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Fig.1 Moderate electrical field processing system
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electric field ( MEF ) treatment at different electric field intensity
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Table 1 Texture characteristic parameters of apple sample

Jiik M7 58 TR T 7 Jia W g 11 MR I 52 1k
Method Electric field strengths/(V-cm ™) Temperature/'C Hardness/N Brittleness/N Chewiness/N Cohesiveness Resilience
FAL#H Untreated 0 0 154.1442.41°  154.13+2.50°  51.22+2.72° 0.51+0.09° 0.32+0.08°
30 70.21+4.21° 69.14+4.94° 12.21+2.42" 0.31+0.02° 0.14+0.01°
40 67.24+6.62° 67.25+7.12° 20.21£1.91° 0.42+0.02° 0.25+0.05"
K 50 63.51£5.21"  63.54+5.21% 14.25+1.72% 0.32+0.05" 0.21+0.02°
Water bath 0 60 58.1745.51° 57.24+5.62° 8.24+0.72° 0.29+0.02° 0.11x0.01°
70 42.14+2.91¢ 42.14+2.92¢ 5.44+0.62° 0.35+0.02° 0.25+0.02°
30(37.26%) 59.25+4.61° 58.51+4.61" 14.51+2.41° 0.4120.05" 0.34+0.04"
. 40(41.21%) 57.24£5.15%  57.24£534%  12.55£1.25™ 0.32:£0.04° 0.310.06*
MEF 7 45 50(53.38%) 52.54+4.21° 53.5244.25° 10.24+1.11° 0.40+0.04" 0.32+0.05"
60(56.84%) 422143.41¢ 42.54+3.42¢ 10.12+1.43° 0.35+0.06" 0.32+0.05°
70(59.84%) 32.7543.01° 32.74+3.12° 5.56+0.95° 0.42+0.03" 0.34+0.03"
15(49.25%) 69.21+3.14° 68.94+2.62° 13.51+1.22% 0.24+0.03° 0.15+0.02°
30(44.84%) 64.44£4.91%  63.5245.51™  11.83£1.55™ 025£0.01"  0.2420.02°
60(16.24%) 40 48.24+3.11¢ 48.84+3 .44 6.21£0.72° 0.35+0.04° 0.31+0.05°
75(11.24%) 40.31£3.71%  9.474.04% 5.21+0.71° 0.36+0.04° 0.26+0.03"
90(6.28%) 38.17+3. 12e 38.11+3.12° 7.11£0.92° 0.32+0.03° 0.21%0.03°

i ARATRRRAEIRZREE, P<0.05. O H4E 3220530 A A [a] b s i 18] 00 1 43 b,

2 43 He R I RN [ AR . R

Note: Different letters indicate significant differences between treatments, P<0.05.The same as. The value in () represents the percentage of electrical action time to total time,

which was calculated by power on and off time
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Fig.3 Creep curves of apple samples under different conditions
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Table 2 Creep characteristic parameters of apple sample

i LR R W R A SERFEAR SESRIN 7] EER ETERM
Method Electric ﬁeldi1 Temp:erature Instant elastic Delayed elasticity Delay time Viscosity factor Viscosity factor
strengths/(V-cm ) /C Modulus E,/MPa Modulus E, /MPa T\ /s ny/MPa-s n/MPa's

F AL Untreated 0 0 3.24+40.33" 1.91+0.18° 16.21+1.34% 647.23+88.24" 30.6+2.84¢
30 3.1740.35° 1.62+0.21° 21.94+3.64¢ 580.21+66.27" 35.54+7.24¢

40 2.98+0.31° 1.65+0.19° 28.44+3.01° 484.24+50.12% 46.92+5.85%

Kk 0 50 2.6620.22% 1.76£0.21° 35.41+4.32° 398.26+31.25" 61.61+5.28°
Water bath 60 2.40+0.19° 1.86+0.24° 40.52+3.94" 298.41+25.89" 75.36+6.51°
70 1.94+0.41° 2.01+0.35° 86.31+7.52° 69.22+7.21° 172.61+16.51°

