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SEPARATION SCIENCE AND TECHNOLOGY, 16(10) ,  pp. 1523-1544, 1981 

Surface Chemistry Features in the Hot Water Processing 
of Utah Tar Sand 

M. MISRA, ROSME AGUILAR, and J. D. MILLER 

DEPARTMENT OF METALLURGY A N D  METALLURIGAL ENGINEERING 
UNIVERSITY OF UTAH 
SALT LAKE CITY, UTAH 84112 

ABSTRACT 

The ho t  water process ing  of Utah tar  sand invo lves  two 
impor tan t  s t e p s  i n  t h e  process  sequence, phase disengagement 
(d iges t ion )  and phase s e p a r a t i o n  ( f l o t a t i o n ) .  Inasmuch as phase 
s e p a r a t i o n  is accomplished by f l o t a t i o n ,  t h e  hydrophobicfhydro- 
p h i l i c  ba lance  a t  t h e  s u r f a c e  of t h e  bitumen d r o p l e t s  w a s  
s t u d i e d  i n  conjunct ion  wi th  t h e  system's s o l u t i o n  chemis t ry  and 
t h e  r e s u l t s  c o r r e l a t e d  wi th  t h e  f l o t a t i o n  response.  

r evea led  a moderate hydrophobic c h a r a c t e r ;  however, a i r  bubble 
attachment a t  t h e  s u r f a c e  of bitumen ob ta ined  from a h o t  w a t e r  
concen t r a t e  w a s  d i f f i c u l t  and r equ i r ed  long induc t ion  t i m e s .  
These r e s u l t s  sugges t  t h a t  t h e  phase s e p a r a t i o n  by f l o t a t i o n  i s  
dependent on a i r  bubble entrapment by bitumen d r o p l e t s  r a t h e r  
t han  attachment due t o  s u r f a c e  hydrophobic i ty .  

I n  a d d i t i o n ,  i d e n t i f i c a t i o n  of s u r f a c e  f u n c t i o n a l  groups 
and components s o l u b i l i z e d  du r ing  h o t  w a t e r  d i g e s t i o n  w a s  
a t tempted  us ing  I R  and NMR s p e c t r a .  S t rong  abso rp t ion  peaks at  
1708 c m - l ,  2920 cm-1,  and 2855 cm-1 f o r  t h e  s o l u b i l i z e d  com- 
ponents t o g e t h e r  w i t n  NMR s p e c t r a  i n d i c a t e  t h e  presence  of 
d i s s o l v e d  p a r a f f i n i c  ca rboxy la t e s ,  t h e  amount of which inc reased  
as t h e  d i g e s t i o n  pH w a s  i nc reased .  Po ten t iome t r i c  t i t r a t i o n  of 
t h e  water s o l u b l e  c o n s t i t u e n t s  i n d i c a t e d  an  a c i d  d i s s o c i a t i o n  
cons t an t  of pKa 2 5 which would b e  expected f o r  such ca rboxy la t e  
s p e c i e s .  T h i s  phenomenon appears  t o  account ,  i n  p a r t ,  f o r  t h e  
p o l a r  bitumen s u r f a c e  and t h e  h y d r o p h i l i c  c h a r a c t e r  of t h e  

Contact a n g l e  measurements of s o l v e n t  e x t r a c t e d  bitumen 
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1524  MISRA, AGUILAR, AND MILLER 

d i g e s t e d  bitumen. These and o t h e r  r e s u l t s  i n d i c a t e  t h a t  phase  
disengagement d u r i n g  d i g e s t i o n  and bitumen hydrophob ic i ty  may be  
mutua l ly  e x c l u s i v e  e f f e c t s  and r e i n f o r c e  t h e  n o t i o n  t h a t  
f l o t a t i o n  s e p a r a t i o n  i s  achieved  by en t rapment  of a i r  bubb les  
i n  t h e  v i scous  bitumen d r o p l e t s .  

F i n a l l y ,  t h e  s u r f a c e  chemis t ry  a s s o c i a t e d  w i t h  phase  
disengagement h a s  been  cons ide red  t o  a l i m i t e d  e x t e n t .  It  
appears  from p re l imina ry  exper iments  tha t  phase  disengagement 
by d i g e s t i o n  i n v o l v e s  t h e  a c t u a l  chemica l  a t t a c k  of t h e  s i l i c a  
s u r f a c e  l a y e r s  by t h e  h o t  a l k a l i n e  s o l u t i o n  which a l lows  t h e  
r e l e a s e  of t h e  q u a r t z  p a r t i c l e s  from t h e  bitumen phase.  

INTRODUCTION 

Numerous p rocesses  have been developed f o r  t h e  s e p a r a t i o n  

of bitumen from tar sands ;  bo th  h o t  and co ld  wa te r  p r o c e s s e s  

(1-8), s o l v e n t  p r o c e s s e s  (9 , l o )  and thermal  p r o c e s s e s  ( 1 1 , 1 2 ) .  

C l a r k ' s  h o t  water p r o c e s s  h a s  been t h e  most s u c c e s s f u l  t o  d a t e  

and i s  a commercial r e a l i t y  f o r  t h e  Athabasca tar  sands  (13-16)- 

The Athabasca t a r  sand material c o n s i s t s  of mine ra l  p a r t i c l e s  

d i s p e r s e d  i n  a bitumen phase.  The bitumen phase  i s  s e p a r a t e d  

from t h e  sand  p a r t i c l e s  by a t h i n  f i l m  of connate  w a t e r  ( 3 ) .  

