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Gas—Liquid Solubilities of Carbon Monoxide, Carbon Dioxide,

Hydrogen, Water, 1-Alcohols (1 < n

< 6), and n-Paraffins (2 < n < 6)

in Hexadecane, Octacosane, 1-Hexadecanol, Phenanthrene, and
Tetraethylene Glycol at Pressures up to 5.5 MPa and Temperatures

from 293 to 553 K

B. B. Breman,’ A. A. C. M. Beenackers, E. W. J. Rietjens, and R. J. H. Stege
Department of Chemical Engineering, The University of Groningen, Nijenborgh 4,

9747 AG Groningen, The Netherlands

The gas—liquid solubilities of the solutes carbon monoxide, carbon dioxide, hydrogen, water, ethane,
propane, pentane, hexane, methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol, and 1-hexanol in the
solvents tetraethylene glycol, hexadecane, octacosane, 1-hexadecanol, and phenanthrene were measured
as a function of temperature. The solutes are all reactants or products relevant for synthesis gas
conversion into alcohols and/or hydrocarbons. The solvents are seen as potentially attractive for synthesis
gas conversion via gas-slurry processes. Experimental conditions varied between 293 and 553 K and
0.06 and 5.5 MPa, covering typical process conditions for synthesis gas conversion. The total set of
experimental results consists of 1533 gas—liquid solubilities divided over 60 binary systems. As far as
we know hardly any of the gas—liquid solubilities from this set have been reported previously in the
literature. Where literature data are available, a comparison is made with our data. This comparison
always shows an agreement within the calculated experimental errors with an average deviation of 7.6%

and a maximal deviation of 15.0%.

Introduction

At temperatures between 473 and 673 K and pressures
between 2 and 10 MPa, synthesis gas can be converted
toward methanol, fuel-methanol (a mixture of methanol
and higher alcohols), or a mixture of hydrocarbons (Fis-
cher—Tropsch synthesis), depending on the type of hetero-
geneous catalyst applied. Gas—solid packed bed reactors
are usually applied (I, 2) but new gas-slurry processes gain
attention (3, 4). Then the selection of the inert, high-boiling
solvent is important, and the magnitude of the gas—liquid
solubilities of both the reactants and the products in this
liquid can be a crucial criterion.

Experimental data on the solubilities of reactants and
products in synthesis gas conversion in such liquids are
very scarce in the open literature, particularly at typical
synthesis conditions, which involve high pressures and high
temperatures. The aim of this study is to measure the
solubilities of these reactants and of the major products in
several potentially attractive liquid solvents over a wide
temperature range.

Selection of Solutes and Solvents

In the Fischer—Tropsch, the methanol, and the metha-
nol—higher alcohol synthesis, the most relevant compo-
nents are (1) synthesis gas reactants (carbon monoxide,
carbon dioxide, and hydrogen); (2) in methanol synthesis,
the product (methanol); (3) in methanol—higher alcohol
synthesis, also higher linear and branched alcohols; (4) both
in Fischer—Tropsch synthesis and as side products in the
methanol—higher alcohol synthesis, linear olefins and
paraffins; and (5) the unavoidable side product of synthesis
gas conversion (water).

As solutes we selected all the methanol synthesis com-
ponents (carbon monoxide, carbon dioxide, hydrogen, wa-
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Table 1. Purity and Source or Origin of the Chemicals
Used in This Study

name formula source purity (mass %)
nitrogen N, Hoekloos >99.995
Solutes
hydrogen H, Hoekloos >99.995
carbon monoxide CO Hoekloos >99
carbon dioxide CO, Hoekloos >99.9
ethane CoHg Hoekloos >99
propane C3Hg Hoekloos >99.5
pentane CsHyo Merck >99
hexane CesHi4 Merck >99
methanol CH3;0H Merck >99.8
ethanol C;H;OH Merck >99.8
1-propanol 1-C3H,0H Merck >99.5
1-butanol 1-C4HOH  Merck >99.5
1-pentanol 1-CsH11O0H  Merck >99
1-hexanol 1-C¢H330H Merck >98
water, double distilled H;O >99.9
Solvents

tetraethylene glycol CsHi30s5 Merck >97
phenantrene CioH4 Merck >98
hexadecane Ci16Hss Merck >99
1-hexadecanol 1-C16H330H Merck >97
octacosane CosHss Merck >97

ter, and methanol) and further a set of linear alcohols
(ethanol, propanol, 1-butanol, 1-pentanol, and 1-hexanol)
and a set of linear paraffins (ethane, propane, pentane, and
hexane), representing the most polar and apolar products
in synthesis gas conversion, respectively. Solvents were
selected on the basis of varying specific properties such as
polarizability (phenanthrene), apolarity (hexadecane and
octacosane), and polarity (1-hexadecanol and tetraethylene
glycol). See Table 1 for the purity and source or origin of
the chemicals used in this study.

Experimental Section

Experimental Method. The experimental method is
similar to that of Olsen (5), Cukor and Prausnitz (6), and

© 1994 American Chemical Society
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Figure 1. Experimental arrangement: (1) stainless steel auto-
clave, (2) temperature control unit including heating element, (3)
interface card, (4) personal computer, (5) low- or high-pressure
transmitter, (6) valve, (7) Pt-100 resistance thermometer, (8)
magnetic stirring unit, (9) hole, (10) valve, (11) valve, (12) stainless
steel supply cylinder, (13) Mettler balance, (14) valve, (15)
manometer, (16) syringe, (17) valve, (18) digital pressure indicator,
(19) vacuum pump.

Graaf et al. (7). Known amounts of the two components
were locked-up in a vessel of known volume. After the
temperature was increased stepwise, the system was
allowed to reach equilibrium. These equilibria are char-
acterized by a set of primary measured values: P, T, V-
(Ty), n?, and ng, where P = pressure (MPa), T' = tempera-
ture (K), Vis(To) = vessel volume (m?) at T' = T, (293 K),
nT is the total number of moles locked-up in the vessel,
and 1 and 2 refer to the solute and solvent, respectively.
The gas—liquid solubility of component 1 is characterized
by the mole fractions of component 1 in the liquid phase
and the gas phase, x; and y;, respectively. These two
quantities were calculated indirectly from the primary
measured quantities as described below.

