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Subscripts

c at CP

g gaseous phase

| liquid phase

R reduced property

v change upon vaporization

b rectilinear diameter line, (o, + p;)/2
o coexistence property

1 single-phase property

2 two-phase property

Registry No. Ethylene, 74-85-1.
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Three-Phase Liquid-Liquid—Vapor Equillbria in the Methane +
n-Pentane + n-Octane, Methane + n-Hexane + n-Octane, and
Methane + n-Hexane + Carbon Dioxide Systems

Robert C. Merrlll, Jr., Kraemer D. Luks,’ and James P. Kohn*
Department of Chemicai Engineering, Universlty of Notre Dame, Notre Dame, Indiana 46556

The phase behavior of three ternary systems (methane +
n-pentane + n-octane, methane + n-hexane + n-octane,
methane + carbon dioxide + n-hexane) are presented for
their reglon of L,~L,~-V immiscibliity. Liquid-phase
compositions and molar volume data are presented as a
function of temperature and pressure for the three-phase
immiscibility region. The boundaries of the immiscibility
reglons are detalled. The methane + n-pentane +
n-octane Immisciblity Is bounded by a locus of K points
(L;=L, = V), LCST points (L, = L,~V), and Q points
(S-L,-L,~V). The methane + n-hexane + n-octane
Immiscibiiity is bounded by a locus of K points, LCST
points, and Q points and the L,~L.-V locus of the methane
+ n-hexane binary system. The methane + carbon
dioxide + n-hexane immiscibiiity is bounded by a locus of
K points and LCST points and by the L,-L.-V locus of the
methane + n-hexane binary system. The L,-L,-V locus
of the methane + n-hexane binary system is also
presented.

Introduction

We are midway through an extensive study of liquid—liquid—
vapor phenomena In liquefled natural gas systems. Earlier
papers by Hottovy et al. (7, 2) reported the phase behavior of
the system methane + n-octane with the addition of a heavier
solvent species. These heavier soivent species included eth-
ane, propane, n-butane, and carbon dioxide. Hottovy showed

TPresent address: Department of Chemical Engineering, Universlity of Tulsa,
Tulsa, OK 74104.

that the addition of these species could Induce L,~L,-V behavior
in systems In which such behavior is not normally observed.

The three-phase reglons studied by Hottovy were bounded
by locl of K points (L;-L, = V), LCST points (L, = L,-V), and
Q points (S-L~L,~V), with a tricritical point at the point where
the K-point and LCST-point loci intersect. Creek et al. (3)
describe tricritical phenomena in systems containing methane
and higher paraffins.

This paper presents the results for three new ternary systems
which exhibit a region of immiscibility. These systems are
methane + n-pentane + n-octane, methane + n-hexane +
n-octane, and methane + carbon dioxide + n-hexane. The
data presented herein include the compositions for the two liquid
phases, and their molar volumes. The compositions and molar
volumes for the bounding loci are aiso presented. The systems
containing n-hexane are of great interest, because the methane
+ n-hexane binary forms its own L,-L,~V immiscibility locus.
Data for the binary are presented and compared with earlier
work by Lin et al. (4).

Experimental Section

This study empioyed apparatus previously used by Kohn and
co-workers in other cryogenic studies (5). Earlier writings (7,
6) have detailed the experimental procedure for L,-L,-V
studies. For brevity's sake, the procedure will be only quickly
sketched here.

All the phenomena were observed in a glass cell marked and
calibrated for visual inspection. Stoichiometric and volumetric
measurements were used to compute the compositions and
molar volumes of each phase. A platinum resistance ther-
mometer was used to measure the temperature of the system.
This thermometer was calibrated to the 1968 IPTS scale and
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Figure 1. Boundarles of the L,—L,-V immiscibility reglon for the system
methane + n-pentane + n-octane.

is estimated to be accurate to £0.03 K. The pressure of the
system was measured with a Heise Bourdon tube gauge, which
was accurate to £0.07 atm. The gauge was periodically
checked against a dead-weight piston. The cell markings
per;nltted the direct reading of the phase volumes to +0.02
cm®,

The gas phase was assumed to be essentlally pure methane
in the methane + n-pentane + n-octane and methane + n-
hexane + n-octane systems, except at K points where the
gas-phase compositions were calculated directly. This as-
sumption was justified by the extremely low vapor-phase mole
fractions of n-hexane and n-pentane in methane as reported
in the literature (4, 70). The gas-phase composition for the
methane + carbon dioxide + n-hexane system was assumed
1o be composed of methane—carbon dioxide In their equillbrium
ratio as reported by Mraw et al. (7). The compressibility of the
gas phase was taken from NBS data for pure methane in the
first two cases and was calculated by the Soave-Redlich-
Kwong equation as modified by Graboski and Daubert (8, 9)
for the last case. The small errors inherent in these assump-
tions were further reduced by minimizing the amount of gas
phase in the cell at all times.

