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Omrl H. Graaf, Harrle J. Smlt, Else J. Stamhub, and Anthonluo A. C. M. Beenackers+ 
Department of Chemical Enginwring, The University of eonlngen, Nibnborgh 16, 0747 AG Oroningen, The Netherlands 

The 8oWMtba of CO, CO,, H,, CH,OH, and H20 were 
measured In hexadwane, ocladecane, squalane, and 
benrophenom at 293-573 K and 1.013-90 bar d n g  
volume dkplacement and materlal balance technlqws. 
The experlmntal resub, coneWng of 280 dublUty data 
for 18 bbury mMures, were used to test the appIkaMllty 
of four roluMylty models. When urlng Ilterature model 
parameten, the SkJoldJ0rg.nren group-contrlbutkn 
equatlon of state glves the best weemwl wlth the 
experimental results wlth an average devlatlon of 15 % . 
The Wave-Redllch-Kwong and Peng-RoMnron equatkns 
of date give an excellent rrgrwnent wtth the 
experimental results when optlmlzed blnary Interaction 
coeffkknts are used. Tho regular dutlons theory ghres 
reamable result# except for the methanol- and 
water-contalnlng systems when d n g  no optknlred Mary 
parameters. Flnally, ow resulk show a reasonable 
agrement wlth the avallabk llteratwe data. 

Introductlon 

In  the last 10 years an increasing interest for sluny reactors 
has been developed. Two important examples are three-phase 
Flscher-Tropsch synthesis and three-phaw methand synthesis. 
For a good process design or process description invoking 
slurry reactors, knowledge of the solubilities of the gaseous 
components in the slurry liquids is nearly always required. This 
h o b  in particular for p r m m e s  in which mass transfer llmita- 
tions in the slurry phase play a role. Despite the fact that 
gas-liquid solubilities may be regarded as so-called bask data 
for process engineering, these data are rather scarce at ele- 
vated temperatures and pressures as well as for solvents dif- 
ferent from water. Moreover, theoretlcal models that can be 
used for predicting gas-liquid solubdities contain adjustable 
parameters, which have to be estimated from accurate ex- 
perimental data. 

The objectives of this paper are to present accurate ex- 
perimental solubility data of all methanol synthesis components 
and to clarify what theoretical madei (of a selected group of 
models) gives the best prediction of gas-liquid solubilities of 
interest in three-phase methanol synthesis. Furthermore, op- 
timal adJustable parameters will be presented for these models, 
based on our experimental data. 

Experimental Sectlon 

Equ@neni and Prhc@le8 of Moawrameni. The solubliity 
experiments were carrled out with a low-temperature, iow- 
pressure apparatus (LTLp) and wlth a high-temperature, high- 
pressure apparatus (HTHp). The principle of measurement for 

of gas dissohred in a known amount (by weight) of solvent. The 
LTLp apparatus primarily consists of a thermostated combina- 
tion of a glass vessel connected with a horizontal, volume- 
calibrated glass tube. The measurement of the volume of gas 

the L n p  apparatus is based on the measurement of the volwne 
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dissolved is carried out by means of monitwlng the location of 
a mercury drop In the glass tube throughout the dissolution 
process. A complete description of the LTLp solubility appa- 
ratus is given by Meuidijk et ai. ( 1 ). 

A schema* drawing ofthe HTHp SduMYty apparatus is given 
in Figure 1. The determination of the solubility Is based on the 
measurement of the equilibrium pressure p at a chosen tem- 
perature T while the amounts of solute and solvent as well as 
the volumes of both phases are known. In  fact, the solubility 
(e.g., Henry constant) is calculated from a material balance for 
the solute. Except for the dosing technique, our method is 
comparable with the one described by Olsen (2). Cukor and 
Prausnttz (3) also used an experimental technique based on the 
calculation of a material balance for the solute. 

Gas-liquid equillbrium was established in a stainless steel 
bomb (l), which was shaken to improve the contact between 
the two phases. In  order to make this movement effective, 
vertical baffles (2) were placed In the bomb. The bomb was 
mned wlth an annealed copper ring (3). The pressure in the 
bomb was measured with a pressure transducer (4) (Brose, 
type EBM 0520, 1500 psi). This pressure transducer was 
calibrated with an accurate manometer (5) (Wlegand, type 
342.11, 0-160 bar, class 0.1, Including calibration certificate). 
The estimated errors of the measured pressures (Including re- 
producibility and systematic effects) are fO.l bar for the ma- 
nometer (based on the test certificate) and f0.2 bar for the 
pressure transducer (deviations between the manometer and 
the calibrated pressure transducer were within f0.1 bar). The 
temperature in the bomb was measured with a Pt-100 resist- 
ance thermometer (6) (Sensing Devices Limited, four-coll type). 
The bomb was placed in a fluidized sand bed (7), which was 
thermtated by a P I  thermal controller. The estimated error 
of the measured temperatures is f0.3 K (including reproduc- 
ibility and systematic effects). This value was estimated by 
comparing the with a standard (calibrated) Pt-100 

and by measuing the freezing point of water and 
the normal boiling points of water and dodecane (literature 
values, respectively, 273.2, 373.2, and 489.5, Reid et ai. (4 ) ) .  

For the addition of CO, CO,, and H, a supply cylinder (8) was 
used. The amount of solute fed to the bomb was determined 
by measuring the temperature (9) and the pressure (5) In the 
supply cyUnder befm and after the feedlng whHe the volume 
of the supply cylinder was known accurately. A correction for 
nonideal gas behavior was made by using literature compres- 
sibility factors Z (5). 

The amount of soivent added was determined by weight. 
Methami and water (solutes) were lntrcduced as Ilquids, and the 
amounts were also determined by weight. Weight measure- 
ments were CBnjed out with a Mew P120 balance (inaccwacy 
0.01 g per reading) and a Mettler H10 balance (Inaccuracy 0.1 
mg per reading). 

Degassing and venting of the system was possible using a 
three-way valve (10). 

In  order to be able to obtain phase-equllibrium information 
from the HTHp apparatus, it is necessary to know the volume 
of the bomb. Also the volume of the supply cylinder (together 
with the connection lines, valves, and manometer) is needed. 
Volume measurement was carried out by filling the relevant 
object with gas (helium or nltrogm) at a high pressure (>50 bar) 
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Flgure 1. Schematic drawing of the high-temperature, high-pressure 
(HTHp) solubility apparatus: (1) bomb; (2) baffles; (3) copper ring; (4) 
pressure transducer; (5) manometer; (6) Pt-100 resistance thermom- 
eter; (7) fluldized sand bed; (8) supply cylinder; (9) thermometer; (10) 
three-way valve; (1 1) PDP 11/04 mini computer. 

and subsequently purging the gas through a wet gas meter 
(Meterfabriek Schiumberger, type 1, inaccuracy 0.2 %). From 
the measurement of p and T before (a) and after (b) this pro- 
cedure, together with the amount of gas that has passed the 
gas meter, the vessel volume can be calculated. Here, the 
accurate manometer and a 0.1 K scale glass-in-tube ther- 
mometer were used to measure pa, T,, and T,. For the 
measurement of pb a mercury barometer was used. Correc- 
tions for nonideal gas behavior (which are small for helium and 
nitrogen at the relevant conditions) were made by using litera- 
ture Z values (5). Interpolation of the tabulated Z values was 
carried out with the use of the Soave-Rediich-Kwong (SRK) 
equation of state (6) and by using effective (eff) values for the 
acentric factors w (He, we,, = -0.394 for T =  288.15-323.15 
K and p = 1-150 bar; N,, wen = -0.017 for T = 280-300 K 
and p = 1-200 bar). The critical properties were taken from 
Reid et al. (4) (He, pc = 2.27 bar, T,  = 5.19 K; N,, p c  = 33.9 
bar, T, = 126.2 K). This interpolation method allows for a very 
accurate reproducibility of the tabulated Z values (deviations 
C0.03%). The absolute error of the volume measurements is 
estimated to be 1 mL. This estimation was obtained by com- 
paring the results of approximately 10 measurements per 
vessel with helium and nitrogen at various filling pressures 
(50-100 bar). The values of the volume of the bomb (at 293.2 
K) and the supply cylinder were determined to be 508.0 X lo-' 
and 353.8 X lo-' m3, respectively. 

The measurements and the temperature control were au- 
tomlred with a PDP 11/04 mini computer (1 1). For the tem- 
perature control a proportional-integratlng algorithm was written. 
The temperatures and the pressures in the bomb were meas- 
ured at intervals of 5 min. I t  was assumed that equilibrium had 
been reached if five subsequent measurements were constant 
within 0.3 K and 0.1 bar, without showing a trend in the Tand 
p data with time. The time necessary to reach these con- 
straints was usually 1-2 h. The PDP 11/04 mini computer was 
programmed to carry out a series of experiments (for each 
solute-solvent Combination), for example, starting at 423 K, 
moving up to 563 K with steps of 10 K, and going down again 
to 423 K with steps of 10 K. This "moving up-going down" 
method was employed in order to check whether the bomb was 
completely gas tight. 

