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Abstract

The hydroxyl-radical induced dechlorination of pentachlorophenol (PCP) in water has been
investigated pulse radiolytically. Hydroxyl radicals react with PCP by both electron transfer and
addition. The former process results in pentachlorophenoxyl radicals (PCP-O), the latter process
followed by rapid HC1 elimination gives birth to deprotonated hydroxytetrachlorophenoxyl radicals
(O-TCP-O). These phenoxyl radicals exhibit maximum absorption around 452 nm, which hinders
the proper estimation of the ratio of the two processes. However, these two processes cause different
changes in conductivity. In basic solution, the electron transfer causes a conductivity increase due to
the formation of OH" whereas an addition followed by HC1 elimination results in a conductivity
decrease. The concurrence of these two processes reduces the relative variation in conductivity, from
which about 53% electron transfer is deduced.

1. INTRODUCTION

Aromatic halides are among the most common organic pollutants, therefore extensive

investigations have been done on the disposal of such pollutants by biological, photochemical

and/or radiation technologies (Draper et al., 1989; Ye and Schuler, 1990; Lipczynska-

Kochany and Bolton, 1991). In the seventies, PCP was widely used in China in the fight

against snail fever and as a herbicide, thus it is not surprising now to observe its appearance in

some drinking water resources. Since 1996, an IAEA project on the remediation of drinking

water with regard to PCP removal has been initiated (Fang, et al. 1996). In the present paper

we will present some recent results on the possible mechanisms involved in the hydroxyl-

radical induced dechlorination of PCP.

Current address: Department of Technical Physics, Peking University, Beijing, China.

273



2. EXPERIMENTAL

The chemicals were of the highest purity commercially available and used without

further purification. Solutions were made up in Milli-Q-filtered (Millipore) water. Prior to

irradiation the solutions were saturated with O2-free N2O (Messer Griesheim) and adjusted to

the desired pH with NaOH. The pKa value of PCP is at 4.5, and since its acid form is almost

insoluble in water, experiments were done at pH 10. The pulse radiolysis set-up has been

described recently (von Sonntag and Schuchmann, 1994). Optical and conductometric

detection were used alternatively. Thiocyanate dosimetry was employed in the optical

measurements, and dimethylsulfoxide dosimetry for the conductometry (Schuchmann et al.,

1991).

3. RESULTS AND DISCUSSION

The free-radical generation system

When dilute aqueous solutions are irradiated, the energy of the ionizing radiation is

mainly absorbed by the solvent water thereby leading to the formation of OH radicals,

hydrated electrons and H atoms as reactive free radicals; in addition some H2O2 and H2 are

formed in spur reactions [reaction (1)]. The radiation-chemical yields are G(OH) « G(eaq") »

2.9 x 10"7 mol J"1 and G(H) « 0.6 x 10"7 mol J"1. The hydrated electron may be converted with

N2O into further hydroxyl radicals [reaction (2)]. Hydroxyl radicals can react with PCP by

electron transfer to form pentachlorophenoxyl radicals (2a) or add to the benzene ring (mostly

at p- and o-positions) followed by HC1 elimination to form (deprotonated)

hydroxyltetrachlorophenoxyl radicals (3b, 3c and 3d) (scheme 1, cf. Koster and Asmus, 1973;

Merga et al., 1996; Latif et al. 1978). Alternatively, hydroxyl radicals may be converted into

N3 radicals [reaction (3)] which then react with phenolic compounds to form phenoxyl

radicals predominantly by electron transfer (Buxton et al., 1988; Alfassi and Schuler, 1985;

Netae/a/., 1988).

ionizing . _ TT. T + T _̂
H2O ^ eaq , OH , H , H , H2O2, H2 n\

radiation

eaq" + N2O + H2O -> OH + OH" + N2 (2)

N3" + OH - • OH" + N 3 (3)

OH (H) + HCO2" -> CO2 + H2O (H2) (4, 5)
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Scheme 1

Optical Measurements

Terzian et al. (1991) investigated the reaction of hydroxyl radicals with PCP pulse

radio lytically using optical detection and concluded that it reacts principally (77%) by
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electron transfer to form 2a. As the reported UV spectra of this phenoxyl radical was rather

broader than usually found for this kind of intermediate (Ye and Schuler, 1990), we re-

examined this reaction pulse radiolytically using optical and conductivity detection

alternatively.