30(37.26%) 2.98+0.52° 1.98+0.14™ 54.41+6.98° 39.22+1.82¢ 108.47+9.88°

40(41.21%) 2.59+0.53% 2.2120.22% 86.51+2.54" 23.67+1.91% 190.9+12.52°

1 L 45 50(53.38%) 2.01£0.25° 2.58+0.26" 111.2+5.54° 15.45+0.42¢ 287.5+19.27%
MEF 60(56.84%) 1.95£0.17° 2.65+£0.28° 134.2423.11° 13.62+0.88° 356.2+36.89°
70(59.84%) 1.33+0.12¢ 2.68+0.31° 141.24+16.71° 11.22+0.89¢ 379.2+41.21°

15(49.25%) 2.88+0.33% 1.83+0.31° 58.28+4.98" 44.9243.18 106.7+9.88¢

30(44.84%) 2.74+0.41° 1.91+0.32" 60.12+5.41% 38.45+3.78° 110.11+8.91°

60(16.24%) 40 2.3140.34° 2.2340.17° 96.21+8.59° 19.28+2.45¢ 211.21+12.84°

75(11.24%) 2.0140.21° 2.48+0.21° 104.11+14.31° 17.42+3.89 257.92+18.21°

90(6.28%) 1.99+0.15% 2.5540.19° 128.12+17.22° 16.41+1.99¢ 326.41+28.11°

BE L B EERVE R T, B 80, SR A5

T ACEE, JCH AR P & Rk 2 18] 22 5 5K

B, W E B, KA E KK 60 'C LA AbEE
Ja SRR BN, SRR AR T R, B PERE
FIR, R B TR P AR B T P4

2.4 FERIFCIESTER ST M AT

AN ) SR A 3T 3 B RE 2 A4S 0 SRR 1 A 2 9 i ot
RN 4 Fron. B 4a NAE 45 Viem [ HLI 58 K32 R
AR AL B FR FE R AR A i 28, 5 AR08 oK
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Table 3 Dynamic viscoelasticity of apple simple and the fitting values
S HLI R R fiti R TR i VEA ,
Method Electric field | Temp:erature Storag; modulus Loss”modulus Damping ‘factor n k R
strengths /45 V-cm /C G /KPa G’/ KPa tand

HKALFE Untreated 0 0 160.25+14.21° 9.92+0.22° 0.06+0.00° 0.04 5.17 0.99
30 130.41£12.51% 8.41+0.53% 0.06+0.01° 0.04 5.08 0.99
KB 40 87.62+4.51¢ 8.19+0.52 0.05+0.01° 0.04 4.89 0.98
Water bath 0 50 106.31x10.11° 6.42+0.61° 0.06+0.01° 0.05 498 0.98
60 4425+1.21% 3.18+0.32° 0.07+0.01° 0.05 4.59 0.97
70 4.26+0.21¢ 0.62+0.03¢ 0.14+0.00* 0.05 3.58 0.98
30(37.26%) 9.61+0.51¢ 1.12+0.06° 0.1120.02% 0.06 3.78 0.99
40(41.21%) 7.39+0.52¢ 0.92+0.08° 0.120.00% 0.07 3.79 0.99
EREREER T 45 50(53.38%) 7.24+0.65 0.87+0.06% 0.12+0.00™ 0.06 3.81 0.98
MEF 60(56.84%) 7.13£0.71% 0.8120.09% 0.12+0.00° 0.07 3.80 0.97
70(59.84%) 3.23+0.61° 0.52+0.084° 0.16+0.00" 0.07 3.44 0.99

15(49.25%) 40.32+2.12° 3.25+0.02% 0.09+0.00° 0.04 4.61 0.91
30(44.84%) 10.25+0.72¢ 1.01+0.04° 0.09+0.00° 0.08 3.88 0.98
60(16.24%) 40 6.1120.32% 0.61+0.05% 0.1120.00" 0.05 3.73 0.98
75(11.24%) 6.34+0.43¢ 0.72+0.04¢ 0.13+0.03" 0.08 3.72 0.99
90(6.28%) 5.724+0.35° 0.65+0.04° 0.12+0.00° 0.06 3.69 0.99

e n EATTRRIIRIES, kO 1 rad/s ISR AERCR O EUE, AR LK 4

Note: n represents the slope of the regression equation, & represents the relative value of the storage modulus at 1 rad/s,the specific definition can be found in equation 4.

