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ABSTRACT 
 

During the last 10 years, endocrine disrupters like nonylphenol (NP)  have become a major concern 

in wastewater and water resources. Existing wastewater treatment plants are not designed to 

remove and/or degrade these emerging pollutants efficiently. In addition, NP is persistent in the 

aquatic environment, moderately bioaccumulative, and toxic to aquatic organisms. As a result of 

NP’s high chemical stability and/or low biodegradability, advanced oxidation processes (AOPs) 

are being considered for the removal from wastewater and water resources. This research project 

investigated the kinetics of the degradation of p-cresol, a surrogate used for a common endocrine 

disrupter, p-nonylphenol by UV/Chlorine AOP. A bench-scale study using a cylindrical glass 

batch reactor equipped with a low pressure (LP) UV lamp showed that the UV/Chlorine AOP was 

more efficient than either UV/H2O2 AOP or UV and chlorination alone for the degradation of p-

cresol at pH 6 in Milli-Q water. The pseudo first-order rate constant was 5.8 times higher for the 

UV/Chlorine AOP than for the UV/ H2O2 AOP at a given chemical molar dosage and pH 6. The 

degradation of p-cresol followed pseudo-first-order reaction kinetics, and the degradation rate 

constants (kobs) were a function of the p-cresol dose, chlorine dose, solution pH, and the presence 

of natural organic matter (NOM). Degradation of p-cresol greatly increased with increasing 

chlorine dose and decreasing solution pH during the UV/Chlorine AOP. Additionally, the presence 

of NOM in the solution inhibited the degradation of p-cresol. UV photolysis, chlorination, and 

reactive species (hydroxyl radical (•OH), chlorine radical (•Cl) and chlorine monoxide radical 

(•OCl)) contributed to the degradation of p-cresol. A MATLAB® mathematical model was 

designed to stimulate the degradation of p-cresol under various operating parameters. However, 

the formation and toxicity of the chlorinated by-products should be further assessed. 
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1. INTRODUCTION 
 
During the last 10 years, endocrine disrupters like NP have become a major concern in wastewater 

and water resources [4]. They are emerging environmental pollutants arising in sewage from the 

degradation of non-ionic surfactants like nonoxynol-9 (N-9) [1,2]. Alkylphenol ethoxylates and 

their derivatives are used in pulp and paper manufacturing, textiles manufacturing, plastic and 

elastomer manufacturing (e.g. nonylphenol in the form of tris-nonylphenol phosphite), household, 

industrial and institutional cleaning (e.g. Triton X-100), oil extraction and production, agriculture 

(as adjuvants for active ingredients in pesticides), metal processing, paint and protective coating, 

leather manufacturing, building and construction, food and beverages sectors, and as spermicides 

in contraceptive foams, jellies and creams (e.g. N-9). As a consequence of their widespread use, 

degradation products like alkylphenol ethoxylates with fewer polyethoxylate groups, 

alkylphenoxy carboxylic acids and alkylphenols, alkylphenol ethoxylates are commonly found in 

sewage treatment plants or in water resources (Fig. 1.1) [3]. 

 

 

 

 

 

 

 

 

 

The problem? Existing wastewater treatment plants are not designed to remove and/or degrade 

these emerging pollutants efficiently. In addition, NP is persistent in the aquatic environment, 

moderately bioaccumulative, and extremely toxic to aquatic organisms because it mimics natural 

hormones, interacting with estrogen receptors. As a result of NP’s high chemical stability and/or 

low biodegradability, AOPs are being considered for the removal of these recalcitrant organic 

compounds from wastewater and water resources [4]. 

 

In this work, p-cresol was selected as representative of substituted phenolic compounds. Even 

though p-cresol itself is not a common trace organic in wastewater effluent, it has chemical 

Fig. 1.1 Degradation of N-9 to p-nonylphenol in sewage treatment plants or in rivers 



xii 
 

structure and reactivity with hydroxyl radicals similar to p-nonylphenol (kNP,OH = 1.30 x 1010 M-1 

s-1, kPC,OH = 1.20 x 1010 M-1 s-1 ) [9]. 

 

1.1  ADVANCED OXIDATION PROCESSES (AOPs) 
 
AOPs are defined as those technologies involving the generation and utilization of hydroxyl 

radicals (•OH), resulting in the partial or complete mineralization of many organic compounds. 

AOPs were first proposed for potable water treatment in the 1980s [5]. •OH has an oxidation 

potential ranging from 2.8 V (pH 0) to 1.95 V (pH 14), making it one of the most powerful 

oxidizing agents [6]. AOPs include O3/H2O2, UV/Chlorine, UV/O3, UV/TiO2, UV/H2O2, Fenton, 

photo-Fenton, ultrasonic irradiation, heat/persulfate, UV/persulfate, Fe(II)/persulfate, OH-

/persulfate, etc. [5]. Generally, •OH interacts with the target organic contaminant via hydrogen 

abstraction or addition which results in the formation of a carbon-centered radical. This carbon-

centered radical then proceeds to react with molecular oxygen to form a peroxyl radical, thus 

resulting in the formation of a wide spectrum of oxidation products like ketones, aldehydes, or 

alcohols. •OH can also form a radical cation by abstracting an electron from electron-rich 

substrates, thus leading to its hydrolysis in aqueous media, often giving rise to less toxic, 

biodegradable oxidation products like CO2 and H2O. AOPs degrade compounds present in 

wastewater rather than concentrating or transferring them to a different phase which makes them 

superior to other commonly used treatment technologies like air stripping, carbon adsorption, etc. 

[6].  

 

AOPs generally involve three basic steps [6]: 

1. Formation of strong oxidants like •OH, HO2•, O2•−, etc. 

2. Reaction of these strong oxidants with organic contaminants present in wastewater giving 

rise to less toxic, more biodegradable compounds 

3. Complete mineralization of these biodegradable compounds produce CO2, H2O and 

inorganic salts by oxidation 
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1.1.1 ADVANTAGES 
 
AOPs have several advantages over other commonly used treatment technologies like [6]:  

1. Rapid reaction rates, usually in the order of 109 M-1s-1 

2. Reduced toxicity and complete mineralization of organic contaminant thus preventing the 

generation and disposal of secondary waste material  

3. Disinfectant capabilities 

4. Non-selective pathways resulting in chemical transformation of a wide range of recalcitrant 

contaminants 

 

1.1.2 DISADVANTAGES 
 
AOPs might have several advantages over conventional treatment technologies, however, they 

have disadvantages too [6]: 

1. Cost 

2. Potential of accumulation of oxidation by-products 

3. Potential for bromate formation 

4. Radical scavenging by interfering compounds that reduces effectiveness of AOPs 

 

1.1.3 TYPES OF AOPs 

 

1.1.3.1 OZONE/ HYDROGEN PEROXIDE (O3/H2O2) 

 

H2O2 is a weak acid (pKa = 11.75), which partially dissociates into the hydroperoxide ion (HO2
−) 

in water (equation 1). After the formation of HO2
− ion, it rapidly reacts with O3 to form •OH 

(equation 2) [7,8]. •OH then proceeds to react with the organic contaminant to form less toxic, 

biodegradable oxidation products. 

 

H2O2 → HO2
− + H+                                                            (1) 

O3 + HO2
− → •OH + O2

− + O2                                                   (2) 
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1.1.3.1.1 ADVANTAGES [7] 

 
1. Efficient in treating waters with high concentrations of organic compounds 

2. Supplemental disinfectant 

3. More effective than O3 or H2O2 alone 

4. Established technology for remediation applications 

 

1.1.3.1.1 DISADVANTAGES [7] 
 

1. Potential for bromate formation (controllable through adjustment of O3/H2O2 ratio and pH) 

2. May require treatment of excess H2O2 due to potential for microbial growth  

3. May require ozone off-gas treatment and/or permitting 

 

1.1.3.2 UV/OZONE (UV/O3) 
 
The oxidation of organics can occur by either direct photolysis or reactions with •OH. LP- or MP-
UV radiation can be applied to ozonated water to form •OH. The formation of radicals by 
employing either a LP lamp or a MP lamp with O3 occurs by the following reactions [7]: 
 

O3 + H2O → O2 + H2O2                                                         (3) 
2 O3 + H2O2 + hv→ 2 •OH + 3 O2       (λ <300 nm)                           (4) 

 
•OH then proceeds to react with the organic contaminant to form less toxic, biodegradable 
oxidation products. 
 
