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SUMMARY

The work described in this thesis is principally
concerned with the environmental fate and analysis of
halogenated hydrocarbons commonly used as insecticidal
fumigants on stored grains and their by-products. The
fumigation of stored products with these volatile
compounds, which has been a common practice for centuries,
is designed to destroy insects infesting the food and the
storage area. The fumigated grains are normally used as
food for human and animal consumption. The chemicals
applied on them are highly toxic and are environmental
hazards. There has been consistent evidence that some of
these chemicals remain associated with foodstuffs as
residues for a long period after treatment and therefore
become a potential risk to human beings and the
environment as a whole.

Environmental pollution, an increasing threat to
the world, is often not directly perceptible and therefore
its protection has become a major goal all over the world.
In attempting to predict the fate of fumigants in cereal
grains, a full understanding of how the many parameters
may influence the physical or chemical interaction of
fumigants with grains or other food commodities and the
ability to detect and determine the residues remaining in
such food is essential to understanding their impact upon
the environment. The effective use of these pesticides

and the control of their contamination of the food supply

- ix -



and the environment, depends heavily on the ability to
detect, identify and quantify them, often in very low
concentrations.

Analytical methods have been developed for the
detection of fumigants as residues on fumigated food
products or in the environment. Such methods served a
variety of purposes; 1) studies designed to determine
optimum fumigation parameters required analytical methods
for investigating the effects of different conditions on
the effectiveness of fumigation, 2) residues methodology
was used to assure that toxic compounds are within
internationally established safe limits before consumption
of the fumigated products by the general public, 3) tests
for fumigant vapours in the atmosphere were needed for the
protection of those persons occupationally exposed to a
fumigated area and its vicinity, 4) studies of the
penetrating power of different compounds aided in
decisions on promising new fumigants, and 5)
investigations into the nature of terminal residues
utilized residue methodology in elucidating the site of
reactions that occur between fumigant and commodity.

The work carried out here is basically a
description of an attempt to meet the main objectives of
the research project discussed in Chapter One, namely; 1)
critical literature review on modern fumigants and methods
of fumigation, 2) envi;onmental fate and reaction of these
fumigants with the constituents of foodstuffs, and 3)

development of a method or methods for fumigant residues



or multiresidue analysis.

Many pesticides have been used on stored grains and
their products for many centuries. However, like any
other sections of technology undergoing revolution, stored
grain pesticides have changed drastically from the most
toxic and persistent organochlorine pesticides to the more
friendly ones like insecticidal fumigants now commercially
used on grains. Although these fumigants are volatile and
easily dissipate away after fumigation, their presence has
been effectively controlled and monitored in order to
reduce their toxicity towards living organisms.

Chapter Two describes a comprehensive review of the
existing literature pertaining to important fumigants and
their method fo application with special reference to
maize and wheat grains and their by-products. The study
which was carried out during the first part of the
research, revealed that only about six insecticidal
fumigants are currently in use largely in tropical
countries. These are the volatile halogenated
hydrocarbons which are applied as vapour to penetrate
through the piles of grains in bulk. These fumigants are
methyl bromide (CH3BI), carbon disulphide (CSZ)’ ethylene
dibromide (C2H4Clz) and ethylene dibromide (C,H,Br

2H4BTy) -
addition, chloroform (CHC13) and carbon tetrachloride

In

(CCl4) are usually added as fire and/or explosive
retardants or to aid in distribution and penetration and
therefore are included as fumigants. Another important

fumigant dichlorvos, a solid on resin strips, has been
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excluded in this study. Further studies reported that
fumigation techniques depend on the chemical used,
prevailing conditions and vary from country to country.

Environmental fate discussed in Chapter Three
illustrated that the fumigants used for fumigation in
storage are not only a public health hazard to those
directly involved in fumigation or other related
occupations but also those beyond the fumigation and
storage premises. These chemicals have been detected in
the air, water and soil especially around the fumigation
area and therefore a great need for their monitoring and
detection in the environment. Much of the literature on
this chapter is based on the food commodity as a
representative of the diverse environment. Methyl bromide
was found to react chemically with wheat constituents with
the formation of inorganic bromide and methylated
products. There was no evidence of any significant
reaction between other fumigants and the constituents of
food.

The bulk of the work was however taken up with the
development of the analytical method or methods suitable
for the detection and quantification of fumigant residues
or multiresidue in grains. Many available methods have
been tested and validated wherever possible. Chapter Four
deals exclusively with developments of methods that are
specifically suitable for single fumigant residues. Three
analytical methods with high precision and good overall

recoveries were developed which allowed the determination
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of such a volatile fumigant as methyl bromide in very low
concentrations. The three methods are the headspace
method, the purge and trap method and the Association of
Analytical Chemist Official first method (AOAC). These
methods were also found to be suitable for simultaneous
multiresidue analysis. With the help of other improved
parameters such as the electron capture detector, the
capillary column and the tenax adsorbent trap, efficient
and sensitive detection with good reproducibility and high
recoveries was observed (Chapter Five).

Chapter Six describes the advantages and
disadvantages of fumigant residues methodology and
evaluation assessment and compares its effectiveness with
other available methods. The underlying fact revealed
that a more broad and integrated method of assessment
which utilises all effective methods is advisable.

