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Abstract

Hard red winter wheat (1.4 t) at 11.1 or 13.5% moisture content (wet basis) and 20, 25, or 308C was
fumigated with tablets of an aluminum phosphide formulation in unsealed, cylindrical grain bins of
corrugated metal. The fumigant leakage rate was manipulated to approximate that commonly
encountered in farm and commercial-scale bins of this type. Phosphine concentration pro®les were
recorded and phosphine loss and sorption were characterized to determine which conditions provided
the greatest probability of successful fumigation in these bins. Phosphine leakage and sorption were
both positively related to grain temperature and moisture content. The fumigant concentration pro®les
were compared with previously-published data relating temperature to the developmental rate and
fumigant susceptibility of lesser grain borer eggs, which are phosphine-resistant but become less resistant
as they age. The mean phosphine concentration observed at the time corresponding to one-half of the
calculated egg development time was compared to the lethal concentration (LC99) for a 2-day exposure
at each temperature±moisture combination. In the low-moisture grain at 208C, the observed fumigant
concentration was below the lethal concentration, due to the long development time under these
conditions. At 25 and 308C in the low-moisture wheat, the likelihood of complete kill appeared more
favorable because the fumigant concentration remained above the published LC99 for more than half of
the egg development time. In the wheat with 13.5% moisture content, rapid fumigant sorption and loss
resulted in phosphine concentrations below the LC99 at one-half of the development time at 20 or 258C.
At 308C, due to the very rapid development rate, the observed phosphine concentration exceeded the
LC99 half-way through the egg development period despite the rapid rate of fumigant sorption and loss.
Repeated fumigation of the same grain reduced the rate at which phosphine sorbed into the
grain. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cylindrical bins of corrugated metal are commonly used to store wheat on farms and at
commercial elevators in the United States. During fumigation with phosphine fumigants, these
structures are often sealed only at ground-level openings (e.g., auger tubes, doors, aeration
ducts), whereas the wall joints, roof doors, roof±wall juncture, and roof vents are often not
sealed. The grain masses inside these structures lose fumigant rapidly, with much of the loss
occurring at the uncovered grain surface (Skidmore, 1989). Preliminary tests indicated that
grain temperatures above 308C were associated with rapid loss of fumigant gas (Reed and
Worman, 1993).
Formulations of aluminum or magnesium phosphide fumigant in the form of tablets or

pellets are placed in grain where they react with water in the air to produce the fumigant gas,
phosphine (PH3). The number of days required for the gas to be generated from the solid
formulation depends on temperature, moisture and the brand of fumigant (Banks, 1991). The
gas is lost from the interstitial spaces between the grain kernels in grain masses by either
sorption into the grain or loss (escape) from the bin.
Loss of phosphine from an imperfectly-sealed structure is easily and intuitively visualized,

and probably involves di�usion mechanisms driven by the large di�erence in fumigant
concentration between the interstitial air and ambient air. Air currents caused by temperature
gradients within the grain mass may also cause the fumigant gas to escape (Mulhearn et al.,
1976). Wind often causes fumigant to rapidly escape from structures (Cotton et al., 1963).
The mechanisms involved in phosphine sorption and the ultimate fate of the fumigant in the

grain is less intuitive and a clear consensus relative to a conceptual framework does not appear
to exist. Berck (1968) showed that most phosphine that disappears from the interstitial air due
to sorption is not subsequently recovered upon unsealing and aeration. Rauscher et al. (1972)
demonstrated that some of Berck's unrecovered phosphine probably escaped due to improper
sealing. Using longer aeration times than Berck, they recovered most of the phosphine they
applied. However, they fumigated for short periods of time in containers where only a small
portion of the volume was occupied by the fumigated commodity. Dumas (1980) reported that
during the ®rst hour of aeration after unsealing, the amount of phosphine recovered from
fumigated wheat was many times more than that recovered during the second hour. The rate
of recovery, which presumably is related to desorption, decreased every hour during the ®rst
day, but minute quantities continued to be recovered for several days. Using radioactive
phosphine, Robinson and Bond (1970) showed that phosphorus from the phosphine gas was
retained in the grain as various non-volatile phosphates or phosphites. Tkachuk (1972), who
also used labeled phosphine, reported that in some trials, nearly half of the phosphine
converted to non-volatile phosphorus forms within 4 days.
These ®ndings suggest that the phosphine that sorbs into grain undergoes a chemical