M.a+uwnente. An overview of the experimental conditions 
Is given in Table I ,  while Table I1 presents a summary of the 
chemicals used. The LTLp solubility apparatus is not suitable 
for measurements with condensable vapors such as methanol 
and water. For the HTHp solubility apparatus the accuracies 

Table I. Experimental Conditions (Pressure p and 
TemDerature 2') for Measuring Solubility Data 

no. of 
T/K experiments plbar 

solvent LTLp HTHp LTLp HTHp LTLp HTHp 
7 
7 14 
10 15 
4 15 
7 
9 15 
11 15 
5 15 
7 
6 13 
7 15 
5 15 

12 

9 

11 
11 

1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 
1.013 

298-353 
30-38 303-353 433-563 
24-35 293-353 423-563 
31-46 323-353 423-563 

19-30 303-353 423-563 
24-41 293-353 423-563 
19-31 323-353 423-563 

50-64 303-353 443-563 
75-81 293-353 423-563 
51-70 323-353 423-563 
9-20 453-563 

10-21 463-563 

10-15 4 6 3 - 5 6 3 
9-29 463-563 

298-353 

293-353 

Table 11. Source and Purity of Compounds 
comDound 

carbon monoxide 
carbon dioxide 
hydrogen 
methanol 
water 
hexadecane 
octadecane 
squalanen 
benzophenone 

source 
Hoekloos 
Hoekloos 
Hoekloos 
Merck-Schuchardt 
laboratory-made 
Janssen 
Aldrich 
Janssen 
Merck-Schuchardt 

purity/ % 
>99 
>99.9 
>99.995 
>99.8 
>99.9 
99 
99 
99 
99 

2,6,10,15,19,23-Hexamethyltetracosane (C&62). 

of the experimental Henry constants are strongly dependent on 
the amount of solvent in the bomb. This is especially important 
for the measurements with CO, COP, and H,: due to the dosing 
technique these measurements have a much lower accuracy 
than the measurements with H,O and CH,OH. For each series 
of experiments with the HTHp solubility apparatus, the optimal 
amount of solvent was calculated and employed. These cal- 
culations were based on the groupcontributlon equation of state 
(7, 8) to predict the solubility in combination with the error 
analysis which is presented later in this paper. 

Because the volume of the solvent in the bomb is needed for 
the calculation of the solubility, the densities p of the solvents 
were measured with a Westphai balance (9) at temperatures 
between 293 and 563 K. At temperatures below 353 K the 
solvents were placed in a glass vessel heated by a water bath. 
At higher temperatures a small stainless steel vessel placed in 
a liquid metal bath was used. The temperature was controlled 
by a proportknal-integrating controller, resuttlng in temperature 
deviations of less than 0.1 K. The volume of the displacement 
block was 2.5397 X lo-' m3. This value was determined by 
using the Westphal balance with doubly distilled water at 298.2 
K (p = 997.0 kg m-3 (70)). The mass of the displaced liquid 
was determined by contraweights with an accuracy of f0.0002 
g. In  order to obtain the overall measuring accuracy (with 
regard to p) ,  several measurements were carried out with 
doubly distilled water (in the range 293-353 K) and some 
measurements (with the solvents investigated) were repeated. 
Hence, it was estimated that the overall experimental error is 
0.5%. 

The experimental denslties, which are given in Table I I I ,  are 
correlated with the following equation. 

p = a - b(  T - 273.2) (1) 

The deviations between the experimental and calculated values 
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Table 111. Experimental Densities" p of Solvents as a Function of Temperature T and Coefficients a and b ,  Equation 1 
hexadecane octadecane squalane benzophenone 

T / K  p/(kg/m3) T / K  pl(kglm3) T / K  PI (kg/m3) T / K  ~ l ( k g / m ~ )  
374.6 718.7 303.2 772.7 293.2 807.3 329.2 1081.0 
421.9 685.5 313.2 766.3 298.2 803.8 333.2 1078.8 
469.4 650.0 323.2 
516.2 613.0 333.2 
537.5 599.2 343.2 

353.2 
372.4 
422.7 
476.1 
521.8 

a = 794.8 
b = 0.74 

a = 792.5 
b = 0.68 

759.7 
750.6 
744.5 
735.2 
727.0 
692.1 
657.7 
622.6 

303.2 800.8 
313.2 793.2 
323.2 783.7 
333.2 778.3 
343.2 770.3 
353.2 766.8 
373.9 755.0 
374.0 756.6 
418.7 726.5 
470.2 692.1 
524.7 655.4 
561.6 631.0 

a = 819.1 
b = 0.65 

343.2 1071.1 
353.2 1061.5 
373.2 1045.8 
423.2 lo00.9 
474.7 956.5 
520.6 916.1 

a = 1131.0 
b = 0.87 

Estimated experimental error of the reported densities 0.5%. This error contains both reproducibility and systematic effects. 

are very small: average deviations <0.2%, maximum devia- 
tions <0.5 % . Furthermore, the residuals are normally distrib- 
uted around zero. 

In  the calculations the value of the volume of the bomb was 
corrected for the effect of thermal expansion. The cubic 
thermal expansion coefficient was taken as 5.2 X lo-' K-' 
( 7 7). The amount of gas in the bomb (mol) was calculated by 
using the Soave-Redlich-Kwong (SRK) equation of state (6). 

Calcubthm of the Pmudoexperhnental Henry -ants 
from the Experbnental Results. Both the LTLp method and 
(especially) the HTHp method do not allow for a direct calcu- 
lation of the experimental Henry constants H from the primary 
measurements. This Is caused by the fact that the equations 
involved have to be solved iteratively. Moreover, some as- 
sumptions have to be incorporated h the calculation framework. 
The following methods and equations have been used. 

L?7.p Caktdatlon Framework. The primary experimental 
data are T ,  p ,  the mass of solvent W,, and the volume change 
A V .  

The experimental Henry constant H ,,, is given by 

HI,, = Y 2 ( P 2 p / X 2  (2) 

where 

(3) 

Here 'p, is the fugacity coefficient of the solute in the vapor 
phase, x ,  the mole fraction of the solute in the liquid phase, 
and y2 the mole fraction of the solute In the vapor phase. The 
function involved is based on the SRK equation of state (6). 

SRK is also used for the calculation of the mole fraction of 
the sdvent in the vapor phase y ,  and for the calculation of the 
compressibility factor in the vapor phase Zv. The change in 
volume AVuk Is calculated from the following equation. 

where M , is the molecular mass of the solvent and v; the 
molar volume of the solute. 

The calculation of A V contains the following assumptions. 
The change in liquid-phase volume is based on additivity in 

volume and constant v k .  
The change of liquid-phase volume due to vaporization (and 

condensation) of the solvent is neglected. This assumption is 
reasonable since we used only high-boiling solvents. 

These calculations represent in fact very small corrections 
compared to those assuming idealgas behavior and zero vapor 
pressure of the solvent. I t  should be noted that zero binary 

interaction coefficients were used in these SRK calculations. 
This has no significant Influence on the resulting pseudoex- 
perimental Henry constants, which were checked afterward. A 
pseudoexperimental Henry constant is calculated iteratively. 
The iteration involves minimization of A V  - AVd toward zero. 

HTHp C.lcuatkn Framework. The primary experimental 
data are p ,  T ,  W,, pa, T,, Pb, and T b  for CO, COP, and H, and 
p ,  T ,  W,, and W ,  for CH30H and H20. 

The calculation framework for the HTHp results consists of 
eqs 2 and 3 together with 

n ,  = Wl/Ml  (5) 

where n ,  is the number of moles of the solvent, and 

where n2 is the number of moles of the solute provided by the 
supply cylinder and V ,  the volume of the supply cylinder. R 
is the gas constant. The subscript a means the initial condl- 
tions, b the final conditions. In  the cases of methanol and 
water the number of moles of the solute is given by 

n2 = W , / M ,  (7) 

The compressiMlity factors Z, and zb were calculated with SRK 
(6) using effective acentric factors (CO, we" = -0.0195; CO,, 
we" = 0.468; H,, wM = -0.192). These values allow for a very 
accurate interpolation of tabulated literature Z values (5). 

In1 - n2Y, / y ,  

( X l / X ,  - Y l / Y 2 )  
npL = (8) 

nzv = n 2  - npL (9) 

n l L  = n , L x , / x ,  (10) 

n l V  = n ,  - n l L  (1  1) 

VF& = ( M , / p , ) n , L  + v k n k  + vV(n lV  + n Z V )  (12) 

vv = R T Z V / ~  (13) 

In principle, the same assumptions are valid as reported for 
the LTLp calculation framework. However, the change in liq- 
uid-phase vdume due to vaporization of the solvent Is included, 
eq 12. The vapor pressure is calculated from SRK rather than 
from conventlonet methods (Lee-Kesler, Antoine, etc.) in order 
to take into account the increase of the vapor pressure due to 
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Table IV. Error Sources for the LTLD Experiments 
param origin corresponding error remarks 
Y1 SRK 20 % a 
PZ", c SRK 0.1% b 
P const value 0.03 bar C 
T measurement 0.3 K d 
A V  measurement 0.2 x IO+ m3 d 

measurement 0.2 x 10-3 g d 
V2 wL1 lit. value 20 % a 

a Estimation based on literature results. Based on comparison 
of SRK Z values with tabulated literature Z values (5), assuming 
the error in Q is comparable with the error in 6. CA constant 
value of 1.013 bar was assumed. Atmospheric pressure differences 
normally vary h0.03 bar. dEstimation is based on the type of 
measurement used. 