The methane used in this study was Linde “Ultra Pure” grade
with a stated purity of 98.87 mol %. The n-hexane and n-
octane were both products of the Humphrey Chemical Co. with
a stated purity of 99 mol %. The carbon dioxide was Matheson
“Coleman Grade” with a stated purity of 99.99 mol %. The
n-pentane used in the study was produced by Phillips Petroleum
Co. with a stated purity of 89 mol %. The methans, n-pentane,
n-hexane, and n-octane were used without further purification.
The carbon dioxide was prepared by flashing it from the supply
cylinder at room temperature to a storage cylinder at 273.15
K. The vapor phase was then vented to remove impurities.

The error is estimated to be such that the liquid-phase vol-
umes are accurate to at least +1.6%; solute composition in
the L, phase is reliable to 2%, and in the L, phase to +£8%.
The second solvent compositions (n-pentane, n-hexane, carbon
dioxide) are adjudged to be accurate to +£3.5%. These are
very conservative estimates based on the limitations enumer-
ated above.

Experimental Results

The results for the methane + n-pentane + n-octane sys-
tem are presented in Tables 1 and II, those for methane +
n-hexane + n-octane in Tables 111 and 1V, , and those for
methane + carbon dioxide + n-hexane in Tables V and VI.
The immiscibility regions in P-T space are illustrated in Figures
1-3, respectively. The first table for each system presents the
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Table I. Raw Data for the n-Octane-Lean Liquid Phase L, of the
System Methane + n-Pentane + n-Octane

mole mole molar
press., fraction of fraction of vol, mL/
temp, K atm n-pentane n-octane  (g-mol)
K(L,-L,=V)
196.95 52.60 0.0077 0.0018 83.6
196.97 52.60 0.0078 0.0019 87.2
197.73 53.08 0.0090 0.0027 87.6

200.61 57.05
200.71 57.08

0.01620 0.0011 86.8
0.01450 0.0019 70.1

Q (8-L,-L,-V)

191.86 4481  0.0236 0.0044  64.0
19215 4593  0.0192 0.0027  69.4
19283 4637  0.0179 0.0035  64.7
19322 4743 0.0151 0.0023  63.2
L,-L,-V
190.00 4193  0.0631 0.0091  59.6
19200  44.93  0.0310 0.0045  66.7
19200 4505  0.0240 0.0075  65.4
19200 4521  0.0252 0.0048  67.4
19400  47.84  0.0191 0.0066  65.6
194.00  47.94  0.0174 0.0052 659
19400 4801  0.0165 0.0050  66.7
19400 4851  0.0132 0.0033 638
194.00 4858  0.0135 0.0029 674

194.00 48.65 0.0113 0.0026 65.7

194.00 48.72 0.0122 0.0034 69.4
196.00 50.69 0.0154 0.0056 70.7
196.00 50.89 0.0140 0.0043 75.3
196.00 51.23 0.0099 0.0028 70.5
196.00 51.37 0.0084 0.0022 71.9
196.00 51.44 0.0079 0.0020 71.4
198.00 53.14 0.0366 0.0020 63.6

198.00 53.28 0.0248 0.0014 69.9

198.00 §3.47 0.0151 0.0009 80.3
200.00 55.75 0.0399 0.0020 61.2
200.00 55.81 0.0339 0.0020 64.1
200.00 55.89 0.0332 0.0013 62.7
200.00 55.96 0.0306 0.0016 68.0
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Figure 2. Immiscibiiity boundaries of the system methane + n-hexane
+ n-octane.

