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Calor imetr ic  analysis  shows a succession of transformations inside and outside the 
pores,  whose  character is t ics  depend on the concentrat ion of  the solution and the amount  of 
porous body present .  

For a g iven  porous body, whatever  the ini t ia l  concentrat ion of the solution, the capil- 
lary condensate  concentrat ion evolves systematically, during cooling, towards the eutectic 
concent ra t ion  even i f  the ini t ial  salt concentrat ion is higher than the entectic one. It should 
be noted that this phenomenon  indicates migrat ion outside the pores of water or potassium 
iodide according to the ini t ial  concentrat ion.  

For various samples  whose pore size is decreasing, successive solidification of  divided 
water  and eutect ic  occurs at  decreasing temperatures. The freezing temperature depression 
of  water  in divided KI solutions does not seem to be a function of the salt concentrat ion 
but is dependent  mainly  on the divis ion effect. A nearly l inear  relat ionship between pore 
radius and the reciprocal  of  temperature  depression may experimentally be established for 
divided eutectic. 
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Introduction 

The predictability of solidification of a fluid held inside a porous body is im- 
portant in various fields such as freezing of soils, foodstuff, biological materials. 

Liquid-solid transformations of divided pure substances have been widely 
studied [1-9]. 

For a pure substance and under particular experimental conditions, certain 
authors [9] have shown that the triple point temperature of the capillary conden- 
sate is lowered in relation to the pore radius. 
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When cooling a solution, concentration and division effects will occur simul- 
taneously. 

In the case where the porous medium is connected to a large amount of dilute 
solution, previous papers [11, 12] have shown that the capillary condensate 
evolves towards the eutectic concentration. 

The purpose of the present work is in one hand to generalize the preceeding 
results to solutions whose concentration is higher than the eutectic one, in the 
other hand to consider the case where the eutectic quantity is insufficient to sat- 
urate the porous material. In this aim, the ratio of salt and porous material 
amounts is controlled. 

Solidification temperature depression of a capillary condensate: theoretical 
background 

When a porous material is entirely saturated by a condensate, a unique corre- 
spondence exists between the freezing temperature and the curvature of the liq- 
uid-solid interface. The lowering of this temperature, T, obtained by combining 
Laplace and Gibbs-Duhem is then: 

d ~s  Cls ) 
T -  To = AT = - l 

J r  ~ S m  

(1) 

where To is the normal solidification temperature, ASm the volume transition en- 

tropy of the liquid phase. Cls and ~s are respectively the main curvature and the 
surface tension of the liquid-solid interface. 

The solidification in a capillary can proceed either by a progressive penetra- 
tion of liquid-solid meniscus, formed initially at the outlet of the pore at the nor- 
mal solidification temperature, or by a classical mechanism of nucleation. 

For any mechanism envisaged, the curvature of the solid-liquid interface is 
spherical at the beginning of solidification, and : 

2 2 (2) 
Cls  - Rn  -- R - t 

where Rn is the curvature radius of the solid-liquid interface, R the pore radius; t 
is the thickness of the condensate layer adhering to the pore walls and which is 
not affected by the state change. 

By introducing condition (2) in the theoretical Eq. (1), the following expres- 
sion is obtained: 
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1 ASm (T) 

AT-  25s (T) 
- -  ( R - t )  (3) 

where ~ is the average value of the volume entropy of transition in the 
temperature range T-To. 

It may be noted that the value of the abscissa at the origin corresponds to the 
thickness t. 

Experimental procedure 

Calorimetric analysis is a technique that is very suitable to study the phase 
transition of a condensate held inside and outside the pores. 

The analysis of a potassium iodide solution that thoroughly saturates a po- 
rous material is performed by using a Mettler DSC 30 differential scanning calo- 
rimetry. 

Porous materials 

Textural characteristics of the porous materials used, determined by water 
thermoporometry [13], are shown in Table 1, where Rmax is the pore radius cor- 
responding to the maximum of the pore size distribution curve and V the total 
porous volume per gram of porous material. 

Table 1 

Type SiO2 SiO2 SiO2 AhO3 SiO2 

Rmax/nm 3.3 6.9 9.6 11.1 25.4 

V/mm 3 g-1 230 520 530 490 640 

Sample preparation 

During cooling of a KI solution divided inside a porous material, it has al- 
ready been shown [11] that the capillary condensate concentration evolves to- 
wards the eutectic one. 

