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i E: REARERBARATETHREAZEGIRA 20 55 m L, ZXELERKES T H%
KEARARNE, BB P EABHEM, RIS FEFBTHREARER AT LS A Z AN 2B XiE,
AFFRAT 120 W-20 s IR 3R AR R A & T4k (140 Pa, 13.56 MHz, A5 & -F4RIRIE & 4F 5 3 cm,
R 300g) TAARTEKRK 0~4 KRGS, MERSRBfMEFRE, £ 535 C.
FHrAAAEE (ERH) 10%~90%CE A, SRR ti, AF 5 TR ELLERA LT R RGRIBR
W (E5FKREFS SFREGRER) iRy, 1258 22 BAIRK RO Kok A M & F oK
Fo K RBORE . RBER A A B TR KR 5 0 %Ak B AR A R sh 8

KR AF BTN, A Kk; RESME;, 24K Koama
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Effect of Helium Cold Plasma on the Moisture Sor ption | sotherms of Milled Rice
CAO Zi-yi"*?, LI Xing-jun"*{, SONG Hong-dong’, ZHAO Ming-hui'* *

(1. Institute of Grain Storage and Logistic, Academy of National Food and Strategic Reserves
Administration, Beijing 100037, China; 2. National Engineering Research Center for Grain Storage and
Transportation, Beijing 100037, China; 3. College of Health Science and Engineering, University of
Shanghai for Science and Technology, Shanghai 200093, China; 4. College of Grain, Oil and Food, Henan
University of Technology, Zhengzhou, Henan 450001, China)

Abstract: The low-pressure radio-frequency (RF) cold plasma equipment has been developing in China for
over 20 years. This equipment can significantly shorten rice cooking time and increase the solid solubility in
the porridge. The safety evaluation of cold plasma technology in food industry is being carried out during the

recent five years. This study measured the moisture desorption/adsorption isotherms of milled rice treated
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zero to four times by 120 W-20 s helium cold plasma (CP, 140 Pa, 13.56 MHz, the distance from plasma

resource to the samples is 3 cm, 300 g samples were treated each time). In the range of 5 to 45 °C and 10% to

90% RH, in contrast to the untreated samples, CP repeat treatments did not change the hygroscopic properties such

as monolayer and multilayer moisture properties and the moisture content of safe storage, but they increased

hydrophilicity and water absorption rate of milled rice with a significant decrease in water contract angle. This

study gives basic data for the safe storage of CP-treated milled rice.

Key words:. cold plasma; helium; milled rice; hygroscopic property; safe storage moisture; water contract

angle

BEEB TR (Cold plasma, CP) fwift JLAE B
ST TR E ML SRR %
BT R AEIE Som TR, b1
AR & A KSR (ROS) FEHER
(RNS), f#MH CP 17 KBl BN E A B
SNt A B U Lee ZEUER A RS
JBH Y HL ( DBD ) R i AR 3 5 g Ak 5. 10,
20 min, AN EE . RMAT R I T 0 22 5 3508
o-VE KD VA P B . SRR IR 3 g
12K 5. 10, 20 min, & 54T &R T # 22
BEWD KR AT E AL R R A AR
WHLEE 15 g FK 20 min, AT 3 200 %R
31%~34%, XTECRBYRBE . A . R A 3
A ORI, AR SO TR A S TA
FAR B Al S B A A A Y D R R 1B
Wi o AR BT R . A S A S A
TR B . PUEFRE TG, &
Wi R R S R T B R K OR IR 1K
s/ ZEE IR, FEFAS % A1) DBD A5,
Chen 25 RLRFH 1~3 KV HLE AR R SR 2 S0 4
BTR Crthoh® 1.2-3.6 W) S 2403 20g Koki
BEK 30 min, SXFTHEARACTE LAY, BEE TR A
7% I ) RN b [ 9 2 v e, SRR AL Bk
{EURIVE A 25 50 0 308D o e e A5 B T iRk b 3
JE R ZEREK R -2 58 T MR AN I 1 o B i
EIE S b Ny | N B (e A
PRAb PR A REA AT RS 0, it 3 M)A, 5
Xof BEAN AL 3 P, i oA 78 28 I ) R OK i s B i
AL PRI R FAT IR B E AR, Thirumdas 2501
SR PR 2 AR A 28 RV S5 85 T (15 Pa, 40 W Al
50 W) AbERREA 10 min, 755 s )RR RS B i

