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ABSTRACT 

A molecular-thermodynamic model is used to establish a 

correlation for solubilities of heavy fossil fuels in dense "· 

gases (such as those from a coal gasifier) in the region 

ambient to 100 bar and 600 X. This •odel is the~ applied to 

calculate dew points in tar-containing gas streams. 

The h.e a vy fue 1 is fractionated in a spinning-band 

column at high reflux; each fraction is considered to be a 

~seudo-component. Each fraction is characterized by one 

va·por-pre s sure d·a tum (obtained during fractionation). 

elem.en·ta·l a·nalysis. and proton-N-MR spectra (to dete·rmine 

a•roma tic it.y.Y. Li.qu i.d-pha•s.e prop·e rt i e s are obtained from the 

SWAP equat-io•n fo·r va.por pre·s.s.ure an.d fr·om a 

cor·re la~ti on .• Va;por·-pha·.S·e p·rop:ert ies are obta.i ned u.s ing the 

vir·ial equation o•f. s,tate wd:t:h virial coefficien•ts from 

two Lurg•i 

computer pr·ogram: f'or ca.lc:ulating isoba.ric condensa.tion as a 

f Un·c t i.O·n of te·mtper·a.t ure aS re:q.ui r·e d for d.e Sign 0 f a 

' • continuous-flow heat e x.change·r. 
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The high cost of energy has stimulated new process 

technologies toward more efficient utilization of energy 

resources; therefore, there has been growing interest in 

upgrading coal, heavy petroleum fractions, tar s.ands, shale 

oil, etc. 

Design of "downstream units" for emerging pr~cesses 

requires qu•ntitative information for equilibrium properties 

of heavy foss-il fuels at elevated tempera-tures 

p.res.sures. This work is concerned with the solubility of a 

he·a.vy, fos.sil-fuel m•ixture in a compr·essed gas. Th.is 

solw.bili"t.y is o,f i·nte:r·e·s<t e. g.. f o.r . 

f.or d;es.ign of c.oal-g:a•si.ficat:io.n p•rocess- s·-t.e·ps; 

t:a:r·s.; 

Solub,i 1 i ties 

m:a.y be o•f pa·:r·t·i.cu:l.a'r in,t.e·res•t· fo-r c:a:lc:u\1 ati.ng de·w; poin:ts- as

re!q,u.i.re·d i.n. h.e:at-e·~.c:h,a.n-g·e·r de.s-i.g;n: •. 

FossH-fuel m<ix.t:ur·e·s typi.cally con·tai.n very 

compone-nts. The wide rang.e of properties a-nd the analytical 

p-roblem to id.entify thes•e components makes phase-equilibrium 

predictions difficult. A common procedure is to sepa.rate· 

t~e mixtu~e into fractions with fewer components and small~r 

:;~ 

.; .. ~ 

... 
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ranges of properties and to characterize each fraction. 

Phase-equilibrium predictions and process design are then 

based on average or effective (pseudocomponent) properties 

of the characterized fractions. 

In this work, we separate a heavy fuel by distillation 

into narrow-boiling fractions and we characterize ea~h 

fractio~. Characterizati~n data are used with previously 

established physical-property correlations to determine 

required parameters in o,.a.r molecular- thermodynamic mode 1. 

Fossil-Fuel Fr.a.c:tiona·ti.on and Cha·.ract.erizat:ion 

To o;bta:in n:ar.row-bo·il ing fra.c:tions. w·e use a Perkin.-

Elmer M<o•d:el 251 J\,n•n·u:lar Still,. op•erated at hig·h re·flux, a;.s 

va.po·r-pres .. s.u:r·e d.a:t:um for th.e frac.tion s·ince the li'q;:a.id 

it is: 

' eac:h "' E.a.ch Fu.rt.her. 

fr·act.ion is analyz·ed for c.a rbon, hydrogen, a·nd 

sulfur. Fin·ally, pr.oton N·.MR spectra are obtained as 

discussed elsewhere (Alexander and Prausnitz, 198.1). The 
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carbon-to-hydrog~n ratio, along with the NMR spectra, 

dete%mine fractiona.l aromaticity (fraction of carbon atoms 

which are aromatic), as briefly explained· in Appendix A. 

Table 1 summarizes characterization results for a Lurgi 

c·reosote (coil tar) obtained from Sasol's coal-gasification 

plant in South Africa. A va·por-pressure datum for Lurgi 

fraction numb-er 10 is not given. because that part of the 

original ~ample could not be distilled overhead. 

Solidification of compoun.ds (~robably anthrac~ne) in 

the h.ead of the colum,n limited. the lo1nst column pres.sure to 

t:o md:nimd:z.e· therm<a-1 de·c:om1po-sdt:i.on, 

y; 

f'i' =, fY 
1 

( 1.); 

i'.n t e:r·e s.t h:e:r.e., t:h:e~ 

liqu.id.-p·ha.s.e fug:atc i:.ty of c.o.m;po ne n·t i i.s g·iv-e.n by 

w-here xi is the m.ole fra.ction of com.ponent i in the 1 i qu.i d, 

P: is the pure-c.omponent vapor pressure, and (PC) i is the 
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Poynting correction. 

The liquid-phase fugacity of a non-condensible 

gas) component is here given by 

(light-

f~ =xi Hi (PC) i 

where Hi is Henry's con~tant for light gas i. 

the aixture of condensible components. 

( 3 ) 

dissolved in 

The vapor-phase fugacity of component i is given by 

( 4) 

where Y i is the mole fra.ction o·f component i in the va•por. 

