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ADVANCES IN GRAIN STORAGE IN A CO2 ATMOSPHE RE IN JAPAN . 

H. ~1IT SU DA AND A. YAMAMOTO 

INTRODUCTI ON 

The r eduction of post-harvest losses is now a common food strategy througho ut 

the world. A considerable amount of work has been ca r ried out by several groups 

in each country on loss assessment and reduct ion studies. Storage must be one of 

the ~ost importa~t stages for the r ed uction of post-harvest losses. 

In Japan rice is the major staple food grain and one of t he few self-suffi cient 

foods. The storage and distribution system controlled by the go vernment is well 

established for the annual cons umpt ion of rice and post-harvest losses ~re assumed 

to be kept at an acceptable level. Reserves of surp lus rice for food security 

purposes, however, are still hindered by storage pr oblems . The Japanese people 

usually cook polished rice grains in water without addi ng seasoning, so the eating 

quality of the cooked rice directly reflects the properties of the grain. The 

Japanese are very sensitive to the taste of cooked rice, so that even the very 

slight changes in the physical and chemical nature of rice after it has been stored 

for a year are detected anc cause dis like. The loss of qua'ity or acceptability 

in rice during storage is serious because rice is stored in amb i ent temperature 

warehouses where it is hot and humid in summer. In addition to this, the rice has 

been transported and stored non-hermetically in small bags made of j ute or kraft 

paper. The longer the storage period, the greater the quality l os s. Grain storage 

in a CO 2 atmos~here has been adva nc i ng step by step since 1967 in Japan. Few 

scientific studies on controlled atmosphere storage of grains have been reported, 

so advances in grain storage in a CO 2 atmosphere can be summarized i n the res ults 

obtai'ned from th~ experi ments of the author's group . 

GRAIN STORAGE IN A CO 2 AT OSPH ERE 

It is favorable for the safe storage of grain to eli mi nate the oxygen from t he 

structures wh ere grains are stored, in addit ion to control ling the stored temperature 

an d the moisture content of the grains. Al though oxygen conce nt ration in sma ll 

pouches of dr i ed foods can be re duced easily by evacuation or the use of oxygen 

scavenger, it does not seem to be practi cal to apply these tech niq ues to grain 

storage. In the hermetic storage of grains, it is as sumed that the oxygen will be 

exhausted and that CO2 wi l l be produced within a few days due to the resp irat i on 

both of the grains and of contamina t ed organisms . The rate at which the oxygen is 
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exhausted depends mainly on the moisture content of the grain. The higher the 

moisture content of the grain, the higher the rate of exhaustion. During the 

period of oxygen exhaustion, however, chemical changes inevitably take place 

affecting the quality of the grain. Grain storage in an inert gas atmosphere seeks 

to avoid or lower the changes which must be caused by the presence of oxygen. 

Fundamentally, what is involved is the retardat ion or suppression of the respi ration 

of the grain itself, the insects, microorganisms and so on. Normal ly , t he gases 

used for this purpose are either carbon dioxide or nit rogen, both readily available 

corrunercial pr oducts. Results obtained in the contro ll ed atmosphere storage of 

various fruit and in the gas storage of processed foods show some diffe rences with 

regard to these gases. The authors are interested in the following two dist i ncti ve 

features of CO 2 • 

(1) Carbon dioxide is the end product of the aerobic combustion of organ ic 

materia ~ s in living organisms. Thus, the accumulation of CO2 beyond a certain 

critical concentration acts as a signal that can slow down the rate of the reac t ion s 

by which it was formed, a type of control known as "feed-bac K inhib·ition". In fact, 

inhibition of succinate dehydrogenase is well known in connection with the CO 2 

disease of some fruit. This enzyme is one of the members in the tricarboxyl ic acid 

cycle, which takes pl ace- i n the mitochondria and cons i s ts of a cycl e series of 

reactions in respiration. The authors also reported the inhibition of catalase by 

higher partial pressure of CO2 . This enzyme is often noticed as a good index of 

viability of the grain. In addition, it is proved that the act ivity of ribu l ose­

1 ,5-diphosphate carboxylase, wh i ch is the key enzyme i n t he Calvin cycle , fs 

controlled by CO 2 and O2 , s imi lar to the manner of hemog l obi n in ani mal blood. 