ERUSLIBIE S N TR R (R (NI DY IR
(30~40 W, 5~10 min ) AbBRENEEA K, 42 HIAZ
BT ARG H22 fi £ Jole /T SR T REHG fn L A
2 T AR PR 1T S K P ) s AR 1A 4%
BT AR Ak BT B K R K SR T 2% S s (] ik
D o RV S B AR i (A g, FRA
SR PR e s 2SS 5 25 11K (80~520 W5 A
fn 2 5B TR RS 3 om ) AEE 6 AN E R ORCOK
BES, ALBRETE] 0~2 min, Bl AL FER A3, 2%
BT ] R, TR AR N, B
BN o 7R B — S ] SR A B AR s Aok
A7 AN L BT VS TERORHEA TS, SRV A5 5
T A B IR (1 W T R e = 5 . ARBIFST R
BIIASTK 53 W B A IR A A S AT v A5 AR L A
A B ORAF: S R 7K 0 W B /e W A IR 2, A R
B T URBARAE B AT L 2 4N FH PR SE R o
1 #MRER=E
11 U|ig&E

AR FE TR KA HD-3N: BBk
T RE BEMLAT BRA D 5 Bl 7K 43 0 B 2 {3 85
SPS11-10 %, & 2£+0.5 K, -1 A X i
(ERH) fE (23+5) °CHl RH 0~98% L[}, 1
2t £ 0.6%: TEETRKEARAA; HLAE
DHG9070A : HiN i RACEAXSES 5 sl R
AL 3-30K: sigma A F]; TR (T1482—):
MR ZH 22, IMWT12 KK AU BT A A .
R AR KO K A I
V5: M REBAEEA PR A
12 HRAEBETFHLE

FKOKAE T AL FRR ] HD-3N %8 T1AF T
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A BRI AR N 2 B A% 300 mm, K 300 mm;
SRR PSG-THAL, 13.56 MHz, 0~1000W [ 3ilL
Kol ; TAEELZSJE 130~160 Pa; BARFESHOE
B [RDR ORI A T, AR 1,
R AKAEOh, 24 h, 48h, 30d IR 120 W Y
AR EE TR 20 s ZMFEE L, X EFIRIK
SR FRARE S A FAS RS, AEEE 4 CCHESM T .

2000 g [EPRIAK
l—» 300 g Xt HEAE S
1700 g
120 W CP 4b3# 20 s
J>300g0h Bt (ALHE1R)

1400 g

FEIRHH24 h
120 W CP Ab3H 20 s
y > 300g24 hEE SR (b E21K)

1100g

E #7548 h
120 W CP 403 20 s
300 g 48 h BEH: (AEHE3IK)

800 g

4 °C=RERR30d
120 W CPAb#E 205

800 g 30 d B (AbHE4YK)

Bl ARKERLESFHLESR
Fig. 1 Procedurefor cold plasma treatment on rice

1.3 JkimtEm . WKERFFH R

DKL 2 A £ >R K Bz 310 R
FH 1 2 WOl 2, 2.5 pl 2% BT /K m 20 Aok
e (T ¥ SR S e TR/ AVERVAS B o TS
THIEAR 1 3 AR T B AT A 5 7 (CCD) i/

FHMLEE 10 s T2 —IR . MR S7KEH R 105 °ClH
Firk (GB5497—1985 ) M7 AP /K R 5 Jy ¥k
&, PREL2 g FOKFPRE F 50 mL B0, A
40 mL 228 7K, B4 h )5 U4 TR R,
THAEM K,

FKAFRL TE R IMWT 12 KA MLt S5
SESGAE o X AMUE AR RRHES 2% . R
EURAE IR R GE . ARLHES 5 FH T PR K 50
KRHEF A AL B A L, e A 3 422 fi
BEEE AR KRR, R TR AR 40 RPN AT LA
WRARIIER . Kb R AT B GB/T 1354—
2018 R, SR A i OB ROk 4ok o
P, RS, IHERKSE . BIRERm K
K 500 wiZedy, B 3,

