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ABSTRACT 

~10dified atmosphere techniques for grain storage have been under study in 
Australia for over 60 years but unti l recently have been widely used only during 
one brief period (1917- 1919). Full scale testing of nitrogen-based atmospheres, 
started in 1972, and has led to development of a process, based on a tanker
de Divered liquid nitrogen, similar to that developed by Snamprogett ~ in Italy. 
Since, under dry Australian conditions, the quality of grains such as wheat is 
maintained adequately in storage, the emphasis in the use of ni trogen-based 
systems has been on insect rather than quality control. r~ore recently the use 
of C02 has been investigated. C02, at present, is the preferred atmosphere for 
insect control as it is easy to apply and, unlike nitrogen atmospheres, does 
not require a continuous input of gas after t he initial purge if the storage is 
well sealed. C02-based atmospheres are now in use i n Australia for insect 
control in stored grain. A s'tJmrnary of the unpublished experimental and commercial 
trials carried out with modified atmospheres in Australi a is given. If insect 
controli only is required, it should only be necessary to maintain the modified 
atmosphere until el' iminatiQn of insects is ach i eved. The sealed fabric of the 
storage should then provide a barrier against reinfestation. This proposition 
is discussed and examples of storage free of insects for more than four months 
after brief modified atmosohere treatment are glven. 

INHODUCT ION 

The technique of modified or controlled atmosphere storage of grain involves 

alteration of the concentrations of the norma 1 atmospheric gases present i'n a 

storage so as to give an artificial atmosphere that is insecticidal and orevents 

mould growth and quality deterioration of the stored product. Two classes of 

externally generated modified atmosphere are available: low oxygen atmospheres, 

(generated by adding nitrogen, or the gas mixture resulting fr om burn ing hydro 

carbons, to the store) or high C02 atmospheres (made by addi ng carbon di oxi de) . 

It should be noted that the technology of use of these atmospheres diffe rs 

substantially from that of modified atmospheres generated by bi ological processes 

within a sealed structure, i.e. hermetic storage. On ly ext ernally generated 

systems are considered in t his pa per. 
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There has been a continui ng interest in various fonns of modified or contro ll ed 

atmosphere storage of grains in Australia over many years: the first recorded 

lar ge scale treatments were carried out in 1917. Although these were successful 

the process was not again used widely until 1979 when two grain storage organis

ations carried out commerc i al treatments with carbon dioxide. This use was 

based on experience gained duri ng the 1970's from various fu11 scale experimental 

treatments with either carbon dioxide or nitrogen as sources of the modified 

atmosphere. This paper sUlMlari ses the details of the unpublished recent coounercial 

and experimental applications of modified atmospheres to large bulks of stored 

grain (> 300 tonnes) in Australia. Evaluation of such treatments is an important 

step in the development of the technique into a routine system. The number of 

sites used in the basic experimental work was limited and application of the 

technique over a significant number of storages may reasonably expected to 

reveal problems not encountered previously. 

The exposures to modified atmospheres currently bel ieved to gi v~ complete 

insect mortality under Austra l ian conditions are given in Table 1 (Banks and 

Annis,1977; Banks, 1979). 

TABLE 1 

Exposure periods proposed for modified atmosphere disinfestation of grain 

«121 moisture content). 

Atmosphere 
source 

Initi a 1 target 
concentration 

Final target 
concentration 

Period of exposure 
wi t hin these 1im; ts 

in storage in storage 

Carbon dioxide 
Nitrogen 

> 
< 

70% CO2 ina i I" 
1% O2 i n N2 

> 
< 

35% COl in air 
1% O2 in N2 

> 
> 

10 days 
6 weeks 

at 200 C 
at 20 0 ca 

a Temperature deDendent. For other temperatures see Banks and Annis (1977). 

The CO dosage regime given in Table 1 is referred to below as the ' t arget'2 
regime and, if further gas is not added after the initial pu rging, implies a 

semi logari thmic gas loss rate of < 6. 9% day-l. 

In Australia, most grains are harvested in a condition regarded as dry by 

world standards. The rece iva l of wheat, the major grain crop, into the central 

bulk handling system is not pennitted if the moisture content is > 12%. Though 

the grain may often be wa nn in storage (> 300 C) the qualities required for 

most of its end uses (e.g. baking, animal feed, noodle-making) are adequately 

retained in air over long per iods of storage in the absence of insect pests. 
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In commercial terms, gem i nation may fall significantly for some commodities, 

notab ly malting barley, but most of the grain produced does not need to be 

viable. Since modified atmosphere storage is generally not required for quality 

control in Australia, i t appears unnecessary to maintain the atmosphere for 

l onger than needed to ensure complete mortal ~ ty of all insect pests in the 

s torage. A perfectly sealed storage should then, in theory, act as an insect

proof enc losure and prevent re-invasion of the stored grain by insects . 

