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Chlorophenols have been studied for the i r  influence on the natural 
environment because of the i r  importance in the manufacture of fun- 
gicides and herbicides. Their presence in natural waters 
(Bur t tschel t  et al .  1959) is not only because they are indus t r ia l  
e f f luents  but also they are formed by the ch lor inat ion of waste 
waters containing phenolic compounds. Their fate in waste waters 
depends besides b io t i c  processes also on photochemical processes. 
Ab io t ic  processes in aqueous phase may proceed via d i rec t  photo- 
l ys is  as well as via secondary reactions with oxygen species l i ke  
hydroxy and peroxy radicals (Mi l l  et al. 1980). 

Direct photolysis of mono and dichlorophenols in aqueous solut ion 
have been reported in the l i t e ra tu re  (Boule et al .  1982; 
Kr i jgsheld and Gen 1986). But very l i t t l e  is known about the in- 
d i rec t  processes i n i t i a t e d  by natura l ly  occurring act ive species 
of oxygen on the fate of higher chlor inated phenols. The object ive 
of our work was to obtain information about the r e a c t i v i t y  and 
degradation products of monochlorophenol (2-chlorophenol), d i -  
chlorophenol (2,4-dichlorophenol) and tr ichlorophenol ( 2 , 4 , 6 - t r i -  
chlorophenol) with hydroxy radicals generated in aqueous solu- 
t ions by photolysis of hydrogen peroxide at wavelength ~ ~ 290 nm. 

MATERIALS AND METHODS 

2-chlorophenol (98 % pu r i t y ) ,  2,4-dichlorophenol (98 % pur i t y )  and 
2,4,6- t r ich lorophenol  (99 % pur i t y )  were obtained from E. Merck, 
Darmstadt, F.R.G. and hydrogenperoxide (30 %) was obtained from 
Fluka, Neu-Ulm, F.R.G. Experiments with 2-chlorophenol (12.6 ppm), 
2,4-dichlorophenol (11.3 ppm) and 2,4,6- t r ich lorophenol  ( I0.0 ppm) 
were carr ied out in deaerated d i s t i l l e d  water. The aqueous solu- 
t ions of respective phenols were i r rad ia ted in presence of HaOa by 
a HPK 125 W mercury medium pressure lamp (Ph i l i ps ) .  The lamp was 
jacketed with a water cooled pyrex f i l t e r .  

Rate of disappearance of the chemicals under invest iga t ion  at 
various in terva ls  of time was d i r ec t l y  measured with a high per- 
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formance l iqu id  chromatography (HPLC), Hewlett Packard model 1090, 
with a d iode-array-detector ,  f i xed at 220 nm. The column used was 
a Shandon reverse phased column (RP 18, 25 cm long); mobile phase 
methanol:water (1:1) for  mono and dichlorophenol and methanol:wa- 
ter  (4:1) for  2 ,4 ,6- t r ich lorophenol ,  f low 1 ml/min. Af ter  3 hours 
of i r r ad ia t i on  at ~ ~ 290 nm the reaction mixtures were extracted 
with d ie thy le ther .  The d ie thy le ther  extracts were concentrated in 
a ro tary  evaporator at room temperature. Product analysis of the 
concentrated extracts was performed with GC/MS combination suppl i -  
ed by Hewlett Packard (HP) model 59928. A cap i l l a r y  HP column 25 m 
x 0.35 mm i . d .  coated with 5 % phenylmethylsi l icon was used for  
chromatographic separation. The column was programmed from 70 ~ to 
250~ at a rate of 5~ and helium was used as a car r ie r  gas. 
The mass spectra were recorded at 70 eV. 

Dark reactions were carr ied for a period of 4 hours using hydrogen- 
peroxide (55 ppm), monochlorophenol (12.6 ppm), dichlorophenol 
(11.3 ppm) and tr ichlorophenol ( i0 .0  ppm) in d i s t i l l e d  water which 
was purged with ni trogen. 

RESULTS AND DISCUSSIONS 

Fig. i and Fig. 2 show the resul ts  of photodegradation of 2- 
chlorophenol, 2,4-dichlorophenol and 2,4,6- t r ich lorophenol  in 
presence and in absence of H202 respect ive ly .  The degradation 
curve demonstrates that the photolysis of chlorophenols was 
st rongly enhanced by H202. 2-chlorophenol, 2,4-dichlorophenol and 
2,4,6- t r ich lorophenol  disappears nearly 80 %, 95 % and I00 % re- 
spect ive ly  in presence of 55 ppm H202 in 2.5 to 3 hours. Disap- 
pearance of these chemicals by d i rec t  photolysis is reasonably 
less 13 %, 2 % and 15 % respect ive ly  which is in accordance with 
the reported work (Omura, Matsuura 1971). The reason for  the quan- 
t i t a t i v e  disappearance of these chlorophenols is due to the power- 
ful  ox idat ive  action of the hydroxyl radical which is formed from 
hydrogen peroxide by photo lys is .  

