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ABSTRACT 

Advanced oxidation processes (AOPs) have gained attention for degrading trace organic 

contaminants (TrOCs) such as pharmaceuticals and disinfection byproducts for wastewater and 

potable water treatment. Antidepressants are of concern due to their prevalence in wastewater and 

receiving waters and potential adverse effects on aquatic species. Many disinfection by-products 

(DBPs) exhibit cyto- and genotoxicity; their occurrence in advanced treatment systems for potable 

water reuse has raised concern. Peracetic acid (PAA) is an organic peroxy acid that can be 

degraded by UV light to generate hydroxyl radical. This thesis project investigated UV/PAA, an 

emerging AOP, for the removal of three antidepressants (fluoxetine (FLX), sertraline (SER), and 

norsertraline (NSER)) and seven halogenated DBPs. The performance of UV/PAA was compared 

to UV/H202, the most established AOP. 

First, the three antidepressants (FLX, SER and NSER) were subjected to 5 treatments: UV 

alone (254 nm), UV/PAA and its dark control (i.e. , PAA alone), and UV/H202 and its dark control. 

The results showed that neither PAA nor H20 2 alone was effective in degrading FLX, SER, or 

NSER. For FLX, UV/PAA and UV/H20 2 exhibited similar performance. After 2 h, 88% and 93% 

of FLX was degraded under UV/PAA and UV/H20 2, respectively. However, much of the FLX 

removal was attributed to direct photolysis by UV, which alone achieved 87% degradation after 2 

h. The pseudo-first-order rate constants for FLX degradation by UV/H20 2, UV/PAA, and UV were 

0.023, 0.019, and 0.018 min-1 (6 mg/L oxidant if present, 0.48 W/cm2 fluence rate). For SER, 

UV/PAA treatment achieved 57% SER removal, while UV/H20 2 achieved 90% removal after 2 h. 

UV treatment alone did not lead to significant SER degradation, suggesting that radicals were the 

main contributor to SER degradation. For NSER, none of the treatment achieved significant 

removal after 2 h. 
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Second, the removal of seven halogenated DBPs were evaluated in UV IPAA and UV /H202 

processes. The two haloketones 1, 1, 1-trichloropropanone and 1, 1-dichloropropanone were 

removed by less than 35% by UV/H202, while UV/PAA achieved 66% and 87% removal, 

respectively. One hundred percent removal was achieved for chloropicrin and four 

haloacetonitriles (bromochloroacetonitrile, dibromoacetonitrile, trichloroacetonitrile, and 

dichloroacetonitrile) after 3 h with 2 mg/LPAA dose and 0.31 m W/cm2 UV fluence rate. For these 

five DBPs, the pseudo-first-order decay rate constants from UV/PAA treatment was 1.3-3 times 

higher than those from UV /H202. 
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CHAPTER 1 INTRODUCTION 

1. 1 Motivation 

Advanced oxidation processes (AOPs) have gained attention for the degradation of trace 

organic contaminants (TrOCs). In AOPs, radicals are generated at ambient temperature and 

atmospheric pressure, typically from an oxidant. Different types of AOPs have been studied for 

the elimination ofwater contaminants_1-
5 Hydroxyl radical (OH) is one the most important radicals 

in AOPs. Its high reduction potential guarantees the rapid degradation of contaminants. However, 

other radicals such as chlorine radicals ( from UV/ chlorine) and carbon-centered radicals ( from 

7UV/PAA) have also been shown to contribute.6-

Pharmaceuticals are a major group of TrOCs. The continuous use of pharmaceuticals 

eventually leads to their release into the aquatic environment. These compounds come from a 

variety of sources including effluent from wastewater treatment plants, 8-
9 runoff from livestock 

farming, and effluent from pharmaceutical manufacturing companies. 10 Their presence in different 

environmental compartments including rivers, lakes, soil and sediments and aquatic organisms 

even at trace concentrations (ng/L to µg/L) may possibly cause adverse effects on non-target 

species that have similar drug receptors and affect the ecosystem due to organism-specific 

functions and food web transmission which would result in amplification of contaminants in the 

environment.8
• 

11 
-
15 Many pharmaceuticals are found to be at most partially removed by the current 

wastewater treatment plants that primarily rely on biological treatment ( e.g. , activated sludge ).16 
-

Antidepressants are among the most prescribed drugs in the United States and their 

11 12 19 20 existence in aquatic environment has been confirmed in several studies .8• - , - Selective 
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serotonin reuptake inhibitors (SSRis) are one of the most widely used classes of antidepressants. 

Some SSRis such as fluoxetine, sertraline, fluvoxamine, paroxetine, escitalopram, and citalopram, 

were found to be among the most persistent pharmaceutical drugs in the environment. Like other 

pharmaceutical drugs, SSRis are not completely removed by the conventional treatment plants. 

As a result, many of these compounds can be found in the effluent of wastewater treatment plants 

(WWTPs) and eventually may end up in surface water, groundwater, and possibly in drinking 

water at low concentration. These compounds can be taken up by various aquatic species and can 

accumulate in different organs such as brain, liver and, muscle.8• 
21 

Disinfection by-products (DBPs) are another groups of TrOCs and their occurrence is of 

particular interest in advanced treatment systems for potable water reuse employing membrane 

filtration, reverse osmosis, and UV-based AOPs. An array of regulated (e.g., trihalomethanes, 

haloacetic acid) and unregulated (e.g., haloacetonitriles) DBPs have been detected in full-scale 

potable reuse systems.22 The National Research Council indicated in a 2012 report that for these 

systems DBPs are the key TrOCs of concern, because their concentration exhibits the lowest 

margins of safety relative to toxicity threshold levels comparing to other TrOCs.23 Most organic 

DBPs are formed from the reaction between the disinfectant and effluent organic matter. Because 

many DBPs exhibit limited removal by Ro,24
-
25 AOP treatment post RO could be a critical barrier 

for DBPs. 

This thesis project investigated UV/PAA, an emergmg AOP, for the removal of 

antidepressants and DBPs. Peracetic acid (PAA) is an organic peroxy acid that can be degraded by 

UV light to generate radicals. Thus, UV/PAA can be classified as a novel advance oxidation for 

the removal of water contaminants. Previous research compared removal efficiency of UV/PAA 
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with UV/H2O2 and observed higher removal efficacy by UV/PAA for naproxen and 

carbamazepine.6 

PAA is a strong oxidant and a strong disinfectant with a broad spectrum of antimicrobial 

acitivity.26 The reduction potential of PAA (1.96 eV) is higher than that of hydrogen peroxide 

(H2O2) (1.78 eV). Also, PAA exhibits higher quantum yield (i.e. , fraction ofphoton absorbed that 

result in degradation ofPAA or H2O2, ¢254 = 1.2) than H2O2 (¢254 = 0.5).6·27 The goal of this study 

is to evaluate the performance ofUVIP AA advanced oxidation and compare the result to UV/H2O2, 

the most established AOPs, for the removal of antidepressants and disinfection by-products. 

