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EXECUTIVE SUMMARY 

This research is concerned with the fundamental physical 
chemistry and thermodynamics of condensation of tars (dew points) 
from the vapor phase at advanced temperatures and pressures. 
Fundamental quantitative understanding of dew points is impor- 
tant for rational design of heat exchangers to recover sensible 
heat from hot, tar-containing gases that are produced in coal 
gasification. 

This report includes essentially six contributions toward 
establishing the desired understanding. 

1. Characterization of Coal Tars for Dew-Point Calculations. 

Effluent gases from coal-gasification processes often 
contain high-molecular-weight hydrocarbons (tars) which, 
upon condensation, may foul heat exchangers needed to 
recover sensible heat. A method is given for the charac- 
terization of these tars to facilitate dew-point calcula- 
tions. Small quantities of tar samples are fractionated 
in a spinning-band column; each fraction is then chemically 
classified with elemental analysis and proton NMR. Based 
on approximate chemical classification, methods are given 
for the estimation of vapor pressures and molecular 
weights, required for predicting tar-condensation conditions. 
For illustration, results are given for two tars; one is 
from a Wyoming subbituminous coal and the other from an 
Illinois No. 6 coal. 

Details are in ~ppendix I. 

2. Fugacity Coefficients for Dew-Point Calculations in 
Coal-Gasification Process Design. 

Hot gases from coal gasification processes often 
contain tars and water which may condense upon cooling in 
heat exchangers. To calculate dew-point conditions at 
advanced pressures, vapor-phase fugacity coefficients must 
be known. Toward that end, this work presents an estima- 
tion procedure; it is based on the virial equation of state 
and the squarewell potential for calculating second virial 
coefficients. 'Techniques are given for estimating required 
potential parameters for identifiable components and for 
tar cuts obtained from tar fractionation. At pressures 
above 10 bars, where fugacity coefficients may be well 
removed from unity, g.as-phase nonideality may have an 
appreciable influence on dew-point calculations. 

Details are in Appendix 11. 
\ 



3. Vapor Pressures of High-~olecular-Weight Hydrocarbons. 

A gas-saturation apparatus is used to obtain 
experimental data at near-ambient temperature; vapor - - 

-1 pressures in the range 10 to Torr are presented 
for liquids n-octadecane, n-eicosane, 1-methyl-naphthalene, 
2-ethylnaphthalene, and solids naphthalene, anthracene, 
and phenanthrene. Methods are recommended for extrapolat- 
ing the data to higher temperature. .These vapor-pressure 
data are useful for dew-point calculations in processing 
of gases containing heavy hydrocarbons'such as those 
found in coal tars. 

~etails are in Appendix ,111. 

4 .  Estimation of Vapor Pressures of Hiqh-Boilinq Fractions 
in Liquefied Fossil Fuels Containing Heteroatoms Nitrogen 
or Sulfur. 

The SWAP correlation is extended to include the 
effect of bound nitrogen and sulfur. Also, evidence is 
presented showing that the correlation is applicable to 
narrow-boiling petroleum fractions, heavy coal-derived 
liquids and tars. The extended correlation is for the 
region 10-2,000 torr. using' a minimum of experimental 
information including approximate characterization and 
one vapor-pressure datum, vapor pressures can be 
calculated within 2 10%. 

Dctails arc in Appendix IV, 

5. Vapor Pressures of Heavy Liquid Hydrocarbons by a 
Group-Contribution Method. 

The group-contribution method gives parameters for 
a vapor-pressure equation based on a kinetic theory of 
fluids. All parameters are obtained from molecular 
structure only. Good representation is obtained for 
vapor-pressure data for 67 hydrocarbon liquids in the 
region 10-1500 mm Hg. This group-contribution method 
is useful for estimation 0 2  vapor pressures and enthalpies 
of vaporization for those heavy hydrocarbons where no 
experimental data are available. 

Details are in Appendix V. 



6. Vapor Pressures of Some Nitrogen-Containing, 
Coal-Derived Liquids 

Vapor-pressure data were obtained for four hetero- 
cyclic, nitrogen-containing compounds. A gas-saturation 
apparatus was used to measure the vapor pressures of 
quinaldine, quinoline, 5-ethyl-2-methyl pyridine, and 
N-ethyl carbazol. 

- 

- 3  The range of pressures measured was 10 to 10-I mm Hg. 

Details are in Appendix VI. 





Intro'duction 

The long-range goal of this research is to obtain fundamental 
physico-chemical data which, when coupled with theoretical results 
from molecular thermodynamics, will enable engineering calculations 
of dew points in tar-containing gas mixtures.at advanced tempera- 
tures and pressures. 

This research, initiated a few years ago, is continuing 
with DOE support under a new contract number. 

The following have been achieved: 

1- A thermodynamic analysis has been made of the dew-point 
phenomenon at high pressures. To calculate dew points under 
'equilibrium conditions, we require 

A- Characterization of the tar by considering it to be 
a mixture-of pseudo-components called tar 'fractions. 

B- ~haracterization'of each tar fraction to estimate its 
vapor pressure as a. function of temperature. 

C- Estimates of fugacity coefficients to calculate the 
effect of vapor-phase nonideality. 

D- Construction of a computer program to solve the non-' 
linear equations of equilibrium applied to a flow 
system such as may be encountered in industrial 
practice, e.g. a constant-pressure heat exchanger 
where the temperature of the coal-derived, tar-containing 
gas falls as the gas proceeds through the exchanger. 

2- To achieve lA, we have successfully fractionated several 
actual tars, including one from Research Triangle Institute 
and one from the Synthane process. Fractionation is achieved 
with a Perkin-Elmer spinninq-band apparatus operating at low 
pressure and high reflux. Details are given in Appendix I. 

3- To achieve lB, we have established that the following 
serve adequately to characterize tar fractions' for our purposcsi' 

A- One vapor-pressure datum for each fraction is found 
from the .spinning-bando distillation procedure. - 

B- The aromaticity of each fractioq is determined from 
NMR spectra. 

C-   he hetero-atomicity of each fraction (presence of 



sulfur, nitrogen or oxygen atoms) is determined by 
elemental analysix. 

D- The molecular weight of each fraction is determined 
by vapor-pressure osmometry or by freezing-point 
depression in benzene, 

Details are given in Appendix I. 

4- We want to use tar-fraction-characterization data to 
calculate the vapor pressure of each fraction as a function 
of temperature. To do so, we require a vapor-pressure 
correlation based on experimental data for model compounds, 
i.e. compounds typically found in tars. We have established 
such a correlation, called SWAP (1,2) and we have extended 
it so that, in addition to paraffinic and strongly aromatic 
hydrocarbons, it may also be applied to hydrocarbon deriva- 
tives containing nitrogen or sulfur ( 3 )  . Details are in Appendix IV. 
5- Good vapor-pressure data are scarce for high-boiling 
fluids such as those found in tars. We have therefore con- 
structed a vapor-pressure apparatus for measuring vapor 
pressures of selected model compounds. Since these compounds 
tend to decompose at higher temperatures, equilibrium 
measurements are best made at modest temperatures where the 
vapor pressures may be extremelv low. Therefore. a standard 
ex~erinental method is not suitable. Our apparatus, ap- 

-4 plicable to press,ures in the ranges 10 -lo0 torr is similar 
to that of Sinke (4). We have measured vapor pressures of 
a number of model compounds as reported in two publications 
(5,6 1 .  This work has also led to a group-cui.1 LL i l u t i o n  
method for estimating vapor pressures from molecular struc- 
ture only (7). Details are in Appendices 111, V and VI. 

6- To achieve lC, we use an equation of state for gas mix- 
tures at advanced pressures. The necessary coefficients are 
determined by a molecular-thermodynamic method. (8) Special 
attention is given to coefficients describing gas-phase inter- 
actions when the hot gas contains water as well as condtnsiblc 
hydrocarbons and hydrocarbon derivatives. 

7- To achieve ID, we have developed a preliminary version of 
a computer program, suitable for engineering design, for an 
isobaric heat exchanger which recovers the sensible heat from 
a hot, tar-containing, coal-derived gas. -To design such an 
exchanger, one must know the dew-point characteristics of the 
gas. These, coupled with heat and material balances, give 
the heat exchanger profile: percent condensed as a function of 



temperature or, alternatively, distance in the exchanger. 

Some details are, given in Appendix 11, 

8- To test the):dew-point calculations, we have built an 
equilibrium apparatus for measuring the solubilities of 
selected tar fractions in compressed gas (typically, methane) 
.at high temperakures and pressures. We lost much time with 
.an apparatus which did not give reproducible results. : : 
TherGfore, we have entirely rebuilt.the apparatus in such . 
a way that we eliminate the need for bothersome chemical- 
analysis measurements which, we are quite sure, caused our. 
major difficulties with the earlier apparatus. The new- 
.apparatus is now. operating and we expect meaningful data.::. 
to emerge soon. 

The achievements.listed above serve as a sufficient founda- 
tion to suggest that.-the goals of this research project can *be- 
attained in.the extension of this contract which started October 
1, 1979. 
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APPENDIX I 

CHARACTERIZATION OF COAL TARS 

FOR DEW-POINT CALCULATIONS 



I n t r o d u c t i o n  

C o a l  g a s i f i c a t i o n  o f t e n  p r o d u c e s  b y - p r o d u c t  t a r  which  

can constitute as I I I L I C ~ I  a s  5 weight p c r c c n t  of' t h c  c o a l  f c c d  

( I l ~ s t i t u t c  of  Gas T e c h n o l o g y ,  1 9 7 5 ) .  Whi l e  t h e  n a t u r e  o f  t h c  

' t a r  v a r i e s  f rom o n e  g a s i f i c a t i o n  p r o c e s s  t o  a n o t h e r ,  t y p i c a l  

t a r s  c o r ~ t a i n  m o s t l y  h y d r o c a r b o n s  i n  t h e  n o r m a l - b o i l i n g - p o i n t  

r a n g e  100-700 C .  

!lot e f f l u e n t :  g a s e s  from c o a l  g a s i f i e r s  p r o v i d e  a  

s i g n i f i c a n t  s o u r c e  o f  s e n s i b l e  h e a t  whose r e c o v e r y  i s  a c h i e v e d  

by c o o l i n g  i n  a  h e a t  e x c h a n g e r  w i t h  p o s s i b l e  s u b s e q u e n t  con-  

d c l - r s a t i o n  of h e a v y  componen t s .  D e s i g n  of c o a l  g a s i f i e r s ,  

t h e r e f o r e ,  r e q u i r e s  c a l c u l a t i o n  o f  dew p o i n t s  of g a s  s t r e a m s  

c o n t a i n i n g  h i g h - m o l e c u l a r - w e i g h t  h y d r o c a r b o n s .  T h i s  work d i s -  

c~ isscs  a tcchniquc f o r  c h a r a c t e r i z i n g  t a r s  t o  f a c i l i t a t e  such 

c a l . c u l a l ; i o ~ r s .  

Thcrmodynarnic A n a l y s i s  
. . ---- 

A I'reavy cornponcnt ( i )  remains i n  t h e  g a s  p h a s e  as l o n g  

.I:; .i t s I 'u~j;ici ty f' o b e y s  Lilt r c l a t i o ~ l  

where s u p e l - s c r i p t  v s t a n d s  f o r  v a p o r  and  s u p e r s c r i p t  c s t a n d s  

lor C O J ~ ~ C I ~ S L ' ~  pl luse.  T h e s e  f u g a c i t i e s  are r e 1 a t e . d . - t o  composi-  

t i o n  by 



t.lhi:rc! y and' x arc the .mole fractions in the vapor and con- 

densed phases, respectively; @ is the vapor-phase fugacity ' 

cocf£ic.ictrt; y is the condcnscd-phase activity coefficient, 

ntrd P is tlrc total pressure. Reference fugacity fp is deter- 

mined primarily by the vapor pressure of pure, condensed (i) 

8 at SYS tcm tcnperature . 
The dew-point condition for component .(i).occurs when 

the inequality in Equation (1) is replaced by an equality. 

In a typical application, the total pressure is known. 

Fugacity cocfIicicnts can be estimated using a suitable equa- 

Lion of stntc (1:aul and Prausnitz, 1978; Plbcker ct al., 1978; 

El-Twaty, 1379) and activity coefficients can be assumed to 

equal unity as a good first approximation. However, refer- 

cncc fugacity (vapor-prcssure data1 and mole fractions must 

also be available for each cotnponent. 

Coal tars are complex mixtures of many comsonents; it 

is not cconomically feasible to establish the exact composi- 

: ion  of tllc n~ixturc or to determine the vapor pressure of each 

~ulli!ju~lcl~L as (1 1 uricLioli of LempexaLure. The work presented 

I~cre provides a classification of heavy hydrocarbon mixtures 

such that dcw-point propcrtics . . can bc estimated with minimum 

~!x!)i.rit~l~.n tnl cf lor t . 
Tlje tar is fractionated into narrow-bniling-point 

cuts, and each cut is.nnalyzed for apprqximate chemical 

)ht 1 totill prcssurc, I! is usuhlly set q u a 1  to the vapor 

pressure  of purc, condcnscd (i) ; at clcvatcd prcssurcs, the 
Poynting correction must he added (Prausnitz, 1969). 
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: ;~r i ic turc .  "l'hc! c u t s  a r c  assumed t o  hc pseudo-pure  components  

w h i c h  c o n s t i t u t e  t h e  t a r  m i x t u r e .  

Us ing  experimental d a t a  f rom f r a c t i o n a t i o n  and f rom 

c h c n r i c a l  a n a l y s i s ,  t h e  SKAP method (Smi th  e t  a l . ,  1976)  i s  

t iscd t o  J ~ t c ~ - n l i n c  t h e  vspox-pressure-versus-temperature r c l a -  

t i o n  f o x  each c u t .  The  SWAP method i s  u s e f u l  b e c a u s e  i t  re- 

quires mininra l  e x p e r i m e n t a l  i n f o r m a t i o n  and  b e c a u s e  it i s  

r e l i a b l e  f o r  h y d r o c a r b o n s  c o n t a i n i n g  l a r g e  m o l e c u l e s  from t h e  

m e l t i n g  p o i n t  t o  1 5 0 0  mn! Hg.. ' 

M o l c c u l a r  w e i g h t s ,  needed  t o  c a l c u l a t e  x and  y ,  a r e  

d e t e r m i n e d  f r o m  a c o r r e l a t i o n  b a s e d  on  p r e d i c t e d  normal  

b ~ i l i n y  p o i n t  a n d  a p p r o x i m a t e  c h e m i c a l  s t r u c t u r e .  

T a r  F r a c t i o n a t i o n  

I l lcavy h y d r o c a r b o n s  may u n d e r g o  c h e n i c a l  r e a c t i o n s  a t  1 , , , I  

room tomlaoratrrro ( i  . o .  , p o l y m o r i a a t i o n )  . To p r o v o n t  m o l e a u l s r  r e  

n r r a n ( j c n c n t s ,  t n r  s a m p l e s  were . ana lyzed  w i t h i n  a few d a y s  o f  

t l ~ c i r  ~ ~ l a t l u f a c t u r e .  A l s o ,  s a m p l e s  were k e p t  i n  a d a r k ,  oxygen- 

i rcc  ?tmosplrcre  and  u n d e r  r e f r i g e r a t i o n  (5  C )  whenever pos- 

s i b l e .  

Two t a r  mixtu:cs wcrc a n a l y z e d :  o n e  w a s  p r o d u c e d  a t  

itcsc!arcll T r i a ~ r g l e  I n s t i t u t e  (RTI) i n  t h e i r  b e n c h - s c a l e  g a s i f i -  

c a t i o n  u n i t  (Mixon,  1 9 7 8 )  a n d  t h e  s e c o n d  was p r o d u c e d  by t h e  

SYNTllANE d c n l o n s t r a t i o n  u n i t  of t h e  P i t t s b u r g h  E n e r g y  Technology 

C c n t c r  ( I ~ r s L i t u t e  o f  Gas T e c h n o l o g y ,  1975;  C a s i o r ,  1 9 7 8 ) .  

D o t l r  " a s - r e c e i v e d "  t a r  s a m p l e s  c o n t a i n e d  t h e  t o t a l  



c o n t a i n e d  s i g n i f i c a n t  q u a n t i t i e s  o f  w a t e r .  S i n c e  t h e  p u r p o s c  

ticrc i s  t o  a n a l y z e  t h e  heavy  h y d r o c a r b o n  p o r t i o n  o f  t h e  con-  

d z a s a t e ,  t h e  l i g h t  componen t s ,  i n c l u d i n g  w a t e r ,  w e r e  d i s -  

t i l l e d  o f f  p r i o r  t o  t a r  a n a l y s i s .  

D i ' s  t i l l a t i o n .  and f r a c t i o n a t i o n  were  a c h i e v e d  i n  a ,  

P e r k i n - E l m e r  a d i a b a t i c ,  s p i n n i n g - b a n d  s t i l l  (Model 2 5 1 ) .  I n -  

s t c a d  o f  t r a y s  or p a c k i n g ,  t h i s  t y p e  o f  d i s t i l l a t i o n  column 

u s e s  a h e l i c a l  band r o t a t i n g  a t  a h i g h  RPM. The r o t a t i n g  

b ~ n d  g i v e s  h i g h  e f f i c i e n c i e s ,  l o w  p r e s s u r e  d r o p s ,  and  low 

l i c j u i d  h o l d u p  w h i l e  a1lob:ing o p e r a t i o n  a t  High t e m p e r a t u r e  
I 

and h i g h  vacuum. To  a v o i d  t h e r m a l  c r a c k i n g ,  vacuum d i s t i l l a -  

Lion i s  u:;c.d t o  k c c p  p o t  temperatures l o w .  

ApproximdLely 100  gm o f  " a s - r e c e i v e d "  t a r  were u s e d .  

T h e  s c i l l  was r u n  w i t h  a  monel band a t  1800 RPM; a  r e f l u x  

r a t i o  of 20 :1 ,  and  a  l i q u i d  h o l d u p  i n  t h e  column o f  a b o u t .  

0 . 5  n ~ l .  Under t h e s e  c o n d i t i o n s ,  t h e r e  e x i s t  a b o u t  50 t h e o r e -  

t i c a l  p l a t e s  i n  t h e  coluln;;. 

l ' em;>era tu re  i n  t h e  s t i l l  p o t  and r e f l u x  head  were rcon- 

j L o ~ c J  w i t 1 1  t l i c r n ~ o c o u p l c s  c a l i b r a t e d  to  k 0 . 1  C. Vacuum o p e r a -  

L ion  f rom 1 a t n ~  to  0 . 1  nu11 11g was m a i n t a i n e d  w i t h  a  P e r k i n -  

E]n:cr vacuum r e g u l a t o r  (!.lode1 086-0241) .  Vacuum o p e r a t i o n  

from 0 . 1  t o  0 . 0 1  mm Iig was a c h i e v e d  m a n u a l l y  w i t h  a vacuum 

pump and b l c c d  v a l v e .  Above 0 . 1  mrn Ilg, vacuum c o u l d  be 

r c g u l a t c d  to  i 2 S ;  be low 0 . 1  mm Hg, c o n t r o l  was 2 1 0 % .  F o r  

p r e s s u r e  n c a s u r c m c n t s ,  n manomcter  and  c a t h e t o m e t e r  were u s e d  

1 5  



;~l)\)vc? 1 nun Ilg (711~1 a McCloud gaugc  .below 1 mm Hg; ' S i n c e  f r a c -  

t i o n a t i o n  c u t s  h a v e  b o i l i n g - p o i n t  r a n g e s  o f  a p p r o x i m a t e l y  25 

C , . s m a l l  errors i n  measurement  o f  t e m p e r a t u r e  or p r e s s u r e  are 

n o t  s i g n i f i c a n t  f o r  o u r  p u r p o s e s .  

