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Abstract

Bisphenol-A (BPA) and 4-tert-octylphnol (t-OP), known as endocrine 

disrupting compounds (EDCs), were hardly removed in conventional waste 

water treatment processes. The pollutants should be removed from environment 

since they can cause adverse health effects such as breast cancer, hyperspadism,

and testicular cancer. Photolysis can effectively remove organic compounds 

from water. However, if we apply photolysis as EDCs removal process at 

WWTPs without estimation of influencing factors and intermediates, it will

cause energy, cost and by-product problems.

In order to better understand and predict the behavior of BPA and t-OP 

photodegradation at aqueous, we investigated kinetics and degradation 

mechanism of photodegradation of BPA and t-OP using a photo-reactor system 

with UV. The objectives of this study are to examine the effects of initial 

concentrations, UV intensity, pH, and NO3
- concentrations on the

photodegradation of BPA and t-OP in aqueous and to identify intermediate

products at photolysis of BPA and t-OP when NO3
- is present. 

The pseudo-first-order rate constants (k1) of BPA and t-OP decreased from 

8.5 × 10-3 to 3.7 × 10-3 min-1 and from 7.72 × 10-2 to 3.28 × 10-2 min-1 with 

increasing initial concentration of BPA from 2 mg L-1 to 40 mg L-1 and t-OP from 

0.5 mg L-1 to 5 mg L-1 because of complete absorption of the incident photon 
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flux by higher initial concentration and the scattering effect. The pseudo-first-

order rate constants of BPA and t-OP increased from 5.74 × 10-3 to 14.50× 10-3

min-1 and from 5.06 × 10-2 to 12.07 × 10-2 min-1, respectively when UV intensity 

increased, which causes the more chemical to move π → π* or n → π*, from 

3.65 × 10-5 to 9.68 × 10-5 Einstein L-1 min-1. The quantum yields of BPA and t-

OP were found to be 0.0364 and 0.409 mol Einstein-1 in UV photolysis. The 

degradation efficiencies were significantly improved by increasing pH close to 

values which are 10.2 for BPA and 10.33 for t-OP. The degradation rate of BPA 

and t-OP enhanced with increasing nitrate concentration, up to 40 mg L-1 for 

BPA and 30 mg L-1 for t-OP, and then decreased after this concentration. This 

result indicates that OH and NO2 radicals might play important roles in 

photolysis of BPA, but at higher nitrate concentration, nitrate ion might act as a 

radical inhibitor. Intermediates during photolysis of BPA and t-OP were 

identified by using LC/MS/MS in the presence of nitrate ion. Eight intermediates 

were identified from photolysis of BPA and five intermediates were identified 

from photolysis of t-OP in the presence with nitrate. The presence of nitrate 

induced the formation of nitro-intermediates in photodegradation of BPA. Also, 

the production and destruction of intermediates as well as degradation pathway 

were observed to examine the degradation behavior of BPA and t-OP. Our results 

can be helpful to understand the kinetics and removal mechanisms of BPA and t-
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OP by photolysis in the treatment process and in the natural water environment 

containing nitrate ions.

Keywords: photolysis, nitrate, pH, intermediate, OH radical, nitro-

intermediate

Student Number: 2010-23779
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I. Introduction

1. Background

The human species is increasingly facing the significant problem of water 

supply degradation as the planet’s water resources are continually being 

threatened by growing pollution of our hydrosphere from the developing 

civilization. The WHO reported that more than 40 % of the world population has 

suffered a shortage or even lack of clean water and more than 25 % of the world 

population suffers from health and hygienic problems related to water (Koch 

1993). Despite many efforts to provide clean water, many people still have no 

access to an improved water supply and sanitation. In order to cope with the 

improvement of water quality, major strategies of water treatment are being 

advanced and applied chemical treatment of polluted drinking water, surface 

water and groundwater.

Wastewater discharged from domestic and industrial activity has been a key 

source of various kinds of pollutants threatening the environment. Therefore, it is 

essential to build the purification of wastewater to achieve a high quality of

drinking water. Furthermore, raising social consciousness and political will to 

address water quality has induced intensive growth of water purification research 
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over the last decades. Over the same period, water quality control and regulation 

against hazardous pollutants also have become stricter in many countries. In 

addition, the development of analytical methods and technologies to detect, 

identify, and measure pollutants has not only stimulated a reconceptualization of 

pollutants, but also has cleared up the impact of very low concentration of 

pollutants. Specifically, the occurrence of endocrine disrupting compounds

(EDCs) in the aquatic environment, has increasingly raised concern in recent 

years. Because the most hazardous pollutants and ECDs exist as trace materials 

in the water, the effort to achieve a progressive reduction of pollutants is 

required.
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2. Information on the study compounds

Endocrine disrupting compounds (EDCs) found in everywhere like food, 

toy, cosmetics, and plastic product cause adverse health effects by either way 

mimicking a hormone or by blocking humoral effects (Lutz and Kloas 1999). 

These compounds have been attributed as a suspected compound contributing 

breast cancer, testicular cancer, hyperspadism, and a progressive fall in sperm 

count (Sharpe and Skakkebæk 1993).

The materials have not been traditionally recognized as a contaminant 

due to the difficulty in detecting and proving their adverse effect on the 

environment and health. However, as analytical chemists develop new tools 

for detecting organic wastewater contaminants, the number of compounds 

finding in the environment continuously grows. For past several decades, lots 

of scientists have been endeavoring to solve these problems. The main points 

of completely solving the matters are to know what chemicals are harmful, to 

monitor what pollutants exist in aquatic system, to find and develop the 

methods for removing these chemicals from the environment (Liu et al. 2009).

Bisphenol-A (4-(2-4-hydroxyphenyl)propan-2-yl)phenol, BPA) and 4-

tert-octylphenol (4-(2-methylheptan-2-yl)phenol, t-OP) are the well-known 

EDCs due to its application and quantity used globally (Dekant and Völkel 
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2008). BPA is used as a raw material for polycarbonate plastic and epoxy 

resins which are final products included in food cans, drink packaging 

applications, bottle tops, and water supply pipes. t-OP is a precursor in the

manufacture of nonionic surfactants used in detergents, pesticide formulation, 

industrial cleaners, emulsifier, and personal care product (Ying et al. 2002).

Every year, hundred thousand tons of BPA and t-OP are produced and 

discharged to aquatic system or sent to wastewater treatment plants (WWTPs), 

sewage treatment plants (STPs), and water treatment plans (WTPs) (Lyons 

1997; Lintelmann et al. 2003; Ning et al. 2007). Table 1 shows the more detail 

chemical properties of the compounds.

