
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Asphaltene Precipitation

F ig u re  4.1 sh o w s th e  p rec ip ita tio n  o n se t tim e  as a fu n c tio n  o f  h ep tan e  
co n cen tra tio n  fo r five d iffe ren t c ru d e  o ils. It can  be seen  th a t a sp h a lten e  p rec ip ita tio n  
fo r these  c ru d e  o ils  is a tim e -d e p e n d e n t p ro cess, an d  o n se t tim e  ex p o n en tia lly  
in c reases by  d e c re a s in g  h ep tan e  co n cen tra tio n . T h is is co n s is te n t w ith  p rev io u s  w o rk  
(M aq b o o l e t a i ,  2009).
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Figure 4.1 P re c ip ita tio n  o n se t tim e  at v a ry in g  hep tan e  co n cen tra tio n .

In th e  o il in d u stry , c ru d e  o ils  are  n ev e r m ix ed  w ith  a p re c ip ita n t like  ท- 
h ep tan e  and  th e  m a jo r rea so n  fo r a sp h a lten e  d e s tab iliz a tio n  is due  to  ch an g es in  
p ressu re , te m p e ra tu re  and  c o m p o sitio n  (m ix in g  o f  c ru d e  o ils). F ig u re  4.1 sh o w s tha t 
a sp h a lten e  p re c ip ita tio n  fo r d iffe ren t c ru d e  o ils  is a k in e tic  p rocess. H o w ev er, in 
o rd e r  to p red ic t p rec ip ita tio n  k in e tic s  u n d er field  c o n d itio n s , a b e tte r u n d e rs tan d in g  
ab o u t the fac to rs  th a t co n tro l p rec ip ita tio n  ra tes  is req u ired . T h ere fo re , o u r goal in
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th is  w o rk  w as to  d e sc rib e  the p rec ip ita tio n  ra tes  w ith  ch ange  in  m ix tu re  p ro p e rtie s  
ra th e r th an  p lo ttin g  th em  as a  fu n c tio n  o f  h ep tan e  co n cen tra tio n .

T ab le  4.1 sh o w s the p ro p e rtie s  o f  c ru d e  o ils  such  as v isco s ity , re frac tiv e  
in d ex , so lu b ility  p a ram ete r, d en sity  an d  th e ir  a sp h a lten e  con ten t.

Table 4.1 T h e  p ro p ertie s  o f  crude  o ils

P ro p erties
T y p e  o f  c rude  o ils

A B c D E
D en sity  (g /m L ) 0 .8698 0 .8 7 0 0 0 .9215 0 .8 5 2 3 0 .8 3 1 9
A sp h a lten e  co n ten t
(%  g a sp h a lten es /g  c ru d e  o il)

3 .2532 0 .7 4 3 4 1.4420 1 .4560 0 .7 8 1 0

R efrac tiv e  index  (ท) 1.4964 1.4905 1.5204 1.4845 1.4720
S o lu b ility  p a ram e te r (8 , M P a ,/2) 18.15 17.99 18.79 17.83 17.49
V isco sity  (p , m P a  ร) 27 .52 19.99 165.78 12.23 5 .82

T h e  so lu b ility  p a ram ete r is u sed  to  e s tim a te  the  d eg ree  o f  in te rac tio n  
b e tw een  m a te ria ls  (H an sen , 2007). T h e  c lo se r o f  so lu b ility  p a ra m e te r  o f  a sp h a lten es  
to  the  so lu b ility  p a ra m e te r o f  so lu tio n  su rro u n d in g  th e m  is th e  h ig h e r  th e  s tab ility  o f  
a sp h a lten es . T h ere fo re , to  see i f  th e  d iffe ren ce  o b se rv e d  in  p re c ip ita tio n  k in e tic s  o f  
d iffe ren t c ru d e  o ils  is d ic ta ted  by  th e  m ix tu re  so lu b ility  p a ram ete r, th e  o n se t tim es 
w ere  p lo tte d  as  a  fu n c tio n  o f  m ix tu re  so lu b ility  p a ra m e te r (c ru d e  o il an d  h ep tan e ) in 
F ig u re  4 .2 . T h e  ca lcu la tio n  o f  so lu b ility  p a ram e te r o f  so lu tio n  is sh o w n  in A p p en d ix  
B .l .
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Figure 4.2 O nset tim e  as a fu n c tio n  o f  so lu b ility  p a ram e te r o f  so lu tio n .

It can  be seen  th a t the  o n se t tim e  in c rea se s  as the  so lu b ility  p a ram e te r o f  
so lu tio n  increases. F ig u re  4 .2  sh o w s th a t d iffe ren ce  in  ag g reg a tio n  ra te  o f  a sp h a lten es  
is n o t ju s t  due  to  d iffe ren ces  in m ix tu re  so lu b ility  p a ram ete r. T h e re fo re , even  th o u g h  
the  so lu b ility  p a ram e te r o f  so lu tio n  m ig h t hav e  an  e ffec t on  ag g reg a tio n  ra tes b u t it is 
no t th e  on ly  p ro p erty  re sp o n s ib le  for c o n tro llin g  p rec ip ita tio n  ra te  and  o th er 
p ro p e rtie s  need  to  be co n sid e red . In all o f  th e se  fiv e  cru d e  o ils , n o t on ly  the  so lu tio n  
so lu b ility  p a ram ete rs  m ig h t be d iffe ren t b u t a lso  the  so lu b ility  p a ram e te r o f  
a sp h a lten es  in  the  m ix tu re .