However, the standard of sealing cutTently accepted (Banks and Annis, 1977, 

1980), though high does allow for some imperfections in the enclosure. The 

degree of sealing is assessed by a pressure decay test. This test cannot 

differentiate between residual leakage result i ng from a few large holes in the 

fabric or an equivalent leak resulting from the combined effect of many small 

ones. On a 2000 tonne-capacity storage cell, a typical storage unit in Austra li a, 

the imperfections may amount to about i cm 2 in total. It is thus pos s ible that 

there may be a number of imperfections present of a size through which an 

insect can enter a store. The degree of protection which a store seal~d to the 

r equired standard affords in practice results from a combi nation of a number of 

factors which, because of their random nature, cannot be assessed in the 

laboratory. These factors include the possible presence of a suitable hole 

through which an insect may enter, the presence of invading insects and the 

ability of the insects to locate the hole (see Barrer and Jay, 1980) , Some 

data from commercial practice relevant to the assessment of the protection 

which can be expected is given below. 

USE OF MODIFIED ATMOSPHERE TREATl'-1ENT OF GRAIN IN AUSTRALIA, 1917-1919 

Externally generated atmospheres were used for disinfesting stored bagged 

grain in Australia during the period 1917-1919. This was possibly the first 

extensive use of such a system in the world (Winterbottom, 1922) . Disrupti on of 

world trade by war had led to a substantial holding of grain in bag stacks 

around Australia. About 60,000 t wheat were trea t ed with a low oxygen atmospher e 

generated from burning coke in a modified producer gas generato r . At that t ime, 

carbon dioxide was thought to be the toxic agent to the insects and the generator 

was tuned to give maxi m'um CO2 output, although origina lly designed to produce 

carbon monoxide. Fig. 1 shows the arrangement for treatment of a bag stack. We 

know now (Bailey, 1965) that the lack of oxygen was probab ly t he cause of death, 

although its action would have been assisted by the CO2 present (see Bailey and 

Banks, 1980). After this high~ j successful operation, no further large scale 

use of controlled atmosphere disinfestation has been made for stored grain in 

Australia until the current experimental and commercial appl i cations. 

-
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Fig. 1. A bag stack of wheat enclosed in wooden sheeting treated with bituminous 
materials for modified atmosphere treatment. In Aust ralia during the period 
1917-1919. Note the gas generator to the right of the Qicture (From Winterbottom, 
1922) . 

PI LOT COMMERCIAL USE OF MODI FI ED ATMOSPHERES BASED ON LIQUI D NITROGEN 
In Australia, experimenta l tri a ls under full scale storage conditions us ing 

tanker-delivered liquid ni t rogen as a gas source were begun in 1972. The results 

of these trials, summarised by Bailey and Banks (1975) and Banks (1979), farmed 

the basis for a publication (Banks and Annis, 1977) setting out how nitrogen 

atmospheres might be used comme rci al ly for treatment of bulk stored grain. The 

process is similar to that developed by Snamprogetti (Shejba l . 1979) in Italy. 

Several pilot commercial tri als have been carried out using liquid nitrogen. 

These trials, summarised in Table 2 and 3, were conducted in general according 

to the procedures set out by Ba nks and Annis (1977): minor modi f ications were 

made as required by the equipment availabl e. In two of these trials, the 

addit ional ni t rogen required to maintain tl-Je 10\" oxygen atmospher e after pu r gi ng 

was initia11y added to the storage using a demand system set to keep a small 

positive pressure ( 120 Pal within-the storage. Thi s system was later disca rd ed 

i n favour of a simple continuous gas inout system , (Ban ks and Annis, 1977). The 

latter used less nitrogen t ha n the former system to mai ntain the same oxygen 

1 evel . 

The efficiency of generation of the low oxygen atmosphere, can be assessed by 

comparison against a theoretical gas requirement where the interstitial atmosphere 

in the bulk is displaced by plug flow and the oxygen content in the headspace is 

reduced by a mixing process ('E3' of Banks (1 979)). The eff icienc ies of purging 



TABLE 2. 

Pil ot commercial usage of modified atmospheres generated in stored bulk grain from liquid nitrogen. Details 


of the storage and initial ~ddition of nitrogen. 


Site, bin no. 

