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ABSTRACT

The results of studies on the course of cryometnic curves obtained by the Skau
technique and suggestions of a new procedure 10 be based on the usc of the inflection
point of the melng curve for the determination of the “equilibrium™ range of the
cryometric curve are descnibed.

INTRODUCTION

Of the various cryometric techniques developed for determining the purity
of substances, the dynamic technique that has recently been very widely apphied is the
onc duc to Skau, which was proposed as carly as the mid-1930s*. This technigue
involves measuring the temperature of the substance being melted under the condi-
tions of linearly varyine ambient temperature so as 1o record cither the sample’s
own temperature or its difference with respect to the ambicent temperature as a
function of timc.

The Skau technique is advantageous in many respects and cspecially in that it
requires a small amount of sample and short mcasurement time and may be readily
automated. However, although numerous investizators have spared no effort to
refine the technique, interpretadion of the expennmental results continucs to be fraught
with numcrous difficultics.

The cryometric mcasurement esscntially involves equilibration and registration
of the solid-liquid cquilibrium temperature during melting or freezing as a function
of the reciprocal fraction of the liquid phase at equilibrium. To determine the fraction
mchied (F), Skan assumes the surface arca bounded by the lines representing the
surrounding temperature 7; and the sample temperature (Fig. 1, curve ILFM) to be
directly related to the amount of heal required to melt the sample and to raise it from
the initial icmperature 7, to the final temperature 7y, There are many reasons for
deviations from this assumption, which render correct evaluation of the F-value
difficult.

The dynamic nature of the process opposes the complete establishment of the
thermal and thermodynamic equilibrium and may well give rise to erroncous determina-
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Fig- 1- Intcrpraation of 1he Emctic meclimg curve obizimed for lincar lompoature change of haating
block.

L w'l 91:1'1 ; fraction meclied with comrection for the heat dissipated in 1he thermocouple leads
area IFDFLL 0 (oomrection 1).

e NIV L ction meiicd with correction | and 2 (for the haat consumed to warm the

ara IGCDFLY * (ygem comprising the cxaminad sample. the samplc holder ete ).

tion of the equilibrium temperature (7). As a result, Skau's expenmental cryometne
curves usually follow courses inconsisient with the theory based on relationships
suitable for the given solid-liquid transition, whereby they become still less susceptible
1o unequivocal mterpretation.

Much cflort has been devoted® ™ * to enhancing the accuracy of evaluation of F
via suitable corrections introduced into the caleulation based on the experimental
melting curve. The two majer comrections are: (1) for the hecat dissipated in the
thermocouple Ieads and in the sample suspending wires, and (2) for the heat consumed
to warm the system comprising the sample examined, the sample holder, thermocouple,
cic. as the temperature of the melting process is increased, i.c. the heal not involved
in the actual phase transition.

The graphical methods used to cstablish the two corrections arc presented in
Fiz 1. These methods are described in detail in ref. 4 and lead the replacement of
the line of the changing temperature of the heating block, 7;. by another correction
line 75,
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Fig. 2. Comparison of the thcorctical arvamctric curves (eqn- €1)) with thosc asootfamed by the
dilatomeiric and Skau's icchniques for samphes containing 1.000 molc ®,. of n-heptanc in benzence.
£ - dilatomctric icchpiquc: £, Skac's Icchnique with comrection 1 applicd: @, Skau’s 1ochnique with
corrections | and 2 applicd. Sold straight lines represent the theoretacal course {eqn. (1))-

When considered in terms of heat-transfer theory the procedure adopted
represents a considerable over-simplification. However, this problem goes beyond the
scope of the present wark.

In practice it is essential to know that. cven if thoroughly applicd, these correc-
tions [ail to climinate the systematic errors inherent in the determination of the
F-xalue. Attempts to introduce extra corrections bascd on the trial-and-error method
have also led to unsatisfactory results,

To overcome these difficultics cfforts have been made to establish eceneral
guidance principles for choosing a section in the cryometric curve (T = 1(1/F})) which
obeys cgn. (1) fo a satisfactory approximation.

To dctermine the impurity content, Lyashkevich® used either the slope of the
cryometric curve over the range [/F = -2, or extrapolated the curve from 1/F = 1 to
I/F = 0. Cissc ¢t al.* have recommended the range 1/F = 2 10 6 for this purpose.
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Evidently, no genenally consisient conclusions can be deduced from such investiga-
tions.

