These binary mixtures are characterized by the fact that
—h% and —~Ts® are almost equal, and this makes the Gibbs
free energy of mixing almost equal to that for an ideal
solution.
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System Furfural-Water—Caproic Acid at 25° and 35°C

E. L. HERIC! and R. E. LANGFORD?

Department of Chemistry, University of Georgia, Athens, GA 30601

The binodal curves and tie lines of the system furfural-water—caproic acid have
been determined at 25° and 35°C. Behavior is compared with that found in pre-
vious studies of lower n-alkanoic acids distributed between furfural and water at the

same temperatures.

The ternary liquid systems of the n-alkanoic acids from formic
through valeric and furfural and water at 25° and 35°C have
been described previously (3-6, 8). The study is extended
here to caproic acid, the second member of the n-alkanoic
acids which is not completely miscible with water at ambient
temperatures. For brevity, in the text below the different
furfural-water-acid systems will be indicated by identifying
the acid.

MATERIALS AND EQUIPMENT

The furfural used in the present work was the same as that
previously described (4, 8). The starting material (Fisher,
reagent grade) was distilled at 5 torr pressure, and the middle
third was recovered. Distilled furfural was stored in a closed
container at —20°C until used. Decomposition under these
conditions was negligible (5). Decomposition during the time
required for the synthesized mixtures to reach equilibrium
also had, within the stated uncertainty of the data, negligible
effect on the results (3).

Purified furfural was prepared in batches, and for the various
batches the refractive index at 25°C (sodium-D line) varied
by no more than 0.0007 unit from the accepted value of
1.5235 (10). There was no measurable effect on solubility
from the variation in the batch-to-batch purity of the distilled
furfural.

Caproic acid (Eastman practical grade) was purified the
same way as furfural. The refractive index of the purified
product (25°C, sodium-D line) was 1.4156 [lit, 1.4145 at
19.6°C (6)]. Assay of the purified product with standardized
NaOH solution indicated a wt 9, purity of 99.10 = 0.09
std dev.

The water was singly distilled from an ordinary laboratory
still.

All analytical equipment was calibrated against certified

1 To whom correspondence should be addressed.
2 Present address, The Savannah Science Museum, Inc.,
Savannah, GA 31405.

standards. Thermostat temperature (constant to =0.01°C)
was monitored with a Beckman thermometer which was set
with another thermometer calibrated against an NBS-certified
standard.

EXPERIMENTAL PROCEDURE

The methods used in determining the equilibrium data
followed established techniques.

Binodal Curve Determination. Homogeneous synthe-
sized samples of known concentration were titrated in
thermostated glass-stoppered bottles to the onset of tur-
bidity. The titrant was that component the addition of
which effected immiscibility. After the addition of each
increment of titrant the mixture was vigorously stirred
with a magnetic stirrer to expedite equilibrium. No more
than three binodal points were established with a single
sample of furfural to keep furfural decomposition negligible.

Tie-Line Determination. Tie lines were determined by
titrating the acid in each of the two immiscible phases
formed by separation of stirred synthetic mixtures in the
two-phase region. Weighed fractions of each phase were
removed and titrated with aqueous NaOH. Weighed
amounts of ethanol were added to the acid-rich fractions
before titration so that the mixture remained homogeneous
during titration. The ethanol had negligible effect upon
the titration end points (I1). As a check on the tie-line reli-
ability, each was constructed in the phase diagram, and the
closest approaches to the known synthetic mixture concen-
trations were measured. The agreement indicated no sig-
nificant decomposition of the furfural in the time required
for phase separation.

RESULTS AND DISCUSSION

The refractive index of the caproic acid used in the present
work differed significantly from the literature value. When
we used the commonly approximated average temperalure
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coefficient of dnp/dt = —4.5 X 10~4 (°C)~!, the literature
value corresponded to 1.4121 at 25°C. The reason for the dis-
crepancy is unknown, but the assay indicated a purity satis-
factory for the nature of the present study.