Experimental Arrangement. A scheme of the experi-
mental arrangement is given in Figure 1. See Figure 2
for details on the stainless steel autoclave (1), which was
magnetically stirred by three six-bladed turbine stirrers
placed on a common shaft and provided with four radial
baffles, ensuring rapid physical equilibrium between the
gas and liquid. At least one stirrer rotated in the liquid.
The stirring unit had a very small dead volume of about
10 cm3. To avoid both condensation of the solute in this
dead volume and irreversible demagnetizing of the mag-
nets, which occurs at T' > 473 K, the temperature of the
magnet chambers was controlled at 448 K. The tempera-
ture inside the autoclave was measured with a Pt-100
resistance thermometer (7) (Tempcontrol, type four-lined
Pt-100, range 273—773 K). The Pt-100, including the
electronic transducing unit, was calibrated using a stan-
dard resistance bank, melting ice, and boiling water. The
estimated error of the temperature measurement was +0.3
K (including reproducibility and systematic effects due to
the calibration). The autoclave was further connected to
a pressure device with an effective dead volume of 5 cm?.
This unit contained either a low- (5) (Druck, type PDCR
910, range 0—1 MPa) or a high-pressure transmitter (5)
(Druck, type PDCR 910, range 1—20 MPa), depending on
the kind of solute. To ensure an accurate, reproducible
pressure measurement, the pressure transmitters were
kept at a constant temperature of 293 K. The pressure
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Figure 2. Detailed sketch of the autoclave.

transmitters, including the electronic transducing units,
were calibrated with accurate manometers [15 (Wiegand,
type 342.11, 0—16 MPa, class 0.1, inaccuracy +0.01 MPa)
and 18 (Vacuubrand, 0—0.12 MPa, type 220, inaccuracy
+0.0005 MPa)l. The estimated error of the pressure
measurement was +0.0015 MPa for the low- and +0.015
MPa for the high-pressure transmitter (including repro-
ducibility and systematic effects due to calibration). Con-
densation of solutes was avoided by separating the pressure
transmitter from the gas phase by a seal of silicon oil in a
narrow tube (1.6 mm) to minimize the contact surface with
the gas phase. By connecting the seal to a small volume
of high-pressure carbon dioxide and measuring the pres-
sure as a function of time, it could be experimentally shown
that possible inaccuracies by dissolution of the gas in the
sealing oil or by evaporation of the sealing oil were
negligible. From the top of the autoclave down to about 2
cm below the oil seal the pressure device was thermostated
electrically at 473 K to avoid possible condensation of
solutes. The autoclave was also connected to a high-
pressure, high-temperature valve (10), which could be
provided with a septum to inject liquid solutes. To feed
gaseous solutes, the valve could be connected to a gas
supply cylinder (11-13). The autoclave was electrically
heated. To ensure good isothermal conditions, a jacket of
aluminum was placed between the autoclave wall and the
heating element and both the heating element and the top
and bottom of the autoclave were thermally insulated by
glass wool. All seals were of either copper or stainless steel
(see also Figure 2), and precautions were taken to avoid
overheating of the magnets of the stirring unit and the
pressure transmitters. Therefore, the experiments could
be carried out at relatively high temperatures in the
autoclave (up to 553 K in this study) without encountering
specific practical problems.

Estimation of the System Volume. The effective
system volume was measured at Ty = 293 K by filling the
system with a known amount of pure nitrogen and subse-
quently measuring the pressure increase with a manometer
(15). The mass of nitrogen added followed from the
differential mass of the supply cylinder (12), AWupply,
measured with a balance (13) (Mettler, type PC 4400,
inaccuracy +£0.01 g per reading). This procedure was
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repeated 10 times. The system volume, Vg (T,), was
calculated from the nitrogen mass balance:

RT AWty D

(P,ZY — PoZyMy,

Vo (Ty) =

sys

where Py, P; and Zg, ZY are the pressures and compress-
ibility factors before and after adding nitrogen, respectively,
My, is the molar mass of nitrogen, and R is the gas constant
(=8.314 J mol-! K-1). The compressibility factors Zy and
ZY were obtained from Gas Encyclopaedia (8). The sys-
tem volume was taken as the average of all measurements
to give Vyyo(To) = (974 £ 2) x 1076 m3. The error included
both reproducibility and systematic effects.

Measurement of Gas—Liquid Equilibria. The clean
autoclave was filled with an amount of solvent accurately
measured from the differential mass of the autoclave
(Mettler balance, type PM 46, inaccuracy +0.1 g per
reading). While stirring, the solvent was degassed with a
vacuum pump (19) (valves 10 and 17 open, valves 6 and
14 closed). The degassing was considered to be complete
if, after stopping pumping, the pressure increase in time
stayed below 4 kPa. The amount of injected liquid solutes
was measured from the differential mass of the syringe
(Mettler balance, type H10, inaccuracy +0.0001 g per
reading). Gaseous solutes were fed from a supply cylinder
(12) (valves 6, 10, 11, and 14 open, valve 17 closed). After
valve 10 was closed and stabilization of the pressure as
indicated by manometer 15, the amount of solute fed to
the autoclave could be accurately calculated from the
differential mass of the supply cylinder (balance 13), taking
into account the amount of gas entrapped in the volume
between valves 10, 11, and 17. The volume of this system
(38 cm?®) was measured the same way as described above
for the vessel volume. The amount of gas entrapped in this
section was calculated from the observed pressures before
and after feeding the gaseous solutes. For a particular,
accurately known, mixture present in the autoclave, a set
of experiments with varying temperature was carried out
at a rotational stirrer speed of 23.3 rps. Such sets of
experiments were run automatically under an in-house-
developed Turbo-Pascal computer program. The tempera-
ture control of the autoclave (2) and the data acquisition
with respect to pressure and temperature were automated
using a personal computer (4) linked to the equipment via
an interface card (3). The temperature control was realized
via a PID algorithm. The set point of the temperature
control unit was increased with steps of approximately 5
K. Equilibrium was established at these temperatures and
could be detected by the computer program as follows: if
five subsequent pressure and temperature measurements,
measured within a time interval of at least 10 min, were
constant within 0.3 K and 0.001 or 0.01 MPa, for the low-
pressure and the high-pressure transmitters, respectively,
without showing any trends with time, the gas and liquid
were assumed to be in equilibrium. Each measurement
within the set of experiments required about 15 min.
Equilibrium was established at the highest temperature,
the system was cooled stepwise. The measurement method
assumes that the system was totally free of leakages. This
was verified experimentally by comparing the equilibrium
pressures obtained during the heating and the cooling
cycles. After a set of experiments was finished, a new set
could be carried out by repeating the procedure.