However, the efficiency of elimination of these chemicals was reported

less than 55 % at WWTPs (Ito 2008; Körner et al. 2000). Actually 8.8-1000 

ng L-1 of BPA and 50-4300 ng L-1 of t-OP were detected at surface water

(Vethaak et al. 2005). Even 5 ng L-1 of BPA (Rodriguez-Mozaz et al. 2004)

and 2-4.9 ng L-1 of t-OP (Kuch and Ballschmiter 2001) were contained in 

drinking. Table 2 and 3 shows occurrence and fate of BPA and t-OP. In the 

view of its presence and low removal efficiency, additional treatment for 

efficiently eliminating BPA and t-OP is of considerable interest to regulatory 

authorities.
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Table 1. Physical and chemical properties of bisphenol-A and 4-tert-octylphenol

Bisphenol – A (BPA) 4-tert-octylphenol (t-OP)

Chemical

Construction

Molecular 

Formula
C15H16O2 C14H22O

Molecular

Weight
228 g mol-1 206 g mol-1

CAS Number 80-05-7 140-66-9

Log Kow 3.32 4.12

Water 

Solubility
120 mg L-1 at 21.5 ℃ 10 mg L-1 at 23 ℃

IUPAC Name

4-(2-4-

hydroxyphenyl)propan-2-

yl)phenol

4-(2-methylheptan-2-

yl)phenol

H O

HO OH
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Table 2. Occurrence BPA and t-OP in various water systems at ng L-1 concentration

Water system BPA Reference t-OP Reference

Surface water 8.8 – 100

0.5 - 14

n.d - 600

15 - 29

65 - 295

n.d-5.7

(Vethaak et al. 2005)

(Kuch et al. 2001)

(Hohenblum et al. 2004a)

(Laganà et al. 2004)

(Rodriguez et al. 2004)

(Beck et al. 2005)

50 – 4,300

0.8 - 54

n.d - 41

0.04 - 1.1

(Vethaak et al. 2005)

(Kuch et al. 2001)

(Hohenblum et al. 2004a)

(Beck et al. 2005)

Ground water n.d - 7

n.d - 930

(Laganà et al. 2004)

(Hohenblum et al. 2004b)

n.d – 42 (Hohenblum et al. 2004b)

Drinking water 0.5 - 2.0

5

(Kuch et al. 2001)

(Rodriguez et al. 2004)

0.2 – 4.9 (Kuch et al. 2001)

n.d: Not Detected
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Table 3. Fate of BPA and t-OP in various water systems at ng L-1 concentration

WWTPs
Reference

Influent Effluent Removal (%)

BPA 332 – 339

250 – 5,620

720 – 2,376

281 – 3,642

88 – 438

450 – 3,300

13 – 36

43 – 4,090

16 – 1,840

6 – 50

11 – 1,054

610 – 710

90

92

10 – 99

90 – 98

-58 – 87

53 – 55

(Laganà et al. 2004)

(Vethaak et al. 2005)

(Clara et al. 2005)

(Drewes et al. 2005)

(Fernandez et al. 2007)

(Ito 2008)

t-OP 183 – 321

270 – 13,000

300 – 6,704

n.d – 796

450 – 358

450 – 1,300

37.5 – 180

n.d – 240

-96 – 13

0

55 – 97

-11 – 69

(Körner et al. 2000)

(Vethaak et al. 2005)

(Drewes et al. 2005)

(Leusch et al. 2006)

n.d: Not Detected
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3. Photolysis

Photolysis decomposes compounds in either way by direct photolysis, 

which photons generated by UV fluence destruct a chemical, or by indirect 

photolysis, which highly reactive molecules like hydroxyl-radicals, singlet 

oxygen or bi/carbonate radicals attack a chemical, or by direct and indirect both 

ways. If adequately developed, photolysis has advantages to abate pollutions in 

points of those producing less by-product than chlorination, taking less time than 

biological process, and requiring no final disposal which is mandatory in 

adsorption and filtration does (Andreozzi et al. 1999; Robinson and Hellou 2009;

Kamoshita et al. 2010). Actually UV induced reaction, UV with other additives, 

has improved the complete elimination of emerging contaminants such as 1,4-

dioxane (Son et al. 2009), carbamazepine (Im et al. 2011), and amoxicillin (Jung 

et al. 2012). The more information about the advanced oxidation processes 

(AOPs) are illustrated in Table 4. 

However, most of the authors have only concerned to be the fast 

degradation of pollutions. In other word, the principle influencing factors such as 

organic compound concentration, UV intensity, and pH have not been paid 

attention. It should be applied after estimating fundamental information and 

influencing factors on UV.
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Table 4. Research on BPA and t-OP removal by AOPs

Compounds Media Treatment

process

Operational

condition

Analyses Main conclusions Reference

BPA Aqueous

solution

O3/UV CO3 = 15μmol min-1

C0 = 0.1 mmol L-1

LC-MS 1) combination of O3 and UV could increase the 
degradation rate and improve removing efficiency.
2) the degradation rate of BPA with O3 was fitted with 
the pseudo-first-order constant.

(Irmak et al. 

2005)

BPA Aqueous

solution

Fenton/UV C0 = 10 mg L-1

T = 25 ± 1°C
GC-MS 1) influence factors of pH, Fe(II) concentration, H2O2 

concentration and UV strength were studied and in
optimal condition, removal of BPA reached above 90% 
at 9min by oxidation of Fenton/UV; above 90% of BPA 
could be mineralized to CO2 by oxidation of 
Fenton/UV and degradation mechanism of BPA was 
proposed.
2) above 90% of BPA could be mineralized to CO2 by
oxidation of Fenton/UV and degradation mechanism of 
BPA was proposed.

(Katsumata 

et al. 2004)

BPA Aqueous

solution

Fenton/UV/Fe(II)

Ultrasound/UV/Fe(II)

C0 = 118μmol L-1 LC-MS 1) BPA could be completely removed after 90min 
treated by ultrasound, but at least 80% TOC and 50% 
COD remained in the treated solution.
2) combination of ultrasound with UV or Fe(II) could
improve TOC and COD, and combination of
Ultrasound/ Fe(II)/UV could attain the best removal 
result, which was also the most efficient in energy 
consumption.

