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The G a s  and Liquid Solubility Relations 

in Hydrocarbon-Water Systems 
CHARLES J.  REBERT and KENNETH E. HAYWORTH 

University o f  Southern California, Lor Angeles, California 

The typical solubility boundaries of binary simple hydrocarbon-water systems are outlined for 
temperatures and pressures ranging into the neighborhood of the criticol point for pure water. 
These systems are characterized by two unique states, a critical vaporization end point and a 
critical solution end point. The former defines the limit of mutual solubility of two liquid 
phases, and the latter defines a point of complete solubility a t  a minimum pressure. Experimental 
P-T-x data for cyclohexane-water and n-hexane-water mixtures are presented. 

Traditionally the solubilities of hydrocarbon-water sys- 
tems are described in terms of specific phase boundaries 
within the liquid state. In many instances liquids dis- 
solved in liquids are indicated (1, 2 ) ,  while for some 
lighter hydrocarbons, gases dissolved in liquids may also 
be reported. Extensions and correlations of these data 
theoretically ( 3  to 5 )  or empirically (6 ) ,  either within a 
particular hydrocarbon-water system or among systems in 
general, are limited in scope. Some consider only the hy- 
drocarbon-rich phase or the solubility of water in hydro- 
carbon; others consider only atmospheric pressure solubil- 
ities, and nearly all are limited to temperatures below 
250°C. However, when the solubility boundaries of these 
systems over their entire temperature range are viewed, a 
not altogether unexpected similarity is found. 

DESCRIPTION OF THE SOLUBIL ITY BOUNDARIES 

Qualitatively summarized in Figure 1 are the essential 
solubility boundaries typical of the hydrocarbon-water 
binary behavior up to the neighborhood of the critical 
temperature and pressure of pure water. In lighter out- 
line in Figure 1 are two sets of isobaric heterogeneous 
phase boundaries characteristic of lower and higher pres- 
sure behavior. 

Familiarly, at a constant lower pressure the solubility 
of water in hydrocarbon, curve AB, and hydrocarbon in 

Kenneth E. Hayworth is at the California State College at Los 
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water, curve DE, increases with increasing temperature 
when the solubility is limited by the incidence of a sec- 
ond liquid phase. Further increase in temperature at the 
same lower constant pressure shows that the solubility 
decreases, curves BC and EF,  when the second impend- 
ing phase is gaseous. 

The maximum sohbilities in either liquid phase at a 
particular lower pressure therefore occur at the tempera- 
ture of point B or E when the second phase is the hetero- 
azeotropic vapor of composition G. The locus of all points 
such as B and E forms the essential boundaries of the 
saturated solubility diagram. At point H the hydrocarbon- 
rich liquid and the heteroazeotropic vapor compositions 
become identical. This unique point is called the critica2 
vaporization end point ( 7 ) .  

At a higher constant pressure the solubility of a hydro- 
carbon in water, although greater, is affected by increas- 
ing temperatures in the same manner as at a lower pres- 
sure. Compare curves DLK and DEF. At this same con- 
stant higher pressure the solubility of water in a hydro- 
carbon, although nominal at lower temperatures, increases 
infinitely with increasing temperature as depicted by curve 
AJK. The point J is located on this curve at the tempera- 
ture corresponding to point L (the saturated solubility of 
hydrocarbon in water) and has no other real significance. 
The curve segment J K  does appear however as the water 
solubility in gaseous hydrocarbons, which is more com- 
monly referred to as a dew-point locus. The remainder of 
the curve from J to A must then be identified as a liquid- 
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Fig. 1. A general solubility diagram for simple hydrocarbon-water 

systems. 

liquid boundary as, indeed, it does appear on direct ob- 
servation. Nevertheless, curve AJK is a continuous solu- 
bility boundary. 

