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Environmental impact 

Pharmaceutically active compounds (PhACs) have been recognized as a group of emerging 

contaminates found in surface water worldwide. The occurrence, transportation, fate and its 

adverse effects on the ecological systems have raised concern among the public, scientists and 

engineers, and regulatory groups. Photochemical degradation would be one of important natural 

elimination processes for this group contaminates. This review thus presents an overview of the 

importance of photodegradation under solar or solar simulated irradiation. The kinetic studies, 

degradation mechanisms and toxicity assessments of photoproducts are three major topics 

included in this review.    
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Abstract 14 

In the past few years, the fate and transportation of pharmaceutically active compounds (PhACs) in the 15 

aqueous environments have raised significant concerns among the public, scientists and regulatory 16 

groups. Photodegradation is one of the important removal processes in surface waters. This review 17 

summarizes the recent 10 years (2003-2013) of studies of the solar or solar-simulated photodegradation 18 

of PhACs in the aqueous environments. PhACs catalogues covered include: beta-blockers, antibiotics, 19 

non-steroidal anti-inflammatory drugs (NSAIDs), histamine H2–receptor antagonists, lipid regulators, 20 

carbamazepine, steroid hormones, and x-ray contrast media compounds. Kinetic studies, degradation 21 

mechanism and toxicities removal are three major topics involved in this review. The quantum yield for 22 

direct photolysis of PhACs, bimolecular reaction rate constants of PhACs with reactive oxygen species 23 

(ROS), such as •OH radical and singlet oxygen, are also summarized. This information is not only 24 

important to predict the PhACs photodegradation fate, but also very useful for advanced treatments 25 

technologies, such as ozone or advanced oxidation processes.  26 

 27 

 28 

  29 
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Introduction  30 

 The presence of pharmaceutically activate compounds (PhACs) in aqueous environment, from 31 

various sources, is an emerging environmental issue.
1, 2

 The main concern regarding PhACs as 32 

pollutants is that their biological activity will lead to adverse effects on human health and aquatic 33 

ecosystems.
3
   34 

Most pharmaceuticals administered to patients are excreted either as metabolites or as the 35 

unchanged parent compounds,
4
 and it is not uncommon to dispose of outdated medicines “down the 36 

drain.” In either way, they end up in wastewater treatment plants. Recent studies, although there is 37 

considerable variability among individual compounds, have shown that conventional wastewater 38 

treatment processes are relatively inefficient in removing those drugs,
5-13

 and, some pharmaceuticals 39 

escape degradation in wastewater treatment plants, and enter environment. Pharmaceuticals used in 40 

veterinary practices are quite different than for human use, i.e. they are more likely to directly 41 

contaminate soil and/or groundwater without any or minimal treatments.
14, 15

 Once released into the 42 

environment the fate of pharmaceuticals is largely unknown.  43 

 The presence of pharmaceuticals in the aquatic environment was reported as early as the 44 

beginning of the 1980s.
16

 In an USGS study
17

, they were found in 80 % of 139 streams across 30 states. 45 

Trace amounts have also been found in tap water at concentrations ranging between 20 μg L
-1

 to 1 ng L
-46 

1
.
18-23

 However, it has been estimated that less than 15% of the pharmaceuticals thought to be in the 47 

environment are actually analyzed due to the lack of adequate analytical methods.
9, 24

  48 

 In general, it‟s an emerging research area regarding the environmental occurrence, transport, and 49 

ultimate fate of pharmaceuticals designed for a physiological response in humans and animals.
25-31

 In 50 

surface waters, the main removal processes are biodegradation, sorption, and photodegradation. Some 51 

pharmaceuticals have been designed to be resistance to biodegradation, thereby inhibiting one of the 52 
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major elimination mechanisms.
26, 32

 Sediment type has been shown to significantly affect the sorption of 53 

pharmaceuticals, thus implying that is site specific and cannot be relied on a global basis.
33

 Therefore 54 

photodegradation driven by sunlight would be the major concern in the present review.  55 

Photodegradation includes direct photodegradation and indirect photodegradation. Direct 56 

photolysis requires an over-lap of the pharmaceuticals electronic absorption spectra and irradiation 57 

wavelength(s). Stated another way, a compound must absorb light in order for direct photolysis to occur; 58 

however, just because a chemical absorbs light does not mean that it will undergo photolysis (e.g. most 59 

dyes). Therefore, photochemical processes will be considerably different from one compound to the next 60 

and will depend upon 1) overlap of their electronic absorption spectra and solar irradiation 61 

(environmental fate), and 2) molecular structure. Therefore, the quantum yield for direct photolysis of 62 

PhACs would be the key parameter for the photochemical fate prediction. The quantum yields could be 63 

calculated from the data obtained during the irradiation experiments of both PhACs and actinometer, 64 

using the following equation:
34, 35

  65 

 66 

                           





 

 





PhACsact

actphot

actPhACs
Lk

Lk

)(

)(
                                                                    (1) 67 

 68 
Where kphot is the calculated direct photolysis rate constant for PhACs and kact is the rate constant for the 69 

direct photolysis of the standard solution of the actinometer, calculated from the actinometer solar 70 

experiment data. Φact is the actinometer quantum yield of direct photolysis. ελ (M
-1

cm
-1

) is the molar 71 

absorption coefficient at the wavelength λ; and Lλ (milli-Einstein*cm
-2

*d
-1

) is the average daily value for 72 

irradiance at the wavelength λ.  73 

If there is no overlap then the only photochemical process is indirect photolysis (e.g. Figure 1). 74 

In most natural waters and for many treated waters, dissolved organic matter (DOM) mediates indirect 75 

photolysis. In effluents, we refer to this fraction as effluent organic matter (EfOM), and usually we think 76 
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of that fraction as the organic matter that gives effluent its „colored‟ appearance. In natural waters, the 77 

fraction of the DOM that absorbs sunlight is referred to as CDOM (chromophoric DOM, with absorption 78 

of > 295 nm). 79 

Photosensitizer (DOM or EfOM) absorb light in the ground state and excite to the singlet-excited 80 

state (Figure 1, Pathway 1). The excited state may return to the ground state or undergo reactions that 81 

result in chemical changes (photo-ionization or destruction) of the parent molecule. Alternatively, it may 82 

undergo intersystem crossing (ISC) to the excited triplet state and return to the ground state or further 83 

react with, for example O2 or PhACs in solution. If it reacts with O2, the two main reactants are the 
1
Δg 84 

excited state of bimolecular O2, (
1
O2),

36
 or superoxide anion radical (O2•

-
/HO2

•
) which usually 85 

disproportionates to H2O2, and further forming hydroxyl radicals (•OH) through Fenton-like reaction, or 86 

direct split H2O2 to produce •OH.
37, 38

 These are pathways 3 and 4 in Figure 1. These reactive oxygen 87 

species can react with PhACs and result in the photodegradation.
39

 Finally, it is also possible that the 88 

photoexcited state of organic matter (either the singlet, path 1, or triplet excited state, path 2, could react 89 

via several pathways (Path 7–9) with pharmaceutical compounds and result in decomposition.
40

  90 

(Insert Figure 1) 91 

  Within the last decade an increasing number of reviews covering pharmaceuticals input, 92 

occurrence,
41-44

 fate,
45-50

 advanced treatments
51-56

 and the ecological effects
57-61

 have been published, but 93 

there is still a lack of focused summary about the studies of photochemical transformation of 94 

pharmaceuticals in the aquatic environment.
62

 This review covers direct and indirect photodegradation 95 

of PhACs in the natural water and wastewater effluents under solar or solar simulated conditions. PhACs 96 

includes β-blockers, antibiotics, non-steroidal anti-inflammatory drugs (NSAIDs), Histamine H2–97 

receptor antagonists, steroid hormones, lipid regulators, and x-ray contrast media compounds. 98 

Beta-blockers  99 
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Beta (β)-blockers are a class of pharmaceutical compounds prescribed to treat a variety of 100 

cardiovascular diseases, such as hypertension (high blood pressure), angina and coronary artery disease 101 

by blocking the action of epinephrine and norepinephrine on the β-adrenargic receptors in the body, 102 

primarily in the heart.
63

 Among β-blockers, atenolol, metoprolol, propranolol and nadolol have been 103 

widely used in Europe and North America. Liu et al. demonstrated that the direct photodegradation of 104 

propranolol, atenolol and metoprolol followed pseudo first order kinetics under the solar simulation 105 

conditions and half-lives were approximately 16, 350 and 630 hrs, respectively.
64

 Propranolol was likely 106 

to be degraded through direct photolysis under solar irradiation.
64-66

 the hydroxylation and ring-open 107 

processes have been proposed as major degradation mechanisms, as illustrated in Figure 2a.
67

  108 

(Insert Figure 2) 109 

Photodegradation rates of atenolol and metoprolol were two and ten times faster in river waters 110 

than in DI-water due to the indirect photodegradation.
68

 Among the indirect photodegradation processes, 111 

reactions with ROS are of importance. The bimolecular reaction rates of •OH, 
1
O2 with β-blockers were 112 

summarized in the Table 1. Hydroxyl radical additions have been identified as an important degradation 113 

pathway for especially pindolol and timolol, leading to several positional isomers, corresponding to 114 

mono-, di- or tri-hydroxylations.
69

 
3
DOM

*
 appeared to be the major loss factor for atenolol and 115 

metoprolol and the degradation mechanism had been proposed. The electron transfer reaction between 116 

3
DOM

*
 and atenolol (or timolol) lead to an N-centered radical, subsequent with α-hydrogen abstraction, 117 

finally forming cleavage products, as show in Figure 2b.
70-72

 Chen et al.
71

 investigated the effect of 118 

metal ions on the photodegradation rates of atenolol. Paramagnetic metal ions  would significantly 119 

inhibit the photosensitized degradation of atenolol in the fulvic acid enriched solutions, in the order of 120 

Cr
3+

  < Fe
3+

 < Cu
2+

 < Mn
2+

.
71

 The authors suggested that it was due to the complexation ability with 121 

fulvic acid.  122 
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To our best knowledge, there are few studies which focused on the toxicity testing of 123 

photodegradation products of β-blockers. Algal and rotifer screen tests have been employed to measure 124 

the toxicity of propranolol degraded mixtures. Their results suggested a reduction of toxicity in 125 

photodegraded mixtures compared to the parent propranolol.
73

  126 

Antibiotics 127 

Antibiotics are a group of pharmaceuticals used for the treatment of both human and animals 128 

with bacterial and fungal infections.
74, 75

 Many of the antibiotics are derived from wholly or partially 129 

from certain microorganisms, but some are synthetic (e.g., sulfonamides). A wide range of antibiotics 130 

with diverse structures have been frequently found in the environment.
76-78

 In this review, they will be 131 

divided into five sub-classes, including β-lactams, sulfonamides, fluoroquinolones, tetracyclines, as well 132 

as several other types of antibiotics that do not belong to these subclasses. The chemical structure, photo 133 

quantum yield and radical reaction rate constants of these antibiotics are shown in Table 1. 134 

Beta-lactams  135 

The β-lactam ring is part of the core structure of several antibiotic families, the principal ones 136 

being the penicillins, cephalosporins, carbapenems and monobactams, which are called β-lactam 137 

antibiotics. Nearly all of these antibiotics work by inhibiting bacterial cell wall biosynthesis. This has a 138 

lethal effect on bacteria. The consumption of β-lactams accounts for 50–70% of the total amount of 139 

antibiotics applied in human medicine in most countries.
79

 They are also one of the most widely used 140 

groups of antibiotics used in veterinary medicine.
80

 Several studies have indicated that these antibiotics 141 

are practically nonbiodegradable and have the potential to survive in the wastewater treatments.
81

