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CL dipole moment 
77 association factor 
w acentric factor 

Subscripts 
C critical constant 
exptl experimental 
H homomorph compound 
L liquid phase 
T temperature 
V vapor phase 

Reglstry No. Me,CO, 67-64-1; 2-PrOH, 67-63-0; PrOH, 71-23-8. 
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Simple Apparatus for Vapor-Liquid Equilibrium Measurements with 
Data for the Binary Systems of Carbon Dioxide with n-Butane and 
Isobutane 

Lloyd A. Weber 
Center for Chemical Engineering, Thermophysics Division, National Institute of Standards and Technology, t Gaithersburg, 
Maryland 20899 

We describe the design, construction, and testing of a 
simple vapor-ilquid equillbrium apparatus designed for 
measurements In the range 300-500 K at pressures to 
150 bar. Data are given for measurements of P ,  T ,  x ,  
and y for binary systems of carbon dioxide with n-butane 
and isobutane in the range 310-394 K. 

Introduction 

This apparatus was designed to fill the need for measure- 
ments in the temperature range of 300-500 K, which is im- 
portant both industrially and theoretically and includes the su- 
percritical region of carbon dioxide. I t  complements an earlier 
cryogenic apparatus in our laboratory and is similar in principle 
to a number of existing devices, with, however, one or two 
novel differences. I t  satisfies our criteria for an apparatus that 
is simple in design, easy to build using mostly commercially 
available components, and capable of efficient acquisition of 
accurate data. 

I n  the next section we give details of the design and con- 
struction of the apparatus and also estimates and results of 
tests of the accuracy of the various measured quantities. 
Following that we present data for the systems CO, + n-butane 
and CO, + isobutane in the range from 310 to 394 K. These 
data represent a continuation of our earlier work on these 
systems ( 7 ) ,  where we have made measurements from 250 
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to 280 K. That earlier work was performed with the cryogenic 
apparatus. 

I n  this temperature range several studies have previously 
been made on the CO, + n-butane system: Besserer and 
Robinson (2) and Behrens and Sandler (3) at 310.9 K, Poett- 
man and Katz (4 ) ,  305-415 K, Olds et al. (5),  31 1-41 1 K, and 
Hsu, Nagarajan, and Robinson (6), 319-378 K. For the system 
with isobutane Besserer and Robinson (7) measured isotherms 
in the range 311-394 K. A recent publication by Leu and 
Robinson (8) gives data for CO, with both n-butane and iso- 
butane in the range 368-418 K. Some of our data were 
measured at the same temperatures as these references, and 
comparisons are made where the isotherms coincide. 

Apparatus 

I t  is a 
vapor and liquid recirculation type. Central to the design is a 
commercial, top-loading convection oven. The oven is lighted 
and is equipped with a three-layer glass window for visual ob- 
servations. In  place of the hinged lid, we substituted a lift-off 
top constructed from 1-in.-thick closed-cell foam, faced with 
aluminum foil and sandwiched between two layers of 0.5-in. 
plywood. All of the apparatus is either mounted on top of this 
lid or suspended from the underside to facilitate adjustments and 
modifications. The oven temperature is controlled by means 
of a solid-state device that utilizes a J-type thermocouple for 
a sensor and has a 4-20-mA output to a proportioning SCR 
power controller that drives the 3-kW heater. A large fan 
provides vigorous convection, and we have added some baffles 

The apparatus is shown schematically in Figure 1. 
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Flgure 1. Schematic drawing of the apparatus. See text for expla- 
nation. 

to improve the mixing in the air bath and reduce thermal gra- 
dients. Small, low-power cartridge heaters are mounted on 
valves 2 and 3 to maintain the vapor sample volume at a tem- 
perature slightly warmer than the oven. 

The sample cell was developed from a high-pressure sight 
level gage of a type often used with high-pressure boilers. The 
body of the cell is a cylindrical cavity (approximately 65 cm3) 
machined from a bar of 300 series stainless steel. One side 
of the bar is milled out to accommodate a full-length thick glass 
window, which is held in place by a very heavy steel flange 
attached to the body with U-bolts. The ends of the body are 
drilled and tapped for attaching brass end caps into which are 
soldered four stainless steel capillary tubes. The caps also 
have wells for thermometers. The sample cell has a rated 
maximum pressure of 190 bar at room temperature which 
decreases to 103 bar at 670 K. 

