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Abstract: As a crucial process in the production of frozen fried rice, little research had been conducted on the impact of
freezing methods on the quality of fried brown rice. In this study, fried brown rice was frozen using four different methods:
refrigerator freezing (RF), micro-freezing (MF), liquid nitrogen freezing (LF), and individual quick freezing (IQF). A
variety of analytical techniques were employed, including low-field nuclear magnetic resonance imaging, scanning electron

microscopy, Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), texture analysis, and differential
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scanning calorimetry (DSC), to compare and analyze the moisture state, microstructure, short-range order of starch, crystal

structure, retrogradation characteristics, and texture properties of fried brown rice. The results showed that the freezing rate
of the three freezing methods was from fast to slow: LF (6.34 “C/min)>MF (1.95 °C/min)>RF (0.27 “C/min). The LF group
exhibited a significantly (P<0.05) higher proportion of T,, strongly bound water (10.21%) compared to the other three

groups, along with notably lower hardness values (2544.03 g). This phenomenon could be attributed to accelerated freezing

rates, which resulted in increased ice crystal formation, reduced average ice crystal dimensions, collectively indicating that

LF treatment caused the least microstructural damage to fried brown rice. The results of FTIR, XRD, and DSC analyses

indicated that as the freezing rate increased, the peak intensity ratio (R,y,7/,020) and relative crystallinity decreased, along

with the rate constant k decreased, which in turn slowed the recovery rate of fried brown rice. Consequently, the quality of

fried brown rice treated with LF was the highest, followed by MF and IQF, while the quality of fried brown rice treated with

RF was the lowest. The research findings demonstrated the effects of various freezing methods on the moisture content,

texture characteristics, and retrogradation properties of fried brown rice. This study provided a theoretical basis for the

industrial production of frozen fried brown rice.

Key words: fried brown rice; freezing method; moisture state; microstructure; regenerative property
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Fig.1 Freezing curve of fried brown rice with different
freezing methods
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Table 1 Effect of different freezing methods on freezing
parameters of fried brown rice
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Fig.2 Effect of different freezing methods on the moisture state
of fried brown rice
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Table 2  Effect of different freezing methods on the moisture
ratio of fried brown rice

BRI A,y (%) Ay (%) Ay (%)
RF 9.14+0.03° 90.10+0.00" 0.76+0.03*
MF 9.48+0.07° 89.85+0.09* 0.67+0.02%
LF 10.2140.17° 89.16+0.29° 0.62+0.12°
IQF 9.66+0.03" 89.74+0.06 0.60+0.03"
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Fig.3 Effect of different freezing methods on microstructure

of fried brown rice
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Fig.4 Effect of different freezing methods on ice crystal
morphology of fried brown rice
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Table 3  Effects of different freezing methods on ice crystal
morphological parameters of fried brown rice

RHETA KEREE BBl PSRk RS H(%)
RF 36 252028 7000.7778 0.1923
MF 178 190471 1070.0618 0.1453
LF 213 176778 829.9437 0.1349
IQF 176 213081 1210.6875 0.1626
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Fig.5 Effects of different freezing methods on the short range
order of fried brown rice starch
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.3 (P<0.05).
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Fig.6 Effect of different freezing methods on crystal structure
of fried brown rice starch
F: A: XRD [El4i%; B: AHRT S, 35 B /NG B R 4 ] 22
SR (P<0.05) .
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Y. I EE 4 W5, 5 RF AHEL, MF, IQF. LF &b 3
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21.81%, KiPE4r AN T 1.16%. 24.54%. 36.54%,
T AS 7] ¥4 R 7 =0 oK b A g 38 4 52 i) AN I 28
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Table 4 Effects of different freezing methods on texture
characteristics of fried brown rice

BRI iz (g) Hitk(g-s) (%)
RF 3253.59+220.23" 161.56+1.37° 84.75+0.46"
MF 2902.94+144.38° 163.43+24.39* 83.05+1.88%
LF 2544.03+£71.14° 220.59+2.32° 80.86+0.58"
IQF 2823.43+162.26™  201.21+14.28" 81.29+2.09°

T B 25 R LIS bR 22 30K, WA ING TRl 3R 22 5 i
E(P<0.05),
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JEI PN, RF b A4 RE KB R [8] A= S fE A 0.2090 J/g
3K 3] 2.9983 J/g, LF N J& /5 0.0781 J/g 3 K F
1.9751 J/g, H MF. IQF. LF [ & 2% [l A= 45 {8 45 5]
ke RF 387N T 0.4737. 0.6094. 1.0233 J/g, Ui MF,
IQF. LF = F ¥ v J7 =C 31 il &b U 2 1k 19 #2 &F Lb
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Fig.7 Effect of different freezing methods on the retrogradation
enthalpy of Fried Brown Rice
TE: B /NG RN 4 22 5 1 35 (P<0.05) .

22 5 A IUFA R 7 AN ER IS RS K R i 24k
sl J12E T AR R HS . R 5 AT AL, Avrami TR
R*>0.9738, ULEBH Avrami Jy f23E FHF T DL AR
FOTERS 124 TR o FEEC n B/ NTF 1, BEBATERHELL
— R B 7 24 &, SRR L k ARER SRR 45
HEER, k (BN A 45 i R, 2 AR
A, ARYEER 5 A, AR k (BEAFTE R
FM2E5(P<0.05), LF 409 k [N 5 RF ZHAHLL,
MF. IQF. LF 1Y k (B 38/NT 7.89%. 17.59%.
23.49%, Ui LF ZbFEXTES IR A F 03l R R 22
P HA =Fp -7 =X, IR S 45 R SR SCR ¢
KR VEM ARG P E S g e AR — 3.

K5 AR AR B8 1A 2 B R
Table 5 Effects of different freezing methods on aging kinetic
parameters of Fried Brown Rice

BRI Avrami 52 n k R
RF  y=0.7339x-1.5593 0.7339£0.0232' 0.2103+0.0082" 0.9750
MF y=0.7735x-1.6416 0.7735+0.0081° 0.1937+0.0017° 0.9745
LF y=0.8706x—1.8266 0.8706+0.0174" 0.1609+0.0039¢ 0.9846
IQF y=0.8233x—1.7527 0.8233+0.0146° 0.1733+0.0039° 0.9738
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