Table V. Error Sources for the HTHp Experiments 
Daram origin corresponding error remarks 
Y1 SRK 
PZV, 6 SRK: CO 

co2 
H2 
CH30H 
HzO 

P measurement 
Pa measurement 
Pb measurement 
T measurement 
T a  measurement 
Tb measurement 
z a  lit. value 
Zb lit. value 
Vbomb measurement 
P1 measurement 
Wl measurement 
vsc measurement 
W2 measurement 
VZL lit. value 

20% 
0.5% 
1 70 
0.2% 
1% 
1.5% 
0.2 bar 
0.1 bar 
0.1 bar 
0.3 K 
0.3 K 
0.3 K 
0.1 % 
0.1% 
lo4 m3 
0.5% 
0.02 g 
lo+ m3 

20 % 
0.2 x 10-3 

a 
b 
b 
b 
b 
b 
C 
C 
C 
C 
C 
C 
d 
d 
C 
C 
C 
C 
c 
a 

Estimation based on literature results. Based on comparison 
of SRK 2 values with tabulated literature Z values (5) and Z val- 
ues calculated with the virial equation of state using literature vi- 
rial coefficients (12), assuming the error in p2 is comparable with 
the error in 6. ?Estimation is based on the type of measurement 
used. An error of 0.1 '70 is estimated to cover the effects of inter- 
polation inaccuracy of the tabulated literature Z values and the 
experimental inaccuracies. 

elevated pressure (see, e.g., ref 4). The calculation framework 
yields a pseudoexperimental Henry constant by iteratlveiy min- 
imizing the difference between the real volume of the bomb and 
the calculated value (eq 12) toward zero. 

€xper/menta/ €rrors. This section describes the various 
error sources and their effects on the pseudoexperimental 
Henry constants. Table I V  shows the error sources for the 
LTLp experiments while Table V deais with the HTHp experi- 
ments. 

The applicability of SRK to calculate 2" values (for pure 
solute) was examined by comparing SRK resub with tabulated 
Zv values (5) or with Zv values calculated with the use of the 
virlal equation of state and literature virial coefficients ( 72). 
These literature vlrial coefficients have been derived from ex- 
perimental results. Therefore, 2" values calculated with this 
method may be regarded as "experimental" values. I t  is fur- 
ther assumed that the relative error of cp2' is equal to that of 
Zv and that the presence of the solvent in the vapor phase 
does not influence the estimated relative errors. These as- 
sumptions are reasonable since the mole fractions of the sol- 
vents in the vapor phase were always very small (calculated 
y 1  values fail in the range 0-0.04). 

The applicability of SRK to calculate y 1  values was examined 
by comparing SRK results with literature values (73). For the 
system CO,-hexadecane ( T  = 461.7 and 542.3 K; 20-100 bar) 

Table VI. Contribution of the Errors of the Different 
Quantities on the Average, cas, and Maximum, e,, 
Experimental Errors (Equations 14 and 15) of the 
PseudoexDerimental Henry Constants H 

resulting error in H/% 
oaram LTLD" LTLD* HTHD' H T H D ~  
Y1 0 
PZ", 2' 0.20 
P 0.03 
T 
P a  
Pb 

Tb 

zb 

Ta 

za 

Wl 
Vbo" 

V., 

AV 

P I  

0.10 

1.55 
0 

0 0 0.73 
0.20 0.59 0.99 
0 2.63 1.75 
0.09 0.16 0.02 

2.74 
2.91 
0.95 
0.61 
0.93 
0.60 

6.52 
0 0.03 0 

1.37 0.29 
2.40 0.58 
0.88 _ _  

w2 0.01 
VZL 0.04 0.02 0.41 0.10 
Cmax 1.9 6.8 17.2 4.5 
6," 1.6 6.5 5.9 2.2 

"C02-C1,jH3,, 298.2 K, 1.013 bar. bH2-C13H,o0, 353.2 K, 1.013 
bar. CCO-C30H62, 421.8 K, 24.9 bar. dHz0-C30H62, 563.8 K, 15.4 
bar. 

an average error of 13% is found. I t  is concluded that an 
overall error of 20% for y ,  seems a reasonable (rather pes- 
simistic) estimation. 

The assumed error of 20% for vpL is in fact an overail error 
to cover deviations from volume additivii and the influences of 
sotvent on v k .  The error value was estlmated from various vpL 
values reported by Reid et al. (4). 

The overail effect of the error sources on the pseudoex- 
perimental Henry constants is calculated as follows. 

In  these equations al and Aa, symbolize the various quantities 
contributing to the overall error and the corresponding absolute 
error coupled to these quantities, respectively. The partial de- 
rivatives dH/d al were calculated numerically. 

Table V I  showed the detailed results of the error calculations 
of some experiments. All estimated overall errors are listed in 
Table V I 1  together with the experimental results and the 
pseudoexperimental Henry constants. As can be seen from 
Table V I  the most significant error source for the LTLp ex- 
periments is the measuring accuracy of AV. For the HTHp 
experiments no single predominant error source exists. 
Therefore, the overall average error is much lower than the 
overall maximum error, slnce it is unlikely that all error sources 
would lead to contributions in the same direction. The influence 
of the models (SRK and the volume additivity assumption) is 
rather small, which means that the experimental inaccuracies 
predominate. 

Comparbn wHh LHerature Results. In  Table VI11 the 
Henry constants obtained in this study are compared with those 
from the literature. A complicating factor in this comparison 
is the fact that the literature results were not always obtained 
at the same pressures and temperatures as employed in this 
study. Therefore, SRK ( 6 )  (with optimal binary interaction 
coefficients from Table XVI; see later in this paper) was used 
to correct the experimental results to the pressure and tem- 
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Table VII. Solubilities of CO, COz, Hz, CHSOH, and HzO in Hexadecane, Squalane, Octadecane, and Benzophenone at Several 
Pressures p and Temperatures T 

LTLp Experiments (p = 1.013 bar) . .  

run T/K AVImL Hlbar e,,/% t,,/% W J g  run T/K AV/mL Hlbar  emu/% e,,/% W,/g  
Solute, CO; Solvent, Hexadecane 

1 298.2 7.731 
2 303.2 7.982 
3 313.2 8.271 
4 323.2 8.901 

8 298.2 12.557 
9 303.2 12.478 

10 313.2 11.688 
11 323.2 11.181 

15 293.2 2.316 
16 303.2 2.641 
17 313.2 2.908 
18 323.2 3.252 

22 303.2 6.713 
23 313.2 6.894 
24 318.2 7.338 
25 323.2 7.510 

29 303.2 14.238 
30 308.2 13.191 
31 313.2 13.331 
32 318.2 13.102 
33 323.2 12.717 

38 303.2 2.669 
39 313.2 2.948 
40 323.2 3.052 

44 295.6 5.176 
45 301.0 3.753 
46 304.2 3.835 
47 305.1 3.742 
48 313.2 5.339 

54 295.8 14.841 
55 301.0 14.501 
56 305.3 13.976 
57 309.0 13.307 
58 315.2 12.753 
59 319.4 12.520 

65 293.3 3.024 
66 304.0 3.188 
67 313.2 3.428 
68 323.3 3.849 

72 323.2 2.253 
73 333.2 2.435 

76 323.2 12.835 
77 328.2 12.554 
78 333.2 12.678 

81 323.2 2.104 
82 333.2 2.407 
83 343.2 2.703 

567.0 
558.5 
556.9 
534.1 

74.3 
76.0 
83.8 
90.4 

1330.8 
1207.0 
1132.4 
1045.0 

527.7 
530.9 
506.9 
503.1 

72.7 
79.8 
80.2 
82.9 
86.8 

1215.3 
1136.7 
1069.5 

345.8 
342.1 
338.4 
347.8 
355.3 

41.6 
43.3 
45.5 
48.4 
51.4 
53.1 

808.5 
787.9 
755.0 
700.4 

1960.8 
1870.7 

143.1 
148.5 
149.4 

4424.9 
3987.5 
3657.3 

2.8 
2.8 
2.7 
2.5 

1.9 
1.9 
2.0 
2.1 

8.3 
7.4 
6.8 
6.1 

3.2 
3.1 
3.0 
2.9 

1.7 
1.8 
1.8 
1.9 
1.9 

7.3 
6.7 
6.5 

4.0 
5.4 
5.3 
5.4 
3.9 

1.7 
1.7 
1.8 
1.8 
1.9 
1.9 

6.5 
6.2 
5.8 
5.2 

8.5 
7.9 

1.9 
1.9 
1.9 

9.0 
8.0 
7.2 

2.5 40.0353 5 333.2 9.132 
2.5 6 343.2 9.549 
2.4 7 353.2 10.034 
2.2 

Solute, CO,; Solvent, Hexadecane 
1.6 8.5084 12 333.2 10.766 
1.6 13 343.2 10.133 
1.7 14 353.2 9.584 
1.8 