1.1.3.3.1 ADVANTAGES [7] 

 

1. Supplemental disinfectant 

2. More effective than O3 or UV alone 

3. More efficient at generating than •OH than UV/H2O2 process for equal oxidant 

concentrations 

 

1.1.3.3.2 DISADVANTAGES [7] 

 

1. Energy and cost intensive process  
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2. Potential for bromate formation (controllable through adjustment of O3/H2O2 ratio and pH) 

3. Turbidity can interfere with UV light penetration 

4. Ozone diffusion can result in mass transfer limitations 

5. May require ozone off-gas treatment and/or permitting 

6. Interfering compounds (e.g. nitrate) can absorb UV light 

7. UV lamp and sleeve failures can potentially contaminate water with mercury 

8. Potential increase in THM and HAA formation when combined with pre- and/or post-

chlorination 

 

1.1.3.3 UV/HYDROGEN PEROXIDE (UV/H2O2) 
 
The oxidation of organics can occur by either direct photolysis or reactions with •OH. •OH are 
produced from the photolytic dissociation of H2O2 in water by UV irradiation (equation 5) [7]: 
 

 H2O2 + hv → 2 •OH                (λ <300 nm)                        (5) 
 
•OH then proceeds to react with the organic contaminant to form less toxic, biodegradable 
oxidation products. 
 
1.1.3.3.1 ADVANTAGES [7] 

 

1. No potential bromate formation 

2. More effective than H2O2 or UV alone 
3. MP-UV and pulsed-UV irradiation can serve as disinfectant 

4. No off-gas treatment required 

5. Not limited by mass transfer  

 

1.1.3.3.2 DISADVANTAGES [7] 

 

1. Turbidity can interfere with UV light penetration  

2. Less stoichiometrically efficient at generating •OH than O3/UV process 

3. Interfering compounds (e.g. nitrate) can absorb UV light 

4. Potential increase in THM and HAA formation when combined with pre- and/or post-

chlorination 
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1.2  UV/CHLORINE AOP 
 
In the United States, conventional drinking water treatment systems utilize chlorine-based 

disinfection systems in which free chlorine is added as chlorine gas (Cl2) or sodium hypochlorite 

(NaOCl) to form hypochlorous acid (HOCl) and hypochlorite ion (OCl−). Emerging contaminants 

are frequently only partially removed by conventional treatment processes in wastewater treatment 

facilities. In fact, some compounds may even undergo oxidation in chlorine-based disinfection 

systems through direct reaction with HOCl or Cl2 [10].  

 

A potential method for removal of these recalcitrant organic contaminants from water is advanced 

oxidation. However, the application of conventional AOPs in existing drinking water treatment 

facilities requires costly retrofits, increases the physical size of the plant, and can be expensive to 

operate due to high energy costs. The combination of chlorine and light during water treatment 

could effectively turn existing chlorine-based disinfection systems into AOPs. The photolysis of 

HOCl and OCl− produces a suite of reactive oxidants, including •OH, chlorine radical (Cl•), and 

chlorine monoxide (ClO•). Chlorine photolysis could be applied to simultaneously inactivate 

chlorine-resistant pathogens and transform organic contaminants of concern by combining [10]: 

 

1. Direct reaction with HOCl/ OCl− 

2. Direct photolysis by UV irradiation 

3. Reactive species-mediated indirect photolysis (i.e., reaction with •OH, Cl•, and/or ClO• 

produced during chlorine photolysis) 

 

In the case of municipal drinking water treatment systems, this approach would utilize existing 

infrastructure and require only the addition of a suitable light source (i.e., either UV-A light-

emitting diodes or higher energy UV-C lamps). Additional applications include solar-based point-

of-use water treatment in decentralized systems, pump-and-treat remediation, treatment of ballast 

water, and point-of-use treatment [10]. 
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1.2.1 CHEMISTRY OF FREE CHLORINE 
 

Chlorine is available in one of two forms: soluble salts of hypochlorite ion like NaOCl and 

Ca(OCl)2, and liquid chlorine (Cl2). When comparing elemental chlorine as an oxidizing agent to 

powder (Ca(OCl)2) or solution (NaOCl), the oxidizing effect is the same. All three yield 

hypochlorous acid (HOCl), the oxidizing agent present for disinfection in water and wastewater 

applications.  

 

When Cl2 gas is added to water, it reacts to form HOCl and HCl (equation 6) [11]:  

 

Cl2 + H2O → HOCl + HCl                                              (6) 

 

When NaOCl or Ca(OCl)2 added to water, they dissociates to form OCl− and cations (equation 7) 

[11]:  

NaOCl + H2O → OCl− + Na+                                           (7) 

 

HOCl is a weak acid with a pKa of 7.53 (8). This makes the solution pH critical because the 

speciation of HOCl and its conjugate base, OCl− depends on the solution pH (Fig. 1.2). At a pH of 

7.53, the concentrations of HOCl and OCl¯ in water are equal. Each is half of the total hypochlorite 

present. If the pH is increased above 7.53, the concentration of OCl¯ increases at the expense of 

HOCl. In contrast, if the pH is lowered below 7.53, the concentration of HOCl increases at the 

expense of OCl¯. At a pH of about 5, nearly all the chlorine is present as HOCl, and at pH 8.5, 

nearly all the chlorine is present as OCl¯ [11]. 

 

HOCl ⇌ OCl− + H+                                                   (8) 
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1.2.2 CHEMISTRY OF CHLORINE PHOTOLYSIS 
 

The UV/Chlorine AOP is attractive for two reasons. First, many forms of disinfection require a 

chlorine or chloramine residual (e.g., direct potable reuse). The UV/Chlorine AOP avoids the 

additional chlorine addition required to quench residual H2O2 (equation 9) or reactive chlorine 

forms. Second, for LP mercury lamps emitting at 254 nm, radical production from HOCl and OCl− 

may be more efficient than parallel processes involving H2O2 due to higher molar absorption 

coefficients and quantum yields for oxidant, reducing the energy requirement for contaminant 

degradation by 30−75% [12]. 

 

HOCl + H2O2 → O2 + H2O + Cl− + H+                                          (9) 

 

HOCl and OCl− have vastly different UV-visible absorption spectra (Fig. 1.3). HOCl has a 

maximum absorption coefficient of 98–101 M−1 cm−1 at 235 nm, while OCl− has a maximum 

absorption coefficient of 359–365 M−1 cm−1 at 292 nm. [41,63]. Therefore, the effect of pH on the 

rate of chlorine photolysis depends on the light source used for irradiation. The photolysis of 

chorine is generally independent of pH when using a low pressure (LP) UV light source because 

both species have similar absorptivities at 254 nm (Fig. 1.4). When UV-A, UV-B, or 

Fig. 1.2 Dependence of the ratio HOCl/OCl− on pH (pKa = 7.53) 
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polychromatic (i.e., MP UV) light sources are used, the photodecomposition of chlorine is faster 

at higher pH values because OCl− absorbs more light at λ > 254 nm (Fig. 1.4) [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The products of chlorine photolysis are also pH and wavelength dependent. The irradiation of 

HOCl at λ < 400 nm produces •OH and Cl• via homolytic cleavage (equation 10). Cl• can react 

with water to produce HOCl−• (equation 11), which can decompose to form additional •OH 

Fig. 1.3 The molar absorption coefficients (ε) of HOCl and OCl− as a function of wavelength. The spectra were 
collected using solutions of free available chlorine in ultrapure water adjusted to pH 6 (HOCl) and pH 9 (OCl−) 
using HCl and NaOH, respectively 

Fig. 1.4 Absorption spectra of chlorine as it varies with pH 
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(equation 12). At λ < 320 nm, the irradiation of OCl− produces predominantly O−• (equation 13) 

or excited singlet state oxygen atoms (O(1D); equation 14). O−• is the conjugate base of •OH 

(equation 15) with a pKa of 11.9, while O(1D) can produce •OH through reaction with water 

(equation 16). At λ > 320 nm, OCl− photolysis produces ground state oxygen atoms (O(3P)); 

equation 17), that react with O2 to form O3 (equation 18) [10].  