 The 142 

concentrations at which these compounds are generally found in surface waters are quite low and range 143 

from ng L
-1

 to µg L
-1

. However, the possibility of inducing resistance in bacterial strains, which could 144 

pass to humans via environmental exposure, cannot be excluded.
82-85

 145 
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Based on the recent 10 years references, photodegradation of amoxicillin was one of the most 146 

research focuses.
54, 86-88

 Andreozzi et al. reported that under abiotic conditions both hydrolysis and direct 147 

photolysis could be responsible for the transformation and removal of amoxicillin in aqueous 148 

environments. Quantum yield calculated under solar irradiation are 5.97 × 10
-3

 at pH 7.5 and 4.47 × 10
-3

 149 

at pH 5.5. Their results showed that nitrate ion has no noteworthy influence on photodegradation rate of 150 

amoxicillin, however humic acids are able to enhance its degradation rate.
89

 In addition, Xu et al. 151 

studied on the indirect photodegradation mechanism of amoxicillin in the DOM enriched solutions. 152 

While 
1
O2 only accounted for 0.03-0.08% of the total loss rate, the hydroxyl radical contributed 10-22% 153 

under varied Suwannee River DOMs. The •OH reaction rate of amoxicillin was summarized in Table 1, 154 

not only implied for the indirect photodegradation prediction, but also for advanced oxidation processes. 155 

It appears that the direct reaction of 
1
DOM

*
and 

3
DOM

*
 with amoxicillin accounts for 48-74% of the loss 156 

of amoxicillin.
90

 Reynoso et al. reported that the bacteriostatic activity of amoxicillin decreases in 157 

parallel to its sensitized photodegradation initialed by Rose Bengal.
91

  158 

The cephalosporins, a class of β-lactam antibiotics, have large family members of five 159 

“generations” now, such as cephalexin (CFX), cephradine (CFD), cefotaxime (CTX), cefazolin (CFZ), 160 

cephapirin (CFP) and so on.  161 

Jiang et al. studied the photodegradation of cephalosporins of four generations in aquatic 162 

environmental system under various conditions, their data indicate that abiotic hydrolysis (for CFD, 163 

cefuroxime, and cefepime) and direct photolysis (for ceftriaxone) were the primary processes for 164 

elimination of the cephalosporins in surface water, whereas biodegradation was responsible for the 165 

elimination of the cephalosporins in the sediment.
92

 Wang et al.
93

 investigated the photodegradation of 166 

five cephalosporins in surface water, and found that some cephalosporins underwent the mainly direct 167 

photolysis (such as CFZ, CFP), while some were mainly transformed by indirect photolysis (such as 168 
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CFX, CFD), their quantum yields were showed in Table 1, the authors also suggested that the carbonate 169 

radical enhanced the photo-transformation of CFD and CFX, which generated from the reaction of •OH 170 

with bicarbonate. The pathway of the direct and indirect photolysis of CFD and CFP were summarized 171 

in Figure 3, the •OH and 
1
O2 reaction rates of cephalosporins were showed in Table 1.

94
 172 

One concern is that the photodegradation byproducts of cephalosporins were found to be even 173 

more photostable and more toxic,
93

 the Microtox acute toxicity test showed that all target cephalosporins 174 

had increased toxicity while underwent direct photolysis especially CFZ, this potential risk of increased 175 

ecotoxicity from cephalosporins after exposure to sunlight should attracted attention. 176 

(Insert Figure 3) 177 

Sulfonamides  178 

Sulfonamide drugs were the first developed antimicrobial drugs initiated by the laboratory of 179 

Bayer AG in 1932, then paved the way for the antibiotic revolution in medicine. They share a common 180 

core chemical structure (p-aminobenzene sulfonamide), which inhibits multiplication of bacteria by 181 

acting as competitive inhibitors of p-aminobenzoic acid in the folic acid synthesis cycle.
63

 Until now, a 182 

variety of sulfonamides have been produced, consumed and subsequently detected in the environment. 183 

Boreen et al.
95, 96

 reported that the rate of direct photolysis of five-membered heterocyclic 184 

sulfonamides (sulfamethoxazole, sulfisoxazole, sulfamethizole, sulfathiazole and sulfamoxole) 185 

dependent upon the identity of the five-membered heterocyclic R group as well as the pH of the solution. 186 

The quantum yields calculated range from < 0.005 for the neutral state of sulfamethizole to 0.7 ± 0.3 for 187 

the protonated state of sulfisoxazole, therefore the protonation state of five-membered heterocyclic 188 

sulfonamides is the most photoreactive varies among the sulfa drugs. The sulfanilic acid was identified 189 

as the main direct photodegradation product for five-membered heterocyclic sulfonamides through σ 190 

cleavage (Figure 4a). The six-membered heterocyclic sulfonamides were significantly less direct 191 
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photoreactive than five-membered one. Thus as indirect photodegradation would be the major 192 

degradation process in the DOM solutions or wastewater effluents.
97

 The primary product formed in 193 

both direct and indirect photodegradation of six-membered heterocyclic sulfonamides was identified as a 194 

sulfur dioxide extrusion product, as illustrated in Figure 4b.
98

 Guerard et al. investigated the 195 

compositional role of DOM in the photosensitized degradation of sulfadimethoxine.
99, 100

 The DOM 196 

originating from highly autochthonous water bodies was more reactive than the allochthonous resource. 197 

They hypothesized that aromatic ketones and phenols present in dissolved organic matter could be 198 

responsible for their observations. Wenk et al. supported this hypothesis, and concluded that substituted 199 

phenolic compounds exhibiting antioxidant character were able to slow down the photosensitized 200 

degradation of several typical sulfonamides in aerated solution. A simultaneous accelerated degradation 201 

of the phenols in the presence of sulfonamides was also observed.
101

 Photolysis products of these sulfa 202 

drugs did not retain any measurable ability to inhibit growth of Escherichia coli DH5α..
102

 203 

(Insert Figure 4) 204 

Tetracyclines 205 

The tetracyclines, a large family of antibiotics, were discovered as natural products by Benjamin 206 

Minge Duggar in 1945 and first prescribed in 1948. They were ranked as the second antibiotics in 207 

production and usage worldwide,
103

 which are commonly used as therapeutics and growth promoters in 208 

husbandry, cattle, swine, poultry and fishery, with a widespread presence in surface waters.
104

 The 209 

tetracycline resistance genes have been detected in aquatic system. The potential detrimental impact of 210 

tetracyclines on aquatic ecosystem therefore made it essential to study their photochemical fate before 211 

an ecological risk assessment. 212 

The kinetic studies of photochemical transformation of tetracycline were investigated by several 213 

research groups.
105-110

 The pH, Ca
2+

 and Mg
2+

 effects on the photo quantum yield of tetracycline were 214 
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studied, and shown in Table 1. It appeared that the photodegradation rate for tetracycline can vary by 215 

upto an order of magnitude with the varied Mg
2+

 and Ca
2+

 concentrations.
105

 Chen et al.
111

 reported that 216 

the quantum yield of chlortetracycline (CTC) increased from 3.3 × 10
−4

 to 8.5 × 10
−3

 within the pH 217 

range of 6.0 to 9.0 under solar simulated irradiation. The quantum yield of CTC on the clay surface was 218 

estimated to be (1.3 ± 0.7) × 10
-4

, significant lower than the quantum yield of the aqueous CTC 219 

zwitterion.
112

  220 

The direct photolysis of CTC yielded a serious of degradation products including tetracycline 221 

and H2O2 (Figure 5), which may cause the toxicity increase. Regarding the toxicity of photodegradation 222 

products of tetracycline, conflict results have been reported from two different bioactivities test. Jiao et 223 

al. observed  that the acute toxicity increase with irradiation using luminescent bacterium (30 min).
113

  224 

Wammer et al. performed the long-term effect assay (4 hrs) using two bacterial strains: Escherchia coli 225 

DH5α and Vibrio fischeri. Their results suggested that photoproducts have no significant antibacterial 226 

activity.
110

  227 

(Insert Figure 5) 228 

Fluoroquinolones 229 

Fluoroquinolones (FQs) are broad-spectrum antibiotics that play an important role in treatment 230 

of serious bacterial infections, especially hospital-acquired infections and others in which resistance to 231 

older antibacterial classes is suspected. Because the use of broad-spectrum antibiotics encourages the 232 

spread of multidrug resistant strains and the development of Clostridium difficile infections, treatment 233 

guidelines from the Infectious Disease Society of America recommend minimizing the use of FQs 234 

antibiotics in less severe infections.   235 

Ge et al.
114

 determined photolytic quantum yields of 8 FQs, as summarized in Table 1. Therefore 236 

solar photodegradation half-lives for the FQs in pure water and at 45
○
N latitude were calculated to range 237 
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from 1.25 mins for enrofloxacin to 58.0 mins for balofloxacin, suggesting that FQs would intrinsically 238 

photodegrade fast in sunlit surface waters. They proposed that FQs underwent both direct photolysis and 239 

self-sensitized photo-oxidation via •OH and 
1
O2.

115
 Studies of the photodegradation mechanism under 240 

solar irradiation are available for a number of FQs, including: Difloxacin, Sarafloxacin
116

, Ciprofloxacin 241 

117-119
, Enrofloxacin, Marbofloxacin

120
, Flumequine 

121
 and norfloxacin.

122
 242 

Previous studies suggested that oxidative degradation of the piperazine side chain, reductive 243 

defluorination and fluorine solvolysis were three major processes for direct photolysis of FQs, as 244 

illustrated in Figure 6.
116, 117, 120, 122, 123

 Distinct photolytic mechanisms for different dissociation species 245 

of ciprofloxacin have been recently reported.
124

 Regarding of photolysis of enrofloxacin, the formation 246 

of ciprofloxacin were observed by Knapp et al.
119

. Since the FQ ring, required for the biological effect, 247 

is not affected during the first steps of the photolytic process, a number of byproducts active against both 248 

gram-negative and gram-positive bacteria are formed. 
125-127

 249 

(Insert Figure 6) 250 

Trimethoprim  251 

  Trimethoprim (TMP) belongs to a family of synthetic 2, 4-diaminopyrimidines with potent 252 

microbicidal activity for a wide variety of bacteria. TMP is a folic acid antagonist and dihydrofolate 253 

reductase inhibitor, which catalyses the conversion of dihydrofolate to tetrahydrofolic acid, affecting the 254 

biosynthesis of DNA. This drug is always combined with sulfamethoxazole to treat bacterial infections, 255 

including gastro, respiratory and urinary infections.
128

 256 

The quantum yield of trimethoprim has been reported as varied from 6.2 × 10
-4

 to 1.2 × 10
-3

 with 257 

pH increase at air saturated solution, as shown in Table 1. Deoxygenation also dramatically increased 258 

the quantum yield, indicating that triplet excited state of TMP is effectively quenched by oxygen.
97

 The 259 

half-life of TMP was 780 mins under solar simulated irradiation.
129

 Demethylation and hydroxylation 260 
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were two major processes involved in the direct photolysis mechanism, as shown in Figure 7. Due to 261 

relatively slow direct photodegradation, the loss of TMP in sunlit natural water appears to be dependent 262 

on indirect photodegradation. Both •OH and 
1
O2 are ROS involved in indirect photodegradation, and 263 

bimolecular reaction rate constants are reported as 8.66 × 10
9
 M

-1
 s

-1
 and (3.2 ± 0.2) × 10

6
 M

-1
 s

-1
, 264 

respectively. However, reactions with ROS are minor pathways for the photochemical loss of TMP 265 

when compared to the apparent reaction with 
3
DOM

*
.
130

 Indirect photolysis of TMP in wastewater 266 

effluents also had been investigated by Ryan et al.
97

 OH and 
3
EfOM

*
 have been proposed as the 267 

responsible species, as contributed 62% and 20% removal respectively. It‟s most likely due to the fact 268 

the high concentration of NO3
-
 existed in the effluents.  269 

Studies on the toxicity change of TMP in its environmental photochemical fate were limited. 270 

Michael et al. performed toxicity assays in simulated wastewater and real effluent indicating that 271 

toxicity is attributed to the compounds present in real effluent and their by-products formed during solar 272 

Fenton treatment and not to the intermediates formed by the oxidation of TMP.
131

  273 

(Insert Figure 7) 274 

NSAID drugs  275 

NSAIDs comprise one of the major classes of pharmaceuticals commonly consumed in both 276 

prescription and non-prescription drugs. The NSAIDs covered in this review include diclofenac, 277 

ibuprofen and naproxen. These are the drugs with analgesic (reduce pain), antipyretic (reduce fever), 278 

and anti-inflammatory effects by inhibiting prostaglandin synthesis by inhibition of cyclooxygenase.
63

