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Abstract 

Both preventative and curative processes are used in integrated pest management of stored 
product pests. Usc of toxic gases (fumigants) may be a final measure. The chemicals used 
must have particular qualities to make them suitable as fumigants, viz.: 

toxicity to the target pest 
high diffusion and penerration potential 
little reaction wirh treated prc~ducc 
harmless metabolites 
easy to handle 
easily detectable 
chemically unstable in the atmosphere 
harmless to the environment. 
On the basis of this list, it is easy to conclude that only a few substances meet these recluire- 

men6. Phosphine, methyl bromide, and hydrogen cyanide are the only fumigants remaining in 
widespread use in stored product pest control. The inert gases nitrogen and carbon dioxide 
are beginning to replace the toxic f~irnigant5, particularly where srorages to be treated are gas- 
tight or can economically be made so, and the length of the exposure period is not a limiting 
factor. 

This paper discusses and compares the toxicity of these gases to various insects. Mocle of 
action and occurrence or resistant strains are covered. Emphasis is placed on the environmen- 
tal impact of these chenlicals and possible risks to human health. New developments in fumi- 
gation techniques :ire discussed. 

activities in protecting stored prodt~ccs 
from insect pests are: 

creation of a pest and weatherproof enclo- 
sure for the product; 
monitoring the quality of the stored product, 
including detection of any pest infestation; 
and 
where pests are detected, employing appro- 
priate methods of controlling their popula- 
tions. 
Commodities are sometimes disinfested 

before being placed in storage. 
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The use of toxic gases, smokes, and vapours 
to control pests, especially insects, in stored 
agricultural products has a very long history. 
These chemical substances have n cornmon 
ability to penetrate and distribute themselves 
through the products being treated 

Other types of chemicals, such as contact 
insecticides. have to be mechanically mixed 
with the product and their use is thus incon- 
venient or impractical. Moreover, treatment of 
products with residue-producing protectants 
before they are stored, although widely prac- 
ticed is, for health and environmental reasons, 
becoming less itcceptable to consumers. 
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Gases used as fumigants should have the fol- 
lowing attributes: 



. t  hey are toxic to the target pesrs over short 
exposnre periods 

. t  hey consist of small molecules with great 
P .tentid to diffuse throughout the product to 
w.herever pests may be located 
they leave insignificant o r  tolerable amounts 
of or  metabolites in treated goods 
following ventilation . they are easy to handle . their presence is easy to detect, and concen- 
trations can be readily monitored by fumiga- 
tion personnel . they are chemicalIy unstable in the atmos- 
phere after aeration 

they decompose into compounds harmless to 
the environment. 
Gases meeting all these requirements are 

scarce and, due to the high standards of safety 
demanded, only a few chemicals are currently 
available for application as fumigants for pest 
control. 

Hydrogen cyanide (HCN) 

Hydrogen cyanide is renowned for its high 
toxiciv, especially to mammals. It is still used 
for rodent control in ships, mills, and other 
food- and feed- processing factories. In the 
past, HCN has been used to treat citrus trees For 
control of scale insects and was also used for 
stored product insect pest control. However, 
the following serious disadvantages have led to 
preference being given to other compounds: 

high toxicity to humans 

high solubility in water, a problem in treat- 
ment of materials stored in damp cellars and 
of products with high moisture content 

arthropods displaying a protective stupefac- 
tion mechanism, which can result in their sur- 
viving treatment with the gas. 

Peters and Ganter (1935) examined the mor- 
tality of adult Sitophilus granarius afrer treat- 
ment with HCN over a concentration range of 
55-30 g/m3 of HCN at temperatures of 17" and 
35°C (Fig. 1 ). The experiments included con- 
stant concentrations during treatment as well as 
variable concentrations, the latter, due  to evap- 
oration and difhsion (increasing concentration) 
and leakage and sorption (decreasing concen- 
tration), being characteristic of practical fumiga- 
tions. Comparing all mortality results from the 

experiments with constant concentmrions with 
those From varying concentrations showed 
clearly the applicability of Haber's rule to all 
dose mortality data. 

Haber (1924; page 92) stated that for toxic 
gases the product of the amount of inhaled gas 
and the time during which an animal is inhaling 
the toxic air-gas mixture gives a good basis o n  
which to assess the comparative toxicities of 
different fumigants. The rule itself states that, 
for a certain level of mortality, rhe product of 
the concentration and the exposure time is a 
constant. Peters and Ganter (1935) defined 

where W is the coeficient of efficacy (now 
known as the Ct producr), c is the concentra- 
tion of HCN in g/m3, and t is the time in hours. 

When plotting concenmtion versus time 
(Fig. 13, and marking the corres'ponding value 
that indicated 100% control and less than 100a/o 
control, they found that a hyperbola was 
formed berween these two sets of points. At 
high temperatures the insects were more sus- 
ceptible. The Ct product for complete kill at 
35°C (between 2&30 g.hours/m3), that at 25°C 
(about 60 g.hours/m3), and that at 17°C 
(berween 90 and 100 g.hours/m3) showed a 
proportion of 1:2:3. Experiments at O°C led, 
unexpectedly, to almost the same results as 
those at 17°C. Indeed, the Ct product was 
slightly reduced at 0°C. The possibility of pro- 
teccive stupefaction in this context was not 
deemed by Peters and Ganter to be sufficiently 
manifested. The cold as such did not have any 
pronounced influence, because weevils 
exposed at 0°C for 6 days without HCN were 
immobilised but showed no  ill effects after 
removal from the low temperature. Experiments 
with changing concentrations had maxima of 12 
g H C N / ~ ~ ~  and 5 g H C N / ~ ~ ,  respectively, and 
were combined with corresponding high or low 
concentration decay rates. Mortal~ty rates 
cIosely approximated the Cf model when the 
integral of the concentration with time was 
used instead of the Ct product. The conclusion 
was, that Haber's rule described the dose- 
mortality relationship for adult 5. <gra~zariu-s 
treated with HCN. 