0i is th.e fugacity c.oefficien·t. a-nd Pis the total p·ressur·e. 

Th·e s•o lub i 1 i ty of a h·e a vy c.ompo ne n·t in a g.as is 

de·te-~m·ined prim·arily by tha-t co·m·ponent' s va·por pres-s.ur:e • 

.M·a·c:kn·i c·k a·n·d P·ra·us:n it z ( 19'7 8-) t·e st e d p·r ed.i ct i o;ns of se·ve·r-a 1 

f i·v e r.ep·r e:s•ent a·t.iv e· h.e:a:vy 

h.yd•r:o-ca-r·bo·ns·•· t:h.ey fo·u·n·d t:h~a:t the s~WAP correla·.t·.io·n (Smith e.t 

a·l •• 19'7'6·) i.s like:ly t.o g1ive the bes•t re-sults for typic.al 

heavy. f:o,s-s.il- fwe 1. m•ix:t:u.r.e:s y,h:e:r·e t•h:e m•ole-cula.r s-t ru;c.ture·s 

o·f the· h:ea.vy-h~d.ro·c.ar·b·o·n· co•m•.pon.e:n,ts a·r:e n•ot w<e:ll' kn:o•W'n.. The: 

SW•-1\P· co-r·re·l.a·t:lon r·e:q·u.i.re s. on·.ly a: s:in.g,l e va.p·or-pr e·s sure· d.a:t·wm. 

a•n.d a~n· e·s:t·.im·ate of th.e h·.e--a·vy hydrocarbon's f:raction·al 

&>ro,m,a.t i city. E.dwa.r.ds e t a.l. ( 1.9·81) e xt·e:nde d the SWAP vapor

pr·ess:ure c:orre·la.tion to in-clu-de the effects of heteroat.oms 

nitrog:e•n a.nd s-ul.fur. A-pp.endi x B sum·ma·r i z es the procedure 

for a:ppl.y ing Edwards' 

fuel fractions. 

extension of SWAP to hea.vy. fossil-
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For poorly difined mixtures, such as fossil- fue 1 

fractions, there is little basis for prediction of the 

effect of liquid-phase ·non i de a 1 i t i e s (activiity 

'coefficients) on fugacity. However, liquid-phase 

nonidealities are probably at least partially taken into 

account thr·o·u.gh the "effective" peseudocomponent vapor-

pr·ess;u:re datum ,,hich is us.ed to cllaracterize frac·tions a·nd 

to predict "effective" vapor pressures of pseudocomponents. 

An ~stim•te of ~ach fraction's molar liquid volume VL• 

is n~eded to cal~ulate the Poynting correc~ion (PC)i• in 

Eqlia,tion (2), 

[ 

L-(. P' _ p,s.) 1· y,. ' . 
{P'C) i = e·x,p . 1 RT. 1 . ( S) 

n·orrm:a.l 

f~. = X\ , pS·tJ•Sa t (P'C) .. w"lw· w W· w• 
(6) 

1. i q u.i d and w e u:e· g 1 e c t the s.o 1 u·b i 1 i t.y of 1 i gh t g a s.e s in 

1 i q'u.i d w:a.t.e r·: 

coefficient r.,, 

thus mole fraction X. w• 

are set equa.l to unity. P!• 
a.nd activity 

(PC) and the w 
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saturated-water-vapor fugacity coefficient are 

calculated using empirical relations based on literature 

data for water. The~e are given in Appendix B. 

Vapor-phase solubiliti~s are not sensitive to Henry's 

constants when the light gases are only sparingly soluble in 

the liquid phase. Henry's constants for gaaes in fractions 

are ~atim~ted as sh~wn in App~ndix B. 

In a mixtu-re containing m· components. vapor-phase 

fugacity coefficients are calculated using 

m 
ln (f) i) = 2 lT L ( Y . B i j - B:) 

J=l J 
(7) 

w·he·re B ij is. t.he· cro·ss s•e c·o·n~d v·i ria 1 co-ef f i-c i.ent for 

B· = 
m. m· 
I: I: _Y fYjB'ij· • 

it=•1 j:=1. 

V i\r:ica·,l C!O•e·f f i c·i.e:n\t:s a•.r:e c·a~l.c:a:l a•.t.e·d fr.om t.h e 

c·oa.l-t·.a·r f:r·a;c·t.ion-s in compress·e:d m•et·hane mixtures. Figure 2 

c·om·p·ares e·x.peri.m:e:n;tal a.nd predicte·d. s.olubilities at 3.8. 42. 

a.nd 70 b a:r·. Comparison at t.he lowest pre·ss-ur.e. where 

vapor-phase non~dealiti~s are small. provides an appropriate 
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test of vapor-p~essure prediction. As shown. agreement is 

good. Comparison at higher pressures~ where gas-phase 

nonidealities and the Poynting correction are large. is also 

good. 

The measureme·nt for Fraction 1 at 42 bar and 200° C has 

been rep.eated for a gas m·ixture con.taining 25 mol'*' water in 

metha·n·e. The effect of wa·ter on tar-fraction solubility in 

the gas was found to be negligible, as correctly p~edicted 

by the mode 1. 

