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Shale  o i l  o f f e r s  one of  t h e  most promising n e a r  t e r m  o p t i o n s  f o r  provid ing  t r a n s -  
p o r t a t i o n  f u e l s  from non-petroleum domest ic  r e s o u r c e s .  The unusual ly  h igh  n i t r o g e n  
conten t  of  s h a l e  o i l  however, p r e s e n t s  a s i g n i f i c a n t  problem i n  r e f i n i n g  t h i s  s y n t h e t i c  
f u e l  t o  s p e c i f i c a t i o n  products .  Under c o n t r a c t  t o  t h e  Department of  Energy, Chevron 
Research Company has  s u c c e s s f u l l y  a p p l i e d  s t a t e - o f - t h e - a r t  hydroprocess ing  technology 
t o  s h a l e  o i l  r e f i n i n g .  I n  a d d i t i o n ,  Chevron has  e s t i m a t e d  t h e  economics of hydro- 
process ing  s h a l e  o i l  t o  a v a r i e t y  of  product  s l a t e s .  A summary of t h e  t e c h n i c a l  and 
economic r e s u l t s  of  t h a t  program w i l l  be  p r e s e n t e d .  I n  a l a r g e r  s c a l e  e f f o r t ,  t h e  
Department o f  Energy and t h e  Department of Defense have a j o i n t  program f o r  r e f i n i n g  
100,000 b a r r e l s  of  s h a l e  o i l  a t  an e x i s t i n g  Sohio r e f i n e r y .  The s t a t u s  and some r e s u l t s  
of t h i s  program w i l l  a l s o  be  presented .  The r e s u l t s  of t h i s  on-going work i n d i c a t e s  
t h a t  r e f i n i n g  of s h a l e  o i l  w i l l  b e  expens ive .  Consequent ly ,  an expanded D.O.E. s h a l e  
o i l  r e f i n i n g  program' i s  b e i n g  developed t o  a s s u r e  t h a t  t h e  c o s t  of r e f i n i n g  s h 2 l e  o i l  
is n o t  an impediment t o  commerc ia l iza t ion  o f  t h e  s h a l e  r e s o u r c e .  The g o a l s  of t h i s  
program w i l l  be o u t l i n e d .  
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Shale Oi 1 : An Acceptable Refinery Syncrude 

H. C .  Stauffer  & S. J .  Yanik 

Gulf Science and Technology Company 
P .  0. Drawer 2038, Pittsburgh, PA 15230 

Introduction 
Technoloav f o r  the extraction of o i l  from shale has been in .," 

existence for  a very long time. 
environmental climate, the production o f  substant ia l  quant i t ies  of shale 
o i l  could have been real ized rather  quickly. 
established t h a t  shale  o i l  must be substant ia l ly  upgraded before any 
conventional ref ining processes can be applied, 

s ignif icant  volume of raw shale o i l .  
have two objectives: 
refined in an ex is t ing  f a c i l i t y ,  o r  2 )  upgrade and ref ine t o  a f u l l  s l a t e  
of products a t  the r e t o r t  s i t e ,  
requirements a r e  substant ia l  and qui te  s imilar .  

Our upgrading s tudies  were i n i t i a t e d  in the 1960's. 
of our participation in the Rio Blanco Project, these have been updated 
during the past few years .  This paper resents  the resu l t s  of o u r  most recent 
exploratory s tudies  made t o  determine 17 the effectiveness of our comnercial ly  
avai lable  hydrotreating technology f o r  upgrading shale  a i l  t o  a petroleum 
subst i tute  and 2 )  the response obtained i n  conventional downstream refining 
processes. 
Upgrading Routes 

approaches. In the one most often considered, Figure 1 ,  the raw o i l  i s  
fractionated t o  yield a residuum t h a t  may be gasif ied,  coked or  deasphalted, 
A heavy gas o i l  i s  obtained for  hydrocracking or  hydrotreating f o r  FCC feed. 
The furnace o i l  d i s t i l l a t e  i s  hydrotreated t o  No. 2 fuel (or  additional FCC 
feed) and a naphtha i s  produced f o r  hydrotreating and ca ta ly t ic  reforming. 
The syncrude from th is  route i s ,  essent ia l ly ,  an a l l - d i s t i l l a t e  stream, 
comprised of the reconst i tuted,  hydrotreated f rac t ions ,  

A more unconventional approach, which avoids much duplication of 
f a c i l i t i e s ,  i s  shown in Figure 2 .  In th i s  route, the whole shale o i l  i s  
hydrotreated in a modified Gulf Residual HDS Unit. The ef f luent  can be 
pipelined as syncrude or fract ionated and converted t o  prime products via 
reforming,hydrocracking and/or FCC. 
route, and  no residual products need be produced, 

In a less  r e s t r i c t i v e  economic and 

I t  has a l so  been well 

No ref inery has the capabi l i ty  of e f fec t ive ly  processing any 
Therefore, most upgrading s tudies  

1 )  produce a syncrude tha t  can be pipelined and then 

In e i t h e r  case, t h e  overall upgrading 

As a r e s u l t  

In upgrading sha le  o i l  f o r  refining purposes, there are two general 

Volumetric yields  are  higher, by this 

Discussion 
Shale Oi 1 Qual i ty  

Although a l l  our l a t e s t  p i l o t  plant s tudies  were limited t o  a 
s ing le  shale o i l  sample, a number of d i f fe ren t  o i l s  were examined. Assavs 
for - f ive  of these ( A ' t h r u  E )  are  shown in Table I .  
indicative of the var ia t ion in shale  o i l  composition tha t  can r e s u l t  from 
differences i n  re tor t ing  modes and o i l  shale  source. Obviously, as re tor t ing  
technology changes, so can the character of the o i l .  

are  typified by t h e i r  h i g h  hetero-atom content, with nitrogen being the 
highest, by f a r .  Sulfur  content i s  re la t ive ly  low in a l l  samples and of no 
par t icular  concern. 
par t icular  f ract ions var ies  from sample t o  sample a s  do the yields  of these 
fract ions.  

These data a re  

Regardless of o i l  shale source o r  re tor t ing  mode, a l l  the  o i l s  

As would be expected, the hetero-atom content o f  the 

In view of the present trend toward in-s i tu  re tor t ing,  the 
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lower  residuum and hetero-atom con ten t  o f  sample E i s  encouraging, 
A was used e x c l u s i v e l y  f o r  a l l  t h e  p i l o t  p l a n t  s tud ies  h e r e i n  repo r ted .  

I n  o rde r  t o  meet t h e  o b j e c t i v e s  o f  t h i s  s tudy,  w i t h  t h e  amount 
o f  shale o i l  a v a i l a b l e ,  most o f  t h e  data was acqui red f rom survey- type runs, 
us ing  o u r  e a r l y  e x p l o r a t o r y  s tud ies  as a bas i s .  
was done i n  e x i s t i n g  f a c i l i t i e s  no rma l l y  used f o r  petroleum-based feeds. 

Delayed cok ing  runs were made i n  a 2 g a l / h r  u n i t ,  equipped f o r  
downstream f r a c t i o n a t i o n  and gas o i l  r ecyc le .  

C a t a l y t i c  c rack ing  da ta  was ob ta ined  i n  a 1,500 cc /h r ,  automated 
r i s e r  u n i t  hav ing p roduc t  f r a c t i o n a t i o n  and continuous c a t a l y s t  regenera t i on  
f a c i  1 i t i e s .  

Hydrogenation and c a t a l y t i c  re fo rm ing  runs were a l s o  made i n  
automated u n i t s ,  bo th  isothermal  and ad iaba t i c .  These u n i t s  a re  equipped 
f o r  downstream product  f r a c t i o n a t i o n  and most have gas scrubbing and 
recyc le  systems. A l l  operat ions were downflow, w i t h  combined hydrogen, 
i n  c a t a l y s t  beds rang ing  f rom 300 t o  2,500 cc. 

f o r  hydrogenat ion be ing  G u l f  f o rmu la t i ons .  
made wi th an e q u i l i b r i u m  c a t a l y s t  o f  h i g h  z e o l i t e  content .  A commerc ia l ly  
a v a i l a b l e  b i m e t a l l i c  c a t a l y s t  was used i n  t h e  re fo rm ing  s tud ies .  

Because o f  t h e  i n h e r e n t l y  poor  s t a b i l i t y  c h a r a c t e r i s t i c s  o f  raw 
sha le  o i l ,  i t  was f e l t  t h a t  t he  problems t h i s  cou ld  cause d u r i n g  t h e  s tudy 
cou ld  be a l l e v i a t e d  by a m i l d  hydrogen pret reatment .  
was m i l d l y  hydrot reated,  w i th  t h e  i n t e n t  o f  e l i m i n a t i n g  t h e  most r e a c t i v e  
double bonds. 
f o r  a rsen ic  removal, t h e  de tec tab le  changes i n  product  p r o p e r t i e s  and 
composit ion were i n s i g n i f i c a n t .  
would have no e f f e c t  on f u r t h e r  processing. 
t o  be r e p r e s e n t a t i v e  o f  upgrading a raw shale o i l  sample. 

Sample 

Experimental 

A l l  t h e  p i l o t  p l a n t  work 

Only commercial ly a v a i l a b l e  c a t a l y s t s  were employed, w i t h  those 
The r i s e r  c r a c k i n g  r u n s  were 

Thus, t he  e n t i r e  sample 

Al though hydrogen consumption was about 150 SCF/B, except  

It was concluded t h a t  t h e  p re t rea tmen t  
Thus, t h e  s tud ies  were considered 

Delayed Coking o f  Residuum 
Cokina o f  t h e  960 F+ f r a c t i o n  was done a t  c o n d i t i o n s  Drev ious l v  

found s u i t a b l e  ' for sha le  o i l  r es idua  and no unexpected problems'were 
encountered. 
y i e l d s  and inspec t i ons ,  are shown i n  Table 11. 
t y p i c a l  o f  a coker  ope ra t i on  and, o f  course, ve ry  h igh  i n  n i t r o g e n .  
coke i s  o f  r e l a t i v e l y  poor  q u a l i t y ,  ve ry  h i g h  i n  n i t r o g e n  content ,  b u t  low 
i n  s u l f u r  and vanadium. Ash con ten t  w i l l  be a f u n c t i o n  o f  t h e  ca r ry -ove r  
from the  r e t o r t i n g  operat ion.  
does n o t  f i t  t h a t  p red ic ted  from a petroleum-based c o r r e l a t i o n .  
was h i g h e r  w h i l e  gas and naphtha y i e l d s  were lower. 

The convent ional ,  r e l a t i v e l y  m i l d  cond i t i ons ,  w i t h  p roduc t  

The 
The l i q u i d  p roduc ts  a r e  

It was observed t h a t  t h e  y i e l d  s t r u c t u r e  
Coke y i e l d  

Gas O i l  H y d r o t r e a t i n g  and 
C a t a l y t i c  Crack ing 

The gas o i l  f r a c t i o n ,  680-960°F, was hyd ro t rea ted  i n  two stages 
Products o f  0.73 and 0.61% t o  produce feedstocks f o r  c a t a l y t i c  crack ing.  

n i t r o g e n  were obta ined a t  two s e v e r i t i e s  i n  t h e  f i r s t  stage, The h i g h e r  
n i t r o g e n  l e v e l  m a t e r i a l  served as feed t o  t h e  second stage. 
i n  t h i s  stage, n i t r o g e n  con ten t  was reduced t o  0.28 and 0.10%; t h e  lower  
l e v e l  rep resen t ing  95.9% o v e r a l l  den i t rogena t ion .  Y ie lds,  o p e r a t i n g  c o n d i t i o n s  
and product  i nspec t i ons  a re  shown i n  Table 111. 
p r o p e r t i e s  o f  a good q u a l i t y ,  l o w  n i t rogen ,  pet ro leum gas o i l  (PGO) a r e  
a l s o  shown. 

Except f o r  t he  unique s u l f u r / n i t r o g e n  r a t i o ,  t he  h y d r o t r e a t e d  
shale o i l s  (HTSO) e x h i b i t  no apparent unusual c h a r a c t e r i s t i c s .  As would be 
expected, however, b o i  1 i n g  range does change w i t h  deni t r o g e n a t i o n  s e v e r i t y .  

A t  two s e v e r i t i e s  

For  comparison, t h e  
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Since the products were not stripped back t o  feed IBP, they contain increasing 
amounts of material in the furnace o i l  boiling range. 
other t h a n  nitrogen content, the qual i ty  of these synthetic gas o i l s  i s  
equal t o  o r  superior than t h a t  of many petroleum based FCC feedstocks. 

The response obtained in f luid c a t a l y t i c  cracking i s  shown in 
Table IV. 
those from the PGO and two stocks which were blends of the PGO with the raw 
feed to hydrotreating. T h e  HTSO's crack very well up  t o  a nitrogen content 
of a t  l e a s t  0.28%. 
was obtained with the low nitrogen HTSO. 
response i s  nonlinear with nitrogen content. 
and gasol ineyie ld  were much poorer than those obtained with the blended feed 
a t  the same nitrogen leve l .  This discrepancy has been a t t r ibu ted  to the high 
basic nitrogen content o f  the  HTSO. 

FCC Product Q u a l i t  
-tion, adequate octane numbers were obtained with a l l  

shale  oil-containing feedstocks. All research octane numbers (RON) were 91 
or  greater  except when cracking the low nitrogen HTSO, Table V .  
the RON was only 89.2. 
the lowest sens i t iv i ty .  
feedstock. 

stocks, hydrotreated o r  blended, b u t  lower than obtained with t h e  PGO. As 
feed nitrogen increased, sa tura te  content decreased with a corresponding gain 
in o le f in  content. Motor octane numbers obtained from the shale oil stocks 
were consistently lower than from the PGO. Sensi t ivi ty  increased with feed 
nitrogen content. The increase, however, was n o t  as great  with the HTSO's 
as with the blended feeds. 

Relative t o  the gasoline from the PGO,  a l l  shale o i l  stocks gave 
gasolines of much higher nitrogen content. 
lowest values a t  comparable feed nitrogen levels .  
decanted o i l s ,  however, nitrogen contents were higher from the HTSO's than 
the blended feeds. All avai lable  data indicate  sat isfactory product s t a b i l i t y  
u p  t o  a feed nitrogen level  of a t  l ea s t  0.3%. 

yields  a high qual i ty  furnace o i l  product. 

petroleum derived furnace o i l s ,  however, nitrogen contents are qui te  high, 
This can be reduced to a very low level ;  b u t ,  i t  should not be required 
except for exclusive use i n  combustion applications were NO emissions are  
1 imiting. In a l l  other respects ,  the combustion character igt ics  of these 
fuels  a r e  excel lent(1)  and in many cases superior t o  No. 2 fue ls  from petroleum. 

can be tolerated,  the naphtha must be essent ia l ly  nitrogen-free for  sa t i s fac tory  
reforming response. As the inspection data show, in Table VI,  t h e  nitrogen 
level i s  many orders of magnitude greater  than typical fo r  most v i r g i n ,  
petroleum-based naphthas. Nitrogen a t  t h i s  high level t o t a l l y  overwhelms the 
d i f f i c u l t y  associated with removal of the remaining hetero-atoms. Figure 3 
shows a temperature-space velocity-pressure relat ionship required t o  produce 
a 
exceed typical refinery pretreat ing sever i t ies .  

Based on properties 

The yield s t ruc ture  produced from the HTSO's i s  compared with 

Of a l l  the  stocks, maximum conversion and  gasoline yield 
For the hydrotreated stocks, however, 

A t  the 0.61% level , conversion 

I n  t h i s  case, 
This gasoline had the highest saturate  content and 

I t  was a l so  derived from the most paraff inic  

Gasoline aromaticity was remarkably constant fo r  a l l  shale o i l  

Of these, the HTSO's gave the 
For the cycle o i l s  and 

Middle Dist i l  l a t e  Hydrotreating 
Hydrogenation of the middle d i s t i l l a t e  f rac t ion ,  375-680°F, readily 

As shown in Table VI, negligible 
' su l fur  content and high cetane index i s  eas i ly  obtained. Compared to  

Naphtha Pretreat ing and Reforming 
Unlike heavier stocks in which substantial amounts of nitrogen 

reformer charge of 0.5 ppm nitrogen content. These conditions f a r  
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The raw naphtha has a re la t ive ly  h i g h  aromatic content and iS 
very o le f in ic .  
reactions. 
f o r  many gas o i l  hydrocrackers. 

important points. 
deficiency in C and C hydrocarbons. Second, the r a t i o  of naphthenes t o  
aromatics i s  exgeptionzlly high. 
qui te  low benzene and toluene yields  and a high hydrogen make. 

The qual i ty  of the feed, as indicated by i t s  N+2A re la t ionship,  
i s  signif icant ly  be t te r  than would be predicted. 
re la t ionship would indicate reforming suscept ib i l i ty  close t o  t h a t  of a 
Mideast naphtha, such as Kuwait, i t s  response was actual ly  much closer  t o  
t h a t  of a good qual i ty  domestic naphtha. 
obtained and temperature requirements shown in Figures4, 5 and 6. 

2 .  In this  route, the raw, ful l -boi l ing range shale  o i l  i s  charged t o  a 
modification of the Gulf HDS Process. The resu l t s  shown i n  Table VI11 
are  for  maximizing the yield of FCC feed a t  the minimum denitrogenation level. 
The yield of 375"F+ FCC charge is approximately 85% on raw crude and contains 
0.38% nitrogen with <1.0 ppm Ni equivalent. Although the 375"Ft material 
i s  re la t ively high in nitrogen, the naphtha i s  essent ia l ly  nitrogen-free and 
can be charged d i rec t ly  t o  a ca ta ly t ic  reformer. 

f o r  other end uses, the 680°F+ can s t i l l  be reduced t o  a sa t i s fac tory  nitrogen 
level. 
may also be more useful in other applications. 

About 85% of the hydrogen required i s  consumed i n  saturat ion 
The total  consumption, 808 SCF/B, i s  i n  excess of t h a t  required 

As reformer feed, the t reated naphtha inspections show two 
First, the front-end v o l a t i l i t y  i s  very low, indicating a 

Consequently, the reforming resu l t s  show 

Although this  simple 

This is i l l u s t r a t e d  by the yields  

The maximum yield case i s  shown i n  the  a l te rna te  approach, Figure 
Alternate Upgrading Route 

This i s  n o t  a l imit ing case; i f  the furnace o i l  f ract ion i s  desired 

The residuum, which has an API gravity higher than t h a t  of the crude, 
. .  

Conclusions 

and f o r  o le f in  saturat ion,  hydrogen requirements a re  subs tan t ia l .  W i t h  
For sa t i s fac tory  hetero-atom removal, par t icular ly  nitrogen, 

today's comnercially avai lable  ca ta lys t s ,  processing sever i t ies  a re  
high and cost ly .  

With respect to  FCC feed, limited quant i t ies  of raw shale  o i l  can 
be tolerated i n  a ref inery crude s l a t e ,  Handling the 65OOF and l i g h t e r  
material would require a hydrotreating capabi l i ty  greater  than usually 
available. 

refining in conventional processes. Product yields  and qual i ty  a re  comparable 
t o  those obtained with a good qual i ty  petroleum crude. 
shale o i l  via the modified Gulf HDS Process resu l t s  in an improved y ie ld  
s t ructure  and a less  complex f a c i l i t y .  

New ca ta lys t  formulations are  expected t o  subs tan t ia l ly  reduce 
process severi ty .  

Shale o i l  f ract ions when sui tably upgraded, are  qui te  amenable t o  

Upgrading the  total  

T h i s  will strongly a f fec t  upgrading and refining economics, 

Reference 
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Sample 
Source 
Retor t  

Shale O i l  
Gravi ty,OAPI 
V iscos i ty ,  SUS: 130°F 
Pour, O F  
Carbon, w t  % 
Hydrogen, w t  % 
S u l f u r ,  w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Arsenic, ppm 
Ash, w t  % 

Fract ions:  

OP-310°F 
Y ie ld ,  vo l  % 
Gravi t y , O A P I  
Carbon; w t  % 
Hydrogen, w t  % 
Su l fu r ,  w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Saturates, v o l  % 
O le f ins ,  vo l  % 
Aromatics, vo l  % 
Arsenic, ppm 

31 0-375°F 
Y ie ld ,  vo l  % 
Gravi t y  , O A P I  
Carbon; w t  % 
Hydrogen, w t  % 
Su l fu r ,  w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Saturates, vo l  % 
Olef ins,  v o l  % 
Aromatics, vo l  % 
Arsenic, ppm 

375-520°F 
Y ie ld ,  vo l  % 
Grav i ty  ,O AP I 
Carbon, w t  % 
Hydrogen, w t  % 
Su l fu r ,  w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Pour, O F  
A n i l i n e  Point,"F 
Arsenic, ppm 

TABLE I 

ASSAYS OF RAW SHALE OILS 

A 
Dow 

20.7 
85.7 

84.52 
11.14 
0.70 
1.99 
1.32 

0.20 

+75 

13.9 

5.20 
53.3 
85.06 
13.35 
0.85 
0.25 
0.52 

28.0 
56.0 
16.0 --  

4.54 
44.8 
84.84 
12.97 
0.72 
0.65 
0.70 

25.0 
52.0 
23.0 -- 

12.64 
35.0 
84.57 
12.32 

0.64 
1.05 
1.24 

-45 
82.0 -- 

B 
Paraho 
Para ho 

20.1 
121.4 
+85 

84.83 
11.51 
0.58 
2.04 
1.24 

0.03 
20.9 

1.17 
48.0 
84.20 
13.03 

0.81 
0.95 
0.75 -- 
-- 
-- 
5.2 

1.13 
40.7 
83.44 
12.68 
0.52 
1.46 
1.46 -- 
-- 
-- 
1.8 

9.60 
33.8 
84.09 
12.38 
0.68 
1.35 
1.53 

-30 -- 
24.7 

C D E 
Super ior  Occidental -- 

Tosco Tosco I n - S i t u  

20.7 
105.5 
+80 

84.06 
11.27 
0.77 
2.06 
1.58 
8.0 
0.05 

5.08 
52.2 
84.11 
12.87 

1.04 
0.41 
0.95 

26.0 
54.0 
20.0 

1.5 

4.58 
43.6 
84.36 
12.80 

0.91 
0.82 
1.24 

25.5 
48.0 
26.5 
<o. 2 

10.87 
34.3 
83.92 
12.30 

0.74 
1.25 
1.70 

- 35 
73.4 

1.8 

19.3 
92.7 

83.97 
10.72 
0.43 
1.96 
1.92 

0.06 

+50 

32.0 

6.30 
52.4 
84.87 
12.37 
0.59 
0.30 
0.69 

27.0 
57.0 
18.0 

3.4 

4.53 
42.8 
84.72 
12.71 
0.59 
0.79 
0.87 

23.5 
48.0 
28.5 

3.9 

13.64 
33.0 
84.58 
12.02 
0.39 
1.15 
1.38 

-55 
80.0 

9.8 

25.4 
42.6 

84.89 
11.82 
0.42 
1.62 
1.09 

0.26 

+80 

19.0 

3.58 
49.6 
85.84 
13.02 
0.69 
0.59 
0.49 -- 
-- 
-- 
1.6 

3.39 
43.0 
84.14 
12.67 
0.55 
1.09 
0.77 -- 
-- 
-- 
6.0 

20.49 
34.1 
84.94 
12.31 
0.36 
1.21 
0.85 

- 30 
93.2 
1.5 

6 



Sample 

Fractions: (cont 'd)  

375-680°F 
Yield, vol % 
Gravity, "API 
Viscosity, SUS: 100°F 
Carbon, w t  % 
Hydrogen, w t  % 
Sulfur, w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Pour, O F  

Aniline Point,OF 
Arsenic, ppm 

Yield, vol % 
Gravity, "API 
Viscosity, SUS: 210°F 
Carbon, w t  % 
Hydrogen, w t  % 
Sulfur,  w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Pour, "F 
Aniline Point,"F 
Carbon Res, w t  % 
Arsenic, ppm 
N i  + V ,  ppm 

680-960°F 

Carbon, k t  % 
Hydrogen, w t  % 
Sulfur, w t  % 
Nitrogen, w t  % 
Oxygen, w t  % 
Carbon Res, w t  % 
C5 Insolubles, w t  % 
Ash, w t  % 
Arsenic, ppm 
Ni, ppm 
v ,  PPm 

TABLE I (continued) 

A 

30.85 
29.3 
40.1 
84.56 
11.96 
0.63 
1.47 
1.26 

+15 
87.1 
8.0 

32.57 
16.3 
66.4 
85.01 
10.93 
0.60 
2.09 
0.94 

+loo 
26.0 
0.91 -- 

<o. 1 

26.84 
5.9 

59 
85.14 
10.61 
0.64 
2.84 
1.34 

20.3 
18.1 
0.64 -- 

15 
1.6 

B 

28.92 
28.4 
42.6 
83.90 
11.98 
0.69 
1.60 
1.27 

+20 _-  
23.0 

37.81 
18.6 
57.0 
85.11 
11.25 
0.53 
1.91 
0.83 

+loo -- 
0.28 

12.8 
<o. 1 

30.97 
11.8 

84.61 
10.64 
0.53 
2.60 
0.95 

266 

12.9 -- 
0.05 

26.0 
9.2 
0.5 

7 

C 

27.37 
29.7 
40.2 
84.09 
12.01 
0.70 
1.62 
1.72 

+30 
86.0 

3.8 

31.93 
18.6 
56.0 

11.53 
0.65 
2.08 
1.18 

86.11 

+loo 
111.9 

0.41 
15.5 
0.1 

31.04 

D 

33.07 
27.0 
42.1 
86.00 
11.83 
0.44 
1.56 
1.60 

+5 
82.4 
20.4 

31.73 
15.3 
91.0 
85.16 
10.96 
0.36 
2.00 
1.20 

+85 
118.4 

29 
<o. 1 

0.44 

24.37 
9.2 5.3 

503 3.212 
84.81 85.20 
10.37 9.74 
0.80 0.39 
2.78 2.95 
1.31 1.20 

15.8 24.4 
15.4 20.7 
0.13 0.21 
7.0 59.0 

20.8 32.0 
1.8 0.5 

E 

51.33 
29.5 
39.3 

12.03 
0.37 
1.47 
0.75 

85.29 

+20 
102.2 

5.7 

33.79 
20.8 
50.7 
87.02 
11 -84 
0.24 
1.75 
0.68 

+lo5 
135.5 

14 
<0.1 

0.40 

7.91 
6 .8  

84.85 
10.24 
0.58 
2.26 
2.05 

2,216 

18.4 
18.0 

67.0 
45.6 
22.8 

2.28 



N O  

WLD a 7 

. -  

uwLnC9 

m o o  I w I I I I &?: z d 

M 

0 
5 M  ..- M 

--0 ae 



Hydrotreatment 

Avg. Ca ta l ys t  Temp., O F  

Space Veloc i ty ,  v o l / h r / v o l  
Yields,  W t  % o f  Feed: 

W C F B )  
N$ 
H-8 
CL-C 
T h t a l  L i a u i d  Product 

Inspect ions:  
Ni t rogen, w t  % 
Grav i ty ,  " A P I  
Hydrogen, w t  % 
Su l fu r ,  w t  % 
Oxygen, ppm 
Viscos i ty ,  SUS: 

Pour Point ,  "F 
A n i l i n e  Point ,  OF 
Carbon Res., Rams.: w t  % 
Calc. Comp., 

Vol Fract ion:  

210°F 

Aromatics (Ca) 
Naphthenes (Cn) 
Para f f i ns (  Cp) 

Nickel ,  ppm 
Vanadium, ppm 
D i s t i l l a t i o n ,  Vac., 

O F  a t :  
10% 
30 
50 
70 
90 

TABLE- 111 

GAS OIL HYDROTREATING 

F i r s t  
Stage Second Stage 

680 /96OoF 
Gas O i l  F i r s t  Stage Product 

<--------_---- 

Gas O i l  
2.41 

13.9 
10.85 
0.49 
0.80 

113.4 
t105 

101 
1.34 

<o. 1 
<0.1 

805 
869 
905 
939 
989 

4,000 
725 

1 .o 

(1.200) 
0.49 
2.19 
0.90 
4.08 

94.21 

0.61 
27.4 
12.56 
<0.05 

< loo  
41.4 

+95 
174.6 

0.12 

0.205 
0.212 
0.583 

<0.1 
<o. 1 

61 1 
730 
784 
839 
91 7 

9 

( 450 
0.04 
0.55 

0.42 
99.75 

0.28 
29.7 
13.00 
<0.05 

< l o o  
37.7 

+60 
181.9 

0.07 

0.170 
0.218 
0.612 

<o. 1 
<o. 1 

51 7 
688 
779 
843 
893 

755 

(630) 

0.75 

0.04 
0.77 

1.56 
98.70 

0.10 
31.2 
13.13 
~ 0 . 0 5  

< l o o  

35.8 
+85 
186.1 

0.05 

0.147 
0.220 
0.633 

<0.1 
50.1 

484 
661 
763 
027 
870 

PGO 
0.063 

26.9 
12.71 
0.47 

41.7 
+90 
190.0 

0.26 

0.160 
0.231 
0.610 
0.2 
0.9 

622 
695 
770 
851 
953 
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Operating Condi t ions 
Reactor Press. , p s i  g 
Gas C i r c u l a t i o n ,  SCFB 
Space Ve loc i ty ,  v o l / h r / v o l  
H J H C .  mol /mol 
A6g. Cata lys t  Temp., O F  

H,(SCFB) 
Yields, w t  % o f  Feed 

;IS 
H d  C t  
C '  c23 
L4 C + Product (vo l  %) 

Grav i ty ,  'AP I  
Nitrogen, ppm 
Su l fu r ,  ppm 
Oxygen, ppm 
Hydrogen, w t  % 
Bromine Number 
Hydrocarbon Analys is ,  

D1319, vo l  % 
Saturates 
01 e f i  ns 
Aromatics 

D2789, vo l  % 
P a r a f f i n s  
Monocycl o p a r a f f i  ns 
D i  c y c l  o p a r a f f i  ns 
A1 k y l  benzenes 

InsBections 

Benzene 
Toluene 

$+ 
Ind ines & T e t r a l i n s  
Naphtha1 enes 

Octane Numbers: 
Research, C 1  ear  
Motor, Clearo 

D i s t i l l a t i o n ,  F a t :  
10% 
30 
50 
70 
90 

TABLE V I 1  

NAPHTHA PRETREATING AND REFORMING 

P r e t r e a t i n q  
1,400 
8,000 

Feed 
47.8 

5,700 
7,900 
5 1400 

13.28 
66 

38.0 
43.5 
18.5 

279 
300 
316 
334 
354 

1 .o 
680 - 

(-808) 
0.84 
0.69 
0.61 
0.20 
0.02 
0.08 
0.14 

103.0 

54.7 
<0.2 
<0.5 

14.77 
< l o o  

58.8 
30.6 

3.9 
6.1 
0.1 
0.6 
1.7 
3.7 
0.4 
0.2 

29.0 

262 
284 
304 
325 
349 

1 3  

366 - 
2.0 - 
- 
- 
1.2 
2.0 
3.8 
5.3 

81.9 

46.4 - 
- 
- 
- 

- 
- 
- 

44.0 
3.2 
0.1 

50.7 
0.9 
6.4 

13.0 
27.8 

1.6 
0.5 

92.9 
82.9 

181 

286 

358 

880 - 
2.2 

1.4 
2.4 
4.6 
6.2 

78.8 

44.7 

38.7 
2.7 
0.1 

56.7 
1.3 
7.9 

15.5 
32.0 

1.3 
0.5 

96.7 
86.0 

178 

282 

358 



TABLE VI11 

UPGRADING FBR RAW SHALE OIL 

Operat ing Condit ions 
Reactor Press.. Ds iq  
Gas Ci rcu lat ion, 'SCtB 
Avg. Cata lys t  Temp, "F 
Space Ve loc i ty ,  vo l /h r / vo l  

Y ie lds ,  % o f  HDS Charge 
H S, w t  % 
N6 , w t  % 
H,d, w t  % 

2,100 
5,000 

750 
0.5 

0.72 
2105 
1.45 

c'-c , w t  % 2.09 
C1+ fyncrude, vo l  % 102.6 
dem.  H Consumption, SCFB 1,260 

Syncrude: 
Inspec t i  o i s  Feed 

Grav i t y  "API 20.7 

Su l fu r ,  w t  % 0.70 
Oxygen, w t  % 1.32 
Hydrogen, w t o % '  11.14 
Pour Po in t ,  F +75 

Nitrogen, w t  % 1.99 

Frac t ions :  
Naphtha (C,-375OF) 

Yield:  do l  % Syncrude 
Grav i ty ,  OAPI 
Ni t rogen, ppm 
S U l f U r .  DDm 

Furnace O i i '  (375O-68OoF) 
Yield:  vg l  % Syncrude 
Grav i ty ,  API 
Ni t rogen, w t  % 
Su l fu r ,  w t  % 
A n i l i n e  Poin:, OF 
Pour Point ,  F 

Gas O i l  (68O"-96O0F) 
Yield:  vo l  % Syncrude 
Grav i ty ,  "API 
Ni t rogen, w t  % 
Su l fu r ,  w t  %o 

A n i l i n e  P t ,  F 
Pour Point ,  "F 

Residuum (960"F+) 
Yield:  vg l  % Syncrude 
Grav i ty ,  API 
Ni t rogen, w t  % 
Su l fu r ,  w t  % 
N i  Equiv. ,ppm 

14 

16.7 
53.7 
<0.5 
~ 0 . 5  

43.7 
36.0 
0.23 

<O. 05 
149 
+10 

24.3 
27.2 
0.43 

<O. 05 
189 
+95 

15.3 
22.4 
0.68 

<O. 05 
<1 .o 

Syncrude 

31.5 
0.32 

<0.05 
0.03 

12.84 
+70 



Figure 1. 

CONVENTIONAL UPGRADING ROUTE 

, DIESEL 
FURNACE 

OIL 

Figure 2. 

ALTERNATE UPGRADING ROUTE 

ATM. NAPHTHA GASOLINE REFORM. HYDRO- 
TREAT. FRAC. - . 

, GASOLINE 
375OF + - FCC 

SHALE OIL 
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Figure 3 
NAPHTHA HYDROTREATING 

TEMPERATURE REQUIREMENTS FOR 0.5ppm N 
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Figure 4 
NAPHTHA REFORMING 

C5+ YIELD VS OCTANE SEVERITY 
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Figure 5 
NAPHTHA REFORMING 

Hq PRODUCTION VS OCTANE SEVERITY 

1 1  I I  I I I  I I I I I  I 

i Shale Oil 

90 92 94 96 98 100 

REFORMATE RON, CLEAR 

Figure 6 
NAPHTHA REFORMING 

AVG. CATALYST TEMP. VS OCTANE SEVERITY 
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ARSENIC AND NITROGEN REMOVAL DURING SHALE OIL UPGRADING 
BY 

D. J. C u r t i n * ,  J. D. Dearth", G.  L. Everett  
M. P. G r o s b o l l ,  and G. A. Myers* 

A t l a n t i c  R i c h f i e l d  Company, 400 E .  S i b l e y  Blvd., Harvey, I L  60426, 
and *P. 0. Box 2819, Dal las ,  TX 75221 

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

S h a l e  o i l s  and s h a l e  o i l  d i s t i l l a t e s  c a n  c o n t a i n  h i  h c o n c e n t r a t i o n s  
o f  a r s e n i c  s p r e a d  t h r o u g h o u t  t h e i r  b o i l i n g  r a n g e s  (I?. A r s e n i c  h a s  
been shown t o  r a p i d l y  and permanent ly  d e a c t i v a t e  commercial hydro- 
t r e a t i n g  c a t a l y s t s .  Even where h y d r o t r e a t i n g  is n o t  r e q u i r e d ,  
a r s e n i c  removal may b e  d e s i r a b l e .  

The Nature  of A r s e n i c  i n  S h a l e  O i l  

T a b l e  1 shows t h e  a r s e n i c  d i s t r i b u t i o n  i n  a r a w  s h a l e  o i l .  The g a s  
o i l  f r a c t i o n  c o n t a i n s  t h e  h i g h e s t  a v e r a g e  arsenic  c o n c e n t r a t i o n ,  
a b o u t  52 ppm. A s u b s t a n t i a l  a r s e n i c  peak o c c u r s  i n  t h e  204-260°C 
(400-500°F) b o i l i n g  range .  Fol lowing  t h i s  peak,  t h e  a r s e n i c  con- 
c e n t r a t i o n  d e c r e a s e s .  A s i g n i f i c a n t  a r s e n i c  l e v e l  i s  o b s e r v e d  i n  
t h e  residuum. 

T a b l e  1 

A r s e n i c  D i s t r i b u t i o n  i n  S h a l e  O i l  

F r a c t i o n  A r s e n i c  C o n t e n t  
B o i l i n g  Range Volume P e r c e n t  ppm 

IBP-204OC ( IBP-400°F) 1 8  1 0  
204-482OC (400-9OO0F) 58 52 

482OC (900°F) and 
h e a v i e r  

24  38 

The d i s t r i b u t i o n  o f  t h e  a r s e n i c  t h r o u g h o u t  t h e  b o i l i n g  r a n g e  
i m p l i e s  t h e  p r e s e n c e  o f  o r g a n i c  a r s e n i c  compounds. Other  work 
r e p o r t e d  i n  t h e  l i t e r a t u r e  c o n f i r m s  t h a t  o r g a n i c  a r s e n i c  compounds 
c a n  be p r e s e n t  i n  hydrocarbon f r a c t i o n s  formed by t h e  thermal  
decomposi t ion of  n a t u r a l l y  occu  r i n g  o r g a n i c  s o l i d s  i n c l u d i n g  
European brown coal ( I t I The p y r o l y s i s  of t h i s  coal 
y i e l d s  a tar  which has a v e r y  h i g h  a r s e n i c  c o n t e n t .  Some o f  t h e  
a r s e n i c - c o n t a i n i n g  compounds have been shown t o  be  o r g a n i c  i n  
n a t u r e .  W e  a l s o  have  d a t a  which s u g g e s t  t h a t  i n o r g a n i c  a r s e n i c  
compounds are p r e s e n t .  