Finally, Chapter Seven concludes the findings, with
recommendations for further vigilance and monitoring of
the fumigant residues in the food supply and the
environment. This suggests that, for any meaningful
reduction in the risk from these chemicals and to check
that internationally recommended maximum residue levels
are fully adhered to, determination of fumigant residues
is esseﬁtial before any treated commodity is consumed by

humans or animals.
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CHAPTER ONE

INTRODUCTION AND THESIS OBJECTIVES

1.1 INTRODUCTION

The history of man is the record of a hungry
creature in search of food. Today, around a half billion
of the world's population are hungry and suffering from
malnutrition, and with current high birth rates and the
prolongation of life by the human application of medical
science, the problem of raising sufficient food to meet
all human needs appears to be increasing. This problem is
not new; history is filled with evidence of man's
precarious position in the face of famine and disease.
Much of this trouble has been caused by insects. For as
long as man has been able to gather or produce more food
than he could consume immediately, he has been troubled by
these insect pests and other organisms such as rodents,
birds etc. which eat, contaminate, or otherwise depreciate
it. As man realized the advantages of storing surpluses,
however small, the insects and other living organisms
found veritable mountains of nutritious food. The types
of materials stored, types of storage facilities, length
of storage, and climatic conditions vary, but the basic
problems associated with the preservation of food still
remain from those earliest days.

Storage of grain and other cereal products occur in

many forms and places, e.g., grain bins, mills, bakeries,



homes, grocer's stores, warehouses and mobile storage in
transportation vehicles. Man will always need effective
storage to hold food products safely from one harvest to
the next, to maintain surpluses, usually for several
years, and to transport such goods from places of abundant
harvest to those of demand where warehousing is available
and where retailing and consumption occur. During storage
and in transit, insects infest these commodities and cause
a great deal of losses and damage.

Storage losses from insect attack are often as
great or greater than those sustained by the growing
crops. Moreover, losses in growing crops are frequently
obvious, whereas losses in stored grain are likely to be
insidious. Experienced grain workers cannot detect
internally infested kernels without employing special
techniques. Insect damage to growing crops may be
counterbalanced to some degree by partial recovery of the
damaged plants or increased yield from the survivors, but
insect damage to stored grain is final and without
compensatory adjustments. When the grain is to be used as
human food, losses extend beyond the amount actually
consumed and must include the effects of contamination
from dead insects, odours, webbing, cast skins, and
fragments in the manufacture or processed product. Also,
the losses must include damage resulting from
insect-caused heating and the translocation of moisture,

with subsequent molding and caking.



Estimates of losses to the world's supply of stored
grain from insect damage range from 5 to 10 percent of the
world's production (Grisamore et al., 1991). 1In certain
tropical and subtropical countries, estimates are higher.
Destruction of food by stored grain insects is a major
factor responsible for the low levels of subsistence in
many tropical countries especially in Africa. 1In Kenya,
for example, approximately 3.03 million tonnes of maize
are produced annually. In December 1991, national maize
consumption had outstripped the annual production by more
than 2.5 million bags which necessitated some importation
of grain. A substantial amount of this reduction has been
blamed on the increasing high birth rate of about 4
percent annually. There is also concrete evidence to
suggest that insect infestation which increased to about
30 percent contributed highly to this overall reduction
(Ng'weno et al., 1992). 1If these losses could be
prevented, it would alleviate much of the food shortages
in the famine areas of the world.

In many developing countries today, the rate of
population growth is such that these countries face
difficulties in producing sufficient food for their
people. Agricultural practice is still subsistence in
nature and the little that is produced is inadequately
stored with the result that a significant proportion of
the harvest may be lost in storage. This necessitated
therefore, a need to protect these essential commodities

in order to be more self-reliant with regard to food.



Grain protection has been in practice for centuries
in the tropics. Earlier protection included use of
materials such as ash and dry neem leaves, which probably
acted as an abrasive and repellent respectively (Singh and
Benazet, 1974). 1In the late 1940's, the concept of
synthetic chemical control was established and spread
during the 1950's. It gradually evolved from mixing of
BHC and DDT dust to approved products such as the
application of malathion and phosphine. During this
period research on relative efficacy of various chemicals
and fumigants under tropical storage conditions was also
conducted. Hence, the development of the insecticidal
fumigants nowadays used as pesticides.

The term pesticide is used generally to include all
toxic chemicals used in the control of undesirable
illness-producing or economically inacceptable insects,
plants, fungi, rodents, nematodes and other pests.
Practically, they are considered to be substances or
mixtures of substances intended for preventing,
destroying, repelling or discouraging anything considered
to be a pest, and any substance or mixture of substances
intended for use as a plant reqgulator, defoliant or
dessicator. Generally, pesticides form into three main
groups, namely; insecticides, herbicides and fungicides.
Insecticides are much used and sometimes misused in many
tropical regions and therefore represent the topic of
discussion in this project. Insecticides are further

classified into different subgroups, namely;



organochlorines (OC's), organophosphates (OP's),
carbamates and fumigants. As people become aware of the
dangers caused by most of the much used highly toxic
insecticides, greater emphasis has shifted to lesser toxic
or less persistent chemicals such as the fumigants which
leave very little or no residue in foodstuffs.

Fumigants (from latin "fumus" or smoke) are gaseous
pesticides. Hence, a fumigant can be defined as a
chemical that can exist in the gaseous state in sufficient
concentration at a required temperature and pressure to be
lethal to a given pest organism. The ability to protect
stored foodstuffs from attack by insects and mites using
toxic volatile gases has been recognised since the end of
the last century, when hydrogen cyanide (HCN) and carbon
disulphide (CSZ) were two of the earliest compounds used.
Other chemicals such as ethylene oxide and methyl bromide
are lethal to a wide range of pest organisms and were
introduced as both fumigants and sterilants. Most
fumigants are readily available volatile industrial
solvents, chemical intermediates, or gases that have,
until recently, escaped the stringent evaluation now
required before modern pesticides are accepted for general
use. However, concern regarding the effect of a wide
range of contaminants in the environment has resulted in
fumigants increasingly coming under scrutiny, and concern
about the undesirable toxicological properties of many
halogenated hydrocarbons has increased pressure to phase

out and replace many of the existing fumigants. Those



used today vary from country to country and with climatic
region but some such as gaseous methyl bromide, liquids -
carbon disulphide, carbon tetrachloride, ethylene

dichloride, and ethylene dibromide and solids - Dichlorvos

(DDVP) are generally common.