This result seems to contradict the results of 
Lindgren (1938), Prati er al. (1931), and G n v  
and Kirkpatrick (1929). These authors described 
the occurrence of protective stupefaction for 
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Fig. 1, Mortality of adult Strophilrtsgrannritlr after exposure ro HCN at 17OC I* 10Wh monaliry; 9 less than 
100% mortality) (a - above) conccntratlon of I-ICN in d m 3  versus time In hours; (h - next page) concentra- 
tion of I-ICN In dm3 versus reciprocal time In l.OO/hours {data of Peters and Ganter 19351 

As expected from Habrr's rule a clear hyperbola can be drawn In Figure l(a) between rhe m70 groups of 
data for 100Yo and less than 1000h mortality 

Because the hyperbola can he given in the form 
Y = Kell'x, 

the inverse funcrion must be a line: 
j~ = k - q  with z = I/N and the dope s = k, 

Applied to the data of Peters and Ganter it Follon~s that: 

C =  kml/'t = kmr. 

In Figure l(b) the data are plotted in this reciprocal form. The result is a closely fitting line between the two 
groups of data. The line is extrapolated to facilitate calculation of its slope which contains the Ct procluct for 
10Wu mortality. As can readily he seen the slope is unity, multiplied bv 100, wllich is the transformarion hctor 
of the time axis, The stopc s follnns as: 

s = 100 R.ho~~rs/m3. 
This is about the value of the Ct producr derived by Peters and Ganter from their data. 

some important arthropod pests including 
scale insects and S. gmnarizcs. The explanation 
is that the tolerance is increased when the 
insect5 are First stupefied with a fairly low 
dose approximately one hour before actual 
fumigation takes place. These parameters were 
used hy Lindgren (19381, Pratt et al. (1931), 
and Gray and Kirkpatrick (1929), and were 
markedly different from the experimental con- 
ditions of Peters and Ganrer. Rond (1963) 
described the important role of oxygen in the 

toxicity of hydrogen cyanide. Exclusion of 
oxygen from adult S. granari t~  prior to fumi- 
gation (48 hours Fumigation to achieve LDj,. 
mortality count after 5 days, temperature not 
given) increased their susceptibility by a factor 
of 20. Price (1985, 1986b) discussed broadly 
the known facts and theories concerning the 
mode of actign of fumigants. M e  suggested 
that the action of HCN is not merely a rnatfer, 
of respiratory inhibition, slnce the gas has an 
influence in the absence of oxygen. 
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Resistance to Hydrogen Cyanide the gas can be removed from the effluent air 
during ventilation after fumigation is complete. 

Resistance of insects to hydrogen cyanide has 1, , recent paper, ~ ~ 1 1  ( 1 9 ~ )  Rave the 
been discussed by Lindgren and Vincent 11965) results of studies on  minimum lethal ,-once*- 
and Bond (1984). The level of resistance frations of methyl bromide below which 
reported is no more than a factor of 3. It Should Haberls rule no longer applies. ln  [he tempera- 
not be confused with protective stupefaction. mre range 1 5 2 5 0 ~  the threshold was 

found to lie between 0.5 and 4 d m 3  for adults 

Methyl bromide of 12 strains of stored-product beetles. At both 
temperatures, strains of Triboli~lm castaneum 
and- T. confusum were more tolerant than 

Habe?' m'e for bromide Over a strains of OTZaephilus s r r ~ n a m e n ~ ,  RhFO- 
wide range of temperatures, concentrations, 
and exposure periods. This, combined with the pmha dominica, Sitophil~fi grananus, and S. 

zenmais. An increase in temperature from 15" high specific toxicity, makes the gas a favourite to 20°C consistently almost doubled the effi- candidate for pest control. It is relatively con- 
venient and safe to handie. Limitations are: cacy threshold concentration levels. Bell indi- 

cated chat Further work is needed to determine 
its boiling point of 4°C and condensation 
problems; 

a tendency to build up  residues, especially in 
products with high fat content; and, last but 
not least, 

the suspicion that it is carcinogenic. 

If the last limitation proves to be unfounded, 
methyl bromide will continue to be one  of the 
most widely used fumigants. This seems 
unlikely, however, when a11 other halogenated 
hydrocarbon fumigants are currently banned 
because of health risks. It may remain useful 
and acceptable for disinfesting empty stores if 

minimum effective concentration levels. If 
flow-through methods For phosphine fumiga- 
tion, such as those proposed by Winks (19861, 
are adapted to methyl bromide application it 
would be interesting to  focus on the effective 
concentrations for 2-4 week exposures even 
though these concentrations lie outside the 
range of Haber's rule. Bell's work does not 
include methyl bromide concentrations of 
more than 4 gm3. Clearly, these concentra- 
tions have to be investigated, because of the 
variable concentracions characreristic of field 
Fumigations (Fig. 1). For those concentrations 
above the efficacy threshold level, the mortal- 



it); can be calculated by using the integral of 
the concentration versus time characteristic. 
However, the minimum lethal concentration, 
below which Iiaber's rule no longer applies, 
has to be determined in advance. 

Howe and Hole (19661, working with 
Sitophilus granaritcs, found the early pupa to 
be the developmental stage of this species 
most tolerant to methyl bromide at 25"C, 
using concentrations of -3-9 d m 3 .  It was esti- 
mated thar Ct products of more than 50 
g.hours/m3 were needed to kill 99.9% of a 
population of S. gmnar i r~~  at 25°C. Fumiga- 
tion leads to delay in emergence. Fortunately, 
if the lethal response to methyl bromide 
fumigation is extrapolated from experiments 
with low concentrations to those with high 
concentrations the amount of gas actually 
needed is less than calculared. The corre- 
sponding probit lines are curved, leading to 
overestimation of thc dose required (Howe 
and Hole 1967). Thus, 52.5 g.hours/m3 (10 
g/rn3) gave total kill of developing S. granorx- 
ius at 25OC, in contrast to the 75 g.hours/m 3 
estimated. Furthermore, the survivors of sub- 
lethal treairnents were short-lived and infertile 
when rhe dose was close to IOQOh effective. 