 

HOCl + hv → •OH + Cl•                                                (10) 

Cl• + H2O → HOCl−• + H+                                              (11) 

HOCl−• → •OH + Cl−                                                  (12) 

OCl− + hν → O−• + Cl•                                                 (13) 

OCl−  + hν → Cl− + O(1D)                                              (14) 

•OH ⇌ H+ + O−•                                                       (15) 

O(1D) + H2O → 2 •OH                                                 (16) 

OCl− + hν → Cl− + O(3P)                                               (17) 

O(3P) + O2 → O3                                                      (18) 
 

 

1.2.3 DPD COLORIMETRIC METHOD FOR THE DETERMINATION OF 

FREE CHLORINE 

 

When DPD comes in contact with reactive free chlorine, it reacts instantaneously to form two 

oxidation products (Fig. 1.5). At low chlorine concentrations, a relatively stable, semi-quinoid 

cationic compound known as a Würster dye is the primary oxidation product at near neutral pH. It 

has a deep pink/ magenta color. However, at relatively high chlorine concentrations, a relatively 

unstable, colorless imine compound is favored, which results in an apparent fading of the colored 

solution [13].  

 

 

 

 

 

Fig. 1.5 DPD-Chlorine Reaction Products 
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The colored Würster dye is measured photometrically at wavelengths ranging from 490 to 555 

nanometers (nm). The absorption spectrum (Fig. 1.6) exists of a doublet peak with maxima at 512 

and 553 nm. For maximum sensitivity, absorption measurements are made at 515 nm. The saddle 

between the peaks minimizes variation in wavelength accuracy between instruments and extends 

the working range of the test on some instruments [13]. 

 

 

 

 

 

 

 

 

 

 

 

Two standard DPD colorimetric methods generally are recognized in the international community. 

These are the Standard Methods 4500-Cl G and International Organization for Standardization 

(ISO) Method 7393/2. Both Standard Methods and ISO procedures call for liquid DPD reagents 

These reagents are inherently unstable, subject to oxidation from either atmospheric oxygen or 

dissolved oxygen present in the preparation water. This oxidation can be retarded by lowering the 

pH of the indicator solution using sulfuric acid (H2SO4). The liquid formulations also incorporate 

disodium ethylenediamine tetraacetate (Na2EDTA) in order to retard deterioration due to 

oxidation. In the test itself, Na2EDTA provides suppression of dissolved oxygen errors by 

preventing trace metal catalysis [13]. 

 

 

 

 

 

Fig. 1.6 Absorption Spectrum - DPD Würster Compound 
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1.2.3.1 INTERFERENCES IN THE DPD COLORIMETRIC METHOD 

 

1.2.3.1.1 CALIBRATION NON-LINEARITY 

 

As stated in section 1.2.3, the oxidation of DPD forms two oxidation products: the colored Würster 

dye and the colorless imine (Fig. 1.5). The proportion of colored to colorless compounds depends 

on the ratio of free chlorine to DPD indicator. At low concentrations of chlorine, the Würster dye 

product is favored, whereas, at high chlorine concentrations, the formation of the colorless imine 

is favored. As a result, it is necessary to maintain low chlorine to DPD indicator ratios in the system 

to minimize fading of the resulting color. The non-linearity of the calibration curve (Fig. 1.7) is 

attributed to the increased formation of the colorless imine product at high chlorine concentrations. 

The instability of the liquid DPD reagent is also a contributing factor to the non-linear chlorine 

calibration [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.7 Calibration Curve -  DPD Colorimetric Method 
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1.2.3.1.2 STABILITY OF THE WÜRSTER DYE 
 
At neutral pH, the colored Würster dye, a cationic free radical, formed on reaction of DPD, is 

relatively stable. Continued oxidation of the free radical will develop the unstable colorless imine 

compound and result in apparent fading of the reacted sample color over time. The potential for 

the free radical to polymerize and form insoluble products also has been cited as a possibility for 

reaction product instability. Limiting the oxidation of DPD to the Würster dye stage, it is important 

to optimize and control the ratio of indicator to oxidant. Dissolved oxygen in the sample can 

promote additional oxidation of the DPD colored product. Trace metals in the sample and exposure 

to light may catalyze the oxidation. Controlling the test pH is important because the reaction rate 

of DPD with oxygen is pH dependent. Ideally, the reaction pH should be lowered if controlled 

oxidation is the primary concern. Other factors, such as the presence of nitrites, must be 

considered. Nitrites can occur under certain anaerobic conditions, and their interference will 

increase with decreasing pH. A reaction pH controlled within the range of 6.0 to 6.8 is optimum 

for water and wastewater analyses. Interference from dissolved oxygen or nitrites present in the 

sample should be minimized [13]. 
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2. UV/CHLORINE AOP FOR THE DEGRADATION OF p-CRESOL 

 

2.1  MATERIALS AND METHODS 

 

2.1.1 CHEMICALS 

 

All solutions were prepared from reagent-grade chemicals and deionized water (18.2 Ω-cm) 

produced from a Milli-Q water purification system. All chemicals were obtained from commercial 

sources and used without further purification, including p-cresol (Acros, 99+%), sodium 

hypochlorite (NaOCl) solution (10–15 wt. %, reagent grade, Sigma-Aldrich), sodium thiosulfate 

(Na2SO4, Sigma Aldrich), DPD indicator (Sigma-Aldrich), disodium ethylenediamine tetraacetate 

(Na2EDTA, Sigma-Aldrich), and sulfuric acid. A p-cresol stock solution (10 mM) was prepared 

by adding the pure compound to deionized water and stirring overnight. A DPD indicator solution 

was prepared half hour before use. Glassware was washed and heated overnight at 550℃ prior to 

use.  

 

2.1.2 EXPERIMENTAL PROCEDURE 

 

All experiments were conducted in a cylindrical (14-cm diameter, 950-mL) glass batch reactor, 

equipped with LP UV lamp, UV fluence meter (Hamamatsu, H8025-254) and magnetic stirrer 

(Fig. 2.1). Stock solutions of p-cresol were prepared one day before use. The UV lamp (43-cm 

long) was turned on two hours before the experiments. The lamp position was 20 cm above the 

liquid level in the reactor. A quartz sleeve covered the lamp to cutoff wavelengths below 185 nm. 

Solution volume was 300 mL in all experiments (liquid depth was 2.00 cm). Experiments were 

initiated by exposing the reactor containing aliquots of NaOCl solution, p-cresol and phosphate 

buffer to UV light emitting primarily 254 nm. The measured UV fluence was 750 μW/cm2. 

Experiment duration depended on the initial chlorine concentration and experimental objectives 

but ranged from fifteen to sixty minutes. To monitor the transformation of p-cresol, sample 

aliquots were taken from the reactor periodically, and quenched with sodium thiosulfate, then 

analyzed. Samples for free chlorine were analyzed immediately after withdrawal using the DPD 
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colorimetric method (Section 1.2.3). The pH of the solution was measured throughout each 

experiment using a pH probe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.1.3 ANALYTICS 

 

The UV fluence was measured to be 750 μW/cm2 using a UV power meter (Hamamatsu UV power 

meter C8026). The concentration of p-cresol was measured by fluorescence spectrometry 

(PerkinElmer LS 55). The inner filter effect (IFE) caused by increasing light absorption and 

reabsorption of exiting fluorescence within the cuvette by light-absorbing compounds was 

corrected mathematically, accounting for the absorption spectrum of the sample [14]. Solution 

spectra were measured using a UV-Vis spectrophotometer (Thermo Science, Genesys 10s). The 

concentration of free chlorine was determined using the DPD colorimetric method discussed in 

section 1.2.4 using a UV-Vis spectrophotometer (Thermo Science, Genesys 10s). 

