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Fig.4 Frequency distribution of ice crystal diameter
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Table 1 The data statistic characteristics of ice crystal diameters
wE e DR W RE e b P45 % 5 R
Treatments Mode/mm  Trimmed mean/mm  Skewness  Kurtosis Variance Deviation/mm Range/mm  Interquartile range/mm  Coeff variation/%

-40 C 0.04 0.09 2.12 8.02 0 0.06 0.56 0.07 0.60
-18 C-1 0.04 0.10 1.38 2.02 0 0.06 0.32 0.07 0.60
-18 C-2 0.04 0.10 1.15 1.14 0 0.06 0.31 0.07 0.60
-18 C-3 0.04 0.12 1.52 3.53 0.01 0.07 0.51 0.09 0.58
-4 C-1 0.04 0.10 1.89 6.84 0 0.06 0.59 0.07 0.60
-4°C-2 0.04 0.10 1.94 5.93 0 0.07 0.57 0.08 0.64
-4C-3 0.04 0.13 1.44 2.60 0.01 0.08 0.57 0.10 0.62
0C-1 0.01 0.11 1.74 3.54 0.03 0.17 1.12 0.21 1.31
0°TC-2 0.05 0.16 2.14 7.57 0.02 0.13 0.95 0.14 0.76
0°C-3 0.04 0.16 2.14 8.12 0.02 0.13 0.98 0.15 0.72
4°C-1 0.04 0.15 1.14 0.47 0.02 0.13 0.62 0.19 0.81
47C-2 0.09 0.24 0.92 0.50 0.03 0.17 0.82 0.24 0.68
4C-3 0.05 0.22 1.41 3.79 0.03 0.17 1.21 0.23 0.74

VKRBT o Le n e 2 BT, 0 “CIB K ZH vk i el Bk
(68.55%~75.00%) , HIJE 4. -4 fI-18 CiBkdH. IK
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Table 2  Fractal dimension and proportion of ice crystals

¥ & Samples S TE4ESL Fractal dimension VK i Ee A5l ICD/%
-18 'C-1 1.747 59.09
-18 'C-2 1.743 60.19
-18 'C-3 1.696 61.69
-4C-1 1.733 61.22
-4°C-2 1.736 62.30
-4°C-3 1.712 64.80
0C-1 1.688 68.55
0°C-2 1.649 70.44
0°C-3 1.616 75.00
4°C-1 1.672 65.59
4°C-2 1.658 70.54
4°C-3 1.646 69.51
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Table 3 Texture properties of freeze-dried simulated system

FE T 2] WERE (0.098N) WERE (0.196N) MEfE (0.392N) I (0.784N)
Sample Hardness/N Fracture work /(N-s) Crispness-10g Crispness-20g Crispness-40g Crispness-80g
40 C 5.03+£0.85" 20.00+0.97° 15.00+1.79° 14.50+1.38° 9.17+1.17% 4.67+1.63"
-18 C-1 4.64+0.35% 15.75+1.90° 19.83+1.83° 14.83+1.60™ 10.17+1.47* 3.5040.55"
-18°C-2 4.39+0.36" 15.60+1.73% 18.83+1.33%° 12.83+0.98"4 8.83+1.33%® 3.50+1.05™
.18 °C-3 4.68+0.39™ 14.58+1.14% 16.83+1.33% 13.00+1.67° 7.83+0.75° 3.67+0.82%
-4°C-1 4.03+0.25% 15.24+0.45% 17.17+0.41% 13.50+1.76% 8.83+1.33%® 4.33+0.82%
4°C-2 3.58+0.35¢ 14.89+1.36% 17.33+1.75% 13.33£2.16™ 8.33+0.82% 4.67+1.03%
4°C-3 3.6440.22¢ 12.88+0.56° 20.33+0.82° 16.50+1.87° 9.17+1.47% 3.00+0.89°
0°C-1 4.28+0.64" 14.07+0.88% 18.00+1.41°4 14.17+1.72° 8.67+1.37" 5.00+£0.63
0°C-2 4.30+0.55" 12.77+1.40° 16.17+1.33% 12.00+1.10% 7.50£0.84° 4.67+£1.03%
0°C-3 3.59+0.40" 14.02+1.65% 16.17+1.47% 11.00+0.89¢ 7.33+1.37° 4.33+1.03"
4°C-1 4.22+0.21% 18.43+1.18° 17.17+0.98% 14.83+1.33%® 9.17+1.60 3.50+0.84%
4°C-2 4.44+0.5" 15.10+0.84% 18.00+2.37° 13.00+1.55° 8.00+1.10° 3.67+1.21%
4°C-3 3.86+0.31% 16.13+1.11° 16.50+2.07°% 14.33+1.51° 10.17+2.32° 3.17£1.17°

Ee W HEAR R R R B FIR S5 A 8Ty K2 A 7E P<0.05 /K EZEFEE.