.Molecular-weight pred.ictions were also tested. Ta·ble 2 

com;pa;r.es pr.edict.e·d m:ole·cula·r w,ei.ghts with tho-se dete:rm-ined 

f·ro·m f:re·ezing:-po·i.nt· d·e·pr.e·s·s.i;o:n m,ea·s,urem·e·nts· (Al'ex-a•n·d·e·r &end 

P'ra·u,s:ncit z. 19·8!1) fo•r· fo,ur. L:a·.r·g·i c·oa•l- ta.r fr.·a·.c:t.i o.n•s .•. 

d.at.a· .• b•e·e:n· 

i.n.c:o·r:p:o•r.a·t·e:d· i.n·t·.o a· dte:s•i':g;n-o:r.·i.e.•n.t:erd com•p·ut·e·r· p:r·o:g:r.·a·m·.. I~f a: 

s•a,mtp>l e o•f th~e h•.e;atvy- f'O•S\S:i:l f'ue· 1 h·.a.s b•e e·n· f· r a·c:t i.o·n·a• t e·d. a\n:d 

of a 

c:o•n1t.a:i.n:i.n.g th·e· vap•or i.z·:ed. f o•s•s-i:l f:ue:l a·t· s.pe.c if ie·d p1r e:s-s:u·re 

an·d c·om.positi.on, a:nd (2) p•red~ic•t the chang·e· in g:as-p:h-as.e 

solubil.i.ty a.s the te.m:per:atu.re falls i.soba.r.ic.ally. 

De·w:-Poi.n.t Calculati,2A. A fossil-f.uel-containing gas is 

at specified press~re and ~omposition. An iterative 
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procedure is used to search for the temperature at which the 

gas becomes saturated and the heavy fossil fuel begins to 

condense. At this temperature, the fugacity of each 

component in the liquid f~, equals its fugacity in the vapor 

fr; the objective function F, equals zero within a specified 

tolerance: 

m [f~ - fY]
2 

F = r 1 1 

i=l fr (9) 

~ubilit.y versus Temper.ature. At cons-tant pressure, 

as the tem:peratu.re falls below the dew-point temperature, 

the g_a·s-phase s-olubilit·y of the heavy fossil fuel decreas.es. 

Th·i s. de ere ase ca•n be c,a·lculated assu•m.ing either, tha.t the 

g:a·s is m•ain.ta:ine·d in co-n·tact wiith its con·d.ensin.g liquid o•r, 

that the c.on;d.e·tuin.g li.quid is r·emove·d aifter &!n in·cr·em:e:ntal 

t:h.a't ve·ry heavy ta•.rs ha.ve b-een previously 

r·emoved. 

Newton's method is used to d~termine it era t i v e 1 y the 

solubility of the fossil fuel in gas after an incremental 

-. 

:.· 
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drop in the gas temperature. Flash ~alculations begin by 

determining if water ~ondenses at the new temperature. i.e. 

by asking 

(10) 

If the answer is yes. water does not condens~. I.n that 

e·ve.n t. 1n iterate on 'the va.por-to-feed ratio a~ using the 

objective function s. a.nd its derivative w·ith respect to a. 

S 1
• as given by Rachford and Rice CKin.g. 1971) for a two-

phase system. 

)[ 
i 

a·n:.ew = ao ld - S/ S I •. 

Th.e ite·rative pr·oce.·d.u.r.e is repeated until a new 

where S equals zero Yithin a ap~cified tolerance. 

(11) 

(12 .. ). 

(t3') 

( l:~S') 

S and S 1 
• 

(16) 

is foun.d 

·,: ··~, . ~. 
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However, if 

(17) 

water conde~ses. In that event, we use an objective 

function derived from material balances for a three-phase 

syst~m. where one phase is pure (liquid water). The 

derivation of the three-phase objective function is given in 

Appendix D. 

At a given tem~erature, the gas-phase solubility of the 

fossil fuel is given by the aum of th~ converged sas-phase 

m·ole frac·tio·ns for all fossH-fuel fraction.s. 

c;o,n.dens.a·t i on-ver su~s- temper a ture 

c a 1 c·u 1 a,t ions , 

a.n.d w,ater. 

c:a·l.'. c:u<l' a•t lo:n•.s, 

s;o·lu1b il i ty-ver sus-te·mpe ratur e 

aLl bat th~ ~ea~ie~t parts of the Lurgi aoal tar described 

in Table 1. Figure 3 also shows t·he initial gas composition 

(h•ea,viest t.a.r.·s previously r:emoved). Figure 4 shows the 

results ~f aondensation-versu~-temperature calculations for 
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the same system. 

The computer program is available, upon request, 

the authors. 

Discussion AA.4 Conclusion 
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from 

V&pot-phase n~nidealiti~s and P~ynting corrections caa 

h·ave a significant effect on the s-olubility-ver-sus

temperature behavior of light-gas/heavy-fossil-fuel systems, 

eve·n at mod-erate pressures .• Neglect of the fugacity 

coeffi.~ient and Poynting corr~ction, can cause aolubility to 

be u-n.der.p·re·dicted by a fa.ctor of three. Figure 5 compar·esc 

cor:r:e·ct.e·d (proposed m;ode·l) a•n-d "unc·orrected" solubili~t·y

V·e:r.·s.u:s-t:.emper·a·tu•re cu.rve•s: f.or a· I:..u.r·g.i c·oal-tar f.rac·t·io-n in 

m:e·th·a;n•e a:t 70 b'a•r:. ln the s:ol.ub:ility· r:an.g.e 0· •. 01 to o· •. o:Ocl, 

n·u·n:.c·or·r.·ect·e:d'" P'r·e·d;icti.o·n·s le·a.d. to e:r.r·o·rs. O:f atbo:ut 3·0°'C i:n 

e a·rli.e.r. 