(Torres et 

al. 2007)

BPA Aqueous

solution

UV/H2O2 pH 6.8 HPLC 1) removal efficiency could be improved by increasing 
the strength of UV, and by adding of 15 mg L-1 H2O2, 
removal efficiency of EDCs could be increased from 
20% to above 90%.
2) apparent second order rate constants were given and 
a degradation model was also established.

(Rosenfeldt 

and Linden 

2004)
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Table 4. Research on BPA and t-OP removal by AOPs (continued)

Compounds Media Treatment

process

Operational

condition

Analyses Main conclusions Reference

BPA Aqueous

solution

UV/H2O2 C0 = 60μmol L-1 HPLC
YES

in vivo

1) BPA could be effectively removed by adding H2O2, 
removal efficiency could be improved greatly
2) degradation solution of BPA was evaluated by both 
in vitro assay and in vivo assay, results suggested 
UV/H2O2 was useful for removing of BPA.

(Chen et al. 

2006)

BPA River

water

UV/H2O2 C0 =0.8–129nmol L-1 YES;

in vivo

1) degradation of estrogenic activity of solution
suggested pseudo-first order rate dynamics, degradation 
rate of mixed EDCs in water solution was much slower 
than sole target chemical in water solution; of hydroxyl 
radical with target EDCs was calculated, data differed 
from 0.13%10.71% with different water solution;
2) reaction percentage of hydroxyl radicals with target 
EDCs was calculated, data differed from 0.13%–
10.71% with different water solutions.

(Chen et al. 

2007)

t-OP Aqueous

solution

UV/H2O2 C0 = 5-40 μmol L-1 HPLC 1) t-OP was degradated effectively at UV/H2O2. 
However, the extent of mineralization was much 
weaker.
2) In alkaline solution the degradation rate was slow.

(BŁĘDZKA 

et al. 2009)

t-OP Aqueous

solution

UV/H2O2 C0 = 20 μmol L-1 GC-MS 1) the quantum yield is estimated to be 0.058 ± 0.004
and dimer intermediates of t-OP was detected.
2) the rate of t-OP photo transformation decreased with 
decreasing oxygen concentration.
3) the second-order rate constant for the reaction of 

hydroxyl radicals with t-OP was evaluated as 6400 μM-

1 s-1.

(Mazellier 

and Leverd 

2003)
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4. Additives effects and degradation mechanism

Nitrate (NO3
-) is considered the one of the principal components of natural 

water at concentration ranging from 0.2 to 20 mg L-1 (Lam et al. 2003). The 

nitrate could generate various reactive species including •OH, NO2
•, O-• by 

absorbing solar and ultra violet irradiation (Mack and Bolton 1999). The 

chemical reaction of the reactive species with organic pollutants possibly causes 

indirect photolysis and therefore affects its photochemical fate, intermediates and 

persistence in water. Using this advantage some authors reported the 

enhancement of degradation efficiency of organic compound (Jacobs et al. 2011;

Mao et al. 2011).

The NO3
- has been the subject of numerous investigations as additive at 

photolysis. However, no more information was given concerning the 

photoproducts. Recently, Cheng research team (2010) investigated the 

degradation of pentachlorophenol induced by the photolysis of nitrate in aqueous 

solution and identified some nitro-intermediates. But it is still little known about 

the influence of these species on the photoreaction behavior of BPA and t-OP.
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5. Objectives

Although many studies about the photo-oxidation of BPA and t-OP have 

been undertaken, the principle influencing factor such as organic compound 

concentration, UV intensity, pH, NO3
- and photodegradation mechanism present 

with nitrate have not been sufficient. This is the fundamental and basic 

information on understanding the advanced oxidation processes.

Therefore, in order to better understand and predict the behavior of BPA and 

t-OP photodegradation at aqueous, the objectives of this study are to examine the 

effects of initial concentrations, UV intensity, pH, and NO3
- concentrations on

the photodegradation of BPA and t-OP in aqueous solution and to identify 

intermediate products in photolysis of BPA and t-OP with NO3
-.

Our results can be helpful to understand the kinetics and removal 

mechanisms of BPA and t-OP by photolysis in the treatment process and in the 

natural water environment containing nitrate ions.
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II. Materials and Methods

1. Chemicals

Bisphenol-A (C15H16O2, 99 %), 4-tert-octylphenol (C14H22O, 97 %), 

potassium nitrate (KNO3, 99 %), 1,10–phenanthroline monohydrate 

(C12H8N2·H2O, 99 %), hydrochloric acid (HCl, 37 %), and sodium hydroxide 

(NaOH, 98 %) were purchased from Sigma Aldrich. Potassium trioxalato 

ferrate(III) trihydrate (Fe(C2O4)3·3H2O) was supplied by Alfa Aesar. The BPA

and t-OP concentration conducted in the experiment was 2 mg L-1 except the 

initial concentration experiment. All stock solution was prepared in deionized 

water (R = 18.2 MΩ cm-1, Milli-Q). All chemicals used in this experience were 

regent grade and use as received.

2. Intensity and quantum yield

Intensities according to various numbers of lamps were measured by 

ferrioxalate actionmety method (Ahmed 2004). The method is that one Fe3+ ion 
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produces one Fe2+ ion as the photo process preceding. Thus, by monitoring of 

the Fe2+ formation and employing Eq. (1), intensities were calculated.

Quantum yield, defined as the number of moles of product formed or 

reactant removed per Einstein of photons absorbed, was calculated using Eq. (2)

(Lin et al. 2004).

�� =
�������/��

�����
�� (1)

� =
��

�.���� �����
(2)

where, I is UV intensity (Einstein L-1 min-1), �[����]/�� is a rate of 

formation of [����]. � is quantum yield (mol Einstein-1); 1.21 is employed for 

����� (Hatchard and Parker 1956), �� is the pseudo-first-order rate constant 

(min-1), E is absorbance coefficient (M-1 cm-1), � is the distance of the reaction 

column from UV source (cm), and �� is the Avogadro number (6.022 × 1023

mol-1).
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3. Photoreactor 

The experiment was performed in a circulating photo reactor system 

consisting of a stirred reservoir, UV lamp (20W, 254 nm , San-kyo electrics,

Electrics Co., Kyoto, Japan), photoreaction chamber, and a peristaltic pump 

(Master Flex model 7518-00, Cole-Parmer Instrument, Vernon Hills, USA) for 

circulating solution. Teflon tube was used for connecting each quartz column (10 

mm diameter, 650 mm length). The reactor around the quartz columns was 

covered with aluminum foil for UV safety and energy consideration. The 

reaction solutions were continuously re-circulated with a rotary pump at a flow 

rate of 1 L min-1. The distance from a UV lamp to a quartz column was 40 mm. 