Fig. 2.1 Illustration of the UV/Chlorine experimental set-up 
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2.2  RESULTS AND DISCUSSION 

 

2.2.1 PHOTODECOMPOSITION OF FREE CHLORINE 

 

The photodecomposition of FC was measured under LP-UV irradiation in a 10 mM phosphate 

buffer solution (PBS) at pH 6, 7 and 9. As shown in Figs. 2.2 and 2.3, the kinetics of FC 

photodecomposition were first order in FC concentration and independent of solution pH. The rate 

constants (kobs) were obtained from the FC concentrations profiles using rate equations for first-

order kinetics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As shown in Fig. 2.3, FC decomposed at similar rates (kobs = 0.015−0.017 min−1) under UV254 

irradiation across the pH range tested. The photodecomposition rate of FC can be expressed by 

equation 19 [15], where [TOTOCl] is the total concentration of FC, and kHOCl and kOCl
- are the 

photodecomposition rate constants of HOCl and OCl− species, respectively. 

 

−
[ ]

= 𝑘 [𝑇𝑂𝑇 ] = 𝑘 [𝐻𝑂𝐶𝑙] + 𝑘 [𝑂𝐶𝑙 ]                           (19)                                                                 

 

Fig. 2.2 Photodecomposition of FC under UV254 irradiation at pH 6-9. Reactions employed 45 μM initial FC 
concentration in 10 mM PBS 
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Equations 20 and 21 express kHOCl and kOCl
− as a function of average quantum yield (Φ, 

mol·Einstein-1, defined as the quantum yield at 254 nm), molar absorptivity (ε, M−1·cm−1), fluence 

rate (I, Einstein·L−1·s−1), and light path length (l, cm) [15]. The speciation of FC (i.e., [HOCl] and 

[OCl−]) was calculated based on the pKa for deprotonation of hypochlorous acid in water (7.53) 

and measured pH values. Quantum yield values were calculated from equations 20 and 21: ΦHOCl 

= 0.62 mol−1·Ein−1 and ΦOCl
− = 0.55 mol−1·Ein−1, which is in agreement with previous work [12]; 

kHOCl ≈ kOCl
− and 𝜀  ≈  𝜀   

 

 𝑘 =  ∅ ∙ ∑ 𝜀  𝐼  ∙ 𝑙 ∙ 2.303                                       (20) 

𝑘 =  ∅ ∙ 𝜀  𝐼  ∙ 𝑙 ∙ 2.303                                       (21) 

 

With the calculated quantum yields, a model built using MATLAB® was able to predict 

photodecomposition of FC leading to radical production under UV254 irradiation (Section 3.1.2). 

 

Fig. 2.3 Photodecomposition rate constants for free chlorine decomposition under UV254 irradiation at pH 6-9. 
Error bands represent standard deviations from triplicates. Reactions employed 45 μM initial FC concentration in 
10 mM PBS 



xxviii 
 

2.2.2 COMPARISON OF p-CRESOL DEGRADATION BY UV 

PHOTOLYSIS, DARK CHLORINATION, UV/CHLORINE AND 

UV/H2O2 AOP 

 

Fig. 2.4 shows the time-dependent degradation of p-cresol by UV direct photolysis, dark 

chlorination, and UV/chlorine AOP including the direct photolysis and dark chlorination 

contribution. UV/H2O2 AOP results under equivalent chemical conditions and light intensities and 

pH 6 are included for comparison. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Only 14.7% and 14.1% of p-cresol were degraded after 30 min by UV direct photolysis and dark 

chlorination, respectively, confirming the amenability of p-cresol to UV photolysis and 

chlorination. Since the concentrations of free chlorine species and H2O2 is consistent over 30 mins, 

we can say that the p-cresol degradation by the UV/chlorine AOP and the UV/H2O2 AOP followed 

Fig. 2.4 Comparison of the time-dependent p-cresol degradation in Milli-Q water by UV direct photolysis, dark 
chlorination, the UV/chlorine AOP and the UV/H2O2 AOP. Conditions: pH 6, [PC]0 = 10 μM, [H2O2]0 = 45 μM, 
[FC]0 = 45 μM, UV fluence rate = 750 μW cm-2 
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pseudo first-order kinetics with rate constants of and 0.1439 min-1 and 0.0247 min-1. The 5.8x 

greater rate constant of the chlorine pathway can be partially explained by greater radical 

production in the UV/chlorine AOP than in the UV/H2O2 AOP at pH 6. The quantum yields of 

HOCl, OCl- and H2O2 under UV254 irradiation are 0.62, 0.55 and 0.5 mol−1·Ein−1, respectively. 

Respective molar absorption coefficients of HOCl, OCl− and H2O2 are 59, 66 and 19.6 M-1cm-1. 

The moderately higher quantum yields, and much higher molar absorption coefficients 

corresponding to chlorine species led to greater radical production rates in the UV/chlorine AOP. 

The contribution of the radical-dependent process to the overall removal of p-cresol is obvious 

from the comparison of UV/chlorine AOP result with that of the dark control (Fig. 2.4). 

 

2.2.3 EFFECT OF CHLORINE DOSE ON UV/CHLORINE AOP  

 

Fig. 2.5 shows the effect of chlorine dosage (0 -100 μM) on the degradation of p-cresol by the 

UV/chlorine AOP. The pseudo first-order rate constants (ko,PC) of the p-cresol degradation 

increased monotonically from 0.041 min-1 (6.81 x 10-4 s-1) to 0.33 min-1 (5.44 x 10-3 s-1) with 

increasing chlorine dosage from 10 μM to 100 μM, as shown in the inset of Fig. 2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2.5 Time-dependent p-cresol degradation in Milli-Q water by the UV/chlorine AOP at different chlorine 
dosages. The inset shows the pseudo-first order rate constants as a function of chlorine dosages. Conditions: pH 
6, [PC]0 = 10 μM, [FC]0 = 0-100 μM, UV fluence rate = 750 μW cm-2 

FC concentration (µM) 
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However, ko,PC increased more gradually with increasing chlorine dosage at chlorine dosages 

above 75 µM. This is because chlorine also consumed •OH and Cl• (equations 22, and 23, 24 and 

25). The HOCl dose affects the production of HO• and Cl•, but excess HOCl will also scavenge 

the two radicals. Both Cl• and •OH react with HOCl six times slower than they do with p-cresol 

(equation 24 vs equation 26 and equation 22 vs equation 27) under the test conditions. The stronger 

•OH scavenging by HOCl results in a slower increase in the pseudo-first-order rate constant of 

•OH than in that of Cl• with increasing HOCl dose [16]. 

 

•OH + HOCl → ClO• + H2O                                            k22 = 2.0 x 109 M-1s-1                         (22) 

•OH + OCl− → ClO• + OH−                                             k23 = 8.8 x 109 M-1s-1                         (23) 

Cl•+ HOCl → H+ + Cl− + ClO•                                         k24 = 3.0 x 109 M-1s-1                         (24) 

Cl• + OCl− → Cl− + ClO•                                                   k25 = 8.2 x 109 M-1s-1                         (25) 

Cl• + p-cresol → product                                                    k26 = 1.81 x 1010 M-1s-1                      (26) 

•OH + p-cresol → product                                                  k27 = 1.20 x 1010 M-1s-1                      (27) 

 

2.2.4 EFFECT OF INITIAL p-CRESOL DOSE ON UV/CHLORINE AOP  

 

The pseudo-first-order p-cresol degradation rate constant decreased as the p-cresol concentration 

increased (Fig. 2.6). Figure 2.6 shows the pseudo-first-order rate constants of p-cresol degradation 

at different p-cresol concentrations (10, 25, 50 μM) and pH 6. The pseudo-first-order rate constants 

of p-cresol degradation decreased from 6.1 × 10−3 s−1 to 1.3 × 10−3 s−1 as the p-cresol concentration 

increased from 10 μM to 50 μM. In equations 27 and 26, k27 and k26 are the rate constants of p-

cresol reacting with •OH and Cl•, respectively. The increasing p-cresol concentration reduces the 

steady-state concentrations of •OH and Cl•, and thus the pseudo-first-order rate constant for p-

cresol degradation is also reduced. Moreover, as k26 is higher than k27, the increasing p-cresol 

dosage consumed more Cl• than •OH, leading to the relatively faster decrease in the pseudo-first-

order rate constant of Cl• reacting with p-cresol than that of •OH. 
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2.2.5 EFFECT OF SOLUTION pH ON p-CRESOL PHOTOLYSIS 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Pseudo-first order rate constant in Milli-Q water by the UV/chlorine AOP at different initial p-cresol 
dosages. Conditions: pH 6, [PC]0 = 10 μM, 25 μM and 50 μM, [FC]0 = 45 μM, UV fluence rate = 750 μW cm-2 