To obtain better spectral resolution, the slit of UV detector was set at 2 nm. Upon

pulse radiolysis of N2O-saturated PCP (pH 10), a spectrum characterized with absorption

maxima at 426 and 454 nm (Fig. 1). The observed rate of build-up linearly increases with

increasing PCP concentration (Fig.l, inset), from which k(lb + OH) = 8.6 x 109 dm3 mol"1 s"1

is obtained. The absorption decays bimolecularly (2k = 1.5 x 109 dm3 mol"1 s"1).

360 400 440 480
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Fig. 1 Pulse radiolysis of N2O-saturated pentachlorophenol (PCP, 10'3 mol dm"3) at pH 10.

The UV spectrum was recorded 2 jas after a 2 Gy pulse. Inset: Rate of absorbance

build-up kobs at 454 nm vs. [PCP].

In order to resolve the UV spectrum obtained from the reaction of hydroxyl radicals

toward PCP, the UV spectrum of 2a was generated by the pulse radiolysis of N2O-saturated

103 mol dm'3 PCP in the presence of 2 x 10'2 mol dm'3 NaN3 at pH 10, which exhibits an

absorption maximum at 452nm (Fig. 2). From the PCP concentration dependence of the

absorbance build-up £(N3 + lb) = 5.7 x 109 dm3 mol"1 s"1 is obtained (Fig. 2, inset). It would

be helpful to generate separately hydroxyltetrachlorophenoxyl radicals 3b and 3d. In principle
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this could be done by reducing p- and o-chloranils with strongly reducing radical CO2".

Unfortunately, we have shown that the chloranils readily hydrolyze (i.e. they lose one mole

HCl) when they are dissolved in water. This prevents the pulse radiolytic determination of

spectral properties of the radicals 3b and 3d.

40 80
[PCP] / 10*mol dm'

400 450 500 550

X I nm

Fig.2 Pulse radiolysis of N2O-saturated pentachlorophenol (PCP, 10"3 mol dm'3) containing.

NaN3 (2 x 10'2 mol dm'3) at pH 10. The UV spectrum was recorded 2 us after a 2 Gy

pulse. Inset: Rate of absorbance build-up k^ at 452 nm vs. [PCP].

A comparison of the UV spectrum of the pentachlorophenoxyl radical 2a with the

spectrum resulting from the reaction of hydroxyl radical with l b shows only slight difference

in the absorption maximum but strong difference below 400 nm (Fig. 3). This indicates 3b

and 3d should also exhibit strong absorption below 400 nm in addition to one at around 454

nm. Therefore, the assignment by Terzian et al. of the absorption around 450 nm solely to 2a

is not justified and the electron transfer yield of 77% deduced on the basis of this assignment

is likely to be in error. The extensive overlap of the UV spectra (Fig. 3) of these phenoxyl

radicals hinders an accurate estimation of their ratio in the spectrum obtained after the reaction

of OH with PCP. The H-atom addition to PCP (the three-times-enlarged spectrum is shown in

Fig. 3, • ) also contributes (about 10%) to the spectrum obtained upon pulse radiolysis of

N2O-saturated PCP solution.
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Fig. 3 Compilation of UV spectra resulting from PCP reacting toward N3 (•) , OH/H (A)

and H alone (• , three-times-enlarged for better view).

Conductivity Measurements

In contrast with the difficulties encountered when trying to resolve the respective

contributions on the basis of the optical spectra, it is possible to distinguish the electron

transfer from an addition followed by HC1 elimination by measuring the conductivity change.

In basic solution (the buffer effect of PCP as well as the poor solubility of its acidic form la

prevents a conductivity measurement in acidic solutions), the electron transfer converts lb to

OH" and thus increases the conductivity. The opposite is the case when OH radical addition is

followed by HC1 elimination. The released H+ neutralizes OH' and thus decreases the

conductivity. Upon pulse radiolysis of PCP at pH 10, the conductivity change 50 us after the

pulse (i.e. after completion of the neutralization finished) was positive (Fig. 4, lower trace).

The increment was about one sixth of that obtained in the presence of an excess of NaN3

(100% electron transfer; cf. Fig. 4, upper trace). The conductivity change caused by the H-

atom is negligible. Taking X° (25 °C in water) of 76 and 198 cm2 Int. Q"1 equiv."1 for Cl" and

OH" respectively (Robinson and Stokes, 1959), it is calculated that about 53% of OH radicals

react with la by electron transfer. The further change in conductivity is rather complex due to

the elimination of chloride ions from the unstable products (e.g. p- and o-chloranils).
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Fig. 4 Pulse radiolysis N2O-saturated pentachlorophenol (4 x 10"* moldm'3) in the presence

(•) and absence (O) of NaN3(10"2 moldm3). pH 10, about 0.4 Gy/pulse.
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