 279 

Diclofenac  280 

Diclofenac is taken to reduce inflammation and as an analgesic reducing pain in certain 281 

conditions. This acidic drug has been frequently detected in surface water, ground water and wastewater 282 

effluents. Even at very low concentrations there are adverse effects in different organisms. In the livers, 283 
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kidneys and gills of rainbow trout, the lowest observed effect concentration for cytopathology occurred 284 

at 1 µg L
-1

.
132

 An ecological effect resulted from diclofenac residues which caused the vulture 285 

population decline in Pakistan.
133

 286 

The quantum yield of diclofenac has been reported as 0.094 and presents a half-life of 39 mins in 287 

DI-water under solar simulated irradiation.
134

 The significant amount of absorbance in the solar region 288 

helps to explain that rapid direct photodegradation is the dominant degradation mechanism for 289 

diclofenac.
135-138

  Addition of isopropanol (IPA) led to more rapid transformation, possibly due to 290 

formation of other radical species or photoreduction with IPA serving as the H-source. Pigment, nitrate 291 

and nitrite have been reported to have inhibiting effects on the photodegradation of diclofenac.
139, 140

    292 

The direct photodegradation routes of diclofenac have been predicted by Musa et al. through 293 

computational quantum chemistry method.
141

 As illustrated in Figure 8, the deprotonated species 294 

instinctively lose one chlorine from the excited triplet state leading to ring closure reaction to form an 295 

active photoproduct: chlorocarbazole acetic acid (CCA), The formed CCA is also photodegraded easily 296 

through dechlorination and decarboxylation.
141

 Mefenamic acid is also a diphenylamine derivative; the 297 

solar quantum yield was measured as (1.5 ± 0.3) × 10
-4

. Model photosensitizer experiments indicated 298 

that direct reaction with excited triplet-state DOM is the major photosensitization process.
142

   299 

 (Insert Figure 8) 300 

Ibuprofen  301 

Ibuprofen is one of important NSAIDs widely used for the relief of headache, rheumatoid 302 

arthritis, fever and general pain; also it is an active ingredient of a number of over-the-counter pain-303 

relief drugs. Ibuprofen has been frequently detected in the aquatic environment.
143, 144

 The 304 

polychromatic UVB photolysis quantum yield was determined as ΦIBP = 0.33 ±  0.05.
145

 Several 305 

groups
146-150

 have investigated the indirect photolysis under solar or solar simulated conditions. The 306 
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presence of fulvic acid (FA) significantly increased photolysis rates of ibuprofen, but the rates are highly 307 

dependent upon DOM composition.
147

 1-(4-isobutylphenyl) ethanol, hydroxylation derivatives of 308 

ibuprofen and 4-isobutylacetophenone (IBAP) have been identified as three major products through LC-309 

TOF and NMR, as illustrated in Figure 9. IBAP present adverse effects on tissue cells and nervous 310 

system.
151

 It can be formed upon direct photolysis (yield 25 ± 7 %), reaction with •OH (yield 2.3 ± 0.1%) 311 

and reaction with 
3
CDOM

*
 (yield 31 ± 4%).    312 

(Insert Figure 9) 313 

Naproxen 314 

Since the naproxen presents high quantum yield (0.036) for photodegradation and its UV-vis 315 

spectrum largely overlaps with solar irradiation, it is subject to direct photolysis with a half-life in river 316 

water of 42 mins under natural sunlight (summer, 45
○
 latitude).

134, 152
 Four major photoproducts of 317 

naproxen haven been identified using LC-ESI-MS.
153

 Bioassays of the naproxen and its photo 318 

derivatives were performed on Vibrio fischeri, algae, rotifers and microcrustaceans to assess acute and 319 

chronic toxicity.
154, 155

 Furthermore, possible genotoxic effects of photoderivatives were investigated 320 

using SOS chromotest and Ames fluctuation test. Their results indicated that photoproducts were more 321 

toxic than the parent compounds both for acute and chronic values, while genotoxic and mutagenic 322 

effects were not found.
156   323 

Histamine H2–receptor antagonists: Ranitidine and cimitidine 324 

The H2 receptor antagonists (H2RA) are a class of drugs used to block the action of histamine on 325 

parietal cells (specifically the histamine H2 receptors) in the stomach, decreasing the production of acid 326 

by these cells. The H2RA covered in this review includes ranitidine and cimetidine, they are used in the 327 

treatment of dyspepsia, although they have been surpassed in popularity by the more effective proton 328 

pump inhibitors. 329 
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Ranitidine (common brand name Zantac) was measured in the effluents of nine STPs in Italy 330 

with a median value of 288.2 ng L
-1

, and in surface waters in the north Italy at a maximum concentration 331 

of 4 ng L
-1

.
157 The low residence concentration was due to the rapid photodegradation. Latch et al. 332 

reported that the half-life of ranitidine was 35 mins under noon summertime sunlight at 45° latitude
158

, 333 

and the direct photolysis quantum yields for the pharmaceutical kept constant over the pH range of 6–10. 334 

The bimolecular rate constants for ranitidine reacting with 
1
O2 range from (1.6 ± 0.2) × 10

7
 M

-1
 s

-1
 at pH 335 

6, increasing to (6.4 ± 0.2) × 10
7
 M

-1
 s

-1
 at pH 10. Reaction of ranitidine with •OH proceeds with a rate 336 

constant of (1.5 ± 0.2) × 10
10

 M
-1

 s
-1

. Results shows that photodegradation by direct photolysis is 337 

expected to be the major pathway for ranitidine, with some degradation caused by 
1
O2. Ranitidine was 338 

transformed mainly into two photoproducts, as illustrated in Figure 10.  339 

(Insert Figure 10) 340 

Bioassays were performed by Isidori et al.
159

 on rotifers and microcrustaceans to assess acute and 341 

chronic toxicity, their results found that ranitidine did not show any acute toxicity at the highest 342 

concentration tested (100 mg L
-1

) for all the organisms utilized in the bioassays. Bergheim also found that 343 

neither ranitidine, nor its photoderivatives were found to be readily or inherently biodegradable
160

. 344 

Cimetidine was also one of the prototypical H2 antagonists, which was shown to be resistant to 345 

direct photolysis
158

 and the expected half-life is 7 days at 12 hrs sunlight per day. For cimetidine, the 346 

reaction rate constant for •OH is (6.5 ± 0.5) × 10
9
 M

-1
 s

-1
. Between the pH 4 to 10, cimetidine reacts with 347 

1
O2 with bimolecular rate constants changing significantly from (3.3 ± 0.3) × 10

6
 M

-1
 s

-1
 at low pH to 348 

(2.5 ± 0.2) × 10
8
 M

-1
 s

-1
 in alkaline solutions. The major pathway of cimetidine was estimated to 349 

reaction with 
1
O2 formed from the interaction of sunlight with DOM.  350 

Lipid regulators  351 

Lipid regulators are the fibrate pharmaceuticals used for a range of metabolic disorders, mainly 352 
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hypercholesterolemia. They are phenoxyalkanoic acid derivatives, either free acid or esters, and 353 

accelerate the clearance of very-low-density lipoproteins. Bezafibrate, clofibrate, fenofibrate and 354 

gemfibrozil and their hydrolyzed metabolites, including clofibric acid and fenofibric acid have been 355 

frequently found in the aquatic environment in a number of countries. 356 

Gemfibrozil, bezafibrate and fenofibrate which was included in the 2002 list of the most used 357 

pharmaceuticals in the world, its concentration  was found in different effluent waters range from 0.84 to 358 

4.76 μg L
-1

 with gemfibrozil, 1.07–4.6 μg L
-1

 with bezafibrate and 0.14-0.16 μg L
-1

 with fenofibrate.
161

 359 

Irradiation with a solar simulator in distilled water caused about 10% degradation of gemfibrozil, 360 

bezafibrate and fenofibrate after 200 hrs.
162

 The half-lives of gemfibrozil were reported from 15 hr to 361 

288.8 days in different nature waters, 
161, 163, 164

 its direct photoproduct may be rationalized by the 362 

photooxidation promoted by ortho aryloxy function, showed in Figure 11 (I), and the photodegradation 363 

mechanism of bezafibrate and fenofibrate was illustrated in Figure 11 (II for both and III for bezafibrate), 364 

however, there is a dearth of information for the indirect photodegradation mechanism of fibrate drugs, 365 

Razavi et al. reported the bimolecular reaction rate constants for •OH with fibrate drugs were (6.98 ± 366 

0.12) × 10
9
, (8.00 ± 0.22) × 10

9
 and (10.0 ± 0.6) × 10

9
 M

-1
 s

-1
, for clofibric acid, bezafibrate and 367 

gemfibrozil, respectively.
165 368 

(Insert Figure 11) 369 

The toxic effect of gemfibrozil were reported by Zurita et al.
166

  using three bioassays, found that 370 

one of the possible mechanism of gemfibrozil toxicity seems to be the binding to sulphydryl groups, 371 

however, comparing the concentrations in water and the toxicity quantified in the assayed systems, 372 

gemfibrozil is not expected to represent acute risk to the aquatic biota. The toxic and genotoxic impact 373 

of fibrate and their photoproducts also studies by Isidori et al.
167

 and found that acute toxicity was in 374 

order of dozens of mg L
-1

 for all the trophic levels utilized in bioassays, also genotoxic  and mutagenic 375 
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effects were especially found for the gemfibrozil photoproducts. 376 

The mechanistic pathway for the formation of the photoproducts of fibrate drugs was 377 

summarized by Cermola et al. in Figure 11.
162, 168

 The degradation pathway of those drugs all involve 378 

the aryloxy moiety as key reactive site and well-stabilized radicals (or radical ions) as intermediates. 379 

Pathway I: the formation of aldehyde rationalized by a photooxidation promoted by the ortho aryloxy 380 

function; Pathway II: homolytic cleavage of the aryloxy bond followed by hydrogen abstraction from 381 

the solvent in aerobic conditions; Pathway III: an ionic photodecarboxylation process; Pathway IV: 382 

witting rearrangement followed by photodecarboxylation; Pathway V: electron release results in 383 

photodecarboxylation accompanied with CO2 losses. 384 

Carbamazepine 385 

Carbamazepine is an anticonvulsant and mood-stabilizing drug used primarily in the treatment of 386 

epilepsy and bipolar disorder, as well as trigeminal neuralgia. Approximately one thousand tons of 387 

carbamazepine is sold annually worldwide.
169

 The low removal efficiency (7%) of this drug in sewage 388 

treatment plant has been reported.
170

 As a result, the typical average concentrations of carbamazepine in 389 

sewage treatment plant effluent and surface water were 2.1 and 0.25 μg L
-1

 in Germany.
6, 171

  The 390 

biodegradation was less important than photodegradation in limiting their persistence.
172

 So the 391 

photodegradation of carbamazepine was extensive investigated. 392 

Doll found that the initial concentration has an exponential relationship to the degradation rate 393 

constant of carbamazepine,
32, 173

 Calisto also suggested that the direct photodegradation rate of 394 

carbamazepine is pH dependent and be influenced by the dissolved oxygen. The quantum yields 395 

calculated for carbamazepine range from (0.2 – 6.4) × 10
-5

 at different pH conditions,
174

 the direct 396 

photolysis products of carbamazepine was identified and illustrated in Figure 12. Two main routes were 397 

proposed by Chiron.
175

 The minor pathway was the hydration of the C10-C11 double bond and generate 398 
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compound I; the major pathway involved a ring contraction process and followed by the formation of 399 

carbamazepine-9-carboxaldehyde, and this intermediate might degrade in three different ways then 400 

product the products II-VI, especially the compound VI (acridine), a stable azaarence drug with known 401 

mutagenic and carcinogenic activity.
175, 176

  The second order constant for carbamazepine with •OH was 402 

measured as (9.4 ± 0.4) × 10
9
 M

-1 
s

-1
,
96

 8.8 ± 1.2 × 10
9
 M

-1 
s

-1
 
177

and  (3.07 ± 0.33) × 10
9
 M

-1
s

-1
.
178

 403 

(Insert Figure 12) 404 

Kosjek have compared the efficiency of three common water treatment methods in 405 

carbamazepine treatment and found that the most successful method for the removal of carbamazepine 406 

was UV treatment, while the toxic photodegradation product acridine and acridone were more 407 

susceptible to biological treatment.
179

 408 

Steroid hormones 409 

A number of natural and synthetic steroid hormones are used in treatment of various types of 410 

medical conditions such as menopausal symptoms, growth hormone deficiency and hypothyroidism.
180