14 FEKHSERENERIMBEYA

SR FH B 285 7K 3052 600 7 S0 7 A oK 18y W
il SRR, BRI R RE R R 2 g
IRZIREILR 10~35 °C, ERH 10%~90%. *JH
EE TR AR, m sl /A N R
B TR, FREPEIRERE 10 min, BB
IR B E BT K /R 50 min, KON 50 h
B i B PR A +H100% , TAFHT T8 dmydt S4+0.01%/
40min,

SRR 1 7 X 7K 43 W B A I H A T
U4 . SPSS 17 for Windows 414 il AR £k 11 17 7
B, TE—RIEAD BT, K IR EZ
] 5% 228 Fi e /b ol P BB (R, 5%
22 F 7 (RSS ). #5ifE2E (SE) KOF-RAHXTH 43

®1 RAKKSRHEREEDR

Tablel Modelsfor fitting with the moisture sorption isotherms

TR 45 M = f(ERH,t)
£ 1E 9 Chung-Pfost MCPE M Ll[%}
3 1
GAB GAB = M,,C,C,ERH
(1- C,ERH)(1-C,ERH +C,C,ERH)
C,C, % ERH
EIEY 3-GAB 3-MGAB M = C
(1—C2ERH)(1—C2ERH +CzT3ERH)
Z I Poly M =C,ERH" + C,ERH’ + C,ERH + C,ERH’t + C,ERH -t + C,t + C,

. 51 A XHk[21]; GAB, Guggenheim-Anderson-deBoer,ERH 2 i AHXHE A, LI/NIERR; M B FMKTE & (%); Mo &R

B TERE (%) tIEME(C); C~Cr T REM R

Notes: Cited from reference [21]. GAB, Guggenheim-Anderson-deBoer, ERH is equilibrium relative humidity, decimal; M is

equilibrium moisture content (%); M,, is the content of monolayer water molecules; t is temperature (°C); C,~C; are the equation coefficients.
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HiRk% (MRE) KAHrial il 4o, R® &5
AR HERRUE, RSS Al SE B iE A L3R, MRE
INTF 10% R R DA 1 1119200
15 #HiEaE

SR FHBE AL X 0 523035 1, B DAST- 3B 1
Z£3RR . LSD K [’ —FI A R /NG FhEFROR
ez 225 B3 (P<0.05 ).

TR L AL PGB, KK AR SRR 12
fluh 2 0L, TR K AR . R DU
AR T R S A PSP RPRLR BESL, 13 K
HA AR ES TR, SR AR E R AL BN
SR RO A8 B B MM/ FE R LR
22 FRREBTHEELEXNKKKSRE
FiR LRI

M 2 B, S0 A S A B TR AL BEOROK

2 HBHR5HH PN ‘
VORS— " T AR %) R S0 R Al O AR 2R S B S e, 7EIR]—
21 REBETFHRESEIT KRR KRN M . ; s .
7 EAAHAEEE (ERH) &, BEEREE M, F
[havy \J HB \ /:‘ /:: \/‘\ 5 &-‘ = A 327 V= ~N = »‘ b/
WER AN, SR, BETZTREE ok, EMFREE T, K% ERH 8N,
1 GEAEBFHREELEXRKERNYIENLFEIER
Table 1 Effect of helium CP repeating treatments on the physico-chemical parameters of rice
CP Jib B 5] b B B K% KRR A WK /% AR /mm KPR T /mm /58 2
CK (0) 12.74£0.06° 79.7£2.90° 29.1+1.39¢ 4.4+0.02° 2.7+0.02° 1.6+0.00°
0h(1) 12.6+0.02° 73.8+1.98° 30.9+0.19° 4.5+0.06 2.8+0.04° 1.6+0.01°
24h (2) 11.3+0.05° 60.8+1.43° 36.6+1.40° 4.4+0.04 2.7+0.05° 1.6+0.02°
48 h (3) 11.940.05° 55.2+4.42% 34.8+0.20° 4.5+£0.14" 2.7+0.04° 1.6+0.03*
30d (4) 11.7+0.01¢ 53.6+1.94¢ 37.140.45 4.3+0.04° 2.740.02° 1.6+£0.01°
HF: F—SIAME NG F RN Z 2 5 B2 (P<0.05),
Note: Different small superscript letters in the same column indicate significant differences between samples (P<0.05).
5 °C-Ads CK 5 °C-Des CK 5 °C-Ads CP-48h
----- 15 °C-Ads =====15°C-Ads
0 g 25°C-Ads 201 201 —g—25°C-Ads
- -0--35 °C-Ads --0--35 °C-Ads
H 15| —A—45 C-Ads s 15| ﬁls-_‘—“ C-Ads
= = S
BN 8 LN
3 5 S
S 10} S 10f Z 10}
= =
L L 51
% %20 40 & 80 %
ERH/%
5°C-Ads
----- 15 °C-Ads
20 208 —o0—25°C-Ads 20
--0--35°C-Ads
sk sy 15| A 45 C-Ads g 51
i | X
sy N BN
S ) g
g 10} S 10} 210}
5L 5L g}tl’ 5L
0 1 L 1 L 0 1 1 1 1 0 1 ! 1 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
ERH/% ERH/% ERH/%