UV intensity was controlled by adjusting number of UV lamps.
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Fig. 1. Schematic diagram of the photolysis reactor.
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4. Analytical method

All samples taken at selected time were filtered with 0.2 μm PTFE filter 

(Advantec MFC Inc. Dublin, USA) to remove particle suspensions prior to 

analysis. The concentration of BPA and t-OP were quantified using high 

performance liquid chromatography (HPLC, Ultimate-3000, Dionex Co., 

Sunnyvale, USA) with an absorbance detector (VWD-3100) and C-18 silica 

column (25 cm × 4.6 mm i.d., 5 μm particles, Supelco Park, Bellefonte, 

USA). Detection wavelength was 278 nm and mobile phase was acetonitrile 

and water (5:5, V/V) at a flow rate 0.8 mL min-1 for BPA and detection 

wavelength was 230 nm, mobile phase was acetonitrile and water (62:38, 

V/V) for t-OP at a flow rate is 0.8 mL min-1.

Intermediates were identified with ultra performance liquid 

chromatography (UPLC, NEXERA, Shimadzu Co., Kyoto, Japan) equipped 

with API 4000 (AB Sciex, Foster, Canada). Mass spectrometer was operated 

in the negative ion mode [M-H]. The mobile phase was acetonitrile and 

water (5:5, V/V) at a flow rate 0.2 mL min-1 for BPA and acetonitrile and 

water (8:2, V/V) at a flow rate 0.3 mL min-1 for t-OP. The peak separation

was conducted with a Luna C18(2) column (150 mm × 20 mm i.d., 3 μm 

particles, phenomenex, Torrance, Canada).
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The formation of Fe2+ was measured using ultraviolet-visible 

spectrophotometer (Biomate 3, Thermo FisherScience, Icn., Waltham, USA) 

at 510 nm. Solution pH was determined using a pH meter (Model 52A, Orion, 

Reno, USA).
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III. Results and Discussion

1. The initial concentration influence

The amount of pollutants in aqueous exists with substantial different level 

depending on place and time. Therefore, it is instructive information to study the 

photodegradation kinetics of BPA and t-OP based on its initial concentration.

Eq. (3) can be used to calculate degradation kinetics (Jin et al. 2010). Eq. (4) 

and (5) were formulated for BPA and t-OP removal efficiency and the pseudo-

first-order rate constant (k1) by integration of Eq. (3).

���� = 	−
�[�]

���
= 	�	� (3)

��

��
=	����	� (4)

�� 	= 	−	�� �
��

��
� ��� (5)
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In these equations, C is concentration of an organic compound (mg L-1), t is 

time (Drewes et al.), and �� is the pseudo-first-order rate constants (min-1) for 

direct photolysis.

By using those equations, the effects of initial BPA and t-OP concentration 

on photodegradation were investigated. Fig. 2 and 3 depict a plot of the pseudo-

first-order rate constant for BPA and t-OP photodegradation as a function of 

initial concentration of organic chemicals. These organic compounds were 

removed 86, 82, 74, 65, 59 % at 240 min for BPA and 90, 84, 78, 75, 67% for t-

OP with the initial concentration of those chemical increasing. The pseudo-first-

order rate constants of BPA and t-OP were decreased from 8.5 × 10-3 to 3.7 × 10-3

min-1 and from 8.96 × 10-2 to 3.28 × 10-2 min-1, respectively, as the initial 

concentrations were increased. The photodegradation of both chemicals were

significantly affected by initial concentration.

The possible reasons of this result are inner filter effect and the scattering 

effect. As initial concentrations were increased, light did not much penetrate the 

solution. Some other authors reported the similar effect on additives that at a 

certain quantity of additives added resulted in decreasing the pseudo-first-order 

rate constants (Neamtu and Frimmel 2006; Wu and Linden 2010). As the same 

as scattering effect of additives, increased BPA and t-OP concentration should 

scatter the more light. Also complete absorption of the incident photon flux by 

higher initial t-OP concentration over shorter path length and the lower 
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transmission of the samples at higher concentration of t-OP should affect the 

decreased pseudo-first-order rate constant.

In order to predict the pseudo-first-order rate constants (k1) of BPA and t-

OP according to the initial concentration, k1 in Eq. (4) can be converted to be b + 

aC0 as described in Eq. (6).

��

��
=	��(	��	��� 	)� (6)

where C and t are the same as mentioned before, b and a are the y-intercept 

and the slope in Fig. 2 (b), and Fig. 3 (b), respectively. As described in Fig. 2 (b)

and Fig. 3 (b), these calculated values which are estimated to be 0.00859 – 1.28 

× 10-3 C0 for BPA and 0.0821 – 1.00 × 10-2 C0 for t-OP with Eq. (6) can be used 

in predicting the required time to eliminate various initial concentrations of BPA

and t-OP.
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the pseudo-first-order rate constants as a function for initial BPA concentration (b). 
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2. UV intensity effects on direct photolysis

The time taken to remediate pollutants is of importance at WWTPs, SWTPs, 

and WTPs in the terms of planning, cost, and operation. With no doubt, the UV 

is the one of most important factor affecting remediation time. BPA and t-OP 

photolysis and quantum yield were investigated with various UV intensities to 

study the pseudo-first-order rate constants and to know more information about 

photodegradation of BPA and t-OP.

As shown in Fig. 4 and 5, BPA and t-OP photodegradation removal 

efficiencies and pseudo-first-order rate constants were gradually promoted by 

increasing UV intensity. The pseudo-first-order rate constants increased from 

5.74 × 10-3 to 14.50 × 10-3 min-1 for BPA and from 5.06 × 10-2 to 12.07 × 10-2

min-1 for t-OP when UV intensity increased from 3.65 × 10-5 to 9.68 × 10-5

Einstein L-1 min-1. As well as pseudo-first-order rate constants increase, the 

removal efficiencies were increased from 72 to 96 % for BPA and from 80 to 97 % 

for t-OP as UV intensity was stronger.
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Fig. 4. Direct photodegradation of BPA with various UV intensities (a) and 

the pseudo-first-order rate constants as a function for UV intensities (b). 



