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

Retent ion i n  s u p e r c r i t i c a l  f l u i d  chromatography (SFC) i s  determined by s o l u t e  
s o l u b i l i t y  i n  t h e  f l u i d  and s o l u t e  i n t e r a c t i o n  w i t h  the  s t a t i o n a r y  phase. 
func t iona l  r e l a t i o n s h i p  between r e t e n t i o n  and pressure a t  constant temperature has 
been described by Van Wasen and Schneider (1). The t r e n d  i n  r e t e n t i o n  i s  shown t o  
depend on the  p a r t i a l  molar volume o f  t h e  s o l u t e  i n  t h e  mobi le and s t a t i o n a r y  
phase coupled w i t h  the  isothermal c o m p r e s s i b i l i t y  o f  t h e  f l u i d  mobi le phase. 

The 

The s o l u b i l i t y  o f  the  s o l u t e  i n  a f l u i d  has been discussed by Git terman and 
Procaccia (2 )  and s o l u t e  s o l u b i l i t y  has been descr ibed over the  e n t i r e  reg ion  o f  
pressures o f  i n t e r e s t .  The combination o f  s o l u t e  s o l u b i l i t y  i n  a f l u i d  w i t h  t h e  
equat ion f o r  r e t e n t i o n  as a f u n c t i o n  o f  pressure d e r i v e d  hy Van Clasen and 
Schneider al lows one t o  determine the e f f e c t  o f  s o l u b i l i t y  on s o l u t e  r e t e n t i o n .  

The purpose o f  t h i s  work was t o  determine the r e l a t i o n s h i p  hetween s o l u b i l i t y  
and re ten t ion .  A thermodynamic model was developed which p r e d i c t s  t h e  t r e n d  i n  
r e t e n t i o n  as a func t ion  o f  pressure, g iven the  s o l u h i l i t y  o f  t h e  s o l u t e  i n  t h e  
f l u i d  mobi le phase. From t h i s  model, s o l u t e  r e t e n t i o n  behavior can he examined by 
theory and experiment i n  order t o  gain some i n s i g h t  i n t o  the  compl icated &?pen- 
dence o f  r e t e n t i o n  on t h e  thermodynamic and phys ica l  p r o p e r t i e s  o f  t h e  s o l u t e  and 
the  f l u i d ,  p r o v i d i n g  a bas is  f o r  c o n s i d e r a t i o n  o f  more subt le  e f f e c t s  unique t o  
SFC. 

Theory 

I n  SFC, the  basic assumption o f  i n f i n i t e l y  d i l u t e  s o l u t i o n s  o f  t h e  s o l u t e  i n  
the  mobi le and s t a t i o n a r y  phases i s  v a l i d .  The concent ra t ion  o f  t h e  s o l u t e  i n  
these phases r e s p e c t i v e l y  i s  C i  = Xj/V,, where X i  i s  t h e  mole f r a c t i o n  o f  so l -  
u t e  ( i )  and V, i s  the  molar volume o f  t h e  pure mobi le o r  s t a t i o n a r y  phase (1). 
So lu te  r e t e n t i o n  i s  c a l c u l a t e d  from a dimensionless r e t e n t i o n  f a c t o r ,  k, where, 

k = (Cistat/Cimob) . (vstat f V  1 1) 

Cistat and Cimob are the  concent ra t ion  o f  s o l u t e  ( i )  i n  t h e  s t a t i o n a r y  and mobi le 
phases respec t ive ly ,  VStat and VMob a re  the  volumes o f  the s t a t i o n a r y  and mobi le 
phase. S u b s t i t u t i n g  f o r  concent ra t ion  i n t o  equat ion 1, 

k = (Xistat/Ximob) (Vm mob/vmstat) . (vstat,Vmob 1 2 )  

Taking the  na tura l  logar i thm o f  both s ides o f  equat ion 2 one ob ta ins ,  

1 moh " s t a t  s t a t  ,,"oh i n k  = an (Xistat/Ximob) + an (Vm l V m  3 )  
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A t  equ i l ib r ium,  t h e  s o l u t e  chemical p o t e n t i a l  i n  t h e  r e s p e c t i v e  phases 
piStat = pimob (3). Therefore,  

s t g t  s t a t  = mob = ’i pi pi + RT anxistat = pingb + RT an ximob 

are equal 

4 )  

where pim i s  t h e  chosen standard s t a t e  o f  i n f i n i t e  d i l u t i o n  o f  s o l u t e  ( i )  i n  t h e  
two phases. Rearranging equat ion 4, 

S u b s t i t u t i n g  equat ion 5 i n t o  3, 

i n k  = (pi - pi ) / RT + an ( V m  1 6 )  
mgb s t a t  

An assumption can be made t h a t  the second t e n  on the  r igh t -hand s ide  (RHS) o f  
equat ion 6 i s  independent o f  pressure except f o r  V,”Ob, the  molar volume o f  t h e  
f l u i d  mobile phase. There fore  d i f f e r e n t i a t i o n  o f  equat ion 6 w i t h  respect t o  pres- 
sure a t  constant tenpera ture  y i e l d s ,  

The p a r t i a l  molar volume o f  a s o l u t e  i s  de f ined as (api/aP)T !3) and on rearrang- 
i n g  t h e  second term on t h e  RHS of equat ion 7 one ob ta ins  t h e  iso thermal  compressi- 
b i l i t y  o f  the f l u i d  n o b i l e  phase (4) .  Thus on s u b s t i t u t i o n  equat ion 7 reduces to, 

mgb s t g t  
(aEnk/aP)T = I / R T  [pi - vi 1 - K 

where iimo’ and VistaH a re  the p a r t i a l  molar volume o f  the s o l u t e  ( i )  i n  t h e  
mob i le  and s t a t i o n a r y  phases a t  i n f i n i t e  d i l u t i o n  r e s p e c t i v e l y  and K i s  t h e  i s o -  
thermal c o m p r e s s i b i l i t y  o f  t h e  f l u i d  m o b i l e  phase. Equat ion 8 i s  the  same as 
obtained by Van Wasen and Schneider (1) i n  t h e i r  d e r i v a t i o n  o f  the  t rend i n  reten- 
t i o n  as a f u n c t i o n  o f  pressure f o r  SFC. 

Gi t terman and Procaccia ( 2 ) .  The reg ion  o f  i n t e r e s t  chromatographical ly w i l l  be 
f o r  i n f i n i t e l y  d i l u t e  s o l u t i o n s  whose concent ra t ion  i s  f a r  removed from t h e  lower 
c r i t i c a l  end p o i n t  (LCEP) o f  t h e  s o l u t i o n .  
i n  a s u p e r c r i t i c a l  f l u i d  a t  i n f i n i t e  d i l u t i o n  can be approximated as, 

The s o l u b i l i t y  o f  a s o l i d  i n  a s u p e r c r i t i c a l  f l u i d  has been descr ibed by 

Therefore t h e  s o l u b i l i t y  o f  t h e  s o l u t e  
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where V s  i s  the  molar volume o f  t h e  pure s o l i d  so lu te .  
equat ion 2.5 i n  Git terman and Procaccia ( 2 ) ,  d e s c r i h i n g  s o l u t e  ' o & B i l i t y  f o r  
d i l u t e  s o l u t i o n s  f a r  from c r i t i c a l i t y .  

This i s  the  same as 

S o l v i n g  equat ion 9 f o r  V i  . 
mgb 

vi  = - R T  (arn ximob/ap)T + v s  10) 

\ 

Equation 10 can be s u b s t i t u t e d  i n t o  equat ion  8 and upon rearrangement, 

Equation 11 should be the  r e l a t i o n s h i p  between r e t e n t i o n - s o l u b i l i t y  and pressure 
a t  constant temperature f o r  i n f i n i t e l y  d i l u t e  so lu t ions .  The RHS o f  equat ion 11 
cons is ts  o f  t h r e e  terms, the  f i r s t  term w i l l  be a constant whose value depends on 
the  p a r t i a l  molar volume o f  the  s o l u t e  i n  the s t a t i o n a r y  phase. The second term 
can be determined exper imenta l l y  from bulk  s o l u b i l i t y  measurements o f  the s o l u t e  
i n  the  s u p e r c r i t i c a l  f l u i d  mobi le phase. The l a s t  term, the so lvent  isothermal 
compress ib i l i t y ,  can be reasonably p r e d i c t e d  from a two-parameter, cubic equat ion 
o f  s t a t e  (EOS) such as the  Redlich-Kwong EOS o r  t h e  Peng-Robinson €OS (5,6). 

The f l u i d  mobi le phases isothermal c o m p r e s s i b i l i t y  was determined us ing  t h e  
Redlich-Kwong EOS t o  eva lua te  the  d e r i v a t i v e  (a  Vmmob/aP)T i n  equat ion 12, 

From the Redlich-Kwong EOS, 

m mob T0.5 (b2 - (V$ob)2) 
(avmmob/aP)T = 13 1 

P T Oe5(3 (Vmmob)' - b2) - RT3'2 (2Vmmob t b) + a 

where R i s  t h e  gas constant,  P i s  pressure,  and T i s  temperature i n  K. The con- 
s t a n t s  a and b o f  the  Redlich-Kwong EOS are, 

a = 0.4278 R2 T:'5/Pc 14a) 

b = 0.0867 RTc/Pc 14b) 

where P c  and Tc are t h e  c r i t i c a l  pressure and temperature o f  t h e  f l u i d .  
volume o f  the  f l u i d  was determined by t h e  Peng-Robinson EOS, thus a l l o w i n g  one t o  
so lve  f o r  the  isothermal c o m p r e s s i b i l i t y  o f  t h e  f l u i d .  

Therefore from equat ion 11, the  t r e n d  i n  r e t e n t i o n  as a f u n c t i o n  of pressure 
a t  constant temperature can be determined and i t  i s  r e l a t e d  t o  the  s o l u h i l i t y  o f  
the  s o l u t e  i n  the  s u p e r c r i t i c a l  f l u i d ,  t h e  iso thermal  c o m p r e s s i b i l i t y  of the  so l -  
vent and the  p a r t i a l  molar volume o f  the  s o l u t e  i n  the  s t a t i o n a r y  phase a t  i n f i -  
n i t e  d i l u t i o n .  

The molar 
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Experimental 

where (7 ,8 ) .  The r e t e n t i o n  f a c t o r s  o f  se lec ted  so lu tes  under isothermal condi- 
t i o n s  a t  var ious pressures were obtained us ing  c a p i l l a r y  columns coated w i t h  a 
cross-1 inked phenyl polymethylphenylsiloxane s t a t i o n a r y  phase w i t h  carbon d i o x i d e  
as the  f l u i d  mob i le  phase. 
c o n t r o l  providin(;  accurate,  pu lse f ree  c o n t r o l  o f  the  f l u i d  pressure. The reten- 
t i o n  times of t h e  s o l u t e  as a f u n c t i o n  o f  pressure were determined by a r e p o r t i n g  
i n t e g r a t o r  w i t h  an accuracy o f  a t e n t h  o f  a second. S o l u b i l i t y  data f o r  the so l -  
u tes  i n  C02 was ob ta ined from t h e  l i t e r a t u r e  ( ( 9 )  and references t h e r e i n ) .  

Resul ts and D iscuss ion  

The exper imental  apparatus and technique has been descr ibed i n  d e t a i l  e lse- 

A Varian 8500 s y r i n g e  pump was operated under computer 

Solute r e t e n t i o n  as a f u n c t i o n  o f  pressure has been determined exper imenta l l y  
f o r  a wide number o f  s o l u t e s  over a range o f  temperatures and pressures (1,10-12). 
The t rend i n  r e t e n t i o n  o f  a s o l u t e  w i t h  pressure can be p r e d i c t e d  from the  simple 
thermodynamic model upon which equat ion 11 i s  p red ic ted .  Experimental data f o r  
the  r e t e n t i o n  o f  naphthalene i n  C02 a t  35'C over a pressure range was reported hy 
Van Wasen and Schneider (12).  The s o l u b i l i t y  o f  naphthalene i n  Cn2 i s  g iven hy 
McHuyh and P a u l a i t i s  a t  35'C, 55.0°C, 60.4'C, and 64.9"C (13). This data al lows 
the trend i n  r e t e n t i o n  t o  be p r e d i c t e d  frm the c a l c u l a t i o n  o f  t h e  s lope o f  
(aank/aP)T f o r  naphthalene a t  35OC i n  C02. 

from PlcHugh and P a u l a i t i s  (13).  
i n t e r p o l a t i o n  between t h e  data po in ts ,  a l s o  t h e  data range was extended t o  lower 
pressures than y iven  i n  re fe rence (13) by f i t t i n g  t h e  data us ing  the  method out- 
l i n e d  by Reid e t  a l .  (14).  Th is  allowed the  m d e l i n g  o f  the t r e n d  i n  r e t e n t i o n  
f o r  a wider range o f  pressure.  The f l u i d s  isothermal c o m p r e s s i b i l i t y  can be eas- 
i l y  ca lcu la ted  f o r  any temperature and pressure ranye o f  i n t e r e s t .  
p a r t i a l  n o l a r  volume i n  the  s t a t i o n a r y  phase was assumed cons tan t  and independent 
of pressure (15). A v a i l a b l e  da ta  suggests t h a t  f o r  a h i g h l y  c ross- l inked s t a t i o n -  
ary phase coated i n  p #iRfllary column s o l v a t i o n  i s  very small o r  n e g l i g i b l e  (16) ,  
there fore  VStat and V i  The above s imp l i -  
f y i n g  assumptions a l l o w  one t o  c a l c u l a t e  the  t r e n d  i n  s o l u t e  r e t e n t i o n  based on 
the  s o l u b i l i t y  o f  the  s o l u t e  i n  the  mobi le phase. F i g u r e  2 shows the  f i t  o f  equa- 
t i o n  11 t o  the exper imental  data o f  Van Wasen and Schneider ( 1 2 ) .  
molar volume o f  the  s o l u t e  naphthalene i n  the  s t a t i o n a r y  phase was determined t o  
be -180 cm3/nole, t h i s  gave the  hest f i t  t o  the  exper imental  data (naphthalene's 
n o l a r  volume i s  -130.8 cm3/mole). The simple thermodynamic model f i t s  the  reten- 
t i o n  data very s a t i s f a c t o r i l y .  
columns i s  being undertaken i n  our labora tory  a t  the present t i m e  bu t  p r e l i m i n a r y  
r e s u l t s  w i t h  t h e  model a re  promising. 

A p l o t  o f  a n  Ximob versus pressure i n  shown i n  F i g u r e  1 based on the  data 
The slope (aPnXimob/aP)T a t  35OC was obtained hy 

The s o l u t e  

would be independent o f  pressure. 

The p a r t i a l  

More exper imental  da ta  f o r  C02 i n  coated c a p i l l a r y  

On c loser  examinat ion o f  equat ion 11, one can deduce t h a t  as the  isothermal 
c o m p r e s s i b i l i t y  o f  t h e  so lvent  becomes l e s s  impor tan t  ( temperature and pressure 
f l i r t h e r  removed f r o n  t h e  c r i t i c a l  temperature and pressure) ,  (aank/aP)T i s  propor- 
t i o n a l  t o  the s o l u b i l i t y  o f  the  s o l u t e  i n  the  f l u i d  phase. Therefore,  i f  s o l u h i l -  
i t y  i s  found t o  be a l i n e a r  f u n c t i o n  o f  d e n s i t y  than r e t e n t i o n  w i l l  m i r r o r  t h i s  
behavior and a l s o  be a l i n e a r  f u n c t i o n  o f  dens i ty .  
from the c r i t i c a l  pressure and temperature o f  t h e  so lvent  the more l i k e l y  one 
obtains a constant s lope ((aank/aP)T = constant) .  

Fur ther , the  f a r t h e r  one i s  
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Conclusion 

The simple thermodyanamic r e l a t i o n s h i p  developed i n  t h i s  work has been shown 
t o  adequately descr ibe the  fea tu res  o f  s o l u t e  r e t e n t i o n  as a func t i on  o f  pressure 
a t  constant temperature f o r  s u p e r c r i t i c a l  f l u i d  chromatography. The importance o f  
t h i s  model i s  the r e l a t i o n s h i p  drawn between s o l u t e  s o l u h i l i t y  i n  the  f l u i d  mobi le  
phase t o  the  t rend  i n  s o l u t e  re ten t i on .  The t rend  i n  so lu te  r e t e n t i o n  i s  demon- 
s t r a t e d  t o  be dependent on isothermal  compress ib i l i t y ,  s o l u b i l i t y  i n  t h e  f l u i d  and 
f h p t a g r t i a l  molar volume o f  t h e  s o l u t e  i n  t h e  s t a t i o n a r y  phase. The dependence o f  
V i  on pressure i s  being examined and w i l l  be discussed i n  a f u t u r e  work. This  
chanye and f u r t h e r  experimental i n v e s t i g a t i o n s  over t h e  re levan t  ranges o f  tem- 
pe ra tu re  and pressure are i n  progress and w i l l  serve t o  guide f u t u r e  experimental 
and t h e o r e t i c a l  developments. 
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ij SEMI-PREPARATIVE SUPERCRITICAL FLUID EXTRACTION/FRACTIONATION 

Department of Chemistry, Brigham Young University, Provo, Utah 84602 USA 

Supercritical fluids have been used with considerable success both as 
mobile phases in chromatography and as solvents in extraction processes. 

R.M. Campbell and M.L. Lee 

EXPERIMENTAL 

A supercritical fluid extraction/fractionation system was constructed to 
provide separations and fraction collection on a semi-preparative scale. A 
schematic diagram of this system is shown in Figure 1. The system included 
a 375-mL syringe pump (Isco, Lincoln, NE) modified for pressure control 
at flow rates of up to 8 mL/min (liquid), a chromatographic oven (Varian. 
Walnut Creek, CA), and four 125-mL fraction collection vessels which were 

cooled to 3 f 2OC 
Dayton, OH). A six-port switching valve (Valco Instrument Co., Houston, 
TX) was used to collect successive fractions in different collection vessels. 
The collection vessels were pressurized with N2 from a high pressure tank in 
conjunction with appropriate valving. A micrometering valve (Autoclave 
Engineering, Erie, PA) was used to control the flow when the effluent was 
vented directly to atmosphere. 
a separation column (25 em x 4.6 mm i.d.) were placed in the oven, and efflu- 
ents were monitored with a UV-absorbance detector (Hitachi, Model 100-10, 
Tokyo, Japan) equipped with a high pressure cell (Hewlett-Packard. Avondale, 
PA). ~ i i  parts of the extraction/fractionation apparatus were constructed of 
stainless steel. 

A coal tar was fractionated by adding 1 mg of the tar in 50 UL of 
methylene chloride to the top of the extraction column which had been dry- 

I fitted with cooling jackets. During fraction collection, the vessels were 
a circulating cooling bath (Grant Science/Electronics, 

An extraction column (10 em x 4.6 mm i.d.) and 
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packed with 40-63 !.un s i l i c a  (Sigma, No. S-0507. S t .  Louis,  M O ) .  The column 
end f i t t i n g s  (equipped with 2 wn f r i t s )  were t igh tened  and the column was 
i n s t a l l e d  i n  t h e  oven by t i gh ten ing  the  appropr i a t e  f i t t i n g s .  The sepa ra t ion  
column was dry-packed w i t h  NH2-Adsorbosil (Applied Science,  Deer f ie ld ,  I L ,  
30 - 70 m ) .  
du ra t ion  o f  t h e  f r a c t i o n a t i o n .  The p re s su re  was brought t o  72 atm, then 
immediately r a i s e d  t o  95 atm at  8 atmlmin. 
u n t i l  phenanthrene began t o  e l u t e  (F rac t ion  3 ) ,  whereupon it  was r a i s e d  a t  1.5 
atm/min t o  98 atm. A s  soon as t h e  f luoranthene/pyrene  peak (F rac t ion  4)  
s t a r t e d  e l u t i n g ,  t h e  p re s su re  was aga in  programmed a t  1.5 atm/min t o  130 atm. 
A t  t h i s  po in t ,  a s  t h e  chrysene peak ( F r a c t i o n  5 )  was f i n i s h i n g ,  t h e  p re s su re  
was programmed at 5 atmlmin to 198 atm and he ld  f o r  about 10 min. Frac t ions  
were co l l ec t ed  as marked on t h e  chromatogram i n  F igure  3.  F rac t ions  were 
analyzed by c a p i l l a r y  gas  chromatography w i t h  an HP 5880 gas  chromatograph 
equipped with a 20 m x 0.2 mm i .d.  fused s i l i c a  c a p i l l a r y  column coated with 
SE-54 s t a t i o n a r y  phase which was c ross l inked  w i t h  azo-t-butane. 

The oven temperature was r a i s e d  t o  4 O o C  and he ld  t h e r e  f o r  t he  

The p res su re  was h e l d  a t  95 atm 

RESULTS AND DISCUSSION 

In  1977, Wise e t  al. ( 6 )  r epor t ed  the  sepa ra t ion  of PAH according t o  
number of a romat ic  r i n g s  us ing  an HPLC system w i t h  a chemically bonded 
aminosilane s t a t i o n a r y  phase. This  was very important because each of t h e  
ring-number cuts could then be analyzed by reversed  phase HPLC, which provides 
r e s o l u t i o n  of c l o s e l y  r e l a t e d  isomers. More r e c e n t l y ,  ring-number f r a c -  
t i o n s  of complex mixtures  of PAH have been sought f o r  a n a l y s i s  by CC w i t h  a 
l i q u i d  c r y s t a l l i n e  s t a t i o n a r y  phase, which e x h i b i t s  e x c e l l e n t  s e l e c t i v i t y  f o r  
t h e  sepa ra t ion  of geometr ic  isomers ( 7 , 8 ) .  

Figure 2 shows t h e  UV chromatogram of t h e  f r a c t i o n a t i o n  of a number of 
s t anda rd  PAH using t h e  SFF system. A similar p res su re  program was used t o  
f r a c t i o n a t e  a c o a l  tar  sample as shown i n  F igure  3. F igure  4 shows t h e  
c a p i l l a r y  g a s  chromatograms of t y p i c a l  f r a c t i o n s  of the coa l  tar e x t r a c t  
ob ta ined  on t h e  SFF system. The p o l a r  amino bonded phase provided good 
s e l e c t i v i t y  f o r  s e p a r a t i o n s  by r i n g  number. Alkylated spec ie s  tended t o  e l u t e  
a t  or near t h e  same t ime  as t h e i r  paren t  compounds, whi le  compounds of 
d i f f e r e n t  r i n g  s t r u c t u r e  were widely separa ted .  

i n  a Small amount of s o l v e n t  t o  t h e  head o f  t h e  column wi th  a syr inge .  This 
method r e s u l t e d  i n  narrower bands than  are obta ined  when t h e  sample is d i s t r i -  
buted over t h e  e n t i r e  e x t r a c t i o n  column. An e x t e r n a l  sample loop  i n j e c t i o n  
va lve  was n o t  used i n  t h e  system because a t  t h e  lower p re s su res  used a t  the  
beginning o f  a f r a c t i o n a t i o n  run ,  a l l  sample components were n o t  d i s so lved ,  
r e s u l t i n g  i n  plugging o f  the  f r i t s  a t  the head of the sepa ra t ion  column. 

Adsorbents of i n t e rmed ia t e  p a r t i c l e  s i z e  (30-70 !.un) were found t o  g ive  
t h e  best sepa ra t ions .  The trade-off between column e f f i c i e n c y  and pressure  
drop was a t  or near optimum with t h i s  p a r t i c l e  S ize .  
r e s u l t e d  i n  l a r g e  p r e s s u r e  drops ,  while l a r g e r  p a r t i c l e s  r e s u l t e d  i n  poor 
e f f i c i ency  and l a r g e  column dead volumes. 

I n  a d d i t i o n ,  s t anda rd  compounds were used to s tudy  t h e  e f f e c t  of mobile 
phase dens i ty  on r e s o l u t i o n  of c lose ly  r e l a t e d  compounds. The r e s o l u t i o n  of 
biphenyl and acenaphthalene was measured at  a number of d i f f e r e n t  mobile phase 
d e n s i t i e s .  Resul t s  of t h i s  study a r e  l i s t e d  i n  Table I. I t  was found tha t ,  
i n  genera l ,  t h e  r e s o l u t i o n  of a p a i r  of c l o s e l y  r e l a t e d  isomers could be 
improved by a8 much as 100% by decreas ing  the mobile phase p re s su re  a t  

Samples were b e s t  introduced i n t o  t h e  SFE system by applying t h e  s o l u t e s  

Smaller p a r t i c l e s  
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size Of the column packing material, may have a greater effect on resolution 
than the selectivity of the mobile phase. Also, by going to smaller particle < 

4 diameter of the column packing, analysis times can be shortened. However, 

Pres sur e 

85 
90 

100 
120 
140 
160 
180 
198 

Resolution 

1.1 
1.1 
0.8 
0.9 
0.9 
0.9 
0.7 
0.5 

large pressure drops across columns packed with very small particles cause 
significant selectivity losses. For some solutes, the gain in efficiency is 
greater than the loss in selectivity on going to a smaller diameter packing. 
It was concluded that particles in the 35-80 pm range were best for the 
separations we have attempted thus far. 

cuts during fractionation on a routine basis as well as during development. 
Solutes in the fractions were best collected by cooling the collection 
vessels to 2 to 5°C. This created a two-phase (gas/liquid) region in the 
collection vessels, causing the solutes to precipitate out of the gas phase. 
In this way, the solutes were removed from the C02 before it decompressed 
through the fused silica restrictors. The cooling was not enough to cause 
precipitation of very volatile solutes such as naphthalene. Therefore, 
fractions containing very volatile components were collected by bubbling the 
effluents through methylene chloride or 1-pentane. 

With our current pumping system, the maximum sample capacity appears to 
be about 10 to 20 mg per run. Figure 5 shows the UV SFF chromatogram of 
8 mg of coal tar extract obtained on a 25 cm x 6.2 mm i.d. column with a 10 cm 
x 6.2 mm i.d sample introduction column. The NH2-Adsorbosil stationary phase 
was used in this case as well. Fractions were again collected as marked on 
the chromatogram. Typical analysis times for separations of components ranging 
from 2 to 5 rings was between 1 and 1.5 h. 

Overall, it was found during this study that semi-preparative super- 
critical fluid fractionation shows great potential for high quality separa- 
tions with easy solvent removal. 

UV monitoring of the column effluents was essential to enable precise 
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W chromatogram of the supercritical fluid fractionation of 1 mg of 
a coal tar extract with COP at 4OOC.  The numbers 1-6 indicate the 
fractions that were collected. 

J ' I  6 

Figure 5. W chromatogram of the supercritical fluid fractionation of 8 mg of 
the coal tar extract with C02 at 4OoC.  
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Figure 4. Capillary gas chromatograms of the six fractions collected during 
the supercritical fluid fractionation of the coal tar extract. The 
numbers refer to the fractions shown in Figures 3 and 5. 
chromatogram shows the total unfractionated coal tar for comparison. 
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S u p e r c r i t i c a l  Carbon Diox ide E x t r a c t i o n  of  Lemon O i l  

Steven J. Coppella and Paul Barton* 

Department o f  Chemtcal Engineer lng 
The Pennsylvania S ta te  U n i v e r s i t y  

Un ive rs t t y  Park, PA 16802 

I n  1983-1984, Arizona and C a l i f o r n i a  produced annua l l y  over 106 kg  o f  
cold-pressed lemon o i l .  A f t e r  being concentrated by d i s t i l l a t i o n  o r  l i q u i d  
ex t rac t i on ,  lemon 011 i s  used as f l a v o r i n g  and/or f ragrance agent i n  beverages and 
cosmetics. D i s t i l l a t t o n  thermal ly  degrades lemon o i l .  E x t r a c t i o n  w l t h  organic 
solvents on l y  p a r t l a l l y  reduces thermal degradat ion ( s i n c e  the so lvents  must be 
recovered by d i s t i l l a t i o n )  and in t roduces so l ven t  contamination. E x t r a c t i o n  w l t h  
nonfermentative s u p e r c r i t i c a l  carbon d iox ide  near i t s  c r i t i c a l  p o i n t  (304.3 K. 7.38 
MPa, 0.467 g/cma) o f f e r s  a cheap, nontox ic  so l ven t  t h a t  does n o t  impar t  f l a v o r s  
nor thermal ly  degrade the  product. I t  can handle feedstocks w i t h  h igh  wax content  
because these cons t i t uen ts  can be so lub t l t zed  i n  s u p e r c r i t i c a l  carbon d iox lde.  
S u p e r c r i t i c a l  e x t r a c t i o n  i s  a hyb r id  u n i t  ope ra t i on  i n  the  domaln between e x t r a c t i v e  
d l s t l l l a t i o n  and l i q u i d  ex t rac t i on .  Solvent  recovery I s  accomplished by 
depressur izat ion a t  ambient temperature. 

Processes f o r  s u p e r c r i t i c a l  e x t r a c t i o n  o f  o i l s  have been described i n  numerous 
l i t e r a t u r e  references. Several recent ones a re  P a u l a l t i s  e t  a l .  (1983). E l y  and 
Baker (1983). Gerard (1984). Stahl  e t  a l .  (1984). and Robey and Sunder (1984). The 
l i t e r a t u r e  lacks d e t a i l e d  data on multicomponent e s s e n t i a l  o i l s  w i t h  s u p e r c r i t i c a l  
solvents i n  the p r o x i m i t y  o f  the so lvent  c r i t i c a l  temperature. Accurate p r e d i c t l o n  
o f  data i n  t h i s  reg ion  by equations o f  s t a t e  i s  l i m i t e d  t o  b ina ry  and te rna ry  
sys terns. 

The purpose o f  our research Is t h ree fo ld :  evaluate the f e a s i b t l t t y  o f  s u p e r c r t t t c a l  
carbon d iox ide  e x t r a c t i o n  o f  lemon o i l  near ambient temperature. generate 
e q u i l i b r i u m  data w i t h  carbon d iox ide  and multicomponent essen t ia l  o i l  const i tuents ,  
and evaluate the a b i l i t y  o f  the Peng-Robinson equat ion of  s t a t e  t o  model a reduced 
multicomponent s u p e r c r i t i c a l  system. 

CONCENTRATING LEMON OIL 

Starosc ik  and Wilson (1982) have quan t i t a ted  var ious lemon o i l s  and I d e n t i f i e d  38 
compounds. These compounds can be subdivided i n t o  th ree  major c l a s s l f t c a t i o n s :  
terpenes ( C ~ O  hydrocarbons), oxy ' s  (oxygenated C s - C i r  hydrocarbons), and 
sesquiterpenes ( C I S  hydrocarbons). A usual goal i n  concen t ra t i ng  lemon o i l  Is t o  
remove the  terpenes and sesquiterpenes f rom t h e  des i red  oxy f r a c t i o n .  

When concentrat ing the  lemon o i l  by mu l t i s tage  f r a c t i o n a l  d i s t i l l a t i o n  under vacuum, 
column o p e r a b t l i t y  coupled w i t h  condenser pressure, column pressure drop, r e b o i l e r  
design, and mode o f  operat ion (batch o r  continuous) d i c t a t e  the degree o f  thermal 
exposure. Overhead temperatures increase i n  the  range o f  320 t o  340 K. r e b o i l e r  
temperatures increase i n  the range o f  330 t o  370 K .  and exposure times o f  15 to  20 
hours may be expected dur ing batch d i s t i l l a t i o n .  I n  continuous d i s t i l l a t i o n ,  
exposure times a re  lower bu t  r e b o i l e r  temperature may be h igher .  

I n  e x t r a c t i v e  d t s t i l l a t i o n  w i t h  s u p e r c r l t t c a l  so lvent ,  v o l a t t l i t y  amp l t f t ca t ton  by 
the  so lvent  r a t h e r  than vacuum I s  used t o  g e t  t h e  components i n t o  the e x t r a c t  o r  
vapor phase. Operating temperature can be made lower than i n  conventional 
distillation, and the  hear t -cut  product  w i l l  have been subjected t o  l ess  thermal 
degradation. Carbon d i o x l d e  has a c r i t i c a l  temperature t h a t  meets t h t s  goal. 
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I n  order t o  make data c o r r e l a t l o n  t r a c t a b l e  I n  s u p e r c r l t l c a l  carbon d lox lde  
extraction, I t  l s  convenlent t o  represent  each major chemlcal c l a s s l f l c a t l o n  by a 
s l n g l e  compound. Each se lec t  compound should have a v a l l a b l e  good vapor pressure 
d a t a  and should be a predominant c o n s t l t u e n t  I n  t t s  group w l t h  regard t o  s t r u c t u r e  
and concentrat lon.  For c o r r e l a t l o n  purposes, we se lec ted  llmonene. geran la l .  and 
E-caryophyllene. Their  s t ruc tu res  a re  shown I n  F lgure  1. 

Stah l  e t  a l .  (1984) presented s o l u b l l l t y  data f o r  llmonene and caryophyl lene w l t h  
carbon dioxide; Gerard (1984) Inc luded carvone. Temperatures I n  the  range o f  279 t o  
377 K, and pressures I n  the  range o f  1 .5  t o  11 MPa were covered. Robey and Sunder 
(1984) provlded s o l u b l l l t y  and r e l a t l v e  v o l a t t l l t y  da ta  f o r  carbon d lox lde  w i t h  
fo lded lemon 011 and w l t h  llmonene and c l t r a l  ( g e r a n l a l / n e r a l )  a t  323 t o  353 K and 
9.4 t o  10.6 MPa. 

Gerard (1984) descr lbes a cont lnuous m u l t l s t a g e  Column process f o r  carbon d lox lde  
ex t rac t ton  ( d l s t l l l a t l o n )  o f  essen t la l  011s a t  amblent temperature and 8 MPa. w l t h  
s o l v e n t  recovery a t  273 K and 3 MPa. Robey and Sunder (1984) propose a lemon o l l  
f r a c t l o n a t o r  operated a t  333 K and 10 MPa wlth an e f f l c l e n c y  equ lva len t  t o  12  
stages, wlth so lvent  recovery a t  293 K and 5.5 MPa. 

EXPERIMENTAL SECTION 

Cold-pressed 011 from Arlzona e a r l y  deser t  lemons was suppl led by A. M. Todd 
Company, Kalamazoo. MI. Degassed lemon 011 and d r y  carbon d lox lde  were charged I n t o  
the  o n e - l t t e r  Isothermal cons tan t  volume c e l l  shown t n  F lgure  2. A f t e r  the  
opera t lng  temperature was reached, the  system was s t l r r e d  f o r  one hour, then allowed 
t o  s e t t l e  f o r  15 mlnutes be fore  sampllng. Experlmehts were performed a t  303 t o  313 
K and 4 t o  9 MPa. P a r a l l e l  phase v l s u a l l z a t l o n  experlments were conducted l n  a 
s l g h t  gauge t o  Insu re  opera t ion  I n  the two-phase reglon. 

A sample of  t h e  e q u l l l b r a t e d  l l q u l d  phase was removed ( a f t e r  purglng) by 
d e p r e s s u r l r a t l o n  through a va lve  and hypodermlc tub lng  I n t o  a two-stage t r a p  cooled 
by d ry  I c e  - acetone. A wet t e s t  meter measured the  carbon d l o x l d e  of f -gas. A 
sample of t he  vapor phase was then s l m l l a r l y  removed. Purge and sample s lzes were 
kep t  small t o  mlnlmlze d ls tu rbance o f  equ l l l b r l um.  Pressure changes I n  the  c e l l  
were 0-0.1 MPa du r lng  sampllng o f  l l q u l d  phase and 0-1.2 MPa du r lng  sampllng o f  
vapor phase. Speclal  h lgh-pressure sample valves w l t h  m l c r o l l t e r - s l z e d  t raps  were 
t r l e d  I n  an e f f o r t  t o  reduce pressure dlsturbance. b u t  r e l l a b l l l t y  was Inadequate. 

Estlmated r e l a t i v e  e r ro rs  a re  0.2% f o r  temperature, 5% f o r  pressure, 4% f o r  carbon 
d l o x l d e  mole f r a c t i o n  I n  t h e  l l q u l d  phase, and 10% f o r  lemon o l l  mole f r a c t l o n  I n  
the  vapor phase. 

The recovered lemon 011 samples were analyzed by gas chromatography. A 0.5 mn 1.d. 
x 30 m t h l n  f l l m  (0.1 m) SE-30 g lass  c a p l l l a r y  column (Supelco, Inc.. Be l le fon te .  
PA) was used utth a flame l o n l z a t l o n  d e t e c t o r  I n  a F M  810 chromatograph. The u n l t  
was f l t t e d  w i t h  a temperature p r o g r a m e r  (FM S c l e n t l f l c  Model 240), g lass- l ined  
I n l e t  s p l t t t e r  (JW Sc len t l c ,  Inc . ) ,  and I n t e g r a t o r  (Hewlett-Packard Model 33708). 
NO reference column was used. The f o l l o w l n g  c o n d l t l o n s  were employed: 27 cm/s He 
c a r r l e r  gas; 250 cmVmIn a l r .  40 cma/mln Np. and 55 cms/mln H2 t o  de tec tor ;  0.4 p l  

sample slze. 27/1 s p l l t  r a t l o ;  temperature program 348 K ho ld  8 mlnutes. 4 K/mln. 473 
K ho ld  15 mlnutes; l n j e c t l o n  p o r t  temperature 523 K; de tec tor  temperature 523 K; 
a t t e n u a t l o n  X l ,  range 102; s lope s e n s l t l v l t y  0.01 mV/mln; manual base l ine  rese t ;  
c h a r t  speed 1.3 cm/mln. Basel lne d r i f t  was 0.02 mV/125 K. Peak areas from the  
I n t e g r a t o r  were w l t h l n  5% o f  those determlned by c u t t l n g  and welghlng t h e  peaks. 
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Peak l d e n t l f l c a t l o n  was based on In fo rma t lon  o f  Supelco, Inc., A. M .  Todd Company, 
and Starosc lk  and Wllson (1982). S ta rosc l k  (1984) prov lded us u l t h  the  response 
Values used I n  h i s  work and we assumed t h a t  our de tec to r  would g l v e  p ropor t l ona te  
response. Starosc lk  found I n  h l s  work t h a t  r e l a t l v e  standard dev la t l ons  were 
genera l ly  less than 3%. 

-- RESULTS 

Lemon o i l -carbon d lox lde  e q u l l l b r l u m  was measured a t  303, 308, and 313 K and I n  the 
Pressure range of  4 t o  9 HPa. Below 6 MPa. the re  was l n s u f f l c l e n t  lemon o i l  I n  the 
vapor phase t o  a t t a l n  good samples f o r  ana lys l s .  Above 9.0 HPa a t  313 K, above 7.8 
RPa a t  308 K, and above 7.4 HPa a t  303 K, t he  system reve r ted  t o  a s l n g l e  phase. 
Nlne experlments prov lded two-phase, vapor - l l qu ld  e q u l l l b r l u m  data s u l t a b l e  f o r  
co r re la t i ons  and generat ing c o e f f l c l e n t s  f o r  t he  Peng-Robinson equatlon. Deta l led 
experlmental data can be found I n  Coppella (1985). 

The r e s u l t s  o f  an experlment a t  308 K and 6.98 HPa a r e  d e t a l l e d  here. The l l q u i d  
phase contalned 48 ut% (74 mole X )  carbon d l o x l d e  and the  vapor phase conta lned 99.5 
ut% (99.8 mole %) carbon d lox lde.  A gas chromatogram f o r  the lemon 011 from the 
l l q u l d  phase sample l s  shown I n  F igure 3. A chromatogram f o r  t he  lemon 011 I n  the 
vapor phase I s  shown i n  F lgure 4. Peak I d e n t l f l c a t l o n .  re ten t l on .  response value, 
and concentrat lon f o r  these t races are g lven I n  Table I .  Average molecular welght 
o f  lemon 011 I s  137.9 I n  l l q u l d  and 136.4 I n  vapor. 

The r e l a t l v e  v o l a t l l l t y  I n  the  presence o f  carbon d lox lde ,  o r  s e l e c t i v l t y  f a c t o r ,  
f o r  each component w l t h  respect t o  llmonene I s  a l s o  g iven I n  Table I. Rela t l ve  
v o l a t l l l t y  I s  def lned as the r a t l o  o f  e q u i l l b r l u m  vapor l za t l on  K f o r  component I t o  
e q u l l l b r l u m  vapor l za t l on  K f o r  llmonene. E q u l l l b r l u m  vapor l za t l on  Ki I s  def lned 
as mole f r a c t l o n  1 I n  the  vapor ( e x t r a c t )  phase t o  mole f r a c t l o n  1 l n  the l l q u l d  
( r a f f l n a t e )  phase. 

By comparlng the r e l a t l v e  v o l a t l l l t l e s  o f  var ious components, t he  ease o f  separat lon 
between these components can be determlned. The chromatographic column employed 
separates components I n  the order  o f  v o l a t l l l t y ;  thus, the f i r s t  c u t  p o l n t  I n  the 
separat lon should be between te rp lno lene  and adjacent  oxygenated compounds. The 
chromatograph doesn't  separate te rp lno lene  from l l n a l o o l  o r  nonanal. so the 
s e p a r a b l l l t y  o f  these compounds cou ldn ' t  be determlned. The nex t  ad jacent  
separat lon lnvo lves te rp lno lene  w l t h  a r e l a t l v e  v o l a t l l l t y  w l t h  respec t  t o  llmonene 
of 0.7 and c l t r o n e l l a l  w l t h  a r e l a t l v e  v o l a t l l l t y  w l t h  'respect t o  llmonene o f  0.4. 
The r e l a t l v e  v o l a t l l l t y  o f  t e rp lno lene  t o  c i t r o n e l l a l  i s  then 0.7/0.4 o r  2. For the 
l lmonene/geranlal pa l r .  the r e l a t l v e  v o l a t l l l t y  I s  1.0/0.2 o r  5. These separat lon 
f a c t o r s  f o r  t he  terpene-oxy s p l l t  a re  adequate. 