Ta ra . 2 

Rennieb , 2 

Tara, 2 

Ta ra, 3 

Macalistair,3 

Toowoomba, 2 

Toowoomba, 3 

Date 

of trial 


1977 

1977 

1978 

1978 

1978 

1980 

1980 

Tonnage 
treated 

and 
commodity 

1870 
wheat 

1890 
wheat 

1880 
wheat 

1870 
wheat 

1650 
wheat 

930 
barley 

930 
bal'l ey 

Filling Purge % O2 at 
ratio rate end of 

(m 3 min- l ) purge 

0.96 

0.97 

0.95 

0.96 

0.8S 

0.99 

0.99 

0.7-0.9 


1.0 


0.8- 1. 5 


0.8-1.5 


1.0 


1.2 


4.8 


2.0 

1.0 

1.5 

2.8 

1.0 

0.4 

0.6 

Purging 
effi c i ency , 
E~ (%) 

72 

55 

65 

61 

55 

65 

79 

Nitrogen usedc 

(m 3 t- l ) 

0.81 

1.11 

0.93 

0. 92 

1.11 

1. 26 

1. 01 

Carried 
out by 

Sta te vJheat Board, 
Queensland 

Grain Elevators 
Board, Victoria 

State Wheat Board, 
Queensland 

State Wheat Board, 
Queensland 

State Wheat Board, 
Queensland 

Barley Marketing 
Board, Queensland 

Barley Marketing 
Board, Queensland 

a 	 Efficiency. E3' as defined in Banks (1979). 
b = 	 A second bin was also treated at this site and gave similar results. 

Gas usage giving the observed headspa ce oxygen levels. These figures are not directly 
comparable with those in Banks and Annis (1977) which are for 1% O2 in the headspace. 

I:\j ..... ..... 

c 
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TABLE 3. 
Pilot commercial usage of modified atmospheres generated in stored bulk grain from liquid nitrogen. Detail s 
of sealing level of the storage and gas requirement to maintain the low oxygen atmosphere. 

Site, bin no. Date Pressure decay Filling ~~ax imum Observed Predictedd 

of trial test, 1500-750 Pa ratio % O2 maintenance maintenance 
(mins) main ta i ned rate 1 rate 1 

(m 3 day- ) (m 3 day- ) 

Tara, 2 b 1977 102Q 0. 96 1.1 30-35 26 
Ren nie, 2 1977 6.0 0.97 1.8 27 25 
Tara, 2 1978 78Q 0.95 2.0 400 27 
Tara, 3 1978 22 0.96 2.0 400 27 
Macalister, 2 1978 19 0.85 > 2.0 > 36 47 
Toowoomba, 2 1980 7.8 0.99 1.0 17 20 
Toowoomba, 3 1980 7.8 0.99 1.0 17 20 

Q = These values may be too high as they were taken during a period when the heads pace was ga i ning heat. 
b A se~ond bin treated at this site gave similar results. 
c This rate was used when the oxygen level was already> 2.0% in the bin and gave a slow 

reduction in oxygen level. 
d Del' ived from Ban ks and Annis (1977, Table 3) by linear interpolation . 
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in these trials are given in Table 2 and are, in general, s l i ghtly less than 

obtained under experimental conditions (73-92%; Banks, 1979) . It will be noted 

that even in the case where the purging was least efficient (55%, Rennie, 2), 

the saving in gas usage, and thus cost of treatment, to be achieved by raising 

the efficiency to the level found in experimental trials wou l d be small . In 

this example, an improvement in efficiency from 55 to 75% represents a saving of 
3 -1only 0.2 m tonne . The values of expected nitrogen usage for various filling 

ratios given by Banks and Annis (1977) were based on results obtained from 

trials using filling ratios of < 0.92, and in practice, as the observed efficiencies 

given in Table 2 suggest, may be slightly low . After purging, the low oxygen 

atmospheres within the storages were maintained by addition of nitrogen to the 

headspace. The rates of input required are given in Table 3, ~ogether with 

pressure test values on the filled storages. The rates of gas input required 

are consistent with those given in Banks and Annis (1977). 

At present only one series of treatments using liquid nitrogen as an atmosphere 

source is being carried out in Australia. These are still in progress . Shejbal 

(1979) observed that the germination of malting barley could be preserved for a 

longer period under nitrogen than in air storage. The current trial is designed 

to verify this observation under Australian conditions. In general, there is 

little current interest in Australia in use of nitrogen because, under the prevailing 

storage conditions, carbon dioxide-based systems are at present more attractive, 

both practically and economically. 

EXPERIMENTAL AND COHtlERCIAL APPLICATION OF COrBASED MODIFIED ATMOSPHERES 

Experimental treatments using carbon-dioxide based systems 

Banks (1979) provided details of the experimental trials carried out to that 

date by CSIRO with carbon dioxide in various types of bul k grain storage and 

transport vehicles. Wilson et al. (1980) described two pilot cOfllllercial treatments 

in welded steel bins and, in particular, demonstrated the need for gas recircul at ion 

during CO2 use in sealed structures in order to avoid regions of inadequate CO2 
concentration in the upper par ts of the storage. The Barl ey ~1ar ket;ng Board, 

Queensland (unpublished data) treatec 950 tonnes of barley with 80% CO2 using a 

purge rate of about 1 t h- 1 in a sealed metal bin (pressure decay time for 

1500-750 Pa, 16 mins). An initial CO~ level of 79%was achieved with a subsequent 
-1 L

decay rate of 1. 8% day and an overal l gas usage of 1.08 tonnes CO2 per 1000 

tonnes barley. No detrimental eff ect of the CO 2 on the barley was observed. 

