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Abstract

Purpose of the review: Fumigation is a vital tool for grain protection against insect and mite pests and quality maintenance. Methyl
bromide and phosphine, the principal fumigants, have been facing threats on environmental (ozone depletion) and biological (insect
resistance) grounds, respectively. Hence, there have been major developments on the judicious use of phosphine and intensive search
on alternative fumigants for grain protection. Recent advances on fumigation for managing grain quality are reviewed in this paper.
Main findings: Due to increased tolerance and development of resistance by stored grain insects, the target concentration of phosphine
for effective treatment of grains has been increased (eg, 1,000 ppm for a 7-day treatment). To serve the dual purpose of preventing
grain contamination with residual aluminium phosphide and for controlling phosphine-resistant insects, techniques for direct applica-
tion of gaseous phosphine from cylinder and on-site generator sources have been developed. Rapid penetration into commodities, low
to moderate level of sorption by food grains and quick aeration after the treatment have been demonstrated as the favourable properties
of sulphuryl fluoride, a new grain fumigant. Reports on the effect of carbonyl sulphide, a promising alternative fumigant, on grain qual-
ity (eg, germination and tainting) are conflicting. Improved methods to apply ethyl formate alone and in mixture with CO,, have been
developed. Ethyl formate appears to be a promising fumigant for on-farm storage and space treatments, while ethane dinitrile has
shown promise as a devitalising agent for grains.

Directions for future research: Intensive studies are required to exploit natural plant products for grain fumigation. Studies are also
necessary to optimise ethyl formate application techniques for on-farm storage. Efficacy of new fumigants against mites in stored grain
needs attention. Furthermore, there is a need to ensure quality supply of the fumigants as the impurities present have been noted to be
harmful to the produce.
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CT Concentration Time Although grain quality has different meanings to different
HLT  Halfloss Time people (producer, trader, store manager and consumer), it

generally refers to the physical condition (eg, appearance,
kernel size, test weight, presence or absence of insect/
mould/heat damaged grains, immature as well as discol-
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such as fungi, yeast and bacteria. Among the pests, insects
cause depredation of grains to the largest extent. In addition
to direct contamination with their fragments, exoskeleton
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Table 1. Salient features of present and promising grain fumigants.

Feature Phosphine Methyl Sulphuryl Ethyl Carbonyl Ozone Ethane
bromide fluoride formate sulphide dinitrile

Vapour pressure

(mm Hg at 25°C) 29,260 1,824 13,442 200 9,400 >760 (at 38°C) 3,600

Flammability (%v/v) 1.8 10-16 Nonflammable 2.8-16.5 11.9-28.5 Nonflammable 6.6-42.6

Water solubility (g/L) 0.35 134 0.75 14.5 1.4 1.0 4.5%

TLV-TWA (ppm)* 0.3 5 5 100 10 0.1 10

Tolerant insect stage” Egg and pupa Pupa Egg Pupa Egg All internal stages Egg

Target concentration time

(g h/m®) or concentration )

(g/m®) at 25°C 0.28 g/m’ 3 g/m’ 1,500 g h/m® 170 g/torne® 1,950 g h/m? No data 13,800 g h/m’

Minimum temperature for

insect toxicity (°C) 15 10 10 15 5 No data 15

*Threshold limit value-Time weighted average concentration. * Excluding diapausing larvae. ®Effective dose.

and excreta, insect pests have a role in the dissemination of
the pathogenic microbial agents responsible for mycotoxins
in grains. They also cause changes in chemical composition,
nutritional quality and end use products in food and feed
grains [1**]. The presence of live insects and insect damaged
grains, therefore, downgrades grain quality resulting in deliv-
ery rejections. In industrialised countries like Canada and
Australia, there is zero tolerance for detectable insects in
stored grain. In view of the advances in detection techniques
for pests as well as pest contaminants in food grains and due
to international agreements and phytosanitary regulations, in
recent times, there has been an increase in quality parameters
in the grain market [2].

