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RECENT ADVANCES IN THE USE OF MODIFIED ATMOSPHERES
FOR STORED PRODUCT PEST CONTROL

H. J. BANKS
CSIRO, Division of Entomology, P.O. Box 1700

Canberra, A.C.T., 2601, Australia

Modified or controlled atmosphere (CA) storage of grain
Involves alteration of the proportions of the normal gaseous
constituents of the storage environment, oxygen, nitrogen and
carbon dioxide to provide an insectlcldal atmosphere." This paper
reviews experimental approaches made over the years directed
towards the development of full commercial utilisation of this
residue-free method of insect control in stored dry durable
commodities, such as grain or pulses. Although working on a
similar biological principle, hermetic and pit storage systems are
specifically excluded from this review and only atmospheres
created by external addition of gases to give the altered composi
tion will be considered.

There are several questions which must be answered
before controlled atmosphere storage can be used successfully,
efficiently and routinely.

They can be summarised as:
(a) How well sealed must the storage be?

What quantity of gas is required to create the
desired atmosphere in this storage?
How much gas will be required to maintain the
correct gaseous composition for a set exposure
period?
What Is the correct exposure period?

Two publications In 1971 (I) and 1977 (2) have set out
!state of the art! practical Instructions for controlled atmos
phere storage of grain. Both were based on field experience of
the method and gave answers to these questions as then known.
However, practical experience in the use of this technique is
rapidly being amassed and it is time to review'the Information
available and see where there are still problems to be solved.

REQUIREMENTS FOR APPLICATION OF MODIFIED ATMOSPHERES: The
atmospheric composition and its biological effect"- Two"main types
of modified atmospheres are insectlcidal, both of which have been
Investigated under full scale field conditions: - low oxygen
atmospheres and CXL-rich atmospheres. The low oxygen atmospheres
have been found to be insectlcldal below about 2% oxygen to all
species and stages of stored product pests so far tested (3).
Some species are more susceptible and may be killed at 3% 0o or
more (e.g. Cryptolestes ferrugineus adults (4)). An atmospRere
containing \% oxygen appears to be the best compromise between
increased speed of action at lower oxygen levels (5) and the
increased difficulty of maintaining low 0„ levels.

(b)

(c)

(d)
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The low oxygen atmospheres .nave been generated under
field conditions either by purging the storage with nitrogen,
supplied by tanker as a liquid, or by burning hydrocarbons In air
and using the exhaust from the burner as a purge.

C02 rich atmospheres have been generated from (XL
supplied In Tanker as a liquid, as conpressed gas in cylinders or
as dry Ice. It has long been recognized (6) that high levels of
C02 give control in the presence of substantial quantities of
oxygen and therefore that C02 acts as a toxic fumigant rather
than merely displacing oxygen." The optimum level' appears to be
about 60$ C02 In air, I.e. 8$ 02, 60$ C02, balance N« and rare
gases. Below 60$, the action of the gas mixture agafnst several
species (e.g. S. granarius declines (I) (7)). Between 60 and 98$
It Is approximately constant (8) and -hen declines slightly for
still higher C02 levels.

The time taken to achieve a certain level of Insect
kill Is dependent not only on the composition of the atmosphere
but also on the temperature of the environment. With low oxygen
atmospheres the temperature effect is substantial; the period •
required for complete insect kill at r.igh storage temperatures,
e.g. 35°C, Is only a few days but may be many weeks below 15°C.
Exposure times required for complete cisinfestation at various'
temperatures have been published (2). Where only susceptible
species such as Qpyzaephilus surinamer^is are present or a lower
level of mortality is acceptable, these periods may be substan
tially reduced. There is insufficienT data available to assess
accurately the influence of temperature upon the effectiveness of
carbon dioxide-rich atmospheres. However, it appears that there
is a similar but less pronounced temperature dependence than for
low oxygen systems. Generally, the speeds of action of the two
systems are similar but there Is some variation between species
and stages.