1.2 ENVIRONMENTAL FATE

The central theme of the continuing public
controversy over pesticides has been the detectable
presence of residues in the environment particularly in
food. Consumers demand that these residues be kept, at
least, to a minimum. The residues remaining in food and
animal feeds have received most attention in the pesticide
residue field, particularly from the public health
viewpoint. This is probably as it should be because food
represents the most common route of exposure to pesticides
that most people experience.

During the course of fumigation, vapour is absorbed
by food, by the fabric and structure of buildings, or by
soil. As fumigants may be employed at concentrations
approaching their saturated vapour pressure, sorption of
vapour under such circumstances can be considerable. With
volatile compounds such as methyl bromide, sorption is
much lower and will depend on many factors, including the
properties of the compounds used, ambient temperature, and
the commodity being treated and its moisture or lipid
content as well as its physical condition. However, after
treatment with any fumigant, varying amounts of the
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parent fumigant will be held strongly by the commodity for
a considerable period after removal of vapour from the
surrounding airspace. The rate at which this vapour is
lost will depend on the volatility and reactivity of the
fumigant, the temperature, and the properties and
composition of the fumigated products (Scudamore, 1988).

The wide use of organic fumigants for control of
insect infestation during storage of grains and their
by-products has caused some concern that residues of the
parent fumigants may remain in the food long after
application. The volatility of these compounds suggests
that they should rapidly dissipate. However, because of
their toxicity more positive proof of their absence is
desirable.

A fumigant residue is the amount of original or
unchanged gas or vapour (parent molecule), or degradation
product, metabolite, adduct or conjugate thereof
(offspring molecule) that remains on or in a substrate
(animal, plant or mineral product) after application of a
fumigant. It should be noted that toxicity as such is not
mentioned, although it is known that the parent molecule
or its offspring derivative must be toxic to the
metabolism of insects, mites, nematodes, etc. to be
effective. Nevertheless, depending on the nature and the
amount of the fumigant derivative, fumigant residues may
not be toxic to mammalian or plant systems. Thus, by
chemical transformation (photodecomposition, enzymatic

hydrolysis, biodegradation), fumigant residues may be



converted to inorganic compounds with minimal mammalian or
plant toxicity, although there might be other factors in
the toxicity syndrome.

Sorption phenomena influences fumigant behaviour
and fumigant residues. Sorption may be: (a) physical in
nature, and is mainly due to adsorption, whereby the gas
molecules are held by surface (Van de Waals) forces to a
solid or liquid surface, and may subsequently be desorbed,
the rate of desorption depending on the intensity of the
surface forces; or (b) chemical in nature, involving
covalent interlocks or bonding, which are permanent.

Thus, in addition to miscellaneous fumigant fission
(decomposition) products resulting from hydrolysis,
oxidation, reduction and other biodegradation mechanisms,
there might be physically bound residues, which are
reversible, temporary, non-specific with respect to target
or substrate which generally reach a maximum rapidly, are
sorbed more rapidly at lower temperatures, and can be
desorbed by solvents, reduced pressure, increased
temperature or prolonged aeration. Chemically bound
residues, which are irreversible, permanent, specific with
respect to substrate, and increase with temperature and
reaction time (contact or exposure period). The nature of
the substrate is important. At low concentrations, the
amount of gas chemisorbed is a direct function of applied
concentration. Depending on the environmental conditions,
all fumigants show chemisorption capabilities to some

extent. It is conceivable that chemisorption has a role



in detoxification and in resistance of some test species
to fumigants. It is not possible presently to estimate
the extent to which chemisorption occurs in fumigation,
because the criteria to fit all cases are impractical to
assess due to the wide diversity in environmental
conditions.

Residues remaining after treatment may therefore be
classified as (1) unchanged fumigant, physically bound to
the commodity; (2) simple reaction products; (3) products
due to modification of constituents of the fumigated
products, such as those resulting from methylation or
alkylation of protein, amino acids and vitamins; or (4)
other compounds present in the original formulation either
as impurities or added intentionally, such as warning
agents. The relative importance of each type of residue
will depend on the fumigant, but chemical reactivity can
result in undesirable effects of economic importance such
as the occurrence of off-odours, taints, and loss in the
viability of seeds.

Apart from food, these pesticides have also been
detected in water, air and soil, which are collectively
termed as environment in this project. 1In carrying out a
general fumigation of a building, sufficient gas to kill
the insects must be liberated into the free space and then
maintained at the toxic level for a defined period of
time. After the treatment, the residual gas remaining in
the building is dispersed into the environment outside the

mill or fumigation chamber. The normal procedure for



aeration involves either opening doors and windows to
allow the gas to diffuse or the operation of exhaust fans
to blow it outside the mill. Thus, the residual fumigant
can be quickly diluted to low concentrations by mixing
with the outside atmosphere. The rate of the dispersal
and diluting process is thought to be rapid because of the
great amount of space into which the gas is liberated.
However, the question of dispersing the toxic gas into the
environment, where it might pose a hazard to human beings
and other natural living organisms has been a subject of
great concern for a long time. One of the main questions
is whether the gas does disperse as rapidly as has been
assumed or whether it flows out of the buildings in
plume-like currents without appreciable dilution to create
a potential hazard. This concern has pointed out the need
for information on the levels of fumigants that occur in
the atmosphere in and around buildings during a fumigation
treatment and to ascertain their general fate beyond the
walls of the premises.

