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Abstract: The aim of this study was to explore the effects of different drying conditions on the characteristics
of desalinated sea cucumbers undergoing air impingement drying (AID) and to improve the quality and
shorten the drying time of dried sea cucumber products. In this study, the effects of AID temperatures (50,
60, 70 °C) and wind speeds (4, 6, 8 m/s) on the drying characteristics, effective moisture diffusion coeffi-
cient (D), drying activation energy, puff up index and amino acid contents of desalted sea cucumbers were
investigated. Six commonly used drying models were employed to fit the drying curves, and hot air drying
(HAD) was used as a control. The results showed that at the wind speed of 6 m/s, the drying time of desalted
sea cucumber under different drying temperatures of AID was reduced by 6.67%-33.33% compared with HAD
at 60 “C. The wind speed had no significant effect on the drying time of desalted sea cucumbers at 60 “C. There
was no significant difference in rehydration ratio under different drying conditions. The amino acid content
(45.91-47.54) g/100 g of AID sea cucumbers increased with the increase of temperature. Under the same con-
ditions, the amino acid content of AID sea cucumbers increased by 4.46% compared with HAD sea cucum-

bers. The highest D of AID sea cucumber was 2.134X10? and the activation energy was 16.38 kJ/mol. Com-
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paring the model evaluation indexes, Page model had a higher fitting degree (R2>0.99), with a prediction er-

ror of only 2.01%, which could accurately predict the water change pattern of desalted sea cucumber during AID

process. This study may provide a theoretical basis for predicting and controlling AID process of sea cucumber.

Key words: desalted sea cucumber; air impingement drying; effective moisture diffusion coefficient; activa-

tion energy; rehydration properties
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Fig.1 Air impingement drying equipment diagram
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Table 1 Six common mathematical thin-layer drying models
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Lewis M=exp(-kt) [17]
Page M=exp(-kt") [18]
Loganrithmic M=axexp(-kt)+c [19]
Two-term exponential ~ M=aXexp(-kt)+bXexp(-kt) [20]
Weibull M=expl-(t/a)P] [21]
Dincer M=Gxexp(-St) [22]
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Table 2 Effects of different drying conditions on effective

moisture diffusion coefficient (D) of desalted sea cucumber
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Fig.2 Drying characteristic curves of desalted sea cucumber

under different drying conditions
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Table 3 Mathematical model parameter values under different drying conditions

L5 9F1) i 2 2 R Z2 %
b S/ (i) W K z 4 oA
Lewis 4 AID-50 C 0.991 3 1.113 9x107! 4.628 5x1072 k=0.383 8
AID-60 C 0.988 7 1.738 8x107! 5.144 3x1072 k=0.456 3
AID-70 °C 0.991 9 7.936 2x1072 4.037 2x1072 k=0.573 8
6 AID-50 °C 0.9852 2.258 9x107! 5.976 6x1072 £k=0.406 3
AID-60 °C 0.9822 2.206 9x107! 6.299%x1072 k=0.450 9
AID-70 C 0.984 4 1.739 6x107! 5.602 8x1072 k=0.569 4
8 AID-50 C 0.983 8 2.448 4x107! 6.100 8x1072 k=0.435
AID-60 °C 0.982 8 2.519 7x107! 6.144 5x1072 k=0.5318
AID-70 °C 0.9837 1.491 1x107! 5.581 5%1072 k=0.634 9
6 HAD-60 °C 0.996 9 5.505 1x102 2.419 3x102 £k=0.299 4
Page 4 AID-50 °C 0.999 7 9.438 8x10* 4.587 5%1073 k=0.4861 a=0.7457
AID-60 °C 0.999 1 3.247 4x1073 8.362 4x1073 k=0.578 8 a=0.714 9
AID-70 °C 0.999 3 1.059 1x1073 7.652 6x1073 £k=0.658 8 a=0.7651
6 AID-50 C 0.999 7 8.912x10* 4.391 7x1073 k=0.543 5 a=0.6713
AID-60 C 0.999 5 1.200 51073 6.336x1073 £k=0.592 5 a=0.654 8
AID-70 °C 0.999 5 9.486 1x10™* 6.083 3x1073 k=0.692 3 a=0.674
8 AID-50 °C 0.999 6 1.120 6x1073 5.037 1x1073 k=0.576 5 a=0.658 7
AID-60 °C 0.999 0 4.623 7x1073 9.024 2x1073 k=0.6710 a=0.641 1
AID-70 C 0.999 6 9.965 1x10™ 5.469 6x1073 k=0.7512 a=0.6713
HAD-60 °C 0.997 2 1.511 7x1072 1.724 3x102 k=0.334 6 a=0.899 4
Loganrithmic AID-50 °C 0.992 9 1.585 7x1072 2.448 3x1072 k=0.429 6 a=0.890 8
¢=0.066 8
AID-60 °C 0.992 9 2.361 7x1072 2.364 4x1072 k=0.5459 a=0.8867
¢=0.077 3
AID-70 °C 0.995 1 1.433 3%x1072 2.067 8x1072 k=0.6641 a=009111
c=0.066
6 AID-50 °C 0.987 3 3.007 9x1072 3.173 3x1072 k=0.462 2 a=0.8657
c=0.077 1
AID-60 °C 0.986 1 3.346 9x1072 3.294 4x1072 k=0.5354 a=0.8615
¢=0.087 4
AID-70 °C 0.988 3 3.076 7x1072 3.064 4x1072 k=0.6719 a=0.883 2