1. 2 Background 

1.2.1 UV-based advanced oxidation processes 

Advanced oxidation processes are generally defined as processes that generate radicals at 

ambient temperature and atmospheric pressure. Common AOPs include: ozone and hydrogen 

peroxide, UV light and ozone, UV light and hydrogen peroxide, and UV light and titanium dioxide. 

UV-based AOPs involve an oxidant (e.g. , H2O2, 03) or a photocatalyst (e.g. , TiO2) that generates 

radicals upon UV irradiation. UV/H2O2 is one of the most established UV-based AOPs at full

scale. The performance ofUV/H2O2 in removing TrOCs have been investigated at both laboratory

scale and pilot-scale. 1·28-30 

The efficiency of radical generation is determined by the molar extinction coefficient (i.e. , 

a measurement of how strongly oxidant absorbs light at a given wavelength) and quantum yield 

(i.e. , a measure of the efficiency of absorbed photon leading to a specific reaction) of the oxidant. 

For example, for H2O2, its molar absorption coefficient (c:254) at 254 nm is reported as 18.7 M-1cm-

1 .6· 31 Reported value for quantum yield (¢254) of H2O2 is 0.5 mol.27 Upon absorbing UV light, 

homolytic cleavage of H2O2's 0-0 bond occurs to generate hydroxyl radicals (reaction 1) which 
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initiate the series of chain reactions that contribute to degradation of organic contaminants with 

- 1010 M-1 1 32second order rate constants in the range of 106 s- . 

hv 20H [1] 

Three reaction mechanisms contribute to TrOC degradation during UV/H202 treatment: 

direct photolysis by UV, oxidation by H202, and oxidation by OH radical (Figure 1.1 ) . UV direct 

photolysis is only important when the target TrOC has significant UV absorbance ( e.g. oxacillin, 

cephalexin),33 while the oxidation by H202 is typically limited. Most TrOC degradation can be 

approximated as pseudo first-order reactions, with rate constants contributed by all three 

mechanisms (equations 2-3). 

[2]- d[TrOC] =k [TrOC]
dt obs 

[3] 

where [TrOC], [OH]ss , and [H202] are the molar concentration of trace organic contaminant, 

hydroxyl radical at steady-state and hydrogen peroxide, respectively. k obs ' k direct photolysis are the 

obtained rate constant, UV direct photolysis rate constant (min-1
) and k , k8 i0 are second order 

011 2 

rate constant between TrOC and OH , and second order rate constant between TrOC and H202 (M-

1 min-1) , respectively. 
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TrOCs Oxidation by H20 2 or PAA 

Oxidation by •OH 

Figure 1.1 Reaction mechanisms contributing to TrOC degradation 

The radical pathway is the most important mechanism contributing to TrOCs degradation. 

The presence of radical scavengers such as carbonate species, natural organic matter (NOM), and 

reduced metal ions can significantly reduce oxidation efficiency in advanced oxidation 

processes.34 The oxidant itself (as in here H20 2) could act as a scavenger and scavenge hydroxyl 

radicals generated in the system. Reaction rate ofhydroxyl radical with H202 is reported as 2.7x 107 

1M-1 s- . Figure 1.2 shows possible routes for scavenging of radicals after their formation in UV-

basedAOPs. 

e:rample scm·engers: carbonate species, 
organic matter, etc. 

loss of radicals 

oxidant radicals degradation 
lN254nm 

H202 

PAA 

OH 

CH3 
loss of radicals 

etc. 

Figure 1.2 Possible routes for scavenging of radicals after their formation in UV-based AOPs 
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1.2.2 UV/Peracetic acid AOP 

PAA is commercially synthesized by acid-catalyzed reaction of acetic acid (CH3CQOH) 

and hydrogen peroxide (H2O2) and is available as the mixture of acetic acid, water, and hydrogen 

peroxide as shown by reaction 4. 

PAA water Acetic Acid Hydrogen Peroxide [4]
CH3C(=O)O2H+ H 2O B CH3COOH+ H 2O2 

Owing to its broad-spectrum antimicrobial activity and relatively low formation of 

halogenated disinfection byproducts (DBPs) , PAA is widely applied in food processing, medical, 

pharmaceutical, pulp and paper, and textile industries and is used as wastewater disinfectant in the 

U.S ., Canada, and Europe.26· 35-40 PAA could represent a good alternative to chlorine compounds 

in controlling enteric microorganisms and may become more common in wastewater treatment in 

the future. 41 PAA is an organic peroxy acid that can be degraded by UV light to generate hydroxyl 

radicals. PAA absorbs UV light and homolytic cleavage of PAA's 0-0 bond can result in 

generation of radicals as illustrated in reactions (5-11).42 The various radicals formed in UV/PAA 

system may exhibit different reactivities. The formation of hydroxyl radicals and other carbon 

centered radicals in this system may favor the elimination of trace organic contaminants from the 

water. Thus, the potential of PAA to eliminate organic contaminants merits more study. 

hv [5] 

CH3C(=O)O ➔ CH3 + CO2 
[6] 

[7] 

[8] 
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[9] 

[11] 

Table 1.1 compares PAA with H2O2 in terms of their oxidative strength, acidity, and OH 

generation and scavenging activities. In the environmentally relevant pH range, PAA may undergo 

acid-base speciation with a dissociation constant (pka) of 8.2.43 The reduction potential of PAA 

(1.96 eV) is higher than hydrogen peroxide (H2O2) (1.78 eV).44 The molar absorption coefficient 

ofPAA0 and PAA- at254nm were reported to be 10.01 M-1cm-1, 58.89 M-1cm-1, respectively. Thus, 

PAA- exhibits much higher absorption coefficient, about 3 times of H2O2.6 The reported quantum 

yield for P AA0 and PAA- (¢254= 1.2 PAA0
, ¢254 = 2.09 PAA- )6 is considerably higher than ¢254of 

H2O2 (¢254= 0.5). Molar absorption coefficient and quantum yield determine the efficiency of 

radical generation. Therefore , higher E: and ¢ of the PAA species suggested that photolysis of 

PAA under UV irradiation could generate more radicals which would be beneficial for elimination 

of emerging contaminants.6
• 
27 However, the scavenging effect of PAAO and PAA- on OH were 

also higher than that of H2O2, which could possibly terminate the radical chain reactions. 