 411 

Some natural and synthetic estrogen hormones are also used as oral contraceptives. Two types of steroid 412 

hormones are covered in this review, including 17β-estradiol (E2), estrone (E1),  17α-ethinylestradiol 413 

(EE2), rostenedione (AD) and testosterone (T) While the former theree are natural (endogenous) 414 

estrogenic hormones, the last two are androgenic  hormones.
181

 415 

E2 is an endogenous estrogen responsible for the development of female secondary sex 416 

characteristics and reproduction. In addition to its endogenous occurrence, this natural estrogen is 417 

manufactured and used in oral contraceptives and hormone replacement therapy in large quantities. E2 418 

has been frequently detected in the aquatic environment, and is considered as a major contributor of 419 

estrogenic activity found in municipal sewage treatment plant effluent
182

. Under solar simulated 420 

irradiation (>290 nm), the photo-transformation of E2 and EE2 in aqueous solution occurs with a quite 421 
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low quantum yield about 0.07 ± 0.01 and 0.08 ± 0.01 for E2 and EE2, respectively 
183

. The exclusively 422 

1
O2 mediated photooxidation mechanism was studied by Diaz et al.

184
 through employing the artificial 423 

dye RB as a sensitizer. As illustrated in Figure 13, the primary oxidation occurred at the aromatic ring.   424 

(Insert Figure 13) 425 

Photodegradation of E1 was studied in aqueous solution under simulated sunlight by Chowdhury 426 

etc.
185, 186

, who determined the effects of several parameters such as initial concentration, solar intensity, 427 

pH and effect of humic substances. E1 was found to be degraded rapidly, with a half-life of 48 to 123 428 

min, depending on irradiation intensity and initial concentrations, the maximum E1 degradation 429 

occurring for a humic acid content of 8 mg L
-1

 and a neutral pH.
185

  Scavenger experiments indicated 430 

that 
3
DOM

*
 and •OH play a significant role in the photodegradation.

187
  431 

 Several research groups reported that the photodegradation rate of E2 increased significantly 432 

when the NO3
−
, Fe

3+
 and humic acid presented in the aqueous solution, which is attributed to 433 

photosensitization by the reactive species, while HCO3
−
 slowed down the degradation rate because of 434 

•OH scavenging.
164, 188-193

 Grebel et al.
194

 studied the effects of halide ions on DOM-sensitized 435 

photolysis of β-estradiol in saline waters. The photodegradation rate significantly decreased with 436 

increasing halide concentrations up to seawater levels. Approximately 70% of this decrease was due to 437 

ionic strength effects, and the remainder was the results of halide-specific effects. Halide promotion of 438 

DOM chromophore photo bleaching was shown to play a major role in the halide-specific effect.  439 

 Whidbey et al.
195

 focused on the photoinduced changes of in vitro estrogenic activity of steroid 440 

hormones, including E1, E2, EE2, equilin (EQ) and equilenin (EQN). Results of yeast estrogen screen 441 

(YES) assay experiments showed that only the direct photolysis of E1 gave estrogenic product 442 

(lumiestrone)
196

, which exhibited moderate estrogenic activity. When photolysed in the presence of 443 

sensitizer, E1 degraded via an indirect photolysis pathway and did not produce lumiestrone or any other 444 
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active products. Under typical natural water conditions photochemical reactions of E2, EE2, EQ and 445 

EQN are expected to produce inactive products.  446 

 Compare to a large number of papers on estrogenic hormones, few studies focused on the 447 

androgenic hormones. 
197-201

 Androstenedione (AD) and testosterone (T) undergo fast photodegradation 448 

with half-lives ranging from 3.7 to 10.8 hrs.
198

 The light screening effect is the primary role of DOM in 449 

the natural photodegradation of AD and T. Trenbolone acetate (TBA) is a high-value steroidal growth 450 

promoter often administered to veterinary practices.  Manufacturer studies demonstrated that the limited 451 

ecosystem risks of TBA metabolites are presented due to rapid photodegradation.
202

 However, recent 452 

studies reported that the photodegradation product of TBA is reversible to the parent compound under 453 

environmental conditions.
201

 454 

X-ray contrast media compounds  455 

A few studies have reported the photodegradation of X-ray contrast media compounds (ICM) in 456 

water.
203, 204

 In two studies, Doll and Frimmel
173, 205

 reported the photodegradation of iomeprol in water 457 

under simulated sunlight; they tested the effects on rates of photodegradation of the initial concentration 458 

of the compound and of other compounds. Iomeprol was degraded by photolysis by simulated UV solar 459 

radiation in Milli-Q water, with a high photochemical degradation rate constant (1.1 × 10
-3 

min
-1

). The 460 

initial iomeprol concentration did not have much effect on the degradation constants. Formation of 461 

iodide was observed during irradiation of iomeprol. This was indicative of the production of other 462 

iodinated intermediates (they were not identified in this study) and the loss of iodine during irradiation. 463 

Perez et al.
206

 investigated the photo transformation reactions of iopromide under simulated solar 464 

irradiation using UPLC-QTOF-MS, as shown in Figure 14. A series of products have been identified 465 

and their formation was the result of four principal photoreactions: (I) gradual, and eventually complete, 466 

deiodination of the aromatic ring; (II) substitution of the halogen by a hydroxyl group; (III) N-467 

Page 22 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



22 
 

dealkylation of the amide in the hydroxylated side chain; and (IV) oxidation of a methylene group in the 468 

hydroxylated side chain to the corresponding ketone.  469 

(Insert Figure 14) 470 

Concluding Remarks 471 

PhACs contamination of surface water is an emerging issue in environmental science and 472 

engineering. After the administration to humans or animals, these medications are partially metabolized 473 

and excreted in the urine and/or the feces, and subsequently enter the aquatic environment through a 474 

number of routes. Some of the PhACs are fairly biodegradable, while others are more persistent and 475 

mobile in the aquatic environment. Although there is no clear evidence of immediate public health 476 

impacts of these trace PhACs in water, there are several groups of substances with unambiguous toxic 477 

and estrogenic properties such as antibiotics and natural and synthetic hormones, which can indeed 478 

affect populations of aquatic organisms.
207, 208

 Therefore, the removal of these substances before 479 

entering the aquatic environment is probably desirable based on the precautionary principle. 480 

Photochemical enhanced removal of PhACs through solar irradiation would be economically feasible 481 

when open water treatments have been applied as advanced processes, such as constructed wetlands, 482 

equalization basin and so on. Some pharmaceuticals are extremely photoreactive, such as amoxicillin, 483 

cephalexin, FQs and cimetidine. There are also some pharmaceuticals relatively resistant to 484 

photodegradation, including but not limit to atenolol, gemfibrozil, and ibuprofen. The synergistic 485 

increase in toxicity caused by pharmaceutical photoproducts has raised attention to research 486 

community,
93, 209

 and future investigation are indeed. Combination of series of treatment processes, such 487 

as bank filters,
210

 coagulation, bio-treatments could be a feasible removal routine for trace amount 488 

pharmaceuticals presented in the aqueous environments.  489 

 490 

Page 23 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



23 
 

Acknowledgments 491 

We thank partial funding supports from National Natural Science Foundation of China (21107016, 492 

21377030), the Science & Technology Commission of Shanghai Municipality (12PJ1400800) and the 493 

State Key Laboratory of Pollution Control and Resource Reuse Foundation (PCRRF12007). W. S. also 494 

acknowledges the support by the program for Professor of Special Appointment (Eastern Scholar) at 495 

Shanghai Institutions of Higher Learning. 496 

 497 

References: 498 

1. R. P. Schwarzenbach, B. I. Escher, K. Fenner, T. B. Hofstetter, C. A. Johnson, U. von Gunten and B. 499 
Wehrli, Science 2006, 313, 1072-1077. 500 

 501 
2. Q. Zaib, B. Mansoor and F. Ahmad, Environ. Sci.: Processes Impacts, 2013, 15, 1582-1589. 502 
 503 
3. A. B. A. Boxall, M. A. Rudd, B. W. Brooks, D. J. Caldwell, K. Choi, S. Hickmann, E. Innes, K. Ostapyk, 504 

J. P. Staveley, T. Verslycke, G. T. Ankley, K. F. Beazley, S. E. Belanger, J. P. Berninger, P. 505 

Carriquiriborde, A. Coors, P. C. DeLeo, S. D. Dyer, J. F. Ericson, F. Gagné, J. P. Giesy, T. Gouin, L. 506 

Hallstrom, M. V. Karlsson, D. G. Joakim Larsson, J. M. Lazorchak, F. Mastrocco, A. McLaughlin, M. E. 507 
McMaster, R. D. Meyerhoff, R. Moore, J. L. Parrott, J. R. Snape, R. Murray-Smith, M. R. Servos, P. K. 508 
Sibley, J. O. Straub, N. D. Szabo, E. Topp, G. R. Tetreault, V. L. Trudeau and G. Van Der Kraak, 509 
Environ. Health Persp., 2012, 120, 1221-1229. 510 

 511 
4. K. Kummerer, in Pharmaceuticals in the Environment, ed. K. Kummerer, Springer, 2004. 512 
 513 
5. C. H. Zhang, K. Ning, W. W. Zhang, Y. J. Guo, J. Chen and C. Liang, Environ. Sci.: Processes Impacts, 514 

2013, 15, 709-714. 515 
 516 
6. T. A. Ternes, Water Res., 1998, 32, 3245-3260. 517 
 518 
7. T. A. Ternes and R. Hirsch, Environ. Sci. Technol., 2000, 34, 2741-2748. 519 
 520 
8. R. H. Lindberg, U. Olofsson, P. Rendahl, M. I. Johansson, M. Tysklind and B. A. V. Andersson, Environ. 521 

Sci. Technol., 2006, 40, 1042-1048. 522 
 523 
9. T. A. Ternes, A. Joss and H. Siegrist, Environ. Sci. Technol., 2004, 38, 392-399. 524 
 525 
10. S. A. Snyder, P. Westerhoff, Y. Yoon and D. L. Sedlak, Environ. Eng. Sci., 2003, 20, 449-469. 526 
 527 
11. T. A. Ternes, M. Stumpf, J. Mueller, K. Haberer, R. D. Wilken and M. Servos, Sci. Total Environ., 1999, 528 

225, 81-90. 529 

Page 24 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



24 
 

 530 
12. T. A. Ternes, J. Stuber, N. Herrmann, D. McDowell, A. Ried, M. Kampmann and B. Teiser, Water Res., 531 

2003, 37, 1976-1982. 532 
 533 
13. M. Winker, D. Faika, H. Gulyas and R. Otterpohl, Sci. Total Environ., 2008, 399, 96-104. 534 
 535 
14. K. Kumar, S. C. Gupta, Y. Chander and A. K. Singh, Adv. Agron., 2005, 87, 1-54. 536 
 537 
15. F. C. Cabello, Environ. Microbiol., 2006, 8, 1137-1144. 538 
 539 
16. M. L. Richardson and J. M. Bowron, J. Pharm. Pharmacol., 1985, 37, 1-12. 540 
 541 
17. D. W. Kolpin, E. T. Furlong, M. T. Meyer, E. M. Thurman, S. D. Zaugg, L. B. Barber and H. T. Buxton, 542 

Environ. Sci. Technol., 2002, 36, 1202-1211. 543 
 544 
18. P. E. Stackelberg, E. T. Furlong, M. T. Meyer, S. D. Zaugg, A. K. Henderson and D. B. Reissman, Sci. 545 