The second c u t  p o l n t  I n  the separat lon I s  between geranylacetate and 
8-caryophyllene. Thls separat lon f a c t o r  I s  0.06/0.07. o r  0.9. Thls I s  opposl te  
t h a t  o f  0.2/0.07 o r  3 f o r  ge ran la l  t o  8-caryophyl lene. 

There I s  some over lap I n  the  v o l a t l l l t l e s  o f  CIZ oxys and sesqulterpenes. uh l ch  
means t h a t  f o r  ex t rac t l ons  o f  lemon 011 w l t h  s u p e r c r l t l c a l  carbon d lox lde ,  some 
0-caryophyl lene w l l l  be ex t rac ted  I n t o  the  hear t -cut  oxy product .  Thls I s  t h e  
r e s u l t  of t he  nonpolar carbon d lox lde  p r e f e r e n t l a l l y  e x t r a c t l n g  the l ess  p o l a r  o f  
t h e  lemon 011 cons t l t uen ts .  

SOLUBILITY AND SELECTIVITY 

S o l u b l l l t y  dlagrams were prepared f o r  the phases t h a t  separated I n  t h e  lemon 011 
extractions performed l n  t h l s  study w l t h  carbon d lox lde.  Such dlagrams can serve 
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on ly  as guldes. s l n c e  s o l u b l l l t y  I s  composltlon-dependent and I s  a func t l on  of  
e x t r a c t i o n  seve r l t y .  The d a t a  a r e  shown l n  Flgures 5.  6. and 7 a t  303. 308. and 313 
K, respec t lve ly .  

Ex t rac t ions  o r  e x t r a c t l v e  d l s t l l l a t l o n s  w l t h  s u p e r c r l t l c a l  so lvent  need t o  be 
performed a t  as h lgh  a s  p o s s l b l e  a s o l u b l l l t y  o f  o i l  I n  the  e x t r a c t  o r  vapor phase 
I n  order t o  reduce the  so lvent  or c a r r l e r  gas requlrement. From our lemon 
011-carbon d l o x l d e  phase dlagrams, I t  appears t h a t  t h e  h lghes t  p r a c t l c a l  s o l u b l l l t y  
l e v e l  I s  0.9 mole % (2.8 ut.%) essen t la l  011. Thls I s  a t ta lnab le  a t  313 K. A t  
lower temperature, s e n s l t l v l t y  of s o l u b t l l t y  t o  pressure requ l res  t h a t  s o l u b t l l t y  be 
lower (e.g., 0.3 mole % a t  308 K ) .  

A t  313 K and 8.4 HPa. s lope of e x t r a c t  phase s o l u b l l l t y  versus pressure I s  0.06 
welght f r a c t l o n  oll/MPa. For  a 1 5  m t a l l  e x t r a c t l o n  tower operated a t  a dens l ty  o f  
0.5 g/cw. the  pressure a t  t h e  bottom I s  h lgher  than t h a t  a t  t he  top  by 0.025 
MPa. The s o l u b l l l t y  a t  t h e  bottom w l l l  then be 0.15 ut.% hlgher a l  the  bottom 
( l gno r lng  c o n p o s l t l o n  e f f e c t s ) .  A t  308 K and 7.69 MPa, an Increase I n  pressure of 
0.14 HPa causes the  two-phase system t o  r e v e r t  t o  a one-phase system. I t i s  
lmperat lve t h a t  temperature and pressure p r o f i l e s  I n  the  s u p e r c r l t l c a l  ex t rac t l on  
tower be malntalned accura te ly .  Wlndows a re  recomnended t o  conf l rm t h a t  opera t lon  
remalns I n  the  two-phase domaln. 

The s e l e c t l v l t l e s  I n  s u p e r c r l t l c a l  carbon d l o x l d e  e x t r a c t l o n  o f  terpenes from oxys. 
and oxys f rom sesqutterpenes. f o r  lemon 011 a re  shown t n  Flgures 8 and 9, 
respec t lve ly .  F igure  8 shows t h e  r e l a t l v e  v o l a t l l l t y .  o r  s e l e c t l v l t y  f ac to r ,  o f  
l lmonene t o  ge ran la l  as a f u n c t l o n  o f  011 s o l u b l l l t y  I n  t h e  vapor phase. Operatlon 
o f  t h e  ex t rac to r  a t  308 K and 1 ut.% s o l u b U l t y  provldes a r e l a t l v e  v o l a t l l l t y  o f  
2. Operatlon a t  313 K p rov ldes  a r e l a t l v e  v o l a t l l l t y  o f  1.4. The s e l e c t l v l t y  
f ac to rs ,  though adequate, are an order o f  m g n l t u d e  lower than the  vapor pressure 
r a t l o .  

F i g u r e  9 shows t h e  r e l a t l v e  v o l a t l l l t y  o f  ge ran la l  t o  8-caryophyllene as a func t l on  
Of  011 s o l u b l l l t y  I n  t h e  vapor phase. A t  313 K and 1 ut.% v o l a t l l l t y .  r e l a t l v e  
v o l a t l l l t y  l s  1.4. A t  308 K and 1 ut.% s o l u b l l l t y .  these cons t l t uen ts  a re  
Inseparable by s u p e r c r l t l c a l  carbon d l o x l d e  ex t rac t l on .  The r a t l o  o f  vapor 
pressures f o r  t h l s  p a l r  l s  l n  the  v l c l n l t y  o f  2. 

MODELING OF EQUILIBRIA 

The carbon dlox1de:lemon o i l  P-x behavlor shown I n  Flgures 5. 6. and 7 I s  t y p l c a l  o f  
b l n a r y  carbon dlox1de:hydrocarbon systems, such as those c o n t a l n l n g  heptane ( I m  and 
Kurata. 1971), decane (Ku lka rn l  e t  a l . ,  1972). o r  benzene (Gupta e t  a l . ,  1982). Our 
lemon 011 samples contalned I n  excess o f  64 mole X llmonene; so we modeled our data 
as a reduced b lna ry  o f  l lmonene and carbon d lox lde .  The Peng-Roblnson (197b) 
equat lon  was used, w l t h  c r l t l c a l  temperatures, c r l t l c a l  pressures, and acen t r I c  
fac to rs  obtalned from Oaubert and Oanner (1983). and Reld e t  a l .  (1977). For carbon 
d lox lde .  o = 0.225; for llmonene o = 0.327, Tc = 656.4 K. Pc = 2.75 MPa. I t  
was necessary t o  vary t n t e r a c t l o n  parameter 4 t h  temperature I n  order t o  c o r r e l a t e  
t h e  d a t a  s a t l s f a c t o r l l y .  The values o f  d12 a r e  reasonable (0.1135 a t  303 K. 
0.1129 a t  308 K. 0.1013 a t  313 K ) .  Comparlsons o f  c a l c u l a t e d  and experlmental 
r e s u l t s  are g lven I n  Flgures 5, 6. and 7. 

Attempts to model the  r e l a t l v e  v o l a t l l l t l e s  o f  t he  minor organlc cons t l tuents  t o  
llmonene uslng t h e  Peng-Roblnson equat lon proved u n f r u l t f u l .  
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PROPOSED PROCESS 

Lemon o i l  can be concentrated by s u p e r c r l t l c a l  carbon d l o x l d e  e x t r a c t l o n  I n  t h e  
temperature range of 308 t o  313 K.  Pressure I n  the  e x t r a c t o r  w l l l  be I n  t h e  range 
o f  7.7 t o  8.5 MPa. S o l u b l l l t l e s  o f  011 I n  t h e  e x t r a c t ,  or  vapor, phase w l l l  range 
from 1 t o  3 ut.%. S e l e c t l v l t y  f ac to rs  near 1.4 u l l l  be a t ta lned  f o r  t he  terpene-oxy 
s p l l t  and oxy-sesqulterpene s p l l t .  The opera t lon  I s  performed I n  a m u l t l s t a g e  
e x t r a c t o r  w i t h  re f l ux .  Operat lon can be e i t h e r  I n  the  ba tch  o r  cont lnuous mode. 
Solvent recovery I s  performed a t  cond l t lons  s l i g h t l y  below the  c r l t l c a l  p o l n t  o f  
carbon d lox lde .  

S o l u b l l l t y  l l m l t a t l o n s  requ l re  t h a t  t he  so lvent  t r e a t  be hlgh; an economlc a n a l y s l s  
I s  needed t o  es tab l l sh  process f e a s l b l l l t y .  
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TABLE I 
LEMON O I L  VAPOR-LIQUID ANALYSES AT E Q U I L I B R I U M  I N  CO, 

RETENTIONd WEIGHT 0 VOLAT IL ITY i 
PEAK RELATIVE TO RELATIVE MOLE X RELATIVE TO ' I  

NO. COMPOUND LIMONENE RESPONSE VAPOR L I Q U I D  LIMONENE 

r e f  
1 
2 
3 
4 

-- 
5 
6 

7 

8 
9 

10 

- 

- 
11 
12 
13 
14 
15 

16 
17 
18 
19 
20 

- 

- 

acetone 
a-thu j e n e  
a-pinene 
camphene 
sabinene _ -  C-pineneJ 

myrcene 
octanal  
phel landrene? 
a- t e e e n e  - 

0.00 
.0.55 
0.58 
0.63 
0.76 
- 
0.79 
0.86 

0.92 - 
1 imonene 1 .oo 
v- te rp i  nene 1.09 

1.19 

nom& 

1.40 

te rp inolene  
l ina lool  

c i  t rone l  1 a1 
terpinenen-4-01 1.51 
a- terpineol  1.55 
decanal 1.60 

_. n e r a l  - -- 1.70 

geranial  1.80 
nonyl a c e t a t e  1.95 
nery lace ta te  2.12 
geranylace ta te  2.18 
6 -caryophyll ene  2.36 

I- - 

- - --- 

0.75 
0.75 
0.70 
0.74 - 
0.73 
1.17 

1.19 

0.75 
0.78 
0.78 

- 

- 
1.06 
0.92 
0.92 
0.97 
0.96 

0.96 
0.24 
1.02 
1.02 
0.78 

- 

0.61 
2.80 
0.09 

17.27 
- 
1.87 
0.09 

1.21 

67.14 
7.59 
0.47 

- 

- 
0.02 
0.02 
0.06 
0.01 
0.24 

0.29 
0.00 
0.03 
0.009 
0.013 

- 

- 
0.35 
1.68 
0.06 

13.06 
- 
1.59 
0.07 

1.10 

68.22 
8.45 
0.67 

- 

- 
0.04 
0.04 
0.20 
0.08 
0.92 

1.45 
0.03 
0.25 
0.15 
0.18 

- 

21 trans-a-bergamotene 2.40 0.78 
22 a-humalene 2.53 0.71 
23 6-bisabolene 2.60 0.77 

1.8 
1.7 
1.6 
1.34 - 
1 . 2  
1 .3  

1 .1  

1 .o  
0.91 
0.7 

- 

- 
0.4 
0.4 
0.3 
0.1 
0.3 

0.2 

0.1 
0.06 
0.07 

- 

0.016 
0.00 
0.013 

0.26 
0.05 
0.38 

0.06 

0.03 

a Retention time f o r  limonene averaged 8.7 minutes 
bPeak area m u l t i p l i e r  
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LIMONENE GERANIAL B - CAR-YOPHYLLENE 

Fig, 1. Key cons t i t uen ts  in lemon Oil .  

VACUUM PUMP 
\ 

PRESSURE 

OIL CHARGE AND 
DEGASSING VESSEL- 

SAMPLE OF GAS 

CHARGE TANK 

25 KQ BALANCE- 

I 
1.11 - LITER EOUILIBRIUH CELL 
HASTELLDY C 
RATING1 34 HPo AT 700 K 

Fig, 2. Vapor-l iquid equilibrium a p p a r a t u s  
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Fig. 3. Gas chromatogram o f  lemon oil in 
Iiquid phase sample 
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Fig. 4, Gas chromatogram o f  lemon oil in 
vapor phase sample 
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Ratio of vapor  pressures a t  392 K r 

0.1 0.2 0.4 0,6 1 2 4 

Solubility, w t  7. oil in vapor 

Fig. 9. Lemon oil : carbon dioxide vapor -  
liquid equilibria. a - 303 K. 
0 - 305 K. o - 313 K. 
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FRACTIONATION OF ETHYL ESTERS FROM FISH OIL 

by Dr. Wilhelm 0. Eisenbach 

Max-Planck-Institut f u r  Kohlenforschung 4330 Miilheim-Ruhr West Germany 

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

In  t h i s  paper t h e  e f f i c i e n c y  of  s u p e r c r i t i c a l  f l u i d  e x t r a c t i o n  as a 
s e p a r a t i o n  procedure w i l l  be presented ,  as a n  example t h e  
f r a c t i o n a t i o n  of a mixture  of h i g h  b o i l i n g  subs tances  is  descr ibed.  
Generally t h e  product  d i sso lved  i n  a s u p e r c r i t i c a l  f l u i d  can be 
separa ted  e i t h e r  by i n c r e a s i n g  t h e  temperature  at  c o n s t a n t  pressure  
( i s o b a r i c  method) o r  by lowering t h e  p r e s s u r e  at  cons tan t  temperature  
( i so thermal  method). Both phenomena can be used i n  f r a c t i o n a t i o n  
procedures. 

1.1 V a r i a t i o n  of Preseure  

Discontinuous v a r i a t i o n  of t h e  p r e s s u r e  i n  e i t h e r  t h e  e x t r a c t i o n  
v e s s e l  o r  i n  t h e  s e p a r a t o r  can l e a d  t o  f r a c t i o n a t i o n .  In t h e  f i r s t  
case t h e  p r e s s u r e  and hence t h e  d e n s i t y  of t h e  e x t r a c t i o n  agent  i s  
increased i n  a s tepwise  manner w i t h  t h e  r e s u l t  t h a t  m a t e r i a l  is taken 
up i n t o  t h e  s u p e r c r i t i c a l  phase i n  order  o f  i n c r e a s i n g  b o i l i n g  poin t  
o r  molecular weight .  The d i s s o l v e d  material can be i s o l a t e d  then i n  
e i t h e r  an i s o b a r i c  o r  i so thermal  manner. In  p r a c t i c e  t h e  p r e s s u r e  i s  
g e n e r a l l y  r a i s e d  a f te r  e x t r a c t i o n  at t h e  lower p r e s s u r e  is completed. 

A l t e r n a t i v e l y  t h e  e x t r a c t i o n  can be c a r r i e d  out  at  a c o n s t a n t  pressure  
i n  t h e  e x t r a c t i o n  v e s s e l  and t h e  loaded s u p e r c r i t i c a l  phase w i l l  b e  
expanded i n  a step-wise manner whereby t h e  l e a s t  v o l a t i l e  components 
a r e  depos i ted  f i r s t ,  while  t h e  b e t t e r  v o l a t i l e  components remain 
d isso lved  i n  t h e  s u p e r c r i t i c a l  phase. 

1.2 The B o t  F i n g e r  

The o ther  a p p l i c a t i o n  of f r a c t i o n a t i o n  by i n c r e a s i n g  t h e  temperature  
i s  shown i n  F igure  1 .  The e x t r a c t i o n  v e s s e l  has  been combined w i t h  a 
r e c t i f i c a t i o n  column c o n s i s t i n g  of a p r e s s u r e  tube  packed wi th  
s t a i n l e s s  s t e e l  packings.  A heated head of column, t h e  so-cal led Hot 
Finger ,  is f i t t e d  o n t o  t h e  t o p  of t h e  column and is  held at a higher  
temperature  t h a n  t h e  r e s t  o f  t h e  appara tus .  On c o n t a c t  with t h e  H o t  
Finger  t h e  d e n s i t y  of  t h e  s u p e r c r i t i c a l  loaded phase decreases  and t h e  
l e s s  v o l a t i l e  components condense a n d  drop back i n t o  t h e  column a n d  
a r e  subjec ted  t o  r e c t i f i c a t i o n  i n  t h e  same manner as i n  a convent ional  
d i s t i l l a t i o n .  The product  s t i l l  d i s s o l v e d  i n  t h e  s u p e r c r i t i c a l  phase 
after pass ing  t h e  Hot Finger  is i s o l a t e d  by d e c r e a s i n g  t h e  p r e s s u r e  as 
a l ready  descr ibed.  

2. F r a c t i o n a t i o n  of F a t t y  Acid E t h y l  E a t e r e  

As a n  example of v a r i o u s  a p p l i c a t i o n s  which a r e  i n v e s t i g a t e d  a t  t h e  
Max-Planck-Institut f u r  Kohlenforschung i n  Mulheim-Ruhr i n  t h i s  paper 
t h e  f r a c t i o n a t i o n  of  a mixture  of  e t h y l  e s t e r s  of  f a t t y  a c i d s  is  
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\ described. This investigation was concerned with the separation of 
eicospentaenoic acid (EPA) out of a mixture of fatty acid ethyl esters 
from codfish oil. The starting material consisted of eth 1 esters of 
saturated and unsaturated fatty acids from C(14) to C(229 partly 
containing up to 6 double bonds. In order of the high boiling points 
of these esters a conventional vacuum distillation needs relatively 
high temperatures so that, first, decomposition cannot be excluded 
and, second, a separation into single components is hardly possible. 

In co-operation with the NIPPON SUISAN KAISHA,LTD - TOKYO (Japan) it 
was tried to fractionate such a mixture, the composition is shown in 
table 1, by using supercritical carbon dioxide to isolate a 
C(20-5)-rich fraction. (x-y) means the ethyl ester of a fatty acid 
with x carbon atoms and y double bonds. 

\ 

Table 1 Composition of the Codfish Oil 

Acid % Acid % 
14-0 _--___ 5.80 20-1 ----- 11.43 
15-0 ------- 0.19 20-4 ------ 0.50 
16-0 ------ 12.88 20-5 ----- 14.46 
16-1 __--___ 9.79 22-1 ------ 8.64 
18-0 _---___ 2.66 22-4 ------ 0.43 

5.74 18-2 ----___ 0.16 22-6 ------ 

................................................ 

18-1 _---__ 23 - 25 22-5 ------ 0.49 
18-4 __--___ 2.19 ............................................... 

In a series of experiments carried out in an equipment similar to that 
shown in figure 1 various conditions were investigated to optim.ize 
this procedure, mainly the following: 

1. The increase of the temperature of the Hot Finger in order 

2. The increase of the pressure to get a higher loading of the 

3. Variation of the length of the column and of the packings 

to increase the the reflux ratio. 

supercritical phase. 

In all these experiments the temperature of &he extraction vessel, 
column and separator was kept constant at 50 C, the supercritical 
loaded phase was expanded to 25 bar in the separator and the flow rate 
of the supercritical carbon dioxide amounted to about 25 l/h. Samples 
of the loaded supercritical phase after passing the Hot Finger were 
analyzed each hour by gaschromatography. 

2.1 

2.11 Without the Hot Pinger 

The first experiment was carried out without the influence of the Hot 
Fitfger that means, the temperature of the Hot Finger was kept also at 
50 C. The starting material was divided into 10 fractions by SCF 
extraction with supercritical carbon dioxide. It shows that no 
separation comes off, only an enrichment of the lower boilin esters 
C(14) and C(16) in the first fractions and of C(20) and C(22$ in the 
later fractions according to their boiling points. 

Variation of the Temperature of the Hot Finger 
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2.12 With the Hot Finger 

The variation of the temperature of the Hot Pinger really led to an 
increase of the reflux ratio bu& the selectivity decreased by 
exceeding the temperature of 90 C. 

The curves in figure 2 Ejhow the difference in selectivity at the two 
temperatures 90 and 100 C. Here out of the whole mixture only the 
content of two components in the supercritical loaded phase, that are 
the sum of C(16)- and C(20)-esters analyzed by GC, are plotted versus 
the extraction time. T8 get a high purity combined with a yield as 
high as possible at 90 C one is able to collect a fraction amounting 
to 13.5 $ of the starting material containing 50 8 of the C(20)-esters 
of the feed-stock with a purity of 96.2 $. At 100 C it is only 
possible to collect 25.7 $ of the C(20)-esters with a maximum 
concentration of 85.5 $. 

2.2 Variation of Preeaure 

The loading of the supercritical carbon dioxide depends on the 
pressure of the system. Under constant conditions of temperature and 
flow rate of the supercritical carbon dioxide the increase of the 
loading with raising the pressure can be demonstrated by the 
extraction rate: at 150 bar 15 g/h extract could be isolated, at 
170 bar the amount was 55 g/h and at 200 bar 140 g/h. But the higher 
extraction rate was accompanied by a decrease in selectivity, at 
200 bar no fractionation could be realized. 

2.3 Reeulte of Optimization 

The results of these optimization experiments suitable only for the 
equipment we used are listed in table 2. 

Table 2 Conditions and Results of Optimization .......................................................................... 
N r  Temperature Pressure Rate of Max. 50 $ Yield C(20)-esters 

Hot Finger Extraction Content Extract Purity 
(OC) (bar) (g/h) ($1 "1 ($1 **) (%) --------------__________________________-------------------------------- 

01 80 120 8.2 84.2 17.2 75.0 
02 ***) 80 120 13.1 92.2 14.4 86.8 
03 ****) 80 120 12.8 55.6 25.1 50.3 
04 90 200 138.5 no fractionation 

90 170 55.3 no fractionation 
14-7 9.9 13.5 96.2 

200 1 5 0  38.2 45.3 42.8 33.0 
06 O5 90 
07 1 20 
08 120 
09 1 20 
10 100 

170 12.4 89.3 15.7 80.7 
150 7.8 
150 15.8 92.7 14.7 84.5 

of C(20)-esters in the loaded supercritical phase (without C02) *:I related to the starting material 
***I with smaller packings 
****I without packings 
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In all these experiments the extraction temperature, the length of the 
column and the flow rate of the supercritical carbon dioxide were kept 
constant. Besides the reaction conditions in this table the results of 
the fractionation are listed in relation to the isolation of the sum 
of C(2O)-ester.s In this table the maximum content means the maximum 
concentration of C(20)-esters in the supercritical loaded phase during 
the extraction, analyzed by GC. Next to the last column of the table 
shows the amount of extract including 50 $ of the C(20)-esters,s 
related to the starting material. The last column shows purity of this 
fraction. 

The best result was obtp,ined in the experiment 06 with a temperature 
of the Hot Finger of 90 C and a pressure of 150 bar. Both at higher 
temperatures and higher pressures the selectivity of the fractionation 
decreases. 

2.4 Two-step Extraction 

The last experiments have shown that it is impossible to get a higher 
yield than 50 $ with a purity of more than 90 $. Under the best 
conditions described above it should be tried to raise the yield of 
C(20)-esters by a two-step extraction procedure. 

2.41 First Fractionation Step 

In this experiment the codfish oil was extracted with supercritical 
carbon dioxide and by means of the hourly GC-analyses of the loaded 
supercritical phase several fractions were collected. In the first 
fraction all extracts were joined in which no C(ZO)-esters could be 
detected. In the second fraction the extracts up to 10 $ C(20)-esters 
were collected and in the third fraction the extracts which contain 
the last traces of C(16)-esters. The next fraction contained only 
C(18)- and C(ZO)-esters of different composition. After the content of 
C(20)-esters of more than 90 $ in the supercritical phase was reached 
the main fraction was collected until the content again reached 90 $ 
after passing a maximum content of about 99 $. The next fraction 
consisted only of C(20)- and C(22)-esters in various combinations. 
When the value of the C(20)-esters was lower than 2 $, then the rest 
of the inserted material was extracted without using the Hot Finger. 
This last fraction besides C(22)-esters contained some not identified 
higher molecular components. Figure 7 shows the fractionation curves 
where the composition of the mixture dissolved in the supercritical 
phase is plotted versus the extraction time respectively versus the 
amount of extract in percent of the starting material. 

The main fraction 
containing in the original starting material with a purity of 95.8 $, 
this is the first part of the desired product. 

contains 48.2 $ of the C(ZO)-esters which have been 

2.42 Second Fractionation Step 

The fractions got in the first fractionation step containing only 
C(18)- and C(20)-esters respectively C(20)- and C(22)-esters were 
combined to give the new starting material for the second 
fractionation step. The first and the last fraction which contained 
only c(14)- to C(18)-esters respectively C(22)-esters were rejected. 
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Fraction 2 with the highest concentration of C(18)-esters was stored 
separate. This new starting material amounted of 24.5 $ of inserted 
material of the first fractionation step. The composition, analyzed by 
gaschromatography, was as followed: 

C( 16)-esters traces 
C(18)-esters 23.56 $ 
C(20)-esters 45.28 $ 
C(22)-esters 28.74 $ 

This mixture was fractionated into 5 fractions under the same 
conditions as used in the first step. In table 3 the results of the 
GC-analyses are listed. 

Table 3 Composition of the Fractions of the Second Step ____________________-------------------_------------------------- 
N r  $ Extract $ C14 $ C16 $ C18 $ C20 $ C22 

In this fractionation step it was impossible to get a fraction without 
C(20)-esters. Therefore the first fraction was collected until the 
content in the supercritical phase reached about 50 $, in this 
fraction the main portion of C(18)-esters was found. Fraction 3 was 
collected in the same manner as the main fraction in the first step, 
herein all extracts were combined in which the content of C(20)-esters 
was higher than.90 $. The last fraction, a very clean C(22)-ester 
mixture, was extracted without the Hot Finger. 

Fraction 7 consists of 45.7 $ of the C(20)-esters in the starting 
material of the second step, respectively about 20 $ related to the 
original Codfish oil with a purity of 97.5 $. If fraction 2 and 3 are 
mixed the yield of C(20)-esters raises up to 73.8 $ in course of which 
the purity decreases to 86.6 $. 

2.43 Results of the Rro-step Fractionation 

If the main fraction from the first step and fraction 3 from the 
second are mixed one gets a portion of extract which contains 67.7 $ 
of the C(20)-esters in the original ester mixture with a very high 
purity of 96.3 $. Including fraction 2 from the second step, the yield 
increases to 80 $ with the sufficient purity of 92 $. This mixture 
contains 77 $ of the G(PO-s)-ester of  the inserted codfish oil. 
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3. Conclusions 

It could be demonstrated that it is possible to separate a mixture of 
high boiling fatty acid ethyl esters into single components by 
fractionation usiBg supercritical carbon dioxide at an extraction 
temperature of 50 C. Regarding the areas of the single C-numbers a 
rather sharp separation could be achieved. In the case of the 
C(20)-esters the best results were obtained but also the C( 18)-esters 
and the C(22)-esters could be isolated with a high purity. 

In the experiments described the fractions containing only C ( 1 8 ) -  and 
C(22)-esters besides the desired C(20)-esters were fractionated 
separately in a second extraction step. The better procedure would be 
to recycle this portion to the starting material to enrich the 
concentration of the desired esters in order to increase the yield of 
these esters in one extraction step. Such a procedure could be carried 
out in the following manner: In a dicontinuous process the fractions 
containing only C(14)- and C(16)-esters respectively C(22)-esters were 
rejected, the fraction with the highest concentration of the desired 
esters would be the final product and all other fractions would be 
recycled to the process. 

The main assignment of these investigations was to separate most of 
the C(20)-esters in high yield and high purity. It seems that it is 
possible to enrich the C(20-5)-ester by a suitable fractionation. But 
these experiments have also shown that it will be rather difficult to 
achieve a clean separation of C(18-1)-, C(20-5)- and C(20-1 )-esters 
because of their similarity, the C(20-5)- and the C(20-l)-esters 
differ only in 8 H-atoms, i.e. 2.4 $ in molecular weight related to 
the molecular weigth of 332.6 for eicosapentaenoic acid ethyl ester. 

2- a 

1 Extraction Vessel 
2 Column 
3 Hot Finger 
L Expansion Valve 
5 Separator 
6 Heat Exchanger 
7 Compressor 
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Pifire 1 Fractionation Apparitu w i t h  Hot Plnger 
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Figure  2 S e p a r a t i o n  Curves a t  90 and 100°C 

Figure  3 S e p a r a t i o n  Curves (composition i n  S u p e r c r i t i c a l  C02) 
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SEPARATION OF BUTADIENE BUTENE MIXTURE WITH MIXTURES OF 
AMMONIA AND ETHYLENE I N  NEAR CRITICAL CONDITIONS 

D.S. Hacker, Amoco Chemicals, Naperville,I1.,60566 

Abstract 

I We describe the r e s u l t s  of an inves t iga t ion  i n t o  the separation of mixtures of 
1,3-butadiene and 1-butene conducted a t  near c r i t i c a l  conditions. Selected 
solvents and solvents containing ammonia as an  en t r a ine r  a r e  compared with 
respect to t h e i r  s e l e c t i v i t y  i n  removing 1-butene from t h i s  c lose  boi l ing  
mixture. Separation f ac to r s  of 1.4 t o  1.8 a t  a pressure of 600 psig and a 
temperature of 20 C a r e  observed f o r  mixtures containing 5%-0% ammonia i n  
ethylene . 
carbon dioxide show no se l ec t iv i ty .  This i s  a l s o  t rue  f o r  ethane /ammonia 
mixtures which a l s o  appear poor a s  separating agents f o r  t h i s  mixture. 
Experimental r e s u l t s  a r e  compared with values predicted by a modified two 
parameter corresponding s t a t e s  equation with reasonably good agreement. A case 
is  made f o r  the choice of an entraining component t o  be made on the bas i s  t h a t  
i t  contributes a chemical property t o  the system enabling the same se l ec t ion  
c r i t e r i a  described by Elgin to  be used i n  SC processes a s  a r e  i n  l i q u i d - l i q u i d  
ex t rac t ion  o r  ex t rac t ive  o r  azeotropic d i s t i l l a t i o n  processes. 

Pure solvent gases,  on the  other hand,such a s  ethane,ethylene, and 

Introduction: 

An a l t e rna t ive  separation process is  much to be desired to  replace the more 
conventional azeotropic o r  ex t rac t ive  d i s t i l l a t i o n  used i n  the separa t ion  of 
c lose ly  boiling mixtures. 
associated with so lvent  recovery and cos t s  due t o  loss  of the expensive 
solvent . Idea l ly  suited t o  the task would be a separating agent t h a t  could 
be readily flashed o f f ,  leaving a r e l a t ive ly  pure product behind, assuring 
almost complete recovery of the  so lvent  with a minimum expenditure of energy. 
Supercr i t ica l  and near c r i t i c a l  ex t rac t ion  where retrograde condensation and 
vaporization occur may be candidates f o r  t h i s  task. 

There is  a need t o  reduce both the energy cos ts  

The separation of l i q u i d  mixtures by near c r i t i c a l  solvents i s  s t i l l  a 
r e l a t ive ly  new technology. The lack of experimental phase equ i l ib r i a  da ta  f o r  
many liquid systems and the  dearth of s o l u b i l i t y  da ta  for,either c r i t i c a l  
gaseous solvents i n  l i q u i d  mixtures o r  f o r  so lu t e s  dissolved i n  c r i t i c a l  
solvents makes any r e a l i s t i c  design d i f f i c u l t .  Some estimate can be obtained 
from an understanding of the general  physical chemical pr inc ip les  involved,but 
ult imately each system m u s t  be addressed individually and i ts  cha rac t e r i s t i c s  
determined experimentally. In the discussion t h a t  follows, an experimental 
inves t iga t ion  was undertaken t o  determine the app l i cab i l i t y  of mixed so lvents ,  
near t he i r  c r i t i c a l  conditions t o  the separation of butadiene from mixtures 
with 1-butene.These r e s u l t s  a r e  compared with pred ic t ions  obtained from a 
representative equation of s t a t e  i n  the region of the solvent-solute c r i t i c a l  
so lu t ion  envelope. 
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Theoretical Discussion: 

The recovery of butadiene from a mixed C4 o l e f i n  stream has a l l  of the 
charac te r i s t ics  of  an energe t ica l ly  d i f f i c u l t  separat ion resu l t ing  from t h e  
almost pinched VLE condi t ions ex is t ing  i n  t h i s  mixture. As is shown in  Table 
I, the physical p roper t ies  of these components are almost ident ica l  with the 
exception of the l a r g e  d ipole  moment of the 1-butene. Conventional 
d i s t i l l a t i o n  is imprac t ica l  s ince  the r e l a t i v e  v o l a t i l i t y  of many of the C4 
compounds a r e  reasonably c l o s e  to unity. A separation,nevertheless, can be 
effected provided a su i tab ly  polar  solvent  i s  used to se lec t ive ly  remove the 
butene. The inf luence of p o l a r i t y  can be exploited i n  t h i s  separat ion by 
"sal t ing out" the more nonpolar compound( 1). 

As a r e s u l t , v i r t u a l l y  a l l  i n d u s t r i a l  p rac t ice  f o r  the recovery of butadiene 
current ly  makes u s e  of e x t r a c t i v e  d i s t i l l a t i o n  with an en t ra iner  such as  
a c e t o n i t r i l e  or some o t h e r  s t rong organic base t o  enhance the r e l a t i v e  
v o l a t i l i t y  of the components. The p o t e n t i a l  of achieving an equally e f fec t ive  
separation through the introduct ion of a mixture of a solvent  and an entrainer  
exhibiting polar  proper t ies  c lose  t o  i t s  c r i t i c a l  so lu t ion  conditions is 
intriguing. Ammonia, a polar  gas ,  has a l ready been shown to a c t  as an 
e f fec t ive  solvent(2)  f o r  t h i s  separat ion although a t  pressures much below i ts  
c r i t i c a l .  I t s  use as a s u p e r c r i t i c a l  solvent  f o r  t h i s  separat ion would be 
a l s o  feas ib le  were i t  not f o r  its very high c r i t i c a l  temperature (405.45 K) 
which favors the  polymerization of the butadiene. A method developed in  t h i s  
work and described i n  a recent  publ icat ion (3)  makes u s e  of a s u p e r c r i t i c a l  
mixture of so lvents  which i n  combination provides the  chemical as well as the 
physical conditions f o r  the  most e f f i c i e n t  ex t rac t ion  of the 1-butene solute  
i n  the mixture within the l imi ta t ions  imposed by the thermal s t a b i l i t y  of the 
s y s  t e m .  

The a b i l i t y  t o  e f f e c t  t h e  separat ion of various l iqu id  solut ions i n  the  
presence of a s u p e r c r i t i c a l  or near c r i t i c a l  component has been adequately 
demonstrated(4). I n  genera l ,  these solvents  tend t o  be e i t h e r  inorganic gases 
or  l i g h t  hydrocarbons such a s  carbon dioxide,  ammonia,ethane, ethylene, o r  
propane. For example, Weinstock and Elgin ( 5 )  used pressurized ethylene t o  
promote the separat ion a number of miscible  aqueous-organic l iquid mixtures. 
Through the int roduct ion of a solvent  a t  o r  near  c r i t i c a l  conditions one can 
e f f e c t  separat ion by forming mult iple  phases. The d is t r ibu ted  component may 
concentrate i n  e i t h e r  one of the newly created phases. More recent ly  several 
p rac t ica l  processes have been developed t h a t  u s e  carbon dioxide t o  e f f i c i e n t l y  
dehydrate e thanol(6)  .Deashing and the physical separat ion of asphal t ines  by 
s u p e r c r i t i c a l  propane have been commercially developed(7). 
recent ly  applied t h i s  concept to  the separat ion of l i g h t  hydrocarbons such a s  
n-butane and n-decane(8). The theory of separat ion of multicomponent mixtures 
by SC solvents  i s  now of cur ren t  research interest with several  papers devoted 
t o  the appl ica t ion  of concepts of continuous thermodynamics(9,lO) t o  handle 
multicomponent mixtures as w e l l .  

S t a r l i n g  e t  a1 
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Reid and o thers ( l1 , lZ)  have shown tha t  supe rc r i t i ca l  solvents show varying 
degrees of s e l e c t i v i t y  towards a pa r t i cu la r  solute.  This i s  not surpr i s ing  
since the same pr inc ip le  t h a t  appl ies  i n  l i q u i d  solvent se lec t ion  should apply 
in  the case of SC solvents.  Because of the limited number of SC solvents 
ava i lab le ,  the application of SC ex t rac t ion  to  a broad range of systems i s  
very l i m i t e d .  One way of increasing the app l i cab i l i t y  of the technique is  
e i the r  to f ind  ways of expanding the solvent category, which does not  seem 
l ike ly  a t  t h i s  t i m e ,  or to  develop methods of modifying ex is t ing  solvents.  
Since the maximum s e l e c t i v i t y  of the solvent occurs when i t s  c r i t i c a l  
temperature matches the ex t rac t ion  temperature, a match between the so lu t e  and 
the S C  solvent i s  no t  always possible with a s ing le  solvent. 

To circumvent t h i s  d i f f i c u l t y ,  Brunner(l3) introduced an en t ra iner  whose 
function is to  modify the chemical a c t i v i t y  of the so lu te  mixture s u f f i c i e n t l y  
to  enhance the separation. This was p u t  t o  use i n  the ex t rac t ion  of 
t r ig lycer ides  from a mixture of polyglycerides using carbon dioxide w i t h  
acetone as  an en t ra iner .  The en t ra iner  served a s  a source of hydrogen bonding 
to augment the separation of the desired component. The pr inc ip le  of the 
entrainer i n  improving separation has been widely known i n  l i q u i d  ex t r ac t ion  
processes and described by Treybal(l4).  

A ternary nonideal so lu t ion ,  f o r  example, w i l l  generally exh ib i t  a minimum i n  
one of the pa i r s  of a c t i v i t y  coef f ic ien ts .  The addition of a second so lvent ,  
i f  properly se lec ted ,  may fu r the r  lower the a c t i v i t y  coe f f i c i en t  of the so lu t e  
and increase i t s  concentration i n  a given phase(l5). The addi t ion  of a second 
component to  an SC solvent w i l l  r e s u l t  i n  configurational e f f e c t s  t h a t  enhance 
the ex t rac t ion  of a pure so l id .  I t  can be shown theore t ica l ly  tha t  a binary SC 
solvent a t  pressures c lose  t o  the c r i t i c a l  envelope w i l l  a l so  have a strong 
influence on the s o l u b i l i t y  of the so l id  so lu te ( l6) .  How well t h i s  p r inc ip l e  
can be extrapolated t o  multicomponent so l id s  or l i q u i d  systems i s  s t i l l  t o  be 
determined. 

In t h i s  study, we have measured the degree of ex t rac t ion  of butene from a 
binary mixture of butadiene/ butene with various solvents eg. ethane, carbon 
dioxide,ethylene, ammonia and ethylene and ammonia and ethane so lvent  mixtures 
i n  the region of c r i t i c a l  so lu t ion  pressure of the solvent mixture. The 
experimental r e su l t s  a r e  then compared with the VLE ca lcu la t ions  f o r  t h i s  
system using a newly developed corresponding s t a t e s  equation devised by Ely 
and Mansoori(l7). 
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The primary fea tures  of the equation a r e  a new generalization f o r  the  shape 

Experimen t a  1 

Near-cr i t ica l  ex t r ac t ion  experiments were carried out in  a one - l i t e r , s t i r r ed ,  
s t a in l e s s  s t e e l  Autoclave( MR #7331), rated a t  5000 psig a t  600 F. Phase 
separations were monitored through an attached 50 cc Jerguson s igh t  gauge 
(rated a t  5000 ps ig  a t  72  F) which a l s o  served a s  a l eve l  indicator.  A 
complete schematic of the assembly i s  shown i n  Fig.1. The autoclave was 
maintained a t  cons tan t  temperature by means of an ex terna l  heating tape and an 
in te rna l  cooling c o i l .  Cooling was furnished by a c i rcu la t ing  water Freon 
r e f r ige ra t ion  uni t .  An Autoclave magnetic s t i r r i n g  u n i t  powered by an  a i r  
motor was used t o  ensure adequate mixing of the sample volume. A l l  l i n e s  were 
heat traced with electrothermal heating tapes. The reac tor  was depressurized 
before each experiment by venting the system and then evacuating the chamber 
under reduced pressure to  ensure the complete removal of residual mixture and 
a i r  from the system. F i l l i n g  of the vesse l  was accomplished through a feed 
port  a t  the base of the  reac tor .  The samples of the upper and lower phases was 
removed through small bore (1/8 ") t u b i n g  through the head of the reac tor  and 
a t  the bottom of the reactor.  No provision was made t o  sample any second 
l i q u i d  phase tha t  may appear during an experiment. 

Volumetric measurements obtained from observations through the s i g h t  g lass  of 
the Jerguson guage and were used to  determine the the molar volume of a l l  
l iqu id  components used t o  make up the charge. A ca l ibra ted  platinum 
thermocouple was used to  measure the temperature of the contents of the 
autoclave reac tor .  The p r e s s u r e  of the system and of each of the receiver 
vesse ls  were measured with ca l ibra ted  high pressure precision Bourdon tube 
guages of appropr ia te  range. The guage g l a s s  window waa ca l ibra ted  t o  give a 
d i r e c t  readink of the  volumes of the l i q u i d s  added. When ammonia was used i n  
the solvent makeup, i t  was added to  the contents before the addi t ion  of the 
pressurizing solvent gas. 
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Ammonia was fed through a second Whitey pump in to  a storage cylinder t ha t  
could be independently cooled t o  ensure minimum vaporization of the ammonia 
before admitting i t  t o  the reactor.  The ammonia was added under a s l i g h t  
helium pressure to  minimize l iqu id  vaporization a t  the surface and t o  allow 
for  a measurement of a quiescent in te r face .  

The solvent gases, ethylene,  carbon dioxide,  o r  ethane, were fed by a Haskel 
gas compressor, Model AG-62, a 25-1 a i r  driven compression pump with a maximum 
out le t  pressure of 9000 psig. The  quantity of these gases introduced i n t o  the 
autoclave was determined by measuring the weight change of the gas cy l inder  
and separately by a measurement of the change of the l iqu id  l eve l  r e su l t i ng  
from gas dissolving i n  the  l iqu id  during pressurization. 
between the l i q u i d  leve l  and the  t o t a l  volume of the vesse l  was measured and 
the second phase volume determined. 