Fig. 2.7 Time-dependent photodegradation of p-cresol in Milli-Q water at different pH. The inset shows the 
pseudo-first order rate constants as a function of pH. Conditions: pH = 6, 7 and 9, [PC]0 = 10 μM, UV fluence 
rate = 750 μW cm-2 
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The rate of photodegradation of p-cresol under UV254 decreased as the pH concentration increased 

(Fig. 2.7). The pseudo-first-order rate constant for p-cresol photodegradation decreased from 

0.0058 min−1 to 0.0021 min−1 as the pH increased from 6 to 9. When p-cresol is dissolved in water, 

hydrogen bonding is involved in the interaction between hydrogen ions present in water and the 

oxygen of the hydroxyl group (-OH) [18] (Fig. 2.8). Electron sharing in the hydrogen bond 

weakens the C-O bond of p-cresol, which ultimately leads to its photodegradation [19]. H+ are 

involved in this hydrogen bonding process, and hence the lower the pH, the faster is the 

photodegradation of p-cresol. 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.6 EFFECT OF SOLUTION pH ON p-CRESOL DARK CHLORINATION 

 
The formation of chlorinated by-products is directly related to the amount of p-cresol transformed 

under dark chlorination. The dark chlorination of p-cresol was investigated at pH 6, 7 and 9. As 

shown in Fig. 2.9, The first-order rate constants (ko,DC) of the p-cresol dark chlorination increased 

monotonically from 0.005 min-1 to 0.093 min-1 with increasing pH from 6 to 9. These results 

indicate that pH plays a vital role in the chlorination of p-cresol and probably the formation of 

chlorinated by-products. Typically, chlorination of phenols takes place by electrophilic 

substitution where a hydrogen atom leaves the phenolic ring as H+ and gets replaced by an 

electrophile, in this case, chlorine (Cl) (Fig. 2.10) [20]. 

Fig. 2.8 H-Bonding in p-cresol 
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From Fig. 2.10, it is clear that when p-cresol converts to chlorocresol, H+ is released from its 

phenolic ring into the solution. Thus, the pH would affect the equilibrium and overall free energy 

change of this reaction. In contrast to the solutions at pH 7 (neutral) and pH 9 (alkaline), it is more 

difficult to release H+ if the solution is at pH 6 (acid), thus hindering this reaction [20]. 

Fig. 2.9 Time-dependent dark chlorination of p-cresol in Milli-Q water at different pH. The inset shows the pseudo-
first order rate constants as a function of pH. Conditions: pH = 6, 7 and 9, [PC]0 = 10 μM, [FC]0 = 45 μM 

Fig. 2.10 Dark chlorination of p-cresol 

+    HOCl 
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2.2.7 EFFECT OF SOLUTION pH ON UV/CHLORINE AOP 

 

The effect of pH on the transformation of p-cresol by UV/Chlorine AOP was investigated at pH 

6, 7 and 9 in 10 mM PBS. The increase in pH from 6 to 7 resulted in a decrease in the degradation 

of p-cresol, whereas, an increase in the pH from 7 to 9 resulted in an increase in p-cresol 

degradation (Fig. 2.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As discussed in Section 2.2.1, the degradation of p-cresol was primarily due to •OH and Cl•, which 

were produced by the photodecomposition of FC. Under UV254, the production rates of •OH and 

Cl• were independent of pH. However, the rate of direct photolysis of p-cresol under UV254 

decreased as the pH increased (Section 2.2.5) which explains the decrease in the degradation of p-

cresol as the pH is increase from 6 to 7. As far as the increase in p-cresol degradation from pH 7 

to 9 is concerned, we have to look at the effect of pH on the dark chlorination of p-cresol (Section 

2.2.6). The first-order rate constant of the p-cresol dark chlorination increases monotonically with 

increasing pH. This effect supersedes the effect of pH on p-cresol photolysis at pH 9 which results 

in an increase in degradation at pH 9.  

Fig. 2.11 Comparison of the time-dependent p-cresol degradation in Milli-Q water by the UV/chlorine. The inset 
shows the pseudo-first order rate constants as a function of pH. Conditions: pH = 6, 7 and 9, [PC]0 = 10 μM, [FC]0 
= 45 μM, UV fluence rate = 750 μW cm-2 
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2.2.8 EFFECT OF SECONDARY EFFLUENT ON p-CRESOL 

TRANSFORMATION 

 

2.2.8.1 CHLORINE-FREE EXPERIMENTS 
 

Secondary effluent was collected from the Agua Nueva Water Reclamation Facility and used as 

the medium (instead of buffered deionized water) for additional UV/Chlorine AOP experiments. 

After 60 mins of irradiation under UV254, 26% of the p-cresol was degraded in Milli-Q Water as 

compared to 16% in the secondary effluent (Fig. 2.12).  This can be explained in part by the effect 

of turbidity on the light penetration through the solution. As turbidity increases, the penetration of 

the light through the solution decreases (light screening or shading effect). The rate of direct 

photolysis of p-cresol depends on the amount of light absorbed and the quantum yield. In the 

secondary effluent, DOM can compete with the p-cresol to absorb the UV light, thus reducing the 

amount of light absorbed by p-cresol that is required for direct photolysis. In chlorine-free Milli-

Q water, the photodegradation of p-cresol takes place solely by direct photolysis. In the case of 

secondary effluent, however, the photodegradation of p-cresol can occur by both direct photolysis 

– direct photon absorption – and indirect photolysis –attack on p-cresol by reactive (singlet oxygen 

(ROS) and by effluent organic matter (EfOM) triplet state intermediates that are produced by 

dissolved organic matter (DOM) light absorption. However, direct photolysis of p-cresol in Milli-Q 

water is faster than rate observed in the combined photochemical methods in wastewater (Fig. 2.12).  

 

 

 

 

 

 

 

 

 

 

 Fig. 2.12 Direct photolysis of p-cresol under UV254 in Milli-Q Water and Secondary Effluent. Conditions: pH 6, 
[PC]0 = 10 μM, UV fluence rate = 750 μW cm-2 
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2.2.8.2 UV/CHLORINE AOP EXPERIMENTS 
 

DOC and ammonia present in secondary effluent can scavenge •OH and •Cl and can also react 

directly with free chlorine, thus decreasing the degradation rate of p-cresol during UV/Chlorine 

AOP. To elucidate the effect of secondary effluent on the degradation of p-cresol by the 

UV/Chlorine AOP, secondary effluent was collected from the Agua Nueva Water Reclamation 

Facility. After 60 mins of irradiation under UV254, as shown in Fig. 2.13, the degradation of p-

cresol decreased significantly in the secondary effluent. This can be attributed at least in part, to 

consumption of about 50% of the free chlorine during the first 2 mins of reaction time (Fig. 2.14), 

decreasing the production of •OH and •Cl. NOM absorb light at 254 nm, thus the rate of free 

chlorine photolysis to produce •OH and •Cl is also reduced due to light shading. The reported rate 

constants for the reaction of NOM with •OH and •Cl were 2.5 ×104 (mg/L)−1 s−1 and 1.3× 104 

