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RADIOLYSIS OF AQUEOUS TOLUENE SOLUTIONS 

H. C. Chr is tensen and R. Gustafson 

ABSTRACT 

/ Q 

Aqueous toluene solutions have been i r r ad ia ted with Co y-

r a y s . In unbuffered solutions the var ious c reso l i s o m e r s a re formed 

in a total yield of 0. 45, 0. 87 and 0. 94 mo lecu l e s / l 00 eV absorbed en­

ergy in a rgon- , N-O- and a i r - s a t u r a t e d solutions, respect ive ly . The yields 

a r e reduced in acid (pH 3) solutions (G = 0. 14, 0. 14 and 0 .52 , r e s p e c ­

tively) but the reduction is compensated by the formation of 1 , 2 - d i -

phenylethane in yields of 0.49 and 1.60 in argon- and N-O-sa tu ra t ed 

solut ions , respect ive ly . Benzyl rad ica ls a r e formed through an acid 

catalysed water el imination react ion from the initially formed hydroxy-

methylcyclohexadienyl rad ica l . Phenyl tolylmethanes , dimethylbiphenyls 

and par t ly reduced d imer s a re also formed during the rad io lys i s . Hy­

drogen is formed in the same yield as the molecular yield, g(H_). 

Xylene i s o m e r s and benzene a re formed in t r ace quant i t ies . The mos t 

r emarkab le effects of the addition of Fe(III) ions to dearea ted acid 

toluene solutions are the formation of benzyl alcohol and benzaldehyde 

and an i nc r ea se in the yield of 1 , 2-diphenylethane. 

P r in ted and dis t r ibuted in April 1971. 
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1. INTRODUCTION 

The oxidation of toluene in aqueous solutions by OH radica ls 

produced by ionizing radiat ion or by Fenton s reagent has been 

studied previously (1 - 6). Khenokh and Lapinskaia (1) repor ted 

the formation of formaldehyde (G = 0. 17) and phenols (G = 0. 56) 

after y" i r rad ia t ion of ae ra ted aqueous toluene solut ions. M.A. B. 

Manzitt i et a l . (2) found 1 , 2-diphenylethane as the main product 

but phenyltolylmethanes, 4 ,4 -dimethylbiphenyl and o- and m -

creso l s were also found after i r rad ia t ion with y - r a y s in oxygen-free 

solut ions. The investigations of Hotta et al . (3 - 5) were mainly con­

cerned with the autoxidation of toluene in aera ted aqueous solutions 

catalysed by iron(II) ions at elevated t empera tu re s (& 70 C). The pH 

of the solution was found by Jefcoate et a l . (6) to have a m a r k e d ef­

fect on the product dis tr ibut ion when toluene was oxidized by Fenton s 

reagent . The effect was explained as an acid catalysed water e l imina­

tion react ion from the initially formed OH adduct, result ing in the fo rma­

tion of benzyl r ad i ca l s . 

In pulse radiolys is studies the initial rad ica ls formed by r e a c ­

tion of OH radica ls (7) and H atoms (8) with toluene in aqueous solu­

tions have been studied and the radica ls were in te rpre ted as the OH 

and H adducts , respec t ive ly . 

In the p resen t investigation we have at tempted a m o r e complete 

product analysis both of the oxygen containing products and of the 

complex d imer group. We have also made an effort to find some of 

the reduced products formed, such as par t ly hydrated toluene and 

toluene d i m e r s with the purpose of improving the balance between 

oxidized and reduced products . 
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2. E X P E R I M E N T A L 

2. 1 M a t e r i a l 

T o l u e n e ( M e r c k p . a. ) w a s f u r t h e r pu r i f i ed by r e c r y s t a l l i s a -

t ion t w i c e . The w a t e r u s e d for i r r a d i a t i o n s w a s q u a d r u p l y d i s t i l l e d . 

F o r i den t i f i ca t i on p u r p o s e s the t h r e e i s o m e r s of p h e n y l t o l y l m e t h a n e , 

which w e r e not c o m m e r c i a l l y a v a i l a b l e w e r e s y n t h e t i z e d by a F r i e d e l -

C r a f t s r e a c t i o n d e s c r i b e d by E r r e d e and C a s s i d y (9) . 