Total Environ., 2004, 329, 99-113. 546 
 547 
19. G. A. Loraine and M. E. Pettigrove, Environ. Sci. Technol., 2006, 40, 687-695. 548 
 549 
20. P. Westerhoff, Y. Yoon, S. A. Snyder and E. Wert, Environ. Sci. Technol., 2005, 39, 6649-6663. 550 
 551 
21. D. C. McDowell, M. M. Huber, M. Wagner, U. Von Gunten and T. A. Ternes, Environ. Sci. Technol., 552 

2005, 39, 8014-8022. 553 
 554 
22. M. J. Benotti, R. A. Trenholm, B. J. Vanderford, J. C. Holady, B. D. Stanford and S. A. Snyder, Environ. 555 

Sci. Technol., 2009, 43, 597-603. 556 
 557 
23. H. Nakata, K. Kannan, P. D. Jones and J. P. Giesy, Chemosphere, 2005, 58, 759-766. 558 
 559 
24. F. Sacher, F. T. Lange, H.-J. Brauch and I. Blankenhorn, J. Chromatogr. A, 2001, 938, 199-210. 560 
 561 
25. A. A. Robinson, J. B. Belden and M. J. Lydy, Environ. Toxicol. Chem., 2005, 24, 423-430. 562 
 563 
26. J.-W. Kwon and K. L. Armbrust, Environ. Toxicol. Chem., 2006, 25, 2561-2568. 564 
 565 
27. M. Cleuvers, Toxicol. Lett., 2003, 142, 185-194. 566 
 567 
28. Y. Kim, K. Choi, J. Jung, S. Park, P.-G. Kim and J. Park, Environment International, 2007, 33, 370-375. 568 
 569 
29. K. Eguchi, H. Nagase, M. Ozawa, Y. S. Endoh, K. Goto, K. Hirata, K. Miyamoto and H. Yoshimura, 570 

Chemosphere, 2004, 57, 1733-1738. 571 
 572 
30. A. Gulkowska, H. Leung, M. So, S. Taniyasu, N. Yamashita, L. W. Yeung, B. J. Richardson, A. Lei, J. 573 

Giesy and P. K. Lam, Water Res., 2008, 42, 395-403. 574 
 575 
31. A. Nikolaou, S. Meric and D. Fatta, Anal. Bioanal. Chem, 2007, 387, 1225-1234. 576 
 577 

Page 25 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



25 
 

32. M. W. Lam, C. J. Young, R. A. Brain, D. J. Johnson, M. A. Hanson, C. J. Wilson, S. M. Richards, K. R. 578 
Solomon and S. A. Mabury, Environ. Toxicol. Chem., 2004, 23, 1431-1440. 579 

 580 
33. E. M. Golet, I. Xifra, H. Siegrist, A. C. Alder and W. Giger, Environ. Sci. Technol., 2003, 37, 3243-3249. 581 
 582 
34. R. P. Schwarzenbach, P. M. Gschwend and D. M. Imboden, Environmental Organic Chemistry, Wiley, 583 

Hoboken, NJ, 2003. 584 
 585 
35. A. Leifer, The Kinetics of Environmental Aquatic Photochemistry: Theory and Practice, American 586 

Chemistry Society, Washington, DC, 1988. 587 
 588 
36. F. Al Housari, D. Vione, S. Chiron and S. Barbati, Photochemical & Photobiological Sciences, 2010, 9, 589 

78-86. 590 
 591 
37. J. Burns, W. Cooper, J. Ferry, D. W. King, B. DiMento, K. McNeill, C. Miller, W. Miller, B. Peake, S. 592 

Rusak, A. Rose and T. D. Waite, Aquat Sci, 2012, 74, 683-734. 593 
 594 
38. D. Vione, G. Falletti, V. Maurino, C. Minero, E. Pelizzetti, M. Malandrino, R. Ajassa, R.-I. Olariu and C. 595 

Arsene, Environ. Sci. Technol., 2006, 40, 3775-3781. 596 
 597 
39. M. W. Lam, K. Tantuco and S. A. Mabury, Environ. Sci. Technol., 2003, 37, 899-907. 598 
 599 
40. S. Canonica, Chimia Int. J. Chem., 2007, 61, 641-644. 600 
 601 
41. B. Kasprzyk-Hordern, R. M. Dinsdale and A. J. Guwy, Water Res., 2008, 42, 3498-3518. 602 
 603 
42. A. Y.-C. Lin and Y.-T. Tsai, Sci. Total Environ., 2009, 407, 3793-3802. 604 
 605 
43. A. Watkinson, E. Murby, D. Kolpin and S. Costanzo, Sci. Total Environ., 2009, 407, 2711-2723. 606 
 607 
44. A. K. Sarmah, M. T. Meyer and A. Boxall, Chemosphere, 2006, 65, 725-759. 608 
 609 
45. G. T. Ankley, B. W. Brooks, D. B. Huggett and J. P. Sumpter, Environ. Sci. Technol., 2007, 41, 8211-610 

8217. 611 
 612 
46. F. A. Caliman and M. Gavrilescu, Clean-Soil Air Water, 2009, 37, 277-303. 613 
 614 
47. S. K. Khetan and T. J. Collins, Chem. Rev. , 2007, 107, 2319-2364. 615 
 616 
48. T. Kosjek and E. Heath, TrAC - Trend. Anal. Chem., 2011, 30, 1065-1087. 617 
 618 
49. D. J. Lapworth, N. Baran, M. E. Stuart and R. S. Ward, Environ. Pollut., 2012, 163, 287-303. 619 
 620 
50. S. K. Maeng, S. K. Sharma, K. Lekkerkerker-Teunissen and G. L. Amy, Water Res., 2011, 45, 3015-3033. 621 
 622 
51. K. Ikehata, N. J. Naghashkar and M. Gamal El-Din, Ozone: Sci. Eng., 2006, 28, 353-414. 623 
 624 
52. A. Y. C. Tong, R. Braund, D. S. Warren and B. M. Peake, Cent. Eur. J. Chem., 2012, 10, 989-1027. 625 
 626 

Page 26 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



26 
 

53. I. R. Falconer, H. F. Chapman, M. R. Moore and G. Ranmuthugala, Environ. Toxicol., 2006, 21, 181-191. 627 
 628 
54. D. Fatta-Kassinos, M. I. Vasquez and K. Kümmerer, Chemosphere, 2011, 85, 693-709. 629 
 630 
55. I. Sirés and E. Brillas, Environ. Int., 2012, 40, 212-229. 631 
 632 
56. J. Rivera-Utrilla, M. Sánchez-Polo, M. Á. Ferro-García, G. Prados-Joya and R. Ocampo-Pérez, 633 

Chemosphere, 2013, 93, 1268-1287. 634 
 635 
57. J. M. Brausch and G. M. Rand, Chemosphere, 2011, 82, 1518-1532. 636 
 637 
58. F. Orias and Y. Perrodin, Sci. Total Environ., 2013, 454-455, 250-276. 638 
 639 
59. L. H. M. L. M. Santos, A. N. Araújo, A. Fachini, A. Pena, C. Delerue-Matos and M. C. B. S. M. 640 

Montenegro, J. Hazard. Mater., 2010, 175, 45-95. 641 
 642 
60. J. M. Brausch, K. A. Connors, B. W. Brooks and G. M. Rand, Reviews of Environ. Contam. Toxic., 2012, 643 

218, 1-99. 644 
 645 
61. T. Schwartz, W. Kohnen, B. Jansen and U. Obst, FEMS Microbiology Ecology, 2003, 43, 325-335. 646 
 647 
62. A. L. Boreen, W. A. Arnold and K. McNeill, Aquatic Sciences, 2003, 65, 320-341. 648 
 649 
63. Merck, The Merck Manual of Diagnosis and Therapy 17th edition, John Wiley & Sons, Indianapolis, IN, 650 

1999. 651 
 652 
64. Q.-T. Liu and H. E. Williams, Environ. Sci. Technol., 2007, 41, 803-810. 653 
 654 
65. H. Yamamoto, Y. Nakamura, S. Moriguchi, Y. Nakamura, Y. Honda, I. Tamura, Y. Hirata, A. Hayashi 655 

and J. Sekizawa, Water Res., 2009, 43, 351-362. 656 
 657 
66. P. F. Robinson, Q.-T. Liu, A. M. Riddle and R. Murray-Smith, Chemosphere, 2007, 66, 757-766. 658 
 659 
67. A. Piram, R. Faure, H. Chermette, C. Bordes, B. Herbreteau and A. Salvador, Int. J. Environ. Anal. Chem., 660 

2012, 92, 96-109. 661 
 662 
68. Q.-T. Liu, R. I. Cumming and A. D. Sharpe, Photochemical & Photobiological Sciences, 2009, 8, 768-663 

777. 664 
 665 
69. A. Piram, A. Salvador, C. Verne, B. Herbreteau and R. Faure, Chemosphere, 2008, 73, 1265-1271. 666 
 667 
70. L. Wang, H. Xu, W. J. Cooper and W. Song, Sci. Total Environ., 2012, 426, 289-295. 668 
 669 
71. Y. Chen, H. Li, Z. Wang, H. Li, T. Tao and Y. Zuo, Water Res., 2012, 46, 2965-2972. 670 
 671 
72. Y. Chen, Q. Liang, D. Zhou, Z. Wang, T. Tao and Y. Zuo, J. Hazard. Mater., 2013, 252–253, 220-226. 672 
 673 
73. Q. T. Liu, T. D. Williams, R. I. Cumming, G. Holm, M. J. Hetheridge and R. Murray-Smith, Environ. 674 

Toxicol. Chem., 2009, 28, 2622-2631. 675 

Page 27 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



27 
 

 676 
74. W. W. Ben, X. Pan and Z. M. Qiang, Environ. Sci.: Processes Impacts, 2013, 15, 870-875. 677 
 678 
75. S. Harris, C. Morris, D. Morris, M. Cormican and E. Cummins, Environ. Sci.: Processes Impacts, 2013, 679 

15, 617-622. 680 
 681 
76. K. Kümmerer, Chemosphere, 2009, 75, 435-441. 682 
 683 
77. K. Kümmerer, Chemosphere, 2009, 75, 417-434. 684 
 685 
78. R. H. Lindberg, P. Wennberg, M. I. Johansson, M. Tysklind and B. A. Andersson, Environ. Sci. Technol., 686 

2005, 39, 3421-3429. 687 
 688 
79. K. Kümmerer, J. Antimicrob. Chemoth., 2003, 52, 5-7. 689 
 690 
80. N. Kemper, Ecol. Indic., 2008, 8, 1-13. 691 
 692 
81. R. Andreozzi, M. Canterino, R. Marotta and N. Paxeus, J. Hazard. Mater., 2005, 122, 243-250. 693 
 694 
82. S. E. Allen, P. Boerlin, N. Janecko, J. S. Lumsden, I. K. Barker, D. L. Pear, R. J. Reid-Smith and C. 695 

Jardine, Appl. Environ. Microbiol., 2011, 77, 882-888. 696 
 697 
83. S. Guenther, M. Grobbel, K. Heidemanns, M. Schlegel, R. G. Ulrich, C. Ewers and L. H. Wieler, Sci. 698 

Total Environ., 2010, 408, 3519-3522. 699 
 700 
84. J. L. Martinez, Environ. Pollut., 2009, 157, 2893-2902. 701 
 702 
85. M. H. Rahman, L. Nonaka, R. Tago and S. Suzuki, Environ. Sci. Technol., 2008, 42, 5055-5061. 703 
 704 
86. L. Carlos, D. O. Mártire, M. C. Gonzalez, J. Gomis, A. Bernabeu, A. M. Amat and A. Arques, Water Res., 705 

2012, 46, 4732-4740. 706 
 707 
87. L. Rizzo, A. Fiorentino and A. Anselmo, Sci. Total Environ., 2012, 427-428, 263-268. 708 
 709 
88. Q. Zhao, L. Feng, X. Cheng, C. Chen and L. Zhang, Water Sci. Technol., 2013, 67, 1605-1611. 710 
 711 
89. R. Andreozzi, V. Caprio, C. Ciniglia, M. de Champdore, R. Lo Giudice, R. Marotta and E. Zuccato, 712 