Chemically p u r e  grade butene and butadiene were supplied i n  cy l inders  by 
Hatheson Co. and used a s  received without fu r the r  pu r i f i ca t ion .  The 
hydrocarbons were fed t o  the reac tor  through an LPlO Whitey laboratory 
posit ive displacement pump. A 30-pound nitrogen head was added t o  each 
hydrocarbon cylinder to  maintain adequate pumping ef f ic iency .  

The d i f fe rence  

Heating controls were manually adjusted and the temperatures were indicated on 
a 10- point Acromag. The heating zones of the reac tor  were controlled by three 
Eurotherm 103 with voltage controlled manually by Variacs. 
sections were hea t  traced with se l f - l imi t ing  au to t race  heating tapes to  
prevent condensation i n  the l i nes .  

The remaining 

Sample Analysis: 

The contents of the reac tor  were sampled before and a f t e r  the introduction of 
the solvent gas and en t ra iner  by trapping approximately 1 cc of the mixture 
from the reac tor  volume i n  a precalibrated volume of sample l i n e  located 
between two high pressure valves,  adjacent to  the vessel .  The volume of the 
sample withdrawn was su f f i en t ly  small t o  minimize any changes i n  the pressure 
of the main contents of the vessel .  Once trapped,the high pressure sample was 
fur ther  expanded in to  a pre-evacuated 300 cc Hoke cylinder t o  about 5 atm. 
This volume of sample was again expanded i n t o  a f i n a l  70-cc Hoke cylinder to  
about 1 atm. Portions of t h i s  volume were introduced i n t o  the Valco valve 
located a t  the Varian 920 Gas Chromatograph. A l l  sample loops were hea t  
traced as  well t o  prevent condensation i n  the  l i nes .  This procedure was 
followed i n  sampling the lower portion of the l i q u i d  phase a s  w e l l .  An 
additional sample por t  was in s t a l l ed  i n  the low pressure cy l inder  f o r  syringe 
sampling to provide an addi t iona l  check on the accuracy of sampling 
procedures. 
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The pressure of the gas was slowly increased u n t i l  the l i q u i d  i n t e r f ace  
disappeared, ind ica t ing  the attainment of the c r i t i c a l  region. The gas 
pressure was then reduced by s l i g h t l y  depressurizing the chamber un t i l  the 
interface j u s t  reappeared. I t  was established t h a t  t h i s  procedure permitted 
the contents to  be wi th in  2 t o  3 ps i  below the region of the c r i t i c a l .  After 
s t i r r i n g  f o r  about f i v e  minutes, the system was allowed t o  equ i l ib ra t e  before 
vapor and l iqu id  phases were sampled. 

1 Samples withdrawn f r a n  the upper and lower sec t ions  of the reac tor  autoclave 
were analyzed i n  the G.C. using a thermoconductivity de tec tor  with a 20' .  1/8" 
VZ-7 packed column wi th  helium used a s  the c a r r i e r  gas. The C.C. was run with 
the in jec tor  s e t  a t  115 C, the column oven temperature a t  60 C ,  and the 
detector s e t  a t  115 C. Filament cur ren t  t o  the de tec tor  was s e t  a t  150 ma. 

1 

I 

Samples were in jec ted  i n t o  the column by an air-operated Valco valve,  which I 
was controlled by a t i m e r -  controlled solenoid. The de tec tor  output was 
integrated and a concentration ana lys i s  was performed by an Autolab System. A 
Leeds and Northrup recorder  was used  t o  monitor the condition changes, and 
peak shapes, and composition analysis.  The la rger  volume of solvent to so lu te  
required a change i n  s e n s i t i v i t y  t o  adequately monitor the butadiene and 
butene peaks. A t yp ica l  record of t h e  CC output is  shown i n  Fig.2 and 
indicates the in tegra ted  values of the represented peaks of the solvent gas, 
and butene and butadiene. The equilibrium compositions f o r  each run a r e  
obtained i n  t h i s  manner and with the i n i t i a l  mixture composition tie l i n e s  of 
t h e  system can be generated. The entrainer-solvent gas a r e  considered a s  a 
pseudosolvent of f ixed composition. The results of the measurements obtained 
fo r  the 8% ammonia/ethylene a r e  represented i n  the ternary diagram i n  Fig.3. 
Butene i s  represented as the  d i s t r i b u t e d  component with the butadiene as the 
heavy component . 

I 

Results: 

The r a t i o  of the  in tegra ted  peaks f o r  butene(i)  and butadiene(j)  was used  t o  
determine the separa t ion  f ac to r ,  B ,  where the separation f ac to r  i s  defined as  

{y i /x i ) so lvent  phase 

{y j /x j  ]heavy phase 
(1) B P -------_------------__ 
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The resu l t s  shown in Table I1 and I11 a re  representative of the da ta  collected 
f o r  the studies conducted with ethylene and ethylene/ammonia and ethane and 
ethane/ammonia solvent mixtures. Table IV shows some selected data f o r  other 
solvents and solvent mixtures a s  w e l l .  The r e s u l t s  of ex t rac t ion  conducted 
with pure ethylene, carbon dioxide, and ethane i n  a l l  cases showed no evidence 
of appreciable separation. I n  each s e t  of experiments with s ing le  so lvents ,  
the same r a t i o  of butadiene t o  butene was obtained i n  both phases. The 
butadiene/butene mixture i s  d is t r ibu ted  i n  each phase i n  amounts t h a t  a r e  
primarily a function of the ex t rac t ing  gas and the temperature and pressure of 
the system. 

I 

Runs were made with several  mixtures of ammonia/ethylene and ammonia/ethane 
with varying concentrations of ammonia. For both of these mixtures a 
separation of the butadiene was achieved, but t h e  e f f e c t  of the ethylene a s  a 
preferred solvent i s  most pronounced. The butene appears to concentrated i n  
the vapor phase i n  agreement w i t h  the findings of the e a r l i e r  pure ammonia 
study(2). A s e r i e s  of experiments were a l s o  conducted to  determine the 
temperature and pressure conditions i n  which maximum separation could be 
a t ta ined .  For the ethylene/ hydrocarbon/ 6 % ammonia mixtures, t h i s  was found 
to  be a t  20 C and 600 psia.  The maximum occurs a t  a pressure below the 
c r i t i c a l  solution temperature determined by Lentz(l8) fo r  the ethylene/ammonia 
binary ( Fig.4). The experimental se lec t iGi ty  was observed t o  decrease with 
an increase i n  pressure with an accompanying increase i n  the loading i n  the 
solvent phase. The s e l e c t i v i t y  is a l s o  reduced a s  the temperature rises a l l  
other things being equal(Fig.5). 

Discuss ion 

The r e su l t s  obtained i n  t h i s  study a r e  by no means comprehensive and cover 
only a narrow range of variables.  However, they ind ica te  the maximum e f f e c t  of 
en t ra iner  enhancement on the r e l a t i v e  v o l a t i l i t y  of an otherwise close-boiling 
mixture through the addi t ion  of 8% ammonia/ethylene solvent mixture c lose  to 
its c r i t i c a l  solution conditions. The r e l a t ive ly  la rge  s e l e c t i v i t y  achieved of 
1.4 to  1.8 i s  to be considered i n  l i g h t  of the value obtained f o r  pure l iquid 
ammonia of 1.63 reported by Poffenberger(2). Moreover, i t  is shown t h a t  the 
use of a solvent and an en t r a ine r  so lvent  p e r m i t s  the separation to  be  
effected a t  temperatures and pressures lower than would have been otherwise 
predicted had pure c r i t i c a l  ammonia been used,a r e s u l t  a l so  observed by Fong 
e t  al(19) in  s tud ies  of mixed so lvent  ex t rac t ion  of coal. An explanation f o r  
the lower than expected pressure f o r  the separation i s  the l i k e l y  formation of 
a Class I V  mixture according t o  Van Konynenburg(20). I t  has been observed i n  
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several  systems containing ammonia and aromatics t ha t  a second l i q u i d  phase i s  
formed under lower pressures than expected i f  the mixture behaved a s  an idea l  
Class I system. The P-T projection f o r  these c lasses  of mixtures is shown i n  
Fig.6. A lower c r i t i c a l  so lu t ion  temperature (LCST) and an upper c r i t i c a l  
solution temperature (UCST) a r e  the boundaries f o r  the  VLL phases observed to  
be present i n  these experiments. The c r i t i c a l  points a r e  the values f o r  the 
two pseudo-components. Despite the f a c t  t h a t  these phase r e l a t ions  a r e  
s imi la r  to  those observed f o r  a number of binary mixtures, one can consider 
the present mixture as a pseudo-binary system i n  which the so lvent  mixture, 
comprising ammonia and excess ethylene/ or ethane and a hydrocarbon phase of 
butadiene and butene exhibit ing very s imi la r  vapor pressures. 

The enhanced s o l u b i l i t y  of the so lvent  i n  the so lu t ion  phase is evidenced i n  
Table I1 by the l a r g e  concentration of the ethylene present i n  both phases. An 
estimate of the volume of so lvent  added t o  the hydrocarbon mixture was 
obtained by ca lcu la t ing  the d i f fe rence  i n  the l i q u i d  l eve l  before and a f t e r  
gas solvent addition. This is approximately the volume of gas dissolved in  the 
l i q u i d  phase. T h i s  va lue  is added t o  the volume above the l iqu id  in te r face  t o  
obtain the t o t a l  so lvent  added t o  the system. The volume of ethylene/ammonia 
solvent mixture added t o  the volume of butadiene/butene so lu t ion  was 
approximately 5 :  1. 

A comparison of t he  calculated s e l e c t i v i t i e s  obtained f o r  the  ethylene 
mixtures given i n  Table I1 can be made with the r e s u l t s  i n  Table 111 obtained 
f o r  the ethane system. These d i f fe rences  cannot be explained so le ly  i n  terns 
of the c r i t i c a l  p roper t ies  of the  respective gases. Usually the e f f ic iency  of 
ex t rac t ion  of a g iven  so lvent  towards a pa r t i cu la r  so lu t e  i s  re la ted  to  the 
proximity of the ex t r ac t ion  temperature t o  the c r i t i c a l  temperature of the 
solvent. The r a t i o  of  the two temperatures, Text/Tc, or the e f f ec t ive  reduced 
temperature should be  uni ty  or somewhat g rea t e r  to  maximize separation. For a 
gas of given c r i t i c a l  temperature, the reduced temperature is inversely 
proportional t o  the  s o l u b i l i t y  of the so lu t e  i n  the solvent.Since ethane has a 
reduced temperature more nearly equal t o  unity a t  the ex t rac t ion  conditions a t  
20 C ( T r  = .98) a s  compared with ethylene (Tr = 1.47), one would expect the 
ethane mixtures t o  be a b e t t e r  so lvent  f o r  the butene. That t h i s  is not  the 
case suggests an a l t e r n a t i v e  explanation would be t h a t  the e thylen ic  double 
bond s t r u c t u r e  has a g rea t e r  chemical a f f i n i t y  f o r  the  o l e f in s  i n  the SolutiOn 
phase  which may account f o r  t h e  enhanced so lub i l ty  of the butene i n  the 
ethylene phase. This  is i n  addi t ion  t o  the chemical synerg is t ic  e f f e c t  
exerted by the ammonia which fu r the r  increases the s o l u b i l i t y  of the butene i n  
the vapor phase. 
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I 

These r e su l t s  a r e  a l s o  compared with calculated values obtained from the  
equation of s t a t e  using k i j  = 0.8. 
e f f ec t  of ammonia concentration in the solvent were independently varied t o  

constant pressure and temperature i n  both ethylenefammonia and ethanefammonia 
solvent mixtures a r e  shown i n  Table V. The separation f a c t o r  increases 
proportionally t o  an increase i n  en t r a ine r  concentration and appears t o  have a 
more important influence than e i t h e r  temperature or pres su re .  This is i n  
cont ras t  to the experimental observations i n  which the s e l e c t i v i t y  achieves a 
maximum a t  an ammonia composition of 8%. 
findings with both the predictions of the present model and the Prausnitz 
model fo r  the s o l u b i l i t y  of so lu te  i n  mixed SC solvents suggests t h a t  chemical 
f ac to r s  such as syne rg i s t i c  e f f e c t s  cannot be ignored and a r e  l i k e l y  t o  have a 
grea te r  e f f e c t  than an t ic ipa ted .  The vapor l i q u i d  equilibrium predic t ions  are ,  
i n  general, i n  f a i r  agreement with the r e s u l t s  of these experiments. 

Solvent t o  feed r a t i o s  as w e l l  a s  the 

1 match the experimental data.  The e f f e c t  increasing ammonia concentration a t  

A comparison of these experimental 

Conclusions: 

1. The information presented i n  t h i s  study ind ica tes  the degree of mixing 
c r i t i c a l  solvents with an appropriate component whose hydrogen bonding or 
polar i ty  w i l l  enhance the separation of a c lose  boi l ing  mixture of 
butene-butadiene. 

2. A maximum value i n  the s e l e c t i v i t y  of 1.4 - 1.8 can be achieved with a 5 - 
8% ammonia concentration i n  ethylene f o r  the butadiene - butene separation. 
This i s  in  agreement with the predictions of the Ely-Mansoori equation of 
s t a t e .  
by the model, suggesting the  synerg is t ic  e f f e c t  of the ammonia i n  the solvent 
ra ther  than a concentration e f f e c t  which i s  proportional t o  the added 
en t ra iner  . 

However, the presence of a maximum i n  the s e l e c t i v i t y  i s ' n o t  predicted 

3. Ethylenefammonia mixtures a r e  more e f f ec t ive  solvents f o r  the separation of 
t h i s  mixture than is  ethane/ammonia mixture with the  same concentration of 
ammonia. I t  is  suggested tha t  ethylene because of i t s  g rea t e r  chemical 
s i m i l a r i t y  i n  the butenefbutadiene so lu t ion  exe r t s  a g rea t e r  influence on the 
binary ac t iv i ty  coe f f i c i en t s  of the system. 
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TABLE I 

PROPERTIES OF C4 CONPONENTS 

PROPERTY 1 -BUTENE 1r3-BUTADIENE 

Holecular U t .  56.11 
C r i t i c a l  T e w v  C 146.4 
C r i t i c a l  Press.flPa 4.019 
C r i t i c a l  V o l t  c c / r o l e  4,276 
Normal- BP .C -6 25 
S o l u b i l i t y  Param. 4.7504xE04 
D ipo le  nom. Debre 0.34 
Acent r i c  Fac to r  0,1867 

54 s 09 
152.20 

4.329 
4.083 

-4.411 
4.8694xE04 
0.0  
0.1932 I 

PROPERTIES OF SOLVENTS 

PROPERTY ETHANE ETHYLENE CARBON DIOXIDE ANHONIA 

f lo lecu la r  U t .  30.07 28.05 
C r i t i c a l  TewtC  32.27 9.21 
C r i t i c a l  Press. 

HPa 4.88 5.03 
C r i t i c a l  U o l .  cc 4,919 4.601 
Normal EPIC -88.60 -103.7 
S o l u b i l i t r  Coetf.  

D ipo le  flom+Debue 0 . 0  0 .0  
Acent r i c  Fac tor  0.09896 0 e 085 

3.9134xE04 3.932xE04 

222 

44.01 
31 e 0 4  

7.38 
2.136 - 
4 605xE04 
0.0  
0 e 2276 

17.03 
132.50 

11.27 

-33.43 
4 t 255 

9 e 23hE04 
1.47 
012520 



\ 

NH 
( O f  

0 
0 
0 

2.3 

5.0 
5.0 
5.0 
5.0 
5.0 

8.0 
8.0 
8.0 
8.0 
8.0 

10.0 
10.0 
10.0 

2.3 
2.3 

5.0 
5.0 

10.0 
10.0 

0 
0 

5.0 
5.0 

5.0 
5.0 

5.0 
5.0 

TABLE I1 

BUTADIENE-BUTENE-ETHYLENE-AnnONIA EQUILIBRIUU COMPOSITION 

Solvent Phase ( $ 1  --- ---Butadiene Phase ($1  -- --- 
'2'4 

88.351 
88.425 
69.694 

82.199 

89.063 
88.879 
76.970 
75.469 
89.132 

91.066 
85.908 
86.668 
86.775 
69.579 

59.583 
60.217 
74.642 

70.166 
69.498 

76.947 
77.599 

81.026 
80.266 

69.694 
81.759 
84.760 
84.074 

85.128 
86.617 

75.099 
74.163 

Butene Butadiene C2B4 Butene Butadiene 

A t  T = 20° and P = 600 ps ia  
3.768 
3.763 

14.932 

8.828 

6.936 
6.903 

15.069 
15.505 
8.805 

2.629 
3.288 

11.710 
11.737 
19.803 

27.028 
26.028 
19.423 

7.881 
7.839 

15.374 

8.973 

4.001 
4.218 
7.961 
8.448 
2.064 

6.305 
8.151 
1.622 
1.488 

10.618 

13.389 
13.389 
5.984 

45.940 
38.338 
71.997 

58.461 

52.675 
40.109 
58.039 
55.886 
38.799 

46.473 
44.928 
47.847 
49.963 
49.100 

39.981 
41.815 
66.140 

17.470 
19.765 
13.092 

17.483 

23.890 
30.149 
22.047 
23.201 
47.751 

12.884 
13.157 
41.382 
39.604 
27.951 

36.671 
35.692 
25.400 

A t  T = 2OoC and P = 800 psia 
13.873 15.960 34.716 28.791 
14.112 16.389 43.984 24.539 

12.740 10.312 74.065 14.520 
12.566 9.835 74.093 14.494 

7.044 11.930 67.741 11.236 
3.354 12.183 67.009 11.767 

A t  T = 2OoC and P = 1100 psia 
14.932 15.374 71.997 13.092 
8.583 8.713 73.607 12.124 
8.380 6.860 77.316 11.457 
8.457 7.451 74.816 12.849 

A t  T = 40°C and P = 600 psia  
8.416 6.456 34.556 34.501 

7.812 5.571 29.325 37.302 

A t  T = 6OoC and P = 600 ps ia  
11.814 8.756 19.215 42.621 
12.412 9.471 20.693 41.856 

36.584 
41.901 
14.911 

20.879 

23.435 
29.742 
19.914 
20.913 
13.450 

39.303 
40.645 
10.771 
10.433 
22.949 

23.348 
22.493 
8.451 

36.493 
31.477 

11.415 
11.413 

21.021 
21.224 

14.911 
14.270 
11.227 
12.335 

30.943 
33.372 

38.163 
37.451 

Beta 

1.00 
0.99 
1.10 

1.17 

1.70 
1.61 
1.71 
1.61 
1.20 

1.27 
1.24 
1.88 
2.08 
1.53 

1.29 
1.32 
1.10 

1.10 
1.10 

1.05 
1.00 

1.10 
1.12 

0.90 
0.86 
0.84 
0.92 

1.17 
1.25 

1.21 
1.17 
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TABLE 111 

BUTADIENE-BUTENE-ETHANE-AMHONIA COHPOSITION 

EXPERIHENTAL VALUES 

SOLVENT PHASE BUTADIENE PHASE SELECTIVITY 
TEHP PRESSURE NH3 C2H6 BUTENE BUTADIENE C2H6 BUTENE BUTADIENE B 

C P S I A  X r i  YJ Yk xi xJ xk 

20 

17 

19 

18 

16 
10 

20 

22 

23 

900 

620 
640 
725 
725 

1060 
1060 

675 
675 
600 
600 
550 
600 
600 
700 
700 

525 
525 
525 

1100 
1100 

550 
550 

1075 
1075 

4.10 76.250 10.925 12.817 
4010 76.905 10.034 12.661 
4.10 74.654 11,232 14.113 

6.97 90+406 3.990 5.596 
6.97 90.107 4.123 5.770 
6.97 87.224 5.220 7.556 
6.97 87.307 5.101 7.432 
6.97 88.840 4.409 6.689 
6.97 00,30 4.443 6.657 

05 t 525 
06.137 
88.024 
07.722 
95 e 067 
03.134 
02 t 572 
07.532 
07.295 

7.426 
7.105 
6.135 
6.201 
2.252 

10.507 
10.034 

7.907 
0.009 

7.229 
6.750 
5.041 
6.077 
1 .977 
6 350 
6,594 
4.561 
4 696 

1.05 09.169 5.166 5.664 
1.05 93.286 3.828 2.006 
1.85 92.362 3.900 3.737 
1.85 80,100 6.345 5.555 
1.05 87.700 6.320 5.973 

0 82.754 0.164 3.660 
0 92.243 9r091 4.089 
0 77.920 10.633 11.430 
0 77.279 11.070 11.693 

74.367 11.568 14.065 
74.993 12.079 12.929 
75.137 12.667 12.169 

05.647 5.030 0.523 
83,324 6.004 9.071 
00.497 4.017 6.686 
08.766 4.497 6.737 
93.170 2.751 4.071 
93.006 2.001 4.113 

00.073 6.047 5.079 
87.709 6.295 5.914 
05.503 7.379 7.117 
05.812 7.185 7.002 
76.208 11.624 12.160 
00.277 11.959 7.577 
00.176 12.220 6.044 
04.122 9.034 6.044 
83.794 101026 6.100 

6?*000 15,252 14.939 
67.462 16.409 16.049 
70.235 11.064 10.701 
70.500 11,205 10.200 
70.581 11,078 10.341 

53.113 22.449 24.430 
55.300 21,121 23,570 
72.545 13.080 14.367 
75.175 12.095 12.730 

1 .o 
1 eo9 
1.31 

1.04 
1 e03 
1.00 
1.05 
1.00 
1 eo0 

1.00 
1.00 
1 . O l  
1-00 
1.19 
1.05 
1.02 
1.06 
1 .os 

1 .o 
1.20 
1.01 
1.04 
1.00 

1.00 
1.00 
1.00 
1e01 
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TABLE IV 

SEPARATION OF EQUIHOLAR MIXTURES OF BUTENE-BUTADIENE 
YITH VARIOUS SOLVENTS 

TEMP. 
C 

6.0 
40.0 
22.0 
22.0 
20.0 
23.0 
18.0 
20.0 
23.0 

--------___ 

EXPERIMENTAL VALUES 

PRESSURE 
P s i a  

750 
1100 
1000 
700 
500 

1100 
700 
900 
550 

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

SOLVENT 

.---------------- 
C2H4 
c02 
I 

. 
C2H6/5X NH3 
C2H6/7% NH3 
C2H6/4% NH3 
C2H6/ 

SELECTIVITY 

------------ 
1.23 
1.0 
1.0 
1.0 
1 .o 
1.0 
1 r06 
1.09 
1 r O  

TABLE V 

EFFECT OF TEMPERATURE AND PRESSURE ON THE SEPARATION OF EQUIMOLAR BUTENE 
BUTADIENE SOLUTIONS USING NEAR CRITICAL AMMONIA-ETHYLENE HIXTURES 

AS SOLVENTS 

CALCULATED VALUES BY ELY-MANSOORI HODEL 

ki.i=O18 t a l l  others kiJ=O 

MIXTURE COHPOSITION S/F T P 
HOLE FRACTION K a t a  _-_____--______------------------------ 

N H 3 I C  2 H 4 
0.25 20 300 50 

310 . 50 
10 300 so 

305 50 
310 50 

0.50 10 320 50 
330 50 
310 40 
320 40 

Y 

butene --------- 
0,011 
0.0208 
0.0175 
0.024 
0.0317 
0.0332 
0.426 
0.339 
0.433 

K 
butene .--------- 

0.405 
0 t 460 
0.385 
0.393 
0 407 
0.641 
0,786 
0 e 635 
0.834 

6 

----- 
1.54 
1.87 
1.29 
1 e37 
1.40 
2.86 
3.10 
3.94 
4.29 

NH3/C2H6 
0.50 10 320 40 0.0250 0.544 1.96 

330 50 0.0252 0.606 1.65 
350 58 0.0348 0.931 1.10 

20 315 40 0.0129 0.579 2.26 
320 40 0.0173 0.679 2.48 

1 e o  10 390 8 1  0.0331 0.900 0.91 
370 65 0.3636 0.512 1.13 

0.0 2 295 20 0.5501 0.228 1.04 
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BENEFICIATION OF WATER-SENSITIVE EASTERN OIL SHALES 

C. A. Audeh 

Mobil Research and Development Corporation 
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P. 0. Box 1025 
Princeton, New Jersey, 08540 

INTRODUCTION 

Development of the eastern oil shale deposits of the US has 
been considered of secondary importance when compared with the 
development of the western shale. The usual reason given for 
this assessment is the low oil yield of the eastern shales. 
For example, a typical eastern shale containing 12% organic 
carbon yields about 12-14 gallons per ton (G/T); in comparison 
a western shale with the same organic carbon percent yields 
about 28 G/T. Thus for eastern shales to be considered as an 
attractive alternative source of liquid fuels a higher yield of 
oil has to be achieved. 

Techniques are known by which an oil shale may be' beneficiated 
so as to increase the amount of oil that is generated by 
retorting. One such technique described for eastern shales is 
froth flotation. 

Beneficiation by grinding and froth flotation is a well 
established procedure in the mineral dressing industry. Large 
scale ore beneficiation facilities have been developed and are 
commercially applied. 

In froth flotation advantage is taken of the difference between 
the specific gravity of the organic and inorganic components in 
the shale. Thus if the organic-rich portion of the shale which 
has a lower density than the inorganic portion could be 
disengaged from the organic-poor portion, the two portions will 
exhibit a specific gravity difference that may allow for their 
separation by flotation. 

Unlike western shale which has essentially a layered structure 
of magnesium and calcium marlstones interspaced with 
organic-rich kerogen, eastern shale has essentially a matrix 
structure. This matrix is typically composed of particles of 
quartzite, clay, organic-rich kerogen and pyrite. To achieve 
the separation of the organic-rich from the organic-poor 
components of an eastern shale, it is thus necessary t o  reduce 
the shale matrix to its components which could then be 
separated by flotation. 

For eastern shales, size reduction by grinding (1) can bring 
about the separation of the desirable organic from the 
inorganic components of the shale. This has also been achieved 
by persistent milling in a rod mill (11, ball mill, or a rod 
and ball mill (2,3). It has also been reported (1-6) that the 
finer the particles, the more successful is the beneficiation. 
The grinding or milling process is a major contributor to the 
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cost of beneficiation. It has been estimated (7) that 45% of 
the cost of beneficiation accrues to the grinding step with 
energy the major component. 

Although water has been used for dust control and lubrication 
during grinding, it has not been used as the main medium for 
size reduction. Earlier work at Mobil (8) has shown that when 
a water slurry of an eastern shale is stirred, the shale 
particles crumble and lose their shape and size. This 
suggested the use of agitated water slurries of the shale as a 
means of size reduction and flotation. 

EXPERIMENTAL 

Apparatus 

The beneficiation apparatus consisted of two components, a 
flotation cell and a circulating pump. Figure 1 depicts the 
flotation cell used. A TEEL pump manufactured by Dayton 
Electric Co., Model IP 810, equipped with 2 1/4 inch diameter 
flexible impeller driven by a 1/4 HP electric motor was used to 
circulate the shale and reduce its size. The outlet of the 
flotation cell was attached to the inlet of the impeller pump 
and the pump outlet was attached to the inlet of the flotation 
cell. A 1/2 inch 25 micron frit was used to support the shale 
slurry and to supply the frothing gas. 

A DuPont thermogravimetric analyzer (TGA) was used to determine 
the weight loss: heat up rate was 10°C/min. Air or argon was 
used to sweep the volatiles during thermal decomposition of the 
kerogen. 

Procedure 

In a typical experiment about 750ml of water was placed in the 
flotation cell and the pump started. About 509 of 8-mesh shale 
was then added to the circulating water and the slurry was 
allowed to circulate for 30-60 minutes. 

About 0. lg of sodium dodecylbenzenesulf onate was then added to 
the slurry and the mixture circulated for 10 minutes. 
Flotation gas was then turned on to generate, a foam with small 
bubbles and the f l o w  adjusted so as to achieve a steady flow of 
foam at the foam outlet of the flotation cell. 

Samples of the foam were collected at predetermined intervals. 
Each sample was filtered, Biichner, and the collected solid 
washed well, and dried to constant weight at room temperature 
at a pressure of about 0 .05  mm Hg, weighed and analyzed. 

In TG analyses care was taken to use an amount of shale that 
gave a uniform layer of shale on the TGA balance. Usually a 
20-25 mg sample was satisfactory. 

RESULTS AND DISCUSSION 

Shale Particle Size Reduction 

Earlier work on eastern shale at Mobil (8) has shown that some 
shales are friable when wet. It was observed, for example, 
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that when a slurry of 8-mesh New Albany shale was stirred 
gently, most of the shale became smaller than the original 
8-mesh size. It was clear that wet New Albany shales yield and 
crumble under the impact of the Teflon blade of a glass 
stirrer. This observation suggested to us the use of an 
impeller slurry pump as a means of size reduction. It was 
reasoned that when the impeller struck the wet shale particles, 
they would break down and crumble. 

After several experiments with different impellers it was 
concluded that the impact of the impeller on the wet shale 
reduced the particle size of the shale but the particle size 
was not small enough to bring about flotation. However, when a 
slurry pump equipped with a flexible impeller was used, the 
shale size was sufficiently reduced for its flotation. This 
size reduction was brought about by the scraping action of the 
flexible impeller over the wet shale. As the impeller moved in 
its housing, the shale particles were trapped by the flexible 
vanes and scraped over the metal surface of the impeller 
housing; this scraping action brought about the size reduction. 

Shale Flotation 

Several attempts were made to apply the sink/float procedure 
( 9 )  for beneficiating the shale particles generated by the 
action of the impeller pump. The fine shale was mixed with 
brines of various densities and allowed to segregate into 
lighter and heavier portions. Brines containing calcium 
chloride or calcium bromide with densities in the range of 
1.05-1.64 g/cc were used. In all sink/float attempts little or 
no beneficiation took place. 

The same brines were also used as the liquid medium of the 
shale slurry and circulated by the impeller pump followed by 
flotation. Although size reduction was affected, little or no 
beneficiation took place. In one example a brine with a 
density of 1.105 g/cc produced a small fraction containing 41% 
more carbon than the raw shale; organic carbon was increased 
from 12.83% to 18.10% by weight. 

After the unsuccessful experiments with the various brines a 
slurry composed of 509, 8-mesh shale and 750 ml water 
containing 0.013% by weight (0.19) sodium 
dodecylbenzenesulfonate was circulated and was successfully 
beneficiated. The shale used in all these studies was a well 
characterized New Albany shale containing little or no 
carbonate carbon. Table 1 presents the elemental analyses of 
the raw shale and shows the yields of products obtained in the 
Fischer assay and selected properties and elemental composition 
of the oil and spent shale. The carbon content of the oil 
represents a 33% conversion of the carbon of the raw shale to 
oil. This level of carbon conversion is typical of eastern 
shales (10) and serves to illustrate the need for beneficiation. 

Table 2 shows the elemental analyses and amounts of the 
beneficiated fractions of the New Albany shale studied. About 
17% by wt of the shale has over 32% by weight carbon, a 2.5 
fold carbon beneficiation. This 17% fraction contains 45% of 
the total carbon contained in the 509 sample. About 5% of the 
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The leanest fraction was a finely ground portion of the shale 
that remained in the flotation cell upon termination of the 
experiment and was separated from the 8-mesh residue by 
sieving. This finely ground residue passed a 200 mesh sieve 
and had a 3% by wt. carbon content. I 

I 

Estimate of Oil Yield by TGA 
, 

Since these experiments were carried out on 509 samples of 
shale, Fischer assay (FA) yields could not be determined on any 
of the beneficiated shale fractions. Although all beneficiated 
fractions were analysed for carbon and hydrogen content, Table 
2, it was considered necessary to estimate their oil yield 
potential. , 

It has been shown (11) that small samples, 1 or 2 mg, could be I 

generating potential of shales. Also, thermogravimetric (TG) 
analysis techniques have been used to compare shales by 
determining relative weight loss profiles (12,131. Weight loss 
from three shales of known FA yield, including the shale used 
in this study, was determined by TGA, Table 3. The New Albany 
shales have similar weight loss in TGA and have FA yields 
consistent with such weight loss. Also the western shale which 
is known to produce more oil per percent organic carbon than 
the eastern shales shows the same trend in the TGA. 

By combining elemental analyses of the beneficiated shale 
fractions with their TGA weight loss and using the data for 
shales with known FA yields an estimate of the FA yields of the 
fractions could be made, Table 4 .  The two fractions with the 
highest carbon contents also have the highest weight loss in 
argon. Weight loss in air was also determined, Table 5, and 
shows that the raw shale and the unground residue have the same 
weight loss. Considering the elemental composition and the TGA 
weight loss in argon of both samples, it was concluded that the 
unground residue is unbeneficiated shale. The recovered 
unground material was similar in appearance to the raw shale 
and crumbled when wet. It was reasoned that this material must 
have been trapped at the bottom of the flotation cell and was 
not carried into the pump housing where size reduction takes 
place. 

TGA weight loss in air when compared to weight loss in argon is 
one measure of how well carbon conversion to oil takes place 
during thermal decomposition of a kerogen. A spent shale with 
a high char content will loose that char by oxidation when air 
is the sweep gas. A high char content is an indication of poor 
organic carbon conversion to oil. The beneficiated fractons do 
not generate char to the same extent as the raw shale. Whereas 

used in thermal decomposition studies for comparing the oil I 
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the weight loss in argon of the raw shale is 36% of that in 
air, that of the beneficiated fractions is 65%. It is possible 
that the inorganic matrix, in the raw shale, especially the 
Pyrite, contributes to the inefficient conversion of the 
kerogen to oil. 

Although the sulfur content of the beneficiated shale increases 
relative to that of the raw shale, the ratio of carbon to 
sulfur is higher, 5.22 vs. 2.69, and that of sulfur to hydrogen 
is lower 2.30 vs 3.38. Pyrite in shales is a hydrogen consumer 
(14) and competes with carbon for the available hydrogen during 
thermal conversion of kerogen to product oil. Shales 
containing pyrite are known to produce significant amounts of 
hydrogen sulfide (15). 

\ 

\ 

CONCLUSIONS 

A new approach to size reduction followed by froth flotation to 
beneficiate water-sensitive eastern shales coupled with 
thermogravimetric analysis has been investigated. Organic-rich 
fractions with 3.5 times the oil generating capacity of the raw 
shale were prepared by this procedure. It is suggested that 
this procedure be used as a screening test for the 
applicability of flotation to the beneficiation of shales. 
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Table I 

properties and Yields of Products Obtained by 
Fischer Assay Retorting a New Albany Raw Shale 

Yields 
Oil, G/T 13.0 
Oil, %wt 5.0 
Spent Shale, %wt 90.2 
Gas, liters/100 g 1.67 
H2S, liters/100 g (%wt) 0.53(0.81) 
Total Gasr  liters/100 g 2.20 
Water , %wt 1.9 

Oil Properties 
Gravity, OAPI 
Specific Gravity, 6O/6O0F 
Viscosity at 4OoC, CS 
Viscosity at 4OoC, SUS 
Carbon , %wt 
Hydrogen, %wt 
Nitrogen, %wt 
Sulfur, %wt 

22.6 
0.9182 
8.94 
51.0 
85.26 
10.87 
1.13 
1.62 

Raw Shale Analysis, %wt 
Carbon 12.83 
Hydrogen 1.41 
Nitrogen 0.40 
Sulfur 4.77 
Ash 77.4 

Spent Shale Analysis, % 
Carbon 8.05 
Hydrogen 0.47 
Nitrogen 0.34 
Sulfur 3.78 
Ash 86.6 
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I Table I1 

Yields and Elemental Analyses of Beneficiated 
New Albany Oil Shale Fractions 

Fraction No Weight % Wt C H N S 
\ 

Raw Shale 50 100 12.83 1.41 0.40 4.77 
1 2.8 5.6 32.20 2.74 0.83 6.30 
2 6.0 12.0 33.01 2.70 0.78 6.19 
3 16.0 32.0 9.69 0.56 0.26 2.82 
4 20.0 40.0 7.19 0.37 0.18 2.58 I, Residue (ground) 2.1 5.4 3.04 0.33 0.06 1.27 

Unground Residue 2.6 5.2 11.85 0.83 0.34 5.48 

I> 
I 

I 

I 

Table I11 

Fischer Assay Yield and Thermogravimetric Weight Loss in 
Argon in the 21O-51O0C Temperature Range of 3 Shales 

I 
\ Fischer Assay 

, Sample %wt % wt G/T 
Shale Carbon TGA Wt LOSS Oil Yield 

Oi 1 Water 

Colorado 12.1 
New Albany 1 11.8 
New Albany 2 12.8 

Thermogravimetric 

10.5 1.0 27.8 
4.3 2 . 5  11.1 
5.0 2.1 13.0 

Table IV 

3ight Loss in Argon in the 210-510°C 
Temperature Range of Beneficiated 
New Albany Oil Shale Fractions 

Fraction No Loss, % Weight - G/T 

Raw Shale 6.5 13.0 
1 22.0 45.0 
2 22.0 45.0 
3 4.0 8.0 

3.0 6.0 4 - Residue (ground) 1.0 

Unground Residue 5.0 11.0 
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Table V 

Thermogravimetric Weight Loss in Ai r  of Beneficiated 
New Albany Oil Shale Fractions 

FOAM OUTLET 

Fraction No Loss, % Weight 

Raw Shale 
1 
2 
3 
4 

18.3 
34.0 
34.0 
5.0 
5.0 

Unground Residue 18.0 

q /  
I 

- - I -  
- AIR INLET i 

CIRCULATING OUTLET 

FIGURE 1 

FLOTATION CELL 
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COMBINED BENEFICIATION AND WDRORETORTING OF OIL  SHALE 
R. Bruce Tippin, University of Alabama 
P. 0. Box AY, University,  AL 35486 

and 

Raymond C. Rex, WCRUDE Corporation 
10 West 35th S t r e e t  

Chicago, I l l i n o i s  60616 

ABSTRACT 

The Mineral Resources I n s t i t u t e  (MRI) of The University of Alabama and I n s t i t u t e  of 
Gas Technology subsidiary,  HYCRUDE Corporation, a r e  evaluat ing t h e  po ten t i a l  bene f i t s  of 
combining pre-concentration of o i l  shale  by f r o t h  f l o t a t i o n  followed by hydroretorting t o  
recover the  oi l .  Exploratory laboratory t e s t i n g  of s eve ra l  o i l  shales  has been completed 
i n  a continuing research program. 
Devonian N e w  Albany sha le  from Indiana, an upper Chattanooga shale  from Alabama and a 
Permian I r a t i  shale  from Brazi l .  

To date  the  t e s t i n g  includes a sample of Upper 

Results of f l o t a t i o n  tests of the th ree  samples showed t h a t  t he  o i l  content i n  the 
beneficiat ion concentrates was increased by a f ac to r  of 2 t o  3 with recoveries up t o  90 
percent.  
to  HYCRUDE and subjected t o  bench sca l e  HYTORT processing. The y i e ld  was improved 
f u r t h e r  through hydroretorting by a f ac to r  between 3 and 5 . 5 .  

After br iquet t ing the  products,  t he  MRI beneficiated o i l  sha l e s  were submitted 

INTRODUCTION 

Unti l  recent  years  mast of t h e  research and development work d i r ec t ed  toward 
e s t ab l i sh ing  a domestic o i l  shale  industry has focused on t h e  sha le s  of t h e  Green River 
Formation of Eocene age occurring i n  Colorado, Utah, and Wyoming. This is l a rge ly  
because the Western shales  a r e  r e l a t i v e l y  r i c h  ( i n  the  range of 25-30 gal/ ton) and 
respond favorably t o  o i l . p roduc t ion  by simple thermal treatment,  yielding 75-850 of t h e i r  
organic content (kerogen) as o i l  when pyrolyzed. 

Recent developments i n  innovative r e t o r t i n g  and f i n e  p a r t i c l e  technologies have 
a l t e r e d  t h i s  s i t ua t ion  s ign i f i can t ly .  The HYTORT process,  developed by HYCRUDE 
Corporation u t i l i z e s  hydrogen r i c h  gas during r e t o r t i n g  to enhance o i l  y i e lds  f r a n  
ce r t a in  types of o i l  shales .  It has provided a key t o  processing the  Devonian- 
Mississippian sha le s  of t h e  Eastern United S ta t e s  t o  achieve oil y ie lds  comparable t o  
those from Colorado shales .  This technique permits t h e  f u l l e s t  possible  recovery of o i l  
f r an  the kerogen present  i n  t h e  shale .  

The range of po ten t i a l  o i l  shale  resources avai lable  t o  HYTORT processing can be 
expanded by combining hydroretorting with The University of Alabama Mineral Resources 
I n s t i t u t e ' s  ( M R I )  physical  beneficiat ion process. The MRI process involves f i n e  grinding 
t h e  o i l  shale  matrix followed by se l ec t ive  f r o t h  f l o t a t i o n  of t h e  kerogen. During 
f l o t a t i o n  up to th ree  quarters  of r e l a t ive ly  kerogen-free inorganic matter is r e j ec t ed  a s  
waste. 

~y combining the HYTORT and MRI processes,  t h e  economics of t r e a t i n g  oil shales  can 
be improved, and t h e  range of o i l  shales  which can be processed is extended. 
Descriptions of t h e  MRI and HYTORT processes, and typ ica l  r e s u l t s  obtained on o i l  shales  
of low and uoderate kerogen content a r e  presented i n  t h i s  paper. 

BACKGROUND 
The HYTORT Process 

o i l  sha l e s  vary s ign i f i can t ly  i n  t h e i r  a b i l i t y  t o  produce o i l .  For example, the 
Green f iver  o i l  sha l e s  of t he  Western U.S. contain a high hydrogen content i n  
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proportion to organic carbon, and exh ib i t  r e l a t i v e l y  canplete  conversion of kerogen t o  
011. However, many other  o i l  shales  
including the  Eastern U.S. Devonian shales ,  contain lesser amounts of hydrogen r e l a t ive  
to organic carbon as shown i n  Table 1. 
of the kerogen which can be converted t o  hydrocarbon products by conventional r e to r t ing  
(1,2) .  
during r e to r t ing . ,  Thus a s i g n i f i c a n t  l a rge r  f r ac t ion  of t h e  kerogen is converted to 
hydrocarbon products r a t h e r  than remaining i n  t h e  spent  shale  i n  t h e  form of coke. 
degree of o i l  y i e l d  enhancement f o r  each p a r t i c u l a r  o i l  shale  depends upon the  p a r t i a l  
pressure of hydrogen used. 

men r e t o r t e d  by conventional thermal processes.  