reaction that results in its detoxi®cation. Nevertheless, it is obvious that phosphine gas must
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penetrate deep into grain kernels before it converts to the non-volatile, non-toxic forms of
phosphorus found by Robinson and Bond (1970) and Tkachuk (1972), because phosphine
fumigation kills insects inside grain kernels. Banks (1990) stated that phosphine uptake by the
grain has been regarded as partially due to physical sorption and partly to chemical reaction,
and that further investigation was needed to understand the process.
These and other ®ndings suggest the following. Phosphine in a grain mass di�uses away

from its point of introduction or generation along a concentration gradient through the large
interstitial air spaces (Sinha et al., 1979), or is moved by air currents. Some molecules migrate
by random motion into the small pores (capillaries) of individual grain kernels (Dumas, 1980).
These molecules continue to disperse along the concentration gradient, from the outside
toward the inside of the kernel. If a high enough concentration is maintained for long enough,
much of the phosphine inside the kernels eventually oxidizes as it sorbs to grain constituents.
This mechanism has been demonstrated in soil (Hilton and Robison, 1972). After undergoing
oxidation or another type of reaction, the phosphorus is present in non-volatile, non-toxic
forms.
When the fumigated structure is unsealed, only the unreacted phosphine present in the

interstitial spaces and that which happens to be very close to the grain surface in the capillaries
is immediately recoverable. The reacted phosphine remains in the grain as non-phosphine
phosphorus, mostly in external grain tissues (Tkachuk, 1972), and the unreacted phosphine in
the capillaries slowly migrates to the interstitial spaces where it is detected in decreasing
amounts as the aeration time increases. In the present study, all phosphine not present in the
interstitial air is considered to be ``sorbed'' into the grain, regardless of its form.
Annis and Banks (1993) proposed a general formula to predict the interstitial phosphine

concentration in a grain mass based on phosphine release, leakage, volume and sorption.
Banks (1993) described the sorption of phosphine into grain by a power law model with a
sorption coe�cient per unit of time. The sorption constant is independent of the initial
fumigant concentration but closely related to water activity in the interstitial air (Banks 1990).
As de®ned in the present paper, the sorption coe�cient (k ) can be used to predict the fumigant
concentration (Cn) on a given day n after the initial highest concentration (Ci). Thus,
Cn=Ci(1.0ÿkn ). Alternatively, k is the decimal percent daily reduction in concentration from
the previous day.
Stored grain insects vary in their susceptibility to phosphine, depending on species,

temperature and life stage (Hole et al., 1976). The most tolerant stages are eggs and pupae
(Lindgren and Vincent, 1966). Within the tolerant stages, tolerance is greatest early and
decreases as the eggs and pupae mature toward the larval and adult stages. Early egg and
pupal stages may be 65 times more tolerant to phosphine than larval stages of the same insect
(Winks, 1987). Thus, the duration of a lethal concentration may be more important for
phosphine fumigations than the maximum concentration or the concentration±time (Ct )
product.
The relationship between the length of fumigant exposure and the lethal concentration is

complicated by the e�ect of temperature on the duration of each life stage of the insect,
because the time required for resistant stages (eggs and pupae) to become susceptible stages
(larvae and adults) is also temperature-dependent. Higher grain temperatures reduce the
duration of each life stage to an extent predicted by a model proposed by Hagstrum and
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Milliken (1988). The recommended strategy for phosphine fumigations is to maintain a lethal
concentration until the most resistant stages mature into less resistant forms (Winks, 1984).
However, this is di�cult to achieve in unsealed structures such as corrugated metal grain bins.
This study was undertaken to describe, through simulation, the e�ects of grain temperature

and moisture content (m.c.) on phosphine levels in unsealed grain bins typical of farm-level
wheat storage in Kansas. The likelihood of successfully controlling insect populations was
estimated by comparing the e�ect of temperature and m.c. on the phosphine concentration
pro®les over time with the e�ect of temperature and m.c. on the duration of the fumigant-
resistant stage of a stored-grain insect and the concentration lethal to this stage under these
conditions.