Many o r g a n i c  a r s e n i c  compounds are known t o  be u n s t a b l e .  Thus 
it is p o s s i b l e  under  c e r t a i n  c o n d i t i o n s  t h a t  s h a l e  o i l  samples ,  
i n c l u d i n g  d i s t i l l a t e s ,  may lose a s i g n i f i c a n t  amount o f  t h e i r  
a r s e n i c  c o n t e n t .  Care must be  t a k e n  n o t  o n l y  i n  sampling b u t  a l s o  
i n  s t o r a g e  and h a n d l i n g  t o  m a i n t a i n  r e p r e s e n t a t i v e  f e e d s t o c k s .  
O v e r  a long  p e r i o d  of working w i t h  s h a l e  o i l  d i s t i l l a t e s  i n  t h e  
development of  t h e  A t l a n t i c  R i c h f i e l d  A r s e n i c  Removal and Hydro- 
t r e a t i n g  P r o c e s s ,  w e  have  e s t a b l i s h e d  many t e c h n i q u e s  n e c e s s a r y  t o  
e n s u r e  t h a t  t h e  a r s e n i c  compounds remain r e p r e s e n t a t i v e  of  t h o s e  
i n  the  commercial f e e d s t o c k .  

7 f .  
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The E f f e c t  o f  Arsenic  on  H y d r o t r e a t i n g  C a t a l y s t s  

F i g u r e  1 shows t h e  e f f e c t  o f  a r s e n i c  i n  s h a l e  o i l  on  one commercial 
nickel-molybdenum h y d r o t r e a t i n g  c a t a l y s t .  A s h a l e  g a s  o i l  w a s  
passed  over  t h e  c a t a l  st a t  1 . 5  weight  ho r l y  space  v e l o c i t y ,  

I n i t i a l l y  t h e  a r s e n i c  w a s  t o t a l l y  removed from t h e  o i l  by  depos i -  
t i o n  on t h e  nickel-molybdenum c a t a l y s t .  When t h e  a r s e n i c  l e v e l  on  
t h e  c a t a l y s t  reached  7 weight  p e r c e n t ,  t h e  a r s e n i c  level of  t h e  
e f f l u e n t  o i l  i n c r e a s e d  r a p i d l y .  

The h y d r o d e n i t r o g e n a t i o n  (HDN)  a c t i v i t y  of  t h e  nickel-molybdenum 
c a t a l y s t  used i n  t h i s  test  c h a r g i n g  u n t r e a t e d  s h a l e  g a s  o i l  is  
p l o t t e d  i n  F i g u r e  2 .  The HDN a c t i v i t y  r a p i d l y  d e c l i n e d  t o  a p o i n t  
where about  1 0 0 0  grams o f  o i l  had been t r e a t e d  p e r  gram o f  c a t a l y s t .  
A t  t h i s  p o i n t ,  which c o r r e s p o n d s  t o  t h e  p o i n t  where a r s e n i c  began 
t o  appear  i n  t h e  e f f l u e n t  o i l ,  t h e  ra te  o f  c a t a l y s t  a c t i v i t y  
d e c l i n e  became less s e v e r e .  A r s e n i c  d e p o s i t i o n  appeared  t o  b e  a 
major ' f a c t o r  i n  t h e  c a t a l y s t  d e a c t i v a t i o n .  T h i s  h y p o t h e s i s  w a s  
confirmed by a n  a d d i t i o n a l  tes t  o f  a f r e s h  sample o f  n i c k e l -  
molybdenum c a t a l y s t  a t  t h e  same c o n d i t i o n s  b u t  c h a r g i n g  s h a l e  g a s  
o i l  w i t h  t h e  a r s e n i c  removed. The HDN a c t i v i t y ,  a l s o  shown i n  
F i g u r e  2 ,  d e c l i n e d  much less r a p i d l y  t h a n  w a s  t h e  case when t h e  
a r s e n i c - c o n t a i n i n g  r a w  s h a l e  g a s  oil w a s  t r e a t e d .  

2 0 0 0  p s i g ,  282OC (720 B F ) ,  and 1 0 1 4  m3H2/m9 ( 6 0 0 0  s c f  H ~ / b b l ) .  

A r s e n i c  Removal from S h a l e  O i l  D i s t i l l a t e s  

Three a l t e r n a t i v e s  w e r e  a p p a r e n t  f o r  s h a l e  o i l  h y d r o t r e a t i n g .  
F i r s t ,  one c o u l d  a t t e m p t  t o  d e v e l o p  a h y d r o t r e a t i n g  c a t a l y s t  which 
would be r e s i s t a n t  to  a r s e n i c  poisoning .  Our work i n d i c a t e d  t h a t  
e x i s t i n g  c a t a l y s t s  w i t h  s u f f i c i e n t  d e n i t r o g e n a t i o r i  a c t i v i t y  would 
be  poisoned by a r s e n i c  due t o  i t s  s t r o n g  a f f i n i t y  f o r  m e t a l s .  A 
second p o s s i b i l i t y  would be  t o  remove t h e  a r s e n i c  d e p o s i t s  from 
t h e  c a t a l y s t  d u r i n g  r e g e n e r a t i o n .  Once a g a i n  o u r  d a t a ,  l a t e r  con- 
f i rmed i n  tests by o t h e r  companies, showed t h a t  s t a n d a r d  r e g e n e r a -  
t i o n  procedures  w e r e  i n e f f e c t i v e  i n  r e s t o r i n g  HDN a c t i v i t y  t o  an 
a c c e p t a b l e  l e v e l .  A t h i r d  a l t e r n a t i v e  would b e  t o  d e v e l o p  a new 
p r o c e s s  t o  remove a r s e n i c  from t h e  o i l .  I n  o u r  p r e l i m i n a r y  s t u d i e s ,  
we determined t h a t  t h i s  t h i r d  a l t e r n a t i v e  w a s  by f a r  t h e  m o s t  
promising.  

Many d i f f e r e n t  a r s e n i c  removal p r o c e s s  c a n d i d a t e s  were s t u d i e d ,  
and s u f f i c i e n t  d a t a  w e r e  developed t o  p e r m i t  u s  t o  make p r e l i m i n a r y  
d e s i g n  and economic comparisons o f  t h e  p r o c e s s e s .  The l i t e r a t u r e  
c o n t a i n s  a number of  p a t e n t s  f o r  removal o f  a r s e n i c  i n  t h e  p a r t s  
p e r  b i l l i o n  r a n g e  from naphthas  i n  o r d e r  t o  p r o t e c t  v e r y  s e n s i t i v e  
re forming  c a t a l y s t s .  U n f o r t u n a t e l y ,  such removal p r o c e s s e s  a re  appar-  
e n t l y  n o t  a p p l i c a b l e  t o  s h a l e  o i l s  w i t h  a r s e n i c  c o n c e n t r a t i o n s  
of  50 t o  60 p a r t s  p e r  m i l l i o n .  As a consequence,  a number of  new 
p r o c e s s  i d e a s  w e r e  developed.  Two p r o c e s s e s ,  c a u s t i c  washing and 
f ixed-bed guard r e a c t o r ,  emerged from t h e  p r e l i m i n a r y  e v a l u a t i o n  
as  s i g n i f i c a n t l y  s u p e r i o r  t o  t h e  o t h e r s  and w e r e  s e l e c t e d  f o r  
f u r t h e r  s tudy .  

A cont inuous  bench-sca le  a p p a r a t u s  w a s  c o n s t r u c t e d  f o r  exper iments  
on  c a u s t i c  washing o f  s h a l e  g a s  o i l  f r a c t i o n s .  A s  shown by t h e  
f low diagram i n  F i g u r e  3 ,  c a u s t i c  s o l u t i o n  and o i l  w e r e  pumped 
from s t o r a g e  t a n k s  i n t o  a s t i r r e d  reactor main ta ined  a t  d e s i r e d  
c o n d i t i o n s  o f  t e m p e r a t u r e  and p r e s s u r e .  I n  t h e  reactor a chemica l  
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r e a c t i o n  o c c u r r e d  which r e s u l t e d  i n  t h e  format ion  o f  a r s e n i c  
compounds which w e r e  s o l u b l e  i n  t h e  c a u s t i c  phase.  The reactor 
e f f l u e n t  t h e n  f lowed i n t o  a set t ler  where t h e  two phases  w e r e  
p e r m i t t e d  to  c o a l e s c e  and be  withdrawn through s e p a r a t e  l i n e s .  To 
s i m u l a t e  commercial o p e r a t i o n ,  a p o r t i o n  o f  t h e  e f f l u e n t  c a u s t i c  
s o l u t i o n  was r e c y c l e d  back t o  t h e  f e e d  t a n k .  From a n a l y s e s  o f  t h e  
i n d i v i d u a l  e f f l u e n t  p h a s e s ,  p r o c e s s  c o n d i t i o n s  were evolved.  T h i s  
system was found t o  be e f f e c t i v e  fo r  a r s e n i c  removal. Commercial 
d e s i g n  parameters  w e r e  o b t a i n e d  from p r o c e s s  v a r i a b l e  s t u d i e s ,  and 
economics w e r e  e v a l u a t e d .  

F i g u r e  4 shows t h e  f l o w  d iagram f o r  t h e  exper imenta l  guard bed 
a p p a r a t u s .  Hydrogen and o i l  w e r e  f e d  a t  p r e s c r i b e d  rates i n t o  a 
packed r e a c t o r  m a i n t a i n e d  a t  a p p r o p r i a t e  c o n d i t i o n s  o f  t e m p e r a t u r e  
and p r e s s u r e .  The hydrogen-o i l  m i x t u r e  passed  down o v e r  t h e  
c a t a l y s t  bed and e x i t e d  from t h e  bottom o f  t h e  reactor ,  a t  which 
p o i n t  t h e  g a s  and l i q u i d  p h a s e s  w e r e  s e p a r a t e d .  

Using t h e  d a t a  o b t a i n e d  from t h e  two bench-sca le  u n i t s ,  w e  p repared  
p r e l i m i n a r y  commercial d e s i g n s  and c a l c u l a t e d  compara t ive  economics 
f o r  b o t h  p r o c e s s e s .  Other  f a c t o r s  such as  p r o c e s s  o p e r a b i l i t y  and 
envi ronmenta l  e f f e c t s  w e r e  a lso cons idered .  Based on o u r  s t u d i e s ,  
t h e  guard bed p r o c e s s  w a s  u l t i m a t e l y  found t o  b e  s u p e r i o r  t o  c a u s t i c  
washing i n  a l l  t h r e e  r e s p e c t s .  

The development o f  the  guard  bed a r s e n i c  removal p r o c e s s  w a s  compli- 
c a t e d  by t h e  u n c o n v e n t i o n a l  n a t u r e  o f  t h e  s h a l e  o i l  and of  t h e  
guard  bed c a t a l y s t s  found t o  be  m o s t  e f f e c t i v e .  For  example, e a r l y  
c a t a l y s t s  t e s t e d ,  which w e r e  i n e x p e n s i v e  and commercial ly  a v a i l a b l e ,  
performed s a t i s f a c t o r i l y  i n  t h e  p r o c e s s  v a r i a b l e  s t u d i e s  r u n  t o  
measure t h e  e f f e c t s  o f  changing  t e m p e r a t u r e  and space v e l o c i t y .  
H o w e v e r ,  i n  extended c a t a l y s t  a g i n g  r u n s ,  problems were encountered  
w i t h  c a t a l y s t  s t r e n g t h .  A s e a r c h  f o r  a s u i t a b l e  rep lacement  cata- 
l y s t  w a s  i n i t i a t e d ,  and a c o n s i d e r a b l e  e f f o r t  w a s  made t o  t e s t  
commercial c a t a l y s t s  from a l a r g e  number o f  d i f f e r e n t  manufac turers  
and i n  s e v e r a l  d i f f e r e n t  s i z e s  and p h y s i c a l  c o n f i g u r a t i o n s .  Some 
o f  t h e  c a n d i d a t e s  d i d  e x h i b i t  performance which w a s  s u p e r i o r  t o  
t h a t  f o r  t h e  o r i g i n a l  c a t a l y s t ,  b u t  even t h e  b e s t  c a t a l y s t s  d i d  
n o t  m e e t  o u r  s p e c i f i c a t i o n s .  E v e n t u a l l y  a s t r o n g ,  e f f e c t i v e  guard 
bed m a t e r i a l  was deve loped  which w a s  r e s i s t a n t  t o  s h a l e  o i l  f o u l i n g  
and which w i l l  remove a h i g h  p e r c e n t a g e  o f  a r s e n i c  from s h a l e  o i l  
d i s t i l l a t e s  even a t  h i g h  l e v e l s  of a r s e n i c  l o a d i n g .  The e x c e l l e n t  
e f f e c t i v e n e s s  f o r  a r s e n i c  removal p r o v i d e s  s u b s t a n t i a l  economic 
b e n e f i t s .  The u s e  o f  competing mater ia ls  would r e s u l t  i n  much 
l a r g e r  and c o s t l i e r  p r o c e s s i n g  equipment o r  a p r o h i b i t i v e l y  h i g h  
turnaround f requency  t o  renew t h e  guard  bed material .  T h i s  guard  
bed m a t e r i a l ,  deve loped  i n  a j o i n t  e f f o r t  w i t h  a l a r g e  c a t a l y s t  
manufacture  u s i n g  commerc ia l ly  p r o j e c t a b l e  t e c h n i q u e s ,  h a s  been 
used t o  demonst ra te  t h i s  a r s e n i c  removal p r o c e s s  f o r  o v e r  1 0 0 0  
h o u r s  c h a r g i n g  s h a l e  g a s  o i l s  a t  commercial p r o c e s s  c o n d i t i o n s .  
The a r s e n i c  removal d e a r s e n a t i o n  r e s u l t s  of t h i s  demonst ra t ion  
r u n  are shown i n  F i g u r e  5. 

T h i s  p r o c e s s  o p e r a t e s  over a wide r a n g e  o f  p r e s s u r e s ,  hydrogen 
p a r t i a l  p r e s s u r e s  and t e m p e r a t u r e s .  I t  can  p r o c e s s  s h a l e  g a s  o i l  
a t  h i g h  e f f i c i e n c y  a t  r e q u i r e d  h y d r o t r e a t i n g  c o n d i t i o n s  f o r  s h a l e  
o i l .  
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P i l o t  P l a n t  D e n i t r o g e n a t i o n  S t u d i e s  

Experimental  

Hydrodeni t rogenat ion  s t u d i e s  w e r e  performed i n  a bench scale 
cont inuous  down-flow packed bed p i l o t  p l a n t  u n i t .  Over 6 0 , 0 0 0  
r e a c t o r  hours  o f  s h a l e  o i l  p r o c e s s i n g  were completed i n  o u r  s t u d i e s .  
S h a l e  o i l  and hydrogen f lowed through t h e  packed bed and t h e n  through 
a h igh  p r e s s u r e  w a t e r  s c r u b b e r  f o r  removal o f  by-product ammonia 
and hydrogen s u l f i d e  g a s e s .  The l a t te r  s t a g e  a v o i d s  p i l o t  p l a n t  
o p e r a t i n g  problems due t o  ammonium s u l f i d e  format ion .  Gaseous and 
l i q u i d  productswere  t h e n  s e p a r a t e d ,  metered ,  and ana lyzed  t o  p e r m i t  
t h e  d e t e r m i n a t i o n  o f  y i e l d s  and weight  ba lances .  

S h a l e  o i l  f e e d s t o c k s  c o n t a i n i n g  b o t h  l o w  and h igh  a r s e n i c  levels  
w e r e  s t u d i e d  so t h a t  t h e  e f f e c t  on HDN o f  t h e  a r s e n i c  removal  
co-process  c o u l d  be  de te rmined .  S h a l e  g a s  o i l  and naphtha f r a c -  
t i o n s  w e r e  t r e a t e d  s e p a r a t e l y  s i n c e  p r e l i m i n a r y  i n v e s t i g a t i o n  
showed t h i s  t o  be most economical f o r  commercial a p p l i c a t i o n s .  The 
g a s  o i l  work i s  d i s c u s s e d  h e r e .  

C a t a l y s t  Screening  

The d e n i t r o g e n a t i o n  c a t a l y s t  a c t i v i t y  and s t a b i l i t y  w e r e  shown to 
have a major impact  on t h e  cost  e f f e c t i v e n e s s  o f  t h e  s h a l e  
upgrading d e s i g n  because  r e a c t o r  i n v e s t m e n t  i s  a major p a r t  o f  the 
t o t a l  p l a n t  inves tment .  To a s s u r e  t h e  s e l e c t i o n  o f  t h e  b e s t  a v a i l -  
a b l e  c a t a l y s t ,  e x t e n s i v e  comparison t e s t i n g  w a s  done. As e x p e c t e d ,  
nickel-molybdenum c a t a l y s t s  w e r e  b e t t e r  f o r  HDN t h a n  c o b a l t -  
molybdenum c a t a l y s t s .  The c a t a l y s t  chosen was found t o  have a 
10-20 p e r c e n t  h i g h e r  volume a c t i v i t y  on  s h a l e  o i l  t h a n  t h e  b e s t  
compet i tors .  

Deni t rogenat ion  

An exper imenta l  program w a s  conducted t o  de termine  t h e  optimum 
r a n g e  o f  p r o c e s s i n g  c o n d i t i o n s  f o r  a c h i e v i n g  t h e  d e s i r e d  l o w  pro- 
d u c t  n i t r o g e n  l e v e l .  P r o c e s s  c o n d i t i o n s  s t u d i e d  cover  a r a n g e  o f  
temperatures,371-454OC (70O-85O0F), and space  v e l o c i t i e s ,  0.5-2.0 
( h o u r s ) - l ,  a t  a reactor p r e s s u r e  found t o  p r o v i d e  a n  a c c e p t a b l e  
a g i n g  rate.  A p y r o l y s i s  s h a l e  g a s  o i l  produced by a r e to r t  
o p e r a t i o n  was t e s t e d  a l o n g  w i t h  a g a s  o i l  from t h e  coking  o f  t h e  
bot toms f r a c t i o n  o f  t h e  p y r o l y s i s  o i l .  A p y r o l y s i s - c o k e r  s h a l e  
g a s  o i l  b lend  w i t h  l o w  a r s e n i c  c o n t e n t  w a s  used f o r  m o s t  o f  t h e  
s t u d i e s ,  b u t  h i g h  a r s e n i c  c o n t e n t  p y r o l y s i s - c o k e r  b l e n d s  and coker  
o n l y  were a l s o  used t o  e s t a b l i s h  a f e e d s t o c k  e f f e c t .  

Deni t rogenat ion  d a t a  from t h e s e  t e s t s  were used t o  develop  a n  HDN 
c o r r e l a t i o n  based on f i r s t  o r d e r  k i n e t i c s :  

I n  N f / N p  = ( K t , i b T * A  1) 

= n i t r o g e n  c o n t e n t  o f  p r o d u c t ,  ppm 
NKpt,i = a p p a r e n t  rate c o n s t a n t  a t  t e m p e r a t u r e  

where Nf  = n i t r o g e n  c o n t e n t  o f  f e e d s t o c k ,  ppm 

t and w i t h  f e e d  i 
= space  t i m e  1 , where WHSV, t h e  weight  

h o u r l y  space  v e l o c i t y ,  is d e f i n e d  as t h e  
weight  o f  f e e d  p e r  hour  p e r  weight  o f  c a t a l y s t  

(m 

4 = c a t a l y s t  re la t ive  a c t i v i t y  
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F i r s t  o r d e r  k i n e t i c s  g i v e s  a r e a s o n a b l e  f i t  t o  t HDN d a t a .  T h i s  

t h e  d e n i t r o g e n a t i o n  o f  v a r i o u s  materials. Apparent  ra te  c o n s t a n t s  
c a l c u l a t e d  from e q u a t i o n  1) are p l o t t e d  i n  Arrhenius  form i n  
F i g u r e  6 showing a n  a p p a r e n t  a c t i v a t i o n  energy  o f  2 6 . 9  Kcal/gm mole. 
The h igher  a r s e n i c  l e v e l  f e e d s ,  b o t h  p y r o l y s i s - c o k e r  b l e n d  and 
s t r a i g h t  c o k e r ,  showed s i g n i f i c a n t  HDN a c t i v i t y  losses (5-10 per -  
c e n t  f o r  t h e  b lend  and 35 p e r c e n t  f o r  t h e  c o k e r  a l o n e ) .  F i g u r e  7 
shows t h e  a c t u a l  d e n i t r o g e n a t i o n  d a t a  p l o t t e d  i n  t h e  form p r e d i c t e d  
by e q u a t i o n  1) .  Good agreement between t h e  d a t a  and t h e  f i r s t  
o r d e r  k i n e t i c  form i s  i n d i c a t e d .  

i s  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  of  McI lvr ied  ($7 and o t h e r s  f o r  

Hydrogen Consumption 

The hydrogen consumption,  c a l c u l a t e d  from m a t e r i a l  b a l a n c e  o n  
hydrogen c o n t e n t  o f  f e e d  and product  streams, i s  shown a s  a func-  
t i o n  o f  n i t r o g e n  removal i n  F i g u r e  8 .  Feeds w i t h  h i g h e r  hydrogen 
c o n t e n t s  tend  t o  consume less hydrogen by a n  amount approximate ly  
e q u a l  t o  t h e  d i f f e r e n c e  i n  hydrogen c o n t e n t s  o f  t h e  f e e d s .  The 
r a n g e  o f  hydrogen consumption observed  f o r  t h e s e  s h a l e  o i l  HDN 
t e s t s ,  254-304 m3/m3 (1500-1800 s c f / b )  , approach  t h e  consumptions 
o b t a i n e d  i n  c o n v e n t i o n a l  hydrocracking  o p e r a t i o n s .  

Aging S t u d i e s  

A number of  c a t a l y s t  a g i n g  r u n s  w e r e  made d u r i n g  t h e  p r o c e s s  
development. One of  t h e s e  w a s  a p i l o t  p l a n t  g a s  o i l  a g i n g  r u n  
s e t  up t o  s i m u l a t e  t h e  p r o d u c t i o n  of a l o w  n i t r o g e n  l e v e l  (750 ppm) 
p r o d u c t  from a f e e d  o i l  c o n t a i n i n g  21,500 ppm n i t r o g e n .  S t a r t - o f -  
c y c l e  p r o c e s s  c o n d i t i o n  needed t o  a c h i e v e  t h i s  low g a s  o i l  n i t r o g e n  
l e v e l  w a s  377OC (7lOOF). 

During t h e  90-day a g i n g  r u n ,  t h e  t e m p e r a t u r e  w a s  r a i s e d  7OC (13OF) 
t o  main ta in  d e n i t r o g e n a t i o n .  A f t e r  90 d a y s  t h e  t e m p e r a t u r e  was 
r a i s e d  t o  399OC (750°F), and o p e r a t e d  f o r  a n o t h e r  30 days .  Only 
3 l 0 C  tempera ture  increase w a s  r e q u i r e d  t o  m a i n t a i n  d e n i t r o g e n a t i o n  
as shown i n  F i g u r e  9.  These r e s u l t s  show t h a t  a 1 y e a r  c y c l e  o r  
g r e a t e r  i s  feasible f o r  s h a l e  o i l  upgrading.  

Reactor Modelinq 

I n  o r d e r  t o  s c r e e n  v a r i o u s  reactor d e s i g n s  f o r  a g i v e n  a p p l i c a t i o n ,  
a reactor model which s i m u l a t e s  t h e  i m p o r t a n t  d e s i g n  v a r i a b l e s  was 
developed.  Such a model must p r e d i c t  t h e  r e q u i r e d  c a t a l y s t  quan- 
t i t y ,  and p r e d i c t  y i e l d s  f o r  each r e a c t o r  tempera ture ,  p r e s s u r e ,  
and hydrogen r a t e  chosen.  

F o r  s h a l e  o i l  h y d r o t r e a t i n g ,  t h e  reactor model must a l s o  t a k e  in to  
a c c o u n t  t h e  e f f e c t  o f  a r s e n i c  s i n c e  a r s e n i c  i s  a s t r o n g  c a t a l y s t  
po ison .  Even w i t h  a guard bed,  a r s e n i c  is d e p o s i t e d  c o n t i n u a l l y  
throughout  t h e  c y c l e  and t o  compensate f o r  i t s  poisoning  e f f e c t  
t empera ture  must be r a i s e d  t o  m a i n t a i n  HDN a c t i v i t y .  Because o f  
t h e  h i g h l y  exothermic  r e a c t i o n ,  many hydrogen quench p o i n t s ,  such  
as  shown i n  F i g u r e  1 0 ,  o r  o t h e r  means o f  h e a t  removal ,  are r e q u i r e d  
t o  c o n t r o l  reactor t e m p e r a t u r e .  As t h e  c a t a l y s t  a c t i v i t y  d e c l i n e s ,  
b o t h  due t o  a r s e n i c  and t i m e  on stream, c o n v e r s i o n  i n  each  c a t a l y s t  
bed changes. The lower c o n v e r s i o n  g i v e s  less h e a t  release and ,  
t h e r e f o r e ,  bed t e m p e r a t u r e  must b e  i n c r e a s e d  t o  m a i n t a i n  c a t a l y s t  
a c t i v i t y .  T h i s  i n  t u r n  g r e a t l y  changes  t h e  r e q u i r e d  hydrogen 
quench a f t e r  e a c h  c a t a l y s t  bed as  t h e  c y c l e  p r o g r e s s e s .  
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The v a r i a t i o n s  are s u b s t a n t i a l ,  a s  i l l u s t r a t e d  i n  F i g u r e  11. 
S i n c e  hydrogen quench ra te  v a r i e s  s i g n i f i c a n t l y  w i t h  t i m e  on 
stream, t h e  quench system must be des igned  t o  h a n d l e  a wide r a n g e  
of  f lows .  Most c o n v e n t i o n a l  h y d r o t r e a t e r s  would b e  u n a b l e  t o  
handle  t h e  quench ra te  v a r i a t i o n  a l o n g  w i t h  t h e  h i g h  h e a t  release 
f o r  s h a l e  o i l  p r o c e s s i n g .  F l e x i b i l i t y  must a l s o  b e  provided  so 
t h e  r e a c t o r  i n l e t  t empera ture  can  be r a i s e d .  The model e n a b l e s  
t h e  d e s i g n e r  t o  a c c u r a t e l y  t a k e  t h e s e  e f f e c t s  i n t o  a c c o u n t  f o r  a n  
optimum d e s i g n .  

The complexi ty  i n  modeling arises when a t t e m p t i n g  t o  s i m u l t a n e o u s l y  
t a k e  i n t o  a c c o u n t  t h e  e f f e c t  on  convers ion  of  t e m p e r a t u r e ,  WHSV 
p e r  bed and a r s e n i c ,  when t h e  amount of a r s e n i c  laydown i t s e l f  i s  
a f u n c t i o n  of  WHSV and tempera ture .  The a c t u a l  system is f u r t h e r  
compl ica ted  i n  t h a t  t h e  c a t a l y s t  a g e s  w i t h  t i m e  on  s t r e a m  as  w e l l ,  
even i f  no a r sen ic  w e r e  p r e s e n t .  

For  each c a t a l y s t  bed t h e  model does  t h e  f o l l o w i n g :  

o C a l c u l a t e s  t h e  s e v e r i t y  and convers ion .  

o P r e d i c t s  y i e l d s  i n c l u d i n g  H 2  consumption needed t o  
estimate t h e  exothermic  h e a t  of r e a c t i o n .  

o Performs h e a t  b a l a n c e s  t o  p r e d i c t  o u t l e t  t e m p e r a t u r e  
and quench ra tes .  

o P r e d i c t s  HDS, HDN,  hydrocracking ,  a r o m a t i c  s a t u r a t i o n ,  
and o l e f i n  s a t u r a t i o n .  

o P r e d i c t s  c a t a l y s t  a c t i v i t y  as  a f u n c t i o n  of a r s e n i c  
and t i m e  on stream. 

Design S t u d i e s  

With such a model, t h e  o v e r a l l  s h a l e  upgrading p r o c e s s  can  be  
opt imized .  S i n c e  a r s e n i c  removal and HDN are h i g h l y  i n t e r d e p e n d e n t ,  
t h e  r e a c t o r  d e s i g n  needs  t o  b e  s t u d i e d  i n  o r d e r  t o  minimize o v e r a l l  
p r o c e s s i n g  c o s t s .  

One use  o f  t h e  model i s  t o  de te rmine  t h e  optimum c o n d i t i o n s  f o r  
a r s e n i c  removal s i n c e  any a r s e n i c  l e a k a g e  d i r e c t l y  a f f e c t s  t h e  
r e q u i r e d  s e v e r i t y  and c y c l e  l i f e  f o r  HDN. As t h e  a r s e n i c  removal 
i s  i n c r e a s e d  v i a  i n c r e a s e d  guard r e a c t o r  s i z e ,  c a p i t a l  costs 
i n c r e a s e  b u t  c a t a l y s t  usage d e c r e a s e s .  The optimum d e s i g n  f o r  HDN 
c a n  be  found u s i n g  t h e  model. Condi t ions  are chosen so a r s e n i c  
removal and coke d e p o s i t i o n  are ba lanced  t o  minimize costs. 

The model h a s  been used f o r  two commercial d e s i g n s ,  one f o r  Colony 
Development O p e r a t i o n ,  a j o i n t  v e n t u r e  o f  which A t l a n t i c  R i c h f i e l d  
i s  t h e  o p e r a t o r ,  and a n o t h e r  f o r  a c l i e n t  o f  t h i s  s h a l e  o i l  hydro- 
t r e a t i n g  technology.  
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FIGURE 3 
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FIGURE 4 

FLOW DIAGRAM FOR EXPERIMENTAL GUARD BED SYSTEM 
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FIGURE 10 
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STABILIZING OF SHALE OIL-WATER EMULSIONS BY 
PENTANE-INSOLUBLE MATERIALS 

P h i l i p  L. Cottingham, F reder i c  A. B i r k h o l z ,  and Leo G. Nickerson 

Department o f  Energy, Laramie Energy Research Center 
P. 0. Box 3395, U n i v e r s i t y  S t a t i o n  

Laramie, WY 82071 

INTRODUCTION 

Separation of crude sha le  o i l  from the water  produced du r ing  r e t o r t i n g  has 
l ong  been a problem w i t h  some sha le  o i l s  r e t o r t e d  from Green R i v e r  Formation o i l  
sha le  o f  the western Un i ted  States.  
o i l  produced from t h e  Paraho r e t o r t  by t h e  i n d i r e c t 1 8  heated mode cou ld  be e a s i l y  
separated from r e t o r t  water  a f t e r  be ing heated t o  77 C (17OOF) and a l l owed  t o  
s e t t l e  a t  t h i s  temperature f o r  s i x  hours. 
LERC authors t h a t  a sample o f  raw (unt reated)  crude shale o i l  produced from S i t e  9 
o f  t h e  Department o f  Energy (DOE) i n  s i t u  r e t o r t i n g  p r o j e c t  near Rock Springs, 
Wyoming, was not  segarated from suspended r e t o r t  water  when heated i n  a separatory  
funnel  t o  82OC (180 F) f o r  a p e r i o d  o f  15 hours. 

f rom N-T-U shale o i l  by a r o t a r y  f i l t e r  precoated w i t h  f i l t e r  a id .  Water t h a t  
cou ld  n o t  be separated f rom t h e  u n f i l t e r e d  o i l  by hea t ing  was e a s i l y  separated 
when t h e  f i l t e r e d  o i l  was heated t o  7loC (160OF) f o r  t h r e e  hours. 
determined whether t h e  s o l i d s  removed by t h e  f i l t e r  were o rgan ic  o r  i no rgan ic .  

asphaltenes (1) i n s o l u b l e  i n  ho t  heptane, w h i l e  t-he i n  s i t u  shale o i l  conta ined 
over  3.6 percent o rgan ic  m a t e r i a l  i n s o l u b l e  i n  pentane. The present  s tudy was 
undertaken t o  determine whether t h e  p o r t i o n  o f  s h a l e  o i l  t h a t  i s  i n s o l u b l e  i n  
normal pentane and o t h e r  so l ven ts  may be respons ib le  f o r  t h e  fo rma t ion  o f  s t a b l e  
sha le  o i l h a t e r  emulsions o f  i n  s i t u  shale o i l .  Greater knowledge o f  t h e  cause o f  
t h e  emulsions may a s s i s t  i n  develop ing methods o f  avo id ing  t h e i r  f o rma t ion  d u r i n g  
r e t o r t i n g  o r  subsequent hand l i ng  o f  t h e  o i l ;  i t  may a l s o  he lp  i n  d e v i s i n g  newer 
and cheaper ways o f  separa t i ng  t h e  o i l  and water phases o f  emulsions. 

I n  recen t  work (1) i t  was repo r ted  t h a t  sha le  

Conversely, i t  has been found by t h e  

I n  1949, a b r i e f  s tudy  was repor ted (E)  on t h e  removal o f  suspended s o l i d s  

I t  was no t  

The Paraho shale o i l  mentioned above conta ined o n l y  0.17 weight -percent  

EXPERIMENTAL 

General Procedure 

Pentane- insolub le m a t e r i a l s  were separated f rom f i l t e r e d ,  dewatered crude 
sha le  oil  prepared from DOE S i t e  9 crude o i l ,  and from f r a c t i o n s  o f  t h e  o i l .  
These m a t e r i a l s  were used as a d d i t i v e s  f o r  b lend ing  i n  smal l  percentages w i t h  
l i g h t  gas o i l ,  dewaxed heavy gas o i l ,  and f i l t e r e d ,  dewatered pentane-ext racted 
crude shale o i l .  

A b lend was prepared by m i x i n g  a measured weight  o f  a d d i t i v e  w i t h  100 m l  o f  
o i l  and s t i r r i n g  t h e  m i x t u r e  i n  a beaker a t  room temperature f o r  10 minutes w i t h  
an e l e c t r i c  s t i r r e r .  
minutes a f t e r  which t h e  m i x t u r e  was t r a n s f e r r e d  t o  an e l e c t r i c a l l y  heated separatory  
funnel. 
amounts o f  water ranged f rom 11.4 t o  52.2 percent .  

(17OoF), and mainta ined a t  t h i s  temperature f o r  f i v e  hours under a f l ow ing  stream 
o f  n i t rogen .  The water  and o i l  phases were dra ined separa te l y  i n t o  graduated 
c y l i n d e r s  and were weighed. A d r y  i c e  t r a p  connected by a f l e x i b l e  tube t o  a 
water-cooled r e f l u x  condenser a t  t h e  top  o f  t h e  separatory  funnel  d u r i n g  t h e  

D i s t i l l e d  water  was added and t h e  m i x t u r e  was s t i r r e d  f o r  10 

Amounts o f  a d d i t i v e  ranged from 0.5 t o  2.2 weight percent o f  t h e  o i l ,  and 

Mixtures i n  t h e  separa to ry  funnel  were heated w i t h  an e l e c t r i c  j a c k e t  t o  77OC 
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hea t ing  p e r i o d  c o l l e c t e d  vapors l eav ing  t h e  funnel .  Only small  amounts o f  water  
and t r a c e s  o f  hydrocarbon too  small  t o  separate from t h e  water were c o l l e c t e d  i n  
the  t rap .  

Preparat ion o f  
Feeds For Blending Wi th  Add i t i ves  

The f i r s t  o f  t h r e e  feeds f o r  b lending w i t h  pentane i n s o l u b l e  m a t e r i a l  was 
prepared from i n  s i t u  S i t e  9 ' c rude  by f i l t e r i n g  t h e  crude shale o i l  through 60- to-  
100 mesh Berksh i re  sand and number 40 Whatman f i l t e r  paper. No measure o f  t h e  
s o l i d s  removed was obtained. 
temperature o f  1 5 O o C  (302OF)at 40 mn abso lu te  pressure. 
water was separated i n  a separatory funnel, d r i e d  over anhydrous sodium s u l f a t e ,  
and combined w i t h  t h e  cooled contents  o f  t h e  d i s t i l l a t i o n  f l a s k .  

Dr ied shale o i l  was s t i r r e d  w i t h  15 volumes o f  n-pentane two hours a t  room 
temperature and f i l t e r e d  through a medium (M)  p o r o s i t y  f r i t t e d  g lass  funnel .  
Pentane was removed f rom the  f i l t r a t e  by d i s t i l l a t i o n  t o  a f l a s k  temperature o f  
200°C (392OF) a t  585 mm mercury absolute, and t h e  pentane- f ree f i l t r a t e  was used 
as a feed f o r  b lend ing  w i t h  pentane- insolub le$ i n  t h e  e m u l s i f i c a t i o n  s tud ies.  
funnel c o n t a i n i n g  pentane- insolub les was vacuum-dried (380 mn abso lu te )  a t  room 
temperature t o  constant  weight ,  and the pentane- insolub le m a t e r i a l  was used as an 
a d d i t i v e  i n  t h e  e m u l s i f i c a t i o n  s tud ies.  

The second feed f o r  t h e  b lending s tud ies  was l i g h t  gas o i l  prepared by d i s t i l -  
l a t i o n  o f  raw, wet, u n f i l t e r e d  i n  s i t u  S i t e  9 crude shale o i l  t o  i n i t i a l  and f i n a l  
column head temperatures o f  106OC (223OF) and 200°C (392OF) a t  40 mm; these co r res -  
ponded t o  200°C (392OF) and 313OC (595OF) a t  760 mn. 
0.46 weight -percent  i n s o l u b l e  i n  pentane a t  room temperature ( a t  a pentane:o i l  
r a t i o  o f  z O : ~ ) .  

Heavy gas o i l ,  t h e  t h i r d  feed f a r  t h e  b lend ing  s tud ies ,  was ob ta ined  by 
cont inued d i s t i l l a t i o n  o f  t h e  crude, a f t e r  removal o f  l i g h t  gas o i l ,  t o  a column 
temperature o f  3OO0C (572OF) a t  40 mm, corresponding t o  43loC (807OF) a t  760 mm. 
TO prevent compl icat ions du r ing  m ix ing  and measuring t h a t  would be caused by wax 
i n  the  heavy gas o i l ,  t h e  o i l  was dewaxed w i t h  a 2 : l  acetone- to luene m ix tu re  a t  
O°C. Y i e l d  o f  wax was 11.5 weight  percent .  The dewaxed o i l  con ta ined  0.45 
weight-percent m a t e r i a l  i n s o l u b l e  i n  pentane a t  room temperature (2O:l  r a t i o ) .  