The requirement for an exposjre period of several days
or even some weeks, to the modified atmosphere, means that the *
.atmosphere of the correct composition -uist be maintained under
conditions where some leakage is inevitable. During this period,
the Maintenance phase,' it has been found necessary with low
oxygen atmospheres to add further gas to counteract leakage.
This may also be the case with CCL-rlcn atmospheres, although
because they are effective over a wide range of CCL levels, this
Is not always necessary. 2

The effects of sea Ii ng - Before considering the results
of the various field trials in detail it is necessary to explain
the relevance of the sealing level of The enclosure to the
general technique of modified atmosphere storage. It Is obvious
that given an Inexhaustable supply of gas available at any rate
on demand, It would be possible to create a specified atmosphere
In almost any storage enclosure. Such a situation would clearly
be uneconomic. Gas usage must thus be reduced by sealing. This
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may sometimes be expensive, but the cost can be offset against
the saving of gas. * ...

There are a number of forces which cause gas losses
from enclosures. These have been summarized for freight contain
ers (9) and their various contributions investigated under
practical conditions (10) (II). The influence of some forces,
such as wind, may be reduced by increased level of sealing.
Others, particularly those generated by temperature cycling in
the headspace, are substantially decreased only by having very
high levels of sealing. The optimal standard of sealing for
storages for control'led atmosphere use is that where the gas loss
caused by the forces in the former category is negligible compared
with that caused by the latter. This standard can be predicted
mathematically and has been published for storages of 300-10000
tonnes (2). The predicted gas interchange rate of such sealed
stored with atmosphere Is less than 5$/day. The setting of such
a standard Is Important as it prevents the expenditure of un
necessary effort in attaining higher levels of sealing which do
not result In reduced leakage. 'When because of practical diffi
culties, this sealing level cannot be achieved, a higher rate of
gas usage can be expected to maintain a set atmospheric composi
tion. For ISO IC freight containers, a leakage standard of
<20 m3/hr at 250 Pa excess pressure seems appropriate on present
data (12).

The sealing of a storage also provides an insect-proof
barrier. Thus, unless required for quality preservation, the
maintenance of modified atmosphere Is required only for as long
as required for complete insect kill within the store.

It is unfortunate that an objective measurement of
gastlghtness, such as a pressure test, is seldom given In reports
of modified atmosphere trials. This prevents conclusive analysis
of the reasons for the differing efficiencies attained in the
different trials. However where a large maintenance rate is
required, It Is likely that the standard of sealing was low.

FIELD TRIALS: Atmospheres generated with nitrogen - There have
been a number of field trials conducted with low oxygen atmos
pheres generated by Introduction of nitrogen gas. table Igives
a summary of the trials carried out- in Australia over the past
few years. This table Is an expanded version of that presented
(3) to the First International Working Conference on Stored
Product Entomology. Details of- the pressure tests and duct work
of the bins used are given in Table II.

Despite the wide range of gastlghtness, rates of gas
Input, configuration of gas Introduction' system and bin capacity
and degree of filling, there was no difficulty in creating a
sufficiently low oxygen atmosphere throughout the grain mass in
the structures, in three of the trials, purging was terminated
before the headspace was below 1.5$ oxygen.' In two of these, the
addition of gas during the maintenance phase lowered the oxygen
level below this. In the third, Cunnigar 1, the oxygen level
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cand efficiencies for trials using liquid nitrogen carriedTABLE I. Mtrogen usages and efficiencies
out by CSIRO (13).

Trial
(Site)

Date Storage I^>ad
of capacity (tonnes)
Trial n»3

Bordertown I 1972 9049

Bordertown II 1972 9049

Cunnings I 1973 2930

Cunningar II 1973 2930

Sunshine

Newcastle

Balaklava

Bungunya

1974 3055

1975 421

1976 9049

«

1976 2330

7035

wheat

5220

wheat

2040

whoat

2040

wheat

1809

barley

294

wheat

6474

wheat

1780

wheat

Filling Nitrogen
ratio used for

purge

n3)

0.92

0.74

O.u*

0.05

0*71

0.83

0.91

0.91

7306

9622

l'J'40

2407

3300

7072

2095

Headspace

% 02 at
termination

1.1

3.2

3.9

1.0

1.2

0.7

2.1

0.8

Iculated according to formula in Appendix I.
* Efficieticy ca

Efficiency

(E3 %)*

73

84

92

89

75

79
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TABLE II. sumnary of purging and pressure tests for CSIRO nitrogen trials (13).
Trial