To check for the recommended level of these toxic
chemicals in the environment, effective methods of
analysis must be developed and/or validated in order to be
able to detect these very volatile compounds in very
minute quantities. It has proved difficult to develop a
successful method or methods for more than a few fumigants
because of the wide range in their boiling points and the
differences in their physical and chemical properties.

However, a number of methods have been reported for the
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simultaneous determination of usually about four or five

fumigants.

1.3 THESIS OBJECTIVES

Analysis of pesticides falls generally into three
areas; (1) pesticide residues in the environment
(Environmental); (2) on-stream analysis in the
manufacturing process (Quality control); and (3) analysis
of developmental and/or experimental compounds
(Formulation analysis or Research and Development). The
most important and difficult of these probably are the
analysis of residues because of the nature of the samples
and the need for detection in very low concentrations i.e.
parts per billion (ppb) or less. Research in the
pesticide residue field currently falls into three main
categories; (a) methodology, (b) metabolism studies, and
(c) dissipation relationships. 1In the past few years,
there has been a tremendous upsurge in research on all
phases of pesticide methodology including extraction,
clean-up detection, identification, and quantification.
The emphasis on improved methodology will undoubtedly
continue in the future since pesticide metabolism and
dissipation studies are wholly dependent on sound
methodology.

In the protection of stored food, particularly
grain, against loss or deterioration due to insect damage,
some millions of tonnes of product are treated with
chemical agents throughout the world each year. The
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application of insecticidal fumigants as grain
protectants, is a well-established practice that, properly
carried out, leaves only residues which conform with
internationally agreed tolerances. The exact treatment of
such consignments is often known and, in addition,
government and public authorities carry out analytical
surveys to ensure that these limits are not exceeded.
Fumigation of foodstuffs is, however, frequently carried
out on an ad-hoc basis, as a means of controlling an
infestation which has already built up. It may be
necessary to treat bulk stores more than once,
particularly in tropical climates, and alternative
fumigants may be used. Many of these compounds, although
exerting their main effect in the vapour phase, are
applied as liquids by spraying.

In contrast to the controlled application of solid
insecticides, fumigants, particularly liquid formulations,
are applied in quantities which, if they remained in
indefinite association with the foodstuffs would be
deleterious to health since they are in almost all cases
mammalian poisons. However, precise dosages are
recommended and particular treatments should be carried
out on the basis that adequate time and aeration or
processing before consumption will allow the removal of,
ideally, the whole of the remaining fumigant by
volatilization and diffusion, or by breakdown to harmless
compounds. Nevertheless, the uncertain fumigation

treatment of many consignments moving in international
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trade and indeed, the lack of knowledge concerning
post-treatment handling after farm or warehouse fumigation
of stored produce in the country of consumption presents a
situation in which it is desirable that means should be
available for monitoring amounts of residual fumigant
present in all kinds of foodstuffs at the time of
consumption by humans or animals or at some convenient
earlier stage. A number of working parties in residues
analysis reported that further work was required on the
development of general schemes of analysis for unknown
residues of insecticides and on the need for simpler means
for independent and unambiguous identification of, among
others, unchanged halogenated fumigant residues in these
foodstuffs.

The range of boiling points of the fumigant
normally used, is wide and, in general, the higher the
boiling point, the more likely is the fumigant to remain
associated with the commodity for a long period after
treatment, though other factors such as physical
adsorption, lipid solubility and chemical stability play
their part. As an example, ethylene dibromide, (B.P.
131°C) a component of liquid formulations, has been known
to remain for at least three or more months after
application, this initiated its banning by the United
Nations in 1984 (Anon, 1984).

To make sure that limits recommended by national
and international governments and agencies are routinely

and correctly adhered to, methods to analyse these
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residues must be developed and validated in order to
protect the consumer and the environment as a whole. The
main objectives of this thesis are therefore; (1) to
critically review the existing literature on fumigant
residues in maize and wheat, which are both major basic
foods in Kenya, (2) to develop and/or validate a method or
methods suitable for general residue or multiresidue
analysis and appraise, evaluate and modify wherever
necessary the currently accepted methods of analysis under
conditions available in Kenya, (3) to determine whether
fumigant residues accumulate in food (grains) and to
determine the extent of the residues in the grain and its
by-products, and (4) to carefully study the metabolism,
environmental fate and interactions of these chemicals in

the food chain.



CHAPTER TWO

FUMIGANTS AND FUMIGATION

2.1 INTRODUCTION

In modern terminology, as discussed in Chapter One,
a fumigant is a chemical which, at a required temperature
and pressure, can exist in the gaseous state in sufficient
concentration to be lethal to a given pest organism. This
definition implies that a fumigant acts as a gas in the
strictest sense of the word.

This definition excludes aerosols, which are
particulate suspensions of liquids or solids despersed in
air, and which are popularly referred to as smokes, fogs
or mists. It is important to make this distinction at the
outset because it emphasizes one of the most important and
useful properties of fumigants: as gases they diffuse as
separate molecules. This enables them to penetrate into
the material being fumigated and to diffuse away
afterwards.

Fumigants are widely used for the control of
insects and other animal pests that infest on stored
grains and their by-products. This may be attributed
largely to the great adaptability of the fumigation
technique.

In many cases, fumigation is carried out on
infested grains without disturbing it in any way such as

in storage as in silos or warehouses, in railway cars,
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motor trucks, ships or barges. The development of
lightweight plastic sheets, such as those made from
polyethylene, has extended the use of gastight tarpaulins
or tents for fumigating large piles of grains. Entire
buildings can be completely covered and treated
simultaneously inside and out.

