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/?-Nonylphenols (NPs), one of endocrine disrupting chemicals, are used as plastic flexibilizers or

nonionic surfactants, and widely released into the water environment. Hydroxyl radicals produced from

water molecules by y-ray irradiation have high oxidation reactivity. Recently, treatments with the hydroxyl

radicals have drawn much attention to conserve the water environment. In this study, decompositions of

NPs in water were investigated using hydroxyl radicals by 60Co y-rays irradiation. The concentrations of the

NPs at initial concentration from 45 to 1000 nM were decomposed by y-ray irradiation. Qualitative and

quantitative analyses of NPs were carried out by high performance liquid chromatography. The

decomposition curves of NPs at each initial concentration were analyzed as single exponential functions.

Alkylphenol activity of aqueous NPs solution, which was estimated by enzyme-linked immunosorbent

assay, implies the irradiation products have alkylphenol activity. Two products having molecular weight of

236 were investigated by liquid chromatography-mass spectrometry, and were considered to be

/?-nonylcatechol and l-(p-hydroxyphenyl)-l-nonanol on the basis of the oxidation mechanisms ofp-cresol

and 4-ethylphenol.
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1. Introduction

Hormones and their receptors fit together as a w' lock and key " mechanism in the endocrine system.

Under normal conditions, a natural hormone binds to the receptor and activates genes in nucleus to produce

biological responses. Some chemicals have properties to mimic estrogen or disrupt endocrine system in

living bodies. Hormone mimic chemicals, for example alkylphenols, 2,2-bis-(4-hydroxyphenyl)-propane

(Bisphenol A), diethylstilbestrol (DES), dichlorodiphenyltrichloroethanes (DDTs) and polychlorobiphenyls

(PCBs), also bind to the receptor to induce the biological responses [1]. Hormone blocking chemicals, for

example dioxins [2], do not induce the biological responses, however, they bind to another receptors, and

consequently prevent natural hormones from binding to the hormone receptor. These hormone mimic and

blocking chemicals are so-called endocrine disrupting chemicals (EDCs) [1]. There are tens of species of

the chemicals designated as EDCs from Ministry of the Environment in Japan [3].

Water treatment technique for EDCs in practical use has not been completely achieved at the present

stage since there is no technique to remove or decompose trace amounts of them. Therefore, development

of new technique or treatment system is critically required for EDCs. Ozone has been widely used for

treatment of wastewater with its high oxidation reactivity and disinfectant, but treatment of some kind of

EDCs is difficult by ozolysis. The hydroxyl radicals have high oxidation reactivity and electrophilicity, and

can decompose such EDCs. Treatments with hydroxyl radicals have drawn much attention. A number of

papers and patents have reported treatments of toxic organic compounds by use of oxidation with hydroxyl

radicals in beaker scale, which were generated by ozone / UV or hydroxyperoxyl / UV system [4-6],

Fenton-type oxidation [7], ionizing radiation [8-11] and photocatalyst as titanium dioxide [12-14]. However,

oxidation mechanism of EDCs with OH radicals is still not made clear, and reduction of estrogen activity of

treated wastewater is not confirmed.

/?-Nonylphenols (NPs), a variety of alkylphenols, are well known to be persistent and toxic in artificial

chemicals. In 1991, Soto et al. [15] reported that NPs triggered a mitotic activity in the rat endometrium to

disrupt the endocrine system. Sumpter et al. [16] also reported that NPs induced the vitellogenin synthesis

in male rainbow trout maintained in the effluent of sewage-treatment works located throughout England

and Wales. Routledge et al. [17] and Hu et al. [18] examined estrogen-inducible screening for the

alkylphenols with alkyl group having 5 to 9 carbons, and pointed that NPs have the estrogen activity at the

concentration above about 1 p.g/L. Ministry of the Environment in Japan reported in 2001 that NPs actually

have endocrine disrupting properties for fishes, and induce feminization in aquatic animals [19]. NPs are

generated by dissolution of additive as plastic flexibilizers or biodegradation of alkylphenol

polyethoxylates (APE) as nonionic surfactants [15, 16, 19-21], and are released into the water environment.

NPs and APE are produced about 17,000 and 47,000 tons/year in Japan, and about 40,000 tons/year of

them are totally released into the water environment [19]. These facts are considered to cause

environmental problem, but there is no legal regulation on drain of NPs into the water environment in

Japan.

In previous study, hydroxyl radicals generated by ionizing radiation were used for decomposition of

trace amounts of 17 [3-estradiol (E2) [22]. E2 is released into the water environment from humans and

- 1 -
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domestic animals as its source, although it has the highest estrogen activity. E2 interferes with the normal

physiological processes as EDCs and creates many deleterious effects for aquatic animals [16, 23]. The

concentration of E2 and estrogen activity of E2 in solution were reduced by hydroxyl radicals. The

decomposition products of E2 are considered to be OH-adducts of E2, and have estrogen activity. In the

present study, decomposition of trace amounts of NPs by hydroxyl radicals in water was also investigated

using cobalt-60 y-rays which was selected to be generation source of hydroxyl radicals. The y-ray is

appropriate for fundamental research since production rate and amount of the hydroxyl radicals can be

easily controlled by dose rate and irradiation time. Decomposition of NPs was discussed based on the

results of HPLC analysis and enzyme-linked immunosorbent assay.

Q
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2. Experimental

2.1. Sample preparation and irradiation

p-Nonylphenols (NPs : mixture of compounds with branched side chain) from Tokyo Chemical

Industry are generally employed for screening tests of estrogen activity [19] and were used as

p-nonylphenols released into the water environment. p-Cresol (GR, Tokyo Chemical Industry) and

4-ethylphenol (EP, Tokyo Chemical Industry) were used as model chemicals in order to clarify oxidation

mechanism of NPs. Phenol (99.0 %, Wako) was used as a standard for the competition reaction method.

4-Methylcatechol (GR, Tokyo Chemical Industry), 4-hydroxybenzyl alcohol (Extra pure, Wako),

4-hydroxybenzaldehyde (EP, Tokyo Chemical Industry), 3,4-dihydroxybenzyl alcohol (96 %, Tokyo

Chemical Industry), 3,4-dihydroxybenzaldehyde (GR, Wako), 4-ethylresorcinol (GR, Tokyo Chemical

Industry), 4-Ethylcatechol (98 %, Avocado), />hydroxyphenylethanol (EP, Wako), 4-hydroxyacetophenone

(GR, Tokyo Chemical Industry), formic acid (GR, Wako) and acetic acid (GR, JUNSEI) were dissolved in

water or methanol (for HPLC Analysis, Wako), to be used for qualitative and quantitative analyses of

products after y-ray irradiation. Ultra-pure water (TOC : 4 ppb, electric resistance : 18.2 MQ cm"1) was

supplied from Milli-pore Milli-Q system. Phosphoric acid (85 %, Wako) diluted to 10 mM was used as

eluent of inorganic solvent for HPLC. Methanol and acetonitrile (for HPLC Analysis, Wako) were used as

eluent of organic solvent for HPLC.

