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Abstracts

Todarodes pacificus is an important marine resource commercialized in South Korea, Japan, and China. The objec-
tive of this work is to investigate the effectiveness of different mathematical models (diffusive model, Newton's
model, Henderson-pabis's model, Page's model, and Weibull's model) in precisely explaining the moisture gain/loss
and salt gain of the squid slices immersed in saline solutions. Brine concentrations of immersion used were 2.5, 5,
10, and 15% (w/w) for various durations (0-360 min). The effective diffusion coefficients of salt ranged from

0.549x107 to 0.841x107°

m?/s, while the moisture values ranged from -0.077x107° to 0.374x10°°

m?/s. The experi-

mental results of moisture and salt transfer fitted well into the Henderson-Pabis and Page models, respectively. The
results presented in this study support the potential to predict the mass transfer of squid using mathematical modeling.
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2EfA A2EHS Fe 7 sl Ax AE A 2o
o AMEE FA "ojmdrh= Txo] M‘:}(Hugas et al,
2002; Deng et al., 2014; Nufiez-Mancilla et al., 2011). ©]
3 dHES Hesr] Yl AR F-A (brining processes)
o] ARE-E|AL AUt

NaCl F8&HE& AMgdte HAFRL =249 385
7H3} & 4= Qlal(Barat et al., 2002) A]F Eolo] =40
2 9SS v XA ¢ HH(water holding capacity,
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WHO), 9%, #5 % 7153 542 24713 §7
242 ¥Y 5 o] 4F AelN del AgHL 9

(Lemos et al., 1999; Le meste et al., 2002; Lawrie, 2005;

Lemus-Mondaca et al., 2009). ©]2]3t AX]F4S osmotic

treatment (OT)Z}Z%  3}=d|(Collignan et al, 2001;
Schmidt et al., 2008a, 2008b), #&=<] NaCl 449

(hypotonic solution)©- 2 OTE 73-¢- “salting in” &’go] o

Aol $¥ F4E FUATIE 2944 vlel BelHa
TE %3} Bl myosin-actin®] FEAE & doA w
Ao galAel FrtElo] B4Ho] FrhETHOffer &
Trinick, 1983; Hongsprabhas & Barbut, 1999; Lawrence et
1., 2003). ¥Hl 2 7522 NaCl -8 (hypertonic solution)
oi OTE 7% “salting out” @ o] TEAFH, 2]F |
3 =4 B o] F8UYLRE olF = 257t
WA st o]eh FAlol vt WeFe g &2 o] o]l
drh ol @ d £83 A8 wEolgt BiH
(Graiver et al., 2009). ©]&3F @AY A o=
A8l Al A4 5o wiAUSe] A
(Rastogi et al., 2000; Rastogi et al., 2002). GX]&%4 &<
I ste BEAHY $98tel| 84 =4 8 (mathematical
modeling)g A&k aF HAYUSE oJgh FFS o
<= =] 2 Utk
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Fo 3] skl £94 29Y WL g

3
3L S 3(Crank, 1975; Rastogi & Niranjan, 1998; Rastogi
& Raghavarao, 2004), Fick®] A 2 H#S &3l &
2 & AR FRE AFE 45T & Ath(Mujaffar
& Sankat, 2006; Khan et al., 2008; Villacis et al., 2008;
Ruiz-Lopez et al., 2010; Lemus-Mondaca et al., 2018). &
3l 4=8t% el go = Newton, Henderson-pabis, Page &
Weibull 5 TFF3h 232 (empirical model)E°] #-&2 4
2 +=dl(Gallart-Jornet et al.,, 2007; Corzo & Bracho, 2008;
Schmidt et al., 2009; Uribe et al, 2011; VegaGalvez et

al., 2011; Assis et al., 2016; Aregbesola et al., 2015), &

=1 == 0 =

e Fol Qe AFH dolHE 4PN Ystel 2
AP B BASE WS e A2 1 94L T

g dslel B4 A9 FE ot oia Ao 5oty =
% oo HPAL 8T AFE ok AT o|thOzuna

et al., 2015).
wehA, B AFdME AA, 2AE 25, 5.0, 100 L
15.0% (w/w)2] gA|He] HR|ste] 7 2 NaCle] °]F2

zqsto] 949 BEe] YIS HsknA Sk A,
A9e e Y53 4B dolHE S84 mdo) 48
sfel A& A Z gk HAGS viwste] Ao AP