1\hte• pfr.·o•p.'o's•e: ct. m1o,J:. e•c;u,l a1r:- th.e:r.m1o:d;y na,m:·ic: m,o,d.e:l. p:r. e•d'.i\ c:t. s. 

s.ol.u•bi.li.t·i·.es- W1h:ic:h are in go·od. agr·e:ement wit:h measu:red 

s:olu.b·il.i.t.ies at pres.s:ures t.o 7'0 b,a,.r a•n·d 2'75°(!:". The a•ver·a.ge 

e·rr.o.r is 4'.5" fo-r 16 s,ol.ubility d·ata. 0n th.e b,a·s.is of th·ese 

results, it is likely that the proposed m·odel p-rovide·s 

use·fu.l p·rediction.s for process design. 
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In hydrocarbons, the relative concentrations of 

aromatic· and paraffinic hydrogen atoms are readily. 

determined from proton-NMR spectra where four types of 

hydrogen atoms yield distinct chemical shifts relative to 

the &·b·sorpt ion for hydrogens of a refer·ence substance, 

he~amethyldisiloxane, HMDS (Alexander and Praus~itz, 1981). 

Hydrogen atoms which are attached to arom•tic cazbo~ atoms 

shift in the ran.g.e 6.0 9.0 & relative· to HM'DS. 

4 .0 & relative to H'MDS. 

ca-r·bo-ns Hp, s:h-.ift in. the ra,n.g,e: 0.9 - 1.7 6 r.·ela+t:i.ve to HiM1D'S. 

Fln·a·.lly,. h•.yd:r.o•g:e:n•.s .at:ta-.c:h,e•d· to• t:e:rm•iD!a,l,. non•a:lp,h•a., a:.li:.p•ha:ti:c 

c.a•.n. be 

I • c ] 

w·here· H. is t·he co·n·cent·ra.t.i.on of h·yd.r.ogen a-toms which are c 

bon·ded to car·bon a•.toms of type c a·n·d Cc is the concentration 

of carbon atoms of type c. lc is the integral .of the 
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proton-NMR spectra within the limits of type c. The 

subscript tot, refers to the sum (aro+a+JHy). If one 

assumes: no alkyl bridges, no naphthenic rings, no branching 

except at alpha carbons, and no heteroatoms, then 

,J' 

(C/H) = 1/3 a 

(C/H)p = 1/2 

(C/H)y = 4/9 

and 

1 - (A2) 

w±th the q~alifier: 
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To estimate an effective or average property (molecular 

w-eight, m~lar liquid volume, Henry's co•stants for solutes, 

and square-well parameters) of a heavy fraction, we use its 

fractional aromaticity to interpolate between the 

a.ppropriat.e property of a pure alka·ne and that of a P'U·re 

bot·h having t.he sam·e normal boiling point as that 

of the heavy fraction. Literature data have been used to 

correlate, with n.orm,al boiling point, the needed properties 

of pure alkanes and aroma't~i cs. et al. 

( 19·8-1) e xte·n s ion of SW-AP ( Smi t·.h e t al., 197 6) to est ima.te 

e;x.t~e'ns;i·o.n of s,w:&P·, w·e n>e·ed t·he n,o,r·m.atl b,o.il.in,g· p:o in·.t ,. T7,6,9, o,f: 

th,.e, h•om,om:o,r·p,h of tch·e· h•e·a•VY f'ra1c:t:i.o,n?. 11h•e· h;omtOmtor·p•h· i.s. 

d.i s:pl a:c.i.n.g: 

h no. of C atoms ] omo _ F 
FA - A[n~. of C + S + N atoms + FN + Fs, ( Bl) 

where FN and Fs are d~·termined from elementa.l analysis, 
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no. of N atoms 

no. of N + S + C atoms' 
( B2) 

no. of S atoms 

Fs = no. of N + S + C atoms 
( B3) 

and FA is the fractional aromaticity determined from 

elemental analysis and proton-N.MR spectra. 

b.!ecular ,!eights .2..! Heav~ Fra.ctions. To estimate MW, 

the molecular Yeight of a heavy fraction, we interpolate 

between the molecular weight of the alkane a·nd that of the 

aromatic, both having the sa-me T760 as that of the heavy 

fra.ction: 

To est im·a·te 

m,ola.r v·olume as a £·unction of te·m·per.·a.t.u·.re, w.e estimate the 

frac:tion' s v·olumetric coefficient of ex.pa.nsion e, 



...L 
e = vL 

As sum i n g t·h at e i s co n s t an t , 

[
avL] -
aT P 
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( B7) 

- 300)-1 • (B8) 

We obtain yL(T=300) from the mole·cular w-eight a-nd from the 

specific gravity (Noka•y, 19-59). 

int~rpolate between corresponding values for the alkane and 

arom.a tic, 

L,, IT' ) Vt t··~ ~·. · 1·6 o· · =· a\· ;,A; . ; . " 

Ni€' =· erx;p- [-0 •. 1!.2'.8;8114'· + s: .S'8!l!'x,l.0_3. T7'6,0 -

9' •. 41Gtx,Jl0 --1· 112· J + 1: 
7.~6;0 . •. 

(B10•) 

( B1:.1' )· 

( Bl:2.) 

with· n•o•J:ma1l. b~o&li.n-.g p:oi.n,t, T7,.6,0,.. E.qu.a•t:i\On.s B•lO thr.ou.g;h B1:.3 

y,e•re• O!b,t;a.i.ned from p•r·e:cli:ic;te:d (Ban•ki·.n-s·on a·nd T.hom·s.on, 1979) 

molar Y.Olum·e·s a.t T,76•0 for D.'O·r.mal alka.ne S, ( C4 to C4.0J ,. &•nd 

for fu:se d.-r·ing aromatics • benz e·ne, na.phthal e·ne, ant·h.racene, 

and c·h.rysene. 



