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Studies on the Mechanism of Seasoning
- Diffusion of Seasoning Substances into Food Materials -
Sachiko ODAKE
ABSTRACT

Seasoning plays an indispensable part in cooking and food-
processing. Various phenomena, such as diffusion, osmosis,
adhesion, and adsorption, occur during the seasoning process
between the food materials and the seasoning substances. It is a
well known fact that, since what occurs, among these phenomena,
is mainly diffusion, it becomes possible to control the seasoning
process to a certain degree by seizing the diffusion phenomena,
i.e. transport of seasoning substances in food materials. In
order to describe such kind of transport, it is necessary to know
the diffusion coefficient (D) of the diffusing substances. The
values of D previously reported on were obtained by one-
dimensional diffusion, that is, the diffusion occurring in only
one direction. On the other hand, in most cooking or food-
processing operations, the diffusing substances penetrate the
materials in all directions from the surface to the center.
Consequently, the value of D in three-dimensional diffusion must
be different from that obtained in a one-dimensional diffusion
system.

This investigation was undertaken to reveal the properties of
the value of D when three-dimensional diffusion occurs in food
materials and to compare it with that obtained in one-dimensional

diffusion system (diffusion in semi-infinite media generally used



are adapted in this study).

Cubes of 2% agar gel with side lengths (2L) of 1, 2, 3, 5, 7
and 10cm, were soaked in a 0.1M sodium chloride solution at 25 C.
After soaking for 0-75 hours (t), the amounts of sodium chloride
and water in the gel were measured, and the mean concentration of
the sodium chloride in the gel cube was calculated. The value of
D, which was yielded by substitution of all experimental values
of t/L2 and C,. (the ratio of the mean concentration of sodium
chloride in the gel cubes to the boundary concentration) into the
solution of the diffusion equation was O.97X10_5cm2/s.
Furthermore it was observed that experimental values deviated 1in
the last stage of the transport experiment, which suggested that
the stage was not according to the diffusion phenomenon. As for
this stage, the diffusion coefficient, called apparent diffusion
coefficient (Dapp), was calculated by substituting partially the
values of t/L2 and C,. into the solution of the diffusion
equation, and it was observed that Dapp decreased sharply at
Cr=0.85. On the other hand, the value of D obtained in a one-
dimensional diffusion experiment was l.l2x10”5cm2/s, which was
found to be more than that obtain in the three-dimensional one.

According to this study, the following features on the three-

dimensional diffusion are derived.

(1) The value of D for the three-dimensional diffusion 1is 1less
than that obtained in the one-dimensional diffusion, which 1is

thought to be equal theoretically. This result indicated a very
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important property that the three-dimensional transport of sodium

chloride in agar gel occurred later than the one-dimensional one.

(2) The value of Dapp for the three-dimensional diffusion
decreased on the last stage, more than Cr=0.85. This 1indicated
that the transport of sodium chloride in gel cubes occurred

minimally in the last stage.

The relationship between C, and Dt/Lz, which is shown 1in
this study, can be applied to the diffusion of any substance in

various food materials other than agar gel or sodium chloride.

These two kinds of characteristic properties 1in three-
dimensional diffusion were also observed in the experiments of
sodium chloride in various concentrations of corn starch, potato
starch, egg albumin, and soy protein gels or sucrose in 2% agar
gels.

The wvalue of D for sodium chloride in various gel cubes
depended on gel concentration, i.e. the greater gel concentration
the smaller D became and there was little influence on the gel
component.

Furthermore dependency on temperature for three-dimensional
diffusion was studied by soaking 17.5% egg albumin gel cubes in a
0.1M sodium chloride solution at 4, 25, 50, 70 and 100°C, and it
is possible to approximate the linear between the values of D and

the soaking temperature.

-vii-



Finally, radish and potato which are considered practical
foods involving cell structure were studied. Cubes of radish
were soaked 1in solutions of various concentrations of sodium
chloride (0.5, 1, 2, 5, 10 and 20%) for 0-8 hours at 25 C. In
the case of soaking in a solution of rather high concentration,
(5,10 and 20%), the wvalue of D indicated the same pattern
observed in the gel cubes. On the other hand, in the case of
soaking in a solution of rather low concentration (0.5,1 and 2%),
the patterns of D were different from those observed 1in gel
cubes. Radish and potato cubes were soaked in 0.1M sodium
chloride solutions for 0-2 hours at 50, 60, 70, 80 and 100" C. It
was noticed that 1n the case of soaking at temperature greater
than 60" C-70"C, the wvalue of D indicated the same pattern

observed in the gel cubes.

According to this study, the actual transport profile of
seasoning or additives 1in foodstuffs was revealed, and the
properties of three-dimensional diffusion found in this study
indicates that the total amount of diffusion substances 1in
foodstuffs using one-dimensional diffusion coefficients so far
reported was overestimated. It is very consequent and useful to
know the three-dimensional diffusion coefficient to realize the
actual total wuptake into foodstuffs especially in the case of
restricted diets for the sick and largc scalc plants of food

industry.
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Table I -2(b) FHERMIB L PHIVHOEREDHF IR GE GRS DHER)

(Bfriem?/s)
Y —K
B
%% 10 )I'/ 16 11 60
®]E | Kk | EX |Do-& ¥S5F A%
(8) |[(25C) | (5°C) | (25°C) (5°C) (70°C)
HIZE A a sis ips sis ic
B4y &®= |0.8% | 17% | 3.8% | 4.3%| 5.7% | 6.9% | 7.6% | 10.4% | 10%
_ 0.3 p.saty | o104 | | 1 Jo.523
| 3 p.soodo.7| I o L
5 bassy | 9_?994_0__1*3&_9_-1§§1_Q-_1_4_9__9_1§§ 0.107 |
5 | T , | 1.910 |

a ipstEEFRSEAR. ic:ERMHA. sis:YEPREE
b D.E.Gray,ed.,”American Institute of Physics Handbook”,2nd.Ed.,McGrow-Hil1(1957),p.2-208
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MR Z 4y (infinite plain sheet)

p— d>200 —
I21

Jr )
[tt

e 4E (infinite cylinder) :

0) ) I 2
0 o

Ik (sphere) :

