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Determination of liquid-liquid critical point composition using 90° laser light scattering
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Despite over a century of characterization efforts, liquid-liquid critical point compositions are difficult to
identify with good accuracy. Reported values vary up to 10% for even well-studied systems. Here, a technique is
presented for high-precision determination of the critical composition of a partially miscible binary liquid system.
Ninety-degree laser light-scattering intensities from single-phase samples are analyzed using an equation derived
from nonclassical power laws and the pseudospinodal approximation. Results are reported for four liquid-liquid
systems (aniline + hexane, isobutyric acid 4+ water, methanol + cyclohexane, and methanol + carbon disulfide).
Compared to other methods, the 90° light-scattering approach has a strong dependence on composition near the
critical point, is less affected by temperature fluctuations, and is insensitive to the presence of trace impurities in
the samples. Critical compositions found with 90° light scattering are precise to the parts-per-thousand level and

show long-term reproducibility.
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I. INTRODUCTION

Characterization of liquid-liquid coexistence behavior is of
both practical and fundamental importance. At the applied
level, industrial and analytical separation techniques rely
on detailed maps of phase behavior and solute partitioning.
For example, current “green” solvent system candidates
for chemical synthesis and extraction include binary liquid
mixtures like ionic liquid + water and ionic liquid + organic
[1-3]. Some of these mixtures exhibit partial miscibility and
liquid-liquid critical behavior [4,5]. The critical temperature
T¢ and critical composition x¢ in such solvent systems must be
identified accurately, in part because reaction rates are altered
in near-critical environments [6].

On the theoretical side, partially miscible binary liquid
systems have been the vehicle for many investigations into
critical point universality [7,8]. Nonclassical representations
of critical phenomena continue to be refined [8—11], with
additional considerations given to the impact of ionic com-
ponents [5]. In keeping with longstanding practices [7], these
theoretical models are assessed relative to measured liquid-
liquid coexistence curves where the critical point must be
known very well. For example, measurements of nitrobenzene
+ n-alkane systems were used to support the isomorphism
principle and complete scaling theory [9-11], resolving the
decades-old question [7] regarding the appropriate choice of
order parameter for liquid-liquid systems.

Meticulous experimental standards must be observed in
order to determine the value of x¢ accurately for a liquid-
liquid system. Constraints include maintenance of temperature
control on the order of 1 mK and strict preservation of
sample purity. Even with such efforts, accurate identification
of xc remains elusive. Data for the methanol + cyclohexane
system illustrate the challenge: the methanol + cyclohexane
system has been studied for over a century, but the critical
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compositions reported in 21 independent measurements range
from 0.49 to 0.54 mole fraction methanol, a span of 10% (see
Appendix A). In this manuscript we introduce a new laser
light-scattering technique for determining xc that we believe
will lead to improved reproducibility between research groups.

In order to provide context for the advantages of our
new method, we first discuss some limitations of using
coexistence curve data to find xc. In the synthetic method
approach to liquid-liquid coexistence curve measurement,
a suite of samples are prepared spanning the composition
coordinate, and the coexistence temperature T, of each sample
is measured [12]. The critical composition is often found by
fitting the set of (x, T¢x) data to the simple scaling power-law
equation for the coexistence curve [7,8]:

Ix — xc| = Bexltex|?. (1

In Eq. (1), B is a universal critical exponent with an accepted
value of 0.326 [13], B is a system-specific amplitude, and 7.«

is the reduced temperature:
fex = u )

Tc

Using Eq. (1) to find xc presents challenges. The basic
analytical task is to identify a particular point on the indepen-
dent variable axis (xc) with high precision from measurements
of the dependent variable (7). In general, this task is best
accomplished when the dependent variable changes rapidly in
the vicinity of the target point, and less so further away from the
point. Unfortunately, liquid-liquid coexistence curves exhibit
the opposite mathematical behavior due to the fractional
exponent §: liquid-liquid coexistence curves change very little
with temperature in the vicinity of the critical point, and then
change with increasing rapidity further from the critical point.
As a result, when fitting coexistence curve data to Eq. (1) the
data furthest from the critical point have the greatest influence
on the value of xc found with the fit. This is illustrated in
Fig. 1. Figure 1(a) presents 14 coexistence curve data points
we reported for the aniline + hexane system in an earlier
publication [14]. The simple scaling equation (the dotted line)
models the data well, and xc can be found from the fit. To
assess the robustness of the fit, Figure 1(b) presents a sample
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FIG. 1. (a) Aniline 4+ hexane coexistence curve data from
Ref. [14]. The data are fit with simple scaling [Eq. (1); dotted line] and
truncated complete scaling [Eq. (3); dashed line]. (b) Sample removal
test of the simple scaling fit. Error bars are 2 standard deviations as
reported by the fitting software.

removal test on the data set. In this test, one of the 14 samples
is removed from the data set and xc is found by fitting the
remaining data to Eq. (1). The test is done 14 times, once per
sample, and the differences of each xc relative to xc gy (using
all 14 data points) are plotted in Fig. 1(b) as a function of
the composition of the sample that is removed. For example,
Fig. 1(b) shows that the critical composition identified by the
fit is +0.006 different if the sample at xpp,; = 0.7148 is not
included, whereas the absence of a sample near xc, such as
Xani = 0.5310, has a negligible effect on the outcome of
the fit. Since the outer points are the most influential, any
asymmetry in the coexistence curve data, either intrinsic or
extrinsically induced, may introduce systematic error into the
determination of xc.

One historical consequence of this dynamic is that the
value found for xc has been dependent on the choice of
order parameter. Unless the molar masses and densities of the
two pure components happen to be matched, the coexistence
curve will have different degrees of asymmetry depending on
whether the composition axis is expressed as mole fraction,
mass fraction, or volume fraction. The wider the range of
composition that is used in the fit, the greater the resulting
disparity.

