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Because varying amounts of nitrogen are found in hydrocarbon mixtures, a knowledge of
vapor-tiquid equilibrium ratios for hydrocarbon-nitrogen systems is needed for petroleum
reservoir studies and refinery calculations. Presented here are results of a quantitative in-
vestigation which shows how the K values of methane and n-hexane change when varying

amounts of nitrogen are added to mixtures of the two hydrocarbons.

Andlyses of equilibrium phases ot different conditions of temperature and pressure in
order to completely describe the phase equilibria of the system are presented. Temperature
intervals of 60°F,, starting at 100°F.,, and going up to 340°F, were used. At each temperature
equilibrium samples were taken at 500 Ib./sq.in.abs. and the pressure increased in 500
Ib./sq.in.abs. intervals with somples taken at each interval up to 5,000 Ib./sq.in.abs. or the

critical pressure, whichever was lower.

EXPERIMENTAL

A stainless stee! windowed glass cell with a volume of 35
cc. was charged with the research grade reagents, and equi-
libriom was established by recirculating the vapor from the
top of the cell through a magnetic pump into the bottom of
the cell for two hours. Near the critical region, a period of
four hours was used for recirculation. Two to four hours were
found adequate for phase separation, depending on how close
the particular run was to the critical.

The equilibrium cell was immersed in a 16-gal. oil bath
and the magnetic pump was located in an air bath which
was maintained at, or slightly above, the oil bath temperature.
The experiments were performed at constant temperatures.
Pressure was controlled by the amount of reagent or mercury
added to or taken from the cell.

Isobaric, isothermal equilibrium samples were varied by the
removal of one and the addition of the other volatile com-
ponent until the critical composition or essentially pure binary
composition was reached. This procedure completely defined
the phase behavior for the system.

The experimental apparatus and operating procedures are
described further by Roberts (4).

ANALYTICAL

Both the liquid and vapor phase at each equilibrium
experimental point were sampled for analysis. The reader
is referred to Roberts (4) for a detailed discussion of
sampling procedure. Roberts’ sampling technique was
modified only slightly to prevent condensation of the hex-
ane as sampling took place. This was accomplished by
placing heating tapes around the liquid sample lines ex-
terior to the experimental apparatus and by placing a
heating mantle around the 500-cc. glass flask in which
the sample was trapped for analysis. Thermocouples were
inserted around the sample lines and the lowest tempera-
ture was found to be 150°F., well above the boiling point
for hexane at the partial pressure of hexane in any sample.

The composition of the coexisting liquid and vapor
phases was determined on a Beckman GC-2A gas chroma-
tograph which had been calibrated using the pure com-
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ponents. A special column arrangement was used which
permitted a complete analysis for the composition of a
sample in one step. No pressure or volume measurements
were necessary and corrections were obtained from the
chromatogram for any air leak into the chromatographic
system. The columns consisted of an 8-ft. ansul ether
column (30% by weight on firebrick support) in series
with a 8.5-ft. molecular sieve column. A sample, upon
reaching the ansul ether column, separated the mnatural
gases (nitrogen, oxygen, and methane) from the n-hexane,
allowing the natural gases to pass without retention into
the molecular sieve column where oxygen was first re-
leased. Then nitrogen and finally the methane came off
and the three respective responses were received on a
strip chart recorder from the thermal conductivity detector.
After the natural gases were off the column and their
responses recorded, the hexane which was still in the
ansul ether column was diverted through a capillary re-
strictor away from the molecular sieve column directly
into the detector. The 0.005-in. I.D. capillary restrictor
compensated for the pressure drop through the mo-
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Fig. 1. Phase diagram at 100°F.
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TABLE 1. TERNARY EXPERIMENTAL DATA