data for the L, phase (Tables I, I1I, and V), and the second
gives the results for the L, phase (Tables II, IV, and VI). The
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Table II. Raw Data for the n-Octane-Rich Liquid Phase L, of the Table JIl. Raw Data for the n-Octane-Lean Liquid Phase L, of
System Methane + n-Pentane + n-Octane the System Methane + n-Hexane + n-Octane
mole mole molar mole mole molar
press., fraction of fraction of vol, mL/ press., fraction of fraction of vol, mL/
temp, K atm n-pentane  n-octane  (g-mol) temp, K atm n-hexane  n-octane (g-mol)
K(L,-L,=V) K(L,-L,=V)
195.95 51.44 0.176 0.137 70.0 193.15 48.28 0.0054 0.0034 114.9
196.31 51.85 0.220 0.113 58.2 193.20 48.44 0.0 0.0156 88.7
196.67 52.33 0.189 0.114 70.0 193.69 48.96 0.0017 0.0012 90.2
199.84 49.34 0.172 0.031 65.0 193.85 48.94 0.0017 0.0021 99.0
200.35 56.84 0.104 0.015 76.8 194.14 49.37 0.0098 0.0018 81.04
201.28 58.41 0.135 0.014 62.4 194.29 49.63 0.0051 0.0013 91.3
Q($-L,-L,-V) Q (S-L,-L,-V)
189.32 41.71 0.163 0.081 63.7 181.38 32.76 0.0349 0.0053 58.0
190.75 43.62 0.169 0.104 65.6 181.92 33.38 0.0331 0.0046 579
191.79 45.11 0.185 0.096 50.6 182.61 34.20 0.0292 0.0042 57.40
182.20 36.16 0.0185 0.0067 52.44
LCST (L, = L,-V) 187.62 40.59 0.0134 0.0030 62.3
193.58 4697 0.100  0.018 58.5 191.94 4629  0.0068  0.0029 71.2
193.75 47.10 0.104 0.019 58.6 19200  46.65  0.0059  0.0021 72.2
196.09 5012 00% 0013 59.9 19220  46.56  0.0075  0.0036 71.5
196.25 50.41 0.093 0.014 60.2
197.90 52.72 0.091 0.010 58.8 L,-L,-V
199.22 54.55 0.079 0.007 60.4 182.00 33.38 0.0347 0.0034 55.6
199.54 55.07 0.086 0.008 60.3 182.00 33.38 0.0335 0.0033 55.0
Ly 182.00 33.44 0.0397 0.0019 57.92
1-Ly- 182.00 33.44 0.0437 0.0037 58.0
190.00 4227 0.153 0.058 60.6 182.00 3345  0.0313  0.0039 61.5
190.00 4237 0.163 0.071 62.8 182.00 3351  0.0330  0.0039 60.8
192.00 44.89 0.162 0.061 61.7 182.00  33.64  0.0478  0.0022 63.9
192.00 44.97 0.170 0.074 63.9 180.00  31.33  0.0429  0.0053 54.0
192.00 45.25 0.180 0.109 68.5 180.00 3133 0.0405  0.0050 556
192.00 45.39 0.193 0.096 67.4 180.00  31.40  0.0505  0.0040 53.7
194.00 47.64 0.169 0.064 62.0 184.00 35.55 0.0479 0.0036 59.9
194.00 47.82 0.174 0.076 65.2 184.00 35.62 0.0317 0.0043 56.8
194.00 47.97 0.176 0.107 66.3 184.00 35.62 0.0395 0.0035 59.8
194.00 48.31 0.180 0.090 65.7 184.00 35.62 0.0396 0.0031 57.6
194.00 48.38 0.202 0.105 54.4 184.00 35.69 0.0250 0.0069 57.0
194.00 48.38 0.229 0.118 60.7 184.00 35.69 0.0278 0.0090 59.6
196.00 49.92 0.130 0.024 60.0 184.00 35.69 0.0359 0.0055 59.7
196.00 50.12 0.130 0.023 58.9 184.00 35.76 0.0340 0.0034 57.7
196.00 50.56 0.176 0.061 63.2 184.00 35.82 0.0379 0.0030 61.7
196.00 50.64 0.176 0.067 62.8 184.00 35.96 0.0261 0.0042 59.9
196.00 50.83 0.181 0.079 64.6 186.00 37.87 0.0280 0.0036 57.5
196.00 51.17 0.183 0.091 65.6 186.00 37.93 0.0335 0.0022 57.8
196.00 51.37 0.225 0.116 59.6 186.00 38.00 0.0343 0.0006 58.5
198.00 53.07 0.147 0.028 59.7 186.00 38.00 0.0291 0.0022 58.0
198.00 53.69 0.181 0.063 62.8 186.00 38.07 0.0312 0.0021 58.1
198.00 53.89 0.179 0.068 61.5 186.00 38.14 0.0219 0.0025 58.1
200.00 55.78 0.104 0.0133 58.9 186.00 38.20 0.0239 0.0027 59.7
200.00 55.99 0.121 0.014 54.2 186.00 38 20 0.0307 0.0011 59.4
200.00 56.31 0.129 0.015 59.4 186.00 38.21 0.0334 0.0006 59.2