The experimental binodal curve data for the caproic acid
system are given in Table I, and the smoothed curves are
given in Figure 1 for 25°C. The tie lines are given in Table II
and in Figure 1 for 25°C. Repeated determinations of the
mutual solubilities of the two partially miscible component
pairs showed a precision of about *=0.03 wt 9, for these
binary systems. From a plot of the smoothed ternary curves
on a large scale, a precision of =0.19, by weight was indicated
there.

As with the lower n-alkanoic acid systems (3-5, 8), tem-
perature increase reduced the immiscible region to a small

Table I. Binedal Curve
(Weight %)
25°C 35°C
Caproic Caproic
Water acid Furfural Water acid Furfural
Acidic Phase
4.91 0.00 95.09 5.80 0.00 94,20
6.3 6.9 86.8 7.0 5.6 87.4
7.7 19.4 72.9 8.9 15.0 76.1
9.0 31.5 59.5 10,2 25.9 63.9
10.1 38.5 51.4 12,5 40.0 47.5
11.9 55.0 33.1 13.7 46.8 39.5
12.3 61.3 26.4 14.0 53.3 32.7
11.5 71.0 17.5 14.5 62.0 23.5
11.1 74.5 14.4 13.8 67.2 19.1
7.1 86.4 6.5 11.0 76.1 12.9
2.61 97.39 0.00 7.7 85.6 6.7
4.9 92.7 2.3
2.72 97.28 0,00
Aqueous Phase
92.00 0.00 8.00 91.12 0.00 8.88
92.0 1.5 6.5 91.1 1.8 7.1
91.9 3.0 5.1 91.1 3.5 5.4
91.4 4.1 4.5 90.7 4.4 4.9
91.7 4.4 3.9 91.9 4.4 3.7
94.7 3.0 2.3 93.1 3.8 3.1
97.2 1.8 1.0 95.1 2.8 2.1
98.99 1.01 0.00 95.9 2.5 1.6
98.91 1.09 0.00
Table ll. Tie-Line Data
(Weight %)
Acidic phase Aqueous phase
Caproic Caproic
Water acid Furfural Water acid  Furfural
25°C
6.9 14.9 78.2 92.1 1.3 6.6
8.2 24.6 67.2 92.0 2.0 6.0
9.1 31.6 59.3 91.9 2.6 5.5
10.4 42,1 47.5 91.8 3.1 5.1
11.4 49.7 38.9 91.5 4.0 4.5
11.8 69.2 19.0 93.5 3.4 2.8
10.2 7.7 12.1 96.0 2.4 1.6
6.8 87.6 5.7 97.8 1.6 0.6
35°C
8.5 13.9 77.6 91.2 1.0 7.9
10.1 23.5 66.4 91.2 2.0 6.9
11.5 32.1 56.4 91.1 3.1 5.8
12.1 35.8 52.1 91.0 3.5 5.5
14.0 51.9 34.1 90.7 4.5 4.8
13.1 70.0 16.9 92.3 4.2 3.5
11.0 76.9 12.1 94.5 3.1 2.4
8.1 85.0 6.9 96.4 2.2 1.4

extent. The effect at low furfural concentrations in the aque-
ous phase was small. Tie-line slopes also showed relatively
little temperature dependence, again in agreement with the
lower acid systems.

As a whole, the region of immiscibility on a wt 9% basis
increased continually as the acid chain length increased. That
trend was continued with the caproic acid system, but the
difference between the valeric and caproic acid systems was
largely at higher acid concentrations. This trend eliminated,
in the present system, the sharp intersections of the two
branches of the acidic phase of the band region found in the
valeric acid system. The aqueous phase of the band showed
a sharp intersection in both systems, however.

On a wt 9, basis, the tendency of caproic acid (as solute)
toward greater relative concentration in the organic (acidic)
phase near the furfural-water axis was about equal to that
of the furfural (as solute) to concentrate preferentially in the
acidic phase near the acid~water axis. For the valeric acid
system, the former was rather greater than the latter (4).

