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RESUME

Dans ce rapport, on presente les resultats d'une evaluation des
applications possibles de procedes combines de traitement par
adsorption-irradiation. La raison d'etre de I1etude a ete de savoir si on
peut reduire le prix de revient du traitement par irradiation en concentrant
les especes-cibles sur un adsorbant dans le champ de rayonnement. On a
identifie plusieurs etudes differentes relatives au traitement par
adsorption-irradiation dans la bibliographie et effectue des travaux
experiraentaux a la fois en transformation de 1'anhydride sulfureux en soufre
elementaire et en extraction des trihalomethanes de l'eau par adsorption sur
charbon actif et irradiation ulterieure. II semblerait que le traitement
par adsorption-irradiation soit moins cher que par irradiation seule dans le
cas de la decomposition radiolytique d'especes-cibles a faible concentration
dans des courant liquides en presence d'adsorbants d'isolation electrique a
grande surface.
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ABSTRACT

This report presents the results of an assessment of the potential
applications of combined adsorption-irradiation treatment processes. The
rationale for the study was to determine whether the cost of radiation
treatment could be reduced by concentrating target species on an adsorbent
in the radiation field. Several different studies on adsorption-
irradiation treatment were identified in the literature, and experimental
work was done on both the conversion of sulphur dioxide to elemental
sulphur, and the removal of trihalomethanes from water by adsorption on
activated carbon and subsequent irradiation. Adsorption-irradiation treat-
ment would appear to be less costly than irradiation alone for radiolytic
decomposition of target species at low concentration in liquid streams, in
the presence of high-surface-area, electrically insulating adsorbents.
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1. INTRODUCTION

Gamma radiation and high-energy electrons can induce desirable
chemical and biological changes in exposed materials (Singh et al. 1985).
However, in the past, the cost of radiation has been a barrier to wider
implementation of industrial radiation processing. One method with poten-
tial for reducing the cost of radiation processing is combined adsorption-
irradiation treatment. In this technique, the desired species from a fluid
stream are retained on an adsorption column. Irradiation of the column may
then induce the desired conversion of the adsorbed species at higher effi-
ciency than radiolysis of the bulk fluid.

The improved efficiency of a combined adsorption-irradiation pro-
cess, compared to irradiation alone, may be due to one or more of the fol-
lowing effects: (i) increased use of reactive species produced by -radioly-
sis of the bulk fluid because the adsorbed species is now present in higher
concentration (indirect radiolysis), (ii) efficient use of the energy de-
posited in the adsorbent for radiolysis of the adsorbed species (energy
transfer), (iii) increased efficiency of radiolytically initiated reactions
of the adsorbed species because of the proximity of other similar species
on the surface of the adsorbent (likely to be specific to particular
species, such as monomers which may be polymerized with radiation), and
(iv) higher effective dose delivered to adsorbed species because their
residence time in the radiation zone is longer (direct radiolysis).

In many instances the cost of radiation is high because the con-
centration of the target species is low (e.g., chemical pollutants and
pathogens in municipal wastewaters), resulting in a major portion of the
deposited energy being diverted into nonproductive channels. The radiation
energy would be more efficiently used in effecting the desired conversion
if the concentrations of the target species were higher (Freeman 1981). A
schematic diagram of the effect of scavenger concentration on the yield of
indirect radiolysis is presented in Figure 1. At scavenger concentrations
lower than a threshold of about 10"5 mol'dm"3, there is very little reac-
tion of solvent radiolysis products with the target species. The efficien-
cy of reaction with the target species rises rapidly over about one order
of magnitude in concentration, and then remains relatively constant for one
or two orders of magnitude at about 10~3 to 10"2 mol'dm"3. A further in-
crease in the efficiency of reaction is noted at higher concentrations, as
the scavenger can effectively compete for reactive species in the spurs.
Thus, concentrating a target species on an adsorption column in a radiation
field would increase the efficiency of indirect radiolysis over irradiation
of a dilute solution.

The energy deposited in an insulating material by the passage of
high-energy photons and electrons is efficiently transferred to its sur-
face, and leads to the decomposition of adsorbed chemical species; but the
energy deposited in conducting materials is lost as heat. This point is
demonstrated clearly in a study by Zhabrova et al. (1966) of the radiolysis
of methanol and cyclohexane adsorbed on a number of different solids.
Their results show that energy deposited in materials with large band gaps
(SiO2, silica-alumina, A12O3 and KF) resulted in decomposition of
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FIGURE 1: Schematic Diagram of the Radiolytic Yield of Reaction with a
Scavenger as a Function of the Concentration of the Scavenger
(Freeman 1981). At scavenger concentrations lower than point
A, free radicals produced by solvent radiolysis recombine with
each other. At concentrations between points A and B, the
scavenger reaction is in competition with radical recombina-
tion. Between 8 and C all of the radicals which diffuse out of
the spurs react with the scavenger. At concentrations greater
than point C, the scavenger reaction is in competition with
radical reactions in the spurs.

the adsorbed species; but energy deposited in materials with smaller band
gaps (Pt, Pd and activated carbon) was effectively lost. The yields of
ethylene glycol production from the radiolysis of methanol, based on the
amount of radiation energy deposited in the methanol, are plotted as a
function of the band gap of the solid adsorbent in Figure 2. Since the
yield of ethylene glycol from the homogeneous radiolysis of methanol is
3.9, there is clearly an enhancement of the efficiency of the radiolysis
process due to the presence of the insulating adsorbents. It is interest-
ing to note that the yields in the presence of platinum, palladium and
activated carbon are actually lower than the homogeneous radiolysis yield,
indicating that the solid is protecting the adsorbed methanol from radio-
lytic degradation to a certain extent. If the amount of radiation energy
deposited in the solid adsorbent is taken into account (as would be
required for economic calculations on the efficiency of the process), the
overall efficiency of radiolysis in the adsorbed phase is considerably
lower.
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FIGURE 2: Radiation Chemical Yields (in molecule-(100 eV)"1

units) of Ethylene Glycol Production from the
Radiolysis of Methanol in the Presence of Various
Solids Based on the Radiation Energy Deposited in the
Adsorbed Hethanol as a Function of the Band Gap in the
Solid Adsorbent (Zhabrova et al. 1966)
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Figure 3 is a similar plot of the yields of ethylene glycol, cal-
culated from the results of Zhabrova et al. (1966), based on the radiation
energy deposited in both the adsorbent and the adsorbed methanol, and as-
suming that each methanol molecule occupies 0.20 nm2 on the surface of the
adsorbents (calculated from the density of liquid methanol at 20°C and its
molecular weight, assuming that methanol is a spherical molecule and that
it occupies an area equal to n times its radius squared). Here the corre-
lation with band gap in the adsorbent is not quite as clear because the
adsorption capacity of the solid sample used also appears to affect the
efficiency of radiolysis. Alumina gave the highest overall yield of heter-
ogeneous radiolysis based on energy deposition in both the adsorbent and
adsorbate (G = 1.46), but this value is a factor of 2.7 less than that of
homogeneous radiolysis. Thus, radiation energy is transferred from insula-
ting adsorbents to adsorbed species, but the efficiency of this energy
transfer may not be high enough for heterogeneous radiolysis to compete
with homogeneous radiolysis of the pure adsorbate.

In spite of the observations of Zhabrova et al. (1966), most of
the adsorption-irradiation processes tested to date use activated carbon as
an adsorbent, probably because of its large capacity for adsorption of
organic compounds from aqueous media. In these applications the reactive
species produced in the radiolysis of water, and in the direct radiolysis
of the adsorbed species, are likely to be the major contributors to the
observed radiolytic decomposition.

The remainder of the introductory section of this report contains
a discussion of the properties of activated carbon and other adsorbents.
Section 2 is a review of the literature on applications of the adsorption-
irradiation concept which include water treatment, chlorinated phenol decom-
position, activated carbon regeneration, acid gas emission control, coal
gasification and hydrocarbon synthesis. Section 3 contains the results of
experiments on activated carbon adsorption combined with radiation treat-
ment for the removal of trihalomethanes from water and the conversion of
sulphur dioxide to elemental sulphur. These experiments were performed in
parallel with the literature review, and thus conclusions from the litera-
ture review were not obtained in time to significantly affect the
directions of the experimental program. The conclusions from the whole
study are drawn together in Section 4. Segments of this work were
presented at the 7th Annual Conference of the Canadian Nuclear Society
(Dickson and Singh 1986), and at the 6th Tihany Symposium on Radiation
Chemistry (Dickson et al. 1986).

1.1 ACTIVATED CARBON ADSORPTION

Several reviews of the use of activated carbon for adsorption have
been published recently, and the following were used in the preparation of
this brief summary of the subject: Cheremisinoff and Ellerbusch 1978,
Soffel 1978, Hassler 1974, Suffet and McGuire 1980, Mattson and Hark 1971,
Perrich 1981, Kohl and Riesenfeld 1985.

Adsorption is the process by which molecules in a fluid phase
interact with the surface of a solid (adsorbent). Adsorbate molecules nay
interact with the surface of the adsorbent by physical adsorption
(physisorption) or by chemical adsorption (chemisorption) (Mattson and Hark
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FIGURE 3: Radiation Chemical Yields (in molecule*(100 eV)"1 units) of
Ethylene Glycol Production from the Radiolysis of Methanol.
Yields are calculated from the results of Zhabrova et al. (1966)
on the basis of the energy deposition in both the solid adsor-
bent and the adsorbed methanol and assuming that the methanol
molecule occupies 0.20 nm2 on the solid surfaces.

1971). Physisorption is due to the van der Waals attractions and as such
is a rather weak interaction (< 20-40 kJ-mol"1), is easily reversible and
leads to the formation of multiple layers at high concentrations. In con-
trast, chemisorption is due to the formation of chemical bonds between the
adsorbed molecules and the surface. Thus, chemisorption is a stronger
interaction (> 40 kJ'inol"1), is generally irreversible and results in mono-
layer formation.