In o rd er to  g e t b e tte r u n d e rs tan d in g  ab o u t the  so lu b ility  e ffec t w ith  
ag g reg a tio n  ra tes, a  n ew  co rre la tio n  w as d e v e lo p e d  to  acco u n t fo r d iffe ren ces  in 
a sp h a lten e  so lu b ility  p a ram e te rs  as w ell o f  so lu tio n  so lu b ility  p a ram ete r. F ig u re  4.3 
sh o w s th e  co rre la tio n  b e tw een  o n se t tim e  an d  d iffe ren ce  in  so lu b ility  p a ram e te r o f  
a sp h a lten es  and  so lu tio n . T h is  sh o u ld  g ive  an  e s tim a te  ab o u t th e  d riv in g  fo rce  for 
a sp h a lten es  in stab ility  an d  ag g reg a tio n . H o w ev er, b ecau se  a sp h a lten es  are so lid , it is 
no t feas ib le  to  d irec tly  m easu re  th e ir  so lu b ility  p a ram e te r. T h e re fo re  w e assu m ed  the 
so lu b ility  p a ram ete r o f  a sp h a lten es  in o rd e r to  g e t id en tica l o n se t tim es fo r d iffe ren t



30

o ils . T ab le  4 .2  sh o w s th e  a ssu m ed  so lu b ility  p aram ete rs  o f  a sp h a lten es  for
(ôasph" ôsolution).

Table 4.2 T he a ssu m e d  so lu b ility  p a ram ete r o f  asp h a lten es  fo r (ôasph- ôsolution)

C ru d e  O il S o lu b ility  P a ram ete r (M P a l/2)
A 2 2

B 2 1 . 2

c 21.5
D 21.55
E 2 1 . 6

T he o n se t tim e  increases  as the  d iffe ren ce  b e tw een  so lu b ility  p a ram e te r o f  
a sp h a lten es  and  so lu tio n  d ec reases  fo r every  c ru d e  oil. W h en  so lu b ility  p a ram e te rs  o f  
a sp h a lten es  are c lo se  to  so lu b ility  p a ram ete r o f  so lu tion , a sp h a lten es  a re  so lu b le  and  
co m p le te ly  d isp e rse  in  th e  so lu tio n . It can  b e  seen  th a t th e  tren d  and  s lo p e  o f  th is  
c o rre la tio n  are s im ila r  fo r ev e ry  crude  o il (F ig u re  4 .3). T h ere fo re  th e  in te rac tio n  
fo rce s  b e tw een  asp h a lten es  a re  a  d riv in g  fo rce  th a t con tro l ag g reg a tio n  p ro cess.
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Figure 4.3 T he re la tio n sh ip  b e tw e e n  o n se t tim e  and  ôasph -  ôsolution-
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E v en  th o u g h  the d iffe ren ce  in  so lu b ility  p a ra m e te r  o f  a sp h a lten es  and  
so lu tio n  p ro v id es  an  estim a te  ab o u t d riv in g  force  req u ired  fo r ag g reg a tio n  p ro cess 
b u t it does n o t p ro v id e  any  in fo rm atio n  ab o u t d iffu s io n  ra te  o f  asp h a lten es . T he 
v isc o s ity  o f  so lu tio n  can  be u sed  to  e x p la in  th e  d iffu s io n  p ro cess  o f  a sp h a lten es  in 
so lu tio n . In o rd e r  to get in fo rm atio n  reg a rd in g  d iffu s io n  ra te  o f  a sp h a lte n e s  w ith  
ag g reg a tio n  ra tes, th e  inverse  v isco sity  w as u sed . T h e re fo re , th e  re la tio n sh ip  b e tw een  
o n se t tim e  and  in v erse  v isco sity  o f  so lu tio n  w ere  p lo tted  as sh o w n  in F ig u re  4 .4 . T h e  
v isc o s ity  o f  so lu tio n  w as ca lcu la ted  from  v isco s ity  o f  each  co m p o n e n t as sh o w n  in 
A p p en d ix  B .2. T h e  o n se t tim e  increases as th e  v isco sity  o f  so lu tio n  in creases. It is 
h a rd e r  for a sp h a lten es  to d iffu se  and  co llid e  w ith  each  o th e r  in  so lu tio n s  w ith  h ig h e r 
v isc o s ity  and  th is  lead s to d ecrease  in  th e ir  ag g reg a tio n  rate .
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Figure 4.4 P rec ip ita tio n  o n se t tim e  w ith  v isc o s ity  o f  so lu tio n .

In o rd e r to  have  th e rm o d y n am ics  and  tran sp o rt p ro p e rtie s  in th e  sam e 
co rre la tio n , th e  co m b in a tio n  o f  all p ro p e rtie s  d iscu ssed  ea rlie r n eed s  to  be 
co n s id e red . T he so lu b ility  p a ram ete rs  o f  a sp h a lten es  w ere  a ssu m ed  to  g e t iden tica l 
o n se t tim e  for d iffe ren t c ru d e  o ils  as sh o w n  in T ab le  4 .3 . T h e re fo re , all p hysica l 
p ro p e rtie s  w ere  p lo tted  as a  fu n c tio n  o f  o n se t tim e  as sh o w n  in F ig u re  4 .5 . T h e  o n se t
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tim e  d ec rea ses  as th e  x -a x is  v a riab le , ((ô a sp h - ôsoiution)2 /Psoiution), d ecreases. T h is  
co rre la tio n  can  be  e x p la in e d  in  ev ery  c ru d e  o il b ecau se  th e  tren d  an d  slopes are th e  
sam e. T h e re fo re , the  p rec ip ita tio n  ra te s  o f  a sp h a lten es  are  c o n tro lled  by  so lu b ility  
p a ram ete r o f  a sp h a lten es , so lu b ility  p a ra m e te r  o f  so lu tio n  and  v isco s ity  o f  so lu tio n . 
T h e  re la tio n sh ip  is sh o w n  in Eq (4 .1).