¢=0.077 5
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Continue table 3 Mathematical model parameter values under different drying conditions
FAF
Ay R Va o VS
R/ (m/s ) L
8 AID-50 C 0.986 0 3.650 4x1072 3.323 2x1072 £=0.494 9 a=0.866 2
¢=0.076 2
AID-60 C 0.986 9 3.506 7x1072 3.183 2x1072 £k=0.630 3 @=0.872 5
¢=0.0819
AID-70 °C 0.989 1 2.680 7x102 2.962 2x1072 £k=0.769 7 a=0.883 3
¢=0.083 3
6 HAD-60 C 0.998 8 9.190 7x1073 1.062 1x1072 £k=0.3377 a=0.9558
¢=0.047 9
Two—term exponential 4 AID-50 °C 0.999 7 2.013x1073 4.828 7x1073 k=1.183 1 a=0.3726
b=0.6252 k=-0.224 5
AID-60 C 0.999 6 1.158 7x1073 5.018 4x10°3 £k=0.2195 a=0.487 1
5=0.509 1 £;=-1.093 1
AID-70 C 0.999 9 4.305 1x1073 9.108 5x10™* k=1.3714 a=0.4519
b=0.548 2 k,=-0.3201
6 AID-50 C 0.999 2 2.850 2x1073 7.744 3x1073 k=1.268 1 a=0.4443
b=0.5507 k=-0.194 3
AID-60 C 0.999 4 1.504 5x1073 6.682 3x103 £=0.199 2 a=0.5147
b=0.4811 Fk=-1.3251
AID-70 C 0.999 7 9.104 3x10™* 4.478 2x1073 k=1.5821 a=0.4856
b=0.5124 k=-0.2651
8 AID-50 C 0.999 2 2.790 51073 7.981 8x1073 k=1.3153 a=0.467
b=0.528 1 k,=-0.197 5
AID-60 C 0.998 9 3.155 8x1073 9.257 7x1073 k=1.313 8 a=0.5542
b=0.4398 £;=-0.2026
AID-70 C 0.999 6 1.249x1073 5.714 1x1073 k=1.7599 a=0.487 2
b=0.5109 £,=-0.298
6 HAD-60 °C 0.999 4 2.793 8x1073 7.411 8x1073 k=0.4112 a=0.7717
b=0.2402 k;=-0.118 8
Weibull 4 AID-50 C 0.9913 1.139 1x10°! 4.628 5x1072 a=2.6051 B=1
AID-60 C 0.966 5 1.738 8x10°! 5.144 3x1072 a=2.1914 B=1
AID-70 C 0.9919 7.936 2x102 4.037 2x1072 a=1.742 4 B=1
6 AID-50 C 0.985 2 2.258 9x10°! 5.976 6x1072 a=2.460 6 pB=1
AID-60 C 0.982 8 2.519 7x107! 6.144 5x1072 a=1.8801 B=1
AID-70 C 0.984 4 1.739 6x107! 5.602 8x102 a=1.7559 B=1
8 AID-50 C 0.983 8 2.448 4x107! 6.100 8x102 a=2.2986 B=1
AID-60 C 0.982°8 2.519 7x107! 6.144 51072 a=1.8801 B=1
AID-70 C 0.983 7 1.491 1x107! 5.581 5x1072 a=1.5748 B=1
6 HAD-60 C 0.996 9 5.505 1x1072 2.419 3x107? a=3.3399 B=1
Dincer 4 AID-50 C 0.986 7 7.005 1x1072 3.838 8x1072 6=0.9283 $=0.3437
AID-60 C 0.9818 1.120 810! 4.405 7x1072 6=0.9205 S=0.4053
AID-70 C 0.988 6 5.756 9x1072 3.616 1x1072 6=0.9503 $=0.5362
6 AID-50 C 0.976 9 1.406x107! 4.967 9x1072 6=0.9023 $=0.3462
AID-60 C 09725 1.426 7x107! 5.356 6x1072 6=0.9033 5=0.3857
AID-70 C 0.9775 1.242 7x107! 4.958 5x102 6=0.9232 5=0.508 3
8 AID-50 C 09753 1.591 8x10°! 5.146 2x102 6=0.9015 $=0.3705
AID-60 C 0.974 1.865 9x10°! 5.422 5%1072 6=09119 5=0.464 1
AID-70 °C 0.977 1.096 1x10! 5.006 4x102 6=0.9292 5=0.5742
6 HAD-60 ‘C 0.996 2 4.865 9x1072 2.353 1x1072 6=0.9851 5$=0.2929
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Fig.4 Comparison of experimental values and predicted values of