IE

—i

HMPREA (semi infinite solid) :
z%QQV’ Ca ¥ Wi 4 0
//C‘ Co Ci R &N
/// 1 1R

MRS

Fig. I -2 LA XORHERIC >V TORKSEHE
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2-2 ZRITOEB
HEEOHAURBIEEEZE X2 &, AKMIPALARC KN ILET 2 &0
S ERBEALESG FARKHRERO2RELroBmAH~NE ZR I C
N3 s EEbR %,
SR B ALBEAERNR. xo yo zH BRI VI TEE
LEDIBWVWLELWOIREFDOSEIRKRDLIIKESI N T W %,
ac 3ecC 32cC 3zc

— =D ( — + +
3z dx? 9y? 9 z2

) (I -2)

T, CREE. tREH. x. vy B3IV zRB=Z=RXRnnoWAOBERXRL T

4

W3, CORICBY B, BEEXHE (1-3) BLIUYVHEHEYE (1-4) o0

TORIFE (1-5) k>R TcHEIPATLS T2,

C (x,y.z.t) = Cu, x=+a,y=%b, z=% c, t>0 (I-3)
C (x,y.,z,t) = Ca, -a<x<a, -b<y<b, -c<z<c, t=0 (1-4)
Ci - C(x,vy.z,t) oc o oc (-1)m+n+p
= 8§ r T
Ci - Ce n=2 n=8 p=-0 (m+1/2) (n+1/2) (p+1/2) n 3

(m+1/2)2 (n+1/2)2 (p+1/2)°

X exp {-( + + )m 2D t)
a2 b2 C2
(m+1/2) 7@ x (n+l1/2)my (p+l/2)m z
X cos ——————— cos —_— cos ————
a b c
(I-5)
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AMRE., FURBEOCIERMBEEX LHIDP2LHMAREZWN Y L., EBOHE
BRIBEFICIET WE2KRTOEHBEARIc> VT, ROA*Hos»ricdT 32 &2 HW

L7 §8b5,
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B E=ZRTIEBR BT 2RO ERAZH S M T 5.

Q@ KA DOEBLI2EATYVHOZRTIEMICBE T 2R OB AEERED

THEIEIREID, ROBLUO T VRERESIERARCKRITEEBZH S bICT
5.

@O WMEHBZEZETIRAGFT TOFAKRMOILBIC > WT, FKRE KAEK O RE
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CEEEFERLT, AR TRIFARMCHEMENLLEY T, LI bFAKOREAKRE
B RBICTV R F I EA T,

mXHERE A2 DE LD K B,

ABEELHESABIETR, BEBRFTOLHMBBKERORAN T ETH 5
FHEBREGCORZHVWTERYVHORBEO - RTILBMIcBIT 3 ILHELEE
Hit Lo ABHIRERTYVERBAROE., BRIV AVBLEE LY VEERT
5L, BIUERY VIR ORBBEINHARKMEIZL>VWT, B TE 54 L.
SladeS ' OHEN H 2D TH b, COBETRD L —RITILHEITB T 3
HEBOER., REFECNMEEO=ZXRuxIlBZBITT 28 OLKME LT 3,

FNETOZRITOEBM TR, UAKCKELAEBRY v o &1 DI
BHOBITE 2TV, ZRIEBRCBIILHEROBHER VWL L, <0
EBRERZECLTCEALY VI OHRHFHERE., LHER. VY HEOKE
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BINETHER., TASA (a—VRI—FBIUVEBETAIA) BLU 2
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foo Wl COETHEH. BEOEREELCOHHOEEEZREL T, EAXY
VNHO Y s BOEHICOWT bR L, 4. BHEKOBEKREK -
WT b TEH, BT7TAVT IV AVHORBBOEHICDVTEWVAWA
BEEFEICBY 2EREIT - 1o

EBRORRICEVET, XKBEOHFHELZEZERL T, RRBLXU L WFERLE
sz as 2802 el BEKAERBELA(LESRAL L EB LY
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SREEHORICBT S0 THD, KEODFHBETCOFAKE OB HE %08
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=2 | G —n = e & 58 o B35 3 3
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ARTE, BEAESTPONMARELORRN T HFEL LT, FERBEHR
ODHEFREORZRH VWEAEEZA Ao AAHER. LA —-RtickEL 3
AR ENEBICIRETCEL LEILONS, ABICRERFVEREALFE, &
KR 7He 2807 Hexs2F vO2LBOEZEHOREGYM CHAD., 77
0— RAH D-H 57 F—R & 3,6-T Yk Fe-L-#352 b~k BHHE
EZHBETHLIORWL, THuRsIF 3 7hHae—2EECHEEBE. D-7 1
/m v, BV VRREPEEGLEBUEZER TS 5, I~ REFE THE
L@ v a2 RT3 EBMonT0w3d ™, 4, ChETticWEanhTw
. REREOIMBEHKAKICRELLEBOAE O EKE'D & &R

LT, AAKRCEL2 - RLOILBEREHOEEZHE+ 5 & NBTE 5,

2 YmBEEAEKIc - WToEBAEROKRED
(I-1), (I-2) B (I-3) 0OBERBITUBEME BT 3 ILHE

FTEAOBIBZEE ELT (I-4) OLIHIILREINTW 3,

C(x . %)=Ce x >0, 1 =0 (I-1)
Clx, £)=C x =0, >0 (nm-2)
C(x, t)=Ca X =%, >0 (oI-3)
C(x, 1)-Cy X
=er f ( ) (I -4)
Ca-C1 240 F



TCT. i BEU Co BENWZTNERSBLIOCUBER., C(x, )R/ x
bbb, (LB x OBE., DRIEBGHTH 2, /. BEMEK

er I (w) &

erf (w) = — S exp (-72%) dp (o-5)

TERIN 5,
BREE C BXLU PHERE Co BERBROLZHEIVHREZD T, B 2
KBS, E x OBEE C(x,2) 20FTEEicd->T, LEEBEHD

RO B ENTE B,

3 ABRBLUERG
3-1 ABBLURBRMBELE

(1) &H

ER (BAEALY XE1H) Y Vv iBEE2% (g/g) & L. Fig. I-114c L &M
S TCTHBUL 7o ABKRERFHBCRERIOm, FX10md 27 v 2EAHBEAE
GO, FFTAVIFRA NV ERB LW CBES, HEE18ens L, Ty
VERLAATHBL oo 25°CHEEED BBV K., 7035k 4 VER
D&, BB ERcH LTy VERIenEH D2V OE L L TERICH L 7,

B (B ALY HEBHE) KEBRBO.IMEHARL, £—F —ic0Wh TI5C

EEE BB B, FRICML
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agar powder + deionized water

- Left at 20°C for 60min

- dissolved at 70°C for 30min

- dissolved at 90° C for 30min

- degassed for 15min under reduced pressure
- solidified in cylindrical container