The present work describes results of studics on the course of cryometric curves
obtained by the Skau technique and suggests a general procedure which enables the
accuracy of purity determination (o be enhanced.

In order 1o distinguish manifestly the effects assoaated wath the interpretation
of the Skau melting process from the cflects due to thermodynamic properties of the
system examined, benzene + n-heptanc was chosen as a model system of well-known
propertics, which had once been used as the object of an international comparative
study programme on the cryometne techniques of purity determination performed
under the TUPAC auspices’.

At n-heptane content lower than 3 mole 7, benzene 4 n-heptane may be
rezarded as an ideal system which follows the simplest form of the eryometnic equation

o
T=T, + -E::-'T (1
where, 7, 1s the freczing temperature of the solvent; x? is the mole fraction of the
solute, and A is the cryometnc constant of the solvent.

The course of the cryometric curves obtained by the Skau technique was
compared with the result obtained by the static dilatometric technique® (Fig. 2); the
Iatter allows the measurements under equilibrium conditions and to eliminate wholly
or to a considerably reduced extent, the systematic crrors involved in determining F
and 7.

EXFERDMENTAL

Preparation of substances

A standard benzene sample, purity 99.989 = 0.003 mole %4, prepared at this
Institute, was used. The dezgree of punty of the benzene sample was established by the
Swictoslawski dilatometric® and the Rossini dynamic techniques®. Preparation and
the determinations of purity aad of constanis charactenizing the physico-chemical
properties of the standard benzene sample are described elsewhere!9.

Synthetic mixtures with compositions known to within 0.001 mole %7 were

TABLE |

MIXTURE SAMIPLE COMPOSITIONS

Afixtars No. 1 2 3 4 5 6 7
n-Heptanc added  0.108 0.150 0390 0.660 0890 1.000 1.6%0
{mole %)

Total impurity o.119 0291 0.531 0301 1.031 1141 1.781

{molec %)
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prepared by adding portions of 99.6 molc 74 (by GLC) pure n-heptanc to the standard
benzene sample. The mixturces preparcd arc listed in Table 1.

Apparatus

The apparatus used was constructed at this Institute and is described else-
where!l.

The temperature programme in the heating block was maintained linear within
the limits of 0.003°C. The sample temperature was taken with a copper—constantan
thermocouple. The sensitivity of the temperature measuring system, established on
the basis of the galvanometer and the thermocouple constants, was found to be
0.0053°C. Time was measured with an accuracy of 0.02 min. Samples were placed in
test tubes 30 mm long and 5 mm across. The thermocouple was immersed directly
in the substance cxamincd. In choosing the shape and size of the test tube, recourse
was taken to the results of extensive investications carried out by Lyashkevich®- *2- '3,
The amount of sample examined was about 0.1 2

Procedure

Since small samples subjected to freczing or melting are difficult to agiate,
usc was made of Lyashkcvich's® ideca to crystallize rapidly the sample at temperatures
about 753°C lower than the freezing point to ensure a uniform distribution of im-
puritics. Dry ice - ethanol was used as a cooling mixture.

The samplc thus crystallized was placed inside the heating block simmersed in
the cryostat. In view of Cisse and Clechet’s finding® that the equilibrium section of
the melling curve becomes reduced as the heating rate is increased. the lincar increase
of the block temperature was applicd as low as possible. viz, 0.1 °'C min™ ',

The liquid phase fraction, F. was cvalvated from the melting curve at a given
equilibrium temperature. T, by using suitable corrections™ and the cryometric curves
(T = [{1/F)) were constructed.

TABLE 2

IMPURITY DATA EVALUATED FOR STANDARD BEXNZENL SAMPLES WITH THE AID OF THE INFLECTION FOINT
IN THE MELTING CLRVE

XNo. xs fmole™_ ) Absafute Relotive Standard
e T errar error deviation
Actwol Observed (molc =, (mole =) (100 = 5.)

1 0.112 0132 = 0013 10.92 0.59

2 0.291 0332 = 0031 13.09 3.10

3 0.531 0552 - 0.051 9.60 231

4 0S01 0.581 = 0.050 10.00 52

5 1091 0960 —-0.131 12.00 140

6 1141 0973 =0.167 1472 237

7 1.731 1315 -0466 26.15 347
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Repeatability of the final results of measurements was established by calcolating
the standard deviation of the mean from three measurements (Table 2).

RESULTS AND DISCUSSION

For comparison, the cryometric curves cstablished by the dialtometric and
Skau's technique are plotted in Fig. 2. Theorclical curves are also plotted according
10 equ. (1) with 4 = 0.01523 deg ™' taken for the first cryometric constant of benzene.