Solute, H,; Solvent, Hexadecane 
7.9 28.6203 19 333.2 3.577 
7.0 20 343.2 3.904 
6.4 21 353.2 4.113 
5.8 

Solute, CO; Solvent, Octadecane 
2.9 35.7544 26 333.2 7.723 
2.8 
2.7 

27 343.2 7.985 
28 353.2 8.322 

2.6 

Solute, CO,; Solvent, Octadecane 
1.4 10.4338 34 328.2 12.180 
1.5 35 333.2 11.565 
1.5 36 343.2 11.203 
1.5 37 353.2 11.192 
1.5 

Solute, H,; Solvent, Octadecane 
7.0 32.7311 41 333.2 3.272 
6.4 32.7311 42 343.2 3.822 
6.1 30.8945 43 353.2 4.089 

Solute, CO; Solvent, Squalane 
3.7 30.7557 49 318.0 4.035 
5.0 21.6636 50 323.2 4.015 
4.9 21.6636 51 333.2 4.102 
5.1 21.6636 52 343.6 4.242 
3.6 30.7557 53 351.4 4.269 

Solute, CO,; Solvent, Squalane 
1.3 10.4874 60 322.9 12.033 
1.3 61 328.9 11.906 
1.4 62 335.3 11.259 
1.5 63 343.8 10.952 
1.5 64 353.2 10.392 
1.6 

Solute, H,; Solvent, Squalane 
6.2 42.3560 69 333.2 4.011 
5.9 41.9828 70 342.7 4.289 
5.5 41.9828 71 352.9 4.662 
4.9 42.3560 

Solute, CO; Solvent, Benzophenone 
8.2 29.9789 74 343.2 2.539 
7.6 75 353.2 2.581 

Solute, CO,; Solvent, Benzophenone 
1.5 12.4860 79 343.2 11.381 
1.6 80 353.2 10.214 
1.6 

Solute, H,; Solvent, Benzophenone 
8.7 63.1377 84 348.2 2.755 
7.7 
6.9 

85 353.2 2.865 

536.7 
528.7 
517.8 

96.8 
105.9 
115.2 

979.5 
924.4 
902.8 

504.4 
502.6 
496.3 

92.0 
98.3 

104.6 
107.8 

1028.5 
960.9 
924.3 

336.3 
343.5 
346.7 
345.7 
351.4 

55.8 
57.4 
61.9 
65.2 
70.6 

692.7 
666.3 
631.3 

1848.0 
1870.8 

171.4 
196.5 

3640.3 
3550.5 

2.5 
2.4 
2.3 

2.2 
2.3 
2.4 

5.6 
5.2 
4.9 

2.8 
2.8 
2.7 

2.0 
2.0 
2.1 
2.1 

6.1 
5.3 
5.0 

5.0 
5.1 
5.0 
4.8 
4.8 

2.0 
2.0 
2.1 
2.1 
2.2 

5.1 
4.8 
4.4 

7.6 
7.5 

2.1 
2.2 

7.1 
6.8 

2.2 
2.1 
2.0 

1.8 
1.9 
2.0 

5.3 
4.9 
4.6 

2.5 
2.4 
2.4 

1.6 
1.7 
1.8 
1.8 

5.8 
5.0 
4.7 

4.7 
4.7 
4.6 
4.5 
4.5 

1.6 
1.6 
1.7 
1.8 
1.9 

4.7 
4.5 
4.1 

7.3 
7.2 

1.7 
1.9 

6.8 
6.5 

30.8945 
32.7311 
32.7311 

21.6636 
21.6636 
21.6636 
21.6636 
21.6636 

42.3560 
42.3560 
42.3560 

HTHp Experiments (Vbomb = 508.0 mL; V ,  = 353.8 mL) 
run p/bar T/K H/bar e,,/% e.J% Wl/g run p lba r  T/K Hlbar e-/% e,,/% WI/g 

Solute, CO; Solvent, OctadecaneO 
86 30.8 432.1 513.9 16.0 5.3 235.31 89 32.3 462.7 456.2 13.1 4.3 
87 31.2 442.2 487.8 14.8 4.9 90 32.8 473.0 440.8 12.3 4.0 
88 31.7 452.8 467.7 13.8 4.5 91 33.4 483.5 429.5 11.6 3.8 
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Table VI1 (Continued) 

HTHp Experiments ( Vhmb = 508.0 mL; V ,  = 353.8 mL) 
run plbar TJK Hlbar c,,,J% c.,J% W,lg run pJbar TJK HJbar c,,,J% c.,J% W,Jg 

