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Abstract

Wheat infested with grain mites (Acari) and Sitophilus granarius, and maize infested with
Prostephanus truncatus, were exposed to hot air in a CIMBRIA HTST Microline toaster

1

. Inlet
temperatures of the hot air were in the range of 150±7508C decreasing to outlet temperatures in the
range of 100±3008C during the exposure period. A rotating drum, connected to a natural-gas burner
was fed with grain which was in constant movement along the drum and thereby mixed thoroughly
during the process. The capacity of the toaster was 1000 kg per hour.

Complete control of grain mites and adult S. granarius in wheat was obtained with an inlet
temperature of 300±3508C and an average residence time in the drum of 6 s. More than 99% mortality
was obtained for all stages of S. granarius with an inlet temperature of 300±3508C and an average
exposure period of 40 s. For control of P. truncatus in maize, an inlet temperature of 7008C resulted in
a complete disinfestation when the exposure time was 19 s.

The reduction in grain moisture content was 0.5±1% at treatments giving 100% control. Germination
tests indicate that it is possible to choose a combination of inlet temperatures and exposure periods
which e�ectively kills mites and insects in small grains, without harming the functional properties of the
grain.

Economy of the method was considered to be competitive with fumigation using phosphine. 7 2000
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1. Introduction

For many years chemical control measures have dominated the methods for pest control in
grain, but recently more interest has been directed towards non-chemical methods.
Such methods are needed because all major species of stored product insects have developed

varying degrees of resistance to the limited number of insecticides which are internationally
accepted for use on grain (Champ and Dyte, 1976; Taylor 1989). At the same time, new
chemicals that are safe enough for use on foodstu�s are only slowly becoming available,
because of the high cost of developing and registering them. Increasingly sophisticated markets
are expecting that cereals and other foodstu�s are ``residue free'', and in organic food
production the use of insecticides is ruled out.
A technique that has been used successfully for many years against stored-product pests is

the use of elevated temperatures. The thermal limits of insects and mites usually fall between 0
and 458C, and temperatures within these limits determine the rates of population growth. More
extreme temperatures have an acute in¯uence. At the upper limit, the high temperatures
destabilize phospholipid membranes and a�ect intracellular proteins adversely (Bligh et al.,
1976). Heat disinfestation requires only that all particles of a given batch of infested grain are
heated to an appropriate lethal temperature/time combination, and this is basically a simple
process. It can be adapted to both ``low tech'' (Kitch et al., 1992) and ``high tech''
circumstances.
Research on high temperature control has focused on using hot air in a ¯uid bed, spouted

bed or pneumatic conveyer equipment, and on the use of high frequency waves, microwaves
and infrared radiation to heat the grain or ¯our before rapidly cooling the commodity
(Buscarlet, 1990).
Information on susceptibility to high temperatures is scattered and comparisons are

di�cult because many factors in¯uence the results. The temperatures ¯uctuate and are
di�cult to measure, while the rates of heating and cooling depend on the method used,
the product being treated, its moisture content (m.c.) size distribution and several other
factors.
Di�erent mite and insect species and stages have di�erent susceptibilities to heat treatment,

but most species will not survive more than 12 h at 458C, 5 min at 508C and 30 s at 608C
(Fields, 1992). Mortality is obviously related to the temperature to which the insects are
exposed and the exposure period, but recent research indicates that the rate at which the grain
is heated is also of importance, an increased rate of heating apparently giving higher mortality
(Evans, 1986).
The sensitivity of the commodity to high temperatures varies with, among other factors,

m.c., and is measured in terms of decreased germination and deleterious chemical and
biochemical changes (Pomeranz, 1992). Many di�erent ways of determining the in¯uence of
heat on protein quality, nutritional value, vitamin content, functional properties like baking
ability, etc. have been reported (Theander and Westerlund, 1988; Friedman et al., 1987; Holm
et al., 1988).
Earlier research has shown that short heating periods permit grain to be heated to much

higher temperatures than would be acceptable in conventional grain drying (Sutherland et al.,
1986).
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This study was conducted as part of a major research project on heat treatment of grain, the
e�ect on mould and mycotoxins having already been reported (Wilkins et al., 1992), to
determine the e�ect on insect and mite mortality of various time/temperature exposures in an
experimental HTST toaster.