Temperature is measured with a long-stem probe-type 
platinum thermometer inserted through the top of the oven and 
into the top cap of the sample cell. I t  has a nominal resistance 
of 100 ohms and has a calibration accuracy of 0.025 K. An 
ac bridge is used for the measurements, and the calibration was 
checked at one point utilizing a water triple point cell. The 
bridge can be balanced with a precision of 0.025 K, and the 
unbalance, in the form of a large dc voltage, is monitored with 
a digital voltmeter. I n  normal operation temperature changes 
of 0.005 K are easily detected. 

The vapor recirculating line and pump are mounted entirely 
within the oven to prevent condensation. A separate liquid- 
recirculating line takes liquid from the bottom of the cell, out of 
the oven, through a pump, back into the oven, and into the 
bottom of the cell. The pressure in the system is measured in 
this line by means of a gauge outside the oven. I n  each line 
there is a rotary sampling valve (1 and 2 in the figure) in which 
a small sample can be simultaneously trapped and swept out 
by a carrier gas for analysis. Sample sizes are 1 pL for the 
liquid and 20 pL for the vapor. Valve 3 in the figure selects 
either vapor or liquid samples. The vapor valve can be evac- 
uated to eliminate the carrier gas between samplings. 

The vapor pump is a magnetically driven piston-in-cylinder 
type with a check valve at each end. The magnet is moved 
by means of a variable-speed electric motor mounted outside 

the oven. The liquid pump is a dual-piston, variable-flow (0-10 
cm3/min) model capable of reaching pressures up to 340 bar. 
I t  is mounted outside the oven. The pistons are 180' out of 
phase to minimize pulsations in the line. I t  is turned off during 
the pressure measurement. Its main purpose is to circulate 
the liquid for sampling, but it can also be used to charge the 
cell with the components from external, room temperature 
cylinders. Flow rates are kept low to minimize pressure gra- 
dients and to allow maximum equilibration time when the liquid 
reenters the oven. 

Pressure is measured with an optically sensed bourdon gauge 
having a stainless steel helical bourdon tube and digital readout. 
The pressure in the tube is sensed by the movement of a metal 
tab which impinges on the path of a light beam, thus eliminating 
the need for mechanical linkages. The zero and span can be 
set with mechanical adjustments. Two gauges are used having 
ranges 0-34 and 0-138 bar. These are small volume gauges 
and they are connected into the liquid recirculating line with 
tees. Two sintered steel filters in this line protect the pump and 
gauges from foreign particles and also serve as pulse dam- 
peners. These gauges have a claimed accuracy of f0.05% 
of full scale and were supplied with calibrations. I n  practice 
it was found necessary to recalibrate and to check the cali- 
brations periodically. The primary calibration was done by 
comparison with an oil-operated dead-weight pressure balance, 
and the subsequent checks were made against a secondary 
standard steel spiral bourdon gauge having a range of 0-70 bar. 
We estimate the uncertainty of the pressure measurements to 
be generally f0.03 bar. 

The short-term stability of the oven temperature was deter- 
mined by inserting the thermometer directly into the air bath. 
I t  indicated that the air temperature oscillates with a period of 
about 2 min and an amplitude of about f0.03 K. I n  a heavy 
metal body such as the sample cell this oscillation is damped 
to less than fO.O1 K. Since the controller has no provision for 
integrating, long-term temperature stability depends somewhat 
on externall conditions, such as changes in room temperature 
and use of the 50-W oven light. This drift, which might amount 
to as much as several tenths of a degree from day to day, is 
compensated manually by means of an external precision 
variable resistor wired into the circuit of the controller (manual 
reset). I n  this way the oven temperature can be set or read- 
justed to within about 0.01 K. Checks of the homogeneity of 
the temperature originally showed variations of about 0.1 K 
before the baffles were added. Afterward the maximum tem- 
perature range encountered in the workspace was about 0.05 
K. Presumably this could be reduced further by refinements in 
the baffling. 

The vapor compositions, y ,  and liquid compositions, x ,  were 
determined with a gas chromatograph, thermal conductivity 
bridge, and electronic integrator. The relative response factors 
of the components, carbon dioxide, n -butane, and isobutane 
in the helium carrier gas were determined with the pure com- 
ponents. Small samples of known relative sizes were used, 
covering the range encountered experimentally, and the linearity 
of the results indicated constant response factors for all the 
components. The integrator has a sensitivity of 0.02 mol %,  
and the column could easily separate the components. 