Since gas is always lost by leakage ancVor 
absorption by the product treated, the dosage 
must be increased to allow for these losses. 
Because it is possible to meter gas concentra- 
tion during a fumigation, it is feasible to add 
fumigan~ if low values are found (Howe and 
Hole 1967). In addition, a check for gastight- 
ness should be part ol' the pre-fumigation rou- 
tine. 

Resistance to Methyl Brodde 

Using a methyl bromide concentration of 
4 g/m3, Hole (1981) found many field strains of  
stored product Coleoptera from all over the 
world to be about twice as tolerant as labora- 
tory strains. This is in accordance with results of 
the F A 0  survey by Champ and Dyte (197h), 
and of Monro and Upitis (1956) who selected 
for resistance in the laboratory. Monro et al. 
(1961) subsequently reported that this artifi- 
cially induced tolerance was retained for at 
least 23 generations after cessation of exposure 
to the fumigant and so  could be defined as 
resistance. This high tolemnce could be trans- 
ferred to hybrids by crossing resistant and sus- 
ceptible strains. 

Phosphine 

Phosphine is currently the most widely used 
fumigant in stored product protection. Its chem- 
ical properties and use are described elsewhere 
(Fluck 1973; Bond 1984; Reichrnuth 1988). 
Phosphine fulfills many of the requirements of 
a fumigant for pest control, but has some disad- 
vantages, viz: 

* exposure times are relatively long 
it has a high specific toxicity for mammals 

it corrodes various metals 
high levels of resistance are prevalent due to 
poor fumigation practices. 

Phosphine's advantages explain its widespread 
use: 
f o r n ~ u l a t i o ~  of metal phosphides are safe 
and easy to handle 
the gas may be associated with a strong 
warning smell (sornecirnes masked!) 
i t  is efficacious at very low concentrations 

ir leaves low levels of residues 

i t  is metaholised rapidly, leaving harmless 
metabolites 

if properly applied, it has no deleterious 
effect on the environment. 

Bell et al. (1985) gave the following Ct prod- 
ucts for 100?/o kill of Trcgoderma gm?mrizrrn 
including the ver). tolerant ~l ia~ausing~larvae and 
young; eggs: 75 g.hours/m3 (8 days exposure), 
100-200 g.hours/mj (6 days exposure) ar 15°C ; 
0.7-1.4 g.hours/m-i at 20 "C; and 45 ghours/rnj 
for 2 days exposure at 25°C. Winks (1982, 19%, 
19861 exhaustively investigated the toxicity of 
phosphine to adults of Trihnliut~a cnrtnneurrr at 
25OC and 7004~ R.1-i. A Crrelationship: 

provided a good description of toxicity. The 
beetles became narcorised and were partially 
protected from the effects of phosphine at con- 
centrations greater than 0.5 mg.hours/L. Narco- 
sis was defined as a state of immobility.' 

Reichmuth (1985) compared the CL products 
required to achieve a specified mortality o f  

'In populations exposed to concentrations producing 
narcosis, it is the insects that are not irnmobilised thar 
are IikeIy to survive. Narcotised insects usually suc- 
cumb. Eds. 



5. grunamrc after exposure to constant 
c,,centration~ with those of exposure co 

and decreasing concentrations. With 
phosphine, in conrrast to hydrogen cyanide 
(peters and Canter 19351, Haber's rule did not 

aPP ly to both types of experimental conditions 
(Figs 2 and 3). The values of the integrals over 
concentratiodtime curves leading to the same 
mofiaiity were much greater in the case of 
changing compared with fixed concentrations. 
The difference was by a factor of about 20. The 
same difference in response applied also to 
immature stages of S. grannnus (Reichmuth 
1986). In general terms it can be concluded that 
increasing the concentration of phosphine does 
not increase the mortality by nearly as much as 
would be expected. This has often been 
observed (e.g. Bell 1986). Equation (2), given 
earlier and used by Winks 11984, 1986), shows 
clearly that exposure time is the more important 
parameter in achieving a specified insect mor- 
tality. In logarithmic scales for both axes, the 
influence of the exponent can be judged from 
the slope of the graph log t versus C Winks 
1984): 

log t = - IV- 0.9 log C (i.e. slope = - 0.9) (3) 

Increasing steepness of tile slope of the graph 
expresses growing influence of rhe exposure 
period. Equation !3) applies only to the linear 
part of the probit plane and not to the concen- 
rratiodtime area, which is defined to be 'the 
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Fig. 2. Gas concentration characteristics of phosphlne 
Fumigations wiih adult Sitophilw granarius following 
an initial dosage of 6 (.......... ), 4 (- - -), and 2 (-) 
d m 3  of phosphine at 20°C, 7694 RH, and a leakage 
rate of 5O41 of the volume of the treated encIosure per 
hour. The cwo shaded areas of the rectangle are 
equivalent to the shaded area under the dotted curve, 
so that the rectangle corresponds to the integral of 
the dotted curve. 

narcotic region' (Winks 1984) (Fig. 4). As 
already indicated, this deviation should not be 
considered as 'protective stupefaction' which 
involves pretreatment before the actuaI expo- 
sure. 

Resistance to Phosphine 

11 is dear that immobilised insects continue to 
take up phosphine. With adult Tn'bo/izmz cas- 
taneum it was shown that resistant insects took 
up phosphine at a lower rate than susceptibles. 
This was investigated in vivo using radiolab- 
elled phosphine (Figs 5 and 6). The amount of 
phosphine that needed to be incorporated co 
kill resistant insects was greater than the corre- 
sponding amount for susceptible insect.;. The 
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Fig. 3. (a) Mortality results from phosphine treatment 
of adult Sitophilusgranariw with 6 (A), 4 O), and 2 
(0) %/m3 aluminium phosphide formulation at 20°C, 
75% RH, and a leakage rate of 5% of the volume of 
the treated enclosure per hour. 
(b) Mortality results from phosphine treatment at.' 
adult Sitophilus granarius with at 1.5j g/m3 GI), 
0.90 g/m3 (O), and 0.08 g/m3 (Alat 20°C and 75OW 
RH . 
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Fig. 4. The concentrdtion x time relationship at the 
LDsn and LDw levels far Tribolium cnTtuneum adults 
exposed to a range of i i ed  concentrations for vari- 
or15 exposure periods (data of Winks 1984). The daca 
for LDW indicate very clearly that, for concentrations 
of phosphine above 0.7 d m 3 ,  1-Iaber's rule does not 
apply in this so-called narcotic nnge. Moreover, 
increasing concentration beyond 0.7 dm3 requires an 
increase in exposure time to achieve the same mor- 
tality as at lower conccntntions. This agrees with the 
finding of Reichmuth (1985) that steadily inamsing 
concentrations of phosphine gradually hecame less 
effective againsc 5. gmnnrilu. 