Calculation of Gas—Liquid Solubilities

In this study the gas—liquid solubility of solute 1 in
solvent 2 is expressed as a pseudo Henry constant HII’S at

P° = 1.013 bar. The following relation holds for both
components at gas—liquid equilibrium:

f=f 2)

Here, the gas-phase fugacity of component i, £, follows
from

£ =olyP (3)

where qay = the gas-phase fugacity coefficient of compo-
nenti. In contrast to the gas-phase fugacities, liquid-phase
fugacities, ﬁ“, at constant composition and temperature
depend only slightly on the pressure, according to

FP) = f4P°) exp( [ BHRT) ™ dP) )

where z7l1-‘ is the partial molar liquid volume of component
i. For a dilute solution of solute 1 in solvent 2 the liquid-
phase fugacity of the solute is usually given by Henry’s law:

fild = yl*lelz Wlth liino(’yl*) = 1 (5)
x)

where y1* = the liquid-phase activity coefficient of 1 and
H,; = the Henry coefficient of solute 1 in solvent 2.
Combining eqs 2—5 gives for H.y

HY = yyp*(PH(P°) =
(¢¥y,Ply) exp( f, BHRT)™ dP) (6)

The exponential term is called the Poynting correction (9).
@) and 0} were calculated with the Peng—Robinson equa-
tion of state (10). x; and y; were obtained from the primary
experimental data at equilibrium (P, T, Vi, (T)), an, and
n3) via the next set of equations:

ny
e n{‘ + nlg @
y=1-y (8)
nY+ny =n] (9)
ny+ny=ns (10)
VE+ V=V (Tl + agg(T — Ty)] (11)
ny = y,(PVV/RTZ") (12)
ny = y,(PVV/RTZ") (13)
¥g = (x,Po/P)(cf) (14)
Vi = nlv,°t + nyob® + nlot (15)
vy°" = [Q5(P,TVM,]™ (16)
vEL = EIQIPR — v2°L|pR a7
by = Oylpr (18)
Z¥ =fP,Ty.y,) (19)
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Table 2. Relevant Physical Properties of the Chemicals
Used in This Study: Molecular Weights (M), Boiling
Points (Ty), Critical Properties (P, T, Z.), and Acentric
Factors (0) (Values Obtained from Daubert and Danner
(13) If Not Noted Otherwise)

Mikg

component kmoll) TyK  P/bar TJ/K Z. w

H; 2.02 20.38 12.83 33.20 0.305 —0.2200
CO 28.01 81.70 34.54 13292 0.295 0.0663
CO, 44.01 194.80 72.87 304.19 0.274 0.2276
C.Hg 30.07 184.55 48,17 30542 0.284 0.0990
CsHg 4410 231.11 41,94 369.82 0.280 0.1517
CsHy, 72.15 309.22 33.26 469.65 0.269 0.2486
CeHy 86.18 341.88 29.73 507.43 0.264 0.3047
CH;0H 32.04 337.85 79.92 512.58 0.224 0.5656
C,H;OH 46.07 351.44 63.02 516.25 0.248 0.6371

1-C;H,OH 60.10 370.35 51.04 536.71 0.253 0.6279
1-C4HsOH 74.12 390.81 43.56 56293 0.259 0.5945
1-C;H,;0H 88.15 41095 3830 586.15 0.260 0.5938
1-CeHi3OH  102.18 430.15  34.65 611.35 0.263 0.5803

H,0 18.02 373.15 218.07 647.29 0.233 0.3442
CsH1505 194.23 581.00 25.57 722.00 0.243 1.5783
C1oHiq 178.23 61345  28.63 869.25 0.222 0.4858
CyeHsq 226.45 560.00 14.01 720.60 0.228 0.7471
1-C16H33s0H 242,45 617.00¢ 14.92% 764.18> 0.222> 1.2308°
CosHss 394.78 704.60° 8.81% 866.20° 0.199®  0.8590°

@ Estimated with the method of Weast et al. (14). ® Estimated
with the method of Lydersen (15). ¢ Estimated with the Lee—
Kesler method (16).

oV PS
of = (M) (20)
P2

where VI = the volume of liquid in the vessel, VV = the
volume of gas in the vessel, ags = the cubic thermal
expansion coefficient of stainless steel, i.e., 5.2 x 10-5 K-!
(12), ZV = the compressibility factor of the gas phase, nt =
the number of moles in the liquid phase, nV = the number
of moles in the gas phase, P; = the saturated vapor
pressure of the pure solvent, c¢f = the correction factor for
nonideal behavior of the gas phase concerning the vapor
pressure of the solvent, v°L = the molar pure liquid volume,

EL = the molar liquid excess volume of the solvent, Q%
(P,T) = the pure liquid density of the solvent at P and T,
M, = the molar mass of the solvent, |pg = calculated with
the Peng—Robinson equation of state, (p2°V(P§,T) = the
gas-phase fugacity coefficient of the pure solvent at P
and 7, and 1 and 2 refer to the solute and solvent,
respectively. In Table 2 the relevant physical properties
of the pure components are presented. The liquid density
of the solvent at a standard pressure of P° = 1 bar, Q%
(P°,T), was calculated for hexadecane, tetraethylene gly-
col, and phenanthrene with an empirical equation from
Daubert and Danner (13) and for 1-hexadecanol and
octacosane with the method as proposed by Spencer and
Danner (17). The liquid density of the solvent at increased
pressure, Q%(P,T), was calculated via (18)

9Z P — pe)\1e

05(P,T) = oX(P° :m( #) (21)
c,2

with N = (1 — 0.89w31?) exp(6.9547 — 76.2853T,5 +
191.3067T; 2% — 203.5472T, 9> + 82.76T;»*). Here, Z. = the
critical compressibility factor, P. = the critical pressure, w
= the acentric factor, and T, = the reduced temperature.
Although eq 21 is for apolar or weakly polar liquids, it could
also be used for 1-hexadecanol and tetraethylene glycol
without being a serious additional error source (see also
below) because the pressure corrections were usually small.
For hexadecane, tetraethylene glycol, and phenanthrene
the vapor pressure was calculated via an empirical equa-

tion from Daubert and Danner (13) and for 1-hexadecanol
and octacosane via a method proposed by Riedel (19). The
values of ZV, ¢,°Y, (p;’, and the molar liquid volumes
vo°Llpr, Dilpr, and Us|pg were all calculated with the
Peng—Robinson equation of state, the latter two numerl-
cally by usmg a finite difference technlque with An equal
to 1% of n . For example, for vllpR
L (nk+ An + niwt — (nk + npt
Vilpr = L (22)
Anj