" A s - r c c c i v e d "  tar s a m p l e s  were c h a r g e d  t o  t h e  s t i l l  

p o t .  I n i t i a l  o v e r h e a d  d i s t i l l a t e ,  t a k e n  o f f  a t  a t m o s p h e r i c  

p r e s s u r e  and  r e f l u x - h e a d  t e m p e r a t u r e s  o f  25-105 C ,  c o n t a i n e d  

a11 1 i g h t . c o m p o n e n t s  a n d  w a t e r .  Thc r e m a i n i n g  t a r  i n  t h e  p o t  

(25-75  qm) was t h e n  f r a c t i o n a t e d  i n t o  pseudo-pure-component  

c u t s .  
. . 

S c v c r a l  e x p e r i m e n t a l  c r i t e r i a  w e r e  used  t o  e s t a b l i s h  

d i v i s i o n s  be tween  f r a c t i o n s .  S i n c e  n a r r o w - b o i l i n g - p o i n t  c u t s  

are d c s i r c d ,  tllc b o i l i n g - p o i n t  r a n g c  f o r  a c u t  was k e p t  a t  25  

C or less. When d i s t i l l i n g ,  i t  was o f t e n  p o s s i b l e  t o  i d e n -  

t i f y  o b v i o u s  b r c a k  p o i n t s  be tween  c u t s  by o b s e r v i n g  a s h a r p  

d c c r e a s e  i n  t h c  b o i l u p  r a t e  and a s h a r p  i n c r e a s e  i n  t h e  p o t  

Lcn lpc ra tu rc .  F o r  e x a m p l e ,  s e v e r a l  g rams  o f  m a t e r i a l  were 

t a k e n  o f f  a t  a b o i l u p  r a t e  o f  20 d rops / rn inu te  w i t h  a n  almost 

c o n s t a n t  pot t c m j . > c r a t u ~ - c ,  A f t e r  4 5  minutes,  t h e  b n i l u p  rote 

cl~.l);>;>cd to  f, cIrops /minutC ancl t h c  p o t  t e m p e r a t u r e  s t a r t e d  t o  

illcreasc a t  a r a t c  of 2 C / ~ n i n u t e .  T h i s  b e h a v i o r  i n d i c a t e d  

t i l i l t  s i q n j f i c n n t l y  h e a v i e r  m a t e r i a l  s t a r t e d  t o  come u p  the 

c.01 L I I I I ~  a n d  Ll1 .31  t h c  n~a t l : r in l  b c i n q  t a k e n  o f f  a t  t h e  r c f l u x  

I~cacl was a1mo:;t. fully rcmovcd f rom t h e  pot. 

S O I I I C L ~ I ~ I L ' S  i t  was a l s o  p o s s i b l e  ro make d i v i s i o n s  be- 

ts.gccn c u t s  b y  o b s e r v i n g  p h y s i c a l  c h a n g e s  i n  t h e  o v e r h e a d  
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i i 1 ; t .  v a r i , ~ t i . o n s  i n  co1.or  or v i s c o s i t y  were sometimes 

us~?cl  to. d c c i d c  where  c u t s  s h o u l d  be made, I n  g e n e r a l ,  t h e  

d i v i s i o n  b e t w e e n  c u t s  was n o t  .a d i f f i c u l t  d e c i s i o n ,  a n d  t h e  

t o t a l  n u n b c r  of c u t s  was  d e t e r m i n e d  by  wha t  a p p e a r e d  t o  b e  

tllc o b - < i o u s  b r c a k i n g  p o i n t s  b e t w e e n  f r a c t i o n s .  Not i n c l u d i n g  

l i g h t  f r a c t i o n s ,  t h e  RTI t a r  was  d i v i d e d  i n t o  8 c u t s  a n d  t h e  

SYNTii.gXE t a r  i n t o  1 2  c u t s .  A t  room t e m p e r a t u r e ,  t h e  p h y s i -  

c a l  n a t u r e  o f  t h e  t a r  c u t s  v a r i e d  f rom c o l o r l e s s ,  l i g h t  o i l s  

t o  b l a c k ,  s o l i d  w a x e s .  

Tlic f i n a l  c u t  was  r e s i d u a l  m a t e r i a l  i n  t h e  s t i l l  p o t  

wh ich  w o u l d  n o t  b o i l  a t  350 C a n d  O . C 5  mm Hg. The  r e s i d u a l  . 

t a r  was  t r e a t e d  as t h e  h e a v i e s t  p s e u d o - p u r e  componen t ,  w i t h  3 ,> 

a l m i l i n j  p o i n t  d e t e r m i n e d  by t h e  c o n d i t i o n s  w h e r e  it was  n o  

lor~!jcr possj11l.e to  o b t a i n  b o i l u p .  Upon c o o l i n g  t o  room tern-. 

~ ) c r a t u r e ,  tllis r e s i d u a l  t a r  w a s  a b r i t t l e ,  g l o s s y - b l a c k  sub -  

::L;I I~CL!,  s i n l i l ; l x -  i n  a p p c a r n n c c  t o  c o a l .  S i n c e  t h e  i n i t i a l  

s a n ~ i ~ l c s  c o n t a i n e d  t o t a l  c o n d e n s a t e ,  t h e  r e s i d u a l  t a r  con-  , . 

Laiil.2d ' p a r t i c u l a t e  m a t t e r  or  i n o r g a n i c  f l y - a s h  p r o d u c e d  d u r -  

.i ny ( ja s i f  i.c:nti.on. 

Cl lemica l  C h a r a c t e r i z a t i o n  

'Yo c a l c u l a t e  t h e  v a p o r - p r e s s u r e  c u r v e  o f  e a c h  pseudo-  

pure c o ~ i ~ o n c n t ,  t h e  SWAP method r e q u i r e s  o n e  t e m p e r a t u r e /  

;Il:c?ssurc da t111:t and a 1 q ) r o s i m a t e  c h e m i c a l  ' s t r u c t u r e .  (The  

S\\i'hl' n~c,tl~otl j s  o11l.y i ~ l ) l ~ l i c z ~ b l c  t o  l i q u i d  h y d r o c a r b o n s ;  i n  t h e  

e ; ~ r  f r ; l c t i o l i a t i o n  d e s c r i b e d  a b o v e , .  e a c h  c u t  w a s  d i s t i l l e d  as 

1.7 



a i d . )  The one temperature/pressure datum is obtained 

from the overhead distillation conditions. 

The chemical structure information required is the 

distil-ibution of carbon rr toias by chemical type: aliphatic or 

aromatic. I n  this work, no distinction is made among aliphatic 

carbons; all aliphatics, including naphthenes, are treated 

alike. Nacknick et al. (1978) showed that vapor pressures 

calculated with SWAP are only a weak function of molecular 

structure. Therefore, classification of'carbon atoms as 

either aromatic or aliphatic is adequate for good vapor- 

1)ressurc estrmation tor tar cuts. 

i .  'TO calculate FA, the fraction of carbon atoms which 

a r c  aromatic, we use a relation proposed by Brown and Ladner 

w h c r c ,  for the particular cut, a is the ratio of aliphatic 

Ii~p~lroyen aton;c to total hydrogen a t o m  and (C/Ii) is the atomic 

ca rbon-  to-hydrogen ratio. For large molecules, (1i/C) ali (the 

ll;pilr.o~li?i~-to-carbon ratio for aliphatic 'structures) is 2.0. 

Rctcofsky et al. (1977) showcd that Equation ( 4 )  is 

reliable for a wide variety of complex mixtures, including 

coil1 cstrcrct.~, coal-tar pitches, and coal-carbonization pro- 

<fucts. The ratio (C/II) is obtained by standard chemical 

"llL.own ; I I , ~  Ladlior (1960) usc thc notation I!* in- 
stcad of t r .  

ali 
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c a r b o n  a r o n n t i c i t i e s  c a l c u l a t e d  f r o n  E q u a t i o n  ( 4 )  t o  d e t e r -  

m i n a t i o n s  b y  p r o t o n - c o u p l e d  ''c n u c l e a r  m a g n e t i c  s p e c t r a  and  

sho9.<cd t h a t  ag reen len t  is  e x c e l l e n t  f o r  c o a l - d e r i v e d  p r o d u c t s .  

1 1 1  L 1 i i . s  work ,  c a r b o n ,  hydrogen  and  n i t r o g e n  c o n t c n t  

were d e t e r m i n e d  f o r  e a c h  t a r  f r a c t i o n   sing a Perk in -E lmer  

240 C/lI/N a n a l y z e r .  S u l f u r  c o n t e n t  was d e t e r m i n e d  by t h e  com- 

bastion method o f  Sundberg  e t  a l .  (19461 ,  c o n v e r t i n g  s u l f u r  

d i o s i . d e  f rom c o m b u s t i o n  to  s u l f u r  t r i o x i d e  i n  a p e r o x i d e  

s o l u t i o n .  S u l f u r  t r i o x i d e  was t h e n  p r e c i p i t a t e d  w i t h  ba r ium 
. . 

i o n  fo r  c j r - ; lv in~c t r i c  determination of s u l f u r .  Oxygen c o n t c n t  

1 
Tlic r a t i o  a was determined by H NMR u s i n g  a V a r i a n  

T-GO s p e c t r o m e t e r  o p e r a t i n g  a t  60  MHz'. E x p e r i m e n t a l  s t u d i e s  

I,~L!L-C p ~ r f o r 1 1 1 ~ c I  a t  room tcr r . ;>cra turc  by d i s s o l v i n g  0.2 gm o f  

>;..l:ili)lc j 11 I n i l  of pyr ic l i t~c-c l  (99 atcn % d c u t c r i u m )  . T e t r a -  . 5 ., 

n ~ e t l ~ y l  s i l o s a n e .  (TMS) w a s .  used  a s  a n  i n t e r n a l  s t n a d a r d  t o  set 

z e r o - c l i e n i c a l  s h i f t .  Down-f ie ld  s h i f t s . f r o m  TMS o f  0-250 Hz 

, .;c , .. 1-c n : . t ~ - i l ) l ~ t . e c l  t o  a 1 i p t ; a t i c  hydr0gc.n; down-f i e l d  s h i f t s  o f  

3di!-50'3 11;: \~t:r& a s s u n ~ c d  to  be a r o m a t i c  hydroger, .  S i n c e  t h c  

srtr.~ples wcrc d i s t i l l a t i o n  ~ r o d u c t s ,  t h e r e  was no  s p e c t r a l  

intcl-ft:l-t*nc:c- f r-om w a t c r  or p a r t i c u l a t e s .  ( I t  was n o t  p o s s i -  

~ 1 . t -  t . c ~  i l i . ~ s o l ~ c *  r c s i d u ; l l  t a r  from t h c ,  s t i l l  p o t  i n  c a r b o n  

tc.1 ~ - a c l r l o ~ - i d ~ : ,  c l cu tc roo l i lo ro fo rm,  or d c u t c r a t e d  p y r i d i n e  for 

1 11  ~ ~ 1 1 ;  s t u d i e s ;  for t1leSe cuts, c h e m i c a l  s t r u c t u r e  is 
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. c x s t  . i ~ n ~ t c d  f roni c.?li?n1cnt~3l .7nalys j  s a1  one. ) F i g u r e  1 shows 

x o p r c s e n t a t i v c  '11 NI-1R s p e c t r u m  f c r  a  t a r  f r a c t i o n .  

T a b l e  1 g i v e s  t h e  a t o m i c  (C/H)  r a t i o  and a a l o n g  

w i t h  n r o n m t i c i t i c s  c a l c u l a t e d  by E q u a t i o n  ( 4 ) .  A l l  f r a c t i o n s  

c o n t a i n e d  a p p r o x i m a t e l y  t h e  same q u a n t i t i e s  o f  n i t r o g e n ,  

s u l f u r ,  .and oxygen :  0 . 5 ,  O..S, and 2 .5  atom per c e n t ,  r e s p e c -  

t i v e l y .  . ' S i n c e  oxygen  c o n t e n t  was c a l c u l a t e d  by d i f f e r e n c e ,  

s m a l l . m a s s  losses d u r i n g  a n a l y s i s  and  t h e  p r e s e n c e  of t r a c e  

e l e m e n t s . m a y  c a u s e . o x y g e n  v a l u e s  t o  b e  e r r o n e o u s l y  h i g h .  I n  

g e n e r a l ,  tlie t a r  f r a c t i o n s  were o v e r  95  atom p e r  c e n t  hydro-  

c a r b o n ,  : 

. . 
V a ~ c r - P r e s s u r e  C a l c u l a t i o n  

Usincj t h e  s i n g l e  t c n i p c r a t u r c / p r e s s u r e  da tum from 

d i s t i l l a t i o n  and t h e  s t r u c t u r a l  i n f o r r . a t i o n  f rom elemental 

ilnd NMR a n a l y s i s ,  t h e  SWAP method (Sn1it.h e t  a l . ,  1 9 7 6 )  was 

u s e d  t o  c a l c u l a t e  t h e  v a p o r - p r e s s u r e  c u r v e s  fo r  t h e  pseudo-  

1.1urc. c o ~ n p o n c n t s .  

F o r  v a p o r  p r e s s u r e s  b e l o w  ( a b o u t )  1500 nun H g ,  the SWAP 

s f ~ l ~ ~ c t j o n  r c l a t c s  v a p o r  p r e s s u r e  P (rrm Hg) to  t e m p e r a t u r e  T i 

C h a r a c t e r i s t i c  m o l e c u l a r  p a r a m e t e r s  T? and  P? are, r e s p e c t i v e -  
1 1 

l y ,  i n  k e l v i n s  a n d  i n  mrn Mg. P a r a m e t e r  P* is  c a l c u l a t e d  from i 
s i n t p l e  furlct ions  g i v e n  by Smith e t  a l .  (1976) and Macknick e t .  
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: I .  ( 1  7 )  ; i t. i :; .-I funct ion of nl)l.lrn:.:i.natc ch~?mical structure 

;111d OIIC boili11~~-puint datcx. In this work, we characterize 

chenlical stl-uc~urc by FA (carbor. aromaticity as determined by 

t11e ilroun-1,adncr method) and for the' boiling-point datum we 

c!loose T 0.01 or T: .10 Or I'7~0 (the tenperature where the vapor 

- 2  ]~ressare is 10 , 10, or.760 m Hg, respectively). For a 

particular cut, the choice is that which is closest to the 

distillation temperature.at which the cut was obtained. For 

yarnplc ,  if a cut was distilled at 5 m Hg, T10 is used to. 

Like Pi, coefficients A ,  B, and C are calculated from 

sj~~i~lc functio:~~ given by Smith et al. (1976) using FA and 
. .  . 

or l' or T Once Pl, A ,  B, and C are known, 01 10 760' 
~. 

I:.;i~ation (5) along with T 0.01 or T 10 Or T760 are used to 
1 1 u I .  1 . .  'I'* . . 

, . i ' 

Final values of all parameters in Equation ( 5 )  are 

obtained hy all iterative procedure. . .  . . . 

L'or ;I pal-ticular cut, tcrnpc~ntures T 
0.01' T1O' and 

, * 1 - LIL-C, not klloisn, l ~ u t  they call easily be calculated since 1 ( -8  0 

tlw va; ,or -~ , rcs sure -k~ers~~s -  temperature curve mus,t pass through 

I I ~ c  V;I~) ; ) I : -~~I -L?: ; : ;LII :C pL>i1~L obtaincd during distillation.. For 

c*:-::llnp3c8, if ;r cut was clistillcd at T = 500 K and a pressure of 

5 nm I ly ,  a trial-and-error calculation for T10 is required 

which. yiclds th42 correct distillation datum. Good initial 

guesses for T 0.01 Or T1O Or T760 can be obtained from the 

'1 i >;L i llirt i c r l ~  cl;l~iinl Ly u::il\q thc rough rule t h a t  the vapor 
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I , I - ( ~ S S L I I : C  c?otihl cs for e a c h  i n c r c n s c  of 2 5  K .  

A s  a n  e x a m p l e ,  t a k e  a  c u t  o b t a i n e d  a t  a  r e f l u x  c o n d i -  

t i o n  of T = 500  K a n d  pS = 5  mm Hg. As d e t e r n i n e d  f rom ex-  i 

l ,er imerl ta l  N X R  a n d  e l e m e n t a l  a n a l y s i s ,  FA = 0 . 5 .  TD f i n d  

I>*  A ,  B, ancl C ,  we c h o o s e  T s i n c e  it i s  closest  to  d i s t i l -  
1 * 1 0  

l a t i o n  col~cllLions. E'or an i n i t i a l  v a l u e  0f T 1 0 '  Wci assume 

t h a t  t h e  v a p o r  p r e s s u r e  d o u b l e s  f o r  each i n c r e a s e  o t  2 5  K .  

S i n c e  pS = 5 mm Hg a t  T = 500 k, T10 2. 5 2 5  K .  
i 

Using T = 525 K and FA = 0 .5 ,  we c a l c u l a t e  P ? ,  A ,  
10 1 

U ,  and C.  Once  t h e s c  a r e  known, E q u a t i o n  ( 5 ) ,  a l o n g  w i t h  

Y" = 1 0  mrn Iig a t  T = 5 2 5  K ,  a r e  u s e d  t o  c a l c u l a t e  Ti. i 

E q u a t i o n  ( 5 )  i s  now c h e c k e d  a t  t h e  d i s t i l l a t i o n  con-  

d i t i o n s .  Tllat  i s ,  a t  T = 500 K, d o e s  . E q u a t i o n  ( 5 2  p r e d i c t  

-.. L l i c  o b s c r v e d  r c s u l t ,  P: = 5 . m  l g ?  I f  n o t ,  s u c c e s s i v e  iter- 

a t i o n s  f o r  T r  v a l u e s  a r e  made u n t i l  v a l u e s  f o r  A ,  B, C,  
10 

P I  and  T* a re  o b t a i n e d  s u c h  t h a t  E q u a t i o n  ( 5 )  g i v e s  t h e  i 

Equa t i 0 1 1  ( 5  1 i s  w e l l - b e h a v e d  f o r  r a p i d  c o n v e r g e n c e ;  

tile:-e i.s o n l y  o n e  r e a s o n a b l e  T  
0.01 or T I 0  or T76Q which g i v e s  

t l ~ c  corr 'cc t :  d i  s t i l l a t i o n  datum.  For t h e  t a r s  a n a l y z e d  

l i r ' ~ . ~ ,  t11c i t c ! ~ - i ~ C i ~ n  l i ~ ~ \ l . l ~ o d  t o  caIc111~1tc  SwAI' parameters was 

carried ouC on a prograinmable d e s k -  t o p  c a l c u l a t o r .  F i g u r e s  

2 a n d  3' g i v e  r c p r e s e n t a  t i v e  v a p o r - p r e s s u r e  c u r v e s  c a l c u l a t e d  

w i t h  G c ~ t ~ a t i o n  ( 5 ) .  l 'ablc 2 g i v e s  SWAP p a r a m e t e r s  f o r  two 

c u t s  f r v ~ r ~  c i ~ c l ~  tdr .  



, . - No1ccul;tr-Weight Estimation 

* .  " .  Weight fractions are obtained from experimental .. . 