26

UV Intensity (Estenin L-1 min-1)

4e-5 6e-5 8e-5 1e-4

k
 (

m
in

-1
)

0.04

0.06

0.08

0.10

0.12

0.0084 + 1175x
R2 = 0.9951

Time (min)

0 10 20 30 40 50 60

t-
O

P
 l
n

 (
C

t/C
0
) 

-6

-5

-4

-3

-2

-1

0

3.65 x 10-5  Einstein L-1 min-1

4.83 x 10-5 Einstein L-1 min-1

5.09 x 10-5 Einstein L-1 min-1

6.47 x 10-5 Einstein L-1 min-1

7.35 x 10-5 Einstein L-1 min-1

4.83 x 10
-5 

Einstein L
-1

 min
-1

(a)

(b)

Fig. 5. Direct photodegradation of t-OP with various UV intensities (a) and the 
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The increased efficiencies were probably due to the fact that the photons 

make chemicals exited (Schwarzenbach et al. 2003). In other words, the more 

photons generated by UV are absorbed in compounds, the more chemicals are 

transited like π → π* or n → π*. This excited electronic orbital state develops 

chemical destruction. In here, the stronger UV intensity moved more BPA to 

BPA* and t-OP to t-OP*. The results caused pseudo-rate-order rate constants to 

increase. It could be also expressed as Eq. (7) and Eq. (8).

��� + ℎ�	 ↔ ���∗ → �������� (7)

� − �� + ℎ�	 ↔ � − ��∗ → �������� (8)

             

When BPA and t-OP have been exited to BPA* and t-OP*, the amount that 

is changed to product or is returned to BPA and t-OP determine the quantum 

yield. This is why compounds having a similar absorption coefficient show 

different degradation kinetic. The value can be calculated using ferrioxalate 

actionemetry method as mentioned above (Lin et al. 2004). The average 

quantum yields were estimated to be 0.0364 mol Einstein-1 for BPA and 0.409

mol Eintein-1 for t-OP (Table 2 and 3).

The absorbance coefficients showed 680 M-1 cm-1 for BPA and 350 M-1 cm-1

for t-OP at pH 7. However, the quantum yields of BPA and t-OP showed 
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significantly difference. Even the absorbance coefficient of BPA was almost 2 

times higher than t-OP, the quantum yield of BPA was more than 10 times lower

than t-OP. Therefore, it is certain that the quantity of exited stated of BPA 

should be two times higher than t-OP but t-OP* is more readily to change to 

product while BPA* prefer to return BPA (ground state). 

Also, there are interesting results on photolysis pattern. Photodegradation of 

t-OP is much more sensitive than BPA, which as influencing factors like initial 

concentration and UV intensity change the pseudo-first-order rate constant of t-

OP are sharply altered. However, we can not sure the definite answer in the 

present. Therefore further research is required.
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Table 5. Photolysis of BPA at various intensities

UV Intensity

(Einstein L-1 min-1)

Removal 

efficiency (%)
k1 (min-1)

Quantum yield

(mol Einstein-1)

3.65 × 10-5 72.39 5.74 × 10-3 0.0348

4.82 × 10-5 80.07 8.58 × 10-3 0.0394

5.09 × 10-5 85.97 9.02 × 10-3 0.0392

6.47 × 10-5 89.36 10.59 × 10-3 0.0362

7.35 × 10-5 93.52 11.95 × 10-3 0.0359

9.68 × 10-5 96.65 14.50 × 10-3 0.0331

Table 6. Photolysis of t-OP at various intensities

UV Intensity

(Einstein L-1 min-1)

Removal 

efficiency (%)
k1 (min-1)

Quantum yield

(mol Einstein-1)

3.65 × 10-5 80.47 5.06 × 10-2 0.4291

4.82 × 10-5 84.49 6.41 × 10-2 0.4122

5.09 × 10-5 87.68 6.91 × 10-2 0.4204

6.47 × 10-5 91.64 8.35 × 10-2 0.4001

7.35 × 10-5 93.67 9.77 × 10-2 0.4123

9.68 × 10-5 97.42 12.07 × 10-2 0.3866
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The BPA value estimated in our experiment is different from Rosenfeldt 

and Linden (2004) and Rivas et al. (2009) estimated which are 0.0085 and 

0.045 mol Einstain-1, respectively (Rosenfeldt and Linden 2004; Rivas et al. 

2009). This probably came from a different experimental design. Our 

experiment was conducted at recycling system that solution passes a thin 

quartz tube while the others performed at batch system. As well, using a petri 

dish (Rosenfeldt and Linden 2004) and making vigorous agitation (Rivas et al. 

2009) make the difference quantum yield.

The different quantum yield of t-OP was reported by (BŁĘDZKA et al. 

2009). There are also some differences in operation conditions. In the work, t-

OP photolysis was experimented the same condition as BPA photolysis. 

However, the aforementioned author used a different setup arrangement with 

batch system and no agitation. The different values indicate that it should be 

calculated each different experimental design and that more information 

should be gathered for the exact quantum yield at different experimental 

designs.
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3. The effect of pH

The pH effects on photolysis BPA and t-OP were studied using the 4.82 × 

10-5 Einstein L-1 min-1 of UV intensity. Solution pH 4, 7, and 11 were selected 

based on its pKa which is 10.2 for BPA (Kosky et al. 1991) and 10.33 for t-OP 

(BŁĘDZKA et al. 2009). Because we assumed that the different species changed 

by pH should affect the photodegradation.

Fig. 6 (a) and 7 (a) show that photolysis of BPA and t-OP are strongly 

dependent on its pKa values. During 240 min reaction time, BPA was completely 

removed at pH 11 while the removal efficiencies were 80% and 86% at pH 4 and 

7. As the same as BPA, at pH 11 t-OP was completely removed during 30 min 

reaction time but just 81 % and 84 % were removed at pH 4 and 7, respectively.

All of these were degraded well fitted to first-order reaction. The pseudo-first-

order rate constants of BPA and t-OP at pH 11 were several times higher than at 

pH 4 and 7. However, the difference of the pseudo-first-order rate constants 

between pH 4 and 7 were negligible. It is clearly showed that the increase rate 

constant was rapidly changed at pH 11.