reduced uptake by resistant insects is in accor- 
dance with findtngs of Price (19851, who sug- 
gested that active exclusion is a characteristic of 
phosphine resistant strains of Rb.yzopertha 
dominica. One of the clear findings of studies 
mlng radiolabelled phosphine was that those 
insects that tend to stay active for the longest 
time (i.e, those not nnrcotised) are those that 
will most probably survive. This is especially 
true with resistant adult beetles and was 
observed during the experiments. The same 
phenomenon is described by Price (1986aj. 

New Aspects of Phosp hine Fumigation 

For fumigation during cold weather, Sullivan 
(1985) proposed use of magnesium phosphide 
rather than aluminium phosphide because of 
more rapid evol~~tion phosphine from the mag- 
nesium formulation at low temperatures. Insect 
control data were nor given. Cook (1980), 

Reichmuth C1985), Sullivan (1985). Banks 
(19861, Winks (1986), and \Y~ohlgemuth (1986) 
all dealt with the question of recirculating the 
gas through bulk grain or using a flonf-through 
method. The great advantage of these tech- 
niques is that the stored product need not be 
turned to add the formulation. Uniform disrribu- 
tion of the gas is easily achievable given a spec- 
ified degree of gastightness. In the case of flow- 
through techniques, exposure time must be 
some weeks to ensure complere kill at low con- 
centrations. In any case, because time of expo- 
sure is the governing factor in phosphine 
toxicity, long exposure periods are preferable 
to minimise the dosage. Moreover, concentra- 
tion nee& to be low to avoid environment;tl 
risks. A further development might be the sorp- 
tion OF the gas in some way as  ir is purged from 
the bulk rather than venting; it to the air. These 
ideas are stimulated by the increasingly strin- 
gent regulations on fumigation being imposed 
in the Federal Republic of Germany. 

Controlled Atmospheres 

Due to growing concern on  the use of toxic 
materials, gases such as nitrogen and carbon 
dioxide have come back into focus for stored 
produc: pest control Ann~s (1987) surveyed 
Insect pest control with these Fumigants at tem- 
peratures above 20°C. Reichmuth (1987) did 
likewtse for the temperature range 15"-20°C. 
1,ethal exposure times for Immature S RTU17ar- 

itrs are shown in Table 1. At 15"C, older lawae 
and pupae had to'be exposed to high ni t ro~en 
atnlospheres for about GO days for 95% mortal- 
ity, a less effective regime than 16-19°4 C 0 2 .  In 
high carbon dioxide atmospheres, only -3'540 
days were necessary. for con~plete control. 4t 
20°C these times were reduced to 3040 days 
and to 25-38 days, respectively 

The future potential of these gases as 'Can- 
trolled Atmospheres' (CAI is strongly dependent 
on the level of gastightness of the treated prem- 
ises. Love et al. (1983) have given figures that 
~ndicate the economic range for their use when 
warehouses are made gastight and used over a 
period of years. 

Generally speaking, exposure time is not a 
limiting factor with CAs. At 30°C a fen? days are 
sufficient, at 20°C a week or two, and at 15°C 
about a mont!; is needed to control various spe- 
cies of stored product pests, with pupae of S. 
granan'u~ being most tolerant. Normally, one 





purge of the whole volume is necessary to 
remove the air from the product. The purge 
rate during the exposure period depends on 
the gastightness, although in some cases only 
an initial purge is necessary, making CA- 
application very economic. 

Since the gases are costed by weight, it  is 
worth noting that 1 kg of ticluefied nitrogen 
produces 1 m3 of gas, while 1 kg CO, yields 
only 0.5 m3 of gas. This fact - - a long  wirh other 
parameters such toxiciry, availability, safety, 
sorption, and quality of treated product - may 
influence the choice of the gas. With nitrogen 
the oxygen concentration must be depressed 
below about 4Yo by vo!ume, while carbon diox- 
ide is lethal below an oxygen content of about 
6% by vofume. Insects, like mammals, are rap- 
idIy narcotised by carbon dioxide at low 
oxygen contents and low levels of resistance to 
carbon dioxide, established by selection in the 
laboratory, hare  been reported. Bond and 
Buckland (1979) found tolerance factors 
bemeen 1.8 ILT*, 4 generations at 75% COJ 
and 3.3 (LT%, 7 generations at 42?'0 C02) with 
adult S gmnan'lrs, ancl Navarro et al. (1985) 
determined faccors of 2.2 7 generations at 
400/0 C02) and 3.3 (LT,,,. 10 generations at 75O4 
C 0 - 9  with S. opzae. 

The use of pressurised C 0 2  in high-pressure 
chambers was recently demonstrated for insect 

control (Gerard et al. 1988) (Figs 7 and 8) .  This 
costly method has only a limited market for 
[rearing high-value produccs such as drugs. tea, 
and cocoa, its advantage being that only short 
exposure periods - of the order of hours - 
are needed. 