the Page model
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FER MRS B2 (p>0.05) . AID JRE N 50.60.70 C11
IS K A3 M 6.1240.18.6.58+0.13 #17.15+0.13,
HAD R 60 ‘CHYESEIK LR 6.65£0.29. K& R
FER TR, AID T S R B K LB i K. Al REE
PR Al B T 50, 7K A3 I BE PR, %o 1 S B R R 3
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ARV BE T, PR 4 7 =011 2 09 K EE s R
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Fig.5 Rehydration ratio of dried sea cucumber under different

drying conditions

T2 1) 5 7K 2 9 R 6.59+0.38 . 6.58+0.33 Fil 6.57+
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Table 4 Amino acid contents of dried sea cucumber at different temperatures (wind speed at 6 m/s)

/100 g
GiES LR — - ﬁﬁg - -
TR AID-50 C AID-60 C AID-70 °C HAD-60 °C
ff IR REHR 3.98+0.13" 4.75+0.05° 4.88+0.03° 4.96=0.08" 4.75+0.07*
B 6.33+0.35 7.000.11¢ 7.130.10° 7.1920.17 6.94+0.13¢
S IR 1.36+0.01° 2.28+0.03" 2.36+0.00° 2.43£0.05° 2.25+0.03"
225 R 1.3120.01° 2.1120.04> 2.19£0.02¢ 2.25+0.05" 2.04+0.02"
HEmR 5.73+0.32" 6.46+0.16* 6.50+0.00° 6.48+0.21° 6.02+0.11:
AR 2.70+0.02¢ 3.15+0.06 3.18+0.01¢ 3.19+0.11° 2.95+0.10
WA IR 2.30+0.36° 2.00+0.00° 2.08+0.04¢ 2.1440.04 2.11£0.01*
iR 3.50+0.18¢ 4.33+0.09 4.37+0.00 4.43+0.13 3.91£0.12"
ELUN R 1.73+0.33 1.96+0.01 1.99+0.02 2.05+0.05" 1.98+0.04¢
AR 0.48+0.00" 0.86+0.01° 0.91+0.01: 0.95+0.03 0.88+0.02"
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Continue table 4 Amino acid contents of dried sea cucumber at different temperatures (wind speed at 6 m/s) 1100
g/100 g
GiES LR — - i - - -
TR AID-50 °C AID-60 °C AID-70 °C HAD-60 °C
FHLS SELE R 0.94+0.00° 1.50+0.01" 1.54+0.02" 1.6020.04 1.55+0.02:
SEEIR 2.31+0.14 2.24+0.01° 2.30+0.04° 2.38+0.06° 2.32+0.03°
Jix 2R 0.75+0.00¢ 1.16+0.01¢ 1.22+0.01 1.22+0.03¢ 1.17+0.03%
KINER 1.48+0.13" 1.61+0.04 1.63+0.01 1.69+0.03 1.6320.02:
HAR 0.41+0.06" 0.68+0.01¢ 0.69+0.01¢ 0.72+0.01° 0.70+0.01°
L=t 3.50+0.65 3.86+0.06° 3.90+0.03¢ 3.90+0.10° 3.70£0.06*
kR ND ND ND ND ND
SR HR IR 10.300.21" 11.75+0.16° 12.010.13¢ 12.15+0.25 11.69+0.20*
AR B R B 16.88+0.27° 20.32+0.37 20.68+0.04 20.91+0.59* 19.27+0.39"
TR R 11.60+1.20" 13.85+0.06" 14.16+0.14* 14.49+0.34 13.91+0.23¢