Fumigation does not require highly skilled
personnel unless complicated machinery is used, such as
vacuum fumigation chambers or equipment for large-scale
recirculation of gases through grain in permanent
installations. For most operations, the qualities
required are reasonable physical fitness, mental
alertness, and the ability both to understand verbal or
written instructions and to follow these out carefully and
intelligently. In this field, physical fitness includes
absence of any repiratory trouble which might make the
operator unduly susceptible to the effect of gases. 1In
many operations involving field applications, much of the
work may be done by relatively unskilled people working
under competent and well-trained foremen.

This chapter deals principally with the use of
fumigants as insecticides used in grain protection. The
control of birds and mammalian pests is also briefly
mentioned in connection with certain individual fumigants.
Soil fumigation and control of nematodes which is mainly
an aspect of soil fumigation is totally excluded since it
is usually taken as a complete separate subject. The

currently marketed fumigants are introduced and discussed
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and the act of fumigation is summarized.

2.2 PRINCIPLES OF FUMIGATION

2.2.1 cChoice of fumigant

There are many chemical compounds which are
volatile at ordinary temperatures and sufficiently toxic
to fall within the definition of fumigants. In actual
practice, however, most gases have been eliminated on
account of unfavourable properties, the most important
being chemical instability and destructive effects on
materials. Damage to materials may take place in several

ways, as follows:

1 Excessively corrosive compounds attack shipping
containers or spoil the structure and fittings of
fumigation chambers or other spaces undergoing

treatment.

2 Reactive chemicals form irreversible compounds which
remain as undesirable residues in products. In
foodstuffs, as it will be seen later in this thesis,
such reactions may lead to taint or the formation of
poisonous residues. Other materials may be rendered
unfit by visible staining or by the production of

unpleasant odours.

3 Physiologically active compounds may adversely affect

the germination of seeds.



Highly flammable compounds are not necessarily
excluded if dangers or fire and explosion can be
controlled by the addition of other suitable compounds, or
if fumigation procedures are carefully designed to
eliminate these hazards. Toxicity to human beings is not
usually a cause for exclusion. All known fumigants are
toxic to man to a greater or lesser degree, and ways can
be devised for their safe handling under the required
conditions of application. Table 2.1 below lists six
common fumigants used in this project and which are part
of the limited number of insecticidal fumigants in common
use today. Many of the fumigants used today do, in fact,
exhibit one or more of the undesirable properties
discussed above. This fact shows that the ideal fumigant
has not as yet been found, and it is quite probable that
it never will be. Nevertheless, these fumigants are
highly useful in their own particular spheres of

application. (Anon, 1969).

2.2.2 Evaporation of fumigants

The Boiling Point of different chemical compounds
generally rises with the increase of molecular weights.
This generalization is borne out by data for the six most
commonly used fumigants shown in Figure 2.1, where
molecular weights are plotted against boiling points. The
relationship stated above holds very well except for
methyl bromide, and it demonstrates that important
compounds such as carbon tetrachloride or ethylene
dibromide will evaporate very slowly under practical
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Table 2.1 Essential properties of fumigant commonly used for insect control in stored grains

(Source: Anon, 1969)

Name Boiling Point Solubility Flammability Commodities

and Molecular (at 760 mm in Water by Volume Treated and

Formula Weight pressure) (g/L) in Air Remarks

Methyl bromide 94.95 4.0 13.4 at non- General

(CHsBr) 25°C fLlammable Fumigant

Carbon 76.13 46.0 2.2 at 1.25-44 Grain - as

disulphide 22°C ingredient of

(Csz) nonflammable
mixtures

Chloroform 119.38 61.0 1.49 at non- Used mainly with

(CHCL3) 15°cC flammable other fumigants to
aid in penetration
and distribution

Carbon 153.84 77.0 0.8 at non- Used chiefly in

Tetrachloride 20°c flammable mixture with

(CCL4) flammable compounds
in grain fumigation
to reduce fire
hazard and aid
distribution

Ethylene 98.17 83.0 8.7 at 6-16 Seeds and grains.

dichloride 20°c Usually mixed with

(CHZCl.CHZCL) Ccl4

Ethylene 187.88 131.0 4.3 at non- General

dibromide 30°c flammable fumigant

(CHzﬁr.CHZBr)




fumigating conditions. If the highest possible
concentrations are required at the beginning of the
fumigation with such compounds, more rapid volatilization
will have to be effected in some way.

Figure 2.1 shows that, from the physical
standpoint, fumigants may be divided into two main groups
according to whether they boil above or below room or
moderate outdoor temperatures (20°C to 25°C). The low
Boiling Point fumigants, such as methyl bromide, may be
referred to as gaseous-type fumigants. These are normally
kept in cylinders or cans designed to withstand the
pressure exerted by the gas at the highest indoor or
outdoor temperatures likely to be encountered.

The second main group of fumigants contains those
with high boiling points; these are usually described as
liquid-type or solid-type according to the form in which
they are shipped and handled. 1In some kinds of work, such
as grain fumigation, the slow evaporation of certain
liquids is an advantage because the initial flow leads to
a better distribution of the gas subsequently volatilized.
In other applications where personnel have to distribute
the fumigants, slow evaporation of the liquids or solids

makes them safer to handle. (Anon, 1969).

2.2.2.1 Maximum concentrations

The maximum weight of a chemical that can exist as
a gas in a given space is dependent on the molecular
weight of that chemical. This fact, implicit in the
well-known hypothesis of Avogadro, has an important
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Boiling point

Figure 2.1 Relationship between molecular weight
and boiling point of important fumigants.
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practical application. It is useless attempting to
volatilize in an empty chamber more fumigant than can
exist in the vapour form. Table 2.2 shows the maximum
amounts of the more important fumigants that can be
vaporized in a given space. It will be noted that the
fumigants with low boiling points, such as methyl bromide,
may be released in large amounts compared with high
boiling point compounds, such as ethylene dibromide. The
data in Table 2.2, while useful for comparative purposes,
apply only to empty spaces. Sorption of the fumigant by
the material treated in a given space will permit greater
amounts to be volatilized. Nevertheless, the figures
given will still apply to the amount which can exist as
vapour in the free air space surrounding the fumigated

material. (Anon, 1969).