Samples came from a cylinder of CO, having a stated purity 
of 99.99% and butane cylinders having purities from 99.94% 
to 99.99 % . The only impurity seen on the chromatograph was 
a small amount (0.02%) of a lighter substance, possibly pro- 
pane, in the n-butane. 

Tests of the Apparatus 

Other phase equilibrium measurements have been reported 
in the literature for these systems, and comparisons with those 
results are made in a later section. Here we are concerned 



I I I I I I I I Table I. Vapor Pressures of the Butanes' 

n-Butane 

I I I I 

T Parptl p (9)  p (5) 
309.1 3.36 3.39 3.39b 
344.26 8.32 8.31 8.31 
369.26 14.17 14.14 
394.26 22.52 22.52 

Isobutane 

310.93 4.97 5.01 5.03 
344.26 11.15 11.13 11.72 
369.26 18.48 18.44 
394.26 28.93 28.92 30.20 

T in K and P in bar. Adjusted to the temperature of present 
results. 

with more direct tests of the ability of the apparatus to control 
and measure the experimental quantities of temperature, 
pressure, and composition. We measured the vapor pressures 
of the butanes at the temperatures of the four isotherms re- 
ported here. The results are shown in Table I. References 
9 and 70 are correlations by Goodwin and Haynes of the best 
available published data for the thermophysical properties of the 
butanes. We see that the agreement is good and is generally 
less than the combined estimated uncertainties. We also 
measured a series of vapor pressures for CO, in the region of 
the critical point at temperatures between 300.35 and 304.07 
K. Comparison with the best available published vapor pres- 
sures ( 7 7 )  indicates that our pressures are systematically high 
by 0.07 f 0.03 bar, or 0.1 %. Careful recalibration of the 
pressure gauges verified this difference. Estimated temperature 
uncertainties could account for 0.04 bar of this difference. Two 
measurements were made of the vapor pressure of CCIF, (R- 
13) at 298.15 and at 300.25 K. Our values, 35.67 and 37.38 
bar, respectively, can be compared with the recent curve 
published by Fernandez-Fassnacht and del Rio (72). That 
curve, fitted to their precise data, yields values of 35.65 and 
37.38 bar at these temperatures, in excellent agreement with 
our results. 

We also used the apparatus to estimate the critical point of 
CCIF,. The temperature controller and 3-kW heater are too 
crude for this purpose. However, since the critical point is quite 
near room temperature, we were able to control the oven 
temperature manually with the 50-W light bulb, utilizing very 
slow heating and cooling curves, and observing the appearance 
and disappearance of the meniscus. The values we obtained 
are T ,  = 301.92 f 0.04 K and P, = 38.85 f 0.04 bar. The 
critical parameters of this refrigerant have been measured 
many times and a comprehensive survey is given by Oguchi et 
al. (73). Nine of the eleven determinations listed there agree 
quite well, and a grand average of these yields T,  = 301.92 
f 0.03 K and P, = 38.71 f 0.20 bar. We also attempted to 
estimate the critical parameters of CO,, but again the tem- 
perature control was not adequate for this exacting job. Our 
best estimate from the disappearance of the meniscus is that 
T, is between 304.07 and 304.14 K. The best current deter- 
mination of T ,  for CO, is 304.13 K. 

Examination of the equilibrium data for dilute solutions of CO, 
(component 1) in butane (component 2) provides further infor- 
mation about the accuracy of the data. Plots of (P - P,")/x 
versus (P - P,"), where P is the total vapor pressure of the 
mixture, P," is the vapor pressure of pure 2, and x1  is the mole 
fraction of 1 in the liquid phase, are a stringent test of the 
precision and accuracy of the pressure and composition mea- 
surements. Theory says that these curves should approach the 
infinitely dilute solution (pure 2) as horizontal straight lines. Plots 
of our data indicate this behavior and the precision of the data 
are consistent with statistical uncertainties of f0.03 bar in 