Since adsorption is a specific interaction between molecules and a
surface, the adsorption effect is dependent on the surface area of the
solid adsorbent. Activated carbon typically has a specific surface area
between 500 and 1500 n^-g"1. By comparison, 0.5-mm graphite cubes would
have a specific surface area of only 0.005 m^g"1. Clearly, internal por-
osity is a very important parameter for adsorbents. The fraction of pore
volume in different size ranges is also important in the selection of an
activated carbon for a particular application. An activated carbon used
for gas adsorbing applications would typically have its pore volume concen-
trated in the micropore (< 2-nm radius) and the macropore (> 50-nm radius)
range. On the other hand, activated carbons used for liquid phase
applications would also have a significant pore volume in the transition
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range between 2-and 50-nm radius. This would allow faster diffusion of
small molecules through the liquid medium contained in the transition pores
to the micropores where they would be adsorbed.

The chemical properties of the adsorbate molecules are also impor-
tant in determining whether the molecule will be adsorbed by activated
carbon. Generally, low-polarity molecules are preferentially adsorbed by
activated carbon. Thus, organic compounds are selectively adsorbed from
aqueous solutions. Different classes of organic compounds are adsorbed by
activated carbon to differing degrees: branched-chain compounds are more
strongly adsorbed than straight-chain compounds, alkenes are adsorbed in
preference to saturated compounds, and aromatic compounds are very strongly
adsorbed. The presence of other types of functional groups (chloro, hy-
droxyl, carbonyl, etc.) in a molecule appears to have variable effects on
the strength of the adsorption interaction. Ionic compounds generally do
not adsorb on activated carbon. Within a class of compounds, the degree of
adsorption of a particular molecule decreases with increasing solubility in
the fluid phase, and increases with increasing molecular weight.

Commercial activated carbon is available in both powdered and
granular forms. The chemical activities of these forms are not signifi-
cantly different, but the mechanics of handling them is quite different.
Powdered activated carbon is stirred into a fluid stream and is then
removed by filtration or settling. Granular activated carbon is used in
adsorbent beds. The granular form is generally used for large applications
because it is easier to regenerate.

Important design properties of an activated carbon to be used for
a particular application include the total surface area, the packing den-
sity in a bed, the particle size distribution and the absorptive capacity
for the compound(s) of interest. The procedure for activating carbonaceous
material consists of a sequence of steps: dehydration, carbonization and
activation. In the dehydration stage, water is removed at a temperature of
about 170°C. Carbonization consists of converting organic matter to ele-
mental carbon and driving off the non-carbon portion (400-600°C). In the
activation step (750-950°C) residual tars are burned off and the internal
pores of the material are enlarged. The carbonization and activation
stages are generally performed under an atmosphere of steam or carbon
dioxide. The properties of the resulting adsorbent are dependent on the
chemistry and concentration of the oxidizing gas used, the extent of acti-
vation, the temperature used for the activation step, and the chemistry and
concentrations of minerals present. Molecular oxygen chemisorbs on activa-
ted carbon, and the presence of chemisorbed oxygen significantly affects
the subsequent adsorption of other compounds.

Regeneration is the term used to describe the process by which the
adsorption capacity of a used carbon is reestablished. Regeneration is
normally accomplished by heating the used carbon in a multiple-hearth fur-
nace or rotary kiln to 75O-10OO°C under a steam atmosphere. This thermal
regeneration process volatilizes adsorbed chemicals, carbonizes non-
volatile deposits and reestablishes the porosity of the adsorbent. About
7% of the weight of the carbon is lost during one regeneration cycle. A
relatively new regeneration process uses infrared radiation to heat the
carbon. Since this process is somewhat less complicated than the usual
thermal regeneration process, and only 57. of the carbon is lost during
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regeneration, the overall costs are about 202 lower than for the standard
process. In spite of the perceived cost advantage, the infrared reactiva-
tion process has not yet seen widespread implementation.

Liquid phase applications for activated carbon adsorption include
the following (Soffel 1978):

-wastewater treatment (removal of insecticides, herbicides,
chlorinated hydrocarbons, phenols, etc.);

-dry-cleaning solvent purification (removal of dyes, rancid oils,
grease and odor-causing substances);
-purification and color removal in fruit juices, honey, maple
syrup, candy, soft drinks and alcoholic beverages;
-removal of organic impurities from electroplating solutions;
-removal of gold from cyanide-leach pulps;
-reaction catalysis (either pure or impregnated with noble
metals);
-catalytic oxidation of sodium arsenite, potassium nitrite,
potassium, ferrocyanide, etc.; and
-removal of cobalt(II) from aqueous solutions (Huang et al. 1985,
Huang 1978).

There are several gas phase applications for activated carbon
adsorption (Kohl and Riesenfeld 1985, Cheremisinoff and Ellerbusch 1978):

-gasoline-vapor emission control on automobiles;
-gas purification and separation;
-removal of higher hydrocarbons from natural gas;
-gas masks;
-odor removal in air conditioning systems;
-nuclear-reactor radioactive iodine, krypton and xenon emission
control;

-catalytic oxidation of hydrogen sulphide to sulphur in the
presence of oxygen for air cleaning and natural gas sweetening
(Coskin and Tollefson 1980, Kaliva and Smith 1983);

-catalysis of the reaction of carbon monoxide and chlorine to
produce phosgene; and

-catalysis of the reaction of sulphur dioxide and chlorine to
produce sulphuryl chloride.

1.2 OTHER ADSORBENTS

Other common industrial adsorbents, which have potential for use in
adsorption-irradiation treatment processes, include silica gel, activated
alumina, zeolites, silicalite and ion exchange resins (Vermeulen 1978, Chi
and Cummings 1978, Broughton 1978).

Silica gel is a high-surface-area adsorbent (100-800 m^g" 1) with
a high capacity for adsorption of water and other polar molecules (Willey
1978). Silica gel consists of silicon dioxide plus water of hydration,
which is present as surface hydroxyl groups. It is prepared by acidifying
an aqueous solution of sodium silicate with a strong mineral acid, mechani-
cally breaking up the resultant solid, washing to remove residual electro-
lytes and drying to remove excess water. Drying at temperatures up to
150°C creates a surface consisting predominantly of Si-O-H groups; drying
at temperatures between 300 and 1000°C dehydrates the surface groups to the
less polar Si-O-Si type. Silica gel is used as a dessicant, a catalyst
base, a chromatographic column packing, an anticaking agent, a paper
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coating, and also for solvent recovery from air and for odor and toxic gas
removal.

Activated alumina is also suitable for adsorption of water and
other polar molecules from less polar media (HacZura et al. 1978). Activa-
ted alumina is made by controlled heating of hydrated aluminas. Its
surface area is typically between 200 and 400 m^g" 1. Alumina has a high
selectivity for water adsorption because of the relatively large amount of
heat released in this reaction (46 kJ-mol"1). Alumina has many industrial
uses (MacZura et al. 1978):

-decoloring, drying and degumming petroleum fractions (solvents,
fuels, lubricants and waxes);

-recovering solvents from air;
-dehydration of gases (air, argon, helium, hydrogen, methane,
ethane, propane, acetylene, ethylene, propylene, chlorine,
hydrogen chloride, sulphur dioxide, ammonia and freons);
-dehydration of liquids (gasoline, kerosene, oils, aromatic
hydrocarbons, cyclohexane, butane and heavier alkanes, butylenes
and many chlorinated hydrocarbons);
-drying of liquid and gaseous hydrocarbons after thermal cracking;
-catalyzing the Claus process (hydrogen sulphide to sulphur),
conversion of alcohols to olefins and isomerization of olefins;

-interacting catalyst support in the removal of sulphur, nitrogen
and oxygen from petroleum; and
-supporting catalysts.

The zeolite molecular sieves are crystalline alkali metal and
alkaline earth aluminosilicates of the general formula
M2/n°'A^2°3*ySiO2*wH2O, where M is sodium, potassium, magnesium or calcium,
n is the cation valence, y is greater than 2 and w is the water contained
in the voids (Breck and Anderson 1978). The zeolites have channels in
their crystal structure that allow the passage of certain molecules while
others are excluded. These channels give the zeolites unique properties
including high capacity at low adsorbate concentrations, retention of much
of their adsorption capacity at moderately elevated temperatures, and ad-
sorption selectivity based on molecular size, configuration and affinity.
Adsorption on the zeolites is due to pore filling, and the usual surface
area concepts are not applicable. Adsorption on the zeolites is usually
more easily reversible than adsorption on other adsorbents. The type A
zeolites have a uniform effective pore opening of about 0.4 nm (5A[Ca] =
0.42 nm, 4A[Na] = 0.36-0.40 nm and 3A[K] = 0.33 nm), and the type X zeo-
lites have a pore opening of about 0.8 nm. Industrial applications for
molecular sieve zeolites include the following (Breck and Anderson 1978):

-ion exchange;
-separation of normal alkanes from hydrocarbons (5A) (branched and
cyclic hydrocarbons are excluded);

-dehydration (3A is used for exclusion of alkenes and 4A is used
for exclusion of refrigerants);

-production of oxygen from air by selective adsorption of nitrogen
using the calcium forms of types A and X or natural mordenite;
-separation of sulphur compounds from natural gas;
-separation of aromatics from saturated hydrocarbons; and
-catalysis (alkylation, cracking, hydrocracking, isomerization,
hydrogenation, dehydrogenation, hydrodealkylation, aethanation,
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shape-selective reforming, dehydration, methanol to gasoline,
hydrogen sulphide oxidation, ammonia reduction of nitric oxide,
water decomposition to hydrogen and oxygen, and carbon monoxide
oxidation).

Silicalite is a hydrophobic, all-silica molecular sieve developed
recently (Flanigan et al. 1978). Like activated carbon, silicalite selec-
tively adsorbs organic compounds from vater. Silicalite has a pore
diameter of about 0.6 nm and a specific pore volume of about 0.19 cm'-g"1.
Benzene (diameter = 0.585 nm) is adsorbed by silicalite, but neopentane
(diameter = 0.62 nm) is rejected. Silicalite has been shown to be capable
of removing the following trace organics from water: methanol, propanol,
butanol, phenol, 1,4-dioxane, pentane and hexane. Silicalite has similar
adsorption properties to those of activated carbon, but it has higher
stability under regeneration conditions, including high temperatures and
the presence of acids (except hydrofluoric acid) and oxygen. Silicalite is
stable in air to at least 1100°C, and it slowly melts at 1300°C to form an
amorphous glass.