Water was e l i m i n a t e d  by d i s t i l l a t i o n  t o  a f l a s k  
O i l  condensed w i t h  t h e  

The 

The l i g h t  gas o i l  conta ined 

Preparat ion o f  Pentane-lnsol u b l e  
A d d i t i v e s  Mixed i n t o  Feeds 

Four pentane- insolub le m a t e r i a l s  were used i n  t h e  study. These inc luded two 
d i f f e r e n t  i n s o l u b l e  p o r t i o n s  o f  t h e  f i l t e r e d ,  d r i e d  i n  s i t u  crude o i l  prepared by 
e x t r a c t i o n  o f  t h e  d r i e d  crude w i t h  d i f f e r e n t  pentane:o i l  r a t i o s ;  t h e  pentane- 
i n s o l u b l e  p o r t i o n  o f  t h e  vacuum d i s t i l l a t i o n  residuum from t h e  raw, wet, u n f i l t e r e d  
crude; and t h e  pentane- insolub le p o r t i o n  o f  s o l i d s  f i l t e r e d  from t h e  same raw 
crude w i t h  a 325-mesh screen. P roper t i es  o f  a l l  i n s o l u b l e  f r a c t i o n s  a r e  shown i n  
t a b l e  1. 

pentane:o i l  r a t i o  has been described. 
weight-percent o f  t he  dry ,  f i l t e r e d  crude. A second i n s o l u b l e  p o r t i o n  was a l s o  
prepared a t  a 40: l  e x t r a c t i o n  r a t i o  and was used i n  one e m u l s i f i c a t i o n  experiment. 
I t  was 2.8 weight-percent o f  t h e  d r y  crude. 

D i s t i l l a t i o n  residuum from t h e  prev ious ly-d iscussed d i s t i l l a t i o n  o f  l i g h t  and 
heavy gas o i l s  from raw crude o i l  was e x t r a c t e d  w i t h  pentane a t  a s o l v e n t : o i l  
r a t i o  of 20:1, y i e l d i n g  24.2 weight-percent o f  t h e  residuum o r  3.8 percent  o f  t h e  
d r y  crude as pentane- Insolub le m a t e r i a l  t h a t  was used i n  e m u l s i f i c a t i o n  s tud ies.  
P roper t i es  o f  t h i s  m a t e r i a l  a r e  a l s o  shown i n  t a b l e  1. 

P repara t i on  o f  t h e  i n s o l u b l e  p o r t i o n  o f  t h e  f i l t e r e d ,  d r i e d  crude a t  a 15:l 
The i n s o l u b l e  p o r t i o n  amounted t o  3.6 
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The fou r th  pen tane- inso lub le  m a t e r i a l  was prepared from s o l i d s  t h a t  were 
separated from S i t e  9 c rude  o i l  by screening t h e  crude a t  65OC through a 325-mesh 
s t a i n l e s s  s tee l  s tandard T y l e r  s ieve.  P r i o r  t o  screening, t h e  sample o f  raw, wet 
crude had been heated a t  77OC (17OOF) i n  a separatory  funnel  f o r  f i v e  hours w i t h  
no separat ion o f  water. 
removing 3.5 weight -percent  o f  t h e  wet o i l  (4.9 percent ,  d r y  o i l  bas is)  as "gunk" 
on t h e  screen. 

weight  r a t i o ) ,  y i e l d i n g  26.5 percent  m a t e r i a l  (1.3 percent  o f  t h e  d r y  crude) 
i n s o l u b l e  i n  pentane. 
and heated t o  77OC, water  q u i c k l y  separated. Water measured a t  t h e  end o f  f i v e  
hours was 29.2 weight -percent  o f  t h e  o r i g i n a l  wet crude. 
water  i n  the dewatered o i l  by t h e  ASTM d i s t i l l a t i o n  method (D-95) showed less than 
0.05 weight -percent  wa te r  i n  t h e  o i l .  

t e s t s  f o r  comparison purposes were made w i t h  t h e  pentane-solub le p o r t i o n  o f  t h e  
sand-and-paper f i l t e r e d  d r i e d  crude and w i t h  t h e  pentane-solub le p o r t i o n  o f  t h e  
d i s t i l l a t i o n  residuum (see t a b l e  2). Tests a l s o  were made w i t h  to luene-so lub le  
and to luene- inso lub le  p o r t i o n s  o f  pentane- insolub le m a t e r i a l  f rom t h e  screen- 
f i l t e r e d  so l i ds ,  and w i t h  ch loroform-solub le,  pentane- insolub le p o r t i o n .  A l l  
t e s t s  w i t h  m a t e r i a l s  separated from t h e  w i r e - s c r e e n - f i l t e r e d  crude a r e  shown i n  
t a b l e  3 .  

The same sample was f i l t e r e d  through t h e  325-mesh screen, 

S o l i d s  separated on t h e  325-mesh screen were e x t r a c t e d  w i t h  pentane (15 : l  

When t h e  f i l t e r e d  o i l  was rep laced i n  t h e  separatory  funnel 

Subsequent t e s t i n g  f o r  

I n  a d d i t i o n  t o  e m u l s i f i c a t i o n  t e s t s  made w i th  t h e  pentane- insolub le ma te r ia l s ,  

R e s u l t s  and Discuss ion o f  Experiments 

E f f e c t  o f  A d d i t i v e s  From Residuum and F i l t e r e d  Crude 
on  F i l t e r e d ,  Pentane-Extracted Crude 

Experiments A t h rough  G were made w i t h  t h e  pentane-solub le p o r t i o n  o f  crude 
sha le  o i l  t h a t  had been f i l t e r e d  through sand and f i l t e r  paper. 

When d i s t i l l e d  water  a lone  was mixed w i t h  t h e  pentane-solub le p o r t i o n  o f  sand 
and p a p e r - f i l t e r e d  crude i n  experiment A ( t a b l e  2) t h e  o i l  and water phases sep- 
a r a t e d  i n  a few minutes w i t h  a c l e a r ,  sharp i n t e r f a c e .  Heat ing was cont inued f o r  
t h e  scheduled f i v e  hours, a t  t h e  end o f  which some loss i n  weight  o f  t h e  o i l  was 
found t o  have occurred. 
by some condensate i n  t h e  d ry  i c e  t r a p ;  p a r t  o f  i t  may have been t h e  r e s u l t  o f  
some o f  t h e  o i l  be ing d i s s o l v e d  i n  t h e  water phase. 

t i l l a t i o n  residuum was added t o  samples o f  t h e  same pentane-solub le f i l t e r e d  crude 
used i n  experiment A. A d d i t i o n  o f  0.5, 1.0, and 2.0 percent  pentane- insolub le to 
t h e  pentane-solub le-o i l  b e f o r e  m ix ing  w i t h  water  caused t h e  o i l  phases t o  p i c k  up 
i n c r e a s i n g l y  l a r g e r  percentages o f  water  t h a t  d i d  n o t  separate f rom t h e  o i l  phase 
a f t e r  s e t t l i n g  f i v e  hours a t  77OC. No i n d i v i d u a l  d r o p l e t s  o f  water were d i sce rn -  
i b l e  i n  t h e  o i l  phases. The o i l  phase from experiment D ,  i n  which 2.0 percent 
pentane- insolub le a d d i t i v e  was used, gained 48.8 weight  percent  ( i n c l u d i n g  t h e  2.0 
percent  a d d i t i v e ) ,  based on  t h e  weight  o f  t h e  o r i g i n a l  o i l .  

The ash con ten t  o f  t h e  pentane- insolub le m a t e r i a l  f rom t h e  d i s t i l l a t i o n  
residuum was o n l y  1.02 percent .  
m a t e r i a l  w i t h  f i l t e r e d  crude,  t h e  pentane- insolub le would c o n t r i b u t e  o n l y  0.02 
percent  ash t o  t h e  blend. 
p a r t  i n  t h e  fo rma t ion  o f  t h e  emulsions. 

In experiments E ,  F, and G, 1.0 weight -percent  pentane- insolub le f rom the  
s a n d - f i l t e r e d  crude was added t o  t h e  pentane-solub le crude be fo re  i t  was mixed 
w i t h  water. 
i n s o l u b l e  was added, and was mainta lned a t  t h i s  temperature f o r  one hour, w i t h  
s t i r r i n g ,  a f t e r  t h e  a d d i t i o n  t o  promote s o l u t i o n  o f  t h e  a d d i t i v e  i n  t h e  o i l  be fo re  
water  was added. 
crude w i t h  a s o l v e n t : o i l  r a t i o  o f  40:l was used i n  experiment G. In  each of  these 

P a r t  o f  t h e  loss was t h e  r e s u l t  o f  vapor i za t i on ,  as shown 

I n  experiments B ,  C, and D, pentane- insolub le m a t e r i a l  from the  vacuum d i s -  

I n  a 2.0 percent  b lend o f  t he  pentane- insolub le 

It appears t h a t  t h e  i no rgan ic  m a t e r i a l  p layed l i t t l e  

I n  experiment F, t h e  oll  was heated t o  100°C be fo re  t h e  pentane- 

Pentane- Insolub le t h a t  was separated from t h e  raw, f i l t e r e d  
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t h r e e  experiments, a smal l  loss i n  weight  o f  t h e  o i l  phase occurred,  i n d i c a t i n g  no  
emulsion-forming tendency f o r  t h e  pen tane- inso lub le  from the  f i l t e r e d  crude under 
t h e  cond i t i ons  used. 

E f f e c t  o f  A d d i t i v e s  From Residuum and F i l t e r e d  
Crude on Gas O i l s  

When 2.2 percent  o f  t he  pentane- insolub le f rom t h e  f i l t e r e d  crude was mixed 
w i t h  dewaxed heavy gas o i l  and the  m i x t u r e  was heated t o  320°C f o r  one -ha l f  hour 
be fo re  the  a d d i t i o n  o f  water, t h e  o i l  phase gained 8.8 percent  i n  weight  (exper i -  
ment H ) .  Th i s  c o n t r a s t s  w i t h  a recovery o f  o n l y  98.4 weight -percent  i n  t h e  o i l  
phase when t h e  heavy gas o i l  a lone was heated t o  32OoC be fo re  m ix ing  w i t h  water  
(experiment Y ) .  The r e s u l t s  show an  e m u l s i f y i n g  e f f e c t  f o r  t h e  pen tane- inso lub le  
from t h e  f i l t e r e d  crude a f t e r  i t  was heated. (Compare experiments E, F, and G in  
which i . t  was no t  heated.) 

Both experiments J and K o f  t a b l e  2 show t h a t  t h e  pentane-solub le p o r t i o n  o f  
t h e  d i s t i l l a t i o n  residuum disp layed l i t t l e  o r  no e f f e c t  as an e m u l s i f y i n g  agent 
e i t h e r  a t  room temperature o r  a f t e r  be ing heated i n  gas o i l  a t  32OoC. 

Experiments M, N, and 0 show t h a t  pentane- insolub le m a t e r i a l  from vacuum 
d i s t i l l a t i o n  residuum disp layed ve ry  g rea t  emuls ion- forming tendency when mixed i n  
l i g h t  gas o i l ;  but  pentane-solub le m a t e r i a l  f rom t h e  same source d i s p l a y e d  l i t t l e  
o r  no such tendency. 

E f f e c t  o f  A d d i t i v e s  From Suspended S o l i d s  on Gas O i l s  

Data i n  t a b l e  3 show t h a t  t h e  pentane- insolub le p a r t  o f  s o l i d s  separated f rom 
t h e  raw crude w i t h  325-mesh screen d i sp layed  s t r o n g  e m u l s i f y i n g  power for water  
when mixed i n  l i g h t  gas o i l .  (Compare experiment P w i t h  M i n  t a b l e  2 ) .  

weight  r a t i o )  t o  produce a to luene-so lub le  s o l i d  and a t o l u e n e - i n s o l u b l e  s o l i d .  
The so lub le  p o r t i o n  d i d  n o t  show any e m u l s i f y i n g  e f f e c t  when mixed i n  l i g h t  gas 
o i l  a t  room temperature (experlment Q) bu t  t h e  i n s o l u b l e  p o r t i o n  showed a s t rong  
e m u l s i f y i n g  e f f e c t  (experiment V ) .  When t h e  s o l u b l e  p o r t i o n  was added t o  heavy 
gas o i l  and heated t o  32OoC f o r  one-hal f  hour, i t  showed a s t rong  e m u l s i f y i n g  
e f f e c t  (experiment R ) .  

form, a l s o  producing s o l u b l e  and i n s o l u b l e  s o l i d s .  The s o l u b l e  p o r t i o n  d i d  n o t  
d i s p l a y  any e m u l s i f y i n g  e f f e c t  when mixed w i t h  l i g h t  o r  heavy gas o i l s  a t  room 
temperature (experiments S and T) ;  however, when i t  was added t o  heavy gas o i l  and 
heated t o  32OoC f o r  one-hal f  hour b e f o r e  t h e  a d d i t i o n  o f  water, i t  showed s t rong  
e m u l s i f y i n g  power (experiment U ) .  The ch lo ro fo rm- inso lub le  p o r t i o n  showed s t rong  
emu ls i f y ing  power when mixed i n  l i g h t  gas o i l  a t  room temperature (experiment X). 

A p o r t i o n  o f  t hese  pentane- insolub le s o l i d s  was e x t r a c t e d  w i t h  to luene  (15:l 

The pentane- insolub le,  t o luene- inso lub le  m a t e r i a l  was e x t r a c t e d  w i t h  ch lo ro -  

SUMMARY AND CONCLUSIONS 

Pentane- insolub le m a t e r i a l  from vacuum d i s t i l l a t i o n  o f  i n  s i t u  crude sha le  
o i l ,  and pentane- insolub le m a t e r i a l  separated from the  crude w i t h  a 325-mesh 
screen were found to  be s t rong  e m u l s i f y i n g  agents f o r  sha le  o i l / w a t e r  m ix tu res .  
The to luene-so lub le  and ch lo ro fo rm-so lub le  p o r t i o n s  o f  pen tane- inso lub le  m a t e r i a l  
separated from the  crude w i t h  t h e  screen d i d  n o t  promote emulsions when mixed i n  
gas o i l s  a t  room temperature, bu t  when heated t o  32OoC f o r  one -ha l f  hour  w i t h  t h e  
o i l  they acted as s t rong  e m u l s i f y i n g  agents. 

The s tudy showed t h a t  c e r t a i n  p a r t s  o f  t h e  o i l  have l i t t l e  e m u l s i f y i n g  power 
when mixtures c o n t a i n i n g  them a r e  k e p t  a t  low temperatures, but  d i s p l a y  s t rong  
emu ls i f y ing  power when t h e  m ix tu res  a r e  heated t o  32OoC. 
the  p o s s i b i l i t y  t h a t  c o o l i n g  t h e  f r e s h l y - r e t o r t e d  o i l  as r a p i d l y  as p o s s i b l e  a f t e r  
i t  i s  r e t o r t e d  may be a method of decreas ing t h e  format ion o f  emulsions. 

Th is  f i n d i n g  suggests 
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Several p o s s i b i l i t i e s  suggest themselves concern ing why t h e  s o l v e z t - s o l u b l e  
m a t e r i a l s  act  as e m u l s i f y i n g  agents a f t e r  they have been heated t o  320 C i n  gas 
o i l ,  b u t  no conc lus ions  have been drawn. These s o l u b l e  m a t e r i a l s  were a l l  separ- 
a ted f rom the i n s o l u b l e  m a t e r i a l s  by f i l t r a t i o n  through a f r i t t e d - g l a s s  funnel  
d u r i n g  t h e i r  p repara t i on .  T h i s  f a c t  i s  f u r t h e r  evidence t h a t  a l a r g e  p r o p o r t i o n  
o f  t h e  emulsions i n  sha le  o i l  a r e  caused by o rgan ic  emu ls i f y ing  agents; however, 
i t  does no t  e n t l r e l y  r u l e  o u t  t h e  p o s s i b i l i t y  t h a t  i no rgan ic  m a t e r i a l s  a l s o  p lay  a 
p a r t  i n  t h e  fo rma t ion  o f  some emulsions. 