==

SsaA seinh. AR, BANY dio] Bl £

SAME & HX|=A

2 A AE-S 2 (Todarodes pacificus)y= 53
P AAT TLE 2Ale] A gk F AR
2 ATATA et AR B2 AR F AE, A
g, o] 282 WS AAst 5 (140-160 mm)sr
133273k 20°Co A BAS S IR 2dE
5,510 2 15% (ww)7t H =5 A8t ¥sd
o= AHE el 4°C YA 2447 35 AL
H A= sliceFEH(30x30mm)E A F3H o, 2
FAE 45205mm ATH FGAE LAAE IA &
1:8 (wiw)e] H|&= AAAIA YA 1, 5, 10, 5, 30,
60, 90, 120, 180, 240, 300 ¥ 360% & AA A7l &
EHe] A FES AASA A7 A-Fo] FRdtE "

—_L

=
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3 F(moisture content)> 105°C < 714
Az (AOAC, 2000)l oJ3l Skt oF Fid(salt
content)= Volhard (AOAC, 2000)°l <]3ll 0.1 N NH,SCN
o2 AAsl] AR T NaClde 433t 58 ¢
&g &2 kg of moisture/kg of initial dry solids (ids)
2 kg of NaCl/kg of initial dry solids (ids)Z® Z}2F %8
stk A ZF A & 3 v S-S AA sk
Yt 2 ZFHAE 7|53

H==2{(water holding capacity, WHC)

271 A B8] FEIFHm)S FHSUL, ANRE AAY
of 3604 HAAZI T TH U= F=dt FES AA
st FETH(my )= S8k ST 2= A ()
A5k WHC 32 AFE3F tH(Graiver et al., 2006). 2+
Z70) 2 AF5E 33 v S5

WHC = =360 T (1)

mg

=4 =3 (texture profile analysis, TPA)

ANES 4 S st 9A & AR 9 e
Hedt s AAG 5 3700 AEE FASE AEES
ot} Al89] B4 texture analyzer (CT3-4500, Brookfield
Engineering Laboratories, Inc. Middleboro, MA, USA)E
o] gt F2elx FAsHA A2 TA-25/1000
50.8 mm D probeE 723} pre-test 1.0 mm/s post-test
speed 1.0 mm/s, test speed 1.0 mm/s, deformation 25%
2] 3 trigger load 10.0 g2 A3 B £42
TexturePro CT (V1.5 Build20; Brookfield Engineering
Laboratories.)=. 73 &=(hardness, g), ©-%“J(springiness, mm),
531 (cohesiveness) 2 -5*d(chewiness, ml)S 7|53}

AT

Diffusive model

Shatell gk Ficke] F WAl WA Agste faIat
AFrs F437] flate] AP T3 A2 FRA 27
FAL FRI 2T FHS UL FE 0% MEMR)
3 Age] o)F HE(SRE A Z2H7t A ()7 4
()& Herdit},

MR = D= 2)
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SR = L= 3)
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2tH2- semi-infinite slabollA 2] Ficke] & WA HA L
mE A g §2of w4 (9 YERATHCrank
1, 1975).

» g D, (2i— 1)?n2
i; Qi- 1)2n2eXp( 412 t) @
Qe A e B 47 233 el fashl
ATE T3] 2=l 2 (5 A (6)= HERA Sl
D 2
MR = %exp( 4W;: t) %)
-D 2
SR = %exp(-—-—-—-——;;g t) ©)

o714, MR PlE/ FEolF HE, SRS PIE4 NaCl
o]-& H] %, m, (kg of moisture/kg of initial dry solids)<
T, s, (kg of NaCl/kg of initial dry solids)= &%