The reversible nature of the inhibition by CO 2 has been reported i n the study on 

the activity and metabolism of goat sperms stored in physio l og i cal liqu i d un der 

various partial pressuy"es of CO2 . These bi ol ogical results indi cate t he distincti ve 

feature of CO 2 in the metabolism of stored grains . 

(2) Another distinctive fe atu re of the action of CO2 is its s t e ri lisat i on effec t 

on the growt h of fu ng i and ot her mic roorgan isms. Even when the re is a hi gh l evel 

of oxygen remai ning in the ves se l , a hi gher concentrat i on of CO2 (mo re th an 80­
90%) effecti vely prevents t he funga l growth, whi le N2 cannot do so . This is a 

favora ble characteristic for the practical use of CO2 in t he pro lo nged sto ra ge of 

grain, because the risk of contamination of oxygen i nto a s to red vessel cannot be 

eliminated. 

RE SUL TS OF SEVERA L EXPE RIME NTS 
1. Fundamental experime nt s on a laboratory scale (Mi tsuda and Yas urna ts u, 1955 , 

Mitsuda et al., 1958, 1969, Mitsuda, 1969a, 1969b ) 

On the bas is of hi nts obta i ned from studi es on the respira t i on of col d-b looded 

ani ma ls in hibe rnatio n , whic h were conducted in the l aborat ory at Kyo to Un i ve rs ity 

-
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around 1952, the authors introduced the hermetic storage of cereal grain in 

naturally cold places. This is based on lowering the respiration in grain by uSing 

both CO 2 and low temperatures, thus retaining the original freshness of the grai n 

even after prolonged storage. The most desirable temperature for maintaining rice 

grain quality is around 130 C. The less the variation in temperature throughout the 

year, the better will quality be retained. Appropriate places satisfying these 

conditions are spaces under the wa t er of lakes, ponds or man-made pools at the 

seacoast of spaces under the ground. Laboratory-scale storage experiments were 

carried out from 1967 to 1969. The results obtained in these experiments are: 

(1) Packaging 	materials for underwater or underground storage of grains must be: 

i) Resistant to structural attack by water, ii) Moistureproof, 

iii) Resistant to physical shock, and iv) Airproof . 

A flexible bag made of plastic laminated films with a biaxi ally-oriented polyamide 

film (nylon type), a polyviny1idene chloride film and a polyethylene film, was 

found to meet all of the above requirements very successfully. 

(2) The moistureproof quality of the bags was confirmed in storage experiments 

which were carried out in water baths, ponds and man-made pools. 

(3) Carbon dioxide was used for grain storage and the ai r proof quality of the 

bags was confirmed. An interesting phenomenon was also found that grain in flexible 

bags containing CO 2 was tightly packed as if packed in vacuo. 

(4) Various factors for l arge-scale storage in water were examined and suitable 

forms of storage unit an d equipment were designed. The annual data of the weather 

conditions in Lake Biwa were col l ected and examined in order t c select a storage 

place in the lake . 

2. iJnderwater and unde r ground, storage experiments (Masuda and Kawai, 1970, 

Mitsuda et al., 1971a, 1971b, 1972, 1973) . 

An experiment in underwater storage of cereal grains was carried out from 1969 

to 1972. Paddy, brown and polished rice were packaged in the plastic bags wi th 

CO 2 and stored for 3 years in t he wate r of Lake Biwa. Wheat , bar ley and soybean s 

were stored in the same way as the rice grains. In parallel with the unde rwater 

storage experiment, the undergrou nd storage of brown rice was al so carried ou t at 

an abandoned mine on Sh ikoku Island. These experi ments were carried out to invest i gate 

the possib i l ity of storing grain on a pract ical -scale in natu ra lly col d pl aces, i .e . 

with a temperature belol'/ 13°C. Re sults obtained are su rrmarized as foll ows : 

(1) The waterproof quality of the lami na ted fi lm in such gra i n storage condit i ons 

proved to be hi ghly satisfactory over a relat ive ly long peri od. 