This deficiency i n  hydrogen reduces the f r ac t ion  

o i l  y i e lds  f r m  these  shales  can be subs t an t i a l ly  improved by supplying hydrogen 

The 

In  1980 HYCRUDE Corporation was formed t o  commercialize the  HYTORT process. HYTORT 
is  a process which u t i l i z e s  a hydrogen-rich gas f o r  t h e  hydroretor t ing of o i l  shale 
kerogen to  produce a syn the t i c  crude o i l .  
hydrogen-rich atmosphere a t  elevated pressure,  and enables attainment of t he  maximum 
poss ib l e  o i l  y i e lds  f r m  m o s t  oil shales .  As a r e s u l t  of a Development Agreement w i t h  
P h i l l i p s  Petroleum Company, a f e a s i b i l i t y  study was conducted by AYCRUDE Corporation, 
P h i l l i p s  Petroleum Company, Bechtel Group, Inc. ,  and t h e  I n s t i t u t e  of Gas Technology. 
The HYTORT process development work during t h e  f e a s i b i l i t y  study was divided i n t o  three 
bas i c  areas: 

The hydroretor t ing is ca r r i ed  out i n  a 

chemistry of hydroretor t ing 

o Experimental development work to  support  mechanical design of 
HYTORT reac to r s  

a Process design. r e a c t o r  mechanical design. and cos t  es t imat ion work. 

The HYTORT experimental  work and process econanics were cmple t ed  i n  Hay 1983 and 
d e t a i l s  are  ava i l ab le  i n  o the r  publ icat ions (3.4) .  

Throughout t h e  course of t h e  f e a s i b i l i t y  study, t h e  HYCRUDE Corporation and Bechtel 
Group, Inc. cont inual ly  reviewed t h e  experimental e f f o r t s  t o  assure t h a t  t he  experimental 
programs addressed areas  important t o  the  design of cammercial react ions ( 5 ) .  This study 
r e s u l t e d  i n  a conceptual commercial p l an t  design for Eastern U.S. Devonian shale  
processing based on the  r e s u l t s  of t h e  experimental program. The conceptual HYTORT p lan t  
f l o w  diagram is shown in  Figure 1. The p l an t  contains  a l l  t h e  process a reas  necessary t o  
produce upqaded s h a l e  oil including by-product recovery of su l fu r  and ammonia. As 
designed, t h e  HYTORT r e a c t o r s  can be constructed using current ly  ava i l ab le  equipment. 
A l l  o ther  processes a r e  within the  s i z i n g  and operat ing cons t r a in t s  of commercial 
f a c i l i t i e s .  
technology. 

Implementation of the p l a n t  design can be achieved with current  process 

Natural gas is u t i l i z e d  i n  the  production of hydrogen and a s  an i nd i r ec t  heat source 
for  hydroretorting. 
S t a t e s  where inexpensive sources of na tu ra l  gas area avai lable .  
a r e a s  lacking an inexpensive natural gas source, t h e  HYTORT process conditions would be 
s e l e c t e d  t o  provide s u f f i c i e n t  by-product gas a s  a substitute. 

This is an economic optimum f o r  a reas  such as  t h e  Eastern United 
For p l an t s  located i n  

Althou?h most of t h e  HYTORT process development e f f o r t  has concentrated on Eocene 
o i l  sha l e s  of t he  Western U . S .  and on Eastern U.S. Devonian o i l  sha l e s  (1 ,2 ) ,  HYCRUDE 
Corporation i n  Cooperation with t h e  U.S. Geological Survey is conducting work on other  
o i l  sha le s  from various loca t ions  worldwide. 
t o  detelmine t h e  ex ten t  of oi l  y i e ld  enhancement which can be obtained using HYTORT 
Processing. 
t o  se rve  the Same funct ion for HYTORT processing t h a t  t h e  ASZM D3904-80 Fischer Assay 
t e s t  serves f o r  conventional thermal r e to r t ing  processes.  

The primary goal of t h i s  on-going work is 

Test work is conducted i n  a Hydroretorting Assay u n i t  ( 6 ) ,  which is designed 

Table 2 gives  r e s u l t s  
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of l iydroretorting Assay t e s t s  on some of t h e  samples. The data show t h a t  HYTORT 
processing had a wide range of e f f e c t s  on t h e  sha le s  t e s t ed ,  with o i l  y i e ld  enhancements 
varying from no improvement to  o i l  y i e lds  pver four t imes those obtained i n  Fischer AaSaY 
tests. No t rend of behavior with geological age is evident.  Further d e t a i l s  of these 
t e s t  r e s u l t s  a r e  avai lable  i n  a previous publ icat ion ( 4 ) .  

The MRI O i l  Shale Beneficiat ion Process 

Physical beneficiat ion techniques have long been used i n  the mineral  and coal 
i ndus t r i e s  to  obtain a product more enriched i n  the  economical mineral  than t h e  
run-of-mine ore. 
const i tuent  f r m  the  associated impurit ies.  
the r a w  mater ia l  t o  s i z e s  f i n e r  than t h e i r  natural  p a r t i c l e  s i z e  consis t .  
grinding may d i c t a t e  ce r t a in  separat ion approaches. This i s  p a r t i c u l a r l y  important i n  
the case of oil  shales ,  which a r e  f i n e  grained sedimentary rocks composed of 10 micron 
p a r t i c l e s  ( 7 ) .  Thus u l t r a f i n e  grinding of t he  shale  i s  required t o  achieve reasonable 
l i b e r a t i o n  of oi l -bear ing kerogen from t h e  int imately associated inorganic mineral 
matter. 

A p re requ i s i t e  f o r  physical  separat ion is to  f r e e  the  valuable 
This is normally achieved by comminution Of 

The degree of 

Ultraf ine grinding and physical  bene f i c i a t ion  of f ine ly  disseminated ores were once 
considered impractical .  This i s  because of t h e  general  bel ief  t h a t  t h e  grinding cos t s  
a r e  p roh ib i t i ve  and t h a t  most separat ion techniques a t  s i ze s  f i n e r  than 74 microns (ZOO 
mesh) a r e  ine f f ec t ive  ( 8 ) .  However, t h i s  b e l i e f  has been dispel led with t h e  continuing 
engineering advancement i n  beneficiat ion equipment and recent  advances in f i n e  p a r t i c l e  
technology. 
Cleveland-Cliffs Iron Company i n  t h e  Lake Superior Region (9). I n  t h i s  l a rge  tonnage 
p l a n t  t h e  hard t acon i t e  o re  is ground t o  a p a r t i c l e  s i z e  f i n e r  than 30 microns (500 mesh) 
p r i o r  t o  f lo t a t ion  t o  recover high grade i ron oxide products. The t echn ica l  p r a c t i c a l i t y  
and economic f e a s i b i l i t y  of extremely f i n e  grinding of t he  hard, tough t a c o n i t e  suggests 
t h a t  f i n e  grinding and f l o t a t i o n  of t h e  o i l  sha l e  should be equally e f f ec t ive .  

mis is evidenced by t h e  non-magnetic t acon i t e  f l o t a t i o n  p l a n t  of t h e  

During t h e  past  six years of continuing research, MRI has developed a beneficiat ion 
The process which successful ly  concentrates t h e  Devonian o i l  sha le s  of t h e  Eastern U.S. 

MRI process involves wet grinding the  raw sha le  t o  minus 20 microns followed by f r o t h  
f l o t a t i o n  to recover a kerogen r i ch  concentrate.  Details of t h e  development of this 
process a re  avai lable  i n  previous pub l i ca t ions  (10-12) .  

MRI t e s t  r e s u l t s  have been used to formulate a process flowsheet f o r  an oi l  sha le  
beneficiat ion p l an t  (Figure 2 ) .  
t o  3 times a s  much recoverable o i l  per  ton as  can be obtained f r an  t h e  raw untreated 
shale .  
p rac t i ce .  
r e j ec t ed  a s  a subs t an t i a l ly  barren waste which need not  be retor ted.  

The p l an t  is designed to recover concentrates  yielding 2 

U n i t  operations of t h i s  p l an t  a r e  within t h e  limits of current  commercial 
In t h e  process,  a t  l e a s t  50% t o  as  much a s  70% of t h e  raw shale  w i l l  be 

The beneficiat ion p l an t  includes t h e  following standard mineral processing unit 
operations:  

rn Fine grinding of sha le  t o  mineral p a r t i c l e  l i b e r a t i o n  s i z e  

c l a s s i f i c a t i o n  

0 Kerogen f l o t a t i o n  

0 Thickening and f i l t r a t i o n  

0 

rn 

Agglomeration or br iquet t ing of t h e  f l o t a t i o n  concentrate 

Disposal, of t h e  f l o t a t i o n  t a i l i n g  
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Most of t h e  bene f i c i a t ion  research inves t iga t ions  has been directed t o  t h e  Eastern 
o i l  sha l e  deposi ts ,  p a r t i c u l a r l y  the  Devonian sha le s  outcropping i n  Northern Alabama, but  
several  samples from t h e  Western United S t a t e s  and foreign countr ies  a l s o  have been 
t e s t e d  i n  a cursory way. Typical r e s u l t s  a r e  shown i n  Table 3. Plans a re  to evaluate 
addi t ional  types of o i l  sha l e s  as they become avai lable .  

BXPERIMENTAL 

The combined bene f i c i a t ion  and hydroretor t ing s t u d i e s  were conducted on two Eastern 
o i l  sha l e  samples (Alabama and Indiana) and one foreign sample (Braz i l ) .  The Indiana 
sample was co l l ec t ed  by WCRUDE Corporation from the  Upper Devonian New Albany shale 
formation near Henryville,  Indiana. The Alabama sha le  sample w a s  p a r t  of a 5-tOn lot  of 
Upper Chattanooga sha le  co l l ec t ed  by MRI from t h e  Hester Creek area i n  Madison County, 
Alabama. The Brazi l ian oil sha le  represents  a t yp ica l  shale  from t h e  I r a t i  formation i n  
t h e  south of Brazi l .  Analyses and Fischer Assay oil y ie lds  from the th ree  samples and a 
Western shale  a r e  shown i n  Table 1. 

I 

/ 

i 

I 

Procedures and Techniques 

The beneficiat ion t e s t a  were conducted a t  t he  Mineral Resource8 I n s t i t u t e  a t  t h e  
University of Alabama. In these t e s t s  t he  raw sha le  samples were s tage crushed d r y  t o  
minus 2 ma (10 mesh) and wet ground i n  a 20 x 30 an s t a i n l e s s  s t e e l  rod m i l l  operated a t  
780 of c r i t i c a l  speed using 26 s t a i n l e s s  s t e e l  rods of 1.7 cm diameter a s  t he  grinding 
medium. A 500-gram charge of each f l o t a t i o n  test sample was ground a t  500 s o l i d s  in 
Rlscaloosa t a p  water f o r  two hours t o  reduce t h e  p a r t i c l e s  to 900 minus 10 microns. 
Bench scale  f l o t a t i o n  t e s t s  were conducted using a Denver Model D-12 laboratory f lo t a t ion  
machine for t h e  conditioning, roughing and cleaning s teps .  The f l o t a t i o n  products were 
f i l t e r e d ,  d r i ed  a t  50.C. weighed and assayed f o r  o i l  y i e l d  using the modified Fischer 
Assay method. Samples f o r  hydroretorting were produced from the f l o t a t i o n  concentrate 
using a uniaxial  ccmpression b r ique t t i ng  u n i t  t o  make 1.25 an diamter by 1 an high 
specimens. 

Hydroretorting t e s t s  were conducted a t  t h e  I n s t i t u t e  of Gas Technology a t  Chicago, 
I l l i n o i s  under t h e  sponsorship of HYCRUDE Corporation using a Hydroretorting Assay u n i t  
designed to  evaluate  t h e  hydroretor t ing c h a r a c t e r i s t i c s  of oil shale  samples. Details of 
the apparatus and t h e  t e s t  procedure have been previously published (6). In t h i s  un i t  a 
100-gram sample of ma te r i a l  is reacted with hydrogen gas under the  following conditions.  

1000 p s i g  p re s su re  

o. 1 000" F temperature 

4 SCF/hr gas flow 

25 degree/minute heat-up r a t e  

3 0  minutes r eac t ion  t i m e  

RESULTS AND DISCUSSION 

Beneficiation of Raw Oil Shale 

Response of t h e  o i l  sha le  samples to bene f i c i a t ion  by u l t r a f i n e  grinding and 
f l o t a t i o n  a r e  given i n  Table 4. 
Good f l o t a t i o n  of t he  kerogen-enriched f r ac t ions  was obtained from the  ground shale which 
indicated t h a t  reasonable l i be ra t ion  of t h e  kerogen and t h e  mineral components w a s  
achieved. As compared to the f l o t a t i o n  feed, t h e  concentrates  recovered from the  
Alabama and Indiana samples were upgraded i n  kerogen by f a c t o r s  of 2.4 and 2.8, 

A l l  t h r ee  samples responded favorably to beneficiat ion.  
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respectively. Flotation of the Brazilian shale yielded a concentrate assaying 33.5 
gallons per ton, but the ratio of concentration (1.7) was less than that of the American 
oil shale samples. The variations in the response of the samples to flotaton are 
attributed to differences in their origin, mineral substrate, and composition. 
recoveries in all cases were comparable. 
investigated extensively.at MRI and improvements in the flotation results of the other 
shales would be expected by further research. Even with the limited number of samples 
evaluated, it appears reasonable to assume that beneficiation of oil shales can be 
accomplished with good results. 

\ 

\ 
The oil 

Only the Alabama oil shale has been 

Experimental testwork is continuing on this research program at The University of 
Alabama to further define the beneficiation variables in an efforr to optimize the 
process. The goal of the research is to establish the technical parameters of the 
process in a continuous pilot plant operation to define the process economics. 
testing will also produce a reasonably large quantity of kerogen enriched concentrate 
which will be used in more extensive hydroretorting tests. 

Hydroretorting of Raw Oil Shale 

The pilot 

Results of Hydroretorting Assay tests on the three raw shale samples are given in 

produce oil yields of 222 to 226% of those obtained by conventional thermal retorting. 
The oil yeild from the Brazilian sample was less, only 156%. The hydroretorting data 
shows that oil yields of 27 to 29 gallons per ton can be produced fran oil shale 
resources which would be considered too lean for cammercialization by conventional 
retorting. 

Combined Beneficiation and Hydroretorting of Oil Shale 

-. Table 5. Results of the tests of the U.S. samples indicate that the HYTORT process can 

Combined MRI beneficiation-HYTORT processing was tested on a laboratory scale by 
hydroretorting the flotation concentrates of three oil shale samples. Test results are 
shown in Table 6. The concept proved to be technically successful in substantially 
increasing the extraction of oil. The data indicate that the combined technique can 
improve the overall level of oil yield from the raw shale by a factor of 2.9 to 5.6. 

CONCLUSIONS 

Based on the above results, the potential of the oombined beneficiation- 
hydroretorting approach is evident in the following areas: 

-- Reduction in the capital and operating costs for oil shale production should be 
possible by substituting atmospheric pressure, ambient temperature, grinding and froth 
flotation equipment for s o m e  of the elevated pressure and temperature W O R T  reactor 
units. Further, because of the enhanced shale oil yields, energy savings should result 
in a lower cost per barrel of shale oil. 

-- Pre-retorting concentration of kerogen from lean shales should extend the range of oil 
shales which can be considered for c-rcial processing. 

-- Rejection of inorganic sulfur (i.e., pyrite) may be possible either by flotation or 
high-intensity magnetic separation. By removing the pyrite, not only will the kerogen 
content increase but the overall quality of the concentrate will be enhanced. 

-- During grinding, trace elements are solubilized into the process water. 
the tailings rejected during beneficiation and the spent shale produced by WTORT 
processing should be less prone to the natural leaching of harmful metals and elements. 
Thus, surface and groundwater contamination after disposal should be substantialy 
reduced. 

As a result, 
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Table  1. Analysis and F i sche r  Assay O i l  Yie ld  of Se lec t ed  O i l  Sha les  

O i l  Shale Sample 

~ ~~ 

O i l  Shale Sample 

F i sche r  Hydrore tor t ing  Percent of 
Assay Assay F i sche r  Assay 

ULTIMATE ANALYSIS ( w t .  % )  
Organic Carbon 
Organic Hydrogen 
Su l fu r  
Carbon Dioxide 
Nitrogen 
Ash 

A t o m i c  H/C Ratio 

FISCHER. ASSAY 
Yield ( w t .  %) 
Yield  (ga l / t on )  
Carbon Conversion ( %)  

Alabama Indiana B r a z i l  Colorado 

14.20 
1.03 
8.02 
2.90 
0 -48  

79.70 

0.87 

4.9 
11.6 
3 1  - 2  

12.53 
0.93 
4.41 
2.30 
0 -48  

77.83' 

0.94 

4 - 6  
12.0 
32.9 

13.70 
1.37 
4.98 
N.A. 
0.44 

80.00 

1.2 

7.1 
18.6 
50.0 

13.60 
2.10 
0.50 

15.90 
0.50 

66 * 80 

1.85 

11.4 
29.8 
84.0 

Table 2. Se lec t ed  Hydrore tor t ing  Assay T e s t  Resu l t s  

o i l  Yie ld  (ga l / t on )  

Sweden - Bi l l ingen  
Sweden - Naerke 
S i c i l y  
Indiana  - New Albany 
Montana - Heath Formation 
Canada - K i t t l e  
Jordan  - E l  Lajjun 
Brazi l  - Lower I r a t i  

3.8 
10.9 
4.4 

12.5 
16.2 
10.0 
32.8 
19.4 

17.5 
32.3 
12.2 
28.2 
33.6 
21.1 
57.0 
32.7 

44 0 
300 
280 
230 
210 
210 
170 
170 

I I 
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Table 3. Selected Beneficiation Test Results 

87 
81 
81 

90 
80 

52 

89 

O i l  Shale 
Sample 

3.1  
1.8 
2.9 

2.4 
1.9 

2.0 

1.7 

Eastern U.S. 
Alabama 
Kentucky 
Indiana 

Western U.S. 
(Lo-grade) 
(Hi-grade) 

Canadian 

Brazil  

Fischer Assay (gal/ton) 

Flotat ion Flotation 
Feed Concentrate 

12 37 
17 31 
12 35 

14 34  
46 88 

8 16 

20 34 

I 

Table 4. Flotation Response of Raw O i l  Shale8 

O i l :  Shale 
Sample 

Alabama 
Chattanooga Shale 

Indiana . 
New Albany Shale 

Brazil  
I r a t i  Shale 

Flotation Weight Fischer Assay Distribution 
Products Percent Yield (gal/ton) of O i l  (%)  

Concentrate 
Reject 
Feed 

Concentrate 
Reject 
Feed 

Concentrate 
Reject 
Feed 

27.0 
73.0 

100.0 

35.5 
64.5 

100.0 

48.9 
51.1 

100.0 

34.3 
3.2 

11 - 6  

27.2 
4.4 

12.5 

33.5 
4.3 

18.6 

80.0 
20.0 

100.0 

79.0 
21.0 

100.0 

88.2 
11.8 

100.0 
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O i l  Shale  
Sample 

Alabama - Chattanooga 

Indiana  - ~ e w  Albany 

Brazil - Irati  

O r i g i n a l  Sample Hydro re to r t ed  O i l  Y ie ld  
F i s c h e r  Assay Sample Assay P e r c e n t  of 

( g a l / t o n  1 ( g a l / t o n )  F i s c h e r  Assa  

11.6 27.0 220 

12.5 27.2 230 

18.6 29.0 160 

Tab le  6. Combined B e n e f i c i a t i o n  - H y d r o r e t o r t i n g  of O i l  S h a l e s  

O i l  Y i e l d  ( g a l / t o n )  

Or ig ina l '  F l o t a t i o n .  Hydro re to r t ed  
Sample C o n c e n t r a t e  Concentrate" 

11.6 34.3 65.0 

O i l  Sha le  Sample 
O v e r a l l  

P e r c e n t  of 
F i s c h e r  Assay 

560 Alabama - Chattanooga 

Indiana  - New Albany 

B r a z i l  - I r a t i  

12.5 27.2 54.4 43 0 

18.6 33.5 53.3 290 
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INVESTIGATION OF THE REACTION MEC ISMS FOR PYROLYSIS OF 
RUNDLE OIL SHALES BY DYNAMIC H NMR TeCHNIQUES 

T. Parks, L . J .  Lynch and D.S. Webster 

CSIRO Division of Fossil Fuels, P.O. Box 136, North Ryde, 
NSW, 2113, Australia 

Y 

ABSTRACT 

Dynamic proton nuclear magnetic resonance ( l H  NMR) techniques were used to 
study the pyrolysis behaviour of a suite of Ru dle oil shale ore types. 
Experimental results were obtained by monitoring the 'H NMR transverse relaxation 
signal for both the shales and their kerogen concentrates during their pyrolysis by 
heating at a uniform rate in open glass tubes in an inert atmosphere provided by 
flowing nitrogen gas. 

These results indicate that while the Rundle ore types have variable pyrolysis 
behaviour, all of the demineralized shales pyrolyse similarly. The differences 
observed in the behaviour of the shales are thought to be a consequence of 
variations in the permeability of the inorganic matrices to evolving volatile 
species. Enhancement of molecular mobility marks two transitions of the specimen 
during pyrolysis. The first, which occurs between room temperature and - 500 K and 
involves most of the structure, is probably a "glass to rubber" type transition and 
the second, which occurs near 600 K indicates the 7resence of a relatively thermally 
stable component in the kerogen. The results show that the pyrolysis residue formed 
above 750 K is contributed to by material that passes through a transient mobile 
state. 

INTRODUCTION 

Studies over many years of the pyrolytic decomposition of oil shales have led 
to a variety of kinetic models which invoke intermediate species referred to as 
pyrobitumens (1-3) and sometimes also as rubberoid (4) and polyoil (5) species. 
These intermediate species are at best only loosely defined and while it is expected 
that such intermediate states do occur during pyrolysis their delineation in 
composition and occurrence are still matters for investigation. In these models the 
original kerogen is usually treated as being homogeneous but recently kerogen 
pyrolysis has been analysed in terms of the chemically distinct aromatic and 
aliphatic fractions (6-8). 

Dynamic measurement techniques have an advantage over equilibrium measurement 
techniques in such investigations because of their potential to monitor transient 
s ates of the reacting system. The adaptation of proton nuclear magnetic resonance 
( H NMR) as a dynamic measurem nt technique has been described previously (9-11). 
The hydrogen Specificity of the H NMR experiment aids in the distinction of thermal 
processes associated with the organic kerogen from those of the inorganic mat ix of 
the shale. For organic solids the most importanc factors governing their 'H NMR 
behaviour are the concentration and distribution of protons and unpaired electrons 
in the structure and the molecular dynamics. To this extent undecoupled or 
"broadline" NMR can provide information on the complex interactions which determine 
the molecular properties and form of the bulk material. These NMR measurements will 
detect molecular mobility changes associated with melting and other "softening" 
transitions and likewise transitions of the molecular lattice back to the rigid 
lattice state, the loss of hydrogen from the specimen during decomposition and 
changes in free radical concentrations related to bond rupture and condensation 
reac ions. The results reported here are all derived from dynamic measurements of 
the 'H NMR transverse relaxation signal I(t). Parameters are derived from these 
measured signals which (a) represent the residual specimen as consisting of two 

P 
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components, one containing rigid hydrogen and the other mobile hydrogen, (b) 
characterize the molecular mobility of the structure containing the mobile hyfrogen. 
(c) estimate che residual hydrogen content and (d) characterize the H NMR 
transverse relaxation signal I(t) and therefore the total residue in terms of its 
average molecular mobility. The temperature dependences of these parameters form a 
set of pyrograms reflecting changes in the specimen during the pyrolysis. 

EXPERIMENTAL 

The shales studied were a suite of the ore types distinguished and 
characterized in the Rundle deposit by Coshell (12). Specimens in the form of -100 
mesh powders were supplied by ESSO Australia together with chemical analysis and 
Pischer assay oil yield data (Table I). A composite Rundle shale has been reported 
as having a 13C CP-MAS aromaticity value of about 0.22 (13). Kerogen concentrates 
were prepared by HCl/HF digestion of the mineral matter and subsequent analysis 
showed them to contain large quantities of fluorine and to have total ash contents 
in the range 17 to 38% (13). 

Predried shale and kerogen concentra e specimens of - 400 mg contained in 8 mm 
O.D. open glass tubes were used for the H NMR theTal analysis experiments which 
were conducted under nitrogen gas flowing at 5 ml min . Comparative studies of the 
shale ore types and their kerogen concentrates we e made a series of pyrolysis 
experiments at a uniform heating rate of 4 K min- . The H NMR measurements were 
made using the two pulse ( 9 0 0 - ~ - 9 0 9 0 )  sequence to generate the solid-echo form of 
the 'H NMR transverse relaxation signal I(t). A sequence repetition time of 1 s 
avoided saturation effects which indicates that the shales are free of inorganic 
hydrogen with much longer 'H NMR spin-lattice relaxation times that have been found 
to occur in Green River oil shales (14). 

5 

f 

RESULTS AND ANALYSIS 

The peak signal amplitude I ( ~ T )  normalized per gram of sample at room 
temperature (which is a measure of the hydrogen concentration contributing to the 
NMR signal of the specimens) shows a linear correlation with elemental percent 
hydrogen (w/w) as shown in figure 1 for both the whole and the demineralized shales 
used in the study. The fact that both the whole and demineralized shales ga e the 
same linearity of I(27) with elemental hydrogen further indicates that the 'H NMR 
signals are representative of all the hydrogen in he shales. It is important 
therefore to know the relative contributions to the *H NMR signals of the organic 
kerogen and t e inorganic matrix. Figure 2 compares the temperature variation of 
the relative 'H NMR signal amplitudes (normalized per gram of shale) for three 
shales of d fferent grade with that for a predried montmorillonite sample pyrolysed 
at 6 K min- . Analyses of these shales (15) have shown that clays which account for - 35% of the inorganic matter are the only significant source of inorganic hydrogen 
with montmorillonite being the most abundant clay variety. The data in Figure 2 
therefore show that the inorganic hydrogen signal is a minor fraction of the total 
shale signal except for the relatively kerogen-poor ore types such as claystone (ore 
type 111 in figure 2). The mineral matter analysis data of Loughnan (15) identified 
montmorillonite, kaolinite and illite clays in Rundle shales. From the 
experimentally determined 'H NMR signal contributions of montmorillonite and 
kaolinite and an estimated signal contribution of illite, the calculated signal 
contributions of the clays in the ore types studied range from - 13% for the type 
111 claystone to -6% for the most kerogen-rich type I ore. 

A selection of 'H NMR relaxation signals I(t), recorded at various stages of 
pyrolysis of a predried shale and its kerogen concentrate are shown in figures 3(a) 
and 3(b) respectively. These data are typical for all the shales studied. At room 
temperature the signals for both materials are dominated by a rapidly decaying 
component, which comprises about 90% of the total signal intensity in the case of 
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the raw shale. This rapidly decaying component is characteristic of a rigid lattice 
or "glfasy" structure devoid of molecular mobility on a time scale less than - 10- 6. The more slowly relaxing minor component of each signal indicates that 
parts of the structure have a degree of molecular mobility on this time scale, 
consistent either with extended structural domains being above their glass 
transition temperature or with a distribution of isolated mobile molecular segments 
in the structure. As the temperature is raised above room temperature the slower 
relaxing component increases in intensity at the expense of the rapidly decaying 
"rigid" signal, suggesting a gradual transition of the structure from the glassy to 
the mobile state. This occurs earlier and to a greater extent for the demineralized 
shale. However, even for the shale above .- 600 K the mobile component accounts for 
almost all of the signal intensity of the residual specimen. At higher temperatures 
the total signal intensity falls rapidly as a result of pyrolytic loss of volatile 
material from the specimen and there is a regrowth of a rapidly decaying signal 
intensity consistent with the formatlon of the rigid char residue. 

These data were reduced to provide a number of largely independent parameters: 
(i) The percentage of the total initial signal intensity that is contributed by the 
rapidly decaying or rigid component ( X  rigid) is estimated. This estimate is made 
by fitting an exponential function to the slowly relaxing tail of the signal and 
extrapolating to the echo pea$ time of the signal to obtain the mobile signal 
intensity. The time constant T , of the exponential function is a second parameter 
which is a measure of the averaig, molecular mobility of the mobile component. These 
two parameters - X rigid and T - are plotted together against temperature in 
figures 4a and 4b for a shale an% its kerogen concentrate respectively. 

(ii) The aqparent hydrogen content of the specimen ( W ) ,  obtained by calibration of 
the total H NMR signal intensity I(2T) for its sensitivity to temperature, is a 
semi-quantitative parameter useful for monitoring the pyrolytic decomposition and 
loss of volatile products from the sample. Its temperature dependence for the shale 
and kerogen concentrate are plotted in figures 5(a) and 5(b) respectively. Also 
shown in these figures are the differential hydrogen contents computed from these 
data. 

(iii) The anaytical second moment M* of the frequency power spectrum represent- 
ation of the H NMR signal (11) whlch is characteristic of the total signal and 
enables a qualitative measure of the average molecular mobility of the total 
specimen to be monitored during the pyrolysis. The temperature variations of M 
for the whole and demineralized specimens are also recorded in figures 5(a) and 5 ( t )  
respectively. 

The apparent hydrogen loss pyrolysis profiles at 4 K mih' for all of the 
shales were found to be similar. Two outlying prQfiles of this set are compared in 
figure 6, and in figure 7 the corresponding M2 pyrograms are compared. The 
temperature of maximum rate of loss of hydrogen as defined by the minimum in the 
differential percent hydrogen content curve, and the total percentage loss of 
hydrogen from room temperature to 875 K did not vary significantly (see Table I) 
between the ore types. This small variation in the total percentage loss for t e 
shale ore types and the linear correlation between this loss when expressed as 'H 
h'MR signal loss normalized per gram of shale and Pischer assay oil yield (figure 8) 
show that the hydrogen loss during the pyrolysis is predominantly organic. 

Previous (16) 'H NMR second moment profiles presented by us on the pyrolysis of 
Rundle oil shale identified two regions of enhanced molecular mobility of the 
kerogen during pyrolysis. The first event occurred on heating from room temperature 
to - 500 K and was attributed to a possible glass to rubber transition. This 
observation is similar to Haddadin and Tawarah's (17) interpretation of an endotherm 
they detected for a Jordanian o i l  shale, peaking in the region 433-443 K, as a 
physical softening and molecular rearrangement of the kerogen, and is also 
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cons i s t en t  wi th  Rogers and Cane's (4) desc r ip t ion  of a "rubberoid" ma te r i a l  present 
a f t e r  heating t o  523 K f o r  a Permian Torbani te .  The second l e s s  obvious event 
commenced j u s t  p r i o r  t o  onse t  of t h e  main pyro lys i s  at  - 600 K and vas  a t t r i b u t e d  t o  
the  mobi l iza t ion  of a r e l a t i v e l y  thermal ly  s t a b l e  component of t h e  kerogen. These 
events  occurred for  a l l  but  one of t he  s h a l e s  of t h e  present  s tudy  and in the  case 
of t h i s  except ion  no second so f t en ing  event was not iceable .  Fur ther  a s  i l l u s  ra ted  
i n  f igu re  7 t he re  are cons iderable  v a r i a t i o n s  apparent i n  d e t a i l s  of the  f€i NMR 
second moment p r o f i l e s  f o r  t hese  o r e  types  which occur above 450 K and which cannot 
simply be accounted f o r  by d i f f e r e n c e s  i n  the  kerogen concent ra t ion  of the  ores .  

behaviours i n  the  t o t a l  d a t a  f o r  t he  o r e  s u i t e  a s  represented  i n  f igu res  6 and 7 by 
the  extreme examples. These d i f f e rences  f e r t a i n l y  do not c o r r e l a t e  with kerogen 
concent ra t ion .  The temperature a t  which M reaches i t s  maximum high temperature 
va lue  is  however*very s i m i l a r ,  a t  - 780 K for a l l  o re s .  For those where the  onse t  
of increase  i n  M p  is delayed (e.g. o r e  type I) the  r a t e  of increase  i s  g rea t e r  
compared t o  t h a t  of o r e  types (e.g. o r e  type X I )  where the  increase  commences 
e a r l i e r .  

I 

Differences  are most apparent  above - 600 K where the re  is a wide range of Y 

It can be concluded from these  experiments on whole sha le s  t h a t  although the  
behaviour of t h e  d i f f e r e n t  Rundle o re  types is s i m i l a r  dur ing  hea t ing  a t  t he  lover 
temperatures,  a t  h ighe r  temperatures and in the  zone of main py ro ly t i c  decomposition 
t h e r e  a re  s i g n i f i c a n t  d i f f e rences  i n  the  na tu re  of t he  r eac t ing  res idues  t h a t  a r e  
p a r t i c u l a r l y  ev ident  when t h e  second moment pyrograms a r e  compared. This would 
sugges t  t h e  l i ke l ihood  of corresponding d i f f e rences  i n  the  py ro lys i s  products of 
t hese  ore types.  

I n  f i g u r e s  9 and 10 r e spec t ive ly  t h e  sets of 'I? NMR hydrogen loss and H* 
pyrograms f o r  t he  deminera l ized  o r e  types are superimposed f o r  comparison. Clearfy 
the re  is a c lose  s i m i l a r i t y  in the  py ro lys i s  behaviour of the  kerogens of the 
va r ious  o r e  types.  One conspicuous d i s s i m i l a r i t y  i s  a t  low temperatures where i n  
con t r a s t  the  raw s h a l e s  a r e  similar. These low temperature d i f f e rences  a r e  possibly 
the  r e s u l t  of v a r i a t i o n s  i n  the  e f f e c t  of t h e  deminera l iza t ion  treatment on t he  
d i f f e r e n t  ore types i n  which some degree of s t r u c t u r a l  degrada t ion  occurs however i t  
has not been possibQ to  e s t a b l i s h  any c o r r e l a t i o n  with the  a n a l y t i c a l  da t a .  The 
more rapid f a l l  i n  M immediately above room temperature f o r  the  demineralized as 
compared t o  the  s h a l e  specimens shows lesser i n h i b i t i o n  to  thermal ac t iva t ion  of 
molecular mobi l i ty  f o r  t h e  demineralized specimens. This  could be cont r ibu ted  t o  
both by covalen t  bond rup tu re  i n  the  kerogen s t r u c t u r e  and by reduction of binding 
i n t e r a c t i o n s  a t  t h e  molecular  l e v e l  between t h e  organic  kerogen and t h e  mineral  
matter. Most of t h e  kerogen s t r u c t u r e  is transformed from an immobile o r  r i g i d  
la t t ice  state t o  one of cons iderable  molecular mobi l i ty  by t h i s  low temperatulje 
t r a n s i t i o n  during which t h e r e  is l i t t l e  l o s s  of hydrogen. This low value of M 
a t t a i n e d  i s  sus t a ined  on f u r t h e r  hea t ing  u n t i l  about 650 K while t h e r e  i s  onfy 
gradual  loss of v o l a t i l e  matter t o  a t o t a l  l o s s  represented  by 1540% of the  
hydrogen a t  650 K. 

* 
The M2 pyrograms of a l l  the  kerogen concent ra tes  a r e  s t r i k i n g l y  similar above 

500 K. They a l l  show evidence of t he  secondary so f t en ing  event  and a l l  t h e  res idues  
undergo a rap id  t r a n s i t i o n  from t h e i r  highly,mobile state to  a r i g i d  s t a t e  between 
750 K and 770 K. This  rap id  t r a n s i t i o n  i n  M2 i s  not r e f l e c t e d  i n  the  hydrogen lo s s  
Programs as a sharp  inc rease  but  as a sharp  decrease i n  the  r a t e  of hydrogen lo s s  a t  - 760 K ( f i g u r e  10). This  is c l e a r  evidence of t he  t r a n s i t i o n  of p a r t s  of the  
mobile material e x i s t i n g  i n  t h e  r e s idue  below 750 K by condensation r eac t ions  to  a 
r i g i d  coke above 770 K. This  p re sen t  evidence f o r  the  ex i s t ence  of a t r ans i en t  
f l u i d i t y  in t he  in t e rmed ia t e  kerogen r e s idue  complements t he  microscopic evidence 
f o r  mesophase format ion  du r ing  the  py ro lys i s  of similar materials by Vi l l ey  et a1 
(18. 19). 
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CONCLUSIONS 

Notwithstanding the differences in the pyrograms at low temperatures these 
'H NMR thermal analysis experiments on i t e demineralized ore types clearly 
demonstrate the close similarity of all the Rundle oil shale kerogens tested. These 
Rundle kerogens all exhibit two "softening" events. The first occurs on heating 
above room temperature and involves the bulk of the structure. The second occurs 
above 650 K and involves a minor component. There is slow evolution of volatiles 
between 450 K and 650 K and rapid evolution between 650 K and 750 K. A rapid 
solidification of the residue occurs between 750 K and 770 K which identifies the 
secondary softening as a thermoplastic transient event akin to that of bituminous 
coals. 

Given the similarity of the kerogens of all the ore types and the similar 
mineralogy of the inorganic matrices (15), the differences detected in the pyrolysis 
behaviour of the ore types must be related to either the concentration differences, 
or possible variations in the degree of dispersion and/or the nature of the inter- 
actions that occur between the organic and inorganic structures. Any of these 
factors could for example affect the permeability of the shale matrix to evolving 
molecular species. Thus it can be concluded that the difxerences observed in shale 
pyrolysis above 600 K result from differences in the rates of molecular diffusion 
and losses of mobile pyrolysis products. 
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TABLE I 
Analyses and Pyro lys i s  Data of Rundle Ore Types 

Shale  F.A. C Ash Temperature a t  Hydrogen Vo la t i l e  
Ore O i l  Yield (%w/w) (%w/w) Max. Rate of H X (298-875K) 
Type' (L / t )  Loss (K) 

Sha le  Shale  Shale Demin. Shale Demin. Shale Demin. 

L R C ~  I 
LRC I1 
LRC I11 
LRC I V  
LRC V 
LR V I  
BK I X  
BK X I  

5 

137 
134 

29 
63  

112 
56 
95 
56 

17.50 72.2 16.9 725 725 
17.18 71.2 19.5 725 725 
6.71 84.0 37.9 725 725 
9.38 83.5 26.7 730 720 

15.74 75.2 19.2 725 725 
8.94 82.8 29.8 720 720 

14.09 77.1 - 725 725 
8.81 82.7 - 720 725 

90 95 
93 95 
88 91 
87 91 
88 92 
91 95 
90 92 
86 92 

Coshell  (12)  

Brick Kiln seam 
'3 Lower Ramsay Cross ing  seam 

f 
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Figure 1. 'B NMR s i g n a l  peak 
i n t e n s i t y  ( I ( ~ T ) )  per  gram of 
specimen versus % elemental  hydrogen 
for  Rundle sha le s  (x) and kerogen 
concentrates  ( 0 ) .  

0 
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Y 

0 50 100 
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'.... ..*.... 
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Figure 2.  The apparent  r e s i d u a l  hy- 
drogen per gram of specimen from 'H 
NMR measurements versus  temperature  
f o r  Rundle o r e  types I(x), IX(+), 
I I I (A)  and montmoril lonite (e) .  

TIME (ps) 

Figure 3. 
various temperatures during py ro lys i s  of ( a )  t he  whole sha le  and (b)  t h e  
kerogen concentrate  of Rundle o re  type 11. 

lH NMR t r ansve r se  r e l axa t ion  s i g n a l s ,  I ( t ) ,  recorded a t  

Figure 4.  
r i g i d  hydrogen (% Rigid) and the  r e l axa t ion  time constant  (T ) of mobtle 
hydrogen during py ro lys i s  of ( a )  t h e  vhole s h a l e  and (b)  the kerogen 
concentrate  f o r  Rundle ore  type XI. 

Pyrograms showing the temperature dependences of Rercentage 

2 
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( a )  (b)  

TEMPERATURE (IO 

Figure 5 .  Pyrograms showing the  temperature dependences of t h e  apparent res idual  
hydrogen ( A ) ,  thfi d i f f e r e n t i a l  hydrogen content  ( C )  and the  'H NMR power spectrum 
second moment, M2 , (B) during py ro lys i s  of ( a )  t he  whole s h a l e  and (b) t he  
kerogen concentrate  of Rundle o r e  type 11. 

h o  Loo $00 koo >on boo boo 
TEMPERATURE (10 

J I 
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TEMPERATURE (0 

Figure 6. A comparison of pyrograms Figure 7. A comparison of  t h e  l H  
of t h e  percent apparent  hydrogen power spectrum second moment 
content for  Rundle s h a l e  o re  types 
( A )  I and (B) XI. 

(M ) pyrograms f o r  Rundle sha le  ore  
ty$es ( A )  I and (B) X I .  

Figure 8. 
i n t e n s i t y  ( A I ( 2 1 ) )  on heat ing a t  4 K 
min-l from 298 t o  875 K normalized 
per  gram of sha le  versus  Fischer  
Assay o i l  y i e l d .  

Loss of 'H NMR s i g n a l  

I 
so 
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Figure 9 .  A comparison of pyrograms of the percent apparent 
residual  hydrogen for  demineralized specimens of e i g h t  Rundle 
oil shale  ore types l i s t e d  i n  Table I .  
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Figure 10, 
moment (M ) pyrograms For kerogen concentrates  of e i g h t  Rundle 2 
oil shale  ore t y p e s  l i s t e d  i n  Table I .  