Here, v and vl are the liquid-phase molar volumes at
compositions (n} + An, n}) and (n%, n}), respectively. In
eqs 6—20, the Peng—Robinson equation of state was used
with zero binary interaction coefficients because the values
available for these coefficients (11) were not suitable to
predict accurately either gas-phase fugacity coefficients or
liquid densities. It was checked that using zero binary
interaction coefficients did not affect the accuracy of the
results. The set of nonlinear equations (7-20) was nu-
merically solved by succesively substituting x;. The updat-
ing equation for x; was taken as follows:

T =2} 4+ BFRGT) — x} (23)

Here, F(x}) represents the new computed value for x,
with the iterative scheme set up in the form x}*! =
(xl) B is a relaxation factor to obtain convergency (0 < 8

< 1). The starting value for y; was taken as 1, and that
for x1 followed by settingy; =1,ZV=1,c¢f =1, v = Q,
and 5¥ = 0. The value of the relaxatlon factor (between 0
and 1) and the number of iterative steps requlred 'co match
the convergency criterion, i.e., [x}™! — x| < ], de-
pended particularly on the n0n1dea11'cy of both 'che liquid
and gas phases.

Errorinx;and HP . The maximal and average errors
in Hys, ERRE 4, and ERRAV, respectively, were obtained
from the maximal absolute errors of the various error
sources as listed in Table 3, via (7)

NexgHTD (AUTSP + Ayl

ERR},x = 100 (24)
o= 1003~

Nere [6HTS (AUP™™® + Aplh)\?\V2
ERR}, = 100( Y (25)

avk HI;.’ZS

where N, = the total number of error-contributing vari-
ables, v = an error-contributing variable, for example, Wy,
Ws, etc. (see Table 3), and Av = the absolute error in
variable v, with sys,rp and lof indicating errors due to
systematic and reproducibility effects and due to lack of
fit, respectively. For the errors in x1, ERRj;x and
ERR}v, the same equatlons hold with H'; replaced by x;.
For those vanables in eqs 24 and 25 which depend on P,
T, nY, and/or n] (for example, y;) the value of AVF¥™ is
estlmated via

Avf™ = _AP —AT + -—-—An + —A (26)
aP T anT ' gnl

All partial derivatives in eqs 24—26 were calculated
numerically with a finite difference technique by varying
vy, P, T, nT, or ng by 1%.

Results and Discussion

Gas—Liquid Solubilities. Gas—liquid solubilities of 60
binaries were measured as a function of temperature. For
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Table 3. Estimated Absolute Values of the Various

Errors
error systematical error
source and reproducibility lack of fit units
W 0.01¢ g
0.0001¢ g
W, 0.5 g
P 0.15% bar
0.015% bar
T 0.3% K
P g 0.1P5f bar
E E f 3 1-1
Ué g 0.2v L m® mo
vy g 0.205L7 m3 mol-1
Viys(To) 2 x 10-6¢ ) m?
VAL g 0.0152ZV ¢4
vl g 0.005v°L e m?3 mol™!
@) g 0.005¢ ¢
& 0.002¢7 ¢
g 0.010¢7 ¢
g 0.015¢7 ¢

10?

102

1 1 ! 1

1.4 0111

Figure 4. Solubility of carbon monoxide in various solvents as a
function of the temperature. See Figure 3 for symbols.

750

1 | i 1

@ Estimated from the inaccuracy of the balance (for a differential
mass, twice the inaccuracy per reading). ® Estimated from the
results of repeated measurements and the inaccuracy of the
calibration equipment. ¢ Estimated from the standard deviation
of repeated measurements. ¢ Estimated by Graaf et al. (7). ¢ Es-
timated from the difference between predicted and experimental
data from Spencer and Danner (17)./ Estimated from the inac-
curacies of pure component vapor pressures (5%) and liquid molar
volumes (10%) as predicted from the Peng—Robinson equation of
state (10). € These error sources show neither systematic nor
reproducibility errors directly. However, the corresponding values
depend on P, T', and/or composition. So, indirectly errors in these
parameters are present as calculated from eq 26.

1o ,

1.1 1 t1L8)

L

L1 1 aeel

102

Figure 3. Solubility of hydrogen in various solvents as a function
of the temperature: (v) tetraethylene glycol, (¢) phenanthrene,
(O) hexadecane, (a) 1-hexadecanol, (O) octacosane, (—) Peng—
Robinson equation of state with optimization of two binary
interaction parameters; see Breman et al. (11).

the results see the Appendix, Tables A1—A60. As can be
seen in the Appendix, both y; and the Poynting correction
(Pntr) were always small. The highest values are 0.19 and
1.203, respectively. Further, even for the binary system
with the lowest gas—liquid solubility, the relative fraction
of dissolved solute was significant: hydrogen—tetraethyl-
ene glycol at T = 454.9 K, nI{/n;r = 0.16. Calculations with
the Peng—Robinson equation of state, using two optimized
binary interaction parameters (11), indicate that y;* in eq
5 always deviates less than 10% from 1. As a result, the
pseudo Henry coefficient Hfzs (see eq 6) deviates less than
10% from the real Henry coefficient H;s.

600 [ -

Figure 5. Solubility of carbon dioxide in various solvents as a
function of the temperature. See Figure 3 for symbols.
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Figure 6. Solubility of water in various solvents as a function of
the temperature. See Figure 3 for symbols.

HY; is shown as a function of temperature for each
solute in the various solvents in Figures 3—16. The solid
line is predicted from the Peng—Robinson equation of state
after optimization of two binary interaction parameters
(11). For the alcohols, the paraffins, and water the gas—
liquid solubilities always decrease with increasing tem-
perature, implying an exothermic dissolving process. In
contrast, the small nonpolar solute molecules carbon
monoxide and hydrogen dissolve endothermically or just
weakly exothermically. This indicates relatively weak
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Figure 7. Solubility of ethane in various solvents as a function
of the temperature. See Figure 3 for symbols.
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Figure 8. Solubility of propane in various solvents as a function
of the temperature. See Figure 3 for symbols.
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Figure 9. Solubility of pentane in various solvents as a function
of the temperature. See Figure 3 for symbols.

intermolecular forces between these small molecules and
the solvent molecules. For the binary system carbon
dioxide—tetraethylene glycol a similar result is observed
at high temperatures; see Figure 5. Although water is also
a small molecule, obviously its strong polarity guarantees
an exothermic dissolving process in all solvents over the
whole temperature range.

L v
I L 27)
M= L
€1 MU

25 T T T
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Hiz

0 1 1
350 400 450 500 550
T

K
Figure 10. Solubility of hexane in various solvents as a function
of the temperature. See Figure 3 for symbols.