(2) Underwater storage pro l onged the storage life of the grai ns . The ori gi nal 

freshness of the grain s even after prolonged underwa t er storage cou ld be sh own by 

the fact that conside rably higher biol ogical activi t ies such as germi na tive capacity, 

and catalase and peroxidase act iv ' ties were detected fo r t he grains stored in t he 

0­
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water than those kept in atmospheric conditions. In particular the germina ti ve 

capacity of the paddy rice retained its original value even after a storage per iod 

of 3 years. Changes in the contents of vitamin B , reducing sugar , water-sol uble 

nitrogen, and other substances were also found to be l ess for the rice sto red 

underwater. Palatability of the grains stored underwa t er was found to be satisfactory 

by panel tests. The strength of stale- fla vor as dete nni ned by the amount of vol at i le 

carbonyl compounds, rheolo gi cal characteristics as measured by texturow~tric ind ices 

and cooking qualities as revealed on boil i ng, showed that the deterioration proceeded 

at a considerably lower rate for the grains stored in t he water than for those 

stored in atmospheric storage. 

(3) As to the atmosphere within the bags of laminated fi l m, the bag containi ng 

CO 2 gas was found to be more effective t han that containir.g air in pr eventing 

changes in chemical composition, in l oweri ng the diminution of peroxidase act ivity, 

and in retarding the develo pment of stale-flavor. 

(4) A total system on a 10 thousand ~etric ton-scale has been draf t ed fo r under­

water storage. The cost for this system amounts to about $34 .00 o( less per ton of 

rice, as calculated by the supporting committee for grain storage research at the 

Research Institute for Production Development in March, 1970 . The committee was 

composed of five companies in Japan; UNITIKA Ltd . , Sumitomo Chemical Co., Sekis ui 

Chemical Co., Ltd., Asahi-Dow Co., Ltd., and Taiyo Kogyo Co., Ltd. The cos t appeared 

fairly low compared with that for temper-ature and humid ity contro ll ed storage systems . 

(5) Various kinds of plastic laminated f ilms were compared with each othe r as 

to their abi l ities to maintair. grain qualities. Experi mental resu lts sugges ted 

that the composition of the lami nated film could be si mp lified in accordance wi th 

the storage conditions. The usefulness of polyv i nyl chloride bottles wa s al so 

tested in underground sto rage. 

3. Transportati on and stor age experi men ts in ambient temper at ures (Mitsuda et 

~974). 

The ri ce sto red l ow-temperature \'Iarehouses (bel m~ ZOoC) or i n coun try el eva t ors 

( l Z-1 30 C) located in granary areas had often suffered sign ificant deterioration 

when polished i n a large-scale cent ral mill and transpor ted from there to urba n 

areas. This kind of troub le was pa r t icularly noticeable in the rainy season or 

summer. The big gest cause of this tro ~b1e was the pac ka ging method. Open packages 

such as straw, jute or kraft paper could not prevent the permeation of vapor an d/or 

gases in the atmosphere. Pol yethylene bags were also unsu itabl e in the same way 

because they contained a few tiny holes to add fl ex ibil ity and prevent slipping 

in loading. Another problem was the stol'age of r i ce in polished f orm . In Japan, 

storage of rice in polished form had bee~ avoided because the r i ce deteriorat ed 

much mo re ra pi dly than brown or paddy rice. Th e recen t devel opme nt of a large- scale 

cent ral polishing sys tem was, however, inc rea s i ng t he necessity to store an d 
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transport rice in polished form and thus causi ng deterioration of the qualities 

of rice as consu~ed. The need for new methods of storing and transportin g the 

polished rice was the major i mpetus for this experimenI. A transpotat ion and s t orage 

experiment of grain packed by the CEM (Carbon dioxide Exchange Method) t echn ique 

vJas carried out from August 1971 to March 1973 in on::er to de velo p a new system 

for t ran spo rtation an d storage of gra ins with the l ea st loss of quality. Two 

variet ies of j aponica rice which had been stored in a low- tempe ra t ure warehouse 

(below 20oC) and in a country elevator (1 2-l3 0 C) ",ere po lished at a large-scale 

central pol i sh ing factory in Iwate Prefecture, one of Japan's granary areas. 

