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A b s tra c t—S im ultaneous irrad ia tion  o f  gases o r  liquids ad so rb ed  on  h igh-surface-area  so lids o f  
in su la to r o r  sem ico n d u c to r p ro p erties  freq u en tly  p ro d u ces a  co n siderab le  increase  in rad io lysis 
y ields and  se lec tive  efFects in tlie d istribu tion  o f  p ro d u c ts  in com parison  w ith th o se  ob ta ined  
by irrad ia tion  o f pura su bstances . T h is  kind o f  reaction  is also  som etim es ob se rv ed  w hen the  solid 
is irrad ia ted  befo re  add ing  th e  reac tan t. T h e  re su lts  show  th a t p a rt o f  the  energy  ab so rb ed  by the 
so lid  is tran sfe rred  by  som e m echanism  to  th e  ad só rb a te  and  is able to  cau se  its decom position .
In  the  p re se n t p ap e r som e o f the  m ost rep re sen ta tiv e  ex perim en ts in the  field a re  analyzed , 
w ith special a tten tio n  on th e  in te rp re ta tio n  o f  resu lts and  p ro p o sed  reaction  m echanism s.

D u r i n g  the last decade some attention has been drawn to the action of ionizing radia- 
tion on heterogeneous systems consisting of a liquid or gaseous phase adsorbed on a 
solid of large area. Only limited information is available, and many points still remain 
obscure. Reviews of the more significant work ha ve been given by Taylor [1], Coekei- 
bergs et al.[2], and more recently by Polak and Pshezhetsky [3].

O ur intention in this paper is to summarize the present information on the subject, 
including some papers recently published, and to relate our experience in the field, 
with special emphasis on the reaction mechanisms proposed.

Investigation in this field proceeds along two major lines. The first is concerned 
with the reactions produced by irradiation of the heterogeneous system, and the 
second with the chemical reactions occurring when solids have been irradiated before 
being brought in contact with the other phase. This second has received less attention, 
but its study is promising for the interpretation of mechanisms.

Different chemical reactions are known to proceed by irradiation of heterogeneous 
systems. Their most important characteristics are a considerable increase in reac­
tion yields and a marked selectivity for final products, compared with radiolysis 
of the homogeneous phase. F or low coverage of the solid surface, yields commonly 
increase from 5 to 10 times. If  a chain reaction is induced, increases may be higher.

According to the terminology of Coekelbergs et a/. [2], who discussed the calcula- 
tion of G  valúes in heterogeneous radiolysis, the G valúes calculated relative to the 
energy adsorbed by the whole system are called Ghet, Gads is the valué calculated 
relative to the energy adsorbed by the adsórbate, and Ghom is the yield in homogeneous- 
phase radiolysis for a liquid or gas.

Table l^gives examples of yields in different solids.
The increase in yield in heterogeneous systems has been interpreted on the basis of 

transfer to the adsórbate of the energy adsorbed by the solid, in an adequate fashion 
to produce chemical reactions. The energy-transfer process may involve interaction of 
the adsorbed molecule with nonequilibrium charge carriers produced in the solid by 
ionizing radiation and trapped in some structural defects.

One possible mechanism, which includes interaction between these charge carriers 
and an adsorbed molecule, is as follows:
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T ab le  1. R adio lysis o f  m ethanol ad so rb ed  on 
dilTerent so lids[4] (after Z h ab ro v a  e l «/.)
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Solids G h. Gcallaü G(CH20H2)

SÍO 2 67 30 28
AI2O 3 65 27 38
SÍO2AI2O 3 45 30 22
K F 48 43 52
Z rO j 15.5 12 22
Z n O 22 3 13
N iO 2 — —
Pt _ 2 2
H om ogeneous 
rad io lysis o f 
m ethanol 5, 1 1,6 3,9

A molecule is adsorbed at a positive hole, leading to the formation of a positive 
molecular ion:

[M]+(+) ^  [M„r
This reaction may be followed by neutralization with an electrón; if the energy released 
in the process is sufíicient, dissociation may occur:

[ M a V  + e-  ^  R + Ri  

Another possibie mechanism is the capture by a molecule of a trapped electrón:

[M] + e - ^ [ M „ r  

and recombination with a positive hole:

[M „ ]-+ (+ )  ^ R  + R,

The process that actually takes place depends on the electrón affinities of the mole- 
cuie and the trap, and the ionization potential of the molecule.