While CO2 is no.., being applied cOfllller cially in welded 3tee1 storage bins (see 

below) it is not yet used in other structures in Australia. Until recently, 

the main limitation to the more widespread use has been the lack of methods for 
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sealing other structures to an adequate level. This problem has now been overcome 

(Banks and Annis, 1980). The main constraints will now be financial, as the 

cost of sealing some structures can be high. 

As a demonstration of the feasibility of using CO 2 in a large shed-type 

storage, a type commonly found in many grain handling systems, a 16,400 tonne

capacity shed filled with wheat was treated with this gas, after the store had 

been sealed as described in Banks et a1. (1979). The gas was added through a 

perforated aeration duct which ran longitudinally along the centre of the gra i n 

bulk. After purging, the gas was recirculated to maintain a uniform atmosphere 

within the shed. No further CO2 was added. Table 4 gives the general detail s 

of two treatments in successive storage seasons. 

TABLE 4. 


Details of CO2 treatment of a large, sealed grain shed (Harden, N.S .W.). 


Nominal shed capacity 

Total enclosed volume 

Season 

Load 
Pressure decay test 
(100-50 Pa) 

CO 2 added 
Rate of CO 2 applied 

Maximum average CO 2 
Average CO 2 at 

10 days 
Gas loss rate 
Purging efficiency 

(E )a 
Gas 1addition rate 

16,400 t 

33,100 m 3 

1977-78 

13,606 t wheat 
5 mins 

33 t 
2.4 t CO 2 per 1000 t 

wheat 
59% v/v 
38% v/v 

4.5% day -1 

73% 

0.6 t h- l 

1978-79 

16, 144 t wheat 
5 mins 

32 t 
2.0 t CO 2 per 1000 t 

wheat 
73 %v/v 
43 % v/v 

5.2 % day-l 
92% 

2.8 t h- l 

a 	 Calculated as in Banks (1979), assuming direct displacement of enclosed 
atmosphere by CO2. 

The increased purging efficiency in the second year is largely attributable 

to slight alterations in the design of the ductwork and increased speed of 

purging. In the first season the maximum concentration of CO2 achieved was 

lower than the target values (70%). However, an acceptable decay rate (i.e. < 

6.9% day-1), was attained showing that the shed was adequately sealed. In the 

second season, the target CO2 regime was met. The average CO2 levels in the 

storage over the first 15 days of the trial are shown in Fig. 2. The form of 

this curve is typical of the decay of CO2 concentration which we have observed 

in various trials. There is an i ni tial rapid decay shor tly after purging and 

then a slower phase in wh i ch log [C02] is proportional to time. This semi

logarithmic relationship is used below to estimate the i nit ial (C02 j obtained 

-
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Fig. Z. Decay of average COZ concentration wi th time observed during the 
treatment of a sealed 16,400-tonne capacity shed as Table 4, 1978-79 season. 

but the value calculated is sl ightly less than the true value because of the 

initial deviation from the relationship. 

Commercial treatments with COZ in welded steel bins 

In an adequately sealed storage, i.e. meeting the gastightness specification 

given in Banks and Annis (1977, 1980), it has been shown experimentally (Banks, 

1979; Wilson et al., 1980 and above) that COZ may be applied in a 'one-shot' 

operation. That is, a rapid initial purge is used to give a hig h-COZ atmospher.e 

within the storage. No further gas need be added. The target regime for 

insecticidal action (Table 1) can still be met, as gas loss is sufficiently 

restricted by the sealed enclosure. In contrast, nitrogen-based low oxygen 

atmospheres require addition of further gas to maintain oxygen levels below the 

target concentration during the r equired exposure period. The cost of the 

additional gas and its storage on site is significant in the overall economics 

of the process using nitrogen. The lack of need for such additional gas is the 

main commerciall advantage which COZ has over nitrogen in the modes of use 

currently proposed in Australia. The details of commercial usage of CO Z as a 

'one-shot' system are given b~low. They confirm that the COZ application 

technique dEmonstrated experimentally (Banks, 1979; Wilson et al., 1980) can be 

duplicated in routine practice. 

Two authorities in Australia concerned with bulk grain storage, the State 

Wheat Board, Queensland and the Grain Elevators Board, Victoria, have carried 

out commercial treatments of bulk wheat using COZ' The carbon dioxide was 

supplied to the storage sites as a liquid and applied at the rate of 0.5-Z ~ h- l 

after vaporisation as described by Wilson et al. (1980). In Victor ia, a single 



TABLE 5. 
m3Details of commercial treatment of bulk wheat, stored in sealed 2400 capacity welded steel cells, with CO :! for the 

t-:l1979-80 storage season by State Wheat Board, Queensland. ...... 