2 . 2 P r e p a r a t i o n of s a m p l e s and i r r a d i a t i o n 

Q u a d r u p l y d i s t i l l e d w a t e r w a s d e a e r a t e d , s a t u r a t e d wi th pu r i f i ed 

a r g o n o r n i t r o u s ox ide , t r a n s f e r r e d into ca r e fu l l y r i n s e d 50 m l s y ­

r i n g e s and s u b s e q u e n t l y s a t u r a t e d wi th to luene by p r o c e d u r e s p r e v i ­

ous ly d e s c r i b e d (10) . The s a m p l e s w e r e i r r a d i a t e d in the s y r i n g e s 

f->0 
at a m b i e n t t e m p e r a t u r e wi th Co y ~ r a y s at a d o s e r a t e of 1 1 , 800 

r a d / m i n and wi th a t o t a l d o s e n o r m a l l y wi th in the r a n g e 2 0 , 0 0 0 -

- 2 2 0 , 0 0 0 r a d . 

2 . 3 A n a l y s i s 

H y d r o g e n p e r o x i d e was d e t e r m i n e d by the m e t h o d of G h o r m l e y 

(11) and h y d r o g e n by u s e of a van Slyke a p p a r a t u s for the m e a s u r e ­

m e n t of the g a s - p h a s e and s u b s e q u e n t a n a l y s i s on a gas c h r o m a t o g r a p h 

u s ing a c o l u m n f i l led wi th m o l e c u l a r s i e v e . The y i e l d of i ron(II ) ions 

w a s d e t e r m i n e d by the m e t h o d of H u m m e l and Spinks (12). The o r g a n ­

ic p r o d u c t s w e r e e x t r a c t e d f r o m a 50 m l aqueous so lu t ion wi th 3 x 8 m l 

n - h e x a n e and then wi th 3 x 3 m l e t h e r and a n a l y s e d on a P e r k i n E l m e r 

880 g a s c h r o m a t o g r a p h equ ipped with 5 m long 1/8 OD c o l u m n s f i l led 

wi th 5 % of e i t h e r E m u l p h o r O or S i l i cone DC 710 on 80 - 100 m e s h 
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Chromosorb W. These columns are the same as those used by Hoigne 

and Gaumann in thei r study of the radiolysis of toluene in liquid phase 

(13). The e ther phase , which contained c reso l s and benzyl alcohol, 

was analysed on a 2 m long column filled with 5 % t r i - (2 ,4-xy lenyl ) 

phosphate on 60 - 100 mesh Embace l . Analysis was also c a r r i e d out 

on a combined gas ch romatograph-mass spec t romete r (L.KB 9000) 

equipped with a 2. 7 m long column filled with 1 % Silicone SE 30, in 

o rde r to identify some of the par t ly hydrated products . Fo r the quan­

ti tat ive analysis phenol and 4 , 4 -dimethylbiphenyl were used as in­

t e rna l s t anda rds . 

Ultraviolet spec t ra of i r rad ia ted solutions were also r ecorded . 

3. RESULTS AND DISCUSSION 

3. 1 Deaera ted solutions 

Deaera ted , unbuffered aqueous toluene solutions sa tura ted 

with argon or ni t rous oxide were i r rad ia ted and the resul t ing yields 

a r e shown as a function of dose in F i g s . 1 and 2. In F i g s . 3 and 4 

a re shown the yields obtained in solutions acidified with pe rch lo r i c 

acid to pH 3. The G values of the products of radiolys is under var ious 

conditions are collected in Table 1 , which gives the values for the 

var ious i s o m e r s , whereas the figures only give the total amount of 

i s o m e r s within a group. 