2. Materials and methods

Hard red winter wheat (1.4 t) was loaded to within 5 cm of the top of each of six cylindrical,
corrugated, bolted steel bins 1.4 m dia and 1.2 m tall (1.84 m3) with wooden lids 2 cm thick.
Each bin contained a sheet metal ¯oor and was ®tted with an aeration system consisting of a
PVC tube placed vertically along the wall and connected to a perforated tube (15.2 cm dia) on
the ¯oor. The bins were located indoors. Conditioned air was extracted from a controlled
chamber and forced through the grain to achieve the desired grain temperature while
maintaining the desired m.c. During the fumigations described below, the entrances to the
aeration tubes remained open, and the bin tops were partially sealed with paper tape to
provide a uniform open area of about 75 cm2 for gas escape. In an attempt to document the
degree of sealing, pressure was applied to the bins. No pressure was generated when the open
area was provided as described above. When aeration ports were closed and the entire lid was
taped, only 109 Pa could be generated, which returned to zero immediately when the pressure
was withdrawn. Therefore, these bins are referred to as unsealed bins.
The grain temperature was recorded at 24-h intervals during the trials with a thermocouple

placed 40 cm from the bin wall and 40 cm below the grain surface. To obtain the best estimate
of the mean phosphine concentration in the entire grain mass, perforated metal cylinders 1 cm
in diameter and 23 cm long, attached to ¯exible plastic tubes 4 mm (inner diameter) were
placed at three locations in the grain mass to extract gas for phosphine determination. Two
were placed opposite one another near the outside bottom of the grain mass such that the
perforated sampling area began 30 cm above the ¯oor and 30 cm from the bin wall. The third
was located such that the perforated area began 15 cm below the grain surface and 41 cm from
the wall. The mean of the three readings per bin was used as the estimate of the mean
phosphine concentration in the grain at each sampling time. The thermocouple line and gas
sampling tubes (R40 m, R200 ml) were extended to an adjacent room during the fumigation.
The ¯exible gas lines were sealed at the ends with septa.
Five tablets of commercial aluminum phosphide fumigant (Weevil-Cide1, Research Products

Corp, Salina, KS) were placed in a cotton bag and probed to the center of the grain masses.
The tablets, each with a theoretical yield of 1 g of phosphine gas, were separated within the
bag by a small amount of wheat. The bags served to retain the residual dust from the tablets,
which was removed after each fumigation. Preliminary trials determined that the rate of ®ve
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tablets per bin (2.7 tablets per m3), combined with ventilation in the room and the open area
described above, provided a fumigant concentration pro®le similar to those observed in
unsealed farm bins (Skidmore, 1989). This dose represents an application rate in the lower part
of the range (2.5±5.1 tablets per m3) given on the fumigant label for farm bins.
The wheat was of 11.1% m.c. when ®rst loaded into the bins and was cooled by aeration to

208C. The temperature in the room containing the unsealed bins was maintained within 228C
of the desired grain temperature. After the fumigation trial, the wheat was aerated with
humidi®ed air to achieve a new grain temperature with a minimum change in moisture content.
The process was repeated to obtain data at 25 and 308C. Then all wheat was removed from the
bins, and water was added to the wheat with mixing to bring the m.c. to 13.5%. Aeration with
conditioned air again was used to adjust the grain temperature to either 20, 25, or 308C before
fumigation. The ``rest period'' between fumigation trials was 2±6 weeks.
To provide an indication of phosphine sorption rates when the fumigant could not escape, a

metal drum (216 l) was ®lled as full as possible (0.15 t) with the same wheat as in the unsealed
bins. Three gas-sampling ports were placed at vertically equidistant points 2 cm from the drum
wall to sample near the top, bottom, and middle of the drum. A rubber stopper was placed in
the bung of the metal drum. The gas-sampling tubes exited the drum through the stopper and
were sealed with septa. The gas sampling tubes protruding from the stopper, as well as the
stopper and most of each septum were covered with para�n wax to seal against phosphine
leakage (Rauscher et al., 1972). The drum was placed in the controlled chambers at the same
temperature as the grain in the unsealed bins, and the grain was removed and exposed to the
air between each fumigation trial for the same length of time as the wheat in the unsealed bins.
Immediately after the unsealed bins were fumigated, a quantity of fumigant formulation (1.7 g)
calculated to provide an initial dose rate equal to that in the unsealed bins was inserted in a
cotton bag to the center of the grain mass. To fumigate the empty drum, the bag was
suspended in the center of the drum.
To quantify the e�ects of repeated fumigation on the phosphine sorption rate and to

