Available online at www.sciencedirect.com

sclEN05@DlREcT° thermochimica
acta

ELSEVIER Thermochimica Acta 429 (2005) 73-79

www.elsevier.com/locate/tca

Thermal diffusivity of eutectic of alkali chloride and ice in the
freezing—thawing process by temperature wave analysis

N.J. Che@l J. Morikaw&, A. Kishi®, T. Hashimot&*

2 Graduate school of Science and Engineering, Tokyo Institute of Technology, 2-12-1 Ohokayama, Meguro-ku, Tokyo 152-8552, Japan
b Rigaku Corporation, 3-9-12 Matsubara-cho, Akishima, Tokyo 196-8666, Japan

Received 1 September 2004; received in revised form 26 October 2004; accepted 3 November 2004
Available online 4 January 2005

Abstract

Thermal diffusivity of eutectic formed in aqueous alkali chloride solutions (NaCl, KCI, RbCl and CsCl) was determined by temperature
wave analysis (TWA) during the freezing—thawing process of aqueous alkali chloride solution. An obvious change of thermal diffusivity in
freezing—thawing processes of eutectic was observed with the super-cooling phenomena for each alkali chloride solute. The rate of thermal
diffusivity decrease during the eutectic melting in comparison to the total decrease from the solid to the liquid state was observed larger than
that of the heat of fusion measured by DSC, especially in the dilute concentration. It was confirmed that thermal diffusivity was sensitively
influenced by the highly structure of the coexistence of eutectic crystallization and ice.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction transient hot-wire methdd 1,12], forced Rayleigh scattering
method[13], temperature wave analysis techniqlié—17]
Properties of electrolyte solutions, such as viscosity, dif- and so on.
fusion coefficient, or electrical conductivity, have long been = Temperature wave analysis (TWA) is a method for de-
the subject of considerable attention and st{id2]. How- tecting thermal diffusivity by measuring the phase shift of
ever, for heat transport property, such as thermal diffusivity temperature wave. It has been largely applied to the study
and thermal conductivity in the freezing temperature range, of thermal property of various materigls4—16]. It has also
accurate data is still needed especially in the phase transitiorbeen shown that, under particular experimental conditions,
region. As we know, thermal diffusivity is defined as a trans- the TWA method is a very sensitive technique, to observe
port coefficient of temperature, while thermal conductivity is the glass transition of polymer, the solid—solid transition of
that of heat energy. Thermal conductivitys related to ther- ~ molecular crystals, and the solid-liquid transition of various
mal diffusivity « by the formulai =«C, whereC is the spe- kinds of materials. With this technique, the quantitative value
cific heat per unit volume. To obtain these thermal transport of heat transport property can be obtained in the liquid, the
properties, lots of methods were applied such as thermal wavesolid states, and in the phase transition. This technique was
transmission spectroscopy methi@5], photopyroelectric  also applied to detect the thermal diffusivity of pure water
techniqud6-8], probe methofB], steady state methdd0], and aqueous solutions in the frozen and unfrozen state, and
the continuous changing of thermal diffusivity was observed
- as a function of temperatuf7].
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the typical electrolyte and most relative to our lives, forms front surface of the specimen and the other for a sensor on
the eutectic of NaCl-2bD with the melting temperature at  the rear surface of the sample, were used as measurement
—21.7°C. In this study, thermal diffusivity of the eutectic cell for thermal diffusivity (Fig. 1a). The electrical insulation
formed in aqueous alkali chloride solutions (NaCl, KCIl, RbCI coating, such as silicone oxide, is hydrophilic and the interfa-
and CsCl) with the various concentrations was examined by cial thermal resistance between this coating and the aqueous
temperature wave analysis. A measurement of X-ray diffrac- solution sample is assumed negligible, so the lubricant was
tometer (XRD) equipped with differential scanning calorime- not used in this study. This hypothesis is also confirmed for
try (DSC) was also undertaken to study the structure of the the measurement of phase shift at the thermal interface at
mentioned eutectic crystallizations. least in the lower frequency by Minakov et f]. To avoid

the evaporation, the liquid specimen is inserted into the set

of measurement cell fixed and sealed at a constant thickness

2. Samples and measurements with a spacer by using a capillary action. It was confirmed
experimentally that the temperature variation obtained by a
2.1. Samples thermocouple buried in the substrate was less thah@.2

