൌ ݇௔௤ሾܴ௅ሿሾܱܪ௔௤⦁ ሿ (6-14) 

Therefore, reactions presented earlier through Eq (6-4) to Eq (6-9), Eq (6-11), and Eq (6-13) 

can be considered. Once can denote the trapped positive hole (ሾܶ݅ସାܱܪ⦁ሿ) as adsorbed hydroxyl 

radical ሾܱܪ௔ௗ௦
⦁ ሿ.  Assuming a steady state approximation for the concentration of ܱܪ௔௤⦁  leads to: 

݀ሾܱܪ௔௤⦁ ሿ
ݐ݀

ൌ ݇ଵଵሾܱܪ௔ௗ௦
⦁ ሿ െ ݇௔௤ൣܱܪ௔௤⦁ ൧ሾܴ௅ሿ െ෍݇ோ௜ൣܱܪ௔௤⦁ ൧ሾܴ௅௜

௡

௜ୀଶ

ሿ ≅ 0 (6-15)

⦁௔௤ܪܱൣ ൧ ൌ
݇ଵଵሾܱܪ௔ௗ௦

⦁ ሿ
݇௔௤ሾܴ௅ሿ ൅ ∑ ݇ோ௜ሾܴ௅௜௡

௜ୀଶ ሿ
 (6-16)

where RLi and kRi are 2,4-D intermediates and their rate constants, respectively. To obtain the 

concentration of  ܱܪ௔௤⦁  , it is necessary to have the concentration of ܱܪ௔ௗ௦
⦁ , which under steady 

state condition, can be obtained by: 

݀ሾܱܪ௔ௗ௦
⦁ ሿ

ݐ݀
ൌ ሿܽ௦ܪ଻ሾ݄ାሿሾܱܶ݅݇ߙ െ ݇ି଻ሾܱܪ௔ௗ௦

⦁ ሿܽ௦ െ ݇ଵଵሾܱܪ௔ௗ௦
⦁ ሿܽ௦ ≅ 0 (6-17) 

In this analysis the oxidation of intermediates of 2,4-D on the surface of the catalyst were 

not considered because intermediates of 2,4-D oxidation possess pKa higher than 8 (Rezaei and 

Mohseni, 2017b). 2,4-D intermediates because of high pKa, are desorbed immediately from the 

surface of the photocatalyst. This hypothesis was further substantiated by analyzing the 
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concentration of organics desorbed from the surface of photocatalyst during the reactivation 

process. 

One may assume that the photocatalyst hydrolysis by water and adsorption by oxygen 

reaches an equilibrium before the photocatalytic oxidation starts and will be constant during the 

process (Turchi and Ollis, 1990).  This means  ݇଻ሾܱܶ݅ܪሿ ൌ ݇଻
ᇱ .  Therefore: 

ሾܱܪ௔ௗ௦
⦁ ሿ ൌ

݇଻
ᇱ ሾ݄ାሿ

݇଻ష ൅ ݇ଵଵ
 (6-18) 

Similarly, if one uses the steady state approximation for the concentration of h+, it will lead to: 

݀ሾ݄ାሿ
ݐ݀

ൌ ݇௘௫ܽܫ௖ െ ݇௥௘௖ሾ݄ାሿሾ݁ିሿܽ௦ െ ݇଻
ᇱ ሾ݄ାሿܽ௦ ൅ ݇଻షሾܱܪ௔ௗ௦

⦁ ሿܽ௦ ≅ 0 (6-19) 

The formation of Ti3+ species, in Eq (6-8), is very low in non-acidic solution (Howe and 

Gratzel, 1985).  In other words, the concentration of e- is supposed to be high at pH 7.  On the 

other hand, Rothenberger et al. (1985) showed that the recombination rate is 10 times faster than 

h+ trapping.  In conclusion, the concentration of h+ is high and the recombination rate is fast. 

Therefore, Eq (6-19) can be modified to Eq (6-21) based on the following assumption: 

ሾ݄ାሿ ൌ ሾ݁ିሿ  &  ݇௥௘௖ሾ݄ାሿሾ݁ିሿܽ௦ ൌ ݇௥௘௖ሾ݄ାሿଶܽ௦ ≫ ݇଻
ᇱ ሾ݄ାሿܽ௦ െ ݇଻ିሾܱܪ௔ௗ௦

⦁ ሿܽ௦ (6-20)

݀ሾ݄ାሿ
ݐ݀

ൌ ݇௘௫ܽܫ௖ െ ݇௥௘௖ሾ݄ାሿଶܽ௦ ≅ 0 (6-21)

Therefore: 

ሾ݄ାሿ ൌ ඨ
݇௘௫ܽܫ௖
ܽ௦݇௥௘௖

 (6-22)
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ሾ݄ାሿ ൌ ߚ		݀݊ܽ					ܫ√ߚ ൌ ඨ
݇௘௫ܽ௖
ܽ௦݇௥௘௖

 
(6-23)

Hence: 

ሾܱܪ௔ௗ௦
⦁ ሿ ൌ

݇଻
ᇱ ܫ√ߚ

݇ି଻ ൅ ݇ଵଵ
 (6-24)

Finally, combining Eq. (6-14), Eq. (6-16) and Eq. (6-24), will provide: 

௣ு଻ݎ ൌ
଻݇ߚ

ᇱ ݇ଵଵ݇௔௤ሾܴ௅ሿ

൫݇௔௤ሾܴ௅ሿ ൅ ∑ ݇ோ௜ሾܴ௅௜௡
௜ୀଶ ሿ൯ሺ݇ି଻ ൅ ݇ଵଵሻ

(25-6) ܫ√

Hydroxyl radical is a nonselective and very strong oxidant; the rate constants for ●OH is 

generally in the order of 109 M-1s-1 (Turchi and Ollis, 1990).  Therefore, one can assume that                

kaq = kRi simplifying Eq (6-25). 

௣ு଻ݎ ൌ ݇௢௕௦଻ሾܴ௅ሿ (6-26)

where 

݇௢௕௦଻ ൌ
݇଻
ᇱ ݇ଵଵ 	൬

݇௘௫ܽ௖
௣݇௥௘௖ݏ

൰
ଵ/ଶ

ሺ݇ି଻ ൅ ݇ଵଵሻ
ൈ

ܫ√
ሾܴ଴௅ሿ

 
(6-27)

where R0L is the initial concentration of the reactant, considered equal to the concentration of RL 

plus the intermediates present in the system (ሾܴ௅ሿ ൅ ∑ ሾܴ௅௜ሿ
௡
௜ୀଶ ) before CO2 is formed through 

complete mineralization.  

