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Solubility of Hydrogen in Alcohols and Esters

Mark S. Wainwright,” Thomas Ahn, and David L. Trimm

School of Chemical Engineering and Industrial Chemistry, The University of New South Wales, Kensington, New South Wales,

2033 Australia

Noel W. Cant

School of Chemistry, Macquarie University, North Ryde, New South Wales, 2113 Australia

The solubility of hydrogen in various aicohols and esters
has been measured at pressures up to ca. 5 MPa by gas
chromatographic analysis of equilibrated gas-in-liquid
mixtures from a stirred autoclave vessel. Typical dilute
solution behavior was observed, and the Henry’s law
coefficients for hydrogen solubllity in normal alcohols and
corresponding esters at 291 K are presented. A batch
gas absorption technique based on pressure and volume
measurements was shown to significantly underestimate
solubllity when values of hydrogen solublility in methyl
alcohol and methyl formate were compared with those
obtained by analysis of the gas dissolved in the liquid
phase.

Introduction

There has recently been considerable interest in the liquid-
phase synthesis of methanol (7). This process involves the
carbonylation of the alcohot

ROH + CO — HCOOR (1)

to produce a formate ester, and a simultaneous or sequential -

hydrogenolysis step to produce the parent alcohol and a mol-
ecule of methanol. This hydrogenolysis, which is conducted as
a slurry phase reaction at pressures up to 10 MPa (7, 2), can
be represented as

HCOOR + 2H, — ROH + CH;OH 2)

Reactions conducted by using this form of contacting are fre-
quently limited by mass-transfer considerations and it is there-
fore essential to have some knowledge of the solubility of the
reacting gases in the liquid reactants and products. In a recent
study (3) we presented CO solubility data for a wide range of
aicohols. A review of the literature reveals that studies of H,
solubility in lower alcohols have been made for methanol (4-9),
ethanol (4, 9), 1-propanol (4, 8, 10), and 1-butanol (5, 9-11).
Measurements for corresponding esters have been limited to
methyl acetate (9, 72) and ethyl acetate (9, 73, 74). Many
of those investigations were restricted to pressures less than
0.2 MPa. The present study was therefore undertaken to pro-
vide solubility data at pressures up to around § MPa on alcohols
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and esters that have been studied in hydrogenolysis reactions
in this laboratory.

Experimental Section

The measurements were carried out in the apparatus used
in the earlier study of CO solubility (8). It consisted of a 300-
cm? stirred autoclave (Autoclave Engineers, PA) which was
rated to 34 MPa. The experiments were conducted in a con-
stant temperature room at 291 K. The temperature of the liquid
in the autoclave was measured with a calibrated 1 mm o.d,,
stainless-steel sheathed, chromel-ailumel thermocouple, the
output of which was continuously monitored by using a digital
voltmeter. The temperature of the liquid in the autoclave was
291 x 1K for all experiments. The pressure was measured
to within £10 kPa with a standardized Bourdon-type gauge.
More complete details and a diagram of the apparatus are
presented elsewhere (3).

Solubility measurements were carried out by initially placing
200 cm?® of the solvent of interest in the autoclave and pres-
surizing the system to the desired level (1-5 MPa) from a
cylinder of hydrogen. After stirring for 10 min to achieve
equilibration, a sample of the liquid phase was taken for analysis
by drawing a fine stream from the autoclave through a four-port
Valco HPLC valve. The vaive which had an internal ioop vol-
ume of 1.0 uL was maintained at the same temperature as the
autoclave (291 K). The fiow was then shut off after the valve,
and after about 30 s was allowed for pressure equilibration
between the valve and the autoclave, the 1-uL sample was
switched into a stream of high-purity nitrogen carrier gas (25
cm?® min~") where it vaporized and was carried to a Gow-Mac
gas chromatograph fitted with a thermal conductivity detector.
A 1.8-m column of Porapak N, maintained at 378 K, was used
to separate the hydrogen peak from the peak(s) of the liquid-
phase components. Peak integration was achieved with a
Hewlett Packard 3390 A reporting integrator. Replicated
measurements at longer times revealed no increase in the area
of the hydrogen peak, indicating that equilibrium absorption was
obtained in- 10 min. Calibration was achieved by determining
the peak areas corresponding to known pressures of hydrogen
gas alone in the loop. The plot of peak area vs. hydrogen
pressure was highly linear as expected for small quantities of
hydrogen in nitrogen carrier gas. Calibrations by injecting pure
H, at pressure P, were performed before and after solubility
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Table I. Solubility of Hydrogen in Alcohols and Esters Expressed as Mole Fraction X 10? at 291 K and Various Pressures