Bordertown I

Bordertown II

Cunningar I

Cunningar II

Sunshine

Newcastle

Balaklava

Bungunya

Inlet system

Annular perforated duct
close to wall and
central input point

Shielded input on base
on wall

Diractly into base of
cone

Directly into base of
cone

Y-shaped perforated
aeration duct on floor

Perforated duct along
diameter of bin

3 symmetrically placed
shielded inputs
around base of wall

Radial perforated duct

Average purge
rate (m3/min)

4.9

9.4

2.2

3.2

2.7

0.77

1.7

1.35

Calculated

equivalent

rise rate
m/hr

1.8

3.5

1-5

2.1

2.1

2.2

0.6

1.8

Decay

250-125 Pa
(filled)
(sees)

100

1600

100

80

780

960

240

Pressure test

Flow giving
250 Pa (1/sec)
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acted by the gas Input rate available.

of e?i?c?inr.pf ' and 54% res^'^y (formula^ cakuTatlon
less denle than air ^V" ?Pf>end!x IK Because nitrogen is
densitv-relat^H ! v? pu^Jn9 d0Wn through the grain may reduceaensiTy-related mixing and g ve a hiqher efft'elannv Th=-« ;.
evidence for this as the efficiencies9 obtained by Shajb^tetaI
(14 are similar to those in the CSIRC trials (Table I) ill
where upward flow was used. " uiJ

show that ;h» =*^ ? r'e+Y °f Sys+ens found +° be suitable
no? ve yslnsi? veCtontL°H T*-^ °f '°W °Xy9en ^mospheres isIt seems +h»+ +h= I *® duc!wor< des!9" and introduction rates.IT seems that the advantage of any increase effec+ina more
complex Introduction systems would be offset bv their ro „„h
inconvenience. T Dy Tneir cost and

ess "P*"z ssL="j'2rss,fj?£-InIhrle trllS SvTnn requlr?men+ W£S sP^lftcally investigated

TABLE IH- ffra"^^ WUh rt' tngri .

mNa!nt°a9in Ji°W +° Max,'murr possible Calculatedmaintain low oxygen air incress due nitroqen
concentration to temperature

cycle (E.)

3 . •
m day

Newcastle 15

Bungunya 37

Baiaklava 69

203

3 . •
n day

4.3

55

requirement (£ )
dilute this
Ingress to \% 0.

3 j -Im day

13

26

169
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and calculated requirements. It is assumed that there is direct
displacement of the air coming in and free mixing with displace
ment of the diluted gas. In two cases the requirement was
similar to that expected from free mixing. In the third it was
close to that expected from displacement. This difference may
partly be attributable to differences in the location of leaks,
as well as to difference In total sealing level. Based on the
experience obtained with these and other trials, a table of
expected maintenance usages, with various bin sizes and fillings,
has been published (2).

In two trials, Cunnigar 1 and II, the maintenance
nitrogen was introduced at the base. In Cunningar II, there was
a very high maintenance requirement-of about 850 m /day. In is
hiqh rate resulted partly from high general interchange rate as
the storage was not sealed to a high standard, but also because
the air," entering principally at the base of the bin, was forced
into the grain mass, instead of, at least in part, being expelled
through the leak where it entered. Admission of the nitrogen
into the headspace would have substantially reduced the mainte
nance requirement by allowing this to occur.

In experimental treatments by Shejbai et al. (14)
nitrogen was introduced at acontinuous rate to give a perceptable
outflow of gas at the base of the storage. The requirement
ranged from 0.2 to 1.5 litres N /hr/100 kg wheat or barley In
commercial usage in Italy the requirement is 0.008-0.02 litres
N /hr/100 kq grain (16). A demand system is used which maintains
a2slight positive pressure in the structure at all times. These
rates correspond to usages of 96 to 720 and 29-72 nrVday respec-
.tively. The latter rate is similar to that observed in the CSIRO
trials (Table IV) using a continuous nitrogen input.

The biological effectiveness of the experimental trials
using nitrogen has been high but not always complete. Shejbai ^et
aI'(5)" (14) apparently obtained survival of eggs of S. granax^us
after 10 days at 22°C in their trials with 0.5* 02 in nitrogen.
In CSIRO-trials, where short exposures have been used, some
survival has been found. In the Sunshine trial', a mortality of
99.3$ of mixed stages of S. oryzae was obtained, with only early
stages and pupae surviving after 31 days at |4-20°C at <\%
oxygen.