I t  is reported in the l i t e ra tu re  (u et al .  1977) that  high 
concentration of H202 are required to decompose 2-chlorophenol. 
We, in our experiments observed that  55 ppm of H202 are enough to 
photolyse 2-chlorophenol by 50 % in 1 hour. Fig. i shows a non- 
l inear  re la t ionsh ip  between the residual chlorophenols and the 
i r r ad ia t i on  time. Our resul ts  show that  these reactions are not 
f i r s t  order k ine t ics  because plots of Inc of residual phenols as 
funct ion of time are also nonlinear. Graphic representation of 
the reciprocal of the concentration as a funct ion of time shows a 
f a i r  l inear  re la t ionsh ip  consistant with the k ine t ics  of the sec- 
ond order react ion.  The rate constants were calculated using the 
equation 

i i 
C1 CO C 0 = concentration at time t 0 

K" = t l  _ to C 1 = concentration at time t I 

and the values calculated are 0.33 x lO-�87 - I ,  1.1 x 10 -�87 sec - I  
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Figure 1: Change of 2-chloro, 2,4-dichloro and 2 ,4 ,6 - t r i ch lo ro -  
phenol content in water after i r rad ia t ion with UV-light 
at 290 nm in presence of H20~ 

and 3.3 x 10 -4 sec -~ for 2-chlorophenol, 2,4-dichlorophenol and 
2,4,6-tr ichlorophenol respectively. From this data, i t  is seen 
that 2,4,6-tr ichlorophenol photolyses faster than 2-chloro and 
2,4-dichlorophenols in presence of H202. Here the posit ion of the 
chlorine on the ring strongly influences the transformation which 
is also the case by di rect  photolysis (Kri jgsheld and Gen 1986). 
2-chlorophenol in presence of H20~ at 290 nm degrades into cate- 
chol ( I )  and dihydroxy chlorobenzol ( I I ) ,  Fig. 3. 

Formation of catechol ( I)  from 2-chlorophenol proceeds via C-CI 
scission and the attack with OH radical .  However, in another 
study (Boule et al. 1982) pyrocatechol was reported as a main 
product by di rect  photolysis of 2-chlorophenol in aqueous solu- 
t ion at 296 nm. Many investigators have intimated that the OH ra- 
dical resembles e lec t roph i l l i c  reagents in many of i ts  reactions 
and i t  consequently shows preference for attach at posit ions of 
high electron density in aromatic rings (Volkert and Schulte- 
Frohlinde 1968). Thus in phenols, owing to the strong +M-effect 
of the OH-group, the major points of attack are expected at the 
ortho and para posit ions. Therefore formation of compound I I  is 
explained by the attack of OH radical on the para posit ion of the 
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Figure 3: Degradation products of 2-chloro, 2,4-d ichloro and 
2,4,6- t r ich lorophenol  i den t i f i ed  af ter  i r r ad ia t i on  
with UV-l ight in presence of H20~ 
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benzene ring due to high electron density at th is posit ion caused 
by +M-effect of phenolic OH on the ring. 

Upon i r rad iat ion of 2,4-dichlorophenol at 290 nm in presence of 
H202 formation of 1,4-hydroquinone (IV) and chlorohydroquinone 
( l l I ) ,  Fig. 3, bave been observed, and no 4-chlorocatechol and/or 
2 chlorohydroquinone have been detected. Here besides homolytic 
C-CI scission and-oxidation also dechlorination take place. In the 
case of 2,4,6-trichlorophenol we obtained 4,6-dichlorocatechol, 
compound V, Fig. 3. Here again homolytic C-CI scission and at- 
tack with OH radical leads to the formation of compound V. Quan- 
t i f i c a t i o n  of one or more of the photooxidation end products of 
2-chloro, 2,4-dichloro and 2,4,6-trichlorophenol posed problems 
due to small amounts of these compounds. 

No further oxidation or dehalogenation of 2,4,6-trichlorophenol 
mo|ecule was observed. Experiments with mono, di-  and t r ich loro-  
phenols in aqueous solution with H202 in dark for a period of 4 
hours upon analysis showed neither any change in the original 
concentrations of the chemicals nor any other product. From these 
experiments i t  should be concluded that indirect  processes i n i t i -  
ated by OH radicals play an important role in the photolysis of 
chlorinated phenols leading to polyhydroxy, carbonyl and dehalo- 
genated products which might bear some relevance to toxic effects 
to aquatic l i f e .  

REFERENCES 

Boule P, Guyon C, Lamire J (1982) Photochemistry and environment 
IV - Photochemical behaviour of monochlorophenols in di lute 
aqueous solutions. Chemosphere I I ,  1179-1188 

Burttschelt RH, Rosen AA, Middleton FM, Ettinger MB (1959) 
Chlorine derivatives of phenol causing taste and odor. J. Amer. 
Water Works Assoc. 51, 205 

Yasuhara A, Otsuki A, Fuwa K (1977) Photodecomposition of odorous 
chlorophenols in water. Chemosphere 10, 655-664 

Krijgsheld KR, van der Gen A (1986) Assessment of the impact of 
the emissions of certain organochlorine compounds on the aquatic 
environment. Part 1: Monochlorophenols and 2,4-dichlorophenol. 
Chemosphere 15, 825-860 

Mil l  T, Hendry DG, Richardson H (1980) Free radical oxidants in 
natural waters. Science 207, 886-887 

Omnura K, Matsuura T (1971) Photoinduced reactions - L. Photolysis 
of halogenophenols in aqueous alkal i  and in aqueous cyanide. 
Tetrahedron 27, 3101 

Volkert O, Schulte-Frohlinde D (1968) Mechanism of homolytic aro- 
matic subst i tut ion.  Tetrahedron 2151 

Received April 20, 1988; accepted May 22, 1988. 

682 


