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APPENDICES

Appendix A Centrifugation Techniques Calculation

A.l Separation of Particles based on Particle Diameter

A  p artic le  that is se tt lin g  under a c e n tr ifu g a l f ie ld  is  g o v e r n e d  b y  tw o  
o p p o s in g  fo rces  w h ic h  are the cen tr ifu g a tio n  fo rce  and th e d rag force . A ssu m in g  
sp h er ica l p a rtic les, the su m m a tio n  o f  fo rces  lea d  to  E q u atio n  ( A . l )  (A lle n , 1 9 8 1 ).

^  F o r c e  -  (M a s s  p )*  ( a c c e l e r a t io n )  = C e n tr i f u g a t io n  F o r c e  - D r a g  F o r c e

W h ere X  =  d ista n ce  from  the a x is  to  p a r tic le (m )
d x /d t  =  ou tw a rd  v e lo c ity  o f  the p a r tic le (m  ร'1)
P p , Pf =  d e n s ity  o f  p artic le  and flu id  m e d iu m , r e sp e c t iv e ly  (k g  m '3) 
p =  v is c o s ity  o f  flu id  m ed iu m  (k g  m  ' s '1)
D  =  e q u iv a le n t sp h erica l d ia m eter  o f  p a r tic le  (m )
CO =  sp eed  o f  rotation  o f  c e n tr ifu g e  (rad s e c '1)

A t term in a l v e lo c ity , th e  su m m a tio n  o f  th e se  fo r c e s  eq u a l z ero . T h u s, 
E q u a tio n  ( A . l )  b e c o m e s

For r =  R w h ic h  is  th e  b o tto m  o f  th e  tub e, all p a r tic le s  b ig g er  th an  Dm are cen tr ifu g ed .

f  ( / > , - p t ) & ÿ = | ( Pp - P f ) D \ o 2 ( A . l )

^ -  =  7^ ( p  - p f ) D 2co2x  ( A .2 )  d t  18 p  p f
r . ท /  \

W h ere ร  =  d ista n ce  from  the a x is  o f  rotation  to th e  su rfa ce  o f  th e  flu id  (m )  
R  =  d ista n ce  from  the a x is  o f  rotation  to  th e  b o tto m  o f  th e  tu b e  (m )
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L =  d is ta n c e  fro m  th e su rfa ce  o f  th e  f lu id  to  the b o tto m  o f  the tu b e  (m )
D m is  c a lc u la te d  b a sed  o n  th e p h y s ic a l p rop erties  o f  th e  p artic le  and  the  

f lu id , and th e a p p lie d  c e n tr ifu g a tio n  c o n d it io n s . D m se r v e s  as a g u id e  i f  the  
c en tr ifu g a tio n  c o n d it io n s  u se d  are s u ff ic ie n t  to  sep arate  th e  ap p ropriate p a rtic les. 
F ig u re  A . l  s h o w s  th e c o n fig u r a tio n  o f  th e  c e n tr ifu g e s  u sed .

Axis of rotation
ร

L

R

Figure A.l C o n fig u r a tio n  o f  c e n tr ifu g e  u sed .

Table A.l C o n fig u r a tio n  o f  th e  cen tr ifu g e  u sed

Centrifuge ร(mm) R(mm) Centrifuge Tube used
T h erm al s c ie n t if ic  S o rv a ll L eg en d  
X lR ( F ix e d  A n g le  C arb on  F ib er  
R o to r  (F I 5 - 8 x 5 0 ๙ »

4 3 104 F ish erb ran d  cen tr ifu g e  
tu b e 5 0  m L

T h erm al s c ie n t if ic  S o rv a ll L eg en d  
X 1 R (R o u n d  B u c k e ts (T X -4 0 0 ) )

6 8 168 F ish erb ran d  cen tr ifu g e  
b o ttle  2 5 0  m L

E p p en d o rf M icro  C en tr ifu g e  5 4 1 5 C 3 9 73 F ish erb ran d
m ic r o c e n tr ifu g e  1.5 m L
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A . 1.1 C ru d e O il P reparation
C en tr itu b e  tu b e  (5 0  m L ) is  u sed  to p rep are cru d e o i l  at 1 4 0 0 0  X  

g fo r c e  for  3 h ou rs. T h erefo re , the m in im u m  p artic le  s iz e s  (D ,n) that ca n  sep ara te  ou t  
u s in g  th is  c o n d it io n .