A comparison of the 'H NMR power spectrum second 
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I3C N.M.R. DIPOLAR DEPBASING AS A PROBE INTO THE STRUCTURE OF AUSTRALIAN 
OIL SHALE KEROGENS AND PYROLYSIS RESIDUES 

D.E. Lambert and M.A. Wilson 

CSIRO Division of Fossil Fuels, PO Box 136, North Ryde, NSW 2113, Australia 

ABSTRACT 

The solid state nuclear magnetic resonance (n.m.r.) technique of dipolar 
dephasing was applied to a range of Australian o i l  shale kerogens and pyrolysis 
residues of an aliphatic shale (Rundle, Queensland), in order to gain more inform- 
ation on chemical structure than can be obtained from a conventional cross polar 
ization spectrum. From these measurements the proportion of aliphatic carbon that 
is methyl or non-protonated in an aromatic shale and the pyrolysis residues was 
estimated. Non-protonated carbon was found to be unimportant and thus it was shown 
that the methyl content varied according to shale type and/or thermal history. The 
proportion of aliphatic methyl carbon in residues, generated at a range of 
temperatures from 400-5OO0C, was found to increase with increasing reaction temp- 
erature. This trend indicates that the 8-bond in alkyl chains attached to aromatic 
ring structures is cleaved in preference to the arbond during shale pyrolysis. 

INTRODUCTION 

Dipolar dephasing 13C n.m.r has been extensively employed in determining the 
fraction of aromatic carbon that is protonated in a range of solid samples including 
model compounds, coals and other geochemical materials (1-17). In many 
heterogeneous samples the decay of aromatic signal intensity with increasing carbon 
magnetization holding time (tl) can be expressed, in terns of the decay constants 
TiA and T i B ,  as the sum of tvo exponential decays from protonated and non-protonated 
aromatic carbon, respectively. A separation of the aromatic signal intensity into 
two components is possible as the minimum T' values for model aromatic ring 
compounds are five times the TiA values obtaineaBfor methine carbon (1). However, 
this was not found to be the case for oil shales (18). We have attributed this 
difference in relaxation behaviour to the intrinsic nature of the oil shale 
kerogen. Either the non-protonated carbons are in close proximity to protonated 
structures and thus have reduced T' values, which approach those of the protonated 
carbons, and/or there are significantly more protonated carbons present, which still 
dominate the total signal Intensity at tl > 45 us, when only signal from non- 
protonated carbon is normally observed. 

Little work has been undertaken to investigate the chemical structure of the 
aliphatic components of fossil fuels by n.m.r. Some studies have been reported on 
coals (11, but data on oil shales are not currently available. Thus, in this work 
we have examined the potential of dipolar dephasing as a probe of the chemical 
structure of the aliphatic components in Australian shales and shale pyrolysis 
residues. The fraction of aliphatic carbon that is methyl in the most aromatic 
shale and the pyrolysis residues has been estimated. This is related to kerogen 
structure and the mechanism of shale pyrolysis. 

2 

The technique of dipolar dephasing is based on the rapid loss of signal inten- 
sity from protonated carbons, when a time period (tl), in which the proton decoupler 
is turned off, is inserted before data acquisition in a conventional croas polar 
ization program. The rate at which signal intensity is lost is dependent on the 
magnitude of the carbon-hydrogen dipolar interaction. Hence carbons bonded to pro- 
tons experience stronger dipolar interactions than non-protonated carbons, unless 
the dipolar interaction is modulated by molecular motion, e.g. rapid rotation of 
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1 methyl groups. It has been shown for some compounds (19) that at a dipolar dephas- 

ing time of 50 ps the signal intensity from methine and methylene carbons is almost 
completely eliminated from the conventional cross polarization spectrum. Resonances 
from quaternary carbons remain, although attenuated in intensity due to long range, 
weak interactions with protons. Methyl carbon resonances also remain if the methyl 
groups present are free to rotate at speeds sufficient to severely weaken the 
carbon-proton interaction. This is possible in almost all solids including coals (1). 

For carbons that are weakly coupled to protons, model compound studies have 
shown that the decay of signal intensity is simply exponential with increasing 
dipolar dephasing time (t ) (5.7.20). However, for strongly coupled methylene and 
methine carbons, signal intensity decays as a function of time squared, 1.e. a 
Gaussian decay pattern (5,7,20). In more complex systems such as coals the decay of 
aliphatic signal intensity is closer to exponential than Gaussian, however 
similar Ti values are normally obtained from either Gaussian or exponential 
calculations (1). 

For kerogen residues and highly aromatic shales (aromaticity (fa) > 0.60). 
which contain methine, methylene, quaternary and methyl carbons. our results (Figure 
1) show that the decay of aliphatic signal intensity can be described as the sum of 
two decays given by Equation 1. 

IT = Izexp-[t1/2T;(S) 2 2 I + I:exp-[tl/T;(W)] 

where is the total aliphatic signal intensity; Io is the initial signal intensity 
of the strongly coupled aliphatic carbons (CHZ,CR)B Io is the initial signal inten- 
sity of the weakly coupled aliphatic carbons (C,CH3)P tl is the delay period where 
the decoupler is gated off; and T'(S) and T'(W) are respectively the decay constants 
for the decay processes of strongly and weakly coupled carbon types. 

If one approximates that the signal intensity of the strongly coupled carbons 
has decayed to a negligible amount after a delay period of 50 us, then Equation 1 
simplifies to 

Io can therefore be determined from the zero time extrapolated intercept of the 
graphey data for tl > T'(W) is obtained from the reciprocal 
slope of the least-squares fit to the data. T2ese parameters can then be used to 
obtain damo on the decay of the strongly coupled carbons. The plot 
of In [I - Iw exp-t /T ( ) ]  versus the square of tl (1) yields a linear relationship 
and T'(?F) is obtained from the slope. 

The parameter, fw(Ali) - Io/(Io+ Io) - Io/Io, gives the fraction of aliphatic 
carbon that is methyl or non-pYotoLte8. Fz(ATi) is related to the fraction of 
total carbon that is methyl or non-protonated (fw), by (l-fa), where f is the 
fraction of total carbon that is ar0matic.i.e. 

50 us (see Figure 1). 

1 i W  
2 

fw = fw(Ali) x (l-fa) 3) 

Alternatively, when only a single exponential decay is observed (Figure 2), an 
estimate of fw(Ali) can be made indirectly from the signal intensity of the 
aliphatic resonance at t = 0 ps and a delay time at which all methylene and methine 
carbon has decayed completely (1). A delay of 50 us would be appropriate for the 
oil shale samples examined. However, as the T; values of the aliphatic kerogens 
are > 25 w, indicating that the methine and methylene groups in the kerogens are 
highly mobile, this approach is not applicable to oil shales. 
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EXPERIMENTAL. 

Samole Preparation 

All samples were demineralized by hydrochloric/hydrofluoric acid treatment (18) 
prior to analysis by n.m.r. 

Pyrolysis residues of Rundle shale (Queensland, Australia) were generated from 
pyrolysis experiments using a modification of the Fischer Assay method (ASTM D3904- 
80). Shale, crushed to -100 mesh, was heated to various temperatures between 400- 
50OoC at a rate of 12.S°C/min. and held isothermally at temperature for the time 
specified between 10-40 min. The raw shale used in these experiments contained 
13.35% organic C. 2.3% €I, 1.3% S. 0.4 % N and 1.25% inorganic C on a dry weight 
basis. The major inorganic components were clay minerals (illite, kaolinite and 

. montmorillonite), quartz, siderite, calcite and pyrite. 

N.M.R. 

Solid-state 13C n.m.r. spectroscopic measurements were made on a Bruker CXP 100 
instrument at 22.6 MHz. Kerogen was packed in a boron nitride rotor with a Kel-F 
base. The dipolar dephasing program chosen for this study used alternate phase 
inversion of the 90' r.f pulse to minimize baseline artifacts, and a refocusing 180' 
pulse along the spin locking co-ordinate was inserted in the middle of the tl period 
to avoid linear phase distortions. The 90" pulse width was 4.5-8 ps, with a recycle 
time of 0-8-1 8 .  Data were collected in 1 K of memory, zero filled to 4 K and 
Fourier transformed using line broadening factors of 30-100 Hz. Dipolar dephasing 
delays (tl) between 2-200 vs were used and each experiment continued until 4,000- 
6.000 scans were acquired. Results were calculated from integrated signal 
intensities divided at the point of inflection between 80-100 ppm. 

RESULTS AND DISCUSSION 

Results obtained from dipolar dephasing experiments of a selection of 
Australian kerogens, with a range of aromatic carbon contents (fa) are presented in 
Table 1. Figure 2 shows a typical plot of the logarithm of aliphatic signal 
intensity versus tl for a kerogen of low aromaticity (fa = 0.21). Only an 
average Ti value (T' ) can be determined for the decay process. A slowly decaying 
component with a TJC> 30 ys is not apparent in the plot; this indicates a very low 
concentration of me%hyl carbon in the kerogen. Figure 1 shows a similar plot for a 
highly aromatic kerogen (fa = 0.60). The decay process is clearly not exponential 
and two rate constants governing the decay, T;(S) and T'(W), can be determined 
respectively from Gaussian (Figure 3) and exponential fat, calculations using 
Equations 1 or 2. Since two decay processes can be observed for the Condor 
carbonaceous shale and only one for the aliphatic shales then the aliphatic 
structures of the Condor carbonaceous kerogen contain large concentrations of methyl 
and/or non-protonated carbon whereas kerogens of lower aromatic content have 
relatively much lower concentrations of these species. The aliphatic moieties of 
the Glen Davis, Rundle, Condor brown and Nagoorin kerogens must consist mainly of 
chain methylene and methine carbons and an insignificant amount of quaternary 
carbon, whereas the highly aromatic kerogen must contain aromatic ring structures 
associated with relatively short alkyl chains and aliphatic cross-linking 
structures. 

The TiC data calculated from dipolar dephasing experiments of shale pyrolysis 
residues from the Rundle deposit (Queensland) are listed in Table 2. The TiC values 
for the residues are greater than those of the aliphatic kerogens. However, the 
loss of aliphatic signal intensity is more appropriately described as a sum of two 
decays. The decay constants for strongly coupled carbon, T'(S), lie near the lower 
limit for the time constants quoted for methylene and metiine carbons (12-29 ps) 



\ TABLE 1 
DIPOLAR DEPHASING DATA FOR THE ALIPHATIC COMPONENTS 

OF AUSTWIAN OIL SHALESa 

~ ~ ~~~ ~ ~ ~ _ _ _ _ _  ~ 

Glen Davis 0.19 1.52 29 - - - - 
Rundle 0.21 1.55 26 - - - 
Condor brown 0.25 1.41 26 - - - - 
Nagoorin 0.49 0.83 28 - - - - 
Condor 
carbonaceous 0.60 0.93 55b  16' 88' 0.45 0.18 

- 

a T i C  va lues  a r e  the  average T i  va lues  determined from exponential  f i t  t o  a l l  tl 
da ta  points.  

Values obtained when da ta  f i t t e d  t o  s i n g l e  exponent ia l  decay. 
Values obtained using Equation 1. 

TABLE 2 
DIPOLAR DEPHASING DECAY DATA FOR THE ALIPHATIC COMPONENTS OF SHALE 

PYROLYSIS RESIDUES FROM TW RUNDLE DEPOSIT (QIJEENSLAND)~ 

Pyro lys i s  condi t ions  f a  Atomic T i c  Ti(S) T;(W) fw(Al i )  f w 
Temperature Time 
("c)  (dn) 

425 10 0.33 1.26 46 19 67 0.69 0.46 
425 20 0.52 1.17 52 20 82 0.64 0.31 
400 40 0.38 1.18 48 l g  69 0.58 0.36 
425 40 0.64 1.01 57 - 76 0.78 0.28 
450 40 0.81 0.74 52 - - - 
475 40 0.85 0.64 65 - - - 

TiC values determined from exponential  f i t  t o  a l l  tl da ta  poin ts .  
I n s u f f i c i e n t  po in ts  f o r  accura te  determination. 
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(20). The decay constants for weakly coupled carbons, T;(W), are all less than 100 
us suggesting a predominantly methyl contribution to the signal intensity. Hence 
the f ( A l i )  estimates obtained for the residues reflect an increase in the 
proporalon of aliphatic carbon that is methyl with increasing pyrolysis temperature. 

The decay of aliphatic signal intensity from the highly aromatic residues could 
not be resolved into two components for a number of reasons. The aliphatic content 
of these residues is low, and there is a small contribution from spinning side bands 
to the total aliphatic signal intensity, owing to the greater chemical shift anisot- 
ropy of these samples. At t > 45 us these contribute most of the signal intensity 
in the aliphatic region ana the small 'real' aliphatic signal becomes buried. 
Nevertheless chemical shift data (Figure 4) show that there is an upfield shift of 
the centre of the aliphatic resonance with increasing pyrolysis temperature of the 
shale residues. This resonance, centred at 31 ppm in the raw kerogen, approaches a 
value of 16 ppm, similar to the chemical shift expected for methyl carbon, in the 
high temperature residues. This progressive increase in methyl carbon content of 
the shale residues is more clearly illustrated by dipolar dephasing experiments. 
Figure 5 shows the spectra obtained after a dipolar dephasing delay of 2, 30 and 60 
)IS from Rundle shale and a low (425OC) and high (475'12) temperature pyrolysis 
residue. The aliphatic peak of the raw shale is narrow, sharp and unsplit after a 
delay time of 60 us. In the 425°C residue set, a shoulder emerges from the central 
aliphatic resonance after a 30 us delay and a distinct separation of a methyl 
resonance is obvious after a 60 us delay. A marked upfield shift of the whole 
aliphatic resonance occurs after a 30 us delay in the high temperature residue. 
Thus our results indicate that the proportion of aliphatic carbon that is methyl 
increases aignificantly with increasing pyrolysis temperature. 

These results allow some conclusions to be drawn about the mechanism of shale 
pyrolysis. Although the fraction of total carbon that is methyl OK non-protonated 
in the residues (f ) appears to decrease with increasing pyrolysis temperature 
(Table 21, the alrphatic carbon of the pyrolysis residues contains a larger 
proportion of methyl groups than the parent shale (Rundle). Thus alkyl chains in 
the kerogen must be preferentially cleaved B to aromatic rings rather than a to 
aromatic rings during pyrolysis. It is noteworthy that similar behaviour has been 
observed in residues from the flash pyrolysis of coals (21). 

CONCLUSIONS 

Dipolar dephasing studies on shales and shale residues can yield useful 
information about the structure of the aliphatic components present in these 
solids. It has been demonstrated that in an Australian shale (Condor carbonaceous) 
with a high aromatic carbon content (f = 0.60) the aliphatic carbon consists of a 
high proportion of methyl groups whereat shales of lower aromaticity (Glen Davis, fa 
= 0.19; Rundle, fa = 0.21; Condor brown, fa = 0.25 and Nagoorin, fa = 0.49) all have 
very low methyl contents. 

The dipolar dephasing behaviour of the aliphatic signal of the Condor carbon- 
aceous shale can be resolved into a rapidly decaying component, with a signal 
intensity dependent on the square of the dipolar dephasing time and a slower expon- 
entially decaying component. Similar behaviour has also been observed for pyrolysis 
residues from a highly aliphatic shale (Rundle). These results together with 
chemical shift data show that when shale is pyrolysed the proportion of aliphatic 
carbon that is methyl increases with increasing pyrolysis temperature up to 500°C. 
Hence during pyrolysis the B-carbon-carbon bond of alkyl chains attached to aromatic 
rings is cleaved in preference to the a-bond, 1.e. methyl groups are more stable. 
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F igure  1 Ef fec t  of varying the  
d ipo la r  dephasing time ( t l )  on t h e  
logarithm of the  s i g n a l  i n t e n s i t y ,  
(IAli) from a l i p h a t i c  carbon i n  
Condor carbonaceous kerogen. The 
l i n e  is an exponent ia l  func t ion  
f i t t e d  t o  the  d a t a  a t  tl > 40 ys.  

1 2 
0 LO 80 120 160 

t, (PSI 

261 



PL "I: ' 0  

\ 

Figure 2 E f f e c t  of varying the  d i p o l a r  
dephasing time ( t  ) on the  logarithm of 
the s igna l  i n t e n s l t y  ( I  i) from 
a l i p h a t i c  carbon i n  Run%!e kerogen. 

0 400 800 1200 1600 

(t,? (psf 

Figure 3 P l o t  of t h e  square of the p i  ure 4 CP/MAS 13c n.m.r. spectra  
d ipo la r  dephasing t ime ( f o r  t l  < 40 Us) ofgRundle kerogen and residues.  a )  
aga ins t  the logari thm of s i g n a l  kerogen; r e s idue  prepared at: b) 
i n t e n s i t y  from s t r o n g l y  coupled 400°C, c) 450°C, d) 475'C, e) 5OOOC. 
a l i p h a t i c  carbon (CH2,CH) i n  Condor Note t h a t  t h e r e  is  a decrease i n  
carbonaceous kerogen. chemical s h i f t  of the a l i p h a t i c  

resonance with increase i n  pyrolyaia  
temperature.  
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F i  "re 5 Dipolar dephased spectra of Rundle shale  and residues prepared by 
pyfolysis  a t  4 2 5  and 4 7 5 ' C  respec t ive ly .  The dipolar dephasing times were 

a) 2 u s ,  b) 30 us, c) 60 us.  
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INTRODUCTION 

Oil s h a l e  is  one of t h e  most prospect ive sources  f o r  the production of 
synthe t ic  l i q u i d  f u e l s .  
in Queensland with t h e  t o t a l  in -s i tu  resources  i n  excess of 4 x 10 L (25 
b i l l i o n  b a r r e l s )  of s h a l e  o i l .  This is more than 12  times the cur ren t  
Aus t ra l ian  recoverable  petroleum resources .  
Chemistry i s  undertaking a comparative s tudy of t h e  processing c h a r a c t e r i s t i c s  
of seven oil s h a l e s  from Condor, Euaringa, Lowmead. Nagoorin, Nagoorin South, 
Rundle and Stuar t  depos i t s  which represent  more than 80% of the cur ren t  
Austral ian s h a l e  oil resource. 

Most of the Austral ian o i l  sha le  deposi ts lgre  loca ted  

The CSIRO Divis ion of Energy 

A "fines" r e t o r t i n g  process  - a r b i t r a r i l y  def ined a s  a process which 
The accepts  a feed p a r t i c l e  s i z e  of minus 12 mm - is being invest igated.  

process c o n s i s t s  of t h e  f l u i d i z e d  bed pyro lys i s  of raw shale ,  f l u i d i z e d  bed 
combustion of spent  sha le ,  and r e c i r c u l a t i o n  of s o l i d s  (spent  s h a l e  and s h a l e  
ash)  between t h e  combuster and the  pyrolyser  t o  supply heat  t o  the r e t o r t i n g  
s t e p .  This process  u t i l i z e s  a l l  the  mined sha le  and is s e l f - s u f f i c i e n t  i n  
process heat. 

A f l u i d i z e d  bed pyrolyser  provides. f i r s t ,  good mixing of the  s o l i d s  (raw 
s h a l e  and hot recycled s h a l e  ash)  and good heat  t r a n s f e r ,  and hence rap id  
heat ing of oil sha le  and a uniform pyro lys is  temperature; second, shor t  
res idence time of oil vapor in the  hot zones t o  give low oil cracking; and 
t h i r d ,  an environment of low p a r t i a l  pressure of o i l  vapor t o  enhance o i l  
evaporation. These condi t ions give improved o i l  y ie lds .  Fluidized bed 
pyrolysis  (PBP) gave o i l  y i e l d s  i n  excess of t h e  Fischer  Assay (FA) f o r  US o i l  
shales  (1,2) and Aust ra l ian  o i l  sha les  ( 3 , 4 ) .  The la t ter  s tudies ,  using steam 
a s  the f l u i d i z i n g  gas ,  ind ica ted  t h a t  the  y ie ld  enhancement 
e f f e c t  of gas sweeping and t h a t  heat ing f a s t e r  than 12OC min 
e f f e c t s  on ine o i l  y i e l d s  from Rundle and Condor sha les .  

due t o  the  
had no a d d i t i o n a l  

This paper presents  r e s u l t s  f o r  the pyro lys i s  of Condor and Nagoorin oil 
sha les  i n  the  temperature  range 430 t o  6OO0C using a laboratory-scale  n i t rogen  
f lu id ized  bed pyrolyser .  The Condor depos i t  (an in-s i tu  sha le  o i l  resource of 

r 
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1.3 x 10" L) is the largest Tertiary oil shale deposit in Australia and a 
potential candidate for the first new Australian shale oil production plant. 
TheNagoorin deposit is a carbonaceous oil shale which gives a high yield of oil 
of high aromatic content. 

Small-scale fluidized beds severely dilute the product oil vapours with 
non-condensable fluidizing gases. 
vapours presents problems with condensing the naphtha fractions and the 
formation of oil mists (1,3). 
of shrouded turbine mixers was used to overcome these difficulties. 

Quantitative recovery of the diluted oil 

A dichloromethane scrubber fitted with a series 

APPARATUS AND PROCEDURE 

The pyrolyser, which had long solids and short (<0.5 s) vapour residence 
times was designed to complete the kerogen decomposition and to minimize the oil 
loss due to the thermal cracking of oil vapor, and hence provided the ultimate 
yields and characteristics of the pyrolysis products. 
used together with the data from pyrolysis kinetics ( 5 )  and oil cracking 
kinetics experiments to evaluate the performance of a largescale continuous 

The final data will be 

retort (6). 

The FBP apparatus is shown in Figure 1. 
preheated to and controlled at the pyrolysis temperature in a coil of 9.5 mm 
0.d. tubing by an electric furnace before entering below a conical section at 
the base of the reactor vessel. The reactor was a stainless steel vessel (48 mm 
i.d. by 300 mm long) which was initially charged with LOO g of 0.5-1.0 mm 
roasted, acid-washed silica sand. The temperature of the fluidized bed was 
controlled t o  within ? l0C by an electric heater wound around the bed section. 
The reactor axial temperature had a uniform profile from the bottom of the bed 
to a height of 220 mm. 
lower than the bed temperature. Reactor wall temperatures were recorded at 
three heights to monitor for hot spots. A superficial velocity of 1.35 times 
the mininum fluidizing velocity was used. 

Metered high purity nitrogen was 

Temperature at the top of the reactor was about 30% 

Samples of dried oil shale (100 g, particle size 0.6-1.4 mm) were added to 
the bed at the rate of 0.22 g every five seconds via an air-operated feed valve 
which was actuated by a cycle timer. Spent shale was accumulated in the reactor 
and s further retorting period of two to ten minutes after the completion of 
shale feeding was used to simulate an infinite solid residence time. The 
pyrolysis gases were passed through an internal 10 mm 0.d.  cyclone to remove 
fines from the product. The fines were then recovered, weighed and combined 
with the spent shale for each run. 
scrubber (80  mm i.d. by 400 mm long), containing 1.2 L of rectified 
dichloromethane, via a sparger. Oil vapors condensed and dissolved in the 
dichloromethane which was kept at between 2 and 5OC by evaporation. The 
dichloromethane was refluxed through a condenser (-60°C) into the scrubber. O i l  
mists formed within gas bubbles were scrubbed by three shrouded turbines 
connected in series; big bubbles were sheared into smaller ones and then 
recirculated through one turbine many times before being released to the next. 
Before being metered. the off-gas passed through a bed packed with glass wool 
which trapped about 1 to 2% of the oil yield. 

The hot gases and vapors entered a turbine 

The oil/dichloromethane solution was pressure-filtered to remove traces of 
spent shale which were then weighed and included in the material balance. 
Dichloromethane was separated from the oil by atmospheric and vacuum 
distillation. The atmospheric fractionation column concentrated the solution to 
about 40 w t  % of dichloromethane in the oil to keep the temperature of the 
solution below 60'C. 
rotary evaporator. 
condenser temperature (OOC). The oil yield was corrected for the 

The vacuum distillation was performed in a closed-system 
The equilibrium vacuum of the system was determined by the 
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dichloromethane conten t  in t h e  o i l  (1 t o  3%) and t h e  naphtha content  i n  t h e  
vacuum d i s t i l l a t e  (1 t o  4% of whole o i l )  which were determined using gas 
chromatography. 

The Condor brown sha le  was suppl ied by Southern P a c i f i c  Petroleum N.L. and 
Central  P a c i f i c  Minerals  N.L. from 152 mm diamond d r i l l  No. 43 cores  (from 60.65 
t o  68.25 m depth). The Nagoorin s h a l e  was t h e  bulk sample from Unit Cc. The 
samples used i n  t h i s  study were s p l i t  from the  0.6-1.4 mm f r a c t i o n s  f r e s h l y  
crushed of 200 kg batches. 
n i t rogen  a t  105% f o r  a t  least seven hours t o  a moisture  content below 2 w t % .  

Fischer  Assays were done i n  accordance with ASTM standard D-3904-80 except 
t h a t  the p a r t i c l e  s i z e  was 0.6 t o  1.4 mm and the  pyro lys i s  gases were col lec ted  
and analysed. Raw and spent  sha les  were analysed f o r  t o t a l  carbon, hydrogen and 
carbonate carbon (Aus t ra l ian  Standard, AS 1038 par t  6), and f o r  moisture 
(Aus t ra l ian  Standard AS 1038 p a r t  3 ) .  Tota l  sulphur  i n  the  raw and spent sha les  
w a s  determined by t h e  high temperature combustion method (7 )  and sulphur  i n  the 
o i l s  by the  reduct ion method (7). Simulated d i s t i l l a t i o n  of the oils was done 
on a Varian 3400 gas  chromatograph according t o  the  ASTM D-2887 method. 

Before each experiment, the  s h a l e  was dr ied  i n  

RESULTS AND DISCUSSION 

Raw shale. 

Table 1 shows t h e  analyses  and Pischer  Assay y i e l d s  of the  Condor and 
Nagoorin o i l  shales .  Compared t o  t h e  Condor s h a l e  t h e  Nagoorin s h a l e  i s  much 
r i c h e r  i n  organic carbon, but  lower i n  the  H/C atomic r a t i o  of the kerogen and 
carbonate carbon; a l s o  it produces double t h e  o i l ,  f i v e  times the pyro lys i s  
water, e ight  times carbon monoxide, and much more hydrocarbon gas and carbon 
dioxide. The balances of the  inorganic  carbon f o r  t h e  s h a l e s  ind ica ted  t h a t  the 
Condor carbon dioxide w a s  from carbonate carbon ( s i d e r i t e )  whereas the Nagoorin 
carbon dioxide was from t h e  decomposition of kerogen (carboxyl group). 

O i l  y ie lds .  

The r e s u l t s  (u l t imate  y i e l d s ,  analyses  of o i l  and spent  shale ,  and recovery 
of organic carbon) f o r  the PBP runs a t  var ious temperatures are given and 
compared with the FA d a t a  i n  Table 2 (Condor) and 3 (Nagoorin). 

For Condor shale, the u l t imate  y i e l d  of the whole o i l  was constant  i n  the  
range 450 t o  525'C but  decreased markedly from 525 t o  60OOC. 
o i l  yield in the  h igher  temperature range was caused mainly by thermal cracking 
i n  the o i l  vapor which cor re la ted  with the  lower atomic H/C r a t i o ,  which f o r  the 
6OO0C o i l  was 1.49 compared t o  1.60 f o r  the  500°C o i l .  
vapor with a mean residence time of 0.5s a t  6OOoC, est imated by the  Burnham and 
Taylor equat ion (8). accounted f o r  71% of t h e  oil y i e l d  loss. 

The l o s s  of t h e  

The cracking of o i l  

F i g u r e  2 shows t h e  e f f e c t  of pyro lys i s  temperature on t h e  y i e l d s  of o i l  
f r a c t i o n s .  The y i e l d s  of naphtha (C5 t o  175°C) and kerosene (175 t o  240'C) 
increased s l i g h t l y  w i t h  temperature. The y i e l d s  of d i e s e l  (240 t o  340°C) and 
gas  oil (340 t o  45OoC) had maxima a t  about 550 and about 525OC. respec t ive ly .  
The yield of heavy gas  oil (+450°C) decreased markedly with increase  in 
temperature from 450 t o  6OO0C. However, the  reduct ion of temperature from 450 
t o  430°C reduced t h e  y i e l d s  of naphtha, kerosene, d i e s e l  and gas o i l  s l i g h t l y .  
and the y i e l d  of heavy gas o i l  s i g n i f i c a n t l y .  
loss a t  43O0C was accounted f o r  by the  l o s s  of the heavy gas o i l  f r a c t i o n  which 
was believed t o  remain i n  t h e  spent  shale .  
combination of the increased  production and the  decreased evaporat ion of the  
h igh  boi l ing point o i l s  at t h e  lower temperature. 

More than 50% of t h e  oil y i e l d  

This could be caused by the  
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Figure 3 shows the inf luence of temperature upon t h e  u l t imate  y i e l d s  of the  
o i l s  from the  Nagoorin shale .  The y i e l d  of the  whole oil was constant  (about 
16.4 w t %  dry basis)  f o r  temperatures from 450 t o  55OoC, except f o r  500'C where 
the y i e l d  reached the maximum of 17.1 w t % .  S i m i l a r  t o  the pyrolysis  of the  
Condor shale ,  the y i e l d  of the  whole Nagoorin o i l  decreased with temperatures 
from 550 to 6OO0C where the thermal cracking of o i l  vapor became s i g n i f i c a n t .  
The general  trend f o r  the  production of the  o i l  f r a c t i o n s  was a l s o  s i m i l a r  t o  
t h a t  f o r  the Condor sha le ,  i.e. the  y i e l d s  of the low boi l ing  point  o i l  
f r a c t i o n s  (naphtha, kerosene and d i e s e l )  increased with temperature a t  t h e  
expense of the high boi l ing  point gas oils. 

The averages of the  FBP o i l  y i e l d s  a t  temperatures from 450 t o  525°C f o r  
both the shales  were about 10% grea ter  than FAs.  Table 4 compares the y i e l d s  of 
naphtha, kerosene, d i e s e l ,  gas oil and heavy gas o i l  from the  FBPs and FAs .  For 
both the shales ,  about 70% of the excess o i l s  was heavy gas o i l .  This 
subs tan t ia tes  the claim t h a t  the  increase  i n  o i l  y i e l d  can be a t t r i b u t e d  mainly 
t o  enhanced evaporation of o i l  i n  a r e t o r t  of low p a r t i a l  pressure of oil vapor 
(3) .  

Organic Carbon Conversion. 

The organic carbon conversions t o  o i l s  f o r  both the  sha les  were c o n s i s t e n t  
with the o i l  y ie lds  (Tables 2 and 3). Compared t o  t h e  FA r e s u l t s ,  the  organic  
carbon conversions to  o i l s  increased a t  the expense of the conversions t o  spent  
sha les .  For the  Condor shale ,  the organic  carbon conversion t o  spent s h a l e  was 
independent of temperature (450 to  550°C), but f o r  t h e  Nagoorin sha le ,  t h e  
conversion decreased with increase i n  temperature (450 t o  600°C). This implied 
the continuing production of CO, COz and hydrocarbon gases from the  Nagoor&p 
kerogen with temperature. t o  
850'C considerable amounts of carbon monoxide, carbon dioxide and methane from 
Nagoorin but not from Condor evolved a t  temperatures above 500°C. a t  which t h e  
production of o i l  ceased (9) .  

When the sha les  were heated l i n e a r l y  a t  3OC min 

The Nagoorin spent sha le  had very high organic  carbon content  (about  50 
wt%) which was more than ten times t h a t  of the Condor spent shale .  Combustion 
of the  Nagoorin spent sha le  w i l l  provide more than enough process heat  f o r  the  
r e t o r t i n g  s tep;  however, t ransfer r ing  the  heat  by recycl ing the  hot  s h a l e  ash 
would lead t o  a problem of balancing the  recycled s o l i d s  of s u i t a b l e  p a r t i c l e  
s i z e s .  

O i l  c h a r a c t e r i s t i c s .  

For both shales ,  the  pyrolysis  a t  the higher temperature gave o i l s  of lower 
H/C atomic ra t io .  Figure 4 compares the  s h o r t  column gas chromatographs of t h e  
Nagoorin o i l s  a t  450 and 6OOOC. 
(peaks marked with 0 i n  Figure 4) and more l i g h t  hydrocarbons (lower c16/c27 
height  r a t i o s )  than the  450°C oil. 
of t h e  600OC o i l  vapor. 

The 600°C o i l s  had considerable  more alkenes 

This was evident  from the  thermal cracking 

Compared t o  the FA whole o i l s ,  t h e  FBP whole o i l s  from both the  s h a l e s  were 
more aromatic (lower H/C atomic r a t i o ) .  
FBP whole o i l s  was a t t r i b u t e d  e n t i r e l y  to  the  presence of the  a d d i t i o n a l  gas 
o i l s  and heavy gas o i l s  (see T a b l e  4). 

The increase  i n  the a romat ic i ty  of t h e  

These heavy o i l s  were highly aromatic  
(10). 

AS was expected, the  Condor oil s h a l e  produced oi ls  (from FA and FBP) of 
b e t t e r  qua l i ty  (higher H/C atomic r a t i o ,  and lower contents  of heteroatoms and 
dens i ty)  than the  Nagoorin carbonaceous shale. However, the Condor o i l  
contained more heavy gas o i l  (espec ia l ly  the  f r a c t i o n  boi l ing  above 55OoC), as 
i s  s h a m  i n  Figure 5. 
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Carbonate Carbon. 

By c o n t r a s t  wi th  the  s h a l e s  from Green River formation, both sha les  contain 
small amounts of mineral  carbonates ( s i d e r i t e ) .  However, as is shown i n  Figure 
6, the r e s i d u a l  carbonate  carbon i n  t h e  Condor spent  sha le  reduced sharply with 
increase i n  pyro lys i s  temperature, t o  3% of the  Condor sha le  carbonate carbon a t  
50OoC. This implies  t h a t  the heat of the decomposition of s i d e r i t e  has t o  be 
provided t o  the  r e t o r t i n g  s tep ,  hence the content of t h i s  mineral i n  the feed 
s h a l e  is v i t a l  t o  t h e  r e t o r t  heat  balance. 

SUMMARY 

The pyro lys i s  of Condor and Nagoorin sha les  was s tudied i n  the temperature 
range 430 t o  60OoC i n  a n i t rogen  f l u i d i z e d  bed r e t o r t  with long s o l i d  and short  
vapour res idence t i m e s .  

The o i l  y i e l d s  were constant  from 450 t o  525OC (Condor) and from 450 to  
55OoC (Nagoorin), and both were about 10% i n  excess of Fischer  Assay. 
addi t iona l  o i l s  were mainly high boi l ing  point  f rac t ions .  
o i l  f rac t ions ,  namely naphtha, kerosene, d i e s e l ,  gas o i l  and heavy gas  o i l  were 
s i g n i f i c a n t l y  inf luenced by temperature. Generally, increase i n  temperature 
reduced the high b o i l i n g  point  f r a c t i o n s  (gas o i l  and heavy gas o i l )  and 
increased t h e  low b o i l i n g  point  f r a c t i o n s  (naphtha, kerosene and d i e s e l ) .  

The 
The d i s t r i b u t i o n  of 

The y i e l d s  and q u a l i t y  of the o i l s  decreased wi th  temperature from 525 t o  
600'C where the  thermal cracking of t h e  o i l  vapors (having 0.5 s residence time) 
became s i g n i f i c a n t .  
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Mean 

22.20 

50.70 
0.09 
4.77 
1.34 

1.02 
0.46 

15.02 
6.28 
0.075 
1.113 
6.491 
0.064 
0.900 
0.442 
0.283 
0.126 
0.015 
0.131 
0.213 
0.123 
58.78 

10.06 

TABLE 1 

PROPERTIES OF RAW SHALES 

8.d. 

0.13 
0.01 
0.03 
0.02 

0.50 
0.33 

0.48 

0.43 

I 

10.84 
0.82 
1.82 
0.65 

1.41 
0.55 

7.47 
0.97 
0.057 

1.361 
0.0 
0.163 
0.132 
0.088 
0.063 
0.004 
0.042 
0.080 
0.058 
19.06 

P9.68 

0.130 

Moisture ,  X 88 received 

ANALYSIS. w t %  d r y  b a s i s  
( 4  obse rva t ions )  

Organic carbon 
Inorganic carbon 
Hydrogen ( t o t e l )  
Sulphur  

Kerogen atomic HIC 

Inorganic hydrogen(b) 

(a) 

0.03 
0.01 
0.02 
0.01 

0.19 
0.05 
0.003 

0.089 
0.0 
0.009 
0.007 
0.003 
0.003 
0.0 
0.003 
0.006 
0.004 
0.09 

0.14 

o.ooe 

FISCHER ASSAY. vtX d r y  bas i s  
(4 obaeruat ione)  

TOTAL 

O i l  (C,+) 
water  
Hydrogen 
Carbon monoxide 
Carbon d iox ide  
Hydrogen su lph ide  
Methane 
Ethane 
Propane 
"-Butane 
1-Butane 
Ethylene 

BULL?W* 
Spent s h a l e  

TOTAL 

Propylene 

109.1 100.0 100 114.0 100.0 100 

CONDOR 

lean I s.d. q- 
NAMORIN 

(a) Data supp l i ed  by Southern P a c i f i c  Petroleum N.L. and 
c e n t r a l  P a c i f i c  Minerals N.L.  

Determined by t h e  d i f f e r e n c e  between t h e  t a r a l  hydrogen 
and t h e  organic hydrogen which is c a l c u l a t e d  using t h e  
kerogen a tou ic  H/C and the organic carbon of the sha le .  

(b )  

TABLE 4 - 
OIL YIELDS : FBP Y.S .  FISCHER ASSAY 

I NAGOORIN 1 I CONWR 

OILS 

a d d i r i o n a l  0 1 1 ' ~ )  
(500°C) 

a d d i t i o n a l  011 '~ )  

Naphtha (C, t o  175.C) 
Kerosene (175 t O  240.C) 1 3 

1 
Diesel (240 fo 340'C) 27.4 25.1 19 
as a i l  (340 t o  450'C) 32.8 7 
~ e a w  gas o i l  0450'C) 27.7 21.3 70 

I 1::; I 
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4.29 
0.00 
0.23 
0.65 

4.51 
0.00 
0.13 
0.67 

HIC atomic ratio 
D e n s i t y ,  60.C. glcm' 

ANALYSIS OF SPENT SHALE 
ut% dry b a s i s  

Organic carbon 
Inorganic  carbon 
Hydrogen 
Sulphur 

RECOVERY OF ORGANIC CARBON. X 

1.5: 
0.91 

50.01 
0.04 
2.45 

1 1  TABLE 2 - 
RESULTS FROU CONWR OIL SHALE 

- 
FA 

500 
_. 

7.0 
0.2 
4 
89.1 
0.1 
4 

FLUIDIZED BED PyBoLrsIs 
Temperature. .C 

YIELDS, u t %  dry b a s i s  

o i l  (Cb +) mean 

number of tents 
Spent shale mean 

8.d. 
number of tests 

ANALYSIS OF OIL 

- 
525 - 
8.0 

1 
84.6 
0.0 
2 - 
84.11 
11.10 
0.44 

1.58 
0.91 - 

4.24 
0.01 
0.09 
0.70 - 

61.7 

33.1 
0.1 

5.2 - 

430 + 500 7.2 

1 
88.9 

1 

8.0 
0.1 
3 
84.9 
0.2 
11 - 
84.08 
11.19 
0.45 

1.60 
0.88 

Carbon, ut% 
Hydrogen, u t %  
Sulphur, ut% 

84.1 
11.8 
0.44 

1.68 
0.84 

83.87 
11.02 
0.44 

1.58 
0.89 

I H/c atomic ra t io  
Densi ty ,  60-C glcm' 

w t l  dry basis 

4.62 
0.45 
0.69 
0.69 

4.60 
0.63 
0.79 
0.69 

Organle carbon 
Inorganic  carbon 
Hydrogen 
Sulphur I I RECOVERY OF ORGANIC CARBON. % 

Not accounted for 

58.0 
1.0 

38.0 
1.5 
5.2 
0.3 
-1.2 - 

55.8 

37.1 

7.1 - 

::! 
3.3 4.7 

62.1 
1.0 
34.0 
1.1 

3.9 - 7f6 I 1:O 

TABLE 3 

RESULTS PRCM NAGOORIN OIL SHALE 

FLUIUIZEU BED PYROLYSIS - 
600 

Temperature, .C 

YIELDS, w t X  dry b a s i s  

number of tests 
Spent shale.  mean 68.8 

s . d .  0.5 
number of t e s t s  

- 
475 - 
16.4 
0.0 
2 
65.2 
0.8 
2 - 

81.79 
9.77 

1.43 
0.95 - 

49.10 
0.06 
2.03 

- 

16.5 
0.1 
13.1 
0.1 

10.4 - 

- 
575 450 500 525 550 

16.5 

1 
66.1 
0.1 
2 

17.1 
0.1 
2 

63.5 
1.3 
2 

16.3 

1 
62.3 

L 
_. 

81.51 
9.85 

1.45 
0.941 - 

50.58 
0.05 
1.39 
1.50 

16.5 

I 
61.5 

1 

16.2 
0.2 
2 
61.0 
0.5 
2 
_. 

81.70 
5.61 

1.41 
0.94 - 

50.16 
0.08 
1.44 
1.20 - 
26.1 

60.4 

13.5 - 

15.3 

I 
60.8 

1 
__ 

81.28 
9.34 

1.38 
0.92, 

I marsis OF OIL 

Carboo, ut% 
Hydrogen, ut% 

81.94 
9.83 

1.44 
0.9% - 

47.92 
0.06 
2.82 

81.00 
9.50 

1.41 
0.941 

81.78 
9.50 

1.39 
0.96C 

49.19 
0.07 
2.07 
1.48 

50.25 
0.07 
1.51 
1.30 
_. 

26.6 

60.9 

12.5 - 

48.71 
0.07 
1.36 
1.42 - 

21.5 

58.4 

17.1 

O i l .  mean 
s .d .  