determine if sorptive capacity was regenerated during the relatively long ``rest period'' between
fumigations, wheat was fumigated in the sealed drums with smaller amount (0.25 g) of
fumigant formulation. The number of days of fumigation was varied to provide the same
amount of fumigant exposure (Ct product) during each fumigation as the wheat in the
unsealed bins at 258C and 11.1% m.c. In these trials, three drums were fumigated
simultaneously to provide three replications. Correction factors were developed from these
trials and were used to adjust the fumigant pro®les from the unsealed bins.
To determine the phosphine concentration in the unsealed bins, each gas-sample line was

evacuated (twice the line volume) immediately before a 50-ml gas sample was extracted
through the septum with a gas-tight syringe. This sample was injected into the conductance cell
of a conductivity meter (LTH Electronics Ltd, Bedfordshire, England), wherein the phosphine
reacted with a mercuric chloride solution. Increase in conductivity of the solution indicated the
phosphine gas concentration (Harris, 1986). The mean of the three sampling points from each
bin or drum was used as the datum point for each treatment at each sampling time. Samples
were taken at 12-h intervals until the gas concentration peaked and at 24-h intervals thereafter.
Data were analyzed by SAS software (SAS, 1985). Means and standard errors were calculated
by the summary procedure, and means separations were made by least signi®cant di�erence
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(LSD) procedures in the general linear models (GLM) procedure. Geometric mean Ct products
were calculated according to the method of ASEAN (1989).
Samples of wheat from the fumigation trials were milled on a Ross small-scale mill to

produce standard ¯our (endosperm tissue), bran (pericarp and closely associated endosperm
cells), and germ (embryo). These portions were analyzed for total phosphorus content by the
photometric method (AOAC, 1995) to determine changes in the phosphorus level of the wheat
after various levels of exposure to phosphine fumigant.

3. Results and discussion

3.1. Grain temperature and moisture content

The grain temperatures and moisture contents were chosen to represent typical conditions in
the hard red winter wheat belt of North America. The lower mean m.c. (11.1%, Table 1)
approximated that of wheat typically stored in farm or elevator bins in Kansas. The higher
mean m.c. (13.5%) varied slightly between trials. Wheat moisture levels of 13.5% are not
uncommon early in the storage season and the grain is sometimes fumigated. The m.c. of the
wheat in the sealed drum was about 0.2 percentage points higher than that in the unsealed
bins. For convenience, temperature levels are referred to as 30, 25 and 208C. Mean grain
temperature throughout the trials did not vary from these nominal temperatures by more than
0.38C (Table 1).

3.2. Mean phosphine concentrations and variability

Because of the nature of fumigant pro®les in unsealed bins, wherein gas concentrations begin
at zero, increase to high levels, then return to zero, mean concentration levels are provided in
Table 1 as descriptive parameters only. Means separation by statistical techniques was not
possible because of the naturally-large standard error. Mean concentrations of phosphine gas
during the period gas was present appeared to be greatest at the highest temperature because
gas was generated faster at the higher temperatures (Table 1). However, variability in the gas
level within each bin, indicated by the standard error (SE) of the mean of readings from three
locations in the bin, was also greater at the higher temperatures.

3.3. Observed fumigant pro®les

In the small, unsealed bins used to simulate typical fumigation in metal farm bins, mean
fumigant levels were greatest after 0.5±2 days and decreased to <0.1 mg/l within 4±7 days
(Fig. 1). The overall e�ect of high moisture at a given temperature was to accelerate the rates
of gas generation and disappearance. This e�ect was observed at all temperatures. A similar
e�ect of higher temperature at the same m.c. was observed at each m.c.
Although the observed data were descriptive of phosphine pro®les in unsealed bins under

controlled temperature and moisture conditions, they did not quantify the e�ects or separate
the disappearance of phosphine by loss from the bin from that by sorption into the grain.
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Table 1
Nominal and observed mean grain temperatures and moistures over the period of the fumigation of wheat, and mean phosphine concentration
while gas was present

Mean of six unsealed bins Sealed drum

Nominal m.c. Nominal grain
temp. (8C)

Observed grain
temp. (8C)
Mean2SEa

Observed m.c. (%)
Mean2SEb

PH3 Conc. (mg/l)
Mean2SEc

Days PH3 present
d Observed m.c.