ol m, 2 s E 27 FE L &2 % m, L s,
= BEIM 2 # S2 FF m B s GA ARk

£ 3 &4 3%, D, % DE FE B NaCl9
& Ao, = AR HA Alﬁ(mm) 223 L
A=
=

2 FA9 Auke o] stl(m).

Mathematical models

Fatmdoaezte]l A¥E T3 42 MRIY SRS
Newton, Hdenderson-Pabis, Page 2] 3. Weibull®] 4 7}
5k rdlof| #8353 tH(Togrul IT & Pehlivan D, 2003;
Ertekin C & Yaldiz O, 2004; Sobukola OP et al., 2008;
Vega-Galvez A et al., 2008; Uribe E et al., 2011; Lemus-
Mondaca R et al, 2018). 41 zFz} (7), (8), (9) 2 (10)
° 2 YeR ST NewtonZ} Henderson-Pabise] 42
A3 7] WHeg Excel (Microsoft office, Ver. 2010,
Redmond, USA)S T3l F4= UL Page2} Weibulle] =
do v A3 37] WHOZE Matlab (Matlab, Ver. 2016a,

Boston, USA)S AM8-3} T
Newton MR or SR = exp(-k;t) @)
Henderson-Pabis MR or SR = aexp(—k,t) ®)
Page MR or SR = exp(—k;t") )

Weibull MR or SR = exp[—(é) “} (10)

Statistical evaluation of models
Hed mdo) A2 Ue AFYS Bk sk
AA AP, AA AlF F(SSE), B A A=A

e o mddy 253
(RMSE) 2213 7}o] Al () A8 S 35t
1 N
SSE = =3 (MR or SR~ MR,; or SR;)? (10)
i=1
1/2
1 N
SE = |3 > (MR or SR; —~MR; or SR_;)? (11)
i=1
2 (MR or SR,;—MR_; or SR;)?
2 _i=1
X N (12)
o714, MR} SR = A S 53 Oé% RYJr SRo| AL,
MR ¢ SR = 2d& &8 F4E MR SRS 9| w3t}

A
FAEATS SPSS &7 = = 13 (Statistical Package for

the Social Science, Ver. 21.0 SPSS Inc., Chicago, USA)S

olgate] 7t ZRwe) W EEAANE WEshn Ael

7] Z}o] H-F-Z one-way ANOVA (Analysis of variation)

2 ¥243% F Duncan’s multiple range testS ©]-&3}o]
p<0.05 oA el dS AR skl

27 D@
Ofx|oHo| (]| [T 9_@019| m, s, WHC & S&&A I3

2AolE NaCl % 25,5, 10 2 15% (wiw)E xﬂza

A Hof| U478 Amoﬂ wet FAANAE o 9ole] &

2 84 TS 717 Fig. 1 2 Fig. 20 YERA S ﬁ}.

e Aole] RS} NaClghs 7+t 75.59+0.64%
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HAAZo] S7V4E S| S7kshe Rge] #
W 15%0M = RS
T} NaCl el 7 =
S7FEE NaCl §o] S7hshs ol #E= At
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AFE W 2Ao1e] WHCRS AlRtste] Fig. 30l Yehd
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m; (kg of moisture/kg of ids)
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Fig. 1. Moisture transfer during immersion of squid samples at different brine concentration.
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Fig. 2. NaCl transfer during immersion of squid samples at different brine concentration.
T Ao AR A 5] WHCE 9] 7S YeRHl & Trinick, 1983; Paterson et al., 1988), ¥ AoX+=
oBe Yy @il MANTT BRHUTE A1) Alo] B 2.5% AXe] AR AS 7P B mpHo] 4
F2o] &0kl Ade @A T NaCl FETFHA met T FEsh Bl nago] Pasts R #AY
Al WHE AFE Cr oo 2d4fF duda} Adst At w7EAE Schmidt et al. (2008b)°] A4 5%
o JH/H W ZZAA AR viedle] Al FAde] AANZ A FEFF P 2T GAY
7% e WaR 7 Aolo] SRo] ARl wel B wr} oldSS SR Fadtky nusin
F8E Zo|7] wjEolgta B Eo] JTHOffer & Trinick, EAAY A4S Hlask] 98 24 o]E NaCl 5%
1983). HHAdl, HA] Alo| Hapgo] Yozl Ay dAY 25,5, 10 2 15% (ww)E Az AN GAAHS
I A 82 R L Apold este] AR B W FEF NaCle] Fasht AleE Alrtstol A Table 19
b ARET Sob Aol B wgole] vk £¥ Uehith £ L NaClel SR A5 Mol 42}
o] WYL e dAolgt B iE o] X tk(Barat et al., -0.077x107°0)14 0.374x107° m%*s 2 0.549x107°°| 4] 0.841x
2002). NaCl 6% ©]e] F&AS ALgst A9 Z& nje  10° m*bsE FE fFa3al A5 4 dAY w27}