Eq (6-26) shows that the photocatalytic oxidation at pH>pHpzc followed the first order kinetic 

equation with respect to the reactant concentration.  It should be noted that kobs7 is a function of √ܫ 

and initial concentration of the reactant (See Eq (6-27)).   
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To validate the kinetic model, an experiment was performed to measure the photocatalytic 

oxidation rate of 2,4-D at different initial concentrations.  Figure (6-2) shows that the apparent rate 

constant (kobs7) decreases by increasing the initial concentration. To correspond the value of the 

experimental rate constant to the kobs7 obtained from the model, there is an inverse relationship 

between the experimental kobs7 and initial concentration, which is in agreement with Eq (6-27).  

 
Figure 6-2. Photocatalytic oxidation of 2,4-D in a fluidized photocatalytic reactor at pH 7 with different initial 
concentration of; (○) 1 mgL-1, (□) 4 mgL-1, and (Δ) 7 mgL-1. Error bars represent the standard errors for the 

triplicate runs. Full lines represent best-fit lines of first order kinetic model. 

6.3.3 The photocatalytic oxidation kinetic analysis at pH 3 

At pH 3, due to the high adsorption of the reactant, the oxidation mechanism is more 

complicated. A series of reactions, i.e., Eq (6-1), and Eq (6-3), Eq (6-5) to Eq (6-11), and                   

Eq (6-13) are involved in oxidizing 2,4-D as target contaminant at pH 3. Reactant can be oxidized 
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on the surface of photocatalyst via positive holes (Eq (6-10) and Eq (6-28)) or in the solution via 

hydroxyl radical attack (Eq (6-13)). 

ܶ݅ூ௏ܱܪ⦁ ൅ܴ௔ௗ௦	→ ܶ݅ூூூ ൅	ܴ௔ௗ௦
⦁ 						 ሺ݇௔ௗ௦ሻ (6-28)

ܴ௔ௗ௦ ൅ ݄ା → ܴ௔ௗ௦
⦁ 						 																							 ሺ݇ଵ଴ሻ  (6-10)

⦁௔௤ܪܱ ൅ܴ௅	→ 	ܴ௅
⦁ 																																	 ሺ݇௔௤ሻ  (6-13)

Therefore, three following reactions are considered: 

௔ௗ௦ଵݎ ൌ ݇ଵ଴ሾܴ௔ௗ௦ሿሾ݄ାሿܽ௦ (6-29)

௔ௗ௦ଶݎ ൌ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሾܱܪ௔ௗ௦
⦁ ሿ	ܽ௦ (6-30)

௔௤ଷݎ ൌ ݇௔௤ሾܴ௅ሿሾܱܪ௔௤⦁ ሿ (6-31)

where the overall photocatalytic oxidation (rpH3) will be the summation of Eq (6-29) to Eq (6-31). 

Similarly, a steady state approximation for the concentration of h+ at pH 3 is assumed: 

݀ሾ݄ାሿ
ݐ݀

ൌ ݇௘௫ܽܫ௖ െ ݇௥௘௖ሾ݄ାሿሾ݁ିሿݏ௣ െ ݇଻ሾܱܶ݅ܪሿሾ݄ାሿܽ௦ ൅ ݇ି଻ሾܱܪ௔ௗ௦
⦁ ሿܽ௦ െ ݇ଵ଴ሾܴ௔ௗ௦ሿሾ݄ାሿܽ௦ ≅ 0 (6-32)

The positive hole trapping and recombination rate are dependent on the pH; in the acidic 

medium, the charge transfer occurred very fast (Rothenberger et al., 1985).  At pH 3, on the other 

hand, the high concentration of Ti3+ is evidence of a low recombination rate. Therefore, one may 

assume: 

݇௥௘௖ሾ݄ାሿଶݏ௣ ≪ 	݇଻ሾܱܶ݅ܪሿሾ݄ାሿܽ௦ െ ݇ି଻ሾܱܪ௔ௗ௦
⦁ ሿܽ௦ ൅ ݇ଵ଴ሾܴ௔ௗ௦ሿሾ݄ାሿܽ௦ (6-33)

The concentration of h+ will then be: 

ሾ݄ାሿ ൌ
݇௘௫ܽܫ௖ ൅ ݇ି଻ሾܱܪ௔ௗ௦

⦁ ሿܽ௦
݇଻ሾܱܶ݅ܪሿܽ௦ ൅ ݇ଵ଴ሾܴ௔ௗ௦ሿܽ௦

 (6-34)
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Since the consumption rate of e- is faster than the h+ trapping rate, the reaction in Eq (6-7) is 

merely on path to generate ܱܪ௔ௗ௦
⦁ . Therefore, one may assume that k-7 is very low. 

ሾ݄ାሿ ൌ
݇௘௫ܽܫ௖

݇଻ሾܱܶ݅ܪሿܽ௦ ൅ ݇ଵ଴ሾܴ௔ௗ௦ሿܽ௦
 (6-35)

Fujishima et al. (2008) studied electron-hole capturing rates and showed that the rate of 

positive hole capturing by water (k7) is almost 40 times greater than that reactant (k10). Moreover, 

because the number of adsorbed water molecules due to higher water concentration is substantially 

higher than that of 2,4-D ሺሾܱܶ݅ܪሿ ≫ ሾܴ௔ௗ௦ሿሻ we may assume  ݇଻ሾܱܶ݅ܪሿ ≫ ݇ଵ଴ሾܴ௔ௗ௦ሿ. 

௔ௗ௦ଵݎ ൌ ݇ଵ଴ሾܴ௔ௗ௦ሿሾ݄ାሿܽ௦ ൌ
݇ଵ଴݇௘௫ܽܫ௖ሾܴ௔ௗ௦ሿ

݇଻ሾܱܶ݅ܪሿ
 (6-36)

According to Eq (6-1), [Rads]=K [RL][site] where K=k1/k-1 and ݇଻ሾܱܶ݅ܪሿ ൌ ݇଻
ᇱ   Therefore, 

௔ௗ௦ଵݎ ൌ ݇′ሾܴ௅ሿ (6-37)

where 

݇′ ൌ
ܽ௖݇ଵ଴݇௘௫ܭሾ݁ݐ݅ݏሿ

݇଻
ᇱ (38-6) ܫ

Eqs. (6-37) and (6-38) show that oxidation on the surface of the catalyst via positive holes 

follows the first order kinetic model and ݇′ as a function of UV intensity, is independent of initial 

2,4-D concentration (see Eq (6-38)).    

