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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  

83 



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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Figure 5 - B a n k  Model of Athabaseo Tar Sanda 
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Figure 7 - Kntrainment of hphaltenes from a Tar Sand 
B e d  as a Function o f  Liquid Velocity 
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figure g - Typical P a r t i c l r S i r e  Discribution of Athabasca Tar Sand Iwrganics 
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LIQUID FLOWRATE, (CM/SEC) 

Figure 11- Conceptual Procsss for B i t u w n  Separation frola Athabamca Tar Bands 

90 