Abo ut one metric ton of polished rice was packed by the CEM and the convention al 

methods using kraft pape r bags and polyethylene bags. The rice was transported 

from Iwate to an urban a ea in a 5 ton container by rai l and the journey t ook 5 

days durin~ August, the hottest month in Japan. The ambient temperature in the 

contai ne r fluctuated bet\'ieen 200 C and 470 C during transpor ation. Biochemi cal and 

palatab il i ty changes were examined in the rice just after arrival at des tina tion 

and after 3 and 8 months storage at a rice deal er ' s. Some of the ri ce was stored 

for another 11 months and then examined again. Sample analysis in cluded: 

moisture content , wa ter-soluble acidity, free fa tty aci d content, rSA value, 

amyl ogra phy , cooking qualities, microbio lo gi cal tests, gas chromatogr aphy of 

volatile carbonyls from coo ked rice, texture evaluati on of cooked rice by using 

a texturome te r, and sensory analysis of cooked rice by 24 panels. 

The results ob ta ined in these anal yses demonstt"ated that rice packed by the CEM 

technique co l d be maintained in better condit i on t ha n that packed by co nventio na l 

me thods, part icularly in terms of the an alyses of \'Jater-sol ub le ac idity, free fatty 

acid conten t, amylography an,j gas chromatography of volatile carbonyls from cooked 

rice. Th e deve lopment of mo uld and insects was perfectl y retarded in the s kin­

packages in the CEM method without using fumigation, but this was not possi ble in 

the r i ce stored in conventional bags. 

A new type fully automatic pa ckaging ma chine was con structed by t he Jap an Steel 

-Jorks, Co ., Ltd. \'Jhic h ma de it poss ible to carry out the la rge -scal e packaging and 

t rans po rtat ion test i n Jan uary 1973 needed to obt ain t he bas ic data for the pr act i ca l 

feas ibi l ity of CE~1. Th ese expel'iments vJere pe rfo rmed i n coope at ion wi th agr i cu ltural 

gove rnmen t offices, ag r i cu l tural au xi liary or ga nisat ions and some private companies. 

In t his expe riment, about 3,500 packages of poli shed rice we i ghing 5k g each were 

prepared by us i ng t he packagi ng machine at · i gata Prefec tu re, also one of Japan 's 

granary areas . The pack ages \~ere palletised and tra nsported by tra i n f rom Ni igata 

to Osa~a the second bi ggest ci ty of Japan. Polis hing conditions, the amount of 

CO 2 gas requi red for the process wi th the pa ckaging mach i ne, the t emperatu re chan ges 

of the r i ce, t he correla tion between break age i nci dents and the th i ck ness of bags 

and so on were all obse rved . Opin i ons of retai l ", r ')n the process were al so gathered. 

Ex ami nati on of all the package ~ carried out af ter r.ne i r arrival at Osaka revealed 

= 
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that only two packages were broken and only 1.4% of them had suffered pin-holi ng and 

failed to remain airtight. The data obtained in this experiment together with the 

relatively l ow cost suggested that this technique could be suitable for use on an 

industrial scale . 

4. 	 Development of CEM sk i n-packages in Ja pan (Mitsuda et a1., 1975, Mitsuda, 19 79) . 

After accumu l ating the basic data for the practical feasibi l ity of the CEM 

technique in cooperation with agricultural government off ices, the techni que has 

been adopted by the indus t ry for the presel'vation of polished rice since Ju ly 1973. 

The merits of CEM skin-packa ging are: 

(1) 	 The packages are easy to produce ; 

(2) 	 Permeation of moistu re and gas is almos t completely prevented; 

(3) 	 Deterioration caused by aerobic microorgani sms , insects and oxygen is 


effectively prevented; 


(4) 	 There is no breakage or slipping of bags in l oad ing; 

(5) 	 Pac kages are resha pab l e even afte r sealin g; 

(6) 	 This technique can be widely used in food packaging and safe storage 


because it eli minates the need for chemical food additives. 