Ion exchange resins are also used to effect separations (Vermeulen
et al. 1973). These resins are usually formed from a base resin of poly-
styrene cross linked with divinylbenzene, and are surface-modified for par
ticular applications. Cation exchange resins have bound sulphonic acid
groups on the surfaces, and anion exchange resins have bound quaternary
ammonium ions. The action of these resins is best described using the
example of water softening with a cation exchange resin. Heavy metal ions
in solution are exchanged for alkali metal ions bound to the resin's
sulphonic acid groups, thus removing the heavy metals from the aqueous
phase. Ion exchange resins are not likely to be suitable adsorbents for
adsorption-irradiation treatment processes because they would probably
degrade under long-term exposure to ionizing radiation.

1.3 PATHOGEN REMOVAL BY ADSORPTION

One of the key questions in assessing the application of combined
adsorption-irradiation processing to municipal wastewater treatment is
whether bacteria and viruses are adsorbed by activated carbon and other
adsorbents. A brief review of the recent literature on this subject was
conducted and the key papers are summarized here.

Experiments conducted on the adsorption of bacteriophage T-2 on
activated carbon showed that dissolved organic compounds displace the virus
on activated carbon (Sproul et al. 1967). A study of the adsorption of
poliovirus from municipal wastewater onto activated carbon found that the
adsorption efficiency was higher at lower pH (3.5-4.5), and when the con-
centration of organic compounds in the wastewater was reduced by adsorption
on lime (Gerba et al. 1975). Foster et al. (1977) also observed virus
removal by adsorption on activated carbon, but noted that greater removal
was observed when weakly basic phenol-formaldehyde resins were used. A
more detailed study of the effects of water chemistry on virus adsorption
was performed by Healy (1979). A study of the removal of enteric viruses
using several different large-scale methods, including activated carbon
adsorption, has been reported (Trussell et al. 1979). A recent study has
shown that more than 95% of the bacteria in a solution may be removed by
shaking the solution for 2 minutes with 0.5% activated carbon (Van Dijck
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and van de Voorde 1984). This study also shoved that heating the used
carbon to 160°C for 2 h regenerates most of the original capacity of the
carbon for adsorption of bacteria. Two mathematical models of the perfor-
mance of activated carbon beds for virus adsorption have been formulated
(Cookson 1970, Sundaram 1977).

Several studies have demonstrated that viruses may be removed from
aqueous media using adsorbents other than activated carbon, including soil
(Goyal and Gerba 1979, Bixby and O'Brien 1979, Lance and Gerba 1980 and
1984, Taylor et al. 1981, Moore et al. 1982), sand (Lance et al. 1976,
Dizer et al. 1984, Vilker 1984), clay (Taylor et al. 1980 and 1981, Moore
et al. 1982, Vilker 1984, Lipson and Stotzky 1985), activated sludge
(Vilker 1984) and biological slime (Clarke and Chang 1975).

The main conclusions of this brief review of pathogen adsorption
research may be summarized as follows: pathogens in aqueous solution are
adsorbed by activated carbon; dissolved organic compounds displace viruses
adsorbed on activated carbon; virus adsorption on activated carbon is
greater at low pH (< 5); and sands, clays and soils are also suitable ad-
sorbents for the removal of viruses from aqueous media.

2. LITERATURE REVIEW

The motivation for investigating combined adsorption-irradiation
processing is to determine whether a significant reduction of the radiation
dose required to achieve a particular effect may be obtained. Previously
investigated applications include wastewater treatment, decomposition of
chlorinated phenols in aqueous solution, regeneration of activated carbon
adsorbents and acid gas emission control. Applications meriting future
investigation include the treatment of drinking water, the treatment of
leachate from chemical waste disposal sites, the removal of sulphur com-
pounds from hydrocarbon process streams, and chemical synthesis.

2.1 WATER TREATMENT

A pilot-scale study of the combined use of activated carbon and
60Co Y-radiation for treatment of industrial and municipal wastewater was
performed by Hay (1975). Reductions of over 90% in chemical oxygen demand,
and bacterial kills in excess of 952 were obtained in several wastewaters
at average doses to the bulk water of 0.5 kGy. The retention time for
organic compounds in this system was stated to be 20 times greater than the
time taken for a complete change of the water in the bed. Thus the average
direct dose to the organics was claimed to be 10 kGy. Since oxygen en-
hances the efficiency of the process, a special aeration method was used to
attain oxygen concentrations of 11.5 mg'dnr3 in the wastewater to maxiitize
the process efficiency. The cleaned water was found to be suitable for
discharge to navigable waters or for recycling to a poultry processing
plant used in the study. Hay also determined that there was no loss of
weight or volume of the activated carbon adsorbent in three months of
continuous use, and that the adsorption capacity of the activated carbon
was unchanged after 20 cycles of saturation with organics alternating vith
its radiolytic regeneration in a flow of clean, oxygenated water.
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Similar results were obtained by Shubin et al. (1983) in the
treatment of wastewater from a livestock farm. These workers observed
bacterial kills greater than 99.99£ in this more highly infected wastewater
at radiation doses similar to those of Hay (1975). Pikaev and Shubin
(1984) comment that the dissolved oxygen contained in these wastewaters
(about 8 mg'dnr3) is insufficient to satisfy its chemical oxygen demand
(COD) (800 mg-drn"3). The adsorption-irradiation process reduced the COD to
about 40 mg'dnr3. The radiation chemical yield of COD reduction calculated
from these results is equivalent to the addition of 600 molecules of oxygen
per 100 eV of absorbed energy, based on the average dose to the bulk water
flow. These high efficiencies are indicative of catalytic or chain reac-
tion mechanisms.

Though a fair degree of understanding of the underlying chemistry
of radiolysis in aqueous solutions has been obtained in recent years (Singh
et al. 1985, Freeman 1981, Draganic and Draganic 1971), the basic chemistry
of the application of adsorption-irradiation processing to the treatment of
municipal wastewaters is not understood at present. Clearly, a 1:1 stoi-
chiometric ratio of dissolved oxygen to COD reduction is not required for
this application, and the efficiency of the process is much higher than
would be expected for the direct irradiation of the bulk fluid. Further
work is required to obtain a detailed understanding of the chemical reac-
tion mechanism for this process. Additional work is also necessary to
determine whether any increase in bacterial inactivation efficiency is
obtained in the adsorption-irradiation process compared to radiation treat-
ment alone.

One possible explanation of the very high yields of COD reduction
obtained in the adsorption-irradiation treatment of wastewaters is that
bacteria are colonizing the bed and decomposing the dissolved organic
chemicals. This effect has been noted previously in studies of the use of
unirradiated activated carbon beds for treatment of municipal wastewater
and drinking water (Benedek 1980, Tien 1980, Wilson 1981). Many studies
have shown that bacteria colonize activated carbon beds and contribute to
the reduction of COD, biological oxygen demand (BOD) and total organic
carbon (T0C) levels in the wastewater. The bacteria multiply on the acti-
vated carbon to levels greater than adsorptive equilibrium, and excess
bacteria are released to the bed effluent. A psuedo steady-state bacterial
level is ultimately reached. Prior ozone treatment of incoming water pro-
motes bacterial growth on the carbon because of the formation of chemicals
that are more biocompatible. Bacteria-colonized activated carbon beds
operate in both aerobic and anaerobic modes, but anaerobic operation may
produce unpleasant sulphurous tastes and odors.

Several advantages have been noted for the combined bacteria
colony-activated carbon bed. The surface pores and macropores of the acti-
vated carbon help to retain an active biological system, even in the pres-
ence of high shear stresses, e.g., during air or water backwashing of the
bed. The retention capacity of the combined system eliminates or dampens
concentration fluctuations in the feed. The activated carbon protects the
bacteria from toxic chemicals, such as chlorinated hydrocarbons, pesti-
cides, PCBs and heavy metals. Since there are compounds that are (i)
adsorbable and biodegradable, (ii) adsorbable but not biodegradable, (iii)
biodegradable but not adsorbable, and (iv) neither adsorbable nor biode-
gradable, the overall organic chemical removal of the combined system
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exceeds that of either activated carbon or biological treatment alone.
Other references to combined bacteriological-adsorption treatment include
Bancroft et al. (1983), Shimp and Pfaender (1982), Kuhn et al. (1978), and
Richard et al. (1984). One study (Clarke and Chang 1975) observed that a
biological slime filter removed about 902 of the enteroviruses from a feed
solution. These studies suggest that the high yields of COO reduction
observed in adsorption-irradiation treatment of municipal vastevater may be
attributed to biological action in the filter bed.

One way to take full advantage of the capabilities of activated
carbon for the removal of bacteria, viruses and toxic chemicals by adsorp-
tion, of bacteria colonies for the reduction of COD, and of radiation for
killing pathogenic organisms and decomposition of toxic chemicals, would be
to use a two-bed system. Bacteria would be allowed to colonize the first
bed, which would be packed with activated carbon and aerated with air or
oxygen to promote COD reduction. The second bed would be irradiated and
aerated to sterilize the output from the first bed and further reduce the
COD of the water. The second bed could be packed with activated carbon, an
insulating adsorbent like silicalite, or it could have no adsorbent at all.
The first bed in this type of system would correspond approximately to
current secondary wastewater treatment processes, and the second bed would
correspond to tertiary treatment (Ramalho 1983). This two-bed approach to
wastewater treatment merits further investigation, since the restrictions
on contaminants in wastewater released to rivers and lakes are likely to
become more stringent in the future.

Another possible application of adsorption-irradiation treatment
is for the purification of municipal drinking water supplies. Treatment of
drinking water by a combined adsorption-radiation process would produce
lower levels of potentially carcinogenic trihalomethanes in the water than
those produced by the typical chlorination processes (Spiro and Stigliani
1980). Some degree of chlorination following the irradiation stage may
still be required, however, to maintain antibacterial action downstream of
the treatment facility. This requirement would be similar to that of
drinking water treatment plants that use ozonation for primary treatment
(Rice 1978). The cost of radiation for drinking water treatment by a com-
bined adsorption-irradiation process is likely to be somewhat higher than
the costs of conventional treatment processes. The cost of radiation
treatment could be reduced by using an insulating adsorbent or by using a
prior treatment with a biologically active bed to reduce the radiation dose
required.