F i l t e r i n g  t h e  raw, wet crude o i l  through a 325-mesh screen was an e f f e c t i v e  
method o f  break ing t h e  o i l / w a t e r  emulsion so  t h e  water  would e a s i l y  s e t t l e  o u t  
w i t h  the a p p l i c a t i o n  of  moderate heat ;  however, t h e  o i l  used was ove r  a year  o l d  
a t  t h e  t ime  o f  f i l t e r i n g .  The method should be t e s t e d  on severa l  f r e s h l y - r e t o r t e d  
crude o i l s  t o  determine i t s  e f f e c t i v e n e s s .  
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TABLE 1. - P r o p e r t i e s  o f  Pentane-Insoluble F rac t i ons  From F i l t e r e d ,  
D r ied  I n  S i t u  Crude 

~~~ ~ 

Source 

D i s t i l  l a t i o n  F i  1 t e r e d  +325 Mesh From 
Res i d u m  Crude Raw Crude 

Ex t rac t  i o n  r a t  i o  20: 1 15:l 40:l 1O:l 

W t .  % o f  d r y  crude 3.8 3.6 2.8 1.3 
(as pentane inso lub le )  

Carbon, w t . %  
Hydrogen, wt. % 
Ni t rogen,  w t .  % 
Su l fu r ,  w t .  % 
Oxygen + m i n e r a l  
(by d i f f . )  
C/H w t .  r a t i o  
Ash, w t .  % 
Mol. w t .  

78.80 79.76 78.76 71.42 
7.63 8.09 7.66 6.77 
3.59 3.95 4.53 4.26 
1.42 2.78 3.18 7.15 
8.56 5.42 5.87 10.40 

10.32 9.86 10.28 10.55 
1.02 0.82 I /  I /  
1000 457 IT35 9T8 

- 1 /  Not y e t  a v a i l a b l e .  
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EFFECT OF RETORTING ON WAX CRYSTALLIZATION I N  UTAH SHALE OILS 

P. F. Love11 

Sunoco Energy Development Co. 
12700 Park Cen t ra l  Place, S u i t e  1500 

Da l l as  , Texas 75251 

and 

W .  H. S e i t z e r  

Suntech, I nc .  
P. 0. Box 1135 

Marcus Hook, Pennsylvania 19061 

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

The White R ive r  Shale P r o j e c t  (WRSP) was formed i n  June, 1974, by P h i l l i p s  
Petroleum Company, Sunoco Energy Development Co., and Sohio Petroleum Company. The 
purpose o f  t h e  p r o j e c t  was t o  develop j o i n t l y  t h e  o i l  shale resource on t h e  f e d e r a l  
l ease  T rac ts  Ua and Ub i n  no r theas te rn  Utah. T r a c t  Ua i s  j o i n t l y  owned by P h i l l i p s  
and Sunoco Energy Development, w h i l e  Sohio ho lds  t i t l e  t o  Ub. 
source has an est imated 1.06 b i l l i o n  b a r r e l s  o f  o i l  i n  place, averaging 28 ga l l ons  
pe r  t o n  (1 ) .  

p l a n  (DDP) i n  June, 1976. Th is  DDP i nc luded  t h e  va r ious  phases o f  development 
necessary t o  reach commercial p roduc t i on  and, u l t i m a t e l y ,  abandonment o f  t he  leases.  
To t h i s  end, WRSP has con t inued  eva lua t i ng  t h e  techno log ica l  progress of  t h e  v a r i -  
ous r e t o r t i n g  processes. I n  February, 1976, t h e  WRSP mined severa l  hundred tons  o f  
U i n t a  Basin, Utah, o i l  sha le  f rom an ou tc rop  fo rma t ion  on patented lands about 3 
m i l e s  e a s t  o f  t h e  Ua-Ub f e d e r a l  leases i n  a 26 square m i l e  area known as H e l l s  Hole 
Canyon. This i s  shown i n  F i g u r e  1. 

i n t e r v a l  above t h e  Mahogany marker, and a second sample from an approximate 20 f o o t  
i n t e r v a l  l oca ted  immediate ly  below t h e  Mahogany marker. 
assayed a t  H e l l s  Hole Canyon. 
u n t i l  t hey  were rece ived  and F i s c h e r  assayed by the  r e s p e c t i v e  t o l l  processors, 
Paraho Development Corporat ion,  A n v i l  Points, Colorado, and Union O i l  Co., Brea, 
C a l i f o r n i a .  

R e t o r t i n g  

This combined r e -  

To abide by t h e  l ease  terms WRSP prepared and issued a d e t a i l e d  development 

The sample was c o l l e c t e d  i n  two pa r t s :  t h e  f i r s t  from an approximate 12 f o o t  

The o r e  body was n o t  p re -  
Therefore,  t h e  grades o f  t he  samples were unknown 

A. Paraho D i r e c t  Heated (DH) - Approximately 100 tons o f  19 g p t  Utah shale,  
s i z e d  1/2" x 2", were processed i n  t h e  2 1/2 ft. I . D .  p i l o t  p l a n t  u s i n g  t h e  Paraho 
DH mode a t  a nominal r a t e  o f  1 t o n  p e r  hour. I n  t h e  DH mode t h e  r e t o r t i n g  heat  i s  
s u p p l i e d  by combustion, d i r e c t l y  i n  t h e  r e t o r t ,  o f  r e s i d u a l  carbon by t h e  oxygen i n  
t h e  gas -a i r  mix ture.  R e t o r t  temperatures a r e  c o n t r o l l e d  by a d j u s t i n g  the  composi- 
t i o n  of t h e  r e c y c l e  gas r e t u r n .  
cess ( 2 ) .  

The o i l  y i e l d  f o r  t h e  Utah sha le  was 92.8 v o l  % o f  F i sche r  Assay, ve ry  
s i m i l a r  t o  what has been r e p o r t e d  f o r  t h e  Paraho DH mode on Colorado sha le  ( 3 ) .  
The y i e l d  o f  product  gas was about  8000 SCF/T o f  66 Btu/Ft '  gross h e a t i n g  va lue 
m a t e r i a l .  
r e t o r t e d  shale a r e  shown i n  Tab le  I .  

F igu re  2 g i ves  a s imp le  i l l u s t r a t i o n  o f  t h e  pro-  

The o v e r a l l  we igh t  balance was 98.6%. Some p r o p e r t i e s  o f  t h e  raw and 
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Fi scher Assay 
Oi l ,  gal/ ton 
Oi l ,  W t  % 
Water, gal/ton 
Water, Wt % 

Mineral CO, k4t % 
Organic C ,  W t  % 
Elemental Analysis 

c ,  W t  % 
H " 

N " 

s 'I 

Table I 
Utah Shale Properties 

Paraho D H  
Raw Shale Spent Shale 

18.61 0.69 
7.11 0.26 
5.85 
2.44 0.23 

19.83 13.39 
1.93 

15.28 5.58 
1.46 0.11 
0.44 0.15 
0.35 0.31 

Union "B" 
Raw Shale Spent Shale 

2.20 
2.21 0.0 
2.90 2.10 
1.23 0.86 
8.96 21.93 
3.68 2.83 

8.85 8.81 
2.05 0.35 
0.46 0.31 
0.53 0.41 

B. Un ion  "B" - The 100-ton sample of 32 gpt Utah sha le  was reduced t o  a con- 

The Union "B" process i s  
s i s t  of 1/4" x 1" and r e to r t ed  in the  Union "B"  mode in t h e i r  nominal 6 T/D p i l o t  
r e t o r t .  
an ind i r ec t  heated mode where the re tor t ing  heat i s  supplied by ex terna l ly  heated 
recycle gas as opposed t o  d i r e c t  combustion of shale inside the retort vessel .  A 
unique aspect of the Union process i s  the  upflow of raw sha le  u s i n g  a reciprocat-  
i n g  "rock pump" ra ther  than gravity downfeed of the  raw shale.  A simplified dia- 
gram of the Union "B" process i s  i l l u s t r a t e d  i n  Figure 3 ( 4 ) .  

for the  Union "B" processing. 
Colorado shale (5 ,6 ) .  
r i a l  had a c a l o r i f i c  value o f  about 900 B t u / F t 3 .  
sha le  runs averaged 99+ W t  %. 
a l so  given i n  Table I .  

Raw shale r a t e  f o r  these runs was around 3 T/D. 

Oil y ie ld  was about 97 vol % of Fischer Assay (%lo1 vol % on a C,+ bas is )  

Retort  product off-gas y ie ld  was about 725 SCF/T. 
T h i s  y ie ld  i s  a l so  s imi la r  t o  r e su l t s  on Union's 

Properties of the Utah shale processed by Union a re  

This mate- 
The material balance f o r  the Utah 

Analytical Results 

Prac t ica l ly  a l l  previously reported data from these two processes have been on 
Colorado Piceance Basin sha les .  T h i s  present e f f o r t  was an attempt t o  obtain data 
on Utah o i l  shale and determine i f  Utah shale o i l s  were any d i f fe ren t .  
differences between Utah and Colorado shale o i l s  were found ( 7 ) .  Table I1 presents 
comprehensive ana ly t ica l  examinations of both the Paraho and Union produced whole, 
raw Utah shale o i l s .  
and the  known differences between both re tor t ing  processes, the raw shale o i l  prod- 
ucts appeared t o  be qui te  s imi l a r  both physically and chemically. 

The only major d i f fe rence  in the  two o i l s  was in  t h e i r  respective pour points,  
3OoF f o r  Union "B" and 75°F f o r  Paraho DH.  
points of the o i l s  produced by these processes from Colorado shale have been re- 
ported ( 4 ) .  
pected. 

tua l  marketability. 
a b i l i t y  of o i l s ,  i t  is an important variable.  A na tura l ly  occurring lower pour 
point o i l  could have economic advantages when compared t o  o i l s  requiring additions 
of ava i l ab le ,  chemical pour depressants. Therefore, this observed low pour point 

No major 

Despite the wide variation i n  sha le  grades (19 g p t  vs. 32 gpt )  

Known differences between the pour 

The 30°F pour poin t  f o r  the Union "B" shale o i l  was lower than ex- 

Transportabil i ty of raw sha le  o i l s  via pipeline i s  a viable option f o r  even- 
Although pour point i s n ' t  the only fac tor  determining the pump- 
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o f  3OoF f o r  t h e  
phenomenon. On 
two o i l s  c r y s t a  

Union "B" Utah o i l  i s  c e r t a i n l y  an i n t e r e s t i n g  and se rend ip i tous  
c l o s e r  examination, however, i t  was observed t h a t  t h e  wax i n  t h e  

l l i z e d  d i f f e r e n t l y .  

Table I 1  

Physica l  and Chemical P r o p e r t i e s  o f  Raw Utah Shale O i l s  

P roper t i es  

G r a v i t y  

Carbon 

Hydrogen 

Oxygen 

S u l f u r  

Ni t rogen T o t a l  

Ni t rogen Basic  

Ash 

Conradson Carbon 

Pour P o i n t  

V i s c o s i t y  @ 100°F 

V i s c o s i t y  @ 210°F 

Arsenic  

Chl o r i  de 

Chemical S t r u c t u r e  by ASTM 0-2007 

P a r a f f i n s  

Naphthenes 

O l e f i n s  

Aromatics 

Polar  Aromatics 

Pentane I n s o l s .  

D i s t i l l a t i o n  ASTM 0-1160 

I BP 
10 

30 

50 

70 
90 

EP 

% Recovery 

- 
" A P I  

w t  % 

"F 

cs 

w PPm 

W t  % 
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Union "B" 

20.2 

84.27 

11.68 

1.23 

'0.55 

1.93 

1.26 

0.3 

4.3 

30 

35.3 

4.83 

49 

15 

9 

10 

7 

45 

24 

5 

152 
345 

633 

799 

91 9 
1078 

1100 

92 

Paraho OH 

19.6 

84.21 

11.82 

1.89 

0.50 
2.09 

1.19 

0.05 

3.1 

75 

60.9 
5.95 

19 

6 

7 

10 

5 
44 

29 

5 

220 
503 

690 

827 

952 

1100 

87 
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Wax Spheruli tes 

In the polarizing microscope a t  room temperature, the wax c r y s t a l s  in the 
Paraho o i l  appear as  the expected needles and p la tes ,  but the morphology of the 
c rys t a l s  in the Union o i l  i s  qu i t e  d i f fe ren t .  While needles a re  a l so  present,  most 
of the c rys t a l s  exhib i t  properties cha rac t e r i s t i c  (8) of spheru l i tes  of anisotropic 
materials.  
display a black maltese cross which remains s ta t ionary  on ro ta t ion  o f  the  s tage .  
This i s  shown schematically in Figure 4 and i n  photomicrographs in Figure 5. X-ray 
examination of the o i l  gives only the  pa t te rn  f o r  paraf f in ic  wax. Although pure 
spheru l i tes  have not y e t  been i so la ted  and examined, they a re  believed t o  be formed 
by wax needles arranged rad ia l ly .  
mers including polyethylene b u t ,  to  our knowledge, this i s  the f i r s t  time spheru- 
l i t e s  o f  wax have been observed. 

The pa r t i c l e s  a re  round and, between crossed polars i n  para l le l  l i g h t ,  

Analogous s t ruc tures  a re  seen commonly in poly- 

Two questions immediately occur. Why do the spheru l i tes  form i n  the Union o i l ,  
and i s  there  a connection between t h e i r  formation and the lower pour point? 

Cause of Spheruli te Formation 

e f fec t  of various f rac t ions .  

650"+ f rac t ions ,  p rec ip i ta t ing  the  crude waxes i n  methylethylketone- toluene, and 
deoiling these waxes in ethylene dichloride.  
5.0% and 4.7% from the Paraho and Union o i l s ,  respectively.  Although the  melting 
points were d i f f e ren t  (109 and 140°F), the f ingerpr in ts  by gas chromatography were 
qu i t e  s imi la r ,  so t h a t  the  primary fac tor  in formation of spheru l i tes  i s  not wax 
composition. 
section C below. 

Mineral - As could be an t ic ipa ted  from the  l a rge r  ash content reported i n  
Table 11, many mineral pa r t i c l e s  a re  observed i n  the Union o i l .  
by running the hot o i l  through a 1.5 micron f i l t e r .  
t o  have no major e f f ec t  on the spheru l i tes .  Heating u p  the mineral-containing o i l  
on the microscope hot s tage  causes the  spheru l i tes  t o  melt, leaving the mineral. 
Upon cooling, the wax does r ec rys t a l l i ze  around the mineral. After f i l t r a t i o n  the 
mineral i s  not present, b u t  the  recrys ta l l iza t ion  of the wax in to  spheru l i tes  does 
not seem t o  be appreciably slower. Thus, mineral i s  not the cont ro l l ing  f ac to r  in 
spheru l i te  formation. 

1O5O0F+ f rac t ions .  These f rac t ions  were blended in many d i f f e ren t  ways and the  
blends observed w i t h  the microscope a t  77°F t o  see i f  spheruli tes were present. 
was found tha t :  

Three aspects of the  two o i l s  were examined -- the  wax, the  mineral, and the 

A. Wax - These were i so la ted  by removing the pentane-insolubles from the 

The y ie lds ,  based on t o t a l  o i l s ,  were 

T h i s  conclusion is further supported by the blending da ta  reported i n  

6. 
These were removed 

Removal of the mineral appeared 

C .  Effect of Fractions - B o t h  o i l s  were d i s t i l l e d  in to  1-425-650-850-1050 and 

I t  

Paraho Oil 
1. Adding o r  subs t i tu t ing  Union 1O5O0F+ bottoms gives spheru l i tes  a s  

shown i n  Figure 5D. 
insolubles from the Union bottoms y ie lds  spheru l i tes ,  although per- 
haps not as  well-formed. 
No other  blends show spheru l i tes .  

Also, adding o r  subs t i tu t ing  the  pentane- 

2. 

Union Oil 
1. Spheruli tes a re  formed i f  the 650-1050°F or 850-1050°F f rac t ions  

from Paraho o i l  a r e  subs t i tu ted .  
a f t e r  removing the  pentane-soluble bottoms. 

Also, spheru l i tes  a r e  present 
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A. PARAHO SHALE OIL B. UNION SHALE OIL 

C. UNION SHALE OIL D. PARAHO SHALE OIL SUBSTITUTE UNION 
1050' F +  FRACTION 

SCALE: 

FIGURE 5. PHOTOMICROGRAPHS OF WAX CRYST.ALS 
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2. Only needles a r e  observed i f  e i t h e r  the 850-1050°F f r ac t ion  o r  
pentane-insoluble residuum i s  removed. Also spheru l i tes  a r e  absent 
i f  Paraho pentane-insoluble, pentane-soluble, o r  whole 1050"F+ bot- 
toms a r e  subs t i tu ted  f o r  the Union bottoms. 

These fac ts  lead t o  the  conclusion t h a t  something in the Union 1050°F bottoms, 
probably in the asphaltenes, causes spheru l i tes  t o  form. 
necessary but i s  not unique f o r  the  Union o i l .  

Pour Points 

The 850-1050°F f rac t ion  i s  

Data measured on the Mectron Autopour a r e  l i s t e d  below in Table 111. 
Table 111 

Pour Points 
O i  1 Crystal Pour P t . ,  O F  

Whole Union Spherul i t e  27 
Whole Paraho Needl e 77 
Union, Subs t i tu te  Paraho 1050+ Needl e 58 
Paraho, Subs t i tu te  Union 1050+ Spheruli te 21 
Union + 9% 1-425 Spherul i t e  36 

Substi tuting Paraho 1050"F+ bottoms in to  Union o i l  changes the spheru l i tes  t o  
On the o ther  hand, changing 

Doubling the I-425°F f rac t ion  in Union o i l ,  

needles and increases the pour  point from 27 t o  58'F. 
the needles in Paraho o i l  t o  spheru l i tes  by subs t i tu t ing  Union 1050"F+ bottoms low- 
e r s  the p o u r  point from 77°F t o  21°F. 
which should lower the v iscos i ty ,  seems t o  increase the  pour point. While a vis- 
cos i ty  study, soon t o  be made, i s  needed fo r  confirmation, these data indicate 
strongly tha t  there  i s  a cor re la t ion  between spheru l i te  formation and pourabili ty 
o f  these o i l s .  I t  appears in the microscope t h a t  the wax changes from a three- 
dimensional, i r r egu la r  network of needles to  spheres which have l e s s  par t ic le - to-  
pa r t i c l e  interaction. Work i s  continuing i n  an e f f o r t  t o  achieve b e t t e r  understand- 
ing and control of the phenomenon. 
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A MARKETING PROSPECTUS FOR SHALE O I L  

G .  E.  Ogden and R. D .  R i d l e y  

O c c i d e n t a l  O i l  S h a l e ,  I n c .  
5000 S t o c k d a l e  Highway 
B a k e r s f i e l d  CA 93309 

T e c h n i c a l  deve lopmen t s  i n  s h a l e  o i l  p r o d u c t i o n  a c h i e v e d  i n  t h e  p a s t  
few y e a r s  s i g n a l  t h e  p o t e n t i a l  b e g i n n i n g  o f  a new l i q u i d  h y d r o c a r b o n  
i n d u s t r y .  C o n s t r u c t i o n  work h a s  begun on commercial scale  p r o j e c t s  
and coup led  w i t h  t h e  g rowing  s e n s e  o f  n a t i o n a l  u r g e n c y ,  t h e r e  is  good 
op t imism t h a t  s i g n i f i c a n t  s h a l e  o i l  p r o d u c t i o n  w i l l  be  f o r t h c o m i n g .  
These  e v e n t s  have  g e n e r a t e d  a need t o  t a k e  a closer l o o k  a t  d e f i n i t i o n  
o f  s h a l e  o i l  m a r k e t s .  

I n  c o n t r a s t  t o  p a s t  e f f o r t s  which have  d e a l t  h y p o t h e t i c a l l y  w i t h  t h i s  
s u b j e c t ,  o u r  m a r k e t i n g  deve lopmen t  e f f o r t s  a r e  d i r e c t e d  a t  an  e s t a b -  
l i s h e d  o b j e c t i v e ;  t h a t  i s ,  t o  d e f i n e  t h e  s p e c i f i c  m a r k e t s  which w i l l  
r e t u r n  an optimum p r i c e  f o r  a commercial q u a n t i t y  o f  s h a l e  o i l  i n  t h e  
mid-1980's .  Consuming sectors o f  t h e  p e t r o l e u m  m a r k e t  have  been  
e v a l u a t e d  and compared.  The t r a n s p o r t a t i o n  e l e m e n t  h a s  been  c o s t e d  for 
v a r i o u s  g e o g r a p h i c  r e g i o n s  o f  i n t e r e s t  and combined w i t h  q u a l i t y  d i f -  
f e r e n t i a l s  t o  i d e n t i f y  economic a l t e r n a t e s .  

B e f o r e  d e l v i n g  i n t o  t h e  d i s t r i b u t i o n  l o g i c ,  some commentary a b o u t  t h e  
n a t u r e  o f  t h e  p r o d u c t  is w a r r a n t e d .  Whi l e  most o f  t h e  s h a l e  o i l  t e c h -  
no logy  deve loped  t o  d a t e  i s  d e r i v e d  from a v a r i e t y  o f  above g round  
r e t o r t i n g  t e s t s ,  o i l  s h a l e  p ro j ec t s  c u r r e n t l y  underway i n d i c a t e  t h a t  
t h e  e a r l y  p r o d u c t i o n  w i l l  come from a m o d i f i e d  in' s i t u  p r o c e s s  w i t h  
l a t e r  p r o d u c t i o n  p o s s i b l y  b e i n g  a b l e n d  o f  o i l s  from s e v e r a l  r e c o v e r y  
p r o c e s s e s .  Many o f  t h e  e a r l y  p l a n s  c a l l e d  f o r  a p r e r e f i n i n g  s t e p  a t  
t h e  p r o d u c t i o n  f a c i l i t y  t o  improve t h e  o i l ' s  t r a n s p o r t a t i o n  c h a r a c t e r -  
i s t i c s  and m a r k e t a b i l i t y .  S t r o n g  demand p r o j e c t e d  f o r  h y d r o c a r b o n  
l i q u i d s  i n  t h e  mid-1980's  h a s  tempered t h e  c o n c e r n  o v e r  m a r k e t a b i l i t y  
o f  as-produced s h a l e  o i l  and c o n s e q u e n t l y  h a s  modera t ed  t h e  need t o  
upgrade  a t  t h e  p r o d u c t i o n  s i t e .  The c a p i t a l  i n t e n s i v e  p r o d u c t i o n  
o p e r a t i o n  t e n d s  t o  make d e v e l o p e r s  f a v o r a b l y  c o n s i d e r  min imiz ing  t h e  
i n i t i a l  i n v e s t m e n t ,  wh ich  c a n  b e  accompl i shed  by  e l i m i n a t i n g  t h e  o i l  
u p g r a d i n g  step.  C o n c e r n s  o v e r  w a t e r  a v a i l a b i l i t y  and g e n e r a l  h i g h  
i n d u s t r i a l  p r o f i l e  i n  W e s t e r n  C o l o r a d o  a r e  a l so  f a c t o r s  which w i l l  
i n c r e a s e  t h e  p r o b a b i l i t y  t h a t  a n y  p r o c e s s i n g  o f  t h e  o i l  w i l l  be  ac- 
compl i shed  downstream i n  e x i s t i n g  i n d u s t r i a l  complexes .  C o n s e q u e n t l y ,  
t h e  commodity o f  i n t e r e s t  i n  t h i s  d i s c u s s i o n  is  t h e  a s -p roduced  
s h a l e  o i l  f rom m o d i f i e d  i n  s i t u  r e t o r t i n g .  

Whi l e  s h a l e  o i l  w i l l  n o t  b e  c o m p l e t e l y  i n t e r c h a n g e a b l e  w i t h  c r u d e  o i l ,  
i ts p r o p e r t i e s  are s u f f i c i e n t l y  s i m i l a r  t h a t  it w i l l  a c t  as  a sub-  
s t i t u t e  i n  s e v e r a l  a p p l i c a t i o n s .  The m a j o r  q u a l i t y  d i f f e r e n c e  be tween  
s h a l e  o i l  and c o n v e n t i o n a l  c r u d e  o i l  is n i t r o g e n  c o n t e n t .  S h a l e  o i l  
c o n t a i n s  a p p r o x i m a t e l y  1 . 5  w e i g h t  p e r c e n t  n i t r o g e n  compared t o  0.1% f o r  
t y p i c a l  c r u d e  o i l s  p roduced  i n  t h e  Rocky Mountains .  S i n c e  n i t r o g e n  is 
an u n d e s i r a b l e  c o n t a m i n a n t  i n  c a t a l y t i c  r e f i n i n g  p r o c e s s e s ,  f a c i l i t i e s  
w i l l  have t o  be c o n s t r u c t e d  s p e c i f i c a l l y  f o r  i t s  removal .  R e f i n i n g  
t e c h n o l o g y  i s  f u l l y  d e v e l o p e d  f o r  t h i s  p r o c e s s i n g  s t e p  a n d ,  i n  f a c t ,  
C a l i f o r n i a  c r u d e s  r a n g i n g  u p  t o  0 . 7 %  n i t r o g e n  are  r o u t i n e l y  r e f i n e d  o n  
t h e  West Coast. The i m p a c t  o f  t h e  n i t r o g e n  c a n  a l so  be l e s s e n e d  by  
b l e n d i n g  w i t h  c r u d e  o i l  i n  a n  e x i s t i n g  r e f i n e r y .  To v e r i f y  
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t h i s ,  a s u c c e s s f u l  r e f i n e r y , t e s t  r u n  was c o n d u c t e d  o n  as -produced ,  i n  
s i t u  s h a l e  o i l  a t  t h e  Chevron r e f i n e r y  i n  S a l t  Lake C i t y  i n  November, 
1977.  

T h e r e  a r e  a l s o  s i g n i f i c a n t  d i f f e r e n c e s  from c r u d e  i n  f r a c t i o n a t i o n  
y i e l d s .  T h e s e  d i f f e r e n c e s  are e x p l a i n e d  i n  some d e t a i l  i n  t h e  r e f i n i n g  
q u a l i t y  d i s c u s s i o n .  A v e r y  i m p o r t a n t  s h a l e  o i l  p r o p e r t y  i s  i t s  re la-  
t i v e l y  l o w  s u l f u r  c o n t e n t ,  0 .5-0.7 w e i g h t  p e r c e n t .  The l o w  s u l f u r  
c o n t e n t  may al low t h e  o i l  t o  be burned  d i r e c t l y  i n  b o i l e r  a p p l i c a t i o n s  
i n  i t s  as-produced  s t a t e .  T h i s  f a c t o r  a l s o  i n f l u e n c e s  p l a n n i n g  a g a i n s t  
i n c o r p o r a t i n g  a n  u p g r a d i n g  s t e p  w i t h  t h e  p r o d u c t i o n  o p e r a t i o n .  

Because  o f  i ts  s i m i l a r i t y  t o  p e t r o l e u m ,  it is e x p e c t e d  t h a t  s h a l e  o i l  
w i l l  compete i n  t h e  same m a r k e t s  w i t h  c r u d e  o i l  o r  p r o d u c t s  d e r i v e d  
from c r u d e .  The s u p p l y  o f  c r u d e  o i l  t o  meet i n c r e m e n t a l  U.S. demand is 
w i d e l y  a c c e p t e d  t o  b e  f o r e i g n  s o u r c e d  i n  t h e  1 9 8 0 ' s  and r e f e r e n c e  is 
made t h r o u g h o u t  t h e  d i s c u s s i o n  t o  economics  r e l a t i v e  t o  cost o f  f o r e i g n  
c r u d e  o i l .  

With t h a t  o v e r v i e w  i n  mind w e  c a n  t u r n  t o  e x a m i n a t i o n  o f  t h e  l o g i s t i c  
f a c t o r s ,  t h e  p o t e n t i a l  consuming i n d u s t r i e s ,  and t h e  b u s i n e s s  and 
g o v e r n m e n t a l  i n f l u e n c e s .  

G e o g r a p h i c a l  o r i e n t a t i o n  o f  t h e  e x i s t i n g  m a r k e t s  w i l l  h a v e  a s t r o n g  
i n f l u e n c e  on s h a l e  o i l  d i s p o s i t i o n ,  p a r t i c u l a r l y  i n  t h e  e a r l y  y e a r s .  
As p r o d u c t i o n  o f  s h a l e  o i l  e x p a n d s  w e  c a n  e x p e c t  i n d u s t r i a l  consumers  
t o  react  t o  t h e  s u p p l y  s o u r c e  by l o c a t i n g  new f a c i l i t i e s  t o  t a k e  
a d v a n t a g e  o f  l o g i s t i c s .  However, a t  t h e  o u t s e t ,  t h e  p r o c e s s i n g  p l a n t s  
t h a t  w i l l  a b s o r b  t h e  s h a l e  oil a re  e s s e n t i a l l y  i n  p l a c e .  F i g u r e  1 
shows i n  g e n e r a l  t h e  c o n c e n t r a t i o n  o f  t h e  r e f i n i n g  i n d u s t r y ,  t h e  
p r i m a r y  p e t r o c h e m i c a l  p l a n t s  and t h e  u t i l i t i e s  r u n n i n g  o n  o i l .  

The r e f i n i n g  i n d u s t r y  i s  t h e  m o s t  w i d e s p r e a d  and w h i l e  l a r g e  c o n c e n t r a -  
t i o n s  a r e  shown i n  C a l i f o r n i a ,  t h e  G u l f  Coas t ,  t h e  G r e a t  L a k e s ,  and  t h e  
P h i l a d e l p h i a  a r ea ,  a s u f f i c i e n t  c a p a c i t y  t o  a b s o r b  100-200 MB/D o f  
s h a l e  o i l  e x i s t s  i n  t h e  Rocky Mountain/Kansas  a r e a .  I n  p e r s p e c t i v e ,  
t h e  U . S .  r e f i n i n g  c a p a c i t y  s t a n d s  a t  17 .6  m i l l i o n  B/D o f  which 5 
m i l l i o n  B/D is l o c a t e d  i n  t h e  Rocky Mountain/Midwest area. Demand f o r  
r e f i n e d  p r o d u c t s ,  of course, is e q u a l l y  w i d e s p r e a d  and s h o u l d  c o n t i n u e  
t o  grow a t  a m o d e r a t e  p a c e .  Because  o f  i ts  wide g e o g r a p h i c  d i s t r i b u -  
t i o n ,  t h e  r e f i n i n g  i n d u s t r y  h a s  t h e  most f l e x i b i l i t y  t o  modi fy  or 
l o c a t e  new f a c i l i t i e s  t o  t a k e  a d v a n t a g e  of t h e  l o g i s t i c  f l o w  o f  t h e  
s h a l e  o i l .  

The p r i m a r y  p e t r o c h e m i c a l  i n d u s t r y  d o e s  n o t  have  t h i s  l u x u r y .  The 
g r e a t  m a j o r i t y  o f  t h e  l a r g e  volume p e t r o c h e m i c a l  o p e r a t i o n s  a r e  cen-  
t e r e d  n e a r  t h e  U . S .  Gul f  Coast .  T h e r e  t h e y  have  t h e  n e c e s s a r y  economic 
l i n k a g e  w i t h  p l a n t s  p r o d u c i n g  i n t e r m e d i a t e s  and f i n i s h e d  p r o d u c t s  a l o n g  
w i t h  e s t a b l i s h e d  o u t l e t s  f o r  b y - p r o d u c t s .  I f  a l a r g e  p l a n t  were t o  be 
c o n s t r u c t e d  i n  t h e  R o c k i e s ,  i t  would have  t o  a c h i e v e  s u f f i c i e n t  b e n e f i t  
t o  overcome t h e  t r a n s p o r t a t i o n  p e n a l t y  a s s o c i a t e d  w i t h  h a u l i n g  n e a r l y  
a l l  t h e  O u t p u t  t o  t h e  U.S. Gulf  f o r  s e c o n d a r y  p r o c e s s i n g  or by-product  
d i s p o s i t i o n .  AS t r a d i t i o n a l  s u p p l y  s o u r c e s  change ,  w e  may see e v o l u -  
t i o n  i n  t h i s  d i r e c t i o n  b u t  it w i l l  b e  v e r y  s l o w  and i n  smal l  s t e p s .  

The l a r g e  m a r k e t  f o r  o i l  i n  d i r e c t  b u r n i n g  a p p l i c a t i o n s  is t h e  u t i l i t y  
b o i l e r  m a r k e t .  T h e r e  is  some q u e s t i o n . a s  t o  how l o n g  t h i s  o u t l e t  W i l l  
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exis t  i n  l i g h t  o f  Government  p o l i c y  t r e n d i n g  a g a i n s t  u s i n g  l i q u i d s  f o r  
power g e n e r a t i o n .  A s  shown on F i g u r e  1, o i l  u s e  t o d a y  is  c e n t e r e d  i n  
t h r e e  r e g i o n s :  C a l i f o r n i a ,  t h e  G r e a t  L a k e s ,  and t h e  N o r t h e a s t .  T h e r e  
may be a growing  u s e  i n  t h e  Gul f  C o a s t  area i f  economics  permit g a s  
f i r e d  a p p l i c a t i o n s  t o  be c o n v e r t e d  t o  o i l ,  b u t  f o r  t h e  v e r y  l o n g  t e r m  
o i l  based  g e n e r a t i o n  i s  l i k e l y  t o  b e  a s h r i n k i n g  marke t .  As new 
n u c l e a r  and coal p l a n t s  come o n s t r e a m ,  t h e y  w i l l  b e  p u t  i n  b a s e  l o a d  
s e r v i c e  and e x i s t i n g  o i l  g e n e r a t i o n  w i l l  b e  s u b o r d i n a t e d  f i r s t  to  p e a k  
s h a v i n g  and u l t i m a t e l y  r e t i r e d .  Wi th  t h e  e x c e p t i o n  of areas where v e r y  
t i g h t  e m i s s i o n  s t a n d a r d s  a re  r e q u i r e d  a n d / o r  n u c l e a r  and c o a l  p l a n t s  
are f a c e d  w i t h  v e r y  l o n g  d e l a y s ,  new o i l  f i r e d  g e n e r a t i o n  c a p a c i t y  is 
u n l i k e l y .  

With t h e  q u a l i t a t i v e  o v e r v i e w  i n  mind ,  w e  c a n  now t u r n  t o  t h e  quan-  
t i t a t i v e  impact  o f  t h e  g e o g r a p h i c a l  e l e m e n t .  The t ab le  be low a t t e m p t s  
t o  a s c r i b e  a t r a n s p o r t a t i o n  premium or p e n a l t y  f o r  s h a l e  o i l  w i t h  
r e s p e c t  to  common f o r e i g n  Crude  o i l  i n  t h e  r e g i o n s  o f  i n t e r e s t .  The 
E a s t  Coast was n o t  i n c l u d e d  i n  t h e  t a b l e  s i n c e  it would r e p r e s e n t  an 
e x t r e m e  p h y s i c a l  d i s t r i b u t i o n  problem f o r  Rocky Mountain o i l .  The 
t r a n s p o r t a t i o n  costs are  e s t i m a t e d  a v e r a g e  v a l u e s  f o r  200 MB/D and  
1 , 0 0 0  MB/D. The e s t ima tes  assume p i p e l i n e  t r a n s p o r t a t i o n  t o  a t y p i c a l  
d e s t i n a t i o n  w i t h i n  t h e  a r e a .  Where e x i s t i n g  p i p e l i n e s  are  i n  p l a c e ,  
a c t u a l  t a r i f f s  are  presumed.  T a r i f f s  a re  a p p r o x i m a t e d  f o r  new p i p e -  
l i n e s  u s i n g  $ .20/bbl  per 100 m i l e s  f o r  200 MB/D, and $ . lO/bbl  p e r  1 0 0  
m i l e s  f o r  1 , 0 0 0  MB/D. 

RELATIVE TRANSPORTATION ECONOMICS 
SHALE OIL VS.  FOREIGN CRUDE O I L ,  $/BBL 

S h a l e  O i l  Crude  O i l  ( P e n a l t y ) / P r e m i u m  
2 0 0  MB/D 1 0 0 0  MB/D 200 MB/D 1 0 0 0  MB/D 

Los Angeles  1 . 8 0  .90 -0- ( 1 . 8 0 )  ( .90)  
Rocky M t n .  .60 . 3 0  .80 . 2 0  .50  
Chicago  1 . 2 0  1.20 1 . 2 0  -0- -0- 
U.S. Gulf  2 .40 1 . 2 0  -0- ( 2 . 4 0 )  ( 1 . 2 0 )  

The t a b l e  shows t h e  q u a n t i t a t i v e  e f f e c t  o f  t r a n s p o r t a t i o n  i n  1977 
d o l l a r s  on a v a l u e  r e l a t i o n s h i p  w i t h  c r u d e  o i l .  L o c a t i o n  impact may 
r e s u l t  i n  a $0.20-$0.50/bbl  premium f o r  s h a l e  o i l  r o u t e d  t o  a Rocky 
Mountain d e s t i n a t i o n  t o  a $.90-$2.40/bbl  p e n a l t y  f o r  a West C o a s t  or 
Gulf  Coast m a r k e t .  T h e  o b v i o u s  c o n c l u s i o n  i s  t h a t  t h e r e  i s  a s i z e a b l e  
t r a n s p o r t a t i o n  a d v a n t a g e  f o r  s h a l e  o i l  i f  a m a r k e t  can b e  c r e a t e d  i n  
t h e  Rocky Mountain/Upper  Midwest area i n s t e a d  o f  a C o a s t a l  l o c a t i o n .  

D e f i n i t i o n  o f  q u a l i t y  d i f f e r e n t i a l s  i s  much more d i f f i c u l t  to  accom- 
p l i s h  w i t h  any  d e g r e e  o f  c e r t a i n t y .  I n  t h e  l o n g  term c o n t e x t ,  where  
t h e  l i q u i d  demand e x c e e d s  s u p p l y ,  t o d a y ' s  q u a l i t y  r e l a t i o n s h i p s  a r e  a p t  
t o  b e  d i s t o r t e d .  F o r  t h e  p u r p o s e  o f  t h i s  d i s c u s s i o n ,  however ,  it is 
assumed t h a t  f o r e i g n  c r u d e  c a n  s t i l l  b e  p u r c h a s e d  f o r  i n c r e m e n t a l  
l i q u i d  i n p u t .  

R e f i n i n g  v a l u e  o f  s h a l e  o i l  h a s  p r o b a b l y  b e e n  i n v e s t i g a t e d  i n  g r e a t e r  
d e t a i l  t h a n  t h e  o t h e r  p o t e n t i a l  a p p l i c a t i o n s .  Most of t h e  e f f o r t s  to  
p r e s c r i b e  a r e f i n i n g  cost f o r  s h a l e  o i l ,  however ,  have  viewed t h e  
problem i n  a v e r y  h y p o t h e t i c a l  c o n t e x t .  Most o f  t h e  d a t a  is  d e v e l o p e d  
f o r  c o m p l e t e  new f a c i l i t i e s  t u r n i n g  o u t  a p r o d u c t  s la te  t h a t  may o r  
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may n o t  r e l a t e  t o  t h e  a c t u a l  m a r k e t  c o n d i t i o n s  i n  t h e  e n v i r o n m e n t  
t h e  o i l  is l i k e l y  t o  b e  consumed. F o r  t h e  r e a s o n s  d i s c u s s e d  e a r l  
t h e r e  i s  good p r o b a b i l i t y  t h a t  t h e  s h a l e  o i l  w i l l  n o t  b e  upgraded  
t h e  p r o d u c t i o n  f a c i l i t y ,  b u t  r a t h e r  w i l l  b e  i n t e -  
g r a t e d  i n t o  e x i s t i n g  r e f i n e r i e s  i n  i t s  as-produced  s t a t e .  

A l s o ,  t h e r e  h a s  been  no r e p o r t e d  e x t e n s i v e  t e s t i n g  on i n  s i t u  s h a  
which  is l i k e l y  t o  r e p r e s e n t  t h e  q u a l i t y  of t h e  m a j o r i t y  of t h e  e a r l y  
p r o d u c t i o n ,  b a s e d  on p r o j e c t s  p r e s e n t l y  underway. C o n s e q u e n t l y ,  t h e r e  
is some d i v e r g e n c e  o f  o p i n i o n  on t h e  r e l a t i v e  v a l u e  o f  s h a l e  o i l  t o  
c o n v e n t i o n a l  c r u d e  o i l .  

I n  o u r  e f f o r t s  t o  d a t e  a t  d e f i n i n g  t h i s  v a l u e ,  w e  have  a t t e m p t e d  
t o  cost t h e  e f f e c t  o f  i n t e g r a t i n g  as -produced ,  i n  s i t u  s h a l e  o i l  i n t o  
t y p i c a l  Rocky Mountain/Upper  Midwest r e f i n e r i e s  as a s u b s t i t u t e  f o r  t h e  
c r u d e  mixes  r u n  a t  t h o s e  l o c a t i o n s .  F i g u r e  2 shows t h e  v a r i o u s  geo-  
g r a p h i c a l  a r e a s  t h a t  were a n a l y z e d  i n  t h i s  f a s h i o n .  The d o l l a r  f i g u r e s  
super imposed  a r e  t h e  a d d i t i o n a l  r e f i n i n g  costs r e s u l t i n g  f r o m  s u b s t i -  
t u t i n g  s h a l e  o i l .  Whi le  t h e  numbers  r a n g e  from $2.05 t o  $3.00 p e r  
b a r r e l  i n  1977 d o l l a r s ,  a n  a d d i t i o n a l  r e f i n i n g  cost o f  $2.50 p r o b a b l y  
r e f l e c t s  a good es t imate  o f  t h e  a v e r a g e  a d d i t i o n a l  cost .  I t  s h o u l d  be 
n o t e d  t h a t  t h e s e  cost  f i g u r e s  i n c l u d e  a r e a s o n a b l e  r a t e  o f  r e t u r n  o n  
i n v e s t e d  c a p i t a l .  

T h i s  a d d i t i o n a l  r e f i n i n g  cost  a p p e a r s  lower t h a n  many o f  t h e  r e c e n t l y  
p u b l i s h e d  f i g u r e s  b u t  it c a n  b e  q u a l i t a t i v e l y  r e c o n c i l e d  when p u t  i n  
t h e  c o n t e x t  o f  t h e  m a r k e t  e n v i r o n m e n t  i n  t h e  mid-1980's .  F i r s t ,  t h e  
e x i s t i n g  U.S. and wor ldwide  s u p p l i e s  o f  l i g h t  c r u d e  o i l  a r e  d e c l i n i n g  
a t  a s i g n i f i c a n t  r a t e .  The r e f i n i n g  s u p p l y  b a r r e l  i s  g e t t i n g  h e a v i e r ,  
and more i m p o r t a n t l y  c o n t a i n s  a h i g h e r  volume y i e l d  o f  r e s i d u a l  b o i l i n g  
r a n g e  mater ia l .  W e  c a n  see t h e  impact  o f  t h i s  phenomenon a l r e a d y  i n  
t h e  U.S. n o t i n g  t h e  v e r y  d e p r e s s e d  p r i c e s  f o r  h i g h  s u l f u r  r e s i d u a l  f u e l  
which is i n  l o n g  s u p p l y .  I n  s i t u  s h a l e  o i l  h a s  o n l y  4 % ,  1000OF. + 
b o i l i n g  r a n g e  mater ia l  compared t o  2 0 %  f o r  N o r t h  S l o p e  c r u d e  and 1 8 %  