By passing a sinusoidal current on the heater by function
Solutes of alkali chloride, NaCl, KCI, RbCland CsClwere synthesizer (NF1920), the temperature wave is generated by
obtained from Wako Pure Chemical Industries, Co. Ltd., with ac Joule heating at the front surface of the specimen and it
the purity of at least 99.99%. Aqueous solutions were pre- propagates through the specimen in the thickness direction
pared by dissolving the solutes in pure water with the con- to the rear surface. The frequency of temperature wave is
centration of 0.05, 0.10, 0.154, 0.5, 1.0, 2.0 and 4.0 molar perselected by considering the thermal diffusion length defined

liter. The electric resistivity of pure water is 15 M. as = 1k= (w/2a)~ 12 of the specimen, as to get the ther-
mally thick condition. The ac electric power on the heater

2.2. TWA measurements is selected lower than 15 mW for the minimum temperature
increase in the specimen. The temperature variation at the

2.2.1. Apparatus rear surface was detected by the variation of the electrical re-

The experimental set-up used in this study is shown in sistance of the sensor obtained by using a two-phase lock-in
Fig. 1. A set of flat plate of Pyrex 7740, sputtered with thin amplifier (NF 5160B) as the phase delay and the amplitude
gold layers across an area of 1 mn3 mm with an electri- decay. Temperature was controlled by the PID temperature

cal insulation coating on the surface, one for a heater on thecontroller (Ohkura, EC 5500), and the dc voltage on the sen-
sor and the temperature of the thermocouple were obtained

Thin gold layer (Lead) by the digital recorder LR4110 (Yokogawa). The schematic
Glass plate diagram of the experimental arrangement for TWA is shown

in Fig. 1(b).
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Fig. 1. Schematic diagram of the TWA measurement: (a) measurement cell; AK~ Asks are satisfied, the second term in the denominator is
(b) experimental arrangement. much smaller than the first term there, hence Eq. (1) can be
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simplified to 40mA, divergence slit 0% scattering slit 0.5 receiving
) slit 0.3 mm, 5-40 29 range, 10/min speed, 2 K/min heating
T(d. 1) = V2jork exp(—kd) exp[i (wt —kd — Z)} ) rate. Nitrogen was used as atmospheric condition. The cali-
(Mk + Asks)? 4 bration ofo and 26was performed as usual by using a silicon
To note the phase term in Eg), we can get more simple standard_. Temperature <_:a|ibration of DSC was performed as
equation as follows, usual using 2—3 mg of highly pure metal chips of Ga, In, Sn

and Pb.
w T
N)=—|—d— = 3
20 4 (3)
3. Results and discussion

whereA# is the phase delay between the heater and the sen-

sor, aqctj the specimen thickness. In this .eq“at."?”’ the rela- Fig. 2 shows the thermal diffusivity of 0.154 M aqueous
tionship betweem\6 and the square root efis verified to be . ; : . .
sodium chloride solution during the cooling and the heat-

alinear one, therefore, when the thickness of the specimen is .
known, thermal diffusivityx can be obtained from the slope Ing processes betweerb0 and 20C. After a super cooling

. . phenomenon, a steep increase of thermal diffusivity was ob-
of the plot inw versusAf. The Eq.(3) can be rewritten as served as two steps at10 and—33°C, corresponding to

follows, the crystallization of pure water and the eutectic formation
nfd? of sodium chloride and ice, respectively. While in the heat-
“= (A0 + (7/4)) “) ing scan, a two-step decreasing of thermal diffusivity was
) ) . observed at-22.1 and—1.5°C, also corresponding to the
By using Eq.(4), « can be determined b6 at a fixed fre-  eytectic melting (literature value ca21.6°C) [21] and the

quency. When the temperature is scanned at a constant healepressed melting of ice, respectively. The eutectic composi-
ing or cooling rate, the thermal diffusivity can be obtained ton is approximately 23.6% wi/w of sodium chloride, existing

continuously as a function of temperature. as a hydrate of NaCl-2#0 below this temperaturd 8].
The temperature scan was done in the range frdso Thermal diffusivity in the heating process of pure water
to 20°C with the temperature scanning rate of @C3min and the aqueous sodium chloride solutions with various con-