- .  . .Lt:actioi~;rtiol~. flowever, the thermodynamic relations, Equa- 

. .t'-iorrs (2) and ( 3 ) ,  require mole fractions. Therefore, es- .:. 

' t i laatcs of molc?culnr weights arc rcquircd for each cut. Ex-. . . 

.pcrimental techniques (Weissberger, 1959) axe a-vailable to ,, * . ,  

.'determine the molecular-weight distribution of the pseudo- ., . .  

:::pu.re components, but* the large necessary experimental effort -. 

is not justified for our purposes here. 

. * - .  . , 4 shows the dependence oE molecular weight on . 
s+ructurc and norn~al .boiling point Tb. The heavy lines in ' . . 

. .F'igure 4 represent extremes in aromaticity: normal paraffins 

% a n d  fused-ring aromatics. Figure 4 was constructed by plotting 

....LI~L' 11101ccul.ar weight-..as a function of n o m a l  boiling point Eor 

normal paraffins C5 - CS0 and for aromatics benzene.naph- * . .  . % 

thnlene, anthracene, and chrysene. At a given Tb, linear . . 
- u s~it~t.crpolation bctween thcsc cxtrcmcs using aromaticity, . . .  

FA [as  determined by Equation, (4)), gives good estimat.es of..\ 

n ~ o l  ccul ~r wcigl~ t . For cxamplc , tho molecular weight of . . 

Z,G-dinu*tl1yl-nnthr.7ccnc (FA = 14/16, Tb = 643 K) is 206; . 

usirlq Figure 4, the estimated molecular weight is 207. 

Since a tar fraction is a narrow-boiling-point Cutr . 
. . 

it does not have a single molecular weight, but rather a , . 

n~olccular-wciqht distribution. Figure 4 gives an average 

111,,1coul.lr r ~ ? i h ~ l ~ t .  using FA, as dctcrmincd from Equation- (4). 
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:1nt1 T as dc tcrmirred f roln Equatio~; ( 5 )  . Table  3 gives normal b' 

boiling points cstimated from the SNAP method and molecular 

weicjhts calculated using Figure 4. 

Conclusions 

Upo!r cooling hot gases containing small amounts of 

tars produced during coal gasification, tar condensation can 

cause severe plugging and fouling problems. Therefore, the 

dcsign of coal-gasification plants rcquires a.reliable method 

to calculnfc. the dew points sf tar-containing gases. 

Since tars arc complex mixtures, it is not usually 

fc;lsible quantitatively to identify each component. The 

~nethod prcsentcd here supplies a simp1.e technique for char- 

actcrizing tars through fractionation into cuts or pseudo- 

cony>o~rehts; cach'of these cuts is then subjected to approxi- 

nmtc  chemical analysis. The data obtained from fractionation 

and approximate chemical analysis arc then used to estimate 

t h e  molecular weight of each pseudo-component and its vapor 

pressure as a function of temperature. These are required 

for d~!w-pojnt calculations. Since nitrogen, oxygen, and sul- 

~ ' u r  co~lt.cnt was less than 5 atom pcr cent, the tars were 

classified as llydrocarbon liquids. However, inclusion of 

N, 0 ,  and S content in vapor-pressure and molecular-weight 

estimation n~ethods is likely to improve .the reliability of 

d e w - p i n t  calculations. 

As indicated in this work, small quantities of tor 

prodt~ct?d in Lcncll-scalc apparatus can be used to ~redict 
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equilibrium ccndensat2on conditions. Dew-~oint~alculations 

assuming phnsc oquilibrlu~i predict thc maximum condensation 

of tar, In gractice, condensation depends also on mass 

transfer (i.e., kinetics of condensation and entrainment); 

kmcvet  , t!~srmclynantic calculntions , as suc;gestcd here, 
facilitate prediction of potential fouling problems in large- 

seals installations. 
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Nomenclature 

'A, B ,  C Coefficients in thc Ski'kP vapor-pressure equa- 
t ioil 

(.C./II) Atomic CJL-ban-to-hydrorjen ratio 

f Fugacity , rrm Hg 

F~ Carbon aromaticity, fraction of carbon atoms 
per molecule which are aromatic 

(il/c) Atomic hydrogen-to-carbon ratio for aliphatic 
SLructurcs 

1' Total pressure, tlg 

P Saturated vapor pressure, mrn Iig 

P*, T* Characteristic molecular parameters in the 
. SWAP vapor-pressure equation; mm Hg and K 
rccpeotivcly 

t Temperature, C 
, 

T Temperature, K 

hlole fraotionc in the e o n d e n x d  and vapor 
phases, respectively 

Creek. Letters 

Fraction of hydrogen atoms per molecule which 
arc aliplra tic 



Vapor-phase fugacity cocfficicnt 

Condensed-phase activity coefficient 

0.01, 10, 760 At pressures of 0.01, 10,' an6 760 mm Hg, 
respectively 

c Condensed phase 

o Standard state 

v Vapor phase 
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Figure 1. Representative 'H IVl2 Spectrum: Cut 1 6 ,  
RTI Tar; a = 74/(135 + 74) = 0.35 

Figure 2. Representative Vapor-Pressure Curves for 
RTI Tar Fractions 

Figure 3. Representative Vapor-Pressure Curves for 
SYNTHANE Tar Fractions 
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1 1 F r a c t  ionation Conc l i  tions ancl Chcnlical Charactcri- 
zation for Tar Fractions 

Distillation 
Conditions Composition, 

(Ill t t P Wcight 
Tar No. C mm Hg % C/H a F~ 

6 15-4 0.02 4.6 1619 0.35 0.85  

7 170 0.04 6 . 7  1.20 0 .38  0.84 

Residual 330 0.03 26.0 1.48 -- 0 .9  



Table  2 .  Representative SWAP parameters for tar fractions. 

Cut 
No. mm Ilg x 1 0  

T: 
'ra r K A B C . 



'l'able 3. Calculated normal boiling points, molecular weights, 
and molar compositions of tar fractions. 

Cut t760 Molecular composition, 
Tar No. C weight Mole % 

Residual >688 398 14.3 --_----------------------------------------------------------- 
SYXTtlANE 1 217 140 5.1 

5 302 

G 314 

7 373 

8 410 

9 4 4 5  

10 474 

f l  479  

Residual >621 



Figure 1. Representative 'H NXR Spectrum: C u t  1 6 ,  RTI Tar:  
a = 74/(135 + 7 4 )  = 0.35 
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A R E A  = 7 4  

i 



Figure 2 .  Rcl~l-c~r;cnl.;~ t . '/;l!)or-Prcasure 
Curves for RTI Tar F r a c t i o n s  



Figurc 3. Representative Va2or-Pressure 
7. Curves for SYNTHlrNE Tar Fract ions  



F i g u r e  4 .  b i o l c c u l a r  Wcight Estimation as a 
Function of Normal B o i l i n g  Point 
and,Approximate C h e m i c a l  Structure 

Normol Boiling Point, K 



APPENDIX I1 

FUGACITY COEFFICIENTS FOR DEW-POINT CALCULATIONS ' 
/ 

IN COAL-GASIFICATION PROCESS DESIGN 





? .  C o a l - g a s i f i c a t i o n  p r o c e s s e s  p r o d u c e  h o t  g a s e s  t h a t  may 

. . c o n t a i n  s m a l l  q u a n t i t i e s  o f  t a r  a n d  w a t e r .  The s e n s i b l e "  

. h e a t  o f  t h e s e  h o t  g a s  s t r e a m s  i s  r e c o v e r e d  by  c o o l i n g  i n  . .  

h e a t  e x c h a n g e r s .  F o r  s t a b l e  0 p e r a t i o . n  o f  t h e s e  e x c h a n g e r s ' , '  

.it i s  n e c c s s a l - y  t o - . p r e v e n t  c o n d e n s a t i o n  o f  t a r s  a n d  water.. - 

, D e s i g n  o f  c o a l - g a s i f i c a t i o n  p r o c e s s e s ,  t h e r e f o r e ,  may r e q u i r e  

.. q u a n t i t a t i v e  est.ima-kes o f  d e w - p o i n t  c o n d i t i o n s  i n  t a r -  . . '  . % 

c o n t a i n i n g  g a s e s .  

C o n s i d c r  a gas .eous  mi.>:ture a t  p r e s s u r e  P; t h e  c o m p o s i t i o n  

of thi: ga s  i s  givc~.l,..b;. ntole f r a c t i o n s  y 
1' Y 2 '  . . e t c  w h e r e  the 

s u b s c r i p t s  r e f e r  t o . c o m p o n e r . t s .  F o r  a n y  c c m p o n e n t  i ,  con-  

d e n s a t i o n  d o e s  n o t  o c c u r  a s  l o n g  a s  

. .Where  $ i s  t h e  v a p o r - p h a s e  f u g a c i t y  c o e f f i c i e n t ,  y i s  t h e  

. , l i q u i d - p h a s e  a c t i v i t y  c o e f , f  i c i e n t  , a n d +  x i s  t h e  l i q u i d - p h a s e  

0 mole f r a c t i o n ;  t h e  . r e f e r e n c e .  f u g a c i t y  i s  d e n o t e d  by  f . 
. . . . F o r  t y p i c a l  t a r s ,  a s s u m i n g - i m m i s c i b i l i t y  w i t h  w a t e r ,  . . 

0 
. ,.we c a n  assume t h a t  yi = 1 when fl i s  t a k e n  as  t h e  v a p o r  p r e s -  

s u r e  o f  p u r e  l i q u i d  i a t . s y s t e m  t e m p e r a t u r e  a n d  p r e s s u r e .  

The v a p o r  p r e s s u r e  i s  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t ;  a s  t h e  

t e m p e r a t u r e  f a l l s  ( a t  c o n s t a n t  p r e s s u r e ) ,  E q u a t i o n  1 may n o  

l o n g e r  h o l d ;  t h e  i n e q u a l i t y . b e c o m e s  a n  e q u a l i t y .  The  t e m -  

p e r a t u r e  w h e r e  t h i s  o c c u r s  i s  t h e  d e w - p o i n t  t e m p e r a t u r e .  



.. 4.. 

A t y p i c a l  t a r  i s  a . , m i x t u r e  o f  many o r g a n i c  components  

and  it i s  n o t  f e a s i b l e  t o  i d e n t i f y  e a c h  component t h r o u g h  

e l a b o r a . t e  c h e n l i c a l  a n a l y s i s .  I t  is f a r  s i m p l e r  t o . f r a c -  

t i o n a t e  t h e  t a r  i n t o  a  s e g  o f  pseudo-components  whose 

v a p o r  p r e s s u r e s  c a n  b e  e s t i m a t e d  a s  a  f u n c t i o n ' o f ,  t emperz-  

t u r e ,  , .=s d i s c , u s s e d  e l s e h w h e r e  (Macknick and  P r a u s n i t r ,  1979)  . 
J f - w a t e r  v a p o r  i s  present i n  the hot gas, we assume 

t h a t  condensed  w a t e t  is i i l M i i ~ ~ i b l e  With  COndefiSed t a r .  

When i = w a t e r ,  we still u s e  E q u a t i o n  (1) b u t  i n  t h a t  c a s e  

y i  xi = 1. . . 

Depending on  t h e  p a r t i c u l a r  c o a l - g a s i f i c a t i o n  p r o c e s s ,  

t o t a l  p r e s s u r e  P  mzy v a r y  i r o n  1 t o  80 b a r s .  A t  l o w  p r e s -  

s u r e ,  t h e ' g a s  p h a s e  is n e a r l y  i d e a l  and  t h e r e f o r e  @ i  = 1 

f o r  e v e r y  component b u t ,  a s  t h e  p r e s s u r e  rises, s i g n i f i c a n t  

d e v i a t i o n s  f r o n  i d e a l i t y  a r e  l i k e l y .  T h i s  work 1s c o n c e r n e d  

w i t h  c a l c u l a t i o n  of f u g a c i t y  c o e f f i c i e n t s  $.  



Fcyacity Coefficients from.thc Virial Equation 

~ h c  conditions of intercst'here ar6 high temperatures 

(typically, 120-800~~) and moderate pressures; the gas cdm- 

position is such that the mole fraction of.methane (the de- 

sired product from coal-gasification) is always largei .There'- 

fore, the density of the gas is well below the critical and 

w e  may then describe,gas-phase nonideality with the trun-'. 

dated virial "equation. of state: 

idhere z is the compressibility factor; v is the molar'volume, 

T is the absolute temperature, R is thegasconstant and Di,,, 

t h e  sccc?nd ?.7i:ri..c11. coefficient of the mixturc, 'is rclatcd to 

!nole f r a c t i o n  b:;l . . 

where Uij ,, a function oE tenlpcraturc, is determined by lntcr- 

n~oleculir forces between molecule i and molecule j. 

From Equations (2) and ( 3 ) ,  the fugacity coefficient is 

readily calculntcd using standard thermodynamics; for any 

component i , 



I n  E q u a t i o n  ( 4 ) ,  t h e  summat ion  i s  o v e r  a11 c o m p o n e n t s ,  

i n c l u d i n g  componen t .  i. . 

second V i r i a l  C o e f f i c i e n t s  .---- 

To u s e  E q u a t i o n  ( 4 ) ,  w e  r e q u i r e  s e c o n d  v i r i a l  c o e f f i c i e n t s  

.for a l l  i - j  p a i r s ,  i n c l u d i n g  m o s t  w h e r e  i = j. S i n c e  t h e  

mole f r a c t i o n s  o f  l i g h t  c o m p o n e n t s  ( e s ; x c i a l l y  m e t h a n e )  t e n d  

t o  be l a r q e ,  t h e  rzain p r o b l e m  i s  t o  c a l c u l a t e  t h o s e  Bi j  w h e r e  

i i s  j heavy ( t a r - l i k e )  componen t  a n d  j i s  a l i g h t  componen t .  

T h i s  p r o b l c l n  h a s  b e e n  d i s c u s s e d  by Kzul a n d  P r a u s n i t z  ( 1 9 7 7 ,  

1 9 7 8 )  who showed t h a t  good r e s u l t s  f o r  B i j  cou1.d be o b t a i n e d  

when c a l c u i a t i o n s  are based o n  a  s q u a r e - w e l i  p o t e n t i a i  f o r  

d e s c r i b i n g  i n t e r n l o l c c u l a r  f o r c e s .  

The s q u i ~ r e - w e l l  p o t e n t i a l  1'. i s  a f u n c t i o n  cf r ,  t h e  
. . 11 

c e n t e r - t o - c e n t e r  d i s t a n c e  between a p a i r  of m o l e c u 1 . e ~  i a n d  j: 

f o r  r s o i j  + A 
i j  

Where a i s  t h e  c c l l i s i o n  d i a m e t e r ,  E i s  t h e  c h a r a c t e r i s t i c  

p o t e n t i a l  c n c r g y  of a t t r a c t i o n  and A i s  t h e  w e l l  w i d t h .  

U s i n s  t h e  s q u a r e - w e l l  p o t e n t i a l ,  t h e  s e c o n d  v i r i a l  co- 

e f f i c i e n t  i s  g i v e n  hy 



\ . ihere bOi - 3 N~~ 3 i j '  NAv i s  A v o g a d r o ' s  number a n d  k i s  2!1 - - 3 

B o l t z m a n n ' s  c o n s t a n t .  

I n  t h e i r  s t u d y  of a s y n l m e t r i c  n i x t u r e s  ( i . e .  t h o s e  w h e r e  

m o l c c u l c  j i s  much l a r g e r  t h a n  m o l e c u l e  i ) ,  Kaul  . a n d  P r a u s n i t z  

( 1 9 7 8 )  f o u n d  t h a t  E q u a t i o n  ( 8 )  g i v e s  a  good  r e p r e s e n t a t i o n  o f  

t h e  l i m i t e d  e x p e r i m e n t a l  h t a ,  p r o v i d e d  t h a t  a  i s  c a l c u l a t e d  i j  

f r o 5  t h e  r a d i i  of q y r a t i o n  of m o l e c u l e s  i a n d  j .  

I n  K u u l ' s  w o r k ,  A i j  i s  n o t  s e t  p r o p o r t i o n a l  t o  o i j  ( a s  

i s  c u s t o n a r y  when n r u l e c u l e s  i a n d  j a r e  of s i m i l a r  s i z e ) ;  

i n s t e a d ,  Knul s u g g e s t e d  t h a t  A i j  i s  a c o n s t a n t .  r e f l e c t i n g  

t h e  r a n g c  o f  i n t e ~ : n o l c c u l c ~ r  a t t r a c t i o n  b e t w e e n  s m b l l  r n o l e c u l e  

i a n d  t h c  o u t e r  p a r t s  o f  l a r g e  ~ o l e c u l e  j h e c a u s e  s m a l l  mole- 

c u l e  i c a n n o t  " s e e "  a l l  of l a r g e  molecu1.e j .  K a u l  s u g g e s t e d  

t h a t  A = 0 . 2  nm f o r  a11 i - j  p a i r s .  
ij 

F i g ~ ~ r e  1 shows t h e  reduced s e c o n d  v i r i a l  c o e f f i c i e n t  a s  

a f u n c t i o n  of r e d u c e d  t e m p e r a t u r e  f o r  s o v c r a l  v a l u c s  of n i j  , 

a t  f i x e d  !i A s  e x p e c t e d  w i t h  a s q u a r e - w e l l  p o t e n t i a l .  B i j  
.i j ' 

i n c r e a s e s  rnono ton ica l . , l y  w i t h  t e m p e r a t u r e ,  a s y m p t o t i c a l l y  a p -  

p r o a c h i n g  bOij. l l o w c v ~ r ,  F i g u r e  1 a l s o  shows t h a t  a t  c o n s t a n t  

r e d u c e d  t e m p e r a t u r e ,  B. becomes  more p o s i t i v e  a s  a .  rises.. 
L j lj 

T h i s  i n c r e a s e  i n  B i j  i s  d u e  t o  t h e  e x c l u d e d  vo lume  e f f e c t  a s  

n o t e d  .by Kaul  and P r a u s n i t . ~  ( 1 9 7 7 ) .  

I n  t h i s  w o r k ,  f o l l o w i . n g  K a u l ,  wc u s c   quat ti on ( 8 ) .  re- 

4 3 



t a i n i n g  A = 0 . 2  nm f o r  a l l  i - j  p a i r s .  
, . i j .  

F o r  g m a l l  m s l e c u l e s  a n d  their m i x t : u r e s ,  w e  o b t a i n  para-  

n r e t e r s  a .and c/k f r o m  r e d u c t i o n  o f  second v i r i a l - c o e f f i c i e n t  

da ta .  T a b l e  1 s i v e s  these p a r a m e t e r s  f o r  n i n e  p u r e  f l u i d s  

c o n t a i n i n g  s m a l l  m o l e c u l e s .  

For d i s s i n l i l n r  pa i r s  of s z a l l  m o l e c u l e s ,  parameter E /k i j 

is g iven i n  Table z l  

F o r  every c r o s s - c o e f f i c i e n t  B , ( i f j ) ,  p a r a m e t e r  o i s  i j  i j 
f o u n d  f r o m  

S e c o n d  V i r i a l  C o e f f i o i e n t . o f  W a t e r  and ! ~ I i x t u r e s ~ C o n t a i n i n a  

Water --. 

S i r i c e  water i s  a conwion ::oristi t\:lcnt; i n  qases f r o n  c o a l  

g a s i f i e r s ,  i t  j.s i ! ; !pizrtant  t o  i n c l u d e  I . t  i n  o u r  c o r r e l a t i o n .  