High 30 29.820.06 13.520.35 0.4520.069 4 13.6
High 25 24.720.04 13.220.17 0.3220.041 6 13.8
High 20 19.920.08 13.820.13 0.1320.029 7 13.8

Low 30 30.120.05 11.520.05 0.5120.057 5 11.3
Low 25 25.120.05 10.820.07 0.3820.033 8 11.3
Low 20 19.920.04 11.120.11 0.3020.033 > 10 11.3

a Standard error of the mean grain temperature at each sampling time over all sampling times (n=7±13).
b Standard error of the mean grain moisture at the beginning and end of the fumigation over all bins (n=12).
c Standard error of the mean of three readings within each bin per sampling time over all sampling times (n=42±78).
d Phosphine was detected in all six replicate bins.
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Therefore, the fumigant concentrations in the unsealed bins were compared with those from
sealed drums at the same sampling time. Repeated testing showed only a minor (<5%)
reduction from maximum phosphine levels in the empty drums over the 10-day period (data
not shown), indicating that no substantial amount of gas escaped.
To compensate for di�erences in void space in the drums with and without grain, the results

(Figs. 2±7) are presented as a percentage of the calculated theoretical maximum concentration.
For the empty drum, this calculation was based on the volume of the drum and the amount of
PH3 gas that should have been generated from the amount of solid formulation applied. For
the full drum, calculation of the theoretical maximum concentration was based on the weight
of fumigant formulation applied and the theoretical void space (volume not occupied by grain)
in the drum. For the unsealed bins, the theoretical maximum concentration was de®ned as the
observed concentration in the full, sealed drum wherein a sample of the same lot of grain at a
similar m.c. and at the same dosage rate and temperature was fumigated simultaneously. This
compensated for unavoidable sorption. Therefore, the di�erence between the observed and the
theoretical values at any day was a measure of phosphine lost from the bin.
In the low moisture wheat at 208C, the fumigant concentration in the full drum was only

about two-thirds of that in the empty drum after 4 days (Fig. 2). This one-third reduction

Fig. 1. Observed mean phosphine concentrations at six combinations of m.c. (High or Low) and grain temperature

(20, 25, or 308C) after hard red winter wheat was fumigated in unsealed bins.
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Fig. 2. Mean percent of the phosphine concentration considered theoretically possible observed in sealed drums
without grain or ®lled (95%) with hard red winter wheat, and in unsealed bins containing hard red winter wheat.

Wheat m.c. 111.1%; temperature 1208C.

Fig. 3. Mean percent of the phosphine concentration considered theoretically possible observed in empty sealed

drums or in sealed drums ®lled (95%) with hard red winter wheat, when the observed concentration of phosphine
was corrected for e�ects of repeated fumigation, and in unsealed bins containing hard red winter wheat. Wheat m.c.
113.8%; temperature 1208C. Corrected k=0.21.
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Fig. 4. Mean percent of the phosphine concentration considered theoretically possible observed in empty sealed
drums or in sealed drums ®lled (95%) with hard red winter wheat, when the observed concentration of phosphine

was corrected for e�ects of repeated fumigation, and in unsealed bins containing hard red winter wheat. Wheat m.c.
110.8%; temperature 1258C. Corrected k=0.14.

Fig. 5. Mean percent of the phosphine concentration considered theoretically possible observed in empty sealed

drums or in sealed drums ®lled (95%) with hard red winter wheat, when the observed concentration of phosphine
was corrected for e�ects of repeated fumigation, and in unsealed bins containing hard red winter wheat. Wheat m.c.
113.2%; temperature 1258C. Corrected k=0.26.
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Fig. 6. Mean percent of the phosphine concentration considered theoretically possible observed in empty sealed
drums or in sealed drums ®lled (95%) with hard red winter wheat, when the observed concentration of phosphine

was corrected for e�ects of repeated fumigation, and in unsealed bins containing hard red winter wheat. Wheat m.c.
113.5%; temperature 1308C. Corrected k=0.36.