188.00 40.31 0.0213 0.0037 61.0

— 188.00 40.31 0.0286 0.0022 58.82

tricritical 188.00 40.52 0.0259 0.0027 59.4

sor 188.00 40.58 0.0274 0.0020 58.8
188.00 40.59 0.0191 0.0062 59.9

188.00 40.59 0.0287 0.0022 59.7

188.00 40.72 0.0281 0.0019 59.7

188.00 40.93 0.0119 0.0037 61.6

190.00 42.90 0.0253 0.0018 60.7

sob 190.00 42.90 0.0249 0.0018 60.8
} 190.00 43.17 0.0188 0.0016 63.0
e 190.00 43.17 0.0234 0.0016 61.6
s L 190.00 43.17 0.0245 0.0017 63.4
a BINARY LesT 190.00 43.52 0.0108 0.0021 63.9
LLy 192.00 45.96 0.0199 0.0013 65.4

192.00 46.23 0.0123 0.0037 76.1

aok 192.00 46.30 0.0089 0.0025 71.7
192.00 46.36 0.0046 0.0038 71.5

192.00 46.58 0.0050 0.0027 73.6

194.00 48.68 0.0149 0.0001 70.0

. , . . 194.00 49.09 0.0074 0.0034 72.3

85 ™ 1K) 208 215 194.00 49.16 0.0039 0.0011 77.2

Figure 3. Immiscibility boundaries of the system methane + carbon
dioxide + n-hexane.
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Table IV. Raw Data for the #-Octane-Rich Liquid Phase L, of the System Methane + n-Hexane + n-Octane

mole mole molar mole mole molar

press., fraction of fraction of vol, mL/ press., fraction of fraction of vol, mL/

temp; K atm n-hexane n-octane  (g-mol) temp, K atm n-hexane n-octane  (g-mol)
K({L,-L,=V) 182.00 33.25 0.2105 0.0184 63.6
193.06 48.21 0.2430 0.2008 94.5 182.00 33.37 0.2276 0.0434 68.8
193.35 48.49 0.2554 0.1446 84.2 182.00 33.44 0.2202 0.0171 66.5

193.56 49.00 0.2045 0.1287 73.4
193.76 49.06 0.2288 0.1297 77.2

194.24 49.53 0.2711 0.0201 718

194.86 50.24 02119  0.0390  56.7

195.02 50.31 0.2537 0.0103 649
Q ($-L,-L,-V)

174.48 25.88 0.1819 00261  59.7

175.16 26.49 0.1752 0.0265  57.4

176.62 27.99 0.1997 0.0371 62.6

184.80 36.36 0.2467 0.0898 76.7
189.96 43.82 0.2042 0.1368 72.1
190.51 44 .60 0.2126 0.1427 75.2
191.91 46.81 0.2206 0.1786 84.4
192.36 47.14 0.2333 0.1977 90.4

LCST (L, = L,-V)