Liquid phase
2 n-Cq
.020 .870
.080 876
.009 726
.113 +804
097 W71
084 754
016 .613
078 .598
074 .588
.020 .519
.105 .666
061 449
.099 W511
124 .582
145 .614
.199 4629
.202 .658
2216 +690
L071 342
062 ,257
<044 .310
.060 134
.058 $222
single phase
160 442
.165 457
.151 .389
.133 .360
.132 .265
.118 2291
.104 .232
. 104 221
single phase
.168 .280
.158 .271
. 184 2308
.160 W249
.239 .539
.218 418
single phase
.238 .263
.235 2246
.257 439
.270 .500
single phase
.296 .246
.268 .349
.293 .377
.304 442
.295 .231
.331 528
single phase
.013 .891
041 .925
.042 .801
.080 .870
.070 721
114 .802
J047 .582
.103 676
146 752
.072 .510
.114 .606
.158 672
.175 .713
L 194 .739
.039 .286
.052 .319
.041 .319
.064 2339
071 .366
.112 466
.175 .588
.232 .727
single phase
.249 646
. 190 .509
. 166 433
. 149 .391
.151 .328
.138 .299
single phase
.273 573
.236 .481
217 4l4
.222 .301
single phase
.313 .539
.289 .364
.293 .341
single phase
375 .600
.373 .509
.350 .392
.363 .333
.364 2332
single phase
.025 .926
.031 .805
.056 .854
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.086 793
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.045 .583
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121 .733
162 .759
.058 488
.106 .563
. 129 584
.159 652
.187 712
.208 720
.260 .670
.198 .561
. 150 481
L1264 414
.107 379
.103 .357
single phase
.224 476
.220 436
.226 -399
319 .199
2255 515
.338 .647
single phase
.337 473
.326 452
.324 2413
.327 .387
.336 .336
.338 431
single phase
413 457
423 391
419 .379
408 .429
414 .385
single phase
488 424
.516 .357
524 341
single phase
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.039 .830
061 .859
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L1711 .800
.188 .786
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121 .544
single phase
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.333 .562

single phase

September, 1965



lecular sieve column, so that little baseline disturbance oc-
curred when the flow of the carrier gas was altered.

The instrument was calibrated with the pure compo-
nents and with known compositions of methane and -
hexane to ascertain linear response. Checks were made
on the mass spectrometer and agreemnt to within 1 mole
9, was attained.

RESULTS

Analyses of the temary equilibrium samples obtained
in this investigation are shown in Table 1 and illustrated
in familiar ternary phase diagrams in Figures 1 and 2.
Each phase diagram contains only the experimental data
for the indicated constant temperature.

The ternary data approached binary data as the ternary
composition became lean in one of the volatile compo-
nents (8). Also, reasonable comparison to limited interpo-
lated data from Boomer (1) was made for the liquid sam-
ples. However, greater deviation from Boomer’s data was
found in the vapor phase compositions.

The experimental data were graphically smoothed us-
ing a y-x diagram for each of the five isotherms. K values
for each component were then calculated from the
smoothed equilibrium data. Then the familiar log K vs.
log P graphs shown in Figures 3 and 4, with constant ni-
trogen content in the vapor phase serving as the param-
eter, were prepared for each isotherm.

Organick and Brown (2) stated that for ternary sys-
tems composed of components with similar chemical na-
ture, the K values for each volatile component increased
as the volatile composition of the overall system increased.

Figures 3 and 4 substantiate Organick for this system,
except for the methane at 100°F. at low pressures. At
100°F., the region of low pressures (around 500 Ib./
sq.in.abs.), the addition of nitrogen to the system at con-
stant pressure causes methane to be preferentially dis-
solved in the liquid phase. The liquid phase at low pres-
sures is composed principally of n-hexane. Therefore,
methane at low pressures is more soluble in n-hexane than
is nitrogen. However, at pressures of 1,000 Ib./sq.in.abs.
or more the physical and chemical properties of methane
and nitrogen approach one another and their solubilities
in the liquid phase are as expected. The K values of
methane increased with the addition of nitrogen in the
vapor phase for all other conditions.

In Figure 1, the curvature in the bubble point composi-
tion locus illustrates the fact that the solubility of the vola-
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Fig. 2. Phase diagram at 340°F.
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tile components is greater than ideal solution theory would
predict. However, this graph does not show which, if any,
component is preferentially dissolved. No curvature in
the bubble point locus is visible at higher temperatures.