A1 571 3158 (depolymerization)= 7] Al & 28]
FE Ho] BedS AsA vt g A d=H(Offer

FoHdSE gho] fashs Aol yehdal whel, NaCl

o HEIFA AT 4G AA FEo} FoldFE ol
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Fig. 3. Water holding capacity (WHC) of squid samples using
immersion during 360 min.
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Fig. 1, Fig. 3 ¥ Table 13} o] ¥ AFZHE A A
SE7F 10% olstollA eAolE HAAAZ o st
WA EL T WhE ol X FE 15%0)A 2 lE JAAZ
3¢ grdide]l st AS AFT & AUTE 73
g0l A3 o] Aol Akse et al. (1993)F NaCl &
=7F 50 g/L o]ate] F&AE AREEt ZHMEE FA
b 739 salting-in E37F YERIL 90-100 g/L BTt H&
Tl FEHS AMEE A salting-out T/ W FE
7ke] e AR
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Table 1. Diffusion coefficients of solids (D,) and water (D)
and at different brine concentration

Brine concentration

D, .x10"° (m/s)

D, x107 (m%s)

(%)

2.5 0.37440.036"" 0.549+0.039*
5 0.337+0.059° 0.697+0.028°
10 0.33940.029" 0.761£0.058"
15 -0.077+0.007° 0.841+0.084°

" Different letters in the same column indicate significant differences

(p<0.05).

YEach data was expressed as the meantSD of three independent

experiments.

(o]
N g% Aol

Schmidt et al. (2008a)2] 170l <]
= oﬂ;qou L:.I:7}- oF 139, 2 2] Q)
%32 Schmidt et al. (2009)2] -l °]
7F 11-14% Ateld wf Z=3}-g

= z%om owwh Z

2 F3531994, Neuyen et al. (2010)2] AolA= di++

Jo] #FE

18%

o
HISAT A olF 2 %

AAAZ AL AR FET} 15% olatd W &

1IY AG Y5

il

Aol #ETIL
£F AT F 557 479 4}

Zal-gr5me] Hol7} 10-15% Aro]ofA]

Mathematical modeling

I CERCEEE R

Algdleldstz] $18 Newton,

Henderson—Pabis, Page 1|3 Weibull®] 47}A] 484

Table 2. Model parameters for moisture (MR) and solid (SR) transfer during the immersion of squid at different brine concentrations

Brine concentration (%)