2.2 DECOMPOSITION OF CHLORINATED PHENOLS

The radiolytic decomposition of g-chlorophenol dissolved in water
and adsorbed on activated carbon in an aqueous environment has been inves-
tigated by Wolf et al. (1979). They observed that the irradiation of
aqueous solutions of p_-chlorophenol resulted in dechlorination and produc-
tion of carbon dioxide and a brown substance similar to humic acid. The
decline in chloride ion yield observed in initially air-saturated water
when irradiated above a 20-kGy dose was attributed to oxygen depletion,
since the chloride ion yield was constant at 1.4 molecule*(100 eV)" 1 in the
presence of a continuous oxygen purge.

Other work suggests that the presence of oxygen in solution nay
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reduce dechlorination yields (Singh et al. 1985). Wolf et al. (1979)
observed chloride ion and carbon dioxide formation when they irradiated £-
chlorophenol solutions containing activated carbon under oxygen purge; no
humic acid or other polymeric materials were observed. The characteristics
of the activated carbons used and the £-chlorophenol decomposition yields
determined in this study are shown in Table 1. On the basis of the decom-
position yields, Wolf et al. (1979) suggest that the radiolytic decomposi-
tion of £-chlorophenol is less efficient on activated carbons with a higher
proportion of acidic surface groups. However, the surface coverages of p_-
chlorophenol on the Fremnitz R23, B23 and Norit SX carbon samples used for
these experiments were 33, 29 and 3.5%, respectively. Thus an alternative
explanation of the observed differences in the decomposition yields would
be that a chain reaction that decomposes p_-chlorophenol occurs at high
surface coverages. There are several possible explanations for the differ-
ences between the yields of chloride ion formation and p-chlorophenol de-
composition. Wolf et al. (1979) suggest that irreversible bonding of
chloride ions to the Premnitz carbons, and formation of molecular chlorine,
which may be passed out with the purge gas, are possible. Another expla-
nation would be that a chlorine-containing polymer is formed by a chain
mechanism operative at high surface coverages. Further work would be
required to distinguish between these explanations.

Termaath (1979) has studied the radiolytic decomposition of penta-
chlorophenol (Penta) in aqueous solution and in the adsorbed state on acti-
vated carbon. The average yield of chloride ions at the dose required for
total decomposition of the Penta in aqueous solution was 1.5 molecule*(100
eV)"1. This result is quite similar to the chloride ion yields obtained in
the £-chlorophenol decomposition study of Wolf et al. (1979), but since
there are five chlorine atoms per molecule of Penta, a five-fold larger
dose is required for complete dechlorination of the Penta. No difference
in Penta decomposition yields due to the different dissolved oxygen concen-
trations obtained by initial air saturation, continuous air purge during
irradiation, and irradiation under 1.5 MPa of oxygen, were noted up to a
dose of 5 kGy. Based on these observations, Termaath (1979) concluded that
dissolved oxygen had no effect on the radiolytic decomposition of Penta in
aqueous solution. However, this point is not necessarily true since he had
no data from degassed solutions. Since Termaath (1979) made this compar-
ison on the basis of data obtained at doses less than 5 kGy, his observa-
tions are not inconsistent with the results of Wolf et al. (1979) noted in
the previous paragraph. The adsorption capacity of the activated carbon
(Nuchar WV-G from Westvaco) used was about 300 mg of Penta per gram of
carbon. When activated carbon columns loaded with Penta were irradiated in
the absence of liquid water surrounding the absorbent, no radiolytic decom-
position was observed. In a 1 : 3.3 : 1000 (by weight) mixture of Penta,
carbon and water, the yields of Penta destruction were between 0.30 and
0.40 molecule*(100 eV)-1 at doses between 3 and 10 kGy. These yields are
in the same range as those observed for aqueous Penta solutions. Further
tests showed that the adsorption capacity of the activated carbon was re-
generated by irradiation in an aqueous medium. On the basis of these data
Termaath (1979) attributed the removal of Penta in the presence of
activated carbon to solution phase radiolytic decomposition. The results
may also be explained by the attack of water radiolysis products on Penta
adsorbed on the activated carbon. The higher yields of radiolytic
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TABLE 1

ACTIVATED CARBON CHARACTERISTICS AND DECOMPOSITION YIELDS
FOR RADIOLYSIS OF P-CHLOROPHENOL ADSORBED ON ACTIVATED

CARBON IN AQUEOUS MEDIUM AS MEASURED BY WOLF ET AL. (1979)

BET* Surface
Area (m*-g-1)

Adsorption
Capacity (mg-g~l)

Acidic Surface
Groups (nival "g"1)

Basic Surface
Groups (nival-g"1)

G(C1-)**

G(£-chlorophenol
removal)**

Initial Surface
Coverage (X of
monolayer)

Premnitz
R23 Carbon

749.8

136

0.43

0.46

12.4

47

33

Premnitz
B23 Carbon

904.9

112

0.35

0.42

9.8

31

29

Norit SX
Carbon

1633.5

550

0.47

0.41

0.58

0.58

3.5

* Brunauer-Emmett-Teller method based on nitrogen adsorption at
77 K.

** Radiolysis yields at 5 kGy dose in units of Molecules
produced or removed per 100 eV of energy deposited in the
aqueous phase.

degradation in aqueous media observed in the presence of activated carbon
with j>-chlorophenol are not observed with Penta. However, an'activated
carbon bed would still concentrate the Penta in the radiation zone, and
thereby enhance the efficiency of using the reactive radicals produced in
the radiolysis of water over that of a dilute flowing stream of Penta-
polluted water.

These studies (Volf et al. 1979, Termaath 1979) indicate that some
types of activated carbon may be suitable adsorbents for the decomposition
of chlorophenols in vater using an adsorption-irradiation method, but
additional research is necessary to optimize the process efficiency and to
determine whether such a process would be economically viable.
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2.3 ACTIVATED CARBON REGENERATION

An East German patent by Wissel et al. (1985) describes the use of
an electron accelerator to regenerate activated carbon saturated with
organic compounds and microorganisms. A dose of 1 MGy delivered by a
1.5-MeV accelerator operated at 100-mA beam current was used to regenerate
a 4-mm-thick layer of wet activated carbon (59% H20) on a metallic conveyor
belt moving at 1 m-min"1. The adsorbed substances are decomposed into
simple water-soluble and volatile chemical species. An increase in process
efficiency is noted when chemical oxidants (oxygen, ozone, nitrogen oxides
and sodium hypochlorite) are added to the wet activated carbon, reducing
the dose required to about 0.5 MGy. The inventors claim (Vissel et al.
1985) that this process results in lower energy consumption, carbon
abrasion and toxic chemical releases than the standard activated carbon
regeneration techniques. This application is also interesting because the
radiation energy requirement is 0.5 MGy compared to an equivalent of 10 MGy
for thermal regeneration (Bilello and DeJohn 1981). Additional effort
should be invested in this application in order to experimentally determine
the radiation dose required for regeneration, to check the feasibility of
reducing the dose for regeneration with some combination of heat and radia-
tion, and to estimate the cost of the radiation process compared with that
of thermal regeneration techniques.

2.4 ACID GAS EMISSION CONTROL

Two different gas phase irradiation processes (Frank et al. 1985,
Gleason and Helfritch 1985) have been demonstrated for the removal of
nitrogen oxides and sulphur dioxide from coal-fired boiler flue gases.
Both of these processes appear to be economically competitive with other
currently available simultaneous NOX/SO2 emission control technologies, but
they are more expensive than the current S02-only emission control tech-
niques. A study of the effects of adding powdery silica to a flue gas
mixture prior to irradiation treatment was performed by Tokunaga et al.
(1985) in an attempt to enhance the efficiency of the radiation treatment
process. These workers observed reductions in the concentrations of N0x

and S02 due to adsorption when powdery silica was added to a flue gas mix-
ture in the absence of radiation. The adsorption of NO is probably
preceded by chemical oxidation to N02 or HN03, since NO removal is only
observed when S02 is present in the gas mixture and water has been adsorbed
on the silica surface. The N0x removal efficiency is enhanced by irradia-
tion of a flue gas mixture containing powdery silica, but the S02 removal
is almost independent of radiation dose at high powder feed rates. Feeding
the powdery silica prior to irradiation of the mixture gives more efficient
NOX/SO2 removal than feeding after irradiation. This flue gas treatment
concept may have considerable potential if the quantity of adsorbent
required can be reduced substantially.

A patent on the use of an electron accelerator to remove sulphur
from coal has been granted to Ray and Feldman (1983). The coal is pulver-
ized, slurried with water and subjected to a radiation dose of at least
15.8 kGy. The patent claims that the sulphur present in the coal is
converted to gaseous sulphur compounds, elemental sulphur, soluble sul-
phates and easily separated insoluble sulphates by this process. The
separation systems required downstream of the irradiation zone are rather
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complex and may have a substantial impact on the process economics. Only
an outline of the process is given in the patent and a fair amount of ex-
perimental work vould be necessary to evaluate its potential for comer-
clalization. It is unlikely that this process would be economically viable
because of the substantial investment required for separation equipment down-
stream of the irradiation zone.

2.5 COAL GASIFICATION

There have been several recent reports by Russian workers on the
gasification of coal with high-energy radiation (Kalyazin et al. 1983,
Hustafaev and Bakirov 1984, Mustafaev and Helikzade 1984, Mustafaev et al.
1985a-c). Hydrogen, carbon monoxide and methane are produced on y-
radiolysis of coals and petroleum residues, but the yields are quite low
[G(gas) = 0.005-0.07 molecule-(100 eV)"1 for coals and G(gas) = 0.3-0.6 for
petroleum residues (Hustafaev 1985a)]. Mustafaev and Bakirov (1984) have
observed a significant increase in the production rate of hydrogen and
carbon monoxide in the gasification of carbon with steam in the temperature
range 200 to 500°C, when the gasification is performed in a radiation
field. The activation energy determined for the thermal process was
52.7 kJ-mol"1, and for the radiation-thermal process it was 19.2 kJ-mol"1.
However, the radiation energy required to produce this reduction in activa-
tion energy was equivalent to about 320 kj-mol"1, based on the energy ab-
sorbed in the water phase alone. Clearly this process does not constitute
an economic means of enhancing the rate of coal gasification.