Site, bin no. Tonnage Pressure CO 2 used Initial b Decal Efficiency Period of 
cr> 

treated decay test (t per 1000 % CO2 rate of pu rging storage 
Ci. 1500-750 Pa t wheat) (% day- 1 ) (E 1, %)0 after CO 2 

(mins) treatment 
(months) 

Bell, 1 1811 11 1. 04 74 5.1 76 lZe 
Bell, 3 183 1 8 1. 03 77 8.3 78 ll ef 
Brigalow, 3 
Brookstead, 2 

1796 
1809 

10 
20 

1. 06 
1. 10 

75 
75 

4.1 
6.3 

76 
73 

3 
4.5 

Cambooya, 3 1870 24 0.98 79 3.7 80 0.7 
Ma calister, ld 
Macal ister, 2d · 
Ma ca1 ister , 3d 
Macalister, 4d 
Macalister, sa 

1800 
1751 
1831 
1757 
17 97 

12 
19 

7 
10 

1. 04 
1. 17 
1. 07 
1. 16 
1. 16 

66 
70 
78 
82 
74 

3.4 
3.5 
4.5 
3. 7 
2.8 

68 
69 
76 
87 
71 

8f 
7 
5,.
::J 

5 
Meandarra, 1 1644 11 1. 18 84 4.1 94 9 
~'eandarra, Z 1866 8 1. 05 80 3. 4 76 Z 
Meandarra, 3 1861 7 1. 00 62 4. 9 62 9 
Norwin, 1 1861 10 1. 20 87 6. 0 72 1 
Norwin, 2 1874 9 0.96 86 6.9 70 6 
Non~i n, 3 1888 6 0.98 85 7.4 84 2 
Tara, 1 1901 21 0.93 60 1.0 61 6 
U1imaroa, 1 1864 7 1. 08 91 9.6 84 5 
Ulimaroa, Z 1920 5.5 0.98 68 4.5 64 0.7 
Ulimaroa , 3 1842 7 1. 05 67 4.6 66 6 
Ulimaroa , 4 187 4 20 1. 06 85 7.7 79 5 
Warra, 1 1854 17 1. 04 71 3.0 69 1 
Warra, 3 1772 34 1. 08 62 0.5 65 3.5 
Wa rra , 5 1900 0.99 71 5.6 69 4 
Warra , 6 1764 25 1. 10 66 3.1 68 4! 
Warra, 8 1900 24 1. 03 38 - 1. Z 35 5f 
Yandilla, 178 6 9 1. 04 84 6. 1 89 Z 

::;a The bulk density of t he gr ain stored varied wi de ly . All bins were full, f illing r atio > 0. 96. 
b Estima ted from two readings only taken .between 1 and 4 days and 4 and 17 days afte r pu rgi ng . 

Ef f i ciency, El. as defined by Banks (1979 ). 
d Purge gas composition variabl e from 50-100% C0 2 in air. 
e Retreated wi t h C02 after 7 months as a precau tiona ry measure. 

Ins ec ts pres ent on outloading· (see text ).l' 
Sti 11 in sto rage . 9 
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TABLE 6. 

Details of CO 2 usage and tonnage of wheat treated with pure CO 2 (1979) or 85% CO 2 (1980) at two sites 

by Gr ai n Elevators Board, Victoria. 

-----.-------- . 

Site, bin no . Pressure test" Initial b Decal Tonnage Total CO2 CO 2 used 
(date) for 750-375 Pa ~~ CO 2 rate treated used (per 1000 t 

(min) (% day-l) ( t) t whea t) 

1 6 69 4.6 

3 9 89 4.3 

5 6.5 102 6. 7 11 ,800 

Yarrdwongil, 7 13 89 4.7 
(1979) 	 ~ 8 97 5.6 


11 9 85 4. 5 I 19.73 1.04
( 
9 86 

Rennie, ::) 6 75 5.4 7,2007.9 J 
(1979) '1- 4. 5 	 75 5.6 

5 4.5 	 85 6.8 

1 11 	 1 ,750 
3 12 	 53 1.5 1 ,850 
~ 5.5 	 48 0.3 1 ,790 
7 10 65 3. 1 1 ,820 14.7 1. 13 

Yarrawonga, 9 7.5 65 3. 2 2,080 
( 1 980) 11 11 67 3. 4 1 ,870 

-13 5. 0 59 2.7 1 ,840 

1 7.5 	 61 2.6 1.500 }
3 7 62 3.7 1,600 7.5 1.06 

Ren nie, 4 8 64 .3.3 2,000 
( 1980) 5 4.5 56 2.2 Q, OOO 

Q Interpola t ed semi logari t hmically fr om observations of the decay rate between 750 and 250 Pa. 

b Es timated from readings for between 5 and 12 days after purging . ~ 


f-' 
-1 
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shielded inlet in the wall of the bin, as described by Banks and Annis (1977), 

was used. The Queensland bins were already equipped with a perforated distribution 

duct running radially from the floor centre to the bin wa l l and this was used 

for gas introduction. In most cases, pure CO 2 was introduced. Exceptions are 

given below. The atmosphere within the bin was recirculated as described by 

Wilson et al. (1980) after CO2 introduction. 

