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STUDIES ON BOUND WATER IN FISH MEAT MUSCLE (1)

Minoru AKIBA

Faculy of Fisheries (Hakodate), Hokkaido University

3. On the molecular theoretical Bound Water in fish meat
protein and fish meat by the vapour tension method.

As stated in the previous paper, Sponsler, Bath and Ellis®*® have discussad the
molesul:r constitution of gelatine-gel on the basis of the relation between analytical
results by X-ray diffraction of gelatine and the analytical results of constituent
amino acids of gelatine, They have concluded that the so-called Bound Water in
the molecule of water binds with hydrogen centers which arz capable of forming
hydrogen bonds in gelatine molecule, and the amount of the Bound Water depends
in chemical equivalency on the number of molecules of gelatine.

~ Lloyd,*™® Pauling®>, Buswell®” and Higashi et al.?> have independently been
establishing the definition of the so-called molesular theorstical Bound Water on
the basis of the hydrogen bond formation as Sponsler et al., stated.

Recently as to the adsorption of gases by catalysars, in proportion to the active
engagement in analytical study of the adsorption isotherm by the theory of multi-
molecular layers adsorption which waus offered by Brunauer et al.®, this theory
has been applied to the study of the adsorbed water in gelatine and other various
protein Gz &

One of the typical investigators, Bull®> has siid that the surfase of the solid
molecule of protein consists of hydrophilic planes, and that the molecules of
water are adsorbed among the planes.

The present author has enalyzed the thermal change in the water content
“g” — water-activity “a” curve obtained by vapour tension method by using
gelatine, fish meat protein and raw fish meat and has analyzed the sime curve by
the equation of B. E.T. of Brunauer et al. in order to learn whether the molesular
theorstical Bound Water of protein is the molecule of water combined with the
molecule of protein through the hydrogen bond formation in a definite combining
potential.

Thess experiments have been carried out at the sume time with thosz described

in Experiment i, 1¢® of the provious paper, so there ars few overlapping results
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in regard to the gelatine and raw fish meat; the author has avoided those over-

lapping results.

(n Experirﬁental Methods.

(1) Samples.

(A) Gelatine.

The samples of golatine in these experiments were the same as in Experiment
W, 1, of the previous paper, gelatine No. 2 and No. 3. The sample of No. 2
gelatine was purchased on the market (water content 17.95%, ash 0.69%) and the
sample of No.3 was some purified by the Second Faculty of Engineering of Tokyo
University (water content 18.66794, ash 0.43%).

In order to clarify the relation between salts and Bound Water, the author has
added NaCl (Japanese Pharmacopeia) in proportion of 0.3 and 25% to the dried
matter of sample of gelatine No.2.  The author has used sample of gelatine No. 2
to which cobaltous chloride in the proportion of 2794 was added for the dried
matter of the gelatine according to Hatschek’s method.

To 1~3 gm of these samples of gelatine was added distilled water in a
definite volume ; they were let sufficiently swell in room temperature (16°~2(°C),
and then dissolved by heat on the water bath.  After cooling, the solidified
samples become gelatine—gel containing 80~909% of water. The author has used
these gelatine gel samples crushed in the agate mortar,

(B) TFish Meat Protein

Two kinds of fish meat protein were used, one of them was prapared from
the common Squid (Ommastrephes sloani pacificus) meat which was soluble in 0.8%
NaCl solvtion, and the other was prepared from the Cod fish (Gadus macrocephalus)
meat which was soluble in 0.295 NaOH solution. =~ These proteins were propared
carefully in the laboratory of Prof. Yoshimura in the Faculty of Fisherios
(Hakodate), Hokkaido University. The former wzs prepared by the following
method.” To the crushed raw fresh Squid meat was added 10 times volume of
0.89%5 NaCl solution ; after 30 minutes shaking, it was placed in ice room for 12
hours, then ammonium sulphate was added to the solution in half saturstion.
The precipitated protein was separated by the centrifugal scparator and then the
-protein was dialized several times with distilled water, and washed with alcohol
and ether. The washed protein weas dried at low temperature. The main
component of this protein was myosin.

The latter fish meat protein was prepared by the following method. The
crushed Cod fish meat was extracted by 10 times volume of 0.8% NaCl solution
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for 12 hours. The extracted solution was ssparated by the centrifugal separstor,
and the insoluble residue was again extracted with five times of 0.29 NaOH
solution for 12 hours. After centrifugal ssparation, 2-N acetic acid was added to
the extracted solution to make the pH value 5.5. The pracipitated protein was
filtered and the residue was washed with alcohol and ether, and then dried. The
main component of this protein was myotelin.

These two kincs of fish meat protein were not purified proteins containing
only = single component, but they may have several kinds of protein in their
componenis. The author hss used thess protein for a first preliminery test to
compars with the sample of gelatine in order to study Bound Water in the
marine animal meal protein. In the present experiment, to 2~3 gm of the
sample of protein wzs ndded an adequate volume of distilled water and then the
sample was allowed to absorb water sufficiently to make up an 80~9095 water
content. At the time of the experiment with the NaCl added protein, to the
dried protein was added the calculated amount of NaCl (J. P.) in the percentage
of weight 28 well as the sample of gelatine added with NaCl

(C) Fish Meat Sample.

In crder to compare the results obtained from the fish meat protein with the
resvlt from the raw fresh Atka Mackersl meat (Pleurogrammus azonas JORDAN et
METZ) ot 15°C in Experiment [, I, the author has carried out the experiment at
10°C using raw Atka Mackerel meat

(I) Experimental Method.

(A) Vapour tension method.

The method of deftermining vapour tension of water in the sample was the
same as that described in the Experiment I, I, in the previous paper.®

The temperaturz of the determination was 13°C and 8° (41°C) for the samples
of gelatine, and 15° and 10° (3-1°C) for the samples of fish meat protein and raw
fresh fish meat.

After the determination of the vapour tension of the samples at their every
water-content, the weights of the samples were once estimated.  After the last
determination of the vapour tension of the samples, they were dried in the drier
at 106°~110°C, and the constant weight of every sample was determined by the
usual method. From those data, the values of the water-content of every sample
were reckoned at each time of the estimation of the vapour tension.

The method of determining the vapour tension employed by the author is

supposed the best method for the easily denaturizable and dezomposable samples
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such as the protein or the living matter, because the dehydrating velocity is
high and the dehydration is done at comparatively low temperature. The de-
hydration from the sample is done in a definite time at a definite lower tempera-
ture by the rotary oil vacuum pump. ‘

But on the other hand, that there is certain fault in the method yielding
some error is supposed in the estimation of the water-content. However, as this
method gives values the same as those obtained by the usual vapour tension method
using adsorbents (or desiccating agents) such as sulphuric acid"*®, calcium chloride
or sodium bromide®™ taking a long time, the author has thought this method
sufficiently applicable to determination of the amount of water in the samples.

(B) FElectrical resistance method.

The values from the method by electrical resistance for the samples of No. 2 and
No. 3 gelatine and the samples of No 2 gelatine to which NuCl was added in the pro-
portion of 0.3 and 2595 respectively to the dried matter wers obtained in the same
way as described in Experiment [f.1, of the previous paper. The electrodes used in
this experiment were made of brass 0.7 cm. in length and 2mm. in diameter; the
distance between the two electrodes was 2.3 om. Estimates were made at a
temperature of 16°C. Electric current was 50 cycles A. C. The type of electrieal

resistance was Wheatston’s bridge.

(H) Arrangement of the experimental results.

As in Experiment- I, 1, described in the preceding paper®™, the water-content
“g” —water-activity “a” curve (strictly speaking, water-content “g” —rolative
vapour pressure "p/p,” curve) assumes a S-shape as a characteristic.

The pert of A of the curve where the range iz 0.1~0.7 of the values of “a”
(or p/p,) and the part of C where the range is 0.2~0.0 of the same value, are
steep grade. The part of B where the range is 0.7~0.2 of the same value is a
gentle grade. In order to examine in det2il the properties of water at the parts
of B and C, the author has examined the thermodynamic properties of water in
the samples and analyzed the curves above obtained by B. E. T. equation.

(A) Calculations of the change of values of differential molal free energy, 4F,
differential molal enthalpy, 4H, and differential molal entropy, 45, at every water-
contents of the samples.

The water-content “g” —water-activity “a” corves obtained at the definite
temper.tures by the vapour tension method in this experiment perhaps indicate the
dehydrating process of so-called adsorbing isotherm which shows the relation of

adsorbed amount of water in the samples and the water-activities at the time
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when the values of adsorbed amount were given. ;
Therefore, when one mol of water molecule is adsorbed to an indefinite amount
of samples at various water-contents of the  samples, the change of value of
differential molal free energy is calculated by the following equation (3)
F°—F=4F=—RTlnp/p, = —RTlna - - - - - )
where, “F*” is a differential molal free energy when one mol of water is pfe-
sent in the pure phase (namely pure water) at the temperature of T°K. “F” is
differential molal free energy when one mol of water is present in the sample at
the same temperature. “R” is gas constant, “p,” and “p” are saturated pressures
of pure water and of water in the sample at the temperature of T°K.
If the water in the samples conforms to the rule of true solution, “p/p,” will
be shown as the water-uctivity “a” in the sample at saturated prossure “p”.
The change of the walue of differential molal enthalpy 4H per one mol of water

at the adsorption of wauter is caleulated by the following equation (4)™ :

— d 4F RT]Tg ( P2 Pi ) RTng 1 e
. _Tme_ K — 1z -4 S N < I W) Sk o B [NL.L
AH— T dT( T ) T1 —Tg lnpoz lnpol Tl —Tz nal (4)

where, “p;” and “p,” ere the saturated pressures of water in the sample and of
pure wator respectively st the temporaturs of T9K. "»,” is the water-activity of
water in the sample at T°K. . . .

If 4S5 is the change of valve of differential molal entropy per one mol of
water as well as JF ond 40 =t the time of adsorption of water in the sample
et T°K, thero is surely a thermodynamic functional relation among those values
of 4F, 4H and 48 as in the following equation (5):

AF=dH T4 -« - -~ -~ .- - - - - - (5)

When one wishes to calculate the values of 4F, 4H and 4S, one must
strictly give consideration of hysteresis and capillary condensation which are
widely recognized «t adsorption and dehydration isotherm. But in this experi-
ment, the author has employed the values obiained under the same dehydrating
process.  Although the values of 4F, 4H and 45 are commonly shown for each
and every water-content in the samples, the author has conveniontly shown the

relation among the values of 4F, 4H and 4§ for the water-activity "u” in the
sample,

(B) The anulysis of the water-content “g” —water activity "a” carve by
the B. E.T. equation.

There are five types as shown in Fig.11 for the relation between adsorption

e,

capacity “v” and equilibrium pressure "p” at the definite temperature which is
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generally found in physical adsorption phenomsnon*™, : :
: . ' S : Unimolecular  layer’s ad-
+ Fign. Genera/ forms of rsotherm of physical saplion.  gorption equation.(6) which
. ‘ was . offerad by Langmuir®®

in 1918 is fitted to the
- curve of I-type in Fig. 11,
.but not fitted to-the curves.