NPs, p-cresol and 4-ethylphenol were dissolved in water to dilute from 45 nM to 5 mM for samples.

The sample preparations were conducted in a glove bag (S20-20, Instruments for Research and Industry).

The sample solutions were bubbled with each of air, helium, oxygen, nitrogen and nitrous oxide gasses for

30 min at a flow rate of 50 mL/min. Concentrations of dissolved oxygen in the sample solutions were

controlled by changing the ratio of nitrogen gas to oxygen gas in solution. Hydrochloric acid and sodium

hydroxide were used for control of pH in the sample solution. pH and concentration of dissolved oxygen in

the sample solutions were measured by pH/DO meter (D-25, HORIBA, LTD.). The sample solutions were

full-filled into glass vessels and closed with screw caps, y-ray irradiations were carried out at 298 K using

three different 60Co y-ray source at JAERI Takasaki to a dose in the range of 1 to 160,000 Gy (Gy=J/kg) at

dose rates ranging from 1 to 10,000 Gy/h.

2.2. Analysis

2.2.1. High-pressure liquid chromatograph

High performance liquid chromatograph (HPLC, Agilent 1100 series) using a reverse phase column

(RSpak-DE 613 Shodex or Inertsil C8-3 GL sciences) was employed for qualitative and quantitative

analyses of sample solutions irradiated with y-rays. The temperature of a column oven was set at 313 K.

Flow rate of eluents was 1.0 mL/min, and the sample solutions were injected at 500 u.L in HPLC.

Absorbance and fluorescence detectors were used to measure concentration of chemicals extracted from the

column. Absorbance was monitored at wavelength between 210 and 280 nm using a UV/VIS detector

(Waters 2487 Dual X Absorbance Detector). Fluorescence detector (Waters 2475 Multi X Fluorescence

o
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Detector) was set at 280 nm for excitation and at 310 nm for emission monitor.

The eluent used for the analysis of NPs and its irradiation products was 80 volume percent (vol %)

methanol in water under isocratic condition. The eluent for the analysis of/?-cresol and its products was

10 mM phosphoric acid / acetonitrile at the ratio of volume percent (vol/vol %) of 100 / 0 under isocratic

condition for the first 30 min, from 100 / 0 to 90 / 10 under linear gradient condition for the successive

10 min, and 90/10 under isocratic condition for the last 36 min. The eluent for the analysis of hydrophobic

products from p-cresol was methanol / water at 60 / 40 vol/vol % under isocratic condition for the first

25 min, from 60 / 40 to 1 0 0 / 0 under linear gradient for the last 15 min. The eluent for analysis of

4-ethylphenol was 10 mM phosphoric acid / acetonitrile at vol/vol % from 100 / 0 to 85 / 15 under linear

gradient condition for the first 35 min, 85/15 under isocratic condition for the successive 35 min, and from

85 / 15 to 80 / 20 under linear gradient condition for the last 15 min.

2.2.2. Liquid and gas cferomatograph mass spectrometer

Mass spectrometer was used as a detector of HPLC to identify irradiation products. Molecular weight

values of the samples and the irradiation product species were determined by LC-MS (JEOL, LC-mate).

Atmosphere pressure chemical ionization (negative mode) was selected for the generation of negative ion

for LC-MS since phenolic compounds are considered to produce easily negative ion by a corona discharge.

The corona discharge ionized solvent to produce the negative ion, and the solvent negative ion subtracts

proton from solute to produce the negative ion of the solute with molecular weight of solute minus one

(MW-1), consequently.

discharge r . .
[Solvent] *=-• [Solvent]" (l).

[Solute (MW)] + [Solvent]" — • [Negative ion (MW - 1)]" + [Solvent ]-H (2).

Identification of products formed by y-ray irradiation was also carried out by GC-MS (HEWLETT

PACKARD, HP 6890 Series GC System and 5973 Mass Selective Detector) with a column of HP-5MS

(30.0 mX250 }imX0.25 urn). The products were separated by HPLC and collected with fraction collector

(DC-1500, TOKYO RIKAKIKA1 CO., LTD.). The products in the collected solution of 50 mL was

extracted with 100 mL of ethyl acetate (99.5 %, Wako) and concentrated into 10 mL by evaporation. The

sample in ethyl acetate was injected at 1 \xL in GC-MS. The temperature of the GC column oven was kept

at 323 K for 1 min after sample injection, raised subsequently at a rate of 10 K/min for 5 min, and

maintained at 373 K for 1 min. Then, the column temperature was changed at a rate of 10 K/min for 15 min

to reach 523 K, and held for 5 min. Electron impact was used as an ionization method for MS.

2.2.3. Ion chromatograph

Concentrations of organic acids produced by y-ray irradiation were determined by ion chromatograph

(Metrohm 761, Compact IC) with an anion suppressor. The suppressor was regenerated with 20 mM

sulfuric acid and rinsed with ultra-pure water. Sample solutions were separated by a column (IC SI-90 4E

- 4 -
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Shodex) for anion analysis. An aqueous solution composed of 1.7 mM sodium hydrogen carbonate

(Cica-Reagent, KANTO CHEMICAL CO., INC.), 1.8 mM sodium carbonate (Cica-Reagent, KANTO

CHEMICAL CO., INC.) and 5-% acetonitrile, was used as an eluent at a flow rate of 1.2 mL/min. Standard

solution (Multianion Std. Soln. I , Wako) contains 21 JJM fluoride ion, 11.3 u.M chloride ion, 43.5 \±M

nitrous dioxide ion, 23 jiM bromide ion, 32.2 JIM nitrate ion, 42.1 u.M phosphate ion and 20.8 jiM sulfate

ion. The sample solutions and the standard solution were injected at 20 \±L in the ion chromatograph.

2.2.4. Total organic carbon analyzer

Amounts of the total organic carbon (TOC) in sample solutions were measured by TOC analyzer

(Shimadzu, TOC-Vwp) after the irradiation. An aqueous solution of sodium peroxodisulfate (Practical

Grade, Wako) at 0.5 M and phosphoric acid at 0.48 M are used to estimate the amount of total carbon (TC)

in the sample solutions. For the measurement of the amount of inorganic carbon (IC), phosphoric acid at

3.26 mM was added to control the pH. Amount of TOC was obtained by subtracting the amount of IC from

that of TC. Aqueous potassium hydrogen phthalate (Special Grade, NACALAI TESQUE INC.) solution at

10.4 mM was used for the standard solution as a 1.00 g/L sample of TC. An aqueous solution composed of

41.7 mM sodium hydrogen carbonate (Special Grade, NACALAI TESQUE INC.) and 41.6 mM sodium

carbonate (Special Grade, NACALAI TESQUE INC.) was used for the standard solution as a 1.00 g/L

sample of IC. The sample and standard solutions were injected at 2.5 mL for each measurement.

