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Abstract

The feasibility of infrared assisted freeze drying (IRAFD) was evaluated for shelf stable sea cucumber to improve
the traditional drying methods such as freeze drying (FD), vacuum drying (VD) and hot air drying (AD, 60, 80,
100°C). Infrared (IR) radiant energy was provided to accelerate the drying rate of freeze drying (FD). IRAFD had
the most rapid drying rate among IRAFD, FD and VD. IRAFD showed drying time of 13.7 h followed by VD
(18.7 h) and FD (24.3 h). In the final moisture content of sea cucumber, it decreased down to 3.25% at IRAFD.
However, FD and VD could not reduce down the moisture content of sea cucumber below 7%. Quality attributes
of AD sea cucumber were not acceptable with very low restoration rate and excessive hardness. For example, AD
100 had very low weight restoration rate of 23% and hardness of 22 N. IRAFD showed quite high restoration rates
(weight: 50%, width: 82%, length: 91%) and acceptable hardness of 3.1 N. IRAFD consumed the minimal electrical
energy of 120 kJ as compared to 209 kJ of FD. This study showed the potential application of IRAFD to produce

the shelf stable dried sea cucumber with microbial safety.
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(a) Data Acquisition System
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Fig. 1. Simultaneous infrared assisted freeze drying (IRAFD) equipment: (a) schematic diagram and (b) photo image (reproduced
and modified with permission from Khampakool et al., 2019: Elsevier and Copyright Clearance Center License Number

4927351384680). IRAFD: infrared assisted freeze drying.



294 PACIZAS

91 FAZ(RAFD) A" HojFaL it A9
TAAZR Al&Fe B A7A e 48 A+ (Khampakool et
al,, 2019)91A] AL-&-¥ vl7F Qlom, X FH Z(JBA000S9,
Jungwoo motor Co., Ltd., Hanam, Korea), 5571, Y2 E
A(-100°C)2.2 FA =] AL 250 W = 9] 2 Z(near-
infrared lamp) (BR 125, Phillips Amsterdam, Netherlands)
£ sA70x718 e el dA itk 2 Aol fH=e
A9 o]l 075-14umE 7P, FH N (9 14-
3um) 2 9 )M (94 3-1,000 pm) Bk A FE0] 5mm
FTO R Fof AF 7xd g AR-ET (Khampakool et
al, 2019). Ao 4 7x7]9 W HFEZ K-type
thermocouple (©0.25 mm, TFIR-003-50, Omega Engineering,
Stanford, CT, USA)E AXA|ste] 7%= 4 F A59] 2=
HslE Fete] A= 25 F5S WA GRS a3t
Ao sAAxE 4 1% d¥] WF A H Yot
Al A SIS -50°C WEaLolA] 24417 B3t SAAIZ
T Ao T4 Az Al ol 0.05 torre] K13 el
A sAAZ7] AUl AXE Ao fze] AYS <l
7hstd SAAx Y T AR ARl BAIUAIS
sttt Aol 54 1% Y T A5 FA= RS-
232 AlolEe] A4 ® HAAAE(CB-300, AND KOREA,
Seoul, Korea)g ©|-&3}o] o 38wttt 7|&E319 2 A5
FA WsE 9lg W7k A2E Fdsid A9H 54
Az HH Y AHLRE FHs7] st Ao, 547
zx718 §%7] 9 FH=Z AL Holy 24
(34970A, Keysight, Santa Clara, CA, USA)S ©o]&3}] 7]

£ ¥ 2ys9n.

S A ZAZ(Freeze Drying, FD)
2 A FAAxE AAEE s -50°Coll A elH]
54 § FAAZ7I(HC 3110, GYROZEN Co., Daejeon,

T A
Korea)?] XIFEE 0.05 torr2 A 8HH 7AX2E 2183ttt

|
3L
o

A

[

ZAZ(Vacuum Drying, VD)
2 AT AF3dxes AAgE it ob 48k
< AeelA sAAZ7] WollM AF5e] FA ¥t ¢l
| 7kA] RSt Az 3 Tole 2 A7)
FEEO W7 ARE A F Ax AP F
o] 40| doA] REE FIAE o] &3l FEE

o] ¥71E Atsisie.

A

[¢]

T

1o o &
N

>

o

E-FZAZ(Hot air drying, AD)

e dxe AAEE e 60, 80 E 100°Col|A Lab
Scale €% 7 27|(OF-12, JEIO TECH, Daejeon, Korea)S
o€ 23mise GF £EE A5 FA WEt §le )
7] A2E AT

A=A17Y, $4-&H] (moisture ratio, MR) TEIF
B Ao A SIS Az Q5] AdE HoME
_]

(AD)®] ZAZAIZF ¥lae 7b Az E 77 WSkt gl
= ARA7MAE A& Ao 2 AAeta Az 4 B 7
ShF A AT %
T8 M, kg water/kg dry water), Al
(M, kg water/kg dry water) 2 AZ¢E o] Y4
(M, kg waterkg dry water)& ©]-&3to] T3
Astal o] & AIZE o gheEE AN ST HE
APAFE Fhxste] FA Hs7t e AlHES A
S0 mE FYFEFFeE dA k] Altst
et al., 2017; Park et al., 2016.