The skin-packaging of polished rice has also been accepted by various types of 

consumer. For example, many J apanese who live abroad as well as people engaged n 

deep sea fishing and mounta i n-climbing have reported the successful retentic ~ of 

flavor in rice stored in CEM skin-packages. CEM skin-packages have also made it 

possible to develop a new type of polished rice wh ich retains the germ pcirtion, 

because the rapid deterioration of this type of polished rice is effectively pre vent ed 

by t hi s packaging and storage method. At present, CEM skin-packages are produced 

at mo re than 30 polishing factories in Japan. Fina ncial support for promo t ing t he 

CEM packaging of polished rice is offered by t he National Rice Distribu t i on 

Association to r ice retai l ers under the direction of t he governmen t . 

' 5. 	 The seed s torage experimen t ( its uda e t il L , 1979) . 

A long-te rm storage experi men t was ca rrie d out from 1972 to 1977 with t he 

co.operation of the Chiba-Ken Foundat i on Seed and Stock Farm in order to devel op a 

convenient system for long-term storage in place of the ann ual reproduct ion of 

seed grain. Paddy rice from the harvest of 1971 with mo i s t ure contents of 5.9, 

8.7, 11.3, 14.0 and 16.3% respectively were packed in CEM ski n-packages an d sto red 

at temperatures of 0, 10 , 20, 30 0 C and ambient tempera tures respectively. 

Table 1. shows one of the results obtai ned by ge rmi nation tes ts of the sto rage 

of paddy rice in a CO 2 atmos phere. Significant viabil ity reduction was observed 

in the paddy rice stored with higher moisture con ten t and higher storage tempera ­

tures. Compared with the data obtained from non-airtight storage, the ra te of 

viability reduction was found to be 2 to 4 times s10wer in the high mois t ure 



241 


content of rice packed by CEM technique. Actual ge rm ination ability in the field · 

was proved to agree well with germination capaci ty in Petri di shes in the laboratory. 

In addi t ion to this, growth rate in the field and vari ous characteristics of plant 

and frequency of abnormal growth were also examined on the Farm. Results obta ined 

showed any abnormality in growth of paddy rice stored in a CO2 atmosphere for 5 

years. Peanuts and wheat have also been tested in t he same way . 

TABLE 1. 
Storage periods before the germi na ti on of paddy rice decrease below 90% at vari ous 

moisture contents and te~peratures 

Moisture content Storage t emeerature 


(wet basis) 300C ZOoC 100C OOC af'lbient tem~eraturea } 


16.3 % 1.6 6.9 5. 8 32.6 3.8 months 
14.0 3.1 11. 1 49 .4 >60 6. 1 
11 .3 16.0 52.9 60 >60 37. 6 
8.7 37.8 >60 >60 >60 >60 
5.9 >60 >60 >60 >60 >60 

a) 4.0-34.ZoC. 

6. Experiments on grain storage in a CO 2 atmo sphere in steel cans. 

With the discovery of the use fu lness of CEM skin-packages for safe s torage of 

rice, needs and feasibilities for famine reserves of rice have been one of the· 

serioJs concerns in local governments and governmental offices. The deve l opment 

of storage systems on larger scales of one metric ton or more in steel cans and 

containers has been required, in addi tion to the system usi ng small bags of CEM 

skin-packages . To meet these socia l requirements, a project team was organized 

on May, 1976 for the development of a new system of CO 2 gas storage on l arger scal es 

with the cooperation of the un i ve rsity, companies and corporati ons under the 

leadership of the au thor's group . The Nip pon Steel Co rpora t ion , one of the project 

members and the biggest company in Japan, had been conduc t i ng some basic experi ments 

on grain storage in its Fund amen ta l Research Labora tory since 1971 in order to 

find wider application of the use of steel cans . In this pro j ec t team , the art ific ia l 

gas storage using CO 2 gas had been adopted in a steel can storage system. 

Experimental results obtained for t he CO2 gas storage of grain in steel cans can 

be summa r ized as follows: 

(1) Grain q~ality analysis: Pol ished rice has been packed i n mo re than 40 drum 

cans 200 1 in volume and stored at ambient t emperat ure (be lO\~ 30oC) for 2 years 

in a CO 2 atmosphere. The chemical and sensory evaluation te sts of the s to red grain 

have been carr ied out ma i nly by t he Japan Grai n Ins pection Ass ociation and the 

quality of the stored polished r i ce has proved to be of a sa t i s facto ry l evel for 
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conventional consumers' use. These results using steel cans have confirmed the 
previous data obtained using CEM skin-packages. 