R

, Co « of the other four types:
voabp/(L48p) ‘= = = = = - v fe e e (5) -

>

whera “a” and “b” are constants.

However, in 1938 Brunauer, Emmett and Teller™ offered an .adsorpiion
isotherm, B. BE. T. equation fit for the five typoes in Fig.11, from dynamic
eonsideration, supposing the multimolecular. layer’s adsorption. As the detail of
the derivation of this B.E.T. equation has been explained -by Brunauor et al,
Keii®™, Suga“® and Higuch®™, the :uthor omits details and shows the equation

only 28 follows :

B/ (B=P) = /%t (B/p) = m e e e e ()

whera, p is ethbrmm pressure o:(' the s.:.mp]e, P, is the mtura.ted prassura

er 2

at the same temperaturs, “v” is adsorbed amount of water at pressure “p”, and Vo
18 adsorbed amount of water when the entiro adsorbent surface is coversd with a
complete vnimolecular la.yer, and “c” is » B.E T, consté.nt, this constant depends
on the kinds of the sample, but it differs somewhat with the estim‘atiuﬂf tenﬁ-
peratures, and it is supposed to be a kind of index for heat of adsorptlon The
constant, ¢, is supposed to be shown as equation (8) from the derivastion of
equatibn (M) i A o _
c=(a,8/b;) exp By —By/RT -« -« oo oo (%)
Where, “a,” and “b,” axe constant, which ure concerned in \ the entrance and the
exit of water molecules (that is the condensation and the, evaporation of water
molecules) at the first layér of the surfuce of the molecule of the adsorbad subst-
ances. “g” is the ratio of "2, to “by;” (a;/by), which is appropma.tely constant . to
above the 2nd layei-. Here a, and b, are constants at 2nd, 3rd, ---ith ---igth
layer, which ere similirly defined as “a,” and "b,” respestively. E, is tho hest of
adsorptmn at the first layer, and Ey is the heat of liquefuction at the satursted
pressure, “p,”. In the derivation of equation (8), it was supposed that the heat of
adsorption at the 2nd and higher Inyers(that is E,, E,~--E, -~ -E_)are the sime
a8 B, (E, i 9.7 keal/mol in the case of the -adsorption of water molecule). This
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is equivalent to saying that the. evaporation —condensation properties .of the mole=
cules: of water ot the second and higher layers are:the sime as those of the liquid:
state. ' ) . L ' .
Therefore, if it can be supposed that the COnstv«nts, “a” and “b?, are equal at
evey layer of i,,1,, ~~-i_,, the values of "a;g/b,” can be representéd. as..1, then
the heat of adsorption (E,—Ep) or B, will be calculated -by the equation (8).
~'B:E.T. equation (7) as above mentioned was offered to the ~multimolecular
. layers -adsorption, but if the thickness of the adsorbed . layer cannot exceed some.
def'unte fiumber, n, the following equation {9) is offered instead of equation (7): -
) - . _VmexX il ~n+1 xn+nx:n+1} LT © .
1-x { 1li(c—xj—cx"*! : . o

Where “x” is ];)/p0 . . ,
~ o equation (9), if the pumber of. layers, n, is equal to 1 (tha.t is, the adsorp—
tlon is ended at ummoleculer layer) equation (7) is represented as the following
equation (10). ‘ . , ‘
V= (0B (140 (/D)) == == = = = = = - == (10)
This. equation (10) is the same as Langmuir’s equation (6) which was of fered
toi the unlmoleculcsr la.ver s adsorption. : : ‘ o ) .
.. The explana.tmn above stated is an outline of B. E L equation. It is clear
from equation (7). that a plot of “p/v (p P)” against “p/p,” should give a straight

3

line, whose intercept is "'1/,v,,,<; and whose slope is "(c—1)/v,c”. From the slope

e

and intercept, the two constants “v,” and "¢” can be evaluated.

~--The Water—content rg”— wator—activity “a” curve obtained by the vapour
tens;lon mebhod in this experiment is the [-type shown in Fig. 11, that is to say
a, S-type curve. In. thls cagse E; is larger than Eg, but when E; is smaller than
EL, the curve takes the I-type as shown in Fig.11. ‘ '

" Rega,rdmv the theory of B. E. T equatlon, wany discussions have been presented
by ma.ny 1nvest10ators especially nguchl“*b) hes compared this theory of B.E.T.
equa.tlon with the capillary condensation theory which he hinself had asserted ;
he hes pomted out that the B.E. T theory is not yet complete, and it is open
to discussion. _

~ Next, if the amount of Water vV~ necessary to cover the entire surface of the
moleoule of the sumple with ummolenular water layer is.determined, the surface

e, 2

area s f)er unit of adsorbed substance will be calculated from the equation (11)*:
g=—TmBm L alll.-o--= 1))

- where,"N” is Avogadro number, "M” is the molecular weight of the substance
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which was adsorbed to the ssmple (when the substence is water, M is 18), s>
molecular sectional area of the subsiance which was adsorbed (when the substince
is water, “8,” is 1045x 10" ¢m?).

When the amount of the adsorbed subsiance “v” which w.s obtained from this
experiment (in this experiment it is shown as the amount of waber per gm of
the dried matter of the sample “g”), the equilibrium pressurz of water in the
sample, p, and the situr.ted pressure “p,” of pure water ot the s:me temperature
are substituted respestively into the equation (7), and then the relstion betwean“p/g
(pep)’and”p/p,” shows as traight line, the values of “v,,” and "¢” will ba determined.
When the values of “v,,” and “¢” are substituted into the terms of "v,” and “c¢” in
the equation (9), and the curve of the relation batwean the vilues of “v” (that is

g”) which are the amount of the adsorbed substince (Whon the adsorbed layer
“n” i8 1,8, 3---i---i_)and "p/p,” (that is "a”), is comparsd with the observed
curve of water-content “g”-—water-activity "a”, the approximata number of the
adsorbed layer, n, will be determined by the ressmblance of the curve to the
observed curve.

However, in the case of substituting the values of “g” and “p/p,” (or a”)
in equatlon (7), Briggs®® has said that if the estimated Va.lue of “p/p,” (or “a”)is
below 0.2, the error of the estimation
is too large. So if the author plott

Figd2. Ya—a corves yor

30l ’u} t9c samples of gelatine (3% 3.0 the value of "'g.po/p” against the value

, of “p/p.” according to Bull®®, the curve
14 L1 IIIZZ:::::Z;;Z;ZK i is a parabola as shown in Fig. 12. The
Nacl (03%) author extrupolitad an end of this

Deurvex—1xo2 gelatine perabola from 0.2 of the value of "a” to

TNACI (253
0.0, and obt.ined the values of “gp,/p”

corresponding to several points in this
curve which shows below 0.2 of the
value of “2”, 2nd then calculated the
values of “g” multiplying them by
the values of “p/p,” (or "a™) correspond-
ing to thoss points. These values of

"g” were substituied in equation (7).

(C) The roletion between the

estimpted amount of water
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and the calculated amount of water corrssponding to every water-nctivity
in the sample to which salts are added. '

As stated in Experiment W, 1™, from the supposition that the difference
between the cstimated amount of water g, ., per gm of the bone dried sample
to which salts are added corresponding to a water-activily "a,” and the estimated
amount of waber g; 4, per gm of the bone dried simple to which no salt is added,
is the amount of water which hydrates with the added salts showing the same
water-activity, the zuthor hes obtuined in similar calculation with Experiment
H, 1 in the provious pipsr, the theorstical curve of waber-content "g” —water-
activity "a” in the sample, to which salts ara added, on the b2ss of the curve of
“g-—a” in the sample to which no s:lt is added.

The author compared this theoretical curve obtained by calculation with the
curve of “g-—a” in the sample to which salts wre 2dded. Here, the equivalent
weights of salt (m/M, “m” is the quantity of s:lts added per gm of the dried
matter of the sample. “M” is the molecular weight of salt) are as follows :

(a) NaCl was added in proportion of 0.3%5 to the dried matter of the sample
of No. 2 gelatine (at 13° and 8°C)

-------- 0.0513 x19~* Mol NaCl

(b) NaCl was added in proportion of 25% to the dried matter of the sample
of No.2 gelatine (at 13° and 8°C)

________ 4.276 x 10~ Mol NaCl

(¢) CoCl, was added in proportion of 2795 to the dried matter of the sample
‘of No. 2 gelatine (at 8°C)

-------- 1.956 x 10~* Mol CoCl,

(d) NaCl was added in proportion of 12.779; to the dried matter of Squid
mest protein (at 13°C)

-------- 2.183x 10~% Mol NaCl

(2) Experimental results and Discussion.

(1) Results and Discussion on gelatine.
(A) Experimental results.
The experimental results and the arranged results ars shown as in Tables 13
~17 and in Figs. 13~18.
The sign A in each Table and Fig. indicates the sample of No. 2 gelatine, B
the sample of No. 2 gelatine to which NaCl was added in proportion of 0.39; to
the dried matter of the simple, C the sample of No. 2 gelatine to which NaCl was
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Table 13. Relation between the values of water content “g” and water-activity “a” of the samples of gelatine.