(mg/L) −1 s−1, respectively [17]. NOM also reacts with free chlorine with a pseudo-first-order rate 

constant of 3 × 10−5 s−1 [17]. Since NOM competes with p-cresol to consume •OH, •Cl, and 

chlorine, it in turn reduces the concentrations of radicals, which decreases the observed pseudo-

first-order rate constant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2.13 Time-dependent p-cresol degradation in Milli-Q water and secondary effluent by the UV/chlorine AOP 
under UV254. Conditions: pH 6, [PC]0 = 10 μM, [FC]0 = 45 μM, UV fluence rate = 750 μW cm-2. 
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3. MATHEMATICAL MODELING OF p-CRESOL TRANSFORMATION 

KINETICS 

 

A mathematical model was established based on the hypothesis that the degradation of p-cresol in 

the UV/chlorine process by direct photolysis and by reaction with •OH, Cl•, and ClO• from the 

photolysis of chlorine, while the contribution of other radicals such as ClOH•−, O•−, and Cl2•− can 

be neglected due to their low reactivity with p-cresol. The degradation rates of p-cresol by free 

chlorine alone is 0.0136 min−1 (obtained in this work), which contributes 14.1% to overall rate of 

degradation at pH 6. The proposed kinetic model for the transformation of p-cresol during the 

UV/Chlorine AOP consists of 88 reactions (Table 2.1). Rate constants obtained from the literature, 

or as indicated. Since the reactor was open to atmosphere, the initial carbon dioxide concentration 

was assumed to be at equilibrium with atmospheric carbon dioxide. Calculations showed that the 

scavenging effect of carbonate species was negligible in the range of the experiments. 

 

Fig. 2.14 Time-dependent FC and p-cresol consumption in Milli-Q water and secondary effluent by the UV/chlorine 
AOP under UV254. Conditions: pH 6, [PC]0 = 10 μM, [FC]0 = 45 μM, UV fluence rate = 750 μW cm-2. 
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Table 2.1 Elementary Reactions in the UV/Chlorine System 

No. Reaction Rate Constant Reference 

 
 
 
 
 
Kphoto 

 
 

HOClhυ OH  Cl  

OCl- hυ O-  Cl 

rUV,FC = ΦI0fFCFs/[FC] 

Φ = quantum yield of FC, 
mole∙Einstein-1; 

I0 = light 
intensity, 
Einstein∙L-1∙s-1; 

Fs = fraction of 
light absorbed by 
FC; 

[FC] = concentration of 
FC, M. 

 

Kw H2O ⇌ H+ + OH- 1.0 × 10-14 9 

Kc H2CO3 ⇌ HCO3
- + H+ 1.0 × 10-6.35 9 

Kbc HCO3
-⇌ CO3

2- + H+ 4.48 × 10-11 9 

Koa COOHCOO-⇌ (COO)2
2- + H+ 6.31 × 10-5 9 

Kaa CH3COOH⇌ CH3COO- + H+ 1.74 × 10-5 9 

K2 HOCl ⇌ H+ + OCl- 2.95 × 10-8 22 

K3  ∙OH ⇌ O2∙
-+ H+ 1.26 × 10-12 9 

K4 HCl ⇌ H+ + Cl- 1.73 × 106 22 

1 p-cresol + ∙OH → MC 1.20 × 1010 M-1s-1 9 

2 ∙OH + H2O2 → O2∙
-+ H+ + H2O 2.70 × 107 M-1s-1 9 

3 ∙OH + HO2
∙- → O2∙

- + H2O 7.50 × 109 M-1s-1 9 

4 ∙OH + HCO3
- → CO3

∙- +H2O 8.6 × 106 M-1s-1 M-1s-1 9 

5 ∙OH + CO3
2- → CO3

∙- + OH- 3.9 × 108 M-1s-1 9 

6 ∙OH + HO2
∙ → O2 + H2O 6.6 × 109 M-1s-1 9 

7 ∙OH + O2
∙- → O2 + OH- 7.0 × 109 M-1s-1 9 

8 ∙OH + ∙OH → H2O2
 5.5 × 109 M-1s-1 9 
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9 ∙OH + CO3
2- → CO3

∙- + OH- 3.0 × 109 M-1s-1 9 

10 O2∙
- 
 + H2O2 → ∙OH + O2 + OH- 1.3 ×10-1 M-1s-1 9 

11 O2∙
- + CO3∙

- → CO3
2- + O2

 6.0 × 108 M-1s-1 9 

12 O2∙
- + HO2

∙ → HO2
- + O2

 9.7 × 107 M-1s-1 9 

13 HO2
∙ + HO2

∙ → H2O2 + O2
 8.3 × 109 M-1s-1 9 

14 HO2
∙ + H2O2 → O2 + ∙OH + H2O 3.0 M-1s-1 9 

15 H2O2 + CO3∙
- → HCO3

- + O2∙
- + H+ 8.0 × 105 M-1s-1 9 

16 HO2
- + CO3∙

- → HCO3
- + O2∙

- 3.0 × 107 M-1s-1 9 

17 CO3
∙-+ CO3

∙- → 2 CO3
2- 3.0 × 107 M-1s-1 9 

18 CO2 (aq) + H2O → H2CO3 3.9 × 10-2s-1 9 

18r H2CO3 → CO2 (aq) + H2O 2.30 × 101s-1 9 

19 H2CO3 → HCO3
- + H+ 2.5 × 104s-1 9 

19r HCO3
- + H+ → H2CO3

 5.0 × 1010s-1 9 

20 H2O2 → H+ + HO2
- 1.3 × 10-1s-1 9 

20r H+ + HO2
- → H2O2

 5.0 × 1010s-1 9 

21 HO2
∙ → H+ + O2

∙- 7.9 × 105 s-1 9 

21r H+ + O2∙
-→ HO2∙ 5.0 × 1010 M-1s-1 9 

22 MC + ∙OH → MB 1.6 × 1010 M-1s-1 9 

23 MB + 2 ∙OH → MUA 2.0 × 1010 M-1s-1 9 

24 MUA + 2 ∙OH → MAA + OI 5.0 × 108 M-1s-1 9 

25  MAA + 2 ∙OH → OI + LI 6.0 × 109 M-1s-1 9 

26 OI (HOOCCOO-) + ∙OH → ∙OOCCOO- + H3O+ 4.7 × 107 M-1s-1 9 

27 LI + ∙OH → AI + CO2 + H2O 3.0 × 108 M-1s-1 9 

28 AI(CH3COO-) + ∙OH → FI + CO2 + OH- 8.5 × 107 M-1s-1 9 
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29 FI + ∙OH → CO2 + H2O + ∙H 9.77 × 107 M-1s-1 9 

30 OI (-OOCCOO-) + ∙OH → ∙OOCCOO- + OH- 7.7 × 106 M-1s-1 9 

31 AI(CH3COOH) + ∙OH → FI + CO2 + H2O 1.23 × 108 M-1s-1 9 

32 2 ∙OOCCOO- → CO2 + -OOCCOO- 5.0 × 108 M-1s-1 9 

33 HOCl → H+ + OCl- 1.4 × 103 s-1 22 

34 Cl∙+ Cl- → Cl2
 8.5 × 109 M-1s-1 22 

35 Cl2
∙-→Cl∙ + Cl- 6.0 × 104 M-1s-1 22 

36 ∙OH + Cl- → ClOH∙- 4.3 × 109 M-1s-1 22 

37 ClOH∙- → ∙OH + Cl- 6.1 × 109 s-1 22 

38 ClOH∙- → Cl∙ + OH- 23 s-1 22 

39 ClOH∙- + H+ → Cl∙ + H2O 2.1 × 1010 M-1s-1 22 

40 ClOH∙- + Cl- → Cl2
∙- + OH- 1.0 × 104 M-1s-1 22 

41 ∙OH + HOCl → ClO∙ + H2O 2.0 × 109 M-1s-1 22 

42 ∙OH + OCl- → ClO∙ + OH- 8.8 × 109 M-1s-1 15 

43 ∙OH + OH- → O2∙
- + H2O 1.3 × 1010 M-1s-1 15 

44 Cl∙+ HOCl → ClO∙ + H+ + Cl- 3.0 × 109 M-1s-1 15 

45 Cl∙ + OCl-→ ClO∙ + Cl- 8.3 × 109 M-1s-1 15 

46 Cl∙+ OH-→ ClOH∙- 1.8 × 1010 M-1s-1 15 

47 Cl2
∙- + OH- → Cl- + ClOH∙- 4.5 × 107 M-1s-1 22 

48 O2∙
- + H2O → OH + OH- 1.8 × 106 M-1s-1 22 

49 p-cresol + Cl∙ → product 1.8 × 1010 M-1s-1 23 

50 p-cresol + ClO∙ → product 1.55 × 106 M-1s-1 This Study 

51 Cl2 → 2 Cl∙ 2.30 × 10-3 s-1 15 

52 Cl2 + Cl- → Cl3
- 2.0×104 M-1s-1 15 
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53 Cl-+ HOCl → ClOH2
- 1.5 × 104 M-1s-1 15 

