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Solubilities and Enthalpies of Absorption of Isobutene into tert-Butyl

Alcohol-Water Mixtures

Pak C. Leung

Department of Chemical Engineering, University of California, Davis, Callfornia 95616

Concepcidn Zorrilla, Luis Pulgjaner, and Francesc Recasens*
Universitat Politécnica de Catalunya, Diagonal 647, 08028 Barcelona, Spain

The solubilities of isobutene In ferf-butyl alcohol-water
mixtures were determined for alcohol concentrations up to
2.95 kmol/m® and temperatures up to 333 K. The
temperature coefficient of the solubliity (at constant
alcohol concentration) allows determination of the
absorption enthalpy and entropy changes.

Introduction

Direct hydration of isobutene to tert-butyl alcohol can be
carried out in a slurry of catalyst particles or in a trickle-bed
reactor. Also, residual isobutene in effluent gas streams can
be absorbed with tert-butyl alcohol solutions. Reliable data on
the solubilities and the heat effects associated with absorption
are essential for the design of these processes.

The solubility of isobutene in pure water is well characterized
(7-3). Particuiarly the data of Kazanskii et al. (3), covering a
wide temperature range (0-70 °C), show two temperature in-
tervals with different solution enthalples. Because isobutene
has been traditionally absorbed into aqueous H,SO,, data on
its solubility in H,SO~tert-butyl alcohol-water mixtures are also
available (4, 5). Thus, Deckwer (4) correlated the solubilities
of isobutene in aqueous tert-butyl alcohol with and without
H,SO, at 30 °C. Without H,SO,, the solubility is enhanced
exponentially by the presence of the alcohol. This is in
agreement with the theory of gas solubility in mixed solvents
(6). Deckwer correlation is most useful because it covers a
range of alcohol concentrations up to 37 wt % but it is given
only at 30 °C.

The purpose of this work was to determine experimentally
the solubilities of isobutene in aqueous tert-butyl alcohol for the
concentration and temperature ranges of interest in muitiphase
catalytic reactors, and hence in the absence of dissolved acid.
Subsequent analysis of the temperature coefficient of the
solubility allows us to determine the enthalpy and entropy
changes for the absorption process thus saving burdensome
calorimetric determinations.

Experimental Section

Apparatus. Solubility measurements were made in the ap-
paratus shown in Figure 1. The essential part is the glass
reservoir for liquid mixtures, 5, where isobutene is bubbled at
atmospheric pressure. The reservoir is contained in a ther-
mostated bath, 6, which hoids the temperature within £0.2 °C.
Excessive carryover of vapor is prevented by the reflux con-
denser 7, operated at 2 °C. The liquid mixture is recycled by
means of a pump, 4, through the rotameter, 2, to ensure good
mixing and to allow for sampling at septum 3. By use of gas-
chromatographic syringes, liquid samples could be directly an-
alyzed. All recycle lines were insulated. In order to reproduce
saturation times, the gas flow rate through the reservoir was
heid constant at 3 cm®/s (760 mmHg, 25 °C) in all measure-
ments.

Table I. Solubility Data and Partial Pressures of
Isobutene at a Total Pressure of 101.3 kPa

Ca, T,K

kmol/m3 303 313 323 333

Isobutene Solubilities X 10°, kmol/m?
0 4.66 2.68
(4.66)* (3.55) (2.69) (1.93)
0.51 5.28 4.04 3.19 2.31
1.04 5.50 4.18 3.23 2.60
2.10 9.02 7.71 6.09 5.06
2.95 33.0 28.4 26.5 20.3
Isobutene Partial Pressures, kPa
0 97 94 89 81
0.51 95 92 85 76
1.04 94 91 83 72
2.10 93 88 80 67
2.95 93 88 79 66
Henry’s Law Constants, 10°H, kPa

0 114 14.6 18.6 23.1
0.51 9.75 12.2 14.4 17.6
1.04 9.00 114 13.4 14.5
2.10 5.09 5.62 6.44 6.57
2.95 1.30 1.43 1.38 1.50

%Pure water from Kazanskii et al. (3).

tert-Butyl alcohol-water mixtures were prepared by directly
weighing the alcohol into previously tared 1-L flasks. Hence,
approximate molar concentrations and densities were known.
Later, effective molar concentrations of alcohol in the equili-
brated liquid mixtures were measured by gas chromatography.
After a mixture was placed in the reservoir, temperature was
adjusted and the flow of gas was started. Saturation took in
our case about 30 min as determined with pure water. Thirty
additional minutes were left to ensure equilibrium. After this
time, the analyses of dissolved isobutene and alcohol concen-
tration were made.