Environmental and Health Aspects 
of Fumigation in Stored Products 

Protection 

Some 10 years ago Reichmurh et al. (1981) 
began a project to assess the likely risks of the 
application and emission of fumigants used in 
stored product protection. Measurements in and 
around fumigated strucrures such as flour mills, 
warehouses, and granaries led to the cnnclu- 
sion that only within 10 m of such facilities 
would values of more than 0.15 r n g / n ~ ~  of 
phosphine (the German TLV) be detectable on 
a regular basis (Reichrnuth and Noack 1983). In 
the event of an accident, higher concentrarions 
might occur at greater distance from a structure 
being fumigated, but only for a very short 
period. This study involved large granaries, 
warehouses, and mills with an average level of 
sealing quality. The results for methyl bromide 
and HCN were veery similar 'The German TLC's 
were very rarely exceeded at distances more 
than 10 rn from the srructure. These results con- 

Fig. 5 (previous page). Diagr:tm of apparatus for monitoring phosphine uptake by insects at consrant or vary- 
ing concentrations. 

FCl and FC, are fumigation chambers I= 100 mW and FC, contains the insecrs; power supply (PSI ancl 
counting device c:Computcr C1) for the Geiger tubes; the voltage of the Geiger tube (550 V) can he acljusted 
with switch V for the four tubes 1. 2, 3, and 4; the time relative ro the beginning OF the expcrirnent i s  indi- 
cated in seconds or minutes; rhis can he selected with the switch henvccn voltage potenliometer 3 :ind 4; time 
reset button berween vo1t:ige potentiometer 1 :~nd 2; select switch SP for :I loudspeaker to indicate acousti- 
cally cldioactivity at the four Geiger tubes, fifth position is off-position; filter F saves the computer from spikes 
derived from the main voltage supply; pump P1 circulates the gas; flow adji~stment at rube clamp 10, flow 
indication at flowmeter FMI, t~umidification of the gas in a gas-washing bottle G%B1 which contains a satu- 
rated NaCl solution and some resiclual NaCl salt at the bottom, regulation with clamps 7 !  5, and 9; monitoring 
of rhe gas conccnuation at gas sampling vessel GSV1 with syringe through the septum of this vessel, c h n ~ p s  1 
to 6 dctcrrnine the actual flow path of the gas, manometer M shows the pressure in the system; a septum in 
gas sampling bottle GSVz cxn he w e d  to introduce gas slowly Frorrl a syringe S, the plunger beinp, driven by 3 

motor according to a gas release characteristic which can be programmed into Computer Cz, the tip of the 
syringe inside (;SV2 is covered with water W to avoid rree diffusion from the tip, the gas in the gas mixing 
vessel GV containing 2 septum ports for injection or withdrawing of gas is stirred by a magnet which is driven 
by another masnet outside on top of a rotor M being driven by pressurised air; for simulation of leakage pon 
3 and 4 of GV c:ln be used to withdraw gas with pump PZ, regulated with clamp 12, the flow is indicatecl at 
flowmeter FM2; the withclnwn gas is continuously replaced by fresh. hunlidified air (pas mashing hotrle 
GiW2); the temperahire of the installation is regulated constantly to K + 03°C using a rhermosensar TIS 
which is placecl close to the appar:ttus inside a fume cupboard which is sucking continnously :iir outside the 
laboratory because of safety reasons; the leads of the electrical equipment are led through holes in the walls 
of the cuphoard. 
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Fig. 6. Phosphine uptake by 10 resistant (IR) and 10 susceptible (11 S) adults of Tn'bolium castanarm during 
exposure to 1 g/m3 phosphine at 25°C. The change in uptake nte (flattening of the curves) is correlated to 
mortality of the insects. The horizontal parts of the lines indicate uptake by moribund or dead insects. 

firmed those of Arendt et al. 11979). Meanwhile, 
due to changing public health consciousness in 
the FRG, stimulated by envisonmenral accidents 
involving chemicals, a concentration level of 
1/5 of the German TLV (0.02 ppm v/v) has 

Time (rnin) 

Fig. 7. Survival (4 and 100%~ mortality (x) of egqs of 
Plodin irttwpunctella after exposure to high pressure 
and carbon dioxirle. At room temperature g o d  
results can be achieved in less than 1 hour. 

been declared the critical level. This value must 
not be exceeded during a fumigation at places 
where people live. The fumigator-in-charge has 
to measure and make sure chat no persons are 
exposed to higher concentrations. If needs be, 
he must evacuate the the area (at the cost of 
the Fumigation Firm) to ensure that young chil- 
dren, and ill, elderly, o r  other sensitive persons 
are not placed at risk. 

In the course of the smdy, the possibility of 

L n n 57 m ' f n a  
Time (rnin) 

Fig. 8. Response of adult and immature Lasiodmu 
sem'come co high pressure and carbon dioxide a[ 
room temperature. 



Table 1. Lethal exposure time (LT95) in days for immature Sitophtlz~sgrrtnantcs exposed LO varying cnnccntra- 
tions of nitrogen :mcl carbon dioxide at 15°C ancl 20°C a n d  oxygen contents of 1441 by volume. R1 ... R5: 
3 clay age cohorts' of various clevelopmental stages culti~recl at 70% RH ancl 25°C. 

O'xygcn Gas Lethal exposure times (days) 
content rni~ti~re 15°C 20°C 

I31 BZ 83 R4 RS RI I32 I33 B4 BS 
(vo1 %I (Age cohorts) (Age cohons)  

+99??) N, 30 40 40 40 45 20 13 21 30 30  

+80°h N, 
1% O2 + I F !  CO, 30 35 45 60 39 16 27 29 30 32 

+8@h N L  
2041 0, +1~% CO, 20 35 35 53 49 14 14 14 25 21 

+8"0 N, 
+9'1?/0 CO, 13 12 25 15 27 10 5 5 7 19 - 

+a@? N, 
3n/0 0, +17?/0 CO, 32 33 40 50 41 15 I8  25 42 45 

+12% N, 
+850/0 CO, 2 1 I 1  9 24 34 10 2 9 15 26 

+16% N2 
+80% CO, 45 15 31 19 40 23 18 25 40 38 

Age cohorts are: H I ,  eggs. 0-3 d old; LIZ. I:~rvae. 7-10 d old; lJ3. larvae, 1.1-17 d nlcl: U4, pltpar ;tncl l a r v ~ r .  21-24 i1 old. 
1 5 ,  pupae, 2K-31 d olcl. 

harmful effects of low concentrations on  plants 
and animals was also investigated (Noack and 
Keichmuth 1981, 1982). It was found that 0.1 
ppm v/v phosphine in air is ahout the limit 
value for significant damage to Drosophila 
melanoguster, which is classed as a very sus- 
ceptible animal. The threshoId concentration of 
phosphine in air for harmful effects on  growing 
lettuce (a highly sensitive plant species) was 
determined to be between 3 and 8 mg/m? (20 
and 53 ppnl v/v). In another experiment, a 
common ornamental plant IDicfmDachia) was 
unharmed by exposure to 10 ppm v/v phos- 
phine for 14 days at room temperature (22°C) 
and 80-90% RH. 