Fig. 7. Mean percent of the phosphine concentration considered theoretically possible observed in empty sealed
drums or in sealed drums ®lled (95%) with hard red winter wheat, when the observed concentration of phosphine

was corrected for e�ects of repeated fumigation, and in unsealed bins containing hard red winter wheat. Wheat m.c.
111.5%; temperature 1308C. Corrected k=0.19.
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could only have been due to sorption, because no signi®cant gas loss occurred from the drum.
Meanwhile, the fumigant present in the interseed atmosphere in the unsealed bins on the fourth
day was only 17% of what was possible after sorption. That is, more than 80% of the gas that
was not sorbed into the grain had been lost from the bin. The profound e�ects of low moisture
and low temperature on both sorption and gas loss were re¯ected in the relatively large amount
of fumigant present after 10 days at 208C and 11.3% moisture (Figs. 1 and 2). Because of the
small number of observations wherein the concentration decreased from the previous day and
the variability in those observations, the k value was not calculated for this trial.

3.4. E�ect of repeated fumigations

As seen in Fig. 1, the gas pro®le of the low-moisture grain at 208C di�ered from the others
in that the time to reach the peak concentration was longer and the rate of decrease was
slower. The low moisture, low temperature example (Fig. 2) is presented because the grain was
fumigated for the ®rst time under those conditions. The experimental design resulted in the
grain being fumigated repeatedly, albeit at di�erent temperature and moisture conditions.
Thus, it was necessary to investigate the e�ect of repeated fumigations on the sorption
characteristics of the experimental wheat in order to correct for these e�ects in the trials
wherein the wheat had already been fumigated.
Studies in the sealed drums at 11.3% m.c. and 258C indicated that, at the low fumigant

concentrations observed in the unsealed bins, the ®rst fumigation had by far the greatest e�ect
on the sorption characteristics of the grain (Table 2). Reduction in the sorption rate with
repeated fumigation may be due to the decrease in the number of available sites where
phosphine may be physically sorbed to grain constituents (H.J. Banks, personal
communication). Subsequent fumigations produced only minor reductions in k. At the higher
concentrations observed in the sealed drums, the initial k and the e�ect of repeated
fumigations on k were more uniform. The time interval between fumigations (mean of 3.6 days
compared to 19.0 days) did not signi®cantly (P > 0.05) a�ect the mean sorption coe�cients,

Table 2
E�ect of repeated fumigation on the sorption coe�cient (k ) when
hard red winter wheat at 11.3% moisture content was fumigated in

sealed drums at high and low dosages at 258Ca

Sorption coe�cient (k )
Fumigation High dosageb Low dosagec

1st 0.3120.017 a 0.2020.016 a

2nd 0.2320.014 b 0.1620.018 ab

3rd ± 0.1420.17 b

4th 0.2120.015 b 0.1120.027 bc

5th ± 0.1020.014 c

a Means followed by the same bold letter are not signi®cantly (P
>0.05) di�erent by the LSD test.
b Mean high concentration 4.0 mg/l.
c Mean high concentration 0.6 mg/l.
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indicating that none of the sorptive capacity of the wheat in the unsealed bins had regenerated
during the ``rest periods'' between fumigations. At the higher PH3 concentrations achieved in
the sealed drum, the initial sorption coe�cient was considerably higher than at the lower
concentrations typical of the unsealed bins.

3.5. Corrected fumigant pro®les

Correction factors for repeated fumigation were calculated from the results shown in Table 2,
based on the random order in which the trials were carried out. These were used in
conjunction with the mean of the observed highest concentration of fumigant to describe the
idealized fumigant pro®les (Figs. 3±7) where the sorption rate is corrected for the e�ect of
repeated fumigation (corrected k ). At 13.8% m.c. and 208C, PH3 accumulated faster for the
®rst 2 days in the sealed drum containing wheat than in the empty drum (Fig. 3). In the empty
drum, gas was still being generated after more than a week, but in the full drum, sorption
reduced the concentration after the 3rd day by about 21% per day, despite continued gas
generation from the tablets. In the unsealed bins, the proportion of the unsorbed gas present in
the interstitial space remained low and relatively constant from day 1 through 7, indicating
that loss from the bin was rapid for the ®rst few days, then slowed as the interstitial
concentration of PH3 was reduced. Compared to the 208C trial with the low-moisture wheat
(Fig. 2), it is obvious that the higher moisture promoted more rapid gas generation, but also
more rapid loss from the bin.
At 258C and 10.8% m.c., sorption reduced the gas concentration in the drum containing