Figure 2(a) shows the values of xc found when fitting
Eq. (1) to the aniline + hexane data from Fig. 1(a) while using
mole, mass, or volume fraction as the composition coordinate.
The values of mc and ¢¢ have been converted back to mole
fractions in order to plot their locations on the graph; excess
volume effects are negligible in this analysis. Figure 2(a) also
shows how the span of the data affects the analysis. The data
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FIG. 2. Aniline + hexane critical composition determined using
mole, mass, and volume fraction for the composition coordinate and
using all 14 data points, 10 points, or 7 points. Horizontal bars indicate
fitting uncertainty at 2 standard deviations. (a) Coexistence curve fit
using simple scaling, Eq. (1). (b) Coexistence curve fit using complete
scaling truncated at the D, term, Eq. (3). (c) 90° light-scattering fit
using Eq. (20).

were first fit using all 14 points, and then again using the
central 10 and 7 points [Fig. 1(a)]. The horizontal bars in
Fig. 2(a) represent the uncertainty in xc determined by the
fitting software, reported here as 2 standard deviations. Varying
the composition coordinate leads to three x¢ values between
0.52 and 0.54 when using all 14 data points. These three values
converge as the range of data used in the fit is narrowed,
but then excellent experimental temperature stability becomes
more and more important since the coexistence curve is so flat
near xc.

Some of these analysis issues are alleviated if the (x, Tex)
data are of sufficiently high quality to warrant fitting with
higher-order expansions of the simple scaling equation, such
as corrections to scaling [7], or the more recent complete
scaling model [10,11]. Under the complete scaling model, the
coexistence curve is described by:

X — XC —
- = :i:BO|tcx|/3 + D2|tcx|2ﬂ + Dl |tcx|1 ¢ + D()ltcx|,

xc
3)

where « is a universal critical exponent with a value of 0.110
[13]; By is the coexistence curve amplitude; and Dy, D;, and
D, are leading coefficients on nonanalytic asymmetric terms.
When our full aniline + hexane data set is fit with Eq. (3)
truncated at the D, term [the dashed line in Fig. 1(a)], then the
choice of composition coordinate no longer affects the value
of x¢ determined in the fit [Fig. 2(b)].

However, despite the excellence of the complete scaling
fit to our aniline + hexane coexistence data, we will provide
evidence in this paper that the xc value found with Eq. (3) is
still inaccurate. We suspect the inaccuracy is due to a trace
third-component impurity in one of the starting components.
Third-component impurities are well known to have a signif-
icant effect on measured 7.« values [7]. For example, trace
water in the methanol + cyclohexane system increases T¢ at a
rate of 1 K per 0.1 mole percent water [15,16]. The presence of
random impurities in synthetic method samples will randomize
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the T.x values, effectively defeating any attempts to achieve
precise instrument temperature control while simultaneously
degrading coexistence curve fitting efforts. Careful sample
preparation techniques can avoid the problem of sample-to-
sample impurity variation. However, the influence of system-
atic impurity effects is generally unappreciated. The presence
of an impurity in just one of the starting components will make
the coexistence curve asymmetric, and the maximum in the
coexistence curve will not be at the critical point. Higher-order
fits of the coexistence curve, such as Eq. (3), do not account for
the effect of systematic third-component impurities and may
yield erroneous values for xc. Another approach is needed.

Here we present a 90° laser light-scattering technique for
elucidating xc that solves many of the problems described in
the previous paragraphs. The 90° light-scattering signal has
a much stronger composition dependence about the critical
point than coexistence curve temperatures and is thus less
dependent on the span of the data. At the same time, the 90°
light-scattering signal is less sensitive to temperature variations
near the critical point, so less-stringent temperature control
is required. Most importantly, our method is remarkably
insensitive to the presence of impurities in the samples.

In the following sections we present a development of the
theoretical basis for our technique, and then assess its appli-
cation to four liquid-liquid systems. We show that analysis of
90° laser light-scattering data yields highly reproducible xc
values with a precision equal to or better than other methods,
and we propose that the results are more accurate as well.

II. THEORETICAL METHODS

Liquid-liquid mixtures scatter light strongly in the vicinity
of the critical point due to enhancement of density and
concentration fluctuations in the medium [17,18]. This light-
scattering effect is known as critical opalescence, and we show
here how opalescence is a sensitive quantitative probe for crit-
ical composition. Measurements of opalescence from critical
and near-critical samples have been used to determine various
universal critical exponents and amplitudes. Often the decline
in transmitted light (the turbidity) is measured as T — T¢. This
approach requires great care in sample preparation in order
to limit the occurrence of trace particulate Mie scattering,
which is pronounced in the forward direction. Mie scattering
is weak at larger scattering angles, at least for small particles
and low number densities, but critical opalescence from the
bulk solution is nearly isotropic. Therefore an experiment
that relies on the collection of 90° light scattering has an
advantage in that sample preparation requirements with respect
to dust are less stringent. There is at least one report in which
opalescence observed at 90° has been used to determine the
critical composition of a ternary mixture, where xc was not
coincident with the extremum of the coexistence curve [19].
Here we present a formal derivation of how light-scattering
intensity at 90°, Iy, depends on temperature and composition
for a single-phase binary liquid system near the critical point.
For simplicity, we present the derivation in terms of an upper
critical point.