0 I I 1 I 1 I 1 I I I 
20 40 80 80 100 

% cop 
Flgure 2. Phase compositions for the system COP + isobutane. Filled 
circles are from ref 7 .  
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Data for the system carbon dioxide + isobutane were mea- 
sured on four isotherms, 310.93 (100 OF), 344.26 (160 OF), 
369.26 (205 OF), and 394.26 K (250 OF). The results are given 
in Table I1 and displayed in Figure 2. For the system CO, + 
n-butane data were measured on the same isotherms with the 
exception of the first isotherm, which was measured before the 
temperature control was perfected. As a result these data 
were measured at a different temperature, 309.1 K, and they 
are less accurate and less precise. They are included here 
because of the existence of several other sets of data at ap- 
proximately the same temperature. When allowances are 
made for temperature differences, these data agree quite well 
with the results of Besserer and Robinson (2) and of Olds et 
al. (5). Results for the system carbon dioxide -k n-butane are 
given in Table I11 and Figure 3. 

In Figure 2 three of the isotherms can be compared directly 
with the data of Besserer and Robinson (7). Much of the data 
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Table 11. Experimental Results for the C02 + i-C4Hlo 
System (Component 1, COS) 

Plbar nl/% y l /% Plbar x l / %  y l /% 

4.97 
5.73 
7.79 
9.54 

12.07 
16.76 
21.54 
25.84 
29.59 
33.65 
38.34 
41.62 

11.15 
12.07 
13.36 
14.90 
16.47 
18.95 
24.33 
31.82 
36.70 
40.35 
44.35 

18.48 
21.55 
24.52 
29.37 
33.85 
35.53 
38.36 
42.62 

28.93 
31.42 
33.69 
37.67 
41.09 

0 
0.95 
3.49 
5.67 
8.87 

14.79 
21.32 
27.15 
32.2 
38.0 
44.70 
49.62 

0 
0.84 
2.10 
3.50 
5.00 
7.38 

12.42 
19.31 
24.09 
27.55 
31.55 

0 
2.50 
5.0 
8.95 

12.66 
14.07 
16.40 
20.0 

0 
1.95 
3.77 
6.93 
9.85 

T = 310.93 K 
0 44.56 

11.5 47.53 
33.0 50.37 
44.40 52.50 
54.96 54.97 
66.61 58.19 
73.29 60.38 
77.38 64.07 
79.93 68.29 
82.2 70.42 
84.03 72.05 
85.11 

T = 344.26 K 
0 49.58 
7.2 53.23 

14.1 57.14 
21.6 61.06 
27.74 64.84 
35.81 68.44 
47.8 71.96 
57.6 73.04 
62.2 73.50 
64.49 74.00 
66.60 

T = 369.26 K 
0 46.56 

10.5 50.23 
19.3 54.32 
29.05 59.85 
35.75 62.11 
38.3 63.76 
41.1 65.58 
45.0 66.09 

T = 394.26 K 
0 47.20 
4.82 48.72 
8.8 49.09 

14.3 48.98 
18.15 

53.8 
58.2 
62.4 
65.3 
68.9 
73.4 
76.4 
80.95 
85.9 
88.23 
90.04 

36.35 
39.93 
43.73 
47.44 
51.10 
55.39 
59.74 
61.18 
62.35 
63.32 

23.23 
26.40 
30.1 
35.0 
37.3 
39.4 
42.6 
43.1 

15.53 
17.13 
17.62 
17.59 

86.01 
86.87 
87.6 
88.16 
88.73 
89.52 
90.2 
91.0 
91.8 
92.2 
92.3 

69.04 
70.16 
71.10 
71.93 
72.32 
72.36 
71.68 
70.76 
69.6 
69.1 

48.2 
49.54 
51.30 
52.67 
52.27 
52.05 
50.4 
50.4 

22.5 
22.1 
23.27 
22.68 

agree fairly well. However, at the lowest temperature there is 
some disagreement on the dew curve and near the critical 
point. At the highest temperature the dew curves differ by 
several mole percent. I n  addition in Table I the vapor pres- 
sures of isobutane from ref 7 are seen to be much too high, 
indicating the possible presence of a volatile impurity. I n  Figure 
3 our results are compared with those of Olds, Reamer, Sage 
and Lacey (5), and we see that the agreement is good with only 
a few data on the dew curve differing by =l mol YO near the 
critical point. The same isotherm was also measured by Hsu, 
Nagarajan and Robinson (6), and comparison indicates agree- 
ment with the present data within about 0.3-0.4 mol %.  The 
data of Leu and Robinson (8) seem to agree quite well with our 
results when adjustments are made for the small temperature 
differences between the two sets. We noted, however, that 
their vapor pressures for pure isobutane appear to be too high, 
consistent with their earlier results in ref 7. The data for both 
systems in the near-critical region have been correlated with 
the Leung-Griffiths model modified by Rainwater and Moldover 
74. 

