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Before we can understand \.he chemistry involved in the

irradiation of complex substances such as food we need

to have some appreciation of the reactions involved and

the products formed when ionising energy interacts with

simple substances such as water and dilute solutions. In

extrapolating the effects from the simple to the complex

we will notice some constant features and some differences.

The first thing that must be said is that under the

conditions used for treatment of foods, ionising energy

interacts only with the outer electrons of atoms, not with

the nucleus. Consequently no radioactivity whatsoever is

induced in the material being irradiated. We are concerned

with chemical changes in the food, not nuclear changes.

A question that needs to be answered is whether the chemical

changes are similar to changes produced by other methods of

food treatment. If unusual compounds are produced, or known

compounds in unusually high amounts, special care is needed

to ensure that these have no undesirable consequences.

The Earliest Processes

In practice only gamma radiation (from 60Co or 137Cs) or

electrons (from electron accelerators of different types)

are used for food irradiation. When a gamma ray passes

through material it produces ionisation (reaction 1) if

sufficient energy is imparted to knock an orbital electron

out of the atom, and excitation (reaction 2) if the electrons

are merely promoted to higher energy levels in the atom.

(1)
(2)



The electrons produced in reaction 1 have sufficient

energy to react with other atoms producing further
ionisation and excitation. These high speed electrons

act in the same way as electrons produced by an electron
accelerator, hence the early reactions are essentially the

same for electron irradiation as for gammas.

The Macroscopic Picture
Cobalt-60 produces gamma rays of two energies (1.33 and
1.17 MeV) and these lose about half their energy in 12cm
of unit density material such as water. On the other hand,
electrons of similar energies penetrate only about 5mm in
unit density material. Consequently ionisation and

excitation produced by gamma irradiation can occur through-
out a material under treatment but that produced by

electron beam irradiation is produced only in about the
first centimetre.

The Microscopic Picture
It is important also to have some understanding of the
microscopic picture. A 1 MeV electron, irrespective of its
method of production, produces as many as 10s ionised species.
On the microscopic scale these species are not uniformly

produced throughout the irradiated zone, but occur in
clusters along the main track of the electron or along
branch tracks produced by secondary and tertiary electrons.
As the electron progressively looses energy (i.e. slows
down) the clusters are formed closer together and begin to
overlap forming dense regions of ionisation surrounded by
an envelope of excitation. Because of the high concentration
many of the species formed in these dense regions react
with each other before they can escape into the bulk
medium where reaction with solutes is possible. The
tendency towards recombination is greater in materials of
low dielectric constant such as organic liquids. In polar
media with high dielectric constants the attractive forces
between the positive and negative ions are weaker, and many
more of the electrons escape and become solvated.



Primary Species in Water and Aqueous Solutions

Since most foods contain from about 40 to 95 percent

water the radiation chemistry of foods is, Lo a large

extent, that of water. We can therefore rewrite equations

1 and 2 as follows:

(3)
H20 ,/XA, - > H20* (4)

After about 10"11 seconds these reactive species have

undergone various reactions to give the following species:

e~(aq), H30
+, IT, "OH, Ha, H202

G value 2.7 2.8 0.55 2.8 0.45 0.7

Although these are not the first species formed they are

called "primary species" since they are the earliest species

taking part in reactions outside the electron tracks

(or spurs) . The amounts of each species formed are

expressed in terms of the G value which is defined as the

number of molecules of product formed for each 100 eV of

energy absorbed. The radical and charged species are

extremely reactive and do not last long. They disappear by

reactions between themselves or with solutes.

Direct and Indirect Reactions

In dilute solutions (<1M) nearly all the radiation is

absorbed by the water; very little by direct action on the

solute itself. Thus the relatively high yield of reactive

species formed from the water may cause severe degradation

of solutes present in low concentration. Quite often there

is a concentration effect, as shown in Figure 1, where the

extent of degradation increases with decreasing concentration.
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This type of effect is evidence of indiruct action, usually
via the solvent, and is in contrast to direct action where
the extent of reaction is proportional to the radiation
dose but independent of the concentration when expressed
in this way. Moreover, because direct effects become

increasingly important at higher concentrations, not only
is the extent of change affected, but the products them-
selves may change also.