Table 4.3 T h e  assu m ed  so lu b ility  p a ra m e te r  o f  a sp h a lte n e s  for
(ôasph- ^solution) /^solution

C ru d e  O il S o lu b ility  P a ram e te r (M P a 1/2)
A 24 .2
B 19.9
c 2 2 . 1

D 2 1 . 1

E 2 1 . 2

O a s p h ” ^ so lu tio n )" 'J tso lu tio n B 'ร)

Figure 4.5 T h e  o n se t tim e  vs (ôasph -  ôsoiution)2/psoiution-
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A sp h a lten e  p re c ip ita tio n  a

4.2 Amount of Precipitated Asphaltenes

T h e  cen trifu g a tio n  te ch n iq u e  d ev e lo p ed  by M aq b o o l (2 0 1 1 ) w as u sed  to  
s tudy  th e  am o u n t o f  a sp h a lten e  p rec ip ita ted  as a  fu n c tio n  o f  tim e  and  p re c ip ita n t 
co n cen tra tio n . A m o u n t o f  p rec ip ita ted  a sp h a lten es  in c reases as a  fu n c tio n  o f  tim e  and 
h ep tan e  v o lu m e  frac tio n , a re su lt co n s is ten t w ith  p rev io u s  w o rk  (F ig u re  4 .6). 
A sp h a lten es  are  a ssu m ed  tha t th ey  a re  d e s tab ilized  in s tan tan eo u s ly  a fte r h ep tan e  is 
added . T h e n  the  d e s tab iliz ed  a sp h a lten es  co llid e  and  fo rm  la rg er ag g reg a tes. T he 
d e s tab iliz ed  a sp h a lten es  are sep a ra ted  o u t by the  cen trifu g a tio n  te ch n iq u e  w h en  it is 
b ig g er th a n  m in im u m  d iam ete r. T h e  m in im u m  d iam e te r o f  p a rtic le  th a t c an  be 
sep a ra ted  u s in g  the  cen trifu g a tio n  te ch n iq u e  can  be ca lcu la ted  i f  k n o w in g  so lu tio n  
p ro p e rtie s  a re  k n o w n  (A p p en d ix  A .l ) .
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Figure 4 .6  C e n trifu g a tio n  p lo t at d iffe ren t h ep tan e  co n cen tra tio n .

C e n trifu g a tio n  re su lts  w ere  used  as a  g u id e lin e  to  d e te rm in e  th e  
frac tio n a tio n  tim es fo r 50 v o l%  an d  75 v o l%  h ep tan e  as can  be seen  from  F ig u re  4 .7
(a) and  4 .7  (b). F or 50 v o l%  h ep tan e  in  cru d e  o il, th e  en tire  so lu tio n  w as cen trifu g ed
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a t 4 h o u rs  (Cut 1), 76 h ou rs (C ut 2 ), 837 h o u rs  (C u t 3 ) an d  2 2 5 7  ho u rs (C u t 4). C ut 1 
in c lu d es  the  a sp h a lten es  p re c ip ita te d  in  the  firs t fo u r h ou rs. C ut 2, C ut 3 an d  C ut 4 
in c lu d e  th e  a sp h a lten es  p rec ip ita ted  from  4 to  76 h ou rs, 76 to  837 h o u rs  an d  837 to 
2 2 5 7  h ou rs. F or 75 v o l%  h ep tan e , the  so lu tio n  w as cen trifu g ed  at 4  h o u rs  (C u t 6) and 
1100 h o u rs  (C u t 7). C ut 6 and  C ut 7 include th e  a sp h a lten es  p rec ip ita ted  in  f irs t four 
h o u rs  an d  from  4  to  1100 hours.

a

Figure 4,7 C en trifu g a tio n  p lo t fo r d ifferen t cu t at sam e h ep ten e  c o n c e n tra tio n  (a) 50 
v o l%  h ep tan e , (b ) 75 v o l%  hep tan e .
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4.3 Characterization of Asphaltenes as a Function of Time and Precipitant 
Concentration

T h e  o n se t p lo t and  y ie ld  o f  p rec ip ita ted  a sp h a lten es  sho w ed  th a t asp h a lten es  
p rec ip ita tio n  h ad  d iffe ren t b e h a v io r  at d iffe re n t tim es  an d  p rec ip itan t co n cen tra tio n s . 
T h ere  are tw o  p o ss ib le  rea so n s  fo r a sp h a lten es  th a t p rec ip ita ted  at d iffe ren t cond ition : 
e ith e r a sp h a lten es  need  tim e  to  g ro w  up  o r th e  d iffe ren t in p ro p ertie s  o f  asphaltenes. 
T h e re fo re , th is  s tudy  m easu red  the  p ro p e rtie s  o f  a sp h a lten es  at d iffe ren t tim e and 
p rec ip itan t co n cen tra tio n .