wheat by about 14% per day after the 3rd day (Fig. 4). In the unsealed bin containing the
same wheat, the fumigant present represented nearly 30% of that possible after 24 h, and gas
was present through to the 7th day. This contrasts with the pattern observed in higher
moisture grain at the same temperature (Fig. 5), in which the peak concentration was less than
20% of that possible; the concentration was reduced thereafter at the rate of 26% per day, and
only trace amounts of fumigant were detected after 4 days.
At 258C, the additional two percentage points of moisture in the high-moisture wheat were

associated with a two-fold increase in the sorption rate. Banks (1993) demonstrated that mean
daily sorption coe�cients for Australian wheat between 11 and 13% m.c. varied from 0.1 to
0.16 at 258C. Individual lots of grain had sorption coe�cients ranging from 0.06 to 0.25, and
the coe�cients were positively associated with water activity. In the present study, the
corrected sorption constants were positively correlated with water activity (r=0.8).
The e�ect of higher temperature on the rate of phosphine generation from the formulation is

seen when Figs. 2 and 4 are compared. Phosphine was generated much faster at 258C than at
208C in the empty bins and when low-moisture wheat was present, but loss from the unsealed
bins also was more rapid. This pattern is even more obvious in the higher-moisture grain,
where at 258C only traces of phosphine were present after 6 days compared to 10 days at 208C.
At 308C, all gas had been generated by the 1st day (Fig. 6), when the average concentration

in the drum containing wheat at 13.5% m.c. reached nearly 80% of its potential. Thereafter,
the concentration decreased by about 36% per day. By the 4th day, more than 80% of the
fumigant applied had been sorbed by the grain. Loss from the unsealed bins was also rapid. At
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day 2, about 20% of the unsorbed fumigant gas was still present, but by the 4th day, only
trace amounts remained.
The lower grain moisture (11.5%) reduced the sorption coe�cient to <0.2 at 308C (Fig. 7).

Thus, the two-point di�erence in m.c. was associated with a near halving of the sorption rate.
In the unsealed bins, nearly 10% of the unsorbed gas was present after 4 days. Only after 6
days had all unsorbed gas escaped from the bin. In contrast, when the wheat contained 13.5%
m.c., sorption alone had reduced the concentration in the sealed drums to less than 10% by 6
days, and no gas was present in the unsealed bins after 4 days. In this study bins were sheltered
from wind, whereas in farm bins, fumigant loss would probably be greater due to wind.

3.6. Cumulative concentration±time product

Although the Ct product cannot be used in the same way with phosphine as with many
other fumigants (Winks, 1987), it has been used as a comparative indicator of the amount of
exposure an insect might have under di�erent conditions. Grain moisture content, but not
temperature, signi®cantly (P< 0.01) a�ected the potential exposure to the fumigant (Table 3).
Mean Ct products for the high-moisture trials ranged from 32 to 61% of those for the low-
moisture trials at the same temperature. Temperature signi®cantly (P < 0.05) in¯uenced the
way the moisture e�ect was expressed, and water activity was negatively correlated with the Ct
product (r=ÿ0.95).

3.7. Fumigant pro®les and development times

A measure of the potential e�ectiveness of phosphine fumigations is the observed fumigant
concentration relative to the known toxic threshold at some point in the development of a
resistant stage of a target insect. For insects that happen to reach a resistant life stage as the
fumigation begins, this indicates the fumigant concentration at the time they mature to a less
tolerant phase of that life stage. In this study, fumigant concentrations in the unsealed bins
were compared at one-half the development time of lesser grain borer, Rhyzopertha dominica

Table 3

Geometric mean cumulative concentration±time (Ct ) products of phosphine
gas after 10 days in unsealed bins when wheat at 11.3% (Low) or 13.5%
(High) was fumigated at 20, 25 or 308Ca

Mean geometric Ct Moisture content Grain temperature (8C)