27 31 34Table 1.1 Physicochemical properties of PAA and H2O26
• • · 

Oxidant Reduction Molar absorption Quantum yield Rate constant with OH pka 
potential coefficient (M-1cm·1) (M-1s-1) 
(eV) 

PAA 1.96 cPAAo= 10.01 <j = 1.2 PAA0 8 8.2254nm kOH/PAAO= (9.33±0.3) xl0 
"PAA-= 58.89 <j = 2.09 PAA- 9254nm kOH/PAA-= (9 .97±2.3)x 10 

H2O2 1.78 "H202= 18.7 P254nm= 0.5 k =2 7 x l0 
7 11.6 

0H/H202 . 
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Previous research observed that ~-lactam antibiotics reacts rapidly with PAA itself45 

Sharma et al. investigated the degradation of 4-chlorophenol and reported that PAA is a good 

oxidant for the removal of 4-chlorophenol.46 However, other studies found PAA inefficient in 

removing some model pharmaceutical drugs such as ibuprofen, naproxen, diclofenac, gemfibrozil, 

and clofibric acid. 46-47 

UV/PAA can be classified as a novel advanced oxidation process. Two recent studies 

investigated the removal of 7 PPCPs by UVIPAA and provided mechanistic insight. 6·48 Cai et al. 

showed that PAA absorbs more UV light at 254 nm and has a higher quantum yield for radical 

generation than H2O2.6 They reported that OH was the primary radical responsible for the 

degradation of carbamazepine and ibuprofen by UV/PAA, while carbon-centered radicals such as 

CH3C(=O)O or CH3C(=O)O2 contributed more in degradation ofnaproxen and 2-naphthoxyacetic 

acid. Chen et al. further showed that the carbon-centered radical generated from PAA photolysis 

was scavenged effectively by humic acid, but was not scavenged by carbonates.48 Because these 

studies focused on the UV/PAA mechanism, relatively simple water matrices (e.g. , buffered 

solutions with a scavenging compound) were used. A third study by Rizzo et al. showed that 

UV/PAA and UV/H2O2 treatment (oxidant dose 20 mg/L) yielded similar half-lives for the 

antibiotic chloramphenicol in wastewater, but concluded that the H2O2 present in the commercial 

PAA solution used in the study played a more important role than PAA itself.49 

1.2.3 Degradation of antidepressants by AOPs 

There is an environmental concern for one type of antidepressant drugs known as Selective 

serotonin reuptake inhibitors (SSRis). These compounds are found to be one of the most persistent 

pharmaceutical drugs and their existence in aquatic environment has been confirmed in several 

studies9· 50-52 . Fluoxetine, sertraline, fluvoxamine, paroxetine, escitalopram, and citalopram are 
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some examples of SSRis. Ecotoxicological studies have indicated that SSRis and their mixtures, 

even at trace concentrations, could alter the physiological activities on exposed organisms such as 

fish, mollusks, crustaceans, algae, and protozoans.9
• 

51 · 53 In a study surveying 22 pharmaceutical 

compounds in the Niagara River, antidepressants were reported as the major pollutants in that 

region.8 Sertraline, norsertraline, and norfluoxetine concentrations were found to be as high as 300 

ng/L in the Niagara River with norsertraline exhibiting the highest bioaccumulation factor in the 

liver offish. 8 Fluoxetine concentration in the tertiary effluent was reported to be between 30 to 82 

ng/L and in surface water could be as high as 12 ng/L in US2· 16· 21 and as high as 99 ng/L in 

Canada.54 Valenti et al. reported that 48-h average lethal concentration values for a specific kind 

of fish exposed to sertraline were 647 µg/L, 205 µg/L, and 72 µg/L at pH 6.5 , 7.5 , and 8.5 , 

respectively. 52 Gaworecki et al. reported that exposure to fluoxetine decreases the ability ofhybrid 

strip bass to capture the prey.9 The diurnal activity pattern of fish has altered significantly when 

the fish was introduced to the nominal concentration of 1 and 100 µg/L of mixture venlafaxine, 

fluoxetine and sertraline as reported by Melvin et al.50 Like other pharmaceutical drugs, SSRis are 

not completely removed by the conventional treatment plants. Thus, it is important to identify a 

technology which is effective in removing these compounds from the water. 

Six different types of AOPs have been investigated for the removal of vanous 

antidepressants, as summarized in Table 1.2. Fluoxetine (FLX) is the most frequently studied 

antidepressants for AOP removal, partially because of its widespread use and high occurrence in 

16wastewater. Fluoxetine is relatively resistance to hydrolysis, photolysis and microbial 

degradation: its half-life is greater than 100 days. 55 The removal of FLX has been examined in 

UV/H202, UV/Fenton, Q3, UV/Ga203, UV/Ti02, Q3/H202 and UV/Q3/H202 advanced oxidation. 

13 56 61- , - . In these AOPs, OH is the major radical. 
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W ols et al. 1 investigate degradation of fluoxetine by UV and UV /H2O2 in different water 

matrices: deionized water (DI), tap water, and pretreated water from the river, using both low

pressure (LP) and medium-pressure (MP) lamps and observed that fluoxetine is substantially 

degraded by UV/H2O2 rather than UV alone. Decay proceeds faster in DI water due to less 

interfering species to compete for hydroxyl radicals, and higher irradiance rate of MP lamps leads 

to higher degradation of fluoxetine. Mendez-Arriaga et al.2 studied the degradation of FLX in 

aqueous media by several processes with and without UV irradiation and reported 100% 

elimination of fluoxetine by UV /03 and almost 97% degradation under UV irradiation in the 

presence ofH2O2. 

Lastly, fluoxetine transformation has also been studied in the natural environment. Lam et 

al. exposed FLX to natural sunlight and the elimination has a pseudo first order constant 0.0126± 

0.001 h-1 which corresponds to half-life of55.2 ±3.6 hr .20 Although these are not AOP conditions, 

direct photolysis of FLX was one of the contributing transformation mechanisms. Table 1.2 also 

summarizes the other antidepressants investigated in previous studies. 



Table 1.2 Summary of previous studies that investigated AOPs for the removal of SSRis 

Compound Type of AOP 
Sertraline UV and Fenton 
Fluoxetine 

Sertraline Fenton Process (H2SO4+ 
Citalopram H2O2) 
Fluoxetine 
Fluoxetine Ozone oxidation 
Paroxetine 
Sertraline 
Citalopram 
Fluvoxamine 
Venlafaxine 
Sertraline Zero-valent Iron/H2O2 

Sertraline Solar photo-Fenton 
oxidation 

Fluoxetine TiO2, 0 3, Q3+H2O2, 
TiO2+O3, 
TiO2+O3+H2O2 
All the processes were 
tested with and without 
UV irradiation 

Fluoxetine UV/H2O2 
Paroxetine 
Venlafaxine 

Water matrix 
Wastewater 

Sewage sludge 

Sewage treatment 
plant 

Sewage Treatment 
Plant (STP) and 
Distilled Water 
(DW) 

Deionized water 

DI water, 
tap water and 
pretreated water 
from river 

Conclusion Reference 
1) No removal with 19.2 Estrada-Arriaga et al. 56 

mJIcm2UV fluence 
2) no rate constant reported 
3)100% removal FLX, 74% 
removal SER with Fenton 
process; FeSO4 (35 mg/L), 
H2O2 (20 mg/L); 
No reported rate constant Malmborg et al. 3 

1)100% removal of FLX, Lajeunesse et al. 57 

100% removal of SER with 
2.4-6.1 mg/L of Q3 for less 
than 5 min. 
2)No reported rate constant 

l)DW rate constant: 0.002- De LimaPerini et al. 62 

1.4 min-1 for DW in 
different ZVI and H2O2 
dosage 
2)STP rate constant:0.074-
0.29 min-1 in different ZVI 
and H2O2 dosage 
1 )Perhydroxyl radical Pliego et al. 63 

formed ( •OOH) have lower 
reduction potential that •OH 
2) 100% removal of SER 
with [Fe2+]=5 mg/L and 
[H2O2]=25-75 mg/L 
No photolytic degradation Me 'ndez-Arriaga et al. 