(2) The characteristics of CO 2 gas adsorption by canned grain: The characte­

ristics of CO 2 gas adsorption by the canned grain proved to be in satisfactory 

agreement with the results obtained by Warburg' s manometry in our laboratory. 

These results, some of which were shown in Figs. to 3, provided the fundamental 

knowledge for the development of automatic filling equipment and a pressure­

controlling ~ethod for storage cans. 
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Fi g. 1. 
A small 

CO 2 adsorpti on rate in 
autoclave 0.8 liter in 

vari ous pressures. 
volume with a pressure gauge was used as a test 

vessel in the experiment at various pressures . The amount of CO 2 gas adsorbed 
by grains was determined by the titrati on me thod and calculated with the amount 
of acid req uired to neutra l ize t he sod ium hydroxide solu t ion in which the desor bed 
CO 2 gas was trapped by the grains in a Nz gas stream. Al though the adsorpti on rate 
did no t increase even at higher CO 2 pressures, the amo unt of CO 2 gas adsorbed by 
grains increased with the increase of CO 2 gas pressure. The amount of CO 2 gas 
adsorbed by grains and CO 2 ga s pressure agree with the sorption isoterm of 
Freundlich as in the case of various partial press ures of CO2 gas dete rmined 
previous ly (Mitsuda et al., 1973b). 

(3) The development of co unter-current type filling equipment: In orde r to ge t 

effective purge of intergranul ar air and maximum adsorpt ion of CO 2 gas, filli ng 

equipment of counter-current type was newly developed in the Nippon Steel Corpo­

ration. It has a f i ll ing capacity of l 50-450kg grain per hou r into steel can s . 

Operation of thi s equipmen t was stabl e and smooth for t he produc ti on of grain cans 
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Fig. 2{a). Adsorption equilibri m i n the test vessel and drum can. 
Changes in the amount of CO 2 gas adsorbed by grai ns and changes in the i nnel' 
pressure of the test vessel were determined correspondingl y, Adsorption 
equilibrium was obtained after 7 days, Changes in the inner pressure of the 
drum can also followed the same curve obtained with the test vesse l. 
Initial high-pressl!Jre treatment was carried out by pressing the grain to 10 atm 
with CO 2 gas for several minutes as shown in Fig, 2(b). Changes in t he inner 
pressures followed the same procedure after the inner pressure had been reduced 
to atmospheric pressure. When the rice grain had been pressed to 10 atm and 
reduced to atmospheric pressure, temporary inc rease of inner pressure was 
observed as shown in the above t hree curves, whj l e gradual decrease was observed 
without an initial high-pressure treatment as shown in the lowest curve. This 
behavior may be caused by two opposite factors of increasing and decreasing t he 
pressure. The relationship between equilibrated pressure and the requ i red ti me 
for initial high-pressure treatment was plotted in Fig. 2{c}. This indicates 
that the eq uil ibrated pressure i n t he vessel can be set at pos i t i ve when t he 
high-pressure treatment is carried ou t for more t han 60 mi n. (a s shown in Fig. 2( c)) . 

with an adequate pressure of CO2 ga s . This equ ipment has made it possible even 

at present to start mak i ng l arge -scal e famine r~serves of polished rice in steel 

cans and containers below the one-metric ton unit. 

For the practical applicati on of these systems to the ~rolonged stora ge of r ice 

i n Japan, fur t her studies are also necessary co nce rni ng prolonged experi men t s on 

the str i c t determinat i on of shelf l ife for canned r i ce , se lec t i on of suitable 

varieti es of rice for prol on ged stora ge , and f indi ng the s uitab le conditi ons for 

the storage of rice in brown and paddy forms. 
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Fig. 2(c). The relationshi p between equil ibrated pressure and the required time 
of in it ial high-pressure treatment. 
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Fig. 3. Rate-limiting curves of CO 2 adsorption by grains. 
Equation for the rate-l i miting curves were as follows: 

_ (l_f)l13 8/8 ( reactiG n rate-limiting)S 
3 [l_(l_f)2/3] - 2f 8/8S (diffusion rate-limiting) 

Experimental values were proved to agree well with the theoretical curve for 
diffusion rate-limiting into the granule. 
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