Environ. Sci. Technol., 2004, 38, 6832-6838. 713 
 714 
90. H. Xu, W. J. Cooper, J. Jung and W. Song, Water Res., 2011, 45, 632-638. 715 
 716 
91. E. Reynoso, A. Nesci, P. Allegretti, S. Criado and M. A. Biasutti, Redox Rep., 2012, 17, 275-283. 717 
 718 
92. M. Jiang, L. Wang and R. Ji, Chemosphere, 2010, 80, 1399-1405. 719 
 720 
93. X.-H. Wang and A. Y.-C. Lin, Environ. Sci. Technol., 2012, 46, 12417-12426. 721 
 722 
94. A.-S. Crucq, B. L. Tilquin and B. Hickel, Free Radical Bio. Med., 1995, 18, 841-847. 723 
 724 

Page 28 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



28 
 

95. A. L. Boreen, W. A. Arnold and K. McNeill, Environ. Sci. Technol., 2004, 38, 3933-3940. 725 
 726 
96. M. W. Lam and S. A. Mabury, Aquat Sci, 2005, 67, 177-188. 727 
 728 
97. C. C. Ryan, D. T. Tan and W. A. Arnold, Water Res., 2011, 45, 1280-1286. 729 
 730 
98. A. L. Boreen, W. A. Arnold and K. McNeill, Environ. Sci. Technol., 2005, 39, 3630-3638. 731 
 732 
99. J. J. Guerard, Y.-P. Chin, H. Mash and C. M. Hadad, Environ. Sci. Technol., 2009, 43, 8587-8592. 733 
 734 
100. J. J. Guerard, P. L. Miller, T. D. Trouts and Y.-P. Chin, Aquatic Sciences, 2009, 71, 160-169. 735 
 736 
101. J. Wenk and S. Canonica, Environ. Sci. Technol., 2012, 46, 5455-5462. 737 
 738 
102. K. H. Wammer, T. M. Lapara, K. McNeill, W. A. Arnold and D. L. Swackhamer, Environ. Toxicol. 739 

Chem., 2006, 25, 1480-1486. 740 
 741 
103. S. B. Levy, Perseus Publishing, Cambridge, MA., 2002. 742 
 743 
104. D. Zhang, L. Lin, Z. Luo, C. Yan and X. Zhang, Journal of Environmental Monitoring, 2011, 13, 1953-744 

1960. 745 
 746 
105. J. J. Werner, W. A. Arnold and K. McNeill, Environ. Sci. Technol., 2006, 40, 7236-7241. 747 
 748 
106. Y. Chen, C. Hu, J. Qu and M. Yang, J. Photochem. Photobio. A, 2008, 197, 81-87. 749 
 750 
107. M. M. Bliakova, S. I. Bessonov, B. M. Sergeyev, I. G. Smirnova, E. N. Dobrov and A. M. Kopylov, 751 

Biochemistry (Moscow) 2003, 68, 182-187. 752 
 753 
108. R. Xuan, L. Arisi, Q. Wang, S. R. Yates and K. C. Biswas, J. Environ. Sci. Health-B, 2010, 45, 73-81. 754 
 755 
109. C. Castillo, S. Criado, M. Díaz and N. A. García, Dyes and Pigments, 2007, 72, 178-184. 756 
 757 
110. K. H. Wammer, M. T. Slattery, A. M. Stemig and J. L. Ditty, Chemosphere, 2011, 85, 1505-1510. 758 
 759 
111. Y. Chen, H. Li, Z. Wang, T. Tao, D. Wei and C. Hu, J. Environ. Sci., 2012, 24, 254-260. 760 
 761 
112. J. J. Werner, K. McNeill and W. A. Arnold, J. Agric. Food Chem., 2009, 57, 6932-6937. 762 
 763 
113. S. Jiao, S. Zheng, D. Yin, L. Wang and L. Chen, Chemosphere, 2008, 73, 377-382. 764 
 765 
114. L. Ge, J. Chen, X. Wei, S. Zhang, X. Qiao, X. Cai and Q. Xie, Environ. Sci. Technol., 2010, 44, 2400-766 

2405. 767 
 768 
115. Y. Li, J. Niu and W. Wang, Chemosphere, 2011, 85, 892-897. 769 
 770 
116. D. Prabhakaran, P. Sukul, M. Lamshöft, M. A. Maheswari, S. Zühlke and M. Spiteller, Chemosphere, 771 

2009, 77, 739-746. 772 
 773 

Page 29 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



29 
 

117. T. G. Vasconcelos, D. M. Henriques, A. König, A. F. Martins and K. Kümmerer, Chemosphere, 2009, 76, 774 
487-493. 775 

 776 
118. E. Turiel, G. Bordin and A. R. Rodriguez, J. Environ. Monit., 2005, 7, 189-195. 777 
 778 
119. C. W. Knapp, L. A. Cardoza, J. N. Hawes, E. M. H. Wellington, C. K. Larive and D. W. Graham, 779 

Environ. Sci. Technol., 2005, 39, 9140-9146. 780 
 781 
120. M. Sturini, A. Speltini, F. Maraschi, A. Profumo, L. Pretali, E. Fasani and A. Albini, Environ. Sci. 782 

Technol., 2010, 44, 4564-4569. 783 
 784 
121. H. T. Lai and J. J. Lin, Chemosphere, 2009, 75, 462-468. 785 
 786 
122. S. Babić, M. Periša and I. Škorić, Chemosphere, 2013, 91, 1635-1642. 787 
 788 
123. M. Sturini, A. Speltini, F. Maraschi, A. Profumo, L. Pretali, E. A. Irastorza, E. Fasani and A. Albini, Appl. 789 

Catal. B-Environ., 2012, 119-120, 32-39. 790 
 791 
124. X. Wei, J. Chen, Q. Xie, S. Zhang, L. Ge and X. Qiao, Environ. Sci. Technol., 2013, 47, 4284-4290. 792 
 793 
125. K. H. Wammer, A. R. Korte, R. A. Lundeen, J. E. Sundberg, K. McNeill and W. A. Arnold, Water Res., 794 

2013, 47, 439-448. 795 
 796 
126. M. Sturini, A. Speltini, F. Maraschi, L. Pretali, A. Profumo, E. Fasani, A. Albini, R. Migliavacca and E. 797 

Nucleo, Water Res., 2012, 46, 5575-5582. 798 
 799 
127. S. Kusari, D. Prabhakaran, M. Lamshöft and M. Spiteller, Environ. Pollut., 2009, 157, 2722-2730. 800 
 801 
128. A. Abou-Eisha, Toxicol. in Vitro, 2006, 20, 601-607. 802 
 803 
129. C. Sirtori, A. Agüera, W. Gernjak and S. Malato, Water Res., 2010, 44, 2735-2744. 804 
 805 
130. X. Luo, Z. Zheng, J. Greaves, W. J. Cooper and W. Song, Water Res., 2012, 46, 1327-1336. 806 
 807 
131. I. Michael, E. Hapeshi, V. Osorio, S. Perez, M. Petrovic, A. Zapata, S. Malato, D. Barceló and D. Fatta-808 

Kassinos, Sci. Total Environ., 2012, 430, 167-173. 809 
 810 
132. R. Triebskorn, H. Casper, A. Heyd, R. Eikemper, H. R. Kohler and J. Schwaiger, Aquat. Toxicol., 2004, 811 

68, 151-166. 812 
 813 
133. L. J. Oaks, M. Gilbert, M. Z. Virani, R. T. Watson, C. U. Meteyer, B. A. Rideout, H. L. Shivaprasad, S. 814 

Ahmed, M. Chaudhry, M. Arshad, S. Mahmood, A. Ali and A. A. Khan, Nature, 2004, 427, 630-633. 815 
 816 
134. J. L. Packer, J. J. Werner, D. E. Latch, K. McNeill and W. A. Arnold, Aquatic Sciences, 2003, 65, 342-817 

351. 818 
 819 
135. C. Tixier, H. P. Singer, S. Oellers and S. R. Mueller, Environ. Sci. Technol., 2003, 37, 1061-1068. 820 
 821 
136. P. Bartels and W. von Tümpling Jr, Sci Total Environ., 2007, 374, 143-155. 822 

Page 30 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



30 
 

 823 
137. M. Qin, H. Yang, S. Chen, H. Xie and J. Guan, Quimica Nova, 2012, 35, 559-562. 824 
 825 
138. F. Bonvin, A. M. Razmi, D. A. Barry and T. Kohn, Environ. Sci. Technol., 2013, 47, 9207-9216. 826 
 827 
139. N. Zhang, G. G. Liu, H. J. Liu, Y. L. Wang and T. Li, Water Sci. Technol., 2013, 67, 418-423. 828 
 829 
140. N. Zhang, G. Liu, H. Liu, Y. Wang, Z. He and G. Wang, J. Hazard. Mater., 2011, 192, 411-418. 830 
 831 
141. K. A. K. Musa and L. A. Eriksson, Physical Chemistry Chemical Physics, 2009, 11, 4601-4610. 832 
 833 
142. J. J. Werner, K. McNeill and W. A. Arnold, Chemosphere, 2005, 58, 1339-1346. 834 
 835 
143. S. D. Kim, J. Cho, I. S. Kim, B. J. Vanderford and S. A. Snyder, Water Res., 2007, 41, 1013-1021. 836 
 837 
144. K. C. Makris and S. A. Snyder, Water Sci. Technol., 2010, 62, 2720-2728. 838 
 839 
145. D. Vione, P. R. Maddigapu, E. De Laurentiis, M. Minella, M. Pazzi, V. Maurino, C. Minero, S. Kouras 840 

and C. Richard, Water Res., 2011, 45, 6725-6736. 841 
 842 
146. Y. Xu, T. V. Nguyen, M. Reinhard and K. Y.-H. Gin, Chemosphere, 2011, 85, 790-796. 843 
 844 
147. L. E. Jacobs, R. L. Fimmen, Y.-P. Chin, H. E. Mash and L. K. Weavers, Water Res., 2011, 45, 4449-4458. 845 
 846 
148. V. Matamoros, A. Duhec, J. Albaiges and J. M. Bayona, Water, Air, & Soil Pollution, 2009, 196, 161-168. 847 
 848 
149. R. K. Szabó, C. S. Megyeri, E. Illés, K. Gajda-Schrantz, P. Mazellier and A. Dombi, Chemosphere, 2011, 849 

84, 1658-1663. 850 
 851 
150. A. B. Moynan and C. A. Welsh, Zebrafish, 2012, 9, 179-184. 852 
 853 
151. G. Ruggeri, G. Ghigo, V. Maurino, C. Minero and D. Vione, Water Res., 2013, 47, 6109-6121. 854 
 855 
152. D. Q. Zhang, T. Hua, R. M. Gersberg, J. Zhu, W. J. Ng and S. K. Tan, Chemosphere, 2013, 91, 14-21. 856 
 857 
153. Y. H. Hsu, Y. B. Liou, J. A. Lee, C. Y. Chen and A. B. Wu, Biomedical Chromatography, 2006, 20, 787-858 

793. 859 
 860 
154. M. Brigante, M. Della Greca, M. Isidori, A. Nardelli, L. Previtera and M. Rubino, Environmental 861 

Chemistry Letters, 2004, 1, 237-241. 862 
 863 
155. M. DellaGreca, M. Brigante, M. Isidori, A. Nardelli, L. Previtera, M. Rubino and F. Temussi, 864 

Environmental Chemistry Letters, 2003, 1, 237-241. 865 
 866 
156. M. Isidori, M. Lavorgna, A. Nardelli, A. Parrella, L. Previtera and M. Rubino, Sci. Total Environ., 2005, 867 

348, 93-101. 868 
 869 
157. E. Zuccato, S. Castiglioni, R. Fanelli, G. Reitano, R. Bagnati, C. Chiabrando, F. Pomati, C. Rossetti and 870 

