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Abstract

Aqueous 0.1 N alkaline solutions of benzene have been irradiated

with Co y-rays in the presence of various inorganic oxides. The ad-

dition to the solution of silica gel, copper(ll) oxide and chromium(lll)

oxide did not increa.se the yield of phenol. When chromium(lll) oxide

gel, zinc oxide or titanium dioxide were added, we obtained a 9 - 1 3

per cent increase, and the addition of uranium dioxide and thorium

dioxide caused a 31 and 39 per cent increase3 respectively. The-in-

crease of the phenol yield was related to the energy absorbed by the

solid, and G r values defined in this way were calculated as follows:

G Z n O a 4 - ° j S - i O 3
 = 3 ' 7 ' G U O S

 = 6 ' 4 a n d G T h O 3 = 8 * ° - T h e

ific surface areas of the oxides were determined and the possibility

that the increase of the phenol yield may be dependent on this quan-

tity is discussed.

Printed and distributed in July 1965.
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]_. Introduction

The radiolysis of aqueous benzene solutions has been extensi-

vely studied [1 -83 and Christensen [83 has recently given a review

of the system. In the investigations by Preve and Montarnal [5, 6 3

and by Yumoto et al.[7 3 the effect of the addition of various semicon-

ductors in alkaline solution has been studied.

In this investigation we have studied the effect of the addition

of inorganic oxides on the radiolysis of aqueous alkaline solutions at

room temperature.

In another investigation [103 results are included on the effect

of the addition of oxides to the system under irradiation at higher

temperatures.

2_. Experimental

lL'1. Materials

Benzene and water were purified as described previously [83«

Thorium dioxide and zinc oxide (Merck), titanium dioxide and silica

gel (Kebo), copper(ll) oxide (Baker), chromium(lll) oxide (Matheson,

Coleman and Bell), and uranium dioxide (sample from AB Atomenergi)

were used without further pvirification. Chromium(lll) oxide gel was

prepared by a method described in the literature [93- The specific

surface area of the oxides (see table 1) was determined according to

the BET method. Other chemicals were of p. a. quality and were used

without further purification.

2,-2 l£radiation

Saturated aqueous solutions of benzene made up by shaking ex<-

cess of benzene with water and made 0. 1 N alkaline with sodium hy-

droxide were used for the irradiations. 50 ml of the solution and 5 g

of the oxide were irradiated in a glass container. Oxygen, saturated

with benzene vapour, bubbled through the solution and a magnetic

stirrer ensured good mixing of the oxide and the solution. The sam-

ples were irradiated with Co y~rays in a Gammacell Z20 (Manu-

facturer: Atomic Energy of Canada Ltd.). The dose rate in the solu-

tion determined with the Fricke dosimeter using a G value of 15.6

was 5 700 rad/min (October 1963).
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After irradiation the oxide was removed by centrifugation and

filtration. The solution was made acid with sulphuric acid and analysed

for phenol according to the method proposed by Baxendale and Mageejjl],

In order to ensure that no phenol disappeared by adsorption on the oxide,

we made similar experiments without irradiation on solutions containing

uranium oxide and silica gel to which a known quantity of phenol had

been added. The analysis showed that no phenol was adsorbed on the

solid. We also tried to ascertain whether further phenol was produced

by an after-irradiation effect, but found that no phenol was produced

after termination of the irradiation.

3L Results and discussion

Fig. 1 shows the yield of phenol in 0. 1 N sodium hydroxide solu-

tion as a function of the absorbed dose in the range 0 -200 krad. The

G value of phenol, G(Ph), calculated from the curve after a dose of 40

krad is 2. 55. In fig. 2 is shown the effect of the addition of chromium(lll)

oxide, which does not increase the yield of phenol, and of chromium(lll) .

oxide gel, which slightly increases the yield (table 2). Figs. 3 and 4

show the yield of phenol as a function of the absorbed dose in the pre-

sence of various oxides. The G values given in table 2 are calculated

as described above, only the dose absorbed in the solution being consid-

ered. It is seen that copper(ll) oxide and silica gel do not increase the

yield, while zinc oxide and titanium dioxide give a small increase (l 3

per cent) and thorium dioxide and uranium dioxide a greater increase

(39 and 31 per cent, respectively) of the phenol yield. Fig. 5 shows the

dependence of the yie,ld on the amount of added uranium dioxide.

If we approximate the dose absorbed in the solid (D ) as the
s

dose absorbed in the liquid (Dx) multiplied by the ratio between the
electron densities of the two materials, D may be calculated. In or-

s
der to calculate D for the oxides of the heavy metals, the dose con-

s

tribution from the photoelectric absorption (Dp«) was added to the

dose from the Compton effect (D.-™). The contribution from pair

production has been disregarded.

The energy transferred to the electron by a Compton scatter-

ing E«p and the ratio between the cross sections for the photoelectric
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effect and the Compton effect ?~= have been calculated from data in

the literature [12, 13]. D p E is then calculated as follows:

n n SEE ^
PE ~ CE CTCE Git-

•where f is the fraction of electrons of the oxide belonging to the heavy

metal.