TE: Ads ZFEWHT, Des MK, LITRE.

Notes: Ads is adsorption, Des is desorption, the same for the following figures.

B2 S54%5BTHhESAE3 X (48h) F1 4k (30d) MARKRREZFRLNZM
Fig. 2 Effect of helium CP repeating treatment for three (48 h) and four (30 d) times on the moisture sor ption isothermsin rice
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FEAENS 5 ¥R o
23 ER&REMERE

MFE 2~3 Filt, T R*>0.962, MRE<7.64%,
MCPE. MGAB FZ Wi - K o3 B 2 G
Vo A B T AR b B ROK (R 7K 23 W 25 5 R 2 1
i o A bl R o6 0 ik R 25 L 4 7 R L 1) ST R
FHOM MRE R/NEF, RIS HT &2 0
£ >MCPE>MGAB.,

&l 3 75 T MCPE J5 #2405 19 [ — IR B2 T %
S5 A O A B RORAE it 1 2 R A R A iR
2o SXEILE, AR EETREZOHIFK
A UCE KRR E . B 4 32 Bk TAR
A BRI AL 3 ORI 4 WA i 5 0T BRI
Y B i K2 S5 R 2 T i 25 o
24 REBFREARXKERHNKS FEREM
ZEKY

TABHTHE TAIIKKITWE Y GAB

x2 M=f(th)EEAkSFEANRENGEITSE
Table2 The coefficients of EMC equation in a form of M=f(fh,t) and statistical parameters

it 0 CP Ab B YK AL C C, C; R? MRE/%

CK(0) 439.522 38.236 0.221 0.974 7 6.073 4

0h(1) 449.323 39.451 0.219 0.976 6 62175

L) 24 h(2) 426.744 38.849 0.215 0.976 3 6.6199

48 h(3) 427.376 37.201 0.218 0.976 1 6.309 3

MCPE 30 d(4) 414.708 33.343 0.216 0.977 4 6.1359
CK(0) 482.952 35.951 0.216 0.983 4 3.660 2

0h(1) 502.329 36.613 0.216 0.983 4 3.6179

fife 24 h(2) 482.612 35.693 0.213 0.9822 3.785 3

48 h(3) 481.107 34.809 0215 0.983 3 3.659 4

30 d(4) 466.352 30.724 0.214 0.984 8 3.549 0

CK(0) 7.996 0.661 2 337.381 0.962 5 7.2832

0h(1) 8.051 0.660 9 350.673 0.964 7 72182

L) 24 h(2) 8.094 0.662 6 326.906 0.967 1 7.288'5

48 h(3) 8.115 0.659 5 332.679 0.964 6 73289

30 d(4) 8.474 0.644 6 329.623 0.963 9 7.636 7

MGAB

CK(0) 9.467 0.585 8 382.149 0.984 3 3.842°8

0h(1) 9.567 0.583 5 396.388 0.984 6 37126

fife % 24 h(2) 9.648 0.583 1 380.396 0.984 3 3.818 0

48 h(3) 9.624 0.5822 383.597 0.984 4 3.761 0

30 d(4) 10.064 0.565 6 377.201 0.987 1 3.616 9

%3 SHATEEHKFFRABANFEITSH
Table3 The coefficients of polynomial equation in a form of M=f(fh,t) and statistical parameters