150 T L 1

Figure 11. Solubility of methanol in various solvents as a function
of the temperature. See Figure 3 for symbols.

100 T T T T

Figure 12. Solubility of ethanol in various solvents as a function
of the temperature. See Figure 3 for symbols.

Table 4 gives an overview of all experimental Hl; and
miz values at 498 K. Here, the gas—liquid solubility m,
is defined by
The molar liquid and gas volumes in eq 27 were calculated
as discussed above. The tendencies observed at 498 K are
rather typical for the whole temperature range. Relative
to the corresponding paraffins, the gas—liquid solubilities
of the alcohols are always higher. As expected, this relative
difference is much larger for a polar solvent such as
1-hexadecanol than for an apolar solvent such as octa-
cosane. For water and the alcohols, tetraethylene glycol
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Figure 13. Solubility of 1-propanol in various solvents as a
function of the temperature. See Figure 3 for symbols.
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Figure 14. Solubility of 1-butanol in various solvents as a
function of the temperature. See Figure 3 for symbols.
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Figure 15. Solubility of 1l-pentanol in various solvents as a
function of the temperature. See Figure 3 for symbols.

clearly is the best solvent. Depending on the carbon
number of the solute, either 1-hexadecanol [alcohols (n <
4) and water] or phenanthrene [alcohols (n > 4)] is the
second best solvent, whereas octacosane [alcohols (n < 4)]
and hexadecane [water and alcohols (n > 4)] are the poorest
solvents. For hydrogen, carbon monoxide, carbon dioxide,
and the paraffins, hexadecane is the best solvent (measure-
ments in three solvents only) and phenanthrene (carbon
dioxide and carbon monoxide) or tetraethylene glycol
(hydrogen) is the poorest solvent. The gas—liquid solubili-
ties of carbon dioxide appear to be much more sensitive to
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Figure 16. Solubility of 1-hexanol in various solvents as a
function of the temperature. See Figure 3 for symbols.

Table 4. Pseudo Henry Constants H.s (bar) and
Solubility Constants m;2 (Dimensionless) at T = 498 K
Obtained via Linear Interpolation from the Appendix

solvent

solute CaH1505 CioHis CigHzs 1-CisH3aOH CosHss
H, HES 2139.3 18622 576.6  667.0  523.8
miz 0092 0122 0197 0178  0.137

co HTS 17388 2551.8 4417 5521  329.8
miz 0113 0089 0.257 0214 0217

CO; HIS 376.7 6487 1914 2166  187.3
miz 0520 0351 0592 0547  0.383

CzH HS 1204 1517 863
mig 0916  0.781  0.831

CsHs HS 82.1 1045 515
miz 1.323 1133  1.392

CsHip His 26.1 31.8 21.9
miz 4344 3731  3.268

CeHia HS 17.2 20.0 121
mig 6.578 5917 5917

CHsOH  HIS 291 957 684 40.2 49.5
mi2 6.757 2.387 1661 2950  1.449

C:HsOH HY; 269 699 473 30.1 36.0
miz 7.299 3268 2404 3937 1992
1-CsH,0H HPS 166 384  30.0 18.9 20.2
miz 11905 5952 3.788 6289  3.559
1-C{H,OH HY 145 215 187 12.7 12.7
miz 13513 10638 6.098 9346  5.650
1-CsHiOH HI 108 172 158 113 8.9
miz 18182 13.333 7.194 10526  8.064
1-C¢H;30H Hfzs 11.7 6.9 5.5
miz 9.709  17.241  13.158

H:0 HYS 183 1221 1056 595 55.0
miz 10.753 1.869 1.075  1.992  1.304

the chemical nature of the solvent than those of carbon
monoxide and hydrogen. This can be understood from the
high polarizability of carbon dioxide. The gas—liquid
solubilities of carbon monoxide, carbon dioxide, and hy-
drogen in hexadecane are comparable to those in 1-hexa-
decanol, indicating a minor influence of the solvent hy-
droxide group of the latter solvent for these solutes. The
gas—liquid solubilities of both the alcohols and water are
significantly higher in 1-hexadecanol than in hexadecane
whereas the paraffins show the opposite behavior, indicat-
ing a significant influence of the solvent hydroxide group
of 1-hexadecanol for these solutes. The gas—liquid solubili-
ties in hexadecane and octacosane can differ substantially
despite their similar chemical nature. This indicates a
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Table 5. Comparison with Data Available from the Literature

solute solvent T/K HPS M har Hbar 100(RR)? ref
CO2 C10H14 382 400.020 420.8° 49 Barrick et al. (22)
CO2 C10H14 423 466.0%0 493.6 5.6 Barrick et al. (22)
H: Ci6Hag 353 902.0¢ 901.5 0.1 Graaf et al. (7)
Hs Ci16Has 300 1111.0 966.0 15.0 Cukor and Prausnitz (6)
H, Ci6Hsq 425 681.0 729.9 6.7 Cukor and Prausnitz (16)
Hs CieHas 475 567.0 621.1 8.7 Cukor and Prausnitz (6)
CO Ci6Hsq 298 567.0° 569.3¢ 0.4 Graafet al. (7)
CcO Ci¢Hag 353 517.0° 590.8 12,5 Graafet al. (7)
cO Ci16Hag 300 538.0 566.7¢ 5.1 Tremper and Prausnitz (21)
CO C16H3s 425 461.0 521.9 11.7 Temper and Prausnitz (21)
cO Ci6Hag 475 419.0 466.4 10.2 Temper and Prausnitz (21)
CO Ci6Hsy 298 570.0 569.3¢ 0.1 Lin and Parcher (20)
CcO Ci6Hss 328 543.0 603.5 10.0 Lin and Parcher (20)
COq Ci6Hsy 298 74.0 66.0¢ 12.2 Graafet al. (7)
COq Ci6Haq 353 115.0 116.4 1.2 Graaf et al. (7)
COq2 Ci16H3s 300 74.0 67.3¢ 10.0 Tremper and Prausnitz (21)
COq CigHay 425 157.0 164.9 4.8 Temper and Prausnitz (21)
COq Ci6Has 475 176.0 185.6 5.2 Temper and Prausnitz (21)
CO2 Ci6Hsa 298 71.0 66.0° 7.6 Chai and Paulaitis (23)
COq Ci6Hay 330 95.0 98.0 3.1 Chai and Paulaitis (23)