No Infestation was recorded in the Bungunya and
Balaklava trials, which remained sealed for a further five and
eight months respectively after termination of maintenance of
nitrogen despite infestations in the adjacent bins. The bins had
been under low oxygen for more than 195 days. The grain from the
Newcastle trial was also free of insects but had previously been
disinfested with phosphlne, and thus the effect of the nitrogen
exposure could not be assessed. In these cases the insect
proofing from the sealing was clearly demonstrated. _

Recently, commercial pilot trials have been carried out
in Victoria and Queensland with nitrogen-generated low oxygen
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TABLE IV. Summary of trials conducted using C02 by CSIRO.

Trial Enclosure Load

(tonnes)

Average

C02 level
achieved

Initial Purging Decay Flow
charge efficiency 250-125 Pa giving

E1 E • (filled) 250 Pa
(sees) (1/sec)

Reference

Bordertown III welded s'jeel

bin

6600 wheat 97t 10.4

tonnes

70+

Bordertown IV welded steel

bin

6600 wheat 73t 6.9

tonnes

79t

Sydney I PVC.sheet 2.7 wheat

£ rye

60 11 kg -

Boggabri freight
container

18-22

wheat

45-70 20-40

kg
-

Sydney II freight
container

18 wheat 45 31 kg -

Rabaul I freight
container

8 copra 74 75 kg -

Rabaul II LASH

barge
135 cocoa* 53 851 kg -

Harden grain storage 13600*

* Part load

** 125-62.5 Pa decay
+ Provisional figures

55t 33 73+
tonnes

450

450

60

81-93

71

69 10

92 96+

470**

mm [333

- [33]

2.5 [34]

0.1-9.4 [35]

2.5 [36]

- • [35]

- [35]

_» [33]
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oxygen level Tin TllfiST81" US'79 °I°P3ne WaS USed to reduce

™it^1 r""""" ,h* °x»S«n i.»«l tola 28 for 20 days

sees for Ifno%n p SSaSOnS =ivin= decay +,mes °f 80 and 115

results were ower than the proposed standard (2DreSSUre +es+
all trial* 9p bU+ 'ncomP|e+e '"sect mortality was observed Inal trials. Even when a low oxygei atrosah^re (<2«) w*V™,tn
ta i ned for ?n Wav,,- 4-u^. • on.wafiiivre v.^Z/6; was main-amea ror zu days, there was sun'val at the haqp r\* +h^ k
(R. dominioa adults (156) T ca^l~l 1 (l/s +he bln(4*)) and nn +hJL • i' (MStcxeum larvae (8$) and adultsW)J and on the grain surface (T. oaszemem larvae (4*) and
0. sur%namens%s larvae CIS*)). SL-orWInnlu +Z .
mortality of 5. m/^ adu l+« *nw J '^.there was complete

0 79 kn rn j.« J . njsrrana, a dosaqe of

19H to be%Kee^Io°sTe? eS^f"" ^l^ S"0 W" Said inwhen chared Jcs^nTfi. ISTtlSn-SS! '1'^f>'
by 0+her f igan?s op neyer ^a^^ne^ly'^se'r"" ^"^
develop the'use ITco" for'?" * *Ia'a have been'carried out to

of ?fm?1Jg2*C Sft"!!rto,,"0,<i a"d - ''vin zld tanks
of the ^!2v8'Xl?w*hhT£rSt o?+cVhe-base
The CO live sIn the 1 ° re.d,no taken) in the new bins,
one case, afler ,4 dly "toK ?a^'h^^1'"9 4'*' ,n
effectiveness of the treatment was "ow >dly and +he
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clearly an inefficient one, presumably because of a hlqh rate of
leakage from the unit.

There have been a number of Trials carried out in
Australia recently (33) (34) In partially sealed structures with
carbon dioxide applied to give an insecticidal atmosphere. Two
were also carried out (35) in Papua, New Guinea, in order to show
That the method could be used under trcoical conditions. The
trials conducted by CSIRO are summarized in Table IV.