F r o m the table and the figures it may be observed that in un­

buffered solutions the N-O satura ted solutions give a two t imes higher 

yield of hydroxytoluenes than the a rgon-sa tu ra t ed solut ions, whereas 

in acid solutions the yield is unaffacted by the p resence of N ? 0 and 

also considerably lower than in unbuffered solut ions. The lower yield 
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Table 1. G values from radiolysis 
of aqueous toluene solutions 

H 2°2 

Unbuff, 
s a t u r a t 

A r 

0 

H 2 JO. 48 

Acid f 0 

. -
B e n z a l 
dehyde 

o - C r e s o l 

p - C r e s o l 

m - C r e s o l 

T C r e s o l s 

B e n z y l 
a l coho l 

1 , 2 - d i p h e n y l -
e t h a n e 

P h e n y l t o l y l -
m e t h a n e s 

Dim e thy l -
b i p h e n y l s 

R e d u c e d 
D i m e r s 

£ D i m ^ r s 

2E D i m e r s + 
o t h e r o r g a n i c 
p r o d u c t s 
D e c o m p . of 
t o l u e n e 

0 

0 . 2 2 

0. 14 

0 . 0 9 

0 . 4 5 

0 . 0 2 

0 . 0 2 

0 . 0 8 

0 . 2 9 

0 . 0 5 

0 . 4 4 

1. 35 

3 . 0 

so lu t i ons ' Acid so lu t ions 
.ed wi th j s a t u r a t e d with 

N z O i A r N z O 

0 . 7 6 ; 0 . 5 5 

0 . 3 8 0 . 4 9 

0 

0 

0 . 4 8 

0 

0 . 3 3 

0. 36 

0 

0 | 0 

0 . 0 8 

0 . 2 6 1 0 . 0 3 
! 

0 . 1 3 ' 0 . 0 3 

0 . 8 7 0. 14 

0 . 0 6 

0 . 0 2 

0 . 4 6 

1. 10 

0 .01 

1.59 

4 , 1 1 

5 . 8 

0 . 0 3 

0 . 4 9 

0 . 18 

0. 14 

0 . 5 7 

1.38 

2 . 9 3 

3 . 9 

0 . 0 8 

0 . 0 4 

0 . 0 2 

0 . 14 

0 . 0 5 

1.60 

0 . 3 6 

0 .06 

0 . 2 2 

2 . 2 4 

4 . 6 7 

5 . 9 

I m M Fe( I I I ) , ac id 
so lu t ions s a t . wi th 

A r N O 

0 

0 .41 

0. 14 

0 . 0 9 

0 . 0 5 

0 .01 

0. 15 

0 . 5 6 

1.03 

0 . 0 6 

0 

0 

1.09 

3 . 0 3 

3 .30 

0 

0 .36 

0. 16 

0 . 2 2 

0. 1 1 

0 . 0 3 

0 . 3 6 

0 .51 

2 . 0 7 

0 . 2 3 

0 

0 

2. 30 

5 .62 

5 . 7 

A e r a t e d sc 
Unbuff. 

2 . 3 / n e g 

0 . 4 4 

1. 1 / 0 . 0 3 

0 

0 . 3 5 / 

0 . 3 4 / 

0 . 2 5 / 

0. 9 4 / 0 . 2 0 

0 . 0 3 

0 / 0 . 17 

0 / 0 . 4 1 

0 / 0 . 2 6 

0 / 0 . 1 1 

0 / 0 . 9 5 

2 . 0 7 / 2 . 16 

3 . 0 

l u t ions 
Acid 

3 . 0 / 0 . 16 

0 . 4 8 

1 .7 /0 

0 . 3 3 / 0 . 0 3 

0 . 2 2 / 

0. 1 7 / 

0. 1 3 / 

0 . 5 2 / 0 . 0 3 

0 . 0 3 

0 / 0 . 54 

0 / 0 . 15 

0 / 0 . 10 

0 / 0 . 4 0 

0 / 1 . 1 9 

2 . 5 8 / 2 . 4 7 

3 . 1 

The resu l t s after the slant are the yield after the break point of the curves 

( i . e . the yields after consumption of the dissolved oxygen). 
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of c reso l s in acid solutions is compensated by a considerably higher 

yield of d i m e r s , especia l ly 1 , 2-diphenylethane. The yield of benzyl 

alcohol is low in all cases (~ 0.05) . The yield of the various i s o m e r s 

of c re so l was in the order ortho > pa ra > me ta . It may also be ob­

se rved that the reduced d imer s are formed preferent ia l ly in acid 

solut ions, probably due to the react ion of H a toms . 