Note: Different letters in the same index and column represent significant differences at 0.05 level between different freezing treatment.

2.9 AREIALIE X HRFRRIUE R M E TR T2 00

Vo U T 1 OV FLBR 285 4 2 VK B TFHE S B R N
ZiR, AT DA R AE UK TR A RRAERT . i e 45
RN 6 Frow o B R T Jm AR 2 FLE5H, IXRh 4
He) 5 VR R R SR PR R ROV 45 R ARAL , T 5 i M A AL
B BE LR PO BRI, B R K O n

FRFE 223K, FLERIE K, TM-18 “C I8 kX FLIR 25 ¥ 52
Mol B/, YLBH-18 CIB KA MK R IEES, 1M iR
(=4, 0 1 4 °C) B kAP FLIR 5 06 R4 A0 He Ak,
Ut B IR KA BRAS OK A 38 OR, TR T RALBRSE s HoR
0 CiBkAbFELHFLI B R, 1B KR el . XF R Z
FLEEFIBRAR T UK S B FHEFE 1, A R TF K 9 B, 32



% 4 3]

A 1A B ORE AR T J50 o 28 SR T A AL AR 2R DK ot 5 KA R T 4 £ 5 235

TR .
2.10 tERMES R

B IR M FH 5% 2 B FH T e AN AR 2 TR R 4R
RAFE DY, SR K BRI . B KIERIRE. VK
TEAS AT VB FRAE . T RRET R A PR R R AT T AR
KWabr, SRWNE 4 Fin. g5REW, BRBEXE
FEHKSEEN. STRERERE MK, SEA
VIME. FESEEZFEEMEX, RFBAIEEEEE
S UK S B AR R 20 A RN B2 UK B TR S 2 2 45 K
A TR R 5B KRB UKASERG) . ERmESR
BERAMK, KRR NIE KREEE B, B
B ER 22, UK AR BELAR R O, KUK & 25 14 5 A B L B
WK, BRARAETIE ), 4850 7 T EET R B 50K
AR A IR0 B AL B SR EAH G, BRI{EA 0.098 N Al
0.784 N B e 5 A2 34 2 W2 IEAH G, 1 BIE N
0.196 F1 0.392 N B [ HfE 5% 5 0K fib B4R 2 IE A SO H AN 2

&, RWIUKEEAR A A R G L I G A .

> ‘l 00 i

B 6 AT BRARIIR R 69 LS
Fig.6 Microstructure of freeze-dried simulated system
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Table 4 Correlation coefficient between annealing parameters, ice crystal morphology, freeze drying time, and texture characteristics of
freeze-dried simulated system

RK AT UKEREAR AT
Annealing parameters Ice crystal distribution e
y UK
BAEEE R Ik HEIE BN gy et
WiRindex o e e TR HEH TR e O gt g B o
R eid (% ; .. 3 ¥ o bR S . FH Fractal .
SIS -1 S < G R firs W O B Diamete ok Freal Dot
emperature Number  Jumber  yroan Median  Mode Skewness Kurtosis Variance . .. Diamete interqua- oetl dimension
application of of'ice Deviation Varia-

of annealing annealing _crystals diameter diameter diameter

diameter

rrange  rtile
range

tion

K B R
Temperature = 49
application of

annealing
FEPRV S
Number of
annealing
A1
Drying time

fifi & Hardenss 0.488 0379  0.145 0.107 0.079 0.126  0.061

WD)

Fracture work

Jfi2 Crispness-10g ~ 0.115 0.207 0.425 0589" 0547 0501 0.578"
Jfif Crispness-20g ~ 0.017  0.133  0.287 0275 0232 0.118 0257
Jifif¥ Crispness-40g  0.309  0.035 0270 0321 0.194 0.087  0.328
Jfif¥f Crispness-80g ~ 0.429  0.568  0.429 0.670° 0.772" 0.675" 0.686

