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Abstract— The solubility of hydrogen and carbon
monoxide in water, octene, toluene and nonanal in
the range 298-373 K and 0.5-1.5 MPa was studied.
The experimental values of the solubility of H, and
CO at 353 K, 363 K and 373 K were determined by
the absorption method as a function of gas pressure
in the solvents. The estimation of solubility of gases
in water and organic solvents was also accomplished.
The proposed method is based on the theory of
Regular Solutions by the correlations of Prausnitz-
Shair and Yen-McKetta corrected by Lemcoff factor
for polar solvents. The critical temperature was pre-
dicted by Group Interaction Contribution approach.
The experimental results were compared with theo-
retical prediction of solubility and found to agree
with an average relative error of 2.6 %.
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I. INTRODUCTION

The solubility of gases in liquid media is an important
parameter required for the interpretation of rate data in
gas-liquid, gas-liquid-liquid and gas-liquid-solid reac-
tions. Among them, the hydroformylation of alkenes
and fine chemicals by biphasic and supported aqueous
phase catalysis have gained considerable interest in re-
cent years (Kuntz, 1975; Arhancet et al., 1989;
Jauregui-Haza et al., 2001). A large volume of solubil-
ity values of hydrogen and carbon monoxide in a variety
of solvents is available (Pray, 1952; Crozier and Ya-
mamoto, 1974; Sokolov and Polyakov, 1977; Young,
1981; Brunner, 1985; Cargill, 1990; Purwanto et al.,
1996; Lekhal, 1998; Nair ef al., 1999), but limited data
are available at higher temperatures and pressures.

In the present work the solubility of hydrogen and
carbon monoxide in water, octene, toluene and nonanal
in the range 298-373 K and 0.5-1.5 MPa was studied.
Taking into account that a few data of solubility for H,
and CO at 353 K, 363 K and 373 K are available, they
were experimentally determined. The estimation of the
solubility of these gases in water and different organic
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solvents, using a model based on the theory of Regular
Solutions, was also accomplished.

II. EXPERIMENTAL SECTION

The solvents octene, toluene and nonanal with a purity
greater than 98 %, procured from Aldrich, were used as
received. The solubility of H, and CO was determined
by the absorption method as a function of the gas pres-
sure in the solvents in a 5.0 x 10 m’ capacity stirred
autoclave (Autoclave Engineers). The experimental
setup (Fig. 1) was described elsewhere (Purwanto et al.,
1996). The temperature of the liquid in the reactor was
controlled within + 1 K. A pressure transducer having a
precision of + 1 kPa was used to measure the pressure.
Hydrogen, carbon monoxide and nitrogen with purity of
99 %, supplied by Prodair, were used. The solvents
were degassed by three freeze-pump-thaw cycles using
nitrogen.

In a typical experiment, a known volume of solvent
was introduced into the autoclave and the contents were
heated to a desired temperature. After the thermal equi-
librium was attained, the void space in the reactor was
carefully flushed with the gas and pressurized to the
level required. The contents were then stirred for about
10 min to equilibrate the liquid phase with the gas. The
pressure change in the autoclave was recorded on-line
as a function of time till it remained constant, indicating
saturation of the liquid phase. From the initial and final
pressure readings, the solubility was calculated in mole
fraction. Each experiment was carried out three times.

III. RESULTS AND DISCUSSION

A. Solubility Data

The solubility of hydrogen and carbon monoxide in
water, octene, toluene and nonanal was measured at 353
K, 363 K and 373 K in a pressure range of 0.5-1.5 MPa.
The effect of pressure was found to be linear for all the
systems, according to the Henry’s law. The same be-
havior of gas solubility with pressure at values lower
than 10 MPa has been reported before (Brunner, 1985;
Purwanto et al., 1996; Lekhal, 1998; Nair et al., 1999).
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Fig. 1. Experimental setup: 1- pressure regulator; 2- mass flow controller; 3- nonreturn valve; 4- reactor; 5- filter for
sampling; 6- cooling water; 7- sampling valve; 8- magnetic stirrer; 9- thermocouple; 10- electric furnace; 11- baf-
fles; 12- impeller, gas induced; 13- vent; 14- liquid outlet; Q- flow; S- measure element; T- temperature; P- pres-

sure; n- agitation speed; I- indicator; C- automatic control.

For this reason, the results are presented in Table 1 as
Henry's law constant (Kj), which was calculated as

()

Table 1. Solubility of hydrogen and carbon monoxide in
different solvents (K, MPa m’/kmol).

Hydrogen
353K 363 K 373K
water 141.364£3.02 141.53%£1.96 141.64+2.11
(141.70")  (141.89"  (141.78"
toluene  27.1240.95 25.64+0.84 24.89+1.26
(26.80%) (24.35%)
l-octene  21.58+0.38 21.1240.47 20.86%0.67
nonanal 38.76£1.23 37.4240.88 36.15£1.52
Carbon monoxide
353K 363 K 373K
water 128.7942.01 130.02+0.95 131.54+2.16
toluene  11.61+0.18 11.5140.25 11.94+0.27
(11.53%)
l-octene  11.76+0.37 11.42+023 11.85+0.42
nonanal  17.65047 17.0240.31  16.57+0.63

1- Pray et al. (1952), 2- Nair et al. (1999), 3- Brunner
(1985)

where P represents the partial pressure of the solute gas
and ¢, is the concentration of the solute gas in the sol-
vent. The relative uncertainties were less than 5.5 %. A
comparison of these results with literature data indicated
an agreement within 0.1 % to 2.5 %, as shown in Table
1. The solubility of CO, in all cases, is higher than the
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solubility of hydrogen. On the other hand, the solubility
of both gases is much higher in organic solvents than in
water.