Analytical Procedures. tert-Butyl alcohol concentrations
were determined by gas chromatography (Varian 1400 appa-
ratus provided with a flame ionization detector) using a column
of 15% Carbowax 20M on 80/100 mesh Chromosorb W at 85
°C. Isopropyl alcohol was used as Internal standard. Dissolved
isobutene in the equilibrated mixtures was measured by using
the same chromatograph and conditions as for tert-butyl al-
cohol except that an isobutene-saturated solution was used as
external standard. Ten to twelve replicate 2-uL injections of
equilibrated liquid withdrawn from 3 (Figure 1) were made. By
use of gas-tight syringes, the method was accurate within
+2.2%. To calibrate the peaks of the external standard,
synthetic gas mixtures of isobutene—N,, with equivalent amounts
of isobutene, were prepared in a gas-mixing facility.

Chemicals. Isobutene from Phillips Chemical Co., with a
stated purity of 99 mol %, was used without further purification.
tert-Butyl and isopropy! alcohols were reagent grade, ACS
certified, from Mallinckrodt Chemical Co. Deionized plus distilled
water from laboratory facilities was used.
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Figure 1. Apparatus: 1, gas rotameter; 2, liquid rotameter; 3, sampling
septum; 4, pump; 5, reservoir; 6, thermostated bath; 7, reflux con-
denser; 8, gas-flow controller; 9, porous glass sparger.
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Figure 2. Solubillty enhancement relative to pure water at 101.3 kPa
total pressure.

Results and Discusslon

The measured solubilities-are-given in Table I showing the
ranges of temperature and alcohol concentration of our study.
As seen, the values for pure water (C, = 0) compare well with
those found by Kazanskii et al. (3). Generally, solubility in-
creases with alcohol concentration and decreases with tem-
perature at constant C,, as expected. In Figure 2 the solubility
enhancement factors relative to pure water at corresponding
temperatures are given. Experimental data points and the
correlation of Deckwer at 303 K (4) are also compared. Al-
though our data are close to the line, large deviations (40-75%)
for high C, and T are observed.

The solubilities of Figure 2 correspond to variable partial
pressures of isobutene. They were thus reduced to the same
basis by using the Henry’s law constant defined as

H= lim (f/x) =p/x (1)
(x—0)

Because x = 1073-10"4, the above approximation is rea-
sonable. The partlal pressures of the butene are calculated by
the difference between the total pressure and the vapor pres-
sure of the solvent, as it is usually done for sparingly soluble
gases (7). Liquid—vapor (L/V) equilibrium data for the system
tert-butyl alcohol-water are plentiful (8, 9), allowing us to
calculate the activity coefficients of the components and the
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Figure 3. Temperature dependence of solubllities at constant tert-butyl
alcohol concentration.

vapor pressure of the solution. Isothermal L/V equilibrium data
at 298 and 353 K from Gmehling et al. (9) were taken to
calculate A , and A ,, for use in the Wilson equation (70) for
the activity coefficients.

With the above approximations and using appropriate values
for liquid densities, the partial pressures of isobutene and the
Henry’s law constants calculated from eq 1 are given in Table
I

Correlation of Data. From thermodynamic principles (77),
it is shown that neglecting the effect of total pressure on H and
using the approximation of eq 1, we have

dinx*  Ah°

(2

«1/Ty R
dlnx"_'_l ._A§° 3
dinT "X T g @)

where x * is the isobutene mole fraction in the liquid in equi-
librium with isobutene gas at a partial pressure of 101.3 kPa.
Ah°® is the standard partial molar enthaipy of solution from an
ideal gas into a diluted liquid and A5° is the standard partial
molar entropy of solution into a hypothetical liquid solute (x =
1) (17, 12). Integration of eq 2 for constant Ah°, gives

inx*=B+A/T 4)

where the integration constants A and B are found by combining
eq 2, 3, 4. They are