Along the critical isopleth, the scattering intensity [ is
proportional [17,20] to the susceptibility x(q, T), where the
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. (0
q = 2k sin <5> 4)

In this equation, 6 is the scattering angle, and the wave number
k is related to the refractive index of the medium n and the
vacuum wavelength of the light source Ag:

scattering vector ¢ is

_ 2nn

k= S (&)

The susceptibility x (g, T') obeys a power law according to:

x(q.T) =Tt"7g(qgé), (6)

where y is a universal critical exponent with value 1.239 [13],
I is the susceptibility amplitude, g is the correlation scaling
function, and ¢ is the reduced temperature (77 — T¢)/Tc. The
correlation length & in Eq. (6) also follows a power law:

& =E&¢t". (7)

Here v is a universal critical exponent with value 0.630 [13],
and & is the correlation length amplitude.

In this derivation we use the Fisher correction to the
Ornstein-Zernike correlation scaling function [18,20,21]:

1
(I+q%2)' ="
The universal critical exponent n has the value 0.033 [13].

Combining Eqs. (4) and (6)—(8) leads to the following
expression for the 90° light-scattering intensity:

g(q§) = ®)

re

I, c(T) (1 + 208 1) T2 9)
Incorporating the critical exponent relationship [13]:
y =Q—mnyv, (10
will simplify Eq. (9) to:
Ion,(T) 2 (an

(12 +2k282) ' TP

This equation describes the 90° light-scattering intensity as
a function of temperature from a single-phase liquid-liquid
sample at its critical composition.

Extension of Eq. (11) to off-critical compositions can be
done by making the pseudospinodal approximation [22-24],
where the susceptibility of a metastable single-phase sample
continues to increase as the temperature drops past Tex until
the sample reaches a limit of stability analogous to the thermal
spinodal curve [25]. Under the pseudospinodal approximation:

x(x,q,T) =T)(*) " g(gé), (12)

where the asterisk indicates a pseudospinodal critical expo-
nent. Similarly, the correlation length is written as follows:

E(x) = E(x)(t") ™. (13)

Both Eq. (12) and Eq. (13) involve a reduced temperature
t* that is relative to the stability limit, the pseudospinodal

042610-3



WILLIAMSON, BROWN, HELVIE, AND DEAN

Temperature

Mole Fraction A

FIG. 3. Representative coexistence curve and pseudospinodal
curve for a liquid-liquid system of components A and B.

boundary Tps(x):

_ T — Tps(x)
= —Tc .

t*

(14)

The pseudospinodal curve is assumed to have the same math-
ematical representation as the coexistence curve, but with a
smaller amplitude. Following from Eq. (1), the pseudospinodal
curve is defined by:

Tps - TC "

To 15)

|X —.Xc| = Bps

Figure 3 shows the relationship between the coexistence curve
and the pseudospinodal curve.

Data on the composition dependences of critical amplitudes
and pseudospinodal critical exponents are limited. Fusenig and
Woermann found that there was no composition dependence
for &) in the 2-butoxyethanol + water system, and that the
pseudospinodal exponents v* and y* were very similar to their
critical counterparts [22]. The authors observed a decrease
in the susceptibility amplitude I'(x) on the order of 25% as
composition moved away from the critical composition. In
contrast, Lesemann et al. found composition dependencies
for all four of these parameters in a system involving heavy
water and aggregating nonionic surfactants [26]. Given that
the liquid-liquid systems we are describing are small-molecule
systems, we follow the findings of Fusenig and Woermann by
treating &, and I' as system constants, and we assume that
v* = v and y* = y are universal relationships.

A number of experiments have been carried out to deter-
mine 8%, and the general conclusion is that 8* = 8, with the
possibility that 8* is slightly larger [27-30]. There are also
experimental and theoretical reports that the amplitude ratio
Bys/Bex is a constant on the order of 0.63 [27,28,30]. In the
derivation here it is assumed that §* = 8, but the amplitude
ratio is not constrained.

Following from the pseudospinodal approximation and
the preceding assumptions, the temperature and composition
dependence of the 90° scattering intensity can be adapted from
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Eq. (11) by replacing ¢ with 7*:
C
[ +2k283] "

The proportionality constant C incorporates the susceptibility
amplitude I', and the composition dependence of Iyy comes
in through Tp(x) in t* [Eq. (14)]. Equation (16) may be
used without direct measurement of Tps(x) by carrying out
the following steps. In our synthetic method experiments we
measure Iog as a function of temperature in the single-phase
region, and we determine 7. for each sample composition.
If the sample is at some point P in the single-phase region
(Fig. 3), then we define AT; as the difference between the
sample’s temperature 7" and its coexistence curve temperature
T.x. The expression for t* [Eq. (14)] is then rewritten in terms
of ATy:

Ioo(x,T) =

(16)

_ ATy + Tex(x) — Tys(x)
Tc ’
By solving Eqgs. (1) and (15) for 7., and Ty, respectively,
the difference between coexistence curve temperature and
pseudospinodal temperature can be expressed as:

l,*

a7

Tex — Tps = TcAB' |x — xc|'P, (18)
where A B’ is defined as:
AB = B;'" — B'P. (19)

Substituting Egs. (17) and (18) into Eq. (16) gives our target
expression for 90° light-scattering intensity as a function of
composition and temperature:

c
(A% + AB' [x — xc|'#)” +2k282]

loo(x,ATy) = E—

(20)

III. EXPERIMENTAL METHODS

A. Sample preparation

Preparations of the aniline + hexane, isobutyric acid
+ water, and methanol + cyclohexane samples have been
described elsewhere [14,31]. Methanol + carbon disulfide
(MCS) mixtures were created using starting components
purchased from Aldrich with 99.99% purity specifications.
MCS samples were prepared on a vacuum line by sequentially
trapping vapor from the two starting components in liquid-
nitrogen-cooled custom 14-mm OD glass ampules. Each
2.5-mL ampule contained a Teflon-coated spin bar. Ampules
were flame-sealed after sufficient methanol and carbon disul-
fide had been transferred. The composition of each MCS
ampule was determined gravimetrically, and corrections were
made for buoyancy and for the moles of vapor occupying the
head space in the sealed ampule.