54 Cl∙ + H2O2 → HO2∙ + Cl- + H+ 2.0 × 109 M-1s-1 22 

55 Cl∙+ Cl- → Cl2 8.5×109 M-1s-1 22 

56 Cl∙+ H2O → HClOH∙ 2.5×105 M-1s-1 22 

57 Cl∙ + CO3
2- → CO3

∙- + Cl- 5.0 × 108 M-1s-1 22 

58 Cl∙ + HCO3
- → CO3

∙- + HCl 2.2 × 108 M-1s-1 22 

59 Cl2
∙- + HO2

∙ → O2 + 2 Cl-+ H+ 3.0 ×109 M-1s-1 22 

60 Cl2
∙- + O2

∙- → O2 + 2 Cl- 2.0 ×109 M-1s-1 22 

61 Cl2
∙- + Cl2

∙- → Cl2 + 2Cl- 9.0 × 108 M-1s-1 22 

62 Cl2∙- + H2O2 → HO2∙ + 2Cl- + H+ 1.4 × 105 M-1s-1 22 

63 Cl2
∙- + H2O → Cl- + HClOH 23.38 M-1s-1 22 

64 Cl2
∙- + ∙OH → HOCl + Cl- 1.0 × 109 M-1s-1 22 

65 Cl2∙- + HCO3
- → 2 Cl- + CO3∙

- + H+ 8.0 × 107 M-1s-1 22 

66 Cl2∙- + CO3
2- → 2 Cl- + CO3∙

-  1.6 × 108 M-1s-1 22 

67 Cl2
∙- + Cl∙ → Cl2 + Cl- 2.1 × 109 M-1s-1 22 

68 HClOH∙ → ClOH∙- + H+ 1.0 × 108 M-1s-1 15 

69 HClOH∙ → Cl∙ + H2O 1.0 × 102 M-1s-1 15 

70 HClOH∙ + Cl- → Cl2∙
- + H2O 5.0 × 109 M-1s-1 15 

71 Cl3
- + HO2

∙ → Cl2
∙- + HCl + O2 1.0 × 109 M-1s-1 15 

72 Cl3
-+ O2

∙- → Cl2
∙-+ Cl- + O2 3.8 × 109 M-1s-1 15 

73 Cl3
- → Cl2 + Cl- 1.1 × 105 M-1s-1 22 

74 Cl2 + O2∙
-→ O2 + Cl2∙

- 1.0 ×1 09 M-1s-1 22 

75 Cl2 + HO2
∙ → H+ + O2 + Cl2

∙- 1.0 × 109 M-1s-1 22 
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76 Cl2 + H2O → Cl2OH- + H+ 15 M-1s-1 22 

77 Cl2 + H2O2 → O2 + 2 HCl 1.3 × 104 M-1s-1 22 

78 Cl2OH- + H+ → Cl2
 + H2O 2.0 × 1010 M-1s-1 22 

79 Cl2OH- → HOCl + Cl- 5.5 × 109 s-1 22 

80 HOCl + O2
∙-→ Cl∙ + OH- + O2 7.5 × 106 M-1s-1 22 

81 HOCl + HO2
∙ → Cl ∙ + OH- + O2 7.5 × 106 M-1s-1 22 

82 HOCl + H2O2 →HCl + H2O + O2 1.1 × 104 M-1s-1 22 

83 OCl- + O2∙
- + H2O → Cl∙+ 2OH- + O2 2.0 × 108 M-1s-1 22 

84 OCl-+ H2O2 → Cl- + H2O + O2 1.7 × 105 M-1s-1 22 

85 OCl- + CO3∙
-→ OCl∙ + CO3

2- 5.7 × 105 M-1s-1 22 

86 OCl∙ + OCl∙ → Cl2O2 2.5 × 109 M-1s-1 22 

87  p-cresol + HOCl → product  0.09 M-1s-1 24 

88  p-cresol + HOCl + H+ → product  1.69 × 103 M-2s-1 24 

 

 

Based on the quasi steady-state approximation, the kinetics of p-cresol degradation in the 

UV/chlorine system can be modeled as follows (equation 28): 

 

−
d[PC]

dt
= (k [∙ OH] + k [Cl ∙] + k [ClO ∙] )[PC] 

                                                      = k ,  [PC]                                                                                  (28) 

 

where [OH]ss is defined as the steady-state concentration of OH, [Cl]ss the steady-state 

concentration of Cl[ClO]ss the steady-state concentration of ClO and k ,   the overall pseudo-

first-order rate constant of p-cresol degradation. It is assumed that OH is formed from the 

photolysis of HOCl and the conversion of H2O2, O2∙- and HO2
∙to OH; Cl from the photolysis of 
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HOCl, OCl- and Cl2 and the conversion of HOCl, OCl-, ClOH- and HClOH to Cl; ClO from the 

reaction between OH and HOCl/OCl- and Cl and HOCl/OCl-. 

 

The primary photolytic rate (rdirect) for a species C, in irradiated water can be formulated by 

combining the photochemical/physical factors characteristic of the species itself and the relevant 

environmental factors (equation 29) [21]:  

 

⟨𝑅 , ⟩ = − ∅  𝑓  𝐼 (1 − 𝑒 )                             (29) 

 

where ∅  = quantum yield of species C 

           𝑓  = fraction of light absorbed by species C 

           𝐼  = surface fluence rate  

           𝛼 = 2.303 A; 

           𝐴 = (𝜀  [𝐻𝑂𝐶𝑙] +  𝜀 [𝑂𝐶𝑙 ] +  𝜀 [𝐶𝑙 ] +   

                   𝜀 [𝐻 𝑂 ] +  𝜀 [𝑃𝐶] +  𝜀 [4𝑀𝐶] + 𝜀 [4𝑀𝐵]) 

          𝑙 = path length  

 

Similar equations can be written for the other species undergoing photolysis. The model also 

encompasses radical reactions and acid-base equilibrium reactions and is based on a mass balance 

of all species present in the system. 
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3.1  MODEL RESULTS 
 

3.1.1 PHOTOLYSIS OF p-CRESOL 
 

Fig. 3.1 provides the predicted and experimental photodecomposition curves for p-cresol 

photolysis in an experiment carried out at pH 6 and initial p-cresol concentration of 10 µM in 

10mM PBS. Model calculations include the fluence rate determined and the quantum yields for p-

cresol. The experimental results are accurately predicted by the model. 

 

3.1.2 PHOTODECOMPOSITION OF FREE CHLORINE 
 

Fig. 3.2 provides the predicted and experimental photodecomposition curves for FC in an 

experiment carried out at pH 6 and initial FC concentration of 45 µM in 10mM PBS. Model 

calculations include the fluence rate determined and the quantum yields for HOCl, OCl-, and Cl2. 

The experimental results are accurately predicted by the model under a variety of chemical 

conditions. 

 

3.1.3 UV/CHLORINE AOP 
 

Fig. 3.3 provides the predicted and experimental photodecomposition curves for the degradation 

of p-cresol in an experiment carried out at pH 6, initial p-cresol concentration of 10 µM and initial 

FC concentration of 75 µM in 10 mM PBS. Model calculations include the fluence rate determined 

and the quantum yields for p-cresol, HOCl, OCl-, and Cl2. The experimental results are accurately 

predicted by the model. On the other hand, Fig. 3.4 provides the predicted and experimental 

photodecomposition curves for the consumption of FC in an experiment carried out at pH 6, initial 

p-cresol concentration of 10 µM and initial FC concentration of 75 µM in 10 mM PBS. Model 

calculations include the fluence rate determined and the quantum yields for p-cresol, HOCl, OCl-

, and Cl2. In all conditions, the experimental results are accurately predicted by the model. 