- left at 25 C for 12hr

agar gel

Fig.II-1 Preparation of agar gel
for semi-infinite slab.
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(2) BRY¥Y VO RBRBELE

DWCHEHBECEVWAE -7~ BB KARIICER VAR ZHBESR O
FEAKRKPFICREL (Fig. I-2) . 1. 3., 6. 9 BLUL 2 BEMEEL %,
COB., BEKBRRISIZIXAF(I2 25— —ZHVWTHEELAL (120rpm,

e, EREOHBEERNGMECL28BKAROER T O BELI/LEI 25+

0.5CTdH -t EEBIT3MEHDL KL,

3-2 XY Ao RENE Sk

PhERBRER. BRI VEHEERSE» OO L, Bk &% WFig. I
S3R AT EOMER2.83m. ES3.0mOMHBEEZHERLAZ, ARERERD
10emTdH V. REMHEBERM2.83cni DT, AHEOESZ6. 4enPlHicd 3 &
—REOYHMOFZE2AREILT 2 ENTE2, MHEIMIC2SH L. BEK
AL EISmFo2icenEL T, BLoENO0EBATFTO®R. —H 2 EE
MEI. &5>—FHZKFGEEHE AV 7.

EnEr v AT O BIGBEENTE QFig I-4 RS FIECH > TRIE L 720
T.Currie?V i3, ERXFY VP o7 HaoxsFrncEEn2MBENB A A
YREBHEEZ LD, REREOBERRBESB LA TZ LHEL TV 3, XK
EBCHOWAERBRORBREESBIEARNROLGUT T - ¥, EBd +
U Y AA A YOREBTREN 20T, BEKARCEBELLABORERRY
VDI o — gt VEE (F47 YBAKBEES)) BXEF FY 9 A4 A

vIEE (FRFREE) 20ELRER. 70— At viEECHST 2+ Y

* AL FE R NI & 5o
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sea&xdngg
solution |

stirrer |

Fig.II-2 Method for soaking of semi-infinite gel

Agar gcl were soaked horizontally in the glass
vessel containing 4litter seasoning solution.
Seasoning solution was stirred by magnetic stirrer.

The temperature of the solution was controlled at
25°0.5 C.
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agar gel surface

0.5
IIIWv;AIII

/mﬁmwzwmmm container

Fig .I[-3 Schematic diagram of the measurement of concentration
gradicnt in a scmi-infinite gel slab.

The unit in the figure is cm.
a, stainless steel container in which the agar gel slab was
contained.

b, cut-out cylindrical sample which was used for measuring
the concentration gradient of sodium chloride.
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the piece of gel

homogenized (blender)18000rpm for 2min
filled up 100ml with deionized water

centrifuged 15,000xg for 10min

slurry supernatant
1.0ml 2.5ml
- filled up 50ml - added mercury thiocyanate(II)lml

with deionized water
-  added iron(III)ammonium sulfate 2ml

- measured with
absorbance flame - added deionized water 7ml
photometry
- measured absorbance at 460nm

(SHIMAZU:AA-660)

Na" concentration Cl~ concentration

Fig.11-4 Measurement of Na' and C1~ content in the gel
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ERALKe RKEBRTR, RELALAYVITOREBEEREBIUKSEREEZAE
L7coT, (I0-6) EDOKRKDPEBERERIZSE Y VO EHRE &2 5,
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fiEZz&XT x i3, REBKEMA LI »ZSEN Y vob L coRkES, ¥4b
B, 0.25. 0.75. 1.25. 1.75, 2.25B LU 2.75emZERAL K, B (I-4) 4
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4 ERBIUZER
4-1 EXr¥rvpoxkypaRogrLil
HEXFYNVABEKBRICBBE LLEEORBHKME + TORAMME x «©

BUAEBEABOKSEEBDOLZ{LETablel -1 KR T LI EMTH - o

4-2 EBX7FrvipogEEHER

ERTFVICRARBEZHN B ITLLEORRERBE £t TORMME x B
ZEEEEORMMAEFig. I-51 Fy FhTRLEk, AEOIEIZ. BEL12F
MTRBERBMA XV B3F3enn & CAFTHELTCEBD., THAULEFEVWE A
CETREHEDBRATORAD > T, ZOXWBIERE & VI EH -G
S TWh I EBHERENt, ChooEAMER (I-4) KRAL., £
fHic 2 b7 45 PT R BEEEE5AANHMERDEI v E2 -5 —10kD
RO fFER, B AHIEID=1.12x10"%mn?/sT & » fco Fig. -5 xR L 3t
HifBEEI cofiZ2AvVvcEHELALb D TH 2, T OB LERMEE L Ui
HE OB %ZFig. T-6/n L7 HMEBEE R=0.998T. COKROBEREE

oW To (KEAE GEME) =14+ 2BHEEZRT.66X10°2TH - t2o

4-3 A2 EREBoRE

A.L.Slades '®ic X B, 2B Ry v 0o BIE OB GAE (0. IMBIEKEK
ICERIME) I D=1.267TxX10"%cm2/sT & » 2o F 7. T.Fujii & H.C.Thomas!3’i3,
0.4%, 1% 3%BLUSNERTY VIO RBIBOLHEFEEK (0. INBEKB®EICRIEA)
M. ZH €N D=1.06. 1.02. 0.94B X T¥0.88Xx 107 5%cm?/sTHBEHMELT
Wi, COFERM S, MMERTYNVH OB OB AKX, 9TX 10 %en?/sTiE

ERBEBHAEIN S, COEHIBF—2DIES>x3, REEKXDOKSYS
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TableIl-1 Relative water content of semi-infinite gel after
soaking in 0.1M sodium chloride solution.

distance from soaking time [hr.]
the surface
[cm] 1 3 6 9 12
0.25 100.0 100.0 99.7 399.6 99.6
0.75 100.0 100.0 99.9 99.8 99.8
1.25 100.0 100.0 100.0 100.0 99.9
1.75 100.0 100.0 100.0 100.0 99.9
2.25 100.0 100.0 100.0 100.0 100.0
2.75 100.0 100.0 100.0 100.0 100.0

values|[%] were calculated as (water content after soaking/
water content before soaking)x100
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S

o N o o o

1 2 3
Length from the surface (cm)

—
o
—
—
-
—

Concentration (mal/ml) x105

o N . o (@]
|

M/;i

Time (h)

Fig .11-5 Changes in concentration of a semi-infinite agar slab
after soaking in a 0.1M sodium chloride solution.

