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ABSTRACT 

A method has been described for evaluating the premolten liquid fraction (F,) at a 
i xnperature adopted as the initial point in the melting curve ascertained by Skau’s kinetic 
c_vometry technique, based exclusively on the experimentally observed course of this 

curve. 

INTRODUCTION 

The quantity directly measured in Skau’s kinetic cryometric technique is 
the barying temperature (7’) of a substance sample examined as a function of 
time under programmed linear elevation of the surrounding temperature [l]. 
The progress in melting, followed in terms of the varying liquid fraction (F), 
is determined from the heat balance which involves the enthalpy of the 
solid-liquid phase transition and the heat capacity of the system and 
assumes the rate of heat tr-X .Tzr to be directly proportional to the differ- 
ences of temperature between the sample and the surroundings. 

Unlike the cryometric techniques which measure the liquid fraction by 
virtue of the differences in the properties between solid and liquid phases 
such as molar volume 121, dielectric constant [3] and nuclear magnetic 
resonance absorption [4], the Skau technique does not permit the direct 
measurement of the liquid fraction (F) existing in the system at an equilibri- 
um temperature (T), nor worst of all does it allow the measurement of the 
liquid fraction (F,) existing in the system at the initial experimental temper- 
ature (T,).’ Only after the measurement has been completed can the heat 
balance evaluate, analytically or graphically, the variation in F value with the 
system temperature, provided that during the measurement F varies from 0 
to 1. 

Since Skau’s melting curve is usually determined by starting with tempera- 
tures much higher than the freezing point of the polyeutectic formed by the 
major component (substance investigated) with minor (impurity) compo- 
nents, the system, at the initial experimental temperature adopted as the 
melting observation starts, already contains a certain amount, which is some- 
times quite considerable, of the liquid phase whose proportion must be 
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known if the kinetic melting curve is to be correctly interpreted. 
Evaluation of the primary liquid fraction (F,) present at the initial melting 

observation temperature, as a correction for incomplete crystallization, has 
not yet been satisfactorily described in the literature and is usually ignored 

in the cryometric analysis, thus sacrificing much of the accuracy of this 
method. 

A general solution for this problem is not feasible if it is based only on the 
observation of the system temperature with no prior knowledge of either the 
impurity content- or the type of solid-liquid equilibrium (SLE) esisting 
between the major and the minor components. However, for well-defined 
phase equilibrium types, particular solutions are feasible_ The study by Cisse 
et al. [5] may serve as an example. They have suggested a correction to 
account for incomplete crystallization, F, at temperature T, based on the 
ideal solubility curve. viz. 

where Tf is the freezing temperature of the substance containing a mole frac- 
tion of ..,,? impurities, and A is the first cryometric constant. This approach 
is inconvenient in that TZ is difficult to measure by Skau’s technique, requir- 
ing estrapolation of the melting curve beyond the equilibrium range, and 
also in that, without prior knowledge of the (sought-for) correction (F,), 
only an approsimate value of St can be found. 

The present paper sets out to describe a way of evaluating the primary 
liquid fraction (F,) at any equilibrium temperature (T) and thus at any point 
in the kinetic melting curve within the region where the phase transition can 
be assumed to proceed under equilibrium conditions. 4s demonstrated 
previously [ 61, this holds true only for the temperature range below the tem- 
perature of the inflection point in Skau’s melting curve. The results obtained 
by the method suggested are not affected by the accuracy of measurement 
of absolute temperature in the melting curves, because they are evaluated 
from observed temperature differences and hence systematic temperature 
measurement errors, unavoidable with thermocouples, are cancelled out. 

THEORETICAL 

The Skau kinetic technique assumes that the increment in the surface area 
S (Fig. 1) bounded by the melting curve and by the surrounding temperature 
increase curve, with suitable corrections duly allowed for (inter alia, for the 
heat of warming of the system, heat losses, etc.) [7,5], corresponds to the 
heat effect of the solid-liquid transition and is directly related to the liquid 
fraction F. Thus the evaluation of the correction (F,) for incomplete crystal- 
lization reduces to determining the surface area (23,) corresponding to the 
heat of the phase transition over the temperature range extending from the 
actual commencement of melting, i.e. from the lowest temperature at which 
the liquid phase appears in a given system, up to the experimental tempera- 
ture T, which is taken as the start of observable melting in the cryometric 
measurement. 
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SC. 1. The observed mc1tin.g curve For the benzene sample to which 0.48 mole 5 01~ II- 
hcptane was added. 

If the total surface area assumed to represent the heat of the solid-liquid 
transition of a sample studied from the initial experimental temperature (T,) 
to the end of the melting process is designated by S,, then the correction for 
the liquid fraction existing at T, may be expressed as 

(W 

With ideal eutectics, in the diluted solution region at an arbitrarily chosen 
point i in the melting curve, the relation between the equilibrium tempera- 
ture (7’) and the corresponding liquid fraction melted (F) is 

(3) 

where Tro is the freezing point of the 100% pure substance. 
By writing the crycmetric equation (eqn. 3) at three data points (i.e. at 

three experimental temperatures and corresponding surface mole fractions), 
viz. (T,, F,), (Tz, Fz), (T3, F3) and taking, in accordance with the assump- 



tions underlying the Skau method, the fraction F, as given by eqn. (2a) and 
F, and F, as 

(2b) 

F3 = -;!_;--$ (2c) 
I C 

and solving eqns. (%)-(2c) and the respective eqn. (3) for S,, we obtain 

(TJ - Tz )S,S, _ -..__ 
‘I = (T2 - T, )S> - ( T3 - T, )S, (4) 

For T, and T3 we may take any two temperatures within the equilibrium 
melting region, between the temperature T, and the inflection point on the 
melting curve. 