E q u a t i o n  ( 8 )  g i v e s  a good r e p r e s e n t a t i o n  o f  t h e  s e c o n d  

v i r i a l  c o c f f i c i c n t  o f w w a t c r  when L" =: 0 . 2  nm (as  b e f o r e )  and  

u 0 . 2 0  nn. I:owcvcr, for p o l a r  w a t e r ,  t h e  p o t e n t i a l  enerqy , 

p a r a m e t e r  i s  s p l i t  i n t o  a n o n p o l a r  c o n t r i b u t i o n ,  d e s i g n a t e d  

by s u ? e r s c r i p t  ( O ) ,  and a p o l a r  c o n t r i b l ~ t i o n ,  d e s i g n a t e d  by 

s u p e r s c r i p t  (1) : 



When fit to experimental data for water, summarized by Dymond 

5 2 and Smith (1965), E (O)/k = 1861: a n A ' ~  (')/k = 1.67 10 K . 
Good agreement between calculqted and experimental second 

virial coefficients is shown in Fiqure 2. 

Reduction of pure-water data alone does not provide 

unique values for the three adjustable parameters o, c (')/k, 

and c ( ' ) /k .  The values chosen were those which first, give  

a physically reasonable (7 2nd second, which are appropriate 

for calculating cross-virial'coefficients for binary aqueous 

mixtures where.thc. second cornpor.lent is n srrall, nonpolar 

mo1.ecule. for such mixtures we require thzt cij 2 ( c  i 

where water is tlcsi.t:jaa Led Ly sul>scri,pt i . 
Figure 3 shows calculated and experimental second virial 

crosscoefficient B12 for three binary aqueous mixtures 

(Riyby and Prausnitz, 196U and Conn and King, 1971). Calcu- 
. . 

lations were niadc with the ,square-well potential using Equn- 

tion (9) for a:  well width h12 was set equal to 0.2 nm and 

c12 was calculated from 

where k12 is a binary pamnletcr, small colnpnrod to unity. 

(Here 1 refers to wiltcr and 2 refers to the second component. 

Table 3 gives values of ci2/k and corresponding values of 



Figure 4 shows calculated a n 2  observed (Kobayashi and 

K a t z ,  1953) solubilities for water in coxpressed propane. 

solubilities were calculated as dcscril~d elsewhere (Riyby 

and Prausnitz, 1 9 6 8 )  where the all-important second virial 

coefficient I3 was calculated : ~ s i i : q  the square-wt 11 potcn-  12 

tial, as indicated a.bove. 

Because of expc-.r.imental evicler.:ce o f  association between 

water and carton dio:.ride in the gcis phzs,e. ( C o ~ i n  and King, 

1971), this binary is given special treatment. The cross 

virial coefficient BIZ is split i ! l t , - j  two contributions 

(wuthnagel et nl, 1973) : B12 (chemical) and D (physical). 
12 

For the che!r,ical cot~tributicn to D we use t h e  relation 12 

w h e r e  K is t l ~ c : :  c :qu i l  l i3riai.n cc:~st:.?,ri t of t h e  as:;ociation 
cc1 

reaction bctwcc.?~l ~ l a t c ~ :  anti c,a~:hon i3iox5.de. Dc Santis ct i l l  

(1974) have fitted K as a function of tzmperature from 
e'3 

experimental data in the tc!rltperi~ t u r c  ranqe 25-750 C: 

where K is in atmosphere and T is in K. 
e'l 

We use 12quations (12) and (13! to calculate the chemical 

contribution to the cross virial coefficient for water-carbon 



d i o x i d e .  T h e n ,  u s i n g  e x p e r i m e n t a l  d a t a  o f  C o a n  a n d  K i n g  

( 1 9 7 1 )  for B12, w e  f n u n d  B12 ( p h y s i c a l )  w h i c h  w e  f i t tsd 

u s i n g  the s q u a r e - w c l l  p o t e n t i a l  w i t h  A12 = 0 . 2  nm a n d  u s i n g  

E q u a t i o n  ( 3 )  f o r  ci 12 .  T h e  o p t i m u m  v n l . u c  of c /k i s  1 8 6 . 7  K .  I. 2 

E ' i q u r e  5 c o m p a r e s  c a l c u l a t e d . a n d  e x p e r i n e n t a l  cross v i r i a l  

c o e f f i c i e n t s  f o r  w a t e r  a n d  c a r b o n  d i o x i d c .  

Parameters f o r  M i x t u r e s  C o n t a i n i n g  L a r q e  M o l e c u l e s  ----- 
S i n c e  t a r - c c n t a i n i n y  g a s e s  have o n l y  v e r y  s m a l l  q u a n t i -  

t i c s  of heavy  h y d r c c a r b o n s ,  we are n o t  c o n c e r n e d  w i t h  t h e  

scco11:j v i r i a l  cocf , ? i c i c n  ts of p u r e  hc:l?v:~ h y d r o c a r b o n s .  E l i t  

w e  a r c  much ci.,ncc:.l:n~ic~ with c r o 7 . s  cc)cff i c i e n t s  E. (if j )  where 
I j 

j i.s a I.;I!T~!c? I I I C , ~ C ~ C ~ ~ !  c?. 'Yi~(?sc ~ : . o : s s  c o ~ ~ f . C i c i . ~ i : t . s  p l a y  ci (lr!:;~i- 

n s n t  ro le  i.n 13i-;;!::i:i~?n ( 1  for  :he f c q a c i t y  c o e f f i c i e n t  o f  

t h e  c h a r a c t e 2 - i s t i c  F , i s t a n c e  a i s  r c l s t c d  n o t  o n l y  t o  nolc-  

c u l a r  d i . m c n s i o n s  but also t o  m o l c c i ~ l a r  f l e x i b i l i t y .  F o r  . 

s u c h  m o l e c u l . e s  :.!e c;il.c:il.ate o fronl t h e  r a d i u s  o f  g y r a t i o n  

r as  d i s c u s s e d  by i:aul. a n d  P r a u s ~ i t z  ( 1 9 7 7 )  : 
CJ 

For m e t h a n e ,  c / 2  = 0.1G75 and r = 0.0443 nm. 
T 

U s i n q  m o l c c u l i ~ r - s t r u c t u r e  dat-.a (Rower a n d  S u t t o n ,  1 9 6 5 )  , 

w e  have  c a l c u l a t e d  r a d i i  of g y r a t i o n  f o r  a n u m b e r  o f  heavy 



h y d r o c a r b o n s .  D e t a i l s  are g i v e n  e l s e w h e r e  ('I'hompson and 

Braun,  1968 and  Kau l ,  1977)  b u t  sonc r c s u l t s  a r e  .shown i n  . 

T a b l e  4 .  F o r  o i j ( i f j ) ,  we u s c  Ep :~a t ion  ( 9 ) .  

As b e f o r e ,  wc u s e  A = 0 . 2  nm. The r c n a i n i n g . p a r a r n c t e r  i j  

i s  c i j / k .  A s  d i s c u s s e d  by Kaul ant1 P r i ? o a n i t z  ( 1 9 7 8 ) ,  t h i s  

p a r a m e t e r  ( f o r  a f i x e d  l i g h t  colilponcnt i) i s  r e l a t e d  t o  t h e  
* 

( f l i ldobrand) e n t h a  l p y  o f  v a p o r i : ~ ~  t i o n  o : E  the heavy co$:i..ponent 

j. ~ i ~ u r e  6 g i G c s  n c o r r e l a t i o n  f o r  cij/k a s  a f u n c t i o c  o f  

Mi ldeb rand  e n t h a l p y  o f  v a p o r i z a t i o n  for component j .  Fo r  

heavy components ,  whose I i i l doh rand  e n t h a l p y  of v a p o r i z a t i o n  

A H  i s  i n ' e x c e s s  of  10 K-cn l /no le ,  T a b l e  5 shows a n a l y t i c a l  

c o r r e l a t i o n s  f o r  cij/k as  a f u n c t i o n  of. Mildbrand  e n t h a l p y  

of v a p o r i z a t i o n  of  coTponent  j .  

R a d i u s  o f  G y r a t i o n  f o r  .. T a r  C u t s  

To c a 1 c u l a t e B i j  (where  i i s  a  s m a l l  m o l e c u l e  and j i s  

a l a r g e  m o l e c u l ' c ) ,  krc? u s e  E q u a t i o n  ( 9 )  t o  f i n d  a 
i j *  F o r  

small m o l e c u l e  i, ' ?ab le  1 q i v e s  c i ' We now d i s c u s s  a proce- 

d u r e  for c a l c u l a t i n g  G which i s  r e l a t e d  t o  r a d i u s  oE g y r a -  
j 

t i o n  r t h r o u ~ h  R q ! ~ n t i o n  ( 1 4 ) ,  w r i t t e n  bclow i n  a  s l i g h t l y  
g .  

* 
The (Wi ldcb rand)  c n t h a l p y  o f  ~ . ~ a p o r i z a t i o n  i s  clef i n e d  a s  t h e  

e n t h a l p y  o f  v a p o r i z a t i o n  a t  t h e  t e m p e r a t u r e  where t h e  mo la r  

volume of t h c  srr tti.l:;~bd v a p o r  i s  4 3 . 5  li tcrs . 



;j . 
' I  = .  -- - 0 . 1 2 3 2  + r .(. nm) 
2 '?. - .3 

I 

F o r  . c o n v e n i e ~ : c e ,  tile no;.; d r o p  s lc lbscr i .p t  j , keepir i i ;  i n  

nlind t h a t  t h e  d i . s c \ ! s s i o n  b e 1 . o ~  1:cfcrs  t o  1a rc ;c  m o l e c u l e s .  

We are concerned w i t h . a  h y d r o c a r b o n  t a r  c u t  w h i c h  i s  

characterized by ;.i n c r m a l  b 0 i l i r . q  . p o i n t  T ( i n  I < s l v i n s )  b 

and  a h y d r o g e n - t o - c a r b o n  r a t i o ,  d e s i g n a t e d  by N/C. These 

c h a r a c t e r i z i n g  p a r s m e t e r s  c a n  be o b t a i c e d . .  f r o m  d i s t i l l a t i o n  

and e l e m e n t a l - a r i a l . y s i s  nc !asurements  a s  d i s c u s s e d  by Macknick  

and P r a u s n i t z  ( 1 9 7 9 ) .  . 

A t  o n e  e x t r e m e ,  the t a l  c u t  may c o n t a i n  o n l y  s a t u r a t e d  

( a l k a n e )  h y d k o c s r b o n s .  I n  t h a t  case 
. . 

-1 
(i! /C)  sat = 2  -t 2 ( n + l )  (16) 

* 
where  n  = number of c a r b o n  linkages. F o r  t h e  r a d i u s  of  

g y r a t i o n  (nanot:;ktc~:s) of a sat-d~ra!:~.?~? hydrocarbon 

Z q u a t i o n  ( 1 7 )  i s .  l x ~ s c d  on  Lhc ii.:c\l.ccula.r-clynanric s t u d i e s  o f  

T h e  number of' c a r b o n  1 i n k a c ; e s  i s  given by 

---A- 

* 
For esampl . e ,  i.n n o l - ~ i ~ a l  h c p t a n c ,  n -= G. 



- 2  -6  2 n = esp  (-0.129214+0'. 55811::lO Tb-0. 940000x10 Tb) (18) 

Equation (18) is based on boiling point.data for normal. 

alkanes from C 6  to Cqo. It holds for the normal-boiling-point 

range 340-800 K. 

At the other extreme; a tar cut may be completely 

aromatic in which cask 

* 
where N is the nurni.,cr of fused rings in the aromztic. !-! i s 

relate2 to the:: : . i ~~ :n : ! l  boi.linq point of fused-ring aromatics 

(benzene, naphthalcr~e, a n t h r a c e ~ c ? ,  and" chryse~le) by 

Using structural data, the rcdius of gyration of these 

aro:r1<3 t.i.cs was cor-1:cl.a t c d  with N by 

(r. = 0.0794 + 0.0389 N (nn) 
!I 

(21) 

Equations (20) and (21) cover thc normal hoiling point range 

350-720  I<.  

* 
For example, N = 1 for bcnzenc, 2 for naphthalene, 3 for 

anthraccnc. 



A t y p i c a l  t a r  c u t  i s  n e i t h e r  completely s a t u r a t e d  

( a l k a n e )  n o r  cornpl .et .ely a r o m a t i c .  We d e f i n e  D,  t h e  f r a c t i o n  

of t h e  c u t  w h i c h  i s  a l k a n e ,  by 

F o r  a n y  h y i l r o c i r b o n  c u t  whose  c a r b o n  number i s  g r e a t e r  

t h a n  6 a n d  w h e r e  w e  know T a n d  (I . ! /C) ,  bre p r o p o s e  t o  c a l c u -  5 

l a t e  t h c  r a d i u s  of < j y r a t i 6 n  by l i n e a l :  i n t e r p o l a t i o n  w i t h  re- 

C a l c u l . a t e d  r a d i i  of g y r a t i o n  f o r  t o l u e n e  a n d  e t h y l -  

b e n z e n e  u s i n g  E q u a t i o n  ( 2 2 )  a re  i n  c x c e i l e n t  a g r e e m e n t  w i t h  

v a l u e s  r e p o r t c c l .  by 'I'ho!i;pson a ~ ~ i !  B r a u n  ( 1 9 6 8 )  a f t e r  d i v i d i n g  

1 j2 
by t h e  appropriate f a c t o r  ( 2  ll) . 

t 
C a l c u l a t i o n  of I'sx,~.n.l.cter i j / k  f o r  . " l i . x tu res  w h e r e  - i j.s 

a L i g h t  G a s  (or Water) a n d  j i s  a T a r  ----- C u t  

For a t a r  cut i n t e1 :ac t ing  w i t h  a  l i g h t  Gas o r  w a t e r ,  

'ij /k i s  c a l c u l a t e d  u s i n g  F i g u r e  G o r  T . x b l e  5 .  To u s e  t h c  



r e s u l t s  g i v e n  h e r e ,  v:e r e q u i r e  t h e  I I i l d e b r a n d  e n . t h a l p y  o f  
. 6 

v a p o r i i 3 t i o n ;  isc o b t a i n  ' t h i s  fxonl v a p o r - p r e s s u r e  c h a r a c t e r -  

. i s t i c s  of thc t a r  cut-. u s i r i g  t h e  ~ l s u s i c s - ~ l a ~ o ~ r o n  e q u a t i o n .  

T h e  v a p o r  p r e s s u r e  c h a r a c t e r i s t i c s  cf a  t a r  c ' u t  a r e  d e t e r -  

m i n e d  u s i n g  t h e  SWAP rncthod a s  c l i s c u s s c d  b y  S!n i th  e t  a1 ( 1 9 7 6 ) ,  

X a c k n i c k  e t  a1  ( 1 3 7 6 )  a n d  M a c k n i c k  a n d  P r a u s n i t z  ( 1 3 7 3 ) .  

1 l . l u s t r a t i v e  C a l c u l a t i o n s  f o r  l7ugac i t .y  Coefficients a n d  

Dew P o i n t s  of Fs,cudo Ccr iqmnents  -- . i .  

F u g n c i t y  c o e f f i c i e n t s  f o r  t w o  t a r  c u t s  were c a l c u l a t e d ,  

e a c h  ;it i . n f i n i t : c  d.i.l~iti.cn i n  m e t h a n c ,  a s  a f u n c t i o n  0.f tern- 

p e r a t u r e  f o r  s c v c r a l  i s o b a r s .  T h e  t a r  c u t s  were o b t a i n e d  

by f r a c t i o n a t i o n ,  '2s d i s c u s s e d  by ! l ackn ick  ( 1 9 7 8 )  , f r o m  coal  

tar o b t a i n e d  i ron  the S y n t h a n e  c o a l - g a s i f i c a t i o n  p r o c e s s .  

T h e  zlveracjc? n o r m a l  boilj . : .!g p o i n t  of t h e  firsf. c u t  i s  528 K 

w!'lcr-ctis t h a t  (?I t.!r~:! sc!cond is 7 4 7  K .  T a b l e  G g i v e s  t h e  

p r o n e r t i e s  of t h e  tv::) c u t s .  F i q u r c s  ( 2 )  a n d  ( 9 )  show t h a t  

zt p r e s s u r e s  a b o v e  1 0  bars ,  s i g n i f i c a n t  d e v i a t i o n s  f r o m  

idcsal-(;a:; behavior a l : ~  l i k c l y ,  r ~ n r l : i c u l a r ' l y  a s  t h e  t e m p e r ; i t : ~ r e  

o: t h e  c!;ts i ; l l ls .  

To d c n ~ o n s t r a t c  the e f f e c t  o f  f u g a c i t y  c o e f f i c i e n t s  o n  

p h a s e  eyi:i ill- i u n ~  cr~1.cul.A t i o n s  , Table 7 p r e s e n t s  c a l c u l a t i o n s  

of cc~ndc : l : ; a t i on  conc.?i. tio12s f o r  a n\i.:"iurc o f  ~ V J O  p s e u d o -  

c u r ~ l p o n c ! ~  ts i n  11:etlia11r3 .. The mi:.: t u r e  c o n t a i n s  two t a r  c u t s  

w h o s e  properties a r e  l i s t d d  i n  T a b l c  6 .  P r i o r  t o  c o n d e n s a t i o n ,  

- 4  
the mole f r a c t i o n s  of t h e  c u t s  a r e ,  respectively, 2 . 0  x 1 0  



and 1.0 x 

Table 7 shows thzt at 00 bars, failure to take f u g a c i t y  

coefficients into account introducc:~ only a small error in 

dew-point tempel-atur-2s. Ilowever, the corresponding error in 

percent condcnsed is larqe. . . . 
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F l u i d  

Squ;rrc-Well Paxai~:c.tc:rs f o r  Ni!!c P u r e  Fluids -. ------ 
Con t n  i n inc ;  S ~ t a  11: i ; lo lecu les  - ------ 

(h ' c l l  K i d t h  ?, = 0. 2 nm) ----.-------- 

7-~Iydrogcn  S u l f i d e  

u, nanometers - - 

d.245 



C S ua~re- I . j c l .1  ? i r : a c~c t c ! r s  i j / L  for All P 1 . i j . r ~  9 --...-- . - ---..-.--- ,_i-l_ -------... 

of Sn!rtll .?~~lolccull.?s ( i  = j )  Sh!:rv;n i n  T a b l e  1 -_____ ---- -._- . . 

E .  P a i r  E i  e j k  -- 1 -j 1;; , I< . . . - -- P a i r  ---- 3 . . , I <  

- 

* 
Q u a n t i  t i c ! ;  i n  ~ ; I I , ' C I A ~ ~ I ~ ; S C S  a r c  f s t i ~ : ! i ~ t ; ~ s .  



T a b l e  3 

F: 
Square-Well P a r a m e t e r  12/k f o r  Water (1) - -- - - 

and a Small !4olecul.c ( 2 )  -- ---- 

iGd..troqen 

(:arhon Mo::o>:ide 

31ct;li?:;c 

E t h a n e  

1iydror;en Su1.f i .dc 

n-Propane 

n-Bu t a n e  

------ -.--.-- 

For Water-Carbondioxide sec L C > : ~ .  

!! 
"Quantities i n  p;ti'c?nthcses ;.,re e s t i s ~ a t c s .  