2.6 HYDROCARBON SYNTHESIS

Natural gas is a relatively abundant, cheap feedstock consisting
mainly of methane. Radiation techniques may provide an alternative to a
rather complex series of conventional processes currently used to effect
the conversion of natural gas to higher molecular weight hydrocarbons.

The heterogeneous radiolysis of methane has been studied in the
presence of activated carbon and graphite (Dominey and Swan 1969), acti-
vated alumina (Swan 1968, Norfolk and Swan 1977, 1978 and 1979), and silica
gel and molecular sieves (Shimizu et al. 1983). Dominey and Swan (1969)
found no evidence of sensitization of radiolysis due to energy transfer
from carbon to adsorbed methane. Swan (1968) reported that alumina y-
irradiated at -195°C chemisorbs methane and must be heated to about 400°C
after radiolysis to completely desorb the methane. Swan (1968) also
observed that the yields of radiolytic products are enhanced in the pre-
sence of alumina. For example, the G-value for ethane production based on
the energy deposited in methane was 150 molecule-(100 eV)"1 in the heter-
ogeneous system, compared to 2.21 for homogeneous radiolysis. However,
when the energy deposited in the alumina is taken into account (as must be
done for the purposes of economic calculations), the overall G-value
becomes 0.015.

Shimizu et al. (1983) studied the electron-bean-initiated radiol-
ysis of methane in the presence of silica gel and molecular sieves 3A, 4A,
5A and 13X. They observed that the radiolytic product yields increased
with temperature up to 300°C (the limit of their range of investigation).
The highest yields were observed in the presence of silica gel: G(C2H6) *
120 based on energy deposited in methane alone and G(C2H6) = 0.20 based on



- 17 -

the energy deposited in both methane and silica gel, compared to G(C2H6) =
8.77 for homogeneous radiolysis. Radiolysis of methane in the presence of
silica gel favours formation of C2 and C4 over C3 and C5 hydrocarbons. The
radiolysis yields in the presence of the molecular sieves dropped as a
function of time because of the buildup of a carbonaceous deposit on the
molecular sieves. This deposit could be removed by irradiation in a flow
of hydrogen. The highest yields from methane radiolysis in the presence of
molecular sieves were observed for molecular sieve 5A at short irradiation
times: G(C2H6) = 43 and G(C3Hg) = 22 (based on energy deposition in
methane alone) and G(C2HG) = 0.070 and G(C3H8) = 0.036 (based on energy
deposition in both methane and molecular sieve 5A). Heterogeneous radiol-
ysis in the presence of molecular sieve 5A enhances the production of
straight-chain hydrocarbons compared to homogeneous radiolysis; the ratio
of the yields of heterogeneous to homogeneous radiolysis for normal-, iso-
and neo-pentane are 0.017, 0.007 and 0.004, respectively. The ratios of
yields of heterogeneous (in the presence of molecular sieve 5A) to homo-
geneous radiolysis for normal alkanes are C2 = 0.008, C3 = 0.036, C4 =
0.023 and C5 = 0.017. Thus, heterogeneous radiolysis in the presence of
molecular sieve 5A is more selective toward the production of G3 hydro-
carbons. However, the yields of hydrocarbons from the heterogeneous radi-
olysis of methane are disappointingly low, and a more reactive solid would
be required to allow heterogeneous radiolysis to be competitive with homo-
geneous radiolysis or conventional production techniques.

Hydrocarbons may also be synthesized from mixtures of carbon
monoxide and hydrogen reacted at elevated temperatures in the presence of
solid catalysts. Studies of the irradiation of these mixtures in the
absence of a solid sorbent (Sugimoto et al. 1984, St. Charles and Hanrahan
1984a) and in the presence of silica gel (Nagai et al. 1980) and alumina
(St. Charles and Hanrahan 1984b) have been performed. These studies show
increased yields of hydrocarbons tot radiolysis in the presence of high-
surface-area solids. These results should be evaluated further, and addi-
tional studies of irradiation of carbon monoxide-hydrogen mixtures in the
presence of standard Fischer-Tropsch catalysts should be performed to de-
termine whether heterogeneous radiolysis is an economically viable process
for this application.

2.7 OTHER APPLICATIONS

Several other possible applications for combined adsorption-
radiation treatment processes are of interest. One possible application is
in the removal and in situ detoxification of hazardous organic compounds,
including polychlorinated biphenyls (PCBs), from dilute wastewaters, such
as those leaking from hazardous chemical disposal sites. Adsorption-
radiation treatment may also be applicable to the removal of sulphur com-
pounds from hydrocarbon process streams. The molecular sieves are already
used for the removal of these odorous gases (Kohl and Riesenfeld 1985).
They may also prove to be a suitable support for radiation-induced conver-
sion to elemental sulphur. Many scientific papers describe the yields of
various chemicals from the radiolysis of precursors adsorbed on insulating
adsorbents (see Coekelbergs et al. (1962) and Taylor (1968) for reviews of
this area). For example, irradiation in the presence of solid adsorbents
effects the conversion of alcohols to alkenes (dehydration) (Palfi et al.
1982, Pirogova 1983). Some other chemicals may also be candidates for
industrial synthesis by the adsorption-radiolysis process. One report
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(Riesz 1968) describes the synthesis of 5-, 6- and 7-carbon sugar-like
molecules by y-irradiation of formaldehyde in the presence of molecular
sieve zeolites. This process should be evaluated further both in the la-
boratory and in the marketplace because certain of the sugars may be high-
value products.

3. LABORATORY STUDIES

3.1 REMOVAL OF TRIHALOMETHANES FROM WATER

One possible application of the combined adsorption-irradiation
technique is to remove trihalomethane contaminants from water. Therefore,
a study of radiolysis of aqueous solutions of chloroform in the absence and
presence of activated carbon was undertaken. Our preliminary results
are reported here.

The radiolysis of chloroform in aqueous solution has been studied
rather extensively. Teply and Bednar (1958) studied the radiolysis of
aqueous chloroform solutions with 150-kV X-rays, 60Co y-rays and 9 0Sr+ 9 0Y
3-rays. They observed yields of hydrochloric acid in air-saturated solu-
tions of about 26 molecules per 100 eV of energy deposited (G = 26) at
doses up to 400 Gy from each radiation source. In nitrogen-saturated solu-
tions and in air-saturated solutions irradiated to doses greater than 400 Gy,
the yields of HC1 vere 6.3 G units. Woods and Spinks (1960) studied
the radiolysis of a number of halogenated compounds, including chloroform,
in aqueous solutions. They observed similar yields of acid in air-
saturated solutions, and attributed the high values to a radiation-
initiated chain reaction. Rezansoff et al. (1970) measured chloride ion,
formic acid and oxalic acid yields from the radiolysis of aqueous chloro-
form solutions as a function of pH. The lack of a dose rate effect on the
chloride ion yield led them to the conclusion that a chain mechanism was
not required to rationalize the high yields observed in air-saturated solu-
tions. Logan and Vilmot (1974) studied the competition for hydrated elec-
trons between nitrous oxide and various organic halides, including chloro-
form, under UV- and y-radiation. They found that simple competition did
not explain the results, and considered the possibility of electron trans-
fer to nitrous oxide from the anions of organic halides as a mechanistic
complication. However, in the case of chloroform they concluded that such
electron transfer did not take place. Getoff (1986) has studied the radi-
olysis of chloroform in aqueous solutions for application to water purifi-
cation.

3.1.1 Experimental

Chloroform (Fisher Scientific, ACS Reagent Grade), containing
0.75% ethanol as a stabilizer, was used as received, as well as after 10
washes with distilled water, to remove the stabilizer. Figure 4 shows
chloride ion yields observed on radiolysis of aqueous solutions of purified
chloroform and of chloroform containing 0.75% ethanol as a stabilizer. The
two types of solution give similar chloride ion yields, but the stabilizer
appears to affect the dependence of the observed yield on radiation dose.
Logan and Vilmot (1974) also observed an effect of ethanol on the yield of
chloride ions. Activated coconut charcoal (Fisher) was heated in air to
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120°C for 12 hours to drive off volatile adsorbed compounds, and stored in
a sealed container to reduce recontamination. Distilled water from a
Barnstead distillation unit was further purified using a Barnstead NANOpure
filtration system to produce water with a resistivity of 18.5 MS-cm"1.
Fresh water was used for each experiment. Degassed samples were prepared
using the freeze-pump-thaw technique.

Samples were irradiated in sealed glass containers in a Gammacell-
220 (AECL Radiochemical Company), except for the samples saturated with N,0
where a sealed bomb was used. The nominal 60Co source strength was
24 440 Ci (9.04 x 10* Bq). The measured dose rate was 17 kGyh"1 (Fricke
dosimeter). No attempt was made to control the temperature of the samples
during irradiation. The samples were at room temperature when they were
put in the Gammacell. Measurements indicate that the temperature of these
solutions would have risen to about 50°C after approximately 45 minutes of
irradiation in the Gammacell.

The concentrations of the radiolytically produced chloride ions
were measured at constant ionic strength using an Orion chloride ion
selective electrode. An Orion double-junction electrode was used as a
reference. The potential differences were measured with a Fluke Model
8840A multimeter. The potential differences were converted to concentra-
tions from a calibration curve obtained using KC1 solutions of known con-
centration.

Organic radiolysis products were identified using a Hewlett-
Packard gas chromatograph/mass spectrometer (GC/MS). The organic products
were extracted with cyclohexane and an aliquot of the cyclohexane solution
was injected into the GC/MS for analysis.

