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Abstract

Electrons with energies of 300 keV or lower were defined as “soft-electrons”. Soft-electrons 
eradicated microorganisms residing on the surface of grains, pulses, spices and dehydrated 
vegetables, and reduced their microbial loads to levels lower than 10 CFU/g. Soft-electrons 
penetrated only into the surface of grains and did not significantly degrade starch molecules 
inside grains.  The use of electrons with a higher energy and with a higher penetration 
capacity resulted in a higher thiobarbituric acid value (TBA, parameter for lipid oxidation) of 
brown rice.  Milling of rice at a yield of 90% or 88% after exposure to electrons resulted in a 
TBA value of rice treated with electrons at 65 keV almost the same as that of untreated rice, 
indication that the milling process removed the portion of brown rice exposed to soft-
electrons.  It is concluded that soft-electrons can decontaminate dry food ingredients with 
few adverse effects on the quality.
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Introductio n 

Grains, pulses, spices and dehydrated vegetables 
are frequently contaminated with microorganisms, 
especially heat-resistant bacterial spores, although they 
are widely used for food processing. Bacterial spores 
contaminating these dry food ingredients can not be 
inactivated completely by heating processes such as 
steaming and boil ing at food processing plants. Thus 
dry ingredients for food processing should be decon
taminated to prevent food spoilage and food-borne 
diseases. Decontamination techniques including fu
migat ion with ethylene oxide gas (EOG), irradiation 
with ionizing radiation and treatment with super
heated steam are applied to some or the dry food 
ingredients. However, these techniques are associat
ed with some drawbacks. EOG fum igation is pro
hibited in Japan, because or the carcinogenic effect 
or the residues. Irradiation with gamma-rays or elec
tron beams can effectively inactivate bacterial spores 
contaminating spices and dehydrated vegetables with 
minimal q ua lity alteration, and irradiation or spices 
is practiced on a commercial basis in more than 

Present address : 

20 countries 12>. However, irradiation or food 
products other than potato is not approved in Japan . 
Irradiation a t high doses for decontamination is not 
applicable to grains such as rice and wheat.. Ioniz
ing radiation causes oxidation and degradation or 
components such as lipid and starch molecules 1

•
11

•
12>, 

which results in quality deterioration or grain products 
such as noodles and rice cake in terms or flavor 
and texture. Treatment with super-heated steam is 
the only method widely used fo r decontaminating 
dry ingredients in Japan. However, super-heated 
steam sometimes brings about changes or flavor and 
color of dehydrated vegetables and herbs. No method 
has been developed fo r decontaminating all the dry 
food ingredients. 

It is generally recognized that since most of the 
microorganisms contaminating dry food ingredients 
reside on their surfaces, the inner parts do not have 
to be exposed to heat, gas or radiation for decon
tamination. T he penetration capacity or an electron 
beam is controlled by the energy; electrons with lower 
energies display lower penetration capacities2>. We 
have defined low-energy electrons at 300 keV or lower 
as "soft-electrons". Soft-electrons reach only the 

• Research Planning and Coordination Division, National Food Research Inst itute (Tsukuba, lbaraki, 305-8642 Japan) 



294 

surface of food, and the qua li ty changes of food 
caused by such electrons are expected to be much 
more limited than those caused by gamma-rays o r 
high-energy electron beams with much higher penetra
tion capacit ies. We carried out studies on the effica
cy of soft -electron treatment to decontaminate dry 
food ingredients. 

Equipment for soft-electron treatment 

Dry ingredient samples were treated with soft
electrons under rotation to expose a ll the sample sur
faces to electrons with low penetration capacity. 
A grain rota tor was developed which enabled sam
ples to rotate by shaking and vibrating them simul
taneously at variable speeds (Fig. l). T he ro tator 
was placed under the window o f a Van de Graaff 
electron accelerator (Nissin High Vo ltage Engineer
ing Co., Lid., Kyoto, Japan), which generated elec
tro ns at acceleration voltages of 170-300 kV. The 
distance between t he window of the electron acceler
ator and the plastic tray of the grain rotator was 
17 cm. 
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Fig. I . Grain rotator for treating grains with low-
energy electrons 

A; Shaker, B; Vibrator, C; Plastic tray. 
D; Speed controller for shaker, E; Speed 
controller for vibrator, F; Grain. 
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P enetration capacity of soft-electrons 

Penetration capacities of soft-electrons at differ
ent energies were determined based on depth-dose 
curves. Several pieces of radiochromic film dosimeter 
(RCF) (5.94 mg/cm2

, FWT-60-00, Far West Tech
no logy Inc., Goleta, California, USA) were stacked 
toge ther in layers at the bottom of the p lastic tray 
of the grain rotator (C of Fig. I) which was placed 
under the window of the electron accelerator at a 
distance of 17 cm, and irradiated with electrons for 
60 min under various conditions ( 170 kV, 4 µA; 

180 kV, 8 i,A; 190 kV, 10 µA; 200 kV, 14 µA). 