Reactions of Primary Species

The primary products of water hydrolysis are both oxidising

and reducing. At one extreme, hydroxyl radicals ('OH) are
strongly oxidising, and at the other, the hydrated electron

(e (aq)) is a very strong reductant. In acid solution
e (aq) is converted to a hydrogen atom (reaction 5).

(aq) H 0
3

H* H20 (5)

which is a weaker reductant. Hence the balance between
oxidation and reduction will depend on conditions of pH, the
presence of electrophilic compounds which will react rapidly
with the hydrated electron, the presence or absence of
oxygen, and the redox potential of metal ions present.



2. Hydrated electrons react with sulfhydryl groups in

foods such as meat (reaction 9)

H+
e ( . + RSH - — » R* + H2S (9)

with possible production of "rotten-egg" odour.

3. Hydrated electrons react with iron-containing heme

proteins, the red pigments in meat. In the absence

of oxygen, hydrated electrons cause changes in the meat

pigment responsible for the colour of cooked meat,

metmyoglobin , from an oxided grey brown colour to a

reduced purplish red. The original colour is restored

by exposure to air and light.

4. Hydrated electrons cause reduction of enzymes by attack

on the protein part of the molecule or, if the enzyme

is a protein complex of a reducible metal such as Mn,

Cu or Fe, on the metal atom.

5. Hydrated electrons react with acids in fruit and

vegetables (reaction 10)

, . + RC-OH — >RC'-OH •—£-*> RC*-OH (10)
\aqj a i i

O 0" OH

Similar reactions with esters and fatty acids occur

only to a minor extent because the hydrated electron is

produced in a different phase. However reactions

could occur via non-solvated electrons in the lipid

phase, and could occur to a significant extent in

micellar systems (i.e. emulsions) . The chemistry of

micellar systems is governed to a large extent by the

charge on the surface of the micelles. The hydrated

electron is unreactive towards micelles carrying the

same charge i.e. to negatively charged micelles

stabilised by fatty acid anions such as oleates,

linoleates and stearates. Reaction with positively



If there are no suitable solutes with which to react the
primary species are eventually removed by reactions
between each other (reactions 6-8)

*OH + 'H (6)

'OH + e (aq)' (7)

(8)

The extent of reactions between primary species is greater
at higher concentrations of these species outside the
spurs, i.e. at higher dose rates.

Reactions Involving Hydrated Electrons
1. Hydrated electrons react with peptide bonds ( -CONH- )

in proteins forming adducts that are readily oxidised.
Reaction rates with proteins depend both on the
chemical structure of the component amino acids and
on the conformation and nature of the protein as a
whole. The latter properties are affected by ionic
strength, pH and temperature. Typical changes in

rate constants for reactions involving e/acf\
proteins are shown in Figures (2) and (3).
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6.

charged or neutral micelles may also be slow
because the electron has to cross a phase boundary.
Generally speaking, reactions in micelles involve

radicals produced in both the water and lipid phases.

Hydrated electrons may react with nitrates and
nitrites present in vegetables and cured meats
(reactions 11, 12)

6 (ag) * N03

(aq)

II
NO2 + OH

H -»• NO + OH

(11)

(12)

Subsequent reaction between nitrous oxide and amines
in the food could lead to production of carcinogenic
nitrosamines. Such reactions are also possible during

cooking of non-irradiated foods (in the frying of
bacon for example) hence it is not a simple matter to
decide whether destruction of residual nitrite by
irradiation is beneficial or not. Nitrites are added

to foods such as bacon, ham, corned beef and frankfurts
to inhibit bacterial growth (in particular, Clostridium
botulinum) and to impart a characteristic colour and
flavour. Because irradiation achieves the first
objective it is sometimes possible to achieve the
second using reduced levels of nitrite or by eliminating
it entirely.

Reactions Involving Hydrogen Atoms

Below about pH4 hydrated electrons are converted to H atoms
(reaction 13)

(ag) H (13)

are present, although

Both are reducing species
and undergo similar reactions, although they may at times

give different volatile products.

Between pH4 and 11 both e . . and H
reactions of e~, ^predominate.



1. Hydrogen atoms react with S-containing amino acids
(reaction 14)

H' + RSH : >• RS* + Ha

(14)

R' + H2S

The radicals produced may then take part in further
reactions.