Experimental values are shown by symbols:; W 1lhr., a3hr.,

A 6hr., O %hr., ® 12hr., which represent the soaking time, and

® 0.25¢cm, O 0.75¢cm, A l.25cm, &1.75cm, W2.25cm, O2.75cm,
which represent the distance from the surface in contact with
the sodium chloride solution to the center of each sliced sample.

The solid ljnesﬁgepgesent the calculated value from Eq.(I[T1-4)
using D=1.12 x 10 °cm /s
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| | | | | J
0 2 4 b 8 10

E xperimental Conc. (mol /ml) x10°

Fig.I1-6 Correlation between calculated and
experimental values of the concentration.
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1 10 100 1000 10000
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Fig.I1I-1 Degree for convergence of Eq.(III12).

Degree for convergence of Eq.(III-2) when numbers of summation
changes from 0 to 100. The numbers in the figure indicate the
summation.
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TablelIl-1 Soaking condition of the cube in a 0.1M sodium
chloride solution.

size of the number volume of the soaking time
cube [cm] of cubes solution[litter] [hr]
1 10 4 0 ~ 3
2 10 4 0 ~ 12
3 6 4 0 ~ 24
5 6 40 0 ~ 24
7 2 40 0 ~ 36
10 2 80 0 ~ 73
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Bic251 0.5°CTITV, BEFR /72797 25 —-5 %V CBEKEBEK

AL (120rpm)o HIE R IEIE DR L TIT » oo

3-2 EXY VO REVYHRAENE LI CRERB &

rERERERZ. BEX7YVEROE L. I-3-2kELT. ¥HOAHZ
HoutrrvdoXkaaBr2REZBECIDAEL., £, RO OFEHOHA
HBREFEYIFIAIREAFLT, BEHREZF A v 7 YBRKREXIODRAEL

oo BN AFERSI VP OBRBIEFEHERFEE., (I-6) c®LTHEHEL %o

4 ERBLUEZE

4-1 XHFUREBERY vipo K3 ERERE(L
BIAHTERTVZEZIMBEKARICRELLEEODREMRDOKSERE

ftZTableM-2 /R L, BERE OB VWAKSGERBEIRD LANK, ToBEE

BEN»Th - oo

4-2 VHUREXYY VIORJEVFEHREEERZL
BUFERYVEOINMBE KARCEBELLEXOABREF KT 245 0
T oRELYBE DO S (Concentration ratio) % Cr &&T & & L %o
TR b b,
AHFERY VP OBEFEEERE [nol/nl]

Cr[-]1 = (M- 3)
AWK EE [mol/ml]
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TablelIII-2 Relative water content of cubical agar gel after
soaking in 0.1M sodium chloride solution.

size of - soaking time [hr.]

cube :

[cm] 1 3 6 9 12 18 24 36 48 73
1 99.5 99.5 - - - - - - - -
2 99.6 99.5 99.4 99.4 99.13 - - - - -
3 99.8 99.6 99.5 99.5 99.5 - 99.4 - - -
5 99.7 99.7 99.86 99.5 99.5 - 99.5 - - -
7 99.7 99.7 99.6 99.6 99.5 99.5 99.4 99.4 - -
10 - 99.9 99.9 99.8 99.8 - 99.7 - 99.6 99.8

values[%] were calculated as (water content after soaking/water
content before soaking)x100
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24 36 48 60 /2
Time (h)

Fig.IIT1-2 Changes in the C, of various agar gel cubes
after soaking in a 0.1M sodium chloride solution.

Symbols in the figure represents the size of cubes:
® lcm, O 2cm, 4 3cm, & 5cm, B 7cm, O10cm.
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Fig.III-3 Relationship between l—Cr and t/L2
Symbols in the figure represent the size of cubes:
®lcm, O2cm, 4 3cm, & 5cm, M 7cm, (J10cm.

The value of 1-C,. is a function of the value of t/L2
regardless.- of the size of the cube.
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ZE9BHHEMEEABILEEREZRD. D=0.97x10"%cn?/s%2F e IO
LHAEREErHVAEO 1-Cr BXU t/12 OFEELERNMEO LK ZFis.
-5 (a)~(c)ic/RLto 1-Cr OEO/NIRFABHT, GFEMEEEAMEDO X L
PERAEL TR 200, — RO HEHRERALKL4-4-1 084
DB HEHEIERMBECEI EFEL SN D, C TR ZRLEBICE I

LU H A D=20.97x10"%cm?/sid. —IRILTR®H 7/ D=1.12x10"8
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Fig.11I-4 Comparison betwegn calculated and experimental valuc
for 1-C,. and t/L~.

Lines EE tge figures represent the calculated value, when
D=1.12x10 “cm“/s, derived from one-dimensional diffusion, was
submitted in Eq.(III-2). Dots in the figures represent the
experimental values.

a, Relationship between 1-C,. an t/L2. b, Relationship
between logarithms of 1-C Zand t/L“. c¢, Relationship between
1-C,. and logarithms of t/L2.
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Fig.I11I-5 Comparison_between calculatgd gnd experimental value for
1-C, and t/L? when D=0.97x10 °cm“/s.

D:O.97x10~5cm2/s was obtained from best-fitting of all
experimental values into Eq.(III-2). Lines in the figures
represent the calculated value, and dots represent the
experimental values.

a, Relationship between 1-C. an t/L2. b, Relationship
between logarithms of 1-C 2and t/L“. ¢, Relationship between
1—Cr and logarithms of t/L<.
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Fig.I1I-6 Histogram for the differencesbe ween experimental and
calculated C.., when D=1.12x10 “cm“/s, derived from one-
dimensional giffusion, was submitted in Eq.(III-2).

Dashed line in the figure represents the mean value of the
distribution.
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Fig.IIT1-7 Histogram for the differencesbegween experimental and
calculated C,., when D=0.97x10 °cm“/s, obtained by
best-fitting of all experimental values into Eq.(III-2),

was used.

Dashed line in the figure represents the mean value of the
distribution.
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Fig.III-8 Change in diffusion coefficient for three-dimensional
diffusion.