At a specific higher pressure a curve like AJ will join at 
point M with a boundary like MLE which completely 
envelops the two-phase liquid region. Since only a single 
phase exists outside this envelope, the temperature at 
point M is a critical solution temperature. There is, of 
course, a critical solution pressure and a critical solution 
composition associated with a critical solution tempera- 
ture, At temperatures greater than at point M and at vari- 
ous pressures only critical vaporization phenomena occur. 
Presumably, at temperatures less than at point M other 
critical solution conditions exist at considerably elevated 
pressures. A point M is therefore a unique property of 
the system representing the lowest pressure at which a 
critical solution can exist. It is called the critical solution 
end point. 

In general, the isothermal effect of increasing pressure 
is to increase the solubility of a hydrocarbon in water and 
to decrease the solubility of water in a hydrocarbon. 

This qualitative description is a generalization based on 
the experimental studies of the boundaries of the cyclo- 
hexane-water and n-hexane-water systems along with data 
taken from the literature ( 8  to 10). 

QUANTITATIVE EVALUATIONS 

The conditions existing at the critical vapor end point 
for several hydrocarbon-water systems are summarized in 
Table 1. This unique state for each system represents the 
condition of temperature and pressure for the maximum 
solubility of water in the hydrocarbon where the hydro- 
carbon may be identified acceptably as a liquid. For each 
system the critical vapor end-point temperature is less than 
the corresponding critical temperature of the pure hydro- 
carbon, while critical pressures are related inversely. 

TABLE 1. PROPERTIES AT THE CRITICAL 
VAPORIZATION END POINT 

Critical Composi- Composi- 
Critical pressure, tion wt. tion mole 
temp., lb./sq. fraction fraction 
“C. in. abs. water water 

Propane-water ( 4 )  96.5 637 0.0041 0.0099 
Butane-water (15) 152.0 637.5 0.0155 0.0483 
la-Hexane-water ( 10) 222.0 765 0.09 0.322 
Cyclohexane-water (14)  255.7 1,163 0.172 0.493 
Benzene-water (9 )  268.3 1,364 0.258 0.602 

Among the systems the critical composition of the solu- 
bility of water increases in proportion to the critical tem- 
perature at the end point. This latter observation leads to 
the speculation that higher molecular weight liquid hy- 
drocarbons will dissolve more water at this limit. An ap- 
proximate relationship between maximum solubility as 
weight fraction of water in liquid hydrocarbon at the 
critical vapor end-point temperatures is shown in Figure 2. 

Apparently by coincidence the critical compositions for 
water in the C6-hydrocarbons can be represented by ap- 
proximate simple molecular ratios. The mole ratio of 
water to n-hexane is about 1:2, for water to cyclohexane 
2:2, and for water to benzene 3:2. 

The second unique state, the critical solution end point, 
is known only for the C6-hydrocarbon-water systems. 
These are summarized in Table 2 and correlated in Fig- 
ure 3. This state is characterized by the temperature at 
the minimum pressure above which the hydrocarbon com- 
pletely dissolves in liquid water. The temperatures, pres- 
sures, and compositions at the critical solution end points 
again follow a regular order with respect to the properties 
of the pure hydrocarbons. In general, the higher the crit- 
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Fig. 2. Correlated critical vaporization end points for hydrocarbon- 
water mixtures. 
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TABLE. 2. PROPERTIES AT THE CRITICAL SOLUTION END POINT 
I I I \ I  

Composition 
Critical weight 

Critical pressure, fraction 
temp., "C. lb./sq. in. abs. water 

n-Hexane-water 368 3,280 0.95 (est) 
Cyclohexane-water 360 3,260 0.913 
Benzene-water ( 9 )  306.4 2,300 0.590 

ical temperature of the pure hydrocarbon the greater will 
be its solubility in water on approaching complete solu- 
bility. The molecular ratios of hydrocarbon to water at 
the critical solution end point do not reduce to simple 
numbers but are in the order of 1:100, 2:100, and 16:lOO 
moles of n-hexane, cyclohexane, and benzene, respec- 
tively, to moles of water. 