Absorbances at 510 nm or all RCF films before and 
30 min after irradiation were measured and the dose 
absorbed by each RCF film was determined accord
ing to t.he method of McLaughlin et al. 81• 

Energies of electrons at a distance of 17 cm (air) 
from the window (50 µm thick titanium) of the elec
tron accelerator were lower than those of the elec
trons at the window (acceleration voltage). T he 
energies of electrons irradiating samples at 17 cm 
from the window were estimated to be 60, 75, 90, 
100, 130, 160 and 210 keV for acceleration voltages 
of 170, 180, 190, 200, 225, 250 and 300 kV, respec
t ively, based on the mass stopping power of air and 
titanium ' ·10>. 
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Fig. 2. Depth-dose curves of electrons determined with 
radiochromic film dosimeter (RCF) 

+ ; 60 keV, 4 µA, a ; 75 keV, 8 µA, 
A ; 90 keV, 10 µA, e ; 100 keV, 14 µA. 



T. N<1.v"shi: Deco111m11i11{1//011 of Food l11gredie111s wirh So/1-Elec1ro11s 295 

T a ble I. Sterilit y of grains exposed to iow-energJ' electrons or gamma-rays (CFU/g) 

Control•> 
75 kcV, 8 1,A, 10 min 
75 keV, 8 µA, 20 min 
75 kcV, 8 µ.A, 30 min 
75 keV, 8 µA, 40 min 

100 kcV, 14µA, 5 min 
IOO keV, 14µA, IOmin 
IOO keV, 14µ.A, 15min 
100 kcV, 14µA, 20 min 
130 keV, 22 µA, I min 
130 keV, 22µ.A, 2 min 
130 keV, 22µ.A, 4 min 
130 keV, 22µ.A, 6 min 
160 keV, 401,A, 0.5 min 
160kcV, 401, A, I min 
160 keV, 40µ.A, 2 min 
160 kcV, 401,A, 3 min 
210 keV, 401,A, 0 .5 min 
210 keV, 40 µ.A, I min 
210 keV, 40 µA, 2 min 
2 10 kcV, 40µA, 3 min 
-y-ray, 2.5 kGy 
-y-ray, 5.0 kGy 
-y-ray, 7.5 kGy 
-y-ray, 10.0 kGy 
-y-ray, 12.5 kGy 

Brown rice 

4. lxl06 :!: 4.6xJ05 

5. J X 102 :!: 2.J X 102 

< 100 
< 10 
< 10 

J.2 X 10 3 ± 5.6 X J0 2 

7.5 X JQ2 ± J.3 X JQ2 

<10 
< 10 

2.5 x 103 :!: 1.6 x IOJ 
J.5 X 102 ± J.3 X JQ2 

< 10 
<10 

7.4 X ]Q2 :!: J.8 X 102 

1.3 X 102 :!: I.IX 10 2 

< 10 
< 10 

1.4 X I 03 :!: 7. I X I 02 

< 100 
< 10 
<IO 

2.2 x 10• :!: 3.6 x !OJ 
3.3 x !03 :!: 1.6 x !OJ 
5.8 X 102 ± J.9 X 10 2 

<10 
<10 

Rough rice 

4.7X 10 7 ± J.5 X 10 7 

•••••••• b) 