Dots are the Valug of Dapp obtained by substi?utigg the
values for set of t/ énd Cr in Eq.(ITI-2). Solid line
indicates D=0.99x10 °cm“/s, obtained by substituting of all
experimental values into Eq.(III-2) except the last stage of
diffusion. Dashed line indicates the value of one-dimensional
diffusion coefficient.
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Fig.I11-9 Comparison between calculateg agd experimental value of
1-C,. and t/L“ using D=0.99x10 °cm /s and apparent
diffusion coefficient from Eq.(ITT.8)

D=O.99x10_50m2/s was obtained from best-fitting of all

experimental values into Eq.(IIT-2) except the last stage of
diffusion. Lines in the figures represent the calculated value,

and dots represent the experimental values.

a, Relationship between 1~Cr an t/LZ. b, Relationship
between logarithms of 1—Cr and t/L“. ¢, Relationship between
l—Cr and logarithms of t/L<.
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Time (h)

Fig.III-10 Changes in the Cr of various agar gel cubes after
soaking in a 0.1M sodium chloride solution

ZSolid lines represent the calculated value using D=O.99x10_5
cm®/s and apparent diffusion coefficient from Eq.(III-8).

Symbols are the same as those shown in Fig.III-2.
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Fig.III-11 Relationship between 1-C. and Dt/LZ
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Fig.I1I-12(a) The position of the XY-plane shown
in Fig.III-12(b), in the cube.
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oano.po;q Cr=0.3 o,

0.1

0.05 AT 0.32 0.

Fig.III-12(b) The contour of the same C, in the XY-plane.

Numbers on lines are the values of C(x,y,0)[mol/ml]/boundary
concentration[mol/ml].
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Fig.III-13 Relationship between Cr and t/L2, using one- and
three-dimensional diffusion coefficient.

Canrve @ is calculate By,gsing one-dimensional diffusion
coerficient, D=1.12x10 "cm“/s. Curve b is calculated by using
three-dimensional diffusion coefficient, that is D=0.99x10 °cm“/s
and apparent diffusion coefficient.
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TableIIT-3 Calculated immersion time for Cr reaching
0.5, 0.8 and 0.9

size calculated immersion time

of difference
cube one-dimensional D three-dimensional D

[cm]

1 7 min 8 min 1 min
2 29 min 33 min 4 min
3 1h 5 min 1h 15 min 10 min
5 3h 2 min 3h 28 min 26 min
1 50 min 56 min 6 min
2 3h 20 min 3h 45 min 25 min
3 7h 30 min 8h 27 min 57 min
5 20h 50 min 23h 27 min 2h 37 min
1 1h 24 min 1h 45 min 21 min
2 5h 36 min Th 1h 24 min
3 12h 36 min 15h 45 min 3h 9 min
5 35h 4 min 43h 40 min 8h 36 min
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TableIV-1 Proximate analysis of samples

* ¥ . * ¥
potato corn egg soy protein
starch starch albumin isolate

(%)*

Carbohydrate 99.6 99.8 5.3 7.9
protein - - 93.2 90.4
lipid - - 0.6 0.5

ash 0.4 0.2 0.9 0.9
fiber - - - 0.3

* Percent of dry weight
#** After dialysis
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Potato starch
Corn starch

- deionized water
- left for 60min at 20 C

- gelatinized for 15-25min at 65 C
with stirrering

- degassed under reduced pressure for 10min

1

heated up to 80" C for 60-~120min

- left for 18hr at 4° C

T

left for 3hr at 25 C

potato and corn starch gels

Fig.IV-1 Preparation of potato and corn
starch gel
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Egg albumin

T

deionized water

left for 24hr at 20" C
- degassed under reduced pressure for 10min
- heated up to 80" C for 30min

- left for 12hr at 25 C

egg albumin gel

Fig.IV-2 Preparation of egg albumin gel
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Soy protein isolate

- deionized water

- mixed with blender for 3min
under reduced pressure

- degassed under reduced pressure for 10min
- heated up to 80" C for 30min

- left for 12hr at 25 C

soy protein isolate gel

Fig.1V-3 Preparation of soy protein
isolate gel
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TableIV-2 Dimension for experiment of each gel

potato corn egg SOy protein
starch starch albumin isolate
dimension gel concentration(%)

10 20 30 10 20 30 10 20 15
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thermo couple

heater

N

)

Fig.IV-4 Method for soaking of cubical gels at
various temperature,

thermostat
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the piece of gel

- homogenized (blender)18,000rpm for 2min

- filled up 100ml with deionized water

- centrifuged 15,000xg for 10min

o

slurry supernatant
Z!Oml
_I added deionized water 0.8ml
- added5% phenol solution 1.0ml
- added conc. sulfuric acid 5.0ml

- left for 30min

r measured absorbance at 470nm

sucrose concentration

Fig.IV-5 Measurement for the concentration of
sucrose in the gel
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TableIV-3 Relative water content of semi-infinite corn starch

gel after soaking in 0.1M sodium chloride solution.

gel distance from soaking time [hr.]
concent- the surface
ration[%] [cm] 1 3 6 9 12
0.25 100.02 100.02 100.35 100.35 100.50
0.75 100.00 100.00 100.10 100.30 100.25
10% 1.25 100.00 100.00 100.00 100.00 100.05
1.75 100.00 100.00 100.00 100.00 100.00
2.25 100.00 100.00 100.00 100.00 100.00
2.75 100.00 100.00 100.00 100.00 100.00
0.25 100.25 100.15 100.85 100.73 101.10
0.75 100.01 100.05 100.55 100.45 100.45
20% 1.25 100.00 100.00 100.25 100.25 100.25
1.75 100.00 100.00 100.00 100.00 100.00
2.25 100.00 100.00 100.00 100.00 100.00
2.75 100.00 100.00 100.00 100.00 100.00
0.25 100.25 100.75 100.85 101.50 101.50
0.75 100.00 100.45 100.60 100.85 101.20
30% 1.25 100.00 100.00 100.25 100.50 100.55
1.75 100.00 100.00 100.00 100.00 100.25
2.25 100.00 100.00 100.00 100.00 100.01
2.75 100.00 100.00 100.00 100.00 100.00

values[%] were calculated as (water content after soaking/water

content before soaking)x100
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TablelV-4 Relative water content of semi-infinite potato starch
gel after soaking in 0.1M sodium chloride solution.