W& CP IR C, C, (o} Cs Cs Cs C; R? MRE/%
CK(0) 18.325 ~7.874 10.118  —0.230 4 0.186 4 -0.102 1 6.488 0.991 6 35281

0h(1) 17.162 —6.421 9742  —0.2254 0.1813 ~0.099 88 6.563 0.990 5 3.6453

% b 24 h(2) 16.998 -5.609 9254  -0.2398 0.198 3 -0.105 9 6.632 0.989 5 3.909 5
48 h(3) 18.257 ~7.229 9.563  —0.2384 0.199 3 -0.108 2 6.752 0.990 2 3.765 1

30 d(4) 16.587 —6.561 9.889  —0.1879 0.163 5 —0.108 7 7.037 0.986 5 45188

CK(0) 25906  —31.709 25519  —0.098 74 0.096 24  —0.095 48 5.385 0.991 1 2.296 4

0h(1) 25.614  —31.467 25582 —0.095 18 0.09098  —0.093 38 5.478 0.992 2 2.0427

i 24 h(2) 25.661  —31.301 25526  —0.10523 0.10275  —0.098 59 5.541 0.991 8 2.124 4
48 h(3) 26414  -31.957 25329  —0.107 1 0.107 9 —0.1012 5.661 0.9912 22762

30 d(4) 24.494  -30.551 25272 —0.066 09 0.07797  —0.103 3 6.027 0.992 7 2.2856
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10t - 10
S S
O ——CK
2 | &  =eeeecPOR = L cP-0h = CP-0h
stk 5t ——CP-24h st —O—CP-24h
--0--CP-48 h --n--CP-48h --O--CP-48h
—a—CP-30d a—CP-30d ——CP-30d
0 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 0 20 40 60 80 0 20 40 60 80
ERH/%
15°C el
=====CP-0h
15 15} _n Cpao4n 151
--O--CP-48h
. | ——CP-30d |
i = b
§ 10 § 10+ °\\c 10 -
O @] O
p= = =
= CP-0h H =
S5k —O0—CP-24h 5+ 5+
--O--CP-48h
—a—CP-30d
0 Il 1 1 1 0 1 1 1 1 0 1 1 1 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
ERH/% ERH/% ERH/%

B3 MCPEHAMEEFHREELAEHER=ZMEETHRESRS
Fig. 3 Fitting with the moisture sorption isotherms at three temperatures from CP repeatedly treated rice with MCPE

0 CP-48 h
——5 °C-Ads ——— 5°C-Des CK — 5°%C-Ads
20k I 15 oC-AdS | ====- 15 °C-Des Y1) M— 15 °C-Ads
—0—25 OC-AdS —0— 25 °C-Des —o— 25 °C-Ads
--o--35 oC-Ads --0--35 °C-Des 4 --O--35 °C-Ads
m 15k —a—45 °C-Ads | —a— 45 °C-Des % 15k —a— 45 °C-Ads
| X
% 10 L 2101 -
m ’ ’ - - z
il -7 sl E/'Eb
0 L L L L 0 L L L I 0 1 ) L 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
ERH/% ERH/% ERH/%
5 °C-Des CP-48 h — 59C-Ads CP-30d
| =——-- 15 °C-Des | ===== 15 °C-Ads L
0r 5 55 Des 201 5 25eC-Ads 20
--0--35 °C-Des --0--35 °C-Ads
15| —#*—45°C-Des 5| —#—45°C-Ads Wis|
B H %
2 EN 8
1ol Siof S0t
5 Lo = =
51 @2 5t 5t
O 1 1 1 1 0 1 1 1 1 0 1 1 1 1
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
ERH/% ERH/% ERH/%

4 MCPEHEAHMEBTFHESAEHERNREERSE
Fig. 4 Fitting with the moisture sorption isotherms of CP repeatedly treated rice with MCPE
LA BE RN, 3 FEKE R (My)  ROKFER SXTIRERAR R, LA C R
X W o o R R i MR o AR AL, AR P E AN KRR A U R I XS R T e R R S R ot R A U
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Table4 The coefficients of GAB equation in a form of M=f(fh,t)
B L C kLl ek
Mun/% o C, Mun% o C,