2. Materials and methods

2.1. Equipment

The experiments were performed in a HTST Microline toaster, (``Cimbria Unigrain Ltd'',
Denmark). The heating of the grain is achieved by contact with air heated directly from a
natural-gas burner in combination with infra-red radiation. The grain is moved through a

Fig. 1. Schematic drawing of a (CIMBRIA) HTST toaster. Key: (a) temperature of outlet air, (b) feed load, (c)

moisture content of grain, (d) size of particles, (e) inclination of drum, (f) valve for secondary air intake, (g) valve
for air outlet. Control devices: (h) thermocouple for combustion temperature, (i) sensor for material ¯ow, (j)
rotation guard for drum, (k) thermocouple for outlet temperature, (l) safety thermostat, (m) pressure guard, (n)

material over¯ow guard.
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rotating drum by a combination of inclination of the drum, and air velocity. The drum is
furnished with blades that mix the grain thoroughly during the process (Fig. 1).
Intensity of treatment depends on several factors: Air temperature at inlet of grain, air ¯ow,

temperature and m.c. of material at inlet, amount loaded into the drum and residence time for
the material.
The air temperature in the drum was measured with thermosensors, located at the inlet and

outlet of the drum. During the process the temperature of the grain increases and the air
temperature decreases. Inlet and outlet temperatures at di�erent residence times are shown in
Fig. 2. To calculate the energy e�ciency, average temperatures of the grain at the outlet were
measured by ®lling a thermos ¯ask furnished with a thermometer which was read after

Fig. 2. Relation between inlet and outlet temperatures, measured in the drum at di�erent residence times. Feed load

and revolutions per minute were kept constant.
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equilibrium was reached. Directly after the heat treatment, the kernels were cooled by air and
reached ambient temperatures in about 2 min.
Attempts were made to measure surface temperature of the grains at the outlet with a

Minolta infrared thermometer calibrated before use by heating grain to well de®ned relevant
temperatures.
Air velocity in the drum was measured by a revolving vane anemometer. The rate of ¯ow

during the tests was 400±600 kg per hour.
Average residence times of 6, 19 and 40 s were chosen for the actual tests, corresponding to

15, 6 and 3 degrees inclination of the drum respectively.
The distribution of the residence times of the kernels leaving the drum at the three average

times aimed at (6, 19 and 40 s) was measured by adding samples of 150 coloured grains to the
grain ¯owing through the drum. At di�erent time intervals samples were collected at the outlet,
and the number of coloured grains was counted.

2.2. Insects

The granary weevils (Sitophilus granarius (L.)) used in the tests were from a laboratory strain
reared for several generations at the Danish Pest Infestation Laboratory (DPIL) on wheat at
approximately 252 28C and 65 2 5% r.h. The infested grain was produced by placing 600
granary weevils, approximately two weeks old, in plastic containers with 500 g clean wheat.
After a six-day oviposition period the adult beetles were sieved from the grain. The infested
grain was then incubated for varying periods at 258C and 6525% r.h. In this way, batches of
six age groups were produced, representing the egg stage (0±6 days), young larvae (12±18
days), old larvae (26±30 days), pupae and pre-emerged adults (30±36 days) and adults.
The infested grain batches of each age group were thoroughly mixed and divided into

samples of 1.2 kg each. Each of these were mixed with 8.8 kg of uninfested wheat, to give test
samples of 10 kg.
The larger grain borer, Prostephanus truncatus (Horn), also came from a strain that had been

reared for several generations on maize at 25228C and 652% r.h.
The test samples were produced by mixing 2 kg infested maize grains, containing a mixture

of stages, with 8 kg of clean maize.
The grain mites for the tests came from samples taken from a grain store, naturally infested

with several species belonging to the genera Lepidoglyphus, Acarus and Tyrophagus. The
infested grain was mixed with clean wheat to give 10 kg test samples.
At all times, except during the transport from DPIL to Cimbria Unigrain Ltd and back, and

during the treatment period, both treated and untreated samples were kept at 252 28C and
6525% r.h.