5.8 X !05 ± 7.0 X 10 4 

J.8 X 1•0 5 ± J.0 X 105 

9.6 x 103 ± 3.1 x IOJ 
6.3 x 1-03 ± 1.3 x 103 

l.6x 1()5 ± 3.8 x JO '' 
5.3 X 104 :!: 2. J X JQ'1 

I.Ox 10• ± 6.6 x 103 

< 100 
J.3 X J0 5 ± 4.5 X JQ4 

5.7 X 103 ± 2.8 X 103 

2.2 X J0 2 ± 2.0 X JQ2 

< 10 
J.3 X 105 ± 3.5 X 104 

8.Q X J0 2 ± 4.4 X 102 

< 10 
< 10 

3.2 X 10 5 ± 4.2 X JO"' 
8.4 X 10 4 ± 3.8 X 104 

7.4 x 1•03 x 3.2 x 103 

6.3 X 10 2 ± 3.2 X 102 

< 100 

Wheat 

2.7 X 104 :!: J.2 X JQ4 

1.2 x 103 ± 8.3 x !02 

2.3 X 102 ;!: J.6 X J0 2 

<100 
<10 

3.1 X J02 ± 2.J X JQ2 

I.IX 102 ± 9.1 X 101 

<10 
< 10 

2.9 X JOJ ± J.8 X 103 

5.9 X 10 2 :!: 2.8 X 102 

< 10 
< 10 

2 .Q X IQ.l :!: 8.9 X JQ2 

4.3 X 102 ± I. I X 102 

<10 
< 10 

1.7 X 103 ± 1.3 X 102 

4 ,5 X 102 ± 2.8 X J0 2 

<10 
< 10 

2.5 x 104 ± 4.7 x 103 

4.6x J0·1 ± l.4x IOJ 
7,5 X JQ 2 ± 6.3 X 10 1 

<10 
<10 ----------

a) : Untreated sample. b): Data not obta ined. Source: Hayashi ct a l. ( l997) 5 >. 

Buckwheat 

1.4 >< 106 ± 6.8 x !05 

1.4 X 103 ± 9.2 )( 102 

).7 X 102 ± J.7 X J02 

4.4 X 102 ± 3.8 X 102 

3.3 X 102 ± 3.6x 102 

1.8 X 103 ± 9.0 X 10 2 

< 100 
<10 
< 10 

9.7 X 102 ± 8.0 X J02 

1.3 X 102 ± J.6 X 10 2 

<10 
< 10 

6 .7 X 10 2 ± 2.6 X J02 

< 100 
<10 
<10 

2.0 x 103 ± 2. 1 x I 0.1 
< 100 
< 10 
< 10 
< 10 

T able 2. Viscosity of 7 .50/o aq ueous s11s11cnsions of grains exposed to low-energy 
electrons or gamma-rays (mPa.s) 

Brown r ice Rough rice Wheat Buckwheat 

ControJdl 211.1 ± 12.5c) 149.5 ± 7.7<) 287.4 ± 18.2b.c) 2 J J.3 ± 2J.6 C) 
75 keV, 8µA, 40 min 206.0 ± 3.s c) ·-·· c) 293.6 ± 12.5b.c) 

100 keV, 141,A, 20 min 185.9 ± 8.6"·<) 147.3 ± 8.9 <) 246.6 ± 10.8°-<> 199.9 ± 25_4 cJ 
130 keV, 22µA, 6 min 146.7 ± I I .9 3 ·b) 137.3 ± 7.3c) 206.4 ± 3.sn,b) 192.5 ± 6.4 <) 
160 keV, 401,A, 3 min 136.2 ± 4 .6 •.b.c) 133.4 ± 4 .8···> 192.8 ± 8.0"·b.c) 165.6 ± 7 _53.b,c) 
210 keV, 401,A, 3 min 88.5 ± 3.0 •.b.c) 105.5 ± 6.8 • -b) 133.6 ± 3.6a,b.c) 108.7 ± lQ.9•.b,c) 
-y-ray, 0 .1 kGy J98.4 ± 4 .1 C) 138.3 ± 5.6°) 246.5 ± 3,4 3 ,c) 189.6 ± 12.2•> 
-y-ray, 0.5 kGy 160.8 ± 8.3n.b) 117.9 ± 5_5•.b) 2 11.3 ± 4_7 3.b) 143.2 ± 8.3•.b) 
-y-ray' 10.0 kGy 21.l ± 1.0:1.b.c) 31.9 ± 4. 90.b.c) 34.6 ± I. 7n.b.c) 26.8 ± 4.6~.b.cJ 

a): Significantly different from control (P < 0.05). 
b): Significantly different from samples ir radiated a t 0. 1 kGy with gamma-rays (P < 0.05). 
c): Significantly differem from samples irrad iated at 0.5 kGy with gamma-rays (P<0.05). 
d): Untreated sample. e): Data not obtained. 
Source: Hayashi ct al. (1997) 51 • 

Depth-dose curves of electrons a t various ener
gies were developed by plott ing all the absorbed doses 
determined wi th RCF films (Fig. 2)61 • The penetra
tion capacity of elec1rons at 60 keV was about 
6 mg/cm1 and that at 75 keV was about 10 mg/cm2 , 

while those at 90 and 100 keV were lower than 
17.82 mg/cm2 (5.94 mg/cm2 x 3 pieces). Doses ab
sorbed by the first RCF film for l h were about 
30, 58, 70 and 11 0 kGy at 60, 75, 90 and 100 keV, 
respectively (Fig. 2)6>. 
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Sterility and viscosity of grains exposed to soH
electrons 

Energies of electrons necessary to reduce microor
ganism levels to less than 10 CFU/g were 75 keV 
for brown rice, 130 keV for rough rice, 75 keY for 
wheat and 160 keV for buckwheat (Table 1)5>. The 
results suggested that most of the contaminating 
microorganisms resided in the region that the elec
trons with such low energies could reach. Gamma
rays at 7.5-12.5 kGy were necessary lo achieve the 
same levels or sterility. 