B. Light-scattering measurements

Our methods of data collection have been described
previously [14,31]. Briefly, the T4 of each sample was
determined to within 0.01 K using a stir-settle laser light-
scattering technique. Transmitted light, small-angle scattering,
and 90° scattering with s-polarization geometry were collected
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simultaneously as a function of temperature out to A7; on the
order of 0.5 K. To mitigate the effects of multiple scattering
and self-attenuation in highly opalescent samples, 90° light
scattering was collected from only the initial 2-6 mm of the
laser’s passage through the ampules. Tests showed that the
value of x¢ found from fitting Ioy data was independent of
optical path length over this range of distance.

To collect the Ioy data, samples were taken from the single-
phase region into the two-phase region and back in a sequence
of 0.01 K temperature steps. Each run took approximately
1 day to complete, ensuring that samples had several minutes
to equilibrate after every step. Data collected while decreasing
the temperature were consistent with data collected while
increasing the temperature: no hysteresis was observed. Nearly
all samples have exhibited long-term stability, with Tcx values
drifting by only a few hundredths of a kelvin over years of
storage.

C. Data analysis

Assignment of T, for each sample was based on changes
in the three light signals [31]. Values of T4 from the scans of
decreasing and increasing temperature almost always agreed
to within 0.01 K and were averaged together. Coexistence
curve data were fit to Eqs. (1) or (3) using the program
PEAKFIT (Systat Software). The I data from all samples were
compiled into a single table. To determine x¢ with Eq. (20), the
compiled Iyy surface data were then fit as a function of x and
AT, using the program TABLECURVE 3D (Systat Software).
Our fits typically had five parameters: xc, AB’, 2k*&Z, the
proportionality constant C, and a constant baseline offset for
lop. We used literature values for the critical exponents [13],
and Tc was determined independently from the coexistence
curve data. An initial four-parameter fit was done with a
zero baseline. The baseline value was assigned by examining
the fitting residuals for those samples well removed from the
critical composition. The data were then refit using the new
baseline offset as a fixed parameter.

IV. RESULTS AND DISCUSSION
A. Evaluation of the Iy, approach

Results from measurements of the aniline + hexane system
illustrate many of the advantages of using Ioy data to find
the liquid-liquid critical composition. The aniline 4 hexane
samples were prepared a decade ago, but the data shown
here were recollected from the samples 6 years later once
our experimental techniques had been refined. Figure 4
shows (xani, AT, Igo) data for the system, along with the
corresponding surface fit to Eq. (20). As with all of the 90°
light-scattering data for our liquid-liquid systems, Eq. (20)
describes the aniline + hexane Igy data very well.

To demonstrate that the Ioy data are more sensitive to the
location of the critical composition than T data, Fig. 5(a)
juxtaposes the aniline + hexane coexistence curve with a slice
of the Iyg surfaceat ATy = 0.05 K. The fit of Eq. (20) through
this AT slice is also shown. When the width of the coexistence
curve is 0.100 on the mole fraction axis, the coexistence curve
temperature has decreased below T by only 0.04 K. However,
the Iyg data have decreased to 45% of their maximum value
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FIG. 4. Three-dimensional plot of Iy, data for the aniline +
hexane system with an overlay of the corresponding surface fit to
Eq. (20). The Iy, data were collected 6 years after the samples were
prepared.

342 0.100 (@) T 50
© X o o :
341 o :
3 . L. £ 40
= 340 T HER N | :
g e N P F30 S
> 3 T >
g o P o | E
3 338 e +20,8
g 50100 & P
£ 337 : :
F e X t 10
AT, =0.05K™, E
et ‘e r
335 eee@° e, - F O
0.2 0.3 04 0.5 0.6 0.7 0.8
Mole Fraction Aniline
Z 0.002 (b)
# 0.000 ir ° oo -o-00-° LS s o-.-o °
|
£ -0.002 e e b e e b !
0.2 0.3 04 0.5 0.6 0.7 0.8
Mole Fraction Aniline
Literature | I I I |
Values (c)

cct +1y
048 049 050 051 052 053 054 055 056 057 058
Mole Fraction Aniline

FIG. 5. (a) Initial coexistence curve data for the aniline + hexane
system (light blue diamonds) compared against the corresponding /o
data for AT} = 0.05 K (dark red circles). The Iy, data were collected
6 years after sample preparation. The red dashed line is from the
surface fit of the Iy data to Eq. (20). (b) Sample removal test of the
lyy data fit. Error bars, barely visible, are 2 standard deviations as
reported by the fitting software. (c) Comparison between literature
values of the aniline + hexane critical composition (dark blue lines)
with the measurement reported here. The light blue line is from a
truncated complete scaling fit of the initial coexistence curve (CC); the
red line is from analysis of Iqy data collected 6 years later. Literature
references are found in Appendix B.
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FIG. 6. Aniline + hexane Iy, data versus AT, for a sample with
an aniline mole fraction of 0.5728. The red dashed line is from the
surface fit of the Igy data to Eq. (20). The Iy data were collected
6 years after sample preparation.

at xc over this same composition span. Therefore, the most
important samples for identifying xc with Igy data are samples
near xc. This idea is confirmed in Fig. 5(b), a sample removal
test using the Ioy data. The results of the fit are perturbed
only when a sample near xc is removed from the full data set.
Figure 5(b) should be compared with Fig. 1(b), the sample
removal test based on coexistence curve data. In Fig. 1(b), the
samples furthest from xc have the greatest influence on the
value of xc found in the fit.