4.3.1 S o lu b ility  o f  A sp h a lten es
T o ta l a sp h a lten es  and  a sp h a lten es  c o lle c te d  at d iffe ren t tim es and  

h ep tan e  co n cen tra tio n s  w ere  d isso lv ed  in  to lu en e  an d  o b serv ed  u n d e r op tical 
m icro sco p y . F ig u re  4.8 sh o w s th a t all cu ts  e x c e p t cu t 1 w ere  co m p le te ly  so lub le  in 
to lu en e . A  frac tio n  o f  cut 1 w as  in so lu b le  in  to lu en e  ev en  afte r one w eek  and  tw o 
h o u rs  o f  so n ica tio n . T ab le  4 .4  sh o w s the a m o u n t o f  so lu b le  and  in so lu b le  frac tio n  for 
cu t 1 a sp h a lten es  in  to lu en e . It sh o w s tha t th e  so lu b le  frac tio n  o f  a sp h a lten es  for cut 1 
is a ro u n d  51 w t%  (A p p en d ix  C). S im ila r b eh a v io u r  w as o b se rv ed  w h en  cut 1 w as 
d isso lv e d  in  ch lo ro fo rm , d im e th y len e  ch lo rid e  an d  te trah y d ro fu ran . C u t 1 w as no t 
co m p le te ly  so lu b le  in th ese  so lv en ts  a lth o u g h  th ey  a re  b e liev ed  to  be  g o o d  so lven ts 
fo r a sp h a lten es . T h ere fo re , th e  in so lu b le  p a rt m ig h t n o t be a sp h a lten es . T h ey  m ig h t 
b e  w ax es , san d , o r  o th e r so lid  partic les .
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F ig u re  4 .8  A sp h a lten e  p a rtic le s  in to lu en e  by u sing  o p tica l m ic ro sco p y  (a) C ut l  
an d  (b) O th e r cu ts  o f  asp h a lten es .

T a b le  4 .4  S o lu b le  and  in so lu b le  a sp h a lten es  for cut 1 in  to lu en e

F ra c tio n  o f  so lub le  asp h a lten es 0.5141
F ra c tio n  o f  in so lu b le  asp h a lten es 0 .4859

4 .3 .2  C u t 1
T h e  so lu b ility  re su lts  sh o w ed  tha t cut 1 w as  no t co m p le te ly  so lu b le  in  

to lu en e , ch lo ro fo rm , d ich lo ro m e th an e  an d  te trah y d ro fu ran , a lth o u g h  th ese  so lv en ts  
a re  b e liev ed  to  be g ood  so lv en ts  fo r a sp h a lten es. T h ere fo re , one  m ig h t th in k  tha t 
in so lu b le  frac tio n s  o f  cu t one  are  no t a sp h a lten es  and  are  som e o th e r co m p o u n d s  like 
w ax es , sand  o r so lid  p a rtic le s  from  cru d e  o il. In o rd e r to  in v estig a te  th e  p o ss ib ility  o f  
th e  in so lu b le  c o m p o u n d s  b e in g  w ax , so m e ex tra  an a ly ses w ere  d o n e  on  in so lu b le  
frac tio n  o f  cu t 1. W ax es a re  a lky l ch a in  h y d ro carb o n s th a t are so lu b le  in  so lv en ts  like  
to lu en e  o r h ep tan e  at h ig h  tem p era tu res .

4 .3 .2 .1  H igh  T em perature E xperim en ts f o r  C ut 1 in Toluene
C u t 1 w as d isso lv ed  in  to lu en e  and  th en  h ea ted . T he so lu tio n  

w as o b se rv ed  u n d er o p tica l m icro sco p y . S o lu b ility  o f  a sp h a lten es  and  w ax es  
inc reases  by tem p era tu re . T h e re fo re , i f  the  in so lu b le  p a rtic le s  are g o n e  afte r h ea tin g , 
th e re  is the  p o ss ib ility  th a t th ey  are w ax es and  no t san d  partic les  s in ce  the  so lu b ility  
o f  sand  p a rtic le s  does n o t in c rease  w ith  th is  am o u n t o f  h ea ting . F ig u re  4 .9  show s th e
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m ic ro sco p y  p ic tu res o f  cut 1 in to lu en e  at ro o m  and  e lev a ted  te m p e ra tu re  (75 °C). 
T h e  in so lu b le  p a rtic le s  d isap p ear at 75 ° c .  T h ere  are  tw o  p o ss ib le  ex p lan a tio n s  for 
th is  resu lt. F irst, in so lu b le  p artic les  m ig h t be a sp h a lten es  th a t h av e  b e tte r  so lu b ility  at 
h ig h  tem p era tu re . S eco n d , they  m ig h t be  w axes.

F ig u re  4 .9  T he m ic ro sco p y  p ic tu res  o f  cut l  in to lu en e  (a) 20  ๐c  (b ) 75 cc .

4 .3 .2 .2  H igh T em perature E xperim en ts f o r  In so lu b le  C ut 1 in 
H eptane
In o rder to  see w h e th e r th e  in so lu b le  frac tio n  o f  cu t I 

co m p rise s  a sp h a lten es  o r  w axes, h ig h  tem p e ra tu re  ex p e rim e n ts  w ere  c o n d u c ted  in 
h ep tan e . T h e  in so lu b le  frac tions are  like ly  w ax es  i f  th ey  are  so lu b le  in  h e p ta n e  at 
e lev a ted  tem p era tu res . H ow ever, th ey  are m o re  like ly  a sp h a lte n e s  i f  th ey  rem a in  
in so lu b le  ev en  a t h ig h  tem p era tu re  in  h ep tan e  (h ep tan e  is a p re c ip ita n t fo r 
a sp h a lten es) . F igure  4 .1 0  show s o p tica l m ic ro sco p y  p ic tu res  o f  in so lu b le  p a rtic le s  o f  
cut 1 in  h ep tan e  at ro o m  tem p era tu re  (20 °C ) an d  85 ๐c .  T h e  in so lu b le  p a rtic le s  
d e c re a sed  in  n u m b er as the  tem p e ra tu re  w as in creased . H o w ev e r, th ey  n ev e r 
co m p le te ly  d isap p ea red , even  th o u g h  the  tem p e ra tu re  w as in c re a se d  up  to  85 ° c .  T he 
in so lu b le  p a rtic le s  in h ep tan e  are a sp h a lten es  an d  the  so lu b le  p a rtic le s  in  h ep tan e  
c o n s is t o f  w axes.
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Figure 4.10 In so lu b le  p a rtic le s  o f  cut 1 in h ep tan e  (a) ro o m  tem p e ra tu re  (20  °C )
(b) 85 °c.