Viscosity of beat-gelatinized grain suspensions 
decreased with the energy of electrons (Table 2)s.1. 

Viscosi ty of brown rice and wheat treated with elec
trons at 75 keV was almost the same as that of un
treated samples. Viscosity of rough rice and 
buckwheat exposed to electrons at 130 keV was slight
ly lower than that of untreated samples, but much 
higher than that of the samples irradiated wiLh 
gamma-rays at 10 kGy. The viscosity values of a 
grain suspension which was heat-gelatinized under 
an alkaline condition is a parameter for starch 
degradation 3

•
4>. The resul ts suggested that electrons 

with minimum energy for decontamination did not 
degrade starch molecules inside the grains. 

The applicabili ty of soft-electrons to wheat de
pended upon the variety of wheat. Soft-electrons 
could decontaminate wheat grains of Australian 
Standard White (ASW), Shirogane and Western 
White (WW) varieties, but could not decontaminate 
those of Dark Northern Spring (DNS), Norin No. 
61 and No. I Canadian White (!CW) varieties 
(Table 3). No relalionship was observed between the 
application of soft-electrons and the sensitivity of 
the contaminating microorganisms to gamma-rays. 
The difference in the application of soft-electrons 
was ascribed to the structure of the wheat grain. 
In varieties such as DNS, Norin No. 61 and 1 CW, 
microorganisms would reside in areas which soft
electrons did not reach. 

Quality of milled rice pre1>ared from brown rice 
treated with soft-electrons 

Both Koshihikari and Nihonbare could be decon
taminated with soft-electrons even at 60 keV 6>. No 
significant difference in the viscosity was observed 
at any milling yield between the control and the rice 
grains exposed 10 electrons at 60-90 keV. Milling 
reduced the effect of electrons on the viscosity; 
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milling of rice grains at a yield of 88% did not 
result in a significant difference in the viscosity 
between untreated samples and 100 keV-electron 
treated samples6>. However, milling did not affect 
the viscosity of rice irradiated with gamma-rays. The 
results suggested that so ft-electrons degraded starch 
molecules near the surface of rice grains, which could 
be removed easily by milling. On the contrary, 
gamma-rays degraded all the starch molecules in rice 
grains most of which could not be removed by 
milling c,i. 

Thiobarbituric acid (TBA) value is a parameter 
of lipid oxidation. TBA value of brown rice increased 
with the energy of electrons. TBA values of brown 
rice samples exposed to electrons at 60- JOO keV were 
significantly big her than that of untreated control 
(Table 4)6>. The use of gamma-rays at 7.5 kGy 
resulted in a higher TBA value than that of electrons 
with energies of 60-100 kcV. Milling decreased the 
TBA values of all the samples, especially those of 
electron-treated samples. Accordingly, the differences 
in the TBA values between lhe control and the 
electron-treated rice grains decreased markedly after 
milling. The difference in the TBA values between the 

control and the rice samples exposed 10 electrons 
al 60 keV was not significant at a milling yield of 
90% or lower, and the difference between the values 
of the control and the rice samples exposed to elec
trons at 75 keV was not significant al a milling yield 
o f 88%. The resulls suggested lhat most of the lipids 
oxidized by electrons at 60 and 75 keV were removed 
by milling at yields of 90 and 88%, respectively. 