While good temperature control is certainly important
for critical composition measurements based on Iy data,
the experimental demands are not as strenuous as when the
critical composition is determined from 7., data. Figure 6
shows Iy data as a function of AT for an aniline + hexane
sample near the critical composition. At its steepest point near
AT, = 0, an 0.01 K fluctuation in temperature results in an
Iyo signal fluctuation on the order of a few percentages. In
contrast, the coexistence curve at the same composition has
dropped only 0.02 K below the critical temperature. A 0.01 K
fluctuation in temperature corresponds to half of the signal
that is being measured, 7.x — 7T, for determination of the
critical composition with either the simple or complete scaling
equations [Egs. (1) and (3)].

Use of o data to find xc is also less sensitive to the choice
of composition coordinate, even though Eq. (20) is based on
simple scaling equations. This is because the outcome of the
fit is most influenced by those samples close to xc. Earlier in
Fig. 2(a) it was shown how the choice of the order parameter
and the span of the data affected the outcome of fitting a
coexistence curve with the simple scaling equation [Eq. (1)].
Figure 2(c) is a repeat of these tests using Io data, and there
are three key differences. First, the choice of composition
coordinate has only a small effect on the outcome: the resulting
three critical compositions (xc, mc, and ¢¢) are clustered
within 0.001 mole fraction aniline of one another. Second,
the choice of the span of the data has no effect on the outcome
of the fit. The central seven points all have Iy, signals that
are at least 10% of the Iyy peak maximum [Fig. 5(a)]; sample
removal tests show that points below the 10% threshold have
little impact on the outcome of the fit, aside from helping to
establish the baseline of the Iyy data. Third, the uncertainty in
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xc found in the fitting software’s statistical report is typically
at least an order of magnitude smaller with Iyy data than with
coexistence curve data.

Figure 5(c) compares our measured critical composition
for the aniline + hexane system with five values found in
the literature (see Appendix B). Since Eq. (20) is based on
simple scaling theory, we report a xc value that is an average
of the three xc values obtained when using mole, mass,
and volume fraction as composition coordinates. Averaging
these three values is qualitatively consistent with how the
critical compositions are observed to converge [Fig. 2(a)] when
using coexistence curve data and the simple scaling equation
[Eq. (1)]. In future work we intend to incorporate complete
scaling theory into Eq. (2), and we anticipate that the three xc
values will become even more tightly clustered.

The uncertainty we report for xc combines together three
quantities: the uncertainty in xc reported by the fitting
software; the standard deviation of the three xc values found
using mole, mass, and volume fraction; and the maximum
deviation in x¢ observed in the sample removal tests. Figure
5(c) shows our results for both Igy data analysis [Fig. 2(c)]
and the fit of the truncated complete scaling equation to the
coexistence curve data [Fig. 2(b)].

Coupled with our sample preparation techniques, the Igg
analysis method yields critical composition values that are
reproducible over many years. We have carried out long-
term tests on the isobutyric acid + water and methanol +
cyclohexane systems. Two separate sets of isobutyric acid +
water samples were tested independently. First, Fig. 7(a) shows
the coexistence curve initially measured for 25 isobutyric
acid + water samples (Set A), along with a slice of the g
surface at AT} = 0.05 K collected 2 years later. Figure 7(b)
shows the corresponding sample removal test for the Iy
measurements. In the past, volume fraction [32] and mass
fraction [33] were both recommended for the isobutyric acid
+ water composition coordinate because the coexistence
curve is substantially more symmetric under these coordinates
than with mole fraction. We observe slight but distinct
asymmetry when the Iy data are plotted using the mole
fraction coordinate. Since our Iygy equation is based on simple
scaling theory and does not yet account for higher-order terms
found in Eq. (3), we present isobutyric acid + water data here
with respect to the mass fraction coordinate. Volume fraction
results are very similar to mass fraction, differing by only
0.0001 when converted back to the mass fraction coordinate.

Light-scattering measurements on Set A were repeated 7
and 10 years after the samples were prepared, and the resulting
mc values are compared in Fig. 7(c). The variation in m¢ over
the time span of observation is 0.0015 mass fraction isobutyric
acid. For confirmation, we prepared a second set of isobutyric
acid 4 water samples from new starting materials (Set B), and
the critical composition we initially determined from that set of
samples is consistent with Set A. Figure 7(c) also compares our
results to 12 other independent measurements of the isobutyric
acid + water critical composition (see Appendix C).

The second system we tested for long-term reproducibility
was a smaller set of nine methanol + cyclohexane liquid-
liquid samples. Figure 8 shows the initial coexistence curve,
a slice of the Iyy surface at AT, = 0.05 K collected 5
years after sample preparation, and the sample removal test.
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FIG. 7. (a) Initial coexistence curve data for Set A of the
isobutyric acid + water system (light blue diamonds) compared
against the corresponding Iy data for AT, = 0.05K (dark red
circles). The Iy, data were collected 2 years after sample preparation.
The red dashed line is from the surface fit of the I, data to Eq. (20).
(b) Sample removal test of the Iy data fit. Error bars, barely visible,
are two standard deviations as reported by the fitting software.
(c) Comparison between literature values of the isobutyric acid
+ water critical composition (blue lines) with the two sets of
measurements reported here using Ioy data (red lines). The samples in
Set B were incubated after initial measurements were made, leading
to long-term changes in T;x values—see the text. Literature references
are found in Appendix C.

Also shown are methanol + cyclohexane critical composition
values found from the initial Iog measurements and from g
measurements 2 and 5 years later. The critical composition is
reproducible to within 0.001 mole fraction methanol over the
5-year span. Figure 8(c) compares our observations against
the aforementioned 21 independent measurements of xc for
the methanol 4+ cyclohexane system listed in Appendix A.