gel distance from soaking time [hr.]
concent- the surface
ration[%] [cm] 1 3 6 9 12
0.25 100.00 100.00 100.17 100.35 100.30
0.75 100.00 100.00 100.00 100.10 100.23
10% 1.25 100.00 100.00 100.00 100.00 100.01
1.75 100.00 100.00 100.00 100.00 100.00
2.25 100.00 100.00 100.00 100.00 100.00
2.75 100.00 100.00 100.00 100.00 100.00
0.25 100.03 100.01 100.45 100.45 101.85
0.75 100.00 100.00 100.22 100.20 100.35
20% 1.25 100.00 100.00 100.00 100.04 100.05
1.75 100.00 100.00 100.00 100.00 100.00
2.25 100.00 100.00 100.00 100.00 100.00
2.75 100.00 100.00 100.00 100.00 100.00
0.25 100.23 100.21 100.63 101.08 101.36
0.75 100.00 100.00 100.40 100.55 100.65
30% 1.25 100.00 100.00 100.03 100.25 100.22
1.75 100.00 100.00 100.00 100.00 100.06
2.25 100.00 100.00 100.00 100.00 100.00
2.75 100.00 100.00 100.00 100.00 100.00

values[%] were calculated as (water content after soaking/water

content before soaking)x100
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TablelV-5 Relative water content of semi-infinite egg albumin
gel after soaking in 0.1M sodium chloride solution.

gel distance from soaking time [hr.]
concent- the surface
ration[%] [cm] 1 3 6 9 12
0.25 100.0 100.0 100.0 100.1 100.0
0.75 100.0 100.0 100.0 100.0 100.0
10 1.25 100.0 100.0 100.0 100.0 100.0
1.75 100.0 100.0 100.0 100.0 100.0
2.25 100.0 100.0 100.0 100.0 100.0
2.75 100.0 100.0 100.0 100.0 100.0
0.25 100.0 100.0 100.0 100.0 100.0
0.75 100.0 100.0 100.0 100.0 100.0
20 1.25 100.0 100.0 100.0 100.0 100.0
1.75 100.0 100.0 100.0 100.0 100.0
2.25 100.0 100.0 100.0 100.0 100.0
2.75 100.0 100.0 100.0 100.0 100.0

values[%] were calculated as (water content

content before soaking)x100
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Fig.1V-6 Effective diffusion coefficient of
sodium chloride in various gels obtained
by one-dimensional diffusion.

W self diffusion coefficient in 0.1M sodium

chloride solution,
O corn starch gel, @ potato starch gel, A egg albumin
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"corn starch ™ %

Fig.IV-7 Scanning electron micrograhps of
corn and potato starch gels
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TableIV-6 Relative water content of cubical various gel after soaking in 0.1M sodium chloride solution.
gel gel size of soaking time [min]
concent- cube
ration(%] [cm] 1 5 10 20 30 45 60 180 360 540 1080 1440
10 1 - 100.1 100.0 100.1 100.3 - 100.2 100.5 - - - ~
3 - - - - - 100.1 100.1 100.2 100.4 - - =
corn 1 100.0 100.0 100.2 100.3 100.5 100.53 100.5 101.3 - - - ~
20 3 - - - - - - 100.0 100.0 100.2 100.4 -
S - - - - - - - 100.0 - 100.0 100.2 100.4
30 1 100.0 101.3 101.4 102.2 101.7 102.6 102.9 103.8 - - -
3 - - - - - - 100.1 101.3 102.1 - - -
10 1 - 100.0 100.0 100.2 100.2 100.4 100.2 100.4 100.4 - - -
egg 3 - - - - - - 100.0 100.0 100.3 - - -
albumin
20 1 - 100.0 100.1 100.7 100.7 100.8 101.1 101.3 101.3 - ~ -
3 - - - - -~ - 100.0 100.0 100.3 - - -
sp1* 15 1 101.2 101.8 101.2 101.8 101.8 101.8 101.9 - - - -
values[%] were calculated as (water content after soaking/water content before soaking)x100

»goy protein isolate
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Time (h)

Fig.IV-8 Changes in the Cr of 17.3% corn starch gel
cubes after soaking in a 0.1M sodium chloride solution,

Symbols in the figure represent the size of cubes:
Olcm, A 3cm, [J5cm
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Fig.IV-9 Relationship between 1-C,. and t/LZ.

Symbols in the figure represent the size of cubes:
Olcm, 2 3cm, O 5cm. _Basged line represents calculated
value using D=0.67x10 “cm“/s which was derived from
best-fitting of all data except final stage of diffusion.
Solid line represents approximate value for final
stage of diffusion. Approximate equation is

b+
- 4 -1 _ v _+_b
1=Cr=] {C-[t/LZHa
a=1.129 b=1.027 c=1.640X10"
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Fig.Iv-10 Relationship between 1-Cr and t/L2
of sodium chloride in corn-starch gels.

Symbols in the figure represent the
concentration of gels: 0©9.9%, 417.3%, 0 25.5%.
Lines are synthesized the best-fitting curve and
approximate curve, calculated by the same equation
as Eq.(IvV-1). Digfusion coefficients are 0.84,0.87
and 0.58 x 10 °cm /s, respectively.
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Fig.IV-11 Relationship between 1-C,. and t/L2
of sodium chloride in egg albumin gels.

Symbols in the figure represent the
concentration of gels: O 9.9%, A 17.5%. Lines
are synthesized the best-fitting curve and
approximate curve, calculated by the same equation
as Eq.(IV~%).2 Diffusion coefficients are 0.79 and

0.61 x 10 “cm“/s, respectively.
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Fig.IV-12 Relationship between l—Cr and t/L2
of sodium chloride in 15% soy protein isolate gels.

%ine represents calculated value using D=0.70 x 10_5
cm“/s which is derived from best-fitting of all data.
Since soy protein isolate gel are swollen well during soaking,
experiments are broken off before Cr becoming equilibrium.
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Fig.IV-13 Diffusion coefficients of
sodium chloride in corn starch gels.

Lines in the figure represent the
concentration of gels: —9.9%, - 17.3%,---25.5%.
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Fig.IV-14 Diffusion coefficients of

sodium chloride in egg albumin gels.