174.69 26.23 0.1247 0.0097 56.7
174.84 26.17 0.1507 0.0087 56.41
175.94 27.25 0.1557 0.0121 58.3
177.14 28.39 0.0999 0.0056 55.05
177.81 28.88 0.1505 0.0087 56.9
178.29 29.48 0.1292 0.0063 56.4
178.43 29.62 0.1411 0.0068 571
179.02 29.16 0.1547 0.0089 57.5
binary LCST
182.91 34,18 0.1592 0.0 59.8
L,-L,-V
176.00 27.19 0.1587 0.0138 56.6
176.00 27.31 0.1944 0.0264 61.9
178.00 29.02 0.1491 0.0083 56.6
178.00 29.16 0.1757 0.0154 58.9
178.00 29.21 0.1959 0.0270 61.4
178.00 29.28 0.2014 0.0379 62.7
178.00 29.28 0.1555 0.0087 58.5
178.00 29.29 0.1777 0.0139 59.5
180.00 31.14 0.1881 0.0165 59.8
180.00 31.26 0.2040 0.0384 62.3
180.00 31.26 0.2053 0.0278 61.3
180.00 31.33 0.1770 0.0088 58.7
180.00 31.33 0.1902 0.0147 59.9
180.00 31.40 0.1821 0.0103 58.8
180.00 31.46 0.1861 0.0098 58.7
182.00 33.23 0.2277 0.0313 67.8
182.00 33.24 0.2033 0.0117 59.3

data for the binary system methane + n-hexane are presented
in Table VII.

The region of L~L, immiscibility for the methane + n-pen-
tane + n-octane system (Figure 1) is quite similar to those
reported in Hottovy's work. This region is three-sided, bounded
by loci of K points {L,—L, = V), LCST points (L, = L,-V), and
Q points (S-L,-L,~V). Hottovy noticed that the region of im-
miscibility shifts toward lower temperatures and pressures as
the second solvent increases in molecular weight. This trend
is confirmed by the methane + n-pentane + n-octane system,
which lies closer to the pure-methane vapor-pressure curve
than any other three-sided region of immiscibility.

This progression ceases when n-hexane is the second sol-
vent. This occurs because the methane + n-hexane system
forms a binary L,—L,—V immiscibility in the region of the meth-
ane + n-hexane + n-octane ternary immiscibility. This binary
immiscibility “cuts through” the expected three-sided immisci-
bility region. The resultant four-sided figure is bounded by K
points, Q points, LCST points, and the binary immiscibility. The
ternary’s loci of K points and LCST points intersect the binary
locus at its upper and lower critical end points (UCEP, LCEP),
respectively. The immiscibility region is very narrow in pres-

184.00 35.54 0.2451 0.0333 70.4
184.00 35.68 0.2488 0.0465 72.7
184.00 35.69 0.2176 0.0125 64.2

184.00 35.75 0.2232 0.0113 65.5
184.00 35.76 0.2276 0.0198 65.8
184.00 35.96 0.2415 0.0188 70.2
184.00 36.02 0.2414 0.0188 69.9
186.00 37.77 0.2232 0.0128 63.7
186.00 37.81 0.2022 0.0173 56.0
186.00 37.92 0.2392 0.0326 67.4
186.00 38.06 0.2375 0.0446 68.0
186.00 38.07 0.2236 0.0114 64.4
186.00 38.13 0.2380 0.0881 74.2
186.00 38.20 0.2379 0.0185 67.1
186.00 38.20 0.2478 0.0847 75.3
188.00 40.25 0.2508 0.0184 57.8
188.00 40.32 0.2320 0.0202 64.1
188.00 40.38 0.2670 0.0359 74.1

188.00 40.44
188.00 40.52

0.2349 0.0441 66.4
0.2363 0.0237 64.9

188.00 40.52 0.2391 0.0186 65.8
188.00 40.65 0.2402 0.0263 66.1
188.00 40.65 0.2378 0.0279 61.3
188.00 40.72 0.2390 0.0220 65.5
188.00 40.75 0.2301 0.0132 63.4
190.00 42.83 0.2354 0.0135 63.1
190.00 42.90 0.2431 0.0224 65.3
190.00 42.91 0.2384 0.0208 64.3
190.00 42.97 0.2437 0.0348 66.5
190.00 43.17 0.2433 0.0244 65.4
190.00 43.17 0.2445 0.0268 65.9
190.00 43.17 0.2451 0.0247 65.7
190.00 43.17 0.2376 0.0444 66.2
190.00 43.23 0.2271 0.0826 69.0
190.00 43.30 0.2318 0.0793 69.6
192.00 45.93 0.2754 0.0236 71.5
192.00 45.96 0.2605 0.0485 71.1
192.00 45.96 0.2685 0.0383 72.2
192.00 46.09 0.2793 0.0260 74.1
192.00 46.16 0.2898 0.1047 87.1
194.00 48.62 0.2634 0.0243 67.9
194.00 48.69 0.2593 0.0370 68.4

194.00 48.81 0.2586 0.0221 65.7
194.00 48.95 0.2452 0.0453 65.9
194.00 49.05 0.2753 0.0224 70.1

sure-temperature space, due to the similarity between n-hex-
ane and n-octane. Indeed, this system might be considered
to be mimicking the binary methane + n-hexane system (i.e.,
a quasi-binary in the spirit of Creek (3).