2.2.5. Enzyme-linked immunosorbent assay

Alkylphenol (AP) activities of sample solutions before and after y-ray irradiation were determined by

enzyme-linked immunosorbent assay (ELISA) using AP ELISA Kits (Takeda Chemical Industries,

Ltd.)[24]. Fig. 1 shows the experimental method of ELISA schematically.

The first step is the competition reaction of sample with standard. The NPs solutions were mixed with

solution of a hapten-protein conjugate. The mixed solution was infused into a cell, which has monoclonal

antibodies on inside-wall.

The second step is the color reaction. After incubation at room temperature for 1 h, the cell was

washed with a washing reagent for three times, and a color reagent was added. The reaction was terminated

after 30 min by a reaction-stop reagent.

The third step is the evaluation of the AP activity. Absorbance of the NPs solutions after the color

reaction was measured at 450 nm using a micro plate reader (Fig. 2, Bio-Rad Model 550). Calibration

curve of the AP activity was obtained using standard solutions as shown in Fig. 3.

- 5
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3. Results and Discussion

3.1. Decomposition of/?-nony!phenols by hydroxyl radicals

3.1.1. Effect of reactive species produced by y-ray irradiation

Fig. 4 shows absorption (a), emission and excitation (b) spectra of NPs in water. The absorption maximum

was detected at 275 nm. The emission spectrum was recorded by the excitation at 280 nm, and excitation

spectrum was monitored at 310 nm. The initial concentration of NPs was estimated by the fluorescence detector

since the highest detection level at about 10 u,M of the absorbance detector was too low to determine the

concentration of NPs. Excitation and monitor wavelengths were set at 280 and 310 nm on the fluorescence

detector. The initial concentration of NPs was set at 1 u.M, which was about twenty times higher than a threshold

concentration (45 nM) for appearance of estrogen activity in the water environment [17-19]. Chromatogram of

NPs at 1 JJM before irradiation was recorded on HPLC as shown in Fig. 5. Relatively clear peak at retention time

of 18 min was assigned to NPs. The peak seems to have a shoulder because NPs are mixture of isomers of

/7-nonylphenols.

Reactive species produced by radiolysis of water are hydroxyl radical, hydrated electron, hydrogen atom,

proton and hydroxide ion [11]:

y-ray

H2O ^V\A^ OH, e"aq, H, H+, OH" (3)

G-value= 2.8 2 7 06 3 2 0.5

G-value is the number of molecules per absorbed energy of 100 eV. Hydroxyl radical, hydrated electron and

hydrogen atom are much more reactive with organic compounds than the other species. In aqueous phenol

solution, it is reported that 94 % of phenol is decomposed by hydroxyl radicals [25]. Therefore, other phenolic

compounds will be mainly decomposed by hydroxyl radical.

In order to determine main reactive species for decomposition of NPs, aqueous NPs solution were saturated

with nitrous oxide or helium. The decomposition efficiency of NPs in water saturated with nitrous oxide and

helium is shown in Fig. 6. The decomposition efficiency is estimated by fitting the primary slope of the

decomposition curve with a straight line. The decomposition efficiency saturated with nitrous oxide was about

1.9 times higher than that with helium. Nitrous oxide reacts with hydrated electron to form hydroxyl radical,

hydroxide ion and nitrogen in water [26] :

N2O + e"aq -» OH + N2 +OH" (4).

The rate constant of the reaction (4) is 9.1 X 109 M'V1. G-values of hydrated electron and hydroxyl radicals are

2.7 and 2.8, respectively [18]. Production of hydroxyl radicals under nitrous oxide saturated condition is about

two times higher than that under helium saturated condition, and the fact is rather agreement with the

experimental results of NPs. Therefore, it can be concluded that hydroxyl radicals are responsible for

decomposition of organic compounds.

NPs have isomers about 170 species with a branched side chain. Distribution of electron density in NPs was

- 6
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calculated with the PM3 method (Windows MOPAC 2000 Ver 3.0), and the results of seop-nonylphenols is

shown in Fig. 7. Hydroxyl radicals should preferentially attack the aromatic ring of NPs since the hydroxyl radical

is an electrophilic reactive species [27] and the carbon atoms of the alkyl group of NPs have low electron density.

The electron density at or//?o-position is high, and hydroxyl radicals are considered to attack the aromatic ring at

or^/zo-position.

/?-Cresol and 4-ethylphenol were used for this study on oxidation mechanism of NPs, because the chemical

structures of these chemicals are similar to that of NPs. Absorption spectra of/?-cresol and 4-ethylphenol in water

are shown in Fig. 8. The absorption maximum of p-cresol and 4-ethylphenol were detected at 277 and 276 nm,

respectively. Fig. 9 shows the distributions of electron density of/?-cresol and 4-ethylphenol calculated with the

PM3 method. The distributions of electron density of these chemicals also resemble that of NPs.

Fig. 10 shows the decomposition efficiencies of p-cresol (a) and 4-ethylphenol (b) saturated with nitrous

oxide and helium. The decomposition efficiencies saturated with nitrous oxide were about 1.9 and 2.0 times

higher than that saturated with helium, indicating that hydroxyl radicals are also responsible for the decomposition

of these chemicals.

Dose rate effect on the decomposition of NPs was examined, and no dependence was observed in the range

from 1 to 30 Gy/h as shown in Fig. 11. The reactions between the reactive species produce by y-ray irradiation

must be negligible in the range.

3.1.2. Initial concentration dependence

NPs solutions at different concentrations of 45, 100, 500, 1000, 10000 and 20000 nM were irradiated to

doses from 0 to 500 Gy and the results are shown in Fig. 12. NPs decreased against dose, and decomposition

curves in the range of the initial concentration from 45 to 1000 nM were analyzed in terms of single exponential

functions, however, decomposition curves of NPs at 10000 and 20000 nM were not fitted by single exponential

functions. Decomposition efficiency of NPs increased with initial concentration of NPs, and decomposition

mechanism of NPs by hydroxyl radicals is considered to be the same in the range of the initial concentration from

45 to 1000 nM.

Since NPs were less soluble in water, quantitative analyses at higher concentration on the relation between

hydroxyl radical formation yield and decomposition yield of solutes were conducted by use ofp-cresol. G-value

of the/?-cresol decomposition at each concentration from 10 JJ.M to 5 raM was estimated by fitting the primary

slope of the decomposition curve with a straight line. G-values ofp-cresol decomposition depended on the initial

concentration of/?-cresol as shown in Fig. 13. With the increasing of initial concentration of/?-cresol, G-value of

the p-cresol decomposition increased and seems to approach to 2.8, which is the same as G-value of hydroxyl

radical formation. Most of hydroxyl radicals produced by y-ray irradiation react with /?-cresoi at higher initial

concentration of/?-cresol.