0.000 -0.781**0.711** 0.380 0.248  0.652*

0.000 1.000 0273 0.356 0516 0.240 0379

-0.471  -0.649* 0.528 -0.365 -0.191 0.161 -0.316

0.052 0412 0.063 0.069 0.058 0.080  0.087

0.102  0.140 0.732** 0.787** 0.766** 0.777** 0.442 -0.683* 0.756%*

0.101 0204 0.172  0.069 0.222 0.048 0.352 0.331  0.254

-0.473  -0.469 -0.448 -0.415 -0.685* -0.308 -0.249 0.509 -0.589*

0.497 0.552 0.011 0.065 0319 0.018 0.023 0.080  0.202

0.526 0462 0.021 0.035 0.216 0.188 0.066 0.167  0.344

0.307 0260 0413 0469 0.290 0482 0.049 0.274  0.287
0.032 0.036 0.233 0227 0.154 0.166 0.002 0.466  0.385
0277 0.195 0320 0350 0.333 0407 0.157 0.107  0.055
0.118 0.056 0314 0347 0329 0.355 0.291 0473  0.482

e FE0.05 G0N CRRD) , MHRIERZE, 7L 0.01 Z0 (W) , MXRMEREE.

Note: * indicated significant correlation (P<0.05), ** indicated significant correlation (P<0.01).
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Effects of annealing on the ice crystal structure and texture of the solid
food simulated system for freeze-dried fruit and vegetable

MA Youchuan'?, BI Jinfeng®* YI Jianyong®*, FENG Shuhan®*?, WU Zhonghua'**
(1. College of Mechanical Engineering, Tianjin University of Science and Technology, Tianjin 300222, China; 2. Institute of Food Science
and Technology, CAAS, Beijing 100193, China; 3. Key Laboratory of Agro-Products Processing, Ministry of Agriculture and Rural Affairs,

Beijing 100193, China; 4. Tianjin Key Laboratory of Integrated Design and On-line Monitoring for Light Industry and Food Machinery and
Equipment, Tianjin 300222, China)

Abstract: Vacuum freeze-drying (FD) can be performed using sublimation, in order to produce a high-quality product with a
long shelf-life and crispness texture. But the ice crystals are formed in the process of freezing, due to the long drying time and
high energy consumption during vacuum FD. It is a high demand to control the ice crystal formation for energy-saving food
products with the desired sensory properties. This study aimed to examine the effect of annealing temperature (-18, -4, 0, and
4°C) and cycles times (1-3) on the ice crystal structure and distribution, drying kinetics, microstructure, and texture of the
pectin-sucrose simulated system. The pectin-sucrose solid system with the porous scaffolds was established to simulate the
skeleton structure of natural fruits and vegetables. Simultaneously, some properties were also similar to those of fruits and
vegetables, such as the thermal physical and mechanical properties. An investigation was made to determine the ice crystal
distribution and morphology of the frozen simulated system, while the microstructure and texture of the freeze-dried simulated
system. The results show that the ice crystal structure, drying characteristics, and product texture depended mainly on the
annealing temperature and cycles. Observations of ice crystals showed that the size of ice crystals increased with the annealing
temperature and cycles. The ice crystal images were evaluated to analyze the fractal dimension and ice crystal diameter
distribution. The fractal dimension, mean diameter, and proportion of ice crystals decreased with the increase of annealing
temperature and cycles. The large ice crystals of the simulated system accelerated the drying process in the sublimation drying.
Moreover, the drying rate of the food simulated system increased with the decrease of fractal dimension. In addition, the
hardness and crushing work of freeze-dried samples decreased with the increase in annealing temperature and cycles. The
0.784 N threshold crispness values showed no significant difference between the annealing (-18, -4, and 0°C) and untreated
samples. The increasing annealing time and cycles resulted in a faster initial drying rate and shorter FD time. Especially, the
0°C-3 annealing treatment took the shortest drying time (14.0 h), which was 4% shorter than that of the 0°C-1sample (14.6 h),
12% shorter than that of the 18°C-3 sample (16.0 h), and about 16% shorter than that of the untreated group (16.6 h). The ice
crystal morphology of the 0°C-3 annealing treatment food simulated system showed that the fractal dimension was 1.616, the
maximum range was 0.98 mm, the trimmed mean diameter is 0.16 mm, and the proportion of ice crystal was 75.00%. This
treatment led to a higher retention of crispness (4.33) than the samples treated with 4°C. The pore structure of the
0°C-3 annealing treatment freeze-dried sample showed a larger pore area than that in the lower annealing temperature samples.
Correlation analysis showed that the drying time was significantly positively correlated with the fractal dimension and ice
crystal numbers, while negatively correlated with the diameter range and proportion of the ice crystal, and annealing
temperature. In conclusion, annealing can be expected to improve the drying rate and texture properties of the fruit and
vegetable simulated system. The fractal dimension and diameter distribution of ice crystals can also be evaluated for the drying
characteristics and texture change during freezing. The finding can provide a strong reference to control the ice crystal
formation in the process of vacuum FD fruits and vegetables.

Keywords: freeze drying; texture; ice crystal; microstructure; annealing
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