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Effect of cryoprotectants on eutectics of NaCl·2H2O/ice
and KCl/ice studied by temperature wave analysis and
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Abstract

The effect of cryoprotectants (sucrose, glucose, dimethyl sulfoxide (DMSO) and polyvinylpyrrolidone (PVP)) on the eutectics of
NaCl·2H2O/ice and KCl/ice have been studied by temperature wave analysis (TWA) and differential scanning calorimetry (DSC). The eutectic
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rystallization was inhibited by the cryoprotectant, and a higher inhibitory ability was observed in NaCl systems (water/NaCl/cryop
han in KCl systems (water/KCl/cryoprotectant) with the same additive concentration. In the above system, sugars showed the highe
bility than DMSO or PVP. The increase of thermal diffusivity with the increasing sugar concentration at a temperature immediatel
utectic melting in KCl/sugar systems suggested a characteristic hydration of sugar and K+ ion, this was not observed in NaCl/sugar syste
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. Introduction

The living systems are heterogeneous, and the most liv-
ng organisms contain ions such as sodium and potassium.
t is known that the freeze-thaw damage to biological cells
s basically attributed to two major mechanisms[1]: one is
he osmotic dehydration of cells due to the increased con-
entration of solute, sodium chloride (NaCl) in particular,
n the extra-cellular liquid as ice precipitates, finally eutec-
ic crystallization forms[2,3]. The other is the cell destruc-
ion through the formation of intracellular ice[4,5]. To min-
mize the damage due to the above mechanism, the cryopro-
ectants have been used to segregate the physiological salt
r to inhibit the eutectic crystallization in freezing process.

n order to examine such segregation effect, ternary mix-
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ture of water, salt and cryoprotectants has been studie
using thermal analysis at low temperature[2,3,6–13], es
pecially in the water–NaCl–cryoprotectant systems (ab
viated as NaCl systems). In the prior papers[14–20], the
method of temperature wave analysis (TWA) has been
as an unique technique to study the heat transport
erty in a continuous temperature scan. This method can
vide the thermal diffusivity, which is known to be sensit
to the higher order structure of the materials. In the
vious studies of aqueous alkali chloride (NaCl, KCl, R
and CsCl) solutions[20,21], thermal diffusivity was de
termined by TWA during freezing and thawing. A sh
increase of thermal diffusivity during eutectic crystalli
tion was observed with super-cooling phenomena. The
diffusivity in the frozen state showed a variation depe
ing on the alkali chloride solute, higher the thermal di
sivity, lower the eutectic melting temperature. A differ
number of bounding water molecules to each alkali c
ride solute was suggested. The melting temperatur
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eutectic is−22◦C for NaCl·2H2O/ice [22–24], −10.7◦C
for KCl/ice [23]. In contrast to extensive studies de-
voted to the characterization of the effect of cryoprotec-
tive agents on the eutectic in ternary mixture of salt of
water–NaCl–cryoprotectant, comparable data concerning the
effect of cryoprotectant on the eutectic in ternary mixture of
water–KCl–cryoprotectant (abbreviated as KCl system) are
not well studied.

The object of this study is to clarify the difference be-
tween the eutectic formed in NaCl and KCl systems to
which have been added the cryoprotectants such as sucrose,
glucose, dimethyl sulfoxide (DMSO) and polyvinylpyrroli-
done (PVP). For that purpose, melting behavior ofeutectic
in the ternary system was investigated by using dif-
ferential scanning calorimetry (DSC) and thermal wave
analysis (TWA). The concentrations of sodium chloride
(NaCl) and potassium chloride (KCl) in this study were

kept constant at 0.154 M, corresponding to the physiologi-
calconcentration.

2. Materials and methods

2.1. Materials

NaCl, KCl and glucose were purchased from Wako Pure
Chemical Ind., Ltd. with purity more than 99.5%. Su-
crose and dimethyl sulfoxide (DMSO) were purchased from
Tokyo Kasei Kogyo Co., Ltd. with the purity of 99.9%.
Polyvinylpyrrolidone (PVP, averageMW = 40 000) was from
Sigma Chemical Co. with the purity of 99.5%. All chemi-
cals were used without further purification. The pure water
with resistivity of at least 15.1 M�cm was provided for the
solvent.
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ig. 1. DSC heating curves for ternary systems of 0.154 M salt and cryoprote
or the ternary systems are: (a) NaCl and sucrose; (b) KCl and sucrose; (
oncentration of the added cryoprotectants.
ctants with various molar concentrations during heating process. The compositions
c) NaCl and DMSO; (d) KCl and DMSO. Numerals shown in figure are molar