Accordingly ,  t h e  bitumen i n  Athabasca tar  sand i s  n o t  d i r e c t l y  

bonded t o  t h e  sand p a r t i c l e s ,  and as a r e s u l t  phase  disengage- 

ment i s  r e l a t i v e l y  e a s y .  Seve ra l  i n v e s t i g a t o r s  (17-19) have 

a i tempted  t o  e x p l a i n  bitumen d isp lacement  based  on a s u r f a c e  

energy ba lance  p o s t u l a t i n g  t h a t  f o r  bitumen t o  be  d i s p l a c e d  t h e  

t o t a l  f r e e  energy of t h e  system must dec rease .  O the r s  (20-22) 

sugges t  t h a t  bitumen d isp lacement  occur s  due t o  a chemical 

r e a c t i o n  between t h e  hydra t ed  s i l i c a  s u r f a c e  and a l k a l i n e  

environment of t h e  system. However, due t o  t h e  complexi ty  of 

t h e  i n t e r a c t i o n s  between t h e  d i f f e r e n t  phases  i n  t h e  sand- 

bitumen-water sys tem a rea l i s t ic  t h e o r e t i c a l  framework does  n o t  

e x i s t  r ega rd ing  t h e  d i sp lacemen t  of bitumen from t h e  sand 

p a r t i c l e s .  

) 

With r e s p e c t  t o  Utah tar  sands ,  phase disengagement is 

s i g n i f i c a n t l y  d i f f e r e n t  t han  t h a t  of t h e  Athabasca t a r  sands .  
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UTAH TAR SAND 1525  

Utah ta r  sands are dry and t h e  bitumen re1ativel.y of high 

v i s c o s i t y  ( 2 3 - 2 5 ) .  A s  a r e s u l t ,  t h e  Canadian ho t  water process  

cannot b e  app l i ed  d i r e c t l y  t o  Utah tar  sands.  For Utah t a r  sand 

a high shea r  f o r c e  f i e l d  toge the r  w i t h  chemical and thermal 

energy is  requ i r ed  t o  achieve s a t i s f a c t o r y  phase disengagement 

( 2 3 , 2 4 ) .  

s u r f a c e  chemistry of t h e  bitumen phase. I n  t h i s  paper pa r t i cu -  

lar  a t t e n t i o n  is focussed on t h e  s u r f a c e  chemistry f e a t u r e s  

involved i n  t h e  hot  water processing of Utah tar sands.  

Undoubtedly t h e s e  f a c t o r s  s i g n i f i c a n t l y  a l te r  t h e  

Hot Water Processing of Utah T a r  Sands 

The ho t  water processing of Utah t a r  sands mainly involves  

two important s t e p s  i n  t h e  process  sequence ( 2 3 - 2 5 ) :  

(1) phase disengagement (d iges t ion )  

( 2 )  phase s e p a r a t i o n  ( f l o t a t i o n )  

A flow s h e e t  of t h e  h o t  water process  developed a t  t h e  

Un ive r s i ty  of Utah f o r  t h e  processing of Utah t a r  sands i s  

presented i n  Figure 1. Due t o  t h e  r e l a t i v e l y  high v i s c o s i t y  of 

Utah tar  sand bitumen and t h e  consol idated n a t u r e  of sandf 

bitumen a s s o c i a t i o n  a more i n t e n s e  f o r c e  f i e l d  i s  r equ i r ed  than 

t h a t  used f o r  t h e  Canadian hot  water process  i n  o rde r  t o  achieve 

s a t i s f a c t o r y  phase disengagement. Consequently, a high shea r  

r e a c t o r  equipped wi th  double p i t ched  b l ade  t u r b i n e s  w a s  used t o  

produce an i n t e n s e  f o r c e  f i e l d  capable  of disengaging t h e  

bitumen phase from t h e  sandfbitumen matr ix  i n  t h e  presence of a 

ho t  a l k a l i n e  s o l u t i o n  ( 2 3 , 2 4 ) .  A schematic r e p r e s e n t a t i o n  of t h e  

phase disengagement process  f o r  Utah tar sands i s  shown i n  

Figure 2 t oge the r  w i th  SEM photographs of tar  sand be fo re  

d i g e s t i o n  and tar sand pulp a f t e r  d iges t ion .  

Once phase disengagement i s  achieved,  t h e  bitumen can be 

sepa ra t ed  by a modified f l o t a t i o n  technique,  as opposed t o  phase 

s e p a r a t i o n  by g r a v i t y  sett lers i n  t h e  Canadian hot  water 

process.  I n  o rde r  t o  more f u l l y  understand t h e  modified 
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1526 MISRA, AGUILAR, AND MILLER 

-7 Tar Sands 

Diluent 

Na,CO, 
Solution 

0 
Bitumen 1 Water 

FLOTATlON 

Air 

0 
+-. Water 

SCREENINQ 

Middlings 
(recycled ) 

I Tailings 

F I G U K E  1. Modified hot water for the separation of bitumen 
from Utah tar sands. 

flotation separation, the hydrophobic/hydrophilic balance 

a t  the surface of the bitumen was studied and correlated with 

the fI.otation response of the system. 

EXPERIMENTAL PROCEDURE 

Two Utah tar sand samples from Asphalt Ridge and Sunnyside 

deposits were used throughout this investigation. The hot 

water separation experiments involved two steps, digestion and 

flotation. Surface chemistry experiments mainly involved 

contact angle measurements and identification of solubilized 
surface functional groups using IR, NMR, and potentiometric 

titration. 
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1528 MISRA, AGUILAR, AND MILLER 

- Hot Water S e p a r a t i o n  Experiments 

The d i g e s t i o n  of tar sands  w a s  conducted i n  a 3.8 l i t e r  

high s h e a q s t i r r e d  t ank  r e a c t o r  a t  90°C and a pulp  d e n s i t y  of 

75% ta r  sand ,  I n s i d e  t h e  r e a c t o r  t h e  feed  material w a s  con- 

t a c t e d  w i t h  a mix tu re  of h o t  aqueous s o l u t i o n  of  sodium 

carbonate  and a g i t a t e d  a t  a c o n s t a n t  rpm of 750 ( 2 3 ) .  