Lines in the figure represent the
concentration of gels: —9.9%, - 17.5%.
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Fig.IV-15 Comparison between diffusion coefficients
of sodium chloride in various gels obtained
in one- and three-dimensional diffusion.
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TableIV-7 Relative water content of semi-infinite agar gel
after soaking in 0.1M sucrose solution.

distance from soaking time [hr.]
the surface
[cm] 3 6 18 24 48

0.25 98.4 98.1 97.8 97.6 97.3
0.75 100.0 100.0 99.0 98.8 98.2
1.25 100.0 100.0 99.7 99.6 99.0
1.75 100.0 100.0 100.0 100.0 99.4
2.25 100.0 100.0 100.0 100.0 99.8
2.75 100.0 100.0 100.0 100.0 100.0

values[%] were calculated as (water content after soaking/
water content before soaking)x100
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TableIV-8 Relative water content of cubical agar

in 0.1M sucrose solution.

gel after soaking

size of soaking time [min]

cube

[cm] 1 5 10 15 20 30 60 180 360 1080 2400
1 99.8 99.5 99.2 98.9 - 98.5 98.0 97.1 96.8 - -
3 - - - - 99.1 - - - 97.7 96.8 98.3

vales[%] were calculated as (water content after

before soaking)x100
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Fig.IV-16 Relationship between 1-C. and t/L2
of sucrose in 2% agar gels.
Line is synthesized the best-fitting curve and

approximate curve, calculated by the same equation
as gq.glv—l). Diffusion coefficient is 0.31 x
10 Ycm“/s
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Fig.IV-17 Diffusion coefficient of sucrose in agar gels.
Solid line represents the diffusion coefficient in

three-dimensional diffusion. Dashed line represents
the diffusion coefficient in one-dimensional diffusion.
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Fig.IV-18 Relationship between 1-C. and t/L2
of 17.5% egg albumin gels at various temperature.

Symbols in the figure represent the temperature:
A4 C, ® 25 C, A 500C, m70C, O 100 C.
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Fig.IV-19 Diffusion coefficients of
sodium chloride in 17.5% egg albumin
at various temperature.

Lines in the figure represent the temperature:
------ 4 C, ---- 25°C, —-—-50"C, ——70"C, 100" C.
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radish

[ cut into 1 and 3cm size of the cube

- soaked in deionized water - soaked in deionized water
at 20°C for 24hr at 100" C for 4min on lcm cube
and 25min on 3cm cube

- soaked In deionized water
- soaked in 0.5,1,2,5,10, and at 25°C for 4min on lcm cube
20% sodium chloride solution and 25min on 3cm cube
at 25 C for 0-24hr
- soaked in 5% NaCl solution
at 25°C for 0-5hr

- dried under homogenized (blender) 18,000rpm for 2min
reduced filled up 100ml with deionized water
pressure centrifuged 15,000xg for 10min

measured C1~

water content Cl™ content

L 1
T

Cl™ concentration

Fig.V-1 Flowchart of the experiment of radish
for soaking in various concentration sodium chloride
solution.
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radish and potato

- soaked in deionized water
at 50,60,70,80,and 100" C
for 4min on 1lcm cube
and 15min on 2cm cube

- soaked in 0.1M NaCl solution
at 50,60,70,80,and 100" C

cut into 1 and 2cm size of the cube

soaked in deionized water
at 100" C for 4min on lcm cube
and 15min on 2cm cube

soaked in deionized water
at 25,50,70°C for 4min on
lcm cube and 15min on 2cm cube

for 0-6hr

soaked 'in 0.1M NaCl solution

at 25,50,and 70° C for 0O-8hr

- dried under homogenized (blender) 18,000rpm for 2min
reduced filled up 100ml with deionized water
pressure centrifuged 15,000xg for 10min
measured C1~
water content C1l™ content

L )
T

Cl~ concentration

Fig.V-2 Flowchart of the experiment of radish and potato
for soaking in 0.1M NaCl solution at various temperature
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TableV-1 Relative water content of cube radish of lcm size
after soaking in sodium chloride solution.

concentrtion of soaking time [min]

sodium chloride

solution [%] 10 20 30 60 120 240 360 480 1440
0.5 99.9 99.9 99.9 99.9 99.8 99.8 99.8 99.7 99.6
1.0 99.7 99.5 99.4 99.3 99.2 99.0 98.9 98.7 98.6
2.0 99.6 99.2 98.8 98.5 98.1 97.7 97.6 97.7 97.5
5.0 98.6 98.1 97.5 96.7 95.8 95.7 95.5 95.3 95.3
10.0 97.1 95.3 94.1 93.5 91.2 90.7 90.9 90.5 89.8
20.0 93.0 89.9 88.2 85.2 81.7 81.1 81.6 80.8 81.0

values[%] were calculated as (water content after soaking/water

content before soaking)x100
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TableV-2 Relative water content of precooked radish after soaking

in 5% sodium chloride solution.

concentration of size of soaking time [min]

sodium chloride cube
solution [%] [cm] 1 5 10 20 30 45 80 180 300
5 1 99.5 98.9 98.4 97.9 97.5 97.6 97.4 97.5 -
3 - - - - 99.2 - 97.6 96.9 96.8

values[%] were calculated as (water content after soaking/water content
before soaking)x100
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Fig.V-3 Relationship between 1-C. and t/L?
of raw radish after soaking in various
concentration of sodium chloride solution.

Symbols in the figure represent the concentration
of the sodium chloride: O 0.5%, ® 1%, & 2%, A 5%,
O 10%, M 20%. Lines are synthsized the best-fitting
curve and approximate curve, calculated by the same
equation as Eq. (IV-1).
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Fig.V-4 Diffusion coefficients of sodium

chloride in raw radish after soaking in
5-20% sodium chloride solution.

Lines in the figure represent the concentration
of the sodium chloride: - 5%,---10%, —— 20%.
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Fig.V-5 Diffusion coefficients of sodium
chloride in raw radish after soaking in
0.5-2% sodium chloride solution.

Lines in the figure represent the concentration
of the sodium chloride: ---0.5%,—— 1%, — 2%.
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t/1% (s/cm?) x10*

Relationship between 1-C,. and t/L2

of raw and boiled radish after soaking in 5%
sodium chloride solution

Fig.V-6

O raw radish, @ boiled radish
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107%cm2/s) D RB2HMLIR/PEL XESOEBRVEREHFZH LIS VE

FEHOREHOWT WAL TRBLWHL EHEL TV 3,

3-2 BEOELE
3-2-1 Kkoa58Z1t
AKBBLIUL+DBFOZAKMTORBEANRDOKDIERL L% TableV-3 B

U 4R Lt KOoGBRIEFERBHICE SR WEIMLALN, #EHTdH - 7o

3-2-2 AKHEXHoFHMAEARLEANBIUUFHENALEAND
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TableV-3 Relative water content of radish after soaking in 0.1M sodium chloride solution at vasious temperature.