The large scale trials with wheat were carried out in
structures exceeding the proposed gastiahtness standard (2).
Bordertown III was carried out to demonstrate that a high CO
level could be easily achieved in a grain storage under commer-
cia conditions In. Australia. In this trial CO,, supplied by
tanker as a liquid, was vaporized and introduced through shielded
inlets In the bin wall directly into the grain mass, with the
displaced air vented through a hatch in the roof. A narrow and
discrete C02 front was observed in the grain mass during purginq.
After usage of 10.4 tonnes of CO the surge was terminated and
the bin sealed. The natural decay of tne C09 levels was observed.
As had been found elsewhere (I), tne headspace concentration
dropped with air ingress, with the zone of low C0o concentration
descending slowly through the bin. This tendency^to 'drop out'
was counteracted by mixing the bin atmosphere .by recirculation
from the base to the headspace by means of a small fan. A
recirculation rate of 0.084 air change/cay was almost sufficient
to prevent this 'drop out.'

The test was repeated, but using a purge of 75% C0o
rather than pure C02 since the available literature (e.g. 4 27
8) suggests that it is unnecessary to levels higher than this in
order to achieve insect control. The aTmosphere was recirculated
as previously. The average CO level decayed from 73 to 45% in
the 10 days before venting of The :in.
ch , ln ™e m°sl recent +riai, Harcen, a large grain storage
shed was sealed and treated with 35 tonres of pure C09, generated
from tanker supplied liquid. The purge was terminated before the
whole of the gas space was filled with CO and' the atmosphere was
then recirculated through a small externaf fan at a rate of 0.I I
air changes/day. The CO level, initially ranging from 18-99%
CO ranged from 37-86% after 30 hears cf recirculation and 51-
t/+ Tw52^' after 72 hours. At termination of the trial,
after 20 days^the atmosphere was still at an average of 25% C0o.
Initially the insectlcide-free wheat was substantially infested2
but no live insects were detected en deTailed inspection 12 days
lllZ ^™;ina+!on- However aresurgence of infestation was noted
after 50 days In one area only where a 'not spot' had developed
before treatment. Grain temperatures ranged from II-37°C after
treatment.

K»n flH ^° demo;?stra+e sma" scale use of CO .asmall load of
bagged grain was treated in aPVC enclosure wi?h C0o as dry ice
(34). Because of leakage, several additions of dry2ice were
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required during the 22 day exposure period In order to maintain
the C02 concentration above 35%. A high mortality of the predomi
nant pest species, R. dominica* was obtained with survival
amongst the earlier developed stages only. Some of the parasl-
tol'ds Anisopteromalus calandrae and Choetospila elegans present
survived too, apparently as pupae. The grain temperature was
from 10-I4°C.

A series of trials (35) has been undertaken to develop
the use of C02 as an In-transit treatment against Insects In
commodities In freight containers. In one experiment, the
Boggabrl trial, 10 freight containers selected for gastightness
were loaded with wheat, and treated with 20-40 kg C02 as dry ice
applied directly to the grain surface. In some containers, an
additional charge of 30 kg C02 was added In an Insulated box
giving acontrolled release of 3 kg C02/day. Caged mixed age
cultures of S. oryzae were added as test Insects to two con
tainers. The container with the box maintained levels between
50-72% C02 over 16 days at 23°C. This gave complete mortality of
the test insects. In the other, the C02 level fell from a
maximum of 89% to 26% C02 at 10 days ana a low level of survival
of some early stages was observed (overall mortality >96%). A
light natural Infestation of T. castaneum was eliminated in both
cases. In a further trial (36) bagged wheat In an ISO general
purpose freight container with 30 kg of dry Ice with 30 kg
additionalIy In an insulated box was exported to West Germany
after an II day holding period in Australia. During the holding
period the C02 level remained at about 45% and was still 7.5%
after the 6 week sea voyage. At outturn, the added test insects
(all stages of S, oryzae* 36,000 insects in total) were all dead.
A very light Infestation of R. dominica present on stuffing was
not detected at outturn.

Under static, tropical conditions In Rabaul, New
Britain, a load of bagged copra In a container (35), selected to
meet a gastightness "standard, was treated with 75 kg C02 added
Into the headspace through the ventilators from cylinders. The
Initial C02 level of 74% fell to 45% after 6 days. After 9 days
the exposure was terminated. There was no survival found in the .-
heavy Infestation of Necrobia rufipes and Oryzaephilus mercator
originally present, either at outturn or upon incubation of the
sievlngs taken during the Inspection. '.