Hardness and stickiness under low and high com
pressions of cooked rice grains (90% milling yield) 
exposed 10 electrons at 60- 75 keV were almost the 
same as those of the control (Table 5) 6'. Hardness 
and stickiness under low and high compressions of 
gamma-irradiated samples were lower than those of 
the control. Hardness and stickiness under low com
pression are parameters for rheological properties of 
the surface of cooked rice grains, and those under 
high compression are parameters for the properties 
or overall cooked rice grains9>. The results showed 
lhat rice grains which were exposed to electrons at 
60- 75 keV and milled at a yield of 90% displayed 
the same rheological properties as the con1rol. The 
results shown in Tables 4 and 5 indicate that milling 
at yields of 88 - 900/o removed the portion of rice 

Table 4. TBA values of rice ex11osed to low-energy electrons or gamma-rays 
followed by milling (11 111 01/ g of r ice) 

Milling yield 

1000/o b) 920/o b) 900/o b) 880Job) 

Con1ro1•> 17.69 ± 1.55 4.95 ± 0.38 4.75 ± 0.69 4.23 ± 0.81 
60 keV, 41,A, 45 min 29.68 ± 2.66c) 7 .98 ± o.2oc> 5.18± 0.70 4.75 ± 0.57 
75 keV, 8µA, 30 min 34.21 ± 0,49c) 9.05 ± 0.83•> 8.37 ± o.socJ 5.43 ± 0.77 
90 kcV, 101,A, 25 min 41.45 ± 0.90•> 15.55 ± 3.96<) 9.47 ± 0.7] C) 9.43 ± 0.93°) 

100 keV, 141,A, 15 min 57 .66 ± 2.47c) 19.74 ± 0.67<) 14.33 ± 0 .28<) 13.70 ± 0.74<) 
y-ray, 7.5 kGy 60.59 ± 5.64<) 46.59 ± 3.96<) 43.83 ± 3.08<) 43 .23 ± 4.10•> 

a): Untreated sample. b): n = 3; mean± standard deviation. c): Significantly different from contro l (P < 0.05). 
Source: Hayashi ct al. ( 1998)61 • 

Table 5. Physical 1iro11erlics of cooked rice grain •> 

Low compression High compression 

Hardness•> Stickiness<> Hardness•> Stickiness•> 
(I 04 dyne) ( I 0 4 dyne) (106 dyne) (105 dyne) 

Comrol b) 7.02 ± 0.57 2.13 ± 0.28 2.03 ± 0.25 4.88 ± 0.49 
60 keV, 41,A, 45 min 6.94 ± 0.48 1.94 ± 0.23 1.99 ± 0.33 5.03 ± 0.41 
75 keV, 81,A, JO min 7.08 ± 0.56 2.09 ± 0.28 1.99 ± 0.21 4.83 ± 0.38 
90 keV, 1011A, 25 min 6.74 ± 0.44 1.64 ± 0 .29d) 1.7 1 ± 0. 18 4.76 ± 0.72 

100 keV, 14 l'A, 15 min 6.57 ± 0.51 1.59 ± O.J9dl 1.52 ± 0. JJd) 4.81 ± 0.48 
y-ray, 7.5 kGy 4.89 ± 0.89"' 0.77 ±0.J7dl 1.06± 0.14d) 4.46 ± 0.45 

a): Rice samples were exposed to •electrons or gamma-rays followed by milling at 90% yield, and then cooked. 
b): Un treated sample. c): n = 3 ; mean± standard deviation. cl): Significant ly different from control (P < 0.05). 
Source: Hayashi et al. (1998)61• 
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exposed to electrons at 60 keY which could eradicate 
most of the microorganisms contaminating brown 
rice. 

Decontamination of o ther ingred.ienls 

Soft-electrons at 100 keV reduced the microbial 
loads of shredded dehydrated vegetables to levels low
er than 10 CFU/g, although the time necessary for 
electron treatment was different (Table 6). Longer 
duration of electron treatment was necessary for 
dehydrated vegetable samples which required a higher 
dose of gamma-rays for disinfection. The micro· 
organisms contaminating dehydrated vegetables 
showed the same resistance to soft-electrons as to 
gamma-rays. Black pepper could be decontaminat· 
ed with electrons at 210 keY, while white pepper, 
basil and coriander could be decontaminated at 
100 keV. Pulses such as soybean, adzuki bean and 
black soybean could be decontaminated with elec
trons at 60 ke V. 

Conclusio n 

Soft-electrons can decontaminate dry food ingre
dients such as grains, dehydrated vegetables, spices 
and pulses with minimal quality deterioration. The 
portion of grains exposed to electrons is removed 
as husk and bran by dehusking and/or milling . 
Therefore chemical compounds formed by electron 
exposure are removed by dehusking or milling and 
no such compounds occur in the edible parts of 
grains. 

Electrons with such low energies do not require 
a thick shield due to their low penetration capacity, 
which enables in-Ji11e decontamination at food 
processing plants. Facilit y to expose all the ingre
dient surfaces uniformly to soft-electrons on a large 
scale in a short period of time should be developed 
to industrialize this decontamination technique. 
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