The concentration limit below ~ v h ~ c h  there 
will be no harm to exposed persons is proble- 
matic. The issue is discussed in general terms 
by Jackson et al. (1988) Klimrner ( 1969) found 
that 1.4 and 3.5 rn&'rnj of phosphine applied 
For 4 4  hours per day, for 6 clays a week, for a 
total of more than 800 hours over a 24-week 
penod produced no clinical, laho~atory, or  
pathologrcal evidence of effects on exposed 
cars, guinea-pigs, and mu. Pavnich et al. 
11984) exposed white rats to 0.05, 0.2, 1.5, and 
8 mR/m3 of phosphine. Changes in blood choli- 
nesterase, perouidase, and catalase activity and 
in phagocyte behaviour were found. They were 
not generally close-related. The authors recom- 



mean exposure limits for urban air, for 
exposr,re dumrions of 24 hours, one month, 
and one year of 0.004. 0.0015, and 0.001 m d m 3  
phospi~ine, respectively, with a ceiling value of 
0.01 rng/rn3. This recommendation has been 

in the USSR. in a similar study, Atchba- 
,,, et al. (1984) found significant medical 

in rats inhaling 0.1 and 0.05 mg/m3 
$osphine. 

From the available literature o n  human toxic- 
icy (e.g. Waritz and Brown 1975; Arnoore and 
~ a u t a l a  1983; Jackson et al. 1988) the conclu- 
sion can be drawn that very low concentrations 
of phosphine inhaled over periods of several 
hours or days might have minimal toxic effects. 
In practice, the periods OF exposure are very 
short and sporadic for fumigation personnel 
and for persons close to a faciliv being fumi- 
gated and therefore not critical when gas con- 
centrations are regularly checked and gas 
masks are at hand in case of complications. 
Serious accidents have occurred only when per- 
sons slept immediately outside a treated prern- 
ises -which is strictly Forbidden - or where 
safery precautions were not taken. It must be 
added thar during certain weather conditions 
(e.g. inversions) gas migh~  diffuse From the 
premises and drift away without turbulent 
mixing. On these rare occasions care must be 
taken to check gas concenrrations at greater 
than usual distances From the fumigated prem- 
ises. 

Due to these uncertainties surrounding gra- 
nary fumigation it is suggested thar the emis- 
sion of gas might be prevented by continuously 
sucking the free air out of the treated premises 
and purging ir  through a sorbing unit. The gas 
which is diffusing through the plastic cover of 
the grain into the airspace is thus continuously 
removed.. During the period of aeration the 
same principle could be used. Using this strat- 
egy, only minute amounts of the gas would 
escape into the environment. 

Fritz et al. (1982) investigated the stability of 
phosphine in the atmosphere and found a 
median lifespan of less than one  day: conver- 
sion to hypophosphoric acid was suggested. 
Experiments co determine the rate of hydrolysis 
of methyl bromide showed that light enhances 
it markedly (Castro and Belser 1981). From 
these results it can be concluded that the stabil- 
ity of methyl bromide in the atmosphere is of 
the order of days or less. On the orher hand, 
Singh (1988) reported the occurrence of methyl 

bromide in stratospheric air but not (yet) in the 
stratosphere of middle or lower latitudes. This 
methyl bromide might originate From the 'cata- 
lytic desrruction of ozone by CIO, and BrO, 
radicals. 

Acknowledgment 

I thank Dr R.G. Winks (CSIRO Stored Grain 
Research Laboratory , Canberra, Australia) for 
directing me to the literature on  Haber's rule. 

References 

Amoore, J.E., and I-Iautala, E. 1983. Odor as an aid to 
chemical safety: odor thresholds compared with 
threshold limit values and volatilities for 214 indus- 
trial chemicals in air and water dilution. Journal of 
Applied Toxicology, 3, 272-290. 

Amis, P.C. 1987. Towards rational contmlled atrnos- 
phere dosage; a review of current knowledge. In: 
Donahaye, E., and Navarro, S. ed.,  Proceedings of 
the Fourth International Working Conference on 
Stored-Product Protection. Tel Aviv, Israel, Septem- 
ber 1956. Jerusalem, Israe!, Maor-UraIlach Press. 
128-48. 

Arendt, G., Famik, W., Haag, F., Kaufmann, G . ,  KohE, 
E. G., Pruggemeyer, D., und Wagner, W. 1979. 
Unweltaspekte bei der Schaedlingshekaempfung- 
Begasung von Getreide-und Lehensmittellargem. 
(Environmental aspects OF pest control-fumigation 
of granaries and food warehouses.) Lebensmiuel- 
rechnik, 5, 1-8. 

Atchbarov, B.A., Aithayev, T. KH.. and Aitbemhetov. 
B.N. 1984. (Comparison of the effects of hydrogen 
fluoride and phosphine on  the organism with vari- 
ous exposure levels.) In: (Health care in Kazakh- 
stan. Pan 1.) 28-31 (in Russian). 

Banks, H.J. 1986. Application of fumigants for the 
protection of grain and related products. In: 
Champ, B.R., and Highley, E.. ed., Pesticides and 
humid tropical grain storage systems: proceedings 
of an international seminar. Manila. Philippines, 
27-30 May 1985. ACIAR Proceedings No. 14. 291- 
298. 

Bell, C.H. 1986. Factors governing the toxicity of 
phosphine to insects. In: Proceedinas of the 
GASGA Seminar on Fumigation Technolo.gy in 
Deveioping Countries. Slough, U.K., Overseas 
Development Administration, Tropical Develop- 
ment and Research Institute. 78-87. 