- 7 -
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3.1.3= Effect of oxygen

NPs at 1000 nM initial concentration were decomposed by y-ray irradiation under oxygen, air and helium

saturated conditions and the results are shown in Fig. 14. The concentration of dissolved oxygen in the solution

saturated with oxygen, air and helium were at 1125, 220 and almost 0 u.M (measurement error of DO meter is

i 1.6 pM), respectively. Decomposition curves of NPs under these saturated condition are essentially the same,

therefore, dissolved oxygen does not play any role in this decomposition.

Oxidation mechanism of phenol by hydroxyl radical is shown in Scheme 1 [18, 28, 29]. Hydroxyl radicals

attack phenol to produce dihydroxycyclohexadienyl (DCH) radicals, which react with oxygen to produce peroxyl

radicals in the presence of oxygen. The peroxyl radicals release hydroxyperoxide radical to produce OH-adducts

(catechol, hydroquinone and resorcinol). Thus, the decomposition of phenol by hydroxyl radicals was accelerated

by dissolved oxygen.

Because NPs's low solubility in water prevents to examine accelerated effects of dissolved oxygen on NPs,

instead of NPs, the effect of dissolved oxygen on the decomposition of p-cresol at high concentration was

examined as shown in Fig. 15. G-value of/?-cresol increased with the initial concentration of dissolved oxygen up

to 100 j_iM, and became constant from 100 to 1100 u.M. Decomposition of/?-cresol was accelerated by dissolved

oxygen, and the oxidation would follow the mechanism of phenol.

Effects of dissolved oxygen on the decomposition of NPs were different from those on phenol and/7-cresol.

This is because dissolved oxygen was. incompletely removed by helium bubbling in the NPs solution. Trace

amount of the dissolved oxygen not detected by DO meter would be enough to decompose NPs, and would affect

oxidation of NPs.

3.1.4. pH dependence

Decomposition of NPs by y-ray irradiation under air saturated condition depends on pH value of solutions as

shown in Fig. 16. Decomposition efficiency of NPs was constant in acidic solutions and decreased in higher pH

solutions than 8. Oxygen accelerated decomposition of NPs would be interfered by hydroxide ion in the region of

pH higher than 8. Similar pH dependence was observed for /?-cresol, however, G-value of decomposition of

p-cresol decreased at a lower pH value than 4 as shown in Fig. 17. Under deoxygenated condition, G-value of

decomposition of j9-cresol increased in the regions of pH lower than 5 and higher than 11 as shown in Fig. 18.

3.1.5. Alkylphenol activity

AP activities of aqueous NPs solution before and after y-ray irradiation were estimated using ELISA. AP

activity which represents degree of binding of chemicals with AP antibodies of aqueous NPs solution. If the

irradiation products from NPs do not have AP activity, degradation curves of the AP activity must be the same as

those of the NPs concentration. Fig. 19 shows decrease of NPs concentration and the AP activity by y-ray

irradiation. Both the NPs concentration and the AP activity were almost zero at a dose of 37.5 Gy. By comparing



JAERI-Research 2004-018

the curves of the NPs concentration and those of the AP activity, AP activity curve was almost higher than the

NPs concentration curve. A possible explanation of this fact is that products from NPs by y-ray irradiation have

also AP activity, and these products are subsequently decomposed by y-ray irradiation.

3.2. Product analysis

3.2.1. Products from/Mionylphenols

LC-MS was used to identify irradiation products having AP activity. Fig. 20 shows selected ion

chromatograms (SIC) of NPs at 1 uM after 12.5-Gy irradiation. A peak observed at a retention time of 11.2 min

on SIC at the mass to charge ratio (m/z) of 219 was assigned to NPs. Peaks on SIC at the m/z of 235 were

assigned to products from NPs. The peaks observed at retention times of 6.3 and 8.5 min in Fig. 20 (b) are both

ascribable to OH-adducts having the molecular weight of 236 (MW = 235+1). The areas of these peaks were

plotted in Fig. 21 as a function of dose. Each peak area increased with dose and reached a maximum at a dose of

5 Gy, and then decreased.

In order to measure degree of oxidation of NPs, amounts of TOC (total organic carbon) and IC (inorganic

carbon) were measured after y-ray irradiation as shown in Fig. 22. Amount of IC increased linearly in low dose

region, indicating that NPs would be decomposed by hydroxyl radicals to produce IC directly.

3.2.2. Products from/j-cresol

Oxidation of/?-cresol was investigated by HPLC. Chromatograms of aqueous /?-cresol solution at 1 mM

initial concentration before and after 1500 Gy irradiation under air saturated condition was recorded as shown in

Fig. 23. A peak at a retention time of 67 min was assigned to/7-cresol. Peaks observed at retention times of 12, 20,

35, 43 and 45 min in Fig. 23 (b) were assigned to 3,4-dihydroxybenzyl alcohol, 4-hydroxybenzyl alcohol (4HBA),

3,4-dihydroxylbenzaldehyde, 4-hydroxybenzaldehyde and 4-methylcatechol (4MC), respectively, by comparing

with those of standard samples. 4HBA and 4MC are considered to be primary products of the reaction of/?-cresol

with hydroxyl radicals, and the other products are secondary products. Formation of organic acid from /3-cresol

was investigated by ion chromatogram. Formation of formic acid was confirmed as a peak at a retention time of

3.67 min on the chromatogram as shown in Fig. 24. A negative peak at a retention time of 2 min was the system

peak accompanied with the sample injection, and the other peaks were due to unknown ionic products such as

organic acids. Concentration of/?-cresol decreased linearly with dose up to 1000 Gy, and then gradually decreased

as shown in Fig. 25. Amount of IC increased linearly at doses lower than 1500 Gy on the contrary the same

amount of TOC decreased. The concentrations of the primary products such as 4HBA and 4MC, the secondary

products and formic acid depended on dose as shown in Fig. 26. The concentration of 4MC increased with dose

up to 1000 Gy, and then decreased. The concentration of 4HBA increased gradually up to 1000 Gy, and steeply

over 1000 Gy. As dissolved oxygen in the solution was consumed at a dose of about 1000 Gy, dissolved oxygen
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should affect significantly to the formations of 4MC and 4HBA. Decomposition yield of/?-cresol at 1 mM initial

concentration after 500 Gy irradiation is shown in Fig. 27. Estimation of yield of dimers is mentioned below.

Dimers and OH-adducts mainly produced from/?-cresol in the presence of oxygen.

G-values of 4MC and 4HBA formations from /?-cresol depended on dissolved oxygen as shown in Fig. 28.

