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ABSTRACT 

A new ex.per.iment.a.l met·hod has be·e·n developed to 
meas.ur.e s.olubilities of. na,rrow-boiling, heavy f.os.sil-fuel 
fra·ctions in compressed g;a.ses. So·lub:i.l ities are determ·in·ed 
from the volume· of g;as require·d to vaporize comple·te·ly a 
sma·ll, me·a sure d mass o,f fo s-s:i 1- fue 1 s-a·m·p le. This m.e thod 
has. been use·d success.fully for seve·ral heavy s.olutes 
di.ssolved in compres.se·d m.eth·ane a'nd in a· comp.res·sed 
me·thane/w.ater mixtur.·e • 

This wort. wa·s supporte.d by th'e Director, Office of Energy 
Research, Office of Basi.c Energy Sciences, Chemical 
Sciences Division of the U.S. D~partment of Energy under 
Con~ract Number DE-AC03-76SF00098. 
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INTRODUCTION 

The high cost of energy has led to a search for new 
process technologies which allow more efficient 
utilization of energy resources. As a result, there has 
been growing interest in processing or upgrading of coal, 
heavy crudes, heavy petroleum fractions, tar ~ands, shale, 
etc. Development of s~ch processes requires quantitative 
information for equilibrium properties of these materials 
under processing conditions at elevated temp~ratures and 
pressures. Of particular interest here is the solubility 
of a heavy fossil-fuel mixture in a c·ompressed gas. This 
solubility is needed for the design of extraction 
processes with supercritical or near-critical fluids, 
(e.g. deasphalting, de-ashing and general upgrading of 
petroleum fractions); for petroleum-reservoir 
pressurization with light gases, toward removal of high
molecular-weight hydrocarbons left behind after primary 
recovery; and for coal-gasification process steps 
(condensation and qu~nching) where product gas ~treams 
often contain high-boiling coal tars. 

Fossi.l-fuel mixtur~s typically contain very m•ny 
components. The wide range of properties of the components 
and the analytical problem to identify t~ese components 
makes phase equilibrium predictions and exp~rimental 

measure•ent extre•ely difficult. A common procedure is to 
"divide" the mixture into fractions with fewer com·ponents 
and s m a 11 e r r an g e s o f p r.·o p e r t i e s . Ph a s e e q u i 1 i b r i um 
predictions and pro~ess design are then based on average 
or effective properties of the fractions. 

This work reports an experimental technique for 
measuring vap~r-liquid equilibria in systems containing 
narrow-boiling fossil-fuel fractions and compressed gases. 
The solubility of a fossil-fuel fraction in a compressed 
gas (defined as the sum of the vapor-phase concentrations 
of the heavy fraction's individual components) is 
determined by measuring the quantity of gas required to 
va.porize completely, unde·r equilibrium conditions, a 
measured sample of that fraction. Be~ause stripping 
effects cause the composition. and solubility of the 
fraction to change during the vaporization process, a 
computer sim~lation of the vaporization process is used to 
relate the total-vaporization data to the solubility of 
the heavy fra.ction before its composition and solubility 
have changed. Approximate characterization of the heavy 
mixture, required for computer s.imulation, is obtained 
from the average molecular weight, hydrogen-to-carbon 
ratio, and approximate chromatographic analysis of the 
heavy mixture. A much simpler but less "rigorous" and 
slightly less accurate procedure is also presented for 
accounting for stripping effects. The simpler method does 
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not require computer simulation, chromatographic analysis, 
or average molecular weight, but gives results 
(solubilities in terms of weight fractions instead of mole 
fractions) which are within S~ of those obtained by the 
more "rigorous" data-reduction procedure. 

The experimental technique differs from those used 
previously to measure compressed-gas solubilities of pure 
heavy hydrocarbons [e.g. Johnston 1981, Kaul 1978, Kurnik 
1981, Paulaitis 1980]. First, the total-vaporization 
technique requires only semi-quantitative analysis of the 
gas phase. For measuring solubilities of complex mixtures, 
auch as coal-tar ~ractions which are difficult to analyze 
quantitatively, this represents an important advantage 
over conventional methods which require precise 
quantitative analysis. Second, because only semi
quantitative analysis of the gas phase is required, water 
vapor can be introduced into the gas phase without 
significantly affecting the experimental and data
reduction procedures. This capability is i~portant because 
water is so often present during the proces~ing of heavy 
fossil fuels. Third, the total-vaporization method allows 
experiments to be performed with small liquid samples, 
such as those obtained from fractionation of coal tars or 
petroleum crudes into narrow-boiling fractions. Whereas 
sparged gas-liquid contactors, used in conventional 
methods, often require on the order of 100 cm3 of liquid, 
the p a c k e d-b e d . e q u i1 i b r i um c e 11 us e d he r e r e q u i r e s 1 e s s 
than 0.5 cm3 , per measurement. 