108 N.J. Chen et al. / Thermochimica Acta 431 (2005) 106–112

2.2. Measurement of DSC

RIGAKU TAS 200 instrument equipped with a cooling
accessory was used for the measurement of DSC. Sample of
approximately 2 mg was sealed in an aluminum pan, follow-
ing the procedures described in Ref.[25]. Specimens were
pre-cooled to−80◦C at a rate of 5◦C/min from room tem-
perature before the heating scans were recorded at a rate of
2 ◦C/min.

2.3. Measurement of TWA

The apparatus used in this study has been published in the
prior papers[14–18]. The measuring device of TWA consists
of a function synthesizer, a digital lock-in amplifier, a power
source of bias current for sensor, a temperature controller, a
sample holder on the hot stage and a personal computer. A set
of flat plate of Pyrex 7740 sputtered with thin gold layers with
an electric resistance of 50� across an area of 1 mm× 4 mm
and covered with an electrical insulation coating were used as
a measurement cell for thermal diffusivity (one for a heater

and the other for a sensor). The aqueous solution of each
solute was inserted by capillary action into the cell. The cell
was fixed under a load and sealed with a spacer to keep a
constant thickness. To avoid the deformation in the thickness
direction, the specimen was kept with a periphery free in the
cell. The thickness of the specimen was kept 130�m.

By the passage of ac current on the heater, the temperature
wave was generated at the front surface of the specimen and
propagated in the thickness direction. The frequency of tem-
perature wave was chosen by considering the thermal diffu-
sion length defined asµ = 1/k= (ω/2α)−1/2. The temperature
variation at the rear surface was detected by the variation of
the electrical resistance of the sensor. The relationship be-
tween the frequency of the generated temperature wave and
the phase delay of the signal on the sensor is

�θ = −
√

πf

α
d − π

4
(1)

where�θ is a phase delay,α is a thermal diffusivity,f is a
frequency of the generated heating wave [f=ω/2π] andd is a
sample thickness. In this equation, the relationship between
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ig. 2. Depression of the melting peak temperature of eutectic (�Te) with various
ystems are: (a) –�– NaCl and sucrose, –©– KCl and sucrose; (b) –�– Na
MSO; (d) –�– NaCl and PVP, –♦– KCl and PVP.
molar concentrations of cryoprotectants. The compositions for the ternary
Cl and glucose, –�– KCl and glucose; (c) –�– NaCl and DMSO, –�– KCl and
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the square root off and�θ is verified to be a linear. Therefore,
when the thickness of the specimen is known, the thermal
diffusivity α can be obtained from the slope of

√
f versus

�θ. Eq.(1) can also be written as follows:

α = πfd2

(�θ + π/4)2
(2)

From to Eq.(2),α can be determined by�θ under a constant
frequency. When the temperature is scanned at a constant
heating or cooling rate, thermal diffusivity can be obtained
as a function of temperature.

The specimen was first cooled to−70◦C from room tem-
perature with a cooling rate of 0.5◦C/min, and then a phase
delay at a fixed frequency of 17.6 Hz was measured in a heat-
ing scan from−70 to 25◦C at a heating rate of 0.2◦C/min.

3. Results and discussions

Heat flow rate measured by DSC at the melting region of
eutectic exist in ternary systems composed of 0.154 M salts
(NaCl or KCl) and cryoprotectants (sucrose or DMSO) are
shown inFig. 1. Molar concentration for sucrose is from 0 to

0.146 M, for DMSO is from 0 to 0.640 M. Numerals shown
in figure are molar concentrations of each cryoprotectants. In
Fig. 1(a) and (c), for NaCl binary system, endothermic peak
occurs at around−20.2◦C is ascribed to the eutectic melting
of NaCl·2H2O/ice. Concerning the eutectic melting temper-
ature, the peak temperature is used in the following discus-
sion. The endothermic peak becomes smaller and shifts to the
lower temperature as the increasing additive concentration,
and it disappears in the addition of 0.146 M of sucrose and
0.256 M of DMSO. InFig. 1(b) and (d), for the KCl binary
system, the endothermic peak occurs at around−9.6◦C is
ascribed as the eutectic melting of KCl/ice. The endothermic
peak becomes smaller and shifts to the lower temperature
with the increasing cryoprotectant concentration, and it can
still be observed even under 0.146 M of sucrose and 0.640 M
of DMSO in KCl systems.