R a d i u s  o f  G y r a t i o n  for 'SO:!,\:? L a r g e  C y c l i c  -- -.--.. 

Molecules f r o m  Struztural D a t a  
--0 --- 

Moiecu1.e 

Cycloh2xane 

B e n z e n e  

Naphthalene 

?,I; t h r r a c e r ; ~  

Naphthacenc 

C h r y s e n e  



Enerqy I n t e r a c t i o n  P a r a m e t e r  

f o r  C o a l  T a r - L i g h t  Gas E i n a r i e s *  

E /k  is i n  K ,  AH" is ' i n  ~ ~ a l / n i o l e  
i j 

Hydrogen 13i1.1arics -- --- 

E: / k = l 4 6  i j 

N i t r o g e n  and Carbonmonoxide -- -- E i n a r i c s  ------- 
x 7 ,  

'ij /k = 2 6 6  - 603 exp ( - 3 . 2 9 4  ill!") 
3 

Methane B i n a r i e s  ----- 

Ethane ar8c.l l~!yclrogcnsulf  icle I!i:l~1:ies -.----- ---- 

Water B i n a r i e s  ------ 

--- 

* v  These correlations . a r e  .;slid o n l y  i f  A H  t h e  ( I l i l d e b r a n d )  
j ' 

e n t h a l p y  of  v a p o r i z a t i o n ,  i s  g r c a t c r  t h a n  1 0  Kcal /mole .  F o r  

l i g h t e r  second cornponent .~ ,  usc either Tables 1, 2, 3 or F i g u r e  6 .  

v A H .  i s  found from l i ~ r l i t c d  v a p o r - p r e s s u r e  data a s  discussed 
I 

. by Macknick an2 P r a u s n i t z  ( 1 3 7 9 ) .  

60 



Pror,crtics o f  Two T a r  C11ts / - - .  . -  

from ~ y n t h a n e '  Process --. 

C u t  t 5 --- Cut -- # 12 

Tb, 1: 528 747  

N (equivalent aromatic) 2.363 4.143 

( W C )  ar 0.7G2 0.662 

n (equivalent alkane:! 12.89 3 3 . 6 4  

( iI /Cj  sat :! . 1 -1 4 2.058 

(11/C ) 1.230 1.005 

(rg) s a t  . 
nm 

rCj' "" , 



Ecfect of Fuc.;nc:i ts: Coc~ffr i .c ; . . i .c-!~t  C ~ I I  (:i)llr!r?n~;': !:io:l 2.--..-- r.-- ---..--.------- ------ 
C o n d i t i o c s  at 6 0  13:tr:j T o t a l  P r e s s u r e  ---.- ------ - 

; ~ . S S I I ~ : . L I ~ I ~  Correcting f o r  

Id(:~;tl Gas I'haso Gas-Phast? 2 . lonideal i ty  -.,-.-.-- . --.-- - -..--.. 
1: = 1 (;I # 1 

D c w  Point 
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APPENDIX I11 

VAPOR PRESSURES OF HIGH-MOLECULAR-WEIGHT 

HYDROCARBONS 



Introduction 

In recent years, high-molecular-weight hydrocarbons 

have become iqcreasingly important because of development of 

cnergy-related processes: coal liquefaction, oil shale, tar 

sands, and especially coal gasification. Gasification of coal 

often produces a by-product tar which contains hydrocarbons 

ih the boiling range 200-600 C; to design efficient processes 

for tar-containing gascs, it is essential to predict their 

vaporization/condensation characteristics. 

Hot effluent gases from coal gasifiers, often as high 

as 1100 C, are a significant source of sensible heat. Re- 

covery of this energy is accompanied by cooling of the gas 

with subsequent condensation of the heavy components. To 

minimize condensate fouling or plugging, design of heat- 

recovery processes requires k n n w l ~ d g ~  of the thermodynamic 

properties that govern dew points of gas streams from coal- 

gasification processes. 

A heavy component (i) remains in the gas phase as long 

as its fugacity f obeys the relation 

where superscript v stands for vapor phase and superscript c 

stands for condensed phase. These fugacities are related to 

conposition by 

v fi = y . 4 . P  
1 1  

(2) 
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where, for component (i), yi and xi are the mole fractions in 

the vapor'and condensed phases, respectively; +i is the 

fugacity coefficient, 
Yi 

is the activity coefficient and P 

is the total system pressure. Reference fugacity fo is i 

usually chosen to be the vapor pressure of pure (i) at sys- 

tem temperature. 

The dew-point condition for component (i) occurs when 

the inequality in equation (1) is replaced by an equality. 

Therefore, to predict condensation conditions of a heavy con- 

ponent, we require accurate vapor-pressure data at tempera- 

tures normally encountered in coal-gasification effluents. 

Experimental determination of vapor pressures near 

800 C is difficult because operation of experimental appara- 

tus at such elevated temperatures is cumbersome. Also, since 

achieving thermodynamic equilibrium may take several hours, 

the hydrocarbon is susceptible to thermal degradation. 

(Degradation is often not severe in a gasification process 

because of the relatively short residence time from gasifier 

exit to cooling or condensation.) 

In this work, we report experimental data at near- 
* 

ambient temperatures. We then use semi-theoretical correla- 

tions to extrapolate to normal-boiling-point temperatures. 

A modification of Sinke's apparatus (1974) was used to 

measure vapor pressures in the ranyr 10-I to Torr. 



I 

Vapor press.ures were measured for liquids n-octadecane, * .  

n-eicosane, 1-methyl-naphthalene, and 2-ethyl-naphthalene, 

and for solids naphthalene, anthracene, and phenanthrene. 

For liquids, extrapolation to higher temper-atures is ba'sed 

on the mcdified SWAP method described by Eacknick et al. (1978') 

For solids, extrapolation is based'on the Clapeyron equation 

and on the SWAP method of Smith et al. (1976)'. 

Experimental 
, ' 

A modification of Sinke's gas saturation method (1974) 

was used; Figures 1 and 2 show schematic diagrams of the 
, 

apparatus. An oxygen carrier gas at atmospheric pressure 

is saturated with a hydrocarbon in a thermo~ta~elt bath. 

This mixture is then combusted completely to C02 and H20 

over a hot Catalyst. The amount of C02 produced is measured 

with a commercial infrared analyzer '(IR), monochromatically 

tuned and calibrated for C02 detection. Upon knowing the 

carbon number n of the hydrocarbon and the concentration of 

C02 after combustion, ppm(C02), the saturation pressure of 

the hydrocarbon P(sat) can be calcul.at.ed by 

P (sample) is the totall' pkessure in ,the equilibrium cell. 

The pressure in the IR analyzer is equal to atmospheric 

pressure P(atmo) since the analyzer is vented directly to 

the atmosphere. The last term in equation (41, . 
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[P (sample) /P.(atmo) J , is a correction for pressure drop 

through the system; this term is usually very close to unity 

at the low flowrates used. Equation (4) justifiably assumes 

ideal-gas behavior since operation is at'low pressure and 

low hydrocarbon concentrations. 

All connecting tubing in the system is 5-mm i.d. 

stainless steel. Metal-to-metal fittings are used since the 

analyzer detects .also the vapor pressure of packing or seal- 

ing materials. The combustion catalyst, kept at 700 C, is 

20 grrs of 3.2-mm alumina pellets containing 0.5 weight per- 

cent palladium.. Oxygen carrier gas is purified prior to 

saturation by passage over a hot catalyst followed by a 

scrubbing section containing Ascrite and Drierite to remove 

any background C02 or H20.. 

The IR analyzer is calibrated for three ranges: 

0-350, 0-800, 0-2500 ppm C02 by volume. Calibration is 

achieved using eight Primary-Standard gas mixtures from 

Matheson-Gas Products Company.. These rarige in concentration 

from 75 to 2350 ppm C02 by volume in nitrogen, certified to 

an accuracy of 21% in C02. High-purity nitrogen is used for 

zero-gas calibration. Temperature measurements o f  the well- 

stirred, thermostated bath are made ' with a platinum-resistance 

thermometer coupled with a linearizing bridge,to give direct 

readout on a digital volt meter. Temperature-measuring 

instruments are calibrated with N.B.S.-traceable thermometers 

to an accuracy of 20.05 C. The bath fluid is water for 



5-80 C and silicon oil for 80-200.C. Pressure measurements 

are made with a mercury manometer and cathetometer. The 

apparatus is constructed such that calibration checks can be 

made on the analyzer while by-passing the combusted 02/ 

hydrocarbon mixture to the atmosphere. 

Sample cells are 8-mm i.d. stainless-steel tubing, 

150 nun long. Before loading, all cells and all connecting . 

tubing are washed with acetone and baked in an oxygen atmos- 

phere at '400 C for 12 hours to remove inpurities. Hydrocarbon 

sample sizes are approximately 5 gm per cell. Liquid samples 

contain 2-mm glass helicies as packing to enhance saturation 

rates. Solid samples are crushed prior to loading into the 

cells. 

All samples are commercially available with purities 

of at least 99+%. Once the samples are loaded, each is run 

for a period of 24 to 72 hours at a temperature higher than 

the hlghest operating temperature, to strip out any light 

impurities. Because of high initial purities and the method 

of measurement, the error introduced by trace heavy impuri- 

ties is not significant. 

3 .-1 Purified oxygen, at approximakly 0.5 (NTP) c111 s , 

passes through a coil of tubing in the bath for thermal 

equilibration. The gas then flows through two equilibrium 

cells. A tandem-cell design is used to assure saturation. 

The saturated gas mixture then passes through a third cell 

containing spun glass to eliminate any entrained droplets or 
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particulates. After passing through the cells, the gas flows 

directly into the combustion zone. The heavily insulated 

catalyst chamber is partially submerged in the bath fluid 

to eliminate any condensation of the gas mixture prior to 

reaching the catalyst. From the combustion zone exit, the 

C02/H20/02 mixture flows into the IR. analyzer where the con- 

centration of Co2 is monitored. 

Once the apparatus is functional, the IR reading 

reaches steady state in approximately 30 minutes. Since the 

C02 concentration should not be a function of flowrate, 

3 -1 the flowrate was varied between 0.1-5.0 (NTP) cm s . No 

flowrate effect was observed. 

Previous tests with catalyst-bed temperatures indi- 

cate that even at 300-400 C, complete combustion is achieved. 

All runs are monitored for at least two hours to check for 

steady-state operation. A slow, continuous dro? in the C02 

concentration indicates that light impurities are stripped 

and depleted from the ~ m p l e .  A steady C 0 2  concentration, 

independent of flowrate and catalyst temperature, indicates 

complete saturation and combustion of the pure hydrocarbon. 

Results 

Tables 1 and 2 present vapor pressures for four li- 

quids and three solids. The indicated errors are average 

percent deviations of the experimental pressures from calculated 

pressures at the same temperature. The calculated pressures 



are calculated from the Clapeyron equation 

where P is in Torr and T is in ke1vi.n~. constants A and B 

are determined from a least-squares fit of the experimental 
. . 

data. Over narrow ranges in temperature, the Clapeyron 

equation is valid; therefore, the percent deviation of the 

experimental data from the Claperyon equation gives a good 

estimate of random experimental uncertainty. For the data 

reported here, an equation using more than two parameters. 

is not suitable since such an equation would tend to fit the 

data scatter and not give a valid reflection of random exper- 

imental uncertainty. 

Sinke (1974) measured the vapor pressure of naphthalene 

in the same temperature ranse; for comparison, we inter- 

polated his data using the Clapeyron equation. For six 

points, the average deviation between the two data sets is 

1.4% in P(sat1. This error is approximately equal to the 

0.8-2.7% experimental uncertainty of the data presented here 

For liquids, the Clapeyron equation is used to find 

TO.O1f the temperature at which the vapor pressure is lo-* 

Torr. Using and the modified SWAP,method of Macknick et. 

al. (1978), the data rep0rted:her.e are extrapolated to the 

normal boiling point T760. Figure 3 shows the extrapolation 
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for n-eicosane. Average error in estimating the four liquid 

T760 's is 3.8 C, which corresponds to an average error of 

8.8% in pressure. 

For solids, assuming no significant solid-solid phase 

transitions, the Clapeyron equation is used to extrapolate 

the experimental data to the known melting point. The SWAP 

method of Smith et al. (3) is then used to predict the 

liquid-phase vapor pressure curve. This method requires 

either T10 or T760. (Many aromatics are solids at TlO; we 

have therefore chosen to use T760.) The normal boiling point 

is not known, but can easily be calculated. The liquid and 

solid vapor-pressure curves must intersect at the triple 

point which is here taken to be equal to the melting point. 

Therefore, a trial-and-error calculation yields T760 which 

is then used to obtain the correct melting-point vapor 

pressure. The function of Smith et al. is well-behaved for 

convergence to the correct T 
760; there is only one rea'sonable 

T760 which gives the correct melting-point vapor pressure for 

each compound. Figure 4 shows this extrapolation for anthra- 

cene. For the three compounds which are solids at near- 

ambient temperature, the average error in estimating TTGO 

is 5.2 C, or 11.1% in pressure. 

For extrapolation of solid data to the normal boiling 

point, the melting-point temperature must be known. How- 

ever, khe SWAP method is not highly sensitive to small 

errors in melting-point temperatures. For anthracene, if the 
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melting-point temperature used is in error by 510 C, the 

subsequent error in predicting T 760 is only 5 4 . 7  C. 

Conclusions 

The experimental technique used here yields reliable 

vapor-pressure data near ambient temperatures. Since the ex- 

periment is performed at convenient temperatures and pressures, 

it is simple to operate and provides good-quality data easily 

and rap,idly. Using the SWAP method, vapor pressures for 

high-molecular-weight hydrocarbons in the range to 10 3 

Torr can be estimated from experimental data at near-ambient 

temperature for both solids and liquids. 

Nomenclature 

A,B Clapeyron equation constants 

Fugaci ty , Tnrr 

F ~ f F ~ , F ~  SWAP parameters: fraction of carbon atoms per 
molecule which are aromatic, branched paraffin 
and naphthenic, respectively 

Number of carbon atoms per molecule of hydro- 
carbon ' 

ppm (C02) Concentration of C02, ppm by volume 

P(atmo) Atmospheric pressure, Torr 

P (sample) Total pressure in equilibrium cell, Torr 

P (sat) Vapor piessuie, Toiz 

t Temperature, C 

Temperature, K 

Mole fraction in condensed phase 
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Y Mole fraction in vapor phase 

Greek letters 

4 Fugacity coefficient . 

Y Activity coefficient . . 

Subscripts 

i component ( i 1' 

m.p. Melting point ' 

0.01,10,760 At pressures of lo-* , 10, and 760 Torr, re- 
spectively 

Superscripts 
. . 

c Condensed phase 

0 Standard state 

Vapor phase 
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Table 1: Vapor Pressures of Four High-Molecular-Weight, 
Liquid Hydrocarbons 

P (sat) ,Torr*l.O 3 t ,C . P (sat) ,Torr*lO 3 

71.25 18.7 107.30 68.5 
. ' 

80.85 43.7 .I + Average Error in 

88.10 72.9 

Average Error in 

P ( s a t )  = 2.2% 



Table 1 continued 

1-Methyl-Naphthalene 

P (sat) ,Torr*lO 
2 

t,C 

Average Error in 

. . 

2-Ethyl-Naphthalene 

t ,C 
2 

P (sat) ,Torr*lO- 

13.05' 1.15 

34.85 7.35 

39.40 9 .87  
t +  0 r 

' I 

45.10 15.0 
. . 

Average Error in 

P(sat) = 2.7% 

_,. _ _ .  _. --- -.-. C.. ..- _ .. . .... ... . . - - . - . .,. . - .  ... , - - . . .  . 



Table 2: Vapor Pressures of Three High-Molecular-Weight, 
Solid Hydrocarbons 

Naphthalene Anthracene 

t t C  P (sat) ,Torr*lO 
2 

7.15 1.32 

12.80 2.35 

1.8.40 4.19 

18.85 4.45 

26.40 9.44 

31.85 15.4 

Average Error in 

P(sat) = 1.1% 

P (sat) ,Torr*lO 3 

6.69 

10.2 

16.4 

24.5) 

34.4 

68.3 

85.2 

110.0 

A =  26.250 Average Error in 

B = -8575. 

Phenanthrene 

t IC P (sat) , ~ o r r * l ~ ' ~  

Average Error in 

P (sat) = 0.8% 



Figure 1.. Gas-Saturation Apparatus for Vapor-Pressure 
Measurements 
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Figure 2. Saturation/Combustion Portion of 
Gas-Saturation Apparatus 
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Figure 3. Extrapolation of Vapor-Pressure Data for 
n-Eicosane at Near-Ambient Temperatures to 
the Normal .Boiling Point, Using SWAP Method 

(to. 01 = 83.55 C; FA = EB, = EN = 0.0) Temperature, 'C 



Figure 4. Extrapolation of Vapor-Pressure Data for 
Anthracene at Near-Aiibient Temperatures to 
the Normal Boiling Point, Using SWAP Method 
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APPENDIX IV 

ESTIMATION OF VAPOR PRESSURES OF HIGH-BOILING FRACTIONS 

IN LIQUIFIED FOSSIL FUELS CONTAINING 

HETEROATOMS NITROGEN OR SULFUR 



2 

Heavy hydrocarbons and their derivatives are of increasing 

interest in fossil-fuel technology, including coal liquefaction 

and gasification. Following primary liquefaction or gasification, 

separation operations are required for purifying the product. 

Design of separation equipment requires quantitative data for 

physical properties, in particular, vapor pressures. However, 

little is known about the vapor pressures of heavy hydrocarbons 

and their derivatives, especially those that are aromatic. 

In 1976, Smith et al. (1976) correlated vapor-pressure data 

for heavy hydrocarbons in the region 10-2,000 torr; the result- 

+ 
ing SWAP correlation is reliable to -10% and can be extrapolated 

with good results to lower pressures (Macknick, 1978). The SWAP 

correlation is based on Prigogine's (1957) theory of polysegmented 

molecules. One of its main advantages is that in characterizing 

the hydrocarbon, critical properties are not used; fractions of - 
aromaticity, napthenicity, branching and heteroaromaticity are 

used rather than specific structural information which is required 

to esti~ate critical properties. This is important especially 

for mixtures of complex hydrocarbons where structure is difficult, 

if not impossible, to determine. Currently available methods for 

estimating critical properties, based on results for fluids of 

low and intermediate molecular weight, may not be rellable 

for high-molecular-weight materials. 

In this work we extend SiJAP to include hydrocarbon deriva- 

tives containing either nitrogen or sulfur as heteroatoms and 

present evidence showing that the extended correlation is appli- 

cable to narrow-boiling petroleum fractions and coal-derived 

liquids. 



SWAP C o r r e l a t i o n  

F o r  t h e  r e g i o n  10-2 ,000 t o r r ,  s m i t h  e t  a 1  ( 1 9 7 6 )  p r o p o s e d  -- - 
t h a t  v a p o r  p r e s s u r e  P i s  r e l a t e d  t o  a b s o l u t e  t e m p e r a t u r e  T  by 

- - 
where  r e d u c e d  p r e s s u r e  P  a n d  r e d u c e d  t e m p e r a t u r e  T  are g i v e n  by 

Here P* and T* a r e  p a r a m e t e r s  c h a r a c t e r i z i n g  t h e  f l u i d .  Co-  

e f f i c i e n t s  A ,  B ,  and  C a r e  f u n c t i o n s  o n l y  o f  m o l e c u l a r  f l e x -  

i b i l i t y  c / n ,  where  n  i s  t h e  number o f  c a r b o n  a t o m s  a n d  3 c  i s  

t h e  number o f  e x t e r n a l  d e g r e e s  o f  f r eedom ( d e n s i - t y - d e p e n d e n t  

r o t a t i o n s  and v i b r a t i o n s ,  i n  a d d i t i o n  t o  t r a n s l a t i o n )  p e r  

m o l e c u l e .  These  f u n c t i o n s  a r e  o f  t h e  form 

E '  G r 
A ,  B o r  C = l / r  Ln{ (DX ) + (FX ) 

where  X = ( c / n  - 0 . 1 6 7 ) - I .  P a r a m e t e r s  D ,  E ,  F ,  G a n d  r 

a r e  shown i n  T a b l e  1. 