G-value of 4MC formation increased with dissolved oxygen concentration, however, that of 4HBA decreased. The

production of 4MC was enhanced by oxygen, but that of 4HBA was inhibited in contrast to 4MC.

G-values of 4MC and 4HBA formations increased with initial concentration ofp-cresol as shown in Fig. 29.

G-value of /7-cresol decomposition also increased with initial concentration of/?-cresol as shown in Fig. 13. The

value of G(products) / G(-p-cresol) is plotted against initial concentration of/?-cresol in Fig. 30. The value of

G(4MC) / G(- p-cresol) was constant, so that formation mechanism of 4MC would be the same in the range of

these initial concentrations. The value of G(4HBA)/ G(- p-cresol) increased with the initial concentration of

/?-cresol. 4HBA would be formed through intra- or bimolecular reactions of reactive intermediates or with

/7-cresol.

The chromatograms of/?-cresol at 1 mM initial concentration on HPLC and LC-MS were recorded after

1500 Gy irradiation as shown in Fig. 31. The peak at a retention time of 18.5 min was assigned top-cresol, and

some peaks observed at a retention time in the range from 5 to 17 min were OH-adducts, e.g. 4MC and 4HBA,

and non-aromatic compounds, e.g. formic acid and so on. Peaks at a retention time in the range from 40 to 45 min

were only detected for initial concentration of/?-cresol higher than 250 uM. These latter peaks are considered to

be hydrophobic compounds since ODS column retains organic compounds having low solubility in water. Since

/?-cresol has molecular weight of 108, peaks observed at a retention time in the range from 32 to 42 min on SIC

for m/z of 213 must be due to dimers having molecular weight of 214 (MW=213+1). Three peaks observed at

retention times of 24, 32 and 35 min and the broad peak from 37 to 48 min on each SIC for m/z of 229 are

considered to be OH-adducts of dimers having molecular weight of 230 (MW=229+1). Dose dependences of peak

areas of the products are shown in Fig. 32. Peak area of the products having molecular weight of 214 increased at

doses over 500 Gy, and that having molecular weight of 230 increased at doses over 1000 Gy. Dissolved oxygen

in /3-cresol solution was consumed at about 1000 Gy as mentioned above. Bimolecular reaction would

preferentially occur to produce dimers under lower concentration and absence of dissolved oxygen. The dimers

possibly react with hydroxyl radicals to produce OH-adducts.

Formation yield of these dimers was estimated with fraction collector and TOC analyzer. Fractions of organic

acids, OH-adducts, /?-cresol and dimers were separated by HPLC with ODS column, and collected with the

fraction collector. The eluent of HPLC was only used water. Fraction of dimers was too slow to collect under the

HPLC condition. Therefore, amount of TOC of dimers was obtained by subtracting the amount of TOC of product

fractions excepted dimers from that of irradiated aqueous/?-cresol solution without separation. The yield of dimers

was estimated 42.9 % for 1 mM initial concentration of />cresol in water after 500 Gy irradiation as shown in

Fig. 27.
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3.2.3. Products from 4-ethylphenoI

Liquid chromatograms of aqueous 4-ethylphenol solution at 1 mM initial concentration were recorded under

air or helium saturated conditions after 1500 Gy irradiation as shown in Fig. 33. Peaks observed at retention times

of 33, 43, 46 and 81 min in Fig. 33 (a) were assigned to 4-hydroxyacetophenone, 4-ethylresorcinol,

4-ethylcatechol (4EC) and 4-ethylphenol, respectively, by comparing with the liquid chromatograms of aqueous

standard samples. A sharp peak at a retention time of 22 min was outstanding among other peaks of the products

under helium saturated condition as shown in Fig. 33 (b). Fig. 34 (a) shows enlarged chromatogram around

22 min shown in Fig. 33 (b). Here, 4-hydroxyphenylethanol is one of the candidate of primary products from

4-ethylphenol by hydroxyl radicals. Fig. 34 (b) shows the chromatogram of aqueous 4-hydroxyphenylethanol

solution under the same measurement condition as that of Fig. 34 (a). Assignment of the sharp peak at a

retention time of 22 min to 4-hydroxyphenylethanol is difficult because of the difference in retention time between

the peaks at retention time of 22.3 min in Fig. 32 (a) and at a retention time of 21.8 min in Fig. 34 (b).

The product at a retention time around 22 min was collected by the fraction collector. The product in

collected solution was extracted with ethylacetate, and then concentrated into 10 mL. The concentrated solution

was analyzed by GC-MS. Fig. 35 shows the mass spectrum of the product. The fragment ion peaks were mainly

detected at m/z of 77, 95, 123 and 138. These fragment ion pattern are similar to those of benzyl alcohols. Benzyl

alcohols are ionized by electron impact to produce characteristic fragment ions [31]. The parent ion releases

hydrogen atom to produce cycloheptatrienyl cation (MW-1), which releases carbon monoxide to produce

cyclohexadienyl cation (MW-28). The cyclohexadienyl cation releases hydrogen molecule to produce phenyl

cation (MW-30). Ethylphenol (MW=122) is ionized to produce hydroxybeznzyl cation (MW-15) [31]. The

product is assigned to l-(p-hydroxyphenyl)-l-ethanol (pHPlE) by GC-MS since the mass spectrum is well

explained by following characteristic fragment pattern as mentioned above. As a result, it is understood that

hydroxyl radicals do not attack P-carbon of alkyl group of 4-ethylphenol.

Change in concentration of 4-ethylphenol, and amounts of TOC and IC is shown in Fig. 36 as a function of

dose. Dose dependences of concentrations of OH-adducts and formic acid are shown in Fig. 37. Decomposition

mechanism of 4-ethylphenol, and production curves of 4EC and pHPlE would be similar to that of/?-cresol, and

those of 4MC and 4HBA, respectively, as shown in Fig. 25 and 26.

3.3. Oxidation mechanism of p-nonylphenols by hydroxyl radicals

3.3.1./7-cresol

Oxidation mechanism of p-cresol by hydroxyl radicals was widely studied, and was discussed on the basis of

data already reported of mechanism of toluene, phenol andp-cresol [18, 28-31, 33-39]. Scheme 2 shows oxidation

mechanism of p-cresol aqueous solution by hydroxyl radicals. Hydroxyl radicals attack carbons of phenyl ring of

p-crQso\ to produce ortho- and meta-dihydroxymethylcyclohexadienyl (DMCH) radicals. The electron density at

- 11 -
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ortho-position of p-cveso\ is much higher than that at meta-position, so that ortho-DMCH radicals would be

produced mainly. The hydroxyl radicals also subtracts hydrogen atom on a-position to produce benzyl-type

radicals. The abstraction of hydrogen atom on a-position of /?-cresol by hydroxyl radicals is minor reaction

comparing with the addition of phenyl ring. The ortho-DMCH radicals react with oxygen to form peroxyl radicals.