Spent  shale,  mean 
8 .6 .  

s . d .  
us, mean 

Not accounted for 

26.7 

63.1 

10.2 - 

27.3 
0.1 
61.6 
0.1 

11.1 - 

26.2 

62.1 

11.7 - 

24.4 
0.7 
67.9 
0.6 
7.9 
0.1 

-0.2 
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,FIGURE 1. APPARATUS 
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FIGURE 6. EFFECT O F  TEMPERATURE ON RECOVERY OF 
INORGANIC CARBON IN CONDOR SPENT SHALE 
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CO-PYROLYSIS OF COAL AN0 OIL SHALE I :  THERMODYNAMICS 
AND KINETICS OF HYDROGEN SULFIDE CAPTURE BY OIL SHALE 

L. Johnson, M. Rostam-Abadi, I .  Mirza, M. Stephenson, and C. Kruse 

I l l i n o i s  State Geological Survey 
Champaign, I 1  1 i noi  s 61820 

In t roduc t i on  

The p o t e n t i a l  f o r  producing crude o i l  and a compliance char ( l ess  than 1.2 l b  
SO / MMBtu) by p y r o l y s i s  o f  I l l i n o i s  Basin h igh  v o l a t i l e  bituminous coals  has been 
rezognized f o r  years b u t  i t  has not  been rea l i zed  main ly  because these coals 
agglomerate when py ro l yzed  and because the chars have a r e l a t i v e l y  h igh  s u l f u r  
content. The f e a s i b i l i t y  o f  us ing o i l  shale du r ing  p y r o l y s i s  o f  h igh s u l f u r  coals 
and hyd rodesu l fu r i za t i on  o f  t h e  r e s u l t a n t  coal char i s  c u r r e n t l y  being i nves t i ga ted  
a t  t he  I l l i n o i s  State Geological Survey (ISGS). Although s t i l l  i n  t he  e a r l y  stages 
o f  process development, t h r e e  processes have been conceived which use o i l  shale w i t h  
coa l .  I n  the  f i r s t  process, coal and o i l  shale, o r  coal and r e t o r t e d  shale are 
pyro lyzed i n  a f l u i d i z e d  bed reactor(FBR). 
and coal are processed i n  a FBR. I n  the  t h i r d  process, coal and o i l  shale are 
pyro lyzed i n  a m u l t i s t a g e d  FBR w i t h  coal and o i l  shale occupying separate, 
a l t e r n a t i n g  stages. The coal char product from these processes must be hydro- 
desu l fu r i zed  t o  produce a compliance char. 

I n  the second process, spent o i l  shale 

Pyro lyz ing coal and o i l  shale together  could have many advantages over the  
p y r o l y s i s  o f  e i t h e r  m a t e r i a l  separately. F i r s t ,  p r e l i m i n a r y  ISGS data i nd i ca tes  
t h a t  the i n e r t  m ine ra l s  i n  o i l  shale d i l u t e  t h e  coal -shale mixture,  reducing the  
agglomeration o f  cak ing coals. 
produced from both coal and o i l  shale. T h i r d l y ,  t h e  carbonate minera ls  found i n  o i l  
shale ( c a l c i t e ,  do lomi te )  and t h e i r  corresponding oxides formed dur ing py ro l ys i s  can 
a c t  as scavengers o f  hydrogen s u l f i d e  dur ing p y r o l y s i s  and hydrodesul fur izat ion.  
Research e f f o r t s  have r e c e n t l y  been i n i t i a t e d  a t  I S G S  t o  ob ta in  engineering data i n  
t h e  above areas. The r e s u l t s  presented are t h e  f i r s t  phase o f  a l a r g e r  
thermodynamics and k i n e t i c s  study o f  t he  react ions between o i l  shale and H S. The 
f i n d i n g s  of  t h i s  i n i t i a l  l i t e r a t u r e  review prov ide the  bas is  f o r  t h e  secona phase o f  
ou r  research which w i l l  be presented i n  fu tu re  pub l i ca t i ons .  

Secondly, l i q u i d  and gaseous hydrocarbons are 

Decomposition Reactions 

The most s i g n i f i c a n t  reac t i ons  o f  carbonate m ine ra l s  which occur dur ing the co- 
p y r o l y s i s  o f  coal and o i l  shale a re  shown i n  t a b l e  1. 
carbonate decomposition are s i g n i f i c a n t  because they determine which sorbent(s)  are 
present du r ing  h y d r o d e s u l f u r i z a t i o n  o r  py ro l ys i s .  The o v e r a l l  thermal e f f i c i e n c y  o f  
t h e  process and the  phys i ca l  p roper t i es  of  t he  product oxide are a l so  a f fec ted  by 
t h e  extent  o f  carbonate decomposition. 

The ex ten t  and pathway o f  

Calcium carbonate i n  o i l  shale i s  found as c a l c i t e  and dolomite. Dolomite 
(CaC0,MgCOJ i s  a s i n g l e  phase o f  calcium and magnesium carbonate w i t h  i t s  own 
unique c r y s t a l  s t r u c t u r e .  Dur ing decarbonation o f  t h e  magnesium component t o  form 
ha l f - ca l c ined  dolomite, CaCO MgO, (hc-dolomite) small c r y s t a l l i t e s  o f  MgO appear 
i n d i c a t i n g  a separat ion o f  t d e  ca lc ium and magnesium phases. This separation 
continues through t h e  second decarbonation t o  form f u l l y - c a l  c ined dolomite, CaOMg0, 
( fc-do lomi te) .  Based on t h i s  observation, one would p r e d i c t  t h a t  t he  behavior o f  
t h e  s o l i d  more c l o s e l y  resembles an i n t ima te  m ix tu re  o f  i t s  calcium and magnesium 
components as t h e  c a l c i n a t i o n  proceeds from dolomi te t o  fc-do lomi te.  

I 
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Table 1. Shale Mineral Reactions Occurr ing During Py ro l ys i s  and 
Hydrodesu l fu r i za t i  on 