Mechanisms of this type have been invoked by several authors, since the first 
work by Sutherland and Alien [5].

C O L O R  C E N T E R S  A N D  C H E M I C A L  R E A C T I O N S  

Some irradiated solids show intense color, and a relationship between color centers 
and trapped electrons with corresponding positive holes has been established. In the 
case of quartz the color centers have been shown to be due to positive holes trapped 
by an oxygen atom adjacent to a substitutional Al atom [6 - 8 ] Boreskov et al.[9] 
proposed a similar structure for color centers in silica gel.

Color induced in SÍO2 and AI2O3 is bleached by adsorption [9-14], and final 
disappearance of the color corresponds to saturation of the adsorptive capacity. This 
provides another means to study interaction in the heterogeneous system, and rather 
conclusive evidence of reaction of adsorbed molecules with color centers has been



obtained. Quantitative studies of adsorption in silicas with different Al contení, the 
use of diffuse reflectance spectroscopy, u.v. bleaching, and thermal annealing have 
shown that adsorption takes place in these color centers[ 1 0 , 14].

Color centers in the visible región are also partially responsible for isopropyl- 
benzene dealkylation on preirradiated silica-alumina. Reduction in benzene yield 
after Hj adsorption corresponds approximately to the number of Hj molecules adsor­
bed. Similar reduction in benzene yield was observed after thermal annealing of the 
molecules adsorbed. Similar reduction in benzene yield was observed after thermal 
color[15].

Nitrogen production proportional to SiOj decolorization has been observed after 
treatm ent with limited amounts of azoethane [16, 17].

Interaction with color centers showing adsorption in the u.v. región, corresponding 
to electrons trapped {E' and £"), has been tentatively proposed to explain dealkyla­
tion of isopropyIbenzene of high purity SÍO2 irradiated at — 196°C [18].

The mechanism involving interaction of adsorbed molecules with nonequilibrium 
charge carriers is also consistent with experiments using solids of different electronic 
properties and the same adsórbate and conditions. Insulators (SIOj, AI2O3, KF, etc.) 
proved to be more efRcient for energy transfer than semiconductors (MgO, ZnO, 
etc. [4, 17, 19]. Energy available for delivery to the adsórbate by recombination is not 
likely to be greater than the width of the forbidden band in the solid. A forbidden 
band gap greater than the dissociation energy of the molecule is necessary for de- 
composition. I nsulators have a band gap of 8 - 1 0 e V and semiconductors of the order of 
3 eV, whereas the dissociation energies of C—C and C— H bonds in alkanes are 3-4 
and 4-4 respectively.

The energy transferred to the adsórbate for free-radical formation has been esti- 
mated in the SiOj-hexane system to be about 5 per cent of the energy adsorbed by the 
solid if all the energy transferred is used for free-radical formation and 25 per cent if 
free-radical yield is the same as in the homogeneous phase [2 0 ].

P A R A M A G N E T IC  S P E C IE S  IN  IR R A D IA T E D  S Y S T E M S

Paramagnetic resonance is a useful tool for the study of radicals formed by irradia- 
tion in the solid and in the adsórbate. Interaction between both species can be studied 
by this technique.

Irradiation at low tem perature of hexane adsorbed on silica gel shows that para­
magnetic signáis characteristic of the irradiated silica disappear with increasing 
surface coverage, while radicals from hexane increase correspondently [20]. Similar 
results have been obtained in the radiolysis of N H 3 adsorbed on Zeolites. The number 
of N H 2 radicals goes up with increasing concentration, while paramagnetic species 
from Zeolites decrease; when complete coverage is obtained, only N H j radicals are 
observed[2 1 ].