Fig. 5 (b) and 6 (b) illustrate the absorption coefficients of BPA and t-OP at 

pH 4, 7, and 11. The absorption coefficients were 500, 680, and 4143 M-1 cm-1

for BPA and 309, 350, and 3280 M-1 cm-1 for t-OP at pH 4, 7, and 11, 
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respectively. As the same as the pseudo-first-order rate constants increase, the 

absorption coefficients at pH 11 were remarkably increased compare to the 

solution pH 4 and 7. In addition, the absorption coefficients between pH 4 and 7 

showed almost similar value. 
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Fig. 6. The effect of solution pH on BPA photodegradation (a) and on the

BPA molar absorption coefficient (b) at pH 4, 7 and 11.
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The sudden absorption increase at pH 11 is due to the fact that the effect of 

substituents with unshared electrons which the length of π-system is increased by 

non-bonding electrons through resonance (Ungnade 1953). In other words, when 

BPA and t-OP became deprotonated form, where solution pH is bigger than its 

pKa, BPA and t-OP absorb more photons than protonated form. Those two 

experimental results, absorption coefficient and photodegradation efficiency,

obviously confirm that the deprotonated form of BPA and t-OP changed by pH 

caused the effect of substituents with unshared electrons and this effect leaded 

absorption coefficient to increase. This rising coefficient results in rapid change 

of the pseudo-first-order rate constant at pH 11. Also, the radicals such as •CH3

or •H are generated in photolysis of BPA and t-OP (Peltonen et al. 1986). These 

radicals are more active with the deprotonated form of BPA (-O-) and t-OP (-O-) 

than the hydroxyl substituent due to the electrophilic characteristic of radicals. 

Therefore, BPA and t-OP were degraded much faster by the radicals like •CH3

and •H at solution pH 11, where BPA and t-OP have been changed to 

deprotonated form.

These two reasons explain why the pseudo-first-order rate constants and the 

absorption coefficients of BPA and t-OP were dramatically changed at pH 11 and 

stayed almost the same values at solution pH 4 and 7. For the same reason, the 

EDCs photolysis could be significantly increased by changing solution pH 

condition slightly higher than its pKa value.
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4. The effect of NO3
-

As mentioned before, nitrate generates OH radical, which are powerful and 

reactive with organic pollutants, by absorbing photons through Eq. (9) ~ (11) 

(Mack and Bolton 1999). 

���
� + ℎ�		 → 	 [���

�]∗ (9)

         →	�����

[���
�]∗ 	→ 	���

� + 	O( �� ) (10)

[���
�]∗ 	→ 	���

∙ +	�∙� 	
���
�⎯�	���

∙ +	 ��∙ +��� (11)

The highest absorption coefficient of nitrite is UV-C (200 ~ 290 nm) range

(Fig. 8). Therefore, when exploiting nitrate as a source of radicals UV-C is the 

most suitable application.
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In order to investigate efficiencies of BPA and t-OP degradation affected by 

nitrate dosage, photolysis was conducted at various nitrate concentrations. All 

experiments that were placed with NO3
- in a solution showed that removal 

efficiencies of BPA and t-OP increased as compared to no addition (Fig. 9 and 

10). These results indicate that the radicals are generated by nitrate reacted with 

the pollutants and contributed to destruct the pollutants. All degradation kinetics 

were fitted well with pseudo-first-order reaction having R2 > 0.991. However, as 

shown in Fig. 9 (b) and 10 (b) the pseudo-first-order rate constants were not 

consistently increased with increasing nitrate dosage. The greatest pseudo-first-

order rate constants (k1) of BPA was achieved at 40 mg L-1 nitrate dosage with 

1.37 × 10-2 min-1. However, the degradation efficiencies became smaller with 

more addition than 40 mg L-1 nitrate. In the case of t-OP photodegradation, the 

highest pseudo-first-order rate constants (k1) was shown to be 0.109 min-1 at 30 

mg L-1 nitrate dosage and diminished with the more addition of nitrate.
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Fig. 9. The pseudo-first-order rate constants for BPA (a) and apparent pseudo-first-
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It might be explained by those equation expressed below (Gonzalez and 

Braun 1995; Mark et al. 1996; Mack and Bolton 1999).

��∙ 	+ 	����� →		����∙ +��� (12)

��∙ 	+ 	���
∙ 		→ 	���

� +	�� (13)

����∙ 	+ 		���
∙ +���	 → 	2���

� + 2�� (14)

OH radical reacts not only with BPA and t-OP but also with nitrate. It is, 

however, certain that an excess quantity of nitrate resulted in the pseudo-first-

order rate constants decrease by scavenging of OH radical. Also light attenuation 

according to nitrate dosage might affect the decrease.

Although it is the source of radials, nitrate existing higher than 40 mg L-1 for 

BPA and 30 mg L-1 for t-OP are inefficient for photodegradation. The result 

informed us of the possibility of nitrate as photolysis additive to remove EDCs 

and the negative effect of nitrate with excess of quantity.
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5. Intermediates

Intermediates of BPA and t-OP generated during photolysis in solution with 

nitrate were studied using LC-MS/MS. In the HPLC analysis with flow injection 

the m/z 227 ion for BPA and the m/z 205 ion for t-OP were observed as the 

principal peak as shown Fig. 11 and Fig. 12, respectively.

Deprotonated form of BPA (m/z 227) is explained by characteristic cleavage 

of the O-H bond in the hydroxyl group and a fragment ion at m/z 212, resulting 

from a cleavage of one of the CH3 groups is observed (Fig. 11). Also, 

deprotonated form of t-OP (m/z 205) is explained by characteristic cleavage of 

the O-H bond in the hydroxyl group and a fragment ion at m/z 113, indicating

from a cleavage of one of the CH2CC3H9 group (Fig. 12).
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Fig. 11. LC/MS/MS spectrum of BPA.

Fig. 12. LC/MS/MS spectrum of t-OP.
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As Table 4 and 5 summarized, the retention time, ion pairs (m/z), and 

intermediates for BPA and t-OP were identified in negative ion mode (M-1) of 

LC-MS/MS. These intermediates were verified by interpretation of LC-MS/MS 

data obtained. For example, in Table 4 the first peak identified as 2-(4-

hydroxyphenyl)-2-methypropanal exhibits a parent peak at m/z 163 (M-1) with 

fragment ion peaks 134 (M-1-29) which is losses of CHO and 92 (M-1-29) 

which is losses of CCH3CH3CHO. Likewise, it is proposed that the second peak 

in Table 4 is 4-hydroxybenzaldehyde based on a parent peak at m/z 122 (M-1) 

with fragments at m/z 92 and 77. These fragments indicate the loss of CHO (M-

1-29) and O CHO (M-1-45), respectively. Rests of intermediate are calculated by 

using the same calculation method.