2of FLX occurred in acidic 
media (pH 3) and in near 
neutral media (pH 6) under 
UV irradiation (maximal 
emission, 360 nm; fluence 
rate 3mW/cm2) 
1)koHJFLx=9 x109 M-1 s-1 Wolsetal. 1 

2)first-order rate constant 
FLX 
kuv=0.0016 cm2/mJ 
kuv1m02=0.0249 cm2/mJ 
with 10 mg/L H2O2 

C 
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Compound Type of AOP Water matrix Conclusion Reference 
Sertraline Photocatalytic reaction Clean water 40% SER removal with MP Rej ec et al. 64 

using TiO2 UV lamps after 4 h 

Fluoxetine Photocatalytic ozonation Ultrapure water, 60% FLX & NFLX with Moreira et al. 201659 

N orfluoxetine wastewater, surface LED lamps with 26 min 
Citalopram water irradiation 
Venlafaxine 
Fluoxetine Fen ton treatment Wastewater 90% removal with [Fe2+] = Li et al. 60 

7.5 mg/L 
Fluoxetine UV/H2O2 Wastewater Addition H2O2 (3-6 mg/L) Yu et al. 201561 

yielded no significant 
increase in FLX 
degradation, koHlkuv-;::::,0 

1.2.4 Removal of DBPs by AOP for potable water reuse 

In many water-stressed regions worldwide and also in the United States, water utilities are 

increasingly considering expanding the water supplies through direct and indirect potable reuse of 

' 65municipal wastewater.23 Disinfection by products (DBPs) are one of the major issues in the 

drinking water quality. 5 Many full-scale potable reuse Full Advanced Treatment (FAT) trains 

consist of microfiltration (MF) and reverse osmosis (RO), followed by a UV/H2O2 advanced 

oxidation process, where MF removes particles, RO removes dissolved ions and TrOCs, and AOP 

removes TrOCs that passes through RO membranes. It has been reported that UV-based AOPs are 

68 able to control the DPBs precursors and result in reducing the DBP level in finished water. 66
-

Removal of DBPs have been examined in UV, UV/H2O2, UV/O3/H2O2, and UV/O3. 

Simultaneous degradation of four trihalomethanes (THMs) and six haloacetic acids (HAA) in de

ionized water were studied under UV and UV/ H2O2 at the UV dose of 1200 mJ/cm2with 6 mg/L 

H2O2.5 Brominated THMs and HAAs were effectively degraded by advanced oxidation processes 

while concentration of tricholomethane and chlorinated HAAs were not substantially reduced 

under the same conditions. The concentration of N-nitrosamines and a suite of regulated and 
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unregulated halogenated DBPs are quantified in the FAT trains incorporating microfiltration, 

reverse osmosis, and UV-based advanced oxidation. UV-based AOPs were able to remove N

nitrosamines, but only partially removed halogenated DBPs.24 The UV/H202/03, UV/H202, and 

UV/03 processes are reported to suppressed the HAN formations by 54, 42, and 27% reduction, 

respectively. 4 

The goal of this study is to evaluate the performance of UV/PAA, as a novel UV-based 

advanced oxidation process, in removing DBPs and compare the results with UV/H202, the most 

established AOP. 
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CHAPTER 2 MATERIALS AND METHODS 

2. 1 Advanced Oxidation Procedure 

Samples including TrOC (SSRis or DBPs) with phosphate buffer (pH=7, 200 mM) were 

prepared in deionized water (MilliQ) in a 250-mL volumetric flask. A certain amount of oxidant 

(PAA or H2O2) was added to the flask to initiate the reactions. Same mass concentration was used 

for both PAA and H2O2 (i.e. , 2-fold higher molar concentration of H2O2 than PAA). 250-mL 

sample was divided into two dishes which were subjected to two treatments: 1) irradiated in the 

collimated beam low-pressure UV reactor peaking at 254 nm in a magnetically-stirred 

photochamber at ambient temperature, 2) stored in the dark. Sample aliquots were taken 

periodically from crystallization dish ("UV irradiated") and dark control samples to evaluate the 

TrOC degradation by UV irradiation and oxidant alone, respectively. Sample aliquots were then 

quenched with excess molar sodium thiosulfate ([N a2S2O3]/[PAA ]o > 5). The pH was monitored 

before and after the UV irradiation. Oxidant residuals in experiments were quantified by the N,N'

diethyl-p-phenylenediamine (DPD) colorimetric method. SSRI samples are dosed with the internal 

standard (fluoxetine-D6) before the analytical analysis. Control experiments under UV alone also 

were conducted. All the experiments were conducted in duplicate and the average results are 

presented. Experimental conditions are summarized in Table 2.1. The chemical structure of tested 

TrOCs are presented in Table 2.2. 

Table 2.1 Experimental conditions 

Type ofTrOC PAA/orH2O2 UV fluence rate Matrix 
dose (mg/L) (mW/cm2) 

SSRI 6 0.48 Phosphate buffered solution (pH 7) 
DBP 2 0.31 Phosphate buffered solution (pH 7) 
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Table 2.2 Chemical structure of tested TrOCs 

Compound Chemical structure 

Fluoxetine (FLX) 

Sertraline (SER) 

Cl 

Cl 

Norsertraline (NSER) 

Cl 

Cl 

1, 1, 1-trichloropropanone (1 , 1, 1-TCP) 

1, 1-dichloropropanone (1 , 1-DCP) 

Chloropicrin 
o-
1 

Cly N':::,..._~ o 
Cl 

Cl 
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Compound Chemical structure 

Dichloroacetonitrile (DCAN) 
Cl 

>--==N 

Cl 

Trichloroacetonitrile (TCAN) 
Cl 

Cl ) N 

Cl 

Dibromoacetonitrile (DBAN) 
Br 

~ N 

Br 

Bromochloroacetonitrile (BCAN) 

Br 

>-==N 
Cl 

2. 2 Determination of PAA 

PAA is available commercially as an equilibrium mixture of PAA, H2O2, acetic acid and 

water. PAA stock solution (32% wt. PAA in dilute acetic acid and <6% H2O2) concentration was 

determined by iodometric titration method and the results are summarized in the Table 2.3. PAA 

substock solution ( 426 mg/L) was prepared freshly by diluting the PAA stock solution and storing 

at 4 °C. A 10 mL aliquots were drawn from the reactor to measure the residual PAA in experiments 

using DPD colorimetric method. The iodometric titration method and DPD colorimetric method 

are described below. 
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Table 2.3 PAA stock solution concentration 

No. Date Volume of Volume of PAA substock PAA stock solution 
titrant (sample) titrant (blank) solution concentration (% 

(mL) (mL) concentration wt) 
(mg/L) 

1 11/07/2018 5.6 0 425 .88 34.07 
2 11/07/2018 5.6 0 425 .88 34.07 

PAA substock preparation: add 25 µL of PAA to 20 mL DI water 

2.2.1 Determining PAA concentration of real samples - DPD colorimetric method (derived 
from Hach method) 

Measurement preparation: 

1- Rinse the cuvette 3 times with DI before sample measurement (aqueous samples). 