The depressions of the eutectic melting peak temperature
(�Te) in ternary systems of 0.154 M salts added with vari-
ous kind and concentrations of cryoprotectant (sucrose, glu-
cose, DMSO and PVP) are shown inFig. 2. The larger eu-
tectic temperature depression�Te is observed in the order
of sucrose/glucose > DMSO > PVP for both NaCl and KCl
ternary systems. NaCl ternary system shows a larger�Te
than KCl ternary system under the same cryoprotectant con-
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ig. 3. Ratio of melting enthalpy of eutectic formed in ternary systems with v
orresponding binary salt system (�He). The compositions for the ternary syste
lucose, –�– KCl and glucose; (c) –�– NaCl and DMSO, –�– KCl and DMS
arious molar concentrations of cryoprotectants (�Headd) against that formed in
ms are: (a) –�– NaCl and sucrose, –©– KCl and sucrose; (b) –�– NaCl and
O; (d) –�– NaCl and PVP, –♦– KCl and PVP.
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centration. While the melting temperature depression of ice
is much smaller in these dilute systems (data not shown).

In Fig. 3, the ratio of the melting enthalpy of eutectic
formed in ternary system against that formed in correspond-
ing binary salt system (�Headd/�He) is plotted as a func-
tion of the additive concentration. A larger decrease in
�Headd/�He is found in the order of sucrose > glucose >
DMSO > PVP in each system. And�Headd/�He shows a
larger decrease in NaCl system than that in KCl system under
the same cryoprotectant concentration.

From the eutectic temperature depression and the enthalpy
decrease showed in the above two figures, a larger additive
effect is found in NaCl system than in KCl system.

Temperature dependence of thermal diffusivity for ternary
systems composed of 0.154 M salts (NaCl or KCl) and cry-
oprotectants (sucrose or DMSO) in the heating scan are
shown inFig. 4. Numerals shown in figure are molar con-
centrations of each cryoprotectants. InFig. 4(a) and (c), for
0.154 M NaCl binary system, thermal diffusivity decreases
gradually in the heating scan from−60◦C, a first steep de-
scent occurs at around−22◦C corresponding to the eutectic

melting. Then it decreases gradually and the second steep
descent occurs which is ascribed to the melting of ice. Fi-
nally in the liquid phase, thermal diffusivity slightly increases
with increasing the temperature. In the ternary system, with
increasing the additive concentration thermal diffusivity is
lowered in the frozen state and the steep descent during the
eutectic melting becomes more and more unclear. The de-
creasing of thermal diffusivity which is occurred as a flexion
at about−47◦C in the ternary system composed of 0.146 M
sucrose corresponds to the glass transition. It accords well to
the formation of amorphous phase containing NaCl, sucrose
and unfrozen water among ice crystals studied by NMR[6].
Heat flow rate by DSC for 0.154 M NaCl solution added with
0.146 M sucrose in the heating process was shown in the inset
of Fig. 4(a). It is found that the changing of the heat flow rate
around glass transition cannot be observed clearly. Maybe
the concentration of the solution is very dilute, which caus-
ing the change cannot be found remarkably. InFig. 4(b) and
(d), comparing at the same additive concentration, a larger
decrease of thermal diffusivity is observed in the frozen state
of KCl system. The decreasing of thermal diffusivity also oc-
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ig. 4. Thermal diffusivities for ternary systems of 0.154 M salt and cryopr
f temperature wave is 17.6 Hz, temperature scan rate is 0.2◦C/min of heating,
re: (a) NaCl and sucrose; (b) KCl and sucrose; (c) NaCl and DMSO; (d) K
ryoprotectants. Insets in (a) and (b) are the heat flow by DSC under the he
.154 M KCl/0.146 M sucrose, respectively.
otectants with various molar concentration during heating process. Frequency
the sample thickness is 130�m. The compositions for the ternary systems
Cl and DMSO. Numerals shown in figure are molar concentration of the added
ating scan of 2◦C/min for ternary systems of 0.154 M NaCl/0.146 M sucrose and
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curred as a flexion at about−47◦C due to the glass transition
and the range of which is more wider than that exist in cor-
responding NaCl systems. On the other hand, the heat flow
rate by DSC for 0.154 M KCl solution with 0.146 M sucrose,
which was shown in the inset ofFig. 4(b), does not show an
obviously changing at around the corresponding temperature
range. Furthermore, at the temperature region where the eu-
tectic completes melting, thermal diffusivity in KCl system
shows characteristic behavior, it increases with increasing
additive concentration, whereas this phenomenon is not ob-
served in NaCl system. For NaCl system in the corresponding
temperature region at around−20◦C where eutectic com-
pletes melting, thermal diffusivity decreases with increasing
additive concentration. It has been reported that thermal dif-
fusivity of the frozen solution is mainly due to the ice fraction,
because thermal diffusivity of ice is 10 times larger than that
of solutions[26–28]. The cryoprotectant hydrates with water
molecules when dissolves into aqueous solution, and this will
cause the formation of an amorphous cryoprotectant/water
phase among ice crystals in the frozen state[6]. Normally the
amount of water turned into ice would decrease with increas-
ing concentration of cryoprotectant, and cause the decreasing
of thermal diffusivity of the system. While for KCl system in
the corresponding temperature region at around−10◦C, it is
obviously seen that thermal diffusivity value increases with
increasing concentration of additives.
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Fig. 5. Thermal diffusivity value for ternary KCl systems: (a) at−10◦C and
ternary NaCl systems; (b) at−20◦C plotted against the various cryopro-
tectant molar concentrations. The added cryoprotectants are sucrose (©);
glucose (�); DMSO (♦) and PVP (�).