2.3. Disinfestation procedure and assessment of mortality

The procedures for S. granarius, P. truncatus and the mites were similar.
From each 10 kg test sample, one subsample of 500 g was taken for observation of the

control emergence from an untreated sample.
On the basis of preliminary tests inlet temperature ranges from 150±2008C to 700±7508C
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Table 1
Percentage reduction in survival (as measured by emergence) of di�erent stages of Sitophilus granarius in wheat exposed to di�erent temperature/
time combinationsa

Average exposure time

6 s 19 s 40 s

Inlet temperature
(8C)

Surviving
(n/kg)

Reduction
(%)

Stage Surviving
(n/kg)

Reduction
(%)

Stage Surviving
(n/kg)

Reduction
(%)

Stage

150±200 438 25.7 o.l. 682 45.4 o.l.
879 39.2 y.l.
322 57.7 o.l.

200±250 664 14.1 y.l. 370 59.3 o.l.
394 71.8 o.l.

250±300 80 88.9 o.l.

12 98.8 o.l.
44 99.7 o.l.
0 100 o.l.

300±350 0 100 ad. 197 72.5 o.l. 0.6 99.9 o.l.
244 75.8 y.l 0 100 o.l.

350±400 0 100 e. 3.3 99.2 e. 0 100 o.l.

0 100 o.l.
400±450 48 93.5 p. 12 98.3 p. 0 100 o.l.

16 97.5 o.l. 0 100 y.l.
0 100 y.l. 0 100 o.l.

0 100 ad.
450±500 0 100 o.l.
500±550 3.7 99.6 o.l. 50 99.2 o.l.

2 99.7 y.l
550±600 0.6 99.9 o.l.
600±650 0 100 y.l. 0.4 99.9 o.l.

0 100 o.l. 0 100 e.
0 100 y.l.

650±700

700±750 1.5 99.8 o.l. 0 100 y.l.
0 100 e. 0 100 o.l.
0 100 y.l. 0 100 p.
0 100 p.

Control emergence
550±1375/kg

a e.: eggs; y.l.: young larvae; o.l.: old larvae; p.:pupae; ad.: adults. Each set of data represents the treatment of one 9.5 kg sample. Corresponding
outlet temperatures see Fig. 2.
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were chosen for the tests. Combinations of inlet temperatures and residence times for the
di�erent species are shown in Table 1.
When the desired ¯ow rate and air-inlet temperature were adjusted in the toaster, using clean

grain, an infested sample of 9.5 kg was sent through the system. As the treated grain left the
drum, it was directed into the air cooler and reached room temperature in about 2 min.
One sample of 2 kg was then taken for the assessment of mortality, and a 200 g sample for

measurement of m.c. The emerged adult beetles S. granarius and P. truncatus were sieved from
the grain and counted 50 days after the last egg-laying day to make sure that all survivors had
emerged. The grain mites were sieved from the samples 5 days after the treatment, and
surviving mites counted. The number emerged from each sample, treated and controls, was
corrected to a standard sample size of 1 kg, and the e�ect of the treatment was calculated as
the percent reduction in emergence in relation to the control.

2.4. Grain quality

The m.c. of both heat-treated and untreated grain was determined by weighing 2 g ground
grain samples before and after drying in an oven at 1308C for 2 h.

3. Results

Inlet temperatures of 300±3508C used for exposure periods as short as 6 s resulted in 100%
mortality of adult S. granarius (Table 1). For average residence times of 6 s an inlet
temperature of 500±5508C was needed to obtain more than 99% kill of the juvenile stages
living inside the wheat kernels.
At 19 s residence time an inlet temperature range of 400±4508C was necessary to obtain 99%

mortality of all stages. A 40 s exposure period Ð a realistic residence time in a full scale
toaster Ð and inlet temperatures of 300±3508C were su�cient to obtain more than 99%
disinfestation of small grains, wheat in this case.
The observations on wheat infested by grain mites were performed at 6 s residence time

only, and resulted in almost complete mortality at inlet temperatures of 200±2508C (Table 2).