Model Parameters
25 5 10 15

Newton . MR (x107%)  0.0481 +£0.0037°Y2  0.0432+0.0061°  0.0435 £ 0.0031° -0.0099 + 0.0008*
! SR (x107%) 0.0705 + 0.0041° 0.0896 + 0.0029°  0.0978 + 0.0061"* 0.1080 + 0.0088°
MR (x107)  0.0481 +0.0037° 0.0432 £ 0.0061° 0.0435 £ 0.0031° -0.0099 £ 0.0008*
Henderson- k SR (x107) 0.0705 + 0.0041° 0.0896 + 0.0029°  0.0978 + 0.0061" 0.1080 + 0.0088°
Pabis A MR 0.9342 + 0.0080° 0.9687 + 0.0072° 1.1044 + 0.0409° 1.1993 + 0.0201°
SR 0.7597 £ 0.0121° 0.8143 + 0.0081° 0.7286 + 0.0086° 0.8143 + 0.0135°
' MR 0.0067 + 0.0003" 0.0056 £ 0.0010°  0.0025 + 0.0006° -0.1334 + 0.0602°
. 3 SR 0.0052 + 0.0009 0.0053 £ 0.0010°  0.0130 =+ 0.0002° 0.0061 + 0.0014
age . MR 0.4826+ 0.0081° 0.5025 +0.0365°  0.5788 + 0.0421° -0.0094 + 0.0035"
SR 0.5911 £ 0.0350¢ 0.5723 £ 0.0205%  0.4710 £ 0.0048" 0.5332 +0.0173°
" MR 0.7735 + 0.0164° 0.8175+ 0.0547°®  1.1460 £ 0.0980° 2.1802 + 0.3439°
Weiball SR 0.6215 £ 0.0300° 0.6618 £0.0149°  0.5536+ 0.0124° 0.6506 % 0.0286"

ey MR 19,775.0 + 1432.0° 20,024.3 +2428.0°  18,999.3 + 653.6" 22,8263+ 1.2°

P SR 9,213.0 + 278.9° 9,052.0 £ 0.0° 9,052.0 £ 0.0° 9,052.0 £ 0.0°

D Different letters in the same line indicate significant differences (p < 0.05).
? Each data was expressed as the meanSD of three independent experiments.
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w7 e Table 20 YERHRITH Table 2 wrebdl
uiel 7ol MR wiZHE S 3l 79 k, (Newton), k,
(Henderson-Pabis), and k, (Page)= GA|He] T=7} ol
739 Aaste Aol FEES L ¥hHo) A (Henderson-
Pabis) 2 a (Weibul)= GA|Ne] T/} sold4E St
3t 7dgko] &R STl n (Page) and B (Weibull)= EA]
SR GNA Bt Aol AEEA eEdth SR iR
A 3kl 79 k, (Newton), k, (Henderson—Pabis)= 94|
N FE7t ZolAFE FUbske Aol AFEIoU
Henderson-Pabis 24 ©] vj7i 421 A%} 1} A] Page 3
Weibull Zdle] vz gho] -9 JAe4 gl Het
gt Aol #ER] ekt Uribe et al. (2011)2] AT+
oA HE A AFAY G HAHoA FE B AT
A 2ol MR IS dEsied 2
o] wiZi Fkol BEE AL S HolA] Ferhal Bl
3193 Nufiez-Mancilla et al. (2011)2] AFoA = 4
Ag] FA4o] £atA mdle] wiyfH ghel st Hsks
=31 =thal RSt Perez-Won et al. (2016)9]
ATl A7 T Adste] oA 2o ujyfHa
7t FAIg] AR FrARSHRAL BAEIAL Lemus—
Mondaca et al. (2018)2] AFAM = &4 mdol ujsj
AT T 47 Sl met Srbske AEdE BN A
= 4ol wet ket FES HolA] Rkl B ISR
ol o] AFECA BIE upel o] £5hE nd £

o

d

)

AT

BN
W e FA O we WEkel A4S Holx] e
AEo] gt aa & ﬂ?OﬂHL 8k zd o] vl
T HE T YEE A = ue HEe FgHS
Hol7| = AT dF = 73%“3 o] 2] gkttt
4‘:%4-&'[ EE‘IIEO' E};” l=lA-l

o]—/\ﬂ x—]])\] zs]— *61—%4 Ut‘ﬂ——-oﬂ EH H Eﬁ] T,T}/_\j,z:sl. 7&3}%
S Table 39| YeERHAZ #2“4 RHES ARESlY] o=
H MR ¥ SR #S AIBEH vw3 RS 27 Fig. 4
2 Fig. 59 e} GA] Foll & ol vH&S F4
st 8tz Rl 59 EA BEXNZ3 RO A 0.1436-
0.9736, SSE¢] 7% 0.0019-0.1606, RMSE®] 73-¢- 0.0442-
0.4007 223 »29] 79 0.0011-0.20602] = ko] AL