The weight mKIsat (mg) of potassium iodide necessary to fill the porous vol- 
ume Vp(mm 3) of a sample with eutectic is given by the equation: 

mKIsat = Vp pEtrr XEUT (4) 

where XEtrr is the eutectic mass fraction, pEtrr the eutectic volumic weight 

(mg/mm 3) and vp(mm 3) is equal to mpxVxl0-3; mp(mg) and V (mm3/g) are re- 
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spectively the weight of porous material used and the total porous volume per 
gram of porous material. 

By varying both the weight of solution rn~ol, and its initial concentration X, 

the weight of salt in solution mr~ can be adjusted according the relationship: 

m~= msol X (5) 

Phase transition of a KI aqueous solution able to saturate the porous sample with 
the eutectic 

This case occurs when mKi>mKisat 

Analysis of DSC curves 

As solid phases (ice and crystalline KI) are completely immiscible, three 
types of DSC curves, represented in Fig. 1, can be observed during a continuous 
cooling. 

a) Case where X --- XEUT (0.52) 

The eutectic solution has the same behaviour as a pure compound. So only 
two peaks 2 and 3 are observed. Peak 2 characterizes the crystallization of eu- 
tectic solution outside the pores after a variable supercooling of a few degrees. 
Peak 3 characterizes the equilibrium liquid-solid transformation of eutectic solu- 
tion inside the pores; the spreading of the curve is a function of the pore radius 
distribution. 

b) Case where X<XEUT 

Three peaks (1, 2 and 3) are observed. 
Peak 1 represents the supercooling breakdown of excess water followed by 

progressive ice deposition. As a result salt concentration in the solution in- 
creases as temperature is lowered. 

When this concentration becomes the eutectic one, the crystallization of bulk 
solution occurs and gives peak 2. 

Finally peak 3 characterizes the liquid-solid change of the divided solution: 
its temperature allows to assume that the concentration inside the pores has in- 
creased to reach a value very close to the eutectic one. 

c) Case where X>XEUT 

In the same way, three peaks (4, 2, 3) are still observed. 
Peak 4, which appears first, corresponds to KI deposition outside the pores with 
supersaturation and then progressive dilution of solution. 
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When the eutectic concentration is reached, the bulk solution crystallizes (peak 21 

J --0 "32 

E 

t ~  

4 

/ ~ X -  0.52 

2 3 

.60 

3 

- ' -  ' " ;  . . . .  I I I I '"  I 
283 253 243 233 

T 
I 

Fig. 1 DSC curves during cooling of KI solutions saturating a porous material 

Peak 3 is due to crystallization inside the pores of a solution which still seems to 
be close to eutectic as its position is experimentally identical to that of peak 3 
obtained in the case where X = Xntrr. 

Peak analysis has been confirmed by: 

- heating samples: reverse equilibrium transformation occurs. 
- using only bulk solution: only peaks 1, 2, 4 can be observed. 
- varying the amount and mean pore size of porous body: peak 3 only is 

modified. 

During cooling, the inside the pores liquid concentration evolves towards the 
eutectic one whatever the initial concentration of solution. If X<X~uT, water mi- 
grates out of pores, crystallizes outside, is replaced by a solution of increasing 
concentration. If X>X~uT, KI migrates out of pores, crystallizes outside, is re- 
placed by a solution of decreasing concentration. 
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Division effect 

a) Case X = XEUT 

The temperature depression AT of the solution held inside different porous 
materials has been determined. 

The curve AT-I=f (R) obtained is given in Fig. 2. This curve can be consid- 
ered to be a straight line as already noted [12]. According to Eq. (3), this obser- 
vation seems to indicate that the volumic transition entropy and surface tension 
vary with the temperature in the same way. 

10 20 R (rim) 
, i i I , 

�9 X - O .  52  

6 0 . 7  - . , . # �9 , ~ , 

0.i0 

0.20 

AT -I (K-11 

Fig. 2 Curve representing the relation between the reciprocal solidification temperature 
depression and pore radius, for a KI solution saturating a polaris material 

Its abscissa at the origin, which corresponds to the thickness t is nearly equal 
to 0.8 nm. This value is identical to that determined by Brunet  al. [8] in the 
case of pure water. This result confirms that the layer which does not change in 
state is free of solute, and is in good agreement with Litvan's assertion [10]. 

b) Case X r XEUT 

For a given porous material (Rmax =9.6 nm), Table 2 gives AT vs. concentra- 
tion X. 