Similarly, using steady state approximation for the concentration of ܱܪ௔ௗ௦
⦁  gives: 

݀ሾܱܪ௔ௗ௦
⦁ ሿ

ݐ݀
ൌ ݇଻ሾܱܶ݅ܪሿሾ݄ାሿܽ௦ െ ݇ଵଵሾܱܪ௔ௗ௦

⦁ ሿܽ௦ െ ݇௔ௗ௦ሾܱܪ௔ௗ௦
⦁ ሿሾܴ௔ௗ௦ሿܽ௦ ≅ 0 (6-39)

Therefore, 
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ሾܱܪ௔ௗ௦
⦁ ሿ ൌ

݇଻ሾܱܶ݅ܪሿሾ݄ାሿ
݇ଵଵ ൅ ݇௔ௗ௦ሾܴ௔ௗ௦ሿ

 (6-40)

Combining Eq (6-35) and Eq (6-40), leads to: 

ሾܱܪ௔ௗ௦
⦁ ሿ ൌ

݇଻ሾܱܶ݅ܪሿ݇௘௫ܽܫ௖
ܽ௦ሺ݇଻ሾܱܶ݅ܪሿ ൅ ݇ଵ଴ሾܴ௔ௗ௦ሿሻሺ݇ଵଵ ൅ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሻ

 (6-41)

As previously explained, ݇଻ሾܱܶ݅ܪሿ ≫ ݇ଵ଴ሾܴ௔ௗ௦ሿ. Thus: 

ሾܱܪ௔ௗ௦
⦁ ሿ ൌ

݇௘௫ܽܫ௖
ܽ௦ሺ݇ଵଵ ൅ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሻ

 (6-42)

Combining Eq (6-42) and Eq (6-30):  

௔ௗ௦ଶݎ ൌ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሾܱܪ௔ௗ௦
⦁ ሿܽ௦ ൌ

ܽ௖݇௘௫݇௔ௗ௦ሾܴ௔ௗ௦ሿܫ
ሺ݇ଵଵ ൅ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሻ

 (6-43)

௔ௗ௦ଶݎ ൌ
݇′′ሾܴ௅ሿ

1 ൅ ᇱᇱሾܴ௅ሿߢ
 (6-44)

 where 

݇′′ ൌ
ܽ௖݇௘௫݇௔ௗ௦ܭሾ݁ݐ݅ݏሿ

݇ଵଵ
(45-6) ܫ

ᇱᇱߢ ൌ
݇௔ௗ௦ܭሾ݁ݐ݅ݏሿ

݇ଵଵ
  (6-46)

Eq (6-44) shows that the oxidation via trapped positive holes follows the L-H model. 

Furthermore, ݇′′ is a function of the intensity and independent of initial 2,4-D concentration.   

The concentration of ●OHaq at pH 3 can be obtained by combining of ●OHaq rate balance and 

Eq (6-42) 

⦁௔௤ܪܱൣ ൧ ൌ
ܽ௖݇௘௫݇ଵଵܫ

ܽ௦ሺ݇ଵଵ ൅ ݇௔ௗ௦ሾܴ௔ௗ௦ሿሻ	൫݇௔௤ሾܴ௅ሿ ൅ ∑ ݇ோ௜ሾܴ௅௜௡
௜ୀଶ ሿ൯

 (6-47)
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 By incorporating the above into Eq (6-31), the reaction rate of ●OHaq with the target 

contaminant in the solution will be: 

Eq (6-49) shows that while ݇′′′ like ݇′′ and ݇′ is a function of intensity, is depends on the 

initial concentration of the reactant.  

Therefore, the overall rate of 2,4-D photocalytic at pH 3 will be: 

௣ுଷݎ ൌ ௔ௗ௦ଵݎ ൅ ௔ௗ௦ଶݎ ൅ ௔௤ଷݎ ൌ ݇′ሾܴ௅ሿ ൅
݇௢௕௦ଷሾܴ௅ሿ
1 ൅ ᇱᇱሾܴ௅ሿߢ

 (6-51)

݇௢௕௦ଷ ൌ ݇ᇱᇱ ൅ ݇ᇱᇱᇱ ൌ ሺ
݇௔ௗ௦ܭሾ݁ݐ݅ݏሿ

݇ଵଵ
൅

1
ܽ௦ሾܴ଴௅ሿ

ሻ݇௘௫ᇱ  (6-52)

݇௘௫ᇱ ൌ ܽ௖݇௘௫ܫ  (6-53)

The kinetic models at both acidic and neutral pH were compared with experimental results. 

Figure 6-3 shows that the rate of 2,4-D disappearance at pH 3 is higher than the disappearance rate 

at pH 7. This difference could be explained based on the different relationships of the rate constants 

to the intensity at different pH. As is shown in Eqs (6-52) and (6-53), photocatalytic oxidation rate 

at pH 3 is a function of UV intensity (I), while the rate at pH 7 is related to (I)1/2, as shown in          

Eq (6-27). 

௔௤ଷݎ ൌ
݇′′′ሾܴ௅ሿ

1 ൅ ᇱᇱᇱሾܴ௅ሿߢ
 (6-48)

݇′′′ ൌ
ܽ௖݇௘௫
ܽ௦ሾܴ௅଴ሿ

(49-6) ܫ

ᇱᇱᇱߢ ൌ ᇱᇱߢ ൌ
݇௔ௗ௦ܭሾ݁ݐ݅ݏሿ

݇ଵଵ
  (6-50)
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Eq (6-51) shows that 2,4-D photocatalytic oxidation kinetic is a combination of L-H and 

first-order kinetic models at low pH. Oxidation via hydroxyl radicals attack, either on the surface 

of photocatalyst or in the solution, follows the L-H model, whereas positive hole oxidation is 

described by the first-order kinetic model. Kinetic parameters introduced in Eq (6-51) were 

calculated using least-squares optimization technique (See Table 1) and the results, in agreement 

with Eq (6-52), show that the first order kinetic model can interpret the oxidation of 2,4-D at low 

concentration. 