B. Impurity effects

Perhaps the most important benefit of using Iy data in a
synthetic method determination of critical composition is that
sample impurities have a very small effect on the analysis.
While an impurity can significantly change coexistence curve
temperatures for a liquid-liquid system, the critical compo-
sition undergoes a comparatively minor shift. Jacobs has
characterized the effect of an impurity on critical point location
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FIG. 8. (a) Initial coexistence curve data for the methanol +
cyclohexane system (light blue diamonds) compared against the
corresponding /oy data for ATy = 0.05 K (dark red circles). The Igo
data were collected 5 years later. The red dashed line is from the
surface fit of the Igy data to Eq. (20). (b) Sample removal test of
the Igy data fit. Error bars, just visible, are 2 standard deviations as
reported by the fitting software. (¢) Comparison between literature
values of the methanol + cyclohexane critical composition (blue
lines) with the measurements reported here using /g data (red lines).
Literature references are found in Appendix A.

in a liquid-liquid system by a simple empirical relationship
[34]:

Xc — Xc,0

Tc — Tcpo

= 21
f Teo 21

XC,0

Here xc, and T¢ define the critical point location in the
absence of the impurity, and f is a proportionality constant on
the order of 1. If an impurity causes a 1 K shift in the critical
temperature of a liquid-liquid system with 7¢ o = 300 K and
xco = 0.5,thenEq. (21) predicts that the critical composition
will shift by 0.0017.

As an example, our values of xc for the methanol +
cyclohexane system may be a little high. Although our
samples were prepared carefully under anhydrous conditions,
we measured a coexistence curve with a critical temperature
about 2 K above the recommended value [35]. An elevated
Tc often indicates the presence of water in one or both of
the original components. If, in fact, trace water was present
in the set of methanol + cyclohexane samples we prepared,
then the critical composition would be expected to be 0.002
to 0.003 lower [15,16] in mole fraction of methanol. Still, this
potential disparity in x¢ is much smaller in magnitude than the
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FIG. 9. (a) Initial coexistence curve data for the methanol +
carbon disulfide system (light blue diamonds) compared against the
corresponding Iy data for AT} = 0.05K (dark red circles). The
Iy data were collected 7 years after sample preparation. The red
dashed line is from the surface fit of the Igy data to Eq. (20).
(b) Sample removal test of the /gy data fit. Error bars, just visible, are 2
standard deviations as reported by the fitting software. (¢) Comparison
between literature values of the methanol + carbon disulfide critical
composition (blue lines) with the measurement reported here using
Iy data (red line). Literature references are found in Appendix D.

variation already observed in literature values for the methanol
+ cyclohexane system [Fig. 8(c)].

More generally, the presence of either systematic or random
sample impurities readily compromises coexistence curve fits
to Egs. (1) and (3). This is seen in our methanol + cyclohexane
coexistence curve, where the maximum of the curve does not
line up with the Iy peak or even with the span of literature
values for xc. In contrast, Ioy data are weakly dependent on
the presence of impurities. According to Eq. (20), the Iyy data
depend on AT, the temperature relative to Tex; the data do
not depend on the specific values of T,. In other words,
introduction of an impurity shifts the temperature dependence
of the Igy data along with T¢x. The Iy data are only slightly
affected by the accompanying small change in xc.

We tested this prediction with experiments on two liquid-
liquid systems. First, Fig. 9(a) shows the initial coexistence
curve for a small set of methanol 4 carbon disulfide samples.
The quality of the coexistence curve data in this case was
substandard because the eight samples were prepared at
different times over a one-month window rather than in a single
session. Prolonged sample preparation opens up the possibility
for introducing different types and amounts of impurities into
each sample, leading to variations in T¢x such as those seen
in Fig. 9(a). However, the corresponding slice of Iy data
collected 7 years later [Fig. 9(a)] does not exhibit the same
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FIG. 10. (a) Initial coexistence curve data for Set B of the
isobutyric acid 4+ water system immediately after sample preparation
(light blue diamonds) and 8 years later (dark blue circles). The Set B
samples were incubated for 2 months at 35 °C shortly after the initial
measurements. (b) Three-dimensional plot of Iy, data at 8 years, and
the corresponding surface fit to Eq. (20).

type of error and follows closely the model of Eq. (20). The
sample removal test in Fig. 9(b) shows that x¢ is well defined
even though there are only three samples with Iy scattering
intensities that are at least 10% of the peak maximum. Figure
9(c) compares our results with values reported in the literature
(see Appendix D).

Even stronger evidence for the robustness of Ioy data
analysis with respect to impurities is presented in Fig. 10.
After the isobutyric acid 4+ water samples in Set B were first
measured, the samples were incubated at 35 °C for 2 months.
The T« values have dropped continuously over time since then,
indicating that the incubation initiated some type of sample
degradation process. Each sample has changed at a different
rate, and Fig. 10(a) shows the T, values we measured 8 years
later. The decreases in T, relative to the initial observations
range from 0.1 K to 5 K, with an average drop of 2.5 K across
the 13 isobutyric acid + water samples.

The resulting “coexistence curve” at 8 years [Fig. 10(a)]
is impossible to evaluate for mc using Eq. (1) or Eq. (3).
However, the degradation products have only a small effect on
the individual light-scattering properties of each sample, and
the change is systematic. Figure 10(b) presents the Iyy surface
plot generated from a measurement of these samples at 8 years.
The Iyo data remain self-consistent in a way not at all suggested
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by the T data, and the resulting value of m¢ has the same level
of uncertainty as the measurement taken when the samples
were first prepared. The value of mc at 8 years is 0.0036
larger in mass fraction isobutyric acid relative to the initial
measurement [Fig. 7(c)]. A shift of this magnitude is consistent
with the observed average 2.5 K drop in Tix [Eq. (21)].

