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AVAILABLE DATA on systems involving water and 
mixtures of pure hydrocarbons a t  elevated temperatures 
and pressures are scarce. McKetta and Katz (7, 8) reported 
data on the methane-n-butane-water system at tempera- 
tures from 100" to  280" F. and at pressures from 200 to  
3000 p.s.i.a. Villarreal, Bissey, and Nielson (12) reported 
dew point water contents of methane-ethane mixtures a t  
temperatures to  140" F. and pressures to 3000 p.s.i.a. 

This research on the n-butane-1-butene-water system 
was undertaken to  add to  the existing knowledge of phase 
equilibria in systems involving mixtures of pure hydro- 
carbons and water a t  elevated temperatures and pressures. 

GENERAL 

Figure 1 shows the three binaries made up of three 
components, A ,  B,  and W. A and B are miscible in all 
proportions in the liquid phase. Both A and B are only 
partially miscible with W in the liquid phase. These three 
components are similar to  those in this investigation where 
A = n-butane, B = 1-butene, and W = water. Pressures 
indicated in Figure 1 are significant in the n-butane-l- 
butene-water system a t  160" F. 

The expected ternary diagrams (Figure 2) are useful in 
showing the approximate areas of the ternary diagram in 
which to expect single-, two-, or three-phase regions. 
Present work is in the three-phase region, which exists, 
generally, a t  pressures between the three-phase pressures 
of the n-butane-water system and of the 1-butene-water 
system a t  any given temperature. At 160" F., this region 
exists a t  pressures between 125.4 and 146.5 p.s.i.a. 

With respect to the general shape of the phase diagram, 
the n-butane-1-butene-water system differs from the 
methane-n-butane-water system (7, 8) principally in that  
only one of the hydrocarbon components is condensable 
a t  the temperatures under consideration in the methane- 
n-butane-water system. This difference causes the three- 
phase region for the methane-n-butane-water system to 
persist to  much higher pressures than in the n-butane-l- 
butene-water system. In  the n-butane-1-butene-water 
system, both hydrocarbons are below their critical tempera- 
tures, and the three-phase region disappears a t  the three- 
phase pressure of the 1-butene-water system a t  which time 
the system becomes principally a two-phase hydrocarbon- 
rich liquid-water-rich liquid system. 

Another difference between the n-butane-1-butene-water 
system and the methane-n-butane-water system is that  the 
n-butane-1-butene-water system involves a paraffin and an 
olefin of approximately the same molecular weight, making 
the present work a study in which hydrocarbon molecular 
weight effects are minimized. 

EQUl LlBRlUM APPARATUS 

A conventional equilibrium apparatus was used. It was 
essentially a windowed equilibrium cell contained in a 
constant temperature air bath. The contents of the cell 
were circulated by a positive displacement, magnetic pump 
which took vapor from the top of the cell and pumped the 
vapor into the bottom of the cell. Auxiliary equipment 
included temperature control and measuring equipment, 
pressure-measuring equipment, storage reservoirs for the 
pure compounds, and a high pressure mercury source. 

I Present address, Esso Research and Engineering Co., Baton Rouge, 
La. 

Heise Bourdon tube gages were used to  measure pressure 
inside the cell. The accuracy of the pressure measurements 
is estimated to be f 2  parts in 1000 parts or *0.5 p s i . ,  
whichever is greater. 

The temperature of the cell was measured by thermo- 
couples and is estimated to  have been measured to within 
h0.1" F. at temperatures of 100" and 160" F. and h0.20 F. 
a t  temperatures from 220" to 280" F. 
ANALYSES 

The contents of the cell were equilibrated for a t  least 
8 hours, although preliminary tests showed that  equilibrium 
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Figure 2. Expected ternary diagrams 
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was attained within 1 hour. After settling for an additional 
hour, samples of each of the three coexisting phases, hydro- 
carbon-rich liquid, vapor, and water-rich liquid, were with- 
drawn from the equilibrium cell, while mercury was 
simultaneously displaced into the cell. The analyses of the 
three samples can be considered in three general determi- 
nations: water content of the hydrocarbon-rich phases, 
either vapor or liquid; total hydrocarbon content of the 
water-rich liquid phase; relative amounts of n-butane and 
1-butene in each of the three phases. 