J. Thermal Anal., 38,1992 



LEMERCIER et al.: LIQUID-SOLID PHASE TRANSFORMATION 893 

Estimating accuracy of +0.2 K on the temperature measurement, it may be 
considered that AT has nearly the same value whatever that of X. This result con- 
firms that the capillary condensate evolves systematically towards the eutectic 
concentration irrespective initial salt concentration. 

Table 2 

X 0.05 0.15 0.32 0.52 0.60 0.70 

A T / K  10.5 10.5 10.4 10.3 10.2 10.2 

Phase transition of a KI aqueous solution. Unable to saturate the porous sample 
with the eutectic 

This case occurs when mKi<mKisat 

Description of DSC curves 

During cooling, the DSC curve shows three peaks (Fig. 3). 
Peak 1 is due to an ice deposit that progressively increases with the quantity 

of the excess solution. So when the temperature is lowered, the salt concentra- 
tion of solution increases. Ice deposit stops at the Ts temperature (peak end) 
corresponding to an Xs solute concentration lower than the eutectic one. 

Peaks 2 and 3 characterize the capillary condensate since their areas are 
function of the amount of porous body used. 

Ice deposit starts again (peak 2) at the mouth of the largest pores at a Tsp 
temperature for which the solution still has the concentration Xs. Then salt con- 
centration increases again as temperature is lowered. 

Peak 3 occurs when the eutectic salt concentration is reached. 
These assumptions are confirmed by the relative increase in peak 3 and de- 

crease in peak 2 when the amount of salt used is increased. 

Calculation of Xs 

From the successive steps proposed to describe the solidification of KI solu- 
tions unable to saturate the pores with eutectic, it is possible to calculate Xs. 

Using a weight msol of solution whose salt concentration is X, the quantity 
mEtrr and volume VEUT of eutectic solution that can be obtained are calculated by 
the relations: 

X msol X msol 
mEtrr- and vEtrr = 

XEUT XEUT OEUT 
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Fig. 3 DSC curves during cooling of a KI solution saturating a porous material 

In these conditions, the water volume held inside the pores unfilled by the 

eutectic condensate is : vw = Vp - vEtrr 

and its weight: mw --- pw (Vp - vEtrr ) 

So the Xs concentration is deduced from the expression: 

Xs = mgI _ X msol (6) 
mw + mEtrr f X msol / X msol 

Ow/VP -- XEUT 0E --'~Ul + --XEuT 

Concentration effect 

The equilibrium temperature Ts between bulk ice and solution of calculated 

concentration Xs has been determined for samples unsaturated with the eutectic 

condensate. 
In order that the temperature Ts should be an equilibrium temperature, the 

following experimental procedure has been used: 

- firstly the sample is cooled until supercooling breakdown of bulk water oc- 
curs 

- then the sample is heated until the bulk ice partially melts 
- finally a second cooling is performed while the solution is in equilibrium 

with bulk ice. 

J. Thermal Anal., 38, 1992 



LEMERCIER et al.: LIQUID-SOLID PHASE TRANSFORMATION 895 

The curve Z (Fig. 4) representing Ts=(Xs) characterizes the temperature de- 
pression ATt of the freezing point of water due to the potassium iodide solute for 
a bulk solution; this curve is in good agreement with the equilibrium diagram 
given by the literature [12] for the binary H20-KI system. 

T (K) 

2?3 t o 1 I ~ I _ ~ 

, ~  " ~  0 divided 
I'p 
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x 

Fig. 4 Equilibrium curves between ice and KI liquid solution saturating a porous material 

The freezing temperature Tsp of water held inside the largest pores 
(R=10 nm) of a given porous material (Rma~= 9.6 nm) has been measured for dif- 
ferent values of Xs: the curve ~ (Fig. 4) representing Tsp =f(Xs) is the freezing 
curve of water for a divided solution. 

As Y-,p is nearly parallel to Z, it may be concluded that the freezing tempera- 
ture depression AT2=Ts-Tsp, of water in divided KI solution does not seem to be 
a function of the salt concentration but is dependent on mainly the division ef- 
fect. 

More generally freezing temperature depression of water, as a solvent of a 
divided solution, results from two cumulative and thoroughly independent ef- 
fects, division and concentration : 

AT=ATI +AT2 
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Phase diagram 

For a given diameter, the freezing curve ~ ,  of water as a solvent of a binary 
solution held inside a porous material, has been determined (Fig. 4). Unfortu- 
nately, mainly because of the small value of the enthalpy of dissolution of KI in 
water, it has not been possible to observe the second branch of the liquidus 
curve, i.e. the solubility curve Fp of KI. 