2. Hydrogen atoms add to unsaturated compounds
(reaction 15)

3. Hydrogen atoms may abstract hydrogen from saturated
compounds (reaction 16)

RH + H* >'R + H2 (16)

Reactions Involving Hydroxyl Radicals

Hydroxyl radicals take part in electron transfer, displacement,
hydrogen abstraction and addition reactions (reactions 17-20)

electron transfer x"+'OH *. X* -I- OH~ (17)

displacement RX+'OH >ROH+X* (18)

hydrogen abstraction RH+*OH >» R'+H20 (19)

addition RH+'OH »-*RH (20)

OH

1. The chlorine radical (Cl*) is produced in saline
medium by transfer of an electron from the chloride ion
to the hydroxyl radical. This radical reacts with
another chloride ion forming a dichloride anion radical
(*C12) which is the oxidising species in saline solutions

(reaction 21).
Cl"

Cl" + *OH *-Cl* + OH~ *• *C1~ (21)



2. Hydroxyl radicals rapidly abstract hydrogen from

amino acids and proteins in the \inr.rotonated form

i.e.

H

OH attack

— COO

In the presence of oxygen, hydroxy and hydroperoxy

derivatives are eventually formed. The extent of

reaction is much less with peptides in the protonated

(i.e. zwitterion) form. As a result the pH

dependence on the reaction rate constant for OH* attack

on aliphatic amino acids is generally as shown in

Figure 4.

J.o8-

10'
8 10 12

pH

Reactions of this type play an important part in the

protection provided by amino acids to radiation

sensitive compounds such as enzymes and vitamins present

in very low concentrations.
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2. Hydroxyl radicals attack sulphydryl groups in sulphur-

containing amino acids and enzymes (reaction 22),

resulting in high sensitivity towards radiation

damage.

RSH + *OH *• H20 + RS' (22)

In the presence of oxygen various reactions leading

to peroxy and hydroperoxy derivatives occur.

3. Hydroxyl radicals preferentially add to aromatic and

heterocyclic rings on amino acids and peptides

containing these residues. Hydrogen abstraction is

secondary in these compounds.

4. Hydrogen abstraction occurs by OH attack on acids and

esters. The radicals formed may subsequently dimerise

or disproportionate. An example of the latter reaction

is the formation of pyruvic acid in irradiated meat

by the disproportionation of radicals from lactic acid.

5. Hydrogen abstraction occurs by OH attack on carbohydrates

(reaction 23)

-_ H OH H
I /OH | | || | ,

*OH + -C-C C C *» -C-C C C (23)
H O H " O H

In oxygenated conditions peroxy and carbonyl compounds
are formed (reaction 24)

OH OH .
I l l i I I I i i i

0,+ -C — C — C-*- C— C — C — C - > C — C — C-— C (24)
2 • T I | I I I I II I I

OH 0. 0
o* +HO;
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6. Addition reactions occur with unsaturated compounds
especially conjugated polyenes. Thus addition
followed by polymerisation may occur with unsaturatcd
oils.

7. Hydroxyl radicals add to aromatic rings forming
cyclohexadienyl radicals (reaction 25)

-OH >. f T (25)

Even when the compound contains aliphatic side chains
reaction is still predominantly with the aromatic ring,

8. The hydroxyl radical adds to ascorbic acid with
subsequent elimination of water from the molecule
(reaction 26)

126}{ }

The ascorbic acid radical reacts giving a variety of

products which may condense with amino acids causing
browning (Maillard reaction).

Oxygen
Oxygen is one of the commonest solutes since aqueous
solutions in contact with air contain dissolved oxygen at a

concentration of 2.6 x lO^M at ambient temperatures.
Oxygen is a diradical and reacts readily with other free

radicals produced by radiolysis. For example it readily
adds to alkyl radicals to give peroxy radicals (reaction 27)

*RH + 02 *• RO'OH (27)
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Another product of oxygen is the superoxide anion radical
("Oj) (reaction 28).