f o r  A r a b i a n  l i g h t  c r u d e .  T h e s e  c r u d e s  are  by no  means t h e  worst and  
a r e  a c t u a l l y  s i g n i f i c a n t l y  b e t t e r  t h a n  Kuwai t ,  A r a b i a n  Heavy and  o t h e r s  
which r e p r e s e n t  a good p r o p o r t i o n  of  t h e  unused wor ldwide  p r o d u c t i o n  
c a p a c i t y .  Upgrading  c r u d e  r e s i d u a l  mater ia l  t o  c l e a n  t r a n s p o r t a t i o n  
f u e l s  is p r o b a b l y  more c o s t l y  t h a n  s t a r t i n g  w i t h  s h a l e  o i l .  

Another  f a c t o r  t h a t  h a s  h i s t o r i c a l l y  been  r e p r e s e n t e d  a s  a n e g a t i v e  f o r  
s h a l e  o i l  is  t h e  v e r y  l o w  g a s o l i n e  y i e l d .  N e a r l y  a l l  t h e  r e f i n i n g  
s t u d i e s  on s h a l e  o i l  have  d i s c o u n t e d  i ts  v a l u e  b e c a u s e  o f  t h e  need t o  
c o n v e r t  a g r e a t e r  p r o p o r t i o n  o f  t h e  d i s t i l l a t e  t o  g a s o l i n e .  However, 
t h e  s t r o n g  t r e n d  t o d a y  i n d i c a t e s  t a p e r i n g  g a s o l i n e  g r o w t h .  The major 
f o r e c a s t e r s  are n e a r l y  unanimous i n  p r o j e c t i n g  a peak i n  U.S. g a s o l i n e  
demand between 1980 and 1985.  The c o n c l u s i o n  is t h a t  t h e  g r e a t  m a j o r i t y  
of f a c i l i t i e s  t o  m a n u f a c t u r e  g a s o l i n e  w i l l  b e  i n  place when s h a l e  o i l  
comes o n  t h e  m a r k e t  and t h e  demand g r o w t h  w i l l  t a k e  p l a c e  i n  t h e  
d i s t i l l a t e  r a n g e .  I f  t h i s  t r e n d  p r o v e s  t o  b e  t r u e ,  a r e f i n e r  i n  1 9 8 5  
w i l l  p l a c e  a premium v a l u e  o n  h i g h  d i s t i l l a t e  y i e l d  a s  o p p o s e d  t o  h i g h  
g a s o l i n e  y i e l d .  The p o t e n t i a l  y i e l d  premium w i l l  a c t  to  o f f s e t  t h e  
a d d i t i o n a l  r e f i n i n g  cost .  

w h i l e  t h e  s h a l e  o i l  y i e l d s  were v e r y  u n b a l a n c e d  w i t h  t h e  r e f i n e r y  
p r o d u c t  mix o u t l o o k  i n  1970,  t h o s e  same y i e l d s  w i l l  b e  h i g h l y  a t t rac-  
t i v e  i n  1985.  
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The market  p r i c e  f o r  s h a l e  o i l  a s  a u t i l i t y  b o i l e r  f u e l  c a n  be  quan-  
t i f i e d  i n  a f a i r l y  n a r r o w  r a n g e  b u t  is s u b j e c t  t o  e n v i r o n m e n t a l  and 
gove rnmen ta l  r e s t r i c t i o n s .  P r i c e w i s e ,  where s u p p l y  imba lance  o r  
r e g u l a t o r y  e f f e c t s  d o  n o t  c r e a t e  d i s t o r t i o n s  i n  t h e  m a r k e t ,  1% s u l f u r  
r e s i d u a l  f u e l  s e l l s  f o r  a p p r o x i m a t e l y  t h e  same p r i c e  a s  Arab L i g h t  
c r u d e .  T h i s  g r a d e  o f  f u e l  o i l  is c u r r e n t l y  bu rned  i n  t h e  G r e a t  Lakes 
a r e a  f o r  power g e n e r a t i o n  a s  wel.1 a s  i n d u s t r i a l  f u e l  a p p l i c a t i o n s .  
S i n c e  s h a l e  o i l  i n  a n  u n t r e a t e d  form a p p r o x i m a t e s  t h e  q u a l i t y  o f  1% 
s u l f u r  r e s i d u a l  f u e l ,  w e  s u s p e c t  t h a t  i ts  v a l u e  i n  t h a t  a p p l i c a t i o n  
w i l l  app roach  t h a t  o f  Arab L i g h t  c r u d e  o i l .  S i n c e  w e  have d e f i n e d  
r e f i n i n g  c o s t s  f o r  p r o c e s s i n g  s h a l e  o i l  t o  t r a n s p o r t a t i o n  f u e l s ,  it 
is p r o b a b l e  t h a t  i ts  h i g h e s t  v a l u e  w i l l  r e s u l t  from 1% s u l f u r  b o i l e r  
f u e l .  

However, t h e  a r e a s  w h e r e  1% s u l f u r  f u e l  o i l  c a n  b e  bu rned  a r e  s h r i n k i n g .  
Emiss ion  r e s t r i c t i o n s  have f o r c e d  many u t i l i t i e s  t o  u s e  0 .5% and lower 
f u e l s  and t h e  t r e n d  is c o n t i n u i n g .  Looking f o r w a r d  t o  t h e  m i d - l 9 8 0 ' s ,  
t h e r e  may b e  a m a r k e t  f o r  o n l y  a s m a l l  volume,  s a y  50 ,000  B/D, f o r  t h i s  
a p p l i c a t i o n .  

The p o t e n t i a l  p e t r o c h e m i c a l  f e e d s t o c k  m a r k e t  h a s  n o t  y e t  been f u l l y  
e x p l o r e d .  T h e r e  a r e  some n e g a t i v e  a s p e c t s  of s h a l e  o i l  f o r  p e t r o -  
c h e m i c a l s .  The e x i s t i n g  p e t r o c h e m i c a l  p l a n t s  ( o l e f i n s ,  a r o m a t i c s )  a r e  
t a i l o r e d  to t h e  l i g h t  f r a c t i o n s  o f  p e t r o l e u m  s u c h  a s  LPG and n a p h t h a .  
S h a l e  o i l ' s  low y i e l d  o f  l i g h t  hydroca rbon  p l a c e s  it a t  a d i s a d v a n t a g e  
w i t h  r e s p e c t  t o  c r u d e  o i l .  No a t t e m p t  h a s  been made t o  q u a n t i f y  a 
p e n a l t y  f o r  t h i s  a p p l i c a t i o n .  

On t h e  o t h e r  hand ,  t h e r e  i s  good r e a s o n  f o r  some op t imism.  S h a l e  o i l ' s  
v e r y  r e s p e c t a b l e  hydrogen  c o n t e n t  ( 1 2 % )  s u g g e s t s  t h a t  n e w  p e t r o c h e m i c a l  
t e c h n o l o g y  c o u l d  be t a i l o r e d  t o  t h i s  i n p u t  e c o n o m i c a l l y .  I n  a v e r y  
f o r w a r d  t h i n k i n g  manner ,  members o f  t h e  p e t r o c h e m i c a l  i n d u s t r y  have  
e x p r e s s e d  i n t e r e s t  i n  e x p l o r i n g  new a p p l i c a t i o n s .  However, t h e  com- 
p e t i n g  u s e s  w i l l  l i k e l y  c o m p r i s e  t h e  t o t a l  e a r l y  marke t  f o r  a s h a l e  o i l  
i n d u s t r y  and it w i l l  o n l y  be  i n  t h e  l o n g  term t h a t  a p e t r o c h e m i c a l  
m a r k e t  w i l l  come i n t o  p l a y .  

The o t h e r  f a c t o r s  t h a t  w i l l  have a n  i n f l u e n c e  o n  s h a l e  o i l  d i s t r i b u t i o n  
w i l l  n o t  be d i r e c t l y  economic.  Government p o l i c y  may l e v e r a g e  t h r o u g h  
i n c e n t i v e s  a p a r t i c u l a r  u s e  f o r  t h e  l o n g  term b e n e f i t  even though  i t  
may n o t  be t h e  most economic  s h o r t  t e r m  a p p l i c a t i o n .  A s  an example ,  
t h e r e  may b e  l e g i s l a t i o n  p e n a l i z i n g  b u r n i n g  o i l  i n  a s t a t i o n a r y  b o i l e r .  
N a t i o n a l  p o l i c y  seems to  be  a l i g n e d  i n  t h e  d i r e c t i o n  of  c o n v e r t i n g  power 
p l a n t s  from o i l  and g a s  to  c o a l .  F o r  t h e s e  r e a s o n s  we s u s p e c t  t h a t  t h e  
f u e l  o i l  a p p l i c a t i o n  w i l l  n o t  p r o v i d e  a l o n g  t e r m  marke t  f o r  a s h a l e  o i l  
i n d u s t r y ;  n e v e r t h e l e s s  t h i s  o u t l e t  w i l l  be of rea l  v a l u e  f o r  t h e  e a r l y  
s t a g e s  of  a n  o i l  s h a l e  i n d u s t r y  s i n c e  it can u t i l i z e  raw s h a l e  o i l  
w i t h o u t  ma jo r  c a p i t a l  e x p e n d i t u r e .  

G e n e r a l  b u s i n e s s  f a c t o r s  s h o u l d  be t a k e n  i n t o  a c c o u n t  i n  t h i s  a s s e s s -  
ment p a r t i c u l a r l y  f o r  t h e  f i r s t  2 0 0 , 0 0 0  b a r r e l s  p e r  day of p r o d u c t i o n .  
T h e r e  is a l m o s t  n o  d i s a g r e e m e n t  t h a t  e a r l y  p r o d u c t i o n  o f  s h a l e  o i l  w i l l  
be a h i g h  r i s k ,  c a p i t a l  i n t e n s i v e  v e n t u r e .  The p r o d u c t i o n  v e n t u r e r s  
w i l l  be  i n c l i n e d  t o  l i m i t  t h e i r  c a p i t a l  e x p o s u r e  t o  t h e  p r o d u c t i o n  and 
l o o k  for  a m a n u f a c t u r e r  to  r i s k  t h e  u p g r a d i n g  c a p i t a l .  I n  t h i s  c o n t e x t ,  
t h e  f u e l  o i l  marke t  h a s  a s t r o n g  a d v a n t a g e .  Very l i t t l e  c a p i t a l  
w i l l  need t o  be e x p o s e d  to  consume t h e  s h a l e  o i l ,  v e r y  l i t t l e  l e a d  t i m e  
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w i l l  b e  r e q u i r e d  and t h e r e  w i l l  be a minimum r i s k  o f  n o n - s u c c e s s  i n  t h e  
a p p l i c a t i o n .  R e f i n i n g  o n  t h e  o t h e r  hand w i l l  r e q u i r e  s u b s t a n t i a l  
c a p i t a l  m o d i f i c a t i o n s ,  a t h r e e  y e a r  minimum l e a d  t i m e  and  some r i s k ,  
i n  t h e  f i r s t  cases. 

Viewing t h e  i n d u s t r y  sectors  i n  summary, a p e t r o c h e m i c a l  m a r k e t  
is  t h e  most remote. The t r a n s p o r t a t i o n  cost  t o  r e a c h  it is h i g h  and 
t h e  u p g r a d i n g  t e c h n o l o g y  f o r  s h a l e  o i l  h a s  n o t  y e t  b e e n  d e v e l o p e d .  
Because it r e p r e s e n t s  o n e  o f  t h e  more b e n e f i c i a l  u s e s  o f  p e t r o l e u m ,  
however, w e  e x p e c t  t h a t  u l t i m a t e l y  a m a r k e t  w i l l  d e v e l o p  i n  t h i s  
sector ,  

I n d u s t r i a l  and  u t i l i t y  b o i l e r  f u e l  r e p r e s e n t  a n  a t t r a c t i v e  m a r k e t  f o r  
s h a l e  o i l .  Because  o f  t h e  l o w  i n v e s t m e n t  r e q u i r e d  and  a g e o g r a p h i c a l l y  
economic l o c a t i o n ,  t h e  f i r s t  u s e  o f  s h a l e  o i l  may be for  t h i s  a p p l i c a -  
t i o n  i n  t h e  Great Lakes a r e a .  The d i s a d v a n t a g e s  o f  t h i s  m a r k e t  are  its 
s u s c e p t i b i l i t y  t o  e n v i r o n m e n t a l  and r e g u l a t o r y  p r o h i b i t i o n s  and l i m i t e d  
volume demand. 

The l a r g e  m a r k e t  f o r  s h a l e  o i l  is e x p e c t e d  t o  b e  as r e f i n e r y  i n p u t .  
Ref ined  p r o d u c t  g r o w t h  is e x p e c t e d  t o  c o n t i n u e  and s u f f i c i e n t  p l a n t s  t o  
a b s o r b  s i z e a b l e  volumes  o f  s h a l e  o i l  e x i s t  i n  economic p r o x i m i t y  t o  t h e  
p r o d u c t i o n  a r e a .  C o n v e r s i o n  o f  s h a l e  o i l  t o  t r a n s p o r t a t i o n  f u e l s  is 
c o n s i s t e n t  w i t h  government  p o l i c y  on u s e  o f  l i q u i d  h y d r o c a r b o n s .  The 
o n l y  d e t e r r e n t  t o  t h i s  a p p l i c a t i o n  is t h e  s u b s t a n t i a l  c a p i t a l  i n v e s t m e n t  
f o r  u p g r a d i n g  f a c i l i t i e s .  I n  g r a p h i c a l  f o r m ,  F i g u r e  3 p r e s e n t s  o u r  
p r o j e c t i o n  of t h e  t i m e  r e l a t e d  consumpt ion  o f  s h a l e  o i l .  
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FIGURE 2 
SHALE OIL REFINING - A D D I T I O N A L  COST 
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INTRODUCTION 

I n  h i s  e a r l y  s t u d i e s  on  t h e  h o t  water method o f  s e p a r a t i n g  
bi tumen from Athabasca t a r  sand ,  Clark  ( 1 - 4 )  i d e n t i f i e d  two components 
o f  t a r  sand,  t h e  f i n e  s o l i d s  c o n t e n t  and b i v a l e n t  i o n  c o n c e n t r a t i o n ,  
as b e i n g  i m p o r t a n t  v a r i a b l e s  a f f e c t i n g  t h e  degree  of s e p a r a t i o n .  H e  
a lso showed t h a t  t h e  a d d i t i o n  o f  i n o r g a n i c  b a s e s  was g e n e r a l l y  bene- 
f i c i a l  and t h a t  t h e  amount o f  mechanical  energy  impar ted  t o  the tar 
sand s l u r r y  d u r i n g  p r o c e s s i n g  w a s  i m p o r t a n t .  

a t i o n  p l a n t  which took a c h a r g e  o f  approximate ly  8 kg  o f  t a r  sand (1). 
Beaker e x t r a c t i o n s ,  which c o n s i s t e d  e s s e n t i a l l y  of s t i r r i n g  0 . 2  kg t a r  
sand w i t h  h o t  w a t e r  i n  a beaker ,  w e r e  used f o r  demonst ra t ion  p u r p o s e s ( 5 ) .  

I n  a l a t e r  s t u d y ,  S e i t z e r  ( 6 )  d e s c r i b e d  a s t i r r e d  r e a c t o r  
( c a p a c i t y  0 .2  kg o f  tar  s a n d )  which u t i l i z e d  a broad U-shaped paddle  
f o r  s l u r r y i n g  and which w i t h  p r o p e r  m a n i p u l a t i o n  o f  v a r i a b l e s  could  b e  
made t o  s i m u l a t e  p i l o t  p l a n t  e x t r a c t i o n s  ( 7 ) .  Malmberg ( 8 , 9 )  used 
t h i s  r e a c t o r  t o  f u r t h e r  s t u d y  t h e  v a r i a b l e s  i d e n t i f i e d  by Clark  a s  
w e l l  as o t h e r s .  Sepulveda  u t i l i z e d  a commercial h i g h  s h e a r  s t i r r e d  
reactor f o r  s l u r r y i n g  and  a commercial f l o t a t i o n  c e l l  f o r  t h e  separ -  
a t i o n  (10). One o f  t h e  main o b j e c t i v e s  of t h e s e  d i f f e r e n t  groups w a s  
t o  f i n d  a parameter  o r  p a r a m e t e r s  which would e x p l a i n  d i f f e r e n c e s  i n  
bi tumen y i e l d  from d i f f e r e n t  t a r  sand samples  under  s t a n d a r d  c o n d i t i o n s ,  
i n  s h o r t ,  t h e  f a c t o r s  a f f e c t i n g  t a r  sand  p r o c e s s i b i l i t y .  Although much 
u s e f u l  i n f o r m a t i o n  was g e n e r a t e d ,  t h i s  o b j e c t i v e  was n o t  f u l f i l l e d .  

This  paper  p r o v i d e s  d e t a i l s  of t h e  d e s i g n  and o p e r a t i o n  of  a 
convenient  l a b o r a t o r y  b a t c h  e x t r a c t i o n  u n i t ,  which w a s  d e s i g n e d  
s p e c i f i c a l l y  f o r  s t u d y i n g  t h e  chemica l  and p h y s i c a l  p r o p e r t i e s  of  t a r  
sand as they a f f e c t  p r o c e s s i b i l i t y .  The u n i t  was used t o  demonst ra te  
t h e  importance of  s u r f a c t a n t s  i n  t h e  h o t  water e x t r a c t i o n  p r o c e s s  and 
t o  show t h e  i n t e r r e l a t i o n s h i p  between i n o r g a n i c  b a s e s  used  a s  p r o c e s s  
a i d s  and s u r f a c t a n t s .  

D e s c r i p t i o n  of  t h e  U n i t  

d u c i b l e  y i e l d  d a t a ;  b)  b e  s e n s i t i v e  t o  changes so t h a t  a d d i t i v e s  
could  r e a d i l y  be e v a l u a t e d ;  c)  b e  v e r s a t i l e ,  so t h a t  t empera ture ,  
s t i r r i n g  rate,  e t c .  c o u l d  e a s i l y  be changed;  and d )  e s t a b l i s h  t r e n d s  
t h a t  would p a r a l l e l  t r e n d s  i n  l a r g e r  c o n t i n u o u s  u n i t s .  

v a r i a b i l i t y  o f  t h e  d e p o s i t  ( 7 ) .  I t  i s  t h e r e f o r e  n e c e s s a r y  t o  be  a b l e  
to  homogenize a r e l a t i v e l y  l a r g e  b a t c h  and u s e  p o r t i o n s  o f  t h i s  f o r  
comparat ive exper iments  y e t  t h e  sample s i z e  must n o t  be  t o o  s m a l l ,  
o t h e r w i s e  loss o f  bi tumen o n  t h e  w a l l s ,  etc.  o f  t h e  e x t r a c t i o n  
a p p a r a t u s  w i l l  become s i g n i f i c a n t .  Based o n  t h e s e  c r i t e r i a ,  a sample 
s i z e  of 0 .5  kg p e r  exper iment  w a s  chosen.  

C l a r k ' s  s t u d i e s  w e r e  c a r r i e d  o u t  i n  a l a b o r a t o r y  scale separ -  

The o b j e c t i v e  w a s  t o  d e s i g n  a u n i t  t h a t  would a )  g i v e  r e p r o -  

One o f  t h e  problems i n  d e a l i n g  w i t h  t a r  sand i s  t h e  n a t u r a l  
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D e t a i l s  of t h e  u n i t  i t s e l f  are g iven  i n  F i g u r e s  1 t o  3 .  The 
e x t r a c t i o n  cel l  is j a c k e t e d  t o  p r o v i d e  f o r  c o n s t a n t  t e m p e r a t u r e  
d u r i n g  o p e r a t i o n ;  t h e  h e i g h t  i s  s u f f i c i e n t  t o  provide  a q u i e s c e n t  
zone; and t h e  c e l l  is s q u a r e  t o  f a c i l i t a t e  s l u r r y i n g  and subsequent  
a g i t a t i o n  w i t h o u t  t h e  need f o r  b a f f l e s .  A i r  i s  added through t h e  
i m p e l l e r  s h a f t  which allows good c o n t r o l  even a t  l o w  a d d i t i o n  rates 
and avoids  problems o f  p lugging  by f i n e  s o l i d s  e x p e r i e n c e d  w i t h  o t h e r  
methods o f  a d d i t i o n ,  such  a s  a porous p l a t e .  The a i r - i n t r o d u c t i o n  
f e a t u r e  p e r m i t s  a e r a t i o n  of  t h e  s l u r r y  d u r i n g  mixing and a l l o w s  one 
t o  s i m u l a t e  t h e  secondary  recovery  s t e p  subsequent  t o  pr imary recovery ,  
p r a c t i s e d  i n  commercial u n i t s .  A f t e r  e x t r a c t i o n  i s  comple te ,  t a i l i n g s  
can  e a s i l y  b e  removed through a v a l v e  on t h e  bot tom of  t h e  c e l l .  The 
v a l v e  a l s o  p e r m i t s  easy  c l e a n i n g  o f  t h e  ce l l .  The i m p e l l e r  speed i s  
c o n t r o l l e d  by a v a r i a b l e  speed f r a c t i o n a l  horsepower motor and i s  
measured by a tachometer  mounted on t h e  i m p e l l e r  d r i v e  s h a f t .  The 
i m p e l l e r  i t s e l f  is e a s i l y  removed so t h a t  d i f f e r e n t  s i z e s  and shapes  
can  be  used i f  d e s i r e d .  

The bi tumen y i e l d  i n  t h e  pr imary  e x t r a c t i o n  s t e p  w a s  known t o  
be  a f u n c t i o n  o f  s t i r r i n g  t i m e  and i m p e l l e r  speed f o r  some t y p e s  of 
t a r  sand (3,6,8). Experience w i t h  t h e  u n i t  h a s  shown t h a t  f o r  t h e  
t i m e s  and speeds  g i v e n  i n  t h e  procedure ,  t h e  y i e l d  i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t h e s e  e f f e c t s  and e r r o r s  r e s u l t i n g  from s m a l l  d e v i a t i o n s  
a r e  i n s i g n i f i c a n t .  When u s i n g  a s t a n d a r d  procedure  t h e  u n i t  i s  i d e a l l y  
s u i t e d  f o r  s t u d y i n g  p r o c e s s i b i l i t y  d i f f e r e n c e s  due t o  t a r  sand compo- 
s i t i o n ,  t h e  amount  and type  o f  p r o c e s s  a i d  and o t h e r  chemica l  a d d i t i v e s .  

commercial u n i t s  can  r e a d i l y  b e  c a r r i e d  o u t ,  normally o n l y  pr imary 
bitumen recovery  i s  used i n  p r o c e s s i b i l i t y  s tud ies . .  The secondary 
recovery  s t e p  i s  m o r e  e f f i c i e n t  t h a n  commercial u n i t s  and g i v e s  h i g h e r  
r e c o v e r i e s .  

Although a secondary recovery  s t e p  s imi l a r  t o  t h a t  p r a c t i s e d  i n  

EXPERIMENTAL 
Procedure I 

Lab S c a l e  S imula t ion  o f  t h e  H o t  Water E x t r a c t i o n  P r o c e s s  
Apparatus ,  Reagents ,  Materials: 

1. Batch E x t r a c t i o n  U n i t  and r e l a t e d  components. The assembly i s  

2 .  Cons tan t  Temperature  Water Bath,  main ta ined  a t  18OoF (82OC). 
d e s c r i b e d  i n  F i g u r e s  1, 2 ,  and 3 .  

A pump a l l o w s  w a t e r  t o  be  c i r c u l a t e d  from t h e  b a t h  t o  a j a c k e t  
sur rounding  t h e  s t a i n l e s s  steel p o t .  

3 .  Timing Device, h o t  p l a t e  and d i s t i l l e d  w a t e r .  

Procedure:  

1. Assure a l l  a i r  and w a t e r  c o n n e c t i o n s  are s e a l e d .  A l l o w  w a t e r  from 
t h e  b a t h  t o  c i r c u l a t e  th rough t h e  sur rounding  j a c k e t  of  t h e  u n i t .  

2 .  Heat approximate ly  1500 m l  d i s t i l l e d  water t o  195OF (90.5OC) on a . 
h o t  p l a t e .  Homogenize a q u a n t i t y  of  t h e  t a r  sand  under  tes t  as 
o u t l i n e d  i n  Procedure  I1 and submi t  t h r e e  r e p r e s e n t a t i v e  samples  
f o r  b i tumen/water / so l ids  a n a l y s i s  (Procedure  111). Co l l ec t  500 g 
of t h e  remain ing  sample and weigh to  t h e  n e a r e s t  0 . 1  g .  
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3. T r a n s f e r  150 m l  o f  t h e  h o t  w a t e r  t o  t h e  s t a i n l e s s  s t ee l  p o t .  
L o w e r  t h e  motor and i m p e l l e r  assembly t o  i t s  lowes t  p o s s i b l e  
p o s i t i o n  on t h e  s h a f t  r o d  and t u r n  on. 
w a t e r  on t h e  h o t  p l a t e  to  c o o l  t o  180°F ( 8 2 O C ) .  ( I m p e l l e r  - t" 
from t h e  b o t t o m ) .  

4 .  Add t h e  500 g t a r  sand  sample t o  t h e  p o t .  Wi th in  as l i t t l e  t i m e  
a s  p o s s i b l e :  
a )  Raise and lower t h e  motor assambly t o  break  up tar  sand lumps 

A l l o w  t h e  remain ing  

p r e s e n t  and leave t h e  assembly t w o  no tches  above t h e  lowest one .  
( I m p e l l e r  3/4" above t h e  bottom of  t h e  v e s s e l ) .  

b )  Adjust mixer t o  6 0 0  rpm. 
c )  Turn on a i r  f l o w  and a d j u s t  t o  approximate ly  465 cc/min on t h e  

d )  I n i t i a t e  t i m e r .  
Mix i n  t h i s  manner f o r  10  minutes .  

5. When complete ,  t u r n  t h e  a i r  supply  o f f  and f l o o d  t h e  m i x t u r e  w i t h  
approximate ly  1 0 0 0  m l  of  180°F (82OC) water,  t h u s  b r i n g i n g  t h e  
f r o t h  l e v e l  t o  t h e  t o p  of  t h e  p o t .  Mix f o r  a n  a d d i t i o n a l  1 0  minutes  
a t  600 rpm. ( N o  a i r ) .  

6 .  Cease mixing and skim as much pr imary f r o t h  as p o s s i b l e  from t h e  
t o p  of t h e  p o t  w i t h  t h e  s p e c i a l l y  d e s i g n e d  s p a t u l a .  Co l l ec t  t h e  
f r o t h  i n  a 4 oz sample b o t t l e  and submi t  f o r  b i tumen/water / so l ids  
a n a l y s i s .  (Procedure  111) . 
5 minutes  a t  800 rpm w h i l e  a e r a t i n g  a t  approximate ly  2 3 2  cc/min. 
C o l l e c t  secondary  f r o t h  i n  t h e  same manner and submi t  f o r  a n a l y s i s .  
(Procedure  111). 

and i m p e l l e r  w i t h  t o l u e n e .  When s h u t  down, i n s u r e  t h a t  t h e  c i r -  
c u l a t i n g  w a t e r  pump and a i r  f low a r e  t u r n e d  o f f .  

flowmeter . 

7. F o r  recovery of  Secondary f r o t h  mix t h e  remaining ma te r i a l  f o r  

8. Drain t h e  r e s i d u a l  material  from t h e  bot tom v a l v e  and wash t h e  p o t  

Come n t s 
1. Res idua l  m a t e r i a l  h e l d  i n  t h e  s t a i n l e s s  s tee l  p o t  a f t e r  r e c o v e r y  o f  

t h e  secondary f r o t h  may b e  d i f f e r e n t i a t e d  a s  e i t h e r  secondary  
t a i l i n g s  or pr imary  t a i l i n g s  i n  t h e  f o l l o w i n g  manner: Allow t h e  
mixture  t o  set t le  one minute  from t h e  t i m e  mix ing  and a e r a t i o n  
ceases. Decant t h e  aqueous phase and denote  as secondary  t a i l i n g s .  
The remaining h e a v i e r  p a r t i c l e s  are termed pr imary t a i l i n g s .  O i l  
losses t o  t h e  pr imary  and secondary t a i l i n g s  may be o b t a i n e d  from 
bi tumen/water / so l ids  a n a l y s e s  o f  t h e  samples .  

Procedure I1 

S u b d i v i s i o n  o f  Bulk T a r  Sand Samples f o r  Subsequent  A n a l y s i s  
Apparatus ,  Reagents ,  M a t e r i a l s :  

1. Polye thylene  s h e e t ,  approximate ly  3 f e e t  s q u a r e  (1 m ) .  

2.  S p a t u l a ,  w i t h  1 2  i n c h  (30.5 c m )  s t a i n l e s s  steel b l a d e .  A handle  

2 

welded i n  p l a c e  t o  t h e  c e n t e r  of  c u t t i n g  edge f a c i l i t a t e s  u s e .  
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Procedure:  

1. Empty bulk  sample ( i d e a l  weight  = 3000 g )  o n t o  t h e  p o l y e t h y l e n e  

2 .  

3 .  Combine t w o  o p p o s i t e  c o r n e r s .  

4 .  Repeat t h e  chopping,  q u a r t e r i n g ,  and combining procedure  as o u t l i n e d ,  

s h e e t .  Remove s t o n e s  g r e a t e r  t h a n  % i n c h  (6 .5  m) i n  any dimension.  
Chop t h e  t a r  sand  f o r  a p e r i o d  of t i m e  e n s u r i n g  a l l  p a r t i c l e s  to  
be  l e s s  t h a n  % i n c h  (6.5 nun) d i a m e t e r .  P i l e  and q u a r t e r  t h e  mixture .  

twice  a g a i n .  
i n  any dimension.  

4 oz sample j a r  and submi t  f o r  a n a l y s i s .  S t o r e  t h e  remain ing  tar  
sand i n  a t i g h t l y  capped b o t t l e  a t  40°F. 

R e s u l t a n t  p a r t i c l e s  should  n o t  exceed 1 /8  i n c h  ( 3  n d  

5. T r a n s f e r  approximate ly  50 g t a r  sand from t h e  l a t t e r  p i l e  t o  a 

Procedure I11 

Determina t ion  of Bitumen/Water/Solids Content  of T a r  Sand,  F r o t h ,  
Middl ings and T a i l i n g s  Samples 

Procedure:  

The sample i s  s e p a r a t e d  i n t o  bitumen, w a t e r ,  and s o l i d s ,  by 
r e f l u x i n g  w i t h  t o l u e n e  i n  a s o l i d s  e x t r a c t i o n  a p p a r a t u s  (10). 
Condensed s o l v e n t  and c o - d i s t i l l e d  water are c o n t i n u o u s l y  
s e p a r a t e d  i n  a t r a p ,  t h e  w a t e r  b e i n g  r e t a i n e d  i n  t h e  g r a d u a t e d  
s e c t i o n .  The s o l v e n t  r e c y c l e s  through t h e  e x t r a c t i o n  th imble  to  
f u r t h e r  d i s s o l v e  t h e  bitumen. The b i tumen/so lvent  and non- 
f i l t e r a b l e  s o l i d s  f r a c t i o n s  a r e  subsequent ly  s e p a r a t e d  by c e n t r i -  
fug ing .  An a l i q u o t  of  t h e  r e s u l t a n t  bitumen e x t r a c t  i s  evapora ted  
t o  remove t h e  s o l v e n t .  The weight  of  bitumen w a t e r  and s o l i d s  i s  
determined g r a v i m e t r i c a l l y .  

NaOH a s  a P r o c e s s  Aid 

I t  w a s  recognized  very  e a r l y  i n  s t u d i e s  on t h e  h o t  w a t e r  e x t r a c t i o n  
p r o c e s s  t h a t  t h e  a c i d i t y  o r  a l k a l i n i t y  o f  t h e  t a r  sand had an i m p o r t a n t  
e f f e c t  on t h e  e f f i c i e n c y  o f  t h e  s e p a r a t i o n  (1). S t r o n g  i n o r g a n i c  b a s e s ,  
when added i n  s m a l l  q u a n t i t i e s ,  g e n e r a l l y  improved t h e  s e p a r a t i o n  
e f f i c i e n c y .  S e p a r a t i o n  e f f i c i e n c y  w a s  a l s o  t h o u g h t  t o  be dependent  upon 
t h e  c o n c e n t r a t i o n  of  c e r t a i n  s u b s t a n c e s  which were p r e s e n t  i n  t h e  t a r  
sand and d i s s o l v e d  or became suspended i n  t h e  water phase  d u r i n g  
s l u r r y i n g  ( 2 , 3 ) .  Bowman (11) i s o l a t e d  some o f  t h e  d i s s o l v e d  o r g a n i c s  
by foam f r a c t i o n a t i o n  technique  and showed t h a t  t h e  materials w e r e  
s u r f a c e  a c t i v e .  Bitumen/water, air/water and a i r / b i t u m e n  i n t e r f a c i a l  
t e n s i o n s  were measured and a thorough d i s c u s s i o n  o f  t h e  t h e o r e t i c a l  
i m p l i c a t i o n s  of changes i n  i n t e r f a c i a l  t r a n s f o r m a t i o n s  was p r e s e n t e d .  
A s i m i l a r  d i s c u s s i o n ,  from a thermodynamic approach w a s  g i v e n  by Leja  
and Bowman (12). The b a t c h  e x t r a c t i o n  u n i t  d e s c r i b e d  h e r e  w a s  used  to 
s t u d y  t h e  r e l a t i o n s h i p  between i n o r g a n i c  b a s e s  and s u r f a c t a n t s  i n  
p r o c e s s  streams. 

A t y p i c a l  p l o t  ( 8 )  showing t h e  r e l a t i o n s h i p  between added N a O H  and 
bitumen r e c o v e r e d  i n  t h e  pr imary s e p a r a t i o n  s t e p  i s  shown i n  F i g u r e  4 .  
A s  expec ted ,  t h e r e  i s  a cor responding  i n c r e a s e  i n  t h e  pH of  t h e  aqueous 
t a i l i n g s .  L e s s  obvious ly ,  a s  t h e  amount of NaOH used  i n c r e a s e s ,  t h e r e  
i s  a lso a s t e a d y  d e c r e a s e  i n  t h e  s u r f a c e  t e n s i o n  o f  t h e  secondary 
t a i l i n g s  and a cor responding  i n c r e a s e  i n  t h e  o r g a n i c  carbon c o n t e n t  of 

57 



t h e  samples ( F i g u r e  5 ) .  T h i s  e s t a b l i s h e s  a connec t ion  between s u r f a c t -  
a n t s  i n  t h e  w a t e r  and N a O H  used  d u r i n g  h o t  w a t e r  e x t r a c t i o n  of bi tumen 
from t a r  sand. F u r t h e r  c o n f i r m a t i o n  was o b t a i n e d  on t i t r a t i n g  samples  
of  t a i l i n g s .  T i t r a t i o n  c u r v e s  are g i v e n  i n  F i g u r e  6 .  A l l  t a i l i n g s  
samples  e x h i b i t e d  an end  p o i n t  c h a r a c t e r i s t i c  of sodium oleate soap .  
Only a t  0 . 0 5 6  w t %  NaOH is  t h e r e  a n  end p o i n t  which might  be  due t o  
NaOH . 

These d a t a  show t h a t  NaOH n e u t r a l i z e s  o r g a n i c  bitumen a c i d s ,  t o  
g i v e  s a l t s  which are s u r f a c e  a c t i v e  i n  t h e  aqueous phase .  They f u r t h e r  
show t h a t  N a O H  r e s u l t s  i n  i n c r e a s i n g  bi tumen y i e l d .  To e s t a b l i s h  t h a t  
t h e  i m p o r t a n t  a g e n t  r e s p o n s i b l e  f o r  improved recovery  is t h e  s u r f a c t a n t s  
produced by c a u s t i c  a d d i t i o n ,  t a i l i n g s  samples  were c e n t r i f u g e d  t o  
remove s o l i d s  and c o n c e n t r a t e d  by e v a p o r a t i o n .  The c o n c e n t r a t e  w a s  
t h e n  added t o  t h e  n e x t  exper iment  such  t h a t  t h e  o r g a n i c s  i n  t o t a l  
aqueous t a i l i n g s  from o n e  r u n  would b e  p r e s e n t  i n  t h e  s l u r r y  w a t e r  o f  
a second run .  The d a t a  i s  g i v e n  i n  Table  I .  The s u r f a c t a n t s  r e c o v e r e d  
from t a i l i n g s  are as e f f e c t i v e  as NaOH i n  improving recovery ,  showing 
t h a t  s u r f a c t a n t s  a r e  i n d e e d  t h e  a c t i v e  p r o c e s s  a i d .  With r e p e t i t i v e  
r e c y c l e  t h e  e f f e c t i v e n e s s  of c o n c e n t r a t e d  t a i l i n g s  d e c r e a s e s ,  p robably  
due t o  losses i n  h a n d l i n g  and through t h e  format ion  o f  s a l t s  w i t h  
b i -  and t r i v a l e n t  m e t a l s  p r e s e n t  i n  t a i l i n g s  streams. Table  I a l s o  
shows t h a t  commercial s u r f a c t a n t s  can  be used as w e l l  a l t h o u g h  t h e s e  
a r e  n o t  economical ly  c o m p e t i t i v e  w i t h  NaOH a t  t h i s  t i m e  f o r  commercial 
u s e .  

TABLE I 

E f f e c t  o f  S u r f a c t a n t s  on Bitumen Recover ies  i n  
t h e  H o t  Water E x t r a c t i o n  Process  

Condi t ions  Bitumen Recover ies  
Primary F r o t h  

N o  Addi t ive  

NaOH: 0.04 w t %  o f  T.S. 

Concent ra ted ,  c e n t r i f u g e d  t a i l i n g s  

6 1  

88 

87 

N o  Addi t ive  

NaOH 

Tide  

0 .008  w t %  of T.S. 
0.024 w t %  o f  T.S. 

0.020 w t %  o f  T.S. 
0.100 w t %  o f  T.S. 

N a  O l e a t e  0 . 0 2 0  w t %  o f  T.S. 
0.100 w t %  of T.S. 

7 1  
8 1  
9 1  
82 
89 

70 
83 

L i g n o s u l f o n a t e  n i l  
HCX 0.020 w t %  of T.S. 

0.100 w t %  o f  T . S .  

35 
58 
7 4  
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Conclus ions  

a t o r y  s c a l e  b a t c h  e x t r a c t i o n  u n i t  have been d e s c r i b e d .  U t i l i z i n g  t h i s  
u n i t ,  i t  h a s  been  shown t h a t  NaOH, when used  a s  a p r o c e s s  a i d  f o r  tar  
sand  p rocess ing ,  r e a c t s  w i t h  components of  bitumen t o  form s u r f a c t a n t s  
and t h a t  t h e s e  s u r f a c t a n t s  are t h e  pr imary  a g e n t  r e s p o n s i b l e  f o r  
improved bitumen recove ry .  
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THERMAL HYDROCRACKING OF ATHABASCA BITUMEN: 
COMPARISON OF COMPUTER-SIMULATED FEED AND 

PRODUCT VAPORIZATION VALUES WITH PILOT PLANT DATA 

D . J .  Patmore and B.B.  Pruden 

Energy Research L a b o r a t o r i e s  
Canada Centre  f o r  Mineral and Energy Technology 

Department of Energy, Mines and Resources 
555 Booth S t r e e t ,  O t t a w a ,  Ontar io ,  Canada, K l A  O G 1  

INTRODUCTION 

The Energy Research L a b o r a t o r i e s  of t h e  Canada Cent re  f o r  Mineral  and 
Energy Technology (CANMET) are engaged i n  a cont inuing  upgrading p r o j e c t  involv ing  
t h e  hydrocracking of  Canadian o i l  sand bitumen and heavy o i l .  Such upgrading i s  
necessary t o  remove sulphur  and t o  reduce  t h e  v i s c o s i t y  of t h e  bitumen t o  f a c i l i -  
ta te  t r a n s p o r t  by p i p e l i n e  t o  t h e  r e f i n e r y .  Curren t ly  upgrading is  accomplished on 
a commercial s c a l e  by Great Canadian O i l  Sands Limited using a coking process  which 
conver t s  up t o  20% of t h e  bitumen t o  char .  One aim of t h e  CANMET work i s  t o  de- 
velop a n  economical process  which would conver t  a l l  of t h e  bitumen t o  usable  
products ,  and t h u s  reduce t h e  waste of a v a l u a b l e  resource .  For t h i s  purpose a 
one-barrel-per-day p i l o t  p l a n t  was b u i l t  and has  been opera ted  s u c c e s s f u l l y  w i t h  a 
v a r i e t y  of feeds tocks .  This  work has  concent ra ted  on  both  p l a n t  o p e r a b i l i t y ,  i n  
p a r t i c u l a r  t h e  prevent ion  of r e a c t o r  coking ( l ) ,  and on t h e  e f f e c t  of o p e r a t i n g  
condi t ions  on y i e l d s  and product  q u a l i t i e s  ( 2 ) .  

E f f i c i e n t  and economical scale-up of t h i s  process  t o  a commercial-size 
p lan t  r e q u i r e s  q u a n t i t a t i v e  knowledge of  bo th  t h e  degree of v a p o r i z a t i o n  of feed  
and product  and t h e  f r a c t i o n  of t h e  reactor occupied by gas  under r e a c t o r  condi t ions .  
The l a t t e r ,  u s u a l l y  r e f e r r e d  t o  as voidage,  has  a l r e a d y  been i n v e s t i g a t e d  i n  de- 
t a i l  ( 3 ) .  Such knowledge is needed to  c a l c u l a t e  hydrogen p a r t i a l  p r e s s u r e s  and 
t r u e  l i q u i d  and vapour r e s i d e n c e  t imes.  These i n  t u r n  a r e  necessary t o  a c c u r a t e l y  
estimate t h e  s i z e  of v a r i o u s  p l a n t  components as w e l l  as t o  formula te  a k i n e t i c  
model f o r  t h e  thermal  hydrocracking r e a c t i o n .  

Because i t  is not  f e a s i b l e  t o  measure l i q u i d  and vapour composi t ions i n  
t h e  r e a c t o r  d i r e c t l y ,  r e c o u r s e  must be made t o  computat ional  methods. These in- 
volve es t imat ing  t h e  equi l ibr ium v a p o r i z a t i o n  c o n s t a n t ,  K, f o r  v a r i o u s  components of 
the  system using known o r  es t imated  v a l u e s  of  t h e i r  thermodynamic p r o p e r t i e s .  

Computations f o r  t h e  present  s tudy  were c a r r i e d  o u t  using t h e  Grayson- 
Streed m o d i f i c a t i o n  of t h e  Chao-Seader c o r r e l a t i o n  employing t h e  p r i n c i p l e  of cor-  
responding s t a t e s  ( 4 , 5 ) .  A package program was employed. 

Vapour-liquid equi l ibr ium d a t a  were obta ined  from measurements i n  a hot  
separa tor  downstream of t h e  p i l o t  p l a n t  r e a c t o r .  This  well-mixed s e p a r a t o r ,  which 
was temperature  c o n t r o l l e d ,  w a s  assumed to  behave a s  a s i n g l e  s t a g e  c o n t a c t o r ,  and 
measurements of l i q u i d  and vapour f lows and c o n c e n t r a t i o n s  w e r e  t a k e n  a t  s teady  
S t a t e  c o n d i t i o n s .  
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EXPERIMENTAL 

The p i l o t  p l a n t  is shown schemat ica l ly  i n  F i g .  1. Bitumen and hydrogen 
are fed  a t  t h e  bottom of a long  unpacked heated t u b u l a r  column (3.81 c m  diam. x 