10

Dose (kGy)

100

FIGURE 4: Chloride Ion Yields from Radiolysis of Air-Saturated
7 x 10"2 mol-dm"3 Aqueous Chloroform Solutions
(• Washed, o Reagent Grade)
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Chloroform concentrations in solution in the presence of activated
carbon adsorbent were determined by injecting aliquots of the aqueous phase
into a high-performance liquid chromatography (HPLC) system. The mobile
phase used was a mixture of acetonitrile and water (3:1) at a flow rate of
1.0 cm3'min-1 (Waters Model 510 pumps). Aliquots of the sample solutions
were injected into the mobile phase stream using an automatic sampler
(Waters WISP Model 710B). A Waters l*C column was used. The chloroform was
detected using UV absorbance spectroscopy (Hewlett-Packard Model 1040A
diode array detector) at wavelengths between 190 and 210 nm, depending on
the chloroform concentration. The HPLC system was calibrated using
7 x 10~2, 7 x 10~3 and 7 x 10"4 mol-dm"3 solutions of chloroform in water.

An experiment was performed to observe any difference in the
breakthrough time for a saturated chloroform solution in irradiated and
unirradiated activated carbon columns. This experiment was performed to
ascertain whether radiolytic reactions that do not release chloride ions
into solution were occurring on the surface of the activated carbon, and
thereby increasing its capacity for removal of chloroform from aqueous
solution. The activated carbon used for the other experiments was crushed
with a ceramic mortar and pestle, and 1.1-g samples were placed in an empty
HPLC column. Deionized water was pumped through the carbon column for
several hours at a flow of 1.0 cn^-min"1 to fill the pores in the carbon
with water and to remove any residual water-soluble compounds adsorbed on
the carbon. During an experiment a saturated solution of chloroform in
water (7 x 10"2 mol'dnr3) was passed through the column at a flow rate of
3.0 cm^inirr1 using a Waters Model 510 HPLC pump. The concentration of
chloroform in the column effluent was determined as a function of time
using a Hewlett-Packard Model 1040A UV-visible absorbance (diode array)
detector monitoring a fixed wavelength (X = 210 + 4 nm).

3.1.2 Results

Figure 5 shows the chloride ion concentrations observed on the
radiolysis of air-saturated, 7 x 10"2 mol'dm"3 aqueous chloroform
solutions. The results of Teply and Bednar (1958) and Rezansoff et al.
(1970) are included in the figure, for comparison. Our results are in good
agreement with theirs. The chloride ion yield observed for an oxygen-
saturated (100 kPa) aqueous chloroform solution irradiated to 1.0 kGy was
G(Cl-) = 25.7 + 2.5, also in good agreement with the initial yields from
the air-saturated solutions in previous studies (25.8 ± 1.3, Teply and
Bednar; and 28.4 ± 1.0, Rezansoff et al.) The hydrogen ion yields observed
in this work are approximately equal to the chloride ion yields, as in the
previous studies.

Figure 6 presents the chloride ion yields from radiolysis of
aqueous chloroform solutions to a dose of 10 kGy as a function of initial
chloroform concentration. Yields are plotted for degassed, air-saturated
(100 kPa), nitrous oxide-saturated (5 MPa plus 100 kPa air) and sodium
formate (10"2 mol-dm"3) aqueous chloroform solutions. In each type of
solution the chloride ion yields increase with increasing chloroform con-
centration. Table 2 s|iows the chloride ion yields on low-dose radiolysis
of 7 x 10"2 mol'dm"3" aqueous chloroform solutions containing the various
additives used above. The yields in solutions containing N20 and formate,
in the absence of oxygen, are lower than in the air-saturated solutions.



- 21 -

CO
•
E
•o
t

o
E

CO

o

O

+
I

Dose (kGy)

FIGURE 5: Radiolysis of Air-Saturated Aqueous Chloroform Solutions
(7 x 10"2 mol-dnr3)- O (H+] from Teply and Bednar (1958);
slopes of solid lines calculated from Rezansoff et al. (1970),
G(Cl-) = 28.4 dose < 0.4 kGy (air), G ( C D = 7.2 dose > 0.4 kGy
(N2); the dotted line is an extension of the G(C1~) = 28.4 line
to doses greater than that required for complete reaction of
dissolved oxygen in air-saturated samples; • [Cl~] (this work); •
[C1-] 02 100 kPa (this work).

TABLE 2

CHLORIDE ION YIELDS FROM RADIOLYSIS OF 7 x 10~2 mol-dnr3 AQUEOUS
CHLOROFORM SOLUTIONS UNDER VARIOUS CONDITIONS

Chloroform Solution

Degassed
Air-saturated (100 kPa)
N20 (5 MPa + 100 kPa air)
Sodium Formate (10~2 mol-dnr3)

Dose
(kGy)

1.0
0.27
0.27
0.27

G(Cl-)
(molecule-(100 eV)"1)

5.7 + 0.4
25.8 + 1.3
21.0 + 1.0
14.0 + 0.7
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Figure 7 presents the observed chloride ion production when air-
saturated aqueous chloroform solutions were irradiated to a dose of 10 kGy.
Data are also plotted for solutions that contain activated carbon. The
chloride ion yields for both data sets are plotted as a function of chloro-
form concentration in the aqueous phase. When carbon was present, correc-
tions were made for the chloroform adsorbed on the carbon. The yields for
the solutions containing activated carbon are calculated on the basis of
energy deposited in the aqueous phase only. Inclusion of the energy depos-
ited in the carbon would make at most a 12% change to the G-value.

Several radiolysis products were observed on GC/MS analysis of a
cyclohexane extract of an air-saturated 7 x 10"2 mol.dnr3 aqueous chloro-
form solution irradiated to 100 kGy. The major products observed were
lf1,2,2-tetrachloroethane and dichloromethane. Moderate quantities of
pentachloroethane, 1,1,2-trichloroethane, 1,1,2,3,3-pentachloropropane,
1,1,2,3-tetrachloropropane and an unidentified compound (possibly a tetra-
chlorocyclopropane) were observed. Minor amounts of other chlorine-
containing ethanes and propanes and chlorine-containing ethenes and
propenes were also observed. The only radiolysis product observed on
irradiation of a 0.042 : 5 : 1, chloroform : water : carbon mixture (by
weight) to a dose of 100 kGy was dichloromethane. Either the formation of
other products was suppressed or the products were strongly adsorbed on the
activated carbon and not extracted with the cyclohexane.

The results of the experiment, in which the effect of irradiation
on the breakthrough time for a saturated aqueous solution of chloroform in
an activated carbon column was determined, are presented in Table 3. The
results are quoted as the time required for the concentration of chloroform
in the column effluent to reach 10, 50 and 902 of that of a saturated
aqueous chloroform solution. The breakthrough times for the column in the
radiation field are not significantly lower than when the column was not
irradiated. In fact, the concentration in the effluent of the irradiated
column reached a value about 10% higher than a saturated solution. This
effect is probably a result of adsorbed chloroform being released from the
activated carbon because of the temperature increase from room temperature
to 50°C as the column equilibrated with the ambient conditions inside the
Gammacell. No radiolysis products were detected when fractions of the
effluent from the irradiated column were analysed by HPLC.

3.1.3 Discussion

Degassed solutions

The chloride ion yield in degassed solutions is G = 5.7 + 0.4,
which is in fair agreement with the yields reported by Teply and Bednar
(1958) (G = 6.3 ± 0.3) and by Rezansoff et al. (1970) (G = 7.2 ± 0.25).
This yield can be rationalized on the basis of the following reactions,
most of which were considered by Rezansoff et al. to explain their results.
Rate constants are given, where known, in dm3•mol~1*s~1 units, and were
obtained from the National Bureau of Standards (NBS) compendia (Anbar et
al. 1973 and 1975, Farhataziz and Ross 1977).
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FIGURE 6: Effect of Various Additives on the Chloride Ion Yields
on Radiolysis of Aqueous Chloroform Solutions to a 10-kGy
Dose. • degassed, o 100 kPa air, Q 10"2mol'dm-3

formate, • 5 MPa nitrous oxide plus 100 kPa air.

m
E
•p

"o
E

U

10*2
Initial [HCCl3]aq (mol-dm'3)

10

0.1
-1

FIGURE 7: Chloride Ion Production as a Function of Chloroform
Concentration in the Aqueous Phase on Radiolysis of
Air-Saturated Aqueous Chloroform Solutions Irradiated
to a Dose of 10 kGy. •HCC13/H2O, OHCC13/H20/C.
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TABLE 3

COMPARISON OF BREAKTHROUGH TIMES FOR A SATURATED AQUEOUS
SOLUTION OF CHLOROFORM (flow rate =3.0 cm'-min-1) PASSING

THROUGH A COLUMN OF ACTIVATED CARBON (carbon weight = 1.1 g)
IN THE PRESENCE AND ABSENCE OF A y-RADIATION FIELD

(dose rate = 16.3 kGytr 1)

X of saturated
concentration

Breakthrough time (min)
unirradiated

ime (;
irradiated

10
50
90

23 ± 1
30 ± 1
45 ± 2

24 ± 1
28 ± 1
39 ± 1

H20 -
a n

H- +

•OH +
•CHC1
•CC13
•COOH

•CHO

—> H* + •

+ CHC13

CHCI3

CHCI3

2 + H2°
+ 2H20
+ «COOH

+ HCCI3 ^

•OH + H 30
+

— > Cl~ +
— > H2 + •
—> HCl +
—> H20 +
—> -CHO H
—> 'COOH

+ e"
•CHC12
•CCI3
•CHC12
•CCl 3

v 2HC1
+ 3HC1

—> HOOC-COOH
—> HCOOH
h H 2O—> •(

+ CO2

;HCI2 +

+ H2<>2
k = 3
k = 2
k = 1
k = 5

HCOOH + HCl

.0

.4

.2
X

x 10 1 0

x 106

x 107

106

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

H-
CHC12
•CC13
•CCI3
H*

+ -CHC12
+ -CHC12
+ -CHC12
+ -CC13
+ *CHO

— >
— >

V

—>

CH2C12
CHC12CHC12

CC13CHC12
CCI3CCI3
HCHO

Many radical-radical reactions are also possible in this system.
Those more likely to contribute to the observed results are as follows:

k = 10 1 0 (11)
(12)
(13)
(14)
(15)

We take the G values for e~aq, H« and *0H as 2.99, 0.55 and 2.70
(Rezansoff et al. 1970). The chloride ion yield from Reactions (2) and (4)
would amount to only about 3.5. If Reactions (6) and (7) were to proceed,
as proposed by Rezansoff et al., an additional G(Cl~)= 15.6 would be
expected from the •CHClj and 'CC13 formed in Reactions (2-5), bringing the
total expected G(C1~) to = 19. However, since the observed G(C1~) is only
=6, Reactions (6) and (7) must be fairly inefficient. The possibility of
some other reaction contributing to G(C1") can not be ruled out. Inciden-
tally, Reaction (10) would lead to the formation of Cl~ via a chain
reaction (Reactions (6) and (10)). Since G(Cl') is low, Reaction (10)
appears to be unimportant in our system. The formation of the chloro-
carbons dichloromethane, 1,1,2,2-tetrachloroethane and pentachloroethane
observed by GC/MS analyses is consistent with Reactions (11-14). Foraalde-
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hyde formation (Reaction 15) needs to be investigated. Formic and oxalic
acids (Reactions (8) and (9)) have been observed as products by Rezansoff
et al. (1970).