Tables 5 and 6 give deta i l s of the commercial treatments of bulk wheat with 

COZ carried out for insect cont rol since the beginning of 1979. The State ~~heat 

Board carried out a further 13 treatments, in addition to the Z7 summarised in 

Table 5. The details of these treatments are incomplete, but those available 

are consistent with the data in Table 5. The treatments given in Table 5 used an 

average of 1.06 t COZ per 1000 t grain at an average purging effiency of 74%. 

In most of the treatments detailed in Tables 5 and 6, the target CO regime2 
(Table 1) was exceeded. In a f ew instances the decay rate exceeded 6.9% day-l 

but in these cases, e.g. Ulimaroa, 1 (Table 5), the initial CO 2 level was higher 

than the minimum acceptable (701) and the decay rate was such as siill to l eave 

> 35% CO after 10 days. In some bins an inadequate initial CO 2 level was2 
achieved. On some occasions this could be a result of adding an inadequate 

quantity of COZ' e.g. Meandarra, 3 (Table 5) , but appears, on others, to be 

associated with unusually low loss rates, e.g. Tara, 1 (Table 5). The latter 

effect also is apparent in tne 1980 results shown in Table 6. It should be 

noted that there is a significant correlation (p < 0.01) between calculated 

initial CO level and loss rate, suggesting that the very low and high iniiial2 
CO levels calculated for some trials may not represent the true values achieved 2 
but result from sampling and measurement errors which inevitably occur under the 

practical constraints of normal commercial practice. 

Though the low values for the initi al COZ concentrations given in Table 6 may 

in part be due to inaccuracies in the extrapolation, they may also result from 

the use of 85% CO Z not 100% CO2 as a purge gas in the 1980 treatments. If 

purging is continued, as In these cases, until at leas t 801 CO 2 is issuing from 

the top vent, a considerable quantity of CO2 is lost from the bin, res ul ting in 

a reduced purg ing efficiency and thus lower initial CO 2 levels for an equivalent 

quantity of 100% CO ' Which of these two effects caused the low init ial CO 2Z 
values cc.nnot be distinguished on the basis of the available data for the 

treatments. 
The results given in Tables 5 and 6 show that the targe t reg ime for CO 2 can 

be met under routine commercial conditions in full, welded steel bins using 

about 1.05 tonnes CO2 per 1000 tonnes wheat, meeting the current standard for 

sealing (pressure decay of lS00-750 Pa in > 5 mins in a ful l bin, see Banks and 
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Annis, 1980). Further work appears necessary to assess the advantages and 

disadvantages of purging bins wi t h air-C02 mi xtures (e.g. 85% CO ) rather than2
with pure CO2. 

Application of C02-based mod if ied atmospheres in concrete cells 

Concrete cells are routinely constructed by the State Wheat Board, Queensl and 

to a gastightness standard exceeding that curr ently considered suitable for 

modified atmosphere use (see Banks and Annis, 1980). Five of these ce ll s were 

treated with CO2, in the same man ner as the welded steel bins discussed above. 

After the purge was complete the bins were sealed as usual. A substantial 

negative pressure differential relative to the external atmosphere rapidly 

formed in the bin, which had to be relieved to prevent structural damage to the 

bin. In one case a-1500 Pa differential developed over 25 mins. The process 

continued over several days and is attributed to sorpt i on of CO2 on the concrete, 

i.e. carbonation as discussed by Hamada (1968). The detail s of the treatments 

in concrete cells are summarised in Table 7. It is notable that, despite a high 

level of sealing as assessed by the pressure test and a similar us age of gas and 

efficiency of purging to that obtained in welded steel cells (see Table 5 

and 6), the decay rates are much higher and, indeed, are too hig h to allow the 

target CO2 regime to be met unless additional gas is introduced. 

Concrete grain storage cells are the only common type of large bulk storage 

in Australia that has not been treated successfully with 'one-shot' CO 2 atmos

pheres. The use of CO2 in concrete cells has been disconti nu ed commercially 

until the possible effects of the gas on the structure have been fully assessed. 

It is also necessary to determine if part or all of the sorption process is 

reversible as this will influence the gas usage in cells that have been treated 

with CO2 more than once. 

It is notable that CO2 has been used with some success in the U.S.A. in 

concrete cells on both maize and peanuts (Jay and Pearman, 1973; Jay et al., 

1970). However, furtner CO 2 was required to maintain adequate CO2 levels after 

the ini t ial purge and the rate of addition required was hig h. 