temperature size of soaking time [min]
cube
[*C] [cm] 0.5 5 10 20 30 45 60 80 90 120 180 360
non precooked
50 1 100.7 100.5 100.6 100.1 100.3 100.7 100.6 - - 102.1 - -
2 - - - 100.2 - 100.3 - - - 100.8 - -
60 1 100.6 100.7 100.9 100.9 101.3 102.0 102.4 - - 102.6 e B
2 - - - 100.5 - 101.1 - - - 101.9 - -
70 1 99.0 100.0 100.7 100.7 100.8 100.9 100.8 - B 101.0 - -
2 - - - 100.0 - 100.4 - . - 101.1 - -
80 1 100.2 100.5 100.5 101.2 100.1 101.6 101.6 - - 102.1 - -
2 - - - 100.3 - 100.8 - - - 101.4 - -
100 1 100.2 101.7 101.5 101.2 102.1 101.8 100.1 - - - - -
2 - - - 101.2 - 100.5 - - - - - -
precooked at 100" C
25 1 100.1 100.1 100.1 100.2 100.3 100.0 = - 100.7 - 101.2 101.5
50 1 100.0 100.1 100.1 100.1 100.3 100.4 100.6 - - 101.0 - -
70 1 100.0 100.0 100.2 100.2 100.2 100.4 100.5 101.0 - - - -

values[%] were calculated as (water content after soaking/water content before soaking)x100
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TableV-4 Relative water content of potato after soaking in 0.1M sodium chloride solution at

vasious temperature.

temperature size of soaking time [min]
cube
[*C] [cm] 0.5 S 10 20 30 45 60 90 120 180 360
non precooked
50 1 100.3 100.4 100.3 100.4 100.5 100.9 101.1 - 102.1 - -
2 - - - 100.1 - 100.2 - - 100.8 - -
60 1 100.4 100.4 100.5 100.5 100.5 100.5 101.2 ~ 102.9 ~ -
2 - - - 100.0 - 100.9 - - 100.3 - -
70 1 100.5 100.3 100.5 100.6 100.5 100.4 100.8 - 102.1 - -
2 - - - 100.3 - 100.5 - - 100.3 - -
80 1 100.8 101.2 101.1 101.0 100.9 100.5 102.1 - 101.9 - -
2 - - — 100.9 - 100.5 - - 100.8 - -
100 1 100.0 100.1 100.3 101.1 100.8 100.7 101.5 - 102.6 - -
2 - - - 100.6 - 100.6 - - 100.8 - -
precooked at 100" C
25 1 100.0 100.1 100.3 100.4 - 100.4 - 101.1 - 100.3 100.5
50 1 100.1 100.5 99.9 100.3 100.4 100.5 100.5 - 100.9 - -
70 1 100.0 100.2 100.0 100.9 101.1 100.6 100.6 - 100.8 - -

values[%] were calculated as (water content after soaking/water content before soaking)x100
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Fig.V-7 Relationship between 1-C. and t/L2
of non-preheated radish after soaking in various
concentrations of sodium chloride solution.

Symbols in the figure represent the temperature:
O50°C, @60°, A 70 C, Ao 80°C, O0100°C. Lines are
synthsized the best-fitting curve and approximate curve

calculated by the same equation as Eq.(IV-1).
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Fig.V-8 Diffusion coefficients of sodium chloride
in non-preheated radish after soaking in 0.1M
sodium chloride solution at various temperature.

Lines in the figure represent the temperature:
---60" ,——70"C, ——80"C,—/100° C.
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Fig.V-9 Relationship between 1-C,. and t/L2
of preheated radish after scaking in various
concentrations of sodium chloride solution.

|
0 1x10*

Symbols in the figure represent the temperature:
® 25°C, A 50, M70°C. Lines are synthsized the
best-fitting curve and approximate curve, calculated

by the same equation as Eq.(IV-1).
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Fig.V-10 Diffusion coefficients of sodium chloride in

preheated radish after soaking in 0.1M sodium
chloride solution at various temperature.

LLines in the figure represent the temperature:
---25 ,—=50"C,—70" C.
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Fig.V-11 Arrhenius plot for sodium chloride
diffusion in radish.
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® non-preheated, O preheated

-128-



7 0.6

1-Cr (

0.4

0.2

I . 1 . !
0 1 x10* 2 x10* 3 x 104 4 x10¢
t/1% (s/cm?)

Fig.V-12 Relationship between l—Cr and t/L2
of non-preheated potato after soaking in various
concentrations of sodium chloride solution.

Symbols in the figure represent the temperature:

O50°C, @60, &4 70°C, 4 80°C, [J100°'C. Lines are
synthsized the best-fitting curve and approximate

curve, calculated by the same equation as Eq.(IV-1).
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Fig.V-13 Diffusion coefficients of sodium chloride
in non-preheated potato after soaking in 0.1M
sodium chloride solution at various temperature
[.Lines in the figure represent the temperature:--50°C,
---80° ,——-—70"C,—80" C, 100" C.
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Fig.v-14

Scanning electron micrographs of potato
at various temperature.
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Fig.v-15 Relationship between 1- C and t/L2
of preheated potato after soaklng in various
concentrations of sodium chloride solution.

Symbols in the figure represent the temperature:
® 25°C, A 500, M70°C. Lines are synthsized the best-

fitting curve and approximate curve, calculated by the
same equation as Eq.(IV-1).
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Fig.V-16 Diffusion coefficients of sodium chloride
in preheated potato after soaking in 0.1M
sodium chloride solution at various temperature

Lines in the figure represent the temperature:
---25 ,——=50"C, —70 C.
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Fig.V-17 Arrhenius plot for sodium chloride
diffusion in potato.
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NOMENCLATURE
a: constant value in Eq.(IV-1) [-]
a: half side length of a rectangular parallelepiped [cm]
b: constant value in Eq.(IV-1) [-]
b: half side length of a rectangular parallelepiped [cm]

c: constant value in Eq.(IV-1) [cmz/s]

Cr: ratio of the mean concentration of sodium chloride in the
gel cube to the boundary concentration (:C(t)/Cl) [-1]
C(t): mean concentration [mol/ml]

Cy: boundary concentration [mol/ml ]

Co: initial concentration [mol/ml]

Cp: equilibulium Cr, considering partition coefficient [-]

c: half side length of a rectangular parallelepiped [cm]

Dapp: apparent diffusion coefficient [cmz/s]

d: density of water [g/m]1]

L: half side length of a cube [cm]

M(t): total amount of solute that has penetrated into the gel cube
at time t [mol]

m: number of summations

n: number of summations

P: percentage of water content [%]

p: number of summations

s: deviation [-]

t: time [s]

W: weight [g]

X: distance [cm]

X: mean [-]
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