2.2.2.2 Latent heat of vaporization

Unless it is sustained by warming from an outside
source, the temperature of an evaporating liquid
constantly drops owing to the fall in energy caused by the
escape of molecules with greater than average energy.
Thus, evaporation takes place at the expense of the total
heat energy of the liquid. The number of calories lost in
the formation of one gramme of vapour is called the latent
heat of vaporization of the liquid. Some fumigants have
higher latent heats than others.

The factor of latent heat is of important practical
significance. The high pressure fumigants, such as methyl
bromide, are usually kept under pressure in suitable
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cylinders or cans. On release into the atmosphere,
volatilization takes place rapidly and unless the lost
heat is restored, the temperature of the fumigant may fall
below the boiling point, and gas may cease to be evolved.
Also, as the liquid changing to gas is led through metal
pipes and tubes, or rubber tubing, the fall in temperature
may freeze the fumigant in the lines and prevent its
further passage. In many applications it is advisable to
apply heat to the fumigant as it passes from the container
into the fumigation space.

Fumigants that are liquids at normal temperatures
and are volatilized from evaporating pans or vaporizing
nozzles, may require a source of heat, such as a hot
plate, in order that full concentrations be achieved

rapidly.

2.2.3 Diffusion and penetration

As stated earlier, fumigants are used because they
can form insecticidal concentrations: (a) within open
structures, or (b) inside commodities and in cracks and
crevices into which other insecticides penetrate with
difficulty or not at all. Hence, it is necessary to study
the factors that influence the diffusion of gases in every
part of a fumigation system. This study includes the
behaviour of fumigants both in empty spaces and also in
structures loaded with materials into which the gas is

required to penetrate. (Anon, 1969).
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2.2.3.1 Law of diffusion

Graham's Law of diffusion of gases states that the
velocity of diffusion of a gas is inversely proportional
to the square root of its density. Also the densities of
gases are proportional to their molecular weights.
Therefore, a heavier gas, such as ethylene dibromide, will
diffuse more slowly throughout an open space than a
lighter one, like methyl bromide. While this basic law is
of importance, especially for empty space fumigations, the
movement of gases in contact with any internal surface of
the structure or within any contained materials is greatly
modified by the factor of sorption discussed later.

The rate of diffusion is also directly related to
temperature, so that a given gas will diffuse more quickly

in hot air than in cold air. (Anon, 1969).

2.2.3.2 Specific gravity and distribution

Many of the commonly used fumigants are heavier
than air. If a gas heavier than air is introduced into a
chamber filled with air, and it is not agitated by fans or
other means, it will sink to the bottom and form a layer
below the air. The rate of mixing between the two layers
may be very slow.

In good fumigation practice, settling or
stratification is not encountered. This is because a
proper fumigation makes provision for such distribution of
the gas from the very beginning of the treatment. This is
ensured by employing singly or in suitable combination:
(a) multiple gas inlets, (b) fans or blowers, and (c)
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circulation by means of ducts and pipes.

Contrary to popular belief, once a gas or number of
gases heavier than air have been thoroughly mixed with
the air in a space, settling out or stratification of the
heavier components takes place very slowly; so slowly, in
fact, that once a proper mixture with air has been
secured, the problem of stratification of a heavier-than-
air fumigant is of no practical importance for the

exposure periods commonly used in fumigation work.

2.2.3.3 Sorption

A most important factor affecting the action of
fumigants is the phenomenon known as sorption. It is not
possible in this chapter to give a complete explanation of
sorption because the interaction of all forces involved is
complex. Fortunately, for the purpose of understanding
fumigation practice, it is possible to give a general
account of the important factors concerned.

In the relationship of gases to solids, sorption is
the term used to describe the total uptake of gas
resulting from the attraction and retention of the
molecules by any solid material present in the system.
Such action removes some of the molecules of the gas from
the free space so that they are no longer able to diffuse
freely throughout the system or to penetrate further into
the interstices of the material. In fumigation practices,
collision with air molecules tends to slow down gaseous
diffusion through the grain material, and sorption takes
place gradually. Thus, there is a progressive rather
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than immediate lowering of the concentrations of the gas
in the free space. This gradual fall in concentration is
illustrated in the graphs in Figure 2.2a and 2.2b. The
curves of each of the two compounds show clearly the
differences in degree of sorption of the fumigants by the
same load in the chamber. Throughout the exposure period
of six hours, the fall in concentration of methyl bromide
(Figure 2.2a) was proportionately less compared with that
of ethylene dibromide (Figure 2.2b), both in the empty
chamber and with the two loads of grains. This was due to
the fact that the internal surface of the chambers and the
loads of grains both sorbed less of the methyl bromide
than of ethylene dibromide in proportion to the applied
dosage. Sorption under a given set of conditions
determines the dosage to be applied, because the amount of
fumigants used must be sufficient both to satisfy the
total sorption during treatment and also to leave enough
free gas to kill the pest organisms (Methodology: Ch. 4).
The general term sorption covers the phenomena of
adsorption and absorption. These two are reversible
because the forces involved, often referred to as van der
Waal's forces, are weak. On the other hand, a stronger
bonding called chemisorption usually results in chemical
reaction between the gas and the material (grain) and is

irreversible under ordinary circumstances (Berck, 1975b).