Afte r  d i g e s t i o n  t h e  pu lp  w a s  d i scha rged  i n t o  a f l o t a t i o n  

ce.Ll ope ra t ed  a t  a moderate rpm and a i r  flow rate. The bitumen 

f l o a t e d  immediately and w a s  removed as a concen t r a t e .  Bitumen 

frcAe sand w a s  n o t  hydrophobic and as a r e s u l t  d i d  no t  r e p o r t  t o  

t h e  concen t r a t e .  Samples of f e e d ,  c o n c e n t r a t e  and t a i l i n g s  were 

analyzed t o  de te rmine  t h e  bitumen, s and ,  and water con ten t  w i t h  

a Dean-Stark appa ra tus ,  accord ing  t o  the procedure  r epor t ed  by 

t h e  U.S .  Bureau of Mines ( 2 6 ) .  

Su r face  Chemistry Experiments 

Contact Angle Measurements. Contact ang le  measurements 

were made u s i n g  a goniometer and o p t i c a l  bench manufactured by 

Ram&-Hart. A s p e c i a l  f e a t u r e  of t h e  o p t i c a l  bench i s  an envi- 

ronmental chamber which a l lows  f o r  tempera ture  c o n t r o l  o f  t h e  

system. A microsyr inge  was used t o  d i spense  a i r  bubbles .  The 

bitumen sample t o  b e  examined w a s  p l aced  i n  a p l a s t i c  b o t t l e  

cap and a smooth s u r f a c e  formed w i t h i n  10 minutes.  The cap w a s  

then f l o a t e d  ups ide  down i n  a 20 mm x 20 nun x 40 mm g l a s s  c e l l  

i n  t h e  presence  of a s o l u t i o n  of known composition. Then t h e  

a i r  bubble  w a s  r e l e a s e d  to  t h e  s u r f a c e  o f  t h e  bitumen from t h e  

sy r inge .  A f t e r  s t a b l e  a t t achmen t ,  t h e  c o n t a c t  ang le  w a s  

measured w i t h i n  one minute.  For t h e  Asphal t  Ridge sample,  

con tac t  a n g l e  measurements were accomplished i n  a very  s h o r t  

t i m e .  A d i f f e r e n t  procedure  w a s  used t o  measure t h e  con tac t  

ang le  of t h e  bitumen c o n c e n t r a t e  (25 ) .  

Spectroscopy. I n f r a r e d  and NMR s p e c t r o s c o p i c  t echn iques  

were used t o  i d e n t i f y  t h e  n a t u r e  of so1ubl.e bituminous a c i d s .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



UTAH TAR SAND 1529 

In  t h i s  r ega rd ,  a known amount of material w a s  condi t ioned at  

an appropr i a t e  pH ( con t ro l l ed  with NaOH) and 8OoC. 

r e a c t o r  w a s  equipped wi th  a condenser and t h e  material w a s  

d iges t ed  f o r  two hours.  Af t e r  d i g e s t i o n ,  t h e  pulp w a s  brought 

t o  room temperature and f i l t e r e d .  The f i l t r a t e  volume w a s  

reduced t o  50 m l  by evaporat ing under vacuum a t  50 C. The 

gene ra l  procedure f o r  i s o l a t i n g  t h e  bituminous a c i d s  from t h e  

aqueous phase is  ou t l ined  below. The o rgan ic  a c i d s  e x t r a c t e d  

i n t o  t h e  carbon t e t r a c h l o r i d e  l a y e r  w e r e  used i n  t h e  I R  and 

NMR a n a l y s i s .  A v a r i a b l e  pa th  l e n g t h  i n f r a r e d  ce l l  w a s  used 

t o  analyze t h e  s p e c t r a  i n  a q u a n t i t a t i v e  f a sh ion .  

The 

0 

T i t r a t i o n s .  The d i s s o c i a t i o n  c o n s t a n t s  f o r  t h e  water 

s o l u b l e  o rgan ic  a c i d s  w e r e  determined by using an automatic  

t i t r a t i o n  u n i t  a t t ached  wi th  a s t r i p  c h a r t  r eco rde r ,  

manufactured by London Company. An appropr i a t e  amount of 

material w a s  e q u i l i b r a t e d  w i t h  t h e  aqueous s o l u t i o n  of 

c e r t a i n  pH and f i l t e r e d .  The 25 m l  of t h e  f i l t r a t e  w a s  

t i t r a t e d  with 0.01 N hydrochlor ic  a c i d  t o  determine t h e  

d i s s o c i a t i o n  cons t an t  of t h e  water s o l u b l e  c o n s t i t u e n t s .  