Equation H,,, ( K c a l h o l e )  Equation No 

~~~ ~ 

Decomposition Reactions 
CaCO, + CaO + CO, 

MgCO, + MgO + CO, 
CaCO,MgCO, + (CaCO, t MgO) + CO, 
CaCO,MgCO, + (CaO + MgO) t 2C0, 

43 

28 

30 
73 

Desul f u r i  za t i on  Reactions 

CaCO, t H,S + Cas t CO, t H,O 

CaC0,MgO + H,S + (Cas + MgO) f H,O + CO, 

28 
-15 

28 
-15 

CaO + H,S + Cas t H20 

CaOMgO + H,S + (Cas t MgO) t H,O 

CaCO,MgCO, t H,S + (Cas t MgO) + 2C0, t H,O 62 

Both the extent  and mechanism o f  do lomi te decomposition are a f f e c t e d  by the  
p a r t i a l  pressure o f  CO . Haul and Markus (1952) fo l l owed  the  decomposition o f  
do lomi te by thermogravfmetric ana lys i s  o f  powdered dolomi te a t  500-900°C under 
var ious p a r t i a l  pressures o f  CO,.. The i r  resu l t s ,  shown i n  f i g u r e  1, i n d i c a t e  t h a t  
t h e  decomposition occurs by two d i f f e r e n t  pathways: 

CaCO,MgCO, + [CaCO, + MgO] + CO, + [CaO t MgO] +2C02 

CaCO,MgCO, + [CaO t MgO] + ZCO, 

Path A 

Path B 

The decomposition fo l lowed Path A when the  p a r t i a l  pressure o f  CO was 12-24 mmHg 
w h i l e  Path B p r e v a i l s  a t  h igher  CO pressures. 
t h e  decomposition reac t i on  i s  simp?y t h e  p a r t i a l  pressure o f  CO , the  concentrat ion 
of CO 
which'a carbonaceous ma te r ia l  ( r e t o r t e d  shale or  coal char)  i s  ox id i zed  t o  supply 
energy f o r  the p y r o l y s i s  stage, t he  presence o f  CO, i n  t h e  recyc led combustion gases 
w i l l  i n h i b i t  t he  carbonate decomposition. 

The onset o f  decomposition i s  a f f e c t e d  by the  presence o f  steam. M a c I n t i r e  and 
Stansel l  (1953) r e p o r t  t h a t  calcium and magnesium components of  do lomi te decompose 
about 2OOOC lower than when a i r  i s  used alone. The same e f f e c t  was observed by 
Burnham e t  a l .  (1980) except do lomi te was a f f e c t e d  t o  a much greater  ex ten t  t han  
c a l c i t e .  

Since the  equi l ibF ium constant f o r  

a f f e c t s  both t h e  mechanism and extent  o f  decomposition. 'For processes i n  

Decomposition reac t i ons  are h i g h l y  endothermic, thus they adversely a f f e c t  the 

The minimum heat fdr 

thermal e f f i c i e n c y  o f  t h e  process. Boynton (1980) described the heat balance f o r  t he  
c a l c i n a t i o n  o f  l imestone i n  a r o t a r y  k i l n .  Between 1.7 and 4.8 MMBtu/ton o f  CaCO 
a r e  expended depending on t h e  heat recovery systems employed. 
c a l c i n a t i o n  a t  t he  d i s s o c i a t i o n  temperature i s  2.5 WBtu/ ton of c a l c i t e  o r  0.61 
MMBtu/ton o f  shale t o  c a l c i n e  an average western shale con ta in ing  33% carbonates. 
Chen e t  a l .  (1982) used t h e  ASPEN computer s imu la t i on  system t o  study t h e  e f f e c t  o f  
c a l c i t e  decomposition on t h e  o v e r a l l  thermal e f f i c i e n c y  o f  an o i l  shale r e t o r t .  
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1 
F i n a l l y ,  t h e  r a t e  and t h e  temperature o f  decomposition a f f e c t  t h e  pore 

s t r u c t u r e  o f  t h e  carbonate minera l  p a r t i c l e s  as we l l  as t h e  shale. Steen e t  a l .  
(1980) repor ted an i nc rease  i n  p o r o s i t y  from 12 t o  29% accompanied by an increase i n  

Surface area and p o r o s i t y  have a s t rong in f l uence  on t h e  r a t e  o f  s u l f i d a t i o n  and 

Campbell (1978) and McCarthy e t  a l .  (1984) have shown t h a t  t he  under t y p i c a l  

i 
surface area from 0.3 t o  8.9 m2/g a f t e r  h a l f  c a l c i n a t i o n  o f  a do lomi te sample. 

absorbance capac i t y  o f  t h e  minerals. 

I 

i 
I r e t o r t i n g  cond i t i ons  CaCO, a l s o  reacts  w i t h  SiO,. The competing reac t i ons  are:  

xCaCO, + ySi0, + CaxSiyOxt2y t XCO, 

CaCO, CaO t CO, 

When a h igh  CO 
reac t i on  t o  f o h  s i l i c a t e s  increased because o f  t h e  g rea te r  l eng th  o f  t ime  requi red 
t o  reach the  decarbonation temperature. Decomposition t o  CaO i s  very r a p i d  once 
t h i s  temperature i s  reached. 
t h e  CO p a r t i a l  pressure whereas s i l i c a t e  format ion occurs a t  about 70O-80ODC. 
Theref i re ,  t h i s  undes i rab le  dep le t i on  o f  a v a i l a b l e  carbonates would no t  be s i g n i f i -  
cant  dur ing p y r o l y s i s  (6OOOC) bu t  may become a problem dur ing hyd rodesu l fu r i za t i on  
(750-850°C) or  i f  t h e  shale i s  r e t o r t e d  p r i o r  t o  m ix ing  w i t h  the  coal t o  be 
pyrolyzed. 

Thermodynamics o f  D e s u l f u r i z a t i o n  Reactions 

gas d e s u l f u r i z a t i o n  by carbonates. 
H CO. CO and H S i n f l u e n c e  t h e  H S adsorpt ion e q u i l i b r i a ,  i.e. equations 5-9, 

p y r o l y s i s  and hyd rodesu l fu r i za t i on  processes, but these condi t ions may not  be the 
most favorable f o r  H S adsorpt ion.  
o f  H S adsorpt ion by 'o i l  shale minerals are reviewed w h i l e  tak ing  i n t o  considerat ion 
the  Pimited range o f  ope ra t i ng  condi t ions t y p i c a l  o f  p y r o l y s i s  and 
hydrodesul f u r i z a t i o n  processes. 

The reac t i on  between ca lc ium oxide and hydrogen s u l f i d e  (eqs. 6 and 8 )  has been 
s tud ied  by many researchers (Uno, 1951; Rosenquist, 1951; Curran e t  al., 1967). 
P e l l  (1971) summarized these experimental s tud ies w i t h  the  f o l l o w i n g  l e a s t  squares 
f i t  of t h e i r  data: 

p a r t i a l  pressure and a slow heat ing r a t e  were used, t he  carbonate 

Oxide format ion occurs a t  600 t o  75D°C depending on 

The ISGS a p p l i c a t i o n  o f  t he  minera ls  i n  o i l  shale d i f f e r s  markedly from fue l  
During p y r o l y s i s  and hyd rodesu l fu r i za t i on ,  H,O, 

1. dpt imal  ,temperatures, pre lsures,  f lowrates,  e tc .  have been s p e c i f i e d  f o r  

I n  the f o l l o w i n g  d iscuss ion the thermodynamics 

Pel l  combined t h i s  expression w i t h  the  data g iven by H i l l  and Winter (1956) f o r  
the decomposition o f  ca lc ium carbonate t o  f i n d  the f o l l o w i n g  e q u i l i b r i u m  expression 
f o r  the reac t i on  between hc-dolomite and hydrogen s u l f i d e  (eq. 7): 

'H20 * 'C02 
l o g  K = l o g  = 7.253 - 5280.5/T 

H2S 
Combining equat ion 11 w i t h  the data given by Stern and Weise (1969) on t h e  

decomposition o f  magnesium carbonate, t h e  f o l l o w i n g  expression f o r  t h e  e q u i l i b r i u m  
between dolomi te and H2S (eq. 9)  i s  obtained: 
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3. 
and 

(pC02)2 'H20 
K = l o g  = 16.19 - 10,553/T 12) 

H2S 

P l o t s  o f  l o g  K vs 1/T de r i ved  from equations 10-12 are shown i n  f i g u r e s  2 and 
P lo ts  from thermodynamic c a l c u l a t i o n s  based on t h e  data o f  Ba r in  e t  a l .  (1977) 
M i l l s  (1974) are a l so  shown. A number o f  i n t e r e s t i n g  observations can be made 

from these f i gu res .  

1. The e f f i c i e n c y  o f  ca lc ium ox ide as an H,S absorbent decreases a t  h ighe r  
temperatures whereas t h e  e f f i c i e n c y  o f  ca lc ium carbonate increases. 

2 . The thermodynamic c a l c u l a t i o n s  o f  the e q u i l i b r i u m  constant f o r  t he  reac t i on  
o f  H S and l i m e  agree we l l  w i t h  the  experimental data. Since on ly  
therdodynamic data f o r  do lomi te ex i s t s ,  t he  c a l c u l a t i o n s , f o r  t h e  s u l f i d a t i o n  
o f  t he  f u l l  and h a l f  ca l c ines  were made as shown above, 1.e.. s t a r t i n g  w i t h  
dolomite c a l c u l a t i o n s  and combining them w i t h  decomposition data. 
Therefore, t h e  good match between the thermodynamic and experimental values 
shown i n  f i g u r e  3 r e f l e c t  accurate p r e d i c t i o n s  o f  t he  extent  o f  carbonate 
decomposition, no t  s u l f i d a t i o n .  

3. As was mentioned e a r l i e r ,  t he  behavior o f  fc -do lomi te i s  nea r l y  t h e  same as 
t h a t  o f  ca lc ium oxide, and the  reac t i on  o f  hc-dolomite w i t h  hydrogen s u l f i d e  
i s  s i m i l a r  t o  t h a t  o f  c a l c i t e .  On the  other  hand, do lomi te behaves 
completely d i f f e r e n t  than c a l c i t e .  

When coal i s  pyrolyzed, p y r i t e  (FeS ) i s  converted t o  p y r r h o t i t e  (FeS) and 
hydrogen su l f i de .  
captured i n  the carbon m a t r i x  o f  t he  coal o r  char (Huang and P u l s i f e r ,  1977). 
s tud ies  o f  t he  reac t i on  o f  H S w i t h  char, commonly r e f e r r e d  t o  as the  back-reaction, 
have been c a r r i e d  out (Robinton, 1976; Z ie l ke  e t  al., 1954; Jones e t  al., 1966). 
Depending o r t h e  temperature and nature o f  t he  char, t h e  back reac t i on  can occur a t  
H S concentrat ions as low as 300 ppm. An acceptable scavanger should l i m i t  t he  H S 
c incen t ra t i on  t o  t h i s  l e v e l  t o  i n h i b i t  t he  back-reaction. F igure 4 shows t h a t  u n b r  
t y p i c a l  py ro l ys i s  condi t ions,  ca lc ium minera ls  are capable o f  ma in ta in ing  t h i s  l e v e l  
i f  e q u i l i b r i u m  i s  reached. 
300 ppm, i s  p red ic ted  a t  a l l  temperatures of  i n t e r e s t  when CaO i s  present, a t  
temperatures above 400°C when dolomi te i s  present, and a t  temperatures above 750'C 
when CaCO i s  present. Data from t h e  Lurgi-Rhurgas o i l  shale d i s t i l l a t i o n  process 
which r e c j c l e s  ox id i zed  shale t o  the  p y r o l y s i s  bed demonstrates the  r e a c t i v i t y  o f  
CaO toward H,S. 
concentrat ions o f  -1300 ppm and -4000 ppm i n  the  o f f  gas have been repo r ted  by 
Schmalfeld (1975) and Weiss (1982). respec t i ve l y .  S i t r a i  (1984) has a l so  shown t h a t  
r e t o r t i n g  a 1:l m ix tu re  o f  o i l  shale and shale ash reduces the  concen t ra t i on  o f  H,S 
i n  t h e  off-gas t o  l ess  than 100 ppm. 

The hydrogen s u l f i d e  day then be removed w i t h  the  o f f -gas  o r  be 
Many 

The des i red e q u i l i b r i u m  p a r t i a l  pressure, i.e., below 

A t  a recyc le  r a t i o  o f  about 7 /1  and a t  65OoC, hydrogen s u l f i d e  

The decomposition and d e s u l f u r i z a t i o n  react ions o f  carbonates occur i n  
p a r a l l e l .  Therefore, the compet i t ion between the  two react ions should be 
considered. The FACT thermodynamics computing system (Bale e t  al., 1979) was used 
t o  develop the phase s t a b i l i t y  diagrams f o r  Mg-C-H-0-S and the  Ca-C-H-0-S systems 
shown i n  f igures 5-7. Magnesium carbonate i s  unstable w i t h  respect t o  the  ox ide a t  
327OC and .10 atm. CO . As shown i n  f i g u r e  5, a t  hydrogen s u l f i d e  concentrat ions of  
0.6% o r  higher, s u l f i d a t i o n  i s  i n h i b i t e d  u n t i l  about 1227'C. This  r e s u l t  agrees 
w i t h  Westmoreland and Harr ison (1980) who concluded t h a t  MgO i s  t o o  s t a b l e  t o  be 
used as an H2S acceptor. 

temperature, and 750'C. a t y p i c a l  hyd rodesu l fu r i za t i on  temperature f o r  coal char, 
are shown i n  f i g u r e s  6 and 7. 
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phase diagrams f o r  t he  Ca-0-H-S-C system a t  about 5OO0C, t h e  maximum p y r o l y s i s  

A t  600°C calc ium oxide e x i s t s  on l y  a t  carbon d iox ide  



pressures lower than about 0.01 atm. 
cen t ra t i ons  as low as 10 ppm whereas, depending on the C O  concentrat lon,  H S 
concentrat ions from 100 t o  1000 ppm are requ i red  before t t e  carbonate w i l l  Jndergo 
s u l f i d a t i o n .  A t  750°C t h e  r e a c t i v i t y  o f  t h e  ox ide i s  nea r l y  unchanged. However, a t  
t h i s  temperature CaCO pressures as h igh  as 0.2 atm and w i l l  
undergo s u l f i d a t i o n  a? H,S concentrat iorfs as low as 100 ppm. Nonetheless, CaO s t i l l  
appears t o  be the  most reac t i ve .  
t i o n s  o f  Harr ison and Westmoreland (1980) who repor ted t h a t  the most e f f i c i e n t  
d e s u l f u r i z a t i o n  occurred a t  t he  lowest temperature (about 880°C) a t  which CaO was 
f i r s t  formed from CaCO,. 

An increase i n  t h e  t o t a l  pressure, w i t h  a corresponding increase i n  t h e  CO and 
H 0 p a r t i a l  pressures, would i n h i b i t  d e s u l f u r i z a t i o n  by the  carbonates (e  s. 5,'7 
a$d 9)  but would not  a f f e c t  the e q u i l i b r i a  between H S and ca lc ium ox ide qeqs. 6 and 
8). However, a t  a h ighe r  C O  p a r t i a l  pressure recargonat ion o f  the oxide competes 
w i t h  s u l f i d a t i o n  reac t i on .  &der a 0.4 atmosphere pressure of  CO , CaO w i l l  recar-  
bonate at  temperatures below 827OC (Stern and Wiese, 1969). Thus2H,S adsorpt ion by 
any o f  the sorbents considered i s  less e f f i c i e n t  a t  h igher  pressure. However, most 
p y r o l y s i s  and hyd rodesu l fu r i za t i on  processes operate a t  or near atmospheric 
pressure. 

Calcium ox ide w i l l  r eac t  w i t h  H,S a t  gas con- 

I , 
decomposes a t  CO 

These r e s u l t s  are i n  agreement w i t h  the observa- 

Oesul f u r i z a t i o n  K i n e t i c s  

Before any engineer ing dec is ions on t h e  e f fec t i veness  o f  o i l  shale as hydrogen 
s u l f i d e  acceptor are made, d e t a i l e d  i n fo rma t ion  on the  thermodynamics and k i n e t i c s  
o f  react ions i nvo l ved  i s  required. However, thermodynamics on ly  determine whether a 
g iven d e s u l f u r i z a t i o n  reac t i on  could occur, w h i l e  the  k i n e t i c s  determine the  degree 
o f  conversion of a thermodynamical ly a l lowable react ion.  I n  p a r t i c u l a r ,  k i n e t i c  
data are essen t ia l  s ince  i n  most engineer ing modeling c a l c u l a t i o n s  they are combined 
w i t h  t ranspor t  equations t o  p r e d i c t  the performance o f  a given system. 

r o x i d e  w i t h  H S have been repor ted by a number o f  i nves t i ga to rs .  
publ ished wor f  i s  presented i n  t a b l e  2. The experiments were conducted under 
cond i t i ons  where t r a n s p o r t  e f f e c t s  were minimized. 
f o r  t h e  reac t i on  ca lc ium ox ide and H S range from 3.6 t o  38 kcal/mole and those f o r  
t h e  carbonate range from 17.3 t o  60 fcal/mole. 
(1976) and Kamath and P e t r i e  (1981) may be due t o  d i f f u s i o n  res is tances.  The 
a c t i v a t i o n  energy values f o r  t h e  s u l f i d a t i o n  o f  l ime  as repor ted by A t t a r  (1978) and 
Borgwardt e t  a l .  (1984) a r e  37 and 31 kcal/mole. 
be l i eves  t h a t  t he  r e a c t i o n  i s  c o n t r o l l e d  k i n e t i c a l l y  wh i l e  the l a t t e r  be l ieves t h a t  
d i f f u s i o n  through t h e  CaS l a y e r  i s  the c o n t r o l l i n g  step. 
f a c t o r s ,  shown i n  t a b l e  2, a l so  vary by many orders o f  magnitude. 
t h e  data a v a i l a b l e  i n  t h e  l i t e r a t u r e  a re  inconclus ive.  
i t i e s  repor ted i n  t h e  l i t e r a t u r e  can be a t t r i b u t e d  e i t h e r  t o  d i f f e rences  i n  
experimental methodology or i n  t h e  phys i ca l  c h a r a c t e r i s t i c s  of  m ine ra l s  employed. 

The pore s i z e  d i s t r i b u t i o n ,  poros i ty ,  and sur face area of  the sample as we l l  as 
t h e  presence o f  magnesium ox ide have been shown t o  a f f e c t  t h e  r e a c t i v i t y  o f  ca lc ium 
minera ls  w i t h  H2S. 
r eac t i on  of l i m e  w i t h  H S a t  7OOOC i s  p ropor t i ona l  t o  t h e  2.3 power o f  t h e  B.E.T. 
surface area ind icat ing 'product  l a y e r  d i f f u s i o n  con t ro l  a t  these condi t ions.  Other 
authors, however, have observed t h a t  t he  reac t i on  "stops dead" a f t e r  5 t o  25% 
conversion due t o  t h e  s o l i d  product l a y e r  (A t ta r ,  1979; Squires, 1972). 
a l .  (1976) concluded t h a t  t he  c r y s t a l l i t e s  o f  MgO found i n  hc-dolomite increased t h e  
r e a c t i v i t y  o f  t he  ca lc ium carbonate by ma in ta in ing  t h e  p o r o s i t y  o f  t h e  ma te r ia l  and 
h inde r ing  t h e  c o n s o l i d a t i o n  o f  t he  carbonate i n t o  l a r g e r  c r y s t a l s .  Pel1 (1971) a l so  
found tha t  the s u l f i d a t i o n  of  fc-do lomi te p a r t i c l e s  occurred homogeneously through- 
ou t  t h e  s o l i d .  
MgO i n  dolomite, thereby enhancing the r e a c t i v i t y  of t h e  CaO or CaCO, i n  o i l  shale. 

2 78 

The i n t r i n s i c  r a t e  constants  f o r  t h e  reac t i ons  of ca lc ium carbonate or calc ium 
A summary o f  

The repor ted a c t i v a t i o n  energies 

The low values o f  Westmoreland 

However, t he  former author 

The pre-exponent ia l  
It appears t h a t  

The wide range o f  r e a c t i v -  

The work o f  Borgwardt e t  a l .  (1984) showed t h a t  t he  r a t e  o f  

Harvey e t  

The i n e r t  minera ls  i n  o i l  shale could perform t h e  same func t i on  as 
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The r a t e  o f  s u l f a t i o n  ( reac t i on  w i t h  SO,) o f  carbonates has a l so  been shown t o  
be h i g h l y  sample dependent. Borgwardt and Harvey (1972) found t h e  phys i ca l  
p roper t i es  o f  the carbonate stones were much more impor tant  r a t e  determinants than 
the  composit ion o f  t he  carbonate. S i m i l a r l y ,  Fee e t  a l .  (1982) found t h a t  t he  
chemical composition, pore s i z e  d i s t r i b u t i o n ,  and sur face area o f  each i n d i v i d u a l  
l imestone or dolomi te must be considered be fo re  the  performance o f  a s o l i d  as an SO, 
acceptor could be predic ted.  The super ior  s u l f a t i o n  c h a r a c t e r i s t i c s  o f  o i l  shale 
carbonates over pure dolomi te was demonstrated by Fuchs e t  a l .  (1978). 
observed t h a t  t h e  i n i t i a l  r a t e  o f  s u l f a t i o n  f o r  t h e  hc-dolomite i n  shale i s  near ly  
s i x  t imes t h a t  o f  pure hc-dolomite under i d e n t i c a l  experimental condi t ions.  This 
was a t t r i b u t e d  t o  the  f i ne -g ra ined  nature o f  carbonates i n  o i l  shale and t h e  h igh  
surface area o f  t he  d e v o l a t i l i z e d  shale amoung o the r  fac to rs .  I n  the  case o f  
s u l f i d a t i o n ,  as i n  s u l f a t i o n ,  we be l i eve  t h a t  t he  reac t i on  k i n e t i c s  w i l l  more l i k e l y  
depend on the  phys ica l  p roper t i es  o f  t he  s o l i d  than on the minera l  i t s e l f .  
Therefore only r a t e  measurements made w i t h  the  o i l  shale sample w i l l  be useful for 
process design. Published work on t h e  r e a c t i v i t y  o f  t h e  pure minera ls  i s  not  a 
re1 i a b l e  subs t i t u te .  

e f f e c t  on the2 r a t 2  o f  s u l f i d a t i o n  i s  impor tant .  
3% have lowered the r a t e  o f  s u l f i d a t i o n  o f  t he  l imestone (Borgwardt and Roache, 
1984). 
l e v e l s  o f f  near 15%. Oddly enough, do lomi te i s  unaf fected.  The e f f e c t  o f  carbon 
d iox ide  i s  impor tant  because i t  i s  a common component o f  p y r o l y s i s  gas and a product 
o f  t he  s u l f i d a t i o n  of  carbonates. Ruth (1972) repor ted t h a t  not  on l y  t h e  r a t e  o f  
reac t i on  but  a l so  the  ex ten t  o f  s u l f i d a t i o n  o f  ca lc ium carbonate were g r e a t l y  
increased when r a i s i n g  the CO l e v e l  o f  t he  reactant  gas from 3% t o  602. The 
reac t i on  e s s e n t i a l l y  stopped i f t e r  15% conversion when us ing 3% CO 
complete conversion was achieved a t  t h e  60% CO l e v e l .  
CO l e v e l  was no t  p a r t i c u l a r l y  s i g n i f i c a n t .  Th8 c a t a l y t i c  e f f e c t  o f  steam on t h e  
ra?e o f  s u l f i d a t i o n  has a l so  been observed (Pe l l ,  1971; Squires, 1972). 
authors theo r i ze  t h a t  t h e  gas composit ion e f f e c t s  t h e  growth and f i n a l  c r y s t a l l i n e  
s t r u c t u r e  o f  t he  ca lc ium s u l f i d e  l aye r .  Th is  i n  t u r n  enhances or  i n h i b i t s  t he  r a t e  
o f  hydrogen s u l f i d e ,  H,O, or CO, d i f f u s i o n  through the  s o l i d  l aye r ,  and changes the 
o v e r a l l  r a t e  o f  react ion.  

Concluding Remarks 

o i l  shale i s  essen t ia l  i f  t h i s  ma te r ia l  i s  t o  be used e f f e c t i v e l y  as an H S 
scavenger. Thermodynamics show t h a t  under t y p i c a l  cond i t i ons  f o r  coal-oi i !  shale 
py ro l ys i s ,  do lomi te and ca lc ium ox ide are capable o f  ma in ta in ing  t h e  des i red  H,S 
concentrat ion i n  t h e  reactor .  A d d i t i o n a l l y ,  under t y p i c a l  cond i t i ons  o f  char 
desu l fu r i za t i on ,  ca lc ium ox ide w i l l  be an e f f e c t i v e  sorbent. However, because the  
gas residence t ime  i n  an FBR i s  o f ten  on t h e  order o f  a few seconds, t h e  reac t i on  
ra tes  must be h igh  enough f o r  t h e  thermodynamically a l lowed reac t i ons  t o  reach 
equ i l i b r i um.  
determined. I n  add i t i on ,  a thorough understanding o f  t h e  i n f l u e n c e  o f  t h e  gas 
environment and the  e f f e c t s  o f  the s t r u c t u r a l  p roper t i es  o f  t h e  o i l  shale p a r t i c l e s  
(raw, re to r ted ,  or  spent)  i s  essen t ia l .  W e  have begun t o  ob ta in  experimental data 
f o r  t he  react ions between H S and carbonate minera ls  i n  o i l  shale under t y p i c a l  
cond i t i ons  f o r  p y r o l y s i s  and hyd rodesu l fu r i za t i on .  I n  the  near fu tu re ,  we in tend  t o  
study the s t r u c t u r a l  changes o f  o i l  shale p a r t i c l e s  du r ing  H S capture. This 
in format ion w i l l  p rov ide  a bas is  f o r  employing a gas-so l id  rgac t i on  model such as 
t h e  changing g ra in  s i z e  model t o  p r e d i c t  t h e  behavior o f  a s i n g l e  o i l  shale p a r t i c l e  
du r ing  H2S capture. 

They 

Since H , CO , and H 0 are present du r ing  hydrotreatment and py ro l ys i s ,  t h e i r  
Hydrogen concentrat ions as low as 

The e f f e c t  increases as the  concentrat ion o f  hydrogen i s  increased bu t  

a t  600'C whereas 
A t  700'C tt fe e f f e c t  of the 

Most 

A thorough understanding o f  t h e  react ions between H S and carbonate minera ls  i n  

Therefore, t h e  k i n e t i c s  o f  these react ions must be exper imenta l ly  
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Figure 1. The thermogravimetric analysis 
o f  dolomite a t  various temper- 
atures and C02 pressures. 

Figure 3. LogK vs 1/T for the  adsorption 
of H2S by var ious forms o f  CaCO? 
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Figure 2. Log K vs l / T  for t h e  
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Figure 4. Equi l ibr ium p a r t i a l  pressure 
o f  H,S i n  the  Dresence o f  

- ". o i l  Shale minerals. 
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ENHANCED OIL RECOVERY FROM PYROLYSIS OF 
VARIOUS AUSTRALIAN SHALES 

V e t k a v  P a r a m e s w a r a n ,  Mark P o l a s k y  a n d  Sunggyu  Lee 

D e p a r t m e n t  o f  C h e m i c a l  E n g i n e e r i n g  
The  U n i v e r s i t y  o f  Akron.  

Akron.  O h i o  44325. 

ABSTRACT 

The o i l  y i e l d s  f r o m  r e t o r t i n g  S t u a r t ,  R u n d l e  a n d  Condor  
s h a l e s  h a v e  b e e n  o p t i m i z e d  w i t h  r e s p e c t  t o  t h e i r  p r o c e s s  
o p e r a t i n g  c o n d i t i o n s  u s i n g  a s t a t i s t i c a l  e x p e r i m e n t a l  d e s i g n  
t e c h n i q u e .  A t h r e e  f a c t o r ,  t w o  l e v e l  f a c t o r i a l  d e s i g n  o f  
e x p e r i m e n t s  was a d o p t e d  t o  d e t e r m i n e  t h e  m a i n  a n d  i n t e r a c t i o n  
e f f e c t s  o f  v a r i a b l e s  on t h e  y i e l d  of o i l  from these  s h a l e s .  T h e  
t h r e e  v a r i a b l e s  a r e  t h e  p a r t i c l e  s i z e ,  t h e  t y p e  o f  s w e e p  gas a n d  
t h e  sweep  g a s  f l o w  r a t e .  

I t  was f o u n d  t h a t  r e t o r t i n g  w i t h  c a r b o n  d i o x i d e  as t h e  
s w e e p  g a s  e n h a n c e s  t h e  o i l  y i e l d  f r o m  S t u a r t  s h a l e  b y  u p  t o  24 
p e r c e n t .  The s t r o n g e s t  e f f e c t  was o b s e r v e d  from t h e  s w e e p  g a s  
f l o w  r a t e  a n d  t h e  o p t i m a l  c o n d i t i o n  f o r  t h i s  v a r i a b l e  was f o u n d  
t h r o u g h  o u t - l a y e r  e x p e r i m e n t s .  F o r  e a c h  of t h e  s i g n i f i c a n t  
e f f e c t s ,  t r a n s p o r t  p r o c e s s e s  s u c h  a s  t h e  c o m b i n e d  h e a t  a n d  mass 
t r a n s f e r  were e x p l a i n e d  a n d  d e s i g n  c r i t e r i a  f o r  a r e t o r t i n g  
s y s t e m  were f o u n d  f o r  s c a l e  u p  p u r p o s e s .  

INTRODUCTION 

E x t e n s i v e  d e p o s i t s  o f  o i l  s h a l e ,  b e a r i n g  e n o r m o u s  a m o u n t s  
o f  e q u i v a l e n t  s , y n t h e t i c  f u e l  e x i s t  i n  t h e  U.S.A., A u s t r a l i a ,  
C a n a d a ,  C h i n a  a n d  v a r i o u s  o t h e r  p a r t s  o f  t h e  w o r l d .  However ,  
t h e s e  d e p o s i t s  a r e  f a r  f r o m  u n i f o r m  a n d  t h e r e  a r e  w i d e  v a r i a t i o n s  
in t h e  p h y s i c a l  a n d  c h e m i c a l  s t r u c t u r e  of t h e  r o c k s  e v e n  w i t h i n  
t h e  same g e n e r a l  l o c a t i o n .  As a r e s u l t ,  e n g i n e e r i n g  a n d  
f u n d a m e n t a l  d a t a  a r e  r e q u i r e d  e v e n  f o r  p r e l i m i n a r y  d e s i g n  a n d  
e c o n o m i c  f e a s i b i l i t y  a n a l y s i s .  The  n e e d  f o r  d a t a  i s  e v e n  more 
v i t a l  d u r i n g  t h e  d e t a i l e d  i n d u s t r i a l  p r o c e s s  d e v e l o p m e n t .  I n  
o r d e r  t o  m a x i m i z e  t h e  y i e l d ,  t h e  k i n e t i c s  a s  w e l l  a s  t h e  p h y s i c a l  
a n d  c h e m i c a l  p r o p e r t i e s  of t h e  s h a l e  a n d  s h a l e  o i l  m u s t  b e  
known. An e x t e n s i v e  r e v i e w  of  o i l  s h a l e  t e c h n o l o g y  c o v e r i n g  t h e  
h i s t o r i c a l  d e v e l o p m e n t  a n d  t h e  k i n e t i c s  of o i l  s h a l e  r e t o r t i n g  a s  
w e l l  a s  t h e  p r o p e r t i e s  o f  o i l  s h a l e  h a s  b e e n  p r e s e n t e d  by B r a n c h  
(1). T h i s  p a p e r  a ims  a t  f i n d i n g  t h e  op t imum o p e r a t i n g  c o n d i t i o n s  
f o r  t h e  r e t o r t i n g  o f  A u s t r a l i a n  T e r t i a r y  s h a l e s .  T h e  s h a l e  
s a m p l e s  s t u d i e d  were  t a k e n  f r o m  t h e  K e r o s e n e  C r e e k  member o f  t h e  
S t u a r t  d e p o s i t ,  t h e  Ramsey c r o s s i n g  member o f  t h e  R u n d l e  d e p o s i t ,  
a n d  t h e  Brown o i l  s h a l e  u n i t  o f  t h e  C o n d o r  d e p o s i t ,  a l l  o f  w h i c h  
a r e  l o c a t e d  a l o n g  t h e  c o a s t l i n e  o f  Q u e e n s l a n d ,  A u s t r a l i a .  
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APPROACHES 

O p t i m i z a t i o n  s t u d i e s  g e n e r a l l y  i n v o l v e  e i t h e r  t h e  
s o l u t i o n  o f  d i f f e r e n t i a l  e q u a t i o n s  o r  t h e  d i s c r e t e  t e c h n i q u e s  o f  
l i n e a r  a l g e b r a .  I n  e i t h e r  case ,  i t  i s  n e c e s s a r y  t o  h a v e  a 
m a t h e m a t i c a l  d e s c r i p t i o n  o f  t h e  s y s t e m .  The  p h y s i c a l  a n d  
c h e m i c a l  c o m p l e x i t y  o f  o i l  s h a l e  r e n d e r s  s u c h  a r i g o r o u s  
m a t h e m a t i c a l  t r e a t m e n t  e x t r e m e l y  d i f f i c u l t .  

F o r  e n g i n e e r i n g  p u r p o s e s  h o w e v e r ,  a n  e x p e r i m e n t a l  
e x p l o r a t i o n  o f  t h e  r a n g e  o f  i n t e r e s t i n g  p r o c e s s  c o n d i t i o n s  c a n  b e  
c o u p l e d  w i t h  t h e  m e t h o d s  o f  s t a t i s t i c a l  e x p e r i m e n t a l  d e s i g n  t o  
a r r i v e  a t  op t imum o p e r a t i n g  p a r a m e t e r s  w i t h  t h e  minimum o f  
e x p e r i m e n t a l  c o s t  a n d  e f f o r t .  T h e r e f o r e  a t h r e e  f a c t o r ,  t w o  
l e v e l  d e s i g n  o f  e x p e r i m e n t s  f o r  e a c h  t y p e  o f  o i l  s h a l e  was 
a d o p t e d  f o r  t h i s  s t u d y .  

IDENTIFYING THE CRITICAL VARIABLES 

I n  o r d e r  t o  e n s u r e  t h e  r e p r o d u c i b i l i t y  o f  e x p e r i m e n t a l  
r e s u l t s ,  s t a n d a r d  r e t o r t i n g  p r o c e d u r e s  m u s t  b e  a d o p t e d  w i t h o u t  
s t i f l i n g  t h e  d e g r e e  o f  f r e e d o m  n e c e s s a r y  t o  o p t i m i z e  t h e  
o p e r a t i n g  c o n d i t i o n s .  Twen ty  g r a m s  o f  o i l  s h a l e  were c h a r g e d  
i n t o  t h e  r e t o r t  w h i c h  was t h e n  h e a t e d  a t  t h e  r a t e  o f  10 C/min 
f r o m  25 C t o  700 C a t  a t m o s p h e r i c  p r e s s u r e .  T h e  d e t a i l s  o f  t h e  
r e t o r t i n g  a p p a r a t u s  h a v e  b e e n  p u b l i s h e d  e l s e w h e r e  ( 2 ) .  T h e  
a p p a r a t u s  c o n s i s t s  e s s e n t i a l l y  o f  a 1 5 . 7 5  i n c h  l o n g  x 1 i n c h  
d i a m e t e r  s t a i n l e s s  s tee l  t u b e  w h i c h  i s  p l a c e d  i n s i d e  a n  e l e c t r i c  
f u r n a c e .  The  s h a l e  s a m p l e  i s  l o a d e d  i n t o  t h e  r e t o r t  t h r o u g h  a 
b a l l  v a l v e  a t  t h e  t o p  o f  t h e  t u b e .  The sweep  g a s  ( w h i c h  i s  
p r e h e a t e d  i n  a g a s  p r e h e a t e r  f o l l o w i n g  t h e  r e a c t o r  p r e h e a t i n g  
s c h e d u l e )  f l o w s  down t h r o u g h  t h e  s a m o l e  bed i n t o  a n  o i l  
c o l l e c t i o n  t u b e  w h i c h  i s  k i p t  c o o l  i h  a water b a t h .  

T h e  v a r i a b l e s  s t u d i e d  were t h e  p a r t i c l e  s i z e  (-8 
and  -20 t40 mesh ( T y l e r ) ) ,  s w e e p  g a s  t y p e  ( c a r b o n  d i o x i d e  
n i t r o g e n )  and  s w e e p  g a s  f l o w  r a t e  ( 2  ml/sec a n d  5 ml/sec 
The l e v e l s  o f  t h e s e  v a r i a b l e s  h a v e  b e e n  c h o s e n  b a s e d  on  
p r e l i m i n a r y  e x p e r i m e n t s  a s  w e l l  a s  p r i o r  e x p e r i e n c e  ( 2 ) .  

1 0  mesh 
a n d  
STP) ) .  

The  mechan i sm by w h i c h  t h e  o i l  i s  r e l e a s e d  f r o m  t h e  p o r e s  
o f  t h e  s h a l e  i s  n o t  v e r y  c l e a r .  The  i n f l u e n c e  o f  t h e  p a r t i c l e  
s i z e  on  t h e  r e t o r t e r  y i e l d  seems t o  d e p e n d  on t h e  t y p e  o f  o i l  
s h a l e  b e i n g  r e t o r t e d .  A s  t h e  o i l  s h a l e s  a r e  f a i r l y  n o n - p o r o u s  
( v e r y  o f t e n  b e l o w  5 X p o r o s i t y ) ,  i t  i s  t o  b e  e x p e c t e d  t h a t  
c r u s h i n g  t h e  o i l  s h a l e  wou ld  i m p r o v e  t h e  p r o c e s s  o f  o i l  
e v o l u t i o n .  However ,  t h e r e  seems t o  b e  a minimum p a r t i c l e  s i z e  
b e l o w  w h i c h  t h e  i n f l u e n c e  o n  t h e  y i e l d  t e n d s  t o  b e  n e g a t i v e .  T h i s  
i s  d u e  t o  t h e  l o s s  of k e r o g e n  e n t r a p p e d  i n  m a c r o p o r e s  w h i l e  
c r u s h i n g .  T h e r e f o r e ,  two d i f f e r e n t  s i z e s  were t e s t e d ,  v i z ,  
-8 +10 mesh a n d  -20 +40 mesh ( T y l e r ) .  
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It h a s  b e e n  f o u n d  by L e e  (3), t h a t  c a r b o n  d i o x i d e  s w e e p  
g a s  c o n d i t i o n s  e n h a n c e  t h e  o i l  r e c o v e r y  f r o m  C o l o r a d o  o i l  s h a l e s .  
T h e r e f o r e  tes ts  were c o n d u c t e d  w i t h  two t y p e s  o f  s w e e p  g a s ,  i .e . ,  
n i t r o g e n  a n d  c a r b o n  d i o x i d e .  

The f l o w  r a t e  o f  s w e e p  g a s  i s  v e r y  i m p o r t a n t  f r o m  a n  
e n g i n e e r i n g  p o i n t  o f  v i ew.  T h i s  i n f l u e n c e s  t h e  h e a t  a n d  mass 
t r a n s f e r  c o n d i t i o n s  w i t h i n  t h e  r e a c t o r  a n d  s ca l e  u p  a n d  s c a l e  
down of  c o m m e r c i a l  r e a c t o r s  would be  d i s a s t r o u s  i f  t h e  mass 
t r a n s f e r  c o n d i t i o n s  were n o t  k e p t  u n i f o r m  i n  t h e  s c a l e d  m o d e l s .  
T h e r e f o r e  e x p e r i m e n t s  were made w i t h  two d i f f e r e n t  sweep  g a s  f l o w  
r a t e s ,  v i z ,  2 m l ( S T P ) / s e c  a n d  5 m l ( S T P ) / s e c .  T h i s  c o r r e s p o n d s  t o  

h o u r  ( s u p e r f i c i a l  l i n e a r  v e l o c i t i e s  o f  0.4 a n d  1.0 c m / s e c )  
r e s p e c t i v e l y  i n  t h e  r e t o r t .  

1 
v a p o r  s p a c e  v e l o c i t i e s  ( c a l c u l a t e d  a t  STP) o f  720 a n d  1800 p e r  / 

The  i n f l u e n c e s  o f  t h e s e  t h r e e  v a r i a b l e s  were s t u d i e d  o n  
t h r e e  d i f f e r e n t  A u s t r a l i a n  T e r t i a r y  o i l  s h a l e s  i d e n t i f i e d  a s  
R u n d l e ,  S t u a r t  a n d  C o n d o r  o i l  s h a l e s  a n d  t h e  r e s u l t s  were 
c r i t i c a l l y  c o m p a r e d  w i t h  t h o s e  o b t a i n e d  w i t h  t h e  E a s t e r n  a n d  
W e s t e r n  U.S. o i l  s h a l e s  i n  terms o f  t h e i r  y i e l d ,  e f f e c t s  a n d  
o p t i m a l  p r o c e s s  c o n d i t i o n s .  

RESULTS A N D  DISCUSSION 

T h e  r e s u l t s  of  t h e  v a r i o u s  e x p e r i m e n t s  c o n d u c t e d  o n  
S t u a r t ,  R u n d l e  a n d  C o n d o r  o i l  s h a l e s  a r e  p r e s e n t e d  i n  T a b l e  1. 
T h e  y i e l d s  o b t a i n e d  were a n a l y z e d  u s i n g  Yates '  a l g o r i t h m  (4) t o  
d e t e r m i n e  t h e  e f f e c t s  o f  t h e  v a r i o u s  t r e a t m e n t  c o m b i n a t i o n s  on 
t h e  y i e l d .  T h e s e  e f f e c t s  a r e  a l s o  summar ized  i n  T a b l e  1. F o r  t h e  
p u r p o s e  o f  c o m p a r i s o n ,  s i m i l a r  d a t a  a r e  a l s o  i n c l u d e d  i n  T a b l e  1 
f o r  t h e  C o l o r a d o  ( 5 )  a n d  O h i o  82 ( 6 )  o i l  s h a l e s .  

F o r  t h e  p u r p o s e  o f  d e t e r m i n i n g  t h e  s i g n i f i c a n t  e f f e c t s ,  
t h r e e  r e p l i c a t i o n s  were c a r r i e d  o u t  a n d  t h e  e f f e c t s  t h a t  were 
l a r g e r  t h a n  twice t h e  s t a n d a r d  d e v i a t i o n  i n  t h e s e  r u n s  were 
i d e n t i f i e d  a s  t he  s i g n i f i c a n t  e f f e c t s .  A c c o r d i n g l y ,  t h e  minimum 
e f f e c t s  f o r  t h e  d e t e r m i n a t i o n  o f  s i g n i f i c a n c e  were 4.80, 6.38, 
2.34, 4.10, a n d  1.90 f o r  t h e  S t u a r t ,  R u n d l e ,  C o n d o r ,  C o l o r a d o  a n d  
O h i o  # 2 s h a l e s  r e s p e c t i v e l y .  

S t u a r t  S h a l e  

O f  t h e  t h r e e  A u s t r a l i a n  s h a l e s  t e s t e d ,  t h e  S t u a r t  s h a l e  
g a v e  t h e  l a r g e s t  o i l  y i e l d  ( F i s c h e r  A s s a y  o f  101 m l / k g )  
c o m p a r a b l e  t o  t h e  y i e l d s  o b t a i n e d  f r o m  most C o l o r a d o  s h a l e s .  

The  s w e e p  g a s  f l o w  r a t e  h a d  t h e  l a r g e s t  i n f l u e n c e  on  t h e  
o i l  y i e l d .  T h i s  p r e d o m i n a n t  e f f e c t  was o b s e r v e d  w i t h  a l l  t h e  o i l  
s h a l e s  S O  f a r  t e s t e d .  The i n f l u e n c e  i n  a l l  cases  was n e g a t i v e  i n  
t h e  r a n g e  o f  t h e  v a r i a b l e  s t u d i e d  i n d i c a t i n g  t h e r e b y  t h a t  a n  
i n c r e a s e  i n  t h e  f l o w  r a t e  f r o m  2 m l ( S T P ) / s e c  t o  5 m l ( S T P ) / s e c  
r e d u c e s  t h e  y i e l d .  T h i s  s t r o n g l y  s u g g e s t s  t h a t  mass t r a n s f e r  
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I I 
,i i 

p l a y s  a n  i m p o r t a n t  r o l e  i n  s h a l e  o i l  e x t r a c t i o n .  B a s e d  on 
s i m i l a r  s i t u a t i o n s  i n  g a s - s o l i d  r e a c t i o n  s y s t e m s ,  t h i s  i m p l i e s  
t h a t  beyond a c e r t a i n  l i m i t  i n  t h e  s w e e p  g a s  f l o w  r a t e ,  a n  
i n c r e a s e  i n  t h e  f l o w  r a t e  a d v e r s e l y  a f f e c t s  t h e  t o t a l  y i e l d .  
T h e r e f o r e ,  e i t h e r  a c o r n e r  t e s t  o r  o u t l a y e r  e x p e r i m e n t s  h a v e  t o  
b e  c o n d u c t e d  t o  d e t e r m i n e  t h e  o p t i m a l  f l ow r a t e .  In t h e  c o r n e r  
t e s t ,  t h e  s w e e p  g a s  f l o w  r a t e  was v a r i e d  w h i l e  k e e p i n g  t h e  o t h e r  
v a r i a b l e s  a t  t h e i r  o p t i m a l  v a l u e s .  The  r e s u l t s  show t h a t  t h e  
b e s t  y i e l d  i s  o b t a i n e d  w i t h  a s w e e p  g a s  f l o w  r a t e  o f  
2 m l ( S T P ) / s e c .  

( 

1 
On t h e  o t h e r  h a n d ,  t h e  t y p e  o f  s w e e p  g a s  u s e d  a l s o  h a s  a 

s i g n i f i c a n t  e f f e c t  on t h e  y i e l d .  A s  t h e  e f f e c t  i s  p o s i t i v e ,  i t  
c a n  b e  c o n c l u d e d  t h a t  c a r b o n  d i o x i d e  r e t o r t i n g  e n h a n c e s  t h e  , 
y i e l d .  T h i s  was a l s o  t h e  case  w i t h  t h e  C o l o r a d o  a n d  some E a s t e r n  
U.S. D e v o n i a n  s h a l e s  (2.5). T h e  r o l e  o f  c a r b o n  d i o x i d e  i n  
e n h a n c i n g  t h e  y i e l d  f r o m  s u c h  s h a l e s  w h i l e  h a v i n g  n e g a t i v e  
e f f e c t s  on t h e  y i e l d  f r o m  o t h e r  s h a l e s  i s  n o t  c o m p l e t e l y  
u n d e r s t o o d .  However ,  t h e  t r e n d  i n d i c a t e s  t h a t  c a r b o n  d i o x i d e  
e n h a n c e s  t h e  r e t o r t i n g  y i e l d  f r o m  s h a l e s  w i t h  a l a r g e  k e r o g e n  
c o n t e n t .  This  i n f l u e n c e  i s  much l e s s  o r  e v e n  n e g a t i v e  when t h e  
k e r o g e n  c o n t e n t  i s  l o w  ( F i s c h e r  A s s a y  b e l o w  30) o r  medium 
( F i s c h e r  A s s a y  o f  t h e  o r d e r  of 60 t o  70). I t  h a s  b e e n  known 
among v a r i o u s  i n v e s t i g a t o r s  t h a t  k e r o g e n  swel l s  b e t t e r  i n  a 
c a r b o n  d i o x i d e  medium t h a n  i n  a n i t r o g e n  medium. T h i s  s h o u l d  
n o r m a l l y  r e s u l t  i n  a n  i m p r o v e d  y i e l d ;  h o w e v e r ,  i t  a l s o  e n h a n c e s  
t h e  p r o b a b i l i t y  o f  c a k i n g  o r  a g g l o m e r a t i o n  i n s i d e  a n d  o u t s i d e  t h e  
s h a l e  p a r t i c l e s .  T h e r e f o r e  h i g h l y  c a k i n g  s h a l e s ,  s u c h  a s  t h e  
N o r t h  C a r o l i n a  l a c u s t r i n e  s h a l e  d o  n o t  e x h i b i t  a n  i n c r e a s e  i n  o i l  
y i e l d  a n d  t h i s  c a k i n g  phenomenon  i s  a l s o  o b s e r v e d .  

The i n f l u e n c e  o f  t h e  p a r t i c l e  s i z e  on t h e  o i l  y i e l d  was 
i n s i g n i f i c a n t .  However ,  t h e  i n t e r a c t i o n  e f f e c t  o f  t h e  g a s  f l o w  
r a t e  a n d  t h e  p a r t i c l e  s i z e  was n e g a t i v e  a n d  s i g n i f i c a n t .  T h i s  
a l s o  shows  t h a t  mass t r a n s f e r  p l a y s  a n  i m p o r t a n t  r o l e  i n  t h e  
p r o c e s s .  Even t h o u g h  i m p r o v e d  mass t r a n s f e r  c o n d i t i o n s  a r o u n d  
t h e  s h a l e  p a r t i c l e  s h o u l d  d i r e c t l y  r e s u l t  i n  a s m o o t h e r  t r a n s p o r t  
of o i l  a n d  v a p o r  p r o d u c t s  o u t  o f  t h e  s a m p l e  b e d ,  c o m p l e x ,  
s e m i - m a c r o s c o p i c  phenomena  s u c h  a s  t h e  b l o c k a g e  o f  p o r e  m o u t h s ,  
g e l  o r  l i q u i d  e n t r a p m e n t  w i t h i n  t h e  p o r e s ,  f o r m a t i o n  o f  new 
p o r e s ,  a g g l o m e r a t i o n  o f  p a r t i c l e s ,  e t c . ,  are  n o t  e a s i l y  a c c o u n t e d  
f o r .  T h e r e f o r e ,  i t  c a n  b e  s a i d  t h a t  t h e  t o t a l  y i e l d  of o i l  f r o m  
o i l  s h a l e  i s  n o t  o n l y  d i r e c t l y  r e l a t e d  t o  t h e  h e a t  a n d  mass 
t r a n s f e r  c o n d i t i o n s ,  b u t  a l s o  t o  t h e  m o r p h o l o g i c a l  c h a n g e s  a n d  
t h e  s w e l l i n g  o f  k e r o g e n .  

p a r t i c l e s  and l o w  w e e p  gas f l o w  r a t e s  c o u p l e d  w i t h  t h e  u s e  o f  
c a r b o n  d i o x i d e .  T h e  s i g n i f i c a n c e  o f  c a r b o n  d i o x i d e  is a l s o  
i n d i c a t e d  by t h e  l a r g e  p o s i t i v e  a b c  i n t e r a c t i o n  e f f e c t .  

c o n d i t i o n s  f o r  r e t o r t i n g  S t u a r t  s h a l e  are:  

The  l a r g e s t  y i e l d  was i n d e e d  o b t a i n e d  w i t h  small s i z e  

I t  c a n  t h e r e f o r e  b e  c o n c l u d e d  t h a t  t h e  o p t i m a l  o p e r a t i n g  

1. Use c a r b q n  d i o x i d e  a s  t h e  s w e e p  g a s .  
2 -  O p e r a t e  a t  l o w  s w e e p  g a s  f l o w  r a t e s ,  

3 .  Use sma l l e r  p a r t i c l e s ,  i .e . ,  -20 +40 mesh. 
i .e . ,  2 m l ( S T P ) / s e c .  
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R u n d l e  S h a l e  

The  o i l  y i e l d  f r o m  R u n d l e  s h a l e  was i n  t h e  m o d e r a t e  
r a n g e .  The o n l y  s i g n i f i c a n t  m a i n  e f f e c t  was f r o m  t h e  s w e e p  g a s  
f l o w  r a t e ,  

The i n f l u e n c e  o f  s w e e p  g a s  f l o w  r a t e  i n  d e p r e s s i n g  t h e  
o i l  y i e l d  was m o s t  p r o n o u n c e d  w i t h  t h e  R u n d l e  s h a l e .  Hence  a 
c o r n e r  t e s t  was p e r f o r m e d  by v a r y i n g  o n l y  t h e  s w e e p  g a s  f l o w  r a t e  
w h i l e  h o l d i n g  t h e  p a r t i c l e  s i z e ,  t y p e  o f  s w e e p  g a s  a n d  t h e  
h e a t i n g  r a t e  c o n s t a n t .  The  r e s u l t s  show ( F i g u r e  1) t h a t  t h e  
o p t i m a l  sweep  g a s  f l o w  r a t e  i s  b e t w e e n  1 a n d  2 m l ( S T P ) / s e c .  

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  e v e n  t h o u g h  c a r b o n  d i o x i d e  
d e p r e s s e s  t h e  o i l  y i e l d  t o  a r e l a t i v e l y  i n s i g n i f i c a n t  e x t e n t ,  t h e  
i n t e r a c t i o n  e f f e c t  o f  t h e  s w e e p  g a s  t y p e  a n d  f l o w  r a t e  i s  
p o s i t i v e .  T h i s  r e s u l t  a l s o  s u p p o r t s  t h e  p r i o r  c o n c l u s i o n  t h a t  t h e  
o i l  y i e l d  i s  i n f l u e n c e d  n o t  o n l y  by t h e  mass t r a n s f e r  c o n d i t i o n s ,  
b u t  a l s o  b y  t h e  p r o c e s s  o f  k e r o g e n  s w e l l i n g  a n d  o t h e r  
m o r p h o l o g i c a l  c h a n g e s  t h a t  o c c u r  d u r i n g  p y r o l y s i s ,  The  l a r g e  
i n t e r a c t i o n  e f f e c t  is  shown s c h e m a t i c a l l y  i n  a t h r e e - d i m e n s i o n a l  
p l o t  i n  F i g u r e  2 .  

The  o p t i m a l  r e t o r t i n g  c o n d i t i o n s  f o r  t h e  R u n d l e  s h a l e  a r e  
t h e r e f o r e :  

1. Use a s w e e p  g a s  f l o w  r a t e  o f  1.5  m l ( S T P ) / s e c .  
2.  Use n i t r o g e n  a s  t h e  s w e e p  g a s ,  a n d  
3. Use t h e  l a r g e r  s i z e  p a r t i c l e s ,  i .e . ,  -8 +10 mesh.  

Condor  S h a l e  

The Condor  s h a l e  y i e l d e d  t h e  s m a l l e s t  amoun t  o f  o i l  p e r  
k i l o g r a m  o f  s a m p l e .  I t  was o b s e r v e d  i n  t h i s  case a l s o  t h a t  t h e  
s w e e p  g a s  f l o w  r a t e  h a d  a l a r g e  n e g a t i v e  i n f l u e n c e  on t h e  o i l  
y i e l d .  M o r e o v e r ,  t h e  use o f  c a r b o n  d i o x i d e  a l s o  d e p r e s s e s  t h e  
y i e l d .  The  s t a n d a r d  e x p e r i m e n t a l  e r r o r  c a l c u l a t e d  by c o n d u c t i n g  
r e p l i c a t e  e x p e r i m e n t s  was smaller  i n  t h i s  case  t h a n  i n  t h e  o t h e r  
two cases. S u c h  a n  i n f l u e n c e  was a l s o  o b s e r v e d  i n  t h e  case o f  
O h i o  s h a l e .  T h e  a c c u r a c y  o f  e x p e r i m e n t a t i o n  i s  i m p r o v e d  w i t h  
sma l l e r  y i e l d s .  It s h o u l d  b e  n o t e d  h e r e  t h a t  i n  t h e  c a s e  o f  O h i o  
s h a l e ,  t h e  q u a n t i t y  o f  s a m p l e  u s e d  was l a r g e r  i n  order  to i m p r o v e  
t h e  r e s o l u t i o n  o f  t h e  e x p e r i m e n t s  (6). 

As i n  t h e  ca se  o f  R u n d l e  s h a l e ,  t h e  o p t i m a l  r e t o r t i n g  

1. Use l o w e r  sweep  g a s  f l o w  r a t e ,  i . e . ,  2 m l ( S T P ) / s e c .  
2 .  Use smaller s i z e  p a r t i c l e s ,  i .e . ,  -20  +10 mesh .  
3. Use n i t r o g e n  a s  t h e  s w e e p  gas.  

c o n d i t i o n s  a re :  
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Rundle Shale 1 100 1 

2o 0 L 2 4 

sweep Gas Flow Rate, ml/sec 

F i g u r e  1. O p t i m i z a t i o n  o f  Sweep Gas F low 
R a t e  (ml (STP) o f  N2 / Second) .  

I 

80 

60 

40 

2 0  

0 

Sweep Ga8 Flow Rete, ml/rec 
F i g u r e  2 .  S c h e m a t i c  R e p r e s e n t a t i o n  o f  t h e  

I n t e r a c t i v e  I n f l u e n c e  o f  Sweep Gas 
Type and F l o w  R a t e  on  t h e  Y i e l d  
f r o m  Rund le  Sha le .  
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CONCLUSION 

A statistical experimental approach was used to determine 
the optimal retorting conditions for three Australian oil shales. 
The optimal conditions are summarized below: 

Stuart Rundle Condor 
Particle size: -20 +40 mesh -8 +10 mesh -20 +40 mesh 
Sweep Gas Type: Carbon dioxide Nitrogen Nitrogen 
Gas Flow Rate: 2 ml(STP)/sec 1.5 ml(STP)/sec 2 ml(STP)/sec 

It is also concluded that the yield from oil shale 
pyrolysis is influenced by many mechanistic factors such as the 
heat and mass transfer conditions, the swelling of kerogen in the 
rock matrix, morphological changes during pyrolysis, 
agglomerating properties etc. Therefore, the factors 
investigated in this statistical optimization study represent a 
set of  process variables that are most important for the 
successful design and operation of retorting equipment. The 
vapor hourly space velocity of the sweep gas was also calculated 
for scale up purposes. 
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ABSTRACT 

The kinetics of oil generation from retorting of various 
Australian shales have been investigated under both nitrogen and 
carbon dioxide sweep gas conditions. Experiments were conducted 
both isothermally and nonisothermally with linear temperature 
control, in a unique fixed bed retorting system. The kinetics of 
these shales were directly compared with those of eastern and 
western U . S .  shales, previously studied on the same experimental 
s ys tem. 

The pyrolysis of the investigated Australian shales was 
found to comply with first-order global kinetics witin the limits 
of experimental error. The activation energies calculated were: 
217.2 kJ/gmole (CO ) and 114.8 kJ/gmole (N ) for Condor shale: 
252.2 kJ/gmole (C02) and 190.1 kJ/gmole (Ni) for  Rundle shale: 
154.0 kJ/gmole (C02) and 127.4 kJ/gmole (N ) for Stuart shale. 
The average Fisher'assay of these shales afe 62 cc/kg for Rundle, 
63 cctkg for Condor, and 100 CC/kg for Stuart shale. 

INTRODUCTION 

An experimental study has been performed in order to obtain 
the retorting kinetics of oil generation from various Australian 
Tertiary oil shales under both nitrogen and carbon dioxide sweep 
gas conditions. The carbon dioxide retorting has been investigated 
first by Lee et al. and proven efficent for the western U.S. type 
oil shale (1). Therefore, the rather nonconventional carbon 
dioxide retorting a s  well as the conventional nitrogen retorting 
has been applied to Australian shales. 

The shale samples studied were taken from the Kerosene 
Creek member of the Stuart deposit, the Ramsey Crossing member of 
the Rundle deposit, and the Brown oil shale unit of the Condor 
deposit, all of which are located along the coastline of 
Queensland. Australia. 

In order to obtain an unbiased comparison and to eliminate 
unaccountable systemic errors, a unique fixed bed retorting system 
was used to determine the kinetic parameters of each shale (2). 
Both the isothermal and nonisothermal retorting techniques were 
employed for the kinetic measurements. and the results compared 
favorably with each other. The pyrolysis of the Australian shales 
under investigation were found to comply with global first-order 
kinetics within the limits of experimental errors. 
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THEORY 

Three experiments for each shale under different isothermal 
conditions vere carried out and the global power-lav type rate 
expression vas applied to analyze the data: 

= A[exp(-E/RT)](l-x)” 

where x is the kerogen conversion based on the Fisher assay oil 
yield, E is the activation energy, kJ/gmol, A is the Arrhenius 
frequency factor, l/sec. and n is the reaction order. 

The nonisothermsl technique eliminated the uncertainty of 
the initial heat-up period which had been an inherent problem with 
a fixed bed type retorter for an isothermal measurement. The 
kinetic parameters vere obtained for the condition that a linear 
heating rate be maintained. The choice of a linear heating rate is 
to facilitate an easier mathematical analysis. For an overall 
first-order reaction, one obtains the following equation by 
integration (1): 

-ln(l-x) = AE -uU-2 - 2e-~u-31 

where C is the heating rate (dT/dt) in C/min and u=E/RT. 
Rearranging equation (2) yields 

= %[(1 - ZRT/E) exp(-E/RT)] 
T2 

( 3 )  

Taking natural logarithms 

A plot of ln[-ln(l-x)/T2] 
plot for RT/E << 1 .  gives 

on 

In 

both sides of equation (3) gives 

( ~ ( 1  A R  - 2RT/E)) - E/RT (4) 

V S .  1/T, vhich turns out to be a linear 
the activation energy and the kinetic 

frequency factor for-a first-order kinetics from the slope and 
intercept, respectively. The goodness of fit was a good indication 
of the validity of the assumed reaction order. A similar analysis 
can be done for an n-th order kinetics using successive 
approximation of exponential integrals and the best fitting order 
can be found by a regression technique (3). 
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EXPERIMENTAL SYSTEM A N D  PROCEDURE 

A s c h e m a t i c  d i a g r a m  o f  t h e  a p p a r a t u s  u s e d  f o r  t h i s  s t u d y  