E q u a t i o n  (1) was o r i g i n a l l y  a p p l i e d  t o  l a r g e  n o r m a l  

p a r a f f i n s ,  where  e x p e r i m e n t a l  d a t a  a r e  r e l a t i v e l y  p l e n t i f u l .  

Vapor p r e s s u r e s  o f  o t h e r  h y d r o c a r b o n s  a r e  c o r r e l a t e d  a s  

p e r t u r b a t i o n s  a b o u t  a  c l o s e l y  r e l a t e d  normal  p a r a f f i n .  W e  

f i r s t  d e t e r m i n e  t h e  number o f  c a r b o n  a toms  i n  t h e  n o r m a l  

p a r a f f i n  which would h a v e  a  n o r m a l  b o i l i n g  p o i n t  (T760)  e q u a l  

t o  t h a t  o f  t h e  h y d r o c a r b o n  i n  q u e s t i o n .  T h i s  i s  t h e  

e f f e c t i v e  c a r b o n  number o f  t h e  h y d r o c a r b o n ,  

I f  t h e  n o r m a l  b o i l i n g  p o i n t  i s  n0.t  known, it c a n  b e  

e s t i m a t e d  f o r  n o r m a l  p a r a f f i n s  a s ' s h o w n  by Macknick ( 1 9 7 8 ) ,  ,. 

f rom a n o t h e r  v a p o r - p r e s s u r e  da tum,  a t  a  t e m p e r a t u r e  b e l o w ,  

p o s s i b l y  f a r  be low,  t h e  n o r m a l  b o i l i n g  p o i n t .  For compounds 

o t h e r  t h a n  p a r a f f i n s ,  two methods  a r e  o u t l i n e d  i n  Append ix  
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I1 to estimate normal boiling point. 

For the normal paraffin which has the same T a s  that o f  the 760 
compound of interest  

(CLn) normal =0.167 + 1.022/neffective 189/ndffective ( 5 )  

paraffin 

To correct for aromaticity, naphthenicity and branching, Smith 

et al. write 

c/n = (C/n) norma 1 +Ac/n 

paraffin 

where 

FA = fraction of carbon atoms which are part of an aromatic 
ring 

FN = fraction of carbon atoms which are naphthenic (part 
of a saturated ring) 

FB = fraction of carbon atoms which are in a terminal 
branch: 

- 
F~ - ('cH~ -2)/2 where LC* is the number of CH3 

3 
groups and L is the total number of carbon 

atoms, per molecule (FB 20)~ 

For parameter P*, a similar procedure is followed 

p* = p* 
normal paraffin + AP* ( 8 1.. 

* 
'normal paraffin = 5-78 X 10' e~p(-4.7222/(T7~0- 100)) ( 9 )  

AP* = (0.72FA + O.27FN - 0.65FB) 10' (10) 

where the units of P* are torr. 

Parameter T* is evaluated from Equation (1) using one 

vapor-pressure datum. 

t For example for toluene. ICH3 =1 and L=7. However, we use 

FB=O for toluene. 
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E x t e n s i o n  t o  Hydroca rbon  D e r i v a t i v e s  C o n t a i n i n g  E i t h e r  N i t r o g e n  

o r  S u l f u r  

To a c h i e v e  t h e  d e s i r e d  e x t e n s i o n ,  e x p e r i m e n t a l  v a p o r -  

p r e s s u r e  d a t a  w e r e  s t u d i e d . f o r  2 1  s u l f u r - c o n t a i n i n g  a n d  1 4  

n i t r o g e n - c o n t a i n i n g  f l u i d s  (Van d e  R o s t y n e ,  1 9 7 8 ;  Edwards ,  

1 9 8 0 ) ;  t h e s e  f l u i d s  a r e  i d e n t i f i e d  i n  T a b l e s  2  and  3 .  

The p r i m a r y  e f f e c t  o f  i n t r o d u c i n g  a  h e t e r o a t o m  l i k e  S  o r  

N i n t o  a  h y d r o c a r b o n  i s  on t h e  f l e x i b i l i t y  c / n .  T h e r e f o r e ,  

f o r  e a c h  f l u i d  shown i n  ' i , ab l e s  2  a n d  3 ,  v a p o r - p r e s s u r e  d a t a  

w e r e  f i t  t o  t h e  SWAP method l e t t i n g  c /n  b e  t h e  a d j u s t a b l e  

p a r a m e t e r  t o  o b t a i n  t h e  b e s t  f i t .  Us ing  E q u a t i o n  ( 6 ) ,  v a l u e s  

o f  Ac/n w e r e  f o u n d ;  t h e s e  a r e  a l s o  shown i n  T a b l e s  2  a n d  3 .  

S i n c e  T* i s  a  f u n c t i o n  o f  t h e  s i n g l e  v a p o r  p r e s s u r e  d a t u m ,  

f o r  t h e ' f l u i d s  s t u d i e d  h e r e ,  we c h o s e  t h e  t e m p e r a t u r e  c o r r e s -  

p o n d i n g  t o  300 t o r r  f o r  d e t e r m i n i n g  t h e  b e s t  Ac/n. 

To f i n d  and  s u b s e q u e n t l y  c o r r e l a t e  Ac/n, i t  was n e c e s s a r y  

t o  e x e r c i s e  c a r e  i n  t h e  d e f i n i t i o n s  o f  p a r a m e t e r s  T 7 6 0 ,  FA,, 

FN and  FB. W e  p r e s e r v e  t h e  o r i g i n a l  SWAP method by p e r t u r b i n g  

a b o u t  a n  e f f e c t i v e  n o r m a l  p a r a f f i n .  However,  t o  o b t a i n  

good vapor-pressure p r e d i c t i o n s  f o r  h e t e r o a t b m - c o n t a i n i n g  

h y d r o c a r b o n s ,  it i s  n e c e s s a r y  f u r t h e r  t o  p e r t u r b  t h e  mode l  

a b o u t  a  s t r u c t u r a l  homomorph o f  t h e  h e t e r o a t o m - c o n t a i n i n g  

h y d r o c a r b o n .  T h i s  homomorph i s  o b t a i n e d  by  r e p l a c i n g  all 

h e t e r o a t o m s  w i t h  e q u i v a l e n t  c a r b o n  a toms .  F o r  e x a m p l e ,  t h e  

homomorph for p y r i d i n e  i s  b e n z e n e  and  t h a t  f o r  t h i o p h e n o l  i s  

t o l u e n e .  Then T 7 6 0  , FA, FN,  and  FB a r e  d e t e r m i n e d  f r o m  t h e  

homomorph. 
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U n f o r t u n a t e l y , e q u i v a l e n t  c a r b o n  atoms c a n n o t  a lways  be 

s u b s t i t u t e d  f o r  t h e  h e t e r o a t o m s ,  eg;  

f o r  a r o m a t i c  five-membered r i n g s  c o n t a i n i n g  n i t r o g e n  and/or  

s u l f u r .  I t  i s  i m p o s s i b l e  t o  o b t a i n  an  a r o m a t i c  five-membered 

r i n g  c o n t a i n i n g  o n l y  c a r b o n  a toms ;  h e n c e ,  a  t r u e  homomorph 

d o e s  n o t  e x i s t .  

I n  t h i s  c a s e  w e  s t i l l  r e p l a c e  a l l  h e t e r o a t o m s  w i t h  c a r b o n s  

e v e n  i f  t h e y  a r e  n o t  e q u i v a l e n t  c a r b o n s .  W e  t h e n  d e t . e r m j n ~  

T 7 6 0  a s  t h e  normal  b o i l i n g  p o i n t  o f  t h i s  approx imate  homomorph. 

FA i s  d e t e r m i n e d  a s  i f  a l l  s u b s t i t u t e d  c a r b o n  atoms a r e  e q u i v -  

a l e n t  w h e t h e r  t h e y  a r e  or n o t .  For  example ,  w h i l e  t h e  

homomorph of t h i o p h e n e  c o n t a i n s  1 non-a romat ic  ca rbon  atom, 

i s  s e t  e q u a l  t o  1 . 0 .  

To o b t a i n  t h e  b e s t  e s t i m a t e  of  t h e  e f f e c t i v e  c a r b o n  num- 

b e r ,  t h e  a p p r o x i m a t e  homomorph s h o u l d  r e s e m b l e  t h e  t r u e  homomorph 

t o  a s  g r e a t  a n  e x t e n t  a s  p o s s i b l e .  W e  e n c o u n t e r  a n o t h e r  

o b s t a c l e  h e r e ,  however ,  i f  w e  c o n s i d e r ,  for i n s t a n c e ,  

t h i o p h e n e .  Our p r e f e r e n c e ,  u s i n g  t h e  r u l e s  d e s c r i b e d  above ,  

would b e  t o  r e p l a c e  t h e  s u l f u r  atom w i t h  c a r b o n  and u s e  t h e  

normal  b o i l i n g  p o i n t  o f  c y c l o p e n t a d i e n e  t o  r e p r e s e n t  T 7 6 0 .  

However, c y c l o p e n t a d i e n e  e x i s t s  o n l y  a s  a dimer a n d  WP r a n  

n o t  e a s i l y  o b t a i n  a  v a l u e  $ o r  T760. I n s t e a d  w e  u s e  t h e  n e x t  

closest a p p r o x i m a t i o n  t o  t h e  t r u e  homomorph - c y c l o p e n t e n e .  

F o r t u n a t e l y ,  normal  b o i l i n g  p o i n t  i s  n o t  s e n s i t i v e  

t o  d e g r e e  of a r o m a t i c i t y .  F o r  example ,  T760 f o r  c y c l o p e n t a n e  

i s  322 K and t h a t  f o r  c y c l o p e n t e n e  i s  317 K ;  a l s o ,  T760 f o r  

t o l u e n e  i s  384 K whereas  t h a t  f o r m e t h y l c y c l o h e x a n e  i s  3 7 4  K .  
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F u r t h e r ,  t h e  SWAP method is n o t  s e n s i t i v e  t o  s m a l l  i n a c c u r a c i e s  

i n  T760r  as shown by Macknick ( 1 9 7 8 ) .  

To i l l u s t r a t e  t h e  u s e  o f  t h e  SWAP method f o r  t h e  c a s e  o f  

f i v e  membered r i n g s ,  w e  p r e s e n t  a n  example  c a l c u l a t i o n  f o r  

t h i o p h e n e  i n  Appendix I .  

W i t h i n  t h e  s c a t t e r  o f  t h e  d a t a , t h e  r e s u l t s  shown i n  T a b l e s  

2  a n d  3  c o r r e l a t e  w i t h  F  t h e  f r a c t i o n  o f  h e t e r o a t o m i c . i t y .  F o r  
H '  

n i t r o g e n - c o n t a i n i n g  compounds 

no .  o f  n i t r o g e n  a toms  FH= p e r  m o l e c u l e  (11 no .  o f  n i t r o g e n  a toms  + no.  o f  c a r b o n  a toms  

A s i m i l a r  d e f i n i t i o n  i s  used  f o r  s u l f u r - c o n t a i n i n g  compounds. 

F o r  b o t h  t y p e s  o f  compounds, Ac/n becomes i n c r e a s i n g l y  

n e g a t i v e  a s  FH rises; m o l e c u l a r  f l e x i b i l i t y  f o r  a n i t r o g e n -  

o r  s u l f u r - c o n t a i n i n g  h y d r o c a r b o n  d e r i v a t i v e  i s  l o w e r  t h a n  t h a t  

o f  a c o r r e s p o n d i n g  h e t e r o a t o m - f r e e  h y d r o c a r b o n .  I n t r o d u c t i o n  

of t h e  h e t e r o a k o m  t e n d s  t o  s t i f f e n  t h e  m o l e c u l e .  . 

F o r  n i t r o g e n - c o n t a . i n i n g  compounds: 

F o r  s u l f u r - c o n t a i n i n g  compounds: 

Ac/n = 0.78471; - 1 . 6 3 5 ~ ~  - 0.02029FH 
H 

( 1 3 )  

E q u a t i o n s  ( 1 2 )  a n d  ( 1 3 )  a r e  u s c d  i n  a d d i t i o n  t o  E q u a t i o n  7  

t o  d e t e r m i n e  t h e  t o t a l  Ac/n used i n  E q u a t i o n  6 .  

Appendix  I g i v e s  i l l u s t r a t i v e  c a l c u l a t i o n s  showing  how 

t h e  e x t e n d e d  SWAP c o r r e l a t i o n  c a n  b e  u s e d  t o  c a l c u l a t e  v a p o r  

p r e s s u r e s  o f  h y d r o c a r b o n  d e r i v a t i v e s  c o n t a i n i n g  e i t h e r  n i t r o g e n  

or  s u l f u r  h e t e r o a t o m s .  

D i s c u s s i o n  

When E q u a t i o n s  ( 1 2 )  a n d  ( 1 3 )  are used, t h e  v a p o r  p r e s s u r e s  
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sf all compounds shown inTables 2 and 3 are reproduced with an 

,i 

average error of less than 10% over the experimentally-available 

range. Maximum errors are also less than 10% except for pyrrole 

(12%) and dimethyl pyrrole (17%). + ! 

' ,1 

For fluids whose molecules contain both sulfur and nitro- - " .  
/ - 

gen, a reasonable approximdtion may be provided by adding the 

contributions from Equations (12) and (13) to determine Ac/n. 

Experimental data for such fluidsare extremely rare. However, 

data are available for thiazoie and methyl 2-thiazale (noublik 

i et al., 1973) in the range 100-760 torr. When SWAP is used for - 
these fluids, the maximum error in the predicted vapor pressure 

To gain some perspective on the accuracy of SWAP com- 

pared to that of other methods, we have calculated 

maximum and average errors for two representative compounds, 

one containing nitrogen ( 2 , 4  dimethylquinoline), and one con- 

taining sulfur (thiophenol),over the available range of data. 

In addition, we have calculated maximum and average errors 

for these compounds supposing that their true structures were 

not known, to simulate the usefulness of the three methods on 

mixtures where structure is unlikely to be well defined. 

These are shown in Table 4. 

The nitrogen-containing compound was altered to be 3- 

methyl 1-naphthalene amine and the sulfur-containing compound 

was altered to be 1-ethyl thiophene. These perturbations 

changed primarily the position and character of the heteroatoms 

and leave fraction aromaticity largely unchanged. Since Macknick 

(1970) has previously shown that SWAP is a superior method in 

the face of uncertainties in aromacity, we desire here to show 
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SWAP'S advantages in terms of uncertainties in heteroatomicity 

character. We assume that fraction heteroatomicity can be 

determined with good accuracy. 

For both compounds the accuracy of the SWAP method either 

equals or exceeds that of the Riedel-Plank-Miller method and 

that of the Lee-Kesler method (Reid et al. 1977). More 

important, when structure is perturbed, the accuracy of the 

SWAP method is affected to a much lesser extent. Note that 

the percent error for the SWAP method hardly changes when 

molecular structure is misrepresented in contrast tothat forthe 

methods of Riedel-Plank-Pliller or Lee-Kesler. 

Each method requires input data to determine applicable 

constants. The SWAP method.needs only approximate structure 

expressed through fractions of aromaticity, naphthenicity, 

branching, and heteratomicity, and one vapor-pressure datum. 

On the other hand, the Lee-Kesler and Riedel-Plank-Miller methods 

both require critical temperature and critical pressure as well 

as one vapor.-pressure datum. Since critical properties are 

often not available, they were estimated using ~ydersen's group 

contribution method (Reid et a1 1977) which requires detailed * 

structural informatinn and molecular weight. 

F l i  xtures 

Perhaps the major utility of the SWAP correlation lies in 

it applicability to narrow-boiling mixtures of heavy hydro- 

carbons (cuts or fractions), where detailed molecular structure 

is not known. To illustrate, we compare calculations using 

SWAP to the petroleum-cut data of Myers and Fenski (1955) who 

studied four sets of narrow-boiling petroleum fractions, des- 

ignated OLA tar, Sovaloid C, Was I and Wax 11. Both OLA tar 



1 0  
and Sovaloid  C w e r e  c h a r a c t e r i z e d  a s  predominantly a l k y l a t e d  

a n t h r a c e n e s  and phenanthrenes ,  a l s o  p o s s i b l y  c o n t a i n i n g  some 

f o u r - r i n g ,  p o l y n u c l e a r  aromat ics .  The degree  of a l k y l a t i o n  

was smal l .  The t w o  waxes were s t a t e d  t o  be t y p i c a l  h igh-boi l -  

i n g  normal p a r a f f i n s .  Based on t h i s  in fo rmat ion ,  we set 

FA = 1 for  the OLA t a r  and for Sovaloid  C; we se t  FA=O 

f o r  t h e  waxes. A l l  o t h e r  c h a r a c t e r i z a t i o n  f a c t o r s  (FB,FN,FH) 

were set  t o  zero .  T 7 6 0  was e s t i m a t e d  from an e x t r a p o l a t i o n  

o f  t h e  exper imenta l  d a t a .  Table  5 shows maximum and average  

e r r o r s  through t h e  range  of exper imenta l  d a t a ,  g e n e r a l l y  

0.2 t o  100 torr.  Agreement is  good, e s p e c i a l l y  c o n s i d e r i n g  

t h e  rough q u a l i t y  o f  t h e  c h a f a c e e r l z a t i o n s  of  the compounds 

and c o n s i d e r i n g  t h a t  t h e  maximum d e v i a t i o n s  occur  a t  0.2 to r r  

where w e  expec t  t h e  l a r g e s t  exper imenta l  u n c e r t a i n t y .  

For comparison, w e  have a l s o  used t h e  Lee-Kesler and 

RiedelcPlank-Miller  methods t o  e s t i m a t e  t h e  vapor p r e s s u r e s  

af tKe petroleum-cut  d a t a  of  Myers and Fenske. These methods 

r e q u i r e  c r i t i c a l  c o n s t a n t s  ; 

Lydersen ' s  method (Reid ,  e t  a.13.6, 1977) 

w a s  used t o  e s t i m a t e  t h e  c r i t i c a l  p r o p e r t i e s .  Lydersen ' s  

method r e q u i r e s  knowledge of e x a c t  molecular  s t r u c t u r e  and 

molecu la r  weight.  S i n c e  molecular  s t r u c t u r e  was n o t  .knom,  

i t w a s  e s t i m a t e d  a s  fo l lows : .  OLA t a r  and Sovaloid C were 

assumed t o  be 1 , 6  d i e t h y l - 4  methyl a n t h r a ~ e n e ;  Wax I was 

assumed t o  be n - t r i c a s a n t ;  Wax I1 was assumed to be n-octa- 

cosane.  Table 5 p r e s e n t s  maximum and average c a l c u l a t e d  

r e l a t i v e  e r r o r s .  