Water Content of Hydrocarbon-Rich Phases. The water 
content of the hydrocarbon-rich phases, either vapor or 
liquid, was determined with an electrolytic hygrometer 
(Meeco, Hatboro, Pa.) The basic instrument, a commercial 
model, was modified so that  the flow of sample through the 
instrument was as shown in Figure 3. The output of the 
electrolytic cell was recorded on a strip chart recorder, the 
area under the recorded curve being proportional to the 
total moles of water passing through the electrolytic cell. 
The total number of sample moles passing through the 
electrolytic cell were determined by taking P- V-T measure- 
ments of the sample. From these two measurements, the 
mole fraction of water in the original sample from the 
equilibrium cell was calculated. 

I t  is estimated that  the water content of the hydrocarbon- 
rich liquid phase was determined to within &4% of the 
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Figure 3. Analytical equipment for hydrocarbon-rich phase 

value and that the water content of the vapor phase was 
determined to within i4.5% of the value. 

Total Hydrocarbon Content of Water-Rich Liquid. The sample 
of the water-rich liquid was analyzed by a direct method 
similar to that  used by Kobayashi and Katz ( 5 ) .  The 
detailed analytical procedure is discussed by Wehe (13, 14) .  

Determination of n-Butane and 1 -Butene. The relative 
amounts of n-butane and 1-butene in the three gas samples 
collected from the above analyses were determined by gas 
chromatography. A Fisher-Gulf partitioner was used 
employing helium as the carrier gas and a 20-foot long 
column of %-inch copper tubing packed with p, p-oxydi- 
propionitrile on firebrick a t  0" C. The chromatograph was 
calibrated for n-butane, 1-butene, and air before use. 

Because the samples existed a t  low pressures, sometimes 
as low as 20 mm. of Hg absolute, a low pressure sampling 
system was used to  introduce samples into the instrument. 
Water in the vapors from the water-rich phase analysis did 
not interfere with the analysis. I t  is estimated that the 
accuracy of the analyses is to about f 0.5 mole %. 

MATERIAL USED 

Distilled water was boiled under reduced pressure to 
remove dissolved gases, and the boiling water was immedi- 
ately charged to  the equilibrium apparatus. 

n-Butane and 1-butene (Phillips Petroleum Co. research 
grade hydrocarbons) had a minimum purity of 99.90 mole 
%. These hydrocarbons were not further purified. Only 
liquid samples of the hydrocarbons were charged into the 
equilibrium apparatus. 

EXPERIMENTAL RESULTS OF BINARY SYSTEMS 

comparison with Literature. Data for the binary systems, 
n-butane-water and 1-butene-water, are compared with 
data reported in the literature in Table I. The agreement 
is considered very good. Data were taken by the authors 
on the n-butane-water system a t  the four temperatures 
studied and a t  the three-phase pressures; on the hydro- 
carbon-rich liquid phase of the 1-butene-water system a t  
the three-phase pressure a t  four temperatures between 
2200 and 280" F., the remaining data (Table I )  on the 
1-butene-water binary being obtained from extrapolated 
data on the n-butane-1-butene-water ternary system. 

Table I. Comparison of Binary Three Phase Data With Literature 

Mole Fraction Water x lo3 

Temp., O F. Press., P.S.I.A. 
Exptl. Lit." Exptl. Lit. 

100.2 100 52.2 52.45 

159.9 160 124.9 125.4 
220.2 220 260.1 259.3 
220.3 260.9 
280.0 280 491.6 490.9 
280.0 491.5 

99.9 52.1 

100 100 63.0' 63.2' 

160 160 146.9' 146.5' 

219.9 220 300.1 301' 
220 300.2' 
240.2 . . .  372.0 ... 
260.2 . . .  457.0 . . .  
280.1 280 . . .  561' 
280.1 558.6 
280 558.4' 

Literature data refer to (9. IO). 

HC-Rich Liq. 
Exptl. Lit. 

n-Butane-Water System" 
0.91 0.5 
0.83 
3.38 2.1 

10.0 8.5 
9.25 

28.0 26.8 
27.8 

1-Butene-Water System 
1.61' 1.41d 

1.75' 
5.73' 3.72d 

5.71' 
15.9 10.83d 
15.8' 15.5' 
22.6 . . .  
31.9 ... 
42.8 32.14d 
. . .  33.7' 

42.5' 

Vapor 
Exptl. Lit. 