(28)

The reactions of this product are pH dependent because
of the equilibrium

(29)

At pH6 the equilibrium is such that about 7% is in the
HOj form, and at lower pH the amount is correspondingly

greater. Both '0~^ and HOj can undergo a variety of
reactions frequently yielding molecular products such as
hydrogen peroxide. Another possibility is reaction with
peroxy radicals (reaction 30)

ROOH + '0~ + H+ 9» HROOH +02 (30)

The formation of hydroperoxy compounds produces rancid
off-flavours. These can often be prevented or reduced by
vacuum or gas packaging prior to irradiation.

In the absence of oxygen some radical species may recombine
to produce compounds that are not noticeably different from

the original material. However by reacting rapidly with
these radicals oxygen may block these reactions. For
example in the absence of oxygen the irradiation of many
plastic materials causes changes in cross-linking and

unsaturation which, except at high radiation doses, are
insufficient to materially affect appearance and mechanical

properties. However, in the presence of oxygen, main chain
scission may take precedence over cross linking and carbonyl
compounds may be formed leading to discoloration and changes

in surface properties.
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These examples are sufficient to show that oxygen will

react with both primary and secondary radicals, and there-
fore becomes used up unless replaced by diffusion of oxygen

into the system. This condition may be expected after a
radiation dose of about 50 k rad (0.5 KGy) .

Hydrogen Peroxide
It can be seen from the above discussion that hydrogen
peroxide is formed in aqueous media both in the presence and
absence of oxygen. The fate of the hydrogen peroxide varies
according to the conditions. In pure water some is
destroyed by reaction with reducing species (reactions 31-32)

OH~ (31)

H* + H202 • - » *OH + H20 (32)

particularly if escape of hydrogen gas is prevented. Under
these conditions the hydrogen peroxide eventually attains
a steady-state concentration where it is destroyed as fast
as it is formed. If hydrogen is able to escape, reactions

leading to the production of oxygen are favoured, the net
effect being the conversion of water into hydrogen and oxygen.
Similar reactions occur in the presence of trace organic

impurities due to interference by these impurities in
certain radical chain reactions. Alternatively, hydrogen

peroxide may react with solutes causing either oxidation or
reduction depending upon the redox potential of the solute

ions (e.g. reactions 33-34) .

2 + H202 - ** 2Fe3+ + 20H~ (33)

+ H202 - >. 2Ce3+ + 2H+ + 02 (3*)

Oxidation/reduction reactions of Fe are responsible for colour
changes in cooked and/or irradiated meat.
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Protective and Sensitization Agents

Some substances are extremely reactive towards some or

all primary radicals or excited molecules and will
successfully compete with oxygen and other substances
present in higher amounts in reactions with these species.
As a result, these substances are often called scavengers.
If they form relatively unreactive products they will
provide protection to other radiation-sensitive materials
present and generally reduce the extent of radiation damage

in the system. Alternatively, if they form highly reactive
radicals they may lead to enhancement of degradative
reactions.

The ability of a scavenger to compete for reactive species
is determined by its concentration and the rate constant
for the reaction involved. Since rate constants may vary
by a factor of 106 the influence of scavengers may be
substantial. Amino acids and ascorbic acid are common

protective agents in foods.

More Concentrated Solutions
We have seen that in dilute aqueous solutions radiation
chemistry is predominantly the chemistry of the primary
species with each other or with solutes. When the
concentration of solutes exceeds about 10 3M radicals
begin to be scavenged in spurs, and slightly higher
product yieldy are obtained. At concentrations of 10 M
direct effects (i.e. the direct action of radiation on

the solute) may become detectable. Direct effects are
important at solute concentrations above about 1M. There is
much less quantitative information about direct effects
than about indirect effects.
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Non-Aqueous Systems

The sensitivity of organic compounds to ionising radiation,
and the types of reactions involved, vary so widely that
any discussion of them is necessarily general. Whereas
some aromatic compounds are -highly resistant to radiation
others such as olefinic monomers undergo chain reactions
which produce very large changes for relatively low
irradiation doses. Three characteristic features of
reaction in organic, non-aqueous media are discussed.

(i) Geminate recombination of ion-pairs. Because of
greater recombination of the initial positive and

negative ion pair (reaction 35a) G, . , the G value
for production of radical species, is somewhat
lower than in aqueous solutions, usually in the
range 0.1 to 1.0 compared to about 6.5 for water.