The precision of the dilute solution data made possible the 
calculation of Henry's constant for carbon dioxide dissolved in 
the butanes. For this purpose the relationship 

(1) 

was used ( 75). Here 4, is the fugacity coefficient in the vapor 
phase of C02 in solution, P," is the vapor pressure of the 
butane, and AZz is the difference between the compressibility 

Hl,z = $,m[P2" + AZ,(dP/dx,)"] 

Table 111. Experimental Results for the C02 + n -C4Hlo 
System (Component 1, CO,) 

Pfbar xl/% y , / %  Plbar  xl/% v l l %  

3.36 
4.41 
6.82 

10.02 
10.59 
24.57 

8.32 
9.33 

12.77 
13.42 
16.38 
17.90 
20.80 
25.83 

14.17 
16.06 
18.87 
25.16 
38.8 
40.52 
48.33 
57.19 

22.52 
30.30 
34.57 
42.47 
47.70 
51.93 
55.44 

0 
0.68 
2.4 
4.7 
8.5 

26.2 

0 
0.91 
3.91 
4.46 
6.99 
8.22 

10.83 
15.2 

0 
1.36 
3.46 
8.10 

18.55 
19.76 
25.7 
32.5 

0 
5.31 
8.24 

13.72 
17.45 
20.62 
23.27 

T = 309.1 K 
0 37.93 

10.9 48.63 
27. 55.59 
48.4 64.85 
61.6 30.84 
81.3 

T = 344.26 K 
0 27.40 
8.42 31.07 

29.8 40.56 
34.0 47.93 
43.7 57.92 
47.7 62.30 
53.67 67.53 
61.2 72.92 

T = 369.26 K 
0 59.31 
9.2 67.27 

19.7 75.01 
36.3 78.54 
53.4 79.51 
56.4 78.95 
59.8 78.54 
62.9 

T = 394.26 K 
0 60.45 

18.4 65.02 
25.0 64.87 
33.94 63.83 
38.2 62.34 
41.1 58.06 
42.5 65.55 

45.0 87.9 
61.9 89.9 
72.9 91.8 
85.5 93.6 
34.9 84.9 

16.6 62.9 
19.8 66.3 
28.2 72.1 
35.1 75.8 
44.3 78.0 
48.3 78.4 
53.5 79.1 
59.0 79.2 

34.15 63.4 
40.7 65.2 
47.9 64.3 
52.6 62.9 
55.3 59.3 
53.3 60.4 
52.6 60.9 

27.60 44.2 
32.72 39.44 
32.64 39.87 
30.82 41.48 
29.22 42.82 
25.24 42.92 
34.97 38.8 

N. 
c 
I 

120- 

100- 

80 - 

60 - 

40 - 

* O  t 
8 350 400 

2 5 0  300 

T (K)  
Flgure 4. Henry's constant for CO, dissolved in n-butane and iso- 
butane. 

factors of vapor and liquid butane at its vapor pressure. The 
superscript m refers to the infinitely dilute solution. The 4 's and 
Z's were calculated from an extended corresponding states 
model which uses a reference fluid equation of state and a 
conformal solution principle ( 76). The resulting Henry's con- 
stants at the corresponding butane vapor pressures are given 
in Table I V  and in Figure 4. Also given are the values derived 
from the data in ref 7 at 250-280 K. The two curves are very 
similar except at the highest temperature where we see an 
apparent maximum for the system with isobutane. This situa- 
tion is due to the proximity of the critical point of isobutane, at 
which point it becomes a much better solvent. 
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T a b l e  IV. Henry 's  Cons tan ts  f o r  C a r b o n  D i o x i d e  D isso lved  
in t h e  Butanes"  

T Hi,a T H1,2 

C02 + Isobutane 
250.00 27.6 310.93 82.9 
260.00 33.4 344.26 105.2 
270.00 41.1 369.26 116.3 
280.00 50.5 394.26 117.3 

C02 + n-Butane 
250.00 29.8 309.1 78.3 
260.00 37.7 344.26 111.5 
270.00 45.9 369.26 130.7 
280.00 55.5 394.26 138.7 

" T in K and in bar. 