INSE CTICI DAL EFFICACY OF C02 TREATME NTS AND THE DEGREE OF PRO ECT ION 
AFFORDED BY A PARTIALLY SEALED STRUCTURE 

In the mode of use proposed for CO 2 in Australia, the gas is added rapidly to 

the sealed enclosure and held there for a period exceeding 10 days. No further 

gas is added. The laboratory data on the action of air-C02 mixtures is incompl ete 

and limited by its very nature to resul ts from treatment of sma ll numbers of 

insects that must be presumed to be of restricted genetic variability. Though 

laboratory observations in general support the target regime used , it requ ires 
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TABLE 7. 

m3Details of tl'eatment of wheat \.,ith CO 2 stored in 3400 capacity concrete cells by State Wheat Board, 

Queensland, during 1979. 

Site, bin no. Tonnage 
treated 

Pressure 
decay test, 
1500-750 Pa 

(mins) 

CO 2 used 
(t per 1000 

t wheat) 

Initial a 

% CO 2 

Decal' 
rate 

(% day-l) 

Efficienci 
of purging 

(E" %) 

Oakey, 2 
Oakey, 2 
Brookstead, 2 
Millmerran, 2 
i·leandarra, 1 
~~eandarra, 2 

2880 
2880 
2880 
3032 
2787 
2689 

6.5 
6.5 
9 

20 
22 
22 

1. 05 
0.93 
1. 00 
1. 00 
1. 15 
1. 30 

101 
74 
75 
98 
55 

107 

17.3 
10.0 
19.5 
13.1 
8.9 

31.1 

78 
64 
62 
68 
42 
79 

a 	 Estima t es of initial concentrations of CO 2 and the semilogarithmic decay rate made 
from two readings only taken from 1 to 2 days and 3 and 17 days after purging. 

b 	 Effi c iency, E1, as de fi ned in Banks (1979). 



221 

verification in practice where the numbers and variability of the insects to be 

controlled are much greater and where the insects are free to move in the grain 

bulk. 

Assessment of the effectiveness of CO2 treatment under field conditions is a 

complex problem. In general, adult stored product pest insects are more suscept

ible than most immature stages to air-C02 mixtures. If the latter survive, 

they may escape detection if inspec tion is carried out soon after treatment. 

If adult insects are discovered some time later, it ;s not possible to distinguish 

between a control failure in CO2 use and an infestation derived from insects 

entering the storage after the end of the treatment. The two probl ems, the 

effectiveness of the current target regime and the degree of insect proofing 

afforded by an enclosure sealed to the current standard for use with modified 

atmospheres, must thus considered together. 

In the cases discussed below, the grain trea ted was in a condition (25-300 C, 

10-12% m.c.) favourable for rapid multiplication of Rhyzopertha. dominica.and 

Tribolium castaneum, the preval ent pest species. Thus, if after a period of 

some months subsequent to CO2 treatment insects are still not detectable. It 

is reasonable to assume that the treatment used gave a very high or comp l ete 

kill of insects present. Furthermore, since in an unsealed structure, unprotected 

grain soon becomes infested, absence of infestation after treatment demonstrates 

that the sealed structure gives significant protection against reinfestation. 

The period of storage of the grain in steel bins treated with CO by the2 
State Wheat Board is given in Table 5. The period was determined by operational 

requirements and not by insect infestation. In most cases, the grain was known 

to be infested prior to treatment and was stored for more than 3 months after 

treatment. Except as noted below, no live insects were found when the grain 
l was sampled at a rate of about 0.1 kg t- from t he grain stream on outloading . 

In Victoria, during the 1979 season, with the exceptions given below, no live 

insects were detected on outloading using a similar sampling technique, although 

the grain had been held for 7 months after CO2-treatlT1ent (Table 6) and infestation 

was present before treatment. (Note the gra in tt' ea ted in 1980 as deta i 1 ed in 

Table 6 has not yet been outloaded and no inspections have been carried out). 

These observations shol'J that, in general, the CO2 treatment regime used was 

highly effective and a substantial period of storage (several months) was 

achieved with grain being free of insects at outloading as judged by Austral i an 

commercial standards. Furthermore, reinfestation from external sources was not 

significant. 

-
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Observations of i nsect infestation subsequent to C02 treatment 

Instances of apparent control failures with CO2 must be considered aga inst 

this evidence of successful use. There are 6 cases i nvolving 11 lots of grain, 

summarised bel 0\'1, where infestation has been detected \after CO2 treatment. In 

those cases where the target regime was met, infestation was detected only after' 

some months'of subsequent storage and thus surv ival of the treatment cannot be 

distinguished from reinfestat ion as its source. 