£ 40 °C ALFETR, BEAE ISR RGN, F R
1 G's GEEARFIGERE . GRW T RHIEMETE
TEAR ok A2 A T M T AR T A A7 AR &, G R T i
TR HILREEPY, RFE &M 5 3 Rk
) GHIRT G, Wi FE 37 A BRI A B AR SE IR 4 DA
VN S SR,

RAFEE 70 C K LLUF /KB, 5 R
JE R F tand i EMEE R (P>0.05); HIZHEKT 70 C
Ab EEEF, SRR B9 B JE B tand TG R 3E 1 E R
(P>0.05); WFALFET, 70 C 51T 70 C AbF 5 H
JERF tand BIFFE R E W ZER (P<0.05) . B H1705E

*=4

FE R BE R, tand ¥ME X n B2 EFHER, KFH
WPER B 1S R SR, Hap Bk RT3
PEARSS, BIVSREEAH Z WI R NP
2.5 tHXMSH

(D AR S HE 4

N R R L AL B S S BRI AR R S S R
2 H 2 (8] ) R BRAE,  Z0R H R ik o A 2
AR R BT 4538 R Bl R il 30 3R 15 1 S 4L
X SRR PR AR I RACGFAEER, FILEE RS 5
WTZHi, T pearson FHICREUEMIML FIR AR RRESHL,
BANTZ R I AH ¢ R 4 Frow.

AT B pearson X R

Table 4 Pearson correlation coefficient of rheological parameters

Fahr Index E, o E, i T, G G”
it R Viscosity factor 7, 0.65 1
FEIR MM Delayed elasticity modulus E, -0.78 —0.52% 1
Filk R Viscosity factor 5, —-0.91%* -0.73 0.88* 1
SR [H] Delay time T —0.89* —0.81* 0.79* 0.98* 1

1AFERLE Loss modulus G” 0.71%* 0.94%* —0.51* -0.73 —0.79* 1
f#%REMEE: Storage modulus G’ 0.69%* 0.96* -0.52* -0.73 -0.79 0.99% 1
FHJE Xl ¥ Damping factor tand —0.73* —0.85*% 0.74* —0.85 0.88* —0.79* —0.83*

e SRREREE, P<0.05.
Note:*Means significant difference, P<0.05

HGiRKW, E,5 GREEFITMRX (P<0.05), FIE
TR R LA I FE AR A, AT R
5 GREEFEIEMI*K (P<0.05), FAE T ALBEFE A,
PERIAR AL, AR AR T tand 5 T, B2 3F IEM X
(P<0.05), HHZ&%N 0.88, A 1E A& ab 3 id f5 b
R AL LB IR bR, s Ey S5 T REEIEMK. K
I, WEHE En G T ERSERA L PCA 43 B IR AL KR
PEFEFR

NIRRT Eyn G"s T HS5FRHFFHESER B E ST
FE AT, X HBE T KMO (Kaiser-Meyer-Olkin) E 5
Bartlett BRJE A 460 . 45K, KMOE KT 0.8, EFF

BRI B E AR T 0.05, HO&E & HHT ER .

(2) Fith 5imAZFF S5 PCA 40#r

Kl Sa ATE 45 Viem FHLIZ 58 B 4 S LR b B 2
AN R JE A 5 R R S s e R, SRR
KooK A BRI B3 AR AT A I . B — R A
TR o BIERE TR ST 2510 63.7% A1 28.3%. fiF
FESMa s PHME 2 IEAHSE (>097), HEMHEEHNE
PEREIEMAX (=076); EYL E. G'R2IEMHKX (>
0.82), 5 T, BHAAHG; WEM, RIS ER T
TRFMHR KR ARIIAFELE PCL A PC2 Hli | 2 IE W
WA, KA FERFEAE PC2 B 24 AT, I Ab B
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Fig.5 Principal component analysis of texture and rheological
parameters of apple samples
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field strengths (x150)
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Correlation between the rheological and textural properties of apple tissue
under moderate electric field treatment