V. SUMMARY AND CONCLUSIONS

The variability seen in literature reports for critical com-
positions of liquid-liquid systems can be attributed to three
interrelated factors: the span of the data along the composition
axis, the choice of composition coordinate, and the effect of
impurities. We have developed a 90° laser light-scattering tech-
nique that mitigates all of these factors, and we have tested our
method on four liquid-liquid systems: aniline 4 hexane, isobu-
tyric acid + water, methanol + cyclohexane, and methanol +
carbon disulfide. Our method shows long-term reproducibility
and affords a precision of at least 0.001 mole fraction.

Table I presents a summary of our measurements. For each
system we list the year of sample preparation, the number of
samples in the set, the number of samples with oy signals that
are at least ten percent of the peak maximum, the year of Ig
data collection, and the resulting critical composition. Critical
composition uncertainties are based on sample removal tests,
varying the composition coordinate, and statistical output from
the fitting software.

An interesting question arises when our results for the
aniline + hexane system are evaluated closely: Why is there
a significant difference between the critical compositions

TABLE I. Liquid-liquid critical compositions measured with 90°
laser light scattering.

Number of Years since Critical
samples sample composition
Set # 1oy = 10%) preparation from Iy, data
Aniline 4+ Hexane Mole Frac. Aniline
14 (7) 6 0.5370 % 0.0008
Methanol 4 Cyclohexane Mole Frac. Meth.?
9(5) 0 0.525 £0.003
2 0.525 £ 0.004
5 0.5239 +0.0017
Methanol + Carbon Disulfide Mole Frac. Meth.
8(3) 7 0.3851 +0.0017
Isobutyric Acid + Water Mass Frac. IBA
A 25 (14) 2 0.3952 +0.0013
7 0.3951 %+ 0.0009
10 0.3937 +0.0015
B 13 (10) 0 0.3959 +0.0011
5P 0.3980 % 0.0008
50 0.3990 + 0.0013
6P 0.3988 +0.0010
6P 0.3983 +0.0011
8b 0.3994 4+ 0.0010

*Values may be elevated by 0.002-0.003 due to impurities. See text.
Samples were incubated at 35 °C for 2 months after initial readings.

See text.
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(a) Residuals when xc is fixed at 0.5368, the optimum xc value
from Iyy data analysis. (b) Residuals when xc is fixed at 0.5318, the
optimum xc¢ value from coexistence curve analysis.

found with complete scaling theory versus Ioy data analysis
[Figs. 2(b) and 2(c)]? Applying truncated Eq. (3) to the
aniline + hexane coexistence curve (Fig. 1) yields a xc apn; of
0.5318 £ 0.0010 when using the mole fraction composition
coordinate. Applying Eq. (20) to the Iyg data collected 6 years
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FIG. 12. Initial aniline 4+ hexane coexistence curve fitting resid-
uals using the complete scaling equation truncated at the D, term
[Eq. (3)]. (a) Residuals when xc is fixed at 0.5318, with the optimum
xc value from coexistence curve analysis. (b) Residuals when xc is
fixed at 0.5368, with the optimum xc value from Igy data analysis.
(c) Residuals when x¢ is fixed at 0.5368 and a simple linear impurity
correction is included in the complete scaling equation.
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TABLE II. Reported methanol + cyclohexane critical composition measurements.

Year reported Mole fraction methanol Method of determination Reference
1930 0.5053 Equal volume criterion [47]
1943 0.496 Evaluated by the editors of Ref. [35]. [48]
1966 0.489 Evaluated by the editors of Ref. [35]. [49]
1967 0.493 Evaluated by the editors of Ref. [35]. [50]
1970 0.525 Rectilinear diameter analysis [51]
1977 0.5181 + 0.0012 Rectilinear diameter analysis [46]
1978 0.513 Rectilinear diameter analysis [52]
1983 0.535 £ 0.005 Fit of np data to power law; fit of xc versus water content [16]
1984 0.539 £ 0.002 Fit of np data to power law; fit of xc versus water content [36]
1984 0.5219 Meniscus observations [53]
1985 0.525 £ 0.006 Fit of np data to power law [45]
1986 0.506 4 0.003 Graphically (unspecified) [54]
1986 0.5232 4+ 0.0006 Meniscus observations [55]
1986 0.524 Equal volume criterion and rectilinear diameter analysis [56]
1987 0.5140 % 0.0006 Fit of T, data to power law [57]
1988 0.4986 + 0.0005 Fit of T.« data to power law [58]
1988 0.5096 + 0.0004 Fit of T data to power law [59]
1992 0.508 £ 0.016 Tc was not reported — this is our fit of T« data to Eq. (3) [60]
1998 0.5117 Polynomial fit followed by T, (calculated) fit to power law [61]
2003 0.4974 Maximum in the coexistence curve [62]
2006 0.497 £ 0.004 Tc was not reported — this is our fit of T, data to Eq. (1) [63]

after the samples were prepared (Fig. 4) yields a xc ani of
0.5368 £ 0.0006, a value that is 0.0050 larger. The T, readings
at 6 years were only a few hundredths of a kelvin different from
the initial T readings, so no significant sample degradation
took place in the interim. Furthermore, both xc ani values
arise from excellent fits to their respective data. Figure 11(a)
shows the residualsina AT} = 0.05 K slice of the Iy surface
fit to Eq. (20). The residuals are randomly distributed about
zero. The residuals of the coexistence curve fit using truncated
complete scaling theory [Eq. (3)] are equally good [Fig. 12(a)].
When each fit is redone with the critical composition fixed to
the other method’s value of xc ani, then the residuals exhibit
large systematic deviations [Figs. 11(b) and 12(b)]. Therefore
the difference between the two xc ani values appears to be
significant and not a fitting artifact.

