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CHARACTERISTICS OF CARBON DIOXIDE GAS ADSORPT IO f BY GRAIN AND ITS COMPONE TS. 

A. YAMANOTO AND H. MITSUDA 

I NTRODUC TI ON 

During experiments of gra i n storage in a CO 2 atmosphere, grains i n f lexible 

l aminated plastic film bags origi nally containing CO 2 gas were found to be ti ght ly 

pac ked as if pac~ed in vacuo (Mitsuda et al., 1971) . This led to the dis covery of 

an interesting adsorption phenomenon of CO 2 gas by grains at a low moisture content 

and to the development of a technique for skin-packaging, the Carbon dio xide 

Exchange Method (CEM) (Mitsuda et a1., 1972a). Vadous experiments have been carried 

out to examine the mechanism of this adsorption phenomenon (Mitsuda et al., 1972b, 

1973, 1975, 1977). The purpose of this paper is to summa r ize the experimental 

results on the characteristics of CO ] gas adsorption by grain ~nd its components 

for the practical use of CO 2 gas in a rtif ~ cial controll ed atmosphere storage of 

grains . 

CHARACTERISTICS OF CARBO N DIOXIDE GAS ADSORPTION BY GRAI N 

Equilibrium. Figure 1 shows the time course fot' CO 2 gas adsorption and desorp t i-on 

by grains at 250 C. The velocity of adsorption varies with the species of grain. 

Fifty to sixty percent of the maximum adsorpti on takes place within the first 6 

hours in the case of rice and red beans and in about 4 hours for peanuts seeds . 

The graph also shows that equi l ibrium is ob t ai ned after about 24 hours. Desorp

ti on curves show that the CO2 gas adsorpti on by grains is almost completely reversed 

when the grain is allowed to stand in air. The velocity of de sorpt ion is la rge r 

than that of adsorption. The long time needed to reach adsorpt i on eq ui li brium 

and tne variation of the rate wi t h the spe~ies of grain su gge sted th at diffusi0 1 

of CO gas into the grain kernel is important in this phen ome non.2 

Temperature dependence . The amount of CO 2 gas adsorbed by grains varies dependi ng 

on temperature, increasing at a l ower tempera t ure . The ve loci ty of adsorpt ion is 

not affected as much by temperature . 

~loisture dep~ndence . The ma ximum ads orpti on of CO 2 gas \~as measured at mois ture 

con t ents of rice ranging from Q to 16.3% to investigate t he relati onship between 

t~ e moisture content and the amou nt of CO 2 gas adsorbed by rice grain. The CO2 

gas adsorption was fou nd to de pe nd on the mois t ure content of r ice as shown i n 

Fig. 2. Adsorpt ion in creases almost linear ly in brown ri ce but decreases al most 

li nearly in paddy rice as the mo i s t ure conte t of th e grai ns increases . Hull and 
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Fig. 1 (left). Time course of CO 2 gas adsorp tion and desorption by grai ns (at 25°C) . 
One gram of grains was put i nt o a vessel of a Warbu rg ' s manometer an d was sha ken 
in an atmosphere of CO 2 gas at a constan t t emperature ba t h ad j usted to 25 C. The 
amount of CO 2 gas adsorbed was measured wi t h t he lapse of t ime. To study desorpt i on 
one gram of grai ns was pl aced in an atmosphere of CO 2 gas fo r more th an 48 hrs to 
adsorb the ga s until ful ly sa tura ted . This gra in was tra ns fer red qui ckl y i nto the 
ves se and then shaken in ai r . 

Fig. 2 (ri ght). Rel at ionship be t ween the moi s t ure content an CO 2 gas adsorbed by 
rice gra in. Defatted brown r ice was prepared as fo l lows: Grai ns were dehyd ra t ed 
and defatted by a gradua l et hanol- acet on or ethanol- hexane schedu l e . Samples we re 
th en hea ted at 105 C for 24 hr t o remove the solve nt rema i ned in the kernel . 
Gra i n samples \~ith vari ous mo i s t re cont entswere pre pared by equi l i brat i ng th em 
for 3 to 14 days in des i cca t ors with sa tu rated sal t so l ut i on . The amount of 
CO 2 gas adsorbed by the grains was meas ured in the same way as descr i bed in Fi g. 1. 

defat t ed brown ri ce adsorb remarkable amoun ts of CO 2 gas at t he l ower moisture 

con t ent. The maximum solub il j ty level of CO 2 gas in water contai ned in grains 

cal culated by Bunsen's absorpt ion coefficients, is fnund to be l ower 
than one-ha lf of the amount of CO 2 ga s adso rbed. Thi s suggests tha t t he CO2 gas 

adsorption phenomeno n in grai ns is not merel y caused by dis so l ut i on of gas i nto 

the water. 