Figure 3 shows the Skau eryometric curves oblained for the scven sampics
(Tablc 1). ascertained with duc correction for heat dissipation.

In Fiz. 4, the {IjF)-paramcter ranges ane shown within which the slopes of the
eryometric cunves coincide with the correct valucs of x3/4 at the given impurity
conicnts.

As exident from Fig 2, the Skau eryometric curves. unlike the dilatometric,
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Fig- 3. The cyomaric corvwes ascotained by Skaw's techpique for benzone samples containing
xarious impurily proporiions, with corection 1 applied. @. sample 1: @®. sample 2_ &, sample 5;
2, ssmplc 4; ). =wplc 5 A. samplc 6 G, sempk 7- The simight lincs drawn through suitsble
cxpesimental points in each curve deicrmine the slope conforming 1o fhe theorctical course for
individual benzene samples. 1.P., mflection point of the mxcliing cuanve.
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Fig. 4. Intonak of HFsxalucs within which the slopes of the Skau crvometnic cunes agree with the
actual impurity contcnts in the benzene amples of vanving impurity proportions.

exhibit considerable deviations from the rectilincar course charactenistic of the benzence
-= n-heplane system at limiting dilutions and da not allow the establishment of the
degree of purity directly from the experimentally measured 7 and (1/F)~alues. The
strict analogy of the curve shapes within the whole series of measurements {(Fig. 3)
indicates that the deviations arc cavsed by systematic, rather than random, errors
assocated with measuning the liquid-phase fraction, F, or equilibrium temperature,
7. The comrections recommended in the literature were found 1o reduce the deviations
to an unsatisfactory degree, leaving no possibility of adequatcely interpreting the
results.

As shown in Fig. 3, by reference (o the cryometric curves obtained for the series
of the seven samples of varying n-heptane contents, the scctions of the cryomctric
curves with slopes approximalely consistent with the actual values of x2/A do not fall
in 2 common interval of the (1/F)-paramcter. This range vanes with the mole 77
impurily in the sample investigated. Thus. the common section of the cryometric
curve claimed to correspond to a constant (1/F)-parameter interval, 1-2% or 2-6%, is
hardly justificd. Evidently, this range varies from (1/F) = 1.2-1.8 to (}/F) = 7-11 at
impurily contents of 1.5 and 0.1 mole 9%, respectively: that is, as the impurity content
ts rmsed, the range moves considerably toward lowsr (1/F)-values. To explain this
fact, the courses of the mcling curves yecorded at a lincar temperature programme
were subjected to critical analysis; it is actually these curves that form the basis for
the detcrmination of the cryometric curves 77 = {1/ F).

A theorctical cryometric curve transformed by eqn. (1) into the plot of 2 melting
curve T = f{z) for the liquid phase mole [ractions, F adopled from the Skau technique
mcasurcments is presented in Fig 5.
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Fig. 3. Ihusiration of the influcnce of the correction including liquid cxistence at temperature 7y, on
the value of fraction mdtcd (F} for various stages of the melting process. &, experimental point;
A .- “udeal™” inchting cune nevomsinucted on the basis of the ayomeiric cunc in accordance with
saale b Daphaormnt of ~idal™” mclime curve afier making allowances for commection inchiding
liquid existcnoe at tempertune T (xsczke 2), represented by the armoa.

The cryometnic curve 7 = I(F) which. in agreement with egn. (1) forms an
equilateral hyperbola, becomes distorted in the 7 = {(-) plol because the time scale
in this ploi is inconsistent with Lhe F-value scale (as indicated by Fig. 5). However,
if the F- and 7-values were correctly evaluated, the theoretical melting curve should
coincide with the experimental curve. As evident from Fig. 3, such a coincidence is
achieved in only a small region of the melting curve.

Two regions exhibiting diverse deviations may be distinsuished. (1) In the
initial melting ranze the theoretical meling curve follows a course bencath the
expcnimental curve and makes a strongz bend downward. (2) Starting with a centain
point the experimental curve suraightens and then makes a bend upwards.