14.3 16.7 
15.7 
35.1 33.8 
55.6 54.1 
53.0 
75.1 70.8 
74.6 

11.0' 13' 

26.0' 29' 

. . .  50' 
50.3' 
. . .  . . .  
. . .  . .. 
. . .  68' 

68.6' 

Mole Fraction HC in 
Water-Rich Liq. x lo5 

Exptl. Lit. 

4.37 6.2 
4.84 
5.89 8.7 
. . .  14.0 

10.5 
18.6 22.0 
21.5 

21.84' 21.7' 
22.8' 

26.16' 24.2' 
26.7' 

. . .  36.4' 
39.38' 34.9' 

. . .  61.5' 
55.8' 

. . .  . . .  

. . .  . . .  

64.71' . . .  
Brooks and McKetta ( 4 ) .  Brooks, Haughn, and McKetta (2). 

* Extrapolated data. Brooks and McKetta (3) .  ' Leland, McKetta, and Kobe (6). 
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EXPERIMENTAL RESULTS OF THE TERNARY SYSTEM 
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The experimental results are given in Table I1 and the 
smoothed data are given in Table 111. The results are 
presented graphically in Figures 4 to  8. 

n-Butane-1-Butene Equilibria. The n-butane-1-butene 
equilibria are shown on a dry basis in Figure 4 as Cy - r ' )  
versus x' where y is the mole fraction of one of the hydro- 
carbons in the vapor (dry basis) and x' is the mole fraction 
of the same hydrocarbon in the hydrocarbon-rich liquid 
phase (dry basis). 

A pressure-composition plot is generally what would be 
expected for the n-butane-1-butene-water system. Since 
the hydrocarbon-water system is essentially immiscible, the 
total pressure a t  the lower temperatures, 100° and 160" F., 
is the sum of the vapor pressure of the hydrocarbon, either 
pure or in a mixture, and the vapor pressure of water. 
At 220" and 280" F., the total pressure is greater than the 
sum of the vapor pressures, the differences between the two 
pressures being termed a three-phase residual pressure. 
This residual pressure varies with composition of the hydro- 
carbon and temperature (Table IV). These three-phase 
residual pressures are of the same magnitude as those found 
by Reamer and others (9) for the n-butane-water system 
and by Brooks (1) for the 1-butene-water system. 

The (y - x ' )  us. r' data for the n-butane-1-butene-water 
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system on a dry basis are essentially the same as those 
obtained by Sage and Lacey (11) for the n-butane-1-butene 
system a t  all temperatures except 100" F. where Cy - x ' )  
for the n-butane-1-butene-water system is slightly greater. 

Water Content of Hydrocarbon Vapor. The data on the 
water content of the hydrocarbon vapor are shown in Figure 
5. Generally, water content a t  the three-phase pressure 
decreases as the concentration of 1-butene in the vapor 
increase and the three-phase pressure increases. The data 
are not of sufficient precision to make differentiation 
possible between the effect of increased pressure and the 
effect of increased concentration of 1-butene in the vapor 
on the dew point composition of water in the vapor. The 
entire pressure range for an isotherm is very small. 

Although the curve in Figure 5 a t  280" F.  was drawn 
with a minimum, it could have been drawn as a straight 
line and remain within the observed dispersion of the data. 

Hydrocarbon Content of Water-Rich liquid. Data on solu- 
bility of the individual hydrocarbons in the water-rich 
liquid phase were taken a t  constant temperature and a t  
pressures varying from the three-phase pressure of the 
n-butane-water system to that  of the 1-butene-water sys- 
tem. These data are plotted in Figure 6, which is an 
expanded apex of a triangular diagram. This pressure range 
is small a t  all temperatures studied, so that its effect on the 
fugacity coefficient of the hydrocarbons can be neglected. 
A thermodynamic analysis of these data is as follows: 

If the vapors can be assumed to form an ideal solution, 
then the Lewis and Randall rule, Equation 1, holds. 