I n  a l l  cases t h e  accuracy of t h e  SWAP method e i t h e r  e q u a l s  

o r  exceeds t h a t  of t h e  R i e d e l - P l a n k - ~ i l l e r  and Lee-Kesler 

100 



methods.  T h i s  i s  p a r t i c u l a r l y  t r u e  f o r  Wax I1 where t h e  maximum 

and a v e r a g e  e r r o r s  o f  t h e  SWAP method a r e - a p p r o x i m a t e l y  o n e - t e n t h  

t h o s e  o f  t h e  o t h e r  two methods.  a - 

The advan tage  of  SWAP r e s u l t s  from i t s  u s e  of  rough c h a r a c -  

t e r i z a t i o n s  r a t h e r  t h a n  e x a c t ~ s t r u c t u r e  t o  c h a r a c t e r i z e  t h e  p rope r -  

t i e s  of  a  g i v e n  compound o r  mkxture .  These c h a r a c t e r i z a t i o n s  

(FA, FN,  F  ) a r e  o f t e n  e a s y  t o  d e t e r m i n e  e x p e r i m e n t a l l y ;  t h e y  H 

t e n d  t o  g i v e  a  s u f f i c i e n t l y  a c c u r a t e  r e p r e s e n t a t i o n  of  t h e  cha rac -  

t e r  o f  unknown compounds. 

E x t r a p o l a t i o n  o f  a rough c h a r a c t e r i z a t i o n  t o  e x a c t  s t r u c t u r e  

can  l e a d  t o  l a r g e  e r r o r s  i n  t h a t  s t r u c t u r e ,  e s p e c i a l l y  f o r  m i x t u r e s .  

T r a n s l a t i o n  of  t h e  e s t i m a t e d  s t r u c t u r e  t o  c r i t i c a l  p r o p e r t i e s  u s i n g  

a  g roup  c o n t r i b u t i o n  method m a g n i f i e s  t h o s e  errors.  F i n a l l y ,  u s e  

of  t h e  i n c o r r e c t  c r i t i c a l '  p r o p e r t i e s  l e a d s  t o  l a r g e r  e r r o r s . _ i n  

v a p o r - p r e s s u r e  e s p e c i a l l y  f a r  f rom t h e  a v a i l a b l e  v a p o r - p r e s s u r e  datum 

. . SWAP a v o i d s  t h e s e  problems by u s i n g  f h e . r o u g h  c h a r a c t e r i z a t i ~ n . '  

d i r e c t l y .  

U n f o r t u n a t e l y ,  no p u b l i s h e d  da tm a r e  p r e s e n t l y  a v a i l a b l e  

f o r  n a r r o w - b o i l i n g  f r a c t i o n s  of  hyd roca rbons  c o n t a i n i n g  n i t r o g e n  

and /o r  s u l f u r  he t e roa toms .  However,' t h e  e v i d e n c e  p r e s e n t e d  h e r e  

s u g g e s t s  t h a t  t h e  ex t ended  SWAP method, a s  d i s c u s s e d  h e r e ,  shou ld  

p r o v i d e  good e s t i m a t e s  f o r  t h e  v a p o r - p r e s s u r e s  o f  such  f r a c t i o n s .  
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TABLE 1 

Parameters in Equation (3) 



TABLE 2 

Parameter c/n Obtained from Vapor-Pressure ~ a t a ~  for 
Nitrogen-Containing Compounds 

Compound 
Range of Data 

(torx) 

2,5-Di'methyl - pyrrole 70 - 1,700 133 

Pyrrole 70 - 2,000 169 

Quinaldine 110 - 760 32.8 

Quinoline ,110 - 760 -36.3 

Isoquinoline 100 - 760 -1.97 

2-Methyl 5-Ethyl pyridine 20 - 760 6.74 

3-Methyl pyridine 70 - 2,000 57.3 

I-Methyl pyridine 70-2,000 . .  57.2 

2- ethyl pyridine 150 - 2,000 62.1 

Pyridine 150 - 2,000 90.9 

Dicthylaminc 300 - 900 115 

Dimethylamine 5 -  766 244 

Methylamine 4 - '  760 375 

ataken from T. Boublik, V. Fried, E. Hala. The Vapor Pressures 
of Pure Substances. Elsevier Scientific Publishing Company, 

Amsterday (1973). 



TABLE 3 

Parameter Ac/n Obtained from Vapor-Pressure Data for 
Sulfur-Containing Compounds 

t .  

Range of Data' ' .. . 
' -  . 

Compound (torr) ' . Data Source -10 A C / ~  

Methanethiol '10 - 1,500 2 294 

2-Methyl" 2-propanethiol 150 - 2,000 . 1 .  95.3 
. . 

~hioanisole 7'0 - ' 900 1 52.4 

1-Undecanethiol 10 - 1,500 2 12 . 1 
1-Eicosanethiol 10 - 1,500 2 5.31 

. . 
Thiophenol 10 - 1,500 2 55.1 

4-Methylbenzenethiol 10 - 1,500 2 21.6 

Ethanethiol 10 - 1,500 2 160 

Thiophene 10 - 1,500 2 83.8 

2-Mcthylthiophene 10 - 1,500 2 64.4 

3-Methylthiophene " 18 - 1,500 2 63.7 

1) T. Boublik, V. Fried, E. Hala. The Vapor Pressures of Pure 
Substances. Elsevier Scientific Publishing Co., Amsterdam (1973) 

2) R.C. Wilhoit, B.J. Zwolinski. Handbook of Va~or Pressures and - - 

Heats of vaporization of Hydrocarbons and ~oiated ~om~ounds 
(APIRIP 44). Thermodynamics Research Cente'r, Dept. of Chem., 
Texas A&M University, College Station, Texas (1971). 



TABLE 4 

Accuracies oE Three Vapor Pressure Correlations 

Used For Estimation For Compounds of Unknown Structure 

t 

METHOD 

- 

SWAP 

Lee-Kesler 

Reidel-Plank-Miller 

I 

Ttdiophenol 2,4 Dimethylquinoline .. 

Correct 
Struczurz 
MAX AVE 

6.9 

6.1 

7.2, 

Incorrect 
Structure 
MAX AVE 

Correct 
Structure 
MAX AVE 

2.1 

4.8 

1.1 

7.7 

8..7 

10,.0 

1.7 

2.6 

4 

Incorrect 
Sturcture 
MAX AVE 

2.4 

1.8 

2.1 

0.4 

0.9 

1.9 

1.8 

10.5 

10.0 

0.4 

.4.7 

4.5 



Calculated Vapor Pressures Using SWAP, .Lee-Reslcr, Riedel-Plank-Miller for Petroleum 
Fractians 

(Range 0,2 - 160 torr) 

Deviation Prom Experiment % 

SWAP Lee-Kesler ~iedel-Plank-~iller 

w 
0 

maximum average maximum average maximum average 
4 

OLA tar 18.7 8.0 18,4 10,l 15.4 10.0' 

Sovaloid C 22.9 7.8 23.7 10.8 20.8 9.1 

Wax I 19.5  6.6 24.9 8.2 30.0 8.6 

Wax I1 6.8 3 . 3  58.0 21.2 v 64.0 23.1 



APPENDIX -.. IV-I , - 

Sample Calculations 

To illustrate the extended SWAP correlation for 

predicting vapor pressures of sulfur- and nitrogen-containinq 

hydrocarbons, we present calculations for two representative 

pure liquids: thiuphene and quliioline. Required data for the 

estimations ale appruxirnate mole fractions ot n-paraffinic, 

branched paraffinic , naphthenic. ammatic, sulfur and nitrogen 
atoms in the sample.. Also rieeded are the normal 'boiling point 

of the structural homomorph and a single vapor-pressure datum. 

Nitrosen-Containing Hydrocarbon 

quinoline: F N =  0 F B =  0 F A =  1.0 F H =  0-1 

T,P datum - 471.4 K, 300 turr 

homomorph = naphthalene (T,,, = 491.1 K) 

neff from Equation (4): 
1.5 

=.[(3.03i9i-{~n(l078-49i.1)1/2.303)/0.049991 
= 12.12 

from Equation (5) : 2* C/nnormal paraffin 

C'nnomal 
= 0.167+1.022/12.12-0.189/ (12.12) 

paraffin 
= 0.2500. 

3. Ac/n from.Equation (7): 

Ac/n =1001319 (1)+0- 2429 (0)+0.1992 (0) ]exp~-0.0025)2 (491.1) J 
= 0.03804 

4 -  Ac/nH from Equation (12) : 

Ac/nH = -0.9285(0.1) + 4,06773. 
= -0.0251 

'normal from Equation ( 9 ) :  

paraffin 
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* 
'normal = 5.78~10~ exp[-4.'7222/.(491.1-100) J 
paraif in= 571063 

* 
6. A from Equation (10) 

[0.72(1)+0.27(0)-0.65(0) 110' = 72000 
* 

7.. Summing the contributions-to c/n and P : 

c/n =' 0.25+0.03804-0.0252 = 0.2629 
* 

P = 571063+72000 = 643063 torr 

8. From c/n = 0.2629, . . 

X 1 (0.2629 - 0.167)-~'= 10.43 
9. We now .calculate A, B, and C from Equation (3) 

using the appropriate constants from Table 1. 
0 

-3.326~10 0.53853 
A = [1/ (-0.53853) ]En([ (5.4224~10') (10.43) 

-2  
1 

+ [(9.0692x10°) (10.43) 6*b197X'0 ]-0.s3853) 

= 2.027 

.and similarly: 

B = -6.149 and C = -2.861 
* 

10. T can now be obtained by solving Equation (1) using 

the vapor pressure datum: 

0 - 2.027-~n (300/643043) -6.143~*/471.4 
-2.861~*'/1471.4) 

Only one solution is possible,: 

11. As a test, calculate the.vapor pressure at 485.8K 

P = 438.6 torr 

The reported vapor pressure at this temperature is 

. 430.6 torr; the error is 1.9%. . . 
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Sulfur-Containing Hydrocarbon 

The method for sulfur-containing hydrocarbons is 

to that used for nitrogen-containing hydrocarbons: 

thiophene: FN = 0 Pg = 0 FA = 1.0 FH = 0.2 

T,P datum - 329.8 K, 300 torr 

homomorph = cyclopentene ( T 7 6 0 =  317.) 

neff 
from Equation ( 4 )  : 

"eff= [ (3.03191-{en (1098-317. ) )/2.303)/0.4999) 

2 *  c'nnormal paraffin from Equation (5): 

C/nnormal 
= 0.167+1.022/5.252-0:189/ (5.252) 

= 0.3547 

3. Ac/n from Equation (7): 

4. bc/nH from Equation (13) : I 

5 -  ':orma1 from Equation (9 )  i 

paraffin 

p ~ o ~ l  = 5.78xld exp[ -4.7222/(317.-1003 
paraffin 

, = 565558 
6. AP* from Equation (10) : 

7. Summing the contributions to c/n and P*, 

c/n = 0.3547+0.0591 - 0.0632=0.3506 
P* = 56585'7+72000=637558 torr 

8. From c/n = 0.3506 



9. Evaluate A, B, and C from Equation (3) using the . x 

appropriate constants from Table 1. 

= 2.207 

and similarly: 

B = -6.434 and C = -1.544 

10. T* is obtained by solving Equation (1) using the single 

vapor pressure datum: 
L 

0 = 2.207 Ln(300/637558)-6.434T*/329.8-1.544T* /(329.8)* 

Only one solution is possible: 

T* = 393.3 K 

11. Finally, as a test, calculate the vapor pressure at 337. 8K 

Rn(P/637558) = 2.207-6.434/(337.8/393.3) 

-1.544/(337.8/393.3) 

P = 398.7 torr 

The reported vapor pressure at this temperature is 400 

torr; the error is 0.3%. 
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APPENDIX IV-I1 - 1 

Estimation of T,60 For Determination of SWAP Parameters 

We realize that in most cases T7,,, the normal boiling 

point, will not be available for calculatinq 
* 

n 'normal paraffin' effective' or Ac/n. Fortunately, since 

'the SWAP method is relatively insensitive to the value of 

760 
'used, we oan estimate it with little loss in accuracy. 

We suggest one of the following two methods: 

I. Molecular weight (M) and fraction aromaticity (FA) are 

known. 

PAR = 6 5 ' . 0 9 ~ ~ * ~ ~ ~  - L39.5~'~"~~ 
AR = 4 1 . 8 7 ~ ~ ~ ~ ~ ~  - 28.25M "O 

... 

If sulfur'is'present: - 
- - 'measured 

Mhomomorph (1-FH) +FH (32/12 ) (11-4) 

T,,,is in degrees Kelvin. No correction is needed for nitroger 

11.One vapor pressure datum (Td, Pd), fraction aromaticity 

(FA) and fraction heteroatomicity (FH) are known. 
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'C = -1.92 x '+  2.38 x lo-' RnP (11-8) 

D = -142 + 22.2 RnP 
. . 

E = 2.39 - 0.210 2nP 

G and H depend on whether the heteroatom is N or S. 

For nitrogen: 

G = 52.1 RnP - 558 (11-12) 

H = -99.7 RnP + 749 (11-13) 

For sulfur: 

H = 8.48 RnP + 394 (11-15) 
T T G O i s  in degrees ~elvin and P is in torr. 

Method I has been derived (Macknick, 1978) for pure hydro- 

carbons with no heterpatomicity and is preferred for these com- 

pounds because of its better accuracy. Method I also estimates 

quite well the homomorph T7(0 of compounds containing the hetero- 

atom S provided the measured molecular weight is corrected 

for sulfur content using equation 1 - 4 )  Since nitrogen and 

carbon have almost the same molecular weights, there is no . , 

correction for nitrogen containing compounds when using Method I. 

Figure 1 can be used for quick hand calculations. 

Oftentimes it is difficult or inconvenient to determine 

the molecular weight of an unknown compound. In this case, method 

I1 is recommended. When the compound is a pure hydrocarbon and 

a vapor pressure datum above 10 torr is available, T,,, can be 

estimated within 10 ~(Gonzalez, 1979). The homomorph normal 

boiling point 'for compounds contai-ning nitrogen or s u l f u r  can 

be estimated within 40 K when the-vapor pressure datum is above 

10 torr. 
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The combined results of equations (11-11) through 

(11-14) were used to estimate the homomorph normal boiling 

point from the data of two compounds containing both nitrogen 

and sulfur (thiazole and methyl-2-thiazole). Simple addition 

of the two contributions yielded results of accuracy comparable 

to that obtained for compounds containing only one heteroatom. 

This suggests that Method I1 can be used to estimate 

the homomorph normal boiling point of compounds containing 

both nitrogen and sulfur. 

To illustrate the use of Methods I and I1 for estimating 

T760 * we present calculations for OLA tar, Since molecular 

weight is not known for this petroleum fraction, we assume 

that its molecular weight can be represented by that of 

1,6 diethyl-4 methyl anthracene (224.3). A convenient vapor 

pressure datum is 474.3 K at 5 torr. 

Method I 

From equation (TI-21 : 

PAR = 65.09 (224.3)0'417 - 139.5 (221.  3)-0'139 

= 556.3 

From equation (11-3) : 

AR = 41.87 (224.3) 0 * . 6 6 4  - 28.25 (224.3) O'"" 
= 677.4 

FA = 14/19 = 0.94 

From equation (11-1) : 



Method I1 

From equations (11-6 -through 11-11) : 

F = -1.15 x + 1.71 x Ln(5)= -8.75 x 

Since the cut exhibits no heteroatomicity, it is not 
. . 

necessary to calculate G or'H. 

From Equation (11-5) : 

T760 
= [l-0.74 ][2o+i.40 (4.74.3)-2.3~10-~ (474.3) 2~ 

The extrapolated value of T,,, used in the calculations for 

Table 5 was 652 K. 



Figure 1 Kolccular Wcight Estimation as a 
Function o f  Normal Boiling Point 

a and Approximate Chemical Structure 
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from Macknick (1975) 
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APPENDIX V 

VAPOR PRESSURES OF HEAVY LIQUID HYDROCARBONS 

BY A GROUP-CONTRIBUTION METHOD 

Abstract 

The group-contribution method gives parameters for a 

vapor-pressure equation based on a kinetic theory of fluids. 

All parameters are obtained from molecular structure only. 

Good representation is obtaincd for vapor-pressure data for 

67 hydrocarbon liquids in the region 10-1500 mm Hg. This 

group-contribution method is useful for estimation of vapor 

pressures and enthalpies of vaporization for those heavy 

hydrocarbons where no experimental data are available. 



An abundance of experimental vapor-pressure data is 

." in the literature 'for low-molecular-weight hydrocarbons.-* How- 

qsvever, with the exception of normal paraffins, reliable vapor 

<pressures are scarce for compounds which have normal boi:ling 

. points over 200 C. For rational process design, especially 

..for alternative energy processes, it is important to have 

good estimates for thermodynamic properties of heavy hydro- 

carbons. Since it is rarely feasible economically to de.t-er- 

mine experimentally all necessary data, correlations are often 

used to extend limited experimental information. However, 

for many high-molecular-weight hydrocarbons, no experimental 

"data at all are available. Therefore it is desirable, when 

. possible, to estimate physical properties from theoretica.11~ 

, u  based correlations.".. This work presents a group-contribution 

.method far determining parameters in a vapor-pressure equa- 

tion. 

Many vapor-pressure equations have been proposed; 

Most are either empirical or integrations of the Clapeyron 

equation coupled with simplifying assumptions. In almost 

all cases these equations take a form.where the pressure is 

an exponential function of thetemperature and of the adjust- 

able parameters; this exponential dependence requires accurate 

prediction of parameter values. Since common vapor-pressure 

equations contain at least three, and often more, adjustable 

parameters with no clear physical significance, it is not 

possible to determine unambiguous values of these parameters 
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by group cantribution. 

Many equations use critical data to develop a corres- 

ponding-states relation. Such relations are suitable for most 

light compounds, but not for heavy hydrocrabons which are 

thermally unstable in the critical region. Critical data 

for heavy hydrocarbons are usually not known. 

Several authors have correlated vapor pressures for 

homologous series, but such correlations are limited to 

specific compounds. While such correlations are sometimes 

more accurate, a group-contribution method, based on carbon- 

types, is more general because it can be used for a wide 

variety of hydrocarbons. Not only can one estimate the vapor 

pressure of a homologous series, but in addition, it is pos- 

sible to estimate the effect of substituting various branches 

and side chains onto an unbranched parent molecule. 

The AMP Equation 

Extending a suggestion by Moelwyn-Hughes (1961), 

Abrams; Massaldi, ,and Prausnitz (1974) presented an equation 

relating pressure P to absolute temperature T-: 

where 



Here Vw is the (hard-core) van der, Waals volume; Eo 
is the enthalpy of vaporization of the hyp~thetica~ liquid 

at T = 0; s is the number of equivalent oscillators'per 

molecule, and R.. is the gas ~onstant (82.06 .cm3-atm/gmole-~) ; 

Eo/R is in kelvins-and the universal constant a is equal to 

0.0966 when P is in atm and T is in kelvins. 

Abrams (1974) and Macknick (1977) have shown that this 

equation gives reliable results for large molecules and that 

.; it is suitabze Eor representing vapor-pressure data in the 

-6 range 10 to 2 atm. While Equation (1) ha; only three fun- 

damental parameters (Vw, s, and EO/R), the equation has a 

form similar to that of popular'empirical equations with five 

adjustable parameters. The three fundzmental parameters have 

physical significance; they reflect the size and shape, flexi-. 

bility, and intermolecular forces of the molecules. The 

small number of parameters and their physical significance 

facilitates correlation by a group-contribution method. 