The increase in the concentration of phenol when an oxide is p r e -

sent, AC, may then be related to the energy primarily absorbed in the

oxide and the G value calculated as follows:
ox

r - AC J-n rnolecules per g solution 50
o x " D in 100 eV units 5

s

The results , given in table 3, disagree with the results of Preve

and Montarnal [5, 6 ] , who used 200 kev X-rays for the irradiation of

6 g of the oxide in 1 60 ml solution. They found G™ _ = 1 6 and G-, ~ =
Z.nU 1 №-)%

= 4. 1 , the G values being defined as above. If, however, we compare

the G values of phenol calculated in relation to the energy absorbed in

the liquid we get a better agreement. Thus Preve and Montarnal found

6.5 for ThOa, 4.6 for ZnO, 5.5 for TiO2, and 5.9 for CuO, while

silica gel did not increase the yield over the value in the absence of

oxide (3. l). Except for the yield in the presence of copper(ll) oxide

our results are in qualitative agreement with these values (see table 2),

as well as with the results of Yumoto et al. [7], who report an in-

crease of G(Ph) from 1 . 57 to 1 . 84 in the presence of zinc oxide for

the irradiation with Co y-rays.

Our results in the presence of chromiurn(lll} oxide and chromi-

um(lll) oxide gel indicate that the size of the surface area may be of

some importance. We calculated the fraction of the oxide in a mono-

molecular surface layer as shown in table 1 , and we see that for tho-

rium dioxide, which gives the highest G value, this fraction is an

order of magnitude higher than for the other oxides. Preve and

Montarnal did not give the specific surface of their oxides. Our re-

sults are thus compatible with the assumption that the specific sur-

face area is important for the transfer of energy to the liquid. The
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mechanism of the transfer of energy from a semiconductor to the liq-

uid may be that proposed by Veselovsky [14]. As a result of the ab-

sorption of radiation in the solid, electrons are raised into the conduc-

tion band. The electrons which escape trapping may migrate to the sur-

face and react with the adsorbed oxygen. OH ions are then discharged

on the oxide which is positively charged due to the loss of electrons

and as a result OH radicals are produceds which increase the phenol

yield. The increase of the yield is then dependent on the number of

electrons which have migrated to the surface and on the amount of

oxygen adsorbed on the surface, and this amount depends on the sur-

face area. If only the energy transfer as explained above is considered,

the increase of the phenol yield for thorium dioxide and uranium dioxide

is higher than the G values given in table 3 because most (> 75 per

cent) of the energy of the photoelectrons is absorbed outside the oxide

particle. However, the photoelectron originated in the oxide is totally

absorbed in the oxide and the liquid, so the G values express the in-

crease of the phenol yield due to the presence of the oxide.

From fig. 5 it is seen that the increase of the phenol concentra-

tion per g of added uranium dioxide is greatest in connection with

small amounts of oxide. A calculation of the G value from the lin-
ox

ear part of the curve gave a value 3 times smaller and a calculation

made after the addition of 1 g of oxide gave a value 3 times higher than

the value given in table 2. The explanation for this may be as follows.

A monomolecular layer of the oxygen molecules dissolved in

50 ml of a saturated oxygen solution would cover about 3 ms (~ 1 g) of

the uranium dioxide if it is assumed that the nitrogen and the oxygen

surface area are about equal. Even if oxygen is continuously bubbled

through the solution a monomolecular layer of oxygen would not be ex-

pected in an aqueous solution, but the difference between the equilib-

rium concentration and the actual concentration of oxygen on the sur-

face may be larger for the larger amounts of oxide in the solution.

4. Conclusion

The addition of inorganic oxides to aqueous 0. 1 N alkaline solu-

tions of benzene has resulted in an increase of the phenol yield for

some of the oxides. Our results indicate that the size of the specific



- 5 -

surface area may have an influence on the increase of the yield. The

explanation for this may be that the oxygen adsorbed on the oxide

plays an important role in the energy transfer from solid to liquid

by trapping electrons which are produced by radiation in the solid

and transferred to the surface. The disagreement with some of Preve

and Montarnal's results may be explained by a possible difference

between the specific surface areas of the oxides.

The increase of the phenol yield may thus be a function of the

number of the electrons transferred to the surface of the solid and

of the amount of oxygen adsorbed on this surface.
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TABLE I •

Specific surface area of the oxides, determined by the BET method.

Oxide

Cr 3 O 3

Cr 8 O 3 gel

Silica gel

CuO

ZnO

TiOs

UO3

ThO3

Specific
surface
ms/g

3 . 7

34

1 100

0.21

4 . 0

8.6

3.1

38

% of oxide in
a monomolecu-
lar layer

0.6

1.1

1 .2

13

Oxide

G value

TABLE 2

G values of phenol in 0. 1 N alkaline solution.

Oxide

G value 2.55

Cr 2 O 3

2.35

C^gOg gel

2.77

SiO3

2.55

CuO

2.41

ZnO

2.88

TiO3

2.86

UO

3. 34

ThO3

"3.54



TABLE 3

G values— ox

ZnO

T i O s

uos

ThOg

Mw

81 .4

79.9

270.0

264.0

Electrons

38

38

108

106

Electron
moles/g

0.467

0.475

0.400

0.402

DCE
Dose in water

0.842

0.856

0.721

0.724

DPE

0.522

0.510

Dose, , ,total
Dose in water

0.842

0.856

1 .24

1 .23

Cone, of phenol
at 40 krad = C
\i, tnoles/l

120

U9

139

147

AC

14

13

33

41

Gox

4.0

3.7

6.4

8.0
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Fig. 2 Yields of phenol in alkaline solution in the presence of

oxides. +: Cr-O-, 0 : chromium (III) oxide gel,

- - ; the curve from Fig. 1.
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Fig. 4 Yields of phenol in alkaline solution in the presence of

oxides. +: TiO.-,, 0:UO?J - -j the curve from Fig. 1.
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