Sample A Sample B - T Sample C SampleD | ‘Sample E
: o (NaCl was added in the proportion |(NaCl was added in the proportion [{CoClawas added id thepro- = - )
No. 2 gelatine) of 0.3%4 per gm of bone dried No.2 ' of 25% per gm of bone dried No.2 |portion of 27% per gm of}” (No. 3 ‘gelatine)
. gelatine) " - | gelatine) - |bone dried No.2 gelatine) | N
. _ o 13C (po =1.1231 . - ey o P
8'C (po = 08045 cm. Hg) 8C !cm_ i 8¢C 13 8C 8C . S 13°0
':t:g 5.‘:%@,( a {or p/pa) .
(gmiof i water, (water-activit o ) . = . .
per g‘m of bone, of water iny g a g a g a g a g a g | # 8- a
dried gelatine) ) the sample) . . L o ;

270 0.979 269 | 0977 | 987 | 0994 | 292 | o016 | 838 | 0930 | 3.23 - 0974 | 402 |0987]3.107]0.96¢
1.63 - :0.956 0.92 0850 4.00 0.994 1.38 0.821 4,05 0.922 1.72 0.844 2.7t | 0937 1.93, | 0.950:
0:96 - 0.914 0.60 0.787 1.82 0.983 1.11 0.731 2.26 0.890 1.19 0.731 2,02 {0892 0,98 | 0.935
052 - - 0.792 0346 0.677 124 0.934 0.795 0.602 1.29 -0.800 0.86 0.620 1.23 | 0.908{ 0.556 | 0.909"

0333 0.674 0.250 0.438 0.70 0.874 | 0.646 | 0556 0855 | .0.68!1 0.646 - 0572 - 0.829| 0.874] 0.334 ; 0.789
0.258 - 0.468 0.181 0.105 | -0.37 0.724 0.583 0.554 0.738 0.673 0.589 0.530 0.735| 0866 0.258 | 0.659

. 0.256 -0.415 — T 0.275 0.548. | 0.467 0.385 | 0.6%44 0.639 0.556. 0.495 0476 0.816) 0,205 | 0.409
0.215 - 0.324 — — 0.223 0.330 0.435 0.407 0.533 0.530 0.555 0.495 . 0-388 | 0.754| 0.158 | 0.114
0212 0.260 — — 0.210 0.181 0.362 0.287 | 0.403 | 0.353 - — 0.223| 0451 | — _—
0.192 0.16%4 — — — — - - 0376 | 0.223 - — 0.146| 0.128¢ - —_

ht - = — Z — — - — = — - 0.126| 0074| — | —
Table 14. Relation between the values of water content “g”, and of water-activity “a” with the values of 4F,

“AH aud 49 of the samples of gélaﬁne_ at 13°C.

g " cflfmon A (keal/mol) 8 ~13C B AT (cal/mol)
a , ‘ LT .
. ] Sample A, . . : X

wrp/w) ‘A B | ¢ | ol B |BOD| A | B | ¢c | p|E|A|B| ¢ | D|E

. o : : C |l and Be |0 A ’ : L
0.1 0.165 |/ .0.180 | 0267 | 0280 | 0.140 130 | 125, | 410 | — — 1.4 392 | 98 — Z | 445
J02 | 089 | 0201 | 0363 | 0325 | 0.178 052 | 737 |. 335 - — 877 | 223 | 85 | - — 274
403", | 0206 | 0219 [ 0.400 | 0.410 | 0.199 070 | :712 |.273 | 107 | — | 660 | 224 | 71 | 13.1 — | 203
“04 | 0221 |, 0239 0435 | 0465 | 0210 |- 052 | -7.12 | ‘220 | 204 | 18 | 7H | 231 59 | 53 45 | 230
05~ | 0243 | 0268 | 0502 | 0523 | 0219 |, 040- | . 635 | 204 | 214 | 322 | 635 | 208 | 57 | 61 98:| 208 -

0.6 | 0270 | 0304 | 0613 | 0586 | 0.232 030 649 | 260 | 266 | 485 | 580 | 216 | 80 83 ' 159 | 192

0.7- | 033 | 0354 | 0820 | 0700 | 0.274 0.20 312 | 208 | 225 | “545 | 340 |° 102 | 69 72 | 183 ] 112
08 | 0456 | 0472 | 1.185 | 099 | 0.360 0.13 167 | 177 | 160 | "427 | 270 55 | 58 57 1442 90
09 | 0760 | 0815 | 242 | 1.80 | 0588 0.06 147 | 187 | 101 | 249 | 215 49 | 63 33 85 | 73
095 | 1150 | 1.275 1 — "| 230 | 1.93 0.03 0.80 |11 = — | L2 27 | 62 = — 7 42




Tn.ble 15. Relation between the amount of water (%) and the electncal registance (50
cycles) of the samples of gelatine. (Estmmtmg temp., 158°C)

Sample B  Sample C Sample E
T.W. ER. ' ~
(Total water |(Electric resis~ T. W. E. R. T. W. E. R. T. W. E. R:
content in ‘%) | tance in K1) ] ' : :
9.83 23 98 0.27 257 85 64.13 1.55
9,08 0.8 88.7° 0.09 2.0 239 59,0 2.10
8.17 0:55 67.5 0.05 21.5 160 55.9 1.95
6.85 0.80 59.5 0.065 21.2 380 522 2.70
5.40 1.33 47.5 0.115 21.1 290 473 2.80
5.23 1.10 369 0.200 20.9 700 418 4.0
4.80 2.70 35.2 0.250 20.4 ° |1,200~2000" 37.4 5.5
3.96 9.0 330 0.85 200 1, 302 15.5
3.61 160 319 13 - — 18.4 470
3.26 75 30.2 2.2 — — 149 8,000
2.84 300 28.7 25 — — —
2.70 450 27.9 43 — — - —
2.30 1,000 over 26-9 56 — — — —_
Table 16. Ann.lytlcal results of the "g—a” curves of the sample of gela.tme
by B.E.T. Method.
Estimating E1-E5, E4 [
Sample temp. ("C) m V! ¢ (kcal/mol) | (keal/mol) (m2/mg) . Vo/[Vim
13c 0.179 0.280 42 378 , 1.56
A & 0.18 | 0305 38.1 388 1353 0.645 164
13 0225 | 032 28.1 3.40 o0 | 145
B 8 0230 | 0352 34.1 3.54 13.17 0.980 153
Cand D | 13 0:8C | 0353 l - 0530 190 3.0 127 1.240 1.50
13 0.172 0.350 245 3.5 1.45
E & 0.196 | 0.260 180 2.50 128 0.650 133
Katz(100) 23° | 0.170 0.294 ] 785 ‘ 220 119 ‘ 0600 | 17
Ball 3 25° i 0.0873 | 0.141 174 ‘ 304 12.74 [ 0309 | (1.62)
Table 17. Ratio of the theoretical amount of water “geaz.” to the observed amount

of water “gue.” of the sainples of gelat.iue to which salts We're added.

Water activity Sample B Sample C Sample D
'l'a’, - -

(I3C or 8°C) 13°C 8°C 13°C 8C 8°C
0.1 0.922 0925 0.903 0.921 0832
0.2 0.946 -0.948 0.815:. ° 0.840 0.750 .
03 0950 0.986 0855 0.888 0.762
0.4 0.934 0.987 0.915 - 0.934 0.760
05 0.918 - 0975 0.944 0.930 0.760
0.6 0.901 ~0.945 0.946 - 0.872 0.707
0.7 0.945 0.960 0942 - 0.864 0.659
0.8 0.981 . - 0910 0.980 0.888 0.703
09 0.954 = 0922 —
0.95 0.931 —_ : —_ —

Average 0.938 w0955 - 0.904 . 10892 . 0.742.

- Note :

the previcus Exp. ;-] .38
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The average value of gZcacl. [Zobs. Of the sample D at 13°C was 0.848.as shown in Table 6 of
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added in proPOrtion of 259 to the dried matter of sample, D indicates the sample
of No. 2 gelatine to which cobaltous chloride was added in proportion of 279 to
the dried matter of the s.:.mple, E the sample of No. 3 gelatine.

Tuble 13 shows the relation between the water content “g” (the a.moun'b of
water per gm of the dried matter of the sa.mplé of gelatine, gm) and the water-
activity “2” in the sa.xﬁple. ' As the experimental results for the samples of A
and D 2t 13°C have been previdusly desoribed in the Experiment II, 1, so they are
omitted here.  The results shown in Table 13 were plotted as in Fig. 13. The
curves I, I, li, IV and V in Fig. 13 are the experimental results for the samples
of A, B, C, D and E ut 18°C respectively, and the curves 1/, [/ and I’ are the
results for the saumple of A, B, C at 6°C respectively. The results for the sample
of D, E at §°C are omitted in Fig. 13. :

Table 14 shows the relation among the values of 4F (13°C), 4 (13°~8°C) and
48 (13°C) which were calculated by equations (3), (4), and (5) from the estimated
curves of each sample at 13°C and 6°C shown us in Fig. 13, and the water-content

” of each sample and the water-activity “a” in each sample respectively. The
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relation between the water-scontent “g” and the valuss of 4F which .are shown in
Table 14 is shown as Fig. 14. The relation between the “g” and the value of
4H is shown s Fig. 15, The relation betwesn the value of 43 2nd the water-
activity “a” in each smmple is shown in Fig. 16, in exchange for “g” shown s in
Fig.15. The relution between the value of 48 znd the water-zontent “g” is the
s:me 8 the relation between the value of 4H and "y”, so the Figure to show that
relation is omitted here. Table 15 shows the rel:,tlon bstwesn the amount of water
in every sample of B, C end E (total amount of water 25) and the elestrisal rasist ince
of 59 cycles(Kn). The results in Tzble 15 were plotted as in Fig. 17. In Table
15, the experimental results for the sample of A and D wers omitted, because the
results for them have praviously been shown in T1zable 4 in the Experiment [, 1%,
The curves I, I, l, IV and V in Fig. 17 show the expsrimental results for e:ch
sample of A, B, C, D and E respectively. Tuble 16 shows the values of B.E.T.
constant, ¢, the amount of the adsorbed water, ncaded to cover the surfice of the
gelatine molecule with unimolecul.» wuter layer, v, the spparent hext of adsorption
E,—E;, the heat of adsosption at the first layer, E, and the adsorbad craa of
surface, s. The value of “v,/” which is shown in the 4th column of Table 16 is the
value of the water-content “g” at the minimum point of the curve of “g/z—g” as
shown in Fig.12. (In Fig. 12, the value of “v,’” was shown as vo'(A), v,/(B) and
v/(C) for the curves I, T snd K for each sample of A, B and C respectively.) The
author has added to Table 16, the anlayzed value by B.E.T. equation from the
experimental results which wers obtained by the vapour tension method by Katz '
on gelatine at 23°C, and the values of experlmental rosults obtained by Bull®’ on
gelatine at 25°C. Fig. 18 shows the ralation between the values of p/g (ps-p) and
P/Po of each sample which were obtained from the results shown in Fig. 13. (In
the equation of B. E. T. the sign of "'g"’ is shown as "v”). The curves shown in
Fig. 18, which show the relation as above stated, ave the straight lines in a definite
range of the value of “a” (or “p/p,)”. This fust shows that the equation of B. E. T.
(7) is certainly apphca.ble to these relations. In .Fig. 18, the curve V] was obtained
from the results of Kutz. The enalyzed results of each sample of B, C, D and E at
§°C were omitted.

Table 17 shows the ratio of the theorstically calculated water content “g.,.”
as above stated to the observed water content “g,.” st each water activity of exch
sample of B, C and D to which the s:lts were added. The rasult for the s:mple
of D 1t 13°C wus already proviously shown in Table 6 in Experiment W, 1% go

the results are omitted from Table 17.
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(B) Discussion on the experimental results on gelatine.

From the experimental results obtained, the author will discuss separatlely
- the following themnes : (a) On the samples of gelatine No. 2 and No. 3 to which no
salt is added (samples A and E), (b) On the samples of gelatine No. 2 to which
salts are added (samples B, C and D). |

(a) Discussion on the samples of gelatine No. 2 and No. 3 (samples A and E).