2- Fill the cuvette with DI water. use a lab wipe to clean it. 

3- Place it into the UV-Vis spectrophotometer as blank to measure the absorbance and zero the 

instrument. 

Sample preparation & measurement: 

1- Fill the sample vial with 10 mL of the original sample. 

2- Add DPD TOTAL 25-mL Chlorine powder pillow to your sample. A pink color will develop, 

indicating the presence of PAA. 

3- Start the timer right after the addition of DPD powder and set it for 1 minute. 

4- Cap the prepared sample. Shake the sample for about 20 seconds, make sure that the DPD 

powder has dissolved and there are no air bubbles in the sample. 

5- Drain DI. Rinse the cuvette with sample once, drain it completely and fill the cuvette with the 

sample. Use the lab wipe to clean it. 

6- Place the cuvette into the instrument and after 60 seconds of reaction time, press read at 553 

nm. Do not wait more than 60 seconds to read the sample. 
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7- Use the standard curve described in section 2.2.2 to find the concentration in the samples. 

2.2.2 Developing a standard curve for PAA measurement 

Standard solution preparation: 

1- Make a substock of PAA with the concentration of 400 mg/L ( approximately) 

a) 25 µL of stock solution of PAA (32% wt.%), 20 mL of DI water 

2- Determine the stock solution concentration 

a) Use PAA iodometric method described in section 2.2.3 to determine the stock solution 

concentration 

3- Prepare 10 mL-standard solution with the PAA concentration range of 0 to 10 mg/L 

a) Dilute standard solution with DI water to give the certain concentration 

Developing standard curve for PAA: 

1- Follow the procedure as described in section 2.2.1 for the DPD method for measuring 

absorbance 

2- Plot absorbance (at 553 nm) vs concentration (plot absorbance vs mass concentration and 

molar concentration) 
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Figure 2.1 PAA standard curve (concentration range: 0-1 mg/L)/ wavelength at 553 nm (date: 
08/01 /1 8) 
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Figure 2.2 PAA standard curve (concentration range :1-8 mg/L)/ wavelength at 553 nm (date: 
08/01 /1 8) 

2.2.3 Determining PAA stock solution concentration-iodometric titration method 

preparation: 

1- Standard sodium thiosulfate titrant (0 .04 M) 

a) 0.6324 g of sodium thiosulfate (Na2S2O3) is added to 100 mL of DI water 

2- Starch indicator solution as received 

3- Acetic acid as received 
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4- 20 mL of PAA substock solution ( approximately 400 mg/L) 

b) 25 µL of stock solution of PAA (32 wt.%), 20 ml of DI 

5- Catalase (10 g/L) 

a) A 10 g/L solution of catalase is used to quench H202 in the PAA solution 

b) Add 100 mg of catalase powder in the 10 mL DI water 

c) 200 µL of this solution is added to the 20 mL of PAA sample to quench H202 

d) Leave the solution for few seconds to ensure complete quenching 

Note: Catalase solutions are extremely perishable and should not be stored. Prepare 

catalase solution within one hour of use. 

Calculation: One unit of catalase decomposes lµmole of hydrogen peroxide at pH=7, 

T=25°C (stated by the manufacturer). And one mg of protein contains 2000-5000 units of 

catalase. 

Titration: 

1- Five mL ofacetic acid and 1 g of KI are added to the sample until the solid was completely 

mixed. A yellow color will develop, indicating the presence of iodine. 

2H+ + 21- +PAA ➔ 12 + Ac- + H2 0 

Note: Titration should be performed away from direct sunlight. 

2- Sodium thiosulfate is added until yellow color diminish 

3- Add 1 mL of starch solution which would tum the solution to blue color, and titration will 

be continued until the blue color is discharged. 

a) Small amount of starch solution is added near the end point of the titration (when the 

yellow color faded to pale yellow) to make it easy to see. 
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4- Total volume of sodium thiosulfate titrant is recorded in this step as A 

[12] 

Blank titration 

Blank titration is used to account for oxidation caused by oxidants apart from PAA that 

might be present in the mixture. 

1- Five mL of acetic acid, 1 g of KI, DI (volume equal to the sample used), 200 µL catalase 

solution, 1 mL of starch mixed together. 

2- If blue color appears, then titrate until the blue color fades away 

3- Total volume of sodium thiosulfate titrant is recorded in this step as B 

Calculation: 

PAA( mg)= (A-B)xNx38.025xl000 [13] 

L volume of the sample used(mL) 

Where 

A = mL of titrant for the actual sample 

B = mL of titrant for the blank solution 

2.2.4 Determination of H202 

Hydrogen peroxide stock solution concentration(> 30% wt.) was determined by dividing 

1absorbance by the molar absorption coefficient (c:2s4=l8 M-1cm- ) 
31 according to the Beer-Lambert 
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Law. Data are presented in Table 2.4. H2O2 substock solution (480.76 mg/L) was prepared freshly 

by diluting the H2O2 stock solution and stored at 4 °C. A 10 mL aliquots were drawn from the 

reactor to measure the residual H2O2 in experiments using DPD colorimetric method. DPD 

colorimetric method was described in section 2.2 .1. The only difference is the extra step of adding 

3 drops of the 20% wt. KI and 3 drops of ammonium molybdate solution to the samples ( after step 

1) and allow the sample to reacts with the reagent for 6 minutes. When the time expires, the DPD 

TOTAL 25-mL Chlorine powder pillow is added to the solution. After shaking gently, the pink 

color will develop, indicating the presence of H2O2 and PAA (if present). After 30 seconds of 

reaction time of DPD with the peroxides, absorbance was measured at 553 nm (details in 

Appendix). 

Table 2.4 Hydrogen peroxide stock solution concentration 

Sample Date Absorbance H2O2 H2O2 
No. (254 nm) 

Subs tock Concentration( mg/L) Stock Concentration(%) 

Substock 07/13/2018 0.2545 480.86 38.48% 
1 

Substock 07/13/2018 0.2544 480.67 38.45% 
2 

H2O2 substock preparation: add 25 µL H2O2 stock solution to 20 mL DI water 

2.2.5 Determination of pH 

Mettler Toledo pH meter was used to determine the pH of the samples before and after the 

UV irradiation. pH meter was calibrated before each use. 