5 7.367 207.711 0.745 6 10.666 36.576 0.482 7
15 7.017 46.264 0.745 5 10.569 19.067 0.530 1
CK(0) 25 7.391 13.528 0.720 6 9.203 18.098 0.626 7
35 6.514 20.599 0.728 5 8.531 14.389 0.622 2
45 6.531 15.582 0.703 1 8.346 12.619 0.602 1
5 7.381 212.229 0.747 4 10.758 36.586 0.479 7
15 7.136 51.058 0.745 1 10.678 20.365 0.5319
0 h(1) 25 7.498 12.164 0.716 1 9.238 17.927 0.626 4
35 6.695 22.575 0.723 7 8.704 15.846 0.618 5
45 6.562 16.143 0.703 4 8.353 13.166 0.603 4
5 7.309 271.379 0.751 9 10.659 37.424 0.488 2
15 7.168 48.977 0.747 1 10.871 19.765 0.527 1
24 h(2) 25 7.698 10.224 0.711 1 9.353 16.981 0.620 9
35 6.704 21.508 0.727 1 8.761 15.234 0.620 4
45 6.593 14.495 0.703 9 8.449 12.214 0.6013
5 7.406 411.979 0.743 5 10.548 41.268 0.494 2
15 7.067 50.318 0.747 8 10.643 19.694 0.5332
48 h(3) 25 7.527 12.018 0.718 1 9.262 18.063 0.626 8
35 6.614 22.661 0.730 1 8.596 15.641 0.626 5
45 6.525 15.256 0.707 3 8.332 12.585 0.605 8
5 7.699 688.238 0.733 5 10.801 46.259 0.493 7
15 7.395 59.848 0.738 8 10.929 22.046 0.5311
30 d(4) 25 7.541 11.484 0.716 9 9.304 17.392 0.624 2
35 6.678 22.951 0.728 5 8.673 15.815 0.624 9
45 6.676 17.507 0.705 5 8.425 14.128 0.609 2

o LA Co 7R B 22 40 F 2 7K AR B 2 0L 15 ko)
W B SRR DR /L, O A G R B, ¥ A R
SN BRAT R RO I B0 KR M 253 1K )2
AR

3512 ] MCPE., MGAB K 22 10 =X i) it W )7
FEIFRVS S B TR B OORBE RV TE 25 °C Xy
(a,=0.65) FIAXF (a,=0.70) L4k (F£5),
S5 B 1 S A PR ROR 22 42 /K O A B 35 5 W o
x5 ASAEETFHRESHERAKERE 25 CHEREKS

Table5 Safe stored moisture content of CP
treated milled riceat 25 °C

CP kb BRI} i BRIKGT %10 HE
(HEZHO 2,=0.65 2,=0.70
CK(0) 13.71+0.20° 14.57+0.19°
0 h(1) 13.86+0.21° 14.72+0.20%
24 h(2) 13.92+0.20° 14.79+0.19*
48 h(3) 13.86+0.21° 14.72+0.20®
30 d(4) 14.14+0.24° 15.000.22°

T« [ — SRR NG R R AR i 2 ) 25 57 .25 ( P<0.05 ),
Note: Different small superscript letters in the same column
indicate significant differences between samples (P<0.05).

3 WiEER

VA S T A R A A RO A 7K e R B i i
SEIRLRIR B S W<k, 54 AN T 5y
R S R G o W o N R k=W L
WA A A RS LS e MR kA
2z O, AT 3028 B it 2R 1T A SR K M, K 2
fisk £ 6K 20 1) R R BB A0 S O v B B T AR Ak B 1 5
B AR T IO SRR YT, XK 120 W
AbFE 20 s AT DL S BN AOK MK 3, XS
FAREE T HIGLRE 3P >2's) BT
501.6 nm H¢oik, 158 TAAEWAS SR 75 24
mA AT TR EE TR TR R R, 77
A 17.7 eV BB fERDE T,

Il 547, REEMAREH)E (FDA), ¥
BitrrE (EPA) J Al & (USDA ), LUK RN
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