pressure, MPa, 102 X mole fracn of H,

solvent

methanol 1.10, 0.18 1.60, 0.26 2.60, 0.44 3.10, 0.52 3.62, 0.61
methanol® 1.51, 0.25 1.70, 0.28 1.81, 0.31 2.08, 0.35 2.19, 0.37 2.61, 0.45
methanol? 1.64, 0.19 2.79, 0.32 4.32, 0.49 4.85, 0.55

methanol® 1.76, 0.21 2.71, 0.31 3.31, 0.38 4.55, 0.52

methyl formate 1.19, 0.26 1.59, 0.35 2.10, 0.44 2.71, 0.50 3.10, 0.71
methyl formate® 2.63, 0.34 3.49, 0.46 4.07, 0.53 4,58, 0.61
methanol/methyl formate? 1.24, 0.25 1.64, 0.33 2.24, 0.45 2.64, 0.55 3.12, 0.62
ethanol : 1.39, 0.31 2.18, 0.50 2.56, 0.57 3.12, 0.67

1-propanol 1.27, 0.31 1.78, 0.44 2.25, 0.54 3.04, 0.74

1-butanol 1.52, 0.44 2.15, 0.60 2.60, 0.71 3.10, 0.87

ethyl formate 1.60, 0.51 2.61,0.74 3.11, 091 4,10, 1.12

methyl acetate 1.15, 0.30 1.72, 0.43 2.30, 0.57 3.11, 0.78

ethyl acetate 1.60, 0.61 2.60, 0.95 3.60, 1.23 4.60, 1.55

1-propyl acetate 1.59, 0.73 2.35, 0.98 3.10, 1.29 4.09, 1.66

2-propyl acetate 1.31, 0.66 1.80, 0.85 2.38, 1.14 3.04, 1.47

1-butyl acetate 1.42, 0.60 2.07, 0.84 2.65, 1.09 3.10, 1.40

methyl propanoate 1.60, 0.68 2.17, 0.88 3.12,1.23 4.11, 1.43

methyl butanoate 1.59, 0.88 2.60, 1.23 3.10, 1.43 3.85, 1.73

methyl 2-methylpropanoate 1.59, 0.87 2.09, 0.98 3.59, 1.56 412, 1.97

aReplicate experiment. *Method of Albal et al. (15). °Replicate experiment method of Albal et al (15). ¢50 mol % methanol/50 mol %

methyl formate.

measurements for each solvent and showed that detector re-
sponse was constant.

The mole fraction of hydrogen in each liquid sample was
calculated by using the formula

Xy =~ o o @®

where A and A ; are the areas of the hydrogen peaks for the
liquid sample and the calibration gas sample (at pressure P.)
and M, and p, are solvent molecular weight and density, re-
spectively. The loop volume is not required since it occurs in
the calculation of both n,,, and ng and thus cancels. The for-
mula contains a number of small and partially self-compensating
errors (ideal gas assumption for hydrogen, that n,, is negligible
compared to n,, and that p, is independent of X\, ). However,
for the mole fractions used here (X < 0.02), the residual error
is much less than that intrinsic to gas chromatographic mea-
surements of this type (£2%).

Recently Albal et al. (75) have reported the measurement
of gas-in-liquid solubility data by a gas absorption technique
which involves the measurement of the volumes of the gas and
liquid phases and the total pressure change due to gas ab-
sorption. The method was developed by Albal et al. (75) in
order to measure mass-transfer rates where the rate of solute
gas uptake by the liquid phase is related to the rate of change
in pressure by

-dNg _ Ve dP
dt  RT dt
which on integration (equilibrium absorption) yields the con-
centration of solute in the liquid phase.
Ve P - Py
CL = —
V. AT

4)

®)

The mole fraction X, is estimated from Henry’s law equation
Py, = KXy, (6)

This technique was applied in the current study by using an
electronic pressure fransducer calibrated to 5 MPa and capable
of accurately measuring small pressure changes under high-
pressure conditions. The transducer output was measured on
a high-speed strip chart recorder.

The alcohols and esters were obtained from Ajax Chemicals
Ltd. in 99.8 % purity. Hydrogen (99.9 %) and nitrogen (carrier
gas) were obtained from Commonwealth Industrial Gases Ltd.