3.95 m long) .  The hydrocracked products  are l e d  from t h e  top of t h e  r e a c t o r  t o  a 
h o t  separa tor  kept a t  a tempera ture  below t h a t  of t h e  r e a c t o r .  The heavy o i l  
product  is withdrawn and t h e  vapour passed i n t o  a cold r e c e i v e r  and condensed. The 
l i g h t  o i l  product is a g a i n  withdrawn and c o l l e c t e d .  
mixed as the r e a c t o r  products  en tered  below t h e  l i q u i d  l e v e l ,  and t h e r e  w a s  a high 
r a t i o  of gas t o  l i q u i d .  It fo l lows  t h a t  t h e  f r a c t i o n  of l i q u i d  vapor ized ,  f ,  w a s  
t h e  weight of l i g h t  o i l  product  d iv ided  by t h e  t o t a l  l i q u i d  product .  The hot  sep- 
a r a t o r  was temperature  c o n t r o l l e d  so t h a t  t h e  above r a t i o  could be  obta ined  as a 
f u n c t i o n  of temperature .  The g a s  f low was metered us ing  t h e  o r i f i c e ,  and t h e  g a s  
composition a t  t h e  r e a c t o r  i n l e t  c o n t r o l l e d  by scrubbing.  Accordingly t h e  a c t u a l  
gas  composition and flow i n  t h e  hot  s e p a r a t o r  could be  computed by us ing  t h e s e  d a t a  
a long  w i t h  d isso lved  gas  f lows  and composi t ions,  r e a c t i o n  hydrogen requi rements  and 
hydrocarbon g a s  make. 

The h o t  s e p a r a t o r  was w e l l  

Athabasca bitumen conta in ing  51% p i t c h  ( m a t e r i a l  b o i l i n g  above 524OC 
equiva len t  a tmospheric  b o i l i n g  temperature)  w a s  fed  i n  a l l  c a s e s .  Products  are 
i d e n t i f i e d  by t h e  amount of  p i t c h  conversion based on feed .  
g iven  i n  Reference 6.  

F u r t h e r  d e t a i l s  a r e  

T h e  computer s i m u l a t i o n  w a s  c a r r i e d  o u t  f o r  CANMET by S a t u r n  Engineering, 
Calgary,  Alber ta ,  using t h e  DISTILL program l i c e n s e d  by t h e  Chem Share Corporat ion,  
Houston, Texas. S imula t ions  were c a r r i e d  o u t  f o r  Athabasca bitumen and f o u r  typ i -  
cal hydrocracked products  cover ing  t h e  range 49 t o  93% p i t c h  convers ion .  Input  t o  
t h e  program c o n s i s t e d  of  l i q u i d  and gas  r a t e s ,  composi t ions and p r o p e r t i e s .  The 
composi t ion and p r o p e r t i e s  of l i q u i d  feed  and product  were approximated by t e n  
f r a c t i o n s  wi th  mean average  b o i l i n g  p o i n t s  ranging  from 65.5OC (‘150OF) t o  648.9OC 
(1200OF). 
each  c u t ,  using s tandard  c o r r e l a t i o n  procedures  f o r  petroleum f r a c t i o n s .  

These f r a c t i o n s  were der ived  from Hempel d i s t i l l a t i o n s  and g r a v i t i e s  of 

For each s p e c i f i e d  temperature  and p r e s s u r e  combination t h e  program c a l -  
c u l a t e d  f ,  t h e  weight f r a c t i o n  of l i q u i d  t h a t  v a p o r i z e s  under t h e  s p e c i f i e d  condi-  
t i o n s ,  as a f u n c t i o n  of s p e c i f i e d  v a l u e s  of G/L,  t h e  r a t i o  of g a s  rate a t  STP ( i n  
g mol/h) to  l i q u i d  r a t e  a t  STP ( i n  kg/h) .  G a s  composi t ion was a l s o  en tered  and 
t r e a t e d  a s  a parameter .  

RESULTS AND DISCUSSION 

Calcula ted  v a l u e s  of t h e  degree of v a p o r i z a t i o n  w e r e  p l o t t e d  a s  f u n c t i o n s  
of  G/L and temperature  ( F i g s .  2 t o  5 ) .  From t h e s e  graphs i n t e r p o l a t i o n s  c a n  be 
made t o  o b t a i n  f v a l u e s  a t  c o n d i t i o n s  o t h e r  than  those  s p e c i f i e d .  F i g u r e s  2 and 3 
i l l u s t r a t e  t h e  e f f e c t  of G/L on f f o r  d i f f e r e n t  p r e s s u r e s  and tempera tures  f o r  b i t u -  
men and f o r  a hydrocracked product  wi th  93% p i t c h  convers ion .  The t rend  i s  a n  i n i -  
t i a l  rap id  i n c r e a s e  i n  f fol lowed by a genera l  f l a t t e n i n g  o u t  of t h e  curve ,  a t rend  
which becomes more pronounced a t  higher  temperatures  and p r e s s u r e s .  This  r e f l e c t s  
t h e  presence of a very  h i g h  b o i l i n g  f r a c t i o n  ( p i t c h )  which is vapor ized  t o  only  a 
s m a l l  ex ten t .  A similar t rend  is seen when f i s  p l o t t e d  a g a i n s t  temperature  as 
shown i n  Figs .  4 and 5 f o r  bitumen and 3 hydrocracked products  (49, 76 and 93% p i t c h  
conversion)  a t  10.44 MPa and v a r i o u s  G/L v a l u e s .  
h igh  conversion c a s e  reached very  h igh  va lues .  

The degree  of v a p o r i z a t i o n  i n  t h e  

The e f f e c t  of p r e s s u r e  on f i s  a l s o  i l l u s t r a t e d  i n  F i g s .  2 and 3 .  For 
t y p i c a l  c o n d i t i o n s  of 45OoC and G/L = 40 g mollkg, i n c r e a s i n g  p r e s s u r e  from 10.44 t o  
17.34 MPa decreases  f by 50% from 0.37 t o  0.185 f o r  Athabasca bitumen, and by 20%, 
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from 0.86 t o  0.69 f o r  product hydrocracked t o  93% conversion;  whi le  f o r  G/L = 10,  
f i s  decreased by 54% and 44% r e s p e c t i v e l y .  

Another f a c t o r  which i n f l u e n c e s  t h e  degree  of v a p o r i z a t i o n  i s  t h e  g a s  
composi t ion;  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  of hydrogen causes  a d e c r e a s e  i n  f .  This  
is i l l u s t r a t e d  i n  F i g .  6 f o r  35OoC and 13.89 MPa f o r  a product  hydrocracked t o  83% 
conversion.  In t h e  range 50 t o  90 mol % H2, f i s  l i n e a r l y  p r o p o r t i o n a l  t o  hydrogen 
concent ra t ion .  For a l l  hydrocracked products ,  f w a s  c a l c u l a t e d  f o r  bo th  60  and 80 
mol %; f o r  most c a s e s  s tud ied  a n  i n c r e a s e  of 33% from 60 t o  80 mol % H 2  caused a n  
approximate 10% d e c r e a s e  i n  f .  

Average l i q u i d  r e s i d e n c e  t i m e s  ( t )  can  be c a l c u l a t e d  from t h e s e  vapor iza-  
t i o n  f i g u r e s  by tak ing  average v a l u e s  f o r  bitumen and hydrocracked product ,  a f t e r  
making allowance f o r  t h e  f r a c t i o n  of r e a c t o r  volume occupied by gas  (voidage) ,  as 
fol lows : 

t = [ ( reac tor  vol)x(l-voidage)]/[ (vol  of l i q u i d  fed  per  h ) x ( l - a v e . f r a c t i o n  vaporized)  

Such c a l c u l a t i o n s  were c a r r i e d  o u t  f o r  a s e r i e s  of p i l o t  p l a n t  r u n s  a s  
shown i n  F ig .  7 ,  where t h e  product  of average  r e s i d e n c e  time and l i q u i d  hour ly  spac 
v e l o c i t y  (LHSV) were p l o t t e d  a g a i n s t  t h e  temperature  a t  which each  hydrocracked 
product w a s  ob ta ined .  The average f r a c t i o n  vaporized was taken a s  t h e  average  of  
f f o r  bitumen and f o r  product .  A s  each product  represented  a d i f f e r e n t  p i t c h  con- 
vers ion ,  and a s  t h e  computer s imula t ion  gave v a p o r i z a t i o n  v a l u e s  o n l y  f o r  a l i m i t e d  
number of products  a t  f ixed  conversions,  a l i n e a r  i n t e r p o l a t i o n  was used t o  ca lcu-  
l a t e  v a l u e s  f o r  t h e s e  in te rmedia te  convers ions .  A s i m i l a r  i n t e r p o l a t i o n  w a s  a l s o  
used t o  c o r r e c t  f o r  d i f f e r e n t  hydrogen c o n c e n t r a t i o n s .  F igure  7 shows t h a t  t h e  
c a l c u l a t e d  res idence  t i m e s  a r e  very  s e n s i t i v e  t o  r e a c t i o n  temperature ,  and become 
i n c r e a s i n g l y  h igher  than  t h e  nominal space t ime as temperature  and space  v e l o c i t y  
increase .  

Although experimental  v a p o r i z a t i o n  d a t a  f o r  t h e  r e a c t o r  were not  a v a i l -  
a b l e ,  i t  w a s  p o s s i b l e  t o  tes t  t h e  computer s i m u l a t i o n  by comparing t h e  c a l c u l a t e d  
v a l u e s  of f w i t h  experimental  d a t a  obta ined  a t  lower temperatures  f o r  t h e  hot  
separa tor  where vapour / l iqu id  r a t i o s  are r o u t i n e l y  measured. 
ca lcu la ted  by computer were i n t e r p o l a t e d  to  c o r r e c t  f o r  p i t c h  convers ion  and hydro- 
gen concent ra t ion  f o r  each r u n  considered.  To tes t  t h e  d a t a  f o r  bitumen i t s e l f  a 
s e r i e s  of  runs  were c a r r i e d  out  wi th  both r e a c t o r  and hot separa tor  a t  35OoC and 
37OoC a t  which temperatures  h drocracking  r e a c t i o n s  occur  to  only  a l i m i t e d  e x t e n t  
(2 3% p i t c h  conversion a t  370 C).  Calcu la ted  v a l u e s  were p l o t t e d  a g a i n s t  experi-  
mental d a t a  (F ig .  8 ) .  The b e s t  l i n e  f i t t e d  t h e  equat ion:  

Again t h e  f v a l u e s  

8 

FE = (3 .3  f 0.9) + (0.85 ? 0.07)FC 

where FE and F are experimental  and c a l c u l a t e d  va lues  of t h e  p e r  c e n t  of 
l i q u i d  vaporized.  The agreement is reasonable  cons ider ing  a l l  t h e  p o s s i b l e  sources  
of experimental  e r r o r ,  and i n  f a c t  FE and FC a r e  i n  c l o s e  agreement above about  15%. 

C 

The r e s u l t s  f o r  hydrocracked products  are shown i n  F ig .  9 ,  i n  which 75 
d a t a  from p i l o t  p l a n t  runs  c a r r i e d  o u t  under a v a r i e t y  of condi t ions  a r e  compared 
wi th  c a l c u l a t e d  v a l u e s .  P r e s s u r e  ranged from 10.44 t o  17.34 MPa, and temperature  
from 300 t o  43OoC. 
l i n e  l ies c l o s e  t o  t h e  d iagonal  and is g iven  by t h e  equat ion:  

Although t h e r e  is cons iderable  spread i n  t h e  d a t a ,  t h e  b e s t  

C FE = (1 .8 f 1 . 2 )  + (0.95 f 0.04)F 

It i s  be l ieved  t h a t  much of t h e  spread is caused by experimental  e r r o r ,  
p a r t i c u l a r l y  i n  measurements of gas  r a t e  and composi t ion where e r r o r s  of ? 5% o r  
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G / L  = 20 g m ~ i / k g  
4OO0C 1 6, %a 450°C 6 ,  Xa A, Zb 

Bitumen 0.1175 8 . 5  0 .241  8 . 3  105.1 
193% Prod. 0.505 1 4 . 6  0.712 3.2 29.1 

a Percentage  i n c r e a s e  i n  f f o r  a 12.5% i n c r e a s e  i n  G/L .  
Percentage  i n c r e a s e  i n  f f o r  a 12.5% i n c r e a s e  i n  T. 

G / L  = 40 g mollkg 
4OOOC 6, %a 45OoC 6, %" A, %b 

0.205 10.0 0.378 4.2 84.4 
0.672 4.2 0.860 1.7 28.0 

It is  seen  t h a t  f o r  a 12 .5% i n c r e a s e ,  temperature  has  a g r e a t e r  e f f e c t  than  G/L. 
However, a s  t h e  accuracy of  temperature  measurements i s  much g r e a t e r  than  t h o s e  of 
G / L  de te rmina t ions ,  t h e  e r r o r s  a r e  probably of s i m i l a r  magnitude. 

Er rors  can a l s o  be introduced by t h e  approximations used i n  t h e  inter- 
p o l a t i o n s  f o r  p i t c h  conversion and hydrogen concent ra t ions ,  a s  w e l l  from discrep-  
a n c i e s  between s imula ted  and a c t u a l  l i q u i d  and gas  p r o p e r t i e s .  

CONCLUSIONS 

Comparison of c a l c u l a t e d  v a l u e s  of l i q u i d  vapor iza t ion  using a computer 
s i m u l a t i o n  wi th  exper imenta l  d a t a  i n d i c a t e d  t h a t  such computat ional  methods w i l l  
g i v e  reasonably a c c u r a t e  v a l u e s  f o r  t h e  degree  of vapor iza t ion ,  cons ider ing  t h e  
approximation and exper imenta l  e r r o r s  involved,  f o r  a very  heavy o i l  such as tar 
sand bitumen and its hydrocracked products .  
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The E f f e c t  of T in  C a t a l y s t s  on Hydroref in ing  
of  Athabasca O i l  Sand Bitumen and on Coal Hydrogenolysis 

S p e c i f i c  g r a v i t y  1.009 (15/15OC) 
Sulphur 4 .68  w t %  
Ash 0.59 w 1 3  
Conradson carbon r e s i d u e  13.3 w t %  
Pentane i n s o l u b l e s  15 .5  w t %  

J.F. Kr i z ,  K. Be l inko  and B.N. Nandi 

Benzene i n s o l u b l e s  0 .72  u t %  
Carbon 86.36 w t %  
Hydrogen 10 .52  w t X  

0 .45  w t %  Ni t rogen  
P i t c h  (524OC+) 51.5 w t %  

Energy Research Labora to r i e s ,  
Canada Cen t re  f o r  Minera l  and  Energy Technology, 

Ottawa, Canada 
Department of Energy, Mines and Resources ,  

INTRODUCTION 

The development of  c a t a l y s t s  for up-grading of  Canadian o i l - sand  bitumen 
and f o r  conversion of coa l  i n t o  l i q u i d  p roduc t s  has  been of cons ide rab le  i n t e r e s t  
a t  t h e  Energy Research Labora to r i e s .  
i n v e s t i g a t i o n  of the  s u i t a b i l i t y  o f  d i f f e r e n t  c a t a l y s t  sys tems f o r  hydrocracking  
heavy o i l s ,  and involved  t h e  u s e  of t i n  compounds wi th  bitumen and heavy o i l  feeds .  

The s tudy  r e p o r t e d  below was p a r t  of an 

Tin compounds have  g e n e r a l l y  been  found t o  be p a r t i c u l a r l y  e f f e c t i v e  i n  
c o a l  hydrogenat ion  p rocesses  (1-4). Recent s t u d i e s  have inc luded  t h e  u s e  of  t i n  
c a t a l y s t s  in hydro re f in ing  o f  coa l -der ived  f eeds  such  a s  a spha l t enes  (3) and 
s o l v e n t  r e f i n e d  coa l  ( 4 ) .  Although much a t t e n t i o n  has  been  given t o  t h e  a c t i v i t y  
o f  suppor ted  and unsupported t i n  c a t a l y s t s ,  l i t t l e  e f f o r t  has been made t o  examine 
t h e  f a t e  of t h e  t i n  d u r i n g  t h e  l i q u e f a c t i o n  process .  

Guided by t h e  outcome of p rev ious ly  publ i shed  work, a series o f  t i n -  
Emphasis was c o n t a i n i n g  c a t a l y s t s  was t e s t e d  f o r  bitumen and c o a l  up-grading. 

p l aced  on  s tudying  t h e  changes o c c u r r i n g  w i t h i n  t h e  c a t a l y s t s  du r ing  these  
p rocesses .  Resu l t s  o b t a i n e d  i n  p re l imina ry  t e s t s  s t i m u l a t e d  f u r t h e r  development 
such as t h e  use  of d t f f c r e n t  methods of  c a t a l y s t  p r e p a r a t i o n .  

EXPERIMENTAL 

Feeds tocks  and Equipment 

Athabasca bitumen was ob ta ined  from Grea t  Canadian O i l  Sands, F o r t  
McMurray, Alber ta ,  Canada, and  some of its p r o p e r t i e s  a r e  g iven  i n  Table  1. 
Asphal tene  feeds tock  from bitumen w a s  ob ta ined  by p r e c i p i t a t i n g  t h e  a s p h a l t e n e s  
by a d d i t i o n  of pentane  t o  bitumen accord ing  t o  t h e  ASTM method ( 7 ) .  High 
v o l a t i l e  Devco 26 c o a l  was ob ta ined  from Cape Breton Development Corpora t ion ,  
Nova S c o t i a ,  Canada. The p r o p e r t i e s  of  t h i s  c o a l  a r e  g iven  i n  Table 11. 

TABLE I 

P r o p e r t i e s  of Athabasca Bitumen 
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Proximate Analys is  
w t %  

Moisture 1.13  
Ash 2.18 
V o l a t i l e  m a t t e r  31.35 
Fixed carbon 65.34 

U l t i m a t e  Analys is  
w t %  

Carbon 83.97 
Hydrogen 5.36 
Sulphur  0 . 6 2  
Nit rogen  1.80 
Oxygen (by d i f )  4 . 9 4  

TABLE I1 

P r o p e r t i e s  of Devco 26 Coal 
(High V o l a t i l e  Bituminous A) 
- 

Pe t rog raph ic  Analys is  
V O l X  

V i t r i n i t e  77.8 
E x i n i t e  6.6 
M i c r i n i t e  3 . 6  
Semi - fus in i t e  8.8 
F u s i n i t e  2.6 
P y r i t e  0 . 6  

Bitumen 5's'" w e r e  c a r r i e d  o u t  i n  a bench-scale f ixed  bed  
a volume o f  1 5 5  cm , a l e n g t h  t o d i a m e t e r  r a t i o  of 1 2  and a cont inuous  u 
arrangement (5 ) .  Experiments were performed a t  n p r e s s u r e  of 
vo lumet r i c  space  v e l o c i t y  o f  0.278 ks- l  (1.0 h- l )  based  on t h e  
hydrogen ( e l e c t r o l y t i c )  flow r a t e  of 3 7 . 5  cm3s-I a t  STP (5000 cu f t / b b l ) .  
t empera ture  range  was 420°-460°C. 

The 

A ba t ch  shaker  au toc lavc ,  i n t o  whlch abou t  25 g of  c o a l  w a s  cha rged ,  was 
used f o r  exper iments  involv ing  coa l  hydrogenolys is .  The runs  were c a r r i e d  o u t  
w i thou t  a v e h i c l e  o i l ,  a t  a n  i n i t i a l  (co ld)  hydrogen p r e s s u r e  of 6 . 5  MPa and a 
tempera ture  of 35OoC f o r  2 hours .  

Op t i ca l  microscopic  examinat ions  of  t he  c a t a l y s t s  were made be fo re  and 
a f t e r  use  and were complemented by e l e c t r o n  microprobe a n a l y s i s .  

Ca ta lys t  D e s c r i p t i o n  and P r e p a r a t i o n  

prepared  as descyibed  below. 

Ca ta lys t  A: 

Alpha alumina monohydrate (ob ta ined  from t h e  Con t inen ta l  O i l  Company, Pe te rbo ro ,  
New Je r sey )  was g e l l e d  wi th  s l i g h t l y  a c i d i f i e d  wa te r  and made i n t o  3.2 m 
(1/8 in) e x t r u d a t e s .  These were then  d r i e d  a t  l l O ° C  f o r  6 hours  and c a l c i n e d  a t  
5OO0C f o r  6 hours .  
SnC12 i n  methanol,  t h e  volume o f  which was abau t  one-half  . t ha t  o f .  t h e  ex t ruda-  
t e s .  
150OC. The f i n a l  concen t r a t ion  of Sn was ca .  7 w t % .  

C a t a l y s t  B: 

Ext ruda tes  of  C a t a l y s t  A were s u l f i d e d  in a flow o f  a mixture  of H2S and H 2  ( 1 : 3  
by v o l . )  a t  15OoC f o r  5 hours  at a tmospher ic  p re s su re .  

Ca ta lys t  C: 

An aqueous s o l u t i o n  of SnC12 w a s  added t o  t h e  a lpha  alumina monohydrate and mulled 
i n  a mix-muller. The r e s u l t i n g  p a s t e  was ex t ruded ,  d r i e d  and c a l c i n e d  a s  i n  t h e  
case  of C a t a l y s t  A. The f i n a l  concen t r a t ion  of  Sn was ca .  7 w t % .  

The c a t a l y s t s  t e s t e d  wi th  bitumen were alumina-supported and were 

The c a l c i n e d  e x t r u d a t e s  were impregnated wi th  d s o l u t i o n  of  

Methanol was subsequent ly  purged ou t  of t h e  e x t r u d a t e s  i n  a n i t r o g e n  flow a t  
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C a t a l y s t  D: 

A s o l u t i o n  of aluminum i sopropox ide  and SnC12 i n  i sop ropano l  was c o - p r e c i p i t a t e d  
by h y d r o l y s i s  u s i n g  d i l u t e d  ammonium hydroxide.  The p r e c i p i t a t e  w a s  ex t ruded ,  
d r i e d  and ca l c ined  a s  i n  t h e  case  of  C a t a l y s t  A. The f i n a l  concen t r a t ion  o f  Sn was 
ca. 15 w t X .  

Sepa ra t e  expe r imen t s  wi th  bitumen involved t e s t i n g  alumina e x t r u d a t e s  
used f o r  p repa ra t ion  of C a t a l y s t  A and B. and a l s o  t e s t i n g  a s e r i e s  o f  c a t a l y s t s  
c o n t a i n i n g  both  Mo and Sn i n  d i f f e r e n t  concen t r a t ions .  The l a t t e r  series was 
p repa red  by adding, s u c c e s s i v e l y ,  a n  aqueous s o l u t i o n  of  ammonium paramolybdate 
(NH4)6 Mo7 024 * 4H20 and an  aqueous s o l u t i o n  of s t a n n i c  c h l o r i d e  SnC14 - 5H20 to 
alumina monohydrate i n  t h e  mix-muller.  Atomic r a t i o s  of molybdenum and t i n  added 
were, r e s p e c t i v e l y ,  e i t h e r  1:l o r  1:O.  The r e s u l t i n g  p a s t e  was ex t ruded ,  d r i e d  
and c a l c i n e d  a s  desc r ibed  above. 

For exper iments  i nvo lv ing  hydrogenolys is  o f  coa l  and bitumen-derived 
a spha l t enes ,  an aqueous s l u r r y  of pu lve r i zed  f eed  and t i n  c a t a l y s t  was prepared  
and subsequent ly  d r i e d  under vacuum a t  8OoC. 
s t annous  ch lo r ide ,  s t annous  o x a l a t e  and  s t annous  s u l f i d e .  The concen t r a t ion  of  t i n  
i n  t h e  f e e d  was approximate ly  5 w t % .  

The c a t a l y s t s  t e s t e d  inc luded  

RESULTS AND DISCUSSION 

Compared wi th  pu re  alumina, t i n  compounds suppor ted  o n  alumina were 
g e n e r a l l y  found to e x h i b i t  o n l y  margina l  improvements i n  l i q u i d  product  q u a l i t y  
i n  bitumen hydro re f in ing .  The u s u a l  p r o p e r t i e s  of t h e  l i q u i d  p roduc t ,  such as 
s p e c i f i c  g rav i ty .  sulfur and n i t r o g e n  con ten t  and pe rcen t  p i t c h  convers ion ,  were 
n o t  s i g n i f i c a n t l y  changed when, f o r  i n s t a n c e ,  i n  one s e r i e s  of  t e s t s  t h e  t i n  
concen t r a t ion  was v a r i e d .  The r e su l t s  a r e  shown i n  F igu re  1, which compares 
Mo/A120g-type c a t a l y s t s  bo th  w i t h  and wi thou t  a t i n  a d d i t i v e .  It was found t h a t  
t h e  e x t e n t  of dec rease  i n  t h e  s p e c i f i c  g r a v i t y  o f  t h e  l i q u i d  product  caused by a n  
i n c r e a s i n g  molybdenum c o n c e n t r a t i o n  w a s  no t  s i g n i f i c a n t l y  a f f e c t e d  by a s imul t a -  
neous i n c r e a s e  i n  t i n  l o a d i n g .  

The i n f l u e n c e  of  t h e  convers ion  o f  bitumen-derived a spha l t enes  i n t o  
pentane-so luble  p roduc t s  w a s  a l s o  i n v e s t i g a t e d .  The in f luence  o f  SnS on a s p h a l t e n e  
conve r s ion  was much less appa ren t  t han  on coa l .  The convers ion  of bitumen-derived 
a s p h a l t e n e s  inc reased  from 69% wi th  no c a t a l y s t  t o  about 75% i n  t h e  p re sence  of SnS. 

The convers ion  of c o a l  i n t o  benzene-so luble  p roduc t s  was found t o  
i n c r e a s e  s u b s t a n t i a l l y  i n  t h e  presence  of t h c  vn r tous  t l n  c n t o l y s t s  t e s t e d .  
conve r s ion  inc reased  from 12 .4% w i t h  no c a t a l y s t  to a n  average  of  approximate ly  
51% f o r  a l l  t h r e e  t i n  c a t a l y s t s  i n v e s t i g a t e d .  
f avourab ly  wi th  o t h e r  c a t a l y s t s  t e s t e d ,  a s  shown i n  Table 111. 

The 

Tile eEfec t iveness  o f  t i n  compared 

TABLE 111 

E f f e c t  o f  C a t a l y s t s  on Conversion of  Coal 
i n t o  Benzene-Soluble Products  (350°C) 

C a t a l y s t  None SnC12 SnS Sn(C00)* FeS04 FeC12 ZnC12 
Conversion ( X  daf )  12 .4  53.2 52.0 47.5 23.2 19 .3  51.5 
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These r e s u l t s  ag ree  w e l l  w i t h  those  o b t a i n e d  p rev ious ly  by Kawa e 
(2;3) showing h igh  a c t i v i t y  of  t i n  compounds f o r  c o a l  hydrogeno lys i s .  Asphal tene 
p roduc t ion  is probably t h e  f i r s t  s t e p  i n  c o a l  l i q u e f a c t i o n  and more s e v e r e  condi-  
t i o n s  a r e  needed to i n c r e a s e  tlic y i e l d  o f  pentane-soluble  products .  The conversion 
o f  a spha l t enes  produced from c o a l  w a s  n o t  determined in t h e  p r e s e n t  work. However, 
t h e  e f f e c t  o f  s tannous c h l o r i d e  on bi.tumen-derived a s p h a l t e n e s  appeared s m a l l e r  
t h a n  would b e  expected i f  asphnl tenes '  produced from c o a l  were used ( 2 ) .  
r e s p e c t  t h e  work w i t h  a s p h a l t e n e s  from s o l v e n t  r e f i n e d  coa l  (4 )  produced more 
comparable r e s u l t s .  The r eason  f o r  t h e  d i f f e r e n c e s  i n  r e a c t i v i t y  between a spha l -  
t e n e s  from ccinl and a s p h a l t e n e s  from bi tumen feeds tocks  a r e  n o t  known and one can  
o n l y  s p e c u l a t e  t h a t  they r e s u l t  from v a r i a t i o n s  i n  chemical s t r u c t u r e s .  
d e t a i l e d  a n a l y s i s  o f  bitumen-derived a s p h a l t e n e s  was presen ted  by S t r a u s z  (6). and 
t h e  s u l f u r  con ten t  (about  8 wt%) is h i g h e r  and oxygen ccn tcn t  ( abou t  1 w t % )  is 
lower than t hose  i n  a s p h a l t e n e s  produced from c o a l  ( 2 , 3 , 4 ) .  The h igh  s u l f u r  
con ten t  sugges t s  t h a t  MoIAl203 based  c a t a l y s t s  may be t h e  .most e f f i c i e n t  c a t a l y s t s  
f o r  hydrogenolysis  s i n c e  they seem t o  b e  t h e  b e s t  h y d r o d e s u l f u r i z i n g  agen t s .  

In  t h i s  

A 

Notable  changes r e s u l t i n g  from d i f f e r e n t  c a t a l y s t  p r e p a r a t i o n  methods 
were observed.  Table  I V  p r e s e n t s  some r e s u l t s  o f  a n a l y s e s  o f  l i q u i d  p r o d u c t s  
from bitumen experiments  f o r  d i f f e r e n t  t i n - c o n t a i n i n g  c a t a l y s t s .  

TABLE IV 

Effect. o f  C a t a l y s t s  o n  Liquld P roduc t s  lrom Hltumen*** 

I T I I I 
XN 

C a t a l y s t  1 S p e c i f i c  Grav i ty  [ Re2:ved 1 Removed 1 2n:i:fftd I 11 0.952** 31.0"" 32** 66** 

0.947 30.1 
0.928 34.2 - 

D 0.903 41.6 40.0 97 

* I n i t i a l  r u n  
** Second r u n  
*** Run a t  44OoC 

It i s  noteworthy t h a t  t h e r e  was a d r o p  i n  t h e  a c t i v i t y  of ' C a t a l y s t  A from t h e  
i n i t i a l  run t o  t h e  second. Presumably,  t h e  impregnated SnC12 i n i t i a l l y  p r e s e n t  
was no t  completely t r a n s f e r r e d  i n t o  SnS b e f o r e  t h e  f i r s t  run commenced and 
e x h i b i t e d  a g r e a t e r  a c t i v i t y  a t  that  s t a g r .  Wo s r p n r n t c  hatrhcs of  SnCI2 
impregnated on alumina showed such d e a c t i v a t i o n .  The d e a c t i v a t i o n  was no t  
observed when p re - su l f ided  ba tches  were used ( C a t a l y s t  8 ) .  
improved q u a l i t y ,  namely lower s p e c i f i c  g r a v i t y ,  were ob ta ined  when C a t a l y s t s  C 
and D were used. 
and t h e i r  p r o p e r t i e s  are d i scussed  below. 

Liquid p roduc t s  o f  

A d i f f e r e n t  p rocedure  w a s  a p p l i e d  to p repa re  t h e s e  c a t a l y s t s  

The suppor t ed  t i n  c a t a l y s t s  of t h e  type  A and B t e s t e d  w i t h  bi tumen were 
found t o  e x h i b i t  l i t t l e  i nc reased  a c t i v i t y  when compared wi th  alumina a lone .  
Microscopic examinat ions o f  t h e  used e x t r u d a t e s  r e v e a l e d  e x t e n s i v e  s i n t e r i n g  o f  
t h e  t i n  component w i t h i n  t h e  c r a c k s  i n  t h e  alumina,  (F igu re  2 ) .  
were ob ta ined  r e g a r d l e s s  o f  whether  t h e  s t a r t i n g  m a t e r i a l  was SnC12 ( C a t a l y s t  A) 
o r  SnS (Ca ta lys t  B ) .  
c a t a l y s t  was a c t u a l l y  exposed to t h e  bitumen d u r i n g  t h e  p rocess .  The o p t i c a l  
r e f l e c t a n c e  of  t h e  s t r e a k s  seen i n  F igu re  2 compared w e l l  w i th  t h a t  o f  pu re  SnS. 

I d e n t i c a l  r e s u l t s  

These o b s e r v a t i o n s  sugges t ed  t h a t  ve ry  l i t t l e  o f  t h e  tin 
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In a d d i t i o n .  e l e c t r o n  microprobe  a n a l y s i s  of t h e  s p e n t  c a t a l y s t  contirmed t h a t  
t h e  h igh  r e f l e c t a n c e  s t r e a k s  were composed of t i n  and s u l f u r  i n  atomic r a t i o s  of 
approximately 1:l. No s t r e a k s  were observed  i n  t h e  unused e x t r u d a t e s ,  i n d i c a t i n g  
even d i spe r s ion  of t h e  t i n  compounds on t h e  s u r f a c e  o f  alumina. This w a s  
confirmed by e l e c t r o n  microprobe  a n a l y s i s .  Microscopic  examination o f  t h e  benzene- 
i n s o l u b l e  r e s i d u e  from c o a l  l i q u e f a c t i o n  exper iments  r evea led  a s i n t e r i n g  e f f e c t  
s i m i l a r  t o  t h a t  noted w i t h  bitumen runs ,  i r r e s p e c t i v e  of  whether SnC12. Sn(CO0)2 
o r  SnS w a s  used as t h e  c a t a l y s t ,  (Figtire 3 ) .  The h lgh  r e f l c c t a n c c  s t r c n k s  were 
aga in  found to  b e  composed of t i n  and s u l f u r  i n  a tomic  r a t i o s  of about 1:l. 

The format ion  o f  SnS from SnC12 is f e a s i b l e  under t y p i c a l  hydrogenat ion  or 
hydro re f in ing  c o n d i t i o n s  p r o v i d d  s u f f l c i c n t  s u l F u r  I s  p r e s e n t  in t he  f eed  m a t e r i a l .  
It h a s  been sugges ted  (1) t h a t  SnS becomes t h e  most s t a b l e  form of  t i n  and would b e  
formed from SnClg, f o r  example, acco rd ing  to:  

SnC12 + H2S + SnS + 2HC1 

A t  r e a c t i o n  t empera tu res ,  SnC12 could  conce ivably  flow i n t o  po res  orid c racks  of t h e  
suppor t  o r  coa l ,  and subsequen t ly  be conver ted  to  t h e  s u l f i d e  form. On t h e  o t h e r  
hand, SnS melts a t  88OoC. which is cons ide rab ly  h i g h e r  than t h e  r e a c t i o n  tempera- 
t u r e  used .  Nonetheless.  s i n t e r i n g  had occur red  t o  t h e  same e x t e n t  when SnS 
w a s  used. The m i g r a t i o n  mechanism may t h e r e f o r e  invo lve  an in t e rmed ia t e  s p e c i e s  
having  a low me l t ing  p o i n t ,  such a s  e l emen ta l  t i n .  This s p e c i e s  could then 
mig ra t e  i n t o  void  a r e a s  o f  t h e  suppor t  b e f o r e  be ing  conver ted  back t o  SnS. In a 
s e p a r a t e  experiment t h e  f r e s h  SnS- and SnC12-containing c a t a l y s t s  were s u b j e c t e d  
t o  r e a c t i o n  c o n d i t i o n s  i n  t h e  absence of t h e  f eed .  Spo t s  of h igh  r e f l e c t a n c e  
i n d i c a t e d  t h e  p o s s i b l e  fo rma t ion  of m e t a l l i c  t i n  i n  e x t r u d a t e s  sub jec t ed  t o  t h i s  
t ype  of  reducing  c o n d i t i o n .  

In view o f  t h e  e x t e n s i v e  s i n t e r i n g  e f f e c t  t h e  o r i g i n a l  d i s p e r s i o n  of  t h e  
t i n  compound was reduced cons ide rab ly  and consequent ly  t h e  e f f e c t i v e n e s s  of bo th  
high- and low-surface a r e a  suppor t s  w a s  expec ted  t o  be  comparable, a s  r e p o r t e d  by 
Kawa e ( 3 ) .  
C a t a l y s t s  C and D (Table  IV). Comparison wi th  F igu re  2 i n d i c a t e s  t h a t  a more even 
d i s p e r s i o n  of  t i n  s u l f i d e  was e s t a b l i s h e d  i n  t h e  e x t r u d a t e s  of C a t a l y s t s  C and D. 
The s i n t e r i n g  s t i l l  occur red  b u t  t he  SnS appeared t o  assume a l a r g e r  s u r f a c e  a rea .  
The h i g h e r  d i s p e r s i o n  c o r r e l a t e d  w e l l  w i th  t h e  n c r i v l t y  observed wi th  bitumen 
tests us ing  these  c a t a l y s t s .  
F igu re  5. I t  appears  t h a t  concen t r a t ion  of  t h e  t i n  component i s  g r e a t e r  i n  t h e  
r eg ions  between t h e  p a r t i c l e s  of alumina than  i n s i d e  t h e  p a r t i c l e s .  One could  
s p e c u l a t e  t h a t  t h e s e  r e g i o n s  may have been more a c c e s s i b l e  t o  t h e  r e a c t a n t  f l u i d s  
than  t h e  reg ions  w i t h i n  t h e  alumina p a r t i c l e s .  This  would be i n  agreement wi th  
t h e  enhanced a c t i v i t y  of  C a t a l y s t  D. 

F igu res  4 and 5 show s i n t e r i n g  of SnS i n  t h e  e x t r u d a t e s  of 

One a d d i t i o n a l  o b s e r v a t i o n  relates t o  C a t a l y s t  D i n  

In conc lus ion ,  t h e  p r e s e n t  f i n d l n g s  may be summarized as fo l lows:  

T in  compounds w e r e  found r e l a t i v e l y  less e f f e c t i v e  f o r  bitumen hydro- 
r e f i n i n g  than f o r  hydrogeno lys i s  o f  h igh  v o l a t i l e  bituminous c o a l s ,  p o s s i b l y  
because  of t h e  d i f f e r e n t  s t r u c t u r e  o f  bitumen-derived a spha l t enes .  The o r i g i n a l  
d i s p e r s i o n  of t h e  c a t a l y s t  on t h e  suppor t  was s i g n i f i c a n t l y  reduced. The e x t e n t  
of  s i n t e r i n g  of  t i n  c a t a l y s t s  i l n d e r  r c n c t i o n  c o n d l t l o n s  c o r r c l a t c d  w i t h  t h d r  
a c t i v i t y .  
bond between t h e  t i n  compound and t h e  suppor t  t o  h inde r  s u r f a c e  mig ra t ion .  

It may b e  t h a t  an improved c a t a l y t i c  system would r e q u i r e  a s t r o n g e r  
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Behavior of Tar Sand Bitumen With P a r a f f i n i c  Solvents  and I ts  
Application t o  Separa t ions  f o r  Athabasca Bitumen 

Edward W. Funk 
Exxon Research and Engineering, Linden, N . J . ,  07036 

The main purpose o f  t h i s  paper i s  t o  p re sen t  the behavior o f  t a r  
sand bitumen when contac ted  w i t h  low-molecular-weight p a r a f f i n s  a t  
ambient temperatures.  W e  have found t h a t  an understanding of this 
phenomenon can l ead  t o  new s e p a r a t i o n  and upgrading approaches f o r  
Athabasca t a r  sands. Furthermore, t h e  ideas  generated by t h e  study 
of t a r  sand bitumen may poss ib ly  a l so  be appl ied  t o  o the r  s y n t h e t i c  
f u e l s  such a s  coa l  l i q u i d s  and s h a l e  o i l .  

1.  Tar Sand Bitumen Disso lu t ion  Usins t h e  Spinninq D i s c  Method. The 
d i s so lu t ion  behavior of tar sand bitumen depends p r imar i ly  on t h e  
so lven t ,  con tac t ing  condi t ions ,  and t h e  temperature.  For s tudying  t h e  
d i s so lu t ion  mechanism w e  have chosen t h e  sp inning  d i s c  technique a s  a 
simple,  well-understood system. The sp inning  d i s c  technique f o r  examining 
mass t r a n s f e r  and d i s s o l u t i o n  phenomena is w e l l  e s t ab l i shed  i n  e l e c t r o -  
chemistry but  can be appl ied  t o  a v a r i e t y  of systems (1,2). The exper i -  
mental procedure c o n s i s t s  of r o t a t i n g  a c i r c u l a r  d i s c  immersed i n  a 
l i q u i d  a t  a cons t an t  speed. Mass t r a n s f e r  from the d i s c  can  be exper i -  
mentally measured a s  a func t ion  of t i m e  and r o t a t i o n a l  speed. The 
p r i n c i p a l  advantage of t h i s  geometry is t h a t  the mass-transfer c o e f f i c i e n t  
is the same a t  a l l  po in t s  on t h e  s u r f a c e  and can be expressed a s  

where D is the b inary  d i f f u s i o n  c o e f f i c i e n t , V i s  t h e  kinematic v i s c o s i t y  
a n d m  is t h e  r o t a t i o n a l  speed of the d i s c .  The dependence o f  k on the 
r o t a t i o n a l  speed allows sepa ra t ion  of mass t r a n s f e r  r e s i s t a n c e s  between 
phases from r e s i s t a n c e s  wi th in  t h e  bulk phase. 

For our study, a g l a s s  d i s c  2.54 c m .  i n  diameter was coated w i t h  0.10 
grams of t a r  sand bitumen. The concent ra t ion  of bitumen i n  s o l u t i o n  
was measured us ing  a Beckman DB-G spectrophotometer ope ra t ing  a t  530 nm. 
D e t a i l s  of t h i s  a n a l y t i c a l  technique a r e  given by Funk and Gomez ( 3 ) .  

Figure 1 p resen t s  t h e  experimental  d a t a  f o r  n-pentane a s  the s o l v e n t  a t  
25OC. The da ta  were obta ined  a t  r o t a t i o n a l  speeds of 0,7 and 17RPM. 
Figure 1 shows t h a t ,  over t h e  range of speeds s tud ied ,  the r a t e  of 
bitumen d i s s o l u t i o n  i s  independent of t h e  r o t a t i o n a l  speeds.  Equation 1 
then  i n d i c a t e s  t h a t  t h e  p r i n c i p a l  r e s i s t a n c e  to  d i s s o l u t i o n  r e s i d e s  i n  
the b i tumen, layer  and not  i n  t r a n s p o r t  ac ross  t h e  solvent-bitumen 
i n t e r f a c e .  This  r e s i s t a n c e  wi th in  t h e  bitumen l aye r  is l a r g e  enough to 
r e q u i r e  seve ra l  minutes ( -10 minutes) f o r  a l l  t h e  deasphalted o i l  t o  
d i f f u s e  o u t  of t h e  bitumen l a y e r .  

For a v a r i e t y  of p a r a f f i n i c  so lven t s ,  d i s s o l u t i o n  da ta  were obta ined  a t  
25OC and the  d i s c s  w e r e  removed and t h e  remaining asphal tene  c r u s t  was 
examined by microscopy. Figure 2 p re sen t s  SEM photomicrographs f o r  
