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Impurity effects in a near-critical binary-fluid mixture
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Measurement of the coexistence curve of the binary-fluid mixture methanol-cyclohexane with

increasing amounts of water impurity showed essentially a linear dependence of the critical tem-
perature, critical exponent P, and critical concentration with impurity. Adding 0.10 vol% wa-

ter impurity caused the critical temperature to increase by 3.8 K, the effective critical exponent
P to increase by 0.0021, and the critical concentration, as measured by volume fraction of
methanol, to increase by 0.004. Surface wetting was also observed in the impure samples and
observations are reported on one impure mixture.

It is commonly assumed that impurities have an in-
significant effect on critical phenomena in fluids, pro-
viding only an uninteresting shift in the critical tern-
perature. However, various investigators have re-
ported not only substantial shifts in the critical tem-
perature, ' 4 but also changes in the critical composi-
tion ' and critical exponents. ' Furthermore, impur-
ities affect the amplitude of the heat-capacity anoma-
ly5 and are expected to affect other amplitudes as
well. Investigators have also used impurities to move
the critical point when measuring surface wetting.
Impurities have a significant impact on experimental
and theoretical work in critical phenomena.

To predict the critical exponent dependence on im-
purity, Fisher and Scesney define a "dilution param-
eter" X-f (T, —T,o)/T p, where T, is the critical
temperature of the impure system, T,o is the critical
temperature of the pure system, and f is a constant
of order unity whose value depends on the precise
definition of X. Fisher and Scesney argue f should
be between 0.6 and 0.9; we take f to be 1 in this pa-
per. The critical exponent P is predicted~ to increase
linearly with X: p = po[1 + Xa'/(1 —a') ] where po is
the coexistence curve exponent for the pure system,
and 0.

'
is the heat-capacity exponent for the pure sys-

tem. In the limit as X goes to 1, the exponent P ap-
proaches the "fully renormalized" value.

Experiments investigating impurity effects suffer
from one or more of the following difficulites: only
one impurity level is measured so no clear trend can
be established, relatively large amounts of impurity
are used, the amplitude of the measured effect be-
comes too small to determine a value for the critical
exponent, and/or the location of the critical point is
uncertain.

This experiment provides the first systematic mea-
surement of impurity effects on the critical tempera-
ture, critical composition, and critical exponent P in a
binary-fluid mixture. Precise measurements were
made on the coexistence curve of methanol-
cyclohexane with small amounts of water impurity.

These measurements revealed appreciable shifts in
the critical parameters. We also report on observa-
tions of surface wetting in one of the impure mix-
tures.

Matheson, Coleman, and Bell spectrophotometric
grade methanol and cyclohexane were used without
further purification. The fluids were put into a cell
which was sealed to prevent evaporation or contam-
ination of the fluids. Before filling, the cell was
baked overnight and allowed to cool in a dry nitrogen
atmosphere. The composition of the "pure" mixture
was measured to be 29.3 + 0.1 wt. 'k methanol with a
total volume of 6.2 ml. After the coexistence curve
was determined on this "pure" sample, subsequent
coexistence curves werc measured after introducing
small (12—25-pl) amounts of distilled water into the
cell. Four coexistence curves were thus measured:
the "pure" original mixture, 0.4%, 0.6%, and 0.8%
by volume added water. The most impure mixture
was analyzed using Karl Fischer titration and con-
tained (0.85 +0.03)% by volume water. The compo-
sition of the mixtures (wt. % methanol) was not
changed significantly by the small amounts of water
added. Using the same mixture and varying only the
water content ensured that any systematic differences
between data sets must be due to the water impurity.