B. Estimation of the Solubility of Hydrogen and
Carbon Monoxide in Water and Organic Solvents

Among the developed models for estimating the be-
havior of gas solubility in liquids, those based on the
theory of Regular Solution are widely used. Here we
present a procedure based on correlation proposed by
Prausnitz-Shair (1961) and Yen-McKetta (1962). This
semi-empirical correlation for the solubility of gases in
pure, nonpolar solvents at atmospheric pressure is given
below:

~Inxy =In(fy/ /) + 6fvy(8 -8 [RT (2)
where x, represents the mole fraction of solute gas in the
liquid phase; f," y f, are the fugacity of the pure gas
and hypothetical liquid solute at atmospheric pressure;

¢, is the volume fraction of solvent; v, is the molar

liquid volume of solute gas; &, and &, are the solubil-

ity parameters for the solvent and the solute gas, re-
spectively, R is the universal gas constant and 7 is the
temperature. According to the postulates of the regular
solution theory, activity coefficients are proportional to

1/T. This means that the product ¢12v2 (6 —52)2 1S con-

stant with temperature. Then the solubility parameters
for gas and molar volume of solutes were kept constant,
using the values reported by Prausnitz and Shair (1961)
and Katayama and Nitta (1976), specifically:
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8,, =7835-10°J"m™; 8, =6.403-10°T 7 m™";

Vg, =3.73-107 m*mol™ and

Veo =3.21:10° m mol™" . The parameter fZL was cal-

culated from the Egs. (3) and (4) proposed by Yen and
McKetta (1962) for the temperature interval from 273 K
to 373 K:

- for hydrogen:
In f =-7.4246 10% + 4336 T" - 9.3595 10° T* +

6.3853 10" T )
- for carbon monoxide:
In chO =4.7475+588.52 T' - 1.3151 10° T %)

The solubility parameter for solvent was calculated
from the heat of vaporization as:

51 :(AHV_RT)/Vl ®)

where AH, represents the heat of vaporization and v,

the molar volume of the solvent. The heat of vaporiza-
tion is mainly reported at boiling temperature (7), so
for calculating it at 298 K the correlation proposed by
Watson (1943) was used:

1_ Tr 0.375
AHVT :AHV’TG[l—TVTe] (6)
being:
Tr =TT, ™
and
Try, =T,/T, (®)

where T is the critical temperature of the solvent. 7, for
the organic solvents was calculated using the Group-
Interaction Contribution approach (Pardillo-Fontdevila
and Gonzalez-Rubio, 1998):

T.=(a+b-n,-%)" ©)

where n, is the total number of atoms in the molecule;
is the sum of the products of interactions between the
groups present in the molecule and their contributions
and a and b are the parameters of the model. Equation 5
is valid only for non-polar solvents. Lemcoff (1977)
proposed a correction factor to evaluate the value of the

solubility factor for polar solvents (/). Later, Radhak-

rishnan et al. (1983) proposed a new value of the gas
solubility parameter depending on the type of solvent.
They assumed that for any system, at least one solubility
value must be known. The corrected solubility pa-

rameter O was calculated as:
6/ =46, /E (10)

where F, the correction factor, is determined by spe-
cific correlation for each compound (Purwanto et al.,
1996). Taking into account that the model of Prausnitz-
Shair and Yen-McKetta is valid at atmospheric pressure,
once the value of x, is known, we proceed to calculate
the Henry's constant (Eq. 1) at P = 0.1013 MPa, and
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then the solubility of hydrogen and carbon monoxide is
calculated at different working pressures.

The solubility values calculated using Eq. 2 and the
above correlations were compared with the experimen-
tal data obtained in this work (see Table 1) and with
data available in the literature in the temperature range
from 298 K to 373 K (Purwanto et al., 1996; Pray ef al.,
1952; Crozier and Yamamoto, 1974; Lekhal, 1998;
Brunner, 1985; Nair et al., 1999). Figures 2 and 3 show
the comparison of experimental and predicted values of
solubility of H, and CO in studied solvents.
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Fig. 2. Comparison of experimental and calculated
solubility (K, MPa m’/kmol) in water.

The theoretical predictions of solubility were found
to be within a maximum error of £ 7.5 % for all the sol-
vents except for one value reported by Purwanto et al.
(1996) for carbon monoxide at 323 K (25 %). However,
Lekhal (1998) found at same conditions an experimental
solubility, which corresponds with the estimated value
within error of = 7.5 %. The average error of estimation
was 2.6 % lower than the 3 % and 10 % reported for the
methods proposed by Nair et al. (1999) and Purwanto et
al. (1996), respectively.
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Fig. 3. Comparison of experimental and calculated
solubility (Kz MPa m*/kmol) in organic solvents.

IV. CONCLUSIONS

The solubility of hydrogen and carbon monoxide in
water, octene, toluene and nonanal are reported in the
range 353-373 K and 0.5-1.5 MPa. The solubility of
CO, in all cases, is higher than the solubility of hydro-
gen. On the other hand, the solubility of both gases is
much higher in organic solvents than in water. The es-
timation of solubility of gases in water and organic sol-
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vents in the range 298-373 K was also accomplished,
using a method based on the theory of Regular Solu-
tions by the correlations of Prausnitz-Shair and Yen-
McKetta corrected by Lemcoff factor for polar solvents.
The experimental results were compared with theoreti-
cal prediction of solubility and found to agree with an
average relative error of 2.6 %.
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