in cooling and 0.2C/min in heating. The frequency for the  centrations from 0.05 to 4.0 M are showrfily. 3. Itis obvi-
temperature scanning measurement was 16 Hz, which wasyysly seen that for each aqueous solution, thermal diffusivity
selected by considering the thermally thick condition. Dur- changes in two steps. The first steep descent of thermal diffu-
ing freezing process, the volume expansion is relived to a sjyity corresponds to the eutectic melting of NaClsZH at
lateral expansion under the condition for maintaining a con- _22 1°C, while the second steep descent corresponds to the
stant thickness that can be confirmed by the polarized opti- melting of ice. Both of these changes are strongly depending
cal microscope. Even if the thickness expansion was found on the concentration of solute, the higher the concentration
within 1%, such variation in the thickness would cause the of sodium chloride, the higher the decreasing of thermal dif-
1% error to the calculated thermal diffusivity value in case fysivity in the eutectic melting. Near to the eutectic concen-
of the sample thicknesdwith 130um.

2.3. DSC measurement

Rigaku Thermoflex TAS 200 series DSC 8230D with the
cooling instrument was used. Sample (~2mg) was sealed 12F
in aluminum pan. The heating scanning rate was 2 K/min in
the atmosphere of nitrogen. Samples were cooled at 5 K/min
before the heating scans. Here the liquid nitrogen was used
as the cooling agents.
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2.4. XRD-DSC measurement

\

XRD-DSC (Rigaku XRD-DSC) measurement was un- % %E
dertaken for the simultaneous measurement of X-ray diffrac- 0.2+ _& .
tometer and DSC for the study of crystalline structure of
eutectic of alkali chloride and idd.9,20]. The specimen of S 0 30 20 0 o 0 0
agueous solution about 10 mg was packed in an aluminum
square-shaped container without mechanical grinding. The
XRD-DSC operating conditions were as follows: Cu Ke Fig. 2. Thermal diffusivity of aqueous 0.154 M NaCl solution in the cooling
ray source, graphite monochrometer, X-ray condition 50 KV (x) and heating (CJ) processes.
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Fig. 3. Thermal diffusivity of agueous NaCl solutions with various molar
concentrations during heating process))(pure water; ((J) 0.05M; (0)
0.10M; (2) 0.154 M; (V) 0.50 M; (x) 1.0M; (+) 2.0MM) 4.0 M.

tration (4.03 M), only the first descent of thermal diffusivity
was observed at 4.0 M aqueous solution of sodium chloride.
On the contrary, the changing of the thermal diffusivity in the
melting of ice decreases with the increasing concentration of
the aqueous sodium chloride solution. The depression of the
melting point (which is corresponding to the liquidus phase
boundary in the phase diagrdi22]) was clearly observed

in the melting area of ice. Below the eutectic melting tem-
perature, the thermal diffusivity increases with the falling of
temperature, and higher the solute concentration, lower the
value. Onthe other hand, in the liquid state, each solution with

various concentrations shows approximately the same value

as that of pure water. The thermal diffusivity in the liquid
state slightly increases with increasing the temperature.
The change ratio of thermal diffusivity’ ae (Aae/ Actiotal)
and that of heat of fusion by DS@'He (AHe/ AHtotal)
due to the melting of eutectic was shown kig. 4, plot-
ted against the concentrations of aqueous sodium chloride
solution. Here Aae and Aayotg) are the change of thermal
diffusivity during the eutectic melting and the total change
of thermal diffusivity from the solid to the liquid state, re-
spectively. The schematic determination/afe, Aciota and
Te were shown schematically in the inset Biy. 4. AHe
and AHiota are the heat of fusion for the eutectic and the
total heat of fusion of the aqueous alkali chloride system,
respectively.A’ae and A’He increase with the increasing
concentration, because the amount of the eutectic crystalline
increases with the increasing concentration of NaCl solute.
However, the concentration dependenceAdfe and A’He
was different. The increase of He tends to be linear, while
for A’ae, the increase tendency occurs to be the curved line
with the increasing concentration. At lower concentration,
the rise of A’ae is remarkably larger than that @f’He. In
other words, thermal diffusivity is much more sensitive to de-
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Fig. 4. Thermal diffusivity changingX’«e) and heat of fusion ratio (Ale)

in the melting of eutectic NaCl-24#0 formed in aqueous NaCl solutions
with various molar concentrationdJf A’ae; () A’He. Inset shows the
determination offg, Aae and Aaiotal.

tect the change in highly structure of coexistence of eutectic
and ice.