92 34.0 
93 34.8 
94 35.4 
95 36.0 

100 19.5 
101 20.0 
102 20.8 
103 21.5 
104 22.3 
105 22.9 
106 23.7 
107 24.3 

115 51.2 
116 52.0 
117 52.7 
118 53.5 
119 54.6 
120 55.5 
121 56.7 

128 24.9 
129 25.5 
130 26.3 
131 27.2 
132 27.9 
133 28.7 
134 29.5 
135 30.3 

143 24.8 
144 26.1 
145 27.4 
146 28.6 
147 29.8 
148 31.0 
149 32.1 
150 33.2 

158 76.6 
159 78.5 
160 80.5 

164 69.6 
165 71.1 
166 72.7 
167 74.2 
168 75.7 

173 9.5 
174 10.5 
175 11.6 
176 12.7 
177 13.6 
178 14.5 

185 10.1 
186 10.7 
187 11.3 
188 11.9 
189 12.4 
190 12.9 

196 31.8 
197 32.7 
198 33.7 
199 34.8 

493.3 
503.6 
514.2 
524.3 

421.7 
432.2 
442.4 
452.8 
463.2 
473.5 
483.8 
493.7 

442.3 
452.8 
463.0 
473.3 
483.7 
493.6 
503.9 

421.8 
431.9 
442.3 
452.9 
462.9 
473.2 
483.5 
493.4 

421.9 
431.9 
442.3 
452.9 
462.9 
473.2 
483.5 
493.5 

421.9 
432.1 
442.3 

483.6 
493.5 
503.5 
513.8 
523.7 

453.1 
462.8 
473.2 
483.4 
493.4 
503.5 

462.4 
472.8 
483.1 
493.1 
503.5 
513.5 

422.0 
432.1 
442.3 
452.6 

420.7 
416.5 
406.2 
397.6 

141.4 
143.5 
148.9 
152.9 
157.8 
160.4 
164.9 
167.2 

808.1 
748.0 
696.3 
656.7 
632.8 
607.3 
591.0 

329.0 
324.0 
325.8 
329.8 
327.8 
327.9 
327.4 
327.3 

105.3 
111.4 
117.3 
122.4 
127.5 
132.3 
136.3 
140.2 

574.9 
556.5 
542.5 

461.6 
452.1 
444.5 
434.6 
426.6 

32.6 
36.2 
40.2 
44.2 
47.5 
50.7 

66.9 
71.2 
75.4 
79.6 
82.7 
85.7 

1617.0 
1588.6 
1582.2 
1592.9 

11.1 
10.7 
10.2 
9.8 

7.6 
7.4 
7.4 
7.3 
7.3 
7.2 
7.2 
7.1 

18.7 
16.8 
15.2 
13.9 
13.0 
12.2 
11.6 

17.2 
16.4 
15.8 
15.4 
14.8 
14.3 
13.8 
13.3 

6.6 
6.7 
6.7 
6.6 
6.6 
6.6 
6.6 
6.5 

16.7 
15.5 
14.6 

12.0 
11.3 
10.8 
10.2 
9.7 

3.7 
3.5 
3.4 
3.3 
3.2 
3.2 

4.5 
4.4 
4.3 
4.3 
4.2 
4.2 

29.4 
28.0 
26.9 
26.2 

3.7 
3.5 
3.4 
3.2 

2.6 
2.5 
2.5 
2.4 
2.4 
2.4 
2.3 
2.3 

6.1 
5.5 
5.0 
4.6 
4.3 
4.0 
3.8 

5.9 
5.6 
5.4 
5.2 
5.0 
4.9 
4.7 
4.5 

2.1 
2.1 
2.1 
2.1 
2.1 
2.1 
2.0 
2.0 

5.5 
5.1 
4.8 

4.0 
3.8 
3.6 
3.4 
3.2 

2.5 
2.3 
2.2 
2.0 
1.9 
1.9 

2.9 
2.8 
2.7 
2.6 
2.5 
2.4 

Solute, CO; Solvent, Octadecane' 
96 36.6 
97 37.2 
98 37.8 
99 38.6 

Solute, CO,; Solvent, Octadecane* 
235.31 108 25.1 

109 25.8 
110 26.4 
111 27.3 
112 28.1 
113 28.9 
114 30.0 

Solute, H,; Solvent, Octadecane' 
235.31 122 58.0 

123 59.1 
124 60.4 
125 61.6 
126 62.8 
127 64.1 

Solute, CO; Solvent, Squalaned 
250.32. 136 31.0 

137 31.8 
138 32.5 
139 33.2 
140 33.9 
141 34.7 
142 35.4 

Solute, CO,; Solvent, Squalanee 
250.32 151 34.5 

152 35.6 
153 36.7 
154 37.7 
155 38.9 
156 40.0 
157 41.0 

Solute, H,; Solvent, Squalanef 
250.32 161 82.6 

162 84.5 
163 86.4 

Solute, H,; Solvent, Squalang 
250.32 169 77.2 

170 78.8 
171 80.2 
172 81.1 

Solute, CH,OH; Solvent, Squalane 
253.16 179 15.6 

( W, = 8.4391) 180 16.5 
181 17.4 
182 18.3 
183 19.3 
184 20.2 

Solute, H,O; Solvent, Squalane 
249.65 191 13.4 

(W,  = 2.5418) 192 14.0 
193 14.5 
194 14.9 
195 15.4 

534.6 
545.0 
555.1 
565.7 

504.2 
514.2 
524.7 
534.7 
545.2 
552.4 
565.7 

514.5 
524.9 
535.0 
545.3 
555.3 
565.7 

503.7 
513.9 
524.1 
534.3 
544.5 
554.7 
564.5 

503.8 
514.1 
524.4 
534.5 
544.9 
555.1 
565.1 

452.8 
462.9 
472.9 

533.7 
543.9 
553.9 
564.1 

513.8 
523.9 
533.9 
544.3 
554.3 
564.5 

523.4 
533.7 
543.7 
553.5 
563.8 

388.7 
380.0 
371.9 
366.5 

171.1 
173.9 
175.2 
179.3 
181.8 
184.1 
188.5 

576.7 
559.1 
547.9 
534.1 
521.7 
510.1 

323.3 
321.8 
317.6 
313.3 
308.9 
306.3 
302.2 

145.1 
148.6 
151.8 
154.2 
157.6 
160.1 
162.0 

530.0 
516.4 
504.3 

418.3 
411.7 
403.3 
390.2 

54.7 
57.9 
60.9 
63.9 
67.2 
69.9 

88.5 
92.0 
94.5 
96.0 
97.9 

Solute, CO; Solvent, Benzophenone" 
9.6 310.68 200 35.8 462.9 1572.6 
9.1 201 36.8 473.2 1548.5 
8.8 202 37.7 483.3 1506.4 
8.6 203 38.7 493.6 1477.9 

9.4 
9.1 
8.9 
8.7 

7.1 
7.1 
7.0 
7.1 
7.1 
7.2 
7.3 

11.0 
10.4 
10.0 
9.5 
9.1 
8.8 

12.8 
12.3 
11.8 
11.3 
10.9 
10.5 
10.2 

6.5 
6.5 
6.5 
6.4 
6.4 
6.4 
6.4 

13.6 
12.8 
12.0 

9.2 
8.8 
8.4 
7.9 

3.2 
3.2 
3.2 
3.3 
3.4 
3.5 

4.2 
4.2 
4.3 
4.4 
4.5 

25.1 
24.0 
22.8 
21.8 

3.1 
3.0 
2.9 
2.8 

2.3 
2.2 
2.2 
2.2 
2.2 
2.2 
2.2 

3.6 
3.4 
3.3 
3.1 
3.0 
2.9 

4.4 
4.2 
4.0 
3.9 
3.7 
3.6 
3.5 

2.0 
2.0 
2.0 
2.0 
1.9 
1.9 
1.9 

4.5 
4.2 
4.0 

3.1 
2.9 
2.8 
2.6 

1.8 
1.7 
1.7 
1.6 
1.6 
1.7 

2.4 
2.3 
2.3 
2.2 
2.2 

8.2 
7.8 
7.4 
7.1 
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Table VI1 (Continued) 

HTHp Experiments ( V b m b  = 508.0 mL; V,  = 353.8 mL) 
run pibar T/K Hlbar em=/% e,"/% W1lg run plbar T/K Hlbar emu/% e,J% Wllg 

Solute, CO; Solvent, Benzophenoneh 
204 39.7 503.8 1449.0 
205 40.7 514.0 1417.7 
206 41.7 524.1 1386.1 
207 42.8 534.5 1360.2 

211 19.6 
212 20.4 
213 21.3 
214 22.2 
215 23.0 
216 23.8 
217 24.6 
218 25.5 

226 52.1 
227 53.5 
228 54.9 
229 56.3 
230 57.8 
231 59.0 
232 60.3 
233 61.6 

422.0 
432.1 
442.6 
452.6 
463.0 
473.2 
483.2 
493.6 

305.5 
318.9 
334.4 
350.0 
361.4 
372.4 
382.9 
395.1 

422.0 2554.1 
432.2 2420.4 
442.4 2299.0 
452.8 2178.7 
463.1 2097.9 
473.2 1962.0 
483.3 1868.3 
493.7 1772.1 

241 9.6 462.7 41.9 
242 10.9 473.1 47.7 
243 12.2 483.2 53.6 
244 13.6 493.3 59.9 
245 15.1 503.8 66.6 

250 8.6 462.8 32.4 
251 10.2 473.1 38.5 
252 12.1 483.3 45.8 
253 13.9 493.6 52.7 
254 15.9 503.7 60.5 
255 17.9 514.1 68.1 

20.8 
20.0 
19.1 
18.4 

8.9 
8.9 
8.9 
8.9 
8.9 
8.8 
8.8 
8.8 

36.0 
33.1 
30.5 
28.1 
26.3 
24.0 
22.3 
20.7 

3.6 
3.4 
3.3 
3.2 
3.2 

4.2 
3.8 
3.6 
3.4 
3.3 
3.3 

6.8 208 43.9 
6.5 209 45.0 
6.2 210 46.1 
6.0 

Solute, CO,; Solvent, Benzophenone' 
3.2 310.68 219 26.3 
3.2 220 27.2 
3.1 221 28.0 
3.1 222 28.9 
3.1 223 29.8 
3.0 224 30.7 
3.0 225 31.6 
3.0 

Solute, H,; Solvent, Benzophenone' 
11.6 310.68 234 62.8 
10.7 235 64.1 
9.9 236 65.5 
9.1 237 66.8 
8.5 238 68.0 
7.8 239 69.2 
7.2 240 70.5 
6.7 

Solute, CH30H; Solvent, Benzophenone 
2.4 310.68 246 16.5 
2.2 (Wz = 16.348) 247 17.9 
2.0 248 19.8 
1.9 249 21.4 
1.8 

Solute, HzO; Solvent, Benzophenone 
2.8 310.68 256 20.1 
2.5 (Wz = 11.1914) 257 22.2 
2.3 258 24.5 
2.1 259 26.7 
2.0 260 29.1 
1.9 

544.4 
555.0 
565.0 

503.8 
513.8 
524.2 
534.5 
544.6 
555.0 
565.0 

504.0 
514.4 
524.4 
534.9 
545.3 
555.3 
565.7 

513.7 
524.3 
534.2 
544.3 

524.1 
534.3 
544.7 
554.7 
565.0 

1338.5 
1303.5 
1274.5 

403.7 
414.5 
420.8 
428.9 
436.0 
441.3 
446.0 

1675.1 
1598.1 
1544.9 
1476.1 
1406.4 
1348.1 
1294.7 

72.8 
79.0 
87.4 
94.3 

76.6 
84.6 
93.3 

101.5 
110.4 

17.9 
17.2 
16.6 

8.8 
8.8 
8.8 
8.9 
8.9 
9.0 
9.1 

19.2 
17.9 
17.0 
16.0 
15.0 
14.2 
13.6 

3.2 
3.2 
3.3 
3.4 

3.3 
3.3 
3.4 
3.5 
3.7 

5.8 
5.5 
5.4 

3.0 
2.9 
2.9 
2.9 
2.9 
2.9 
2.9 

6.2 
5.8 
5.5 
5.2 
4.8 
4.6 
4.3 

1.7 
1.7 
1.7 
1.7 

1.8 
1.8 
1.8 
1.8 
1.9 

a From eq 6, pa = 39.60 bar, !fa = 293.8 K, z, = 0.9885, P b  = 26.05 bar, Tb = 294.1 K, Zb = 0.9914. bFrom eq 6, pa = 36.50 bar, T. = 297.2 

K, Zb = 1.0210. From eq 6, pa = 32.55 bar, T, = 293.7 K, z, = 0.9898, Pb = 21.40 bar, Tb = 293.4 K, Zb = 0.9925. eFrom eq 6, Pa = 41.45 
bar, T, = 293.8 K,  z, = 0.7314, Pb = 29.95 bar, Tb = 292.7 K, Zb = 0.8175. 'From eq 6, pa E 91.50 bar, T, 58.30 
bar, Tb =293.2 K, Zb = 1.0344. gFrom eq 6, pa = 71.95 bar, T, = 291.6 K, 2, = 1.0429, Pb = 46.20 bar, T b  = 290.9 K, Zb = 1.0272. "From 
eq 6, pa = 36.97 bar, T, = 293.2 K, z, = 0.9887, Pb = 22.51 bar, Tb = 293.2 K, z b  = 0.9922. 'From eq 6, p a  = 31.40 bar, T, 295.4 K, 2, = 

= 1.0217. 