.... 
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Kinds of grains. I-lany kinds of cereal grains and pulses showed a si mil ar adsorp ti on 

phenomenon . Table 1 shm'ts the adsorption amount of CO~ gas by each of these grains 

at 200 C for 3 hr. Wheat, corn, peanuts, soybeans, red beans, sesame seeds, and 

their flours show the same adsorption phenomenon as rice, but the ve locity of 

adsorption and the maxi mum amount of CO 2 gas adsorbed vary with t he ki nds of gra ins. 

Peanuts, soybeans, and se same seeds are good adsorbents, and wheat rice and f l ours 

seem to be relatively poor one s . Compared wi th conventional adsorbents, such as 

silica gel and activated cha rcoal , these grains are all poor adsorbe nts. 

Ti-\8L: 1. 

The amount of CO 2 gas adsorbed by var ious grains. 

Kinds of grains AdsorpSion amount Ki nds of grains AdsorPbion amoun t 
at 20 C for 3 hr at 20 C for 3 hr 

Pa ddy r i ce 86 ml/ kg Peanu ts 560 ml/kg 
Brown ri ce 90 Soybean flour 440 
Polished rice 
Rice flour 

70 
60 

Soybe an f lour 
Red be an s 

21 6 
64 

\·Jhea t 75 Coffee beans 12 3 
Wheat f!our 60 Sesa me seeds 230 
Corn 170 Bl ack tea 115 

Grain components. As shown i n Table 2, an inverse relat ionship was obtained between 

fat content of brown ri ce and t he amount of CO 2 gas adsorbed. Carbohydrates such as 

sugars, cellulose and starch in pur i f ied for ms fai l ed to adsorb t he CO2 gas. A clear 

relationship was not observed between the protein con ten t of grai ns and the amoun t 

of CO 2 gas adsorbed, although many kinds of pul ses of high prote in cont ent were 

fo un d to be good adsorbents . 

TABLE 2. 

Relati on sh i p between the fa t content of brown r ice and t he amount of CO2 gas adsorbed . 

Fat CO 2 gas b) 
con tenta) adsorbed 

Raw brown ri ce 
Defatted b)'own rice wi th : Et hanol 

2.67 
2.51 

128 11 1/9 
129 

Ether 2.1 6 185 
Ch Toroform-met hano 1 (2 : 1 ) 1. 35 568 
Ethan61- acetone schedu le 0.20 1758 

a ) De termi ned by Soxh 1et me t hods with ether. 
b) Dete rmi ned by the It/arburg's manome t ry at 25°C. 

All f i gures are shovm on a dry basi s . 
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Porosity. The porosity of the grain kernel was proved to influence the CO 2 gas 

adsorption phenomenon. A high pressure me r cury penetration porosimeter was used 

for the determination of pore-volume and pore-size distribution of rice kernel 
" in the range of 42 - 300 A. A relatively larger size of pores was found in paddy com

pared with those of brown and polished rice. Defatting and/or heat-drying treat

ment to rice kernel, however. produced abundant pores i n their intergranu l ar spaces 
'" of starch. Pore volume between the range of 42 A and 12 ~ in diameter was estimated 

to be 264,134,73.7,31.2 and 21.3 fll/9 (on dry basis) for hull, defatted brown 

rice, paddy, brown and polished rice respectively. 
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Fig. 3. Pore-size distribution of rice qra in. 

TABL:': 3 . 


Comparison of pere-volumes of rice grai n and hul l . 


Hull Paddy Brown Polished 

Total pore vo lume 
0 

(42 A - 12 IJ ) (1J1/g) 264 73.7 31.2 21. 3 

rvli cro-po ~'e vo lume 
0 0 

(42 A - 354 A) (fl l/9) 136 38 .1 15.4 11 .0 

Sorpt i on isote rm. Accor di ng to the class i c sorption i sote rm of Freundl ich, a 


li near relation is obtained when t he logarithms of pressure (P ) and so rpti on 


volume (V) are pl ot t ed. This rela t ion may be written: 


log V = l og k + ~lo g P, where k and ~ are co nstants. 
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Experimental resu l t s obtained with the adsorption of CO2 by brown rice at var ious 

partial pressures of CO 2 were fo un d to agree with the isoterm as shown in Fig. 4. 