Table II. Henry’s Law Coefficients (K) for Solution of
Hydrogen in Alcohols and Esters and 291 K

solvent K, MPa
methanol 596 £ 3
methanol® 591 £ 4
methanol® 879 £ 3
methanol® 871 6
methyl formate 453 £ 8
methyl formate® 760 £ 5
methanol/methyl formate 495 £ 5
ethanol 452 £ 7
1-propanol 408 £ 3
1-butanol 358 = 3
ethyl formate 3529
methyl acetate 399 £ 3
ethyl acetate 289 = 6
1-propyl acetate 241 £ 5
2-propyl acetate 207 £ 2
1-butyl acetate 233 £ 6
methyl propanoate 265 £ 11
methyl butanoate 214 £ 7
methyl 2-methylpropanoate 214 £ 8

Results and Discussion

The solubility of hydrogen in the different alcohols and esters
was measured at pressures in the range 1.1-4.85 MPa at 291
K (Table I). When the pressure of hydrogen (MPa) was plotted
against the mole fraction of hydrogen in the liquid phase, ex-
cellent linearity was obtained for all systems. This implies that
typical dilute solution behavior occurs and allows the use of
Henry’s law for the calculation of coefficients. These coeffi-
cients, caiculated for hydrogen dissolved in alcohols and esters,
are presented in Table 1I along with the standard deviations of
estimates. The low values of the standard deviations show that
the data are well represented by eq 6.

The solubilities of hydrogen in alcohols are compared (on the
basis of K values) with literature values in Table III. Our
results are in general agreement with most of the previous
studies. In particular the values for 1-propanot and 1-butanol
agree closely to the values obtained by Brunner (70). The value
for ethanol is the first reported at pressures above 101.3 kPa
other than the statement by Frolich et al. {(4) that, within ex-
perimental error, solubilities in ethanol, 1-propanol, and 1-bu-
tanol were identical with the value for 2-propanol (440 MPa) at
298 K and hydrogen pressures up to 19 MPa. The results of
this study show that hydrogen solubility increases with in-
creasing molecular weight of the alcohol, a finding similar to that
observed for the carbon monoxide/alcohol systems. The sol-
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Table III. Henry’s Law Constants for Solubility of
Hydrogen in Alcohols

alcohol T,K Pgu MPa K, MPa ref

methanol 291 3.62 596 this study

298 19.0 750 4

298 59.0 682 5

298 82.2 632 6

294 27.6 673 7

273 5.17 303 8

293 0.10 645 %
ethanol 291 3.12 452 this study

298 19.0 440 4t

293 0.10 505 &
1-propanol 291 3.04 408 this study

298 9.93 413 10

298 19.0 440 4b

298 0.10 427 %
1-butanol 291 3.10 358 this study

298 19.0 440 4t

298 9.73 361 10

313 30.4 377 11

298 0.10 375 9

¢Reference 9 is a compilation of literature data which have been
smoothed. ?Based on the statment in ref 4 that, within experi-
mental error, the solubilities in ethanol, 1-propanol, and 1-butanol
were the same as for 2-propanol.

Table IV, Henry’s Law Constants for Solubility of
Hydrogen in Esters

ester T,K P, MPa K, MPa ref

methyl acetate 291 3.11 399 this study
291 0.10 309 %
294 0.10 346 12

ethyl acetate 291 4.60 289 this study
203 0.10 303 9
293 0.10 316 13
294 0.10 304 14

% Reference 9 is a compilation of literature data which have been
smoothed.

ubility data for methyl formate and ethyl formate are important
for studies of the carbonylation/hydrogenolysis process for
methanol synthesis. The data in Tables I and II are the first
published for these esters.

In addition to the interest in the hydrogenolysis of methyi
formate and of formates of other alcohol, it has recently been
shown (76) that many other esters are readily hydrogenated to
the parent alcohols. For this reason the solubility of hydrogen
in a wide range of acetates was measured and these data are
also included in Tables 11 and IV. A trend similar to that for
the alcohols and formates is observed in that the solubility of
H, increases with the molecular weight of the ester. The data
for all the esters are original since previous studies have been
confined to methyl acetate (9, 72) and ethyl acetate (9, 13,
14) at 101.3 kPa.