N

1

2

rlo

%

>

) mi(f

|12

Z
N

L % N

1)
My
O

o
o —
0 rlo X moh ot N

3@ PN OAE
N
)y

t}

~
—
[¢]
(¢}

MR — o Me 1
= MM, M
HETETFS FFIToE AL fle AdS
7|Eo 7 AT
==
Az sj4ke] 2082 Duan et al. (2010)2] WHHE
Ak AxH S 4°C 9 Eofl 417+

Restore rate =

w @

=d

AT

A

Aol EALS E4E471(TA-XT Plus, Texture Tech-
nology Corp., Hamilton, MA, USA)E ©]&3te] A3
Z2H@3mm)E o8 e THOZRE 5mm/se] A
steSE® smm AH/HA HFshoH Aase A

ol

AL 346t AEE JElATH
OfILAX 222

NUA] LR 7t 7% FHEE JAFFE, A9 =
2 FAAZ7] F=E(condenser)®] 2R IHE AR E
18 A (Khampakool et al.,, 2019)°14 A= W} 7+
o] AA Az A A7|F2E o]gste] Mt ¢ HHL

=27 % dlo]E] Z7|(34970A, Keysight, Santa Clara, CA,
UsA)el 71&stdth 7158 Ay 2 A8 SAHBS
MATLAB &XEdo]E o]&3lo (2)2] Axkd AA]=
uie} Zro] AZA|Zkel| thste] st 38 B AREE
ALgE AES AAESE tHPark & Jo, 2019; You et al.,
2019).



= tf .
E, Lil Vdt 3)
SHXE]
BE Az 9 FAAR B4 APL 53] wHEEom,
Wi 32 ZEdAE AL

He F94 AA ‘3_ Statistical
Analysis System (SAS) AZE ] o{(version 9.1.3, SAS
Inst. Inc., Cary, NC, USA)E ©]-&3}o] 95% F2]FollA
ANOVA (Analysis of Variance) %22 A] 3] 5} th.

il

oy g
Az=H
Fig. 2(a) 82452 A Z(RAFD), 471 %(FD) ¥ 3

FAXVD)E sftel FEdTF Wkl o FE]
(MR)ell o3 Az 54d& BojFal Qv 2 Al

Az g5e 7 Az 2AHE 5 M3t fle AdE
Az 95 Aoz A48t IRAFDS] 739+ FD 3
VD Hlgte] 7huE el s Bl @it
o] FAZ B4k Al Bt 27.19 914 495 g7HA 13.7£1.0h
ol A ZATh FDE VDOl vlste] Az SBAI7HA] 8

Rl
3L
[¢)

@10
\
&= X
g 0.8 - \
= N —IRAFD —FD ---VD
S 06 - N
& .
D
2 04 -
) N
0.2 - S.ol
0.0 . . SN
0 5 10 15 20 25
Time (hr)
(b) 1.0
a\ \\
\\
g 0.8 \
2 ' ——=AD 60 ---AD80 ——AD 100
S 0.6 - \
g \
Z \
'-25 0.4 - .
\\\
0.2 - N
0.0 . == .
0 5 10 15 20
Time (hr)

Fig. 2. Drying curve of sea cucumber: (a) IRAFD, FD and VD;
(b) AD 60, AD 80, AD 100. IRAFD: infrared assisted freeze
drying; FD: freeze drying; VD: vacuum drying; AD 60: hot air
drying at 60°C; AD 80: hot air drying at 80°C, AD 100: hot air
drying at 100°C.
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Fig. 3. Comparison of (a) drying time and (b) final moisture
content among IRAFD, FD, VD, AD 60, AD 80 and AD100.
IRAFD: infrared assisted freeze drying; FD: freeze drying; VD:
vacuum drying; AD 60: hot air drying at 60°C; AD 80: hot air
drying at 80°C, AD 100: hot air drying at 100°C.
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Fig. 4. Comparison of (a) weight, (b) width and (c) length
restore rate among IRAFD, FD, VD, AD 60, AD 80 and
AD100. IRAFD: infrared assisted freeze drying; FD: freeze drying;
VD: vacuum drying; AD 60: hot air drying at 60°C; AD 80: hot air
drying at 80°C, AD 100: hot air drying at 100°C.
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Fig. 5. Comparison of hardness time among IRAFD, FD, VD,
AD 60, AD 80 and AD100. IRAFD: infrared assisted freeze
drying; FD: freeze drying; VD: vacuum drying; AD 60: hot air
drying at 60°C; AD 80: hot air drying at 80°C, AD 100: hot air
drying at 100°C.
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Table 1. Electrical energy consumption (J) of different drying technologies for dried sea cucumber

Pump (J) Condenser (J) Infrared Lamp (J) Total (J)
IRAFD 15,033+1,145° 102,500+7,806° 2,050+156 119,583+9,107"
FD 26,767+2,768" 182,500+18,875* 209,267+21.643"
VD 25,300+2,910° 172,500+19,843* 197,800+22,753*
AD 60 55,467+3,695°
AD 80 39,467+4,888
AD 100 28,587+1,929¢

*dDifferent letters in the same column are significantly different (p<0.05)

IRAFD: infrared assisted freeze drying; FD: freeze drying; VD: vacuum drying; AD 60: hot air drying at 60°C; AD 80: hot air drying at 80°C, AD 100: hot

air drying at 100°C.
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