Nevertheless, as the effect of division is to lower equilibrium temperatures, 
Fp is located below the solubility curve F of KI in bulk water. 

The branches Y-,p and Fp intersect at Ep, the eutectic point for the solution in- 
side the pores. Its abscissa XEp should not be, in principle, equal to that of E, the 
eutectic point for the bulk solution. However this difference XEtrr-XEp is appar- 
ently slight as it is not experimentally observed. In any case the schematic H20- 
KI phase diagram drawn in Fig. 5, with XEp taken equal to XEUT, is compatible 
with the various peaks observed earlier. The evolution of the solution during a 
continuous cooling, is also plotted in Fig. 5 for the various cases studied. 

~-. 
a) case X = XEOT = 0.52 

Temperature is lowered from point A to point E without phase change. At 
point E, eutectic solution crystallizes outside the pores (Fig. 1; peak 2); then the 
remaining eutectic solution, located inside the pores is cooled from E to Ep 
where it crystallizes (Fig. 1, peak 3). 

T 
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Fig. 5 Schematic phase diagram of the bulk and divided binary systems H20-KI and 
evolution of the solution during a continuous cooling 

J. Thermal Anal., 38, J992 



LEMERCIER et al.: LIQUID-SOLID PHASE TRANSFORMATION 897 

b) case X<X~uT and m~a<mm~at 

Ice only crystallizes outside the pores (Fig. 3, peak 1) from C to D. From D 
to F the solution remaining inside the pores is simply cooled. Ice starts to crys- 
tallize again inside the pores at point F (Fig. 3, start of peak 2) and finally, at Ep, 
eutectic solution crystallizes inside the pores (Fig. 3, peak 3). 

c) case X<X~tJT and mra>m~at 

As the salt quantity is sufficient to fill the pores with the eutectic solution, 
ice crystallizes outside the pores from C to E (Fig. 1, peak 1); at E, eutectic 
crystallizes outside the pores (Fig. 1, peak 2); then the remaining eutectic inside 
the pores solution crystallizes at Ep (Fig. 1, peak 3) in the same way as in case a. 

d) case X>XE (and sufficient amount of solution) 

The solution outside the pores crystallizes in two stages; progressive KI de- 
posit from H to E (Fig. 1, peak 4), then eutectic deposit at E (Fig. 1, peak 3). 
Then the eutectic solution inside the pores evolves as in case a. 

Conclusion 

The freezing temperature depression of water as a solvent of a KI divided so- 
lution is nearly the same whatever the salt concentrations: this shows that the 
concentration has only a secondary effect in comparison with the division effect. 

During cooling, according to the initial salt concentration, the migration out- 
side the pores of solute or solvent occurs so that the capillary condensate always 
evolves towards the eutectic composition. 

For a porous material thoroughly saturated by the eutectic, the freezing point 
temperature of capillary condensate varies as a function of pore radius as in the 
case of-pure liquid. 

When the amount of potassium iodide inside the solution is not able to satu- 
rate the sample with the eutectic, ice appears in the biggest pores and eutectic in 
the others. 
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Zusammenfas sung - -Ka lo r ime t r i s che  Analyse zeigt eine Reihe yon Umwandlungen 
inner- und aurerhalb yon Poren, wobei die Charakteristik der Umformungen yon der 
Konzentration der Lrsung sowie yon der Menge des anwesenden porrsen Krrpers  abh[ingt. 
Bei einem gegebenen por~isen K/Srper ver~indert sich die Konzentration des Kapillar- 
kondensates unabh~ngig v o n d e r  Ausgangskonzentration systematisch immer in Richtung 
der eutektischen Konzentration, auch wenn die Salzkonzentration zu Beginn fiber der eu- 
tektischen Konzentration liegt. Man mu6 bemerken, da6 diese Erscheinung je nach Aus- 
gangskonzentration auf Migration yon Wasser oder Kaliumjodid aurerhalb der Poren 
hinweist. 
Fiir verschiedene Proben mit abnehmender PorengrOre findet bei sinkender Temperatur ein 
nacheinanderfolgendes Erstarren yon getrenntem Wasser und Eutektikum statt. Die 
Gefrierpunktserniedrigung von Wasser in derartig getrennten KI-Lrsungen scheint nicht 
eine Funktion der Salzkonzentration zu sein sondern haupts~chlich vom Separierungseffekt 
abzuh~ingen. Ftir unterteilte Eutektika konnte ein annahernd linearer Zusammenhang 
zwischen dem Porenradius und dem Reziproken der Temperaturerniedrigung festgesteltt 
werden. 
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