The binary methane + n-hexane immiscibility similarly forms
one side of the methane + carbon dioxide + n-hexane sys-
tem’s region of immiscibility. However, carbon dioxide extends
the L-L,-V region to higher temperatures rather than lower as
was the case for n-octane. There is no Q-point locus for this
system; the binary locus forms the lower bound. The K-point
and LCST-point loci intersect the binary’'s UCEP and LCEP.
These critical loci also intersect each other at a tricritical point.

Data for the methane + n-hexane binary in this temperature
range have been previously reported by Lin et al. (4). The
binary measurements were repeated in this laboratory to pro-
vide both internal consistency and a check on the reasonable-
ness of our reported data. Our data compare favorably with
those of Lin and are shown in Table VII. Lin reported the
K-point and LCST-point existence at 195.91 K, 5§1.37 atm and
182.46 K, 33.70 atm, respectively. The K point and LCST point
elucidated in this study occurred at 195.72 K, 51.33 atm and
182.73 K, 34.05 atm, respectively. The difference between
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Table V. Raw Data for the n-Hexane-Lean Liquid Phase L, of the Table VI. Raw Data for the n-Hexane-Rich Liquid Phase L, of
System Methane + Carbon Dioxide + n-Hexane the System Methane + Carbon Dioxide + n-Hexane
mole mole molar mole mole molar
press., fraction of fraction vol, mL/ press,, fraction of fraction vol, mL/
temp, K atm n-hexane of CO, (g-mol) temp, K atm n-hexane of CO, (g-mol)
L,-L,-V LCST (L, =L,-V)
204.00 57.46 0.0331 0.0841 64.0 184.14 3541 0.1305 0.0157 56.26
204.00 57.96 0.0304 0.0850 66.2 184.76 35.96 0.1495 0.0176 56.72
202.00 55.96 0.0214 0.0083 60.7 189.61 41.13 0.1566 0.0310 57.98
200.00 53.45 0.0310 0.0783 63.7 189.85 41.39 0.1698 0.0260 58.92
200.00 53.65 0.0299 0.0751 68.9 150.69 42.36 0.1701 0.0252 59.32
198.00 50.93 0.0371 0.0791 59.8 191.13 42.90 0.1707 0.0338 58.65
198.00 52.02 0.0233 0.0404 65.9 193.74 45.36 0.1306 0.0454 58.31
198.00 52.49 0.0209 0.0267 68.3 199.18 51.82 0.1408 0.0743 58.90
196.00 49.09 0.0323 0.0436 61.0 199.34 51.75 0.1251 0.0674 58.27
196.00 49.30 0.0284 0.0394 62.2 202.63 55.70 0.1161 0.0901 59.15
196.00 49.36 0.0285 0.0259 63.3 188.41 39.50 0.1141 0.0310 56.60
196.00 49.36 0.0303 0.0263 62.9 191.17 42.49 0.0850 0.0323 57.36
196.00 49.43 0.0256 0.0267 62.5 K(L-L =V)
1 27