Our technique has been tested by measuring 
solubiliti~s of hexadecane, and a synthetic mixture 
containing know~ amounts of naphthalene, 1-
m·ethylnaphthalene, 2-ethylnaphthalene, and 
diphenylmethane, in compressed methane. It has also been 
used to measure solubilities of two coal-tar fractions 
produc~d from a coal-tar sample obtained from SASOL's 
Lurgi coal gasifier in South Africa. Solubilities were 
measured in methane and in a methane/water mixture. 

EXPERIMENTAL APPARATUS 

Presented in Figure 1 is the experimental apparatus 
to determine the solubility of a narrow-boiling, heavy
hydrocarbon liquid mixture in a compressed gas. Gas from 
a compressed gas cylinder is preheated in a constant
temperature air bath and passed through a packed-bed cell 
where it equilibrates with the hydrocarbon liquid at 
measured temperature and pressure. Saturated gas leaving 
the cell is expanded and directed through a heated gas
sampling valve used to take samples intermittently. Gas 
samples are analyzed with a flame-ionization detector in a 
gas chromatograph; the results are recorded by an 
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electronic integrator. The saturated gas is then cooled to 
room temperature and its cumulative volume is measured 
using a wet test meter. Completion of the vaporization of 
the hydrocarbon liquid is signaled by a sharp decrease in 
the chromatogram peak area corresponding to the heavy 
liquid. 

We use two packed-bed cells in parallel. These 
packed-bed cells are stainless-steel tubes, 16 em in 
length and O.S-cm ID, packed with 30/60-mesh Chromosorb-P 
column support, coated with the hydrocarbon liquid of 
interest. The hydrocarbon liquid is dispersed throughout 
the cell by syringing ~nto the cell at five evenly spaced 
points. The mass of hydrocarbon liquid introduced into 
the cell is determined by weighing the syringe before and 
after loading. 

A specially designed high-temperature, high-pres~ure, 

fine-metering valve is used to expand the compressed-gas 
mixture from the packed-bed cell so that the gas can be 
sampled an4 metered. The gas-sampling valve is a VALC~ 
10-port, high-temperature sampling valve with 0.75-cm 
sample loops. A 10-port valve with two sample loops is 
us~d so that gas streaas from two different packed-bed 
e q u i 1 i b r i um c e 11 s c a·n b.e s·a m p 1 e d a 1 tern a t e 1 y • Sam p 1 in g i s 
automated usin~ a VALCO digital valve interface, a. VALCO 
2-position helical-drive air actuator and a simple 
mechanica·l timer. A typical run lasts t.wo to three days 
and s.am.ples are taken e:very 30 minutes. 

Gas samples are anaLyzad using a Perkin-Elmer 990 gas 
ch.romatograph with a hydrogen-flame ionization detector 
under constant-temperature, single-column operation. The 
chromato~raph.ic column use·d is a 2-m long, 3.2-mm OD 
stainless-steel tube pa.ck.ed with 3111 OV-101 on 80/100-mesh 
Chromosorb W-HP column support (aupplied by Varian). The 
output from the gas chromatograph is mea.sured and recorded 
using a Spectra-Physics single-channel, computing 
integrator, operating in the "simulated distillation" mode 
( c u m:u 1 a t i v e i n t e g r a t i on a t r e g u 1 a r i n t e r v a 1 s ) • 

Temperature measurements in the constant-tempera~ure 

air bath are made with a·n a ccu.ra·cy of 0 .2 °C using Brooklyn 
precision thermometers calibrated against primary N.B.S.
certified thermometers. The uniformity of the temperature 
within the ba.ffled, air-stirr.ed bath is better than 0.2°C. 
Thermocouples are used for temperature measurements 
outside the air ~ath to insure tha~ condensation of heavy 
hydrocarbon does not take place. Pressure measurements are 
made u•ing two Heise bourdon-tube gauges with accuracies 
of 0.2 psi in the 0-200 psi range and 2.0 psi in the 200-
2000 psi range. The pressure drop through the system is 
negligible at gas flow rates (less than S cm3 /min) used in 
this work. 

The experimental apparatus has been modified to allow 
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the introduction of water vapor into the gas phase. Shown 
in Figure 2 are two water-containing sparged cells 
upstream of the original packed-bed cells. Otherwise, the 
apparatus in Figure 2 is identical to that in Figure 1. 