- COq Ci6Hsy 298 73.0 66.0 10.7 Lin and Parcher (20)
CO2 Ci6Hsq 328 92.0 96.3 4.5 Lin and Parcher (20)
CsHio Ci6Hay 320 1,3a:b 1.2¢ 5.0 Donohue et al. (24)
H: C2sHss 528 406.0%0 488.2¢ 16.0 Miller and Ekstrom (25)
CcO CasHss 528 352.6%0 307.0¢ 12.1 Miller and Ekstrom (25)
COq CosHss 353 82.0 92 .4°¢ 11.2 Lin and Parcher (20)
COz Cstss 393 101.0 115.9¢ 12.8 Lin and Parcher (20)
CqHg CasHss 393 54.0 52.8¢ 2.3 Lin and Parcher (20)
C3Hs CogHss 353 15.4 14.2¢ 8.8 Lin and Parcher (20)
CsHsg CosHssg 393 24.7 22.3¢ 10.6 Lin and Parcher (20)

@ Corrected to P° bar via eq 4. If not noted, no correction was carried out because the exact experimental pressure was not given.
b Calculated from liquid composition and equilibrium pressure via eq 6 with y; taken equal to 1. ¢ Obtained via the Peng—Robinson
equation of state after optimization of two binary interaction parameters; see Breman et al. (11). If not noted, obtained via linear
interpolation from the Appendix. ¢ Defined by RR = |1 — Hff’m/Hffl.

significant influence of the size and/or shape of the solvent
molecule on the gas—liquid solubilities. Especially for the
small apolar solute molecules hydrogen, carbon monoxide,
and carbon dioxide, the gas—liquid solubility is higher in
hexadecane than in octacosane, whereas for the other
solutes this difference is relatively smaller; see Table 4.

Comparison with Literature Data. Not many gas—
liquid solubility data are available for the investigated
binary systems. For all the binaries with either an alcohol
or water as the solute and/or tetraethylene glycol, 1-hexa-
decanol, and phenanthrene (except if carbon dioxide is the
solute) as the solvent, no comparable measurements were
found in the literature. For the other binary systems some
results are available. However, these results were nearly
always obtained at pressures below or at 1.013 bar, and
for a few temperatures only. These limitations usually
originate from the experimental methods applied (20, 21).
The present set of results therefore substantially extends
the gas—liquid solubility data bank. It is especially
relevant to gas-slurry processes for methanol (—higher
alcohol) and hydrocarbon production from synthesis gas.
In Table 5 the limited literature results available are
compared to our corresponding experimental data. It
should be noted that the reported literature values of the
pseudo Henry coefficient, H: frf LIT were generally obtained
at another composition of the liquid phase. However,
calculations with the Peng—Robinson equation of state
suggest that Hfz,s deviates less than 5% from H;g for the
binary systems listed in Table 5, allowing a direct com-
parison between the pseudo Henry coefficients from the
literature and this study to be made. As appears from
Tables 5 and 6, the agreement between the gas—liquid
solubilities from the literature and those from this study
is satisfactory, with deviations always within the calculated
average experimental errors.

Experimental Errors. For the minimal, maximal, and
average calculated values of the average error in x;
(ERR%y) and Hty (ERRY,) and the maximal values of the
maximal error in x; (ERR},y) and Hi; (ERRﬁ%), see
Table 6. The maximal values of ERRy;,x and ERRy,x are
higher than the maximal values of ERR}, and ERRY,
because the first two were calculated from a worst case
approach assuming all error sources contributing maxi-
mally in the same direction to the overall error, which is
very unlikely to occur in practice. The values of ERR}y
and ERRYy, are still overestimated because these are also
calculated assuming all the error sources contributing in
the same direction to the overall error though not with their
maximal quantities but rather with a kind of average
quantity, also still unlikely to occur in practice. A high
gas—liquid solubility and a relatively large amount of
solvent are favorable to obtain accurate results. The first
effect is seen from comparing, for example, the errors in
the binary systems containing carbon monoxide or hydro-
gen and the errors in the binary systems containing
alcohols. The second effect follows from comparing the
errors in binary systems containing hexadecane (£2 mol
of solvent) and the binary systems containing octacosane
(£0.4 mol of solvent). As far as possible, we used relatively
large amounts of solute and solvent.

In Table 7 the relative individual contributions of the
several error sources to ERR};,yx and ERRE , are shown
for some binary systems. Neither for low (represented by
carbon monoxide and hydrogen) nor for high gas—liquid
solubilities (represented by ethanol and 1l-pentanol) can
dominating error sources be identified for ERRjjx.
Therefore, further improvement of the experimental ac-
curacy in the measurement of temperature, pressure,
system volume, or total amounts of solute and solvent will
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Table 6. Minimal, Maximal, and Average Values of the Average Relative Error in x; (ERR%,) and H's (ERRY,) and