2.2.6 UV reactor 

UV irradiation was supplied by two 15-W germicidal low pressure mercury-arc lamps 

(USHIO G 15T8) peaking at 254 nm at ambient temperature. The fluence rate was determined 
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twice during the course of this study, and is given in Table 2.5. The experiments conducted before 

2018/11/02 used fluence rate of 0.31 mW/cm2
, while the experiments conducted after 2018/11/02 

used fluence rate of 0.48 mW/cm2 (average of two measured fluence at 2018/11/02 and 

2018/11/06). 

Table 2.5 UV fluence rate 

Date UV fluence rate (mW/cm2
) 

2018/03/17 0.31 
2018/11/02 0.4903a 
2018/11/06 0.471 P 

a. New lamps have installed 

The fluence rate was measured based on the following reaction using triiodide iodate 

actinometry method which is described in details in the following paragraphs. 

[14] 

Iodide/Iodate actinometry 

1- Prepare chemical solutions until full dissolved: 

a) KI solution (1.2 M): add 19.92 g of KI in 100 mL; 

b) Borate buffer sub-stock solution (0.1 M): add 0.6183 g of boric acid in 100 mL DI; 

c) NaOH solution (1 M): add 1 g NaOH to 25 mL; 

d) KIQ3 solution (0.4 M): add 4.28 g ofKIQ3to 50 mL; (Prepare KIQ3 solution directly 

in the crystallization dish and keep stirring - 30 min till well mix.) 

2- Raise pH of borate buffer sub-stock solution by add NaOH solution (1 M) to 9.25 ; 

3- Add 30 mL DI to 20 mL borate buffer sub-stock solution (50 mL). 

4- Pre-heat the UV-lamp for 5 min. 

5- Tum off the light. 

23 



6- Add 100 mL KI solution and 50 mL diluted borate buffer sub-stock solution to 50 mL 

KIQ3 in crystallization dish. 

7- Mix and take sample for To (0 min). 

8- Put the crystallization dish on the stir plate under UV. (keep stirring during the 

irradiation) 

9- Take 4 mL of samples at 0, 1, and 2 minutes; 

10-Take 2 mL of samples at 5, 10, 20, and 30 minutes; 

11- Dilute all samples to 10 mL; 

12-Measure absorbance at 352 nm. 

Calculation oftriiodide concentration: 

1The molar extinction coefficient for triiodide at 352 nm E: = 27,636 M-1cm- . The path 

length of a standard UV-Vis cuvette is 1 cm. The triiodide concentration was calculated as: 

[ triiodide] = (A x F) I (& x l) [15] 

where A is the absorbance, Fis the dilution factor, E: is the extinction coefficient for 

triiodide, and l is the path length. 

Calculation ofenergy ofone einstein: 

LP UV light of wavelength (J) = 254 nm 

[16]
U = he x 6.02 x 1023 x 103 

/4 

where: 

A= 254 x10-9 m· 
' 

U = energy of one mol of photons of wavelength A, (mJ/mole); 
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h (Planck's constant)= 6.626x10-34 m2 ·kg/s; 

c (velocity oflight) = 2.998 xl08 mis; 

Calculation ofjluence ( H ") with the unit ofmJ/cm2
: 

H" = ([triiodide] x V x U) [17] 

a x ¢ 

Where: 

V = volume of actinometer solution (L ); 

a = area of solution receiving irradiation ( cm2
) ; 

¢ (quantum yield oftriiodide formation from KI/KIQ3 at wavelength 254 nm)= 0.6 

Calculation ofjluence rate: 

Linear regression of H"(unit: mJ/cm2
) with time (unit: seconds) yielded the total 

incident fluence rate W with the unit of mJ/ (cm2·s). 

2. 3 Analytical Methods 

2.3.1 GC-MS analysis of DBPs 

Halogenated DBPs were extracted with MtBE. Samples (15 mL) were spiked with the 

internal standard 1,2-dibromopropane and mixed with 2 mL MtBE and 5 g sodium sulfate. The 

MtBE extracts were analyzed by GC-electroncapture detector (Agilent 7890B-63Ni ECD) with a 

HP-5 column. The GC-ECD method is as follows : 3 µL splitless injection at 150 °C; column 

temperature was held at 26 °C for 9 min, then raised to 60 °C at 25 °C/min and held for 1 min, and 

then raised to 100 °C at 20 °C/min and held for 1 min, and then raised to 250 °C at 70 °C/min and 

held for 1 min; ECD temperature was 290 °C, and the makeup gas was a mixture of methane and 

argon with a flow rate of 18.8 mL/min. 
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2.3.2 LC-MS/MS analysis of SSRis 

All antidepressant samples collected in glass vials were dosed with internal standard (20 

µg/L internal standard solution). Analysis of antidepressant compounds was carried out by 

reversed phase LC-MS. A ZORBAX RRHD Eclipse Plus C18 analytical column (3 mm x 50 mm, 

1.8 µm particle size) fitted with C 18 guard column (3 mm x 5 mm, 1.8 µm particle size) was used 

for quantification of the SSRls. The mobile phase used was comprised of 1) water with 0.1 % 

formic acid and 2) acetonitrile (ACN). The eluent gradient started with 5% of ACN: 95% water 

for 2 minutes and then% ACN reached to 55% ACN: 45% water in 1 minute, held there for 4 

minutes. Then% ACN decreased to 5%, and held there for 2 minutes. The flow rate was set as 0.5 

mL/min and the total run length was 10 minutes. Changes of mobile phase composition by the 

time are shown in Figure 2.3. 

SSRls samples are analyzed using an Agilent 1260 Infinity II LC system and an Agilent 

6470 Triple Quad LC-MS/MS coupled with Jet Stream Electron Ionization source operating under 

positive ionization mode in Multiple Reaction Monitoring (MRM). The MRM transitions are 

shown in Table 2.6. 
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Figure 2.3 Changes of eluent composition by the run length 

Table 2.6 Multiple Reaction Monitoring (parent ion > product ion) transitions in Mass 
Spectrometry 

Target Compound Parent Ion > Product Ion Retention time (min) 
Fluoxetine (FLX) 310.1>148.1 4.73 
Sertraline (SER) 306.1>275 4.78 

Norsertraline (NSER) 292 .1>275 4.74 
Fluoxetine-D6* (FLX-D6) 316.2>154.2 4.73 

*deuterated form offluoxetine spiked as a surrogate compound to samples before analytical analysis 
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CHAPTER 3 RESULTS AND DISCUSSION 