 

 

 



xlv 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 3.2 Photodecomposition of FC under UV254 irradiation at pH 6. Reactions employed 45 μM initial FC 
concentration in 10 mM PBS. Solid line: model predictions obtained from a fit of model results 

Fig. 3.1 Photolysis of p-cresol under UV254 irradiation at pH 6. Reactions employed 10 μM initial p-cresol 
concentration in 10 mM PBS. Solid line: model predictions obtained from a fit of model results 
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Fig. 3.3 Decomposition of p-cresol under UV254 irradiation at pH 6. Reactions employed 75 μM initial FC 
concentration and 10 μM p-cresol in 10 mM PBS. Solid line: model predictions obtained from a fit of model 

Fig. 3.4 Consumption of FC under UV254 irradiation at pH 6. Reactions employed 75 μM initial FC concentration 
and 10 μM p-cresol in 10 mM PBS. Solid line: model predictions obtained from a fit of model results 
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4. CONCLUSION 

The degradation of p-cresol by the UV/Chlorine AOP followed pseudo first-order kinetics. It is 

more effective than UV irradiation or dark chlorination alone. The pseudo first-order rate constant 

was 5.7 times higher for the UV/Chlorine AOP than for the UV/ H2O2 AOP for a given chemical 

molar dosage at pH 6. The degradation of p-cresol increased monotonically from 0.041 min-1 to 

0.33 min-1 with increasing chlorine dosage from 10μM to 100μM. The degradation by the 

UV/Chlorine AOP was sensitive to chlorine dosage, p-cresol dosage, solution pH and NOM. 

Increasing pH from 6 to 7 decreased the pseudo-first order rate constant from 0.15 min-1 to 0.12 

min-1, whereas increasing the pH from 7 to 9 increased the pseudo-first order rate constant from 

0.12 min-1 to 0.18 min-1. The model validated that the degradation of p-cresol in the UV/chlorine 

process mainly depends on •OH, Cl•, and ClO• from the photolysis of free chlorine, while the 

contribution of other radicals such as ClOH•−, O•−, and Cl2•− can be neglected due to their low 

reactivity with p-cresol. Using the model, the reaction rate constant of the reaction of ClO• with 

p-cresol was determined to be 1.55 × 106 M-1s-1. However, the identification and quantification of 

disinfection by-products is on upmost importance followed by assessment of toxicity using a bioassay 

of the chlorinated by-products.   



xlviii 
 

5. REFERENCES 

 

1. National Center for Biotechnology Information. PubChem Compound Database; CID=72385, 

https://pubchem.ncbi.nlm.nih.gov/compound/72385  

2. National Center for Biotechnology Information. PubChem Compound Database; CID=1752, 

https://pubchem.ncbi.nlm.nih.gov/compound/1752   

3. Vera, M., Wright, L.H., Lumpkin., M.S., 2001. Methods for the analysis of alkylphenol 

ethoxylates and derivatives. Presented at American Chemical Society 221st National Meeting, 

San Diego, CA. 

4. Priac, A., Crini, N.M., Druart, C., Gavoille, S., 2017. Alkylphenol and alkylphenol 

polyethoxylates in water and wastewater: A review of options for their elimination. Arabian J. 

Chem. 10, S3749-S3773. 

5. Deng, Y., Zhao, R., 2015. Advanced Oxidation Processes (AOPs) in Wastewater Treatment. 

Curr Pollution Rep. 1, 167-176. 

6. Ameta, S., Ameta, R., 2018. Advanced Oxidation Processes for Wastewater Treatment, 

Academic Press: London, UK. 

7. Kommineni, S., Zoeckler, J., Stocking, A., Liang, S., Flores, A, Kavanaugh, M., 2008. 

Advanced oxidation processes. National Water Research Institute. 111-208. 

8. National Center for Biotechnology Information. PubChem Compound Database; CID=784, 

https://pubchem.ncbi.nlm.nih.gov/compound/784  

9. Zhang, T., Cheng, L., Ma, L., Meng, F., Arnold, R., Saez, A.E., 2016. Modeling the oxidation 

of phenolic compounds by hydrogen peroxide photolysis. Chemosphere. 161, 349-357. 

10. Remucal, C.K., Manley, D., 2016. Emerging investigators series: the efficacy of chlorine 

photolysis as an advanced oxidation process for drinking water treatment. Environ. Sci.: Water 

Res. Technol. 2, 565-579. 

11. Feng, Y., Smith, D.W., Bolton, J.R., 2007. Photolysis of aqueous free chlorine species (HOCl 

and OCl–) with 254 nm ultraviolet light. J. Environ. Eng. Sci. 6(3), 277-284. 

12. Chuang, Y.H., Chen, S., Chinn, C.J., Mitch, W.A., 2017. Comparing the UV/Monochloramine 

and UV/Free Chlorine Advanced Oxidation Processes (AOPs) to the UV/Hydrogen Peroxide 

AOP Under Scenarios Relevant to Potable Reuse. Environ. Sci. Technol. 51(23), 13859-13868. 



xlix 
 

13. Harp, D.L., 2002. Current Technology of Chlorine Analysis for Water and Wastewater, USA: 

Hach Company. 1-30. 

14. MacDonald, B.C., Lvin, S.J., Patterson, H., 1997. Correction of fluorescence inner filter effects 

and the partitioning of pyrene to dissolved organic carbon. Anal. Chim. Acta. 338, 155-162. 

15. Sun, P., Lee W.N., Zhang, R., Huang, C.H., 2016. Degradation of DEET and Caffeine under 

UV/Chlorine and Simulated Sunlight/Chlorine Conditions. Environ. Sci. Technol. 50(24), 

13265-13273. 

16. Fang, J., Fu, Y., Shang, C., 2014. The Roles of Reactive Species in Micropollutant Degradation 

in the UV/Free Chlorine System. Environ. Sci. Technol. 48(3), 1859-1868. 

17. Zhou, S., Xia, Y., Li, T., Yao, T., Shi, Z., Zhu, S., Gao, N, 2016. Degradation of carbamazepine 

by UV/chlorine advanced oxidation process and formation of disinfection by-products. 

Environ. Sci. Pollut. Res. 23, 16448-16455. 

18. Liu, Y., Zhang, C., Yang, Y., Yang, D., Shi, D., Sun, J., 2012. TD-DFT Study on the Excited-

State Hydrogen Bonding of the p-Cresol–NH3–H2O Complex. J. Clust. Sci. 23, 1029-1038. 

19. Aqeel, A., Kim, C.J., Lim, H.J., 2017. Influence of pH on the UV photolysis of N-nitrosamines 

in water: Kinetics and products. Int. J. GreenH. Gas Con. 64, 194-203 

20. GE, F., Zhu, L., Chen, H., 2006. Effects of pH on the chlorination process of phenols in 

drinking water. J. Hazard. Mater. 133(1-3), 99-105. 

21. Nowell, L.H., Hoigne, J., 1992. Photolysis of aqueous chlorine at sunlight and ultraviolet 

wavelengths-II. Hydroxyl radical production. Water Res. 5, 599-605. 

22. Xiang, Y., Fang, J., Shang, C., 2016. Kinetics and pathways of ibuprofen degradation by the 

UV/chlorine advanced oxidation process. Water Res. 90, 301-308. 

23. Bejan, I., Duncianu, M., Olariu, R., Barnes, I., Seakins, P.W., 2015. Kinetic Study of the Gas-

Phase Reactions of Chlorine Atoms with 2‑Chlorophenol, 2‑Nitrophenol, and Four Methyl-2-

nitrophenol Isomers. J. Phys. Chem. 119, 4735-4745. 

24. Gallard, H., Gunten, U.V., 2002. Chlorination of Phenols: Kinetics and Formation of 

Chloroform. Environ. Sci. Technol. 36, 884-890. 

 