Table II presents the Henry's law coefficients for methanol
and methyl formate determined by using the two experimental
techniques described above. Although excellent linearity of
liquid-phase concentration of H, vs. pressure was obtained by
using the method of Albal et al. (15), the method significantly
underestimates the solubility in both the alcohol (compared with
literature vaiues Table 1II) and the ester. The method de-
scribed by Tonner et al. (3), involving direct measurement of
solute concentration in the liquid phase, is considered to be
superior to the method of Albal et al. { 75) which requires ac-

curate measurement of both liquid and gas volumes. Since the
hydrogenolysis of methyl formate will yield mixtures of methanol
and methyl formate, the solubility of H, in an equimolar mixture
of methanoi/methyl formate was measured. Again excelient
linearity was obtained for the plot of H, concentration in the
liquid phase vs. pressure. The value of K obtained from the piot
is 494 MPa (Table II) which is less than the expected value
(525 MPa) if ideal behavior applies. Although the system is not
ideal, the values of K for methanol and methyl formate are of
similar magnitude so that the assumption of ideality should
provide data of sufficient accuracy for design purposes.

Glossary
A area of hydrogen peak in chromatogram for liquid
sample
A, area of hydrogen peak in calibration sample
C. concentration of gas in liquid, mol L™
M, molecular weight of solvent
Ng number of moles of solute in gas phase
Ny, moles of hydrogen in sample
ng moles of solvent in sample
P system pressure
P, pressure of hydrogen used for calibration
P P, final and initial pressure
Py, hydrogen pressure, MPa
' ideal gas constant
T temperature, K
Va gas-phase volume
V. liquid-phase volume
Xy, mole fraction of H, in liquid phase
Ps density of solvent

Reglstry No. CH;OH, 67-56-1; H,, 1333-74-0; methyl formate, 107-31-3;
ethanol, 64-17-5; 1-propanol, 71-23-8; 1-butanol, 71-36-3; ethy! formate,
109-94-4; methyl acetate, 79-20-9; ethyl acetate, 141-78-6; 1-propyl
acetate, 109-60-4; 2-propyl acetate, 108-21-4; 1-butyl acetate, 123-86-4;
methyl propanoate, 554-12-1; methyl butanoate, 623-42-7; methy! 2-methy!
propanoate, 547-63-7.

Literature Cited

(1) Sorum, P. A,; Onsager, O. T. Proc. 8th Int. Cong. Catal., Beriin
1984, 2, 233.

(2) Monti, D. M.; Kohler, M. A.; Wainwright, M. S.; Trimm, D. L.; Cant, N.
W. Appl. Catal. 1988, 22, 123.

(3) Tonner, S. P.; Wainwright, M. S.; Trimm, D. L.; Cant, N. W. J. Chem.
Eng. Data 1983, 28, 59.

(4) Frolich, P. K,; Tauch, E. J.; Hogan, J. J.; Peer, A. A. Ind. Eng. Chem.
1931, 23, 548.

(5) Krichevskii, I. R.; Efremova, G. D. Zh. Fiz. Khim. 1951, 25, 577.

(6) Michels, A.; De Graaff, W.; Van der Somme, J. App/. Sci. Res. 1953,

4A, 105,
(7) Krichevskii, I. R.; Zhavoronkov, N. M.; Tsiklis, D. 8. J. Chem. Ind.
1937, 14, 170.

(8) Yorizane, M.; Sadamoto, S.; Masuoka, H.; Eto, Y. Kogyo Kagaku Zas -
shi 1969, 72, 2174,
(8) Clever, H. L. Solubliity Data Ser. 1981, 5-6, 186.
(10) Brunner, E. Ber. Bunsenges. Phys. Chem. 1979, 83, 715.
(11) Tyvina, T. N,; Valuev, K. 1,; Vasil'eva, I. I.; Sokolov, B. I.; Kharchen-
ko, A. A. Zh. Prikl. Khim. 1977, 50, 2578.
(12) Horiuti, J. Sci. Pap., Inst. Phys. Chem . Res ., (Jpn) 1931, 17, 125,
(13) Just, G. Z. Phys. Chem. 1901, 37, 342,
(14) Maxted, E. B.; Moon, C. H. Trans. Faraday Soc. 1938, 32, 769.
(15) Albal, R. S.; Shah, Y. T.; Schumpe, A.; Carr, N. L. Chem. Eng. J.
1983, 27, 61.
(16) Evans, J. W.; Wainwright, M. S.; Cant, N. W.; Trimm, D. L. J. Catal.
1984, 88, 203.

Received for review October 8, 1985. Revised June 10, 1986. Accepted
August 22, 1986. Support was provided under the National Energy Re-
search, Development and Demonstration Programme, administered by the
Commonwealth Department of National Department of National Develop-
ment.