(ii) The cage effect. Many of the primary or secondary
radicals formed merely recombine giving the original
material (reaction 35b) . Recombination is assisted
by a cage of solvent molecules surrounding the
radical pair. The effect of this cage is much greater
in the solid or frozen state and is responsible for
the low yields of trapped radicals observed in frozen

materials. A radical has to escape from the cage
before reactions with molecular species can take place

(reaction 35c) .

>M*—^M (35a)

M*-*.[A* + B*]—*M (35b)

(35c)

(iii) Energy transfer. Energy transfer is a process in

which excitational energy absorbed by one component
is transferred to another. In the case of a material M

dissolved in a solvent S, enhancement of reaction
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(i.e. increased degradation in the present context)

will result from the following sequence if G- . is
greater for S than for M (i.e. the potential energy
barrier for formation S radicals is less than for M

radicals)

S* - >• S' + H* (36)

On the other hand, energy .transfer from S to M
results in retardation of reactions (i.e. protection)

(reaction 37)

S* *M* *M (37)

In this case the transferred energy is insufficient
to form M' and the energy is eventually dissipated

without producing reactive species.

Reactions of Radicals in Non-Aqueous Systems
Radicals may react with each other by dimerisation
(reaction 38) and disproportionation (reaction 39).

*RH + *RH *• HR-RH (38)

•RH + 'RH >• R 4- RH2 (39)

The extent of disproportionation relative to dimerisation
is generally higher for more complex radicals. Disproport-

ionation results in a product with a double bond.

Radicals react with molecules by adding to olefinic bonds
(reaction 40), often the first step in a chain reaction, or may

C = ĉ  + *RH » C —CRH (40)

abstract a H atom from the carbon adjacent to a double bond,
with subsequent attack by oxygen leading to formation of

peroxy and hydroperoxy compounds (reaction 41).
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R-CH=CH-CH2-CH=CH-R
1 + *RH

(41)

'Oil. R-CII=CII— Ca-CiI=CIiR ^ 11,0 K-CK=CK— Cii— CII-=Cii-R

OOH 0— 0*

Radicals produced in reaction 41 may also take part in

polymerisation reactions. Reactions of these types lead

to oxidation, rancidity and solidification of unsaturated

oils. Decomposition of hydroperoxides yields a variety of

alcohols, aldehydes, ketones and acids leading to colour

and flavour changes. The irradiation of saturated fats in

the absence of oxygen causes predominantly chain scission

resulting in a variety of hydrocarbons, aldehydes, acids and

esters.

Radical-radical reactions are much faster than radical-

molecule reactions. They generally have low activation

energies and are consequently little affected by changes in

temperature. Hence radical-radical reactions tend to be

favoured by lowering the temperature while radical-molecule

reactions are favoured by raising it.

Comparison of Effects in Food and Model Systems

Examination of the voluminous literature shows that,

generally speaking, the same chemical products are formed

in foods as are formed in dilute solutions or in simple

component substances. There are often however large

quantitative differences. Radiation-sensitive substances

such as amino acids, enzymes, sugars, anti-oxidants,

3 cartotene and vitamins suffer much less degradation in

complex foods than in simple systems. The three main reasons

for this have already been discussed.

Degradation is often greater in dilute solutions because of

the concentration effect (see Figure 1). In foods degradative

changes occur by a combination of direct and indirect reactions.
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Radiation damage is often less in foods because of the
presence of protective substances (scavengers) such as amino
acids, triglycerides and ascorbic acid. Partly purified
enzymes are more radiation resistant than highly purified

enzymes because of the presence of the enzyme substrate
and impurities which react with radicals. The extent of

degradation of the protective agent itself may vary
considerably from one food to another, presumably because
of the presence of other protective substances in some foods.

Radiation damage is also less in foods because foods have
structure which tends to restrict diffusion of reactive
species and localise radiation damage. Reactions between
substances in different phases or separated by cell walls

are inhibited compared to those in homogeneous systems.