19600 3038 pome o0 o 196.89 5222 02365 00123 60.71
196.00 50.59 0.0206 0.0188 67.0 197.76 52.28 0.2304 0.0344 63.22
196.00  50.66  0.0159  0.0029 63.8 197.92 5242 02232 0.0428  62.80
194.00 46.17 0.0437 0.0283 59.6 198.13 52.90 0.2334 0.0079 64.76
194.00 46.44 0.0397 0.0400 59.0 199.87 54.27 0.2035 0.0883 62.84
194.00 47.52 0.0292 0.0238 61.3 203.24 57.06 0.1423 0.1380 56.89
194.00 47.73 0.0210 0.0046 64.7 203.66 57.67 0.1482 0.0848 59.03
194.00  47.80  0.0246  0.0012 64.0 LL,-v
194.00 47.87 0.0274 0.0000 63.9 5
o0 sy il o s
192.00 44 .67 0.0374 0.0124 59.4 202.00 5516 0.1302 0.0807 59 5
192.00  44.87 00266  0.0047 60.9 20200 5536  0.1261 01226  55.4
19200 4515 0.0361 00134 618 20200 5543 01364  0.0938 574
19200 4549 00291 00031 612 50000 3563 01348 00664 393
19000 4222 0.0466 00133 378 20000 5270 0.1345 00774  59.0
19000 4243 0.0387 00032 387 19800  S1.21 01778  0.0609  $9.0
190.00 4256 00411 0.0101 60.3 198.00 5134 01740  0.0599  58.1
190.00 4270 0.0361  0.0035 63.4 198.00  52.08 02135  0.0000  65.1
188.00 3937 00623 00143 363 198.00 5242 02079  0.0429  60.1
188.00  39.77  0.0468  0.0042 57.0 19800 5268 02331 00214 641
188.00 3991 0.0473  0.0039 57.3 196.00  48.49  0.1626  0.0659  59.2
18800 4011 0.0455  0.0035 56.9 196.00 4949 01980  0.0419  60.6
186.00 37.60 0.0592 0.0035 55.7

196.00 49.96 0.2179 0.0278 61.6
196.00 50.04 0.2074 0.0353 60.5

9715 5200 sV oia 100.57 19600  50.17 02171  0.0279 613
199.80 5426  0.0090  0.0255 8897 196.00 5038 02285 00312 637
20005 3535 00078 00392 8662 196.00  50.65  0.313 00017  61.0
20018 4953 00073 00234 9310 196.00 5073 0.2322 00171 615
20019 5433 0.0044 00194  98.07 194.00 4630 01820 00398 599
201.83 3596  0.0080  0.0364  89.74 194.00 4683 02063 00293  6l.1
0333 37 00104 00522 8386 19400 4691  0.2004 00377  60.5
20291 56.85 00149  0.0628  105.84 194.00 4697 02098 0.0322 640
20398 57.86 00137 00747 7824 194.00 4699 02030  0.0286 613

194.00 47.04 0.2120 0.0317 64.4
194.00 47.46 0.2151 0.0240 62.2

measured n-hexane compositions in the n-hexane-lean phase 19400 4774 02218 0.0172 60.8

averaged 0.61% for L,~L,-V points and was 0.23% for the K 192.00 4412 0.1595 0.0330 59 5
point and 3.64% for the LCST. (Difference is defined here as 192.00 44.20 0.1845 0.0250 60.5
(Lin value - this value)/(this value).) For the n-hexane-rich 192.00 44.25 0.1905 0.0277 60.1
phase this difference averaged —1.84 % for Ly-L,~V points and 192.00 44.25 0.1951 0.0291 63.5
was —6.51% for the K point. The pressures agreed to an 192.00 44.27 0.1847 0.0256 60.3
average of 0.75%. The discrepencies between Lin's data and }g%gg iigé 8;?;2 8833; 2%2
this work can undoubtedly be ascribed to the differences in 192.00 44.95 0.2083 0.0187 601
purities in the materials used. These effects, of course, would 192:00 45:19 0:2166 0:0185 60:3
be magnified in the critical regions due to the “flatness” of the 190.00 4161 0.1623 0.0244 59.2
T-x curve. 190.00 42,23 0.1936 0.0184 59.6
190.00 42.56 0.2044 0.0204 58.8
Glossary 188.00 39.83 0.1927 0.0228 58.9
- . 188.00 39.83 0.1934 0.0245 58.6
C critical point _ 188.00 3990 01983 00092 596
K the K point or critical end point of an L,-L~V region 186.00 37.32 0.1645 0.0059 58.2
occurs when L, = V in the presence of L, 186.00 37.45 0.1534 0.0188 57.3
L, liquid phase rich in solute 186.00 37.52 0.1690 0.0203 57.5
L, liquid phase lean in solute
LCST lower critical solution temperature, this occurs when

L, and L, are critical with each other
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Table VII. Experimental Data for the Methane +
n-Hexane Binary?