Fig. 5shows the thermal diffusivity of aqueous KClI solu-
tions with various concentrations in the heating process. The
melting temperature of the eutecticefTof KCI and ice is
—10.4°C, higher than that of NaCl solution. In the KCI so-
lutions, thermal diffusivity in the frozen state has the larger
variation depending on the solute concentration than that ob-
served in the NaCl solutions, the higher the concentration,
much lower the thermal diffusivity value, and the thermal
diffusivity also changes in two descent steps in the heating
scan. For the KCl solution with the concentration higher than
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Fig. 5. Thermal diffusivity of aqueous KCI solutions with various molar
concentrations during heating process))(pure water; () 0.05M; (0)
0.1M; (A) 0.154 M; (V) 0.50 M; (x) 1.0M; (+) 2.0 M;N) 4.0 M.
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Table 1

Melting temperature for the eutectic crystallizatidr)(of alkali chlorides
Te NacCl KCI RbCI CsCl
From literaturg18] —-21.7 -10.4 -16.0 -23.0
From TWA technique —-22.1 —-10.8 -16.4 —-23.3

2.0 M, only one step decrease of thermal diffusivity was ob-
served, in which only the eutectic melting occurred. For other
kinds of alkali chloride solutes such as RbCl and CsCl, the

7

Fig. 6a depicted the thermal diffusivity of these four kinds
of the aqueous solutions with the concentration of 0.5M
in the heating scan, in which the eutectic melting temper-
ature of each alkali chloride solute was clearly observed by
the steep descent of thermal diffusivity. Thermal diffusiv-
ities below —30°C are in the order of the eutectic melt-
ing temperature, the higher the eutectic melting temperature
(KCI>RbCI > NaCl > CsCl), the lower the thermal diffusiv-
ity value (CsCl>NaCl>RbCI>KCI). Here we should pay
attention to the value of thermal diffusivity at which the eu-

same experiments were performed, and the two-step descentgectic complete its melting, as pointed out with the arrows in

of thermal diffusivity were also found in the heating scan. The
melting temperatures £y of these four kinds of the eutectics
determined by TWA (as shown in the insetkify. 4) were
shown inTable 1together with the literature valugs3]. The
temperatures obtained from TWA method agree well with the
literature value.
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Fig. 6. (a) Thermal diffusivity of 0.5M aqueous alkali chloride solutions
during heating process(Y) KClI; () RbCI; () NaCl; (A) CsCl. (b) X-

ray diffraction patterns for 0.5 M aqueous alkali chloride solutions taken at
—40°C.

Fig. 6(a). Thermal diffusivity values occurred in such regions
different remarkably from each other. As we know, thermal
diffusivity values in such regions contribute to the ice and
the concentrated aqueous solution. As shown in the former
figures, the thermal diffusivity of ice is about 10 times as that
of agueous solution, so the different thermal diffusivity value
at the arrow points for each solution is deduced mainly from
the different amount of ic§10,23,24]. It was well known
that the eutectic is composed of solute and ice, and the know-
able example of eutectic of NaCl-2B), is composed of one
molecular NaCl and two molecules of water. In the freezing
process of aqueous NaCl solution, the water in the aque-
ous solutions would turn into ice gradually and finally the
remained water would combine to the NaCl and form the
eutectic crystallization. For other solutes such as KCI, RbCl
and CsCl, the number of water bound to each solute was
not given in the earlier literature, but it is suggested that the
amount of water bound to each solute is different from each
other, the largest in KCI and the smallest in CsCl agueous
solutions.