An almost linear relation between log V and log P was obtained in the higher par
C02 

tial pressure of the CO 2 (P ) reg ion but not in the lower 'Jne. The constant nC02 
was 	 calculated as about 1.5. 4 

C -	 C ) v oe 3V 
100 	 - C e 

V: 	 volume of CO 2 gas adsorbed by brown rice (ml) 

C : 	ori gi nal CO 2 gas composition (%) o 
C : 	equ il ibrated CO 2 gas composition (S) e 
v: 	 original mixed gas volume (ml) 

log V = log k + ~ log P -1.0 -0 .5 e02 
log Peo 

~ig. 4. Relation between the amount of CO2 gas adsorbed and the pa rtial pressu re 
of CO 2 (at 2~oe). Brown r ice wa s packed in plastic f i l m bags under di fferent 
co~posi t ions of N2 and CO2 gas. Aft er the adsorption equilibri um was obta i ned at 
25 C under atmospheric pressure, the composition of headspace gases was ana l yzed 
by gas chromatography and compared with the orig inal compos ition. The amount of 
CO 2 gas adsorbed by brown rice was calculated using the equa t ion shown in this 
figure. 

Results obtained in these experiments can be sunmarized as foll ows: 

(1) 	 Solubility of CO 2 gas into the moisture and lipi ds of the grain is assumed 

to have a minor effect on the CO 2 adsorp t ion phenomenon. No direct relation

ship is also presented between any special components of gra i n and the amou nt 

of CO 2 gas adsorbed. 

(2) 	 Diffusion of CO~ gas into the grain is important in this phenomenon . This 

adsorp t i on phenomenon is ve t'y s i mil a r to tha t observed in sor pt i on 0 f ga ses 

by chucoa: and silica gel, I-Ihich sorb gases in to t heir many pores. 

THE 	 CO 2 GAS-PROTE IN INTERAC TI ON IN A GAS -SOL ID PHASE. 

In the course of investigatiohs to elucidate the mechani sm invo l ved i n the 

CO 2 gas adsorption phenomenon by grains, various proteins i n solid fo rm were 

found to be capable of acsorbi ng C02 gas. The charac teristics of C02 gas adsorp tion 

by highly pur ified protein has been investigated by ~~arbu rg manometry and t he 

B.E.T. surface area analyzer. 
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Adsor'ption of CO_2 gas by proteins. Carbon di oxide gas was adsorbed by casein at 


more than 500 ~l/g/24h r while ethylene and oxygen were less than 200 and 50 


~1/g/ 24h r respectively. Approximate equilibrium was ob t ained after 24 hours. 


Helium, nitrogen, hydrogen and air were al so examined but none of them was adsorbed 


consi de rably by casein under the same conditions i n the case of CO 2 gas. The amount 


of CO 2 gas adsor'bed by pro tei ns is shown i n Table 4. Var i ous proteins were found 


to adsorb CO2 ga s when they were placed in the hi gh par t ial press ure of the gas 


concerned. Casein, gelatin i~d raw silk were revealed to be the better adsorbents 


as compared with the others. 


TABLE 4. 


Adsorption of CO 2 gas by vari ous protei ns in dried state. 


Proteins 	 CC ~ gas adsorbed 
a \ 

I 

Casein 
Gelatin 
Egg albumin 
G1 utenine 
Hemoglobin 
Ze i n 
Soybean flour 
Whole milk 
Bleached Ch10re11a algae 
Hydrocarbon-asslm~lating yea s t 
G1 uten 
Ri ce bran 
Raw silk 
Fibroin, from si lk 
Chinese white rabbit hair 

662 lll /g 
532 
267 
231 
182 
150 
220 
200 
163 
11 5 
111 
109 
690 
110 
106 

a) 	 Determined by Warburg ma nome t ry at 25 0 C for 24 hr . 
All figures are shown on a wet basis. 

t'1oisture dependence . In Fig . 5, the amou nt of C02. gas adsorbed by case in and gelat in 


are plotted against th eir moisture conten t . The lower the mo istur e is , the grea t e r 


the adsorpti on amount of CO 2 inc reases. 