Table 2
Percentage reduction in survival (as measured by emergence) of grain mites in wheat exposed to di�erent tempera-

tures for 6 sa

Inlet temperature (8C) Surviving (n/kg) Reduction (%)

150±200 ± ±
200±250 354 95.6
400±450 0 100

Control emergence 8070

a Each set of data represents the treatment of one 9.5 kg sample. Corresponding outlet temperatures see Fig. 2.
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High inlet temperatures of 700±7508C for a residence time of 19 s were needed for complete
control of P. truncatus (Table 3).
The distribution of the residence times of the kernels in the drum show standard deviations

between 0.5 and 4.9 for the average residence times aimed at in the present tests: 6, 19 and 40 s,
corresponding to inclinations of the drum of 15, 6 and 3 degrees respectively (Table 4). The air
velocity in the drum during the tests was measured as between 2 and 3 m/s. The reduction in
grain m.c., at the temperature/time combinations observed, was relatively small. Using grain at
12.5% m.c., the water loss was 0.5±1%.

4. Discussion

As the grain kernels rotate and collide during their passage through the drum, theoretical
considerations concerning heat transfer to the kernels are complicated. Furthermore, the
surface temperature of the kernels is in¯uenced by radiation from the inner wall of the drum
and from the burner. Attempts to measure surface temperature of grains by infrared cameras
were not accurate because of the in¯uence from the hot surroundings.
Calculation of the Biot number hr/k (h being heat transfer coe�cient, r the radius of the

sphere, and k the thermal conductivity) assuming that kernels are spheres and only heated
from the surrounding hot air, demonstrates that the air velocity should be more than 15 m/s in
order to obtain a higher surface than centre temperature (MuÈ ller, 1995). As actual air velocities
were measured at about 2 m/s, this was too low to create temperature gradients inside the
kernels.
It is evident that considerable variability exists as regards the residence time in the drum.

This is partly explained by the fact that for particles of similar shapes, the residence time in the
drum of the small particles will be shorter than that of the larger (Stokes law, analogies). As

Table 3
Percentage reduction in survival (as measured by emergence) of Prostephanus truncatus in maize exposed to di�erent

temperature/time combinationsa

Average exposure time

6 s 19 s

Inlet temperature (8C) Surviving (n/kg) Reduction (%) Surviving (n/kg) Reduction (%)

150±200 357 None 295 None
200±250 175 35.3 111 44.4

400±450 163 None 56 70.9
600±650 0.8 99.5 8 89.9
700±750 0.9 99.3 0 100

Control emergence 79±231/kg

a Each set of data represents the treatment of one 9.5 kg sample.
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the smaller particles need a shorter processing time, in this way all particles are given a
relatively uniform treatment and the risk of over/under treatment is partly neutralized.
However, the variability in exposure period may explain that a few individuals survive even

at high temperatures e.g. 99.8% mortality at 700±7508C and 6 s residence time.
Germination tests carried out in connection with the studies on the e�ect of the HTST

treatment on Tilletia caries (De Candolle) Tulasne (Hansen, 1993) showed only a marginal
decline in germination properties at inlet temperatures of 4008C and residence periods of 19 s.
The investment for a toaster with a capacity of 25 tonnes per hour is about GBP 100,000.

Based on an annual throughput of 40,000 tonnes ®xed costs can be calculated as 0.5 GBP per
tonne. The energy consumption necessary to obtain complete disinfestation of insects from
wheat is calculated to be 20 Mcal per ton. This principal cost element can be calculated as 0.4
GBP per tonne. This is competitive with insecticide treatment but both energy prices and
taxation on insecticides vary greatly from place to place so that it is hard to draw de®nite
economic conclusions.

5. Conclusion

The data suggest that complete disinfestation of grain infested by grain mites and insects
living outside the kernels can be performed using a HTST process without harming the quality
of the grain.
Control of insect stages living inside kernels by this technique may result in some decrease of

germination properties but the grain will still be useful for food and feed. Heat treatment can
therefore be used as an alternative to fumigation and insecticide treatment.

Table 4
Distribution of residence times of wheat grains in the druma

Residence time (s)

Number of grains Mean Dispersion Standard deviation

151 5.5 4.2±6.7 0.6

154 5.7 3.5±7.0 0.6
159 6.2 2.2±7.3 0.8
152 6.7 5.4±8.0 0.5
144 17.9 14.9±24.1 2.0

150 18.5 13.2±24.4 2.8
136 19.5 16.2±28.7 2.3
141 20.5 16.3±24.3 1.9

133 45.4 36.5±54.4 4.9

a The results relate to three settings, 15, 6 and 3 degrees inclination of the drum.
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