K, Z, 0.7847, PI 25.65 bar, Tb = 296.8 K, Zb = 0.8565. From eq 6, Pa = 57.05 bar, T, = 295.0 K, Z, = 1.0336, P b  = 36.05 bar, T b  = 294.2 

294.2 K, z, = 1.0549,pb 

0.8150, pb = 20.30 bar, Tb = 295.4 K, Zb 0.8870. 'From eq 6, pa = 61.45 bar, !fa = 296.0 K, z, e 1.0362, Pb = 37.25 bar, Tb = 295.0 K, Zb 

Table VIII. Comparison of the Henry Constants Obtained 
in This Study with Those in  the Literature 

ref 
14 
15 
15 
3 
16 
17 
17 
18 

exptl conditions 
(lit. results) 

system p/bar T/K 
300-375 
300-375 
300-375 
298-375 
298-343 
299-330 
299-330 
379,473 

meanb 
deviation/ % 

a Compared with octadecane, based on the molecular weight of 
the paraffin. Defined as 

perature corresponding to the relevant literature results. These 
SRK corrections were used for interpolation purposes only; 
literature resuits lying outside the experimental temperature 
ranges were not included in the comparison. In  addition, the 

comparison between literature Henry constants and our ex- 
perimental results is always based on the nearest values with 
respect to temperature. 

As can be seen from Table V I I I ,  our results agree quite well 
with those taken from the literature. In  most cases the devi- 
ations between our results and those taken from the literature 
are smaller than the estimated maximum experimental errors 
of our results. 

Furthermore, Table VI I I shows the experimental conditions 
m-g to the literature results. Comparing the literatwe 
data with our own results on this point (see Table I), it is clear 
that the present study gives a large amount of new solubility 
data. Only our hexadecane resuits do not provide new lnfor- 
mation. I t  should be noted that the choice of this solvent was 
partly intended to properly check our experimental results with 
literature data. 

The results are also presented in Figures 2 and 3, clearly 
showing the reasonable degree of agreement. Here, it should 
be noted that the HTHp resuits were recalculated to 1.013 bar 
(again with the use of SRK in combination with optimal binary 
interaction parameters) in order to obtain comparable results. 

The results of Peter and Wehert ( 18) were used to show the 
effect of pressure (see Table IX). As can be seen the Henry 
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Table IX. Henry Constants for the System 
C0,-Octadecane Obtained by SRK Calculations from the 
Literature and from This Study 

7' = 379 K T = 473 K 
__ ~ _ _  

plbar Hl,,"/bar Hl,t"*bfd/bar plbar H,,,'/bar H,,t".bnd/bar 
9.8 781 766 19.4 578 522 

10.0 759 744 21.6 558 530 
51.3 855 770 69.2 605( 512 
95.8 990 814 88.3 665' 539 

393.4 1518 - 758 110.4 674 521 
527 111.3 685 - 
525c 

770' 

"Reference 18. bCorrected to p = 1.013 bar with SRK. 
results: H(379 K) = 814 bar, H(473 K) = (Average value. 

577 bar. 

Table X. Models for Predicting Gas-Liquid Solubility As 
Studied in This Paper 

ref model abbrevation 
6 Soave-Redlich-Kwong equation of state SRK 
19 Peng-Robinson equation of state PR 
20 regular solutions theory RS 
7, 8 group-contribution equation of state SJGC 

constants conected to a pressure of 1.013 bar are identical for 
a given temperature within a few percent. This indicates that 
SRK is able to give a good description of the pressure influence. 

Theory 

Mokk lor M i o n  of Gas-LlquM Solubility. Since it is 
practically impossible to compare ail modeis and methods 
available for predicting gas-liquid solubilities, we have restricted 
this study to four models as presented in Table X. 

The familiar equations of state of Soave (6) and of Peng and 
Robinson (19) are chosen because they are widely used in 
engineering practice. I n  principle, only pure component prop- 
erties are required for the calculation of gas-liquid solubilities 
using these equations of state. However, to obtain satisfactory 

Figure 3. Comparison between experimental and literature Henry 
constants H for C0,-hexadecane and C0,-squalane (p = 1.013 bar) 
as a function of temperature 7: 0, C0,-hexadecane, our resutts; 0, 
C0,-hexadecane, Tremper and Prausnltz (75); A, C0,-hexadecane, 
King and AI Najjar ( 76); V, C0,-hexadecane, Chal and Paulaltis (77); 
a, C0,-squalane, our results; 0 ,  C0,-squalane, Chal and Paulattis 
( 77); lines, calculated with SRK in combination with the optimal binary 
interaction parameters given In Table XVI.  

results, binary interaction coefficients are nearly always re- 
quired. 

The gas-liquid solubilities are obtained using the following 
equations (Reid et ai. (4)). 

RTIn cV  = 

L:[(ap/ani)r,y,n/ - RT/V,I - (Vv/Y/ U T )  (16) 

RTin f/L = 

Sy:[(ap/ani)cVT,nJ - RT/V,I - R T I ~  ( V L / ~ /  U T )  (17) 

f/v = f/L (18) 

Equations 16 and 17 are used to calculate the fugacities of 
component i in the vapor and in the liquid phase, respectively. 
At equilibrium these fugacities are identical, as indicated by eq 
18. 

According to the regular solutions theory (RS) (20), an iso- 
thermal solution is reached in two steps: (1) isothermal con- 
densation of the gas into a hypothetical liquid phase and (2) 
mixing of this hypothetical liquid with the solvent. This leads to 
the following equation for the Henry constant (4): 

Because of this approach, the fugacity of the hypothetical liquid 
is required. For subcritical gases or vapors this quantity can 
be calculated from pure component data. For supercritical 
gases this quanttty is hypothetical and has to be estimated from 
binary gas-liquid equilibrium data. The binary parameter for RS 
/1,2 is comparable with the binary interaction coefficient k, ,  in 
the Soave-Rediich-Kwong and Peng-Robinson equations of 
state. For the gas phase the fugacities can be calculated using 
the Soave-Redlich-Kwong or the Peng-Robinson equation of 
state (or assuming idealgas behavior). The regular solutions 
theory is selected for investigation because it is probably the 



Table XI. Critical Temperatures To, Critical Pressures pot 
and Acentric Factors o of the Compounds 

compound 
co (4) 
coz (4) 
Hz (4) 
CHBOH (4) 
Hz0 (4) 
hexadecane, C16Hs (4) 
octadecane, C18HB (4) 

benzophenone, C13HloO 
aqualane, c&6Z 

Tc/K 
132.9 
304.1 
33.0 
512.6 
647.3 
722 
748 
765 (24) 
805 (24) 

Pclbar 
35.0 
73.8 
12.9 
80.9 
221.2 
14.1 
12.0 
8.6 (24) 
30.4 (24) 

w 

0.066 
0.239 
-0.216 
0.556 
0.344 
0.742 
0.790 
0.83 (25) 
0.55 (25) 

Table XII. Solubility Parameters 6 and Molar (Liquid) 
Volumes vL of the Compounds 

6 x 10-7 UL x 1061 
compound (J1l2 m-3 ?) (m3 mol-') 

CO (26) 6.40 32.1 
COz (26) 12.3 55.0 
Hz (26) 6.65 31.0 
CHBOH (26) 14.5 40.9 
HzO (26) 47.9 18.0 
hexadecane, C16Hu 15.2" 
octadecane, C18HB 14.8a 
squalane, Cd6Z 13.5° 
benzophenone, C13H,00 20.10 

These are the mean values of the results of eqs 22 and 23. 

simplest method (with a thermodynamical basis) available for 
predicting solubllltles. 

The fourth model we have chosen to investigate is the 
group-contrlbution equation of state as presented by Skjold- 
Jrargensen (7, 8). This method is developed especially for the 
description of vapor-liquid equilibria at elevated pressures and 
broad temperature ranges. For this reason it is of particular 
Interest to this study. I t  is based on the generalized van der 
Waals pertition function (27). SkJoWEqp" combined the 
configuratbnal part of the partltion function with the excess 
Helmholb fundon, as Proposed originah by Mdlerup (22). The 
atbactkn pert of the reaiduel Heknhdh functbn Is built up from 
groups and surface segments In the same way as has been 
done in the UNIFAC equatlon (23). The free volume part of 
the resMual Helmholtz function Is not rewritten In terms of 
groups: hard sphere diameters of whole molecules are the 
basis of this contribution. The fugacity coemdents are obtained 
using eqs 20 and 21 (7). 

Ab&/ P8rmotm. The most Importent parameters In the 
Soeve-Redllch-Kwong and the Peng-Robinson equations of 
state are the critical properties and the acentric factors. The 
values of them parameters for the compounds Investigated in 
this study are given in Table XI. 

The molar (liquid) volumes and the solubility parameters are 
presented In Table XII. The sdublltty parameters 8 marked 
wlth an Italic B were both calculated from eqs 22 (4) and 23 
(37). 

The reported value of 6 Is the mean value of the resuits of 
these two equations. The hypothetical liquid fugacities of the 

Table XIII. Critical Hard Sphere Diameters d ,  
d," X lo2/ d,b X lo2/ 

compound (m m01-l'~) (m m01-l'~) 
hexadecane, C16H34 7.216 7.245 
octadecane, C1BH38 7.716 7.600 
squalane, 8.708 9.500 

Equation 25. *Vapor pressure. 

solutes fLpue,2 as functions of the temperature have been 
calculated from the following equation (28): 

fLpwe,2 = p c  exp[7.224 - 7.534(TC/T) - 2.598 In ( T / T , ) ]  

(24) 

Since H, has an extremely low critical temperature, eq 24 Is 
not a m b l e  at relatively hbh temperatures for H2. Therefore, 
the results of eq 24 are multiplied with by a factor of 26.95. In 
this way a good agreement was obtained between calculated 
hypothetical fugacities and literature values (29). 