pentane and decane asphal tenes  a t  a magni f ica t ion  of 500. The r e s u l t s  
show t h a t  t h e  asphal tenes  form a porous network s imi l a r  t o  an a l l o y  
which has  had one component leached o u t .  For t h e  pentane asphal tenes ,  
t h e  pore s i z e  is e l k ;  f o r  decane-prec ip i ta ted  asphal tenes  t h e  pores 
a r e  considerably sma l l e r .  Examination of asphal tenes  from d i s s o l u t i o n  
us ing  o ther  p a r a f f i n s  showed t h a t  t h e  pore s i z e  became smal le r  t h e  
h igher  t h e  carbon number o f  t h e  p a r a f f i n i c  so lven t .  
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The experimental  d a t a  can  be modeled us ing  F i c k ' s  second law which 
is expressed as  

To descr ibe  the  uns teady-s ta te  d i f f u s i o n  i n  the  spinning-disc experiments, 
w e  u se  t h e  boundary cond i t ions  o f  c=co f o r  t <  0 and c (3 0 i n  t h e  s o l v e n t  , 

f o r  a l l  t .  Crank ( 4 )  g ives  t h e  s o l u t i o n  t o  Equation 2; the expression 
f o r  DAB, t h e  b inary  d i f f u s i o n  c o e f f i c i e n t  express ing  mutual d i f f u s i o n  Of 
so lven t  and deasphalted o i l ,  is p a r t i c u l a r l y  simple a t  t i m e  t i m e  where 
one-half of the  deasphal ted  o i l  has been leached o u t  

3)  0.049 DAB = - 
( t /L2  ) 

where L is t h e  th i ckness  of t h e  bitumen l aye r  on t h e  d i s c .  Experimental 
d a t a  c o n s i s t e n t  w i t h  the above model u s u a l l y  show a l i n e a r  p l p t  Off 
M t / L  
cons iderable  time range. 
f o r  d i s s o l u t i o n  us ing  pentane,  heptane and decane. Equation 3 was used 
t o  c a l c u l a t e  e f f e c t i v e  d i f f u s i o n  c o e f f i c i e n t s  from t h e  experimental  
d a t a .  
r e s u l t s  w i t h  heptane g i v e  a va lue  of DA 
va lue  f o r  the decane s y s t e m  is 6.5OxlO-8 cm2/sec. 
2 .  P a r t i c l e  S ize  Analys is  of Asphaltene A q q r e q a t .  To determine the 
p a r t i c l e - s i z e  d i s t r i b u t i o n  of asphal tene  aggregates which would be 
breaking away from t h e  c r u s t ,  t a r  sand bitumev was deasphalted us ing  
pentane,  hexane and heptane a t  room temperature.  The bitumen was 
contac ted  with ten t i m e s  i ts  weight of so lven t  and the asphal tenes  were 
p r e c i p i t a t e d  us ing  a l abora to ry  c e n t r i f u g e  ope ra t ing  a t  2000 RPM. The 
asphal tenes  were washed u n t i l  t h e y  were f r e e  of deasphalted o i l .  
The H I A C  model PC-230 was used t o  measure t h e  p a r t i c l e - s i z e  d i s t r i b u t i o n .  
This  instrument uses  a l i g h t - s e n s i t i v e  d i o d e  t o  determine l igh t  a t tenuat ior  
due t o  p a r t i c l e s  f lowing  p a s t  the senso r .  Figure 4 shows the  p a r t i c l e - s i z e  
d i s t r i b u t i o n s  f o r  pentane,  hexane and heptane p r e c i p i t a t e d  a spha l t enes .  
The r e s u l t s  i n d i c a t e  t h a t  t h e  pentane asphal tenes  a r e  somewhat l a rge r  
than  t h e  hexane asphal tenes ;  t h i s  t r end  was found cons i s t en t  through 
heptane.  

3 .  S t r u c t u r e  of Athabasca Tar S a n d 2  For t h e  t a r  sand system, t h e  bitumen 
is a s soc ia t ed  w i t h  t h e  sand and water a s  shown schemat ica l ly  i n  Figure 5. 
Typica l ly  t h e  Athabasca t a r  sands con ta in  12% bitumen, 5% water and 83% 
sand and o the r  mine ra l s .  D e t a i l s  of c h a r a c t e r i z a t i o n  of t a r  sands  are 
summarized by Camp(5). 

4 .  Fluid-Bed S tud ie s .  A l i qu id - f lu id i zed  bed is a convenient and 
convent iona l  technique f o r  contac t ing  s o l i d s  and l i q u i d s  and w e  have 
app l i ed  t h i s  technique t o  con tac t  tar  sands w i t h  p a r a f f i n i c  so lven t s .  
Experimental da ta  on t h e  s i z e  of asphal tene  aggregates f o r  the t a r  sand 
system w e r e  obtained by us ing  p a r a f f i n i c  so lven t s  t o  e l u t r i a t e  t he  
asphal tenes  from a well-mixed f l u i d i z e d  bed of t a r  sands.  Figure 6 g ives  
a schematic diagram of the equipment used for the e l u t r i a t i o n  s t u d i e s .  
The t a r  sands w e r e  p laced  i n  t h e  2" I.D.. g l a s s  e x t r a c t i o n  column and a 
se t  of t u rb ine  mixers ope ra t ing  a t  200 RPM was used t o  assure good so l id s -  
s o l v e n t  con tac t .  For each run, so lven t  was passed up through t h e  t a r  
sand bed a t  a known f lowra te  and c o l l e c t e d  a t  t h e  top  o f  t h e  e x t r a c t i o n  

( t h e  f r a c t i o n  o f  deasphalted o i l  leached o u t )  versus  t' over a 
Figure 3 presen t s  M t / &  a s  a func t ion  Of t?i 

For t h e  pentane system, DAB is 1.41xlO-7 cm2/sec a t  25OC. The  
of 1.2lxlO-7 cm2/sec and t h e  
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column. The e x t r a c t  was then analyzed f o r  t h e  percentage of asphal tenes .  
Figure 7 p re sen t s  t h e  r e s u l t s  of t he  e l u t r i a t i o n  s t u d i e s  a t  25OC. The 
percentage of asphal tenes  en t ra ined  is expressed r e l a t i v e  t o  the  t o t a l  
asphal tenes  i n  the bitumen f o r  the  p a r t i c u l a r  p a r a f f i n i c  so lven t  used .  
A s  an example, w e  expect t h e  e x t r a c t  with pentane t o  be 20% asphal tenes  
i f  a l l  a r e  smal l  enough t o  be en t ra ined;  i f  t h e  e x t r a c t  is  10% asphaltenes 
w e  c a l c u l a t e  t h a t  on ly  50% of the  asphal tenes  w e r e  en t r a ined .  W e  see 
from Figure 7 t h a t  l i q u i d  f lowra te s  i n  t h e  range of 1 c m / s e c  a r e  r equ i r ed  
t o  e n t r a i n  a l l  the asphal tenes  with t h e  ex t r ac t ed  o i l .  Cons is ten t  wi th  
t h e  r e s u l t s  shown i n  Figure 4,  t he  pentane asphal tenes  behave a s  l a r g e r  
p a r t i c l e s  than  the hexane asphal tenes  and t h i s  t rend  cont inues  through 
octane.  Figure 8 presents  s imi l a r  d a t a  a s  a func t ion  o f  temperature 
f o r  heptane a s  t h e  so lven t .  A s  t h e  temperature inc reases ,  higher l i q u i d  
f lowra tes  a r e  requi red  t o  e n t r a i n  t h e  asphal tene  aggregates and th i s  
ind ica t e s  t h a t  t h e  s i z e  of t h e  aggregates is inc reas ing .  The change i n  
so lvent  dens i ty  and v i s c o s i t y  is much too small  t o  account f o r  t h e  h igher  
l i q u i d  f lowra tes .  

U s e  of Stokes'  l a w  and t h e  e l u t r i a t i o n  d a t a  shown i n  Figure 7 were used 
t o  c a l c u l a t e  effective maximum diameters for the asphal tene  aggregates.  
For heptane, t h e  maximum aggregate diameter is loo& and f o r  pentane 
150W; t hese  va lues  a r e  somewhat h igher  than  those  found us ing  t h e  H I A C  
p a r t i c l e - s i z e  ana lys i s .  The d i f f e rence  may be due t o  t h e  es t imated  
asphal tene  dens i ty  used i n  t h e  Stokes'  law c a l c u l a t i o n .  

5 .  Novel Approach t o  Bitumen Separa t ion  from Atkabasca Tar Sands. W e  
have examined t h e  u s e  of p a r a f f i n i c  so lven t s  f o r  s epa ra t ion  of bitumen 
from t a r  sands i n  a f l u i d  bed s ince  t h i s  type  of con tac t ing  equipment 
has  reasonable p o t e n t i a l  t o  be sca led  up t o  t h e  very  l a r g e  s i z e s  requi red  
f o r  t a r  sands.  
F lu id i za t ion  d a t a  were measured us ing  t h e  equipment shown schemat i ca l ly  
i n  Figure 6 .  For t h e  sample o f  t a r  sands used, t h e  p a r t i c l e - s i z e  
d i s t r i b u t i o n  of t he  inorganics  is shown i n  Figure 9 .  F igure  10 p r e s e n t s  
a p l o t  of 1nU versus  l n e f o r  t h e  t a r  sand system; these d a t a  a r e  f o r  
heptane a s  t h e  so lven t  and a t  ambient temperature.  The bed shows some 
expansion a t  l i q u i d  v e l o c i t i e s  s u b s t a n t i a l l y  below t h e  minimum f l u i d i z a t m  
ve loc i ty ;  t h i s  is n o t  t h e  c a s e  f o r  a bed of equal -s ized  p a r t i c l e s ;  it 
probably occurs  i n  the t a r  sand system due t o  some segrega t ion  of d i f f e r e d  
s i z e d  p a r t i c l e s  t o  g ive  a fixed-bed reg ion  and a f l u i d i z e d  region. The 
curves A and B f o r  d ry  t a r  sands (water removed by evapora t ion)  g ive  an 
approximate minimum f l u i d i z a t i o n  v e l o c i t y  of t h e  inorganics  equal t o  
1 cm/sec. Curve B s imula tes  t he  bottom of a hypo the t i ca l  e x t r a c t o r  
where the so lven t  is nea r ly  pure heptane; curve A s imula t e s  t h e  o the r  
end of t h e  e x t r a c t o r  where the so lven t  has  a r e l a t i v e l y  h igh  bitumen 
concent ra t ion  ( i n  th i s  case ,  heptanelbitumen = 4 ) .  The f l u i d i z a t i o n  
behavior i s  very  d i f f e r e n t  f o r  f r e s h  water-wet t a r  sands .  These d a t a  a r e  
shown i n  Figure 10 by t h e  s o l i d  do t s .  The minimum f l u i d i z a t i o n  v e l o c i t y  
is much higher than f o r  dry t a r  sands.  T h i s  g r e a t  d i f f e r e n c e  can be 
explained by agglomeration of t he  inorganics  i n  the  t a r  sand bed. 
Spher ica l  agglomerates a re  formed i n  t h e  f l u i d  bed because the  water-wet 
inorganics  a s s o c i a t e  t o  minimize su r face  a rea  between water and t h e  
hydrocarbon.Detai1s of sphe r i ca l  agglomeration and i ts  app l i ca t ion  t o  
o t h e r  systems a r e  given by Smith and Puddington ( 6 ) .  

The r e s u l t s  of Figure 10 show t h a t  the t a r  sand inorganics  behave l i k e  
l a r g e  p a r t i c l e s  i n  a f l u i d  bed i f  c a r e  i s  taken t o  main ta in  them a s  
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water-wet. From F igure  7, w e  know t h a t  the asphal tenes  behave a s  
r e l a t i v e l y  smal l  p a r t i c l e s .  Combining t h e  r e s u l t s  of Figures 7 and 
10 sugges ts  t h e  conceptual s epa ra t ion  approach shown i n  Figure 11. 
Figure 11 shows t h a t  f o r  a p a r a f f i n i c  so lven t s  t h e r e  is a range o f  
l i q u i d  f lowra te s  which g ives  carryover of asphal tenes  from a f lu id i zed -  
bed type contac tor  but does n o t  e n t r a i n  t h e  inorganics .  For example, 
opera t ing  a t  1 . O  cm/sec to e n t r a i n  t h e  asphal tenes  tiould e n t r a i n  a n  
important f r a c t i o n  of t h e  unagglomerated inorganics .  Then, a f u r t h e r  
s epa ra t ion  of bitumen from inorganics  would be r equ i r ed .  The 
sepa ra t ion  shown i n  Figure 11 is f o r  e s s e n t i a l l y  ambient temperatures.  

The r e s u l t s  shown i n  F igure  11 only  sugges t  a conceptual approach for  
bitumen s e p a r a t i o n  from tar sands.  U s e  of this s e p a r a t i o n  approach 
on a commercial s c a l e  r e q u i r e s  cons iderable  process  development to 
genera te  an  i n t e g r a t e d  system inc luding  t a r  sands p repa ra t ion ,  s o l i d -  
l i q u i d  con tac t ing  equipment, s o l i d s  handling, and economic s o l v e n t  
recovery from t h e  e x t r a c t e d  t a r  sands. 
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OXIDATION OF THE ATHABASCA O I L  SAND AND ITS FRACTIONS 

K.N. Jha, P.M. Rao and O.P. St rausz 

Hydrocarbon Research Centre 
Department o f  Chemistry, U n i v e r s i t y  o f  A l b e r t a  

Edmonton, A l b e r t a ,  Canada, T6G 262 

INTRODUCTION 

The Athabasca o i l  sand and i t s  f r a c t i o n s  a r e  known t o  be t h e r m a l l y  uns tab le  and 
s e n s i t i v e  t o  a i r  (1-2). 
I t  has been r e p o r t e d  t h a t  o x i d a t i o n  o f  bitumen generates h i g h  mo lecu la r  weight  mate- 
r i a l  (3). The h i g h  s u s c e p t i b i l i t y  o f  t h e  o i l  sand t o  ae rob ic  o x i d a t i o n  c o u l d  have 
p r a c t i c a l  re levance  w i t h  r e g a r d  t o  t h e  su r face  s t r i p  min ing and p r o c e s s a b i l i t y  o f  t h e  
o i l  sand. Apar t  f rom i t s  i n f l u e n c e  on t h e  q u a l i t y  o f  t h e  product ,  t h e  phenomenon i s  
a l s o  r e l e v a n t  t o  t h e  o r i g i n ,  h i s t o r y ,  thermal  and m i c r o b i a l  m a t u r a t i o n  o f  t h e  depos- 
i t s  and a l s o  t o  t h e  in situ f i r e - f l o o d i n g  recovery technology o f  t h e  o i l  sand. 

Resu l t s  o f  l a b o r a t o r y  and f i e l d  experiments on the  p r o d u c t i o n  o f  crude o i l  by 
in situ f o rward  and reve rse  combustion have been r e p o r t e d  (4-7). However, q u a n t i t a -  
t i v e  s t u d i e s  o f  t h e  parameters r e l a t e d  t o  t h e  chemical aspects o f  these processes, 
such as o x i d a t i o n  k i n e t i c s ,  have n o t  been performed. 

temperatures a r e  d i f f i c u l t  t o  d e t e c t  by a n a l y s i s  o f  t h e  b u l k  composi t ion b u t  t hey  can 
be e a s i l y  mon i to red  by measuring t h e  gaseous and h i g h l y  v o l a t i l e  m a t e r i a l s  which a re  
produced theref rom. 

The p resen t  s tudy  was undertaken i n  o r d e r  t o  g a i n  an i n s i g h t  i n t o  t h e  o x i d a t i o n  
and weather ing processes t a k i n g  p lace  i n  t h e  A l b e r t a  o i l  sand. 

They r e a c t  w i t h  mo lecu la r  oxygen even a t  l ow  temperatures. 

The chemical t rans fo rma t ions  i n  t h e  o i l  sand due t o  o x i d a t i o n  r e a c t i o n s  a t  low 

EXPERIt-IENTAL 

The h i g h  vacuum apparatus employed i n  t h i s  s tudy  was s i m i l a r  t o  t h a t  used pre- 
v i o u s l y  (1-2). The exper imenta l  d e t a i l s  f o r  t h e  c o l l e c t i o n  and a n a l y s i s  o f  gases 
and t h e  v o l a t i l e  m a t e r i a l s  have a l s o  been desc r ibed  (1-2). About 130 g Athabasca 
o i l  sand was p laced i n  a 500 cm3 Pyrex vessel f i t t e d  w i t h  a breakseal  and seve ra l  
1 cm3 ampoules. 
room temperature f o r  one hour. Oxygen was then  in t roduced  i n t o  t h e  vessel a t  about 
150 t o r r ,  t h e  vessel was sealed o f f  and heated t o  t h e  d e s i r e d  temperature i n  a s i l i -  
cone o i l  bath. The vessel was shaken i n t e r m i t t e n t l y  and t h e  ampoules were sealed a t  
des i red  t i m e  i n t e r v a l s  and analyzed f o r  oxygen on a 2.4 m mo lecu la r  s ieve  column. 
The samples heated a t  130°C i n  t h e  absence and presence o f  oxygen were analyzed f o r  
both non-condensable and condensable m a t e r i a l s  a t  -196°C. 
dures f o r  b i tumen and f o r  t h e  separa t i on  of asphal tene and mal tene f r o m  t h e  o i l  sand 
samples were f o l l o w e d  (8).  
i n  the  M i c r o a n a l y t i c a l  Labora to ry  o f  t h e  Chemistry Department. 

Between 5 and 10 g bitumen, asphal tene o r  mal tene was i n t r o d u c e d  i n t o  a 250 cm3 
Pyrex vessel. 
j o i n t  on t h e  o t h e r  end through which i t  was a t tached  t o  another  Hoke va l ve  f i x e d  t o  
t h e  vacuum apparatus. The volume enclosed between t h e  two Hoke va l ves  was used as a 
sampler. A l l  samples were evacuated u n i f o r m l y  a t  ambient temperature be fo re  i n t r o -  
d u c t i o n  of  250 t o r r  oxygen. The oxygen concen t ra t i on  was determined by t r a n s f e r r i n g  
i t  from t h e  sampler i n t o  t h e  gas b u r e t t e  and i n j e c t i n g  i t  i n t o  t h e  g ~ .  The s i l i c o n e  o i l  
bath was used t o  heat  samples a t  137°C. Fo r  h i g h e r  temperatures, an e l e c t r i c  furnace 
equipped w i t h  a 2-mode A P I  Inst rument  Co. temperature c o n t r o l l e r  and a Hewlett-Packard 
3420 A d.c. d i f f e r e n t i a l  v o l t m e t e r  was employed. The consumption o f  oxygen was f o l -  
lowed by expanding oxygen f rom t h e  vessel  i n t o  t h e  sampler a t  d e s i r e d  t ime  i n t e r v a l s  
and measuring the  c o n c e n t r a t i o n  as desc r ibed  above. 

The vessel was a t tached  t o  the  vacuum apparatus and degassed a t  

Standard e x t r a c t i o n  proce- 

Elemental analyses f o r  C, H, N, 0 and S were performed 

The vessel was j o i n e d  t o  a Hoke v a l v e  f i t t e d  w i t h  a s tandard tape r  
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RESULTS AN0 DISCUSSION 

The presence of oxygen has an enhancing e f f e c t  on the  r a t e  of t h e  low tempera- 
t u r e  thermolysis of t h e  Athabasca o i l  sand, bitumen, asphaltene and maltene. 
product y ie lds  obtained from heating o i l  sands a t  130'C f o r  24 hours in the  absence 
a n d  presence of  oxygen a r e  presented i n  Table I. The products include C l - C ,  hydro- 
carbons including neopentane, CH3CH0, CO,  C02 , COS and H2S. 
oxygen, CH3COCH3 and SO2 a r e  produced in addi t ion t o  these compounds. 
the acetone peak masked the  C 5  hydrocarbon peaks and consequently the  l a t t e r  could 
not be determined accurately.  
r a t e s  of production of hydrocarbons a r e  increased by f a c t o r s  ranging from 2 t o  70, 
those of the apparent oxidat ion products by up  t o  500, and H2S i s  probably converted 

a r e  given in  Table 11. The product d i s t r i b u t i o n  i s  s imi la r  t o  t h a t  from the  whole 
Oil sand (Table I ) ,  but the r a t i o s  of the product y i e l d s  in  the presence and absence 
of oxygen a t  207' a r e  higher than those a t  137°C. The r a t e s  of production of hydro- 
carbons a t  207°C i n  the  presence of  oxygen a r e  increased by fac tors  u p  t o  100 and 
those of the apparent oxidat ion products, by up t o  170. Oxidation of asphaltene and 
maltene a t  172°C produced s i m i l a r  r e s u l t s .  

Although many d e t a i l s  of the complex react ion network involved i n  the  oxidat ion 
of hydrocarbons by molecular oxygen have not y e t  been elucidated,  i t  i s  commonly ac- 
cepted t h a t  a chain mechanism i s  operat ive and t h a t  one of the f i r s t  products formed 
i s  a hydroperoxide which may be oxidized f u r t h e r  o r  decompose thermally, thereby 
i n i t i a t i n g  new chains (9,lO). 
t h a t  peroxides, a lcohols  and carbonyl compounds a r e  intermediate products whose time 
p r o f i l e  concentrations pass t h r o u g h  a maximum (11) .  I t  i s  a l so  known t h a t  these 
intermediates a re  responsible  f o r  the  enhanced y ie lds  of hydrocarbons and oxygenated 
compounds i n  the  thermolysis of hydrocarbons in  the  presence of oxygen (9-11). 
enthalpy changes o f  the  oxidat ion and combustion react ions leading t o  the  observed 
end products range between 80 and 105 kcal per mol of oxygen (7) .  

bitumen, asphaltene and maltene could also be explained by such a general mechanism, 
where the i n i t i a l  react ion between the organic f r e e  rad ica ls  formed by thermolysis 
and molecular oxygen t o  form a hydroperoxy radical  

The 

I n  the presence of 
Unfortunately, 

I t  i s  evident  t h a t  in  the presence of oxygen, the 

t o  s02. 
The thermolysis products obtained from heating bitumen a t  137", 172" and 207°C 

A t  100" and  130°C Kovalev and Denisov (11)  reported 

The 

The  eff ic iency of oxygen i n  the low temperature thermolysis of the o i l  sand, 

R. + 02 -+ R02. 
i s  followed by the chain propagating s teps  

R O p .  i- RH -t ROOH + R 
R02-  i- C = C  -+ ROOC-c 
ROOH -+ RO-  + HO. 

Typical chain terminating s t e p s  could be 

1)  

5) 
3r products 6 )  

7) 
The combustion type reac t ions  i n  our  system wi l l  produce addi t ional  amounts of hydro- 
carbons, carbon monoxide, carbon dioxide and water. 

A simple mechanism f o r  t h e  oxidation o f  hydrogen s u l f i d e  t o  s u l f u r  dioxide could 
be expressed as follows: 

HZS + 02 -+ H20 + SO 
2so + 02 3 2sop 

8) 
9 )  

The overal l  heat of oxidat ion i s  exothermic by about 124 kcal per mol. 
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The r a t e s  o f  consumption o f  oxygen by t h e  o i l  sand were s t u d i e d  a t  v a r i o u s  tem- 
pe ra tu res  between 24" and 130°C. 
semi- logar i thmic p l o t s  of t h e  concen t ra t i on  o f  oxygen i n  t h e  gas phase as a func t i on  
o f  t ime  a t  each temperature f o l l o w  f i r s t  o r d e r  r e a c t i o n  k i n e t i c s .  The h a l f - l i v e s ,  
i.e., t ime r e q u i r e d  f o r  one -ha l f  o f  oxygen t o  be used up, v a r y  between 111 days a t  
24" and 0.6 hours a t  130°C. The r a t e  constants ,  k, were es t ima ted  from t h e  s lopes  
o f  these p l o t s  and Equat ion 10 was used f o r  t h e  Arrhenius p l o t  o f  I n  k versus 1/T: 

where k i s  t h e  r a t e  constant ,  A t h e  p reexponen t ia l  f a c t o r ,  Ea t h e  a c t i v a t i o n  energy, 
R t h e  gas cons tan t  and T i s  t h e  temperature i n  OK.  

The A r rhen ius  parameters es t ima ted  f rom t h e  p l o t  a re  temperature dependent 
(Table 111). Around room temperature, t h e  r a t e  o f  d e p l e t i o n  o f  oxygen f e a t u r e s  a 
lower  a c t i v a t i o n  energy and preexponent ia l  f a c t o r  t han  a t  t h e  h i g h e r  temperatures. 
The temperature dependence o f  t h e  r a t e  parameters i s  i n d i c a t i v e  o f  changes i n  t h e  
r e a c t i o n  mechanism and suggests a l a r g e l y  sur face-cata lyzed,  1 .e., heterogeneous 
r e a c t i o n  network a t  t h e  lower  temperature, changing over t o  n o n - c a t a l y t i c  gas phase 
r e a c t i o n s  a t  t h e  h i g h e r  temperatures. 
a t u r e  from 24" t o  130°C b r i n g s  about a 4000- fo ld  r a t e  i nc rease  i n  oxygen uptake. 
l a s t  column o f  Table 111 l i s t s  t h e  t i m e  r e q u i r e d  t o  d e p l e t e  99 pe rcen t  o f  oxygen 
added a t  each temperature and i s  e q u i v a l e n t  t o  7 h a l f - l i v e s .  

Bousaid and Ramey determined t h e  r a t e s  o f  oxygen disappearance i n  t h e  13.9" A P I  
Athabasca crude a t  23", 38" and 52°C and found them t o  f o l l o w  f i r s t  o r d e r  r e a c t i o n  
k i n e t i c s  (5). 
12.7 kca l  p e r  mol which i s  i n  agreement w i t h  o u r  va lue  o f  1 3  k c a l  p e r  mol. However, 
t h e  r a t e  cons tan ts  and preexponent ia l  f a c t o r  es t ima ted  f rom t h e i r  da ta  a r e  l a r g e r  
than ours by about two o rde rs  o f  magnitude. 
energ ies f o r  t h e  o x i d a t i o n  o f  hexadecane by mo lecu la r  oxygen i n  t h e  temperature 
ranges looo-120" and 12O"-15O0C from t h e  r a t e  da ta  o f  Kovalev and Denisov t o  be 
17 k c a l  and 40 k c a l  p e r  mol, r e s p e c t i v e l y  (11). 
t o  ours. 

asphaltene and mal tene a t  137" and 172°C obey f i r s t  o r d e r  k i n e t i c s  (F igu re  2). 
r a t e  constants  es t ima ted  from these p l o t s  a r e  l i s t e d  i n  Table IV. 
t h a t  t h e  t r e n d  i n  r e a c t i v i t y  i s  o i l  sand, asphaltene, bitunicn and maltene i n  decreas- 
i n g  order. 
t h e  o x i d i z a b i l i t y  o f  t h e  f r a c t i o n s ,  which i n  t u r n  i s  a f u n c t i o n  o f  t h e  chemical com- 
p o s i t i o n  o f  t h e  sample. 

sumed: 9.3% appeared i n  t h e  v o l a t i l e  oxygen-conta in ing p roduc ts  and 45% i n  t h e  b i t u -  
men as determined by t h e  elemental a n a l y s i s  (Table V). The r e s t  was presumably con- 
v e r t e d  t o  water  and o t h e r  oxygenated compounds which were l o s t  d u r i n g  t h e  bitumen 
e x t r a c t i o n .  Table V shows t h a t  t h e  bitumen con ten ts  o f  non-oxygenated and oxygenated 
o i l  sand samples a r e  t h e  same, 13,3%. 
o f  t h e  former were 83.2 and 16.8 w h i l e  those o f  t h e  l a t t e r  were 76.1 
r e s p e c t i v e l y .  It should be noted t h a t  i n  these experiments t h e  oxygen was complete ly  
consumed and t h a t  t h e  a l t e r a t i o n  e f f e c t  o f  oxygen would have been much l a r g e r  i f  t h e  
oxygen concen t ra t i on  had been ma in ta ined  throughout  t h e  course o f  t h e  experiment. 

The s u b s t a n t i a l  increase i n  t h e  asphal tene con ten t  o f  t h e  oxygenated sample, a t  
t h e  expense of maltene, demonscrates t h a t  exposure o f  t h e  o i l  sand t o  a i r  has an ad- 
verse e f f e c t  on t h e  q u a l i t y  of t h e  bitumen. The inc rease  i n  asphal tene con ten t  would 
l i k e l y  l e a d  t o  an i nc rease  i n  t h e  y i e l d  o f  coke format ion and a l o w e r i n g  i n  t h e  y i e l d  
of s y n t h e t i c  crude i n  t h e  upgrading process. 
should t h e r e f o r e  be taken i n t o  c o n s i d e r a t i o n  i n  t h e  s to rage  o f  t h e  mined o i l  sands, 
e s p e c i a l l y  d u r i n g  t h e  summer months when sand temperatures cou ld  s i g n i f i c a n t l y  exceed 
ambient a i r  temperature. 
d u r i n g  s to rage  o f  l i q u i d  bitumen and i n  t h e  i n i t i a l  s tages o f  t h e  in s i tu  recovery 
processes of t h e  bitumen. 

The data ob ta ined  a r e  p l o t t e d  i n  F igu re  1. The 

I n  k = I n  A - Ea/RT 10) 

It i s  t o  be noted t h a t  an i nc rease  i n  temper- 
The 

I n  t h i s  temperature range, they  est imated an a c t i v a t i o n  energy o f  

We have a l s o  es t ima ted  t h e  a c t i v a t i o n  

These r e s u l t s  show t r e n d s  s i m i l a r  

The r a t e s  o f  disappearance o f  oxygen i n  bitumen a t  137", 172" and 207°C and i n  
The 

It i s  apparent  

It should be p o i n t e d  o u t  t h a t  t h e  r a t e  o f  oxygen uptake i s  a measure o f  

I n  t h e  o i l  sand experiment a t  130°C, t h e  6 mmol oxygen added was comp le te l y  con- 

However, t h e  mal tene and asphal tene con ten ts  
and 23.91, 

The p o s s i b i l i t y  o f  ae rob ic  o x i d a t i o n  

I t c o u l d  a l s o  be a f a c t o r  i n  a f f e c t i n g  bitumen q u a l i t y  
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'I Table I .  Composit ion o f  Gases from t h e  Ox ida t i on  o f  t h e  Athabasca O i l  Sand a t  130°Ca 

a 
I 
I 
I -  

Product  
l o - '  mol h r - '  kg-' o i l  sand 

N i  1 6 mmol N i  1 6 iiiniol -___ 
o s  02 

Methane 4.97 81.8 c 5  34.8 
Ethy lene 0.82 57.0 c 6  2.74 
Ethane 1.14 21.6 c 7  3.68 
Propylene 1.95 67.9 CH3CHO 5.5OC 
Propane 0.73 20.1 (CH3 )2CO n.o. 
i -Bu tane  0.20 1.74 co 11.1 
i -Bu tene  0.72 25.7 co2 2,830 
Butane . 14.5 29.5 cos 0.41 

Neo-pentane 20.0 n.d. 932 n.0. 

;The oxygen pressure was 150 t o r r  and t h e  sample was heated f o r  24 hours. 
,Not determined, due t o  t h e  l a r g e  i n t e r f e r i n g  peak of acetone. 

Butenes 0.35 7.70b H2S 35.7 

Not observed. 

37.0 
148.0 

11 - 5  
1,640 

459 
5,920 

56,400 
42.2 
n.0. 
23.4 

Table 11. Composit ion o f  Gases f rom t h e  Ox ida t i on  o f  t h e  
Athabasca Bitumen as a Func t i on  o f  Temperaturea 

I 
Ethy lene 
Ethane 
Propylene 
Propane 
<-Butane 
i -Butene 
n-Butane + Butenes 
Acetaldehyde 
Acetone 
Carbon monoxide 
Carbon d i o x i d e  
Carbonyl s u l f i d e  
S u l f u r  d i o x i d e  
Hydrogen s u l f i d e  

1.2 
n.0.b 

1.8 
n.0. 

0.6 
n.0. 

3.5 
2.4 

n.0. 
44.0 

330 
1 .o 

n.0. 
n.0. 

3.4 
2.5 
6.4 
4.5 
3.4 
2.1 
4.5 
108 

2,760 
392 

1,320 
7.7 
1.8 

n.0. 

lo- '  mol h r - '  p e r  100 g bitumen 

N i  1 3.3 mmol 3.6 nun01 02 - N i l  3.9 mmol 
02 02 

Product  137°C 172°C 207°C 

Methane 2.6 11.0 36.4 114 1,000 
52.1 21 171 
68.5 14 234 
59.0 2.0 209 
49.0 17 202 
41.8 13 41 .O 
23.4 n.0. 36.0 

476 20 440 
494 18 2,920 

2,830 n.0. 51,100 
421 213 12,400 

1,700 2,880 33,800 
129 39.0 556 
31 4 n.0. 28 

n.0. 1,270 270 

I 

:The samples had 250 t o r r  pressure o f  oxygen. a Not observed. 
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Table 111. Arrhenius Parameters f o r  the Uptake of Oxygen 
by Athabasca Oil Sand 

A 
hr-l k g - l  Time required t o  k Temp. 

"C !;;ls:$l kca:Tmol o i l  sand deplete  99% o f  0, added 

2.0 years  

17 days 

4.1 hours 

1 x 106 0.2 year  

6 x 1015 47 hours 

24 2.6 x 10-4 
60 2.6 x 1013 
85 1.1 x 10 2 

105. 9.8 x 
130 1.1 

Table IV. Rate Constants f o r  Oxygen Depletion 

Asphal tene Bitumen Mal tene t°C Oi 1-Sand 
hr-' kg o i l  sand hr-l per 100 g 

130 
137 
172 
207 

1.1 
0.22 
0.22 

0.076 0.055 
0.20 0.102 
0.36 

Table V .  Elemental Composition of Athabasca Oil Sanda 

C H N 0 S 
C02lb I 

Fraction 

Bi tumen 
13.3% none 82.58 10.26 0.39 1.36 5.22 
13.3% 6 mmol 82.21 10.09 0.40 1.99 4.95 

16.8% none 79.35 8.14 1.06 1.58 7.39 
23.9% 6 mmol 76.68 7.95 0.97 3.30 7.97 

83.2% none 83.74 10.90 0.20 1.03 3.78 
76.1% 6 mmol 83.05 11.09 0.09 0.99 3.87 

-330 g of t he  Athabasca o i l  sand was heated a t  130°C f o r  24 hours. 
bAn oxygen pressure o f  150 t o r r  was used. 

Asphal t ene  

Maltene 
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"0 2 4 6 8 IO 12 

Time (hours1 

F i g u r e  1. D e p l e t i o n  o f  oxygen concen t ra t i on  as a f u n c t i o n  o f  t i m e  i n  t h e  Athabasca 
o i l  sand: A ,  24.T; 0 ,  6OOC; 0,  85°C; 0 ,  105°C. 

5c 

K-------s ! 

Tirnc. Hours 

F i g u r e  2. D e p l e t i o n  o f  oxygen concen t ra t i on  as a f u n c t i o n  of t ime i n  t h e  Athabasca 
bi tumen (o), asphal tene ( A )  and rnaltene (0 ) :  A, 137OC; 6, 172°C and 
e, bi tumen a t  207"C, abscissa reduced t o  h a l f .  
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INFLUENCE OF CHEMICAL FACTORS ON 
PRIMARY PROCESSING OF UTAH TAR SAND BITUMEN 

James W .  Bunger, Donald E. Cogswell and Alex G. Oblad 
Department o f  Min ing and Fuels  Engineer ing 

U n i v e r s i t y  o f  Utah 
S a l t  Lake City, Utah 84112 

INTRODUCTION 

Research o f  recovery and process ing technology a p p l i c a b l e  t o  Utah t a r  sands i s  
c u r r e n t l y  i n  progress. Development o f  t h i s  hydrocarbon resource  has n o t  y e t  occurred,  
p r i n c i p a l l y  because o f  h i g h  cos ts  associated w i t h  present  recovery methods. 
p rocess ing  o f  bitumens i s  a l s o  expected t o  be r e l a t i v e l y  more expensive than conven- 
t i o n a l  pet ro leum process ing because o f  the heavy na tu re  and h i g h  heteroatom content  o f  
t h e  bitumen. I n  process ing o f  bitumen the p r imary  convers ion appears t o  be t h e  most 
i m p o r t a n t  step because o f  t h e  p o s s i b l e  h igh  c o s t  o f  hydrogen process ing o r  l o s s  i n  
y i e l d s  a t tendan t  w i t h  reduc ing  t h e  h igh  mo lecu la r  weight  bitumen t o  s y n t h e t i c  crude. 
Methods and c o n d i t i o n s  o f  p r imary  process ing have a major  e f f e c t  on t h e  composi t ion o f  
t h e  products  subsequently used as feedstocks f o r  secondary process ing.  
p rocess ing  f o r  p roduc t i on  o f  f u e l s  and o t h e r  hydrocarbon products  w i l l  p robably  u t i l i z e  
a d a p t a t i o n  o f  processes developed f o r  convent ional  petroleum. 

The pr imary process most commonly used f o r  upgrading o f  heavy o i l s ,  pet ro leum 
res iduum o r  bitumen i s  some form o f  cok ing such as delayed o r  f l u i d  cok ing.  For  these 
processes the  range o f  o p e r a t i n g  va r iab les  which can be employed i s  r a t h e r  l i m i t e d  and 
t h e  p roduc t  d i s t r i b u t i o n  and q u a l i t y  (composi t ion)  generated i s  p r i m a r i l y  a f u n c t i o n  o f  
t h e  feedstock composi t ion.  Because t h e  cok ing process i s  r e l a t i v e l y  inexpensive, 
i n d u s t r i a l  processes a r e  o f t e n  con ten t  w i t h  o p t i m i z i n g  cok ing  y i e l d s  and then subse- 
q u e n t l y  o p t i m i z i n g  some secondary process more s p e c i f i c a l l y  aimed a t  a l t e r i n g  t h e  
composi t ion t o  produce a d e s i r e d  product. 
Athabasca depos i t  where 15 t o  20 weight  percent  o f  t h e  feed i s  conver ted t o  a h i g h  
s u l f u r  coke and t h e  l i q u i d  products  a r e  subjected t o  an expensive h y d r o t r e a t i n g  t o  
o b t a i n  a s y n t h e t i c  crude o i l  amenable t o  convent ional  r e f i n i n g .  

U i n t a  Bas in  (Utah) bitumens possess a s i g n i f i c a n t l y  d i f f e r e n t  hydrocarbon and non- 
hydrocarbon s t r u c t u r e  than Athabasca bitumen. The h i g h e r  molecular  weight ,  h ighe r  
v i s c o s i t y ,  and lower  v o l a t i l i t y  p o i n t s  toward a heav ie r  m a t e r i a l  f o r  t h e  U in ta  Basin 
bitumen, b u t  t h e  h ighe r  hydrogen content  and A P I  g r a v i t y ,  and t h e  l ower  asphaltene 
c o n t e n t  and carbon res idue  p o i n t s  toward a l e s s  aromat ic  bitumen. I n t e r p r e t a t i o n  o f  
t h e  s t r u c t u r a l  a n a l y s i s  i n d i c a t e s  t h a t  t he  U i n t a  Basin bitumen i s  comprised o f  
r e l a t i v e l y  h igh mo lecu la r  we igh t  naphthenic hydrocarbons. 
l ower  molecular  weight, b u t  h ighe r  i n  aromatics. 
suggests t h a t  Athabasca bitumen con ta ins  rough ly  t w i c e  t h e  amount o f  aromat ic  carbon 
t h a t  U i n t a  Basin bitumen con ta ins .  

The d i f f e r e n c e s  apparent  i n  t h e  two groups o f  bitumens suggested t h a t  d i r e c t  
adap ta t i on  o f  process c o n d i t i o n s  used w i t h  Athabasca bitumen may n o t  be the  most d e s i r -  
a b l e  r o u t e  f o r  development o f  processes for- Utah bitumens. Therefore,  severa l  a1 te rna -  
ti= f o r  t h e  pr imary convers ion  o f  bitumen have been examined, i n  a d d i t i o n  t o  c o k i n  
Examination o f  a1 t e r n a t e  p rocess ing  steps served two u s e f u l  purposes. F i r s t ,  r e s u l k  
o f  such a study helped i d e n t i f y  processes p a r t i c u l a r l y  amenable t o  t h i s  unusual feed-  
s tock.  
p roduc ts  more w i l l  be l e a r n e d  about  conversion mechanisms and pathways i n f l u e n c i n g  
r e s i d u a l  ma te r i  a1 process ing.  

v i r g i n  Asphalt Ridge b i tumen a r e  compared. 
on y i e l d s  and p roduc t  composi t ion.  

The 

Secondary 

Such an approach i s  p r e s e n t l y  used w i t h  t h e  

Recent work on t h e  s t r u c t u r e  o f  Utah and Athabasca bitumens (1,2) has shown t h a t  

The Athabasca bitumen i s  o f  
A comparison o f  compound t ype  ana lys i s  

Second, by pay ing p a r t i c u l a r  a t t e n t i o n  t o  t h e  s t r u c t u r e  o f  t h e  feedstock and 

I n  t h i s  paper r e s u l t s  from coking, c a t a l y t i c  c rack ing ,  and hyd ropy ro l ys i s  of 
Th i s  s tudy i n c l u d e s  t h e  e f f e c t  o f  v a r i a b l e s  

Product d i s t r i b u t i o n  and composi t ion a r e  compared 
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as a func t i on  o f  process v a r i a b l e s  and t h e  convers ion process employed. D e t a i l e d  
s t r u c t u r a l  a n a l y s i s  i s  used i n  the  e v a l u a t i o n  o f  t he  r e s p e c t i v e  processes. I m p l i -  
ca t i ons  o f  t he  product  s t r u c t u r e  t o  thermal and c a t a l y t i c  convers ion pathways a re  
d i  scussed. 