Aqueous Sample 

added and 
water 

of concentrated H C 1  
sample d i l u t e d  wi th  

2) Sample t r a n s f e r r e d  t o  a separa- 
t i n g  funne l  and a s u f f i c i e n t  
amount of carbon t e t r a c h l o r i d e  
w a s  added 

Aqueous Phase Carbon Te t r ach lo r ide  Layer 
( ino rgan ic s )  (organic  ac ids )  

Volume ad jus t ed  by 
evaporat ion 
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1530 MISRA, AGUILAR, AND MILLER 

RESULTS AND DISCUSSION 

T r a d i t i o n a l l y  f r o t h  f l o t a t i o n  invo lves  t h e  aggrega t ion  of 

ai l-  bubbles  and hydrophobic p a r t i c l e s  i n  an aqueous media wi th  

subsequent l e v i t a t i o n  of t h e  b u b b l e - p a r t i c l e  aggrega te s  t o  t h e  

s u r f a c e  and t r a n s f e r  t o  f r o t h  phase.  Whether o r  no t  bubble 

attachment and aggrega t ion  occur  i s  determined by t h e  degree  t o  

whjch t h e  p a r t i c l e  s u r f a c e  i s  we t t ed  by water. Extens ive  

treatises on t h e  thermodynamics of b u b b l e - p a r t i c l e  attachment 

a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  (27-29) .  When t h e  s u r f a c e  shows 

l i t t l e  a f f i n i t y  f o r  water,  t h e  s u r f a c e  i s  s a i d  t o  be  hydrophobic 

and an a i r  bubble w i l l  a t t a c h  t o  t h e  s u r f a c e .  The s t a b i l i t y  of 

air bubble  attachment i s  u s u a l l y  measured by t h e  c o n t a c t  ang le  

developed between t h e  t h r e e  phases .  

d i s p l a c e  t h e  aqueous phase,  t h e  c o n t a c t  ang le  i s  ze ro .  On t h e  

o t h e r  hand complete d isp lacement  of wa te r  r e p r e s e n t s  a c o n t a c t  

ang le  of 180O. Values of c o n t a c t  ang le  between t h e s e  two 

extremes p rov ide  an  i n d i c a t i o n  of t h e  hydrophobic c h a r a c t e r  of 

t he  s u r f a c e .  

When an a i r  bubble does  no t  

LgLitact Angle Measurements 

~ Solvent  Refined Bitumen. To q u a n t i f y  t h e  e x t e n t  of hydro- 

phob ic i ty  of tar  sand bitumen, c o n t a c t  ang le s  were measured a t  

25°C a s  a f u n c t i o n  of s o l u t i o n  pH c o n t r o l l e d  by sodium 

hydroxide.  P r e p a r a t i o n  of bitumen samples f o r  c o n t a c t  ang le  

measurements w a s  a f f e c t e d  by Soxhle t  e x t r a c t i o n  u s i n g  to luene  as 

the s o l v e n t  and a g l a s s  e x t r a c t i o n  th imble  of p o r o s i t y  "A" t o  

ho ld  t h e  tar  sand sample. Removal of t h e  s o l v e n t  from t h e  

bitumen w a s  accomplished by f l a s h  d i s t i l l a t i o n  us ing  a r o t a r y  

evapora to r  a t  90°C and 4 mm Hg p res su re .  

i n  t h e  bitumen w a s  n e g l i g i b l e  and d i d  n o t  i n f l u e n c e  t h e  con tac t  

ang le  measurements. Contact a n g l e  curves  f o r  Sunnyside and 

Asphal t  Ridge bitumens are shown i n  F igu re  3. Both bitumens 

e x h i b i t  c o n t a c t  a n g l e s  g r e a t e r  t han  60' over  a wide range  of pH 

The r e s i d u a l  so lven t  
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UTAH TAR SAND 1531 

and maximum con tac t  i s  p o s s i b l e  a t  moderately a l k a l i n e  pH 

values .  I n  gene ra l  i t  should be noted t h a t  so lven t  r e f i n e d  

bitumen e x h i b i t s  moderate hydrophobicity over t h e  e n t i r e  pH 

range s t u d i e d .  

I n  a d d i t i o n  t o  the  so lven t  r e f i n e d  bitumen n a t u r a l l y  

occurr ing un t r ea t ed  bitumen, oozing from a Sunnyside core 

sample, exh ib i t ed  moderate hydrophobicity.  Contact ang le  

measurements as a func t ion  of pH a r e  shown i n  Figure 3. 

The hydrophobic n a t u r e  of t h e  so lven t  r e f i n e d  bitumen i s  

a l s o  revealed by t h e  dynamic i n t e r a c t i o n  of an a i r  bubble wi th  

t h e  bitumen s u r f a c e  ( 4 5 O C ,  pH 11) as shown by t h e  minute t i m e  

sequence of photographs presented i n  Figure 4 .  A t  t h i s  tempera- 

t u r e ,  bubble attachment occurs  due t o  bitumen hydrophobicity,  

which i s  such t h a t  t h e  bitumen wets t h e  a i r  bubble forming a 

bal loon-l ike envelope due t o  t h e  lower v i s c o s i t y  of t h e  bitumen 

phase a t  4 5 O C .  

bitumen t o  the  po in t  of f a i l u r e  and t h e  bitumen covered a i r  

bubble r ises t o  t h e  s u r f a c e .  

The buoyant f o r c e  i s  s u f f i c i e n t  t o  s t r e t c h  t h e  

Hot Water Bitumen Concentrate.  I n  o t h e r  experiments t h e  

hydrophobicity of t h e  bitumen taken from t h e  concen t r a t e  

produced from ho t  water  s epa ra t ion  experiments w a s  eva lua ted  i n  

t h e  s a m e  aqueous phase environment, However, under t h e s e  

circumstances immediate attachment of t h e  a i r  bubble w a s  not  

poss ib l e .  However, water washing of t h e  bitumen concen t r a t e  

obtained from hot  water s e p a r a t i o n  experiments exh ib i t ed  a 

f i n i t e  con tac t  angle  bu t  an induc t ion  t i m e  on t h e  o r d e r  of one 

minute w a s  required.  It appears t h a t  t h e  removal of s u r f a c e  

a c t i v e  agents  p re sen t  i n  t h e  s o l u t i o n  and p o l a r  groups from the  

s u r f a c e  of t h e  bitumen concen t r a t e  r e s t o r e  t o  some ex ten t  t h e  

bitumen's n a t u r a l l y  hydrophobic cha rac t e r .  