To maintain grain quality by controlling insect pests, fumi-
gants are applied at various stages, ie, on-farm storage, bulk
storage (silos and elevators) and during transport (railcars,
shipping containers and ship-holds). At present, phosphine
and methyl bromide are the principal fumigants deployed for
grain protection. Sulphuryl fluoride, a structural fumigant for
dry wood termite and woodborer control, has been recently
added to the list [3**]. Methyl bromide has been identified as
an ozone depleting substance and as per the Montreal Proto-
col the fumigant is being phased out globally [4**]. Insect
resistance to phosphine is an impediment to its effective use
for grain protection [5]. Therefore, new compounds such as
carbonyl sulphide, ozone and ethane dinitrile have been in-
vestigated as alternatives. Moreover, there has been reap-
praisal of old fumigants such as ethyl formate and carbon
disulphide for grain protection [6**—8]. There have also been
several changes in the application of currently used
phosphine and extensive studies on alternative fumigants.

The objective of the present review is to focus on the recent
developments with regard to present and future fumigants for
grain protection, their problems and the future directions for
their effective use.

Current fumigants

Phosphine

Phosphine is widely used for grain protection because it is
cheap, simple to apply and has little effect on grain quality. In
view of the phase out of methyl bromide, the role of
phosphine in grain protection has increased in recent times.
Although its vapour pressure is higher than any other fumi-
gant (Table 1), it is slow acting and requires more than 5 days
at temperatures >15°C for effective treatment. Insect eggs are
the most tolerant stage to phosphine treatment and in some
insects (eg, the psocids, Liposcelis bostrychophila) a delay in
hatching of eggs for up to 6-9 days in treatments at 30°C has
been noted [9]. Phosphine is effective against mites (Acorus
siro) in wheat at a dose of 2-3 g/m3 for 6 days at 10°C [10]. It
also inhibits mould growth and mycotoxin production for a
short while only and has no effect on fungal spores [11%*].
Although phosphine is considered simple to use, there is am-
biguity with regard to its dose, exposure period and target
concentration. The recommended dose varies from 0.5 to 5 g/
m’ and the exposure period from 3 to 30 days depending on
the temperature, pest type and its resistance status [12, 13].

Food grains, except paddy rice, showed low-level phosphine
sorption [ 14**]. Phosphine caused quality changes in end-use
products only when the grain moisture was high (>15%) or in
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Table 2. Effects of new fumigants on grain quality.

Parameter Sulphuryl fluoride Ethyl formate Carbonyl sulphide Ozone Ethane dinitrile
Sorption Very low High Moderate No data No data
Off-odour No effect No effect Taints? No effect No data

Chemical composition No effect No effect No effect No effect No data

End-use products No effect No effect Affects? No effect No data
Germinability No effect No effect Affects? No effect Affects

Residue type Sulphuryl fluoride Ethyl formate Carbonyl sulphide Not applicable Hydrogen cyanide

and fluoride ion

repeated fumigations [15]. When grain stored in silos is
treated by admixture with aluminium phosphide tablets, the
occurrence of unspent aluminium phosphide residues is a
concern [16]. The spent tablet powder could release 0.17 g of
phosphine at a slow rate only in 10% acid solution at tem-
peratures >24°C. No phosphine was released from spent tab-
let residues by wet deactivation using a water-detergent mix-
ture [17]. In addition to chemical cost, unreacted aluminium
phosphide residues add to safety hazards to food and feed
grains and the environment.