 

Figure 6-3. 2,4-D degradation in a fluidized bed photocatalytic reactor at different pH and initial 
concentration; (●) 1 mgL-1 2,4-D at pH 3, (○) 7 mgL-1 2,4-D at pH 3, (+)1 mgL-1 2,4-D at pH 7 and, (×)7 mg/L 

2,4-D at pH 7. Error bars represent the standard errors for triplicate runs. 

Furthermore, the results (Table 6-1) show that the kinetic parameters are independent of 

initial concentration at pH 3. However, Kobs3 which includes ⦁OHaq and ⦁OHads rate constants, has 

an inverse relationship with 2,4-D initial concentration. This is because of 2,4-D intermediates that 

participate in photocatalytic oxidation via ⦁OHaq in the solution.  
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Table 6-1- Estimated kinetics parameters for the kinetic model described by Eq (6-51) to (6-53). 2,4-D 
photocatalytic oxidation with different initial concentration at pH 3 

Initial concentration (mgL-1) ݇′×103(min-1) ݇௘௫ᇱ ×103 (min-1) ߢᇱᇱ×103 (m3g-1) 

1 10 227    255 

4 11 230 222 

7 10 201 233 

	
Figure 6-4 shows the photocatalytic oxidation of 2,4-D with different initial concentration at 

pH 3 along with the agreement of experimental results with the developed kinetic model. 

Obviously, results show that the developed model could successfully fit experimental data. 

Reducing kobs3 obtained from the model with increasing 2,4-D initial concentration indicates the 

effect of 2,4-D initial concentration on kobs3 values as estimated in the model. 

 

Figure 6-4. Photocatalytic oxidation of 2,4-D in a fluidized photocatalytic reactor at pH 3 with different initial 

concentration of; (□) 1 mgL-1, (Δ) 4 mgL-1, and (○) 7 mgL-1. Error bars represent the standard errors for the 

triplicate runs. Full lines represent best-fit curves of the kinetic model developed for photocatalytic oxidation 

at pH 3	
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 Conclusion 

The effect of pH on the kinetic of photocatalytic oxidation was discussed in this chapter. The 

photocatalytic oxidation kinetics changed due to the impact of pH on photocatalyst surface charge 

and the energies of conductance and valence band. Results showed that the photocatalytic 

oxidation at pH>pHzpc (pH 7) followed first order kinetic model.  At pH<pHzpc (pH 3), on the other 

hand, the rate of oxidation was a combination of the first order and L-H models. Oxidation of       

2,4-D intermediates by hydroxyl radicals attack in the solution causes an inverse relationship of 

observed rate constants with the initial concentration of 2,4-D at low and high pH. Furthermore, 

the dependence of rate constants to UV intensity changed with pH. The rate constant depended on 

UV intensity at pH 3; however, this parameter showed a square root functionality with respect to 

intensity at pH 7.   

 

Supplementary information 

Supplementary	data	related	to	this	chapter	are	presented	in	Appendix	B. 
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Chapter 7: IMPACT OF NATURAL ORGANIC MATTER ON THE 

PHOTOCATALYTIC OXIDATION OF 2,4-D 

 Introduction 

NOM in raw surface water presents several challenges to photocatalytic processes.  It can 

act as an inner filter to block UV radiation and ●OH scavenger to affect the oxidation process. 

NOM scavenges positive holes (h+) on the surface of photocatalyst and ●OH in the solution and 

consequently slows down the oxidation process.  The role of pH as a major influencing factor on 

adsorption and subsequently on the photocalytic oxidation mechanism was comprehensively 

discussed. Since pH affects the photocatalytic oxidation pathways, evaluating the impact of NOM 

on each oxidation mechanism requires to separate the NOM interference at different pH.  Based 

on the existing literature and prior research, a robust and comprehensive study is needed to evaluate 

interferences of NOM on photocatalytic oxidation of the target micropollutant during the 

photocatalytic process.  This Chapter will analyze the effect of NOM on photocatalytic oxidation 

mechanisms. The impacts of NOM on scavenging oxidant species, generated on the surface of 

photocatalyst, and ●OHaq in the solution were decoupled and investigated.   

 Results and discussion 

7.2.1 The effect of NOM on photocatalytic oxidation at pH>pHpzc (neutral pH) 

Figure 7-1 shows the effect of NOM on the photocatalytic oxidation of 2,4-D at pH 7. As 

previously discussed, oxidation via ●OHaq attack is the predominant process to oxidize 2,4-D at 

pH 7.  At pH 7, due to the electrostatic repulsion between 2,4-D and the photocatalyst surface, the 

effect of NOM is considered as ●OH scavenger.  Moreover, NOM influences the photocatalytic 
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oxidation of 2,4-D by absorbing UV radiation causes a reduction of ●OH production. At neutral 

pH, the oxidation rate substantially decreased with an increase the presence of NOM to 5 mgL-1. 

Almost no degradation occurred in the presence of NOM of 5 mgL-1 TOC because NOM 

scavenged almost all ●OHaq (See Figure 7-1).  Table 7-1 illustrates that NOM reduced the observed 

rate constant (kobs) from 5.07×10-2 min-1 to 0.28×10-2 min-1 for 1 mgL-1 2,4-D initial concentration. 

This reduction, however, was 2.29×10-2 min-1 to 0.24×10-2 min-1 for 7 mgL-1 initial concentration 

of 2,4-D. 

Figure 7-1. Photocatalytic oxidation of 2,4-D at pH 7 in the presence of NOM measured as TOC; (○) 5 mgL-1, 

(□) 1 mgL-1 and, (Δ) 0 mgL-1. Error bars represent the standard errors for the triplicate runs.  