X-ray diffraction patterns recorded at40°C for these
four kinds of aqueous solutions with the concentration of
0.5 M were shown irrig. 6(b). For each solution, the angles
of relatively high intensity peaks occurred are different from
each other. While the angles which were marked with circle
at22.8,24.3, 26.2, 33.6 and 40.2 were demonstrated to
be the ice, for the angles of relatively high intensity peaks due
toice are 22.8 24.3,26.2, 33.6,40.1°,43.7 and 47.3 as
defined by Joint Committee on Powder Diffraction Standard
(JCPDS) file no.16-68[25]. For aqueous NaCl solution and
aqueous KCI solution, the relatively high intensity peaks ap-
peared at other angle regions which were marked with star are
all corresponding well to those defined by JCPDS file no. 29-
1197 and no. 04-587, respectively, which were all confirmed
to be the eutectic formed in the corresponding frozen solu-
tions, respectively. Although for the eutectic formed in frozen
state of aqueous solutions of RbCIl and CsCl, there does not
exist any literature reference on the X-ray diffraction pattern,
here we still confirm that the peaks appeared at other angle
region which marked with triangle are owing to the eutectic
crystallization from the simultaneous measurement of DSC.
Because in heating measurement fres0 to 25°C, all the
peaks marked with triangles disappeared after the eutectic
melting, and then the residual peaks are all corresponding to
that of ice.
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16 ' ' ' ' about0.142 mrhs~1 (10°C). In the frozen state, thermal dif-
sl fusivities for each solution with the concentration lower than
el B 0.154 M are the same at about 1.4 frsn'. On the other hand
s CsCl in the concentrations higher than 0.154 M up to 4 M, thermal

diffusivity shows a large difference depending on the differ-

] ent alkali chloride solutes. Thermal diffusivity of aqueous
CsCl solution seems to be nearly to that of ice. While for

8 aqueous KCI solution, thermal diffusivity shows strong de-
pendence on the concentration, and it keeps the lowest one
i comparing with other kinds of aqueous solutions at the same
concentration. This is due to the low fraction of ice and the
low thermal diffusivity value of eutectic of KCI. Thermal
diffusivity in the frozen state is closely correlated with the
highly structure of coexistence system of eutectic and ice,

0 ‘ ‘ : ' ! ' depending on the solute of alkali chloride.
-50 -40 -30 =20 -10 0 10 20

T/°C
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Fig. 7. Thermal diffusivity of 4.0 M aqueous alkali chloride solutions during 4. Conclusion
heating process: () KCI; (O) RbCl; (¢) NaCl; (A) CsCl.
Temperature wave analysis technique was applied to mea-

Fig. 7shows the thermal diffusivity of four kinds of aque- sure the thermal diffusivity of aqueous solutions of al-
ous alkali chloride solutions with the concentration of 4.0 M. kali chloride with various concentration in a continuous
There only exists one steep descentin the changing of thermafemperature scan over the temperature range including the
diffusivity in the heating process. In other words, for these freezing-thawing processes of ice and eutectic.
aqueous solutions only the eutectic formed in the frozen state.  Thermal diffusivity drastically changes in the melting of
Itis obviously seen that below20°C the thermal diffusivity ~ €eutectic and ice during the heating process. In the unfrozen
value of the eutectic of KCl is the lowest, next is that of RbC| state, there does not exist any obvious difference in the ther-
and NacCl, the largest one is that of CsCl, the same order asmal diffusivity among the four kinds of aqueous alkali chlo-
observed irFig. 6(a). ride solutions. Inthe frozen state, however, thermal diffusivity

Fig. 8 shows the values of thermal diffusivity for these is strongly depending on the concentration and the kinds of
four kinds of aqueous solutions a40 and 10C as a func- the alkali chloride solute. Thermal diffusivity is sensitive to
tion of concentration. In the liquid state, thermal diffusivity detect the subtle change in the eutectic melting comparing

of each solution shows small difference with pure water at With that captured by DSC method.
Potassium chloride, rubidium chloride, sodium chloride

and cesium chloride are all form eutectic with ice, and the
eutectic melting temperatures are different from each other,
it is independent of the radius of the alkali ion. Thermal dif-
fusivity in the frozen state shows a variation depending on
the kind of alkali chloride solute, the higher the thermal dif-

L :E“g{ :‘81{‘ s fusivity, the lower the eutectic temperature. It suggests the
T - Kgl -40°C " different water bonding ability in the composition of differ-
£ = KC] 10°C ent kind eutectic.
~§ --#--RbC1-40°C The advantage of TWA is that it not only permits unam-
jj'_'?bgll lg:g biguous identification of the thermal diffusivity value, but
05F Ao sz 71 0°C - also provides a thermal understanding of the alterations in the

solid-state occurred during the heating process. It is thought
that these results are sensitive to the structural change due to
the phase transition.
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