The critical hard sphere diameters of the solvents d ,  are 
listed h Table X I I I .  For all solutes d ,  was calculated from the 
critical properties, using eq 25 (7). The situation is somewhat 

(25) 

more complicated for the solvents, because here the critical 
properties are not always known with sufficient accuracy. 
Therefore, d ,  was also optimized from pure component data. 
For hexadecane and octadecane we used the normal boiling 
points (4). For squalane, not even the normal boiling point Is 
known with suffident accuracy. Therefore, vapor pressue data 
from the Mrck Index were used (30). These d ,  values 
(marked with the comment "vapor pressure" in Table XIII) 
were used In the calculations. No d ,  values are presented for 
benzophenone, as will be explained below. 

The necessary parameters for the group-contribution equa- 
tion of state were taken from ref 8. However, a few necessary 
parameters are not available. No parameter values are pre- 
sented by Skjold30rgensen (7, 8) for the carbonyl group In 
benzophenone and for the Interaction between aromatic ring 
groups and water. This means that no calculations with the 
group-contributlon equation of state can be made for the ben- 
zophenone-containing systems. 

For the parameter optimization the following objective func- 
tion was used. 

d ,  = 9.634 x 10-3(~~,/p,)1/3 

J 

The adjustable parameters are the binary Interaction coeffi- 
cients for the cubic equations of state and the regular solutions 
theory. For the SkjoWwgensen equation of state the values 
of the critical hard sphere diameters were optimized because 
the calculated Henry constants are very sensitive to these pa- 
rameter values. I t  should be noted that for a total optimization 
of the parameter base our experimental results should be 
combined with the experimental data base used by Skjold- 
JBrgensen (7, 8). 

Experbnental Honry Constants and Model Calculations 

The resuits of all experiments are given in Figures 4-8 and 
in Table V I I .  I n  these figures, the open symbols are always 
used for LTLp results and the closed symbols for the HTHp 
results. From Figures 4-8 it can be seen that the LTLp and the 
HTHp results for a given binary system are fairly well repre- 
sented by a single line, which means that deviations from 
Henry's law due to pressure influences are not very large for 
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Table XIV. Comparison between Experimental Errors and the Deviationsa between Calculated and Experimental Values of 
the Henry Constants for the LTLp Results 

exptlb error RS SRK PR SJGC 
system av max c d c d c d c d 

COs16H34 2 3 1 1 16 4 20 4 18 8 

CO-Ci3HioO 8 8 4 32 20 3 30 2 e e 
C02-C16H34 2 2 9 9 38 3 35 4 6 5 
C02-Cl8H3a 2 2 9 50 37 9 34 11 9 7 

2 2 33 44 1 3 3 3 12 4 
C02-C13H,oO 2 2 75 6 40 3 42 3 e e 
HZ-ClaH34 6 6 29 2 22 4 29 4 26 9 
HZ-Cl8H38 6 6 16 23 32 6 37 3 34 30 
H2-C30H6Z 5 5 42 22 30 1 33 2 48 38 
HZ-C13H100 7 8 5 32 34 3 45 2 e e 
total LTLp 4 4 20 20 25 3 21 4 23 16 

C0-C18H38 3 3 3 10 20 2 23 4 20 16 
Cw30H62 5 5 14 6 17 2 18 3 43 31 

c 0 2 - C d 6 2  

Deviations are defined as 

100 N Hexptl - HCdC 
Herptl l L  

Including reproducibility and systematic effects. No parameter optimization employed. With optimal parameter values as presented in 
Tables XVI and XVII. e Necessary model parameters are unavailable. 

Table XV. Comparison between Experimental Errors and the Deviations" between Calculated and Experimental Values of 
the Henry Constants for the HTHp Results 

exptlb error RS SRK PR SJGC 
system av max c d c d C d c d 

4 
5 
7 
2 
2 
3 
4 
4 
7 
2 
2 
3 
2 
4 

11 
13 
22 
7 
7 
9 

12 
12 
22 
3 
3 
4 
4 
8 

16 9 
6 8 

38 25 
78 21 

101 23 
55 4 
34 32 
21 29 
44 33 

1147 11 
85 1 

6740 23 
1277 3 
620 18 

2000 

1500 

b 
f "  

A 
V I  % I I I I I I I I I -  

7 
13 
5 
4 

20 
24 
17 
22 
23 
33 
45 
35 
18 

5 5 
6 18 

10 2 
4 5 
1 21 
7 25 
3 18 
2 28 
3 18 
1 33 
4 39 

11 31 
5 18 

5 
4 

1 2  
5 
1 
4 
3 
2 
3 
1 
3 

10 
4 

14 
e 

21 
8 
e 
7 

10 
e 
9 
e 
7 
e 

10 

1 
e 

24 
19 
e 
4 
6 
e 
4 
e 

16 
e 

10 

400 - 

300 - 
B 
f 

T/K 
F@wr 4. Henry constants H of CO in various solvents as a function 
of temperature T :  open symbols, LTLp resutts; cbsed symbols, HTHp 
results; 0, 0, benzophenone; 0, B, squalane; A, A, octadecane; V, 
hxadecane; Hnes, calculated wlth SRK In comblnatbn with the optimal 
binary lnteractlon coefflclents given In Table XVI. 

T/K 
Flguro 5. Henry constants H of COP In various sdvents as a function 
of temperature T :  open symbols, LlLp results; cbsed symbols, HTHp 
results; 0, 0, benzophenone; 0, B, squalane; A, A, octadecane; V, 
hexadecane; Hnes, calculated with SRK in combination with the optimal 
binary interaction coefficients given In Table XVI. 
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T/K 
Flgurr 6. Henry constants H of H, in various solvents as a function 
of temperature T: open symbols, Lnp results; closed symbols, HTHp 
results; 0, 0, benzophenone; 0, W, squalane; A, A, octadecane; V, 
hexadecane; lines, calculated with SRK in combinatkn wlth the optimal 
blnar interaction coefflclents given In Table XVI. 
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T/K 
Flgura 7. Henry constants Hof CH,W in variow sotvents as a functkm 
of temperature T: 0, benzophenone; W, squalane; lines, calculated 
with SRK in comblnatlon with the optimal binary interactlon coefficients 
given in Table XVI 

these systems under the conditions studied. 
In Tables X I V  and XV the deviations between experimental 

solubilities and model predictions are given. For the values in 
the “c” columns no parameter optimization was employed and 
zero binary Interaction coefficients were taken for the Peng- 
Roblnson and Soeve-Redkh-Kwong equations of state and the 
regular solutions theory. The binary interaction coefflclents (of 
groups) for the group-contribution equation of state are taken 
from SkjoId-Jrargensen (7, 8). I t  can be seen from Table X V  
that completely erroneous Henry coefficlents are calculated for 
the water- and methanol-containing systems when using the 
regular solutions theory. Except for these cases, the results 
of all four models are quite comparable when using zero binary 
Interaction parameters and unopthized hard sphere diameters, 
swghtly favoring the groupcontribution equation of state with an 
average deviatkm between the calculated and the experimental 
Henry constants of 15%. 

120 1 I I I I I c 4 

I I I I I 
450 475 500 525 550 

0 

T/K 
FIgm 8. Henry constants H of H,O in various solvents as a function 
of temperature T: 0, benzophenone; W, squalane; lines, calculated 
with SRK in combination with the optimal binary interaction coefficients 
given in Table XVI. 

Table XVI. Optimal Values for the Binary Interaction 
Coefficients 

system II,~(RS) ki, j(SRK) k,, j(PR) 
0.001 0.102 0.115 
0.053 
-0,033 
0.098 
0.008 
-0.086 
-0,117 
-0,064 
-0.110 
0.026 
-0.073 
0.089 
-0.341 
-0,059 
-0.796 
-0.340 

0.136 
0.119 
0.113 
0.123 
0.101 
0.018 
0.097 
0.335 
0.639 
0.584 
0.444 
0.110 
0.101 
0.287 
0.115 

0.129 
0.104 
0.147 
0.110 
0.079 
-0.005 
0.097 
0.342 
0.535 
0.471 
0.439 
0.082 
0.097 
0.232 
0.094 

Table XVII. Optimal Values for the Critical Hard Sphere 
Diameters 

solvent 
d,  X lo2/ 

(m 
hexadecane, 7.137 
octadecane, C18H38 7.574 
squalane, C30H62 9.355 

The deviations given in the “d”  columns are obtained after 
parameter optimization. The obtained optimal binary interaction 
coefficients for the Peng-Robinson equation of state, the 
Soave-Redlich-Kwong equation of state, and the regular soiu- 
tions theory are given in Table XVI. For the group-contribution 
equation of state only hard sphere diameters were optimized. 
The optimal values of the critical hard sphere diameters are 
given in Table XV I I .  

As can be seen in Tables X I V  and XV the results of the 
regular solutions theory are reasonable. A very good agree- 
ment is obtained with the cubic equations of state, both giving 
almost the same results. 