The sparged cells are stainless-steel tubes, 18 em in 
length and 2.2-~m ID. The spargers are sintered
stainless-steel disks. Two-em thick layers of pyrex-glass 
wool. supported by perforated stainless-steel disks, are 
plac~d at the outlets of each sparged cell to eliminate 
possible ~ntrainment. Two sparged cells are connected in 
series to assure saturation. These cells are placed in a 
fluidized-bed bath. Temperatures are measured as described 
previously. 

DATA REDUCTION 

Figure 3 presents experimental results of two total
vaporization experiments with normal-hexadecane in methane 
at two different gas flow rates. The results of 
intermittent gas-phase analysis are plotted against the 
corresponding cumulative gas volume (at STP) having passed 
t.hrough the equilibrium cell. For this simple case, W·here 
a pure heavy liquid is va~orized, the vapor-phase 
solubility in meth.ane can be ob·tained directly from the 
weight of hexadecane vaporized. we • and from that of 

. 16 
methan~. we • required to vaporize completely the 

hexadecane simple. The solubility, expressed as the 
equilibrium weight fraction, w, is given by, 

1t' = (1) 

Res~lts obtain~d for this system are in close agreement 
with those obtained by conventional techniqu~s and 
establiah that equilibrium is achiJved in the equilibrium 
cells at flow rates less that S em per minute. 

Ex.perimental results from the vaporization of a 
multicomponent liquid mixtu%e from a packed bed cannot be 
interpreted as easily. Stripping effects cause the 
com~osition of the heavy liquid to change during the 
experiment. Figure 4 shows a typical set of data from a 
total-vapori~ation experiment with a Lurgi coal-tar 
fraction and methane. Figure 4 indicates three features 
characteristic of experiments with multi-component 
mixtures; 

1. Non-equilibrium start-up: the heavy-hydrocarbon 
content of the gas increases steeply from zero 
to the steady equilibrium value. This feature is 
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more pronounced 
effect of the 

at elevated 
dead volume 

pressures where the 
in the apparatus is 

significant; 
2. Steady equilibrium plateau: gas leaving the cell 

is saturated with heavy liquid whose composition 
has not changed from the original composition; 

3. Transient equilibrium: during this period of 
gradually decr~asing heavy hydrocarbon cont.ent, 
the gas is equilibrating with liquid whose 
composition is changing due to stripping effects 
where light components are preferentially 
removed from the equilibrium cell. This period ends 
with a sharper decrease in heavy-hydrocarbon 
content, signaiing total vaporization. 

Experimental conditions (e.g. initial load 
liquid) can be chosen to reduce to less 
unc~rtainties arising from the ~tart-up effects 
1. 

of heavy 
than 2%, 
of Stage 

During Stage 3, equilibration takes place with a 
heavy liquid whose composition has been alte·red by 
preferential stripping of lighter components.. Since the 
composition •nd overall properti~s of the mi~ture have 
been altered, the vaporization process is now more 
complex. The experimentally obs.erved g.a.s volume required 
for total vaporiz.a.tion, V, does not provide a direct 
measure of the solubility of the origina.l heavy liquid. 
To relate the experimentally observed V to y, the 
solubility of the original,. un.alyr.ed heavy liquid, we use 
the results of a computer simulation of the packed-bed 
multicomponent vaporization process. 

In the total-va•poriza.tion com·puter simul.ation, the 
p a c k.e d b e d i s mode 1 e d a s 2 0 mi x e d c e 11 s ( we 11- s t i r r e d 
vess~ls) in series. Vaporization occurs as about 100 gas 
increments successively equilibrate with the liquid 
(distributed equally betw~on the cells initially) in each 
of tho mixed cells. In tho required, successive, flash 
calculations, it is as.sumed that for the compone-nts of a 
narrow-boiling mixture, the pha~e-equilibrium 

nonidealities can be lum·ped into a single, consta·nt 
parameter, PI. The vapor-phase m.ole fraction of each of 
the mixtur·e components, (y.) is th.en 

1 

( 2) 



and the solubility of the entire mixture, y is; 

m x-P~(PI). 
~ 1 1 1 

y = L. 

i=1 p 

6 

( 3) 

where x and pS are the liquid-phase mole fraction and 
vapor pressure and P is the total pressur~. Details of 
the computer simulation program and assumptions aze 
presented elsewhere [Monge 1982]. 