Insect resistance to phosphine is an important issue for effec-
tive grain treatment. In view of this, the target concentration
of phosphine for effective treatment has increased from
100 ppm to 1,000 ppm in 7-day treatment of food grains [7,
14**]. For quick and even distribution of phosphine through-
out the grain mass and to avoid grain contamination with
unreacted aluminium phosphide residues, direct application
with gaseous phosphine from cylinder sources, ie, VAPOR-
PH;0S® (100% phosphine) and ECO,FUME® (2%
phosphine in CO,) and on-site generators, have been devel-
oped in recent times. Special phosphine generating formula-
tions for application in specific situations (eg, QuickPHlo-R™"
and QuickPHIlo-C™) have also been developed [18]. Further-
more, specialised phosphine application techniques such as
SIROFLO® (continuous low flow of phosphine), SIRO-
CIRC" (controlled low flow recirculation of phosphine) and
SIROFUME" (an automated topping up process) in Australia
[5] and closed loop fumigation system in the USA [19] have
been demonstrated. However, these systems require expertise
in application and expensive infrastructure facilities. Alterna-
tively, split application of aluminium phosphide tablets for
grain disinfestation resulted in higher concentration-time
(CT) products achieving total mortality of insects [20]. The
tablets could also be dispensed in such a way (by putting
them into perforated polyethylene pouches) that they released
phosphine at a slow rate for longer period for effective con-
trol of mites in grain [21].

Methyl bromide

Methyl bromide, a broad-spectrum and fast acting fumigant,
has been used for grain treatment for more than 50 years.
Food grains are effectively disinfested in a short period of 24—
48 h at a dose of 24-80 g/m’. Repetitive treatments and fumi-
gation at higher doses lead to malodour problems and unac-
ceptably high residues in exposed commodities. In view of its
phase-out schedule under the Montreal Protocol, the use of
methyl bromide for stored grain protection has been reduced
substantially. Currently, methyl bromide is applied for quar-
antine and pre-shipment (QPS) treatments, emergency and
certain critical uses [4**]. To avoid environmental contamina-
tion during ventilation of methyl bromide-treated commodi-
ties, techniques have been developed to recapture released
methyl bromide using activated charcoal. These techniques,
however, are expensive and have not been adopted much
since recapture and emissions reductions have not been made
compulsory by regulatory bodies at present [4**].

Sulphuryl fluoride

Sulphuryl fluoride, an inorganic gas, has been recently regis-
tered for use on food commodities or in food facilities in
Canada, the USA and European countries [3**]. The egg
stage of insects is highly tolerant to sulphuryl fluoride
[22**]. Recent studies have shown that this problem could be
solved by extending the exposure period to 48 h and by in-
creasing the treatment temperature to >20°C [23**]. Sul-
phuryl fluoride affects the growth of fungi but does not kill
the spores [24**]. For efficient use of sulphuryl fluoride
(ProFume®), there is software called Fumiguide” that takes
into account the target pests, treatment temperature, half-loss
time (HLT) and exposure period [25].

The major advantages of sulphuryl fluoride are high penetra-
bility, low sorption by food commodities and least effect on
treated commodities [23**, 26] (Table 2). The United States
Environmental Protection Agency has established tolerance
limits of sulphuryl fluoride residues in food commodities
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[27]. However, there are controversies about the use of sul-
phuryl fluoride for food commodities and about high maxi-
mum residue levels of fluorides [28]. In a 24 h exposure to
sulphuryl fluoride at a dose of 50 g/m’, the fluoride residues
in cereal grains ranged from 0.9 to 2.2 ppm and the fumigant
did not affect germination of grains [29**]. Reuss et al. noted
that sulphuryl fluoride has negligible effects on the dormancy
breakage capacity of barley [30].