SRR B i 38.78+1.25¢ 45.91+0.59* 46.86+0.30%" 47.54%1.17° 44.86+0.82"
AR FEVNE FREFOR 25 5 3%, p<0.05, ND FoRARH .
x5 AERET(GEE 60 C)FEsHEEBIE
Table 5 Amino acid contents of dried sea cucumber under different wind speed (temperature at 60 °C) 1100
g/100 g
GHES SRR — L
T AID-4 m/s AID-6 m/s AID-8 m/s HAD-6 m/s
LEVN RERAR 3.98+0.13¢ 5.00+0.04¢ 4.88+0.03 4.83+0.08 4.75+0.07"
WEIR 6.33+0.35" 7.21+0.06* 7.13+0.10° 7.18+0.05" 6.94+0.13¢
FILZS pixAN 1.36+0.01¢ 2.42+0.01° 2.36+0.00° 2.38+0.06° 2.25+0.03"
225K 1.31+0.01¢ 2.23+0.01" 2.19+0.02 2.24+0.02¢ 2.04+0.02¢
&R 5.73+0.32° 6.73+0.38 6.50+0.00° 6.56+0.08: 6.02+0.11%
R 2.70+0.02 3.06+0.12¢ 3.18+0.01 3.16+0.04 2.95+0.10
R 2.30+0.36" 2.08+0.13¢ 2.08+0.04* 2.10£0.01° 2.11£0.01°
it 2R 3.50+0.18" 3.97+0.33¢ 4.37+0.00° 4.37+0.04 3.91£0.12%
LS 45 R 1.7320.33¢ 1.99+0.02 1.9920.02 2.00+0.08° 1.98+0.04
AR 0.48+0.00¢ 0.95+0.05° 0.9120.01 0.96+0.00° 0.88+0.02"
58 AR 0.94+0.00" 1.59+0.03¢ 1.54+0.02¢ 1.58+0.03¢ 1.55+0.02¢
SR 2.31+0.14 2.29+0.08 2.30+0.04 2.22+0.07* 2.32+0.03°
ik 2R 0.75=0.00 1.2420.09 1.22+0.01° 1.2620.03 1.1720.03
RN R 1.48+0.13¢ 1.64+0.04* 1.63+0.01° 1.64=0.01° 1.63%0.02¢
AR 0.4120.06" 0.70£0.05¢ 0.69£0.01° 0.70£0.01° 0.70+0.01°
KR 3.50+0.65¢ 3.88+0.08¢ 3.90+0.03¢ 3.78+0.04 3.70+0.06*
R ND ND ND ND ND
IR G B R 10.30+0.21° 12.20+0.10° 12.01+0.13 12.01+0.04% 11.69+0.20°
AR B R e 16.88+0.27° 20.47+0.69 20.68+0.04 20.80+0.18" 19.27+0.39"
IR AR S 11.60+1.20 14.26+0.28° 14.16+0.14 14.14+0.13 13.91+0.23
BERR S 38.78+1.25¢ 46.93+0.52° 46.86+0.30" 46.94+0.08" 44.86+0.82"

TEARVNG FREROR 22 5 8.3 ,p<0.05. ND F/R AR

R 4.8 5 AL £ TS h AL L B 16 Fh
QIR . Hrp TR S &
2 (6.33+0.35 )g/100 g, HM@(S 73+0.32)¢/100 g Al
KA MR (3.98+0.13) g/100 g, & AR A 2 FE R 2 4

2 2 (0.48+0.00) g/100 g\%ﬁk fi% (0.75+0.00) /100 g

ﬁiﬁ

R R IR SR

R IR
R R
HE 0 A R
LSRR 1 e 46051

L2 R (0.41£0.06) ¢/100 g, 28 T4k B S T 2
I TR S 2 (p<0.05) , H T4
RfiE ALD ?E‘FE@%%THJH (]
i AN B

[ S PSIIEES
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S BEAN T 18.39% .20.84% F1 22.59% , HAD L
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Pl SR B ™ o, D 1 R A TR 2 AT AR B T 21
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3 it
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