(i) The relation between the water-content “g” and the values of 4F and 4i:-

When the “g—a” curves for the same sample which were obtained at 13°C
and 8°C were comparad with each other, a little difference is seen as shown between
the curves I (or I, M) and curve [’ (or I/, ') in Fig.13. That is to say, the “g
—a” curves which were obtuined at lower temperature slipped down to the right
hand of the “g—a” curves which were obtained at higher tempersture (when we
compsre the curves st the ssme water-activity, the curves at lower tempersture
are situated sbove the position of the curves at higher temperature).
| However, when the water-activity “a” is mora than 0.9, the water-content “g”
of the curves obtiined at higher temperatures is sometimes larger than that of
the curves obtuined at lower temper.tures at the same water-activity.

This fact will be becauss when the temperaturs is higher, the thermokinetics
of water molecules becomes energetio and the active surface of adsorption becomes
newly larger at high moisture.

From that fsct, it may be supposed that these thermal phenomena are due to
the change of the thermodynamic function. ' '

In the rolation between the water-content “g” and the value of 4F zs seen
from the curves I and V for each sample of A and E respectively in Table 14, as
the water-content “g” is less, the value of 4§ becomes gradually larger. When
the value of 4F shows 0.1~0.2 keal/mol, and when the "g” is less than 0.5~04,
the value of 4F increases rapidly. At the time of decreasing of the amount of
water in the sample, the difference, “4F”, between the differential molal firee
energy “F°’ of pure water and the differential inolal free energy of water in the
sample F, is supposed to be small, while the water in the sample has properties
of Free Water. But when the water in the sample loses properties of Free
Water, 4F is supposed to be naturally larger. = From those facts, the water, of
which the water-content “g” is less than 0 3~04, certainly hus no property of
Free Water.

When the water-content “g” is 0.3~04, the electrical resistance of 50 cycles

is on the rapid increase s shown in the curves I and V for exch sample of A
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and E in Fig. 17.

In the relation between the water-content “g” of the samples and the value
of 4H in Fig. 15, with the decreasing of the water-content “g”, the value of 4H
increases gradually as shown in the curves I and V. When the wateor-sontent
"v ? is less than 0.3—~0.4, the value of 4H shows 2—~3 kcal/mol. And when the
water-content “g” is less than 0.3~0.4, the value of AH incraases suddenly, as
well as the change of the value of 4F.

- Itisa noteworthy fact that when the Water—°0ntent “g” is in the neighbour-
hood of 0.2~0.3, a step is recogmzad in the curve of "4f — —-g”. This fact was
also recognized in the samples of both No.2 and No.3 gelatine. From the ralation
“a” wnd the value of 4H which was shown us curves
1 and V in Fig. 16, the value of AH is observed to be a definite value of 5~7
kca.l/mol at the part of B of which range of the water-activity “a” is 0 7~02.
But the vd.lue of 4H is observed to be 0~38 koal/mol 2t the part of A of which

the range of the water-activity "a” is 0.7~1.0. On the contrary, the valus of 46

between the Watel‘—wc‘ﬁIVIty

is observed to increase suddenly uat the part of C, of which the water-activity
“a” is less than 0.2, for eximple the value of JH is 12~14 keal/mol in the
neighbourhood of 0.1 of the water-activity "a”. Thosa facts will he dissussed by
comparing with thevanalyzréd results by B.E.T. equation in the following ssparate
article.

Next, the author will compare the experimental results as above stitad with
the results obtained by other investigators. Katz"> has comparsd the values of
4F and 4H in the various high molecular substances, and he has concluded that
the valves of 4F and 4H are almost the same, and there is no change of entropy
of that substances at the time of the adsorption of water molecules. But Fricke®®
et el. have made it clear that the entropy of the substances increzsed with the
decreasing of the water-content for the s:mples of cusein and keratin. In the
experimental results of the author for the sample of gelatine, it has besn recognized
that the entropy of the substince (the differsntial molal entropy), in-re:sed with
the decressing of the wuter-content. Rosenbohm(® has estimated dirscily the
value of AH of gelatine by the ice-calorimetric method, and has said that tho limit
value of 4H in the extreme drying is 4 keal/mol. Rosenbohm’s value is not a
differential molsl enthalpy as the author’s results, but 4 keal/mol of the value of
4H corresponds nesraly to 0.3 of the water-content “g” (2395 of the total amount
of water).” This fact shows that in Resenbohm’s experiment, Bound Water which
is strongly combined with the sample perhaps was not completoly dehydrated from
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the sample, because the sample was dried in room temperature.

According to Bull®, the value of 4F is 1.537 kcal/mol; and- the value of A4H
is 38 koal (at 25°C) in gelatine. But the values of 4F and JH vary with the
change of the water-content, and ther> was no detailed resalt co_ﬁcerning this point,
so it is difficult to compire these results with each other. However Bull’s
consideration was concerning the water in gelatine of which the water-activity is
less than 0.7, so the value of 4H of water in the part of B on the "g—a” curve
of which the water-activity is 0.7~0.2 is supposed about 4 keal —Then the valua
of dH which was 3~7 kcal/mol in the range of 0.7~02 of "a” in the author sb
result is nearly in agreement with Bull’s re esult.

(ii) Consideration of anslyzed rosults of the “g —a” curve by B.E.T. equation.

In the relation between the water-activity “a” and “p/g(p,p)” as shown io
Fig. 18, if the wateractivity "u” i8 within the range 0.05~0.2 (or 0 3), -each
sample shows a straight line, but if the water-activity “a” is less than 0.05 or
is larger than 0.2~03, the angle of inclination of the lines increases rapidly.
This fact is recognized as follows: when the molecules of the protein hydrste
slowly from the -bone dried stage, the hydration follows a path to adsorbing prosess -
forming many new active surfauces of adsorption.

The author has shown the curve which was analyzed from Ketz’s experimental
results &t 25° by the B. E.T. equation (7) in Fig. 18. Supposing from Table 16
and Fig. 18, as shown in the curves of 25°C, 13°C, onz racognizes that thers are
differsnces among tha values of B. E.T. constint “c¢”, the values of heat of adsorp-
tion “E;—E.;” or "E,” according to estimating temperaturas.

As shown in Table 16, v,, which is adsorbad amount of water when the éntire
adsorbant surface is covered with a complete unimolecular wabar layer, was average
0.183 gm per gm of the dried matter of No.2 gelatine, 0.184 gm par gm of dried
watter of No. 3 gelatine.

The values of apparant haat of adsorption, “E,—E;” of No. 2 gelatins and No. 3
gelutine wera 83~14 koal/mol, the value of hest of adsorption at the first layer of
the adsorption, E;, was 12~14 kcal/mol. When thosa value  obtained by the
author ars compared with the values obtzined by Katz and Bull, regarding to the
valua of “v,”, Katz’s value was 0.170 gm per gm of the dried matter of gelatine,
which agrees with the avthor’s result; but Bull’s value was 0.0873 gm per gm
of the dried matter of gelatine, which corresponds to a half of the values.of Katz
and the author. Regurding Bull’s result, the:present author can not entor into
det.iled ‘discussion only from his paper. Rogarding valves of "E,—B.” the results
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obtained by Bull and by the author are almost the same.

795

The values of “v,/” which are recorded in the 4th column of Table 16 are the
valves of the water-content “g” which are corresponding to the minimum value of
“g/a” for the curve of “g/a—a” in Fig. 12, The minimum points of the curves
"'g/a—a” for all the samples are situated in the range of 0.6~0.7 of “a”. The
ratio of "v_/” to “v,” is aboﬁt 1.5 on the average.

According to Bull, at the time of the adsorption of water molecules by the
prbtein molecules, the amount of water needed to form a layer of one molecule of
water as the first step of the adsorption to the hydrophilic surfaces which are
linked cohering with each other in the molecule of the protein, is shown as Vm;
At that time, one molecule of waber links with those hydrophilic surfaces with
hydrogen bonds. With the advance of hydration, as the second step, while the
amount of water which corresponds to “v,/” (it is about twice “v,,”) is adsorbed, it is
believed that the two molecules of water enter between the hydrophilic surfaces
which are sitvated among the molecules of protein, and are linked with the protein

forming so-called water-water bridge.

According to BulPs results, the ratio of “v,/” which is obtained from the minimum

24

point of the “g/a—a” curve, to “v,” which is obtained from B.E.T. equation is
1.62 for the sample of gelatine. - The author has also obtained about 1.5 on the
average for the gelatine, so this value agrees with those of Bull and Katz,
Katz®™ and Spousler®® have recognized from the result of diffraction by x-ray
on the gelatine, that when 0.18 gm of water per gm of the dried matter of gelatine
is adsorbed, one molecule of water enters among the side chains of the molecules
of gelatine and it links with hydrophilic radicals in both the side chains of the
molecules of gelatine by hydrogen bonds; and when the hydration advanced and
0.5 gm of water per gm of the dried matter of gelatine is adsorbed, one molecule
of water enters among the main chains of the molesule of gelatine, and two mole-
cules of water enter among side chains of the molecules of gelatine; and when the
adsorbed amount of water is larger than 0.5 gm, the image of the diffraction by
X-ray shows already no clear ring and the arrangement of molecules in gelatine
is abnormal. Considering the facts as above stated and the results obtiined by
the anthor and by Katz that the value of “v,” is about 0.17~9.19 as the water-
content “g”, the value of E, is 12~14 kcal/mol, and the energy of one hydrogen
bond is about 5 kcal/mol, one molecule of water is supposed to link with both
molecules of gelatine by two hydrogen bonds in the part of Cin Fig.13. In the
range of 0.17~9.3 gm of the water-content “g” of Fig. 13, that is to say, in the
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range from “v,” to “v,’/” (the part of B whose water-activity is 0.2~0.6 of "a”), two
molecules of water are supposed to enter in the molecules of gelatine to form so-
called water-water bridge, having one hydrogen bond (This is supposed from the
value of “E,—E;” is 3~4 kcal/mol) This conclusion is also obtained from
fact that the the fact that the change of the value of differantial molal enthalpy,
4H, is 3~T7 keal/mol in the range of 0.2~0.7 of “a”| It is reasonable that water
which is situated in the part of B and C of the “g—a” curve which was obtain-
ed by the vapour tension method [the value of “a” (or “p/p,”) is less than 0.7] is
so-called molecular theoretical Bound Water from the idea of hydrogen binding.
The adsorbed aroa per unit of gelatine "s” is 0.6~).65 m*/mg as shown in
Tuble 16 by the author and by Katz, and about 0.3 m*/mg by Bull. The difference

of these valucs and reasonablencss of these values are resarved for further studies.

(b) Discussion on the sample of gelatine to which silts were added.
(i) Relation of the water-content “g” to JF and 4H.

It is clear, from the 1st to 7th column of Table 14, and the curves I, I and
IV in Fig 14, that the value of 4F increases with desreasing of the water-content
“2” in both cases of the samples of gelatine to which salts are added or not added.

For example, when the water-content “g” of sample B (to which 0.3% NaCl
was added) is 0.3~0.4, the value of 4F shows 0.1~0.2 kcal/mol, and when the
water-content “g” of sample C (to which 2525 NaCl was added) and the samplo
D (to which 2795 CoCl, was added) is 0.6~0.8, the value of 45 is 0.2~0.4 kcal/mol,
and when the water-content g™ is less than 0.3~~1.4 or 0.6~7.8 respectively, the
value of 4F increases rapidly.