Promising fumigants

Ethyl formate

Ethyl formate, a liquid fumigant with a pleasant aroma, has
been extensively studied as a fumigant for food commodities
in India [31**]. Subsequently, studies were pursued in Aus-
tralia particularly for on-farm storage [32]. The compound is
naturally present at low levels (0.05—1 ppm) in certain fruits,
vegetables, cheese, fish, meat and wine. The fumigant breaks
down to naturally occurring formic acid and ethanol. There-
fore, ethyl formate is “generally regarded as safe” and the
acceptable daily intakeis 3 mg/kg body weight/day. Ethyl
formate is rapidly toxic to insect pests. However, due to its
high water solubility, the fumigant is absorbed heavily by
food grains (Table 2). To avoid excessive sorption and for
quick and even distribution of the fumigant, a fan or blower
has to be used during treatment [33]. Ethyl formate is flam-
mable at levels of 2.8-16.5% (v/v) (Table 1); the flammabil-
ity risk during fumigation, however, could be overcome by
applying the fumigant at split doses (80 + 80 g/tonne) with a
4 h interval. To solve the problems of high sorption and flam-
mability risk, a cylinderised formulation, “VAPORMATE""”,
containing 16.7% ethyl formate by weight in liquid CO, has
been registered in Australia [34]. Recently, another formula-
tion containing ethyl formate and allyl isothiocyanate (95:5),
which is thought to have synergistic effect on insects as well
as microbial organisms, has been developed [35].

Ethyl formate (VAPORMATE"™) at a dose of 19-23 g/m’ for
48 h at 24-28°C does not affect germination of seeds (barley,
wheat and sorghum) [36]. It is likely to play a significant role
in grain protection at the farm level as a substitute for
phosphine, as the latter is difficult to containin traditional
farm storage in developing countries and in unsealed metal
silos in developed countries.

Carbonyl sulphide

Carbonyl sulphide, an industrial gas, has been patented as a
fumigant for food grains and other commodities and is likely to
be registered in Australia soon. It is naturally present in
marshes, oceans and volcanoes and is also present in certain
foodstuffs at low concentrations (<1 ppm). Carbonyl sulphide
is toxic to insect pests at >5°C [37**]. Xianchang et al. [38*%*]
reported that carbonyl sulphide was effective for wheat and
paddy rice at a dose of 50 g/m’ for 7 days.

There are contradictory views about the effects of carbonyl
sulphide on grain quality. In independent studies it has been

established that carbonyl sulphide does not affect germin-
ability of cereal grains [37**, 39, 40]. No adverse effect on
the quality of bread and noodles prepared from the treated
grain and the malting and brewing characteristics of barley
has been observed [41]. Ren et al. [42**] established that,
like phosphine, carbonyl sulphide is less soluble in lipid;
fumigation of wheat or wheat oil had no effect on the lipid
composition. The fumigant is absorbed moderately by food
commodities [39]. Studies in China, however, indicate that
carbonyl sulphide imparts off-odour to treated grain,
changes the grain colour and affects germination of seed
material; the end-use products from treated commodities
also get affected [38**]. Desmarchelier, [6**] opined that
the off-odour problem in treated commodities, if any, can be
attributed to hydrogen sulphide present as an impurity in the
supplied product. It has been observed that the fumigant
breaks down to produce hydrogen sulphide and CO, by its
reaction with moisture in grain or by the action of the en-
zyme carbonic anhydrase; the liberated hydrogen sulphide
might affect grain quality [43].

Ozone

Ozone, a known sterilant, that is produced on-site using elec-
tricity and air has been investigated for the control of stored
grain insects in China, Japan, the UK and the USA. Ozone is
environmentally safe as it quickly degrades to molecular oxy-
gen, which is naturally present in air. Ozone treatment con-
trols moulds, bacteria and insects present outside the grain at
a dose of 50 ppm for 3 days. Ozone does not penetrate indi-
vidual grains to affect the mortality of insects developing
inside. It needs a longer treatment period, in the first instance
to saturate the sorptive sites in the grain and then to act on the
pests. In trials on corn (11-13% moisture content), ozone (at
a dose of 50 ppm for 3 days) did not affect grain composition
(protein, oil and starch contents) and germination [44]. It was
shown that treatment of cereal grains (popcorn, wheat, maize
and paddy rice) at the same concentration but for a longer
period of 30 days did not affect popping volume of popcorn,
chemical composition and milling characteristics of wheat
and maize, or the texture quality of cooked rice [45%*].