D. Calamari, Environmental Science and Pollution Research, 2006, 13, 15-21. 871 

Page 31 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



31 
 

 872 
158. D. E. Latch, B. L. Stender, J. L. Packer, W. A. Arnold and K. McNeill, Environ. Sci. Technol., 2003, 37, 873 

3342-3350. 874 
 875 
159. M. Isidori, A. Parrella, P. Pistillo and F. Temussi, Environment International, 2009, 35, 821-825. 876 
 877 
160. M. Bergheim, R. Giere and K. Kuemmerer, Environmental Science and Pollution Research, 2012, 19, 72-878 

85. 879 
 880 
161. R. Andreozzi, M. Raffaele and P. Nicklas, Chemosphere, 2003, 50, 1319-1330. 881 
 882 
162. M. Cermola, M. DellaGreca, M. R. Iesce, L. Previtera, M. Rubino, F. Temussi and M. Brigante, 883 

Environmental Chemistry Letters, 2005, 3, 43-47. 884 
 885 
163. J. Kim and B. Kang, Water Res., 2008, 42, 145-152. 886 
 887 
164. A. Y.-C. Lin and M. Reinhard, Environ. Toxicol. Chem., 2005, 24, 1303-1309. 888 
 889 
165. B. Razavi, W. H. Song, W. J. Cooper, J. Greaves and J. Jeong, J. Phys. Chem. A, 2009, 113, 1287-1294. 890 
 891 
166. J. L. Zurita, G. Repetto, Á. Jos, M. Salguero, M. López-Artíguez and A. M. Cameán, Aquat. Toxicol., 892 

2007, 81, 106-115. 893 
 894 
167. M. Isidori, A. Nardelli, L. Pascarella, M. Rubino and A. Parrella, Environment International, 2007, 33, 895 

635-641. 896 
 897 
168. C. Aguiar, F. Vargas, N. Canudas and F. Ruette, Molecular Engineering, 1995, 4, 451-463. 898 
 899 
169. Y. Zhang, S.-U. Geißen and C. Gal, Chemosphere, 2008, 73, 1151-1161. 900 
 901 
170. E. Mohle, C. Kempter, A. Kern and J. Metzger, Acta. Hydroch. Hydrob., 1999, 27, 430-436. 902 
 903 
171. B. Halling-Sørensen, S. Nors Nielsen, P. Lanzky, F. Ingerslev, H. Holten Lützhøft and S. Jørgensen, 904 

Chemosphere, 1998, 36, 357-393. 905 
 906 
172. X.-S. Miao, J.-J. Yang and C. D. Metcalfe, Environ. Sci. Technol., 2005, 39, 7469-7475. 907 
 908 
173. T. E. Doll and F. H. Frimmel, Chemosphere, 2003, 52, 1757-1769. 909 
 910 
174. V. Calisto, M. R. M. Domingues, G. L. Erny and V. I. Esteves, Water Res., 2011, 45, 1095-1104. 911 
 912 
175. S. Chiron, C. Minero and D. Vione, Environ. Sci. Technol., 2006, 40, 5977-5983. 913 
 914 
176. S. M. Furst and J. P. Uetrecht, Biochemical pharmacology, 1993, 45, 1267-1275. 915 
 916 
177. M. M. Huber, S. Canonica, G.-Y. Park and U. von Gunten, Environ. Sci. Technol. , 2003, 37, 1016-1024. 917 
 918 
178. D. Vogna, R. Marotta, R. Andreozzi, A. Napolitano and M. d‟Ischia, Chemosphere, 2004, 54, 497-505. 919 
 920 

Page 32 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



32 
 

179. T. Kosjek, H. R. Andersen, B. Kompare, A. Ledin and E. Heath, Environ. Sci. Technol., 2009, 43, 6256-921 
6261. 922 

 923 

180. L. D. Arcand‐Hoy and W. H. Benson, Environ. Toxicol. Chem., 1998, 17, 49-57. 924 

 925 
181. Y. G. Zuo, K. Zhang and S. Zhou, Environ. Sci.: Processes Impacts, 2013, 15, 1529-1535. 926 
 927 
182. K. Onda, S. Yang, A. Miya and T. Tanaka, Water Sci. Technol., 2002, 46, 367-373. 928 
 929 
183. P. Mazellier, L. Méité and J. D. Laat, Chemosphere, 2008, 73, 1216-1223. 930 
 931 
184. M. Diaz, M. Luiz, P. Alegretti, J. Furlong, F. Amat-Guerri, W. Massad, S. Criado and N. A. Garcia, J. 932 

Photochem. Photobio. A, 2009, 202, 221-227. 933 
 934 
185. R. R. Chowdhury, P. A. Charpentier and M. B. Ray, Industrial & Engineering Chemistry Research, 2010, 935 

49, 6923-6930. 936 
 937 
186. A. Y. C. Lin and M. Reinhard, Environ. Toxicol. Chem., 2005, 24, 1303-1309. 938 
 939 
187. E. Caupos, P. Mazellier and J.-P. Croue, Water Res., 2011, 45, 3341-3350. 940 
 941 
188. Y. Zuo, K. Zhang and Y. Deng, Chemosphere, 2006, 63, 1583-1590. 942 
 943 
189. R. R. Chowdhury, P. A. Charpentier and M. B. Ray, J. Photoch. Photobio. A, 2011, 219, 67-75. 944 
 945 
190. D. M. Leech, M. T. Snyder and R. G. Wetzel, Sci. Total Environ., 2009, 407, 2087-2092. 946 
 947 
191. Y. Chen, K. Zhang and Y. Zuo, Sci. Total Environ., 2013, 463-464, 802-809. 948 
 949 
192. S. K. Atkinson, V. L. Marlatt, L. E. Kimpe, D. R. S. Lean, V. L. Trudeau and J. M. Blais, Arch. Environ. 950 

Contam. Toxicol., 2011, 60, 1-7. 951 
 952 
193. J. Sun, Y. Chen, L. Deng, F. Wu and N. Deng, Fresenius Environmental Bulletin, 2006, 15, 113-117. 953 
 954 
194. J. E. Grebel, J. J. Pignatello and W. A. Mitch, Environ. Sci. Technol., 2012, 46, 7128-7134. 955 
 956 
195. C. M. Whidbey, K. E. Daumit, T.-H. Nguyen, D. D. Ashworth, J. C. C. Davis and D. E. Latch, Water Res., 957 

2012, 46, 5287-5296. 958 
 959 
196. V. L. Trudeau, B. Heyne, J. M. Blais, F. Temussi, S. K. Atkinson, F. Pakdel, J. T. Popesku, V. L. Marlatt, 960 

J. C. Scaiano, L. Previtera and D. R. S. Lean, Frontiers in Endocrinology, 2011, 2. 961 
 962 
197. E. Vulliet, M. Falletta, P. Marote, T. Lomberget, J. O. Paisse and M. F. Grenier-Loustalot, Sci. Total 963 

Environ. , 2010, 408, 3554-3559. 964 
 965 
198. R. B. Young, D. E. Latch, D. B. Mawhinney, T.-H. Nguyen, J. C. C. Davis and T. Borch, Environ. Sci. 966 

Technol., 2013, 47, 8416-8424. 967 
 968 

Page 33 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



33 
 

199. E. Vulliet, B. Giroud, P. Marote, E. S. P. Res. and 2012, Environmental Science and Pollution Research, 969 
2012, 1-10. 970 

 971 
200. E. P. Kolodziej, S. Qu, K. L. Forsgren, S. A. Long, J. B. Gloer, G. D. Jones, D. Schlenk, J. Baltrusaitis 972 

and D. M. Cwiertny, Environ. Sci. Technol., 2013, 47, 5031-5041. 973 
 974 
201. S. Qu, E. P. Kolodziej, S. A. Long, J. B. Gloer, E. V. Patterson, J. Baltrusaitis, G. D. Jones, P. V. 975 

Benchetler, E. A. Cole, K. C. Kimbrough, M. D. Tarnoff and D. M. Cwiertny, Science, 2013, 342, 347-976 
351. 977 

 978 
202. , Center for Veterinary Medicine, FDA, Rockville, MD, 1995. 979 
 980 
203. T. Steger-Hartmann, R. Länge, H. Schweinfurth, M. Tschampel and I. Rehmann, Water Res., 2002, 36, 981 

266-274. 982 
 983 
204. S. Pérez and D. Barceló, Anal. Bioanal. Chem, 2007, 387, 1235-1246. 984 
 985 
205. T. E. Doll and F. H. Frimmel, Catal. Today, 2005, 101, 195-202. 986 
 987 
206. S. Perez, P. Eichhorn, V. Ceballos and D. Barcelo, Journal of Mass Spectrometry, 2009, 44, 1308-1317. 988 
 989 
207. A. Pruden, R. Pei, H. Storteboom and K. H. Carlson, Environ. Sci. Technol., 2006, 40, 7445-7450. 990 
 991 
208. F. Baquero, J.-L. Martínez and R. Cantón, Curr. Opin. Biotech., 2008, 19, 260-265. 992 
 993 
209. S. Onoue, Y. Seto, A. Oishi and S. Yamada, J. Pharm. Sci., 2009, 98, 3647-3658. 994 
 995 
210. D. Löffler, J. Römbke, M. Meller and T. A. Ternes, Environ. Sci. Technol., 2005, 39, 5209-5218. 996 
 997 
211. Y. Chen, C. Hu, X. Hu and J. Qu, Environ. Sci. Technol., 2009, 43, 2760-2765. 998 
 999 
212. W. Song, W. J. Cooper, S. P. Mezyk, J. Greaves and B. M. Peake, Environ. Sci. Technol., 2008, 42, 1256-1000 

1261. 1001 
 1002 
213. M. K. Dail and S. P. Mezyk, J. Phys. Chem. A, 2010, 114, 8391-8395. 1003 
 1004 
214. S. P. Mezyk, T. J. Neubauer, W. J. Cooper and J. R. Peller, J. Phys. Chem. A, 2007, 111, 9019-9024. 1005 
 1006 
215. J. Jeong, W. Song, W. J. Cooper, J. Jung and J. Greaves, Chemosphere, 2010, 78, 533-540. 1007 
 1008 
216. C. Castillo, S. Criado, M. Díaz and N. A. García, Dyes Pigments, 2007, 72, 178-184. 1009 
 1010 
217. T. An, H. Yang, G. Li, W. Song, W. J. Cooper and X. Nie, Appl. Catal. B-Environ., 2010, 94, 288-294. 1011 
 1012 
218. H. Santoke, W. Song, W. J. Cooper, J. Greaves and G. E. Miller, J. Phys. Chem. A, 2009, 113, 7846-7851. 1013 
 1014 
219. H. Yu, E. Nie, J. Xu, S. Yan, W. J. Cooper and W. Song, Water Res., 2013, 47, 1909-1918. 1015 
 1016 

Page 34 of 56Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



34 
 

220. S. Ben Abdelmelek, J. Greaves, K. P. Ishida, W. J. Cooper and W. Song, Environ. Sci. Technol., 2011, 45, 1017 
3665-3671. 1018 

 1019 
221. P. M. Stephen, M. A. Edsel, L. S. Katy, M. Garrett and D. D. Dionysios, in Contaminants of Emerging 1020 

Concern in the Environment: Ecological and Human Health Considerations, American Chemical Society, 1021 
2010, vol. 1048, pp. 213-225. 1022 

 1023 
 1024 
 1025 

  1026 

Page 35 of 56 Environmental Science: Processes & Impacts

E
n

vi
ro

n
m

en
ta

l S
ci

en
ce

: 
P

ro
ce

ss
es

 &
 Im

p
ac

ts
 A

cc
ep

te
d

 M
an

u
sc

ri
p

t



35 
 

 1027 

 1028 

Figure 1. Indirect Photochemical degradation pathways of PhACs in the DOM enriched solutions.  1029 
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1030 
 1031 

 1032 

Figure 2. Proposed photodegradation pathways of β-blockers: (a) direct photolysis of propranolol, 1033 
64

redrawn with permission from Ref. 64. © 2007 American Chemical Society (b) indirect photolysis of 1034 

atenolol in the NOM solution,
70

 reproduced with permission from Ref. 70. © 2012 Elsevier B. V. 1035 
 1036 

 1037 
 1038 

 1039 
 1040 

 1041 
 1042 

 1043 
 1044 

 1045 
 1046 

 1047 
 1048 

 1049 
 1050 
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 1051 

Figure 3. (a). Predicted direct and indirect photolysis products and degradation pathway of CFD. (b). 1052 
Predicted direct photolysis products and degradation pathway of CFP.