20 

Henry'.!. Constant and .f_5Unting Correction i.!U: Light 

§..!..!.!..!· A rough approximation for Henry's constant H .. , for lJ 

light gas i, in pseudocomponent j, is calculated from 

( B14) 

Table B1 giv~s constants Ai, Bi, and Ci for nine light 

gas.es. These appr.oximate correlations, necessary to account 

for the relatively small effect of the solubility of light 

gaaes in the heavy liquids on vapor-phase solubility, are 

based on the data o.f Cuko·r (1972), Chappelow (1974), and 

Trem:per and Praus-nitz ( 19·76). H·enry' s con·stant Hi• for a 

light gas in the heavy-fracti·o·n mix·ture is c·alculated using 

the aix±ng rule, 

n 
r < x j 1 o g1 0 H i j > 

J=1 

n. 
r x. 

j':=1 J 

wth•e·r e n· i. s: th:e nu•mb e·r· o.f p s•e u,d,o·c·o:m;po n:e n t s • 

tv-;j(P -
J ' 

p·~. )] 

T.h·.e p a·.r·t· ia l m•o>la•r v o 1 ucm,e v-;:
1

. of g;a:s i , at i n·f i.ni t e d.U u·t i.on 

in ps:e·u·doc:om·ponent j, is e•s-ti.m•ated by the m·ethod of Lyck:m.a•n 

et al. (19•65). Ga·s-phase solubility r·esults are no-t 

sensitive to inaccuracies in Equations B14, BlS, and B16. 
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E.!!.&.!£~ of 1.!.guid !lUll· Va.por pressure of water is 

calculated uaing expressions given in the NEL Steam Tables 

(1964). Molar liquid volume is calculated using the COSTALD 

correlation (Hankinson and Thomson. 1979). Saturated-vapor 
I 

fug.acity coefficient es. is calculated using· the empirical w 

re 1 a t.i on 

for T greater than 410 K. 

equal to unity. 

(B17) 

For T less than 410 K. 0s is set w 
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!Rpen.dix ~. Virial Coefficients 

Virial coefficients are based on a square-well 

potential (Hirschfelder et al •• 1954) as described by Kaul 

and Prausnitz (1978). The well width is fixed at 0.2 nm. 

=l-(g3 -1>[exp('!!.i) -1] ij · kT 
(C1) 

where 

O'ij + 0.2 

'i-J = 0'· i J. 
(a in nm) (C2) 

1( a iJ = T a i + a J:) 

W•he·re k is B1oltzman:n•·s co·ns·ta.nt. N i.s A·voga.dro's nu·mcb·er. a•n-d 

·8·ij 

pa·i.r. iJ. 

Fo·-r li:gtht-gias- m•ol ecul es the·i.r 

m.ix.tu,r·e:s.. 0'-i·J. an-d 8ij h;a•.ve: b=e·e1n, o,b•t.ad·.ne·d fr·o.m r·e·d·u;c:t:io.n of 

s:e·con\d· v·i ri•a·,l- c:o•ef.f:i c:ie:n•t d>a,t:a,. Ta;b·le·s €1 a•.nd C2 g,i.v e 

8 ,. 
1 

0 8'y. 

= 8 w + T 

o: 8: •. w; 

(€3) 

Re duet ion of pu.r.·e-wa ter second vi r.i a 1- co.e f f i c ien t da t·a doe·s 

not yield unique values of the three a·.djustable parameters 
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a, a 0 and a1o However, reasonable values can be chosen such 

that a., is physically sensible and such that a:/k gives good 

results for water-nonpolar mixtures (Equ~tion C6) o The 

values chosen here are: 

a.,= Oo28nm, 

a 0 /k = 186K, w 

a1/k = 1o67x105 x:2 • 
w 

( C4-) 

For water/light-g.as (j) mixtures, the cr.oss energy parameter 

is ~alculated from, 

0 1/2 
aw,j• = ( a.,a.Jj) 

fC6.) 

Th.e .,,a,t:er/ carb:o·n d<.iox·id:e· bi.na.r.y ( j=c.arbon d·io.xide·) is. 

c·o;n•t r i· but ion\, B'c-l?'e•m ,. a-n• d. a• 
'fi!J, 

<~Niothn·a,g;el e:t a·.lo, 1.97'3~). ,, 

Bi j 
'W.I' 

in~to 

( C'7l 

'Ih•e e:q:u.il.i·br.i.um,. c:o.ns•t·a:nt o•f a<s.s·oc:i.a>t·i.o:n. Kwj•· h.a,s• be·e•n, fit 

(D-e Sa,n.tis. et a.lo.,. 19'7.4') to ecx.p•er.i.m:elnotal da.ta.,. 

whe:re K . 
WJ 

ln·(K., J) = -11 
0 
071 +· 5-'9.{'3 - 2 o-1 4·6 x10·6·r-2· + 

4· o-6·4'6'x:1 o 8 r- 3 
( C9:) 

is. in a t.m·osph.e res a.nd T is in kel vino The· 

e·xperimenta.l data of Coan and King (1971) and Equations. C7, 
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C8. and C9 were used to obtain for water/carbon dioxide: 

8wj 
k = 186.7K. (C10) 

The size parameter was calculated using 

(C11) 

H:e a.vx-Fr·ac t ion/ Light-Gas Dinar i e s. Calculation of 

effective squ~%e-well parameters for heavy-fraction/liaht-

gas binaries is based on the correlation of Ka·ul and 

Prau~nitz (1918). To account for molecular flexibility. 