Although, as we have said, differences in effects are
generally quantitative rather than qualitative, care is
nevertheless needed in extrapolating findings from dilute
solutions to foods. For example, irradiation of very
dilute solutions of vitamins in water may provide a poor

indication of both the extent and nature of decomposition
reactions in specific foods. The reason is that the primary
products of water radiolysis, namely e~, . , H* and *OH,iaq/
attack the vitamins in the dilute solutions, but in foods
react predominantly with scavengers or the major components
of the food such as carbohydrates and proteins. It may be

the secondary radicals produced in these reactions that
cause most of the decomposition of radiation-sensitive
materials such as vitamins present in very small amounts.
If so, a different range of products will be formed.

Minimising Radiolytic Effects in Foods
Methods used or proposed for minimising radiation effects
in irradiated foods can be discussed in terms of the
radiation chemistry involved. Methods that have been tried
include irradiation in the frozen or dried state, irradiation

in the absence of oxygen, irradiation at high dose rates, and
use of radical scavengers as protective agents.



19

One may expect degradative reactions to be less in the

frozen state because (a) a decreased rate of diffusion

of primary and secondary radicals causes an increase in

the proportion of radicals that recombine and (b) a decrease

in temperature favours radical-radical reactions (i.e. mostly

giving molecular products and terminating kinetic chains)

over radical-molecule reactions (i.e. those causing

degradation of food components). Studies on a variety

of foods show that temperatures of about -30°C or less

are usually required but further reduction of temperature

provides little or no additional benefit. Presumably this

is because at -30°C the diffusion of radicals is effectively

halted, and the radicals become trapped. They eventually

react however during storage or on subsequent warming.

Irradiation in the dried state should significantly reduce

the extent of indirect reactions involving primary species

from water hydrolysis, and increase the extent of direct

reactions which may lead to a different range of products.

In some cases, as in starch for example, water has a

protective effect, presumably by favouring hydrogen atom

abstraction by "OH at the expense of main chain scission.

The presence of oxygen results in production of oxidising

species such as "OH, "02, HO* and H202 and oxidised species

such as peroxy, hydroperoxy and carbonyl compounds.

Oxygen can be excluded by packaging food under vacuum or

inert gas,or removed from sealed packages by metabolic

processes in the food prior to irradiation, or by the action

of the radiation itself. We have seen however that, even

in the absence of oxygen, radiolysis of water produces the

oxidising species "OH and H202 and a similar range of

oxidised species that may lead to flavour changes. With

non-aqueous components such as fat there is no simple

correlation between the presence of oxygen and the extent

of oxidative changes. In some cases fats show less

oxidative change with storage in irradiated foods than in

non-irradiated foods. Interpretation of results of
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different treatments and conditions is complicated by the
fact that oxidative changes take place over periods of

days or weeks following irradiation.

Exclusion of oxygen may enhance reductive processes such
as the reaction of e~, . with sulfhydryl groups on amino

acids and proteins leading to hydrogen sulphide odours.
Thus the benefits of excluding oxygen are uncertain since
the effects vary from one food to another and depend upon
the irradiation dose, the conditions of irradiation and
storage and the storage time.

Irradiation at high dose rates produces high concentrations
of radicals which, in dilute solutions at least, favours
second order radical-radical reactions at the expense of
pseudo first-order radical-solute reactions. Unfortunately
application of the principle to foods generally has not
achieved the desired result. Often there is no noticeable
difference between results for electron irradiation and
those for gamma irradiation, and hence no dose-rate effect.
In other cases somewhat contradictory results are obtained.
One studyffor example, found an inverse relationship between

dose rate and peroxide formation in lard, but a similar
study involving unsaturated fats found this effect to be
temporary, and a few days after irradiation peroxide values
were similar for all dose rates.

Minimisation of flavour and colour changes in irradiated

foods has been attempted by treating foods before or after
irradiation with a wide variety of inorganic and organic
substances. The results are, on the whole, disappointing,
although some success with some foods has been obtained
using ascorbic acid or ascorbate/polyphosphate .dips.

Possibly a better understanding of the basic chemistry may
lead to protective substances for particular foods. These
substances should be reactive towards secondary radicals
produced from major constituents such as carbohydrates and
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proteins/ not just with oxygen and highly reactive primary
species. On the other hand, many foods already contain
natural antioxidants and radical acceptors, and the scope
for increased protection using additives may be limited

by the heterogenicity and cellular structure of the food.
Only further work will tell whether specific agents can be

found or developed that will provide protection against
flavour and odour changes in foods during irradiation and
subsequent storage.