 

Table 7-1. Normalized observed kinetic rate constants (kobs) of 2,4-D photocatalytic degradation at pH 7  

NOM (mgL-1 DOC) 

Kobs×102 (min-1) 

2,4-D 1 mgL-1 initial 

concentration 

2,4-D 4 mgL-1 initial 

concentration 

2,4-D 7 mgL-1 initial 

concentration 

0 5.07 2.85 2.29 

1 3.08 1.69 1.35 

5 0.28 0.41 0.24 
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Figure 7-2 shows the fate of NOM during the photocatalytic process. The results show that 

the adsorption and photocatalytic oxidation of NOM are almost independent of the concentration 

of 2,4-D at pH 7; TOC removal of about 8%-10% and 14%-17% was observed for adsorption and 

oxidation, respectively. As earlier discussed, the negligible effect of 2,4-D on NOM adsorption is 

most likely due to the high capacity of photocatalytic spheres for adsorption and different 

mechanism of adsorption between 2,4-D and NOM. Figure 7-2 also shows that initial 

concentration of 2,4-D does not significantly affect the oxidation of NOM, indicating strong 

scavenging of ●OHaq by NOM.  

 

Figure 7-2. The fate of NOM with initial concentration of 5 mgL-1 during photocatalytic oxidation in the 

presence of different initial concentrations of 2,4-D at pH 7. Error bars indicate the standard errors for the 

triplicate runs. 

The free hydroxyl radical oxidation of the different fractions of NOM were studied using a 

HPSEC chromatogram. Figure 7-3 shows that the total area under HPSEC chromatogram 

decreased as photocatalytic process progressed. The result illustrated that ●OHaq preferentially 

reacted with larger molecular size resulting in an increase in lower molecular weight. Prior 
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irradiation, in the first 90 minutes, HPSEC featured a reduction for all molecular weight. As 

irradiation progressed, the peak indicates that the hydrophobic fraction (1600 Da) decreased. 

However, the lower molecular weight (<800 Da) seemed to slightly increased in size as irradiation 

progressed. In agreement with the observation of Liu et al. (2008), ●OH due to the complex nature 

of NOM, is more likely to degrade NOM into smaller fragments. 

 

Figure 7-3. HPSEC chromatograms of NOM of 5 mgL-1 TOC removal by photocatalytic process. 

7.2.2 The effect of NOM on photocatalytic oxidation at pH<pHpzc (pH 3) 

To better understand the impact of NOM on photocatalytic oxidation taking place on the 

surface of photocatalytic spheres, some experiments were performed at pH 3, leading to the 

photocatalytic oxidation on the surface of the photocatalyst. Results, as shown in Figure 7-4, 

indicate that there is an inverse relationship between the degradation rate constant and NOM 

concentration. The effect of NOM on the photocatalytic oxidation rate at pH 3 is less noticeable 

than its effect at pH 7, likely due to the changes in the oxidation mechanisms (See Table 7-1 and 
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Table 7-2). At pH 3, the adsorption of NOM on photocatalytic spheres is much higher than that at 

pH 7 (see Figure 7-5).  The results show that more than 70% of NOM is removed because of 

adsorption during the photocatalytic process at pH 3.  This extent of NOM removal dramatically 

reduces UV absorption and causes the photocatalytic spheres to receive more photons and produce 

more oxidant species to oxidize 2,4-D.  Since NOM does not compete with 2,4-D for adsorption 

on the other hand, it does not influence the capture of positive holes produced on the surface of 

the photocatalyst either.   

Figure 7-4. Photocatalytic oxidation of 2,4-D at pH 3 in the presence of NOM measured as TOC; (○) 5 mgL-1, 

(□) 1 mgL-1 and, (Δ) 0 mgL-1. Error bars represent the standard errors for the triplicate runs. 

 

Table 7-2. Normalized observed kinetic rate constants (kobs) of 2,4-D photocatalytic degradation at pH 3  

NOM (mg L-1 DOC) 

Kobs×102 (min-1) 

2,4-D 1 mgL-1 initial 

concentration 

2,4-D 4 mgL-1 initial 

concentration 

2,4-D 7 mgL-1 initial 

concentration 

0 28.59 10.4 6.92 

1 11.87 9.24 5.00 

5 3.48 2.72 2.89 
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Figure 7-5. The fate of NOM with initial concentration of 5 mgL-1 during photocatalytic oxidation in the 

presence of different initial concentrations of 2,4-D at pH 3. Error bars indicate the standard errors for the 

triplicate runs. 

At pH 3, NOM is both adsorbed on the surface of photocatalyst spheres and present in the 

solution. Therefore, NOM acts as the scavenger of hydroxyl radicals in the solution and positive 

holes on the surface of the photocatalyst. To better assess the effect of NOM on different 

mechanisms, methanol of 0.1 M was used in this experiment as •OH scavenger.  Methanol is UV 

transparent and does not compete with 2,4-D for adsorption sites, but it strongly scavenges •OH 

(Ilisz and Dombi, 1999; Šojić et al., 2009; Tunesi and Anderson, 1991). Figure 7-6 shows the 

impact of methanol on the degradation of 2,4-D at different pH values. No degradation occurred 

in the presence of methanol at pH 7.  Given that there is no 2,4-D adsorption taking place at pH 7, 

the absence of any 2,4-D removal indicates the effectiveness of methanol at scavenging all •OH.  

At low pH, on the other hand, methanol had little effect and significant degradation of 2,4-D 
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occurred, indicating that photocatalytic oxidation was mostly driven by charge transfer on the 

surface of the spheres.  

 
Figure 7-6. Photocatalytic oxidation of 2,4-D with initial concentration of 7 mgL-1 in a fluidized photocatalytic 

reactor, (□) at pH 3, (Δ) in the presence of 0.1 M methanol at pH 3 and, (●) in the presence of 0.1 M methanol 

at pH 7. Error bars represent the standard errors for the triplicate runs.	

The same procedure that was used for the separation of photocatalytic oxidation at pH 3, was 

carried out in the presence of NOM — with methanol acting as •OH scavenger.  Given the absence 

of hydroxyl radicals, NOM competes with 2,4-D to capture holes produced on the surface of the 

spheres. As shown in Figure 7-7, increasing the concentration of NOM affected the contribution 

of direct oxidation on the photocatalyst surface. The 2,4-D removal on the surface of the 

photocatalyst was reduced from 47% in the presence of 1 mgL-1 TOC NOM to 27% in the presence 

of 5 mgL-1 TOC NOM. This was due to the increased amount of adsorbed NOM which in turn 

increased scavenging of positive holes, and consequently reduced the removal of 2,4-D via this 

mechanism. The negligible effect of NOM on scavenging ●OHaq was due to high adsorption of 

NOM and the lack of aromatic moieties in the solution.  
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The effect of aromatic moieties was studied using SUVA analysis at different pH.            