Bell, C.H. 1988. Minimum concentration levels of 
methyl bromide required for full efficacy against 
seven species of stored-product beetle at rwo tem- 
peratures. Pesticide Science, 24, 97-109. 

Bell, C.H., Hole B.D., and Wilson, S.M. 1985. Fumi- 
gant doses for the control of Tmgodenna Rmnar- 
ium. EPPO Bulletin, 15, 9-14. 



Bond, E.J. 1963. The action of ft~mipants on insects, 
IV. The effects of oxygen on the toxicity of fumi- 
gants to insecrs. Canadian Journal of Biochemistry 
and Physiology, 41, 99.51 00.4. 

Bond, E.J. 1984. Manual of fumigation for insect con- 
trol. FA0 Plant Production and Protection Paper 
KO. 54. 432 p. 

Bond, E.J., and Ruckland, C.T. 1979. Developmenr of' 
resistance of carbon dioxide in the granary weevil. 
Journal of Economic Entomology, 7, ?70-771. 

Castro, C.E.. and Relser. N.O. 1951. PhotohydroIysis 
of methyl hronlide and chloropicrin, Journal of 
Agricultural and Food Chemistry, 29, 1005-1008. 

Champ, B.R., and Dyte, C.E. 1976. Report of the F A 0  
global survey or  pesdcide suscepribility of stored 
grain pests. Rome, FA0 (FA0 Plant Production and 
l'rotection Series No.5). 237 p. 

Cook, J.S. 1980. Low air flow fumiga~ion method. 
American Patent, No. 4,200,6'i7. 8 p. 

Fluck, E. 1973. The chemistry of phosphine. Forts- 
chritre der chemischcn Forschung, 35, 1-64, 

Fritz, G.. Lorenz, K., Steinert, \Ti., and Zellner, R. 
1982. Laboratory kinetic investigations of the tropo- 
spheric oxidation of selected industrial emissions. 
In: Versino, B, and Ott, H., ecl., Physico-chemical 
behaviour of atmospheric pollutants. Dordrecht, 
Reidel. 192-202. 

Gerard. D., Kraus, J., and Quirin, R.W. 1988. Rueck- 
swndsfreie Drut:kentwesung mit natuerIicher Koh- 
lensaeure. (Residue free insecr control using 
natural carhon dioxide under high pressure.) Gor- 
dian, 88, 90-94. 

Gray, G.P., and Kirkpatrick, A.F. 1929. The protective 
stupefaction of certain insects by hydrocyanic acid 
vapour. Journal of Economic Entomology, 22, 87% 
892. 

Haher, F. 1924. Zur Geschichte des G-askrieges. In: 
Fiinf Vortriige aus den Jahren 1970-1923, N0.5, 92 
p. (Seite 93). Berlin, Verlag von Julius Springer. 

Holc, R.D. 1981. Variation in rolerance of seven spe- 
cies of stored product Coleoptern to methyl bro- 
mide and phosphine in strains from twenty-ninr 
countries. Rulletin of Entomological Research, 71, 
299-306. 

Howe, R.W., and Hole, R.U. 1966. The sc~sccptihiiity 
of the developmental stages of Sf~ophilrrsgrnnnritis 
(L.1 (Coleoptcra, Curculionidae) to methyl bromide. 
Journal of Stored Products Research. 2, 1-3-26. 

Howe, R.W., and Hole, R.D. 1967. Predicting the 
dosage of fumigant needecl to e rad ic~ te  insect 
pests from storcd products. Journal of Applied 
Ecolom, 4, 337-751. 

Jackson, J.R., Babot~mi, E.A., Radaeva, L., Ong, C.N., 
Price, N.R., Rao, V.A., Rcichmuth. Ch., ancl Reyes, 
F.G.R. 1988. Phosphine and selected metal phos- 
phicles. Environmental health criteria No. 73, Inter- 
narional Programme on Chemical Safety, World 
Health Organization, Geneva, Switzerland. 100 p. 

Klirnmer, O.R. 1969. Concrihurion to the s t i~dy  of the 
action of phmphine: on the question of sncallect 
chranic phosphine poisoning. Archivrs of Toxicol- 
o .p ,  24, 164-187. 

Lindgren. D.L. 1938. ?he stupefxtion of red scale, 
Ao~zidiella citrruntii, lsy hyclrocyanic acid. Hilgar- 
dia, 11, 31-3-225. 

Lindgren, D.L., and Vincent, L.E. 1965. The suseptibil- 
ity of laboratory-reared and Field-collected culn~res 
of Trihlirtrn con f i z~m and i7 cmfaneLrm to ethy- 
lene dihromide, hydrocyanic acid and methvl bro- 
mide. Journal of Econonlic Entomology, 58. 551- 
555. 

Love, G., Tnyford-Jones. P. ,  and Woolcock, I. 1753. 
An economic evaluation of alternative grain insect 
control measures. Occasional Paper No. 78, Bureau 
of Agricultur~l Economics, Australian Government 
Publishing Service, Canhem*, Acrstralia. I1 5 p. 

Monro, H.A.U., Musgnve, AJ., anct Upitis, E. 1961. 
Induced tolerance of stored-product beetles to 
methyl hrom~de.  Annals of Applied Rio lop ,  49. 
375377. 

Monro, H.A.U.. and Cpitis, E. 1956. Selection of pop- 
ulations of the granary weevil Sitophil~cs gmnnrirrs 
L more rcsistanr to methyl bromide rumiaarion. 
The Canadian Entomolrgist, 88, 37-40. 

Nalrarro, S., Dias. R., and Don;lhaye, E 19135 Inclucecl 
tolewnce of Sitophiltrs o73'1c1e adults to carbon 
d~oxlde.  Joi~mal  of' Stored Prrxluc-ts Research. 21. 
207-21 3. 