In comparing the values of 4F with the same value of “g”, the larger the
amount of the added NaCl is, the greater the value of 4F becomes for the samples
of B and C. This is due to the fact that a part of water which was present
initially in the samples of gelatine hydrates with the salts (NaCl or CoCl,)
which were added.

In the relation between the value of 4H and the water-content “g” of Table
14 and the curves I, @I and IV in Fig.15, it is observed that the values of 4H
increzse gradually with initial decreasing of the water-content “g” and afterwards
the value of 4H decra:uses for the samples of C and D. For example, when the
water-content “g” is 0.6~0.8 (total amount of water is about 32~—449%), the value
of 4 shows temporarily the maximum value, and then the value of AT decroases

with the decraasing of the wuater-content “g”, and when the wator-content “g” is
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0.3~04 (the total amount of water is about 23~28%), the value of 4H shows
negative values. The maximum value of 4H is about 2.5 keal/mol for the sami)le
of C and is about 5.4 kcal/mol for the sample of D, The decre:sing of the
water-content “g” below the value of “g” which corresponds to the maximum
value of 4f, is due to the heat of combination of NaCl with water. That is to
say, 8 the heat of dissolution and the heat of dilution of NaCl in water ara
winus, the NaCl adsorbs the heat which was given out from the gelatine.
Therefore the value of 4H -of the sample to which NaCl was added is less than

that of the sample to which no NaCl was added.

When the value of 4H decresses further with decreasing of the water-content
"g”, the value of 4H becomes minus, and the sample to which NaCl was added shows
the endothermic reaction. When the water-content “g” of gelatipe is in the
neighbourhood of 0.3~—0.4, the gelatine to which NaCl wuas added attains alrexdy
a solid state, and the electrical resistance of the gelatine is on the way to rapid
increase with the decreasing of the water-content “g”, as shown in Fig. 17.
Therefore the dehydrating ability of NaCl for water in gelatine becomes stronger
in the néighbourhoqd of 0.3—0.4 of “g”, and NaCl perhaps scrambles for water
which is hydrated with gelatine. The value of 4H of B sample of No.2 gelatiné
to which NaCl was added in proportion of 0.39 to the dried matter of the sample,
a8 shown in curve I in Fig. 15, is larger than the value of JH of curve 1 of A
sample of No. 2 gelatine to which no NaCl was added, when these samples ara
compared at the same water-content “g”. This is perhaps because a part of
water in gelatine hydrates with NaCl, and the amount of the water to be bound
with gelatine decreases, therefore the watar-content “g” decreases and the value
of 4H iucreases relatively.

Similayr - conclusion is based on curve IV of the sample of No. 2 gelatine to
which CoCl; was added.  That is to say, the value of 4H of the sz2mple to which
CoCl, was added is larger than the value of 4H at the same water-content of the
sémple to which no CoCl, was added, even after the addition of CoCl,. It was
not cleay for the sample of No.2 gelatine to which NaCl was added in the pro-
portion of 2594, whether the same conclusion can be given.

From Fig 16 which was shown as the ralation between the water-activity
“a” and the value of 48 changing from the relution between the water-content *g”
aud the value of 4H, the value of 4H is 2~3 keal/mol for the sample of B
at the par{'. B shown in Fig. 13, that is to suy, the water-activity is less than 0.7.
This value of 4H is less than the value of 4H for the sample of A (curve I) to
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which no NaCl was added and for the sample of E (No.3 gelatine) (curve V).
This result is in agreement with Lloyd’s“ opinion that the presence of electrolyte
such as NaCl in the protein weakens the electrostatic attraction among the side

chains of the molecules of the protein.

(i) Discussion on the analyzed result of the curve of “g—a” by B.E.T.

weethod. ‘

As shown on the curves I, Il and IV in Fig. 18, when NuCl was added to No. 2
gelatine in the proportion of 0.3%% (in the case of sample B) and 25% (sample C),
or CoCl, was added in the proportion of 279 (sample D), the relation between
“p/g(po~p)” and “p/p,” shows the linear function when the range of the water-activity
“a” is 0.05~0.1 (or ~0.21) as well as the samples to which no salt was added.
But the greuter the amount of added sults, the smaller the angle of inclination of
the line is. Therafore the curves 1, | and IV are located under curve [ which
shows for the sample to which no salt wus added. Therefore the value of B. E. T.
constant “¢” which was calculuted from the B. E.T. equation from the rolation
of lines, becomes smaller as shown in Table 16, and each value of the heat of
rdscrption of “E;—E;” and E,; becomes smaller.

On the other hand, the larger the amount of the added salts is, the greater
the vzlue of “v,,”becomes, e¢. g. the value of “v,” was 0.18~0.19 for the sample of
No. 2 gelatine (A) to which no salt was added; it was 0.22~0.23 for the sample
(B) to which NaCl was added and it was about 0.35 for the sample of C, D, to
which NuaCl or CoCl; were added in the proportion of 259 or 279% to the dried
matters of the samples respectively. The value of “v,,” perhaps includes the amount
of wuter hydrated with salts. The amounts of water hydrated with the added
salts were calculated from equations (10) and (11), supposing that all the added
salts are dissociating {in 1009) in the samples : 0.0018 gm for the sample of B,
0.07~0.1 gm for the samples of C and D. Even if the amounts of water hydrated
with added sults are subtracted from the values of “v,”, the remainders are larger
than the values of “v,” of the samples to which no salt is added, perhaps due to
the abnormal decressing of vapour tension by the addition of salts, that is to say
due to the zbnormal decreasing of water-activity “a”. However, the increasing
of the value of “v,,” is quite probably due to the crystallisation of & part of added
salt for the reason that all the amount of the added salts was not dissolved by
water in the gelatine, but a part of the added salts are present in a solid state,
end there is the layer of water molecule on the surfsce of solid salts as discussed

in Experiment F. 1%  Such a crystallization out of the solid of salts appears
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in clear, when large influence of salts is exerted on Bound Water of which the
water-content “g” is less than 0.5, (that is to say, the water-activity "a” is less
than 0.7).

Considering a system of the gelatine molecule, salt molecule and water mole-
cule, the number of layer of adsorption “n”, or adsorbed area per unit amount of
the sample, “s”, perhaps increases. These facts are clearly shown in the value
of "s” in Table 16 or the value of "n”.  On the value of the number of layer of

ot 9

adsorption “n” will be discussed later.

(iif) Discussion on the relation betwesn the observed value of the water-content

b4d

"guws.” and the calculated value of the wator-content g ”.

As shown in Table 17, the rotio of the watsr content calculated “ge.” to
the water-content observed “g,” at every water-activity of the samples B and C
which are No.2 gelatine to which NaCl wzs added in the proportion of 0.3 and
25% to the dried matter of the samples respectively, and of the sample D which
is No.2 gelatine to which CoCl, was added in the proportion of 2795 to the
dried matter of the sample, is 0.946 both at 13° and 8°C for the sample to which
smaller quuutities of salt were added such as sample B and it is 0898 for the
sample to which larger quantities of salt were added such as sample C.  That
is to say, the ratio decreases with the incroasing of the amount of adding salt.

The ratio of “Zear./Sevs.” for the sample D to which CoCl, was added is
0.742 at 8°C, 0.848 at 13°C, and 0.795 on the aver:ge. This ratio is less than
the ratio of the sample C.

As the values of the ratio of “gu;./8us” are less than 1, if these values
are considersd on the curve of “g—a” =28 shown in Fig. 13, the curve of g,

»

—a” situatos under the curve of “g,, —a” at the same water-activity “a”, because

>

the "2, " is larger than “g.,..” (The curve of “g,,.. —a” is located to the left
of the curve of “g,,—a” at the same water-content). Therefore, for thras
kinds of samples, even if all the added sults era dissosciated (to 100%%), the abnor-
mal depression of vapour tension, thet is to suy the abnormal depression of the
Water—a,ctivity' naturally still happens. But, as in Rudorff’s®® results dissussed in
the previcus Experiment I, 1°*, the electrolyte solution always shows such an
abnormal depression of the vapour tension, Therefore it is unrezsonable to calculate
theoretically the value of “ga,.” from equations (10) and (11), because this value of

e »
gmlc.

abnormal depression is rightly due to the presence of the electolyte. Therefore, from

is ‘widely different from the practical value of water-content “g”. The

the fact that the curve of “g,, —a” is situated above the cnrve of gy, —a”, such
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conclusion that water regarding Bound Water (corrasponding to water of the differ-

¢

ence of “gu.” and Tg,”) increass by the addition of salts, does not follow.
As discussed in the previous Experiment of 1, 1, the curve of “g,, —a” is considered
to be situated under the practical curve of "g—a” at the same water-activity,
since the greater the quantities of added salts (NaCl or CoCl,) is, the stronger
the force of taking water in gelatine will -be.

However, the entire amount of added salts is not considerad to hydrate with
water in gelatine, but a part of the salt will remain as solid. The theoratical
base on which the above conclusion was bas2d, will be stated later on the problem

ce__ 9

of the number of adsorption “n

(19 Recsults and Discussion on the Fish meat protein and Fish meat.

(A) Experimental results.

Tables 18~20 and Figs. 19~22 show the experimental results on the Cod
(Gadus macrocephalus) moat protein (this protoin consists mainly of 0275 NaOH
soluble protein that is myotelin.), the common Squid (Ommastrephes sloani pacificus)
meat protein (this protein consists mainly of 0.895 NaCl soluble protein that is
myosin) and fresh raw Atka Mackerel (Pleurogrammus azonas) meat.

Table 18 and Fig. 19 show the relation between the water-content “g” and
water-activity “a” for overy sample, which was obtained by the vapour tension
method at 15°C and 10°C.

The curves I (or I)and 1/ (or I’) in Fig. 19 show the experimental results
on the Cod meat protein (or Squid meat protein) at 15° and 10°C respectively.
The curves [ and [’ show the rasults on the Atka Mackersl meat at 15° and
10°C respectively. The curve 17 shows the wator-contant “g”—water activity
“3” for the Squid meat protein to which NaCl was added in the proportion of
12779 of the dried matter of the protein. The curve I’/ shows the water-
content “g” —water avtivity “a” which was theoretically obtained for the same
sample containing salts after the calculation of the amount of hydrated water
from every salt solution at cach water-activity as a basis on curve 1 which was
obtained at 15°C for samples to which no NaCl was added.

Table 19 shows the relation among the water-content “g”, water-activity “a”,
and the values of 4F and dH. Fig 20 shows the relation between the water-
content “g” and the value of 4H. Fig. 21 shows the linear function between
“p/g(p.~p)” ("g” is the same as “v” in B. E. T. equation) and “p/p,” (or “a”) which was

obtained from the curves of water-content —water-activity for every sample which
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Table 18. Relation between the values of water contert “g” and the water-activity “a” of Cod fish meat protein,
a Squid meat protein and the raw Atka Mackerel meat at 15° or 10°C.