Figure 7-8 compared SUVA reduction attributed to photocatalytic removal of NOM. At low pH, 

NOM aromatic adsorption causes a reduction of approximately 50% of SUVA. However, the 

oxidation via ●OHaq did not yield any reduction in SUVA. This result in agreement with the 

previous result (refer to Figure 5-10) indicated the higher adsorption of carboxylate and aromatic 

compounds at pH 3 leads to a reduction of 50% SUVA. 

 
Figure 7-7. The effect of NOM at different concentrations on photocatalytic oxidation mechanisms for the 

removal 2,4-D with initial concentration of 7 mgL-1 at pH 3 in a fluidized photocatalytic reactor. 

Figure 7-8. Photocatalytic SUVA reduction of 5 mgL-1 TOC NOM in presence of 2,4-D different initial 

concentration at pH 3 and pH 7. Error bars represent the standard errors for the triplicate runs.	
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 Conclusions  

The effect of NOM on photocatalytic oxidation mechanisms was quantified by changing the 

pH of the medium in this chapter.  At pH 7, the impact of NOM was considered as scavenging 

●OHaq and screening UV radiation.  The removal of 2,4-D reduced from 49% in the absence of 

NOM to 7% in the presence of 5 mgL-1 TOC NOM.  At pH 3 on the other hand, due to increasing 

the adsorption of solutes (2,4-D and NOM) NOM mostly affects as a positive holes scavenger; 

reducing the removal of 2,4-D from 88% in the absence of NOM to 58% in the presence of 5 mgL-

1 TOC NOM.   Results also showed that the effect of NOM on scavenging ●OHaq is insignificant 

at pH 3.  NOM photocatalytic oxidation showed that oxidation via ●OHaq at pH 7 is more effective 

than at pH 3; however, the NOM removal due to adsorption at pH 3 is also highly significant. 

Furthermore, ●OHaq preferentially reacts with NOM larger molecular size causing an increase in 

lower molecular weight during the photocatalytic oxidation at pH 7. High SUVA reduction at pH 

3 on the other hand, showed that high adsorption and consequently higher oxidation of NOM 

aromatic fraction on the surface of photocatalyst.  

 

Supplementary information 

Supplementary	data	related	to	this	chapter	are	presented	in	Appendix	C. 
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Chapter 8: CONCLUSIONS AND RECOMMENDATIONS  

 Overall conclusions 

This research investigated the impact of NOM on photocatalytic removal of micropollutants 

(with 2,4-D as target contaminant). The experiment was performed in FBPR using template free 

photocatalyst spheres. Photocatalytic process including adsorption and photocatalytic oxidation is 

a function of pH. Therefore, the effect of NOM on adsorption and photocatalytic oxidation was 

separately examined at different pH. 

The overall conclusions derived from this research are as follows: 

2,4-D adsorption and the effect of NOM  

 2,4-D adsorption is related to the pH of solution. Almost 60% of 2,4-D was adsorbed 

at pH 3; however, the amount of adsorbed 2,4-D dropped to 10% at neutral pH. 

 Adsorption of 2,4-D due to a high number of available site for adsorptions, is 

independent of the initial concentration.  

 The analysis of equilibrium isotherm adsorption suggested that Freundlich fits the 

experimental data very well. 

 NOM does not have any effect on adsorption performance. Since the photocatalyst 

has a high adsorption capacity and the adsorption mechanism of NOM is different 

than 2,4-D, none of these adsorbates can interfere with the adsorption performance 

of the other.  

 Regardless of the initial concentration of 2,4-D, the adsorption of NOM is ~95% at 

pH 3.  
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Adsorption of NOM  

 NOM is prevalently negatively charged and its adsorption is affected by the pH 

of solution.  

  At pH 3, where electrostatic interactions were minimised, the hydrophobic 

interaction governed the adsorption process. High adsorption of NOM (~95%), 

irrespective of its initial concentrations indicates that photocatalytic spheres have 

a very high capacity for adsorbing NOM under low electrostatic interaction 

conditions at pH 3.  

 At pH 7, The electrostatic repulsion between NOMads and NOMsol remarkably 

reduced the adsorption of NOM to 37% removal for 5 mg/L TOC initial 

concentration.   

 According to FTIR analysis and fractionation of NOM, carboxyl groups were 

deprotonated and played the major role in reducing the adsorption at pH>3.  

 pH affects the adsorption isotherm models as shown by exchanging the 

adsorption from multi-layer adsorption of Freundlich at pH 3 to monolayer 

characteristic of Langmuir isotherm at pH>3. 

The effect of pH on Photocatalytic oxidation kinetics  

 The photocatalytic oxidation kinetics changed due to the impact of pH on 

photocatalyst surface charge and the energies of conductance and valence band. 

 photocatalytic oxidation at pH>pHzpc (pH 7) followed first order kinetic model.   

 The rate of oxidation was a combination of first order and L-H models at 

pH<pHzpc (pH 3). 
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 Oxidation of 2,4-D intermediates by hydroxyl radicals attack in the solution, 

causes an inverse relationship of observed rate constants with the initial 

concentration of 2,4-D at low and high pH.  

 The rate constant depended on UV intensity at pH 3; however, this parameter 

showed a square root functionality with respect to intensity at pH 7.    

Impact of NOM on the photocatalytic oxidation of 2,4-D 

 At pH 7, NOM affects the photocatalytic oxidation by scavenging ●OHaq and 

screening UV radiation.  The removal of 2,4-D reduced from 49% in the absence 

of NOM to 7% in the presence of 5 mgL-1 TOC NOM.   

 At pH 3, due to increasing the adsorption of solutes (2,4-D and NOM), NOM 

mostly acts as a positive holes scavenger; reducing the removal of 2,4-D from 

88% in the absence of NOM to 58% in the presence of 5 mgL-1 TOC NOM.    

 NOM is mostly oxidized by ●OHaq attack at pH 7. However, the NOM removal 

due to adsorption at pH 3 is also highly significant.  

 Free hydroxyl radicals preferentially react with NOM larger molecular size 

causing an increase in lower molecular weight during the photocatalytic 

oxidation at pH 7.  