A n a l y t i c a l  Methods 

a n a l y t i c a l  techniques. 
VPO i n  benzene. 
t o  g i v e  values somewhat h i g h e r  than the  t r u e  average molecular  we igh t  because o f  
so lu te -so lu te  mo lecu la r  assoc ia t i ons  ( 3 ) .  
an e l e c t r o n i c  densi tometer  accu ra te  t o  b e t t e r  than t h r e e  s i g n i f i c a n t  f i g u r e s .  

Separat ion o f  products  i n t o  compound t ype  c lasses  was accomplished by t h e  dual 
s i l i c a - a l u m i n a  column chromatographic technique ( 4 )  w i t h o u t  p r i o r  separa t i on  o f  acids, 
bases, and n e u t r a l  n i t r o g e n  compounds. Simulated d i s t i l l a t i o n  was accomplished by 
p r e v i o u s l y  pub l i shed  procedures (1 )  u t i l i z i n g  as an i n t e r n a l  s tandard a s e r i e s  o f  
a1 k y l  benzenes. 

Coking 

a Vycor g lass  l i n e r .  
sand ba tch  heater .  
5, 6). 
C a t a l y t i c  Crac k i  n g  

enc ing c a t a l y t i c  c rack ing .  (See a l s o  re fe rence  8). 
batch downflow r e a c t o r  pa t te rned  a f t e r  t h e  CAT-A ( 7 )  t e s t  i n  which bitumen and 
c a t a l y s t  a re  preheated be fo re  m ix ing .  
r e a c t o r  i n  which feed and c a t a l y s t  were i n t i m a t e l y  mixed p r i o r  t o  hea t ing .  
f i g u r a t i o n  min imized t h e  d i f f u s i o n  l i m i t a t i o n s  b u t  requ i red  v o l a t i l i z a t i o n  o f  products  
i n  a s t a t i c  atmosphere. 

Hydropyrol y s i  s 

The r e a c t o r  t ube  was c o i l e d  3/16 x 236 inch  s t a i n l e s s  s tee l  tube which was h e l d  i so -  
t he rma l l y  w i t h i n  :loC o f  t h e  des i red  temperature. 
s u l f i d e d  t o  min imize c a t l a y t i c  e f f e c t s .  

EXPERIMENTAL 

Physica l  p r o p e r t i e s  and elemental ana lys i s  were obta ined by conven t iona l  
A l l  average mo lecu la r  weights  repo r ted  a r e  those ob ta ined  by 

L i q u i d  and gas d e n s i t i e s  were obta ined by 

Average mo lecu la r  weights  determined i n  t h i s  f a s h i o n  a r e  expected 

Batch cok ing  experiments were conducted i n  a s t a i n l e s s  s t e e l  r e a c t o r  f i t t e d  w i t h  

Charge t o  the  r e a c t o r  was approx imate ly  10 g. 
Pressure, when app l i ed ,  was w i t h  hel ium, w i t h o u t  sweep. 

The r e a c t i o n  was brought  t o  temperature by a preheated f l u i d i z e d  
(See a l s o  references 

Two r e a c t o r  c o n f i g u r a t i o n s  were used i n  o rde r  t o  assess va r ious  f a c t o r s  i n f l u -  
One c o n f i g u r a t i o n  was a semi- 

The o t h e r  c o n f i g u r a t i o n  was a batch t y p e  
Th is  con- 

Reactor des ign f o r  hyd ropy ro l ys i s  has been pub l i shed  by Ramakrishnan et. g.  (9) .  

The i n t e r i o r  s u r f a c e  was p re -  

RESULTS AND DISCUSSION 

Th i  approach taken i n  t h i s  work was t o  s u b j e c t  v i r g i n  bitumen t o  v a r i o u s  pro-  
cess ing s teps and t o  then eva lua te  t h e  r e s u l t s  i n  terms o f  p roduc t  y i e l d  and 
compp’kition. Because t h e  c o s t  o f  recovery i s  expected t o  be h igh,  i t  i s  c r i t i c a l  
t h a t  t he  process ing s teps maximize bo th  y i e l d  and product  q u a l i t y .  
c o s t  o f  hydrogen process ing p laces an a d d i t i o n a l  c o n s t r a i n t  on economics so optimum 
u t i l i z a t i o n  o f  hydrogen i s  a l s o  a prime cons ide ra t i on .  

The major p r imary  processes which have been p r e l i m i n a r i l y  examined a re  coking, 
c a t a l y t i c  crack ing,  hyd ropy ro l ys i s ,  v i sb reak ing  and deasphal t i n g .  C a t a l y t i c  hydro- 
crack ing and h y d r o t r e a t i n g  o f  v i r g i n  bitumen have n o t  been examined i n  enough d e t a i l  
t o  make comment a t  t h i s  p o i n t .  V isbreak ing o r  deasphal t ing may p l a y  a r o l e  as pre-  
t reatment  t o  t h e  pr imary convers ion process. 

p rev ious l y  d iscussed i n  t h e  l i t e r a t u r e  (2,3,5,6). 

The ever  i nc reas ing  

C h a r a c t e r i s t i c s  o f  Asphal t  Ridge bitumen a re  g i ven  i n  Table 1 and have been 
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Coking 

previously reported ( 5 ) .  
followed the  trends exhibited in the  virgin bitumen. Total y i e lds  of l iqu ids  and 
gases were a function of hydrogen content;  conversely the  higher the aromatic conten t ,  
the grea te r  the coke y i e ld .  
molecular weight and decreasing l iqu id  and gas y ie ld  fo r  a given hydrogen content.  

Results of the  coking (des t ruc t ive  d i s t i l l a t i o n )  of various deposits have been 
These r e su l t s  showed t h a t  heteroatom content of the l iqu ids  

A secondary cor re la t ion  was observed between increasing 

Table 1 

C H N S 0 

Elemental Analysis 86.2 11.3 1.1 0.4 0.9 
Average molecular weight (VPO-benzene) 71 3 
Viscosity (Poise @ 77OF, cone-plate, .05 sec-l 69,300 
API gravity 12.5 
Heating value (Btu/lb) 19,305 
Asphal tenes (n-pentane) 11.8 

% d i s t i l l a b l e  below 535OC 40 
Carbon residue (Rammsbottom) 9.1 

The e f f ec t  o f  temperature on process y ie lds  i s  given i n  Figure 1 .  The data re- 
Note t h a t  near asymptotic present ultimate y i e lds  from a se r i e s  o f  isothermal runs. 

values a r e  reached by a temperature of 460oC. 
properties of l iqu ids  obtained a t  selected temperatures a r e  given in Table 2 .  

Elemental ana lys i s  and physical 

T a b l e  2 

Charac te r i s t ics  of Pyrolysis Condensates 
from Isothermal Cracking o f  Asphalt Ridge Bitumen (6)  

Property 
Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Oxygen 
C/H Ratio 

Temperature of Pyrolysis 
E -  41 50C * 
86.7 86.7 86.7 
12.1 12.3 12.2 
0.25 0.39 0.48 
0.33 0.29 0.29 
0.50 0.30 0.31 
0.603 0.591 0.599 

Density ( 2 O o C )  g/cc 0.897 0.893 0.892 
API gravi ty  25.9 26.7 26.9 
Refractive index 1.4970 1.5010 1.4998 
Molecular w e i g h t  261 296 321 

The resu l t s  shown in  Table 2 reveal remarkably l i t t l e  difference i n  the average 
properties considering t h a t  t he  to t a l  condensate y ie lds  varied from 11% t o  82% of the 
bi tumen between 380OC and 46OoC. Some difference i s  noted in the average molecular 
weight due t o  higher temperature of d i s t i l l a t i o n  of cracked products. Simulated dis- 
t i l l a t i o n  reveals t ha t  about 12% o f  the virgin bitumen would exhibit  a TBP below 380OC; 
t h u s ,  a s ign i f i can t  percentage of the 380OC products might be expected to  be virgin 
material .  For the 460oC condensate, no more t h a n  27% of the condensate can be a t t r i -  
butable t o  virgin compounds and t o  the extent t h a t  virgin material of t h i s  boil ing range 
undergoes cracking the percentage contribution of virgin d i s t i l l a t e  would be reduced. 

A1 though the properties of the condensates varied l i t t l e  over the temperature range 
examined, visual inspection o f  t he  residue/coke revealed t h a t  d ra s t i c  chemical changes 
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were being affected over the  temperature range studied. 
residue was a viscous, soluble f l u i d ,  while a t  higher temperatures the residual 
material resembled a glassy char o r  coke. 
e f fec t  on the  formation of t h i s  coke, presumably condensed aromatic species,  the solu- 
b i l i t y  of the residue in pyridine was measured. For t h i s  t e s t  to  be meaningful, i t  
was reasoned t h a t  dealkylation, dehydrogenation, o r  cyclization reac t ions  would n o t  
l i ke ly  r e s u l t  i n  the production of pyridine insoluble mater ia l ,  b u t  t h a t  condensation 
o r  polymerization reactions producing higher ring aromatics would. The mechanisms 
leading to  production of higher condensed aromatics a re  not well understood and will 
be referred to in t h i s  discussion simply a s  condensation reactions.  

Results of pyridine so lub i l i t y  of residues a r e  shown by the dotted l i n e  in Figure 
3 and reveal t ha t  a dramatic change i n  pyridine so lub i l i t y  occurs between 4250 and 
4 3 5 O C .  This curve exhibits 
an inf lec t ion  point some 2 2 O C  lower than the  inf lec t ion  point in the  pyridine solu- 
b i l i t y  curve. Scales on the ver t ica l  ax is  have been a r b i t r a r i l y  adjusted t o  allow 
some visual comparison of the various parameters measured. 
vo la t i les  formation and char formation a re  not simultaneous events and t h a t  the major 
reactions leading t o  vola t i les  and char formation occur a t  subs t an t i a l ly  d i f fe ren t  
tern eratures.  

temperature. 

cant index for  measuring aromatics condensation, a second parameter, H / C  r a t i o ,  was 
measured. The r e su l t s  of this examination a r e  a l so  plotted i n  Figure 3 and reveal an 
inflection p o i n t  qu i te  near t o  the inf lec t ion  point fo r  pyridine so lub i l i t y .  This 
data showed tha t  a l i nea r  cor re la t ion  between H/C r a t i o  and depth of cracking d id  n o t  
e x i s t  b u t  t h a t  the reactions giving r i s e  t o  the reduction in H / C  r a t i o  may possibly be 
the  same a s  those resu l t ing  i n  pyridine in so lub i l i t y .  
so lub i l i t y  with H/C r a t i o  reveals a l i nea r  re la t ionship  between 3800 and 4 2 3 O C ,  another 
l i nea r  re la t ionship  of d i f f e ren t  slope,  between 4330 and 460OC,  w i t h  a non-linear 
t rans i t ion  region between 423O and 4 3 3 O C .  
w i t h  the corresponding temperature of cracking. 
occurs over a narrow temperature range of about 1OOC. 

Based on t h i s  information one can speculate about the  general mechanism giving r i s e  
t o  the r e su l t s .  
t i ve ly  weak u bonds. 
propogation reactions w i t h  a l i pha t i c  o r  naphthenic hydrocarbon systems. The decrease 
in pyridine so lub i l i t y  of the residue, which i s  accompanied by a dramatic decrease in 
H/C ratio, may be a t t r i bu tab le  t o  dehydrogenation of naphthenic r ing  systems, dealkyl- 
a t ion  reactions and vola t i l i za t ion  o f  saturated hydrocarbons. Naphthenic ring systems 
may or may n o t  be associated with aromatics but the inductive e f f ec t s  of aromatic 
rings, as  exemplified by the compound t e t r a l i n ,  a r e  known to  promote hydrogen t ransfer .  

not ident i f ied  b u t  they a re  characterized by several fea tures  observed in  the  resu l t s  
presented above. I f  fractional rgduction in H / C  r a t i o  i s  used as  a measure of the  progress 
o f  r e a c t i o n , a n a c t i v a t i o n  energy of about 70 Kcai/mole i s  ca lcu la ted  f o r  the  reaction 
occurring between 4230 and 433OC.  
reac tan t  concentration as  assumptions of higher order produced an unreasonably high 
ac t iva t ion  energy. The calculated ac t iva t ion  energy i s  cons is ten t  with several possible 
polymerization and/or condensation reaction mechanisms. 
aromatic o r  benzyl hydrogens a re  abstracted in a f r e e  radical propagation s tep .  The 
resu l t ing  phenyl or benzyl f r e e  rad ica ls  subsequently a t tack  o ther  aromatic rings t o  
form biphenyl o r  diphenyl methane type linkages. 
undergo fur ther  addition o r  ring c losure  depending on the alkyl subs t i tuents  which 
might be present. 
of Diels-Alder type condensation o f  a-olefir:  aromatics acting as the  diene and aromatics 
a s  the dienophile: 

A t  lower temperatures the 

In an attempt t o  determine the temperature 

Also plotted in Figure 3 i s  the percent y ie ld  of residue. 

The data shows t h a t  

Aromatics condensation apparently does n o t  occur appreciably below 

(See Table 8 f o r  maximum possible contribution of v i rg in  d i s t i l l a t e ) .  
I n  order t o  help confirm t h a t  pyridine so lub i l i t y  of the residue was a s ign i f i -  

422 g C even though over 70% of the bitumen has been produced as  cracked products a t  t h i s  

A cor re la t ion  of pyridine 

This cor re la t ion  i s  shown i n  Figure 4 along 
The e n t i r e  t r ans i t i on  region ac tua l ly  

From 3800 t o  4 2 3 o C  primary cracking i s  l imited to  rupture of re la -  
The f r e e  rad ica ls  t h u s  formed can pa r t i c ipa t e  in  t r ans fe r  or 

Above 4 2 3 O C  additional reactions a re  introduced. These reaction mechanisms a re  

The ca lcu la t ions  assumed zero order  dependence on 

One poss ib i l i ty  i s  t h a t  

The resu l t ing  molecules subsequently 

An a l t e rna t ive  reaction mechanism which might be considered i s  tha t  

101 



The r e a c t i o n  i nvo l ves  a p a r t i a l l y  hydrogenated in te rmed ia te  which donates hydrogen i n  
t h e  process o f  v o l a t i l e s  fo rma t ion .  

I n  t h e  reg ion  between 4330 and 46OoC t h e  r e d u c t i o n  i n  hydrogen con ten t  i s  a t t r i -  
b u t a b l e  t o  severa l  f a c t o r s .  
condensation o f  aromat ics as discussed. Another f a c t o r  i s  t h e  s i g n i f i c a n t  increase 
i n  p r imary  decomposit ion r e a c t i o n s  such as d e a l k y l a t i o n  o f  aromat ics.  
products  produced between 430° and 460OC show a d e f i n i t e  t r e n d  toward increased 
p a r a f f i n i c  carbon compared t o  lower  temperature products  which were more naphthenic. 
Whereas t r a n s f e r  and f r e e  r a d i c a l  propagat ion r e a c t i o n s  can occur a t  moderate tempera- 
tu res ,  pr imary decomposit ion r e q u i r e s  h ighe r  temperatures. 
mechanism, F igu re  4 shows t h a t  t h e  l o s s  o f  hydrogen a t  h i g h e r  temepratures has a much 
g r e a t e r  i n f l u e n c e  on decreas ing t h e  s o l u b i l i t y  o f  t h e  res idue  than occurred a t  t h e  l o w  
temperature end where cons ide rab le  l o s s  o f  hydrogen con ten t  had l i t t l e  e f f e c t  on 
p y r i d i n e  sol ub i  1 i ty. 

There a re  severa l  impor tan t  i m p l i c a t i o n s  o f  t h e  proposed gross mechanism t o  
thermal process ing o f  bitumen. F i r s t ,  p roduc t i on  o f  r e f r a c t o r y  molecules can be 
i n h i b i t e d  by m a i n t a i n i n g  temperatures below 425OC. 
d i t i o n s  should remain amenable t o  f u r t h e r  process ing.  
aromat ics format ion above 425OC can be accomplished o n l y  by sho r ten ing  the res idence 
t ime  ( reducing the r e l a t i v e  impor tance o f  second o r d e r  r e a c t i o n s )  o r  by d i l u t i o n  of  
t he  aromat ics such as w i t h  hydrogen o r  hydrogen r i c h  molecules. Th is  i n t e r p r e t a t i o n  
appears t o  be c o n s i s t e n t  w i th  t h e  v a s t  body o f  process ing l i t e r a t u r e  which has 
emperical l y  determined t h a t  processes opera t i ng  below 425oC are s i g n i f i c a n t l y  d i f f e r e n t  
from those opera t i ng  above t h i s  temperature where res idence t ime becomes h i g h l y  
impor tan t .  

I n d u s t r i a l  cok ing processes t y p i c a l l y  ope ra te  a t  pressures h ighe r  than atmos- 
p h e r i c .  
was determined, h o l d i n g  t h e  temperature constant  a t  46OoC. 
F i g u r e  2. The r e s u l t s  show t h a t  t he  amount o f  coke formed increases s t e a d i l y  w i t h  
i n c r e a s i n g  pressure.  These r e s u l t s  and those acqu i red  f o r  v i sb reak ing  o f  bitumen a t  
e leva ted  pressures suggest t h a t  pressure e x e r t s  an i n f l u e n c e  on chemical r e a c t i o n s  
over  and above the e f f e c t s  p ressu re  has on v o l a t i l i t y  and d i f f u s i o n  o f  products .  

a n a l y s i s  and phys i ca l  p r o p e r t i e s .  Resul ts  a r e  shown i n  Tab le  3. Elemental ana lys i s  
a r e  n o t  shown because v a r i a t i o n s  f rom t h e  atmospheric pressure r e s u l t s  (Table 2 )  
were minor .  The A P I  g r a v i t y  r e s u l t s  show i n t e r e s t i n g  cu rva tu re  a t  about  80-100 ps ig .  
The y i e l d  data i n  F igu re  2 suggested t h a t  t h e  l i q u i d s  curve may n o t  be a smoothly 
decreas ing f u n c t i o n  o f  pressure,  as drawn. Should these d e v i a t i o n s  i n  A P I  g r a v i t y  
and y i e l d s  as a f u n c t i o n  o f  p ressu re  prove t o  be r e a l ,  i t  may have i n t e r e s t i n g  i m p l i -  
c a t i o n s  regard ing t h e  e f f e c t  o f  pressure on thermal c r a c k i n g  mechanisms. 

Ca t a l  y t i  c Cracking 

c h a r a c t e r  (2) .  The r e s u l t s  a r e  exemp l i f i ed  by t h e  group t y p e  a n a l y s i s  of P. R. Sp r ing  
s a t u r a t e d  hydrocarbons where over  60% o f  t h e  sa tu ra tes  a r e  comprised o f  s u b s t i t u t e d  
decal i n s  and perhydroanthracenes and perhydrophenanthrenes (1 ) .  
s a t u r a t e s  which represented 27% o f  t h e  bitumen conta ined no a l i c y c l i c  r i n g s .  

One f a c t o r  i s  t h e  l o s s  o f  aromat ic  C-H r e s u l t i n g  from 

Ana lys i s  o f  

Whichever t h e  dominant 

The res idue  ob ta ined  a t  these con- 
Second, i n h i b i t i o n  o f  condensed 

Correspondingly, t h e  e f f e c t  o f  pressure (He) on y i e l d s  and y i e l d  s t r u c t u r e  
Resul ts  a r e  g i ven  i n  

The products from t h i s  s e t  o f  experiments were eva lua ted  i n  terms of elemental 

Ana lys i s  o f  U i n t a  Basin bitumen revea led  a m a t e r i a l  t h a t  was h i g h  i n  naphthenic 

Only 7% o f  t he  
The 

I 

I 
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h i g h l y  naphthenic cha rac te r  o f  aromat ic  c o n t a i n i n g  molecules i s  thought  t o  p e r s i s t  i n  
t h e  remain ing 73% o f  t h e  bitumen. 

Table 3 

P roper t i es  o f  Condensates Der ived a t  E levated Pressures 
Pressure ( p s i g )  

P roper t y  0 40 80 120 250 

A P I  g r a v i t y  26.9 33.4 34.1 37.1 39.2 

1.4998 1.4891 1.4914 1.4830 1.4801 D 
n20 

Avg. molecular  weight  321 263 265 

Naphthenic gas o i l s  a r e  h i g h l y  responsive t o  c a t a l y t i c  c r a c k i n g  and g i v e  h igh  
y i e l d s  o f  branched alkanes. 
was attempted. 
p a r t i c u l a t e s  would be expected t o  have an apprec iab le  impact on a commercial ope ra t i on  
and u t i l i z a t i o n  o f  c a t a l y t i c  c r a c k i n g  may r e q u i r e  some form o f  feed pret reatment .  
However, a t  t he  p resen t  s tage o f  research it i s  impor tan t  t o  assess the  chemical 
responsiveness t o  c a t a l y t i c  c rack ing .  
d e s c r i p t i o n  o f  c a t a l y s t s  have been p r e v i o u s l y  r e p o r t e d  (8 ) .  

Table 4. 
412%; p u r e l y  thermal c r a c k i n  (F igu re  1) produced o n l y 4 7 % 1 i q u i d s  p l u s  gases a t  t h i s  
temperature. Resul ts  o f  Bt (27 show t h a t  s i g n i f i c a n t  c rack ing  occu r red  w i t h  t h e  
powdered molecular  s i e v e  c a t a l y s t .  Fu r the r ,  t h e  c a t a l y s t  e x h i b i t e d  a s t rong  s e l e c t i -  
v i t y  toward p roduc t i on  o f  l i q u i d s  r a t h e r  than gases and t h e  s l i g h t l y  h ighe r  A P I  g r a v i t y  
r e f l e c t s  t h e  increased amount o f  hydrogen r e t a i n e d  i n  the  l i q u i d s .  These t rends  a re  
expected f rom mo lecu la r  s i e v e  c a t a l y s t s  when z e o l i t e  ca ta l yzed  c r a c k i n g  i s  ope ra t i ve .  

Table 4 

C a t a l y t i c  Crack ing Resul ts  

Based on t h i s  r a t i o n a l e ,  d i r e c t  c a t a l y t i c  c r a c k i n g  
The presence o f  s i g n i f i c a n t  q u a n t i t i e s  o f  b a s i c  n i t r o g e n ,  meta ls ,  o r  

P re l im ina ry  r e s u l t s  o f  t h i s  s tudy and a 

Grav imetr ic  r e s u l t s  f o r  c a t  c r a c k i n g  under se lec ted  c o n d i t i o n s  a re  g i v e n  i n  
Resul ts  o f  B t ( 1 )  revea l  t h a t  s i g n i f i c a n t  c a t a l y t i c  a c t i v i t y  was p resen t  a t  

Residue !PI 
Feed (Run) C a t a l y s t  Mode Ca t /O i l  PC Gas L i q u i d  (Coke) ( L i q u i d )  

B t (1 )  S /A  SB 1.3 41 2 6 67 26 27.9 
B t (2 )  M.S. ( f )  SB 1.8 41 2 1 79 20 29.5 
B t (3 )  S/A SB 1.3 470 11 76 13 25.1 

S/A B 2.0 460 10 74 16 30.8 
B 2.0 460 10 78 12 32.0 

B t (4 )  
S/A 

M.S. B 3.0 460 7 80 13 27.1 
M(5) 

Bt (6 )  
VB(7) M.S. B 3.0 460 4 83 13 28.8 

B t  ( v i r g i n  bitumen); M (pentane s o l u b l e  maltenes from v i r g i n  Symbol Designation: 
bitumen); VB (v i sb roken  bitumen, 425oC, 150 ps ig ,  ~ 1 1  min.);  S/A (Houdry 159CP 
s i l i c a - a l u m i n a  c a t a l y s t ) ;  M.S. (Mobil  Durabead-8 mo lecu la r  s i e v e  c a t a l y s t ) ;  
SB (semi-batch Cat  A mode); B (ba tch  mode); f (powdered c a t a l y s t ) .  

When temperatures were r a i s e d  t o  460-470°C a d d i t i o n a l  y i e l d s  were experienced. 
Resul ts  o f  B t ( 3 )  and B t ( 4 )  show good agreement between t h e  two r e a c t o r  con f igu ra t i ons .  
The batch operat ion,  r e q u i r i n g  v o l a t i l i z a t i o n  o f  products ,  e x h i b i t e d  a tendency t o  
r e t a i n  heav ie r  m a t e r i a l s  wi th  t h e  coke. 
q u i t e  encouraging because they  e x h i b i t  y i e l d  and product  q u a l i t y  equal t o  o r  b e t t e r  
t han  experienced w i t h  thermal crack ing.  

The r e s u l t s  o f  runs B t ( 3 )  and B t ( 4 )  a r e  
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An attempt was made t o  remove coke precursors by pr ior  deasphalting. Results 
of c a t  cracking of the maltenes, which represented 90% o f  the virgin bitumen, a re  
given i n  Run M(5). Removal of 10% asphaltenes resulted i n  a coke reduction of only 
4%. In re t rospec t ,  t h i s  i s  not too surpr i s ing  because the asphaltenes from Uinta 
Basin bitumen, although cons is t ing  of the highest  molecular weight species present, 
a l so  contain s ign i f i can t  quan t i t i e s  of hydrogen ( H / C  = 1 . 2 )  and contribute t o  the 
vo la t i l e s  product y ie ld .  Conversely, not a l l  of the coke precursor aromatics a re  
precipitated due t o  the e f f e c t s  t h a t  the naphthenic and alkyl subs t i tuents  have on 
increasing the so lub i l i t y  of the  aromatics. T h u s ,  a one-to-one cor re la t ion  between 
molecules comprising the asphaltene f rac t ion  and coke precursors does not ex i s t .  

place. Property data of l i qu ids  and gas ana lys i s  have strong resemblance to  the 
thermally derived products. The thermal vs. c a t a l y t i c  e f f ec t s  a r e  i l l u s t r a t e d  in the  
gas analysis f o r  selected runs in Table 5. Compared to  the  thermal gases the c a t  
cracking gases, Bt (4) ,  exhibited a strong se l ec t iv i ty  fo r  production of C3 and C4 
and gave very h i g h  y ie lds  of isobutane. Results f o r  the r u n  Bt(6) show some character-  
i s t i c s  of ca t  cracked products but a l so  show many s i m i l a r i t i e s  t o  the thermal products. 
The r e su l t s  of Bt(6) a re  presented t o  i l l u s t r a t e  the d i f f i c u l t y  which may be encount- 
ered through competitive reac t ions  and i s  not intended to  represent optimum resu l t s  
fo r  t h i s  ca ta lys t .  

Results of run B t ( 6 )  suggested t h a t  subs tan t ia l  thermal reactions were taking 

Table 5 
C1 t o  C4 Gas Analysis 

Thermal Mol -Sieve Si 1/Al Hydropyrolysis 
(460OC) Run Bt(6) Run Bt(4) (525OC) 

Methane 41 .O 32.3 18.9 27.5 
Ethane 16.5 16.1 10.3 18.3 

Propane 10.0 15.4 12.2 23.4 
Propylene 11.6 10.2 15.4 2.8 
n-butane 1 . 3  5.4 3.3 10.6 
i-butane 1 .4  4.0 18.0 7.3 
Butylenes 3.1 11.6 17.7 4.6 

Ethylene 15.1 5.0 4.2 5.5 

When the average molecular weight of the feed was reduced from about 700 to  about 
500 by visbreaking, s ign i f i can t ly  grea te r  c a t a l y t i c  a c t i v i t y  was observed ( R u n - V B ( 7 ) ) .  
These r e su l t s  a r e  cons is ten t  w i t h  the  general observation t h a t  c a t a l y t i c  ac t iv i ty  was 
strongly enhanced i f  some reduction of molecular s i z e  preceded the contact w i t h  the 
ca t a lys t .  

The r e su l t s  o f  c a t a l y t i c  cracking have shown t h a t  the bitumen i s  highly 
responsive t o  c a t a l y t i c  cracking i f  the molecular s i ze  can be reduced t o  minimize 
diffusional l imi ta t ions .  I t  t h u s  appears t ha t  a good ca t a ly t i c  cracking feedstock 
should be derivable from t h e  Uinta Basin bitumen. I t  i s  qu i te  possible,  t h a t  by a 
more systematic and thorough search f o r  optimum ca ta lys t s ,  process configurations,  
and process conditions considerable improvements on the r e su l t s  given in Table 4 can 
be realized. 
Hydropyrolysis 

The Asphalt Ridge bitumen was subjected t o  hydropyrolysis in a tubular flow 
reac tor .  
v i r g i n  bitumen can be converted t o  l iqu ids  and gases with l i t t l e  or no coke formation. 

Yields and process conditions a r e  given in Table 6 .  Results show t h a t  the 
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V i r t u a l l y  no change i n  pressure drop across the  r e a c t o r  was observed over  t h e  course 
o f  t h e  15 t o  20 minute runs. These y i e l d  r e s u l t s  suggest t h a t  mo lecu la r  hydrogen has 
successfu l ly  i n h i b i t e d  t h e  condensation r e a c t i o n s  discussed i n  t h e  s e c t i o n  on coking. 

Table 6 

Hydropyro lys is  Y ie lds  and Process Condi t ions 
Reaction Condi t ions Y i e l d s  

Weiqht Percent  Pressure Residence Time 
Temp. O C  p s i g  (Seconds) Gas L i q u i d s  Coke 

500 1500 18 17 83 0 
525 1500 18 27 73 0 

Elemental a n a l y s i s  and phys i ca l  p r o p e r t y  da ta  f o r  the l i q u i d s  a r e  g iven i n  Table 
7. 
hydrogen t o  carbon r a t i o .  However, phys i ca l  p roper t y  data revea ls  a dramat ic  increase 
i n  A P I  g r a v i t y  and a l a r g e  r e d u c t i o n  i n  molecular  weight .  
added was c a l c u l a t e d  f rom a m a t e r i a l  balance on hydrogen and i n c l u d e d  t h e  amount added 
t o  t h e  gases. 
t o  t h e  amount o f  gas produced. On t h e  average, t h e  l i q u i d  products  a r e  s l i g h t l y  more 
condensed than t h e  s t a r t i n g  bitumen. 
and a l k y l  s u b s t i t u e n t s  present .  Pentane asphaltenes amounted t o  3.5% o f  t he  l i q u i d s ,  
were q u i t e  hydrogen d e f i c i e n t  (H/C = 0.97), and conta ined a 5% n i t r o g e n  concentrat ion.  

Table 7 
Hydropy ro l ys i s  Product  C h a r a c t e r i s t i c s  

Resul ts  show t h a t  l i t t l e  change was a f f e c t e d  i n  t h e  elemental composi t ion and 

The percentage hydrogen 

The amount o f  hydrogen added t o  t h e  system appears t o  be c l o s e l y  r e l a t e d  

The gases formed d e r i v e  l a r g e l y  from t h e  p a r a f f i n s  

Temperature o f  Run 

Feed 5oooc 
Carbon 
Hydrogen 
N i t rogen  
S u l f u r  
Oxygen 
C / H  r a t i o  

A P I  g r a v i t y  
Average molecular  weight  
R e f r a c t i v e  index 

W t .  % H2 added t o  t o t a l  products  
SCF H2/bbl feed 

86.2 
11.3 

1.1 
0.4 
0.9 

.640 

12.7 
71 3 

86.7 
11.6 
0.8 
0.3 
0.3 

.627 

86.8 
11.4 
0.8 
0.3 
0.3 

-639 
22.1 25.2 

336 
1.52 

321 
1.52 

0.8 1.2 
600 900 

The p r e l i m i n a r y  r e s u l t s  o f  t h e  hyd ropy ro l ys i s  a r e  p a r t i c u l a r l y  i n t e r e s t i n g  
because hyd ropy ro l ys i s  promises t o  be a s imple process which can produce a d r a s t i c  
reduc t i on  i n  molecular  we igh t  w i t h o u t  a h i g h  consumption o f  hydrogen. 
Simulated D i s t i l  l a t i o n  

var ious l i q u i d  products. 
a f fec ted ,  even i n  t h e  case o f  m i l d  v i sb reak ing .  
from thermal c rack ing  a t  80 p s i g  and c a t a l y t i c  crack ing.  
about 74% o f  t h e  charge m a t e r i a l ;  however, t h e  c a t  c rack ing  r u n  produced 4% more gases. 

Simulated d i s t i l l a t i o n  r e s u l t s  a r e  g i ven  i n  Table 8 f o r  v i r g i n  bitumen and the 
These r e s u l t s  show s i g n i f i c a n t  changes i n  v o l a t i l i t y  were 

The l i g h t e s t  products  were those  
I n  both cases, y i e l d s  were 
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The c a t a l y t i c  c r a c k i n g  produced 23% gasol ine.  
c a l c u l a t e d  50% p o i n t  a t  128OC and a c a l c u l a t e d  research octane o f  78. 
r e s u l t s  showed t h a t  t h e  octane number was reduced by t h e  presence o f  some low  octane 
thermal products i n  t h e  heavy gaso l i ne  range. 

Table 8 

Th is  gaso l i ne  was found t o  e x h i b i t  a 
A n a l y t i c a l  

Simulated Dis  t i  1 1 a t i o n  
Co pres pon d i n 

BMCOA Fraction711 Cumulative Weight Percent 

VB - HP - cc - B t  TC(80) 

1 50 1.2 0.9 1.0 
2 76 2.7 2.4 2.2 0.5 

No. cut  Pt.OC - 

3 100 
4 125 
5 150 
6 175 

1.2 5.0 8.3 4.5 1.1 
2.3 7.7 11.2 7.3 1.7 
4.2 11.9 14.9 10.6 2.7 
6.3 16.5 18.9 13.5 4.0 

7 200 0.1 8.7 21.6 22.8 17.2 5.5 
8 225 0.4 11 .o 26.5 27.3 20.9 7.4 
9 2 50 1.1 14.7 33.4 32.5 25.6 10.3 

18.6 13.g I 10 275 2.4 19.4 40.9 38.2 30.5 
11 305 5.0 25.2 50.3 46.0 37.6 
12 335 7.4 32.5 60.4 54.9 44.5 24.2 
13 365 10.4 40.3 69.7 62.9 51 .2 29.7 

41.6 
14 395 13.8 49.5 78.6 ’ 71.0 58.0 
15 425 17.3 58.8 86.2 78.6 64.5 
16 455 21.7 68.8 91.9 85.2 71.6 48.0 
17 485 27.4 80.4 96.2 92.1 77.7 55.6 
18 51 5 32.7 90.6 98.8 96.6 82.1 62.0 
19 5 38 39.8 96.6 100.0 99.1 84.6 67.1 

35*8  I 

1, 
1, 
1 
I 

I 

I 

Residue >538 100 100 100 100 100 
10% P o i n t  O C  362 21 1 146 115 145 247 
50% P o i n t  O C  >538 397 303 32 1 359 463 
90% P o i n t  O C  51 1 444 449 >538 >538 

Symbol Designat ion:  B t  ( v i r g i n  bitumen); TC ( t h e r m a l l y  cracked @ 0 p s i g  and 80 p s i g ,  
r e s p e c t i v e l y ) ;  CC ( c a t  cracked 8 t ( 4 ) ,  Table 4) ;  HP (hyd ropy ro l ys i s ,  525OC l i q u i d s ) ;  
VB (Visbreak ing,  475OC, 80 p s i g ,  2.8 min.). 

The s imulated d i s t i l l a t i o n  r e s u l t s  f o r  t he  hyd ropy ro l ys i s  l i q u i d s  revea l  a broad 

These aromat ics a r e  p resen t  i n  
b o i l i n g  p o i n t  d i s t r i b u t i o n .  A l though s u b s t a n t i a l  amounts o f  l i g h t  m a t e r i a l  a r e  produced, 
c e r t a i n  heavier  aromat ics remain v i r t u a l l y  unchanged. 
t h e  hyd ropy ro l ys i s  l i q u i d s  b u t  went t o  form coke i n  t h e  cok ing  and c a t  c rack ing  con- 
v e r s i o n  processes. 
p y r o l y s i s  l i q u i d s ,  w i t h  t h e i r  r e l a t i v e l y  low o l e f i n  content ,  would make a good feed- 
s tock  f o r  r e f i n i n g .  

Separat ion i n t o  Compound Types 
Separation o f  t o t a l  l i q u i d  products  i n t o  saturated,  mono-aromatic, d i -a romat i c ,  

and poly-polar  aromat ic  compound types g i ves  impor tan t  i n f o r m a t i o n  rega rd ing  t h e  
d i s t r i b u t i o n  o f  s t r u c t u r a l  f ea tu res .  

p u r e l y  sa tu ra ted  hydrocarbons. A l l  samples have h i g h  concen t ra t i ons  o f  h ighe r  
aromat ics as w e l l ,  i n d i c a t i n g  a ve ry  broad d i s t r i b u t i o n  o f  compound types.  

The d i s t i l l a t i o n  da ta  presented here suggest t h a t  the hydro- 

Resul ts  o f  t h e  separa t i on  a r e  g i ven  i n  Table 9. 

Perhaps t h e  most s t r i k i n g  f e a t u r e  o f  these r e s u l t s  i s  t he  h igh  percentage o f  

The 
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comparat ive ly  l ow  percentage o f  sa tu ra tes  i n  t h e  hyd ropy ro l ys i s  1 i q u i d s  can be 
expla ined on  t h e  bas i s  t h a t  n e a r l y  t w i c e  t h e  gases were formed and 12% heavy m a t e r i a l  
i s  present  t h a t  was removed w i t h  t h e  coke i n  t h e  o t h e r  two processes. 
a n a l y s i s  revea led  t h a t  t h e  v a s t  m a j o r i t y  o f  n i t r o g e n  and s u l f u r  compounds were r e t a i n e d  
w i t h  the  p o l y - p o l a r  aromatics. 
p y r o l y s i s  l i q u i d s  seems t o  i n d i c a t e  t h a t  some hydrogenat ion o f  h i g h e r  aromat ics has 
occurred. 

Elemental 

The h i g h  percentage o f  monoaromatics i n  the  hydro-  

Table 9 

Compound Type C l a s s i f i c a t i o n  o f  Products 

Thermal C a t a l y t i c  Hydropyrol y s i  s 
F r a c t i o n  46OoC, 0 p s i g  B t ( 4 )  5OO0C 

Saturates 55.1 62.0 48.5 
Monoaromati cs  11.7 9.1 15.3 
Diaromat i  cs  8.4 5.5 5.6 
Pol y-po l  a r  aromat ics 24.8 mo 23.4 

100 
30.6 
100 

Percent  Recovery 89.6 85.3 94.8 

CONCLUSIONS 

The unusual chemical na tu re  o f  U i n t a  Basin bitumen r e q u i r e s  t h a t  examinat ion o f  
var ious p r imary  processes and a search f o r  optimum convers ion c o n d i t i o n s  be made. 
p r i n c i p a l  chemical o b j e c t i v e  i n  p r imary  process ing i s  t o  reduce the  mo lecu la r  weight  
w i t h  a minimum c o s t  i n  l i g h t  product  y i e l d s  and a minimum requi rement  f o r  hydrogen. 
Coking was shown t o  produce h igh  y i e l d s  o f  l i q u i d s  and gases w i t h  a l ow  s u l f u r  coke 
as a p o t e n t i a l l y  va luab le  by-product .  Temperature was shown t o  have a s i g n i f i c a n t  
e f f e c t  on t o t a l  y i e l d s  i n  cok ing  b u t  had l i t t l e  e f f e c t  on v o l a t i l e s  composi t ion.  
Pressure was shown t o  have a s i g n i f i c a n t  e f f e c t  b o t h  on composi t ion and y i e l d s .  
C a t a l y t i c  c r a c k i n g  produced h igh  y i e l d s  o f  1 i q u i d s  and gaseous products .  
research t o  f i n d  optimum cond i t i ons  and t h e  most app rop r ia te  r o l e  f o r  c a t a l y t i c  
c rack ing  i n  bitumen process ing i s  i n d i c a t e d .  
bitumen i n  v i r t u a l l y  100% y i e l d s  t o  gases and medium v o l a t i l i t y  l i q u i d s  w i t h  l o w  
consumptions o f  hydrogen. This  process shows good p o t e n t i a l  as a v i a b l e  p r imary  
process ing step. 
a f f e c t e d  by va r ious  process ing sequences s tud ied .  A n a l y t i c a l  r e s u l t s  a r e  h i g h l y  
i n s t r u c t i v e  as t o  what must be accomplished chemica l l y  du r ing  the  convers ion o f  v i r g i n  
bitumen. 
mechanisms o f  convers ion.  The r e s u l t s  o f  t h i s  s tudy  p rov ide  a bas i s  f o r  f u r t h e r  
eva lua t i on  o f  t h e  most d e s i r a b l e  approach t o  process ing o f  U i n t a  Basin bitumen. 

The 

F u r t h e r  

Hydropy ro l ys i s  was 'shown t o  conver t  

Ana lys i s  revealed t h a t  t h e  s t r u c t u r e  o f  products  can be s i g n i f i c a n t l y  

The s t r u c t u r e  o f  t h e  products  a l s o  g i ves  impor tan t  c lues  as t o  the  gross 
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YIELDS FROM ISOTHERMAL PYROLYSIS OF 
ASPHALT RIDGE BITUMEN 
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EFFECT OF PRESSURE ON THERMAL CRACKING AT 
460-C (ASPHALT RIDGE BITUMEN) 
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