The peroxyl radicals release hydroxyperoxide radicals to produce 4MC and non-aromatic compounds. The

meta-DMCH radicals also react with oxygen to form peroxyl radicals. The peroxyl radicals would release

hydroxyperoxide radicals to produce 4-methylresorcinol and non-aromatic compounds. The meta-DMCH radicals

would go through dehydration to form benzyl radicals, which is oxidized to produce 4HBA. The production of

benzyl radicals is also accelerated by proton or hydroxide ion in acid or alkaline solution. DMCH, phenoxyl and

benzyl radicals might react with each other to produce dimers at higher concentrations of p-cresol.

3.3.2. 4-ethylphenoI

The oxidation mechanism of 4-ethylphenol by hydroxyl radicals was discussed on the basis of p-cresol since

the oxidation resemble that of/?-cresol as mentioned in 3.2.3. Oxidation mechanism of 4-ethylphenol by hydroxyl

radical in water is shown in Scheme 3. The production mechanism of 4EC would be the same as that of 4MC.

Hydroxyl radicals are also considered to attack carbons of phenyl ring of 4-ethylphenol to produce ortho- and

meta-dihydroxyethylcyclohexadienyl (DECH) radicals, which react with oxygen to form peroxyl radicals. The

peroxyl radicals would release hydroxyperoxide radicals to produce 4EC and 4-ethylresorcinol, respectively. The

alkyl group of 4-ethylphenol was not oxidized at /^-position but at a-position. Therefore, hydroxyl radicals can

attack mainly the carbon in the phenyl ring at the wetar-position of 4-ethylphenol or the a-position of alkyl group,

to form weta-dihydroxyethylcyclohexadienyl (DECH) radicals or benzyl-type radical, respectively. The

meta-DECH radicals would also follow by dehydration to form benzyl-type radicals. The benzyl-type radicals

would be oxidized to produce pHPlE.

3.3.3. p-nonylphenols

OH-adducts are formed from NPs by y-ray irradiation as shown in Fig. 20 (b). By making use of the

oxidation mechanisms of /7-cresol and 4-ethylphenol, these OH-adducts are assigned to 4-nonylcatechols and

1 -(p-hydroxypheny 1)-1 -nonanols.

Scheme 4 shows oxidation mechanism of /?-nonylphenols by hydroxyl radicals in water. DCH-type radicals

are produced with the reaction of hydroxyl radicals produced by y-ray irradiation, and combine with oxygen to

produce/7-nonylcatechols and hydrogen peroxide radicals. The abstraction of hydrogen atom on a-position of NPs

and dehydration of the DCH-type radicals give benzyl-type radicals. The benzyl-type radicals are oxidized to

produce 1 -(p-hydroxyphenyl)-1 -nonanols.

- 12
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3.4. Simulation for decomposition of /?-nonyIpheeols by hydroxyl radicals

Simulation was carried out using FACSIMILE for Windows (version 2.0.104, AEA Technology pic).

Elementary reaction processes of water radiolysis, and their rate constants, and G-values of primary reactive

species produced from water molecules, are cited from the reference [40], as represented in Tables 1 and 2.

Elementary reaction processes for oxidation of j?-cresol by hydroxyl radicals and its rate constants are listed in

Table 3. The rate constant of/?-cresol with hydroxyl radicals to produce MCHD radical is cited from the reference

[40]. Rate constants of reactions (e) and (g) in Table 3 are assumed to be the same as those of corresponding

reactions of phenol [28, 29]. Rate constants of reactions (h), (k) and (1) are also assumed to be the same as that of

reaction (g). Rate constant of reaction (i) is assumed to be the same as that of reaction (e). Rate constants of

reactions (f) and (j) are set at the value of 1 X 104 s"1, since formations of phenoxyl radical and benzyl radical are

difficult to occur under the neutral condition [29, 33]. Rate constants of reactions (b), (d) and (m) are unknown,

and these rate constants were used as the fitting parameter in the simulation.

The rate constants of reactions (b), (d) and (m) for these simulations are fitted into 4X107 M'V1,

4X 107 IVl'V1 and 6X 109 M'V1, respectively. Fig. 38 and 39 show the results of the simulation for /?-cresol

decomposition and product formations by the irradiation, and dissolved oxygen dependence of decomposition of

jD-cresol by the irradiation, respectively. These simulation curves are in rather agreement with the experimental

results.

Decomposition of NPs at 45 nM was also simulated by employing the rate constant of/?-cresol with hydroxyl

radicals to that of NPs [41], but the simulated result was not in agreement with the experimental one. This result

indicates the rate constant of NPs with hydroxyl radicals is different to that of/?-cresol. Thus, the rate constant of

NPs with hydroxyl radicals should be estimated.

The rate constant of NPs with hydroxyl radicals was estimated by using the competition reaction method [42].

Phenol is regarded as a suitable compound for estimating the rate constant of NPs with hydroxyl radicals since

hydroxyl radicals attack mainly the carbon atoms of the phenyl ring of phenol. NPs and phenol are considered to

only react with hydroxyl radicals :

NPs + OH ^ ^ Products, (5).

k P
NPs + OH i L - » Products, (6).

where £N P s and kp are the rate constants of the hydroxyl radicals reacting with NPs and phenol, respectively.

The percentage of hydroxyl radicals reacting with NPs among the total hydroxyl radicals should be related to their

rate constants under the same concentration of NPs and phenol. When dose rate (DR) is constant, the

decomposition yield of NPs can be determined with the rate constant and the concentration of hydroxyl radicals:

- 13 -
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d[NPs] 1 d[NPs] 1 .
- — - = - = £NPJNPs][OH], (7).

dD DR dt DR N P s L JL J ' K)

where D and t are dose and time. When the concentrations of both solutes are equal to each other, the ratio of

decomposition efficiencies of NPs and phenol is the ratio of the rate constants under a constant dose rate

irradiation:

_ d [ N M / _ d [ P h e n o l ] = /
d dD NFS p \ JdD dD

Change in concentrations of NPs and phenol in water by y-ray irradiation under deoxygenated condition is

shown in Fig. 40 as a function of dose. The ratio of the decomposition efficiency of NPs to that of phenol was

determined to be 4.0 from the initial slope of the decomposition curves. The rate constant of NPs was estimated at

5.2X 1010 M ' V using the reported rate constant of phenol (k = 1.2X 1010 M ' V [28]). The obtained rate constant

of NPs was adopted to simulate the decomposition of NPs in the low dose region as shown in Fig. 41. The

simulation result based on the obtained rate constant became better than that based on p-cresol rate constant in

agreement with experimental one in the region at about 20 % of decomposition yields of NPs.
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4. Conclusion

(1) Alkylphenols are mainly decomposed by hydroxyl radicals which are produced by y-ray irradiation.