Eight intermediates were identified at the BPA photodegradation with 

nitrate such as 2-(4-hydroxyphenyl)-2-methypropanal, 4-hydroxybenzal-dehyde, 

1-(4-hydroxyphenyl)ethanone, 4-nitrophenol, 4-(2-(4-hydroxy-phenyl)propan-2-

yl)benzene-1,2-diol, 4-(2-nitropropan-2-yl)phenol, 4-(2-(4-hydroxy-3-nitrophe-

nyl)propan-2-yl)benzene-1,2-diol, and 4-(2-(4-hydroxy-3-nitrophenyl)propan-2-

yl)phenol.

In the case of t-OP, five intermediates were detected at the t-OP photolysis 

with nitrate such as 1-(4-hydroxyphenyl)ethanone, 3-(4-hydroxy-phenyl)but-3-

en-2-one, 4-(4-methyl-penta-1,4-dien-2-yl)phenol, 2-(3,4-diydroxyphenyl)2,4,4-

trimethylpen tan-3-one, and 4-(2,4,4-trimethylpentan-2-yl)benzene-1,2-diol.
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Table 7. Structures and mass spectral data for BPA and postulated transformation 

products, as determined from LC/MS/MS

Peak
Retention

Time (min)

Molecular

Weight

ESI(-) MS, 

m/z

ESI (-) MS/MS, 

m/z

Possible

Intermediates

1 1.51 164 163 134, 92

2 2.17 122 121 92, 77

3 2.31 136 135 92, 104

4 2.65 139 138 122, 77

5 2.99 244 243 226, 228, 150

6 3.08 181 180 134, 92

7 3.31 289 288 242, 150, 225

8 4.04 273 272 226, 134, 209

9 4.26 228 227 212, 133

HO

O

HO

O

HO

O

HO NO2

HO

HO

OH

C NO2HO

HO OH

NO2

HO

HO

OH

NO2

HO OH
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Table 8. Structures and mass spectral data for t-OP and postulated transformation 

products, as determined from LC/MS/MS

Peak
Retention

Time (min)

Molecular

Weight

ESI(-) MS, 

m/z

ESI (-) MS/MS, 

m/z

Possible

Intermediates

1 1.25 136 135 92, 77

2 2.02 162 161 146, 92, 77

3 2.90 174 173 159, 132, 92

4 4.27 236 235 178, 150

5 4.57 222 221 205, 150

6 5.00 206 205 113, 189

OH

O

OH

OH

O

OH

OH

OH

OH

OH

O
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Fig. 13 shows the formation and decomposition of the BPA photodegradation

intermediates by chromatogram peak. Since the peaks 5, 7, and 8 are formed 

prevailing over the other intermediates formation until 200 min of reaction time, 

indicating that •OH or NO2
• generated by nitrate were added to BPA in the earlier 

stage of the reaction. With further increase of reaction time, however, the peaks 5, 

7, and 8 decomposed to smaller molecular.

Also, the formation and decomposition of the t-OP photodegradation

intermediates are shown in Fig. 14. The OH radical added intermediates, peak 4 

and 5, were appeared and disappeared in the early stage of reaction. As time goes 

far smaller molecular such as peak 1, 2, and 5 were formed. Since t-OP has 

bigger quantum yield than BPA, the time taking to decompose to smaller 

molecular was shorter than BPA. The nitro-intermediates were not identified at 

photodegradation of t-OP. This reason why nitro-intermediates were not found in 

t-OP photolysis could not find out in the president state. Therefore, further study 

should be conducted.
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Fig. 13. BPA intermediates products change during photolysis.
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Fig. 14. t-OP intermediates products change during photolysis.
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It is notable that the nitrate induced the formation of intro-intermediates such 

as peak 4, 6, 7 and 8 in BPA photolysis. Since nitrate is the one of the principle 

components in natural water, nitro-intermediates are inevitable degradation 

product for BPA photolysis not only photo-treatment process but also in the 

environment. Therefore, it is important to investigate how intro-intermediates are 

generated and how they are toxic when BPA is degraded in the presence with 

nitrate.

In order to know more detail about the degradation behavior of BPA with 

NO2
• in water, the degradation of BPA at H2O2/UVC process which generates 

relatively much high amount of •OH was conducted and compared to NO3
-/UVC 

process. Intermediates such as peak 1, 3, 4 and 6 were also found in H2O2/UVC 

process but the nitro-intermediates were not detected in H2O2/UVC. Therefore, It 

was conformed that nitrate induced the formation of intro-intermediates. When 

BPA was degraded by NO3
-/UVC, the formation of added intermediates and 

decomposition into smaller molecular showed a time lag (Fig. 13). Since NO3
-

quantum yields of OH (ΦOH=0.09) and NO2
- (ΦNO2

-=0.1) were small (Mark et al. 

1996), it took a few time to decomposed into smaller molecular intermediates 

from added intermediates. At H2O2/UVC process, however, most of 

intermediates were produced and decomposed at the similar time (Fig.14) 

because of its high productivity of OH radical (ΦOH=1.17) (Goldstein et al. 2007). 
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Fig. 15 illustrates the proposed mechanism of BPA photolysis at H2O2/UVC 

and at NO3/UVC based on the results so far. It seems like that the degradation of 

BPA at NO3
-/UVC process involves all of the mechanism as suggested time 

sequencing in Fig. 15 but BPA might be degraded in the path peak 5 and then 1 

eventually peak 2 and 3 in H2O2/UVC process.

Fig. 16 illustrates the proposed mechanism of t-OP photolysis at NO3/UVC 

based on the result. The degradation pattern is different from BPA because it has 

no nitro-intermediates. Therefore, it is suspected that the nitrate does not affect t-

OP photolysis products.

The estrogen activity of BPA photolysis intermediates of peak 3 and 8 are 

approximately 10 and 100 times less than BPA (Nakagawa and Suzuki 2001;

Chen et al. 2002). However, the acute toxicity of LD50 dermal of peak 1 and 5 

are 6 and 3 time higher than BPA (MSDS 2012). The other intermediates are not 

studied about their toxicity or estrogen activity. Therefore, further study should 

be conducted to ascertain the toxicity of the other intermediates for the efficient 

mineralization of BPA and t-OP.
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Fig. 16. The proposed photodegradation reaction pathway of BPA in NO3
-/UVC 

process.
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Fig. 17. The proposed photodegradation reaction pathway of t-OP in NO3
-/UVC 

process.
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IV. Conclusions 

This paper investigated the effects of initial concentration, UV intensity, 

solution pH, and nitrate dosage on photodegradation of BPA and t-OP in a 

circulating photo reactor system with UV-C (254 nm) lamp. All 

photodegradation kinetics were well fitted to pseudo-first-order reaction. The 

higher initial concentration caused low degradation efficiency of BPA and t-OP

probably because of its complete absorption of the incident photon flux by 

higher initial t-OP concentration and scattering effect. The stronger UV intensity 

leaded the pseudo-first-order rate constants (k1) of BPA and t-OP to increase by 

making more chemical moved like π → π* or n → π*. The BPA and t-OP 

quantum yield was estimated to be 0.0354 and 0.409 mol Einstein-1, respectively.