The order of the yield of i s o m e r s of phenyltolylmethane was 

ortho > meta > p a r a with a pa ra i somer yield of 1 5 - 20 % of the t o ­

tal yield. The separat ion of the ortho and me ta i s o m e r s on the gas 

chromatograph column was poor, so only the total yield was de termined 

together with the yield of the pa ra i s o m e r . Of the possible dimethyl -

biphenyl i s o m e r s the 4 ,4 i somer was not produced and the 2,2 only 

in t r ace quantit ies (~ 5 % of the total yield of the i s o m e r s ) , while the 

2, 3 and 3,3 i s o m e r s were formed in equal amounts and with a yield 

of about 80 % of the total yield of i s o m e r s in unbuffered solut ions. In 

acid solutions the 2,2 and 2 ,3 i s o m e r s predominated. 

The following react ion scheme may account for the products 

H 2 0 _ > e a q ' H ' ° H ' H 2 ' H 2 ° 2 ' H + ' O H " ( 1 ) 

e" + H+ - H (2) 
aq v ' 

e~ + N o 0 - N0 + OH + OH~ (3) 
aq 2 2 v ' 

H + CH 3 C 6 H 5 - CH 3 C 6 H 6 (4) 

CH 3C 6H 5OH (5) 

3 C 6 " 5 

2 CH 3C 6H 5OH - CH 3C 6H 4OH + other products (6) 

OH + C H , C , H / 
3^6 5 

OHCH,C ,H , (5a) 



2 CH_C/H,.OH -• unstable d imers -• dimethylbiphenyls (7) 
and phenyltolylmethanes 

CH,C/H,.OH + CH_C/H, -» unstable d imers -* dimethylbi- (8) 
phenyls and phenyltolylmethanes 

C H 3 C 6 H 5 O H + C H 3 C 6 H 6 - 2 C H 3 C 6 H 5 + H 2 6 (9) 

2 CH_C/H, -+ reduced dimers (10) 

H + 

C H 3 C 6 H 5 O H - CH 2C 6Hg + H z O (11) 

2 CH-C/Hj. -+ 1 , 2-diphenylethane (12) 

C H C , H 5 + CH-C/HgOH -phenyl to ly lmethanes (13) 

CH^C/H,- + CH,C/H/ -» phenyltolylmethanes (14) 

e" + H 0 0 0 - O H + O H ~ (15) 

aq 2 2 v ' 

In pulse radiolys is investigations of aqueous toluene solutions 

Dorfman et a l . (7) and Sauer and Ward (8) have shown that OH rad i ­

cals and H atoms react with toluene to form the cyclohexadienyl r ad­

icals and they excluded any major contribution of the benzyl rad ica l 

to the i r t rans ien t spec t r a . However, the p resence of 1 , 2-diphenyleth­

ane among the radiolysis products , especial ly in acid solution, is a 

s t rong indiction that the benzyl radical is formed. F r o m the table it 

can be seen that the yield of 1 , 2-diphenylethane in ni trous oxide-sa tu­

ra ted solutions is inc reased much more then the yield of H atoms when 

the solution is acidified. (At pH 3 about 80 % of the e lec t rons reac t 

with N ? 0 in react ion 3 and only 20 % in react ion 2 to form H atoms 

(10). ) So the inc rease in the yield of 1 , 2-diphenylethane is probably 

caused by an ac id-ca ta lysed p rocess such as react ion 1 1 , as proposed 
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by Jefcoate et a l . in a study of the oxidation of toluene by Fenton s 

reagent (6). The reason why such a f i rs t o rder decay of the hydroxy-

methylcyclohexadienyl rad ica l was not observed by Sauer and Ward 

could be the much higher dose ra te used by them, favouring the b i -

molecular decay. 

The benzyl rad ica l is probably not formed through the reac t ion 

of H a toms , as seen by compar ison of the yield of 1 , 2-diphenylethane, 

G (B~), in ni t rous oxide-sa tura ted (G (B?) = 1.60) and in a r g o n - s a t ­

ura ted solutions (G (B~) = 0 .49) , the yield of H atoms in the la t te r 

case being 3 t imes higher than in the f i rs t c a se . 