T NaCl o5 v =43 £3H4 m:é] o] B
B2 A3 R 4§ 0.9052-0.9974, SSES] 7 0()0()8_
0.0431, RMSE®] 73-%- 0.0274-0.2076 :Lﬂz x2—4

0.0009-0.0023¢] ¢l kol AXEAT. =& R¥GE 7 B »L_o_
SSE % %ro] #EEo] e o] dAFA Eo} IR R

FAAY BANL 1Y T ASFHe BYE SR AR o

%2] 79 Henderson-Pabis Ed 0|37 NaCl A& o]%5<]
73-%- Page 2]t} Lemus-Mondaca et al. (2018)2] 1
TN HE Aol It FHEAE dSsh=t] +3H4

Table 3. Statistical test performed for each mathematical model
regarding moisture and solid transfer during immersion

Brine concentration (%)

Model Test 73 5 T 7
R? 0.9529 09519 0.9058 0.4171
vr SSE 0004500057 00115 0.0129
RMSE 0.0671 0.0756 0.1073 0.1136
% 0.0012  0.0012 0.0019 0.0013
Newton
R 09162 09785 0.9052 0.9736
gr SSE  0.0431 00124 00202 00111
RMSE 02076 0.1113 0.1421 0.1054
© 0.0014 0.0011 0.0023 0.0014
R 0.9529 0.9515 0.9058 0.4171
Mg SSE 00025 00042 00128 0.0094
RMSE 0.0500 0.0650 0.1130 0.0968
Henderson 2 0.0012  0.0012 0.0019 0.0013
Pabis R 09162 09785 0.9052 0.9736
gr SSE  0.0348 00024 00189 0.0166
RMSE 0.1866 0.0495 0.1375 0.1288
% 0.0014 0.0011 0.0023 0.0012
R? 0.9736  0.9607 0.8596 0.1436
vr SSE 00043 0.0058 00184 0.0779
RMSE 0.0654 0.0761 0.1357 0.2792
> © 0.0013 0.0013 0.0013 0.2060
a8e R 0.9927 09955 0.9790 0.9934
gr SSE  0.0008 00023 00152 0.0113
RMSE 0.0274 0.0480 0.1234 0.1064
2 0.0014 0.0011 0.0023 0.0012
R 0.9736  0.9651 0.8981 0.4238
vr SSE 00637 0.0019 0.0086 0.1606
RMSE 02525 0.0442 0.0927 0.4007
) % 0.0011 0.0011 0.0017 0.0308
Weibull -
R 0.9900 0.9974 0.9777 0.9944
gr SSE 00014 00021 00130 0.0065
RMSE 0.0367 0.0460 0.1142 0.0805
% 0.0010  0.0010 0.0010  0.0009
Bdlg AHgsle Zo] FE3] AFsittar B £
Aol = 2o AATA T HAsE 2GS o
3t 8H4 %‘—% g3k Flo] Fis Agsite=
A AT F AU
Fig. 4%} Flg 58 =28l FEk rd= oSy FE
o]%F H|& % NaCl o] H]& 3 4 B%FJr vl sk 45

A =
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Table 4. Texture profile analysis parameters of squid samples using immersion during 360 min

Brine concentration (%)

Parameters
Control" 2.5 5 10 15
Hardness (N) 4191 + 4.36%” 13.76 £ 2.53° 22.95+0.51° 26.64 + 5.22% 31.19 £4.28°
Cohesiveness 0.63 £0.12% 0.86 + 0.08° 0.69 £ 0.17% 0.69 + 0.05% 0.62 £0.10*
Springiness (cm) 0.13£0.01° 0.12 +0.01% 0.11 +0.01° 0.12+0.01% 0.12 £ 0.00°
Chewiness (mlJ) 42.65 + 2.54¢ 13.57 £1.93° 16.67 £3.61® 21.47 +4.78 23.14 £ 3.62¢

D Control represents for raw samples.
? Different letters in the same line indicate significant differences (P < 0.05).
% Each data was expressed as the mean+SD of three independent experiments.

& FHEAE S8kl Weibull 2ol HJ}airtar
339} (Lemus-Mondaca et al., 2018).
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