It is notable that photodegradation of BPA and t-OP were enhanced remarkably 

when pH solution was higher than its pKa. Nitrate in photolysis of BPA and t-OP

increased the pseudo-first-order rate constants due to its availability of 

generating OH and NO2 radicals. Intermediates in the photolysis of BPA and t-

OP were identified by using LC/MS/MS. Photolysis of BPA in UV/H2O2 and 

UV/NO3
- process, intermediates were found to be 4-hydroxybenzaldehyde, 1-(4-

hydroxyphenyl) ethanone, 2-(4-hydroxyphenyl)-2-methylpropanal, and 4-(2-(4-

hydroxyphenyl)propan-2-yl)benzene-1,2-diol in common. Interestingly, however, 
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4-nitrophenol, 4-(2-nitropropan-2-yl)phenol, 4-(2-(4-hydroxy-3-nitrophenyl)pro

pan-2-yl)-benzene-1,2-diol, and 4-(2-(4-hy-droxy-3-nitrophenyl)propan-2-yl)-

phenol were only identified in UV/NO3
- process. In photolysis of t-OP with NO3

-

process five intermediates were identified such as 1-(4-hydroxyphenyl)ethanone, 

3-(4-hydroxyphenyl)but-3-en-2-one, 4-(4-methylpenta-1,4-dien-2-yl)phenol, 2-

(3,4-dihydroxyphe-nyl)-2,4,4-trimethylpentan-3-one, and 4-(2,4,4-trimethylpen-

tan-2-yl)ben-zene-1,2-diol without nitro-intermediates.

In this paper the interaction effects of each influencing factor are not studied. 

As discussed in direct photodegradation section, it seems to have relative each 

influencing factor. Therefore, further research about each factors on BPA and t-

OP photolysis are required.

These results can be helpful to understand the kinetics and removal 

mechanism of BPA ad t-OP photodegradation in the water.
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국문초록

광분해를 이용한 비스페놀-A 와 4-tert-옥틸페놀의 분해속도와

메커니즘 연구

강영민

서울대학교 보건대학원

환경보건학과 환경보건 전공

지도교수 조 경덕

내분비장애물질(endocrine disrupting compounds)로 알려진 비스페놀-A와

4-tert-옥틸페놀은 기존 하∙폐수처리장에 분해효율이 낮고, 인체에 들어와 유방

암, 경련, 그리고 고환암 등의 건강영향을 일으키기 때문에 시급한 처리가 필요

하다. 광분해는 적절히 적용된다면 기존 처리방법과 달리 오염물을 완전히 무기

화(mineralization) 시킬 수 있기 때문에 내분비계장애물질처리에 가장 적합한 처

리 방법이다. 하지만 분해에 영향을 미치는 인지와 분해중간체(intermediate)를

재대로 파악하지 않고 처리 공정에 도입하면 설계, 비용, 운전측면에서 문제가
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야기될 수 있고, 심지어 방류시 본 물질보다 높은 독성 물질이 배출되어 생태계

뿐만 아니라 인간에도 해로운 영향을 미칠 수 있다.

따라서 본 연구의 목적은 초기농도, UV 강도, pH, 그리고 질산염 (NO3
-)이

비스페놀-A 와 4-tert-옥틸페놀의 광분해의 속도에 미치는 영향과 분해부산물을

규명하는 것이다.

비스페놀-A 의 초기농도가 2 - 40 mg L-1
그리고 4-tert-옥틸페놀의

초기농도가 0.5 - 5 mg L
-1

로 증가함에 따라 비스페놀-A 와 4-tert-옥틸페놀의

유사일차속도상수(k1)는 각각 8.5 × 10-3 에서 3.7 × 10-3 min-1 으로 그리고 7.72

× 10-2 에서 3.28 × 10-2 min-1 으로 감소하였다. UV 강도가 3.65 × 10-5 에서

9.68 × 10-5 Einstein L-1 min-1 로 증가함에 따라 더 많은 유기물이 π → π* 

혹은 n → π* 상태가 되어 비스페놀-A 의 일차속도상수는 5.74 × 10-3 에서

14.50 × 10-3 min-1 으로 그리고 4-tert-옥틸페놀은 5.06 × 10-2 에서 12.07 ×

10-2 min-1 증가되었다. 두 물질은 비슷한 흡광도를 가졌지만 비스페놀-A 와 4-

tert-옥틸페놀의 quantum yield 는 각각 0.035 와 0.409 mol Einstein-1 이었다.

비스페놀-A 와 4-tert-옥틸페놀의 광분해는 용액의 pH 를 유기오염물의 pKa

(비스페놀-A(10.2) 4-tert-옥틸페놀(10.33))보다 높게 조절함에 따라 상당히

상승하였다. 이는 비결합 전자가 공명에 의해 π-system 의 길이를 증가시킨

결과 흡광도가 증가된 결과이다. 질산염은 빛과 반응하여 OH 와 NO2 라디칼을

발생시켜 유기오염물의 광분해를 빠르게 하였다. 하지만 일정량 이상이 첨가되면

일차속도상수는 오히려 점차적으로 감소하였다. LC/MS/MS 를 이용한 분해분산물

검출결과 질산염이 공존하는 광분해에서 비스페놀-A 는 8 개의 분해분산물이, 4-
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tert-옥틸페놀은 5 개의 분해부산물이 검출되었다. 질산염은 비스페놀-A 의

광분해에서 nitro-intermediate 발생을 유발하였다. 반면, 4-tert-옥틸페놀은의

광분해에서 질산염은 nitro-intermediate 를 발생하지 않았다.

본 연구는 하∙폐수처리장과 질산염이 들어있는 자연수의 광분해에 의한

비스페놀-A 와 4-tert-옥틸페놀의 광분해속도와 분해 메커니즘을 이해하는데

도움이 될 것이다.

주요어: 광분해, 질산염, pH, 분해중간체, 부산물, 라디칼, nitro-intermediate

학번: 2010-23779
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Appendix

t-OP calculation method determined from LC/MS/MS
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BPA calculation method determined from LC/MS/MS
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