For the lighter hydrocarbons the critical solutions end- 
point temperatures probably lie very near the critical tem- 
perature of water. The corresponding critical pressures 
should be considerably elevated above those of water. 
Scheffer ( 1 1 )  reported in 1913 that he was unable to find 
a critical condition for mixtures of ether and water in this 
area. 

In general we may conclude that the more gaslike the 
hydrocarbon component is, relative to water, the poorer 
the mutual solubility of the two components will be. 
Stated another way, the lighter the hydrocarbon compo- 
nent the more severe must be the temperature and pres- 
sure to bring about complete solution. In all cases com- 
plete solubility represents a condition of supercriticality. 
Whether the remaining phase beyond the critical should 
be called liquid or gas is lost by default of definition even 
as in the case of a pure compound at pressure above its 
critical. 

0.30 
0.00190 0.00170 0.00150 

I 
TEMPERATURE IN O K  

Fig. 3. Correlated critical solution end points for hydrocarbon-water 
mixtures. 

EWERATLIRE cc) 
Fig. 4. Cyclohexane-water P-T diagram, 

By means of Figures 2 and 3 the critical end points of 
other hydrocarbon-water systems can be assumed. With 
vapor pressure and critical data of the pure components 
along with the critical end points, a solubility diagram 
resembling Figure 1 will roughly approximate the solubil- 
ity relations of that system. 

EXPERIMENTAL METHODS AND APPARATUS 

The techniques used in this experimental study were es- 
sentially those of Kay ( 1 2 ) ,  while the apparatus was for the 
most part a duplicate of that reported earlier (9) .  Briefly, a 
small liquid sample, approximately 0.04 cc. of known com- 
position, was confined over mercury in a heavy walled quartz 
capillary tube. The tube was sealed into a steel block which 
was a part of a closed hydraulic system containing pistons, 
gauges, and a mercury-to-oil interface detector. A redesign of 
the quartz to steel seal made it possible to pressurize the 
samples in excess of 3,400 lb./sq.in.gauge. Absolute control 
of the temperature surrounding the sample tube was main- 
tained by condensing vapors of pure boiling organic fluids. 
Thus, for samples of fixed composition the pressure-temperature 
phase boundaries were determined by direct observation of the 
appearance or disappearance of a phase. Analyses of the re- 
sulting data show that for a given sample the temperature and 
pressure measurements are consistent within k 0.05"C. and 
-C 1 lb./sq.in., respectively. 

Sample preparation followed the technique described by Kay 
and Donham ( 1 3 ) .  Since the size of the complete sample was 
fixed, those samples whose compositions lie in the mid range 
were most accurate, and those approaching pure components 
in composition were least accurate. In some cases the latter 
compositions had to be adjusted by as much a5 0.5% in order 
to be consistent with the bulk of the data. 

EXPERIMENTAL RESULTS 

Extensive measurement of points on the P-7"-r phase 
surface boundary for the cyclohexane-water and the n- 
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TABLE 3. SELECTED CYCLOHEXANE-.WATER PHASE BOUNDARIES 

91.0 wt. % water 66.7 wt. % water 30.0 wt. % water 5.2 wt. % water 97.3 wt. % water 

T ,  "C. in. abs. 
P, lb./sq. 

320 1,657 
330 1,894 
340 2,164 
350 2,445 
360 2,785 
370 3,165 
370.6 3,2107 
370 3,199 
360 2,910 
350 2,646 
340 2,414 
330 2,209 
320 2,054 
310 1,942 
307 1,920 
304 1,916 
302 1,925 
300 1,985 
295 2,303 
292 2,540 
290 2,702 

T ,  "C. 

330 
340 
350 
360 
362 
363.3 
362 
360 
359.4 
359 
358 
356 
354 
352 
350 
348 
346 

" Common to all mixtures. 
f Critical point. "" Three-phase point. 