I n  view of t h e s e  r e s u l t s ,  t h e  ques t ion  i s ,  I f  hydropho- 

b i c i t y  is  destroyed during t h e  phase disengagement, t hen  how i s  

s u c c e s s f u l  s e p a r a t i o n  achieved during phase sepa ra t ion?  Smith 
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FIGURE 3. Contac t  ang le  curves  of v i r g i n  Sunnyside bitumen 
and s o l v e n t  r e f i n e d  Sunnyside and Asphal t  Ridge 
bitumen as a f u n c t i o n  of pH a t  room tempera ture .  

and Miller (25)  have s t u d i e d  t h e  f l o t a t i o n  behavior  of d i g e s t e d  

Asphalt  Ridge t a r  sand and p o s t u l a t e d  t h a t  t h e  b i t u m e n l a i r  

aggrega te s  form i n  t h e  f l o t a t i o n  c e l l  due t o  a i r  bubble  en t rap-  

ment r a t h e r  t han  a i r  bubble  a t tachment  which would r e q u i r e  a 

more hydrophobic bitumen s u r f a c e .  F u r t h e r ,  bitumenlsand 

aggrega te s  r e p o r t  t o  t h e  c o n c e n t r a t e  a n d t h e h y d r o p h i l i c  sand a r e  

r e j e c t e d  i n  t h e  t a i l i n g  stream. Such a f l o t a t i o n  mechanism i s  

p o s s i b l e  on ly  f o r  t h e  d i s p e r s e d  bitumen phase  inasmuch as t h e  

sand p a r t i c l e s  are s o l i d a n d  unab le  t o  e n t r a p  a i r  bubbles.  
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UTAH TAR SAND 1533 

FIGURE 4 .  The dynamic behavior of an air bubble attached to an 
Asphalt Ridge, benzene extracted, bitumen surface 
at 45OC.  
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1534 MISRA, AGUILAR, AND MILLER 

I Sur face  Chemistry 

Phase Separa t ion .  The anomalous h y d r o p h i l i c  c h a r a c t e r  of 

t h e  d i g e s t e d  bitumen prompted f u r t h e r  s t u d y  t o  unders tand  t h e  

na tu re  of t h e  bitumen s u r f a c e  w i t h  r e s p e c t  t o  s o l u t i o n  

chemis t ry  c o n s i d e r a t i o n s .  I d e n t i f i c a t i o n  of o r g a n i c  s p e c i e s  

d i s s o l v e d  i n  t h e  hot  c a u s t i c  s o l u t i o n  w a s  a t t empted  us ing  

a n a l y t i c a l  t o o l s  such as I R ,  NMR, and p o t e n t i o m e t r i c  t i tra- 

t ions .  

D i f f e r e n t i a l  i n f r a r e d  s p e c t r a  of t h e  water s o l u b l e  

romponent of t h e  Sunnyside bitumen i s  shown i n  F igu re  5 as a 

f u n c t i o n  of pH. Note t h a t  t h e  i n f r a r e d  s p e c t r a  e x h i b i t s  s t r o n g  

a l i p h a t i c  carbon-hydrogen s t r e t c h i n g  f r e q u e n c i e s  a t  2855 cm-l 

and 2925 c m - l .  A c h a r a c t e r i s t i c  s h a r p  peak a t  1708 c m - 1  co r re s -  

ponds t o  t h e  carbonyl  (C=O)  s t r e t c h i n g  f requency  a s s o c i a t e d  wi th  

ca rboxy l i c  a c i d  groups  and t h e  i n t e n s i t y  of t h i s  peak inc reased  

as t h e  d i g e s t i o n  pK inc reased .  The r e l a t i o n s h i p  between pK and 

s o l u b i l i t y  of t h e  c a r b o x y l i c  a c i d  component du r ing  d i g e s t i o n  i s  

shown i n  F i g u r e  6 .  A s imi la r  phenomenon w a s  a l s o  observed w i t h  

Asphalt  Ridge bitumen. 

Nuclear magnetic resonance  s p e c t r a  o f  t h e  same a l k a l i n e  

s o l u b l e  component i n  carbon t e t r a c h l o r i d e  i s  g iven  i n  F i g u r e  7 .  

tn  g e n e r a l ,  p ro tons  a t t a c h e d  t o  t e r m i n a l  methyl and methylene 

carbon atoms show a chemical s h i f t  of 0 . 9  and 1 . 3  ppm respec t -  

i v e l y ,  and cor responding  p ro tons  can be  seen  i n  F igu re  7 .  

Furthermore,  p o t e n t i o m e t r i c  t i t r a t i o n  of t h e  w a t e r  s o l u b l e  

c o n s t i t u e n t  i n d i c a t e d  a n  a c i d  d i s s o c i a t i o n  c o n s t a n t  of pKa = 5, 

which would be expec ted  f o r  c a r b o x y l i c  a c i d  (F igu re  8).  The 

exper imenta l  ev idence  from I R  s p e c t r a ,  NMR, and p o t e n t i o m e t r i c  

t i t r a t i o n  sugges t s  t h a t  t h e  most p r e v a l e n t  s p e c i e s  p r e s e n t  i n  

t h e  aqueous phase from t h e  a l k a l i n e  d i g e s t i o n  of t a r  sand i s  a 

p a r a f f i n i c  molecule con ta in ing  c a r b o x y l i c  a c i d  f u n c t i o n a l  

groups. T h i s  phenomenon appea r s  to account ,  i n  p a r t ,  f o r  t h e  

p o l a r  bitumen s u r f a c e  and h y d r o p h i l i c  c h a r a c t e r  of t h e  d i g e s t e d  
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8 ,O 9 /I 10 11 , 
D i g e s t i o n  pH 

FIGURE 6. Relat ion between t h e  system pH and s o l u b i l i t y  of 
carboxyl ic  ac ids .  

bitumen. Due t o  t h e  p o l a r  groups p r e s e n t  at t h e  bitumen s u r f a c e  

a i r  bubble a t tachment  becomes d i f f i c u l t .  

obse rva t ions  i n d i c a t e  t h a t  phase disengagement and bitumen 

hydrophobici ty  may b e  mutual ly  e x c l u s i v e  phenomenon and r e in -  

f o r c e  t h e  n o t i o n  t h a t  f l o t a t i o n  s e p a r a t i o n  is achieved by 

entrapment and d i s p e r s i o n  of a i r  bubble  i n  t h e  v i scous  bitumen 

d r o p l e t .  