K.aul c.a·.lculated t:he effective size parameters of heavy 

hydroca.rbo.ns from their mea•n radius. of gyration RG. relative 

1. 1 
2· a i· = 2: · aillte tha·.ne + ( R'G) i - ( RG) m·e th an.e • ( C1.2) 

( C:13) UrG,) i = ( 1 - F!) < RG.) a l'k,a.ne + FA< RG > ar·om'a tic • 

C~.G;)a,lk;a·ne h•.a.s b·e·en c:o.r.r·e,la,ted with N•C wsin·g t:he m'ol.e·c·ula:r-

(~G·) l'k = 0 •. 0637(NC) 0 •6 (i + 0 ·JJ 7 ]_112 
a a-n•e 

(nm) (C14) 

where 



NC = exp [-0.128814 + 5.581x10-3 T760 -

9 • 4 0 X 10 _, T~ 6 0 ] 

25 

(C15) 

(RG) has been ~orrelated with NR using values aromatic 

calculated from molecular atructure data (Bower and Sutton, 

1965) for benzene, naphthalene, anthracene, and chrysene: 

(C16) 

-3 NR = -1.9256 + 8.124x10 T760 • (C17) 

ltaul proposed a co·rr·elation o·f. aij with AH (Hild-ebrand 

entha.lpy o·f v·a·porization .. O·f th·e heavy hydrocarbon) for 

is 
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Al!pendix ]!. Objective Function 1..2..1: Three-Phase Flash 

If vapor, hydrocarbon-rich liquid, and pure liquid are 

known t o e xi s t , we us e an o b j e c t i v e fun c t i on de r i v e d from 

material balances for a three-phase system, where one phase 

is pure, liqaid water. The overall material balance, based 

on one mole of feed is, 

1=a+1\+J1 (D1) 

where 1\ and J1 are the fractions of the feed which condense 

as. hyd.rocarbon-ri ch a•nd pure-water phases, and a is the 

fraction of the feed that d·oes. not condense. The compone·nt 

b.al &•nee f O·r water is 

z:,. =· a.y w + J1 

w·h.e:re z., is the m<ol e f·r·a,c·t.i.•·n o·f w•a.ter 

z:i = Yia· + x.i1\· • 

in the fe e·d .• 

1l' =· ( 1 - z.wJ - a• ( l - y ,,> 

s;u•bJSit.i.t.u·ti:n:s, R.q!Uia•.t:i:o•n D'4\ f,mt:o. E:qlU&·t.ion. D·3, d.i.vi.d;i,n:s b·y 

where 

Z'i. 
xi. = ~·. 

1 

~ i = a ( Ki - 1 + y w> + 1 - z, • 

This expre~sion for xi and 

(D'2.) 

Th:e 

x .. 
1.'' 

(D6) 



·,. 

Yi = Kixi 

are used in t·he obj ective-functi.on. 

m 
s = r < Y. - x1· > • 

i=l 
1 

The derivative with respect to a is. 

S' = 

w.here 
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(D7) 

(DS) 

(D9) 



Nomenclature 

Ai• Bi• Ci = constants in Equation B14 

B = second virial coefficient of the mixture 

Bij sec·ond cross virial coefficient for c.omponents i and j 

c = type of carbon atom (aromAtic. «. ~. or y) 

Cc = con~entration of carbon ato•s of type c 

F = objective function. (Equation 9) 

FA = fractional aromaticity 

Flomo = fractional aromaticity of the h·omomorph 

( Equa:t ion B:l) 

FN = fra.ctional heteroato·maticity with respect to nitro·gen 

F 8 = frac·tional he ... te·ro:a,t:om.a.ticity w.ith· res:p,ect t.o sulfur 

f: = fu.g·.ac.it.y 

Hi = B\on•.ry 1 s- cro n·s·t· a1n1t o,f c:o.m1po n:e nt i i.n the 1 i q·u·i d mix tur.e· 

u:c =· c.orniC;e;n•t·r·atio•n. Olf h•y·dir·o:g~e;n a,t·o·m•s of t:y:pe c 

B:i•J =· B<e;n,r·y 1 s c:o·n~s·.t·a\n~t: 01f: c:o~mtpo•n•.e·n:t· i i·.n h•.e·a·vy fra:.ct:i'.on j 

B•.MD;s. = h·e .. x•a·me•th.y-1: di· s.i:lo.x,.a;n•e 

Ic =• fn.t.e·g:r·a,l O•f p•ro·t:o:nc,.-·NiMR.. s:p·e·c·t:r·a w•it.hin the lim•it.s of 

ty·p•e c h~y·d:r:o:·g•,e,n• a•.t.o•m•s• 

K i. = o:qu.i.l i b;r.·i 'Dim K f a·c·t or· 

K1,2. = e:q.uilib:ri.u•m c:o,n.sta\n•t· f:o;r a.s.s:o•ci.atio:n of wate:r a-nd 

ca·.rblo·n di:oxido 

m· = n·um·ber o·f c·om·pononts in system 

M•W = mtol ecul ar wei g,ht 

MWalka.ne = m·olecular weight of normal alkane havin.g sa•me 

28 



normal boiling point as heavy fraction (Equation BS) 