Dose rate effect on the decomposition of NPs was not observed in the range of 1 to 30 Gy/h.

Decomposition mechanism of NPs by hydroxyl radicals is the same in the range of initial concentration

from 45 to 1000 nM since the decomposition curves of NPs in the range were fitted to the same as single

exponential functions. Decomposition of NPs were not accelerated by dissolve oxygen although oxidation

of phenol and p-cveso\ in water by hydroxyl radicals is generally accelerated. The result is explained that

removal of dissolved oxygen was not completed by helium bubbling in the NPs solution because of

experimental limit. Decomposition efficiency of NPs was constant in acidic and neutral solutions, and

decreased in higher pH solutions than 8. The effect of oxygen on the acceleration of decomposition of NPs

would be interfered by hydroxide ion in the region of pH higher than 8. Products from NPs by y-ray

irradiation have AP activity, and these products are subsequently decomposed by y-ray irradiation.

(2) NPs in water were decomposed by hydroxyl radical to form two OH-adducts. Hydroxyl radical attacks

the carbon atom of phenyl ring of NPs or hydrogen atom on a-position of alkyl group. Two OH-adducts are

considered to be p-nonylcatechol and l-(p-hydroxyphenyl)-l-nonanol on the basis of the oxidation

mechanisms ofp-cresol and 4-ethylphenol investigated in this study.
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Binding for the sample with AP antibody
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3. Evaluation of AP activity

AP activity

Experimental method of enzyme-linked immunosorbent
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1000
(nM)

Fig. 3 Calibration curve of alkylphenol activity at
the known concentration of NP In water.
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Figo 4 Absorption (a), emission and excitation (b)
spectra of /?-nonylphenols in water.
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Retention time (mln)
Fig. 5 Liquid chromatogram of jD-nonylphenols at 1 mM
before Irradiation. Excitation and monitor wavelengths
were set at 280 and 310 nm5 respectively.

10001

•
S 900

"3 800

0)
O

o 700

600

• Helium
0 Nitrous oxide

0 0.2 0.8 10.4 0.6

Dose (Gy)
Fig. 6 Decomposition efficiencies of/7-nonylphenols in
water saturated with helium or nitrous oxide gases by y-
ray Irradiation.
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Fig. 7 The distribution of electron density of sec-p-
nonylphenols calculated by the PM3 method.
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Fig. 8 Absorption spectra of/?-cresol (a) and 4-
ethylphenol (b) in water.
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Decomposition efficiencies ofp-cresol (a)
tiylphenol (b) In water saturated with helium

nitrous oxide gases by y-ray irradiation.
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Fig. 11 Dose rate dependence of decomposition
efficiency ofp-nonylphenols at 1 mM in water by
y-ray.

- 26 -



JAERI-Research 2004-018

20000

2 IOOOO A

o
U

(a) D 20000 nM
A 10000 nM

0 100 200 300 400 500
Dose (Gy)

O 1000 nM
• 500 nM
A 100 nM
O 45 nM

0
20

Dose (Gy)

Fig. 12 Initial concentration dependence of decomposition
of/>nonylphenols by y-ray irradiation under air saturated
condition, (a) 10000 and 20000 nM (b) 454000 nM
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Fig. 13 Initial concentration dependence of G-value
of /?-cresol decomposition by y-ray Irradiation under
air saturated condition.
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conditions.

- 28 -



J AERI-Research 2004-018

0 500 1000
Concentration of an initial dissolved oxygen ( JJM)

Fig. 15 Dissolved oxygen dependence of G-value
p-cresol decomposition by y-ray Irradiation.
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Fig. 16 pH dependence of decomposition efficiency
of jp-nonylphenols In water by y-ray Irradiation.
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Fig. 18 pH dependence of G-value of^-cresol
decomposition under helium saturated condition
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Fig. 19 Decrease of concentration and alkylphenol
activity of aqueous /?-nonylphenols solution by y-
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Fig. 2§ Selected ion chromatograms of NPs at
1 mM after 12,5 Gy irradiation which were
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Fige 21 Peak areas for products of/?-nonylphenols
by y-ray irradiation monitored at 235 as a function

carbon (TOC) and
of NP at

1 pM as a function of dose.
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Fig. 23 Chromatograms of aqueous p-cmsol solution at
1-mM Initial concentration under air saturated condition
before (a) and after 1500 Gy (b) Irradiation.
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Fig. 26 Concentrations of 4-methylcatechol ( • ), 4-

e
( o ), 3,4-dIhydroxybenzyl alcohol ( v)? 3,4-dihydroxy
benzaldehyde (O) and formic acid ( 1 ) and dissolved
oxygen In the solution (© ) for the decomposition of p-
cresol at 1 -mM Initial concentration under air saturated
condition as a function of dose.
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4-Hydroxybenzaldehyde
3?4-DIhydroxybenzyl alcohol
3,4-Dlhydroxybenzaldehyde
Formic acid
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Dimers
Unknown products

. 27 Decomposition yield of /?-cresol at 1 mM
after y-ray irradiation at 5Q0Gy,
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• 4-Methylcatechol
A 4-Hydroxybenzylalcohol

D
D

'0 500 1000
Concentration of initial dissolved oxygen (JJM)

Fig. 28 Dissolved oxygen dependence of G-values of 4-
methylcatechol and 4-hydroxylbenzylalcohol formation
from^p-cresol by y-ray irradiation.

1.5

O
o

• 4-Methylcatechol
A 4-Hydroxybenzylalcohol

10-4 10-3

Initial concentration (M)

and 4-hydroxybenzyl alcohol formations on initial
concentration of /?-cresol in water under air saturated
condition.
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A 4-Hydroxybenzylalcohol

•D D- LJ
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Initial concentration of ̂ -cresol (M)

Initial concentration of /?-cresol In water
dependence of the value of G(products)/ G(-/?-cresol).
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Fig. 31 Chromatogram of/7-cresol at 1 mM at a dose of
1500 Gy recorded on HPLC (a) and LC-MS (b, c).
(a) Absorbance at 280 nm (b) m/z = 213 (c) m/z = 229
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Fig. 33 Chromatogram of aqueous 4-ethylphenol
solution at 1 mM under air (a) and helium (b)
saturated condition after 1500 Gy Irradiation.
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21 22 23
Retention time (min)

24

Fig* 34 Chromatograms of aqueous 4-ethylphenol
solution saturated with helium after 1500 Gy
irradiation (a) and aqueous 4-hydroxyphenylethanoi
solution (b).
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Fig. 35 Mass spectrum of decomposition product
observed at 22 min on liquid chromatogram in
Fig, 33 (b).
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6 200

1)1000 2000 3000 400
Dose (Gy)

Fig. 36 Concentration of 4-ethylphenol and amount
of total organic carbon (TOC) and Inorganic carbon
(IC) as a function of dose.