LI Xingshu®? , WANG wei' , WANG Runze! , ZHANG Chongyang! , LIU Jiakai® , XIONG Xiufang'~

(1. College of Mechanical and Electronic Engineering, Northwest A & F University, Yangling 712100, China; 2. Shaanxi Engineering
Research Center for Agricultural Equipment, Yangling 712100, China)

Abstract: Fruits and vegetables pretreatment can often be required for cost saving, due to the high energy consumption in the
subsequent deep processing. Among them, the moderate electric field (MEF) can induce both electrical and thermal effects, and
then tailor the microstructure of fruits and vegetables. The resulting rheological properties can further change the textural
properties. This study aims to clarify the correlation between the rheological and texture properties of apple tissues under the
MEF. A systematic investigation was also carried out to determine the creep, dynamic viscoelasticity, and TPA texture
properties of apple tissues. An analysis was finally made to explore the effects of electric field strengths (15 ~ 90 V/cm) and
temperature (30 ~ 70 “C) on the viscoelasticity and TPA parameters of apple tissues. The results showed that the MEF
treatment was performed better to rapidly soften the apple tissues, compared with the water bath treatment at the same
temperature. The hardness, brittleness, and chewiness of apple tissues decreased linearly with the increase of the electric field
strengths and temperature. There was no variation in the mechanical properties of apples that were dominated by elastic
characteristics after MEF treatment. The viscoelasticity of apples decreased with the increase of the temperature and strengths
of electric field treatment. Instant elastic modulus (EQ) was significantly positively correlated with the storage modulus (G")
(P<0.05). The correlation coefficient of 069 indicated the variation in the elasticity of apple tissue during pretreatment.
Therefore, EO and G' were taken as the elastic factors. The coefficient of viscosity factor (n0) was significantly positively
correlated with the loss modulus (G") (P<0.05) with a correlation coefficient of 0.94, indicating the variation in the viscosity
during pretreatment. Therefore, N0 and G" were used as the viscosity factors; There was a significant positive correlation
between damping factor (tand) and delay time (T1) (P<0.05), where the correlation coefficient was 0.88. As such, the tand and
T1 indexes were used to measure the proportion of viscoelastic change in the pretreatment. The parameters E0, G", and T1
were selected as the evaluation indexes for the rheological properties of apple tissues using the Pearson correlation coefficient.
The principal component analysis showed that the hardness, brittleness, and Chewiness were significantly positively correlated
with the viscoelastic factors (P<0.05), while there was no significant correlation between the resilience, cohesiveness, and
viscoelasticity (P>0.05). Especially, the cohesiveness and resilience of apples were closely related to the fracture and
deformation caused by nonlinear deformation. There were some differences from the viscoelastic parameter properties in the
linear range. It was also observed that there was an intact cell structure of untreated apple tissue. At the electric field strengths
of 30 V/cm, the cell structure was complete, and a few cells showed a tendency to curl up, which was little different from that
in the water bath treatment at 40 ‘C, indicating no significant electrical effect. At the electric field strengths of 45 V/cm, the
cells also shared a complete structure, and some cells appeared to curl up at the edge under the joint action of the electrical
effect and electric heating effect. A large range of cell tissue collapse often occurred at the electric field strengths of 60~
75 V/em. As such, the cell tissue basically collapsed and lost its support at 90 V/cm. When the electric field intensity was
45 V/cm, the apple tissue cells gradually collapsed with the increase in temperature (40~60 C). Even the cells were severely
deformed and lost their support at 70 C. Under the condition of 45 V/cm and below, there was no variation in the influence of
the electric field with temperature. When the field strength was greater than 45 V/cm, even if the action time was short, the
texture and viscoelasticity of apples were greatly affected at a lower temperature, where the hardness was reduced. There was
no significant difference in the cohesion, indicating a short time of high field strength suitable for the pretreatment of canned
products. The finding can provide theoretical support to improve the technological conditions of fruit and vegetable
pretreatment by medium voltage electric field.

Keywords: electric field; apple; creep; dynamic viscoelasticity; textural properties
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