 High SUVA reduction at pH 3 showed high adsorption and consequently higher 

oxidation of NOM aromatic fraction on the surface of the photocatalyst.  

 Significance and contributions of this research 

While a promising technology for contaminated water purification, photocatalytic process 

has not yet been successfully developed for commercial systems, since (i) a proper photocatalyst 
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has not been developed, (ii) a comprehensive study of the effect of water matrix on photocatalytic 

process has not been performed. This research provided the first step towards applying 

photocatalytic process in real conditions by modifying template free photocatalyst spheres utilized 

in FBPR. However, the complexity of the process as well as the complex and none-reliable nature 

of water matrix is a big challenge for better understanding the effect of water matrix on the 

photocatalytic process. 

This research specifically addressed this need by analyzing the impact of NOM as the main 

influencing constituent within water matrix on photocatalytic process. This study separately 

assessed the NOM interference with adsorption and photocatalytic oxidation. Likewise, the 

approach undertaken in this study could successfully quantify the effect of NOM on each oxidation 

mechanism. NOM fractionation and analysis of different functional groups could make a unique 

knowledge of the impact of NOM on photocatalytic process. Moreover, this research provided a 

significant contribution to understanding of the effect of photocatalytic process on NOM removal. 

Changing the pH of the solution was used in this research to decouple the effect of NOM on 

different oxidation pathways. This research developed a fundamental kinetic study to assess the 

impact of pH on photocatalytic oxidation pathways and kinetic models.  

 Recommendation for future work 

 One of the obstacles of using the fluidized bed photocatalytic reactors is catalyst 

attrition. More studies need to improve the attrition resistance of photocatalyst 

spheres. Improving the hydrolysis and condensation reactions in the photocatalyst 

preparation procedure may help to produce a tighter catalyst with higher attrition 

resistance. 
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 Another important factor that needs being considered to improve the photocatalyst 

characteristics, is changing the photocatalyst zero point charge (pHzpc) to desirable 

pH. pHzpc higher than neutral pH can improve the photocatalyst efficiency in 

removing micropollutants in ionic form. 

 Further study in a large scale fluidized bed photocatalytic reactor is suggested. 

 Evaluating the impact of water matrix on the photocatalytic process needs further 

study to assess the effect of inorganic ions that are present in natural water. 
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Appendices 

Appendix A   

 2,4-D adsorption mass transfer assessment 

Adsorption of an organic compound involves a number of steps, initiated by film diffusion 

or external mass transfer and followed by intraparticle diffusion and sorption via physiochemical 

interactions (Snoeyink and Summers, 1990). Film diffusion, 2,4-D transportation by molecular 

diffusion through the stationary boundary layer, is a function of particle size, hydrodynamic 

conditions, system physical properties and etc. (Akasu and Kabasakal, 2005). The mass transfer 

can be defined by equation (A-1). 

ܥ݀
ݐ݀

ൌ െܭ௠௔ܵሺܥ െ  ௦ሻ (A-1)ܥ

where Kma is the external mass transfer coefficient and S is specific surface area. C and Cs 

also represent the concentration of 2,4-D in liquid phase and on the surface of photocatalyst spheres 

at time t, respectively. It can be assumed that at t=0, the adsorption is governed by film diffusion 

(Akasu and Kabasakal, 2005). It means, at t=0 the concentration of 2,4-D is equal to the initial 

concentration (C=C0) and Cs is negligible. With this assumption Eq (A-1) can be simplified as 

݀ሺܥ/ܥ௢ሻ

ݐ݀
ൌ െܭ௠௔ܵ (A-2) 

By plotting C/C0 vs. time the value of Kma can be determined from the slope at t=0. Figure 

4-6 shows that the C/C0 of 2,4-D falls very fast at t=0 (before intraparticle diffusion) and the 

external mass transfer coefficient is 0.244 g.m-2.min-1, irrespective to 2,4-D initial concentrations.  
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Appendix B   

 Hydrogen peroxide contribution in photocatalytic oxidation  

This experiment was performed to assess the contribution of hydrogen peroxide generating 

during the photocatalytic process in producing hydroxyl radicals. 

It has been suggested that an alternative mechanism for generating free hydroxyl radical is 

the reduction of adsorbed hydrogen peroxide and the photooxidation of dissolved H2O2  (Salvador, 

2007).  

ଶܱଶܪ
ḩ௩
→ ⦁௔௤ܪ2ܱ 										 ሺ݇஺ଵሻ (B-1)

ܶ݅ଷା ൅ ଶܱଶܪ → ܶ݅ସାܱܪ⦁ ൅ ିܪܱ ሺ݇஺ଶሻ (B-2)

ଶܱଶܪ ൅ ܱଶ
ି⦁ → ܶ݅ସା ൅ ⦁௔௤ܪܱ ൅ ିܪܱ ൅ ܱଶ ሺ݇஺ଷሻ (B-3)

The contribution of H2O2 in photocatalytic oxidation was tested by adding H2O2 and the 

results showed that the effect of H2O2 on oxidation of the micropollutant in FBPR is not 

considerable. No difference between the rate of photocatalytic oxidation of 1 mgL-1 2,4-D in the 

absence of H2O2 and in the presence of 0.2 mM H2O2 was observed. It means the additional amount 

of H2O2 did not change the photocatalytic oxidation rate (Figure A-1). It asserts that H2O2 does not 

contribute in generating ●OHaq. It was the reason that Eqs A-1 to A-3 were not considered in the 

kinetics analysis.  
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Figure B-1. Photocatalytic oxidation of 2,4-D with the initial concentration of 1 mgL-1 in a fluidized 

photocatalytic reactor at pH 7, (Δ) in the absence of additional H2O2, (●) in the presence of 0.2 mM H2O2. 

 Kinetic parameters estimation using Matlab least-squares optimization technique 

clear all 
clc 
ydata = ...%time 
 [0 2 4 6 10 15 20 30]; 
xdata = ... %Experimental concentration 
[2.924583333 2.676366667 2.376633333 2.07605 1.584083333 1.145483333 
0.784166667 0.3718]; 
x1=7; 
z=xdata(1); 
format shorteng 
fun = @(x,xdata)-
1/(x(1)*(x(2)*x(3)*x1+x(1)*x1+x(2)))*(((x(2)*x(3)*x1+x(2))*log(x(1)*x(3)*x1*x
data+x(2)*x(3)*x1+x(1)*x1+x(2)))+x(1)*x1*log(xdata))+... 
    