The departure of the theorctical from the experimental curve in the final
melting stage is suggestive of thermal disequilibrium and proaressive superheating
of the liquid phase. It is thus evident that extrapolation of the final melting curve
scction along the straight line up (o the intersection with the straight line P-F (Fig. 1),
as often practiced?, to determine the sample melting point (75), is incorrect. Extra-
polation of the melting curve beyond the equilibrium range up 10 F = 1 is justified
along the hyperbolic type corve. However, 1the analytical form of this curve cannot



337

be determined until after the x3/4 valuc and the rclation between the time scale,
=, and the F-scale in the mclting curve arc known, i.c. after the relationship F = (=)
has been cstablished: therefore, the extrapolation and also the determination of 7
in the Skau technique directly from the melting curve may be only approximalce in
nature.

Figure 5 shows that the scction [1{F}] = 1 to 2 as suggested in the literature
for the determination of the cryometric depression i1s unsupporied and still Jess
justified is the extrapolation of the crvomelric curve from (1/F) = 1 to 0.

The charactcristic point in the meliing curve (Fig- 3, point 1) at which melting
beging 10 procced under the increasingly high thermal discquilibrium conditions, is
the inflection point. Therefore, for purposcs of cryometric analysis it appcars justified
to consider only the points Ixing below this point within the low F-valuc range.

Since at the initial melling siage superheating may be ruled out as a possibility,
deviations in this range of the experimental from the theorctical curve appear to be
duc to crrors inherent in the determination of the liquid-phasc mole fraction, F rather
than to thosc arising from thermal discquilibrium.

The liquid phase present at the moment adapted at the start of the melling
process is of consequence, a fact hitherto underrated. When impuritics form cutectics
with the major component, the liquid phase appears at the melting point of a binary
or 2 multicomponent culectic, which is usually much less than the mclting point of
the major component and also below the temperature range involved in the measure-
ment. Therclore, as cvident from Fig. 5, the greatest differences between the courses
of the theorctical and cxperimenial curves occur within the range accepted as the
initial melting region in the melting curve where the measured F-values are burdencd
with largest crrors.

For example. for the Skau mielting curve (Fiz 5) of a samplc containing 1
mole 77 of n-heptane as impurity, the iquid-phasc mole fraclion at tcmperature 7,
adopted as the melting start-point and determined from the phase diagram s ~ 1397,
A suitable correction adopted for the F-value allows good agreement in the courses
of the theoretical with experimental curves (Fig. 5, scale 2).

It remains open how to formulate the correction for fraction F of a substance
with an unknown impurily conicnl, a commonplace situation in cryometric measurc-
ments of purity. This problcm has been discusscd at greater length in our following
paper.

For a substance of unknown impurnty content and type and an unknown
cormrection to be applicd to the liquid phasc. it appears to be most rcasonable to rely
upon the cquilibrium mclling curve scction closely adjacent 1o the inflection point
for the cvaluation of impurity contcnt. In the cryometric curves in Fig- 3 the points
are marked, corresponding to the inflection points in the experimental melting curves
obtained by the Skau technique.

The slopes of the straight lines drawn through these points and through the
Jower experimental points (toward higher (1/F)-valucs) were adopled as a basis for
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TABLE 3

PIPURITY RATA EYALUATED FOR STANXDARD BENZEPXE SAMPLES WITH THE AID OF THE IXFLECTION POFNT I
THE MELTING CURYE, AXD CORRECTION OF THE LIQUID PHASE AT THE TEMPERATURE (71 ADOPTED AS
THE MELTING START-POIXT

Ner. Xr e =, ) Absolate Relative Secselired
" e e mmeom s gy crror deviation
Actua? Observed {rmole ®_ j =) fI00 = %,.§

1 o119 Qa9 = 0010 - 09 113

x 029] 0300 - (L0 -= 3.1 146

3 a.531 0530 - 0031 - 7.7 236

= | osal 03520 +0.0I19 -+ 24 258

5 1031 0930 =0.101 - 98 363

[ 114] 1010 ~ .13 -=i1.5 3.00

T 1.751 1605 -0.173 — 97 Zis

the determination of x.-values in the individual samples. Resulls are prescented i
Table 2.

As evident from Table 2 the relative ervor is held within the limits of 15377 The
standard deviation, S,. charactensiic of the repeatability of the measurcments
performed, exhibits no considerable variation with the impurily concentration and
maintains itself within the limits of 0.0} 10 0.03 mole 72 in harmony with the precision
oblained by other investigators.

Results obtained with the aid of the inflection point in the melting curve and
correction on the liquid-phase presented in the temiperature (7,) adopted as the
melting start-point are shown in Table 3.

As i3 evident from this Table the relative error is held within the imits of 107
and is smaller then that obtained without consideration of the liquid-phasc presented
at the temperature 7, at the beginning of the experiment.
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