Noack, S., and Reichmuth, Ch. 1981. Determination 
of iimits for in jur in~ animals and plant5 hy phns- 
phine and methyl bromide. I. Studies o n  Dmsopb- 
ila melano.qns1er. Anzeiper fur Schaedlingsskuncie, 
Pflanzenschutz uncl Urnweltschutz, 54, 2.527. 

No;lck. S., and Relchmurh, Ch. 1982. Determination 
of limits for injuring animals and plants by phos- 
phine and methyl bromidc. 11. Sh~dics on water 
cress CIYa.Frc~rtiurn oficinna and lettuce ( I.actllca 
sntiun capifata.) Anzeiger fiir Scl~aecllingskund~, 
Pflanzenschutz und ILImweltschutz, 5 5. 57-59. 

Pazynich. V.M., Mazur, I.A., a n d  Podloznyi. A.\'. 
1984. (Experimental scrhstantiation and prediction 
of maximum atmospheric phosphine concentra- 
tions differentiated by time.) Gig. i Sanit.. 19R4, 1.5 
15 (in Russian). 

Peters, G., and Ganter, \XI. 1935. Zur Fragc cier Ahtoe- 
tung des  Komkaefers mit Blausiiurc (Controlling 
gnnary  weevils with hvdrocpnic acid.) ZeitschriT~ 
fi i r  angcwandte Entornologie, 2 1, 547-559. 

Pratt, F.S., Swain, A.F., and Eldred, D.N. 1931. h 
study of fumigation problems: 'protective stupefac- 
tion', its application 2nd: limit:~tions. Journal ol' Eco- 
nomic Entomology, 24, 1041-1063. 

Price, N.R. 1985. .Review: rhe mode of action o f  fumi- 
gants Journal or Stored Procluctq Research, 21. 
157-164. 

Price, N.R. 1986a. The biochemical action of pho5- 



1 phint. in ~nsecrr and mechanisms of resistance. In: 
proceecIing~ of the GASGA Seminar on  Fumigation 

I 
~ ~ ~ h ~ o l o g y  in Developing Countries. Slough, U.K., 
Overseas Development Administration. Tropical 
~ ~ ~ e l o p m e n t  and Research Institute. 99-104 

price, N.R. 1986b. Action and inaction of filrn~gants. 
In: Champ, B.R. and Highley, E., ed., Pesricides 
and humid tropical grain storage systems: proceed- 
ings of an intematlonal semlnar, Manila, Philip- 
pines, 27-30 May 1985. ACIAR Proceedin@ 80.14. 
203-210. 

~ ~ i c h m u t h ,  Ch., Noack, S.. und Wree, A. 1981. Zur 
Em~ssron von Phospho~~tssers tof f  im Vorrdtss- 
chutz (Emission of phosphine cdused by fumipa- 
tion for stored products protection.) 
~achr~chtenblat t  des Deutschen Pflanzenschutz- 
dienstes. 33, 132-136. 

~e ichmuth ,  Ch. 1985. Zur Wirkung zeitlich nicht kon- 
stanter PhosphorwasserscofFkonzentrationen auf 
den Kornkaefer Sitophilm grannanus (L.)(Col., Cur- 
culionidaeS, (Response of the granary weevil 
Sitophllrfi granarirls (L ) to gradunllv incmsing 
and decreasing phosphine concentrations.) Anzei- 

. ger fuer Schaedlingskunde. Pflanzenschutz und 
Umwelcschutz, 58, 101-6. 

Reichmuth, Ch. 1986. The significance of changing 
concentrations in toxicity of phosphine. In: Pro- 
ceedings of the GASGA Seminar on  Fumigation 
Technologv in Develop~ng Countries. Slough, U.K., 
Overseas Development Administration. Tropical 
Development and Research Institute. 88-98 

Reichmuth, Ch. 198'. Low oxygen content to control 
stored product insects. In: Donahaye, E., and 
Navarro, S ed., Proceedings of the Fourth Interna- 
tional Working Conference or! Scored-Product Pro- 
tection. Tel Aviv, Israel, September 19%. 
Jerusalem, Israel, Maor-Wallach Press. 194-207. 

Reichmuth, Ch. 1958. Zur Situation der Begasung Im 

Vorratsschutz (Recent aspects of stomge product 
fumigation.) Gesundc Pflanzen, 40. 33-39. 

Reichmuth, Ch., i ~ n d  Noack, S. 1983. Zur Beurteilung 
der Umweltvertneplichkeit von Begasungsverfah- 
ren im Vomtsschurz. Uudging the impact OF stored 
product fumigation on  the environment.) Getreide , 

Mehl und Brot, 37, 139-144. 
Singh, O.N. 1988. The hole in the ozone layer-a 

much cliscussed phenomenon of this decade. 
Nacurwissenschaften, 75, 191-193. 

Sullivan, J.B. 1985. New techniques in fumigation 
under development by Degesch. EPPO Bulletin, 
15, 57-41. 

Waritz, R.S., and Brown, R.M. 1975. Acute and suba- 
cure inhalation toxicities of phosphine. phenyl- 
phosphine and triphenylphosphine. American 
Industrial Hygiene Association Journal, 36, 452- 
458. 

Winks, R.G. 1982. The toxiciry of phosphine 'to adi~lcs 
of Tn'baliurn cmtanmm (Herbst): time as a 
response factor. Journal of Stored Products 
Research, 18, 159-169. 

Winks. R.G. 1984. The toxicicy of phosphine to adults 
of Tnholium castanezim [Herbst): time as a dosage 
Factor. Journal of Stored Products Research, 20, 45- 
56. 

Winks, R.G. 1986. The effect of phosphine on resist- 
ant insects. In: ~roceedings of the GASGA Seminar 
o n  Fumigation Technology in Developing Coun- 
tries. Slough, U.K., Overseas Development Admin- 
istration, Tropical Development and Research 
tnstitute. 105-1 18. 

Wohlgernuth, R. 1986. Phosphine fumigation in large 
grain cells. In: Proceedings OF rhe GASGA Seminar 
on Fumigation Technology in Developing Coun- 
tries. Slough, U.K., Overseas Development Admin- 
istration, Tropical Development and Research 
Institute. 52-55. 