A= -AR°/R 5)
B = A5°/R (6)

Equation 4 is useful for correlating solubility data. Thus, a
semilog plot of x* vs. 1/T, at constant C,, should give a
straight line whose slope and intercept provide values ot Ah°
and A3 ° from eq 5 and 6, respectively. These can be further
correlated with alcohol concentrations. The results are shown
in Figure 3. Linear least-squares fits give correlation coeffi-
cients better than 0.98, usually about 0.99 except for C, =
2.95 kmol/m® for which data are more scattered. The finear
dependence of Figure 3 gives support to our prior assumption



Table II. Partial Molar Enthalpies and Entropies for
Isobutene Absorption (T = 303-333'K)

C,, kmol/m? AR®, J/mol As°, J/(mol K)
0 -19550 -142
0.51 ~16 280 -130
1.04 -13520 -120
2.10 -7620 -96
2.95 -3220 =70

of constant Ah® over the temperature range of this study.

The values of the standard partial molar quantities calculated
from A and B by linear regression are given in Table II. As
seen, the absorption of isobutene is an exothermic process,
consistent with the observation of a decrease of solubility with
increasing temperature. Partial enthailpies and entropies are
seen to Increase markedly with alcohol concentrations, a fact
that can be interpreted in terms of the mixing effects due to the
presence of the alcohol, as follows (73). The partial molar
enthalpy change for solution can be written as

AR°® = AR, + AR,

where Ah_ is the enthalpy of condensation of pure isobutene
and Ah,,, is the molar enthalpy of mixing. The fact that the
values of Ah° increase so much (see Table II) is due to an
increasingly positive value of Ah ., since Ah_ is approximately
constant. For Ah_ = -20550 J/mol given by Perry (14), the
enthalpies of mixing would change from a very small value,
+1000 J/mol in pure water, to about +17 330 J/mol, in the
alcoholrich solvent. As explained by Prausnitz ( 73), the effect
of the alcohol in the mixture would be to increase the cohesive
energy density of the liquid solution relative to that of the pure
liquid butene. This would give increasingly positive enthalpies
of mixing.

For practical applications, eq 4 is most useful for repre-
senting solubility data as a function of temperature and aicohol
concentration. We found that a linear regression of A vs. C,
gives a very good fit (correlation coefficient = —~0.999) while B
vs. C, could also be well-fitted by using a least-squares para-
bola. With these values of Aand B, In x* vs. T and C, rep-
resents the experimental data closely (see below).

Conclusions

In summary, isobutene solubilities in tert-butyl alcohol-water
mixtures at 101.3 kPa partial pressure can be correlated with
temperature and alcohol concentration with the following
equations:

x* =exp(B+ A/T) (7
B =-16.975 + 2.101C, + 0.25QCA2 (8)
A = 2322 - 662.4C , (9)

for 303 < T<333Kand 0 < C, < 2.95 kmol/m®,
Molar enthalpies of absorption of isobutene into the solvent
mixtures are given by
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Ah° = -8.314A J/mol

where A is given by eq 9. With the above equations, estimated
solubilities relative to measured values deviate £12% on av-
erage.

Glossary

Ay exponential arguments of Wilson equation for the
tert-butyl alcohol (1)-water (2) binary solution,
J/mol

Ca tert-buty! alcohol concentration in the liquid, kmol/m?®

f isobutene fugacity in the vapor, Pa

Ah° standard partial molar enthalpy change of absorp-
tion, J/mol

Ah, molar enthalpy of condensation of pure isobutene,
J/moi

AR i standard enthalpy of mixing of isobutene, J/mol
H Henry's law constant, eq 1, Pa

p partial pressure of isobutene, Pa

R ideal gas law constant, R = 8.314 J/(mol K)

A

5 standard partial molar entropy change of absorption,
J/(mol K)
T temperature, K
X isobutene mole fraction in the liquid
x* as above, in equilibrium with isobutene at a partial

pressure of 101.3 kPa
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