Sample A% Sample B# Cx Sample D¥% Sample E#
15°C(po = 1.2788cm. Hg) 10°Clpo =0.9209m. Hg)| 15°C 15C ] 15°C y 10°C ] 10C
I

&Y g1 ' a1 , g2 , ag { g3 (obs.) ag gs'LOMCJI gs’lgs , g4 a4 g5 , a5 } gs | B
4.99 0.968 6.1 0.947 56 0.948 — — 250 0.971 6.14 0947 | -2.08 0.998
120 0.864 2.2 0.953 100 | 0748 — — 1.185 0.919 2.20 0.953 1.18 0914
0.75 0.850 0.419 0.874 0435 0.679 0.436 1.001 0.751 0.879 0.42 0.874 0.725 0.824
0.402 0.851 0.215 0.683 0.253 0.543 0310 1225 0.325 0.804 0.215 0.683 0413 0668
0.251 0.740 0.146 0.325 0.184 0.327 0.219 1.190 0.133 0.405 0.146 0.325 0.246 | 0548
0.135 0.299 0108 0.123 0.166 0.246 0.194 1168 0.104 0.187 0.108 0.081 0.198 0.436
0.095 0.065 0.097 0.075 0.148 0.195 0.180 1,217 - — 0.098 0.08! 0.469 | 0319
- - - | - 0.147 0.113 0.146 | 0.986 - - - — 0.161 0.222

Note: (1) The average value of geaic./8obs. Of Squid fish meat protein was 1.153 in the range of 0-7~005 of “a”.
(2) The estimating curve for the Atka Mackerel meat at 15°C shown as J[ curve in Fig. 19.

Table 19. Relation between the values of water content Table 20. Analytical results of “g-a” curves of the samples of
AgF" ’;ﬁg gif{ ‘ggiﬁ;ﬁfgggﬁ g‘f é‘(’ﬁhffshlfgg}:tegrzf _ fish 1eat protein and the raw fish ment by B.E.T. method.
tein and the raw Atka Mackerel meat at 15°C. E; —FL B s
8 (k ‘i/? ol) AHloakc?}j%l °b Samples¥ | Temp. Vo | ¥n’ | €| keal/mol) | (keal/mol) !(m*/ms) Vulfvu
cal/m ~
a (or p/po) T Sample
¢ ple D | i
Sample D¥ Sample E¥| 7 'y~ | Sample D | Sample E D 15C | 0136 0.173 | 111 1.39 1L16 | 0478 | 127
0.1 0.078 0.097 1.25 12.9 —
0.2 0.107 | 0124 0.87 13.9 - A 10°C
0.3 0120 | 0.140 065 165 169 A=d D {PTISC 011 0.192] 303 | 191~195 IL61~1165 0391 | 173
0.4 0135 | 0157 0.50 13.4 165 10C
0.5 0.151 0.183 0.38 8.00 10.6 A 15°C 0.111] 0.183| 30.3 1.95 11.65 0391 1.65
E
0.6 0.179 | 0227 0.28 2.98 5.96 10°C | 0.146| 0.228 | 168 159 1129 | 0514 | 156
0.7 0.230 0.304 0.19 045 4.86
08 0325 | 0480 | 0.12 - 3.14 B 150 | o.164] 0220] 1733  1.63 1133 134
0.9 0.900 1.220 0.07 — — ‘

#in Tables 18~20: Sample A---Squid fish meat protein (0.89 NaCl suln. scluble), Sample B---Squ‘d fish meat protein to which NaCl was added in the
proportion of 12.77% per gm of bone dried sample, C.--Rotio of “genlc.” t0 “gobs.” of Squid fish meat protein at each water-
activity, Sample D..-Ccd fish meat protein (0.295 NaOH solu. soluble), K.--Raw Atka Mackerel meat.
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is shown. in Fig. 19, Table 29 shows the values of the adsorbed amount of water
when the entire adsorbent surface is covered With a complete unimolecular water
layer, v,, B. E.T. constant “c”, heat of adsorption at first layer, E,, apparent heat
of adsorption, E,—E;, at indefinite adsorption, and adsorbed ares per unit of
adsorbed substance, 8. “v./” which is shown in the 4th column of Table 20 is /the

value of the water-content “g” at the point of curvaturs of the curve of “g/a—a”

" ;{which is shown in Fig. 22.

(B) Discussion on the experimental results obtained on the fish meat
protein and raw fish meat. '

In Fig. 19, curve I’ shows the results at 10°C on the Cod meat protein and
carves T and I/ show the results at 15° and 10°C on the common Squid meat
protein respectively, Thess curves I, I and I’ overlap one another when the
water-activity “a” is below 0.8. When the water-activity "a” is larger than
0.8, the water-content “g” beacomes larger at the same water-activity at higher
temporatures. This fact was also rocognized in the case of the sample of gelatine;
this s perhaps due to the incroasing of the area of the active surface of adsorp-

tion according to the increasing thermokmetms of water molecules at higher
temperatures.

When curve I which shows the results on: the fresh raw Atka Maekerel meat
is compared with curves I and [ which were obtained on the protein of each fish

meat, the water-activity "a” of the Sample of only fish meat is less than in the

samples of fish meat protein at the samo watcr-content a.ocordmo to the existence
of salts in the sample.

(8) - Discussion on the ralation between the water-content “g” and the

value of 4H. ‘
In the rolation between the water-content “g” and the values of 4H for Cod

meat protein and raw Atka Mackercl meat which' is.shown in Table 19 and Fig. 20,
the value of 4H incraasad gradually with the decraé,sing :of the water-content
“g” as well as for gelatine. For example, for the raw Atka Mackerel fisl.kaeat,
the value of 4H is 4~5 keal/mol at the noighbourhood of 0.3 of the Water-content
g” (about 2895 of the amount of water in the sample), and is. 16 'keal/mol at the
neighbourhood of 0.15 of “g” (about 189 of the amount of water); for the Cod
meat protein, as well as for the raw Atks Mackerel meat, the value of 4 is less
than 0.2~05 kcal/mol at the neighbourhood of 02 of “g” (about 209 of the
amcunt of water), and the value of 48 incroased rapidly with the de(reé.sinv of

.

e 2

The water-activity “a corresPondlng to the .water-

[P 1
o
=]

the water-zontent

content “g” at the ra.pld insroasing of the value of 4F is about 0.7 for the raw
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Atks Mackerel meat, and is about 0.74 for the Cod meat protsin according to

ff »

Fig.19. The value of 4H increases rapidly when the water-activity is less

than these values. The properties of water in the parts of B and C of which

ft’ ”»

the water-activity “a” is less than 0.7, are differont from the proporties of water

ﬂ' 32

in the purt of A of which the water-activity is above 0.7, that is to say,
the former perhaps combines with the molecules of the fish meat protein by the

hydrogen bonds. This conclusion holds as in the case of gelstine.

(b) Discussion on the analyzed result of the curve of “g—a” by B. E. T.
equation.

As shown in Fig. 21, the relation betwecn the water-activity "a” (the relative
vapour pressurs “p/p,”)and “p/g(p~p)” is a linesur function when the water-aotivity
“»” i8 in the range of 0.05~02 in all the s:mples, but the angle of the incli-
nation becomes larger with several portions by new incraasing of the urea of the

ee 9

adsorption surface, when the water-activity “a” is more than 0.2 just zs in the
case of gelatine.

The values of B. E. T. constant “¢”,the values of “v,,” which aye adsorbed amount
of water, when the entire adsorbent surface is coverad with a complete unimolecular
water layer, the values of heat of adsorption at the first layer of the adsorption,
E,, the values of apparent heat of adsorption "E,—E_”, whera the adsorption comes
to the stute of saturation and the values of the surfice sras per unit of adsorbed
substunces, 8, wera as shown in Table 20. Hers, the values of “¢” and "v,,” were
calculated from the B.E.T. equation (7) aftcr substituting every value of “p/p,”
and “p/g (p,~p)” to the terms of that equation. The values of “E;—E_.” wera
calculated from equation (8).

The values of “v,,” is 0.10~0.14 for the Cod meat protein z2nd the common Squid
meat protein, and range 0.1~0.15 for the raw Atka Mackersl meat. The values
of “v,” of gelatine (0.18~40.19) are larger than the “v,” of the fish meat protein.
The values of “s” ara 0.4~0.5 for all the samples, thosz values are the same for
the gelatine molecule. The discussion on the values of “s” ig left for future

192

experiment. The values of “v,/” which are the value of the water-content “g”
corresponding to the minimum value of “g/a” for the curve of “g/a—a” for fish meat
protsin and raw fish mext in Fig. 22, are shown in Table 20. Tho ratio of “v,’”
to “v,” is 1.51 on the average, almost the same as for gelatine. The values
of “a” corresponding to every "v,/” is in the range of 0.5~0.7.

From those facts, water in the fish meat protein and raw fish meat at the

ff Eed

parts of B and C of which the water-activity is less than 0.7 is molecular
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theoretical Bound Water on the basis of the idea of hydrogen bond, as well a8 in
the case of gelatine.

(¢) Discussion on the protein of the common Squid meat to which salts
are added.

The relation between “p/g(p,-p)’and“p/p,” shows linear form (shown as 17 curve
in Fig. 21) when the water-activity “a” is in the range of 0.06~0.2 for the Squid
meat protein to which NaCl was added 'in the proportion of 12.779% to the dried
matter of the sample. When the I/ curve was compared with I-curve which
pertains to the sample to which no salt was added, the angle of inclination of
curve I” is smaller than that of the T curve. Consequently, the values of “c¢”
which were calculated from the B.E.T. equation (7), E,—E;, and “E;” become
samller, on the other hand, the values of “v,” and “s” become large. These fucts
were also recognized in the case of the addition of salts to gelatine.  This is
generally clarified that the heat of adsorption decreases by the addition of salts.

The ratio of "ge,.” which was calculated from equations (10) and (11) for the
Squid meat protein to which salts were added at every water-activity “a”, to
“Cows. Was shown in the 12th column in Table 18. The ratio was 1153 on the
average in the range of water-activity 0.7—~0.05. The curve of “gg, —a” is

2

situated above the curve “g,, —a” at the same water-activity “a”. (The former
is situated to the right of the latter at the same water-content “g>).
Thercfore, as in Experiment [, 1 discussed on the rolation between the
sample No.2 gelatine and the salt, a part of the added s:lt hydrated with water
in gelatine, snd the rest crystallized out as solid. When to the Squid meat

protein NaCl was added, the same result is obtained in the cess of gelatine.

() Discussion on the number of adsorption layers, “n”.