These experimental  

A t  h i g h e r  pH va lues  (pH > 12)  t h e  system becomes s o  

d i spe r sed  t h a t  s m a l l  bitumen d r o p l e t s  are s t a b i l i z e d  and n o t  

recovered. 

d r o p l e t s  are no t  a b l e  t o  cap tu re  a i r  bubbles  and f l o t a t i o n  i s  

n o t  poss ib l e .  

obse rva t ion  as t o  why poor s e p a r a t i o n s  a r e  r e a l i z e d  a t  

e x c e s s i v e l y  high a d d i t i o n s  of c a u s t i c  even though complete 

phase disengagement has  been achieved ( 2 3 ) .  

Under t h e s e  circumstances t h e  small h y d r o p h i l i c  

This  phenomenon s u p p o r t s  t h e  experimental  
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r 
a 
E 
Q) 

v) * 
v) 

c 

t lL 8 

I \ \ Sunnvside Bitumen 

Sunnyside 1 Concentrate 

2 I I I 
0 5 10 15 20 

HCI Concentration x I G ~ ,  

F I G U R E  8. T i t r a t i o n  curves  of t h e  wa te r  s o l u b l e  c o n s t i t u e n t s  
of t h e  Sunnyside tar  sand  concen t r a t e  and bitumen. 

Phase Disengagement. A s  d i scussed  e a r l i e r ,  Athabasca t a r  

sands  c o n s i s t  of sand p a r t i c l e s  s e p a r a t e d  by a f i l m  of connate  

wster .  Under t h e s e  cond i t ions  phase disengagement i s  r e l a t i v e l y  

easy t o  achieve .  Unl ike  Athabasca t a r  sands ,  Utah t a r  sands  a r e  

drTJ and t h e  bitumen i s  d i r e c t l y  i n  c o n t a c t  w i th  and bonded t o ,  

t h e  sand p a r t i c l e s .  I n  p r a c t i c e ,  phase disengagement f o r  Utah 

i n?^  sands  i s  achieved  by a h igh  shear f o r c e  f i e l d  i n  t h e  

presence  of a h o t  a l k a l i n e  s o l u t i o n  ( 2 3 ) .  The h igh  s h e a r  f o r c e  

f i e l d  r u p t u r e s  t h e  bitumen f i l m ,  c o a t i n g  t h e  sand p a r t i c l e s ,  so 

th. i t  t h e  sand p a r t i c l e s  a r e  exposed t o  t h e  ho t  a l k a l i n e  

s o l u t i o n .  During d i g e s t i o n ,  t h e  a l k a l i n e  s o l u t i o n  w e t s  t h e  
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DIGESTED SUNNYSIDE TAR SAND 

FIGURE 9. Photographic p r e s e n t a t i o n  of t h e  r e l e a s e  of sand 
p a r t i c l e s  from t h e  bitumen phase a f t e r  d i g e s t i o n  i n  
a hot  a l k a l i n e  s o l u t i o n .  

s u r f a c e  of t h e  sand p a r t i c l e s  and prel iminary r e s u l t s  i n d i c a t e  

t h a t  t h e  s u r f a c e  of t h e  qua r t z  i s  a t t acked  chemical ly ,  f a c i l i -  

t a t i n g  t h e  release of t h e  sand p a r t i c l e  from t h e  bitumen phase. 

A photograph of t h e  d iges t ed  bitumen pulp i s  shown i n  Figure 9 

and as can be seen t h e  sand p a r t i c l e s  are completely r e l eased  

from t h e  bitumen phase. Evidence f o r  t h e  d i s s o l u t i o n  of sand, 

by t h e  hot  a l k a l i n e  s o l u t i o n ,  has  been found from t h e  presence 

of d i s so lved  s i l i ca  i n  t h e  aqueous phase which i n c r e a s e s  w i t h  

inc rease  i n  a l k a l i n i t y .  I n  a d d i t i o n ,  SEM photographs of sand 
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p a r t i c l e s  from t h e  Asphalt  Ridge sample be fo re  and a f t e r  

d i g e s t i o n  are presented i n  Figure 10. A s  can be seen,  t h e  sand 

p a r t i c l e s  be fo re  d i g e s t i o n  e x h i b i t  a smooth su r face ,  whereas 

sand p a r t i c l e s  a f t e r  d i g e s t i o n  i n  a l k a l i n e  s o l u t i o n  (pH 11 and 

90°C) e x h i b i t  a mosaic of e t ch ing  p i t s .  

formed due t o  t h e  l each ing  of t h e  sand p a r t i c l e s  by t h e  a l k a l i n e  

s o l u t i o n .  A s  s u r f a c e  l a y e r s  of t h e  sand p a r t i c l e s  are d i s -  

solved,  t h e  bond wi th  t h e  bitumen i s  destroyed and sand 

p a r t i c l e s  are r e l eased  from t h e  bitumen phase. It appears  t h a t  

phase disengagement a c t u a l l y  involves  t h e  chemical a t t a c k  of 

s i l i c a  s u r f a c e  l a y e r s  by t h e  hot  a l k a l i n e  s o l u t i o n .  