93
 Reproduced with permission 1053 

from Ref. 93.© 2012 American Chemical Society. 1054 
 1055 
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 1056 

 1057 

Figure 4. Potential Direct Photolysis Cleavage Sites
95

 of five-membered heterocyclic sulfonamides 1058 

illustrated as (a), and proposed photoproducts
98

 arising in the photolysis of six-membered heterocyclic 1059 
sulfonamides (b). Figure (a) redrawn with permission from Ref. 95. © 2004 American Chemical Society. 1060 

Figure (b) reproduced with permission from Ref. 98. © 2005 American Chemical Society. 1061 
 1062 
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1063 
 1064 

Figure 5. The hydroxylation, N-demethyl/dedismethyl, and dechlorination processes of CTC during 1065 
direct photodegradation under simulated sunlight.

111
 Reproduced with permission from Ref. 111. © 1066 

2012 Elsevier Ltd. 1067 
  1068 
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1069 
 1070 

Figure 6. Three major processes for direct photolysis of Fluoroquinolones.
120

 Which A stands for the 1071 

oxidative degradation of the piperazine side chain, and B stands for the reductive defluorination process, 1072 
fluorine solvolysis was C. Redrawn with permission from Ref. 120. © 2010 American Chemical Society. 1073 
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1074 
 1075 

Figure 7. Two major processes (Demethylation and hydroxylation) involved in the direct photolysis 1076 
mechanism of TMP.

129
 Redrawn with permission from Ref. 129. © 2010 Elsevier Ltd. 1077 

 1078 
  1079 
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 1080 

Figure 8. The direct photodegradation routes of diclofenac.
141

 Reproduced from Ref. 141 © 2009 with 1081 

permission from the PCCP Owner Societies. 1082 
  1083 
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 1084 

1085 
 1086 

Figure 9. Proposed reactions: Ibuprofen photodecarboxylation : followed by oxygen addition to carbon 1087 

centered radical and subsequent rearrangement resulting in the formation of isobutylacetophenone and 1088 
the hydroxylation of carbon centered radical to form 1-(4-isobutylphenyl)ethanol.

147
 Experiments have 1089 

also shown that hydroxylation of the benzene ring takes place. Redrawn with permission from Ref. 147. 1090 
© 2011 Elsevier Ltd. 1091 
 1092 
  1093 
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 1094 

Figure 10. Ranitidine and its photoproducts structures.
159

 Redrawn with permission from Ref. 159. © 1095 
2008 Elsevier Ltd. 1096 
  1097 
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 1098 

Figure 11. Suggested photodegradation mechanisms of fibrate drugs,
162

  the structures in the figure 1: 1099 

bezafibrate, 2: gemfibrozil, 3: fenofibrate, 4: fenofibric acid. Redrawn with permission from Ref. 162. © 1100 
2005 Springer-Verlag 1101 
  1102 
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 1103 

 1104 

Figure 12. Direct photodegradation pathway of carbamazepine.
175

 Redrawn with permission from Ref. 1105 

175. © 2006 American Chemical Society. 1106 
  1107 
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 1108 

Figure 13. Proposed primary mechanism
184

 in the Rose Bengal-sensitized photooxidation of 17β1109 

estradiol. Reproduced with permission from Ref. 184. © 2008 Elsevier B.V. 1110 
 1111 

  1112 
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 1113 

1114 
 1115 

 1116 
Figure 14. Proposed phototransformation products of iopromide,

206
 the I-IV represent four 1117 

photodegradation pathway described in the literature. In the depicted structure the position of the iodine 1118 
atom on the aromatic ring is chosen arbitrarily. Reproduced with permission from Ref. 206. © 2009 1119 

John Wiley & Sons, Ltd. 1120 
  1121 
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Table 1 Summary of photodegradation quantum yields of PhACs, and bimolecular reaction rates of •OH and 
1
O2. 1122 

PhACs 

groups 
Name Structure Φ Ref. 

•OH 

(M
-1

s
-1

) 
Ref. 

1
O2 

(M
-1

s
-1

) 
Ref. 

β-

blockers 

Propranolol 

 

0.00222 
211

 
(1.07 ± 0.02) × 10

10 

(8.7 ± 0.3)  × 10
9
 

212
 

211
 

(9.3 ± 0.4)  × 10
6 211

 

Atenolol 

 

--  (7.05 ± 0.27) × 10
9
 

212
 (8.47 ± 0.56) × 10

3 70
 

Metoprolol 

 

--  (8.39 ± 0.06) × 10
9
 

212
 (6.18 ± 0.25) × 10

3 70
 

β-

lactams 

Amoxicillin 

 

0.571 
81

 6.94 × 10
9
 

90
 1.44 × 10

3 90
 

Cephalexin 

 

0.091 

93
 

7.10 × 10
9
 

93
 

--  

Cephradine 

 

0.076 1.10 × 10
10

 --  

Cefotaxime 

 

0.001 8.10 × 10
9
 (6± 2) × 10

6
 

94
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Cefazolin 

 

0.060 (6.48±0.48)×10
9
 

213
 --  

Cephapirin 

 

0.007 --  --  

Cefuroxim 

 

--  (9.9 ± 0.5)  × 10
9
 

94
 

(5± 2) × 10
6
 

94
 

Ceftazidime 

 

--  (1.0± 0.05)  × 10
10

 
(8± 2) × 10

6
 

(1± 2) × 10
6
 

5-

member

ed 

heterocy

clic 

sulfona

mides 

Sulfamethoxaz

ole 

 
 

SH2
+
      0 

SH
 
  0.50 ± 0.09 

SH
-
   0.09 ± 0.01 

95
 

(8.5 ± 0.3) × 10
9
 

214
 

-- 

95
 

(5.8 ± 0.3) × 10
9
 

95
 

Sulfisoxazole 

 

SH2
+
  0.7 ± 0.3 

SH
 
   0.17 ± 0.03 

SH
-
   0.07 ± 0.02 

(6.6 ± 0.2) × 10
9
 

95
 (5.5 ± 0.4) × 10

7
 

Sulfamethizo

le 

 
 

SH2
+
   ≤ 0.01 

SH      ≤ 0.005 

SH
-
    0.05 ± 0.01 

(7.9 ± 0.4) × 10
9
 

214
 

-- 

(4.9 ± 0.1) × 10
9
 

95
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Sulfathiazole 

 

 

SH2
+
  0.02 ± 0.02 

SH   0.07 ± 0.03 

SH
- 
  0.40 ± 0.04 

(7.1 ± 0.2) × 10
9
 

95
 (6.9 ± 0.3) × 10

7
 

6-

member

ed 

heterocy

clic 

sulfona

mides 

Sulfamethazi

ne 

 

 SH  (3 ± 1) × 10
-4 

S
- 
  (5 ± 2) × 10

-3 

98
 

(5.0 ± 0.3) × 10
9
 

98
 

6.0 × 10
7
 

98
 

(8.3 ± 0.8) × 10
9
 

214
 

Suflamerazin

e 

 

 SH  (2.3±0.2)×10
-4 

S
-
   (3.0±0.1)×10

-3
 

(3.8 ± 0.4) × 10
9
 

98
 

9.1 × 10
7
 

(7.8 ± 0.3) × 10
9
 

214
 

Sulfadiazine 

 

SH     (4±2)×10
-4 

S
- 
  (1.2 ± 0.2)×10

-3
 

(3.7 ± 0.5) × 10
9
 

98
 

8.9 × 10
7
 

Sulfachloropyri

dazine 

 

SH  (3±3)×10
-4 

S
- 
 (2.3±0.3)×10

-3
 

(4.4 ± 0.2) × 10
9
 6.8 × 10

7
 

Sulfadimethox
ine 

 

SH (1.0±0.3)×10
-5 

S
- 
   (4±1)×10

-5
 

(6.1 ± 0.6) × 10
9
 --  

Tetracyc

lines 

 

Tetracycline 

 

pH 6.0  3.4×10
-4 

pH 9.0  1.1×10
-2

 
106

 (6.3 ± 0.1) × 10
9
 

215
 

< 10
4
 

216
 

Chlortetracyc

line 
pH 6.0   3.3×10

−4
 

pH 9.0   8.5×10
−3 

111
 (5.2 ± 0.2) × 10

9
 1.5 × 10

6
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Doxycycline 

 

--  (7.6 ± 0.1) × 10
9
 1.4 × 10

6
 

Oxytetracycli

ne 

 

--  (5.6 ± 0.1) × 10
9
 1.1 × 10

6
 

Fluoroqu

inolones 

 

Ciprofloxacin 

 

(5.48 ± 1.92) × 10
-2

 

114
 

(2.15±0.10)×10
10

 
217

 --  

Danofloxacin 

 

(3.03 ± 0.54) × 10
-2

 (6.15 ± 0.11) × 10
9
 

218
 

--  

Levofloxacin, 

 

(8.26 ± 1.08) × 10
-3

 (7.59 ± 0.16) × 10
9
 --  

Sarafloxacin 

 

(3.97 ± 1.10) × 10
-2

 --  --  

Difloxacin 

 

(3.13 ± 0.41) × 10
-2

 --  --  
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Enrofloxacin 

 

(6.97 ± 1.41) × 10
-2

 (7.95±0.23)×10
9
 

218
 --  

Gatifloxacin 

 

(5.94 ± 0.95) × 10
-3

 --  --  

Balofloxacin 

 

(4.72 ± 0.56) × 10
-3

 --  --  

 
Trimethopri

m 

 

air saturated 

pH 5  6.2 × 10
-4 

pH 8  1.2 × 10
-3 

Deoxygenated 

pH 5  7.9 × 10
-3 

pH 8  7.0 × 10
-2

 

97
 8.66 ×10

9
 

130
 (3.2±0.2)×10

6
 

130
 

NSAIDs 

Diclofenac 

 

9.4 × 10
-2 

0.0375 
134

 (9.29±0.11)×10
9
 

219
 --  

Ibuprofen 

 

0.33 ± 0.05 
145

 (7.4±1.2) ×10
9
 

177
 --  

Naproxen 

 

0.036 

0.026 

134
 

 
7.99×10

9
 

220
 (1.1±0.1)×10

5
 

134
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1123 

Lipid 

regulator

s 

Gemfibrozil 

 

--  10.00 × 10
9
 

165
 

--  

Bezafibrate 

 

 

--  8.00×10
9
 --  

Clofibric acid 
 

5.53 × 10
-3

 
161

 6.98×10
9
 

165
 --  

histamin

e H2-

receptor 

antagoni

sts 

Cimetidine 

 

 

--  SH
+
 (6.5±0.5) ×10

9
 

158
 

S     2.5× 10
8 

SH
+
  3.3 × 10

6
 

158
 

Ranitidine 

 

SH
+
 

(5.3 ± 0.1) ×10
-3 

S 

(5.5 ± 0.1) ×10
-3

 

158
 

SH
+
 

(1.46±0.24)×10
10

 
158

 

S 

(6.4± 0.4)× 10
7 

SH
+
 

(1.6± 0.2) × 10
7
 

158
 

 
Carbamazepi

ne 

 

pH 2.9  6.4 × 10
-5 

pH 4.0  2.9 × 10
-6 

pH 5.8  1.1 × 10
-5 

pH 9.0  2.0 × 10
-6

 

174
 

(9.4 ± 0.4)×10
9
 

(8.8 ± 1.2)×10
9 

(3.07 ± 0.33)×10
9
 

96
 

177
 

178
 

--  

Steroid 

hormone

s 

17β-estradiol 

 

0.067± 0.007 

183
 

(1.15± 0.28)×10
10

 

221
 

--  

17α-

ethinylestradi

ol 
 

0.062± 0.007 (1.52±0.23)×10
10

 --  
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