x H
ERR}y ERR,y ERRY;x ERRfIMx
solute solvent min max av min max av max max
H, CgH1505 13.18 62.17 27.66 17.96 93.47 40.09 93.97 94.08
CO CsH;505 8.85 43.75 21.06 11.71 68.84 30.97 67.59 70.37
CO. CsH1505 2.15 4.90 4.13 3.49 6.24 5.45 5.94 7.77
CH;0OH CgH 1505 0.21 1.23 0.56 1.67 2.19 1.77 1.45 3.66
CyH;0H CgH 1505 0.18 0.88 048 1.68 1.93 1.77 1.06 3.20
1-C3H,OH CgH1505 0.13 0.66 0.35 1.71 2.46 1.85 0.83 3.70
1-C4HyOH CegH 1505 0.16 0.59 0.34 1.72 2.04 1.80 0.75 3.22
1-CsH;;0H CsH 1505 0.15 0.47 0.26 1.82 2.48 2.02 0.64 3.85
H,0 CgH1505 0.18 0.77 0.41 1.66 1.87 1.74 0.97 3.13
H, Ci1oH1s 14.80 20.20 17.57 21.38 30.43 25.91 30.73 31.16
CcO CioH14 14.49 21.04 17.16 20.21 30.70 24.51 30.92 31.95
COq CioHi4 5.80 6.74 6.45 7.94 8.61 8.45 8.38 10.14
CH3;0H CioHi4 0.55 1.36 0.95 1.79 2.31 2.00 1.67 3.77
C.H,OH Ci1oH14 0.41 1.13 0.75 1.76 2,11 1.88 1.37 3.52
1-C3H,OH CioHi4 0.21 0.74 0.45 1.74 1.99 1.81 0.91 3.27
1-C,H,OH C10H14 0.18 0.56 0.35 1.75 2.10 1.83 0.71 3.36
1-CsH;;0H CyoHy4 0.18 0.47 0.31 1.86 2.17 1.94 0.62 3.59
H;0 Ci1oH14 0.73 1.90 1.36 1.85 2.81 2.32 2.33 4.34
H; Ci6Haq 15.03 29.49 20.53 18.50 41.98 27.41 42.59 42.69
CcO Ci6Hss 11.68 18.37 14.48 13.22 24.28 17.69 24.04 25.39
CO. Ci16Haq 3.59 6.01 516 5.02 7.04 - 6.45 6.87 8.61
CoHg Ci6Hsa 1.69 4.56 3.33 3.60 5.60 4.62 5.33 6.60
CsHg Ci6Hsq 091 2.72 2.11 2.70 4.20 3.13 3.20 4.81
CsHyo Ci6H3q 0.27 0.90 0.56 1.80 2.09 1.87 1.09 3.32
CgHiy Ci16H3a 0.30 0.60 0.43 1.86 2.16 1.94 0.80 3.61
CH30H Ci6H3y 0.44 1.37 1.01 1.99 2.33 2.16 1.76 3.78
C;H;OH Ci1sHaq 0.35 1.11 0.69 2.01 2.81 2.17 1.52 4.45
1-CsH,OH C16H3q 0.21 0.80 0.45 1.94 4.67 2.50 1.11 6.34
1-C4HgOH Ci6H34 0.25 0.63 0.39 1.86 2.45 2.08 0.84 3.92
1-CsH1:0H CigHaq 0.22 0.53 0.29 2.13 17.75 6.57 0.83 19.63
1-CgH,30H C16Haq 0.32 0.51 0.36 2.76 34.86 11.82 0.88 36.97
H,0 Ci6Hsy 1.09 2.19 1.69 2.19 3.20 2.72 2.83 4.78
H, 1-Cy¢H330H 17.42 22.88 20.23 2391 33.31 28.66 33.77 34.07
CO 1-C16H330H 13.91 17.82 15.77 17.14 23.71 20.20 23.86 24.83
CO; 1-C1sH330H 5.78 6.89 6.41 7.90 8.63 8.36 8.48 10.28
CqoHg 1-C16H330H 3.82 5.04 4.49 5.68 6.64 6.24 6.70 9.22
C3Hg 1-C16H330H 2.30 3.11 2.67 5.53 6.29 5.70 4.53 8.45
CsHjo 1.C1sH33s0H 0.28 0.73 0.45 2.19 5.76 3.06 1.10 7.58
CeHy 1-C1¢H330H 0.24 0.53 0.32 2.59 11.50 4.99 0.84 13.36
CH;0H 1-C1¢H330H 0.23 1.23 0.65 1.97 4.86 2.43 1.66 6.56
C;H;O0H 1-C1gH330H 0.20 0.98 0.50 1.96 7.27 2.80 1.34 9.01
1-C;H,0H 1-C16H33s0H 0.28 0.66 0.42 2.40 5.40 3.21 1.03 7.32
1-C4HyOH 1-C1¢H330H 0.22 0.50 0.28 2.61 32.98 9.86 0.79 34.92
1-CsH;;0H 1-C1¢H330H 0.23 0.47 0.31 2.93 10.06 4.78 0.77 12.24
1-CgH130H 1-C16H330H 0.24 0.38 0.28 4.45 18.17 8.07 0.66 20.97
H;0 1-C16H330H 0.31 1.63 0.85 2.14 4.64 2.61 2.28 6.44
H, CosHss 57.87 69.52 65.76 77.10 106.52 94.51 101.70 107.48
CO CosHss 36.08 45.44 41.12 42.59 67.24 55.58 62.61 68.69
COq CosHss 20.31 25.31 22.53 26.81 38.85 32.70 35.58 41.02
CoHg CosHss 10.01 10.73 10.32 12.73 15.23 13.92 14.04 17.72
C3Hg CosHsg 7.50 9.76 8.49 12.41 15.91 13.91 15.67 20.01
CsHio CosHss 148 3.06 2.21 3.36 4.99 4.03 4.85 7.33
CeHyy CosHss 0.67 1.79 1.10 2.88 5.58 3.41 2.90 7.91
CH3;0H CosHss 5.22 6.20 5.61 8.29 9.64 8.80 9.65 12.24
C,H;OH CosHss 2.06 4.52 3.21 3.37 6.28 4.71 6.18 8.21
1-C3H,0OH CosHss 0.57 2.73 1.57 2.40 4.08 2.99 3.84 5.94
1-C4HyOH CogHss 0.73 1.77 1.20 2.54 3.11 2.71 2.70 5.01
1-CsH;;0H CosHss 0.64 1.35 0.95 2.56 3.11 2.70 2.17 5.16
1-C¢H;130H CogHss 0.56 0.88 0.66 2.68 9.46 4.65 1.55 11.78
H;0 CogHss 1.58 7.61 5.04 3.36 1145 7.87 11.57 13.78

reduce the overall value of ERRy,,x only partially. The
total error is relatively strongly influenced by the assumed
lack of fit in the calculation of the liquid-phase molar
volumes vY, v5L, and vyt and the gas-phase compress-
ibility factor ZV if the lack of fit errors are those of Table
3. Then a further improvement in the accuracy of x; and
HF? requires more accurate methods to predict the gas
and liquid densities. In contrast, the influence of the
inaccuracies in P‘;’ is negligible. For ERRﬁAx the same
holds as for ERR}1,x unless ethanol or 1-pentanol is the
solute. In the latter case the experimental inaccuracy of
the pressure measurement and the assumed lack of fit in

the calculation of the gas-phase fugacity coefficient of the
solute are the dominating error sources. Especially at low
system pressures, where the relative error in the measured
pressure is relatively high, as for the 1-pentanol—hexade-
cane binary, a further improvement of the accuracy in the
pressure measurement will result in a lower ERRfY,«.