The observed yield of reduced d imers (with mole weight = 184) 

is too low to balance the sum of oxidized produc ts , indicating the 

p resence of non-observed reduced products e . g . reduced monomers 

analogous to the formation of cyclohexadiene, cyclohexene and cyclo-

hexane by i r rad ia t ion of aqueous benzene solutions (14). An analysis 

using a 50 m capi l lary column in a gas chromatograph did not r evea l 

any hydrogenated to luenes , but showed the formation of xylene i s o m e r s 

in t r ace quant i t ies . 



- 10 -

3 . 2 The effect of i ron(HI) ions 

D e a e r a t e d aqueous to luene so lu t ions s a t u r a t e d with a r g o n o r 

n i t r o u s oxide and con ta in ing 10 M i ron( l l l ) ions at pH 3 w e r e i r ­

r a d i a t e d and the r e s u l t s a r e shown in T a b l e 1 and in F i g s . 5 and 6. 

The m o s t r e m a r k a b l e effects of i ron(III) a r e the tenfold i n c r e a s e 

in the y i e l d of b e n z y l a l c o h o l , the f o r m a t i o n of b e n z a l d e h y d e , the 

i n c r e a s e of the y i e ld of 1 , 2 - d i p h e n y l e t h a n e and the d e c r e a s e to 

z e r o of the y ie ld of r e d u c e d d i m e r s . 

The r e d u c t i o n of the y i e l d of r e d u c e d d i m e r s cannot be c a u s e d 

by the r e m o v a l of H a t o m s by Fe( l I I ) ions a c c o r d i n g to 

H + F e 3 + - F e 2 + + H + (16) 

- 3 9 
b e c a u s e t o luene [ c = 6 • 10 M, k . = 3 . 9 * 10 (8 ) ] c o m p e t e s f a -

- 3 8 

v o u r a b l y wi th i ron(III ) ions [ c = 10 M, k , , = 10 (15) ] for the r e a c ­

t ion of H a t o m s . The f o r m a t i o n of i ron(II ) ions in a y i e ld of 1 . 3 and 

2. 3 in n i t r o u s o x i d e - and a r g o n - s a t u r a t e d s o l u t i o n s , r e s p e c t i v e l y , i s 

t h e r e f o r e p r o b a b l y c a u s e d by r e a c t i o n of Fe(II I ) ions wi th t o luene r ad ­

i c a l s , r e s u l t i n g in the f o r m a t i o n of benzy l a l coho l and b e n z a l d e h y d e 

a c c o r d i n g to 

C H 3 C 6 H 5 O H 

O H C H , C , H . . 3 6 5 

F e C 6 H 5 C H 2 O H (17) 

C 6 H 5 C H O (18) 

if the O H C H , C / H r r a d i c a l is f o r m e d . H o w e v e r , a s the i ron(III) ions 

i n c r e a s e d the y ie ld of 1 , 2 - d i p h e n y l m e t h a n e and a l s o e l i m i n a t e d the 

r e d u c e d d i m e r s , the ox ida t ion of C H _ C , H , r a d i c a l s by i ron(III ) ions 

m a y be p o s s i b l e : 
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CH 3 C 6 H 6 Fe 3+ 
CH»C /H r + 2 6 5 

< 
09) 

CH0C/ H_ 3 6 5 

As , according to the react ion mechan i sm, the hydroxymethyl-

cyclohexadienyl rad ica l causes the formation of c reso l s (Cr) , benzyl 

alcohol (BA), benzaldehyde (BAld), 1 , 2-diphenylethane (B2) and 

phenyltolymethanes (BT), the total yield, S, of these products was 

calculated, counting the yield of 1 , 2-diphenylmethane twice. The 

total yield together with the yields of H and OH in argon- and ni t rous 

oxide-sa tura ted solutions a re shown in Table 2. 