Temperature dependence. The amou nt of CO2 gas ads orbed by ze in varies de pending 


on tempera t ure, as shown in Fig . 6, i ncreasing at a l owe r temperature. Other 


prot eins also show a s imil ar t endency as shown in Fi g . 7. The t emperature dependence 


of CO 2 adso rption by protein is close to that of physica l adsorpt i on . Al t hou gh 


large amo unts of CO 2 gas we re ads orbed by histamin, tyram ine , L-1ysine and L-argin ine , 


temperatu re depe nden ce of t he adsorp ti on is somel'lhat different from that of pro t e i n, 


such as casein and gelatin . 
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Fig. 5. Effect of moisture content on the amount of CO 2 gas adsorbed by casein 
and ge1atin. Protein samples at various moisture contents were prepar2d by 
equilibrating them for 3 t o 14 day in desiccato ,rs with saturated solutions of 
LiC l , K2 C0 3 , Mg(N0 3 )2 , MaCl and KN0 3 at relative humidities between 11 and 88% . 

Reversibility of CO 2 gas adsorpti on by protein and others. Reversibility of the 

CO 2 gas adsorption by protein, protein hydrolyzates, amines and amino acids was 

examined. More than 90%of CO 2 gas which had been adsorbed by casein and gelatin 

desorbed when they were put in to an atmosphere of low partial pre ssure of CO 2 

but only a few percentage deso rbed in the case of amino acid an d histamine. 

Interaction between CO 2 gas and amines and amino acids seemed to be "chemical 

reaction" or "chemisorption" rather than "physical adsorption". 

Effect of particle size on CO2 adsorption by bacto-peptone an d casein . Bacto

peptone, one of the protein hydrolyzates for a microbial cu lture med i um, showed 

an interesting result on CO 2 adsorption. This was one of the samples whi ch fai rl y 

adsorbed CO 2 gas when they were tested in l arger partic les above 32 mes h. Gas 

adsorption increased more than 20 ti",es when the sample was ground. The l ess the 

peptone partic l e size, the more the amount of CO 2 -gas adsorbed. This res~lt 

suggested that the gas diffusion process in the pa r t icles was the rate-li mit ing 

factor i n CO2 gas adsorption by proteins. This was conf irmed by t he de termi nation 

of ad i ffus ion coeffi cient of CO2 gas in casein part i cl es of th ree differen t si zes. 

By applying the Boyd eq uation, the degree of the adsorption (Vt /V ) was foundeq 
to be in propol"tion to a square root of time in the re gion bel ow one-h alf of 

Vt/V as 3hown in Fig. 9. The diff usi on coeffic ie nt obt ained in these samples eq 
was around IO-9 cm, sec . This value wa s in the proper range of the CO 2 gas di f f usi on 

5coefficient in the soli d , but lowe r in li qu id and in gas (10- - 1 cm2 / sec) . 
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rlg. 6 (left). Effect of temperature on CO 2 gas adsorption by zein. The amount 
of CO 2 gas adsorbed was measured with the lapse of time by the 8.E.T. surface area 
analyzer at one-half of atmospheric pressure. 

Fig. 7 (right). Temperature de pendence of CO2 gas adsorption by casein , ge lat in 
and histamine. The amount of CO2 gas adsorbed was measured in the same way 
described in Fig. 1. 

Adsorption isoterms . Fig. 10 indi ca tes the adsorpti on i soterms for Nz and CO2 

in casein determined by the B. E.T. method. A typical po lymolecule adso rpt i on 

curve (BET type) was obtained with Nz gas adsorption in - 196°C. The carbon dioxi de 

gas adsorption curve, however, showed an adsorption curve of the He nry type i n wh i ch 

the amount of gas adsorbed was in proportion to the press ure . Because the experi 

mental pressure (76 cmHg) at 2SoC is si t uated in the 10l'ler region of t he satura ted 

vapor pressure (4,830 cmHg ) of CO 2 gas, expe rimental results can al so be assumed 

to be in the early part of BET , La ngumuir, Freundl i ch and other ty pes of i soterms . 
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Fig. 8. Effect of parti cl e size on CO 2 adsorpt ion by bacto-peptone . 
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Fig. 10. Adsorption isoterms "Ot' N2 and CO 2 i r casein. The a!fO '.mt of gas ads ~ ,-beG 
',~as measured b'y the B.E.T. surface analyzer in the condition jescribed in this 
figure. 

Particu lar f unct ional groups involved i n CO 2 gas adsor ption by protein. 

In order to identify the functional gro ups whi ch really cont ribute to CO 2 

gas adsorption by protein s , E- amino groups of lysi ne res idues of egg al bumin we re 

chemicall y modified with tfi nit robenzene sulfonic acid to vari ous deg rees. 