In the valeric acid system the tie-line correlations of Bachman
(1), Hand (2), and Othmer and Tobias (9) were considered:

Ay vs. Al/BZ (1) (1)
log (Ci/A,) vs. log (Cy/By) 2 2)
log [(B1 4+ Ci)/A1] vs. log [(4: 4+ C2)/B:] ) 3
ACID
FURFURAL WATER

&

Figure 1. The system furfural-water—caproic acid at 25°C,
wt %
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Figure 2. Bachman plot (Equation 1) for furfural-water—acid
systems at 25°C

@ Caproic acid
O Valeric acid (4)
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Figure 3. Selectivities in furfural-water—acid systems

1. Formic acid, 25°C (8)

2. Acetic acid, 25°C (5)

3. Propionic acid, 25°C (5)

4. Butyric acid, 25°C (3)

5. Valeric acid, 25°C (4)
6. Caproic acid, 25°C
7. Caproic acid, 35°C

A, B, C were, respectively, the wt % of furfural, water, and
acid, and 1 and 2 were the organic (acidic) and aqueous phases.
Both Equations 2 and 3 were nonlinear there, with the indica-
tion of possible discontinuous first derivatives in the plot.
The Bachman relationship, Equation 1, was linear. The
present system behaved similarly, with a slope and intercept
(least-squares procedure) from the ternary tieline data of,
respectively, 91.39 and 0.39 for Equation 1. The plot of
Equation 1 for both the valeric and caproic acid systems is
given in Figure 2, with data for both systems falling nearly on
the same line,

The effectiveness of the extraction of a solute by a solvent
was given by the selectivity (12), which in the present work
may be considered as the ability of furfural to separate water

and acid. Then the selectivity may be defined here as either
B,C,/B\C; or the equivalent ratio in wt % units. The selec-
tivities in the caproic acid system at 25° and 35°C, and of
the other acid systems at 25°C are given in Figure 3. The
selectivity was generally greatest in the caproic acid system,
but it became approximately equal for the caproic and valerie
acid systems at low acid concentration. The sharply inter-
secting branches of the selectivity curve for the valeric acid
system were replaced by a gradual shift in curvature for the
caproic acid system, reflecting a like difference in the shapes
of the curves for the acidic phases of the binodal curves.

For n-alkanoic acids in water, pK, values varied only slightly
with increasing chain length, excepting formic acid (7). Thus
the trend is distribution behavior of the n-alkanoic acids
between furfural and water may be ascribed essentially to
variation in acid chain length rather than to variation in
acid strength.
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Emf Measurements on Lewis and Sargent Cells

with Free Diffusion Boundaries

CHANG-HWEI CHEN
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Electromotive force (emf) measurements on Lewis and Sargent cells with free diffusion

type of static liquid junctions are presented.

The cells studied employed Ag,

AgCl electrodes and included liquid junctions between 0.100M KCI and 0.100M NaCl,
0.010M KCI and 0.010M NaCl, 0.100M HCI and 0.100M KCI, 0.010M HCI and 0.010M

KC!, and 0.100M KCI and 0.100M LiCl.

The measured emf's are 4.585, 4.496, 28.545,

26.408, and 7.137 mV, respectively, and are reproducible and constant to better than

0.040 mV.

It is well known that accurately reproducible results can be
obtained in the measurement of a cell with liquid junction in
which solutions of the same electrolyte, at different concentra-
tions, are present on the two sides of the boundary. Measure-
ment of concentration cells with transference is a standard
method for determination of activity coefficients of electro-

lytes (Z, 7). On the other hand, the measurement of a cell
potential with a heterionic junction involving different ionic
species on the two sides of the boundary has generally proved
to be unsatisfactory and to depend on the manner in which the
junction is formed. For example, the cell potential of the
junction, HC1 (0.1M) : KCl1 (0.1M), at 25°C was reported to
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