Table 2. Yields in the radiolysis of aqueous toluene solutions 

(E = G (Cr) + G (BA) + G (BA1 d) + G (BT) + 2G (B2)) 

H 

OH 

T, 

S/OH 

10" 3 M HC10 4 + 

10" 3 M Fe(III) 
ions 

sa tura ted with 

Ar 

3. 15 

2 .65 

2.97 

1. 12 

N 2 0 

1.07 

4 .73 

5.40 

1.14 

10"3 M HC104 

sa tura t 

Ar 

3. 15 

2 .65 

1.33 

0.50 

ed with 

N z O 

1.07 

4 .73 

3.75 

0.79 

Unbuffered 

sa tura ted with 

Ar 

0.55 

2.65 

0.59 

0.22 

N2G 

0.55 

5.25 

1.43 

0.27 

The rat io 2/OH is the same in argon- and ni t rous ox ide-sa tura ted 

solutions containing iron(HI) ions , indicating that H atoms do not con­

tr ibute to the 2 yield. An effect of iron(HI) ions i s , hence, to remove 

the C H , C / H , r ad ica l s , a par t of which in the absence of iron(III) ions 

could reac t with the CH^C/Hp-OH rad ica ls according to react ion 9. 
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3. 3 Aerated solutions 

The effect of oxygen on the radiolysis of aqueous toluene solu­

tions has been studied by irradiation of aerated solutions [c (0?) ~ 

~ 0. 25 mM] and the results are shown in Figs. 7 and 8 and in Table 1. 

A high yield of acid may be noted both in acid and in unbuffered solu­

tions. The increase in the cresol yield, caused by oxygen, is not so 

large as the corresponding increase in the phenol yield during the 

radiolysis of aqueous benzene solutions (1'6). On the other hand the 

yield of hydrogen peroxide is increased to the same value as in the 

benzene system and the yield of dimers, including reduced dimers, 

is zero until the oxygen is consumed, in agreement with the absence 

of biphenyl in the benzene system as long as oxygen is present. Con­

sequently, the reaction of oxygen with the hydroxymethylcyclohexadienyl 

radical (reaction 22) competes favourably with the elimination of 

water from the same radical (reaction 1 1). 

The following reactions, based on analogy with the benzene 

system, together with reactions 1 , 2 and 5 can explain the mechanism 

e" + O- - O ~ Z HO, (20) 
aq 2 2 2 v ' 

H + Oz - HOz - O" (21) 

CH3C6H5OH + Oz -» CH3C6H5 (OH) Oz (22) 

CH3C6H5 (OH) 0 2 - CH3CH4OH + H 0 2 (23) 

C,H,COOH 

< 6 5 
(24) 

C&H5CHO 

H0 2 + H0 2 - H 2 0 2 + Oz (25) 
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Thus the total yield of hydroxytoluenes, benzoic acid and benz-

aldehyde is 2. 1 and 2 .6 in unbuffered and acid solut ions, respec t ive ly , 

and almost the same as the phenol yield in the benzene sys tem (2. 1 

and 2. 3, respect ive ly) . 

The formation of benzoic acid and benzaldehyde may occur 

through in te rmedia tes like peroxides and hydroperoxides which may 

be formed in the toluene sys tem as in the benzene sys tem (16). 

CONCLUSIONS 

The react ion mechanism in the aqueous toluene sys tem is anal­

ogous with the mechanism in the aqueous benzene sys tem (16), ex­

cept: In acid deaera ted solutions the methylhydroxycyclohexadienyl 

radica l splits off a water molecule to form the benzyl rad ica l . A 

s imi la r react ion has not been observed in the benzene sys tem. In 

aera ted solutions acid is formed in the toluene but not in the benzene 

sys tem and consequently oxygen does not i nc rease the c reso l yield 

as much as the phenol yield in the benzene sys tem. 

Addition of iron(III) ions changes the distr ibution of hydroxytol­

uenes favouring the formation of benzyl alcohol. 

In acid solutions containing Fe(III) ions or oxygen the agreement 

between the toluene decomposed G(-To) and the total yield of organic 

products G(Org) was good. In unbuffered a rgon-sa tu ra ted solutions 

G(-To) exceeded 2*G(Org) indicating the formation of non-detected 

organic p roduc ts . 
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2 Yields in unbuffered N ?0-saturated solutions. +, Cresols; 

x, benzyl alcohol; O , 1 ,2-diphenylethane; V, phenyltolyl­
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