These e t ch ing  p i t s  are 

Fur the r  work is contemplated t o  e s t a b l i s h  t h e  exact  

c o r r e l a t i o n  between t h e  phase disengagement process  and t h e  

d i s s o l u t i o n  of s i l i ca  i n  a q u a n t i t a t i v e  fashion.  With t h i s  

a d d i t i o n a l  information,  f u r t h e r  r e v i s i o n  of t h e  p rocess  

s t r a t e g y  i s  contemplated t o  improve t h e  e f f i c i e n c y  of separa- 

t i o n  of bitumen from Utah t a r  sands by t h e  ho t  water process .  

The con tac t  ang le  measurements of so lven t  r e f i n e d  bitumen 

and v i r g i n  bitumen e s t a b l i s h  t h e  hydrophobic cha rac t e r  of t h e s e  

materials. However, bitumen concen t r a t e  from t h e  hot w a t e r  

process  v i r t u a l l y  l o s e s  i t s  hydrophobicity du r ing  d i g e s t i o n  

even though i t  can b e  recovered by a f r o t h  f l o t a t i o n  technique.  

I n f r a r e d ,  NMR, and po ten t iome t r i c  t i t r a t i o n  i n d i c a t e  t h a t  

f a t t y  a c i d  components of t h e  bitumen d i s s o l v e  i n  t h e  aqueous 

phase when t h e  bitumen i s  condi t ioned wi th  a l k a l i  a t  8OOC. The 

s o l u b i l i t y  of t h e  f a t t y  a c i d s  w a s  found t o  inc rease  as t h e  pH of 

t h e  system increased.  

groups a t  t h e  bitumen s u r f a c e  account f o r  t h e  hydroph i l i c  

cha rac t e r  of t h e  d iges t ed  bitumen. Considerat ion of t h e s e  

r e s u l t s ,  t oge the r  w i t h  t h e  n a t u r e  of t h e  bitumen concen t r a t e  

(25),  l e a d s  t o  t h e  conclusion t h a t  phase disengagement and 

Th i s  phenomenon and t h e  r e s u l t i n g  p o l a r  
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1542 MISRA, AGUILAR, AND MILLER 

hydrophobic i ty  of t h e  bitumen may be  mutua l ly  e x c l u s i v e  

phenomena. A s  a r e s u l t ,  i t  appears  t h a t  t h e  f l o t a t i o n  separa-  

t i o n  is mostly dependent on a i r  bubble entrapment r a t h e r  t han  

a i r  bubble  a t tachment  due t o  s u r f a c e  hydrophobic i ty .  

Although p re l imina ry  i n  n a t u r e ,  i t  appea r s  t h a t  phase 

disengagement,  t h e  release of sand p a r t i c l e s  from t h e  bitumen 

phase,  occu r s  due t o  chemical a t t a c k  of t h e  s i l i c a  s u r f a c e  by 

t h e  ho t  a l k a l i n e  s o l u t i o n  du r ing  d i g e s t i o n .  

REFERENCES 

1. 

2 .  

3. 

4 . 

5 . 

f) . 

7 .  

8. 

C la rk ,  K. A .  and Pas t e rnack ,  D.  S . ,  "Hot Water Separa t ion  
of Bitumen from A l b e r t a  Bituminous Sands," Ind .  and Eng. 
Chem., 4, No. 1 2 ,  p.  1410 (1932).  

C la rk ,  K. A . ,  "Hot Water S e p a r a t i o n  of A l b e r t a  Bituminous 
Sands," Canadian I n s t i t u t e  of Mining and Meta l lurgy  Trans . ,  
- 47, p .  257 (1944).  

Baughman, G.  L . ,  compi le r ,  S y n t h e t i c  Fue l s  Data Handbook, 
Second e d i t i o n ,  Cameron Engineers ,  Inc . ,  1978. 

Berkowitz, N .  and Spe igh t ,  J .  G . ,  "The O i l  Sands of 
Albe r t a , "  Fue l ,  54, p. 138 (1975).  

Bichard ,  J .  A . ,  Bowman, C .  W . ,  B u t l e r ,  R.  M. and T i e d j e ,  
J .  L., "Separa t ion  of O i l  from t h e  Athabasca O i l  Sands by 
Sand Reduction," Athabasca O i l  Sands, publ i shed  by 
Research Council  of A l b e r t a ,  Ca r r igy ,  M. A . ,  e d i t o r ,  
p.  1 7 1  (1974). 

Farnard ,  J.  R . ,  Smith, H .  M.  and Puddington, J.  E . ,  
"Sphe r i ca l  Agglomeration o f  S o l i d s  i n  Liquid  Suspension, ' '  
Canadian J o u r n a l  of Chemical Engineer ing ,  3, p .  94 (1961). 

Grant ,  Gary, Sa rka r ,  Sukhomoy, and P h i l l i p s ,  R.  C o l l i n s ,  
"Mechanical Upgrading of Athabasca Oil Sands i n  a 
Ro ta t ing  Con t rac to r , "  Ind .  Eng. Chem. P rocess ,  19, p. 185 
(1980). 

M i l l e r ,  J .  D . ,  and Misra ,  M . ,  "Concent ra t ion  of Utah T a r  
Sands by an Ambient Temperature F l o t a t i o n  P rocess  ,'I 
presen ted  a t  t h e  110th  AIME Annual Meeting, Chicago, 
1981 and submi t ted  f o r  p u b l i c a t i o n  i n  t h e  In t .  J .  of Min. 
P rocess ing .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



UTAH TAR SAND 1543 

9 .  

10. 

11 * 

12.  