In degassed solutions, the yield of Cl~ increases with the
concentration of chloroform (Figure 6). This is consistent with the
results of other studies of radiolysis of aqueous solutions (Draganic and
Draganic 1971). At concentrations below about 10"2 mol'dm"3, the CHC13
concentration is not high enough to allow reaction with all of the e~ , H*
and -OH produced (Reactions (2-5)). The G(C1") would likely decrease as
the dose is increased due to the decreasing pH in the solution as CHC13
decomposes. With decreasing pH, the hydrated electron is converted into
hydrogen atom,

e-aq + H
+ — > H- k = 2.3 x 1010 (16)

which may produce Cl~ less efficiently, because of the participation of H*
in radical-radical reactions ((11), (15), H- + H« — > H2 and H» + -OH — >
H20).

In saturated chloroform solutions ({HCC13] = 7 x 10~
2 mol'dnr3),

there could be some reaction of chloroform with the hydrated electrons
prior to the recombination reactions in the spurs (Schuler et al. 1981,
Schwarz 1981). The reactions of the hydrogen atom and the hydroxyl radical
with chloroform are too slow to be significant in the spurs. Based on the
work of Hayon (1965), Rezansoff et al. (1970) chose a higher value for the
hydrated electron yield (2.99) than is normally used in the radiation chem-
istry literature (Schwarz (1981) uses G(e" ) = 2.65) to account for this
effect. Using the results of Dainton and Logan (1965) and the rate con-
stants of the reactions of the hydrated electron with chloroform (Reaction
2) and nitrous oxide (see Reaction (26) below), we estimate that a hydrated
electron yield of 3.9 molecule*(100 eV)"1 would be appropriate for saturated
aqueous chloroform solutions. However, this value would only be appropri-
ate if the chloroform is homogeneously distributed in the solution and it
is more likely that the chloroform is present as small globules. Hence,
the hydrated electron yield chosen by Rezansoff et al. (1970)
(G(e;q) = 2.99) will be used in the remainder of this discussion. The
reduced hydrated electron concentrations in the spurs could also lead to an
increased yield of the hydroxyl radical, but this effect is likely to be
small. Detailed interpretation of the experimental results would require a
better understanding of the spatial distribution of chloroform in aqueous
solutions as a function of concentration, and the use of nonhomogeneous
kinetic simulation techniques (Freeman 1987).

Aerated/oxygenated solutions

In aerated solutions, the concentration of oxygen is about
3 x 10"4 mol'dnr3 (Monig and Asmus 1984). In this case almost all of e~,q
and -OH will react with CHC13 but H- will react with oxygen, based on the
relevant rate constants and the relative concentrations of CHC13 and 02.
Following Reactions (2) and (5), the reactions of free radicals with oxygen
will predominate.

e" + CHC13 — > Cl- + -CHClj k = 3.0 x 1010 (2)
•OH + CHC13 — > H20 + 'CC13 k = 5 x 106 (5)
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•CHC12
•CC13

02 —>
02 -—>

-02CHCl2
-O2CC13

(17)
(18)

Rezansoff et al. (1970) suggested that these peroxy radicals react
with water to produce chloride ions via the following overall reactions.

•O2CHC12
•O2CC13

H20 —>
2H20 —>

-OH
H02

+ C02
+ C02

2HC1
3HC1

(19)
(20)

The detailed mechanisms of these two reactions remain to be deter-
mined. Monig and Asmus (1984) also report formation of Cl~ from a similar
peroxy radical (CF3CHC102-) in aqueous solution, via an unknown mechanism.
The HO2'/O2

T formed in these solutions are not expected to produce Cl~ from
chloroform.

H- 02 —> H02 H+ PK (21)

(5) and (17-20), the expected G(C1") in
26.0. This is in

Based on Reactions (2),
aerated solutions is G(C1~) = 6 x G(e-aq) + 3 x G(-OH)
excellent agreement with the observed value of 25.8 in aerated solutions
and 25.7 in oxygenated solutions. The decrease in G(C1~) with increasing
dose (to 100 kGy) is attributable to two factors: oxygen depletion (which
happens at about 400 Gy (Teply and Bednar 1958)) and decreasing pH (which
converts e"aq into H-, a non-producer of Cl").

Getoff (1986) has proposed a chain reaction mechanism for the
radiolytic decomposition of chloroform in aerated aqueous solutions.

•CHC12 + 02 -
CIO- + CHCI3
•CCl, + O2 +

1 + H,0 -

-> HCOCl
—> HOC1
H20 >
-> HC1 +

+ CIO-
+ -CC13
HOC1 + HCOCl
HCOOH

+ CIO-

(22)
(23)
(24)
(25)HCOC

However, Rezansoff et al. (1970) did not observe a dose rate effect on the
chloride ion yield, and chain reactions usually show a dose rate effect. A
chain reaction mechanism is probably not required to explain the experi-
mental observations.

Solutions containing nitrous oxide

In solutions containing nitrous oxide (5 MPa) and air (100 kPa)
the following additional reactions would be expected:

N2
N2

0 +
0'
0T

+ H20
+ CHCI3

> N20*
N2 +

N20 +
•OH
ci-

+ 0H-
+ -CHC1

k = 9 x 109 (26)
(27)
(28)

The concentration of N20 in these solutions is about 0.5 mol-dnr
3,

therefore most of the e-.q would react via Reaction (26). Some direct
reaction of the hydrated electron with chloroform would be expected if the
chloroform is homogeneously distributed in the N20 saturated solutions.
However, the nitrous oxide is more likely to be homogeneously distributed
in these aqueous solutions. The results of Schuler et al. (1981) and
Dainton and Logan (1965) suggest that a hydrated electron yield of about
3.9 molecule-(100 eV)"1 is probable in these high-concentration nitrous
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oxide solutions. Based on Reactions (5), (17-20), (26) and (27), the
expected G(C1~) should be equal to G('OH) x 3, + G(e~ ) x 3, i.e. 19.8.
This is close to the observed experimental value of 21.0. If Reaction (28)
were important, the observed G(C1~) should approach 31.5. Reaction (28)
appears to make at most a small contribution to the results in our system.
Charge transfer between N20

T and 02

N20' + 02 —> N20 + 02
T (29)

also appears to be unimportant; if it were occurring, G(C1~) would be lower
than 19.8 (approaching 8.1).

Solutions containing formate

In the 10"2 mol'dnr3 sodium formate solutions, all of the H- and
•OH would react with the formate ion:

H- + HCOO" —> H2 + COO' k = 1.3 x 10" (30)
•OH + HCOO- — > H20 + C00

T k = 3 x 109 (31)

The work of Bielski (1978) suggests that the yields of H-, -OH and e;q
would not be increased significantly by formate ion reactions in the spurs
at a formate concentration of 10"2 mol'dnr3. In solutions containing
oxygen, charge transfer to both chloroform and oxygen would take place:

C00"* + CHC13 —> C02 + Cl- + -CHC12 (32)
C00' + 02 —> C02 + 02* (33)

If Reaction (33) dominates and Reaction (32) is unimportant, the
expected G(C1") will be equal to 3 x G (e~ ), i.e., 9.0. However, if
Reaction (33) is unimportant and Reaction (32) occurs efficiently, there is
the possibility of a chain reaction (Reactions 17, 19, 31 and 32) with the
minimum G(C1") being equal to 3 x G(-OH) + 3 x G(H*) + 3 x G(e-aq), i.e.,
greater than 18.7. The observed G(C1") = 14; therefore we conclude that
both Reactions (32) and (33) contribute to the observed results.

Effect of activated carbon

As data in Figure 7 show, the yield of G(C1~) seems to depend on
the concentration of chloroform in the aqueous phase, both in the presence
and absence of activated carbon. It therefore appears that activated
carbon is protecting the adsorbed chloroform from radiolytic decomposition.
This observation is consistent with the results of Termaath (1979) on the
radiolytic dechlorination of aqueous pentachlorophenol in the presence of
activated carbon.

The results of the experiment, in which a saturated aqueous solu-
tion of chloroform was passed through an activated carbon column in the
presence and absence of a y-radiation field, indicate that the capacity of
activated carbon for removal of chloroform from aqueous solution is not
significantly enhanced in the presence of a radiation field.

3.1.4 Conclusions

Our results on radiolytic dechlorination of aqueous chlorofora are
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consistent with those obtained earlier by Teply and Bednar (1958) and
Rezansoff et al. (1970). The mechanism suggested by Rezansoff et al.
(1970) is adequate to explain the chloride ion yields in degassed and
aerated solutions. In solutions containing nitrous oxide, direct electron
transfer from the nitrous oxide anion to chloroform appears to be unimpor-
tant. In solutions containing formate, electron transfer from COOT to
chloroform contributes to a chain reaction, but that to oxygen acts as the
chain terminator.

Activated carbon does not appear to be a suitable adsorbent for
enhancing the efficiency of radiolytic decomposition of chloroform in
aqueous media.