C02 has also been used (35) to treat cocoa beans In a %
LASH barge a? Rabaul. C02 was added to the headspace of the r^
barge from cylinders, over about 30 hours. The rate was limited ^
by freezing of lines or cylinder contents. The Increase In C02 .S<^j
concentration In the barge closely followed the trend expected .Jl"
from free mixing. The C02 level fell from a maximum of 53% to -^
28% at 9 1/2 days. The barge was then aired and shipped to the ••'-<*&
west coast of the U.S.A. No live specimens of the added test ••-**£-
Insects, largely Tribolium castaneum and Oryzaephilus mereator* :$r^§;
were found at outturn but, on Incubation, a small number of ^^
T. castaneum were detected. S&i$--

210 "Wlm.
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TABLE V. Summary of mortality data obtained in the course of
field trials utilizing CO2.

Test Insect Exposure

period
(days)

Temp.

•c
Concentration

range

% C02

Mortality Reference

Callosobruehus chinensis 14 26.7 70-41 98.8t (27)
all stages

GaDeria rcellonella

larvae

0.5 25-40 96 97.8 132]

Necrobia rufipes •
all stages

6 25 74-45 100 (35)

Oryzaephilus taercater

ell stages
9.5 30 53-28 100 T35J

Oryzaephilus r.ercater

all stages
6 25 74-45 100 135)

Rhyzopertha dor.inica

all stages
22 11-14 25-90* 97

1
t341 {

Sitophilus oryzae
all stages

16 23 50-72 100 (35) j
1

Sitophilus orvsae
all stages

10 23 59-26 96 (35)

Sitophilus oryzae

c99s# young larvae
and adults

10 31 73-47 100 133]

Sitophilus oryzae
old larvae, pupae
and adults

10 31 73-47 99.2 (33)

Sitophilus orvzae
eggs, young larvae

and adults

10 13.5 68-47 77 133)

Sitophilus orvzae 10 13.5 68-47 79 (33)
old larvae, pupae
and adults

Sitophilus oryzae
all stages

11 26 80-45** 100 [36]

Sitophilus spp.

immature stages
3.75 14-25 55-65 99.9 (31)

Triboliuai castaneum 4 18-32 35 93 (30] ;2>,v
adults

Triboliuni castaneum 9.5 30 52-38 98.6 (35J .^
all stages

t Detailed series of results given under different conditions
(27).

* Concentration variable.

** With a further 4-1/2 weeks for decay from 45-8% C02.
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the overall cost of the method. Many general purpose dry contain
ers can be made adequately gastlght with minimal effort and are
thus suitable for use with modified atmospheres for insect
controI.

One Important pest control system In widespread use,
fumigation In stacks under gasproof sheets, has not yet been
directly tested to determine whether modified atmosphere storage
Is economically possible In It. However, ethylene oxide Is often
added with CO to commodities under sheets for fumigation. The
high rate of C02 loss observed under such conditions (38) shows
that some modification of the technique will be required before
efficient C02 use will be possible in such circumstances.

Despite these current limitations, there are many
advantages of modified atmosphere storage. These Include absence
of chemical residues from the treatment, absence of effects on
germination and many other parameters important In the quality of
different commodities and decreased hazard of leakage Into
workspace of toxic material. These advantages, together with
cost competitiveness against many existing practices, ensure that
modified atmospheres will be used on a routine basis as a method
of insect control in stored products in the future.
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APPENDIX I.

Formulae used:

Efficiency of purging for displacement of gas {E±)

*! = cc nVB + VHS

Efficiency of purging assuming free mixing throughout the
storage atmosphere (E2)

E. •100

or 100

(nVR 4 vHq) In (1 - xtjtj)
B HS

VG

nVB + VHS in (^}
(Co)

Efficiency of purging assuming complete displac^ ^ ^e
loadspace with free mixing in the headspace of the storage
(E3)

HS

E3
100

, (21)
nVB + VHS In (Cq)

V,

Concentration of oxygen at termination L%)

Concentration of C02 at termination t%).

Commodity porosity.

Volume of stored commodity (loadspace).

Volume of headspace.

Volume of purge gas added.
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