Expe rimental res ul t s showe d th at about 60% of the t ot al amo unt of CO 2 gas adsorbed 

by so li d egg albumin diminished by comple t ely mod i ficati on of the E-amino groups 

of lys i ne residues. This di rect l y provides eviden ce t hat t he E-amino group of 

lys ine is ca pabl e of adsorbing t he CO2 gas in protei n in the same manner as in 

free amino acid . As to the rema ining 40% of the to t al amou nt of CO2 gas adsor bed by 

egg al bumi n, the guanidi nium 9rouP of argini ne res idues and a -ami no gro up in pro te i n 

were shown to take par t in it by the following exper iments. Correla t ion coeff i cients 

foun d between the amount of CO 2 and each of the variables, the lys i ne content, 

the arginine co ntent and the t otal of lysine and argi nine contents of prote in 

and its hydro lyzates were 0.76, 0. 54 and 0 .85 respecti ve ly . Chemical mod ifica t i on 

of t he guan idini um gro up s of argi nine resi dues of lys ozyme by 1 ,2 -cycl ohexaned i one 

-
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a I so showed the decrease of the amount of C02 gas adsorbed by lysozyme. The ab il itY 

of CO2 gas adsorption by a-amino group of amino acids and oligopeptides was found 

to be developed by the elongation of the peptide chain of glycine and other amino 

acids, by the removal of the Ct. -carboxyl group of histidine and tyrosine to corres

ponding amines and by the esterification of Ct.-carboxyl group of leucine with 

E.-nitrophenol.'-hese results (!;llearly indicate that C02 bi nd ing sites in protein 

in the gas-solid phase system are £-amino, Ct.-amino and guanidinium groups. Table 5 

gives the amounts of CO 2 gas adsorbed by a series of ol igopepti des and collated 

with the pK va l ue for their Ct.-amino groups reported in the li t erature.a 

TABLE 5. 


Effect of peptide chain length on the C02 gas adsorption by ami no group. 


pKa values COdNH z 
(Ct.- NH z )(£-NH 2 ) (rrmoles /mol e) • 

Gly 9.78 0.024 
Gly-Gly 8.25 O. I II 
Gly-Gly-Gly 8.09 0. 465 
Gly-Gly-Gly-Gly 1. 47 
Polyglycine 7.4 
Lys 9.18 10.79 3.97 
Lys-Gly 4. 49 
Lys-Glu-Ala 6. 50 
y-Glu-Cys-Gly 8.75 1.03 

Differences between the CO 2 gas adsorption by proteins and by amino acids and ami nes . 

The reasons why similar functional groups of proteins and amino acids were able 

to show different reactivity to CO 2 gas, such temperature dependence, mo i s ture 

dependence and reversibility wel'e examined. Differences between the C0 2 gas ads orp

tion by proteins and by amino acids and amines can be best explained wi th the 

following ~wo different interactions between t he ami no group and C02: 

1. 	 Carbamate formation. 

R-NH2 + CO 2 ~ R-NHCOOH 

2 	 Anionic reaction . 

H20 + CO 2 ~ HZC0 3 ~ HC0 3- + H+ <pH 7.0 

OH- + CO 2 ~ HC0 3 	 >pH 7.0 

R-NH/ + HCO l ~ (R- NH/ )(HCO l -) 

The pK values of amino gro ups in protein are lowe r than those in amino acids . In 
a 

the solid state of protei n, therefore, ami no groups must be present in the un protooized 
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form (R-NH 2 ) and form carbamate salts with CO 2 . This interaction is weak and 

reversible as is well known in the interaction of hemoglobin and CO 2 in blood. 

Characteristics of CO2 gas adsorption by protein are ass umed to be caused by the 

carbamate formation. On the oth e r hand , amino groups in free amino acids and ami ne s 

seem to be present in the pro tonized form (R- NH3 +) even in a solid state for the ir 

higher pK va lues. Th is amino group in protonized form may react wi th t he bica r bona te a 
ion which is formed from CO 2 and water via carbonic acid. An experiment on the 

CO 2 gas adsorption by the basic amino acids such as lysine and arginine in dried, 

and moistened form revealed that the amount of CO 2 gas adsorbed by these free 

amino acids increased remarkably with their increased moisture content, \'Ihile an 

inverse re l at ionship was observed in protein as shown in F;g. 5. 

CONCLUSION 

The CO2 gas adsorp ti on phenomenon observed in grai n s t orage in a CO2 atmos phere 

is assumed to be ca used by a mechanism comb ined with a di ffus i on process in the 

grain kernel and a carb ama te forma tion of CO 2 gas with funct ional gro ups of protei n 

which are exposed in the inte rn al surface of the grain ke r ne l . The reversibl e 

intera c ~ion of CO :, gas with functio nal grou ps of protein is assumed to contribu te to 

retaining grain qualities during the storage. 
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