Brunauer et al™® have offered to equation of adsorption of definite layer (9)
besides - equation (7) of adsorption of indefinite layer. If the values of adsorbed
water-content “g” and the water-activity “a” which were practically estimated are
substitued to the terms of equation (7) and the relation of “p/g(p,-p)” and “p/p,”
i3 obtained, then the values of “v,” and B. E. T. constant “c” will be calculated. If
these values of “v,” and “c” are substitued to the terms of equaton (9), the values
of the amount of adsorbent “v” (the same as the water-content “g”) will be calculated
in the case of the numbers of adsorption layers “n” as 1,2, 8, 4, « ¢ ¢ corresponding
to the values of "x” (this is equal to the water-ctivity “a2” or “p/p,)”. In

this case, the values of “¢” and “v.” ere difinite, and various curves of “g—a”
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corresponding to the numbers of adsorption layers of the samples ara obtained.

Figs. 23, 21, 25, and 26 show the curves of “g—a” which were plotted for the
samples of No. 2 gelatine, No. 3 gelatine, No.2 gelatine to which NaCl was added
in the proportion of 0.3% to the dried matter, No.2 gelatine to which NaCl or
CoCl, was added in the previous proportions of the dried matter, respectively,
in the case of various numbers of adsorption layers "n” (n=1~8)at 13°C. Fig.27.
shows the curves of “g—a” which were obtained for the numbers of the adsorption
layer “n” (n=1~6) according to equation (9) on the basis of the values of “v,” and
“c” of Katz at 28°C. The values of “v,” and “¢” of those samples were used
from Table 16. The dotted lines in thoso Figurss show the curves of “g—a”
which were observed for every sample.

Fig. 28, 29, snd 80 show the curves of “g—a” which wera plotted for the
samples of Cod me:t protein, common Squid meat protein, raw Atka Mackerel meat
and the common Squid meat protein to which NaCl wes added in the proportion
of 12779 to the dried matter, respactively, in the case of various numbers of
adsorption laycrs “n” (n=1~6) at 15° or 10°C. The dotted lines in those figures
show the curves of “g—a” which wers observed for every sample. The values of
“v,,” end “c¢” of those samples were usad from Table 20.

Brunsuer et al. said that equation (7) becomes a very good approximation to
equation (9), when the value of “a” is small and the numbers of adsorption layers
“n” era s8 large as 4~b. So the obsasrved curve of “g—a” should bezome a very
good approximation to the curves of “g—a” which are obtained by the B. E. T.
equation (9).

However, as in Fig. 23 which shows the curves for the sample of No. 2 gelatine,
the obsarved curve of “g—a” (curve I) agreed with the curve of “g—a” (curve
1/) which is obtained when the number of adsorbad laysrs “n” is 2, when the
values of the water-activity "a” are in the range of 0.40~0.0, but when the
water-activity “a” is more than 0.4, the observed curve 1 slips rapidly away to
one sidc of curve I1’. And when the water-activity “a” is mors than 0.85, the
observed curve 1 keops away in its upper part from the curve of “g—=»” at which
the number of adsorption layers “n” is 6. Thesa facts are perhaps due to the
increasing of numbers of adsorption layers by yielding many new sarfaces of adsorp-
tion with the incrossing of the' amount of adsorbed water “g” in the process
of the adsorption.

Table 21 shows the values of “n” which ars adequate to the initial process

of adsorption from the relation between the curves I and I’ 2s shown in Figs.
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Table 21. Relation between the number of adéorption layers “n” and the water-activity

a” corresponding to the values of “n” in the applicable range of the curves
I and I’ in Figs. 20~30.

No. 2 gelatine to [No. 2 gelatine to which|
Samples No.2 gelatine | No.3 gelatine | which NaCl (0.3%) | NaCl (259) or ('oCl: |Katz(108)
was added. (279) was added.
Tenip. ' 13°C { 8C | 13°C 8¢ 13¥¢ | 8¢ 13° and 8°C " 23°C
Number of adsorp- ! .
tiOn layers etnn 2 2~3 2 2 l~2 1~2 3 . 3

Applicable range of\ 0 45 0.0~0.6 |0.0~0.5500~0.58 0.0~0.6 | 0.0~055 0.0~0.55 0.0~0.6
water-activity “a I | .

\Table 21. Continued)

[

. : : . . ) .o Squid meat protein to which! Raw Atka
Samples A Cod meat protein. |Squid meat protein. "oy (12.779) was added. | Mackerel meat.
Temp. lo1sce 10°C ’ 15" and 10°C 10°C ! 15¢ | 10¢

Number of adsorp-I 9 3 3 2~3 34 3
tion layers “n” ‘

= : 0.0~053
APtP l{_c”btl.e chu %) 0.0~055 | 0.0~05 0.0~0.5 (“n” was 2 in the range of 0.0~0530.0~0.45
wateracuvity “a 0.0~04)

Ae(-ordin‘g to Figs. 28~80 and Table 21, the value of “n” in the initial process
of acscrption was 2 or 8, and the applicable range of the values “»” to the observed
curve is 0.0~0.45 (or 0.6).

The suthor can explain that the value of “n” is 2 under the same consider-
ation as Bull®®. That is to say, protein molecules in the solid state are linked
together to form cohersnt planes whosa exposad surfaces are hydrophile. ~ Water
is adsorbed between thes» planes. Therefore the number of adsorption layers is
naturally 2. With the advance of hydration, when the so-called water-water
bridge wus formed, the valve of “n” is perhaps 8. With the further advance of
hydrating, the protein tends to dissolve in water and proceeds to indefinite
adsorption. The states of binding of hydrophilic plane with water melecule are
different with the kinds of protein, e.g., with the molesules of fibre protein
such as keratine, collagen or sphero-protein such as myosin, myogen, myotelin, and
others  The fibre protein hes chain-bindings which linked together in parallel
and the sphero-protsin has some cyclic-bindings in a part of its structurs.

However, according to Table 21 obtained by the author, various sphero-proteins
used will also have chain-binding in the parallel state with hydrophilic plane.

Considering from the influence of the addition of salts, according to Table 21,
Figs. 25 and 26, the number of adsorption layers “n” is 3 or 4, except in case of

the addition of salts in small proportion to the dried matter, e. &, the sample to
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which NaCl was added in the proportion of 0.8395. In general, by addition of
salts, “p” will incresse by one.

In comparing with the results of the common Squid meat protein, the s:ime
sample to which salts were added and the raw Atka Mackerol mest which wore
shown in Figs. 29 and 30 respectively, “n” of the sample to which s.lts wors
already added in large quantity is recognized to be 3 from the initial prosess of
adsorption. The fact thut “n” is increzsad by one by means of the addition of
salts is perhaps bocause in thoe protsin to which salts wers added, the salts link

with hydrophilic radical in the side chain of the protzin es follows:

This state of binding was offer-

1 N =
(CO0)- (NHg)* ‘(1:?3‘— (N(I%EH ed by Lloyd™.  Therafor:, thrae
: : -> of the adsorption layers wera formed
(Nﬁ3)+ (C(%O)* (§£3)+ (538)_ in the chain-bindings of the prot-
! ] |

ein, a8 well as the linkage of two

molezules of water in the chain-bindings of the protein. Consequently the values

2 ”

of “v,” and “s” should natur:lly incroase.
As shown in Figs. 23~380, it is commonly racognized that the adsorption process
follows rapidly to the adsorption of indefinite layers mora than the wator-zontent

“g” corresponding to the point of “v,/” in figures. The values of the watzr-activity

ec 9
o

a” corresponding t0 the values of "v,’” is less than 0.6~0.7 (in the part of B).
This is due to the fact that water whose water-activity “a” is less than 0.7 in
the refined sample to which po salt was added, is the so-called molezular theo-

rotical Bound Water.

(3) Conclusion ,

The author has discussed the thermodynamic propertics of watar balow 0.7
of “a” in the curves of the water-contont “g” — water-activity “a” for the common
Squid mest protein, Cod meat protein, raw Atka Mackerel meat and golating, which
were determined by the vapour tension method st two differsnt tempsraturas, and
discussed also the analyzed result by B.E.T. method; the author is cortuin that

e 2

water below 0.7 of “u” in the curve of “g—a” should be the so-called molecular
theoratical Bound Water on the basis of the idea of hydrogen bond formation.

4. Comparison of vapour tension method with other
thermodynamic method.
As in the Experiment W, ™ gtautad, Briggs'™ < has siid thit the amount

of Bound Water in the sample varies with the watcr-aciivity “a”, o. g, “a”
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corresponding to the concentration of solute in the solvent method, and "™ corres-
ponding to the temperatura to fracze the sample in the froezing method, and he
has exzmined the relation of the wuter-activity “a” and the watsr-content “g” (gm
of water per gm of the dried matter) by isotenoscope method (vapour tansion method)
tnd by the method of estimating the deprossion of the freesing point using the
srabizn gurr, Na-cusain; then he has ascert:ined that the observed values which
wera obtained by thess methods ars prosent on the same contineuous curve of g
—a”.  According to Briggs’ risult, water having string binding were estimated
in the range of small value of “a” on the curve, but in the rungs of large value of
“3”, water containing weak binding, were also estimated at the same time with
those water baving strong binding.

Rezently Higashi and Nukazawa®® have srranged the results which had
previously been obtained by Moran‘”’, Lloyd and Moran™ or Kuatz™ by various
thermodynamic methods using gelatine, and when the valves of water-content “g”
are plotted in the ordinate, and the values of water-activity "a” ars plotted in
the abscissa, the values obtained by the freezing method, the swelling tension
method, colorimetric method (except the vapour tension method by Katz) are obsarved
to be present on the same curve of “g—a”. But the results obtained by Katz
by means of the vapour tension method were obssrved to be much below the above
mentioned curve, wheu the value of "a” is less than 0.95,

Higsshi et al. have said that the results obtzined by Katz were estimated
at 23°C and the carve of the water-content “g”—water activity "a”, obtained by
vapour tension method, varies generally more or less with temperaturss. Therefore,
when the results obtained by Katz aroe to be compared with results obtained by
other methods, the results by vapour tension method should be obtazined at 0°C.

Here, the present author will describe his rasults of compearing of No. 2 geltine
and No.3 gelatine at 13° and 8°C by means of vapour tension method with the
curves of “g—a” obtained by various other thermodynamic methods for the sample

of gelutine.

(1) Examintion method.
(1) Caloulsting of the values of the water activity “a” in the sample by
every thermodynamic method. '
In the cisz of vapour tension method, the value of “a” is manifested approxi-
mately by “p/p,” in equation (3) written in Exp. N, 3, (1), (iii), (A) which shows
the wataer activity.

In the frseasing method, the value of water-activity “a” is manifested by
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equation (1) neglecting the heat of dissolution while the values of water-content
are large. ) '

With the decreasing of the amount of water-content, (that is to say, with
becoming high in the concentration of the sample), the beat of dissolution becomes
large, and can not be neglected. - If the freezing point of a sample is T”K, the
water-activity- "a” at T”°K can be calculated from equations (12) and (13).

log +0.004211 (278.1—T")+0.0000022 (2731 —T/)?=x - - - - - - - (12)
R o e S SR ‘
x=~Tgsrpe + (O~ (game ~ R 16T )" 13,

where T, is the difference betwesn the differential heat content of water in the
sample and the pure water at T”°K, ¢, and C;° is the heat capacity at constant
pressure of water in the sample and the puro water respectively.