Conclusions

A large set of new gas—liquid solubility data, potentially
relevant for synthesis gas conversion into alcohols and
hydrocarbons via gas-slurry processes, has been obtained
at the high pressures and temperatures relevant for these



656 Journal of Chemical and Engineering Data, Vol. 39, No. 4, 1994

Table 7. Individual Contributions of the Various Error Sources to the Total Error in x; and H'; for Four Binary
Systems (Averaged over All Data of a Series of Experiments of the Corresponding Binary System)

error Hy—C1Hss CO~C,6Hs4 CoHs;OH—C6Hss 1-C5H;,OH-Cy6Hay
source ERR~ ERRH ERR* ERRA ERR* ERRH ERR* ERRH

Wi 13.26 13.00 1.18 1.12 1.75 0.48 1.81 0.10

Ws 3.22 3.16 3.52 3.35 13.75 3.85 26.21 1.57

P 4.15 5.23 4.97 6.85 11.80 32.44 30.02 75.93

T 2.11 2.07 2.16 2.06 2.04 0.70 1.27 0.22

P 0.00 0.01 0.01 0.01 0.87 1.83 1.83 1.81

z‘;E 7.63 7.47 11.30 10.72 9.46 2.66 6.82 0.40

ugL 28.37 27.77 34.65 32.17 21.36 5.98 9.81 0.58

Viys (To) 8.18 8.01 8.40 8.01 7.41 2.07 4.08 0.23

VA 19.12 18.73 19.36 18.47 19.21 5.42 12.22 0.73

vl 13.90 13.62 14.41 13.02 12.29 3.45 6.02 0.35

¢‘1’ 0.00 0.87 0.00 2.66 0.00 41.07 0.00 18.02
processes. The experimental arrangement is particularly veL molar pure liquid volume, m? mol~!
suitable to obtain gas—liquid solubilities over wide tem- w mass of fed component, kg
perature ranges within a relatively short period of time. AWgypply  differential mass of supply cylinder, kg
The accuracy of the results is reasonable as follows from x mole fraction in the liquid phase
both calculations and a comparison with the few literature y mole fraction in the gas phase
results available. zZ compressibility factor

In general, the gas—liquid solubilities decrease with Z. critical compressibility factor
temper:ature except for some binary systems with carbon Mathematical Notation
monoxide or hydrogen as the solute.

For both water and the alcohols, the strongly polar x| absolute value of x .
tetraethylene glycol is the best solvent and the apolar x|pr x as calculated with the Peng—Robinson equa-
solvents hexadecane and octacosane are the poorest sol- tion of state increment of x or absolute error
vents. In contrast, tetraethylene glycol is the poorest nx
solvent for hydrogen and the poorest but one for carbon Greek Letters
monoxide, whereas hexadecane and octacosane are rela- )
tively good solvents for these solutes. Olgs cubic thermal expansion coefficient of stainless

steel, 5.2 x 1075 K1
Acknowledgment . . B relaxation factor, eq 23

The authors”appremate the technical assistance of O. v, v* activity coefficient
Staal and P. Dijkema. 0 density, kg m™3
Notation @ fugacity coefficient

. _ ) acentric factor
c concentration, mol m=3
ERRY, average error in H'}, bar Subscripts
ERR},  average error inx i component i
ERRﬁAx maximal error in Hﬁs , bar k control variable
ERR® maximal error in x; Ny nitrogen
MaX . PR calculated with the Peng—Robinson equation of
f fugacity, bar
state
H Henry constant, bar i component 1. solut
HS pseudo Henry constant of solute 1 in solvent 2, P » 8o ute
12 2 component 2, solvent
eq 6, bar
M molar mass, kg mol~! Superscripts
miz gas—liquid solubility coefficient of solute 1 in E
excess
solvent 2, eq 27 L liqui
_ . iquid phase
N number of error-contributing variables .
LIT literature value
n number of moles or number of carbon atoms 1
T of by lack of fit
n total number of moles
PS pseudovalue
P pressure, bar, MPa, kPa . o eqe
. Sys,rp by systematic and reproducibility effects
P, critical pressure, bar
¢ v gas or vapor phase
P standard pressure, 1 bar 0 ure component
Ps saturated vapor pressure, bar P P
Pntr Poynting correction Appendix: Experimental Data
R gas constant, 8.314 J mol™* K™* The primary experimental measurements were P, T, the
RR relative residual system volume at T = 293 K, and the amount of solute
T terpperatqre, K and solvent (here expressed in moles). The system volume
Ty boiling point, K at T = 293 K was always 974 x 1075 m®. x,, y;, HS;, were
T. critical temperature, K calculated from these primary data as described above.
Ty standard experimental temperature, 293 K Pntr, the Poynting factor, is defined by
\% volume, m? »
Veys(To)  system volume at Ty = 293 K, m? Pntr = exp( [,.0}(RT)" dP)
v molar volume, m3 mol~!
oL partial molar liquid volume, m? mol~! The values of these parameters for 60 binaries are given

Uk error-contributing variable

in Tables A1—A60.
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Table AS9.
solute; CeH130H: 0.074 (mol)
solvent; CzaHss: 0.362 (mol)
Ps
LA R A,
BT bar K - - bar -
1 0.17 373.5 0.1622 11,0000 1.0 0.996
2 0.18 384.6 0.1616 1,0000 1.1 0.996
3 0.19 383.4 0.1612 1.0000 1.2 0.996
4 0.20 391.3 0.1608 1.0000 1.3 0.996
5 0.22 392.9 0.1602 1.0000 1.3 0.996
[} 0.24 400.4 0.1595 1.0000 1.5 0.996
7 0.25 405.3 0.1591 1.0000 1.5 0.996
8 0.27 408.1 0.1580 1.0000 1.7 0.997
9 0.28 413.8 0.1578 1.0000 1.8 0.997
10 0.30 420.2 0.1569 1.0000 1.9 0.997
11 0.34 423.1 0.1555 1.0000 2.1 0.997
12 0.36 428.7 0.1546 1.0000 2.3 0.997
13 0.37 434.1 0.1545 1.0000 2.4 0.997
14 0.40 440.2 0.1535 1.0000 2.5 0.997
15 0.43 446.6 0.1523 1.0000 2.8 0.997
16 0.46 448.5 0.1812 1.0000 3.0 0.997
17 0.47 452.7 0.1509 1.0000 3.1 0.998
18 0.51 461.5 0.1493 1.0000 3.4 0.998
19 0.56 466.9 0.1477 1.0000 3.7 0.998
20 0.58 470.7 0.1471 1.0000 3.9 0.998
21 0.61 475.4 0.1460 1.0000 4.1 0.998
22 0.66 481.1 0.1443 1.0000 4.5 0.998
23 0.70 485.8 0.1430 1.0000 4.8 0.999
24 0.73 489.9 0.1419 11,0000 5.1 0.999
25 0.78 496.4 0.1404 1.0000 5.4 0.999
26 0.81 500.5 0.1393 1.0000 5.7 0.999
27 0.85 505.1 0.1382 1.0000 6.0 0.999
28 0.88 509.1 0.1372 1.0000 6.3 0.999
29 0.92 S513.2 0.1359 1.0000 6.6 1.000
30 0.95 517.1 0.1348 1.0000 6.9 1.000
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