Ethane dinitrile

Ethane dinitrile (cyanogen) has been investigated as a fumi-
gant for wood materials and grains in Australia. This fumi-
gant is more toxic to insects in the presence of CO, and at
higher relative humidity [46]. It has been suggested that the
fumigant could be useful as a devitalising agent for grains
and for eliminating pathogens at a dose of 115 g/m’ for
5 days [47]. Current studies indicate that ethane dinitrile has
potential as a fumigant for feed grains.

Phytochemicals

There are numerous laboratory studies on the use of plant es-
sential oils and their components as fumigants against stored
grain pests. Although plant compounds could show fumigant
toxicity in laboratory assays without substrate, their perform-
ance in the presence of grain was poor because of very low
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vapour pressure (<1 mm Hg) and high sorption [48**]. There
are only limited studies on the nutritional quality of food com-
modities exposed to phytochemicals and the persistence of
their residues [49]. Till now no plant essential oil or constituent
has been exploited commercially for use as a fumigant.

Controlled atmospheres

The application of controlled atmospheres, ie, CO,-rich and
low-O, atmospheres, for disinfestation and storage of food
grains has been standardised and the sealing levels, dosage
and exposure period have also been defined [50]. The quality
of grains is not affected by treatment and the application
meets the requirements of organic markets. Yet, grain treat-
ment with controlled atmospheres is not widely adopted ow-
ing to high cost, longer exposure period and high level seal-
ing requirements.

The future

There has been a drastic change in fumigation technology in
recent years. In contrast to the static system as in conven-
tional fumigation, continuous flow and recirculation systems
for specific situations employing cylinderised phosphine and
ethyl formate formulations have been developed. Hence, a
fumigant need not have high vapour pressure to penetrate
into commodities and distribute on its own. Fan or blower-
aided flow or circulation facilities could supplement the fu-
migant’s ability to achieve rapid and even distribution
through bulk grain storages.

To preserve grain at farm level, phosphine is commonly used.
However, it is a high vapour pressure (29,260 mm Hg) fumi-
gant and grain treatment under leaky storage conditions at
farm level is, therefore, risky and could contribute to resis-
tance development. Hence, there is a need for an alternative
fumigant for treating grains at farm level. A liquid fumigant
like ethyl formate has the potential for application for on-
farm storages. Further studies with ethyl formate in different
farm storage structures are necessary.

In stored grains, several species of mites occur as grain feed-
ers, fungus feeders, predators and parasites. Besides causing
occupational health problems (eg, asthma and inhalant al-
lergy) to workers, mites impart a musty odour to the grain
and disseminate microflora that are responsible for mycotox-
ins in grains. Mite control in food and feed grains by fumiga-
tion has been less focused when compared with that of insect
control [51]. The efficacy of alternative fumigants in control-
ling mites in food grains needs further attention.

It has been noted that in fumigations, the impurities and ad-
juncts present along with the active ingredient have more
harmful effects on the grain than the actual fumigant. Sulphur
dioxide, chlorine, hydrogen fluoride and ethylene dichloride,
which are likely to be present as impurities along with sul-
phuryl fluoride, contribute to off-odour problems in treated
commodities [24**]. Similarly, hydrogen sulphide present
along with carbonyl sulphide causes tainting of grains [43].

Chloropicrin added as a warning agent with methyl bromide
is more phytotoxic than methyl bromide itself. Therefore,
there is a need to consider the purity of the supply and the
adjuncts present when applying a fumigant to food and feed
grains.

Fortunately, alternate fumigants such as carbonyl sulphide,
ethyl formate and ethane dinitrile have the common feature
that they all occur naturally at very low concentrations in
foodstuffs or in the environment. Hence, it is advantageous
that the food grains treated with these compounds can be
aerated until the residues reach the natural levels instead of
achieving zero level of residues [52]. There is a general con-
sensus that we may not get a broad-spectrum fumigant like
methyl bromide or a cheaper and simpler way to use a fumi-
gant like phosphine in the near future. Alternative com-
pounds could be useful in specific situations, for a particular
type of commodity or against particular pests.
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