P ,  lb./sq 
in. abs. 

1,952 
2,239 
2,566 
2,989 
3,100 
3,182 
3,236 
3,255 
3,2617 
3,264 
3,269 
3,280 
3,294 
3,308 
3,329 
3,358 
3,405 

T ,  "C. 

235 
245 
255 
265 
275 
285 
295 
300 
305 
310 
315 
320 
325 
330 
335 
340 

P ,  lb./sq. 
in. abs. 

533 
632 
751 
885 

1,032 
1,196 
1,388 
1,494 
1,605 
1,734 
1,866 
2,000 
2,169 
2,339 
2,538 
2,765 

hexane-water systems were made. In  total these included 
the measurement of temperature and pressure at the 
phase boundaries of eighteen samples of fixed composition 
for cyclohexane-water mixtures and five samples of n- 
hexane-water mixtures or more than 1,200 point observa- 
tions. These raw data were graphicaIly interpolated and 
smoothed on plots scaled 2 lb./sq.in./mm. and 0.2OC.i 
mm. as depicted in Figure 4. P-x and T-x cross plots were 
prepared to test further the consistency of these data and 
finally to determine certain unique states of the systems. 
Typical smoothed data are presented in Tables 3 and 4. 

TABLE 4. SELECTED n-HEXAN%WATER PHASE BOUNDARIES 

98 wt. % 84.6 wt. % 49.43 wt. % 14.66 wt. % 
water water water water 

p ,  p ,  p ,  p, 
lb./sq. lb./sq. lb./sq. lb./sq. 

T ,  "C. in. abs. T,  "C. in.abs. T,  "C. in.abs. T ,  "C. in. abs. 

330 1,870 
340 2,127 
350 2,414 
360 2,731 
370 3,112 
371 3,157 
371.8 3,223" 
371 3,214 
370 3,193 
360 2,939 
350 2,715 
340 2,527 
335 2,459 
332 2,433 
330 2,422 
328 2,417 
326 2,420 
324 2,430 
322 2,450 
318 2,568 
315 2,790 

" Critical point. 

330 1,294 
310 1,520 
320 1,768 
325 1,904 
330 2,046 
335 2,158 
340 2,339 
345 2,498 
350 2,670 
355 2,862 
360 3,090 

270 1,026 
275 1,105 
280 1,196 
285 1,297 
290 1,408 
295 1,530 
300 1,660 
305 1,798 
310 1,946 
315 2,120 
320 2,324 
325 2,556 
330 2,832 
335 3,136 

220 672 
225 734 
230 800 
235 871 
240 947 
245 1,011 
250 1,123 
255 1,231 
260 1,350 
255 1,484 
270 1,645 
275 1,873 
280 2,158 
285 2,522 

P ,  lb./sq. 
T, "C. in. abs. 

220 533 
230 648 
240 776 
250 914 
260 1,081 
270 1,273 
280 1,492 
290 1,764 
300 2,076 
310 2,580 

T,  "C. 

220 
230 
240 
250 
260 
262 
264 
266 
268.9 
268 
267.2 
267 
263 
26 1 
260 
255 
250 
245 
243.2 

P, lb./sq. 
in. abs 

351 
417 
496 
593 
705 
734 
765 
803 
906 
957 
976 f 
980 

1,024 
1,027 
1,024 
1,005 

980 
951 
939** 

T,  "C. 

130 
140 
150 
160 
170 
180 
190 
200 
210 
220 
230 
235 
240 
245 
250 
255 
255.7 

Three-phase locus" 
P, lb./sq. 
in. abs. 

95 
124 
156 
192 
237 
29 1 
357 
433 
519 
627 
751 
818 
890 
968 

1,055 
1,148 
1,162t 

More extensive data are available." Original data on the 
n-hexane-rich region are iven by Scheffer ( l o ) ,  and 
original data on the cyclo a exane-rich region have been 3 

determined by Hayworth (1 4 ) .  
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