MWaromatic = molecular weight of aromatic having same 

normal boiling point as heavy fraction (Equation· B6) 

n = number of heavy fractions 

N = Avagad.ro' s number 

NC = number of aliphatic carbons in a 1 ka,ne having same 

no·rmal boilin.g point a·s h·e·avy fr.action (Equation B12) 

NMR = nuclear magnetic r·esonance 

NR = number of fused rings in aromatic having same 

no.r.mal boiling. p.oi.nt as h-.e&"V'Y fr·action (Equat.io,n B13) 

P' = total P're,s.s:ure 

p·:· = v·a:por p·r.e:s.s•u,r:e o·f. c.o.m1pon-e:nt i 

p·s· ==· va·.po·r· p:re·s,su:r,·e· o·f· wra-t·.e·r· ,. 
P'e:x,p: ==· a\V: e:r.·a·.g\e· p;r:ers-s:uir·e ( t·o,r·r·) c:o r. r:e:s.p:O'nld:in·.g· t.o v·a•p'O•r

p!r,·e: s;s:utr:.e: dta~ t:u•m, o~f h:e: a'V·Y f:·r· a•c:t:i. o•n: 

'IR = r·e:d:u.c ed t·e·m·per:a,tu;re •· TIT7 6;0 

T7 60 = n:.orm.al boilin~g point 

V~ = molar liquid vol.ume of component i 

29 



vL = molar liquid volume of water w ' 

yL(T=300) = molar liquid volume at 300 K 

vL<T760 ) = molar liquid volume at the normal boiling point 

~j = partial molar volume of gas i in heavy liquid j at 

infinite dilution 

xi = mole fraction of c~mponent i in the liquid 

Yi = mole f~action of com~onent i in the vapor 

z i = m o 1 e f r a c t i on of com po ne n t i in f e e d 

Greek Letters 

a= f:ractio·n o·f feed that is va.por a•fte.r fla.sh 

6 = c:h·,e:mic.a.l shift in NMR s:p·e ctr a, d·im:ens ionl es s 

y = a·.ctivity c:oeffic.ie·nt 

8 ij; ( s:qu•are·-w,e 11 po t.e·n·t.i.al) for 

a w. = e1n•e: r g,y pta,r.· a.m,e: t e:r· O·f· W· a t e:r 

a:0 = niO•n•p·o·lalr. c;o;n:.t:r i.b•u.t.i.O·n to e,n•err·g;y par·a·m·e·t·e·r· of w 

w,a,t:e•·r 

a ij =· s;i,ze p•a·r.a·m:e·t.e·r· ( s;q;ua;r:e•-w:ell. p:o•t.e:n:t.i·a,l) f:o·r m:o·l e:c:u·le·s 

i a1Did j, 

aw = s.ize pa\r.am<et·.er f.o.r W'ate·r. 

11 = fra:c•tlon of feed w·hich conde·nses as. hydrocarb-on-rich 

p•hase 

Jl = frac.ti.on of feed which condenses as pure water 

30 
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~i = defined in Equ•tion DS 

.,--.;;. fug-acity -coefficfent 

es = satur~ted-vapor fugacity coeffi~cient 

I = defined in Equation 13 

e = volumetric c~efficien~ of expansion 

aro = a-romatic 

i = component 

w = w-ater 

wj = wat.er/( light gaSc. j;) 

1 = po.J:.a,r c:ontrib:u·t ion 

31 
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Table 1 

Characterization Data for Lurgi Coal Tar 

Vapor Pressure Elemental 
Frac. Weight Datum analysis- wtfe Aroma-

No. " T_ 0 c P-torr c H N s Other ticity 
----- ----- ----- ------

1 0.45 95 57 83. 9.9 0.8 o.s 5.6 0.53 

2 1.2 1.21 S3 84. 8.6 1.1 0.2 6 .o . 0.64 

3 1.8 141 so 85 • 8.5 0.8 0.3 s.s 0.64 

4 1.6 158 51 86. 8.9 1.2 0.4 3. 7 0.69 

s 4.1 17 8 52 86. 8.6 1.3 o.s 3.9 0.64 

6 17 .•. 5 194 52 8·1. 8, .4 1.1 0.3 3.8 a: .6'9 

7 2''6 .8 ZO·S 52 8'7. 8·.s:. 1.2 o.s 3 • 3 a .6:7' 

8 1.0 •. 8 2'2.2 51 8:8 • 8· •. 2 1.0 0.4 2.1 o: •. 7'1 

9 15:0 7· 2'3:·9 5:a 8t6 .• 8~ .s 1 .4· 0· •. 3 3.7 a .• 6rs: 

10- 2'.6 .1 8:7 •· 8.1 1. •. 4 0 •. 3' 3 .7' a· •. 6;6· 



Table 2 

Comparison of Predicted and Measured 
Mol-ecular Weights for Four 

Lurgi Coal-Tar Fractions 

Mo 1 e c.ul a.r Weight 
Fraction No. . P·r e d i c t e d Measured .. 