Radicals produced by irradiation and adsorbed on a solid surface show considerable 
thermal stability compared with those produced in a molecular matrix. They are not 
bound to the solid by the unpaired electrón since they are detected by ESR. but differ- 
ences in the spectra suggest that rotational motion is restricted due to adsorption. 
C H 2OH radicals on SÍO2 are stable for hours at room tem perature [4]. O ther examples 
are N H 2 in Z eolites[22] and C 2H 5 in SÍO2; recombination begins at tem peratures 
100°C higher than the melting points of NHg and C 2H J 2 2 ]. Methyl radicals produced
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by photolysis of CH3I on Vycor glass are stable for several days at room tempera- 
ture [23].

A low degree of surface coverage is essential for high stability of adsorbed radicals; 
when coverage reaches a monolayer or higher, recombination tem peratures approach 
that observed in a molecular matrix [24].

S E L E C T I V I T Y  IN  H E T E R O G E N E O U S  R A D I O L Y S I S  

A marked characteristic of heterogeneous-phase radiolysis is the selectivity for 
formation or suppression of some final products compared with that obtained in homo- 
geneous radiolysis.

Caffrey and Alien [25] and Sutherland and Alien [5] observed an increase of 
branched products and suppression of unsaturates in the irradiation of pentane on 
SÍO2 or Zeolites. U nsaturates were also not observed in the radiolysis of heptane on 
Al2 0 3 [ 11] and isopropylbenzene on silica-alumina[26]. In some cases strong adsorption 
of unsaturates in the solid made their recovery difiicult. Reaction of adsorbed olefins 
by chain mechanism is an alternative explanation[27]. The disproportionation/recom- 
bination ratio of cyclohexane, which is 1:3 in the homogeneous phase, changes to 
1 :1 when cyclohexane is irradiated over silica ge! [28]. More pronounced selectivity 
is always observed at low coverage of the solid surface; increasing coverage to mono­
layer or more suppresses the selectivity, and the distribution of products approaches 
that obtained in homogeneous radiolysis.

P R E T R E A T M E N T  O F  S O L I O S  

Pretreatm ent of the solids has a definite influence in the results[28, 29]. Solids are 
generally degassed in vacuum of the order of 10"^-10^® T orr, at tem peratures ranging 
from 20 to 900°C.

Considerable changes in the surface are produced by this treatment. In the case of 
silica gel the surface concentration of OH remains relatively constant up to 300°C, and 
decreases steadily at higher tem peratures. Silica degassed at low tem perature contains 
a large amount of silanol groups (SiOH); increase in tem perature results in elimination 
of water, and silanol groups are replaced by siloxane (Si—O— Si). D ecrease in area is 
also observed in gels heated at more than 750°C.

R E S U M E N

La irrad iación  sim u ltán ea  de gases o líquidos adso rb idos en só lidos de p rop iedades ais lado ras o sem i­
co n d u c to ras p roduce  en la m ayoría  de los caso s un consid erab le  aum en to  de p rod u c io s de radió lisis re s­
pecto  a  los p roducidos irrad iando  las su b stan c ias  puras. E ste  tipo  de reacciones tam bién  se p roduce  a veces 
irrad iando  el só lido  p rím ero  y agregando  el reac tan te  poste rio rm en te .

E sto s resu ltad o s m uestran  que parte  de la energ ía  rec ib id a  p o r el só lido  es trasm itid a  por algún m eca­
nism o a  la fase  abso rb ida  y em pleada  en la desd  com posic ión  del adso rbato .

En el p resen te  trab a jo  se analizan  algunas de las experien c ias  rea lizadas y se d iscu ten  los resu ltad o s e 
in terp re tac io n es. Se d iscu ten  así m ism o las posib ilidades fu tu ras en es te  cam po.
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