However, it should be borne in mind that for each binary 
system one extra parameter is needed, which can only be 
obtahed from experimental data. On the other hand, only a few 
reliable experimental binary data (in principle only one is suf- 
ficient) are needed to obtain the optimal binary interaction 
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c relative error 
P density, kg m-3 
(c fugacity coefficient 
4 volume fraction 
w acentric factor 

coefficient. After this, the cubic equations of state have a good 
extrapolating power. Fairly good resub are obtained using the 
group-contribution equation of state, especially because only 
a small number of parameters is optimized. An optimization 
of the various binary interaction parameters (of groups) was not 
undertaken because many more data are required for such an 
approach. However, it is likely that an optimization of these 
parameters will result in a very good agreement between ex- 
perimental data and model predictions. 

Concldono 
On the basis of an extensive set of experimental solubility 

data, the following conclusions can be made regarding the 
models used for predicting the solubilities of the components 
of the methanol synthesis in various solvents. 

R-ar ~~ 7bmy. When using no binary interaction 
parameters, this theory predicts erroneous Henry coeff iclents 
for systems containing water and methanol. For systems 
containing CO, CO?, or H, (permanent gases) this method gives 
reasonable results. The regular solutions theory describes all 
experimental results reasonably when optimal interaction pa- 
rameters are used. 

CUM E9uallone of Slate. The results of both the Soave- 
Redllch-Kwong and the Peng-Robinson equations of state are 
reasonable for zero binary interaction coefficients. By using 
optimal binary interaction coefficients, these equations of state 
give an excellent description of the solubilities. This leads to 
the conclusion that the use of the cubic equations of state is 
preferable when experimental binary data are available. 

Group-Contdhtbn Equatlon of State. Without parameter 
optimization this equation of state gives the best results, pro- 
vided that the necessary parameter values are known. This 
leads to the conclusion that this method is preferable when no 
experimental data are available. Optimization of the critical 
hard sphere diameters of the solvents results in a fairly good 
agreement with the experimental results. 

Our results agree with literature data as far as available. In 
most cases the deviations between our results and the literature 
data are smaller than our estimated maximum experimental 
errors. 

Glossary 
a 
A 
b 
d 
f 
H 
klJ 
112 
M 
n 
N 
P 
R 
T 
V 

VT 
W 
X 

Y 
Z 

6 
A 
AQ 
AH 
AU 
AV 

CY 

constant in eq 1, kg m-3 
Helmholtz energy, J mol-’ 
constant in eq 1, kg m-3 K-‘ 
hard sphere diameter, m mol-’l3 
fugacity, bar 
Henry constant, bar 
binary interaction coefficient for SRK and PR 
binary parameter for RS 
molecular weight, g mol-‘ 
number of moles, mol 
number of experiments or of error contributions 
pressure, bar 
gas constant (8.314), J mol-‘ K-‘ 
temperature, K 
molar volume, m3 mol-’ 
total volume, m3 
mass of compound, g 
mole fraction in the liquid phase 
mole fraction in the vapor phase 
compressibility factor 
auxiliary quantity in error eqs 14 and 15 
solubility parameter, J”’ m-3/2 
error value 
molar attraction constant, J’12 m3I2 mol-’ 
enthalpy change, J mol-’ 
energy change, J mol-’ 
volume change, m3 

Superscripts 
C conflgurational 
calc calculated value 
L liquid phase 
R residual 
v vapor phase 

Subscripts 
a 
av 
b 
bomb 

eff 
exptl 
i j 
k 
max 
pure 
sc 
1 
2 

C 

initial conditions 
average value 
flnal conditions 
of the bomb 
at the critical point 
effective value 
experimental value 
component 
experiment 
maximum value 
for the pure compound 
of the supply cylinder 
solvent 
solute 

Abbreviations 
eq equation 
LTLp low-temperature, low-pressure experiments 
HTHp high-temperature, high-pressure experiments 
PR Peng-Robinson equation of state 
RS regular solutions theory 
SJGC SkjoldJQrgensen group-contribution equation of 

SRK Soave-Redlich-Kwong equation of state 
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Density, Viscosity, and Refractivity Data of Solutions of Potassium 
Iodide in Iv-Formylmorpholine-Water at 25, 35, and 45 O C  

Souad F. AI-Azzawl’ and Etlmad 1. Allos 
Petroleum Research Centre, Jadlr&ah, P.O. Box 70030, Baghdad, Iraq 

The dendtks, vhcorlties, and refractive indexes of a wide 
range of potadum iodide concentrations in 
N-formyknorpholine-water mixtures have been cktermlned 
at 25, 35, and 45 O C .  From these exporhnental data, tho 
apparent mdar volumes, apparent mdar refractivltks, and 
Jones-Dd. B coeffkhnts have beon calculated. It  was 
found that in the investigated range of concentratlonr the 
values of the apparwl molar vdumer and apparent molar 
refractivltks are practlcally independent of temperatwe 
but concmtrat ioMqwht.  Jmr-Dde B c0.tflcknts 
show a negative ckviatbn from kkailty. The values of B 
are negative for the very low concentrations and porltive 
for the higher concentratlons. 

Introduction 

N-Formyknorpholine (NFM) Is a highly polar and dense soi- 
vent, showing a good suitability for the recovery of mocyci ic 
aromatic hydrocarbons from petroleum products such as gas- 
oline and reformate ( 7 ,  2). Recently the aqueous solutions of 
NFM have been used on an industrial scale for extraction pro- 
cesses (3). The addltion of small quantities of water increases 
the efficiency of NFM for the extraction. The thermodynamic 
properties of NFM and the aqueous solutions have been studied 
extensively, and we could not trace In the literature the effect 
of electrolytes on NFM and NFM-water properties; therefore we 
have initiated a program to study these effects. In a previous 
work, we have studied the viscosity behavior of potassium 
iodide (KI) in NFM solutions at several temperatures (4). As 
a continuation of these studies, we measured here the densities, 
viscosities, and refractive indexes at 25, 35, and 45 OC of KI 
solutions in NFM-water mixtures. The obtained resutts of dilute 
electrolyte solutions were analyzed In terms of the Jones-Dole 
equation and the apparent molar volumes and molar refractiv- 
ities. 

Experlmentai Section 

Matodab. N-Formylmorphollne (NFM), puriss grade (Fluka 
AG), was used without further purification and kept over an 
activated molecular sleve of type 4A (Unbn Carbide) for 2 days 
before use. The pvity was confirmed by GLC analysis and was 
found to be >99.5 mol %. Potassium iodide (KI), Chemically 
Pure (RledeMe k e n  AG), was dried for 24 h at 110 O C  prior 
to use and stored over P205 in a glass deslcator. 

Wmwmmis. Densities were determined wlth an 
Anton Paar digital densimeter (DMA 60/602), thermostated to 
fO.O1 OC. The overall precision of the densities is found to be 
better than f 2  X 

Wscd& w, VrscoSities were determined with 
a suspendecWevel Ubbehode vlscometer. The flow times were 
determined electroniceiiy with an electronic t h r  (SChottQerate 
AVS 400) of precision fO.O1 s, and the temperature of the 
bath was controlled better than fO.O1 OC. The viscosities of 
the samples were measured with a reproducibility of f0.002. 

R&acfhw Inckx MM#rmnnk. Refractive indexes were 
measured with an Abbe refractometer with a temperature- 
controlled bath to fO.O1 OC. Reproducibility of the refractive 
index data was within 1 X IO4. 

Proparalkn of Aqrnorw SOMknr d NFM and Salt sdu- 
tlonr. Binary mixtures of NFM and deionized distilled water 
were prepared by mass. The weight percentage error is es- 
timated to be less than 0.1 % . Salt solutions were made by 
weight wlth use of a four-place digital balance. Stock sokitions 
of KI in each concentratkn of NFM-water binary mixtures wwe 
prepared by direct weighing, and these were diluted accurately 
by using previously calibrated glassware to obtain different re- 
quired concentrations. 

g ~ m - ~ .  

Results and Mscuulon 

The obtained densitles, viscosities, and refractive indexes of 
the aqueous solution of NFM and the solutions of KI In NFM- 
water mixtures at 25, 35, and 45 OC are listed in Tables I and 
11. The viscosity behavior of aqueous solutbns of NFM shows 
a negative deviation from ideality (Figure 1). The viscosity of 
the solution of KI in NFM-water shows an ideality for mixtures 
containing from 0 to 50 wt % NFM, and when the concentratkn 
of NFM Increases, the vlscosity behaves negatively toward 
ideality (Figure 2). 

The Jones-Dole B coefficients were calculated from the 
slope of the linear regression of the following equation (5). 

( q / q o  - I ) / C ” *  = A + BC”2 

where 9 Is the viscosity of the solution of KI in the NMF-water 
mixture and qo is the viscosity of the mixture of NFM-water 
only. A and B are the characteristic parameters for the salt 
and solvent depending on ion-lon and ion-solvent interactions, 
respectively, and C is the molar concentration of KI in NMF- 
water mixtures. The Jones-Dole B coefficients are listed in 
Table I1 and pbtted versus the weight percent of NFM in Figure 
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