In order to determine the coexistence curve, the
concentration of one fluid in each phase must be
measured as a function of temperature. The refrac-
tive index was used as a measure of volume fraction,
the order parameter which usually provides a more
symmetric coexistence curve' in binary-fluid mix-
tures. It has been shown" that the refractive-index
difference between two phases is proportional to the
difference in volume fraction between the phases.
The refractive index of each phase was determined at
632.8 nm with a resolution of 0.00015 and with a
reproducibility typically better than that. Refractive-
index data were taken approximately every 3 to 24 h
with longer times necessary for fluid equilibrium
when close to T, . The cell was shaken after tempera-
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ture equilibrium to assure efficient mixing across the
meniscus. The temperature was controlled within
maximum excursions of +1.5 mK over 24 h. Details
on the cell, refractive-index measurement, and tem-
perature control are given elsewhere. "

Surface wetting, which has been observed" '" in
several systems lately, became noticeable in our ex-
periment as water impurity was increased. In the
mixture containing 0.8% added water, a fairly flat
bubble appeared in the upper phase against the glass
window when far below the critical temperature
(19 K & T, —T & 49 K). Over the region 3.4 K( T, —T ( 19 K no bubbles were observed in either
phase. When closer than 3.4 K to critical, one to
three spherical bubbles with a mean diameter of 0.4
mm appeared on the bottom of the cell. These
spherical bubbles persisted in the one-phase region
(—1.5 K & T, —T & 3.4 K) even after vigorous shak-

ing.
Preferential wetting of the lower phase on the glass

and aluminum cell wall was also observed to change
with temperature in this same mixture. Such wetting
was observable both as a bending of the meniscus
between the phases at the wall and by total internal
reflection. The reflection occurred in the upper
phase at the wall when the lower refractive index,
lower phase wet the wall. A gradual transition from
complete wetting of the upper phase by the lower
phase when well below critical (7 K & T, —T) to no
wetting when close to critical (T, —T & 0.4 K) was
observed. This is inconsistent with the predicted"
and observed' behavior of complete wetting close to
T, and partial wetting far from T, . We reconcile this
difference by assuming that the impurity (water) pre-
ferentially wets the wall over either phase when the
system is close to critical. This would be consistent
with Rice's contention' that impurities affect surface
tensions and with our observations of the critical
temperature drifting with time.

The critical temperature in the impure mixtures de-
creased slightly with time. In the 0.8% mixture, the
critical temperature had the largest drift: about 12
mK per day. We experimentally determined that the
critical temperature was drifting by monitoring the lo-
cation of the coexistence curve with time. This small
decrease in T, is attributed to water adsorbing gradu-
ally onto the walls and being thus removed from the
mixture. Only 18 nl of water per day would have to
be adsorbed to account for this drift. It is also possi-
ble that the spherical bubbles present were rich in
water impurity, but their composition could not be
deduced in our cell.

Each coexistence curve consisted of from 15 to 21
pairs of refractive indices as a function of tempera-
ture. The small drift in T, was taken into account in

presenting and fitting the data reported here. Those
points closest to T, for each curve are plotted in Fig.
1. The expected dramatic increase in T, is readily ob-
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servable by the relative vertical displacements of the
coexistence curves. Each curve was fitted using a

properly weighted linear least-squares routine' by the
simple scaling relation' b, n =Bt~, where 4n is the
difference in refractive index (proportional to
volume-fraction difference) between the upper and
lower phases, B is an amplitude, t is the reduced tem-
perature: t = ( T, —T)/T„and P is the effective criti-
cal exponent. All four curves were fitted well by this
relation over the region 0 ( T, —T (40 K with small
reduced X squares and no systematic deviations (see
Table I).

The critical temperature was determined by per-
forming successive fits and finding the minimum in

the reduced X square while varying T, . The critical
temperature increased linearly with impurity [see Fig.
2(a)] by + 3.8 K per 0.1 vol% water added to the
mixture, which is much larger than reported earlier
by Jones and Amstell. ' Our results are consistent
with previous investigations' ' which show that im-

purities soluble in only one component raise the criti-
cal temperature for an upper consolute point. Most
impurities which are soluble in both components

FIG. 1. Coexistence curves for methanol-cyclohexane
with successive amounts of an impurity (water) added. For
clarity, the individual points taken on each curve are not
shown but are merely connected to form the curves illustrat-
ed. The vertical shift of the coexistence curves is due to the
change in critical temperature; the lowest impurity sample
has the lowest T, (see Table I). The increasing separation
between the diameters (short lines) and one-phase (long
straight line) at the critical temperatures indicates an in-

crease in the critical composition.
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TABLE I. Parameters determined from analyzing the coexistence curve for four mixtures of methanol-cyclohexane with wa-

ter impurity over the temperature range t using simple scaling. x is the reduced x square (Ref. 17). IIII, is the critical volume
fraction determined from Fig. 1 as described in the text. One standard deviation errors are indicated in parentheses. The ampli-
tude B in the simple scaling fits was found to be a constant 0.143+0.002 as expected from the theory (Ref. 8).