13. 

1 4 .  

15. 

16. 

17. 

18. 

19. 

20 .  

C o t t r e l ,  J. H . ,  "Development of an Anhydrous Process  f o r  
Oil-Sand Ex t rac t ion , "  Athabasca O i l  Sands , published by 
Research Council  of A lbe r t a ,  Carr igy,  M. A . ,  e d i t o r ,  
p. 193 (1974). 

Pi t tman,  T. A . ,  and Woods, J .  L . ,  U.S. Pa t en t  3,856,474, 
Dec. 24 (1974). 

G i s h l e r ,  P.  E . ,  "The F l u i d i z a t i o n  Technique Applied t o  
Direct D i s t i l l a t i o n  from Bituminous Sand," Canadian J. of 
Research, 27, p. 104 (1944). 

Peterson,  W. S .  and G i s h l e r ,  P. E . ,  "A Small F lu id i zed  
S o l i d s  P i l o t  P l a n t  f o r  t h e  D i r e c t  D i s t i l l a t i o n  of O i l  
from Albe r t a  Bituminous Sands," Canadian J. of Research, 
- 28, p .  62 (1950). 

O l ive r ,  W. L . ,  "An Overview of Canada's F i r s t  Commercial 
Surface Mining Ex t rac t ion  P l a n t , "  The Future  Supply of 
Nature Made Petroleum and G a s ,  Meyer, R. F. ,  e d i t o r ,  
A u s t r i a  Pergamon P r e s s ,  p. 745, J u l y  (1976). 

Porteous,  K. C . ,  " O i l  Mining - The Syncrude P r o j e c t , "  
Presented a t  The A l t e r n a t e  Resources and Technologies f o r  
Fuel  Symposium, Univ. of P i t t s b u r g h ,  Penn., J u l y  31 (1978) 

McConville, L .  B . ,  "The Athabasca Tar Sands," Mining 
Engineering, 27, p. 19 (1975). 

Innes,  E. D . ,  and Fear ,  J.  V.  D . ,  "Canada's F i r s t  
Commercial Tar Sand Development," Proc.  Seventh World 
Petroleum Congress, 3, Elsev ie r  Publ. Co., p .  633 (1967). 

Bowman, C .  W . ,  "Molecular and I n t e r f a c i a l  P r o p e r t i e s  of 
Athabasca Tar Sands," Proceeding of t h e  Seventh World 
Petroleum Congress, 3, p .  583, E l sev ie r  Pub l i sh ing  Co. 
(1967). 

Leja ,  J. and Bowman, C .  W . ,  "Application of Thermo- 
dynamics t o  t h e  Athabasca Tar Sands," Canadian Journa l  of 
Chem. Eng., 5, p.  479 (1968). 

Gerson, D. F. and Z a j i c ,  J.  E . ,  "Bitumen Ex t rac t ion  from 
T a r  Sands with Microbial  Su r fac t an t s , "  The O i l  Sands of 
Canada and Venezuela, 1977, C I M  S p e c i a l  Volume, 17, 
p. 705 (1977). 

Bartell,  F. E . ,  and Miller, F. L . ,  "Displacement of Crude 
O i l  and Benzene from S i l i c a  by Aqueous So lu t ions , "  
I n d u s t r i a l  and Engineering Chemistry, 24, No. 3,  p. 355, 
March (1932). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1544 MISRA, AGUILAR, AND MILLER 

21. 

22.  

23. 

24. 

25. 

26. 

27. 

28.  

N u t t i n g ,  P .  G . ,  "Chemical Problems i n  t h e  Water Dr iv ing  
of Pe t ro l eum from O i l  Sands,"  I n d .  and  Eng. Chem., 17, 
No. 10 ,  p .  1035,  October  (1925) .  

Uren, C .  C . ,  " I n c r e a s i n g  O i l  Recovery by Flooding ,"  
N a t i o n a l  Pe t ro leum N e w s ,  2, No. 31, p .  50 (1927) .  

Sepulveda ,  J. E. and Miller, J. D . ,  " E x t r a c t i o n  of  
Bitumen from Utah T a r  Sands by a Hot Water Diges t ion -  
F l o t a t i o n  Technique,"  Mining Eng inee r ing ,  2, No. 9 ,  
p .  1311 (1978) .  

Misra, M . ,  and Mi l le r ,  J.  D . ,  "The E f f e c t  of Feed Source  
i n  t h e  Hot Water P r o c e s s i n g  of  Utah T a r  Sand," Mining 
Eng inee r ing ,  32, No. 3, p .  302 (1980) .  

Smith,  R. J . ,  and Mil ler ,  J .  D . ,  "The F l o t a t i o n  Behavior  
of D iges t ed  Asphal t  Ridge T a r  Sands,"  To b e  pub l i shed  
i n  Mining Eng inee r ing  (1981) .  

R a l l ,  C .  G . ,  and R a l i a f e r r o ,  D .  B . ,  U.S. Bureau of Mines, 
Repor t  of I n v e s t i g a t i o n  No. 4004, December (1946) .  

Fue r s t enau ,  M. C . ,  e d i t o r ,  F l o t a t i o n ,  A. M .  Gaudin 
Memorial Volume 1, SME/AIME, p .  134 (1976) .  

F inch ,  J. A . ,  and Smith,  G. W . ,  "Contact  Angle and 
Wet t ing ,"  Mine ra l  Sc ience  Eng. ,  11, No. 1, p.  36, J an .  
(1979) .  

29. Laskowski, J . ,  "Par t ic le  Bubble Attachment  i n  F l o t a t i o n , "  
Mine ra l  Sc ience  Eng. ,  6, No. 4 ,  p .  223, O c t .  (1974) .  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
4
5
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