4.3.2.3 Asphaltenes Stabilization
S o lu b ility  re su lts  sh o w ed  th a t cut 1 w as n o t so lu b le  in 

to lu en e , ch lo ro fo rm , d im e th y len e  ch lo rid e , an d  te trah y d ro fu ran . A lth o u g h  to tal 
a sp h a lten es  a lso  in c lu d e  cut 7, th ey  w ere  co m p le te ly  so lu b le  in  to lu en e . T otal 
a sp h a lten es  co n sis t o f  cut 7, cut 2, cut 3 and  so lu b le  a sp h a lte n e s  for 50 v o l%  o f  
h ep tan e  in  crude oil as sh o w n  in F ig u re  4.11 (a). I f  cut 1 is so lu b le  in to lu en e  afte r it 
is m ix ed  w ith  o th e r  cu ts, it d e m o n s tra te s  th a t cut 1 is a sp h a lten es  tha t can  be 
s ta b iliz e d  by o th e r a sp h a lten es . T h e re fo re , cut 7, cut 2, cut 3 an d  so lub le  asp h a lten es  
fo r 50 v o l%  h ep tan e  w ere  m ix ed  to g e th e r in  to lu e n e  based  on  w e ig h t frac tion  o f  each  
cu t in to ta l a sp h a lten es  as sh o w n  in F igu re  4.11 (b) (A p p en d ix  D).

a Total asphaltenes
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b

C u t i  a s p h a lte n e s  in to lu e n e

8
C u t 2 a s p h a lte n e s  in to lu e n e

8
C ut 3 a s p h a lte n e s  เท to lu e n e

8
Solub le  a s p h a lte n e s  in to lu en e

Mixed to g e th e r  b a s e  on 
w e ig h t fraction  o f e a c h  c u t 
in to ta l a s p h a lte n e s

Mixed a s p h a lte n e s

Figure 4.11 (a) C o m p o s itio n  o f  to ta l a sp h a lten es  (b ) S ch em atic  o f  m ix ed
asp h a lte n e s  ex p e rim en t.

T h e  m ix e d  asp h a lten es  in to lu en e  w ere  o b se rv ed  u n d e r 
o p tica l m ic ro sco p y . F igu re  4 .1 2  sh o w s m ix ed  a sp h a lten es  w ere  c o m p le te ly  so lu b le  in  
to lu en e  s im ila r  to  to ta l a sp h a lten es . T h e  so lu b le  frac tio n  stab ilizes  th e  in so lu b le  
frac tio n  (cut 1) an d  he lp s th e m  to  d isso lv e  in  so lven t, co n s is te n t w ith  S p ieck e r e t al.
(2 0 0 3 )’s re su lts , w h ich  sh o w e d  th a t th e  so lub le  frac tio n  can se lf-s tab iliz e  the  
p re c ip ita te d  frac tio n  to  d isso lv e  in  to luene.
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Figure 4.12 A sp h a lten e  p a rtic le s  in to lu en e  by u s in g  o p tica l m ic ro sco p y  (a) C u t 1 
(b ) M ix ed  a sp h a lten es  (c) T o ta l aspha ltenes.

M ix ed  a sp h a lten es  w ere  a lso  an a ly sed  u s in g  S A X S . T h e  
sca tte rin g  re su lt o f  m ix ed  a sp h a lten es  and  to ta l a sp h a lten es  in  F ig u re  4 .13  are 
id en tica l, ag ree in g  w ith  p a rtic le  s ize  o f  n an o ag g reg a tes  in T ab le  4 .5 . T h e  p a rtic le  
s izes  o f  n an o ag g reg a te s  w ere  ana lyzed  u sing  G u in ie r  A p p ro x im a tio n . It sh o w s th a t 
s tab le  a sp h a lte n e s  s tab ilize  the  u n stab le  frac tio n  in  to lu en e  and  red u ce  th e ir  s izes 
c o n s is te n t w ith  so lu b ility  resu lts .
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Figure 4.13 T he re la tio n sh ip  b e tw een  q and in ten sity  o f  sca tte rin g  o f  m ixed  and  
to ta l a sp h a lten es.

Table 4.5 P artic le  s ize  o f  n an o ag g reg a tes

• 4 *
« A4 A A♦  • Î A*

* Mixed asphaltenes 
A Total asphaltenes

V .
N W

V
%V f

T ype o f  a sp h a lten es P a rtic le  s ize (n m )
T o ta l a sp h a lten es 8 .14  ±  0 .59
M ix ed  asp h a lten es 8 .06  ± 0 .6 4

T h ere fo re , th e re  w as sm all frac tio n  o f  cu t 1 tha t w as m ixed  
w ith  o th e r  a sp h a lten es  in  to lu en e  (A p p en d ix  D ). T h e  se lf-s tab iliz a tio n  o f  asp h a lten es  
in th ese  resu lts  is p o ss ib ly  from  d ilu tio n  o f  cu t l  in  so lu tion . T h e  d ilu tio n  o f  cut 1 
m ig h t m ak e  it hard  to  o b se rv e  in so lu b le  p a rtic le s  u n d e r  op tica l m icro sco p y .