We propose that Ioy data provide the more accurate value
for the aniline + hexane critical composition because a simple
trace impurity correction brings the coexistence curve data
analysis into agreement with the Ioy data analysis. Binary
liquid system critical point temperatures are known to have
a linear dependence on impurity concentration [15,16,36-38].
If we hypothesize that component 1 has a trace impurity and
component 2 does not, then the resulting impurity-induced
shift in coexistence curve temperatures will have a linear

dependence on system mole fraction x; according to:
Tcx,imp = Tcx,O + ax;. (22)

In Eq. (22), Ty 0 is the coexistence curve temperature of the
system at composition x; with no impurity present in either
component, Tex imp i the coexistence curve temperature when
component 1 has an impurity, and a is a constant that depends
on the amount and type of impurity present in component 1.
Equation (22) may then be combined with Eq. (3) truncated
at the D, term. Using this revised model, forcing xc ani
to be 0.5368 actually yields a good fit to the coexistence
curve as seen in the resulting residuals [Fig. 12(c)]. The
critical temperature changes by 0.3 K with this new fit, which
corresponds to a critical composition shift of only 0.0004
according to Eq. (21). From this example, it can be seen how
sensitive coexistence curve analysis of the critical composition
can be to the presence of trace impurities.

Trace impurities may account for much of the disagreement
reported in the literature for liquid-liquid critical compositions,
but implementation of Igy data analysis has the potential of
ameliorating this problem. The technique may be valuable for
systematic investigations of impurity effects on x¢ and for
further evaluation of complete scaling predictions [10,11]. As
we will report later, critical amplitudes and constants such as

TABLE III. Reported aniline + hexane critical composition measurements.

Year reported Mole fraction aniline Method of determination Reference
1917 0.499 £ 0.003 Tc was not reported — this is our fit of T data to Eq. (1) [64]
1923 0.566 Not specified [38]
1958 0.510 £ 0.011 Tc was not reported — this is our fit of 7, data to Eq. (1) [65]
1967 0.521 Fit of T, data to power law [50]
1993 0.504 Interpolated maximum in the coexistence curve [66]
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TABLE IV. Reported isobutyric acid 4 water critical composition measurements.

Year reported Mass fraction isobutyric acid Method of determination Reference
1965 0.380 Fit of T data to power law [67]
1968 0.388 Fit of T, data to power law [68]
1971 0.380 Meniscus observations [69]
1976 0.389 Rectilinear diameter analysis [32]
1976 0.383 Equal volume criterion and composition analysis [70]
1977 0.379 Not specified [71]
1977 0.3947 Fit of T, data to power law [72]
1983 0.384 £0.012 Maximum in the coexistence curve [73]
1988 0.394 + 0.002 Meniscus observations [74]
2002 0.3889 + 0.0008 Fit of T, data to power law [33]
2007 0.402 £+ 0.004 Fit of T, data to power law [75]
2011 0.383 £ 0.002 Equal volume criterion [76]

the correlation length &, can also be determined in these ex-
periments. From an applications standpoint, our approach may
streamline the process of critical composition determination.
For example, rather than creating a set of individual samples,
light scattering intensity could be monitored continuously as a
function of composition in a titration experiment. This might
be especially useful for ternary systems where the critical line
or plait points must be identified.
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APPENDIX A: METHANOL + CYCLOHEXANE

An evaluation of methanol + cyclohexane coexistence
curve measurements was published in 1994 [35]. The editors
found critical compositions for the methanol 4 cyclohexane
system reported in 25 publications, and they recommended
a value of 0.515 £ 0.005 mole fraction methanol based on
23 of the publications. However, the editors included 7
publications [15,39—44] where the authors prepared near-
critical samples at compositions recommended by earlier work
and did not actually make independent measurements of the
critical composition. The editors also misidentified the critical
compositions reported in three papers [16,45,46].

In our updated survey of the literature, 21 independent
measurements of the methanol 4 cyclohexane critical com-
position were found (Table II). Each entry in the table lists

the year of publication, the value of the critical composition in
mole fraction methanol, the uncertainty of the reported value
if available, and the method by which the critical composition
was determined.

APPENDIX B: ANILINE + HEXANE

Five independent measurements of the aniline + hexane
critical composition were found in a search of the literature
(Table III). Each entry in the table lists the year of publication,
the value of the critical composition in mole fraction aniline,
the uncertainty of the reported value if available, and the
method by which the critical composition was determined.

APPENDIX C: ISOBUTYRIC ACID + WATER

Twelve independent measurements of the isobutyric acid
+ water critical composition were found in a search of the
literature (Table IV). Each entry in the table lists the year
of publication, the value of the critical composition in mass
fraction isobutyric acid, the uncertainty of the reported value
if available, and the method by which the critical composition
was determined.

APPENDIX D: METHANOL + CARBON DISULFIDE

Seven independent measurements of the methanol 4- carbon
disulfide critical composition were found in a search of the
literature (Table V). Each entry in the table lists the year
of publication, the value of the critical composition in mole

TABLE V. Reported methanol + carbon disulfide critical composition measurements.

Year reported Mole fraction methanol Method of determination Reference
1922 0.296 Interpolated maximum in the coexistence curve [78]
1923 0.365 Not specified [38]
1963 0.342 Rectilinear diameter analysis [79]
1967 0.404 Fit of T4 data to power law [50]
1970 0.379 Maximum opalescence and equal volume criterion [77]
0.365 £ 0.007 Rectilinear diameter and fit of T, data to power law
1971 0.364 £ 0.007 Interpolated maximum in the coexistence curve [80]
1983 0.365 £ 0.007 Equal volume criterion [81]
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fraction methanol, the uncertainty of the reported value if
available, and the method by which the critical composition
was determined. Viswanathan et al. [77] reported one critical
composition based on observations of opalescence (0.379) and

PHYSICAL REVIEW E 93, 042610 (2016)

one based on fitting their coexistence curve data (0.365). We
note that the value from their opalescence observations is the
closest of all of the literature values to our measured critical
composition of 0.3851 [see Fig. 9(c)].
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