Accuracy

The overall analytical procedure is thought to be reli-
able to = 0.002 mole fraction of the smoothed experi-

40

20

NITROGEN

ME THANE RS

a-cg-N,p

n- HEXANE

EQUILIBRIUM RATIO, K= ¥

/)

f
MOLE PER cem_)x NI
N, IN VAPQR 332

[ 500 1000 1500 2000 2500 3000 4000 5000

PRESSURE, p.s.i.a.

Fig. 4. K values at 340°F.
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mental data. Variations within the cell were = 0.2°F.
during circulation and * 2 lb./sq.in.abs. during circula-
tion, settling, and sampling.
Materials Used

The methane and n-hexane were of research grade with
stated purity of 99.9%. The nitrogen was dry research
grade with a purity of 99.85%. Independent analyses on
the mass spectrometer and the gas chromatograph con-
firmed these purities.
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Correlations of Selectivity Parameters

for Separations Extractions of

Hydrocarbons with Fluorochemicals

M. S. B. MUNSON

Esso Research ond Engineering Company, Baytown, Texas

The equation in Bla = ela x:2/T adequately represents the variation of the separation
factors for the extraction of hydrocarbon mixtures with fluorochemicals. The selectivity
parameter elp is a measure of the selectivity of a solvent for hydrocarbons 1 and 2 which
is independent of the experimental conditions. With a given solvent it is possible to develop
a correlation between ;¢ for pairs of hydrocarbons and the heats of vaporization of these
hydrocarbons. A group contributions method is also successful in correlating the selectivity
parameters. The three fluorochemicals in these experiments, (C4Fg)3N, C;Fi4, ond CgFyO,
had essentially the same selectivity for hydrocarbon separation which one would expect

on the basis of their essentially identical solubility parameters.

If we consider that, at equilibrium between two phases
of a multicomponent system, the activity of each compo-
nent must be the same in both phases, then, by definition

A1y = XayY; = Qu == XY (1)

For the two compounds to be separable by liquid-liquid
extraction, the ratios of the distribution coefficients for the
two compounds between the two phases must be different
than unity.

(xu/xu)/<xm/xzj) = le =1 (2)

For convenience we may say that in order to extract com-
ponent 1 from component 2, with a given solvent,
B > 1. This quantity 8 is sometimes called the selectiv-
ity (16), but it seems somewhat better to refer to the
quantity In 8 (or log B8) as the selectivity (1), since with
this definition a nonselective solvent has a selectivity of
zero rather than one.

Substituting the first set of equations into the definition
of the separation factor 8 one obtains

/321 = (xu/xu)/ (x2i/x2_1) = ('}’u/')’u) / (’}’21/')'%) (3)

Here g is defined in terms of the activity coefficients of
the two compounds to be separated in the two phases. If
one considers the extraction of a mixture of hydrocarbons
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with a solvent, one phase b will be predominantly hydro-
carbon and the other a will be predominantly solvent. To
a reasonable approximation hydrocarbons form ideal mix-
tures and the activity coeflicients of the hydrocarbons 1
and 2 in the predominantly hydrocarbon phase b, v, and
ye» will be of the order of unity, as will be their ratio.
This ratio also will be an insensitive function of the con-
centration of the solvent in the predominantly hydrocar-
bon phase b, so that

B == 1/ (ysa/v0) (4)

That is, the separation factor is the inverse ratio of the
activity coeflicients of the two components to be sepa-
rated in the predominantly solvent phase a.

Many equations can express the dependence of activ-
ity coefficients on concentration of single-phase binary
mixtures; they are generally of the form

T In vy = Ayx’,F (%, ) (5)

although the temperature is not always explicity given.
The lowest power of the concentration which can occur
and satisfy the Gibbs-Duhem equation is #* (9) and this
term is the only one occurring in the “zeroth approxima-
tion” of Guggenheim (8) for which random mixing is
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