-·------ ------- -------
6 184 187 

7 192 207 

8 201 209 

9 218 2'2 7 

Err·or 
-----
1.6 

6.8 

3.8 

4 .0· 

Averacge 4 .0 
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Table Bl 

Constants for Approximate# Henry's-Constant Correlation 
for Light Gases in Heavy Fractions (Pseudocomponents) 

(Equation Bl4) 

Light Gas A B c 
Reduced; 

Temp. Range 
--------·- ----- ----- ----- --------------
Hydrogen 3 .• 55 -0.936 0.524 0.4 < TR < 1.0 

Nitrogen 3.21 -0.5 91 0.567 0.4 < TR < 1.0 

Carbon mono xi de' 2 .9·2 -0.348 0.50 0.4 < TR < 1.0 

Methane 1.92 0.596 0.531 0.4 < TR < 0.8 
2.40 o.o 0.531 0.8 < TR < 1.0 

Etha.ne 0 .2'8 2.15 0.497 0.4 < TR < 0.8 
2 .0:0 o.o 0.497 0.8 < TR < 1.0 

Ca.rbon diox.ide 1.14 1 .•. 317 0.270 0.4 < TR < 0.8 
2' •. 2'3 o· .. o 0 •. 270 0.8 < TR < 1.0 

Hydrogen S:U.l f id•e 0 •. 2.7 2 •. 1.1 0 •. o 0.4 < TR < 1.0 

P·r:o p•a.ne -·0 •. 6·6 2' •. 9!5 0 .4\0.4 0 •. 4 < TR < o. 8· 
2 .7'8 0 •. 0 0 .4'04 0.8 < TR < 1.0 

B;u·.t: a,n•e -1 •. 8~8 4· •. 2'.7' 0 .41(!) 0 .4· < TR < 0.8 
2 .•. 6•0 0: •. 0• 0. 4'0 o· .8 < TR < 1' .o 

# Wih~i·l. e s1u•f f i· c:i.'e~n~t· l,y &\C;c·u;~·a,t·.e f o1r o·ur w:o:r k., t·h·e·s·.e· a.p·,p·r.o x
i.m1a1t·.e c:or:r-·e:la;t.i>o,n.s m·.a•y n1o·t: b;e· s•uf·f i·.cient t.y a.c.c.u.r:a>te fo•r 
O't:he:.r· a\pop•li.C.a\ti.OIJU>. 

D;a,t.a R'.e:f:e;r:e:n,c:e:s: 

1. €ha•,p•p:e·lo-w, C .• G., a:n1d P!r·a·u·.s·,ni.tz·, I. M., AIC:hEJ., 2:0,10,97 
(1917 4) • 

2. Cuk.or, P.M., a·n·.d Pr·au.sn.itz, J • .M., I. Phys. Chem.,76,S9•8 
( 19·7 2) • 

3. Trem·per, K. K., and P·raus.nitz, I • .M., I. Chem. Eng. Data, 
21 ,295 ( 1976). 

. . 
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Table C1 

Square-Well Parameters for Nine Light Gases 
(Well Width = 0.2 nm) 

Li.ght Gas a • nm s/k. K 

1-Hydrogen 0.245 1.8. 7 

2-Nitrogen 0 .3.2 7 89.1 

3-Carbon monoxide 0.325 92 .6 

4-Methane 0.335 141 

5-.Eth ane 0.403 259 

0 .3 5'7 211 

7 - Hy·d'.r o g·e il s·ul f' i de 0 •. 3'8'7 

0· •. 5-14 
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Table C2 

Square-Well Parameters for Light-Gas Pairs 

Pair# ei ./k. K p . # 
~!J.~~~-~ a1 r ----- ____ J. ___ __ ..,.. __ 

1-2 43.5 3-7 (127) 

1-3 ( 43 • 5) 3-8 ( 17 8) 

1-4 50.3 3-9 ( 182) 

1-5 59.5 4-5 197 

1-6 (58.0) 4-6 171 

1-7 (55 • 0) 4-7 154 

1-8 79.7 4-8 231 

1-9 84.0 4-9 258 

2-3 ( 89 • 0) 5-6 222 

2-4 106 5-7 23 7 

2-5 151 5-8 29·5 

2-6 147 5-9 33·1 

2.-7 12.7 6-7 245 

2-8 17 8· 6·-8 2'51 

2-9 182 6:-9 27'2 

3-4 (106) 7-8 ( 27 8) 

3-5 ( 15'1) 7-9 (310) 

3-6 145 8·-9 379 

#see Table C1 
Quantities in parenthesis are estimates. 



Table C3 

Energy Int~raction Parameters for Heavy-Fraction/ 
· Light-Gas Binaries 

(aij/k. K and AHj• Kcal/mole) 

);Udrog.en Binaries 

Nit.r.og.en and Ca.rbon !!mid;! Binaries 

aij/k = 2~6 - 603exp(-0.294AHj) 

Methane Binaries 

aij/k = ~9S - ~l!~xp(-0.224AHj) 

Ethacne. and J!%cirogen s:u·.lfi.d;!: Binaries 

a'ijlk = 4-77. - 87'0 e:X'P (-0 .2SS·AHJ) 
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List of EiA~ Captions 

Figure 1. Fossil-fuel fractionation via spinning-band 
column. 

Figure 2. Solubilities of two Lurgi coal-tar fractions in 
methane: Comparison of predicted and experimental 
results. 

Figure 3. Solubility of coal tar in a typical Lurgi 
~oal-gasifi~r effluent at 42.7 bar. 

Fi gu,re 4. Pr·e di.ct ed conden sat i o·n 
h~at ~xchang~r for a typical 
efflu•nt at 42.7 bar. 

in a continuous-flow 
Lurgi c·oal-g.asifier 

Figure S. Solubility of Lurgi-tar Fraction 6 in metha·ne 
at 70 bar: 

Fig,ure Al. Sam.p,le p·roton-N.MR spectra 
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Figure 1. 
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