Case 1. Be ll, 3, Macalistair, 1 and Warra, 6. (Ka imkillenbun, 1 (not 
given in Table 5, da t a incomplete) apparently similar). Grain harvested 
at the end of 1978 and treated then with fenitrothion and bioresmethrin 
(12 and 1 ppm respectively). Dosed with C02 as Tabl e 5 one year later. 
Target C02 regime met or almost met (see Table 4). Very few ~. dominica 
detected at outloading when about one-fifth of each bin had been discharged, 
but not before or subsequently, suggesti ng that the infestation was at the 
surface and very local i sed. Source of infestation: not known. The localised 
nature of the infestati on suggests that it came from external sources 
shortly before outloading and was not a survival of treatment. 

Case 2. Harden. 1977-78 storage season. treated as described in Table 4. 
Heavy infestation of T. castaneum arild R. dominica prior to treatment. 
Apparently insect-free (probe sampled)-6 \'/eeks after beginni ng of treatment, 
but R. dominica with some T. castaneum found after ~3 weeks. Suggested source 
infestation: insect survival from treatment which di d not attain the target 
initial CO2 level. 

Case 3. Harden. 1978-79 storage season, treated as described in Table 4. 
No insects found by probe sampling prior to treatment. Apparently adequate CO ? 
regime. Store unsea l ed and small quantities of grai n removed from time to time 
from 2 months after C02 dosing. Localised but rapidly developing irifestation 
of T. castaneum found 6 months after treatment. Very few R. dominica and 
f. ferrugineus also present. Suggested source of infestatlon: insects 
introduced into store on machinery or personnel or insects flying in after 
breaking the seal. A very low level of survival from treatment cannot be 
excluded as source. 

Case 4. Rennie, 3 and 4 in 1978-79 storage season. Treated with C02 
as per Table 6 after 3 months storage. Condensation damage present in bin 3 
prior to treatment. Aft er 7 months from treatment, severe condensation on 
grain surface with many T. castaneum present. Source of infestation: not 
known. Rec i rculation duct may have been blocked resulting in low C02 levels 
in upper part of bin. 

Case 5. Warra, 8. Grain harvested and treated as Case 6. C02 trea~ent 
as Table 5. C02 level apparently lower after 4 days after treatment (41 %) 
than after 10 days (43%) suggesting poor mixing or recircula t ioril. Ma ny 
R. dominica present at outl oading 5 months aEer treatment. Suggested 
source of infestatlon: i nsect survival of treatment because of inadequate 
C02 levels in parts of bin . 
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Case 6. Yarrawonga, 9 and 13. 1978-79 season. 1870 t wheat i n each 
bin treated 2 months after loading with about 1 t C02 per 1000 t wheat. C02 
regime in bin 13 apparently adequate, but in bin 9 inadequate because of 
leakages . Bin 9 retreated 1 month later after sealing leak. as Tab l e 6, 
wi th an adequate CO2 regime. Inspected by turning the grain through the 
elevator and sampling after 10 weeks storage after treatment. No insects 
found. At outloading 7 months after treatment, light crusting present on 
grain surface and a few 1. castaneum found. Suggested source of inf estation: 
insects introduced during inspection or inadequate CO2 levels in upper 
parts of the bin resulting from blocked rec i rculation ducts. 

In view of the uncertainties inherent in this kind of assessment, cases such 

as these cannot be taken as fh'm evidence that the target regime is inadequate, 

but should be considered in the light of further commercia l experience. This 

should give evidence of whether such apparent control failures are to be expected 

or whether they result only from incorrect application of the system. 

CONCLUS ION 

The experimenta l and commercial t rials and treatments reviewed above are part 

of the general development of various modified atmosphere techniques of grain 

storage and disinfestation for Australian conditions. Techniques are now 

available for the modification and treatment of most large types of storage with 

some form of modified atmospheres, although CO2-trea tment of concre t e cell s is 

still not commercially feasi ble and treatment of a large horizontal shed wi th 

nitrogen has not been attempted. In the future, it seems orofitable to research 

on-site generation of various modified atmospheres, glvlng methods of avoi di ng 

the expense of transporting 1iquified gases to the storage site. A further 

assessment is required of the period of storage after an inert gas treatment 

that can be expected before insects reach commercia l ly detectable levels. The 

technique will also present managerial problems that wi ll need to be resolved. 

These include the need for a system of transportation of t he insect ici de-free 

grain from the storage to its destination which does not allow the grain to 

become sensit:y infested en route, aevelopment of suitable remote sampl i ng 

procedu res to detect infestation if it occurs and ma nagement of the modi f i ed 

atmosphere treated stocks to ensure that any infestation is promp tly eradi cated 

before damage results. 

The modified atmosphere systems described above are rlOI'i at a stag e in Austra l ia 

where they car. be regarded as one of the strategies available commercia lly 

against insect infestation. Their use will depend on the economics of the 

systems, which are already compet i tive with current prac tices in many s ituati ons, 

and the req uirement, if it arises, for treatments that do not leave chemi ca l 

residues on the grain. 
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