creasing tendency with the increasing sucrose concentrations.
The results obtained by the TWA study support Kajiwara’s
suggestion.

4. Conclusion

The effects of cryoprotectants on the eutectics formed in
NaCl systems and KCl systems have been studied by using
temperature wave analysis (TWA) and differential scanning
calorimetry (DSC). A higher inhibitory ability on eutectic
crystallization was observed in NaCl systems than in KCl sys-
tems under the same additive concentration. Sugars showed
a higher inhibitory ability than DMSO and PVP.

The characteristic increase of thermal diffusivity of KCl
systems with the increasing additive concentration (less than
0.15 M) at the temperature range immediately after the eu-
tectic melting suggested that the additive molecules of cry-
oprotectants substituted the water molecules in the hydration
sphere of K+ ions and come into direct contact with K+ ions,
causing further forming of ice during the cooling process.
In order to describe the phenomena more clearly, for
olution, thermal diffusivity at−10◦C in KCl system or a
20◦C in NaCl system (at the temperature immediately a

he eutectic melting) is plotted against the added cryopr
ant concentration, as shown inFig. 5(a) and (b), respe
ively. Thermal diffusivity of NaCl systems decreases w
ncreasing additive concentration, which is ascribed to
ecreasing amount of ice. On the other hand, in KCl

ems (except for the PVP added system), thermal diffu
ty shows an increase with increasing additive conce
ion first, reaches the maximum at 0.1–0.15 M concentra
nd then decreases. Kajiwara et al.[13] suggested that
Cl system glucose molecules can be substituted for

er molecules in the hydration sphere of K+ ions and glucos
olecules come into direct contact with K+ ions. While in the
aCl system, glucose molecules cannot substitute the
olecules in the hydration structures of Na+. In this study

he sucrose will resolve into two kinds of monosaccha
nits of glucose and fructose when dissolved into wate

s considered that the dissolved monosaccharide units
titute the water molecules coming into direct contact
+ ions, and the displaced water molecules form ice du

he cooling process, then the increased amount of ice c
he increase of thermal diffusivity. In contrast in the N
ystem, the monosaccharide units cannot substitute the
olecules in the hydration sphere of Na+ ions and canno

ome into direct contact with Na+ ions, water would rema
ntact in the hydrated Na+ sphere, and accordingly no d
laced water exists. As shown inFig. 5, thermal diffusivi

ies for the corresponding NaCl solution do not have the
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While for the corresponding NaCl system, such phenomenon
was not found because of the un-substitutable property of the
cryoprotectant molecules for the water molecules in the hy-
dration sphere of Na+ ions.

By temperature modulation technique, it was shown that
thermal diffusivity is highly sensitive to observe the fea-
ture of the subtle structural change of eutectic and the co-
existing state of eutectic melting and ice in alkali chlo-
ride/cryoprotectant/water ternary systems, not affected by the
latent heat by selecting the higher frequency.
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