4 .3 .2 .4  M ix C ut 1 w ith  S olu ble  A sp h a lten es
T h e  cut 1 w as  m ix ed  w ith  so lu b le  a sp h a lten es  for 75 vo l%  

h ep tan e  in  o rd e r to  m ak e  su re  th a t s tab iliz a tio n  e ffec ts  o b se rv ed  in  p rev io u s sec tion  
w ere  n o t ju s t  due to  d ilu tio n . In o rd e r  to  co m p are  th is  ex p e rim e n t w ith  a p rev io u s  
e x p e rim en t ( Cut 1 in  to lu en e  o r S ec tio n  4 .3 .1 ), cu t 1 w as p rep a red  base  on  s im ila r 
frac tio n  w ith  to lu en e  ex p erim en t. T h e re fo re , 2 w t%  o f  cut 1 w as m ix ed  w ith  2 w t%  
o f  so lu b le  a sph a lten es f o r  75 vo l%  h eptan e  to  m e a su re  the  in so lu b le  frac tio n  o f  cut 1.
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I f  the  soluble asphaltenes fo r  75 vol%  heptane s tab ilize  cut 1, th e  in so lu b le  frac tio n  
sh o u ld  d ecrease . T h e  op tica l m ic ro sco p y  p ic tu res o f  cut l ,  soluble asphaltenes fo r  75 
vol%  heptane, and  th e  tw o  cu ts m ix ed  to g e th e r a re  sh o w n  in F igu re  4 .14 . T he 
in so lu b le  p a rtic le s  in  cut 1 w ere  d ecreased  a fte r  they  w ere  m ix ed  w ith  so lu b le  
a sp h a lten es . T h ere fo re , so m e o f  inso lub le  p a rtic le s  are s tab iliz ed  by so lub le  
a sp h a lten es .

Figure 4.14 O ptica l m ic ro sco p y  p ic tu res  (a) 2 w t%  o f  cut 1 in  to lu en e  (b ) 2 w t%  o f  
75 vol%  heptane soluble asphaltenes in to lu en e  (c) m ix  cut 1 an d  75 vol%  heptane 
soluble asphaltenes in  to lu en e .

T h e  in so lu b le  frac tio n  o f  cut 1 befo re  an d  a fte r m ix in g  w ith  
so lu b le  a sp h a lten es  is sh o w n  in T ab le  4.6.
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Table 4.6 F rac tio n  o f  in so lu b le  p a rtic le s  o f  cut 1 b e fo re  an d  a fte r  m ix in g  w ith  
soluble asphaltenes fo r  75 vol%  heptane

M ix ed  w ith  
so lu b le  a sp h a ten es

F rac tio n  o f  
in so lub le  p a rtic le s

W t%  o f  in so lu b le  
p a tic le s  in to lu en e

B efo re 0 .4 8 5 9 1.02
A fte r 0 .1263 0.53

T he in so lu b le  frac tio n  d ecreased  a fte r  cut 1 w as m ix ed  w ith  
soluble asphaltenes. T his d em o n stra ted  th a t h a lf  o f  in so lu b le  p a rtic le s  in  cut 1 are 
p ro b a b ly  a sp h a lten es  b ecause  th ey  are s tab iliz ed  by so lu b le  a sp h a lten es  (T ab le  4 .5). 
T h e  o th e r p o rtio n  o f  the in so lu b le  p a rtic le s  m ig h t be w a x e s  b ecau se  it d isap p ea rs  
w h e n  h ea ted  in to lu en e  and  h ep tan e .

4.3 .3  S m all A ngle  X -R ay  S ca tte rin g  (S A X S )
A sp h a lten es  th a t p rec ip ita ted  at d iffe ren t tim es  an d  p re c ip ita n t 

co n cen tra tio n s  w ere  d isso lv ed  in  to lu en e  (1 w t%  in to lu en e) an d  an a ly sed  u s in g  sm all 
a n g le  X -ray  sca tte rin g  (S A X S ). A s m en tio n ed  earlie r, cut 1 w as n o t co m p le te ly  
so lu b le  in to lu en e . T h ere fo re , cut l  w as cen trifu g ed  at 14000  rp m  fo r 10 m in u tes  to 
sep a ra te  ou t in so lu b le  fraction . T h e  so lub le  so lu tio n  afte r c en tr ifu g a tio n  w as ana lyzed  
u s in g  S A X S . F ig u re  4.15 sh o w s the  c o m p ariso n  b e tw een  sc a tte rin g  v e c to r (q ) and  
in te n s ity  (I(q)) fo r p rec ip ita ted , so lu b le  an d  to ta l a sp h a lten es . T h e  G u in ie r  
A p p ro x im a tio n  can  be used  to  o b ta in  a sh a p e -in d ep en d en t e s tim a te  o f  th e  rad iu s  o f  
g y ra tio n  o f  a sp h a lten e  partic les  (A p p en d ix  E).
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* 50°/oC7 Cuti 
•- 50%C7 Cut4

X 50% C 7S olub le(C ut5) 
* 75%C7 Cut6

0 .004 0.04
q(A-M

F ig u re  4 .15  T h e  re la tio n sh ip  b e tw een  q and  in ten sity  o f  sca tte rin g  fo r each  cut and  
to ta l a sp h a lten es.