100 m—. , . 1 . . . .2

3
o

4_j

o
o
U

1000 2000 3000 4000

Dose (Gy)
Fig. 37 Dose dependence of concentration of 4-ethylcatechol
( • ), 4-hydroxyacetophenone ( O), 4-ethylresorclnol (0),
formic acid (a) and dissolved oxygen (# ), and peak area of
l-(phydroxyphenyl)-l-ethanol ( A ) , for decomposition of 4-
ethylphenol in water at 1 mM.
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. 38 Dose dependence of decomposition ofp-cresol

at 1-mM initial concentration by hydroxyl radical,
(a) /7-Cresol (b) Primary products of/7-cresol
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Dissolved oxygen (M) [x 10

Fig. 39 Simulation for the dissolved oxygen dependence
of decomposition G-value ofp-cresol in water at 1 mM.

2.5
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A p-Nonylphenol

10
Dose (Gy)

Fig. 40 Changes in concentrations of /?-nonylphenol
and phenol in water by y-ray irradiation under
deoxygenated condition.
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Fig. 41 Simulation of decomposition ofp-nonylphenols
at 45-nM initial concentration by hydroxyl radicals on
the basis of rate constants for NPs andp-cresol.

- 44 -



JAERI-Research 2004-018

-H2O
Muconic acid
Aldehydes

HO

OH

HO
- • O2

HO

-HO,

Phenol

OH

DCH

OH

peroxyl

HO

OH

Catechol
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Scheme 1 Oxidation mechanism of phenol In water
by y-irradiation.
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Scheme 2 Oxidation mechanism of /?-cresol aqueous
solution by hydroxyl radicals.
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Scheme 3 Oxidation mechanism of 4-ethylphenol
aqueous solution by hydroxyl radicals.
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Scheme 4 Oxidation mechanism of /?-nonylphenols by
hydroxyl radicals in water.
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Table 1 Rate constant of reactive species In water
produced by y-ray Irradiation.

Rate constant

H + H 2 O 2 •

H + O 2 -

HO2 + HO
HO2 + O2-

H+ + O2" ~

-+ H20 + OH
H02

• e " + H 2 0
2 > H2O2

™*H2Q2

^H0 2

H2O2 + OH" -> HO2 + H2O
HO2" + H2O -> H2O2 + OH-
H2O2 -> 0
o- + o- ->
H+ + OH" -

TJ _|_ fYLJ
H ^ Un
OH- + H02"
-^•H20

e" + 0- -•OH- + H02"
o2- + 0- -
H2O2 + Q-
0- + H02 -
H2 + 0- ->
H2 + 03" -
H+ + 0- ->
OH + H02

• 0 2 + OH" + OH-
-^ 02- + H20
-̂  OH- + 02"
OH' + H

* 0 2 + OH" + H
OH
-* 02" + H20

H2O2 + H02 -» Q2 + OH + H20
02" + H02"
H2O2 + 0 2

02" + H02"
H+ + H02"
0 2 + 0" ->
o- + o 3 ->
H2O2 + 0 3

H02" + 03"

-» H2O2 + 0 2 + OH" + OH-
" -» 0 2 + OH" + OH
" -» 0 2 + OH - + Or
- H 2 O 2

03"
o2- + o2-

- -* 0 2 + OH - + 02-
• - • 0 2 + OH" + 02"

8.4 x iO 6

2.1 xiO 1 0

2.2 XIO7

8.3 x iO 5

9.7 x iO 7

C1 y i (\\0

1.0 xiO10

1.1 xiO6

1.3 xiO7

1.0 xiO9

1.4X10"
2.2 XIO10

6.0 xiO8

5.0 xiO8

4.0 xiO8

8.0 xiO8

0.2
0.3

0.13
0.13

2.0 xiO10

3.0 XIO9

7.0 xiO8

1.6 xiO6

8.9 xiO5

3.0 x 102

2.5 xiO5

1.0X1010
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OH-*H 2 O 2 5.5 x lO 9

3.0 xlO1 0

- H - > H 2 O 2.5 xlO1 0

OH + HO2 - • H2O + O2 6.3 x lO 9

OH + O2- -* O2 + OH 8.2 XIO9

OH + H2 -» HO2 + H2O 4.1 x 107

3.8 X107

7.5 X 109

OH + OH- -+ H2O + 0- 1.2 X1010

2

OH + HO2" -> HO2 + OH" 7.5 X 109

2.0 XIO10

O" + H2O—OH" + OH 1.8 x lO 8

5.0 x lO 9

1.9X1010

e- + O2 -» HO2- + OH" 1.3 XIO10

2.0 XlO10

e- + H 2 O 2 ^ OH + OH" 1.2 xlO 1 0

e- + O 2 - ^O 2 - 1.8 >
e" + H+ -> H 2.3 >
e- + H2O -» H + OH" 1.9 x 1010

e- + HO2 -^ O" + OH" 2.5 x lO 9

H I I T ^ TJ 1 Q %

"t- H ' JHL2 / . o *

2.0;
HO 2 -*H 2 O 2 2.0 X1010

Rate constant (s"1)

i.o x i o 1 0

7.5
2.5
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Table 2 G-value of reactive species in water produced
by y-ray irradiation.

H

0.61

OH

2.71

e~

2.7

H+

3.42

OH-

0.7

H

0.

A

.7

o2-

0.02

H2

0.43

Table 3 Rate constant of decomposition simulation of
by hydroxyl radicals.

Rate constant

(a) p-cresol + OH
—» o-dihydroxycyclohexadienyl (MCHD) radical:

(b) o-MCHD radical -»/?-cresol + OH :
(c) p-cresol + OH -> m- MCHD radical:
(d) m-MCHD radical -^p-cresol + OH :
(e) o-MCHD radical + O2 —• peroxyl radical 1 :
(f) o-MCHD radical —• phenoxyl radical + H2O :
(g) peroxyl radical 1 —» 4-methylcatechol + HO2 :
(h) peroxyl radical 1 —• non-aromatic compounds + H2O
(i) m-MCHD radical + O2 —• peroxyl radical 2:
G) m-MCHD radical —• benzylradical + H2O :
(k) peroxyl radical 2 —• 4-methylresorcinol + HO2 :
(1) peroxyl radical 2 —»• non-aromatic compounds + H2O
(m) benzylradical + OH —» 4-hydroxybenzylalcohol:

4.0
2.4
4.0

1.0
1.3
1.3

1.0
1.3
1.3
6.0

X
X

X

X

X

X

X

X

X

X

10V
lO^M-V1

10V

10V1

105s-]

10V1

10V1

lO5^1

lO5^1

109M -1s~
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