a n d  a d e t a i l e d  d e s i g n  o f  r e t o r t e r  i n t e r n a l s  are  p u b l i s h e d  e l s e w h e r e  
( 2 ) .  Some o f  t h e  f e a t u r e s  o f  t h i s  r e t o r t i n g  s y s t e m  a r e  c o n s i d e r e d  
t o  b e  s p e c i a l  o r  u n i q u e .  T h e s e  f e a t u r e s  i n c l u d e  t h e  u s e  o f  a 
s t a i n l e s s  s t e e l  w i r e  mesh  d i s t i b u t o r  p l a t e ,  so t h a t  a w e l l - d e f i n e d  
f l u i d  d y n a m i c  c o n d i t i o n  i s  a c h i e v e d  w i t h  a m i n i m a l  p r e s s u r e  d r o p ,  
t h e  use o f  a q u i c k  o p e n i n g  a n d  c l o s i n g  b a l l  v a l v e  w h i c h  p e r m i t s  t h e  
i n s t a n t a n e o u s  l o a d i n g  o f  a s a m p l e  i n  a d d i t i o n  t o  p e r m i t t i n g  t h e  
a p p l i c a t i o n  o f  b o t h  i s o t h e r m a l  a n d  n o n i s o t h e r m a l  t e c h n i q u e s  t o  t h e  
same r e t o r t e r ,  i n t r o d u c i n g  a c h r o m e l - a l u m e l  t h e r m o c o u p l e  d i r e c t l y  
i n t o  t h e  s h a l e  b e d  t o  o b t a i n  g o o d  t e m p e r a t u r e  c o n t r o l  a n d  
m e a s u r e m e n t s ,  a n d  by c o n n e c t i n g  t w o  s p e c i a l l y  d e s i g n e d  g r a d u a t e d  
U - t u b e s  i n  s e r i e s  w h i c h  a l l o w s  t h e  c o n d e n s a b l e  p r o d u c t  t o  s e t t l e  i n  
t h e  b o t t o m  o f  t h e  t u b e s  w h i l e  t h e  n o n c o n d e n s a b l e  p r o d u c t  t o  p a s s  
t h r o u g h  a b r i d g e  a c r o s s  t h e  t u b e  arms, 

A 20 g r a m  s a m p l e  o f  -35+40 mesh  A u s t r a l i a n  o i l  s h a l e  w a s  
u s e d  f o r  e a c h  e x p e r i m e n t .  For a n  i s o t h e r m a l  m e a s u r e m e n t  t h e  
r e t o r t e r  was p r e h e a t e d  t o  a t e m p e r a t u r e  a b o u t  100 C h i g h e r  t h a n  t h e  
r e a c t i o n  t e m p e r a t u r e  t o  f a c i l i t a t e  a n  e a s y  a n d  f a s t  c o n t r o l  of t h e  
t e m p e r a t u r e .  For a n o n i s o t h e r m a l  m e a s u r e m e n t  t h e  r e t o r t e r  w a s  
h e a t e d  u p  a t  a l i n e a r  h e a t i n g  r a t e  o f  10 C / m i n ,  w h i c h  w a s  f o u n d  t o  
b e  i d e a l  f o r  k i n e t i c  m e a s u r e m e n t .  T h e  s w e e p  g a s  was s e n t  i n t o  t h e  
r e t o r t e r  a t  t h e  n o m i n a l l y  same t e m p e r a t u r e  a s  t h e  s h a l e  s a m p l s  f o r  
b o t h  i s o t h e r m a l  a n d  n o n i s o t h e r m a l  m e a s u r e m e n t .  T h e  f l o w  r a t e  u s e d  
was 2 c c ( S T P ) / s e c  a n d  if e q u i v a l e n t  t o  t h e  v a p o r  h o u r l y  s p a c e  
v e l o c i t i e s  o f  720 h o u r -  . S i n c e  t h e  l e n g t h  o f  t h e  c o n n e c t i n g  l i n e  
b e t w e e n  t h e  r e t o r t e r  a n d  t h e  c o l l e c t i o n  t u b e  was k e p t  s h o r t  a n d  t h e  
t e m p e r a t u r e  was k e p t  h i g h  e n o u g h  t o  k e e p  t h e  p r o d u c t  a s  a v a p o r  a n d  
t h e  l i q u i d  h o l d u p  i n  t h e  r e t o r t  was n e g l i g i b l e .  

DATA A N D  ANALYSIS 

N i t r o g e n  R e t o r t i n g  K i n e t i c  p a r a m e t e r s  f o r  t h e  p y r o l y s i s  o f  
A u s t r a l i a n  a n d  e a s t e r n  a n d  w e s t e r n  U.S. o i l  s h a l e s ,  u n d e r  n i t r o g e n  
s w e e p  g a s  c o n d i t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  1. A s  shown  i n  t h e  
t a b l e ,  t h e  r e l a t i v e  r a t e s  o b t a i n e d  f r o m  i s o t h e r m a l  a n d  
n o n i s o t h e r m a l  m e t h o d s  a r e  n e a r l y  t h e  same a t  450 C. However .  t h e  
k i n e t i c  p a r a m e t e r s  o b t a i n e d  f r o m  n o n i s o t h e r m a l  r e t o r t i n g  m a y  g i v e  a 
m o r e  r e a l i s t i c  s e t  o f  e n g i n e e r i n g  i n f o r m a t i o n  o f  t h e  o v e r a l l  
k i n e t i c  p a r a m e t e r s  f o r  t h e  d e s i g n  o f  e f f i c e n t  a n d  e c o n o m i c a l  
r e t o r t i n g  p r o c e s s e s ,  s i n c e  i t  comes c l o s e r  t o  a c t u a l  r e t o r t e r  
c o n d i t i o n s .  It  s h o u l d  b e  n o t e d  t h a t  t h e  l o w e r  r e l a t i v e  r e a c t i o n  
r a t e  f o r  N o r t h  C a r o l i n a  s h a l e  was d u e  t o  t h e  f a c t  t h a t  t h e  
r e t o r t i n g  of t h i s  s h a l e  r e q u i r e d  a much h i g h e r  i n i t i a l  r e t o r t i n g  
t e m p e r a t u r e  t h a n  t h o s e  f o r  t h e  o t h e r  s h a l e s  s t u d i e d .  T h e r e f o r e ,  t h e  
p r a c t i c a l  r e t o r t i n g  t e m p e r a t u r e s  u n d e r  n i t r o g e n  s w e e p  g a s  
c o n d i t i o n s  r a n g e s  f r o m  400 t o  500 d e g r e e s  C e l c i u s  f o r  a l l  t h r e e  
t y p e s  o f  A u s t r a l i a n  s h a l e s  w h i c h  m a t c h e s  t h e  p r a c t i c a l  r e t o r t i n g  
c o n d i t i o n s  o f  most o f  t h e  w e s t e r n  U.S. s h a l e s .  
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Table 1. K i n e t i c  Parameters f o r  N i t rogen R e t o r t i n g  o f  

Aus t ra l i an  and Eastern Uni ted States Shales 

A c t i v a t i o n  Arrheni  us 
Shale Type Energy, Frequency Factor, R e l a t i v e  Rates 

KJ/mol (sec) - l  a t  45OOC 

N 190.09 4.1 7x1Ol2 1 .ooo 
Rundle 

I 180.89 9.10 x l  0" 1.008 

' N  127.36 9 .05~1 O7 0.739 

I 116.79 1 .74x107 0.825 
Stuar t  

Condor 
N 114.83 9 .92~1  O6 0.652 

I 104.08 1 .94~1 O6 0.762 

N 170.62 3.54~1 O L 0  0.217 

I 185.32 3 . 5 3 ~ 1 0 ~ ~  0.187 
Ohio 

N 203.11 5 .74x10L2 0.158 

I 201.37 5.74~1 Oi2 0.173 
West V i  r g i  n i  a 

N 193.40 6 .92x108 1 . 5 0 ~ 1 0 - ~  
Nor th  Carol i na 

I 204.62 4 . 7 4 ~ 1 0 ~  1 .oi x i  0-4 

Colorado N 182.58 5 . 6 2 ~ 1 0 ~ ~  0.471 

N denotes nonisothermal run 

I denotes isothermal run 
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Table 2. K i n e t i c  Parameters for  Carbon D iox ide  R e t o r t i n g  o f  

A u s t r a l i a n  and Eastern Uni ted States Shales 

A c t i v a t i o n  Arrheni us 
Shale Type Energy, Frequency Factor,  Re1 a t i  ve Rates 

KJ/mol ( se t ) - '  a t  450°C 

N 252.17 1 .39x10i7 1 .ooo 
Rundle 

I 243.33 3 .48x1Ol6 1.090 

N 154.01 1.21x10'0 1.076 

I 141.02 1 .61x109 1.243 
S t u a r t  

N 21 7.24 5.92~10'" 1.422 

I 209.17 1 .65x1Ol4 1.518 
Condor 

N 141.23 4.45~1 O8 0.332 

I 136.07 2 .33x108 0.410 
Ohio 

N 183.56 2.27~10' 0.148 

I 178.32 1.11x10" 0.173 
West V i r g i n i a  

N 21 1.37 8 . 4 3 ~ 1 0 ~  5 . 3 8 ~ 1 0 ' ~  

I 202.91 2.1 3x109 5.55~10" 
Nor th  Carol i na 

Colorado N 189.96 6 . 8 9 ~ 1 0 ' ~  1.548 

N denotes nonisothermal run  

I denotes iso thermal  run  
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F i g u r e  3. 

F i g u r e  1. N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
S t u a r t  S h a l e  u n d e r  N and 
C02.-35+40 mesh; 10  $/min; 
2 cc (STP) /sec .  

F i g u r e  2. N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
Rund le  S h a l e  u n d e r  N2 and 
C02. (same c o n d i t i o n s  as 
F i g u r e  1.)  

F i g u r e  3 .  N o n i s o t h e r m a l  
K i n e t i c  Measurement o f  
Condor S h a l e  u n d e r  N2 and 
C02. (same c o n d i t i o n s  as 
F i g u r e  1.) 

299 



C a r b o n  D i o x i d e  R e t o r t i n g  K i n e t i c  p a r a m e t e r s  f o r  t h e  p y r o l y s i s  o f  
A u s t r a l i a n  a n d  e a s t e r n  a n d  w e s t e r n  o i l  s h a l e s  u n d e r  c a r b o n  d i o x i d e  
s w e e p  g a s  c o n d i t i o n s  a r e  s u m m a r i z e d  i n  T a b l e  2. F i g u r e s  1, 2, a n d  
3 show t h e  e x p e r i m e n t a l  d a t a  f o r  n o n i s o t h e r m a l  k i n e t i c  m e a s u r e m e n t  
o f  p y r o l y s i s  o f  S t u a r t ,  C o n d o r ,  a n d  R u n d l e  s h a l e s  u n d e r  n i t r o g e n  
a n d  c a r b o n  d i o x i d e  s w e e p  g a s  c o n d i t i o n s .  I t  i s  i n t e r e s t i n g  t o  n o t e  
t h e  d i f f e r e n c e  i n  k i n e t i c  p a r a m e t e r s  b e t w e e n  n i t r o g e n  a n d  c a r b o n  
d i o x i d e  r e t o r t i n g  c o n d i t i o n s .  T h i s  i s  b e l i e v e d  t o  b e  d u e  t o  t h e  
d i f f e r e n c e  i n  k e r o g e n  s w e l l i n g  i n  b o t h  g a s e s  a n d / o r  t h e  d i f f e r e n c e s  
i n  m o l e c u l a r  p e n e t r a t i o n  i n t o  p o r e s  b e t w e e n  n i t r o g e n  a n d  c a r b o n  
d i o x i d e .  I t  h a s  b e e n  known among t h e  r e s e a r c h e r s  t h a t  t h e  k e r o g e n  
i n  o i l  s h a l e  s w e l l s  b e t t e r  i n  t h e  c a r b o n  d i o x i d e  medium t h a n  t h e  
n i t r o g e n  medium. T h i s  i s  why c a r b o n  d i o x i d e  r e t o r t i n g  i s  a l w a y s  
k i n e t i c a l l y  f a s t e r  t h a n  n i t r o g e n  r e t o r t i n g  a t  n o m i n a l l y  i d e n t i c a l  
p r o c e s s  c o n d i t i o n s .  

SUMMARY 

T h e  p y r o l y s i s  k i n e t i c s  o f  v a r i o u s  A u s t r a l i a n  o i l  s h a l e s  
were e x p e r i m e n t a l l y  o b t a i n e d  u s i n g  b o t h  i s o t h e r m a l  a n d  
n o n i s o t h e r m a l  r e t o r t i n g  t e c h n i q u e s .  T h e  r e s u l t s  f r o m  t h e  t w o  
m e t h o d s  c o m p a r e d  f a v o r a b l y  w i t h  e a c h  o t h e r  o v e r  a p r a c t i c a l  r a n g e  
o f  r e t o r t i n g  t e m p e r a t u r e s .  T h e  p y r o l y s i s  r e a c t i o n  o f  t h e  
i n v e s t i g a t e d  A u s t r a l i a n  o i l  s h a l e s  f o l l o w e d  a g l o b a l  f i r s t - o r d e r  
k i n e t i c s  v e r y  c l o s e l y  a n d  t h e  a c t i v a t i o n  e n e r g i e s  r a n g e  f r o m  110 t o  
250 k J / g m o l e ,  d e p e n d i n g  on t h e  t y p e  o f  s h a l e .  T h e s e  v a l u e s  c l o s e l y  
f o l l o w e d  t h o s e  f o r  e a s t e r n  a n d  w e s t e r n  U.S. o i l  s h a l e s  r e t o r t e d  
u s i n g  t h e  same e x p e r i m e n t a l  s y s t e m .  E v e r y  p o s s i b l e  e f f o r t  h a s  b e e n  
made t o  e l i m i n a t e  t h e  i n t e r n a l  a n d  e x t e r n a l  mass t r a n s f e r  i n f l u e n c e  
o n  t h e  k i n e t i c s  o b t a i n e d ,  v i z . ,  u s i n g  f i n e l y  g r o u n d  s h a l e s  a s  w e l l  
a s  p r o v i d i n g  o p t i m a l  h e a t  a n d  mass t r a n s f e r  c o n d i t i o n s .  

In a d d i t i o n ,  t h e  p y r o l y s i s  k i n e t i c s  of v a r i o u s  A u s t r a l i a n  
s h a l e s  were i n v e s t i g a t e d  b o t h  u n d e r  n i t r o g e n  s w e e p  g a s  c o n d i t i o n s  
a n d  u n d e r  c a r b o n  d i o x i d e  s w e e p  g a s  c o n d i t i o n s  a n d  t h e  r e s u l t s  were 
d i r e c t l y  c o m p a r e d .  I t  was f o u n d  t h a t  t h e  c a r b o n  d i o x i d e  r e t o r t i n g  
p r o c e s s  e x h i b i t s  a k i n e t i c a l l y  f a s t e r  r a t e  o f  o i l  e v o l u t i o n  f r o m  
a l l  t h e  A u s t r a l i a n  s h a l e s .  T h i s  r e s u l t  was t r u e  r e g a r d l e s s  o f  i t s  
i m p a c t  o n  t h e  o v e r a l l  y i e l d  f r o m  t h e  s h a l e  a n d  was e q u a l l y  v a l i d  
f o r  o t h e r  t y p e s  o f  o i l  s h a l e s  i n c l u d i n g  t h e  E a s t e r n  a n d  Western 
U.S. o i l  s h a l e s .  
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INTRODUCTION 

There i s  i n c r e a s i n g  i n t e r e s t  i n  t he  e f f e c t s  of gas  p re s su re  on t h e  
r e t o r t i n g  p r o p e r t i e s  of o i l  s h a l e s ,  both as  a means of i nc reas ing  t h e  o i l  y i e l d  
and as an  a i d  to developing a b e t t e r  understanding of t he  chemical processes  
involved i n  o i l  s h a l e  r e t o r t i n g .  I n  t h e  presence of hydrogen a t  p re s su res  up 
to 7 MPa. s i g n i f i c a n t  i n c r e a s e s  i n  o i l  y i e l d  have been r epor t ed  f o r  some 
s h a l e s ( l - 5 ) ,  and t h e  technique forma t h e  b a s i s  of t h e  HYTORT process  under 
development in  the  USA(6,7). Although t h e  small i n c r e a s e  i n  o i l  y i e l d  
observed(8)  when Green River  s h a l e  w a s  r e t o r t e d  under 2 . 7  MPa hydrogen w a s  
accompanied by a s l i g h t  i n c r e a s e  i n  t h e  a romat i c i ty (8 -10) .  the changes i n  t h e  
composition of t h e  o i l s  produced from s h a l e s ,  which under h ighe r  hydrogen 
p res su res  gave ve ry  much g r e a t e r  o i l  y i e l d s  (up t o  500%). have not  been 
r epor t ed .  

The present  work w s s  undertaken t o  i n v e s t i g a t e  t h e  e f f e c t s  of hydrogen and 
n i t rogen  p res su re  a t  6 MPa on t h e  y i e l d s  and composi t ion o f  t h e  o i l s  produced 
from t h r e e  A u s t r a l i a n  o i l  s h a l e s .  These included Rundle a s  r e p r e s e n t a t i v e  of 
t h e  T e r t i a r y  s h a l e s  of l a c u s t r i n e  o r i g i n  found i n  Queensland, and Nagoorin as 
t y p i c a l  of the  h i g h l y  aromatic  and o rgan ic  r i c h  s h a l e s  of mixed l a m o s i t e / l i g n i t e  
o r i g i n ( l 1 ) .  The e x t e n t  of t h e  M t  Coolon d e p o s i t .  l oca t ed  approximately 200 km 
west of t h e  c i t y  of Mackay i n  Queensland is a t  p re sen t  unknown. The s h a l e  was 
formed i n  t h e  e a r l y  Miocene, i s  unusual ly  r i c h  i n  p a r t s ,  and is probably b e s t  
regarded a s  an immature t o r b a n i t e ( l 2 ) .  

EXPERIMENTAL 

Samples of t h e  sha le s  were crushed and s i e v e d  to -2.8 +1.4 mm. Reto r t ing  
was c a r r i e d  out a t  v a r i o u s  p re s su res  i n  a f ixed  bed r e a c t o r  using a h e a t i n g  r a t e  
of 6'C/minute t o  550'C followed by a 30 minute  soak period. The gas  flow r a t e s  
were ad jus t ed  t o  g i v e  a cons t an t  r e s idence  t i m e  o f  30 seconds a t  a l l  p re s su res .  
This  r equ i r ed  very high gas  flow r a t e s  at t h e  h ighe r  ope ra t ing  p res su res .  The 
o i l s  (condensed st  -10.C) were analysed by gas  chromatography/mass spectrometry 
(GC/MS: JEOL DX300) and nuc lea r  magnetic resonance (NMR: JEOL GX400) 
techniques.  S o l u t i o n  13C s p e c t r a  were determined i n  the  presence of chromium 
r e l a x a t i o n  reagents  with an inve r se  gated decoupl ing and a recycle  time of f i v e  
seconds.  Proton s p e c t r a  were recorded with s r e c y c l e  t ime of 20 seconds.  

RESULTS AND DISCUSSION 

( a )  P rope r t i e s  of Sha le s  

Table 1 i l l u s t r a t e s  t h e  d i v e r s i t y  of t h e  s h a l e s  used i n  t h i s  s tudy  with 
r e spec t  to t h e i r  o rgan ic  carbon con ten t ,  a tomic H/C r a t i o ,  a r o m a t i c i t y  and 
r e t o r t i n g  p r o p e r t i e s .  Of p a r t i c u l a r  i n t e r e s t  a r e  t h e  ve ry  poor conversions 
oE organic  carbon i n  t h e  s h a l e  t o  o i l  ob ta ined  under normal ( F i s c h e r  Assay) 
r e t o r t i n g  for t h e  Mt Coolon and Nagoorin s h a l e s ,  i n d i c a t i n g  t h a t  for t hese  
sha le0  convent ional  r e t o r t i n g  procedures  a r e  not p a r t i c u l a r l y  e f f e c t i v e .  i 
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( b )  E f f e c t  of P res su re  on O i l  Yields  

For  a l l  t h r e e  s h a l e s .  i n c r e a s i n g  n i t r o g e n  p r e s s u r e  r e s u l t e d  i n  only minor 
decreases  i n  o i l  y i e l d s  ( F i g u r e  1 )  and o rgan ic  carbon conversions (F igu re  2) .  
Inc reas ing  hydrogen p r e s s u r e  had no e f f e c t  on t h e  o i l  y i e l d  from t h e  a l i p h a t i c  
Rundle s h a l e ,  a l t hough  a r educ t ion  i n  the  o rgan ic  carbon remaining i n  the  char  
was  observed,  presumably r e f l e c t i n g  t h e  conversion of the carbonaceous r e s idue  
to methane, as  has  been p rev ious ly  observed f o r  Green River s h a l e ( 8 ) .  

However, i n c r e a s e s  of 150 and 350% of F i s c h e r  Assay o i l  y i e l d s  were 
observed f o r  t h e  M t  Coolon and Nagoorin s h a l e s ,  equ iva len t  t o  oi l  y i e l d s  of 390 
and 290 L t-1 r e s p e c t i v e l y .  assuming an o i l  d e n s i t y  o f  0.9  g These l a r g e  
i nc reases  a r e  matched by corresponding dec reases  i n  t h e  organic  carbon remaining 
i n  the char  (F igu re  2 )  which, i n  the  c a s e  o f  Nagoorin decreased from 58 t o  24% 
a t  6 HPa hydrogen. Increased hydrogen p r e s s u r e  r e s u l t e d  i n  on ly  small changes 
i n  the conversion of o rgan ic  carbon t o  gaseous products .  

As shown i n  F i g u r e  3, t h e  o i l  y i e l d s  determined fo r  t h r e e  A u s t r a l i a n ( l 3 )  
aromatic s h a l e s  r e t o r t e d  i n  6 MPa hydrogen compared favourably with similar 
r e s u l t s ( 3 )  fo r  a v a r i e t y  of o t h e r  s h a l e s .  Data on t h e  importance of the t o t a l  
o i l  y i e l d  on t h e  economics of HYTORT type  processes  do not appear t o  have been 
publ ished.  but it appears  t h a t  t h e  t h r e e  A u s t r a l i a n  sha le s  a r e  p a r t i c u l a r l y  
s u i t e d  t o  r e t o r t i n g  i n  high p res su re  hydrogen. 

( c )  E f f e c t  o f  P res su re  on O i l  Composition 

Although inc reased  o i l  y i e l d s  a r e  obviously important .  t h e  composition of 
t h e  o i l  is equa l ly  s i g n i f i c a n t  from the  viewpoint of t h e  subsequent hydro- 
t reatment  and r e f i n i n g  of t h e  crude product .  

I n c r e a s i n g  n i t r o g e n  p r e s s u r e  had no e f f e c t  on t h e  IH and 13C a r o m a t i c i t i e s  
of t h e  whole s h a l e  o i l s  (F igu re  4). but l a r g e  changes were observed with 
inc reas ing  hydrogen p res su re ,  p a r t i c u l a r l y  f o r  t h e  Mt Coolon and Nagoorin 
sha le s .  For example,  t h e  Nagoorin o i l  formed i n  6 MPa hydrogen had carbon and 
proton a r o m a t i c i t i e s  of 68  and 29% r e s p e c t i v e l y .  The d a t a  i n d i c a t e  t h a t  fo r  t he  
M t  Coolon and Nagoorin s h a l e s  a s u b s t a n t i a l  p a r t  of t h e  a d d i t i o n a l  o i l  formed i n  
t h e  presence of hydrogen is aromatic .  

Examination of t h e  whole o i l s  by gas  chromatography (GC) and gas 
chromatography/mass spec t romet ry  (CC/MS) showed ( F i g u r e  5 )  t h a t  phenol,  t he  
c r e s o l s  and d ime thy l / e thy l  phenols  were prominent components of t h e  o i l s  
r e t o r t e d  under h igh  p r e s s u r e  hydrogen from t h e  M t  Coolon and Nagoorin s h a l e s .  
These compounds a l s o  completely dominate t h e  I 3 C  NHR s p e c t r a  of these  o i l s  i n  
t h e  aromatic  r eg ion  b u t  were absent  i n  the o i l s  r e t o r t e d  from t h e  Rundle s h a l e  
i n  both n i t r o g e n  and hydrogen. 

Nitrogen had v i r t u a l l y  no e f f e c t  on t h e  y i e l d  of any of t he  var ious 
molecular groups determined by  p ro ton  NMR spec t roscopy  (F igu re  6 ) ,  ss was 
expected from t h e  absence of any co r re spond ing  e f f e c t  on the  t o t a l  o i l  y i e l d  
However. l a r g e  i n c r e a s e s  i n  the p ropor t ions  of p a r t i c u l a r l y  po lycyc l i c  aromatics 
were observed f o r  t h e  M t  Coolon and Nsgoorin s h a l e s  r e t o r t e d  i n  t h e  presence of 
hydrogen. Very much s m a l l e r  i n c r e a s e s  i n  the  r e l a t i v e  p ropor t ions  of these  
compounds were observed i n  o i l s  r e t o r t e d  from t h e  a l i p h a t i c  Rundle sha le .  

Taken t o g e t h e r ,  t h e  r e s u l t s  ob ta ined  f o r  t he  Nagoorin and M t  Coolon o i l s  
r e t o r t e d  under hydrogen suggest  t h a t  t h e s e  a r e  not normal s h a l e  oils, but  more 
Closely resemble coal-der ived l i q u i d s ,  no doubt r e f l e c t i n g  t h e  p a r t i a l  l i g n i t i c  
o r i g i n  of t hese  s h a l e s .  The r e s u l t s  a l s o  i n d i c a t e  t h a t  f o r  t h e s e  s h a l e s  i n  t h e  
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absence of hydrogen, a major coke forming process  involves  t h e  decomposition of 
aromatic  compounds, p a r t i c u l a r l y  phenols .  

An unusual a spec t  o f  t h e s e  r e s u l t s  is  t h e  l ack  of any e f f e c t s  of s h a l e  
composition and r e t o r t i n g  c o n d i t i o n s  on t h e  alkene y i e lds .  Proton NMR 
measurements showed t h a t  3.2% of t h e  protons i n  t h e  Rundle o i l  were p re sen t  as 
a lkenes ,  2.8% i n  Nagoorin o i l  and 2.4% i n  M t  Coolon o i l .  S i m i l a r l y ,  t h e  alkene 
con ten t  o f  Green River s h a l e  o i l  h a s  been r epor t ed  a s  3.1%(6). Furthermore,  
t h e  t o t a l  a lkene y i e l d  and t h e  r a t i o  of i n t e rna l . / t e rmina l  a lkenes  were not 
s i g n i f i c a n t l y  a f f e c t e d  by t h e  presence o f  high p res su re  hydrogen or n i t rogen .  
S imi l a r  r e s u l t s  have been r epor t ed  f o r  Green River  s h a l e ( 8 ) .  

A poss ib l e  sou rce  of a lkenes  is t h e  d i s p r o p o r t i o n a t i o n  of a lkane - f r ee  
r a d i c a l s  produced i n  t u r n  from t h e  primary decomposition of t h e  ke rogen( l4 ) .  
However, it is not  a t  a l l  c l e a r  why q u i t e  d i f f e r e n t  kerogens should g ive  
almost i d e n t i c a l  y i e l d s  o f  a lkenes .  F u r t h e r ,  i t  i s  d i f f i c u l t  to accep t  t h a t  a 
hydrogen p res su re  of 6 W a  does not reduce t h e  above d i s p r o p o r t i o n a t i o n  
r eac t ion .  and even hydrogenate  t h e  newly formed alkenes.  

(d )  Model f o r  Kerogen Decomposition 

Published models f o r  t he  decomposi t ion of kerogen(8-10) are based on work 
with Green River s h a l e  which is h i g h l y  a l i p h a t i c ,  produces an o i l  o f  low 
a r o m a t i c i t y  with a y i e l d  and composi t ion which are only marg ina l ly  a f f e c t e d  by 
hydrogen p res su re ,  and which thus g e n e r a l l y  resembles t h e  s h a l e  from t h e  Rundle 
depos i t .  Our work has  shown t h a t  t h e  aromatic  M t  Coolon and Nagoorin s h a l e s  can 
be r e t o r t e d  under c o n d i t i o n s  which g i v e  oils con ta in ing  l a r g e  amounts of phenols 
and po lycyc l i c  aromatics  and thus resemble coa l  p y r o l y s i s  l i q u i d s .  For these  
s h a l e s ,  t h e  r e a c t i o n s  of t h e  dominant aromatic  components of t h e  kerogen a r e  a t  
l e a s t  equa l ly  as, and p o s s i b l y  even more important  than those of t h e  a l i p h a t i c  
components, whose behaviour  dominates t h e  r e t o r t i n g  chemistry of s h a l e s  from 
Rundle o r  Green River.  For t h e s e  aromatic  s h a l e s ,  t he  fol lowing r e t o r t i n g  model 
is  proposed: 

The o rgan ic  m a t t e r  i n  t h e s e  s h a l e s  is  composed of m a t e r i a l  of a l g a l  
(predominantly a l i p h a t i c )  and l i g n i t i c  (predominant ly  a romat i c )  
o r i g i n .  Varying amounts of wax and m a t e r i a l  de r ived  from l e a f  
c u t i c l e s  may a l s o  be p re sen t  and,  f o r  t h e  M t  Coolon s h a l e ,  t h e s e  may 
be major components(l2).  

The a l i p h a t i c  components of t h e  o rgan ic  ma t t e r  decompose to  g ive  
l a r g e l y  a l i p h a t i c  p roduc t s .  As shown by t h e  work o f  Regtop e t  
a l . , ( l 5 )  some o f  t h e  a l i p h a t i c  o i l  may be converted to aromatics  by 
r e a c t i o n s  c a t a l y s e d  by t h e  spen t  s h a l e  s u r f a c e s .  The c o n t r i b u t i o n  of 
such r e a c t i o n s  to t h e  t o t a l  aromatic  y i e l d  must however be small 
because of t h e  ve ry  s h o r t  r e s idence  times. 

The aromatic  components of t h e  s h a l e  o rgan ic  ma t t e r  decompose to 
aromatic  and r e a c t i v e  products  which, under normal r e t o r t i n g  
cond i t ions ,  r a p i d l y  decompose t o  g ive  coke and gas.  Under c e r t a i n  
c i rcumstances,  e.g. h igh  p r e s s u r e  hydrogen or very s h o r t  r e s idence  
t imes,  t h e s e  compounds s u r v i v e  and appear i n  the  o i l  a s  phenols  and 
o t h e r  aromatic  compounds. The decomposition of t hese  compounds du r ing  
normal r e t o r t i n g  s e r v e s  as  a pre l imina ry  clean-up of t h e  o i l ,  at t h e  
expense of t h e  o rgan ic  carbon conversion.  

The coke formed dur ing  p y r o l y s i s  of t h e  aromatic  s h a l e s  can undergo 
f u r t h e r  a r o m a t i s a t i o n  r e a c t i o n s ,  as is shown by the  loss of hydrogen 
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and methane a t  temperatures  s i g n i f i c a n t l y  h ighe r  than those normally 
r e q u i r e d  f o r  r e t o r t i n g ( l 6 ) .  
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TABLE 1 
PROPERTIESOIL SHALE 

F i s c h e r  Assay (wt % d r y  s h a l e )  
Organic carbon i n  cha r  (%)  
Conversion of o rgan ic  carbon 
to o i l  ( X I  

€4 

PROPERTY 

ANALYSIS 

Weight loas on dry ing  ( X )  
Inorganic  carbon (%) 
Organic carbon (%) 
Hydrogen ( X )  
Nitrogen ( I )  
Sulphur ( X )  
H/C r a t i o  
1 3 ~  ~ r o m a t i c i t y  

I RETORTING 

RUNDLE MT COOLON NACOORIN 

10 
0.89 

13.9 
2.1 
0.4 
0.6 
1.84 
0.20 

a Based on d r y  eha le .  

I f :::E Y S  RUNDLE 

2 - 
0 0  

PRESSURE 1MP.l 

50 

45.9 
4.3 
0.4 
3.1 
1.12 
0.33 

- 25 
0.14 

44.8 
3.1 
2.1 
1.5 
0.81 
0.48 

FIGURE 1. E f f e c t  of p re s su re  on oil y i e l d s  
o n i t rogen ,  o hydrogen 
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FIGURE 2 .  Effect  of pressure on organic 
carbon d i s t r i b u t i o n s  
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+- 

FIGURE 3.  Comparison of rhe e f f e c t s  of hydrogen 
preseure on o i l  y i e l d s .  
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F I G U R E  4 Effec t  o f  re tor t ing  pressure on 
carbon and proton aromat ic i t i e s .  

F I G U R E  5. Total ion 
chromatograms o f  whole o i l s  

retorted i n  hydrogen and 
nitrogen. 

1 phenol 
2 o-cresol 
3 mhp creso l  
4 6 5 

6 napthalene 
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PYROLYSIS AND HYDROPYROLYSIS OF KENTUCKY OIL SHALE IN 
SUPERCRITICAL TOLUENE UNDER RAPID HEATING CONDITIONS 

R.M. Baldwin and J.A. Hanley 
Chemical Engineering Department 
Colorado School of Mines. Golden, CO 80401 

ABSTRACT 
Oil shale from the Cleveland member of the Ohio shale. 

Montgomery County, Kentucky has been pyrolysed in supercrfticai 
toluene in the presence and absence,of gas-phase molecular 
hydrogen. Data have been collectgd in a 300-cc stirred tank 
autoclave at residence times of 0 5. and 30 minutes. 
temperatures from 653 to 733 K. and total pressures (at 
temperature) ranging from 15.1 to 20.6 HPa. The reactor was 
equipped with a gas-driven sample injector so that shale could 
inJected into the pre-heated dense gas at reaction conditions. 
Heating rates of approximately 500 C h i n  were obtained with th 
configuration. Results for conversion of organic carbon to of 
have been computed based on a carbon balance on the reaction 
system. 

The objectives of the experimental program were: 
1: investigate the use of toluene as a dense gas medium: 

be 

S 

2: elucidate the reaction kinetics and the effect of hydrogen and 
heating rate on the rate and extent of oil formation. The data 
have shown toluene to be an excellent dense-gas media for 
facilitating supercritical pyrolysis and hydropyrolysis. Carbon 
conversions and oil yields of in excess of 185% o f  Fischer Assay 
were achieved in the presence of gas-phase molecular hydrogen at 
very short ( < 2  minute) residence times . Carbon conversion to 
oil was found to be a function of final temperature. hydrogen 
partlal pressure, and heating rate. 

INTRODUCTION 

in the world (1). Of the various techniques available for 
recovery of oil from oil shale, processes based on thermal 
decomposition of the organic matter in shale have received, by 
far. the most attention (2). Thermal decomposition or retorting 
technologies have been developed to a hlgh degree of 
sophistication as evidenced by the TOSCO 1 1 .  Union 0 .  and 
Chevron. Unfortunately. retorting processes are plagued by 
inefficiencies in oil recovery which are inherent to the 
pyrolytic chemical reactions taking place. Principally. these 
inefficiencies result in low carbon conversfon to oil due to free 
radical reactions such as cracking and condensatfon. In the case 
of cracking. a high gas make is promoted at the expense of oil 
while the of1 product remaining i s  correspondingly high in olefin 
content. Regressive reactions due to condensatfon promote 
formation of coke. Both cracking and coking may be reduced to 
some extent by operatlon at low temperature and/or short 
residence times, or by processing in the presence of hydrogen 
and/or hydrogen transfer agents that act as free radical 
scavengers. It is the latter phenomenon that gives rise to 
interest in alternate oil shale processtng schemes based on 

Oil shale represents one of the largest hydrocarbon reserves 
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reactions in dense gas media. 

most organic solvents at or below their normal boiling points, 
but when oil shale is heated to temperatures above 600 K, the 
organic matter may be extracted in high yield (3.4). Several 
early patents describe solvent processing of torbanite and other 
shale-like materials at elevated temperatures both with and 

Kerogen in oil shale is known to be relatively insoluble in 

310 

vehicle oils. while Gregoli (10). Patzer (11 ) .  and Greene (12 )  
have all recently been issued patents for hydrogenation of oil 
shale in hydrogen donor and non-donor solvents In the presence l 

and absence of gas phase molecular hydrogen. Recently, McKay et 
el. (13) and Baldwin et al. (14) have reported on investigations 
using dense (supercritical) gases and subcritical fluids for 
extraction of shale oil from oil shale under a wide variety of 



I 

I 

K. critical pressure 4.07 MPa) was present in the reactor as a 
dense gas. After heating to reaction conditions with only gas and 
toluene present in the reactor, the shale was injected into the 
vessel with an overpressure of helium. The reaction temperature 
rapidly rebounded to the desired temperature (generally within 
One minute). Following the desired reaction time, the reactor 
Was quenched by forced convection. Samples of the spent shale 
were analyzed for total and inorganic carbon, and ashed in a 
muffle furnace. Carbon conversion to oil plus gas was then 
calculated based on a forced ash balance, while carbon conversion 
to gas was calculated from an analysis of the reaction product 
gases. Carbon conversion to oil, and thus oil selectivity, was 
then finally computed by difference. In the following 
discussion, oil selectivity refers to the fraction of carbon 
converted that is converted to oil. 

Two baseline runs in helium and hydrogen atmospheres were 
Performed at 698 K in order to establish the thermal reactivity 
of the shale in supercritical toluene. These runs were, however. 
done with the reactor used in the true batch mode of operation 
where the entire reaction mass was heated slowly (approximately 8 
C per minute) to the final temperature, and then held at this 
level for one hour. Results of this run are shown in Table 2. As 
may be seen, an organic carbon conversion of 44.07, and oil 
selectivity of 91.6%. resulting in an overall conversion of 
carbon to oil of only 40.37. was achieved in the absence of 
hydrogen. This conversion level is consistent with the results 
obtained in standard Fischer Assay pyrolysis (viz. Table 1). 
Pyrolysis under these conditlons in the presence of hydrogen 
however raises the carbon conversion to oil to 68.92. thus 
demonstratlng the well-recognized benefits attendant to 
hydropyrolysis of aromatic oil shales. Clearly, hydrogen in the 
reaction gas atmosphere greatly enhances carbon conversion. This 
is primarfly accomplished by inhibiting condensation reactions 
which lead to formatton of coke, as the oil selectivities differ 
by only about 109.. This observation I s  consistent with a radical 
quenching mechanism, promoted by the presence of gas phase 
molecular hydrogen. 

Results for pyrolysis and hydropyrolysis in supercritical 
toluene under rapid heating conditions (c.a. 500 C/min) are shown 
in Figures 2, and 3. Figure 2 presents the kinetic data for 
organic carbon conversion obtained with hydropyrolysis under 
rapid heating conditions at an initial (cold) hydrogen pressure 
of 300 psi. As may be seen, the low temperature isotherms (653, 
673. and 693 K )  exhibit the expected tlme/temperature behavior. 
Hydropyrolysis at 713 and 733 K however shows an entirely 
different behavior, with the organic carbon conversion reaction 
becoming essentially instantaneous at the hlghest temperature 
studied (733 K ) .  011 selectivlty (the fraction of carbon reacted 
that is converted to oil) at the highest temperature and shortest 
residence time is 95.6%. Thls. coupled wlth the 61.3% organic 
carbon conversion achieved at this combinatlon of reaction 
conditions gives rise to an overall oil yield in excess of 1857. 
of Fischer Assay. Perhaps more interesting however, is the 
effect o f  hydrogen on the reaction that I s  indicated in Figure 3. 
As illustrated. under conditlons of rapid heating and low final 
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temperature (673 K). the organic conversion is insensitive to the 
presence of hydrogen in the reaction gas atmosphere over a wide 
range of residence times as shown by the essentially identical 
results for pyrolysis (helium atmosphere) and hydropyrolysis. 
This is in direct contrast to the slow heating data shown in 
Table 2 .  where hydrogen has a marked effect on the ultimate 
yield of oil. At 713 K, the presence of hydrogen has a small 
beneficial effect at the short residence time (5 minutes), and a 
substantial beneficial effect at the extended resldence time of 
30 minutes. At 733 K ,  the effect of  hydrogen is pronounced over 
the entire range of reaction times studied. and i s  especially 
pronounced at 30 minutes. Considerlng these data in light of the 
previous data from the slow heating rate experlments serves to 
indicate that a complex mechanism involving both radical 
quenchlng and oil evolution rate processes is operative in this 
reaction system. Under conditlons of rapld heating but at low 
final temperatures (673 K or less) the secondary condensation 
reactions leading to decreased oil yield are apparently 
sufficiently slow such that the carbon conversion reactlons are 
not sensftive to the presence o f  added hydrogen. Reaction at high 
heating rates but higher flnal temperatures (713 K and above) 
however shows a significant sensitivity to the presence of 
gas-phase molecular hydrogen, especlally at extended residence 
times. Apparently. under these conditions, regressive 
(coke-forming) reactions are Sufficiently rapid that inhibition 
of condensation by radical quenching becomes significant, thus 
leading to enhanced organic carbon conversions. At high heating 
rates, significantly higher organic carbon conversions can be 
obtained with inert atmosphere pyrolysfs when compared to the 
Fischer Assay as shown by a comparison o f  the high temperature 
helium atmosphere data in Figure 3 and the data in Table 1 .  Thls 
enhanced yield is, however, only present at short residence times 
( < 5  minutes). This is undoubtedly due to the well documented 
effect of "flash pyrolysis". where the rapid rate of volatiles 
evolution is successful in preventing secondary reactfons whlch 
decrease carbon conversion ( 1 5 ) .  At higher reaction severity 
(time/temperature combinations). some form of hydrogen activity 
is required to prevent the onset of regressive reactions with the 
resultant loss of carbon conversion. 
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FIGURE 2 

Organic Carbon Conversion Isotherms 

F I GURE 3 

Inert Gas and Hydrogen Atmosphere Comparlsons 
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TABLE 1 
Analysis o f  Feed Shale 

1 Fischer Assay 
%spent shale % o i l  %water %gas+loss o i l .  GPT occ2 

91.6 4.6 1.5 2.3 11.6 42.9 

1. Analysis by Commercial Testing and Engineering Co.. 

2 .  % organic carbon conversion t o  o f1  
Golden, CO 

1 TABLE 2 
Results under Slow Heating Rate Condit ions 

He 

occ2 72.6 44.0 

OY 95.9 91.6 

1 .  Reactlons c a r r l e d  ou t  i n  t r u e  batch mode, heat lng r a t e  o f  
approximately 8 C/minr 425 C f i n a l  temperature. 300 p s i  i n i t i a l  
hydrogen charge. 60 minutes residence t i m e .  

2. Organic carbon conversion t o  oi l+gas. w t % .  

3. Percent of organic carbon converted t h a t  is converted t o  o l l .  
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CHARACTERIZATION AND STABILITY PROPERTIES OF POLAR EXTRACTS 
DERIVED FROM A RECENT SHALE LIQUID 

John V. Cooney*, George W .  Mushrush and Erna J. Beal 

Naval Research Laboratory, Code 6180, Washington, D.C. 20375-5000 

INTRODUCTION 

Recent studies into the mechanisms of storage instability 
with middle distillate fuels have indicated that the presence of 
polar compounds, particularly nitrogen heterocycles, is frequently 
related to the deterioration of aged fuel samples 11-51. In 
certain instances, direct autoxidation of nitrogen containing 
species is indicated, which may be subject to catalytic effects 
made possible by trace fuel components [6,7]. At other times, the 
organic nitrogen compounds themselves assume the role of catalyst 
in the oxidation of other fuel molecules. One approach to the 
problem of nitrogen compound induced storage instability has 
involved model compound dopant studies [8,9]. A second approach 
involves the study of the stability properties of actual high- 
nitrogen middle distillate fuels [lO,ll]. In this paper we 
discuss the second approach which was applied to a recently 
refined high-nitrogen shale liquid. Thus, polar extract 
components were isolated, characterized and studied in the context 
of accelerated storage stability tests. 

EXPERIMENTAL 

The high-nitrogen shale liquid which was examined in this 
study was refined from Geokinetics crude shale oil refined at the 
Caribou-Four Corners Refinery (Utah). The sample which was 
studied had been distilled and partially hydrotreated, and was 
designated at NRL as "fuel 83-65". Fuel 83-65 is identical to 
processing intermediate 1-HTR-3 recently studied by Thompson and 
Holmes [12]. Fuel 83-65 was separated into three polar extracts 
using a reported procedure involving extraction with acid 
(1.0 N HC1) followed by batch adsorption onto silica gel, which 
was subsequently back-washed with methylene chloride and methanol 
[lO,ll]. The three extracts thus provided were: (a) BNC ("basic 
nitrogen compound" extract, the acid-extractable material, in 
methylene chloride), (b) NBNC(CH2C12)(nnon-basicn extract in 
methylene chloride), and (c) NBNC(CH3OH)(methanolic wash of the 
Sifica  el). The polar extracts were examined by capillary GC/MS 
using reported conditions [lo]. 

The accelerated storage stability test method used has been 
described in detail [ 4 ] .  In summary, 300 ml samples of filtered 
fuel were thermally stressed in the dark in 500 ml screw-cap 
borosilicate Erlenmeyer flasks (Teflon-lined caps). Replicate 
Samples were run, with both filterable sediment and adherent gum 
values determined after storage. Peroxide numbers (ASTM D1583-60) 
were also determined in samples of filtered fuel before and after 
stress. Extract-doping experiments employed a very stable Navy 
Shale-I1 process shale diesel fuel, fuel D-11, as diluent. Fuel 

' I  

I 
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D-11 has been well-characterized and contains AO-30 (2,4-dimethyl- 
6-t-butylphenol) as the sole additive [4]. All extracts were 
stripped of their solvent (verified by GC) by gentle rotary 
evaporation prior to being added to fuel D-11. Nitrogen 
concentration levels in fuel samples were determined by a chemi- 
luminescent technique with an Antek Model 720 instrument [4,101. 

RESULTS AND DISCUSSION 

Preliminary accelerated storage stability tests at 43'C and 
8O'C indicated that shale fuel 83-65 possessed marginal stability 
(Table I). The fuel was found to be relatively high in nitrogen 
content, containing 2290 ppm N (w/v). It was consequently of 
interest to us to examine the polar components of this shale 
liquid as part of an effort to relate fuel composition to 
stability behavior [lo]. The high nitrogen content of fuel 83-65 
permitted the convenient extraction of a significant amount of 
polar material for use in the subsequent doping experiments. In 
addition to these preliminary tests, the shale liquid was 
subjected to a simulated distillation analysis. Fuel 83-65 was 
found to be a broad-cut fraction. By ASTM D2881, IBP was 120°C, 
50% was 299"C, 95% was 421'C and FBP was 485°C. Correlation to 
ASTM D86 gave IBP of 190°C, a 50% value of 306°C and a 95% value 
of 423°C. NO hydroperoxide was detected in fuel 83-65 prior to or 
following storage stability testing (i.e., peroxide numbers were 
0.0 by ASTM D1583-60). 

Table I 

Accelerated Storage Stability Results for Fuel 83-65 
(unvented - mg/100 ml) 

Storage Filtered Adherent Total Insolubles 
Conditions Sediment - Gum Duplicate Mean Std.Dev. 

80°C-7 days 2.3 0.6 2.9 
1.7 1.1 2.8 
1.8 1.0 2 . 8  2.8 io.1 

80"c-14 days 4.5 2.6 7.1 
3.7 4.9 8.6 
3.5 2.9 6.4 

43'c-49 days 1.6 
1.8 
0.8 

43°C-91 days 2.5 
2.4 
2.1 

0.6 2.2 
1.1 2.9 
1.6 2.4 

7.4 t1.1 

2.5 i0.4 

2.2 
2.2 
3.2 
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Extraction of Nitrogen Compounds 
The separation scheme which was used for the removal of polar 

extracts was patterned after an earlier procedure [lo]. A single, 
mild acid ext2action (using 3.67 equiv. of 1.0 N HCl)-was selected 
to minimize the opportunity for chemical changes in the fuel. The 
BNC extract was obtained in methylene chloride following neutrali- 
zation of the acid wash. Subsequent treatment of the acid 
extracted fuel with active silica gel afforded two NBNC extracts 
(in methylene chloride and methanol). The fuel and extracts were 
analyzed for soluble nitrogen content in order to assess a 
nitrogen balance (Table 11). It was possible (within analytical 
error) to account for nearly all of the nitrogen originally 
present in fuel 83-65. The accelerated storage stability of fuel 
83-65 was improved by the acid/silica treatment, with only ca. 2.4 
mg/100 ml of total insolubles resulting after 14 day - 80" stress 
(cf. 7.4 mg/100 ml before extraction). 

Table I1 

Nitrogen Analyses for Extracted Fuel 83-65 

Sample N Concentration (ppm w/v) 

1. Original 2290 

2. After acid extraction 700 

3 .  Isolated in CH2Cl2 wash of silica 490 

4. Isolated in CH3OH wash of silica 75  

5 .  After acid and silica treatment 130 

Examination of Polar Fuel Extracts 

were examined by GC/MS by a procedure which has been reDorted 
Components of the BNC, NBNC(CH2C12) and NBNC(CH30H) extracts 

[lo]. The resuits for the acid extractable material ( B k )  and the 
NBNC(CH30H) extract are given together in Table 111. Table I11 
indicates that both of these extracts were rich in nitrogen 
heterocycles, principally alkylpyridines. The pyridines which 
were in the BNC extract were characterized by long alkyl chains 
(unbranchecl) while the NBNC(CH30H) extract pyridines were highly 
brzzche8 anc? geileially a f  d higlier moiecuiar weight. Table IV 
compares the identifications of the ten largest peaks found in 
these two extracts. The presence of a substantial amount of 
tetrahydroquinolines (ca. 29%) in the BNC extract is a reflection 
of the hydrotreatment used during processing. For all three polar 
fuel extracts, over 95% of the total sample peak area was identi- 
fied, so that the peaks which were examined were representative of 
the samples. 
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Table I11 

Examination Of BNC and NBNC(CH1OH) Extracts from Fuel 83-65 

Compound Class' 

A.  Pyridines 
(C4 
c4 
c5 
c6 
C7 
C8 
C9 
e10 
c11 
c12 
c1 3 
c14 
c15 
c16 

B. Tetrahydroquinolines 
(C3 
c3 
c4 
c5 
c6 
c7 

Tetrahydroquinolines 
(C3 
c3 
c4 
c5 
c6 
c7 

C. Quinolines 
<e3 
c3 
c4 
c5 
c6 
c7 

<C7 
c7 
C8 
C9 

(C4 
c4 
c5 
c6 
c7 
C8 

D. Indoles 

E. Carbazoles 

F. other N Compounds 

G. other compounds 

n 

(175) 
12 
5 

19 
10 
14 
20 
24 
22 
43 
6 

- 

(134) 
6 

13 
19 
23 
29 
35 

8 
1 

( 5 4 )  
2 
7 
12 
18 
13 
2 

(40) 
10 
9 

18 
3 

( - )  

(16) 

( - )  

BNC Extract NBNC(CH1OH) Extract 
n m  

(60.2) (213) 
0.7 6 
0.6 7 
0.6 15 
0.2 1 
9.8 3 

16.4 6 
14.6 6 
9.9 10 
6.3 15 
1.2 28 

34 
39 
34 
9 

(29.0) (114) 
0.6 2 
2.9 9 

12.8 2 
6.6 3 
3.2 5 
2.2 32 
0.6 17 
0.2 25 

12 
7 

(7.9) (12) 
0.4 
2.1 
1.6 
3.2 
0.7 
(0.1 

(2.2) (20) 
0.7 
0.5 
0.8 
0.1 

( - )  (98) 
8 

22 
38 
22 
5 
3 

(0.8) (16) 

( - 1  (19) 

(88.6) 
0.6 
1.5 
0.6 
(0.1 
0.1 
0.1 
0.1 
0.8 
1.9 
5.5 

27.9 
26.4 
12.7 
10.3 

(5.7) 
0.2 
0.5 
0.1 
0.1 
0.1 
1.7 
1.0 
0.8 
0.5 
0.7 

(0.2) 

(1.3) 

(3.2) 
0.1 
0.5 
1.1 
1.3 
0.1 
0.1 

(0.4) 

(0.6) 

+*CX" denotes the no. of carbon atoms in substituents on the 
heterocyclic ring, "n" is the number of isomers observed, "Area 8" 
is based on the total ion count from mass of 45 through 450. 
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Table IV 

A. Ten Largest Peaks - BNC Extract From Fuel 83-65 
Rank Rel. Area Main Component 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1000 
91 3 
870 
854 
825 
775 
676 
660 
472 
41 3 

Dimethylhexylpyridine 
Methylpropyltetrahydroquinoline 
Trimethylpentylpyridine 
Dimethylheptylpyridine 
Dimethylhexylpyridine 
Dimethylpentylpyridine 
Trimethylhexylpyridine 
a C4 Tetrahydroquinoline 
Trimethylhexylpyridine 
a C8 Pyrindine 

Retention Time (min) 

27:16 
26:26 
26:15 
30: 32 
28:lO 
23: 51 
29: 30 
25: 59 
28:58 
27:07 

B. Ten Largest Peaks - NBNC(CHq0H) Extract From Fuel 83-65 

Rank Rel. Area Main Component Retention Time (min) - 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1000 
549 
544 
495 
375 
31 7 
281 
2 60 
251 
238 

a C13 Pyridine 
Trimethyltridecylpyridine 
a C13 Pyridine 
a c16 Pyridine 
Trimethylundecylpyridine 
Trimethyldecylpyridine 
Dimethyltridecylpyridine 
Trimethylundecylpyridine 
Dimethylundecylpyridine 
Trimethylundecylpyridine 

37:48 
47:12 
38 : 09 
47:15 
42: 26 
39:53 
45:19 
40:49 
40: 14 
43:29 

The methylene chloride NBNC extract was found to be very 
complex, consisting primarily of hydrocarbons. Most of the 
nitrogen in this extract appeared in the form of substituted 
indoles. The compound classes present are summarized in Table V. 
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Table V 

Examination of NBNC(CH7C17) Extract From Fuel 83-65 

Compound Class No. Isomers Area % 

A. Hydrocarbons 

Alkanes 
Cycloalkanes 
Benzenes 
Naphthalenes 
Tetralins 
Indanes 
Fluorenes 
Phenanthrenes 
Biphenyls 
Other Hydrocarbons 

B. Nitrogen Compounds 

(294) 

33 
35 
80 
22 
53 
15 
15 
9 

11 
21 

(37) 

I ndo 1 e s 27 
Other Nitrogen Compounds 10 

(91.3) 

44.8 
2.1 

10.7 
8.5 

11.1 
2.8 
4.2 
3.8 
2.1 
1.2 

(8.7) 

6.0 
2.8 

Results of Doping Experiments 

as dopants to a stable shale diesel fuel (fuel D-11). Stress 
conditions employed temperatures of 8OoC and 43'C for periods of 
time ranging up to 14 and 154 days respectively [8,10]. The 
results of the doping experiments are given in Table VI. In the 
table, the amount of total insoluble material is reported as the 
mean of three experimental trials. 

The polar components of each of the three extracts were added 

Table VI 

Total Insolubles for D-11 with Added Polar Extracts 

Extract 

BNC 

NBNC(CH30H) 

undoped D-11 

Storage N Added Total Insolubles(mg/lOO ml) 
Conditions (pgm-w/v) - Mean Std. Dev. 

80°C-7d 337 1.6 k0.2 
80 "C-146 337 1.3 20.6 
43°C-778 337 0.5 kO.0  
43OC-1546 337 0 . 1  20.1 

80°C-78 264 
8OoC-14d 264 
43OC-7Od 264 

4.3 k 0 . 6  
4.7 k 0 . 6  
4.1 k0.2 

80°C-14d 163 63.7 222.5 

80°C-14d 0 
43 OC-52d 0 
43°C-1546 0 

0.0 20.1 
0.1 20.2 
0.4 kO.0  
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The results of the dopant experiments indicated that the 
methanolic NBNC extract was by far the most active sediment 
promoter in the D-11 fuel, about as active as 2,5-dimethylpyrrole 
on a ppm N (w/v) basis [4]. This is the most active fuel extract 
we have yet isolated; it is considerably more reactive than the 
NBNC(CH30H) extracts obtained from other shale fuels in earlier 
work [lo]. Notable constituents of the methanolic NBNC extract 
were branched alkylpyridines as well as alkylcarbazoles, which 
have yet to be studied as model dopants in well-defined 
systems [ 4 ] .  We speculate that these species may be involved in 
the oxidation reactions of storage Instability. It was 
surprising to isolate such a reactive extract from fuel 83-65, 
since the fuel is actually quite a bit more stable than other 
shale fuels which we have studied (cf. Table I and ref. 10). This 
clearly indicates the importance of complex "interactive effects" 
present in a given fuel in controlling and allowing the expression 
of oxidative lability of sensitive molecules [7]. Thus, it is 
possible that natural antioxidants present in fuel 83-65 normally 
suppress the tendency of the components of extract NBNC(CH30H) to 
oxidize or initiate oxidation processes. 

The NBNC(CH2Cl2) extract was found to be a mild promoter of 
instability, while the BNC extract had little effect despite the 
fact that some 337 ppm N (w/v) had been added to the D-11 base 
fuel. The inertness of the BNC extract may be a result of reduced 
oxidizability of straight-chain alkylpyridines (relative to 
branched) or may be due to inhibition as a result of the high 
tetrahydroquinoline content [lo]. Instability promoted by the 
NBNC(CH2C12) extract may be a consequence of the presence of 
modest amounts of olefins and alkylindoles in this extract. 

CONCLUSIONS 

Polar fractions have been isolated and characterized from a 
recently refined shale-derived liquid. When the extracts were 
added as dopants to a stable shale diesel fuel and stored at 
elevated temperatures, the formation of insoluble material was 
observed. The most active extract in promoting instability 
consisted primarily of branched alkylpyridines (not acid- 
extractable) together with modest amounts of tetrahydroquinolines 
and alkylcarbazoles. 
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