The inputs to the sim~lation are: (1) a guess for PI 
or the solubility of the heavy fraction in the gas (an 
iterative procedure is used to determine the solubility 
which results in the best fit of the experimentally 
observed data showing peak area versus gas volume), (2) 
the area under the data showing observed peak area ~ersus 
gas volume for the total-vaporization experiment, (3) the 
weight of the heavy liquid placed in the equilibrium cell, 
(4) the number-average molecular weight of the fraction, 
determined from freezin~ point depression measurements 
using a Model 5008 Petroleum Cryoscope obtained from 
Precision Systems Inc. [Alexander 1982], (5) the number 
and zelative composition of the components in the 
fraction, approximated from gas chromatography of the 
fraction, as the number and relative areas of the "key" 
peaks or groups of peaks, and (6) the vapor pressure of 
the "keys", calculated [Smith 1976] from the aromaticity 
(assumed to be the same as that for the entire fraction 
and approximated from the fractio~'s hydrogen-to-carbon 
ra~io obtained from elem~ntal analysis) and approximate 
normal 'boiling points obtained by comparing the "key-peak" 
retention times to retention tim~s for a calibration 
mixture containing compounds with known boiling points. 

Figure 5 shows an example of the chromatographic 
analysis described in (5) and (6) for a Lurgi coal-tar 
fraction. The gas-chromatogr~phy co.lumn and detector used 
are those described in the Experimental Apparatus section. 
For narrow-boiling fractions, the column retention and 
detector response are assumed not to vary significantly 
with component normal-boiling point and aromaticity. 
Tests of the computer simulation indicate that the results 
are not very sensitive to the assumed number of mixed 
cells, number of "key" components or the absolute values 
of component normal-boiling points. 

Figure 6 summarizes the procedure for data reduction. 
It has been tested on the experimental results of a 
total-vaporization experiment with a synthetic mixture 
containing known amounts of naphthalene, 2-
methylnaphthalene, 1-ethylnaphthalene, and diphenylmethane 
in compressed methane. The experimental and simulation 
results are shown in Figure 7. Results uncorrected for 

\ . ..' 
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stripping effects differ by 20~ from those calculated from 
literature values for the properties of the individual 
components. Application of the proposed data-reduction 
procedure reduces this to less than 2~. 

If a slightly less accurate solubility (in terms of 
weight per volume instead of mole fraction) is acceptable, 
it can be obtained directly from data showing the observed 
peak area versus gas · volume without the computer 
simulation, molecular-w~ight measurement, or 
chromatographic analysis described above. In the 
approximate procedure, a simple equal-area· analysis is 
used to determine the volume of gas that would be required 
for total vaporization of the heavy liquid sample if the 
composition and solubility of the liquid (and the observed 
peak area) had not chang~d from their initial, steady 
value. In Figure 8 the equal~area procedure has been 
applied to experimental results for the total-vaporization 
experiment for the synthetic mixture described previously. 
The "equivalent" volume of gas, V , and the weight of the 
h.eavy liquid sample, W, can ebe used to approximate 
directly the solubility or the heavy liquid (expressed as 
the weight of heavy liquid per volume of gas, v); 

WL 
v = v-· ( 4) 

e 

Solubility v can be converted to mole fraction using the 
density of the gas and the molecular weight of the h~avy 
liquid if it has be~n determined. 

Although this approx~•ate analysis has little 
t h e or e t i c a 1 b a s i. s , i t h a s be en f o u n d t o g i v e r e s u.l t s w, h i c h 
are within 5111 of those obtained (for the synthetic mixture 
and actual coal-tar fra~tions) using the more rigorous 
data r~duction procedure described earlier. 

CONCLUSIONS 

An experimental method has been de~eloped for 
measuring solubilities of narrow-boiling heavy fossil-fuel 
fractions in compressed gases. The total-vaporization 
method, apparatus and data-reduction procedure have been 
tested with a pure heavy compound and a heavy synthetic 
mixture in methane. Exp~rimental results for a pure liquid 
and f or a s y n t.h e t i c m i x t u r e a g r e e , to w i t h i n 3 ~ , w i t h 
th~se calculated. Figure 9 shows the results of 
experimental measurements for two Lurgi coal~tar fractions 
in compressed methane. It also shows predicted results 
[Monge 1982]. The measurement for Fraction 1 at 42 bar and 
200°C has been repeated for a gas mixture containing 25 
mol Ill water in methane. The effect of the water on the 
solubility was found to be negligible compared to 
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experimental uncertainties. Further measurements are 
needed to determine the effects of water on solubilities 
of this and other mixtures at higher press~res and higher 
water concentrations. 
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results of •rigorous"data reduction and calculated (predicted) results • 
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Figure 9. Solub~liti~s of two Lurgi coal-tar fractions in 
methane. 
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