If 273.1°K ((°C)is substituted to the term T°K in equations (12) and (13), the
curve .of ?g—a” at 0°C is calculated from the relation bztween the water-content
“g” and freezing point T K.

In the swelling tension method, the relation between the swelling tension of

the sample “p” and the water-activity “a” is calculated approximately from
equation (14) by Kata.

___RT
p— V

o

where “v,”-is molal volume of water in the sample. The greater the value of “p”
(the smaller the water-contnet of the sample is), the smaller the value of s is,
With approaching of the value of “p” to 0, the value of “a” approaches to 1.

As above stated, every relation between “g” and “a” is obtained from various
thermodynamic estimating methods of Bound Water.

(I) Calculating of the values of the water activity “»” from the author’s

results by the vapour tonsion method.

L2

To compare with each other the relations of “g and "a

iz

obtained by various
thermodynamic methods, the relation between “g” and “a” should bes compared
from th> results obtained at (°C.

However, the author is very sorry to be unable to carry out the vapour tension
method at (° using golatine or fish meat.

Accordingly the relstion of “g—a” was calculated by the equation of Clausius-
Clapeyron (written in the Experiment, oquation (1), I, 3) from ths rasults obt.ined
at 15° and §°C for the s:umples of No.2 gelatine and No. 3 gelatine, snd then the

author obtained the values of wauter-content “g,”, and differentisl molal enthalpy 4H.
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_ RI,T,
AH'—""’ 1111_“_'2 (ln a."/al)

22

where “2,” and “2,” are the water-activities at T°, and T°,K corresponding to the
definite water content “g”. ,

Supposing that the values of JH at 0°~15°C or 13°~23°C are constants res-
pecfively, the water-activity “a,” at 0° or 28°C was rockoned from the same water-
content “g”. " The results at 23°C were calculated to be compared with the
results obtained by Kataz.

If the values of 4H, 2, and T, arz known in the above e(iuation, the value
of "a,” can be calculated. But the values of the water-content “g,” corresponding to

£

the known values of “a,” varies with the estimating temperaturss T,. If there are
two difierent tempersturss, A and B, and if (T'4>(T,) then it becomes (g,),< (g5
That is to sy, it is clear that in the case of the sisme water-activity “a,,” the
lower the estimating temperitvrs is, the greater the value of "g,” becomes, as also
in the Experiment W, 3. Therafore, the values of “a,” vary with the values of “g,”
which should be as a standard. Thersfore, the vdlues of the watier-activity “a,”
of which T, is 0°C and 238°C respectively are calculated from the values of the

2

water-content “(g)c” and “(g'sc” of which A and B of cstimating temperaturss

are 15°C and &°C respestively. The interpolate lines at every point which are on

>

the relation between the value of “a,” and “(g)sc” or “(g)c” plotted were ragarded

as the curve of “g—a” at (° or 23°C.

The values of “g”, “a” and 4H were employed from Table 14 #s given in
" Experiment I, 3. .

The curves of “g—a” which were obtained by the mothod as above siated
at (°C 2nd 23°C by author were compared with the curve of “g—a” which was
calculuted from equations (12), (13) and (14) by Higashi (Moran, Lloyd and Moran and
Katz by means of freezing method, calorimetric method and swelling tension method
using gelatine), and with the curves of “g—a” which were obtained by means of
vapour tension at 23°C by Katz.

(3) Results and Consideration.

The curves of “g—a” at (° and 23°C which were rockoned from the rasalts
obtained at 13° aﬁd 8°C for the sample of No. 2 gelatine ara shown in Fig 381
(Table 22). The similar curves for the sample of No. 3 gelutiﬁe are shown as in
Fig. 32 (Table 23).

In Figs. 31 and 32, the curves I and [ are the observedAcurve of “g—a”
at 13° snd 8°C rsspectively, the curves W and IV are the calculsted curves at (°
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Table 22. Relation between the values of water content “g” and the water-activity “a”
of the sample of No.2 gelatine at 23,” 13°, 8 and 0°C.

e INo2 selati No.2 gelati

W(ater-acnwty B%Egﬁljtj?f A (keal/mol), Water- Water- L%Té.gﬁﬂ* Water- Water-
31j1 =15C ater et activity | . activity ter- ot | activity | cetivity

or (aa)g=sC @1 1‘-:13-’0 (13°~8°C) | (agho-0rc [(ag)is=23C (82)i2 50 (Bsn4=0C |(B5hs=25C

0.1 0.165 125 0.035 0.210 0.170 0,052 0.310
0.2 0.189 7.3 0.108 0324 0207 0.136 0.387
0.3 0.206 7.12 0.165 0.458 0.212 0.207 0.572
0.4 0-221 7.12 0223 0.611 0.240 0.276 . 0.762
0.5 0.243 6.35 0.294 0.729 0.272 0.358 0.889
0.6 0.270 6.49 0.394 (0.882) 0.310 0.427 (1.08)
0.7 0.330 3.12 0-539 0.843 0.380 0.590 0.929
0.8 0.456 1.67 0.696 0.884 0.524 0.733 0.931
0.9 0.760 147 0.796 0.982 0.980 0.833 103
0.95 1.150 0.8 0.888 0.996 1.40 0.911 (1.02>
Table 23. Relation between the values of water content “g” and the water-activity “a”
of the sample of No.3 gelatine at 23,° 13°, & and 0°C.

‘Water-activity ‘E°‘delai‘ie AH(keal/mol), Water- Water- @%?%@ Water- Water-
®ihi-wc. | Water- activity | activity | WONr | setivity |  activity
or (aglhz=scC @1)t1 -15C (13 ~8C) |(@aoha=0°C |(aghs=aC (B2h2 —gC (aghg=0c [(ashs=23C

0.1 0.140 1.4 0.031 0.230 0.140 0.021 0.358
0.2 0.178 8.77 0.096 0331 = 0.178 0.126 0.443
03 0.199 6 60 0.173 0.444 0.202 0.212 0.646
0.4 0.210 7.11 0220 0.611 0.220 0.276 0.762
0.5 0.219 635 0.204 0.729 0237 0.358 0.889
0.6 0.232 5.80 0.369 0.847 0.270 0.443 C101)
0.7 0274 3.40 0527 0.856 0.333 0.586 0.953
0.8 0.360 2,70 0.638 0.939 0.450 0.695 (1.02)
0.9 0.588 2.15 0.752 (1.02) (1.120) 0.848 (1.09)
0.95 1.93 1.24 0.856 (1.02) -— — (1.06)
and 25°C respectively.
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Curve V was calculated
by Higeashi et al., from
the results obtained by
freezing wethod and
other thermodynamic
methods at (°C. Curve
VI was plotted the ro-
sults by Katz by means
of vapouy tension mea-
surement at 23°C,

From Fig. 31 and
Fig. 32, the following
facts
recognized.

(i) When curve It
of “g—a” at 0°C,
calculated from the

are commonly



suthor’s results, was compared with curve V, calculated by Higashi et al, the
two curves crossed at the neighbourhood of 0.7 of the value of "a”, curve V
being situated on the left of curve I at the same water-content “g” shove 0.7 of

[ L

value of "a Curve V is situated on the right of curve | at the same water-

»

content “g” below 0.7 of the vulue of "s”. As to curve V, when the value of "g”

L]
o

is below 0.5, the value of decreases rupidly with the water-content “g”, thers-
fore the angle of inclination of curve V is very gentle in the part of B (0.7~0.2 of “a™).

(ii) When curvelV of “g—a” at 23°C, which was caloulated from the author's
results, wss compared with curve V], which was obtained by Katz, curve IV agreed
with curve W at above 0.95~0.98 of the value of “a”, and curve of Kats turned

L 2]

away to the right of curve IV ut below 0.98 of the value of “a” as seen in every
figure.

Considering the fact of (i), in the cuse of estimation by the freezing method, it
is getting difficult to obtain the relation between “g” and “a” =t equilibrium
state, with depressing of freezing point of the sample according to the decrezsing
cf the woter-content “g” due to the non-uniformity of the fressing process of the
sample.  Therefore, the curve of “g—a” which wus obtained by vapour tension
method is to be considered perhaps more nearly rezl than the curve of “g—a”

which was obtained by the freezing point determioation so far as the range of the
velue of "a” is small.
If the pbenomenon of capillary condensation is t:ken into consideration respect-

[ 4

ing curve “g—a” which wzs obtiined by the vapour tension method, the curve
of “g—»" which wazs practically obsarved will give the smaller value of “a” than
the rexl value of “a” which is shown in the curve of “g—a” of the sample.

»

Therefore, the difference between the curves of “g—a” which were obtained by
the vapour tension and the freezing mcthod respectively will become greater.
Briggs®™ also said that when sttempting to determine the water-activity “a”
in & system, it is, of course, seldom possible to obtain the accurate values from
vapour tension measurements that can be gained from freezing point deterrination,
especially when the activity of the water in the system under consideration, Ta”,
is above 0.9~0.95, that is not greatly different from that of pure water. However,
with the differing of properties of water from that of pure water, the calculated
water-activity by freezing point determination is much less ascurats than is to be
obtained by vapour pressure me:surement. The facts in (i) are really recognized.
Next considering the fact of (ii), the difference of curves IV and V] at below 0.98
of water-activity is due to the different mechanism of dehydration or adsorption of
water by samples especially by the dehydrating in the author’s experiments, =nd
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by both the dehydration and adsorption in the Katz’s experiments.

In general, the curve of “g—a” which is obt:ined by the vapour tension method
varies with the difference of the components or hydrogen ion concentration of the
protein, or with the differont mechanisms of dehydration, or with the adsorption of
water, even though the protein is the sume. Therefore, curves IV and Vi are properly
not in agreement. However, when the water-activity is zbove 0.98, that is to say,
as far 2s the thermodynamic propsrties of w.tor are not so graatly different from
those of purs water, it is rocognized that there is no great difference vf the observed
value with the kinds of the sample. Therafore, curves IV and VI era almost in
agreement with each other.

(3) Conclusion

Considering the curves of "g—a” for the s:me sample of gelatine at the same
temperature (0°C) which were obtained by vapour tension determination and by the
freezing point measurement, both curves cross at the neighbonrhood of 0.7 of the
water-activity of the sample, but the value of the water-activity "a”, which is
obtained by the freezing point measuroment, is much higher than that by the
vepour tension determination at the same water-content “g”, when the value of
“a” is above 0.7, and “a” of the furmer is conversaly less than that of the latter
when the value of “a” is below 0.7. The disagreement of the two curves obtained
by the two different measureroent due to the non-attainment of equilibrium stats

by the freezing point measurement when the value of “2” is balow 0.7.
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