73.724.6 a Low 20
68.624.6 a Low 25
61.524.6 a Low 30
38.624.6 b High 25

37.924.6 b High 30
24.224.6 b High 20

a Means followed by the same bold letter are not signi®cantly (P > 0.05)
di�erent by LSD tests.
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(F.) eggs, for which both development time and toxicology data are published for most of the
trial conditions.
In the unsealed bins containing high-moisture grain, the observed phosphine concentration

was lower than the published LC99 (2-day exposure) at half the development time of lesser
grain borer eggs at 20 and 258C (Table 4). Only at the highest temperature tested was the
observed fumigant concentration greater than the LC99 at one-half the duration of the egg
stage. At the lower temperatures, notwithstanding their higher Ct products, the combined
e�ects of grain moisture and temperature on insect maturation rate, phosphine sorption, and
escape of phosphine from the bin resulted in a fumigant concentration below the lethal level at
one-half the egg development time.
In the low-moisture grain, the phosphine concentration at one-half the egg developmental

period was greater than the LC99 at 25 and 308C, but not at 208C. Thus in three of the six
moisture±temperature combinations were the criteria met for 99% mortality in a 2-day
exposure time. However, only in the trial at 308C and 11.5% m.c. did the observed gas
concentration remain greater than the LC99 for at least 2 days after one-half the egg
development time. Thus the low-moisture, high-temperature trial appeared to provide the
greatest likelihood of a successful fumigation. In most of the trials, high levels of phosphine
were observed during the ®rst 2 or 3 days of the fumigation, which may have killed the less
tolerant insects. However, phosphine levels >0.5 mg/l may narcotize insects (Winks, 1984),
providing them partial protection from the fumigant.

3.8. Phosphorus residues

In wheat kernels, naturally-occurring phosphorus is concentrated in the external layers and
exists in phytate and nonphytate forms (Hoseney, 1994). When the wheat is milled, the external
layers are removed either as bran (pericarp and associated endosperm material) or germ (embryo).
Before it was fumigated, the experimental wheat contained 1.3% phosphorus in the bran

layers, 1.02% phosphorus in the germ, and 0.09% in the ¯our, which consists of endosperm
tissue from the internal part of the kernel. After three or ®ve fumigations in a sealed drum at
high dose, no additional phosphorus was detected in any of the milling fractions. Tkachuk

Table 4
Development time of Rhyzopertha dominica eggs and phosphine concentrations under conditions of the study

Moisture content Temperature
(8C)

LC99
a

(mg/l)
Development time
(days)b

[PH3] at 1/2 development time
(mg/l)

High 30 0.05 6.5 0.12
High 25 0.22 10.6 0.02
High 20 Not Tested 23.3 0

Low 30 0.05 6.4 0.51
Low 25 0.22 10.0 0.23
Low 20 Not Tested 23.3 0

a LC99 as reported by Hole et al. (1976) for 2-day exposure time.
b Development time calculated by Hagstrum and Milliken (1988).
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(1972) reported that about 85% of the water-soluble phosphorus residues from radioactively-
labeled phosphine was found as hypophosphite and pyrophosphate in external bran layers.
Apparently, the relatively high levels of indigenous phosphorus in these layers masked the
presence of the phosphorus residues added in the course of the repeated phosphine
fumigations.
The wheat in the drums, after successive fumigations, had been exposed to about 400 times

the Ct product of the wheat in the unsealed bins at low moisture and 258C. The exposure level
in the unsealed bin trials was probably typical of fumigations in farm or commercial storage
bins. In a laboratory trial in which wheat was fumigated at 450 times the recommended rate,
total phosphorus increased only 0.03% (Bruce et al., 1962). Thus, any fumigation as currently
practiced, even if done more than once, probably would not add signi®cant quantities of
residual phosphorus to the grain.

4. Summary

Phosphine fumigant pro®les for unsealed grain bins similar to those used for farm storage of
wheat demonstrated that most of the fumigant is lost by sorption and escapes from the bin
within a few days, depending on grain temperature and m.c. Six combinations of temperature
and m.c. were tested. The daily rate of phosphine sorption was a constant portion of the
amount remaining at any given day and increased with higher grain temperature and moisture.
The sorption coe�cient was reduced greatly by repeated fumigation. Despite the rapid loss of
fumigant when grain temperatures were higher, the probability of a successful fumigation
appeared to be greater at higher temperatures. This is because higher temperatures are
associated with lower lethal concentrations and less time spent by insects in tolerant life stages.
In the high-moisture grain at 308C, the observed phosphine concentration was greater than the
LC99 for a 2-day exposure at one-half the egg development time, as was true in the lower-
moisture grain at 30 and 258C. However, the low-moisture grain at 308C appeared to provide
the best chance for complete control of insects because the phosphine concentration remained
at the required level for at least 2 days after the eggs were mature. The phosphorus level of
wheat that had received 400 times the typical exposure was not signi®cantly higher than before
fumigation.
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