mole fraction molar vol,
of n-hexane mL/(g-mol)
press.,

temp, K atm L, L, L, L,

K(L,-L,=V)
195.72  51.33  0.2323 0.0117 57.82 153.86

L,-L,-V
194.00 48.67 0.2525 0.0179 63.89 67.36
192.00 45.81 0.2458 0.0286  64.09 63.65
190.00 43.08 0.2302 0.0353 62.56 60.24
188.00 40.51 0.2145 0.0434 6091 58.84
186.00 37.98 0.1982 0.0566 59.99 61.10
184.00 3561 0.1841 NA 61.13 NA
LCST (L, =L,-V)

182.73  34.05 0.1479 0.1479 5797 57.97

@ Each point given is average of several actual data points. NA =
Not measured.

S solid phase
T temperature
\ vapor phase

Reglstry No. Methane, 74-82-8; pentane, 109-86-0; octane, 111-65-9;

hexane, 110-54-3; carbon dioxide, 124-38-9.
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Isentropic Compressibility of an Ideal Ternary Solution

William E. Acree, Jr.

Department of Chemistry, Kent State University, Kent, Ohio 44242

An equation Is given for the Isentropic compressibllity of
an Ideal ternary solutlon and Is used to calculate excess
isentropic compressibliities of o-xylene + acetone +
benzene, o-xylene + acetone + cyclohexane, and
o-xylene + acetone + carbon tetrachloride mixtures. The
results of these calculations indicate that the three ternary
mixtures do not exhibit the large devlations from ldeality
as had been suggested by the earller calculations of
Prasad and Prakash.

In several recent publications appearing in this journal (7-3),
the excess isentropic compressibility K,** of a liquid mixture
was defined as the difference between the observed isentropic
compressibllity and that of an ideal solution K ** as in eq 1.

Ksex = Ks _ Ksldeal (1)

The isentropic compressibility of the ideal solution was repre-
sented as the mole fraction average of the isentropic com-

pressibilities of the pure liquids K,°, (eq 2). While many
N

KamEI = Z XIKsol (2)
=1

thermodynamic and physical properties of an ideal solution are
correctly described by mole fraction averages, the isentropic
compressibility is not one of these properties.

The isentropic compressibility of any solution is related to the
isothermal compressibility K, by

Ks = K{(C,/C,) (3)
K, =0 In V/3P)g (4)
K.=—dInV/3 P); (5)

0021-9568/83/1728-0215$01.50/0

Table I. Excess Isentropic Compressibilities of
Several Ternary Mixtures

K ex
10K, S
X, X, cm? dyn™! eqland2 'eqland9
o-Xylene + Acetone + Benzene
0.00 0.60 64.22 -0.59 -0.76
0.10 0.50 65.24 -1.73 -1.02
0.20 0.40 66.33 -2.80 -1.55
0.30 0.30 67.66 -3.63 -1.90
0.40 0.20 69.44 -4.01 -1.84
0.50 0.10 71.15 -4.46 -1.91
0.60 0.00 73.55 -4.22 -1.35
0.50 0.50 74.92 ~2.61 -1.60
o-Xylene + Acetone + Cyclohexane
0.00 0.60 72.04 -1.86 -1.72
0.10 0.50 72.69 ~1.85 -1.22
0.20 0.40 73.02 -2.17 -1.09
0.30 0.30 73.30 -2.54 -0.98
0.40 0.20 73.45 -3.03 -1.44
0.50 0.10 73.53 -3.60 -1.14
0.60 0.00 73.55 -4.22 -1.35
0.50 0.50 86.68 +1.58 +2.26
o-Xylene + Acetone + Carbon Tetrachloride
0.00 0.60 67.11 -1.65 -1.59
0.10 0.50 67.59 ~2.67 -2.01
0.20 0.40 68.19 -3.57 -241
0.30 0.30 69.24 -4.03 -2.36
040 0.20 70.68 ~4.09 -1.92
0.50 0.10 72.07 -4.20 -1.80
0.60 0.00 73.55 ~4.22 ~1.35
0.50 0.50 78.30 ~2.52 -1.50

the ratio of heat capacities at constant volume and pressure,
which are themselves related through

C,- C, = a*VT/K, (6)

the coefficient of thermal expansion (a = (3 In V/dT),). The
isothermal compressibility of an ideal solution can easily be
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