3.2 CONVERSION OF SULPHUR DIOXIDE TO SULPHUR

Currently, there is a great deal of interest in processes that
have the potential to reduce the emissions of sulphur dioxide and nitrogen
oxides from coal-fired electrical generating stations.
Adsorption/irradiation processing may also have application in effecting
this removal. One process that has potential for incorporation of an
irradiation step is the Resox process (Steiner et al. 1975). The Resox
process consists of three basic steps. In the first step sulphur dioxide
is removed from the flue gas stream by adsorption on activated coke. The
second step regenerates the activated coke and produces a concentrated
stream of sulphur dioxide. In the final step the sulphur dioxide is con-
verted to elemental sulphur by reaction with crushed coal at a temperature
of about 340 to 400°C. This process is attractive because of the large
market and low transportation costs for the elemental sulphur by-product.
However, large-scale implementation of the process has been inhibited by
economic considerations and the difficulty of separating the sulphur
product from the crushed coal in the reaction bed. The objective of this
study was to determine whether radiation may be used to initiate the reac-
tion of sulphur dioxide with carbon to produce elemental sulphur under
ambient conditions.

Sulphur dioxide is selectively adsorbed by a number of adsorbents
including activated carbon (Steiner et al. 1975), silica gel (HcGavack and
Patrick 1920), zeolites (Martin and Brantley 1963) and ion exchange resins
(Cole and Shulman 1960). Activated carbon was selected for the current
study because of its abilities to act both as an adsorbent to separate
sulphur dioxide from a gas stream and as a reducing agent for effecting the
conversion of sulphur dioxide to elemental sulphur.

3.2.1 Experimental

Two types of activated carbon were initially tested for use in
this study. One was obtained from Fisher (# 5-685-A, 6-14 mesh) and is
recommended for the separation of heavier hydrocarbons and alcohols from
gas streams. The other, also recommended for gas purification, was a bulk
carbon obtained from Calgon. These carbons were not specially treated to
enhance their sulphur dioxide adsorption capacities. The Fisher activated
carbon was used for the study since early work suggested that its capacity
for sulphur dioxide adsorption was about 202 greater than that of the
Calgon carbon. Sulphur dioxide was obtained from a 1.36X S02 in nitrogen
mixture (Matheson).
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An adsorption column was formed by inserting about 2.5 g of acti-
vated carbon between glass wool plugs in a valved section of nominal
0.5-inch-O.D. stainless steel tubing. A 1.36Z sulphur dioxide in nitrogen
gas mixture was flowed through this adsorption column at 8.3 cm'-s"1 until
the column was saturated (about 50 minutes). The amount of sulphur dioxide
adsorbed on the column was determined both by noting the increase in weight
of the column after S02 adsorption, and by monitoring the S02 concentration
in the exit gas stream as a function of time using a quadrupole mass spec-
trometer. The mass spectrometer technique consistently gave 30-50* higher
weights of SO, absorbed. The difference between the absorbed weights de-
termined by these two methods may be due to chemicals adsorbed on the car-
bon being displaced by sulphur dioxide, or to S02 adsorption on the stain-
less steel lines between the adsorption column and the mass spectrometer.
The absorbed sulphur dioxide weights in Table 4 were determined using the
weighing method. Approximately 80% of the sulphur dioxide adsorbed could
be recovered by purging the column with dry nitrogen.

The analysis for sulphur production was performed by subjecting
the carbon from the column to a Soxhlet extraction with 70 cm3 of benzene
for about 6 hours. The solvent was then evaporated and any residue was
weighed.

The irradiations were performed in an AECL Gammacell-220 at an
ambient temperature of about 50°C. The dose rate was determined to be
21.3 kGy-h"1 using Fricke dosimeter solutions placed in glass vials in the
empty stainless steel adsorption coluan. For one irradiation the tempera-
ture was raised to 107°C by electrically heating the adsorption column.

3.2.2 Results

The amount of residue observed on extraction of the carbon was
greater when the carbon was previously saturated with sulphur dioxide
(Table 4). However, there was no reproducible difference between the resi-
dues from the SO,-saturated samples that were irradiated and the control

TABLE 4

WEIGHTS OF RESIDUES OBSERVED AFTER SOXHLET EXTRACTION
AND SOLVENT EVAPORATION OF ACTIVATED CARBON SAMPLES

SUBJECTED TO SULPHUR DIOXIDE ADSORPTION AND IRRADIATION

S02 Absorbed
(g/g of C)

0
0
0.09
Q.09
0.11
0.08

Radiation Dose
(kGy)

0
0
0

230
230
360(at 107°C)

Soxhlet Residue
(s/g of C)

0.0006
0.0003
0.0017
0.0011
0.0084
0.0021
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sample. The residues formed were clear, non-volatile liquids. These
results indicate that the residue is either sulphuric (or sulphurous) acid
formed by the reaction of sulphur dioxide with water/oxygen adsorbed on the
carbon, or a benzene sulphonate formed by the reaction of benzene with
sulphur-containing compounds remaining on the activated carbon at the tiae
of extraction.

3.2.3 Discussion

No significant amount of sulphur product was observed in these
experiments. An upper limit of 10% conversion of sulphur dioxide to
elemental sulphur at a radiation dose of 230 kGy is consistent vith the
experimental results. This amount of radiation vould appear to be too high
for economical production of a bulk commodity such as sulphur.

4. SUMMARY

A preliminary study of applications of combined adsorption-
irradiation treatment processes has been performed to Identify promising
candidates for industrial application. The key findings of this study are
summarized belov.

1. Most organic chemicals can be removed from liquid and gaseous
effluent streams by adsorption on activated carbon.

2. Chemicals vith low polarity, high molecular weight, high boiling
point and low solubility are preferentially adsorbed by activated
carbon.

3. Bacteria and viruses are also adsorbed by activated carbon.

4. The surface areas of carbonaceous starting materials, such as
coal, are increased by several orders of magnitude by activ-
vation processes to render them suitable for use as adsorbents.

5. Other chromatographic materials, such as silica gel, activated
alumina, silicalite and molecular sieves, may also be used to
adsorb pollutants from effluent streams..

6. An Improved efficiency of a combined adsorption-irradiation pro-
cess compared to irradiation alone may be due to one or more of
the following effects:

i) efficient use of the energy deposited in the adsorbent for
radiolysis of the adsorbed species (energy transfer),

ii) increased use of reactive species produced by radiolysis of
the bulk fluid because the adsorbed species is present in
higher concentration (indirect radiolysis),

iii) increased efficiency of radiolytically initiated reactions of
the adsorbed species because of the proximity of other
similar species on the surface of the adsorbent (chain
reaction initiation), and
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iv) higher effective dose delivered to the adsorbed species
because their residence time in the radiation zone is longer
(direct radiolysis).

7. Radiation energy deposited in electrically insulating adsorbents
(silica, alumina, molecular sieves, etc.) is delivered in quanta
of about the size of the band gap of the solid to adsorbed mole-
cules, and hence chemical reactions are induced in the adsorbed
layer more efficiently than by irradiation of electrically con-
ducting or semiconducting adsorbents (platinum, palladium, acti-
vated carbon, etc.), which deliver very small quanta of energy
(heat) to adsorbed molecules.

8. Studies of water treatment using activated carbon adsorption
combined with irradiation show highly efficient chemical oxygen
demand reduction and pathogen removal. This may be due, in part,
to biological degradation of pollutants by the bacteria that
colonize activated carbon beds. The potential for combined
biodegradation-adsorption-irradiation water treatment should be
evaluated further.

9. j>-Chlorophenol is decomposed efficiently by irradiation in the
presence of some activated carbons, but pentachlorophenol appears
to be protected from radiolysis by adsorption on activated carbon.
Adsorption-irradiation may be a suitable technique for removing
£-chlorophenol from water.

10. Electron-beam irradiation to a dose of about 1 MGy regenerates
activated carbon; this dose is reduced to about 0.5 MGy when ozone
(by-product) and hypochlorite are added to the used carbon prior
to irradiation. Electron-beam activated carbon regeneration may
be cost competitive with thermal regeneration. This application
merits further investigation.

11. The application of adsorption-irradiation treatment to the removal
of N0x and S02 from coal-fired boiler flue gases has been investi-
gated, but the quantity of adsorbent (powdery silica) required for
efficient removal appears to be excessive.

12. A patent has been granted on the use of electron-beam irradiation
to facilitate the removal of sulphur from coal, but the amount of
separation equipment required downstream of the irradiation zone
would probably make this process uneconomical.

13. Irradiation of carbon in a steam atmosphere at temperatures
between 200 and 500°C enhances the rates of carbon monoxide and
hydrogen production, but the amount of radiation required to
observe a significant rate enhancement is excessive.

14. The yields of hydrocarbons from the radiolysis of methane in the
presence of insulating adsorbents are increased by a factor of 10
to 100 compared to the homogeneous radiolysis of methane (on the
basis of the energy absorbed by the methane). However, if the
radiation energy deposited in the solid adsorbent is taken into
account, the overall yields are 10 to 100 times lower than the
yields for homogeneous radiolysis.
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15. The synthesis of hydrocarbons from mixtures of carbon monoxide and
hydrogen by radiolysis in the presence of catalytic adsorbents
should be investigated further.

16. Sugar-like compounds are produced when formaldehyde is irradiated
in the presence of molecular sieves. Production efficiencies,
market values and market sizes for these compounds should be de-
termined to evaluate the potential for this application.

17. Adsorption-irradiation processing may also be applicable to the
removal of hazardous chemicals from dilute vastevaters, the
removal of sulphur compounds from natural gas and the conversion
of alcohols to alkenes.

18. Activated carbon does not appear to enhance the efficiency of
radiolytic decomposition of chloroform in aqueous media.

19. No significant yield of elemental sulphur was observed in the
radiolysis of sulphur dioxide adsorbed on activated carbon.

20. A combined adsorption-irradiation process should have many of the
following features in order to be economically competitive. The
target species should be at low concentration in a liquid stream,
its removal should be highly desirable (because of toxicity, etc.),
it sould undergo a radiation-initiated chain reaction in the
adsorbed phase, and it should adsorb strongly on the adsorbent.
The adsorbent should be an electrical insulator, it should have a
high surface area, it should be stable in the liquid stream, and
it should be relatively inexpensive.
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