% Volume water
(+0.1)

Temperature
range t

T, (C)
(+0.015) p (+0.002) X2 y, (+0.004)

0.05
0.45
0.65
0.85

3x10 —7x10 '
6»0-'-10-'
2x 10 —10 1

5x10 -10 '

49.725
65.597
72.494
79.465

0.325
0.338
0.338
0.344

0.88
0.45
0.77
0.62

0.302
0.319
0.323
0.331

lower the critical temperature. The critical tempera-
ture has also been found' to change linearly with
small amounts of impurity —particularly for impuri-
ties which raise T,. The dilution parameter X is then
also linear with impurity added; an addition of 0.04%
water corresponds to an increase in X of 0.050.

The effective critical exponent P found using sim-
ple scaling (Table I) changed with impurity much
more than was anticipated. P increased approximate-
ly 0.0021 for each 0.1% by volume added water. Fig-
ure 2(b) shows a comparison between our values and
those calculated using Fisher's theory. Goldburg
and Pusey also found a larger dependence of the
critical exponent y on impurity than predicted, when
using very large amounts of impurity (50%-mole frac-
tion). Zollweg' has observed a fully renormalized
value of P in the ethanol-water-chloroform system at
the Plait point.

The effective exponent P has been experimentally
determined' in binary-fluid systems to be the same
as the asymptotic (T T, ) exponent over the range
of reduced temperatures studied here. Fisher and
Scesney' found the temperature range used to fit
coexistence curve data to not significantly affect their
predicted behavior for P. Nevertheless, correction to
scaling fits were attempted to determine if values of
P consistent with Fisher's theory' could be obtained.
Two correction terms" were needed (ttn = Bts
+ Cts+" t~+Dts+') when p was fixed at the predicted
value in order to fit the data as well as simple scaling
had done. The need for correction terms should be
evident by systematic deviations of our data from a

simple scaling fit. The lack of such deviations leads
us to have more confidence in the values of P as
determined by simple scaling and presented in Table I.

The long straight line in Fig. 1 connects the one-
phase points for the four data sets and indicates that
the overall composition (i.e., volume methanol divid-
ed by total volume) of the mixture did not change
appreciably. The negative slope reflects the tempera-
ture dependence of the refractive index. If the criti-
cal composition were constant, the separation
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FIG. 2. Impurity effect on (a) the critical temperature;
(b) critical exponent P, the dashed line from Fisher's theory
(Ref. 8); and (c) critical concentration (volume fraction of
methanol). Error bars are one standard deviation.

between the diameter and the one-phase line at the
critical temperature would be the same for each coex-
istence curve. Since the overall composition was con-
stant, the increasing separation means the critical
composition changed with impurity.

To calculate the change, the separation in refractive
index was taken as the one-phase refractive index
minus the diameter refractive index at the critical
temperature. The refractive-index separation was

converted to a volume-fraction change using the pro-
portionality derived elsewhere. " The proportionality
constant was weakly temperature dependent and



2776 J. L. TVEEKREM AND D. T. JACOBS 27

found to be 9.87+0.02 for this mixture. The
volume-fraction change was then added to the overall
composition to find the critical composition. The
results are presented in Table I and Fig. 2(c). The
critical volume fraction of methanol increased by
0.004 per 0.1 vol% water added. Bak and Goldburg'
have also noted a change in critical composition with

impurity when studying phenol and water. The criti-
cal composition change is particularly important in

experiments measuring amplitudes since they require
a sample at its critical composition.

Impurities are not confined to causing a shift in the

critical temperature. The impurity effects may or
may not be small, depending on the system, but they
are as important to consider as gravity effects or oth-
er complicating influences, especially when studying
amplitudes.
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