(fd v = Y A f 9  (1) 
(Text continued on page 172) 
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Figure 6. Solubility of hydrocarbons in 
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Figure 8. Distribution of 1-butene 
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From the definition of the fugacity coefficient 
Table IV. Residual Pressures 

Then 

(fz) v = yzu P, T P (3) 

Henry’s law, written in terms of fugacities, is 

(f*) v = krh’ (4) 

yzup, T P  = kx6’ (5) 

Since T is constant and the effect of P on u p ,  T is considered 
negligible (see above), then UP, T i s  constant, or 

y2P = k‘ xi’ (6) 

If Equation 4 holds, then: 

where 
k k’ = - 

UP, T 
(7) 

Thus, if Equation 4 holds, a plot of y p P  us. x 2  should 
produce a straight line. This plot is shown in Figure 7 a t  
the four temperatures studied for each of the two hydro- 
carbons in water. Straight lines were obtained, showing that  
Equation 4 holds under the conditions of this investigation. 

The above analysis can be considered to be a method of 
testing Henry’s law, written in terms of fugacity, or to  be a 
good means of predicting ternary solubility data from bi- 
nary data a t  the same temperature and pressure conditions. 

As a means of testing Henry’s law written in terms of 
fugacity, it provides a test in regions where fugacity coeffi- 
cients for pure solute vapors are not available-Le., a t  
pressures above the vapor pressure of the pure solute. 

Wiebe and Gaddy (15) have compared calculated values 
with experimental solubilities of mixtures of hydrogen and 
nitrogen in water a t  25“ C. at pressures from 50 to 1000 atm. 
Although they did not present the above thermodynamic 
analysis, it  can be shown that  their method of calculation 
can be derived from the above thermodynamic analysis, 
if it is assumed that  the dew point water content of the 
vapor is independent of the nature of the gas. Thus, Wiebe 
and Gaddy (15) also note that  the above method is reason- 
ably good for predicting solubilities of mixtures of gases in 
water from solubilities of the pure gases in water. 

Water Content of Hydrocarbon-Rich Liquid. A plot of the 
water content of the hydrocarbon-rich liquid us. the mole 
fraction of 1-butene in the hydrocarbon-rich liquid (dry 
basis) shows that  the water content of the three-phase 
hydrocarbon-rich liquid increases almost linearly as the 
mole fraction of 1-butene in the hydrocarbon-rich liquid 
and the three-phase pressure increase. 

Since there is only a small effect of pressure on the 
solubility of water in hydrocarbon and the pressure change 
is only slight a t  a given temperature, the effect shown is 
such a plot a t  each temperature is a result of changing the 
solvent from n-butane to 1-butene, the solute (water) 
remaining the same. This is different from the hydrocarbon 
content of the water-rich liquid, where the solvent is water 
and the solute is changed from n-butane to 1-butene. 

Distribution of 1-Butene between Liquid Phases. Figure 8 
is a plot of the mole fraction of 1-butene in the hydrocarbon- 
rich liquid us. the mole fraction of 1-butene in the water- 
rich liquid a t  160” F., both on a water-free basis. The 
compositions are taken a t  the three-phase pressures, and 
therefore pressure is not constant in this figure. The data 
a t  looo, 220°, and 280” F. are similar to those a t  160” F. 

Figure 8 shows that  water is selective for 1-butene when 
in equilibrium with n-butane-1-butene mixtures a t  the 
three-phase conditions. The solubility of the hydrocarbons 
in water a t  these conditions is, however, small, a factor 
which must be considered in attempting to use water as an 
extractive agent for 1-butene. 

Mole Fraction 1-Butene in 
Temp., O F. HC-Rich Liquid, Dry Basis 

220 0 
220 0.4 
220 1.0 
280 0 
280 0.4 
280 1.0 

Residual 
Pressure, P S I .  
0.9 
1.5 max. value 
0.4 
6.1 
7.5 max. value 
3.2 

A graph of the mole fraction of 1-butene in the vapor 
us. the mole fraction of 1-butene in the water-rich liquid 
at  the three-phase conditions, both on a water-free basis, 
would be similar to Figure 8 because the equilibrium 
compositions of the hydrocarbon-rich liquid and vapor are 
close to each other. 
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NOMENCLATURE 

f =  
f0 = 

k, k’ = 
P =  
T =  
x‘ = 

X ’ ’  = 
Y =  
u =  

fugacity 
fugacity of a pure component at the temperature and 
pressure of the solution 
constants 
total pressure 
absolute temperature 
mole fraction in hydrocarbon-rich liquid phase 
mole fraction in water-rich liquid phase 
mole fraction in vapor phase 
fugacity coefficient 

Subscripts 
A = componentA 
B = component B 
P = pressure 
T = temperature 
V = vaporphase 

W = component W or water 
1 = component 1 
2 = component 2 
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