AMP Parameters from Group Contribution 

As shown by Abrams (1974) and by Macknick (1977), 

parameters s, EO/R, and V, can be calculated from a non-linear 



fit of experimental vapor pressure data. In this work, when 

experimental data are not available, the parameters can be 

found from a group-contribution method: 

where sit. E Oi' and vwi are contributions from a group con- 

taining carbon-type (i); v is the number of carbon atoms i 
of type (i) in a molecule. Table 1 gives contributions to s 

and EO/R by carbon type. The (hard-core) van der Waals 

volume Vw is found from Bondi's (1968) group-contribution 

correlation. 

Group parameters si and cOi were determined from 

experimental vapor-pressure data for 67 liquid hydrocarbons: 

20' normal paraffins, 21 branched paraffins, 19,aromatics, 

and 7 naphthenics. The data were obtained from American 

Petroleum Institute Projects 42 and 44 [1966, Zwobinski (1971)J. 

The Simplex  e elder ,(1965) 1 regression routine was used to 

correlate the data. Table 1 gives the hydrocarbons used for 

evaluation of different group contributions. Whenever pos- 

sible, the experimental data for data reduction were in the 

range 10-1500 mm Hg. However, accurate experimental data 



for heavy hydrocarbons are sparse; for some compounds the 

only reliable experimental datum is the normal boiling point. 

Therefore, the group-contribution method given here is likely 

to be more accurate near normal-boiling-point temperatures. 

Carbon-type analysis does not take into account dif- 

ferences in molecular fine structure. For example, the 

method given here does not distinguish between l-methyl- 

naphthalene and 2-methyl-naphthalene. . However, the method 

does account for differences in gross molecular structure; a 

distinction is made, for example, between 1,2-dimethyl- 

naph.thalene and 1-ethyl-naphthalene. Inability to account 

for fine structure usually produces an error of less than 

+7 C at the normal boiling point. Predictions for highly 

branched compounds are less reliable than those for compounds 

whose molecules contain only simple substitutions on a 

non-branched parent molecule. 

Results 

Tables 2 and 3 compare predicted and experimental 

boiling points and enthalpies of vaporization. In Table 2, 

T1O and T160 are respectj.vely,, the temperatures where th.e 

vapor pressures equal. 10 and 760 mm Hg; AT is the difference 

between calculated and experimental values. 

Experimental enthalpies were obtained by differen- 

tiating the experimental vapor-pressure data using a form of 

the Clausius-Clapeyron equation valid at low pressures: 
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Calculated enthalpies of vaporization were determined 

using Equations (1) and (10) to give, 

For 67 liquids, the average error in'T 
760 is +2.1.C, ,and . 

that for AH" at the normal boiling point i s  25.4%. . , 

Equation (1) holds. for. a large range of pressures.; 

gross errors are not expected even for temperatures well 

below the normal boiling point. For example, for eicosane 

( ~ I - C ~ ~ H ~ ~ ) ,  Hacknick (1978) reports that To, 0l = 83.85 C; 

01 is the temperature where the vapor pressure is 

mm Hq. Using the groug.contributions given here, and re- 

calling that they were determined from data in the range 

10-1500 mm Hg, the calculated is 79.60 C; this error 

of 4.25 C is remarkably low, considering an extrapnlatinn in 

pressure of a little more than three.orders of magnitude. 

Since the derivation of Equation (1) assumes ideal- 

gas behavior, it is not applicable at temperatures near the 

critical region. For eicosane, Reid et al. (1977) report 

TC = 494 C and PC = 11.0 atm. At the critical pressure, the . 

group-contribution method estimates T = 514 C, giving an 

error of 20 C. 

Tables 4 and 5 give sample group-contribution calcu-. 

lations for compounds which were not used in obtaining the - 



group parameters. Figure 1 compares experimental and predic- 

ted vapor pressures. Agreement is about the same as that in- 

dicated in Table 2. 

Conclusions 

The semi-theoretical correlation presented here can 

supply reliable estimates for vapor pressures and enthalpies 

of vaporization for heavy hydrocarbons. This correlation is 

especially useful for preliminary design considerations 

where it is not economically feasible to make experimental 

measurements. 

Nomenclature 

A, B, C, D, E AMP equation parameters, functions of 
EO/R, Vw, and s 

Eo . '  
AMP equation parameter: energy of vaporiza- 
tion of hypothetical liquid at T = 0. 

 AH^ ~nthalpy of vaporization, ~cal/gmole 

P Vapor pressure, atm 

Gas constant, 82.06 ~in.'-atm/~mole-l( 

AE1P equation parameter: number of equivalent 
harmonic oscillators per molecule 

Contribution by group (i) to parameter s 

Temperature, C 

Temperature , K 

Contribution by group (i) to parameter Vw 

AMP equation par meter: (hard-core) van der 3 Waals . .. volume, , cm /-ole 



Greek Letters 

E Oi 

v i 

Subscripts 

0.01,10,760 

N 4 P  equation universal constant equal to 
0.0966 when P is in atm and T is in kelvins 

Contribution by group (i) to parameter Eo 

Number of (i) groups per molecule 

At pressures of 10, and 760 mm Hg, 
respectively 

At critical point 
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Table 1. .Group Contributions to Vapor-Pressure Parameters 
s and EO/R 

Vapor-Pressure Data 
Used to Obtain 

s /R,K Group Paranzters Carbon-Type i i 

Aliphatic -CH 2.359 1162.7 Normal paraffins C5-C40 3 

Aliphatic - CH2- 

I 
Aliphatic -C-H 

I 

674.0 Normal paraffins C5-C40 ' 

-2.189 -372.9 Branched paraffins -C10 

-4.316 -1127.1 Branched paraffins -C10 

Ar\\ 
Aromatic C-H 1.175 939.5 Benzene 

~r' 

Ar+ 
Aromatic C-R -0.520 583.0 Substituted aromatics 

~r' 

Condensed A=+ 
Aroma tic C 

/ \ -0.774 432.5 Naphahalene, Anthra- 
Ar Cond cene, Chrysene 

Condensed A= ,, C 0.321 632.5 Pyrene Aromatic condN \Cond 

\ 
Naphthalene /CH2 928.0 Cyclohexane 

\ 0 H 
Haphthcnic C -1.936 -431.0 Substituted cycln-  ' 'R hexane 



:Table 2. Comparison of Experimental 'and Predicted Vapor 
Pressures for Representative Liquids. 

Compound . . -  . .  Experimental Calculated C Experimental Calculated .C 

n-CloH22 174.2 173.9. -0.3 57.6 52.9 -4.7 

w 2,3,-Dimethyl-+ethyl- 163.7 164.7 1.0 45 0 - 36.3 . . -8.7 
rU 
00 hexane 

Naphthalene 217.9 2.i18.5 0.6 86.6 88.0 1.4 

Anthracene ' - 341.2 ,340.2 -1.0 176.2 181.4 5.2 

Chrysene 448.0 4 4'8.5 0.5 -- -- -- 

2.6-Dimethyl-anthracene 370.0 369.3 -0.8 -- -- -- 
n-Hexadecyl-benzene 378.0 372.5 -5.5 227.0 224.0 -3.0 

2-.Methyl- 3-e thyl- 
naphthalene 277.0 378.9 1.9 132.0 138'. 7 6.7 

P 
n-Octyl-cyclohexane 2.63.6. ' 2.62 7 -0.9 126.0 ,122.6 -3.4' o 



Table 3. Comparison of E ~ p e ~ i m e n t a l  a n d  predicted ~ n t h a l ~ i e s  
of Vaporization at the Normal Boiling Point for 
Representative Liquids 

Compound . . ~xperimental 'Calculated % Error 

Naphthalene 10.85 10.9.6 ..I. 0 
. ~ 

Anthracene 14.10 14.05 -0.4 

- -- - 

a 
Because of a lack of experimental data.  AH^ 

exp 
was calculated from the'slope,of the vapor-pressure 

curve between T10 and T760. 



Table 4. Sample Calculation for Parameters in Equation 
(1): 1,2-dimethyl-naphthalene 

Aliphatic - CH3 2 2.359 1162.7 13.67 

Ar* 
Aromatic C-R 

~r ' 

Ar+ 
~rornatic , C-H 

A r  

Condensed Ar+ C-Cond 2 -0.774 Aromatic Ar/ 

A 

'Source: Bondi (1968). 



Table 5. Sample Calculation for Parameters in ~ ~ u a t i k n  
(1) : . 2-methyl-5-ethyl-heptane 

v 3 cOi/~, K vWi, cm /gmole t 
Carbon- type i 'i 

Aliphatic - CH3 . 4 2.359 1162.7 . 13.67 . 

Aliphatic -CH2+ 4 0.479 674.0 10.23 
. . 

I 
Aliphatic -CH 2 -2.189 -372.9 6.78 

I 



Figure  1. Comparison of Experimental and p r e d i c t e d  
' Vapor P r e s s u r e s  

Temperature, C 
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APPENDIX VI 

VAPOR PRESSURES OF SOME NITROGEN-CONTAINING 

COAL-DERIVED LIQUIDS 





Much a t t e n t i 0 n . i . s  now being d i r e c t e d  a t  ob ta in ing  gaseous 

.and l i q u i d  f u e l s  fr-om.coa1. For deskgn; of coal-conversion-  

. .paocesses, it i s  necessary t o  know the.-physical  p roper t i e s"  

*of . . the  products .  This  work r e p o r t s  vap'or-pressure d a t a ' f o r  

:.four ni t rogen-containing,  heterocyc1i.c compounds found i n  

- coal-derived l i q u i d s ,  inc luding  t a r s  .. . )  

, .  . . . . . . . .  . . It i s  d i f f i c u l t .  t o  measure vapor'. 'pressures a t  e l eva ted  

' , ' temperatures where .thermal degradation.-of t h e  compound may. . . . . . 

, ,occur.  I n  t h i s  work, vapor p ressu res  ..are measured at near- 

.. .ambient temperatures ,  where measurements a r e  r e l a t i v e l y  .' - % ' . .  
. . . . 

' . s imple .  Using knowledge of t h e  molecular s t r u c t u r e  and 2ow- 

.+emperature vapor-pressure d a t a ,  t h e  vapor pressure  a t  high . . 

'. 'hemperatures can be- .predic ted  using a semi-empirical c o r r e l a t i o n ,  . 

a s  d iscussed  elsewhere (1 ,5 ,6 ) .  

. . Experimental Apparatus and Procedure. 

. . , .  . Vapor.pressures  w e r e  measured f o r  high-molecular-weight 

. ... organic  compounds wi th  a n i t rogen  atom a s  p a r t  of a r ing .  - For 

..khese measurementsi~.the gas-sa tura t ion  method descr ibed, .below 

.. i s  s u i t a b l e .  Following t h e  procedure of Siiske ( 4 )  as 

-1 
. -  developed .by ~ a c k n i c k  (2 , ) )  , pressure  can be measured from 10 

t o  l f 3  t o r r ,  and temperature may be va r i ed  from -30 t o  150°C. 

Oxygen i s  slowly passed over  t h e  sample u n t i l  s a t u r a t e d .  The 

r e s u l t i n g  organic-oxygen stream is  burned i n  a c a t a l y s t  bed 

and t h e  concent ra t ion  of carbon d iox ide  is determined by an 

,.'. i n f r a r e d  analyzer .  Using t h i s  method, it is p o s s i b l e  t o  measure 

vapor p ressu res  of  complex organic  compounds a t  moderate 



temperatures, thus avoiding degradation. The infrared analyzer 

allows determination of the small vapor pressures with high 

accuracy. Since measurement of pressure is continuous, there 

is no need for a collection method with its attendant inaccuracies. 

Figure 1 shows a schematic diagram of the process. 

The sample is packed in a cell constructed of 3/8-inch ID 

stainless-steel tubing. Figure 2 shows that there are three 

legs to this cell. Two contain the sample; the third and final - 
leg contains glass packing to eliminate entrainment. If the 

sample is a liquid, it is poured over glass packing; if 

measurements are to be made in the temperature range where the 

substance is solid, the loose crystals are packed in . tn  the 

tubing. The three legs of the cell are connected in series. 

All connections and seals are metal-to-metal 

because materials used for other sealing methods 

(i.e. Teflon tpe, O-rings) have vapor pressures of the 

same order of magnitude as those being measured. 

Oxygen is introduced into 1;he rsyvte~ri at 5-16 psig .  Trace 

Wpurities are removed by passing the oxygen over a hot 

'catalyst and then through Ascrite @ and Drierite @to remove C 0 2  

and H20. The purified oxygen stream enters the constant- . 

temperature bath and, after thermal equilibration, enters 

k h u  sanple oell. After saturation, the gas stream enters 

the catalyst bed. The entry and the bottom third of the 

catalyst bed are immersed in. the constant-temperature bath 

to prevent condensation.of the sample on the walls of the 



apparatus .' 
;.+  . The catalyst is.1.0.5 percent. palladium on 1/8-inch 

alumina pellets. Catalyst temperature is '600 to 650°C. With 

the large excess of.-oxygen, every organic molecule is combusted 

completely to C02, NO2 and H20: 

. . 

N + (n + p + m/4) Oi + nC02 + (m/2)H20 + yN02 'nH m y (1 

After combustion in the catalyst bed, the stream is sent.to a 

Beckman Model 865 Infrared'Analyzer-tuned to detect carbon 

dioxide. The analyzer's working range is 100 to 2500 ppm of 

C02. Neither water nor NO2 interfere.with accurate determination 

of C02 concentration. Since the cell is loaded with a pure 

compound, the carbon number. (number of carbon atoms per 

molecule) is precisely known, and the vapor pressure of the 

substance can be easily calculated:' ,.. 

. . 

( P P ~  C02)P(atmo) 
P (sat). = n 
. . 

where P(sat) is' the vapor pressure of the sample; ppm C02 

(molar concentration) is the experimentally determined 

composition of C02  in the effluent. The carbon number of the 

compound is represented by n; P(atmo) is atmospheric 

pressure measured with a mercury barometer.and a cathetometer 

and P(samp1e) . is. the pressure within the sample. cell. Since 



the cell is exhausted to the atmosphere, the correct.ion, 

[P(sample)/P(atmo)l, is close to unity and can often be neglected. 

After passage through the infrared analyzer, the gas stream 

passes through a flowmeter and then to exhaust. 

The infrared analyzer was calibrated with standardized 

gases to determine the response curve for each scale. The 

curves thus generated allow conversion from the experimentally- 

determined scale reading into parts per million of C02 .  Daily 

the calibration is'checked with high-purity nitrogen as a zero 

standard, and with a standardized gas whose CO concentration 
2 

corresponds to 75 percent of full scale. 

A main concern is khe purity of the sample. First, 

the empty sample cell is baked overnight in an oven at 400°C. 

The sample is loaded into the cell, -and then the whole apparatus 

(sample cell and catalyst bed) is inserted into the constant- 

temperature bath. For several days the sample is held at an 
\ 

elevated temperature with oxygen flow to allow outgassing of 

light impurities; during this time, IR readings are approximately 

150-200 percent of full scale. The temperature is gradually 

lowered and data collection begins when the system has re- 

equilibrated. 

Saturation of the oxygen stream with the sample can be 

checked by varying the flow rate; the vapor-pressure readings 

should remain unchanged. To check that combustion 

within .the catalyst bed is complete, IR readings should remain 

unaffected by changes in catalyst temperature. 



The temperature of the bath is maintained by continuous 

cooling and on-off heating. Cooling is provided by a 

refrigeration system (-30 to +20°C), cooling water (20-40°C) 

or losses to the atmosphere (greater than 40°C). Heating is 

provided by a knife heater controlled by a Thermotrol connected 

to a platinum resistance thermometer. Different fluids are 

used in the bath for each temperature range; below 10°C, a 

mixture of 50 percent ethylene glycol and 50 percent water; water 

for 10 to 35OC, and for high temperatures (35 to 150°C), Dow 

silicon oil. 

All organic chemicals are from Aldrich Chemical Company in 

the purest form possible; they are purified further before loading 

into the sample cell. High purity is important since small 

amounts of volatile impurities can cause large errors in observed 

vapor pressures. 

Quinaldine was obtained at 98 percent purity and distilled 

.in a Perkin-Elmer spinning-band column at 5 mm Hg. The top cut 

(5 percent by volume) was discarded, as were the bottoms (15 

percent by volume). Quinoline (96 percent initial purity) was 

purified by boiling under vacuum until 5 percent by weight of the 

sample was .boiled off. A vacuum oven was used'to purify N-ethyl 

carbazol (98.5 percent) which is solid at room temperature (m.p. 60°C) .  

The sample was baked at about 125O-c for several days. 5-ethyl 

2.-methyl pyridine required no further purification at 99+ percent 

purity . 
To establish confidence, vapor-pressure measurements were 

first made for naphthalene. Re~ultS agreed to within 2% with 

those of Sinke (4). 
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ResuLts and Discussion 

Vapor pressures were .obtained for quinaldine,, 5-ethyl 2-methyl 

pyridine, quinoline, and N-ethyl carbazol.. All compounds were 

liquids in the temperature range used. The experimental scale 

readings from the infrared analyzer were converted to ppm 

(molar) C02 by previously determined calibration curves. The 

vapor pressure is then easily calculated by Equation.(2). 

Vapor pressures.were fit by.the least-squares method to a straight 

line of the form . I 

where P is in mm Hg, and T is in kelvins. The assumption of 
I 

a straight line fit is valid due to the short temperature range 

used here. 

Table 1 summarizes the data. Temperature and pressure 

ranges and average percent deviation are also presented. The 

percent deviation is defined by 

Percent deviation = ( [P (cxp) -P ]IP (rxp) 1100 

where 
(exp I is the experimentally determined value and 

(calc) is from the straight-line fit. 

Also, 

Average percent deviation = 1 lpercent deviationl/i 
i 



I where i is t h e  number of  d a t a  p o i n t s .  The average percent  

d e v i a t i o n  ranges from 1.62 t o  2.80 f o r  t h e  four  d a t a  sets. 

The d a t a  used i n  prepar ing  Table 1 are shown i n  Tables  2 

through 5. Each of  t h e s e ' p r e s e n t s  temperature,  experimental  

vapor p ressu re ,  c a l c u l a t e d  vapor p ressu re  and percent  dev ia t ion .  

Although t h e  exac t  f r e e z i n g  p o i n t  of 5-ethyl 2-methyl 

pyr id ine  i s  not  known, a small  sample (Q 2 m a )  immersed f o r  

5 minutes i n  a -25OC bath  d i d  not  f r e e z e ,  a s su r ing  t h a t  t h e .  

reading  a t  -20.3g°C i s  s t i l l  w e l l  w i t h i n  t h e  l i q u i d  range. 
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TABLE 4: QULNOLlNE VAPOR PRESSURES 
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Figure 

Figure Captions 

Caption 

Schematic Diagram o f  Gas- 

 ahr ration Apparatus 

Oxygen Saturated with Organic 

Vapor is  Cambusted to  Carbon 

Dioxide, Water and Nitrogen 

Dioxide. 



Figure I: Schematic Diagram of Gas-Saturation Apparatus 



Figure 2 : : '  Oxygen Saturated with Organic Vapor i s  Comkusted t o  Carbon Dioxide, Water 
and Nitrogen Dioxide 