2.2.3.4 Physical sorption

From the point of view of practical fumigation,
adsorption and absorption, being both physical in nature
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and reversible, may be discussed in this chapter under
the§heading of physical sorption. However, it is
necessary to make some distinction between them at the
outset because the forces involved may be less with
adsorption than with absorption.

Stated briefly, adsorption is said to occur when
molecules of a gas remain attached to the surface of a
grain. Absorption occurs when the gas enters the solid or
liquid phase, such as the aqueous phase of grain, and is
held by capillary forces that govern the properties of
solutions. Physical sorption, considered generally, is an
extremely important factor affecting the successful
outcome of fumigations. Apart from specific reactions
between certain gases and commodities, it may be stated as
a general rule that those fumigants with higher boiling
points tend to be more highly sorbed that the more
volatile compounds. This is illustrated, as was seen, in
the graphs in Figure 2.2a and 2.2b; with this particular
load there is greater sorption of ethylene dibromide
(boiling point 131°C) than of methyl bromide (boiling
point 4.0°C) (Methodology derived from Chapter 4).

Physical sorption varies inversely as the
temperature, and is thus greater at lower temperatures.
This fact has important practical applications. It is one
of the reasons why dosages have to be progressively
increased as the temperature of fumigation is lowered

(Figure 2.3). (Methodology derived from Chapter 4).
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Sorption may also be influenced by the moisture
content of the commodity being fumigated. This was
demonstrated by Lindgren et al. (1968) in the fumigation
of a number of foodstuffs with methyl bromide; at higher
moisture contents more fumigant was sorbed. This effect
may be important with fumigants which are soluble in water
to any significant degree.

The specific physical reaction between a given gas
and a given commodity cannot be accurately predicted from
known laws and generalizations. Usually, a certain
fumigant must be tested with each material concerned

before a recommendation for treatment can be drawn up.

2.2.3.5 Desorption

When treatment of grains is completed and the
system is ventilated to remove the fumigant from the space
and the grain, the fumigant slowly diffuses from grain.
This process is called desorption and is the reverse of
physical sorption with the common fumigants and the
commodities usually treated, residual vapours are
completely dissipated within reasonable periods, although
the length of time varies considerably according to the
gas used and the material treated. Because of the inverse
effect of temperature, dissipation takes place more slowly
when the commodity or material is cold, and loss of
residual fumigant may be hastened by warming the space and
its contents. Also, removal of the gas may be speeded up
artificially by employing fans and blowers to force fresh
air through the commodity. Natural ventilation may be
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quickened by taking the goods out of doors where
advantage may be taken of wind, thermal air currents, and
in tropical countries like Kenya, the warming effect of
sunlight.

An amount of the fumigant, usually very small but
perhaps harmful to human beings and animals will not be
desorbed because it will react chemically with the grain
constituents. It is this amount, left behind in
foodstuffs that this project will be dealing with

quantitatively.

2.2.3.6 Chemical reaction

If chemical reaction takes place between the gas
and the grain constituents new compounds are formed. This
reaction is usually characterized by specificity and
irreversibility. If the reaction is irreversible,
permanent residues are formed. Example is the appearance
of inorganic bromide compounds after treatment of some
foodstuffs with methyl bromide (Page et al., 1989).

Because this type of reaction is essentially
chemical it may be expected that its intensity varies
directly with the temperature. Lindgren et al. (1968)
found an increase in the bromide content of wheat as the
temperature during fumigation rose from 10° to 32°C. This

will be demonstrated further in the coming chapters.
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2.2.4 Significance of residues in foods

2.2.4.1 Maximum residue levels

In recent years attention has been focused on the
nature and possible effects on human beings of
insecticidal residues appearing in foodstuffs. World-wide
interest in this problem is reflected in the fact that
international organizations such as the Food and
Agricultural Organization of the United Nations (FAO) and
the World Health Organization (WHO) have set up special
committees to investigate and report on the nature and
significance of residues formed in foodstuffs as the
result of the application of pesticides at different
stages as in storage and transporation prior to human
consumption. These special committees review a number of
pertinent factors involved in the use of each pesticide.
Important factors, among others, are the toxicological
significance of any residues formed and the average
fraction of the total diet likely to be constituted by a
food containing this residue. Through the Codex
Alimentarius Committee these organizations undertake "to
recommend international maximum residue levels for
pesticide residues in specific food products".

Such recommendations are not binding on member
nations of these organizations but are intended to be used
as guides when particular countries are formulating their
own regulations for pesticide maximum residue levels.

The following definitions of the terms used in work
on pesticide residues are given by the joint FAO/WHO
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Committee on Pesticide Residues: (Anon, 1983)

1)

2)

3)

4)

5)

Residue: A pesticide chemical, its derivatives and
adjuvants in or on plant or animal. Residues are
expressed as parts per million (ppm) based on fresh
weight of the sample.

Food factor: The average fraction of the total diet
made up by the food or class of foods under

discussion.

Aceptable daily intake: The daily dosage of a chemical
which, during an entire lifetime, appears to be without
appreciable risk on the basis of all the facts known at
the time. "Without appreciable risk" is taken to mean
the practical certainty that injury will not result
even after a lifetime of exposure. The acceptable
daily intake is expressed in milligrammes of the
chemical, as it appears in the food, per kilogramme of
body weight (mg/kg/bw).

Permissible level: The permissible concentration of a
residue in or on a food when first offered for
consumption, calculated from the acceptable daily
intake, the food factor, and the average weight of the
consumer. The permissible level is expressed in ppm of
the fresh weight of the food.

Maximum residue level (tolerance): The permitted
concentration of a residue in or on a food, derived by
taking into account the range of residue actually
remaining when the food is first offered for

consumption (following good agricultural practice) and
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the permissible level. The MRL is also expressed in
ppm. It is never greater than the permissible level
for the food in question and is usually smaller.