Evaluation of S, may also involve other forms of the solubility equation 
and corresponding cryometric equations. For example, if the freezing 
entropy, rather than the freezing enthalpy, is assumed to be independent of 
temperature, as adopted by Malesinski for a series of ideal eutectics [8,9], 
the resulting solubility equation is 

In T) 

and the corresponding cryometric equation [ 101 is 

x1 
In T=lnT,,-- -- 

Iz F 

where I: = AS, ,/I?. 

(5) 

(6) 

Then, by proceeding as before, we arrive at eqn. (7) in place of eqn. (4), 
viz. 

(In T3 -In T,)SS, .-. ___._ ._ -. ._-__._ 
‘I = ~ii~T,-i In T,)S, - (In T, - In T, )& 

(‘I) 

In either of eqns. (3) or (6) the simplification In X, = ln(1 -X2) - -X2 
was used, a common assumption in the cryometry of diluted solutions, 
which holds true in regions of extreme dilution. 

Rearrangement of Malesinski’s solubility equation in the form X, = 
(T/T,,)” renders this simplification redundant. Putting X, = 1 - X-, gives 

(8) 

and hence 

s, = _ ._ _._ !-??___._2___ 2 -P)S s ’ 
(T’;’ - T:‘)S, - (T’;’ - T:;)S2 (9) 
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EXPERIMENTAL 

The application of the proposed method of evaluation of the correction 
(F,) for incomplete crystallization is tiustrated by a cryometric measure- 
ment carried out with a contaminated n-heptane sample of well-known com- 
position. Benzene and Pr-heptane form a eutectic system, close to the ideal, 
with the eutectic temperature TE = -91.275”C. Therefore, to determine the 
melting curve just from the appearance of the liquid phase would require 
starting the measurement at a temperature below 181.875 K (TE). However, 
the cryometric measurement. undertaken to determine the degree of purity 
of benzene by Skau’s technique is usually carried out within a much nar- 
rower temperature range, especially since, if the impurities are unidentified, 
the lowest temperature of liquid phase appearance remains unknown. 

The substances used (99.989 mole 7c ~XY benzene and 99.6 mole % pure 
rz-heptane), the apparatus and the procedure were the same as described in 
the preceding paper [6]. 

A benzene sample to which 0.48 mole % of n-heptane was added was used 
for measurements. 

The observed melting curve AKM (temperature vs. time) and the geomet- 
rical constructikms used to ascertain the corrected surrounding temperature 
line Tj and to e-raluate corrections 1 and 2 (refs. 5 and 7) are presented in 
Pig. 1. 

RESULTS AND DISCUSSION 

Equations (4), (7) and (9) were used to eveluate the liquid fraction F, tit 
the observed initial aelting temperature T1. To check how the values S, and 
F, are affected by the points T1 and T3 arbitrarily chosen in the equilibrium 
region, calculations were performed for two different T3 values (points e and 
f in Fig. 1) taken beneath the inflection point (I,) and four Tz values (points 
a, b, c, d) chosen within the range T1 to T3, i.e. for eight temperatures and 
corresponding surfaces (area sets) & and S3. 

The calculations of surfaces S1 and S3 as well as of the total surface area 
S, were carried out individually by two methods, viz. one involving correc- 
tion 1 (Lyashkevich [ 71) which adopts the line T’ in place of T over the 
whole phase transition region BD’ (total area, S, = AFD’BA; area corre- 
sponding to any point, e.g. e, in the melting curve, S, = Aee’BA), and the 
other involving in addition correction 2 (Cisse et al. [ 51) for the heat of 
warming of the sample (total area S, = AFD’C’CA; S, = Aee’J,N,A). 

Results are listed in Table 1. The total areas S, are expressed in mm’ as 
evaluated from a plot based on the experimental melting curve. The areas S3 
and S2 obtained for each set of temperatures T3 and T2 and the area S1 calcu- 
lated from eqns. (4), (6) and (9) are expressed as percentages of S,. The 
corresponding F, values were calculated from eqn. (2a). 

It. is worth noting that, if the liquid mole fraction present at the initial 
moment of observation of the melting curve is ignored, the us& of correction 
2 (ref. 5) may lead to greater errors in the results (as evident from Fig. 2 in 
ref. 6). 
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Incorrectly introducing the surface area into the initial area in the melting 
curve by estrapolating ihe 7” line according to correction 1 (ref. 5) compen- 
sates to a certain extent for the missing surface area caused by ignoring the 
thermal effect associated with partial melting of the sample before the mea- 
surement has been started. It is, therefore, compensation of the two errors 
that may explain the apparently striking effect that, especially with samples 
containing larger amounts of impurities, neglecting correction 2 leads to 
better results. 

The results presented in Table 1 show that it is reasonable to choose a 
point in the melting curve for the determination of T3 and S3 close to the 
inflection point, a point for evaluation of T2 and S1 approximately in the 
middle of T, and T,, correcticrn 2 suggested by Cisse et al. [5] for the caiiru- 
lation of surface areas SZ and S3, and eqn. (9) for the evaluation of F1, i.e. 
the equation derived from that of the cryometric curve in which the effect 
of the simplifying assumptions, viz. the adoption of a temperature-indepen- 
dent enthalpy of melting and of X, in place of -1n X,, was suppressed. 
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