T h e  re su lts  w ere  u sed  to  e s tim a te  the  size  o f  n an o ag g reg a te s  by ap p ly in g  
G u in ie r  A p p ro x im a tio n  at lo w  q :

T h e  slo p e  an d  in te rcep t o f  d a ta  w ere  th en  u sed  to  ca lcu la te  and

In (10) ,  re sp ec tiv e ly  (A p p en d ix  E). T h e  rad iu se s  o f  g y ra tio n  (Rg) fo r p rec ip ita ted ,

so lu b le  and  to ta l a sp h a lten es  are  sh o w n  in T ab le  4 .7 . S ca tte rin g  re su lts  sh o w  th a t cu t 
1 h ad  sharp  u p tu rn , th e re fo re  G u in ie r  A p p ro x im a tio n  ca n n o t be u sed  to  estim a te  s ize  
o f  p artic les. T h e  p a rtic le  s ize  o f  to ta l a sp h a lte n e s  w as e s tim a te d  u s in g  m id d le  q ran g e  
b ecau se  there  w as u p tu rn  at low  q likely  d u e  to  the  e ffec t o f  cu t 1 p artic le s .

พ )  = ๒ (1 0) -  R
V 7

(4 .2 )
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Table 4.7 T h e  g y ra tio n  rad iu s o f  ag g reg a ted  a sp h a lten es

co n cen tra tio n Rg(nm )

50 v o l%  C7
C u t 1 -
C u t 4 5.15 ±  0 .15
S o lu b le  (C ut 5) 3.14 ±  0.05

75 v o l%  C 7
C ut 6 3 .79  ± 0 .0 7
C ut 7 3 .70  ± 0 .0 6
S o lu b le  0C ut 8) 2 .82  ± 0 .0 3

T o ta l 6 .42  ± 0 .4 3

T ab le  4 .7  sh o w s so lu b le  a sp h a lten es  are sm a lle r th an  p rec ip ita ted  
a sp h a lten es  in  each  co n cen tra tio n . M o reo v er, the p a rtic le  sizes o f  n an o ag g reg a tes  in 
each  cu t a re  c lo se  to  each  o th e r b u t cu t l  p a rtic les  a re  too  large to  be c h a rac te riz ed  by 
S A X S . C u t 1 co n ta in ed  a sp h a lten es  an d  w axes (S ec tio n  4 .3 .2 ), and  th e re fo re  the  
large  p a rtic le  s ize  o f  n an o ag g reg a te  fo r cut 1 m ig h t be th e  e ffec t o f  w axes. In o th e r 
cu ts  b e s id e s  cut 1, a sp h a lten es  th a t p rec ip ita ted  ea rlie r  are m o re  u n stab le  an d  th ey  
have  h ig h e r p o ss ib ility  to  su cceed  w h en  they  co llid e  o th e r d es tab iliz ed  a sp h a lten es  
and  b eco m e  b igger.

4 .3 .4  H e te ro a to m s an d  M eta l C o n ten ts
T ab le  4 .8  sh o w s th e  ca rb o n , hyd rogen , h e te ro a to m s (N , o  an d  ร ) and  

m e ta l co n te n ts  (N i an d  V ) fo r d iffe ren t cuts.
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Table 4.8 H ete ro a to m s and  m e ta l c o n te n ts

Type of asphaltenes %wt Ni V
c H N o ร H/C (ppm) (ppm)

50 v o l%  C 7  C u t 1 8 2 .8 6 11.12 0.55 2 .7 4.33 1.61 88 237
50 v o l%  C 7  C u t 3 8 0 .9 7 .48 1.15 2 .1 7 7.7 1.11 172 537
50 v o l%  C 7  C u t 4 81.41 7.35 1.11 2 .7 9 7.6 1.08 160 495
50 v o l%  C 7  so lu b le  (C u t 5 ) 81 .18 7.81 1.02 1.82 7 .26 1.15 139 442
75 v o l%  C 7  C u t 6 8 1 .2 7 7 .77 1.07 2.13 7 .48 1.15 148 453
75 v o l%  C 7  C u t 7 80.61 7 .56 0 .98 1.94 7 .36 1.13 142 4 2 4
75 v o l%  C 7  so lu b le  ( C u t ร) 81 .07 7 .79 1.01 3 .7 9 7 .06 1.15 129 394
T o ta l a sp h a lte n e s 81.5 7 .79 1.05 2.21 7.2 1.15 152 4 7 9

T h e  h e te ro a to m  an d  m e ta l c o n te n ts  o f  d iffe re n t cu ts  w ere  p lo tte d  in  F ig u re s  4 .1 6  an d  4 .1 7 , re sp ec tiv e ly .
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■  50vol%C7 cut 1
■  50 vol% C7 cut 3 
a 50vol%V7 cut 4
■  50 vol% C7 soluble 
E 75 vol% C7 cut 6
a 75vol%C7 cut 7 
»75vol%C7 soluble 
ร Total asphaltenes

Nitrogen Oxygen Sulfur H/C

F ig u r e  4 .16  H e te ro a to m  co n te n ts  and  h y d ro g en  p e r ca rb o n  ra tio  for d iffe ren t cuts.

a 50 vol% C7 cut 1 
■  50 vol% C7 cut 3 
a 50 vol% V7 cut 4 
a 50vol%C7 soluble 
a 75 vol% C7 cut 6 
a 75 vol% C7 cut 7 
a  75 vol% C7 soluble 
6 Total asphaltenes

Ni V

F ig u r e  4 .17  M eta l co n ten ts  fo r d iffe ren t cu ts.