Many of the fumigants used today form hazardous
residues when used on foodstuffs for insect control. The
nature and significance of any residues formed during the
treatment of grains will be mentioned briefly under the
heading of each particular fumigant (Section 2.4) and

discussed further in Chapter Three.

2.2.5 Dosages and concentrations

There should be a clear understanding of the
difference between dosage and concentration. The dosage
is the amount of fumigant applied, and is usually
expressed as weight of the chemical per volume of space
treated. In grain treatments, liquid-type fumigants are
often used, and the dosage may be expressed as volume of
liquid (litres or gallons) to a given volume (amount of
grain given as litres or bushels) or sometimes to a given
weight (metric tons or tons). (Anon, 1969).

From the moment that a given dosage enters the
structure being fumigated, molecules of gas are
progressively lost from the free space either by the
process of sorption and solution described earlier, or by
actual leakage from the system, if this occurs. The
concentration is the actual amount of fumigant present in
the air space in any selected part of the fumigation
system at any given time. The concentration is usually
determined by taking samples from required points and
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analysing them. It may thus be said that the dosage is
always known, because it is a predetermined quantity.
Concentration has to be determined because it varies in
time and position according to the many modifying factors
encountered in fumigation work.

There are three methods of expressing gas
concentrations in air: weight per volume, parts by volume,

and percent by volume.

2.2.5.1 Weight per volume

For practical designation of dosages, this is the
most convenient method because both factors - the weight
of the fumigant and the volume of the space - can be
easily determined. In countries using the metric system,
this is usually expressed in grammes per cubic metre
(g/m3), whereas in countries using the British system of
weights and measures, expression is usually in terms of
pounds per 1000 cubic feet (lb/lOOOft3).

In reports of laboratory experiments, dosages and
concentrations are usually given in milligrammes per litre
(mg/l), equivalent to grammes per cubic metre.
Meésurements in this project will be in metric systems

unless otherwise stated. (Anon, 1969).

2.2.5.2 Parts or percent by volume

Parts by volume and percent by volume will be
discussed here together because both modes of expression
give the relative numbers of molecules of gas present in a

given volume of air. The values for both modes have the
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same digits, but the decimal points are in different
places (3475 parts per million by volume of a gas is the
same as 0.3475 percent by volume). (Anon, 1969).

Parts per million of gases in air are used in human
and mammalian toxicology and in applied industrial
hygiene. Percent by volume is used in expressing the

flammability and explosive limits of gases in air.

2.2.5.3 Concentration x time products

In the past, most fumigation treatments have been
recommended on the basis of a dosage given as the weight
of chemical required for a certain space - expressed as
grammes per cubic metre or pounds per 1,000 cubic feet, or
as volume of liquid applied to a certain weight of
material - expressed as litres per kilogramme or gallons
per 1000 bushels. Usually this designation of dosage is
followed by a statement of the length of the treatment in
hours and the temperature at which the schedule will
apply. While such recommendations may be based on
treatments that have proved successful under certain
conditions, they do not take into account the fact that
certain factors may modify the concentrations left free to
act against the insects. One important factor already
mentioned is the effect of loads of different sizes
(Figure 2.2a and 2.2b). Another is the leakage from the
structure undergoing treatment (Anon, 1969).

What is really important is the amount of gas
acting on the insects over a certain period of time. For
instance, it is known (Bond and Monro, 1961) that in
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order to kill 99 percent of larvae of Tenebroides

Mauritanicus (L.) at 20°C, a concentration of 33.2

milligrammes per litre must be maintained for 5 hours. The
product 33.2 milligrammes per litre x 5 hours = 166
milligrammes per litre x hours is known as the
concentration x time product needed to obtain 99 percent
control of this insect (Figure 2.4). It can be
abbreviated and referred to as§the ct or (c.t.) product.
In the literature it is often expressed numerically with
the notation mg hr/l (milligramme hours per litre).

In order to apply this method of treatment
designation to practical fumigations, it is necessary to
make reasonably correct determinations of the fumigant
concentrations required to kill the insects under certain
specific conditions; important modifying conditions are
temperature and humidity. One such determination is
illustrated graphically in Figure 2.4. It has to be noted
that in this figure the concentration curve tends to
flatten out for short exposures at high concentrations and
long exposures at low concentrations and at these
extremes, which are not likely to be employed in practice,
the constant value for the ct product does not hold. To
illustrate specifically the use of the data in Figure 2.4,
Table 2.3 sets out the required concentration x time
products to bring about 99 percent mortality of T.

Mauritanicus using methyl bromide at 20°C and 70 percent

relative humidity for various exposures (Anon, 1969):
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Table 2.3 - Required concentration x time (ct) products to

obtain 99 percent mortality of Tenebroides

Mauritanicus. (Source: Anon, 1969)
Concentration Exposure ct
methyl bromide (hours) product

in mg/1l mg hr/1
83.0 2 166
55.3 3 166
41.5 4 166
33.2 5 166
23.7 7 166

16.6 10 166

It must be emphasized again that before they are
applied in practical use these ct products must be worked
out for each specific set of conditions. Each product
must be calculated for a given stage of an insect species
at a certain temperature and humidity. Under practical
conditions variations in temperature are particularly
important. In practice, several insect species or stages
of a given insect may be treated and therefore the ct
product which is applied is that which is effective
against the most resistant species or stage present in the
system.

The value and possible application of the ct

product for the fumigation of insects has been
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investigated by a number of workers, (Whitney, 1962;
Harein, 1974; etc.). These and other recent studies have
confirmed that ct products may be utilized effectively
against insects as long as the tr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>