1/(x(1)*(x(2)*x(3)*x1+x(1)*x1+x(2)))*(((x(2)*x(3)*x1+x(2))*log(x(1)*x(3)*x1*z
+x(2)*x(3)*x1+x(1)*x1+x(2)))+x(1)*x1*log(z)); 
x0 = [0,0,0]; 
lb = [0.01 0.00001 0.000222]; 
ub = [1 1 1]; 
x = lsqcurvefit(fun,x0,xdata,ydata,lb,ub,'levenberg-marquardt') 
plot(ydata,xdata, 'O') 
hold on 
v=1/(x(1)*(x(2)*x(3)*x1+x(1)*x1+x(2)))*(((x(2)*x(3)*x1+x(2))*log(x(1)*x(3)*x1
*xdata(1)+x(2)*x(3)*x1+x(1)*x1+x(2)))+x(1)*x1*log(xdata(1))); 
for i=1:8 
    ydata1=-
1/(x(1)*(x(2)*x(3)*x1+x(1)*x1+x(2)))*(((x(2)*x(3)*x1+x(2))*log(x(1)*x(3)*x1*x
data+x(2)*x(3)*x1+x(1)*x1+x(2)))+x(1)*x1*log(xdata))+v; 
end 
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plot(ydata1,xdata,'r') 

 

x = 

    10.0000e‐003   201.6036e‐003   233.4933e‐003 

 

 Mass transfer effect evaluation  

To understand the mass transfer role as the rate-controlling step in kinetics studies, the effect 

of mass transfer resistance is evaluated on the overall reaction rate. The external mass transfer 

occurs between the surface of photocatalytic spheres and surrounding fluid. The physical transport 

of reactant by either molecular diffusion or convective transport from the bulk makes a 

concentration gradient between bulk fluid and surface of the photocatalyst.   

In the classical example, the first order reaction, the mass transfer is equal to rate of kinetic 

reaction on surface of catalyst in steady state condition (Chen et al., 2000). 

௕ܥ௠ሺܭ െ ௦ሻܥ ൌ ݇௥ܥ௦ (B-4)
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݁ݐܽݎ ൌ
௕ܥ

1
௠ܭ

൅ 1
݇௥

ൌ ݇௢௕௦ܥ௕ (B-5)

where 1/Km is mass transfer resistance coefficient which is a function of fluid velocity and 

physical constants. If mass transfer resistance is very low, it can be assumed only the kinetic 

controls the reactions.  

Several experimental correlations have been proposed to determine the mass transfer 

influence(Epstein, 2003; McCune and Wilhelm, 1949; Tournié et al., 1979). It can be seen that 

they are generally expressed in terms of dimensionless group. The mass transfer coefficient is 

directly related to the Sherwood number. The Sherwood number is defined with independent 

variables, Reynolds and Schmidt dimensionless numbers (Tournié et al., 1979).  

Sh=f(Re, Sc) (B-6)

However, Garner et al. (Garner and Suckling, 1958) proposed a correlation for water and 

solid spheres 

݄ܵ ൌ 2 ൅ 0.55ܴ݁଴.ହܵܿ଴.ଷଷ (B-7)

where 

݄ܵ ൌ
௠݀௦௣௛ܭ
ଶ,ସି஽ܦ

 (B-8)

ܴ݁ ൌ
ܩߩ௣ܦ
ߤ

 (B-9)

ܵܿ ൌ
ுమைߤ

ଶ,ସି஽ܦுమைߩ
 (B-10)

By using particle diameters (dp=0.9 mm), water characteristics, viscosity                         

(µ=0.86 Kg m−1 s−1) and density (ρ=997 Kg m−3) (Crittenden et al., 2012), diffusivity of 2,4-D in 
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water of  6.57×10-10 m2s-1 (Duran et al., 2011)), and applying them into equations (A-7) to (A-10), 

the mass transfer coefficient (Km) was achieved to 1.16×10-4 m s-1.  

Mears (1971), proposed Damkӧhler number, (Eq (A-11)) as a criterion for measuring the 

effect of bulk mass transfer on surface reaction kinetics 

߱ ൌ
݇௥ܥଶ,ସି஽ݎ௦௣
ଶ,ସି஽ܥ௠ܭ

൑
0.15
݊

 (B-11)

where rsp is sphere radius and n is the integer exponent in power law rate expression and 

equal to 1 because the degradation followed first order kinetics. 

Therefore, Eq (A-11) can be simplified to:  

߱ ൌ
݇௥ݎ௦௣
௠ܭ

൑ 0.15 (B-12)

According to observed rate constant (kr) reported in chapter 6, 0.381×10-3 s-1 and        

1.153×10-3 s-1 for initial concentration of 7 mgL-1 2,4-D at pH 7 and pH 3 respectively, the 

Damkӧhler numbers are: 

pH 3,     ω=4.46×10-3 (B-13)

pH 7,     ω=1.478×10-3 (B-14)

As can be seen the Damkӧhler number for different pH situation is very low. It means the 

effect of mass transfer is negligible and the overall reaction is driven only by the kinetic.  

 

 

 

 

 

 



116 

 

Appendix C   

 The effect of pH on photocatalytic oxidation of initial 2,4-D of 4 mgL-1 

 

Figure C-1. Photocatalytic oxidation of 2,4-D of 4 mg L-1 at pH; (○) 7, (□) 5, (Δ) 3. Error bars represent the 

standard errors for the triplicate runs. 

 The effect of NOM on oxidation of 2,4-D of 4 mg L-1 at different pH 
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Figure C-2. Photocatalytic oxidation of 2,4-D of 4 mgL-1at pH 3 in the presence of NOM measured as TOC; (○) 5 

mgL-1, (□) 1 mgL-1and, (Δ) 0 mgL-1. Error bars represent the standard errors for the triplicate runs. 
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Figure C-3. Photocatalytic oxidation of 2,4-D of 4 mgL-1at pH 7 in the presence of NOM measured as TOC; 

(○) 5 mgL-1, (□) 1 mgL-1 and, (Δ) 0 mgL-1. Error bars represent the standard errors for the triplicate runs. 
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Figure C-4. 2,4-D photocatalytic rate constant in the presence of Methanol different concentrations 