3. 1 Degradation of Antidepressants with AOPs 

3.1.1 Degradation kinetics 

Figures 3 .1 and 3 .2 show the time profile of fluoxetine (FLX) concentrations under five 

treatment scenarios: UV alone, UV/PAA and its dark control (i.e., PAA alone), and UV/H202 and 

its dark control. Experiments were conducted in duplicates and the results are shown as filled and 

open symbols, respectively. With 6 mg/L dose at pH 6.8, PAA or H202 treatment alone hardly 

degraded FLX after 2 h. UV/PAA and UV /H202, with 6 mg/L initial oxidant dose, exhibited 

similar removal ofFLX. After 2 h (i.e., 3460 mJ/cm2fluence), 88% and 93% ofFLX was degraded 

under UV/PAA and UV/H202, respectively. UV alone also achieved 87% of FLX degradation 

after 2 h, similar to that of UVIPAA. Figure 3 .3 shows that the degradation of FLX by UV /H202, 

UV/PAA, and UV followed pseudo-first-order kinetics, and the rate constants are similar. 
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Figure 3.2 Degradation ofFLX under UV/H20 2, and H20 2 alone 
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Figure 3.3 Pseudo-first-order rate constant ofFLX under UV/H2O2, UV/PAA and, UV alone 

Figures 3.4 and 3.5 show the time profile of sertraline (SER) concentrations under the five 

treatment scenarios. Experiments were conducted in duplicates. After 2 h, UV/PAA treatment 

achieved 57% SER removal, while UV/H2O2 achieved 90% removal. Neither PAA nor H2O2 alone 

was effective in degrading SER. In contrast to that observed for FLX, SER was not removed by 

UV. Figure 3 .6 shows that the degradation of SER by UV/H2O2 and UV/PAA followed pseudo

first-order kinetics. The rate constant for UV/H2O2 was 3 times higher than that for UV/PAA. 
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Figure 3.6 Pseudo-first-order rate constant of SER under UV/H2O2, UV/PAA and, UV alone 

Figure 3.7 shows the time profile of norsertraline (NSER) concentrations under the five 

treatment scenarios. None of the treatment achieved significant NSER removal after 2 h. NSER is 

the metabolite of SER, and they differ in structure only by a methyl group on the amino nitrogen, 

i.e. , NSER and SER feature a primary and secondary amine group, respectively. Our results show 

that NSER has a higher persistence in the AOP treatments studied than SER. 

The focus of this study was assessing the removal just based on monitoring the 

concentration of the target compound. However, the study of transformation products is important 

which can be addressed in the future works. 
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Figure 3.7 Degradation ofNSER under UV/PAA, PAA alone, UV /H2O2, H2O2 alone, and UV 
alone 

3.1.2 Discussion on reaction mechanisms 

Table 3.1 summarizes the pseudo first-order rate constants for FLX and SER under 

UV/PAA, UV/H2O2, and UV treatment, respectively. For FLX, the pseudo first-order rate 

constants among UV, UV/PAA, and UV/H2O2 were similar, suggesting that the direct photolysis 

by UV accounted for the majority of its decay. This is in line with Yu et al. study suggesting that 

addition ofH2O2 (3-6 mg/L) to UV irradiation yielded no significant increase in FLX degradation.61 While 

Wols. et al. reported an order ofmagnitude smaller rate constant for FLX under UV in compare to 

that ofUV/H2O2 (i.e. 10 mg/L). 1 

SER was not significantly removed by UV, suggesting that radicals generated in UV/PAA 

and UV/H2O2 treatments contributed to SER degradation. 
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Table 3.1 pseudo-first-order rate constants (min-1
) ofFLX and SER under UV/PAA, UV/H20 2 and UV 

alone 

Compound k uv1H202 kuv/PAA kuv kuv1H202lkuv1PAA 
Fluoxetine(FLX) 0.023±0.006 0.019±0.005 0.018±0.0006 1.22±0.007 

Sertraline (SER) 0.0233±0.002 0.007±0.0002 No removal 3.26±0.178 

UV/H2O2 and UV/PAA were comparable for FLX degradation, but UV/H2O2 was more 

effective for SER degradation than UV/PAA. A 6 mg/L oxidant dose was used in UV/PAA and 

UV/H2O2 experiments; however, that translates to a 2-fold higher molar concentration of H2O2 

(0.176 mM) than PAA (0.079 mM). To evaluate whether the higher molar concentration of H2O2 

could account for the faster degradation of SER in UV/H2O2 treatment, the OH generation rates 

were calculated for UV/H2O2 and UV/PAA systems (Table 3.2) using the constants provided in 

the literature and the following equations, 

r = 2 <PH O I0 f (1- 10-a d) [18] 
g 2 2 H20z 

rg =re =[OHL,(k,[R]+ LkJSJ) [19] 

a= L(&PJ [20] 

[21] 

where a is the absorption coefficient of the solution (cm-1
) ; dis path length (2.5 cm); f is the 

fraction of light absorbed by the oxidant (H2O2 or PAA) to the overall light absorbed by the 

solution; Io is the incident light intensity measured by iodide/iodate actinometry and converted to 

1volumetric unit (9.35 x 10-8 mole L-1s- ) ; E: is the molar absorption coefficient of the oxidant (M-1 

cm-1
) ; ¢ is the quantum yield of the oxidant; [R] and [Si] are the concentration of the target 
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compound (FLX or SER, M), and the concentration of the scavengers in the solution matrix (M); 

k,. and k are second order rate constants with OH (M-1s-1). For PAA the equations become: 

rg = rpPAA .lo.fPAA (1-10-ad ) [22] 

[23]rg =re =[OHL,(k,[R]+ LkJSJ) 

[24]a= L(&PJ 

[25] 

Table 3.2 [OH] generation rates and [OH]ss for FLX in UV/H20 2 and UV/PAA processes 

processes rg (mol/(L.s)) [OH] ss (M) 
UV/PAA 5.11 x10-10 6.7x 10-16 

UV/H2O2 1.75 x 10-9 2.47x10-13 

PAAOaccounted for more >96% of the total PAA at pH 6.8 in the reaction solution matrix. 

Therefore, molar absorption coefficient (cPAAo), quantum yield (PPAAo), and rate constants with 

OH(k•OHIPAAo) of the protonated form of PAA were used for calculating the OH generation rate of 

PAA. Due to the low concentration of the target compound relative (i.e. 80 µg/L) to the 

concentration of the oxidant (i.e. 6 mg/L), UV is mostly absorbed by the oxidant and/term is 

approximately close to 1. The second-order rate constant between OH and FLX is reported in 

literature 9x 109 M-1s-1.1, 20 However, no value was reported for the rate constant between SER and 

OH. Therefore, [OHL is only calculated for FLX. 

Based on Table 3.2, the steady-state concentration of OH in UV/H2O2 is higher than 

UV/PAA system which is in line with the higher molar concentration ofH2O2. 

35 



3.1.3 Photolysis of PAA under UV irradiation 

The concentration of PAA and H202 were monitored during the experiments. In the 

UV/H202 experiment, the initial concentration H202 did not significantly change in 2 h reaction 

time on both UV irradiated and dark control samples (Figure 3.8). In UV/PAA experiments, both 

H202 and PAA were measured during the reaction, because the commercial PAA solution, contains 

H202. The concentration of H202 and PAA did not significantly change in the dark control 

samples. However, by the introduction ofUV, PAA undergoes decay as illustrated by (Figure 3.9). 