In  all cu ts ex cep t fo r cut 1 , a sp h a lten es  h ad  h ig h e r h e te ro a to m s and 
m eta l co n ten ts  in  each  c o n c e n tra tio n  for the  a sp h a lten es  p rec ip ita ted  at e a rlie r tim es. 
H o w ev er, there  w as no t a  s ig n ific a n t d iffe ren ce  b e tw een  H /C  ra tio  fo r d iffe ren t cuts. 
I f  a sp h a lten es  h ad  h igh  h e te ro a to m  and  m eta l co n ten ts , they  h ad  h ig h er p o la r  fraction .
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S in ce  h ig h  p o la r  frac tio n  cau se s  a sp h a lten es  to  p rec ip ita te  m o re  eas ily , it m akes sen se  
th a t a sp h a lte n e s  w ith  h ig h  h e te ro a to m  an d  m eta l co n ten ts  p re c ip ita te  m o re  easily . 
T h ese  re su lts  su p p o rted  th e  re su lts  o f  S A X S  th a t sh o w ed  a sp h a lte n e s  p rec ip ita ted  at 
e a rlie r  tim es  an d  fo rm ed  la rg e r n an o ag g reg a tes. C ut 1 h ad  the  h ig h e s t H /C  ra tio  and  
th e  least h e te ro a to m s an d  m e ta l con ten ts . A s m en tio n ed  ea rlie r (S e c tio n  4 .3 .2 ), cu t 1 
co n ta in ed  a sp h a lten es  an d  w axes. T h ere fo re , cut 1 had  the  h ig h est H /C  ra tio  b ecau se  
so m e o f  cu t 1 w ere  w ax es . T h is su p p o rted  the  ex p e rim en t o f  cu t 1 in p rev io u s  
sec tion .

4 .3 .5  N u c lea r M ag n e tic  R eso n an ce  (N M R )
T h e  s tru c tu re  p aram ete rs  su ch  as a ro m atic ity  and  n u m b e r  o f  ca rb o n s  

p e r  alky l s id e  ch a in  are sh o w n  in T ab le  4 .9 .

Table 4.9 S tru c tu re  p a ram e te rs  o f  a sp h a lten es

T ype o f  a sp h a lten es H y H p Ha H ar ท C ar Cal fa
50 v o l%  hep tan e

C u t 1 1.00 3.86 1.33 0 .62 4.65 0.18 1.00 0.15
C u t 1 so lu b le 1.00 3.80 1.24 0.65 4 .87 0 .26 1.00 0.21

- C u t 2 0.15 0.45 0 .20 0.1 4 .00 0 .24 0 .7 4 0.25
- C ut 3 0.15 0.47 0 .20 0.1 4 .10 0 .26 0 .73 0 .26

75 v o l%  hep tan e
- S o lu b le  (C ut 8) 1.00 3.70 1.36 0.68 4 .46 0 .34 1.00 0.25

T otal 1.00 3.21 1.31 0 .72 4.21 0.35 1.00 0 .26

A sp h a lte n e s  th a t p rec ip ita ted  in d iffe ren t c o n d itio n s  had  s im ila r  
a ro m a tic ity  e x c e p t fo r cut 1. T h e  n u m b er o f  ca rb o n s  p e r alkyl side  c h a in  (ท) in c reased  
as a  fu n c tio n  o f  tim es an d  p rec ip itan t co n cen tra tio n s . T he lo n g er a lky l side  ch a in  
(h ig h e r ท) m ak es  a ro m atic  c o re s  o f  a sp h a lten es  hard  to  co llid e  w ith  e a c h  o ther.

C ut 1 had  h ig h e r n u m b er o f  ca rb o n s  p e r alky l side  c h a in  (ท), w ith  long  
a lky l side  c h a in s  tha t p rev en ted  ag g regation . C ut 1 a lso  has less in te rac tio n  fo rces to
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ag g reg a te  due  to  lo w es t a ro m itic ity  su p p o rted  th e  resu lt o f  h e te ro a to m  (S ec tio n  
4 .3 .4 ). T h ese  resu lts  d em o n stra ted  th a t cut 1 co n ta in ed  w a x e s , su p p o rtin g  the 
p rev io u s  resu lts . A lth o u g h  cut 1 w as  cen trifu g ed  an d  th e  so lu b le  so lu tio n  o f  cu t 1 w as 
an a ly zed  u s in g  N M R , it s till had  lo w  a ro m atic ity  and  h ig h  n u m b e r  o f  c a rb o n s  p er 
alky l s id e  chain . It sh o w ed  tha t w ax es  can n o t be  sep a ra ted  u s in g  th e  cen trifu g a tio n  
te ch n iq u e  a t room  tem p era tu re .

T he  p ro p e rtie s  o f  a sp h a lten es  th a t p rec ip ita ted  at d iffe ren t tim es  and  
p re c ip ita n t co n cen tra tio n s  w ere  n o t iden tica l. T h e  a sp h a lte n e s  tha t p rec ip ita ted  
ea rlie r, ex cep t cut / ,  h ad  h ig h er h e te ro a to m  and  m e ta l co n ten ts  an d  lo w er n u m b ers  o f  
ca rb o n s  p e r alky l side  chain . T here  w ere  s im ila r p a rtic le  s izes o f  n a n o ag g reg a te s  and  
a ro m a tic ity  o f  a sp h a lten es  at d iffe ren t co n d itio n s . T h is  d e m o n s tra te d  tha t the  h ig h e r 
in  h e te ro a to m  and  m eta l co n ten ts  lead  a sp h a lten es  eas ily  to ag g reg a te  due  to  th e  p o la r  
frac tio n . T h e  sh o rte r len g th  o f  a lky l side  ch a in  (lo w er n u m b e r o f  ca rb o n  p e r alky l 
side  ch a in ) m akes it e a s ie r  for a ro m a tic  co res to  get c lo se r. H e n c e  there  is h ig h e r 
p o ss ib ility  th a t leads a sp h a lten es  to  co llid e  and  fo rm  larger n an o ag g reg a tes .
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