T a b l e  V. Es t ima tes  f o r  t h e  Va lues  o f  t h e  Paramete rs  in 
Equation 2 

T A B T A B 
C02 + Isobutane 

250.00 0.998 0.354 310.93 0.851 0.309 
260.00 0.911 0.333 344.26 1.140 0.371 
270.00 0.850 0.291 369.26 1.398 0.370 
280.00 0.791 0.240 394.26 2.08 0.42 

C02 + n-Butane 
250.00 1.115 0.397 309.1 1.000 0.341 
260.00 1.020 0.328 344.26 1.199 0.383 
270.00 0.968 0.297 369.26 1.469 0.398 
280.00 0.921 0.264 394.26 2.13 0.58 

We have also estimated values for the excess Gibbs free 
energy of the saturated liquid, which is adequately described by 
the two-parameter Redlich-Kister expansion 

G E / R T  = x 1 x 2 [ A  + B ( x ,  - x, ) ]  

This was done by calculating the fugacity of the mixture f for 
each datum by means of the relationship 

In f = x 1  In ( i , / x , )  + x ,  In ( 3 , / x 2 )  (3) 

where = &y,P, using the experimental x, y ,  and P ,  and 3 
calculated from ref 76. Each isotherm was then fit with the 
relationship 

In f = x 1  In f, + x ,  In f, + G E / R T +  ( V S / R T )  dP spPZ' 
(4) 

where V s  is the molar volume of the mixture and f and f, are 
the fugacities of the pure component liquids. Here f, corre- 
sponds to a hypothetical liquid CO, above its critical point, and 
it was used merely as an adjustable parameter. The integral 
adjusts the data to a constant pressure, the vapor pressure of 
the butane. I n  this equation G E  is the excess Gibbs function 
in the symmetric convention, represented by eq 2. The equa- 
tion has four adjustable parameters, linear combinations of 
which allow us to calculate A and B in eq 2 and also an inde- 
pendent value for Henry's constant H 1,2. Equation 4 can be 
applied to data both below and above the critical temperature 
of the more volatile component. However, as T approaches 
the critical point of the solvent, the extrapolation from the 
solubility limit to the pure solute fugacity, f 1, becomes very long, 
and the resulting parameters in the equation become less re- 
liable. Nevertheless, the equation was applied to all of the data. 
The results, given in Table V, look reasonable even though the 
highest experimental temperature, 394.26 K, approaches the 
critical temperatures of isobutane and n -butane (408.0 and 
425.2 K, respectively). The resulting GEIRT for equimolar 
mixtures is shown in Figure 5, where we see that the two 
curves are very similar. Representing GE with a simple function 

0.8 I I 

0 COZfn-butane 
0 CO2tkbutane 

0 I 
250 300 350 400 
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Figure 5. Estimated excess Gibbs function and excess enthalpy for 
equimolar mixtures of C02 with the butanes. See text. 

allows us to calculate the excess enthalpy H E  via the relation- 
ship 

H E / R T 2  = - [ d ( G E / R T ) / d T ] , ,  

Although P is not strictly constant, the correction is expected 
to be small. The resulting estimates for H E  are also plotted in 
Figure 5. The values of H E  are the same for both systems 
within the uncertainty and thus are given by a single curve. The 
excess enthalpy is here identified with the heat of mixing for a 
process in which pure liquid butane is combined with (hypo- 
thetical) liquid CO, at constant T and P to produce a liquid 
solution. From the curves we see that this heat of mixing 
changes sign near room temperature. The Henry's constants 
resutting from eq 5 agree with the ones given in Table I V  within 
a few percent. 

Conclusions 

We have given a description of a new apparatus for vapor- 
liquid equilibrium measurements in the 300-500 K range. Data 
for the binary systems of carbon dioxide with n-butane and 
isobutane are presented and compared with existing data in the 
literature where they coincide. I n  general the agreement is 
good although several discrepancies are noted. Excess Gibbs 
functions and excess enthalpies are estimated. 

Registry No. CO,, 124-38-9; n-butane, 106-97-8; isobutane, 75-28-5. 
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