It has been suggested that the decay ofPAA in UV photolysis is mainly due to the direct photolysis 

and partially due to indirect photolysis with hydroxyl radical. 6 
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Figure 3.8 Concentration H202 over time in UV, and dark conditions 
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Figure 3.9 Concentration PAA over time in UV, and dark conditions 

3. 2 Degradation of DBPs with AOPs 

Figure 3.10a shows the time profile of seven halogenated DBPs concentrations under 

UV/PAA. With 2 mg/L, PAA alone hardly degraded halogenated DBPs after 3 h (3 .1 0c ). However, 

100% removal was achieved for chloropicrin and four haloacetonitriles (BCAN, DBAN, TCAN 

and, DCAN) after 3 h (i.e. 1800 mJ/cm2 UV fluence) under UV/PAA. The two haloketones 1, 1, 1-

TCP and 1,1-DCP have higher persistence in AOP treatment. Figure 3.10b shows that the 

degradation of halogenated DBPs by UV/PAA, followed pseudo-first-order kinetics . 
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Figure 3.10 Degradation ofDBPs under UV/PAA (2 mg/L), b) ln([DBP]/[DBP]O) vs time, c) 
degradation of DBPs under UV/PAA and its dark control, after 195 minutes 

Table 3.3 and Figure 3.11 summarize the pseudo-first order rate constants (min-1
) for the 

seven halogenated DBPs under UV/PAA and UV/H202. The UV/PAA experiments employed 2 

mg/L (i.e. , 0.026 mM) initial PAA concentration similar to that in the UV/H202 processes ([H202]0 
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= 2 mg/L, i.e. 0.059 mM). The kuv; PAA1k uv1H20 2 values ranged from 1.3 to 3, suggesting that 

UV/PAA was more effective in degrading DBPs than UV/H2O2. 
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Figure 3.11 Pseudo-first-order rate constant ofDBPs under UV/H2O2, UV/PAA 

Table 3.3 Pseudo-first-order rate constant ofDBPs in UV/PAA and UV/H2O2 processes 

compounds kuvm202 (min-1
) kuv!PAA (min-1

) kuv1PAA1kuv1H202 
BCAN 0.010 0.0186 1.8 

TCAN 0.0216 0.0672 3.1 

DBAN 0.0139 0.0180 1.29 
DCAN 0.0131 0.0366 2.79 

Chloropicrin 0.0201 0.0522 2.6 
1,1-DCP < LOQ 0.0103 

1,1 ,1-TCP < LOQ 0.0053 
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CHAPTER 4 CONCLUSION 

The performance of UV/PAA was evaluated and compared to UV /H2O2, the most 

established AOP. FLX, SER and NSER were subjected to 5 treatment scenarios: UV alone, 

UV/PAA and its dark control (i.e., PAA alone), and UV/H2O2 and its dark control. The results 

suggested that neither PAA nor H2O2 alone was effective in degrading FLX, SER and NSER. 

UV/PAA and UV/H2O2, with 6 mg/L initial oxidant dose, exhibited similar removal ofFLX. After 

2 h, 88% and 93% of FLX was degraded under UV/PAA and UV/H2O2, respectively. UV alone 

also achieved 87% ofFLX degradation after 2 h, similar to that of UV/PAA. Degradation ofFLX 

by UV/H2O2, UV/PAA, and UV followed pseudo-first-order kinetics, and the rate constants were 

similar, suggesting that the direct photolysis by UV accounted for the majority of its decay. 

UV/PAA treatment achieved 57% SER removal, while UV /H2O2 achieved 90% removal. SER was 

not significantly removed by UV, suggesting that radicals generated in UV/PAA and UV/H2O2 

treatments contributed to SER degradation. None of the treatment achieved significant NSER 

removal after 2 h. Our results showed that NSER has a higher persistence in tested AOP treatments 

than SER while they differ in structure only by a methyl group on the amino nitrogen. 

The removal of seven halogenated DBPs were evaluated in the UVIPAA and UV /H2O2 

processes. Our results showed that 100% removal was achieved for chloropicrin and four 

haloacetonitriles (BCAN, DBAN, TCAN and, DCAN) after 3 h (i.e. 1800 mJ/cm2 UV fluence) 

under UV IPAA. However, the two haloketones 1, 1, 1-TCP and 1, 1-DCP have higher persistence 

in AOP treatment. For the halogenated DBPs, kuv1PAA1kuv1H202 were greater than 1, suggesting a 

faster degradation ofDBP, in the UV/PAA processes. 
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CHAPTER 5 APPENDIX 

5. 1 Determining H202 concentration of real samples - DPD method ( derived from Hach 

method) 

Measurement preparation 

1- Rinse the cuvette 3 times with DI water before sample measurement (aqueous samples). 
2- Fill the cuvette with DI water. Use a lab wipe to clean it. 
3- Place it into the UV-Vis spectrophotometer as blank to measure the absorbance and zero 

the instrument. 

Sample preparation & measurement 

1- Fill the sample vial with 10 mL of the original sample. 
2- Add 3 drops of the 20% wt. KI and 3 drops of ammonium molybdate solution to your 

sample. Cap the cell and invert to mix 
3- Start the timer for 6 minutes and allow the sample to react with the reagents. 
4- When the time expires, add DPD TOTAL 25-mL Chlorine powder pillow to your sample. 

A pink color will develop, indicating the presence of H202 and PAA. 
5- Start the timer right after the addition of DPD powder and set it for 30 seconds. 
6- Cap the prepared sample and shake the sample for about 20 seconds, make sure that the 

DPD powder has dissolved and there are no air bubbles in the sample. 
7- Drain DI. Rinse the cuvette with sample once, drain it completely and fill the cuvette 

with the sample. Use the lab wipe to clean it. 
8- Place the cuvette into the instrument and after 30 seconds of reaction time, press read at 

553 nm. 
a) Do not wait more than 40 seconds to read the sample. 
9- Use the standard curve to find the concentration in the real sample. 

H2 0 2 (mol) = total peroxide(mol) - PAA(mol) 
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H202 standard curve - results 
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Figure 1 H202 standard curve (concentration range: 0-1 mg/L)/ wavelength at 553 nm(date: 07/20/18) 

The data that are collected for the standard curve are summarize in these two tables. 

H20 2 Concentration AbsorbanceH20 2 Concentration Absorbance 
(mg/L) (mg/L) 

0 0.0428 1 0.5404 
0.1 0.10622 1.0807 
0.2 0.13315 2.5148 
0.5 0.29498 3.5293 
1 0.5404 

42 



.
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Figure 2 H20 2 standard curve (concentration range: 1-8 mg/L)/ wavelength at 553 nm (date: 07/20/18) 
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