1 8 / / In ( R / S )  
( p p - P f ) u 2 t

rco~ 1 2  K rp mR C F  =  g fo r c e  = -------  and c o -
g

R C F  = 1 .1 2  r

6 0

f  rp m  ' 2 
vlOOOy

1 4 0 0 0  = 1 .1 2 (1 0 4 )  ̂ rp m
y 10 0 0  J  

rpm  =  1 0 9 6 3 .2 3  rpm

or CO =
I R C F  X g  1 1 4 0 0 0 x 9 8 0 0  11 /10 nn , .J -------— - ะ = J --------------------- =  1 1 4 8 .9 9  r a d i s

V r  V 10 4

.-. D_ =ะ \ 8 p \ n ( R ! S )  1 8 ^ ๒ (1 0 4 /4 3 )  1 132x 10., P
) เ ( P p - P / )cü2 t = ) l ( P p - P / ) ไ 14 8 . 992 ( 3 x 6 0 x 6 0 )  =  ■ J \ { p p - p f )

m (A .4 )

- I f  large  cen tr ifu g e  b o ttle  (2 5 0  m L ) is u sed  to sep ara ted  c la y , san d , and  
w a te r  ou t from  cru d e  o i l  at 3 5 0 0  rpm , req u ired  tim e  for sep ara tin g  sa m e  p artic le  s iz e  
as c e n tr ifu g e  tu b e  ca n  c a lcu la te .

co= l n r p m  =  2 * ( 3 5 0 0 ) = 3 6 6 ^  r a d  1 s
6 0 6 0

F rom  (A .4 )

.-. D =  1 .1 3 2 x 1 0 _3 I p  _  U p  ๒ ( 1 6 8 /  6 8 )  
( P p - P f )  =  V ( P p -  P f )  3 6 6 .5 2 2 1p r  J / I

t =  3 4 6 6 3  se c o n d s  =  9 .6 3  h ou rs
T h u s , w e  u se  th e  sp eed  at 3 5 0 0  rpm  for 10 h ou rs to pretreat crude o il

in  th is  study.
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A . 1 .2  C h a racter iza tio n  and F ractio n a tion
M icro c e n tr ifu g e  tub e (1 .5  m L ) is  u se d  to  cen tr ifu g e  th e  p rec ip ita ted  

a sp h a lten es  from  so lu t io n  at 1 4 0 0 0  rpm  for 10 m in u te s . T h e  m in im u m  d ia m eter  o f  
p artic le  can  b e  ca lcu la ted .

2 n  r p m  2/r (14000)เ 0=  =  —̂ ;------ -  =  1 4 6 6 .0 8  r a d  เ  ร
6 0  6 0

. 0  55 I 18„1ท(*/รุ) 55 r  1 8 ^ 7 3 /3 9 )  . . . , 9 354110-5 r z z m (A.5)
^ / ) ,- / ) , ) - ) ) ’ ' V ( p , - p , y 1466.08'! (10*60) y ( P „ - P / )

I f  large cen tr ifu g e  b o ttle  ( 2 5 0  m L ) is  u se d  to ce n tr ifu g e  the  
p rec ip ita ted  a sp h a lten es  ou t at 3 5 0 0  rpm , required  t im e  can  b e c a lcu la ted . 
F rom  ( A .5 )

.-. D .  =  9 .3 5 4 x 1 0 - 5 m - 1 8 //  ln ( l 6 8  /  6 8 )
( P p - P f ) y ( P p - P / ) 3 6 6 . 5 2  /

t =  1 3 8 5 0  se c o n d s  =  3 h ou rs 5 0  m in u tes  
T h e p rec ip ita ted  a sp h a lte n e s  is  cen tr ifu g e d  at 3 5 0 0  rpm  for  4  hours.

A.2 Concentration of Crude Oil and Amount of Asphaltenes Precipitated

C o n cen tra tio n  o f  h ep ta n e  in  s o lu t io n  can  c a lc u la te  as sh o w n  in  e q u a tio n  A .6

^ hep tan  e

%  H e p  ta n e  c o n c e n tr a tio n  = ------^ hep-tme------ *100%  ( A .6)
^ hep tan  e ^  m0,1
P h e p  tan  e P o l l

M a ss  fraction  o f  cru d e o i l  =  m 0 ii/ (m 01| +  iU heptane) ~  X 

G iv e n  m a ss  o f  so lu t io n  =  m SOi
m a ss  o f  a sp h a lten e(a fter  w a sh  and dry in  o v e n )  =  n i a s p h  

A m o u n t o f  a sp h a lten e  p rec ip ita ted  c a n  c a lc u la te  as e q u a tio n  A .7
fn

%  g  o f  a sp h a lten e  p rec ip ita ted  per g  cru d e o i l  =  asph x l0 0 %  ( A .7 )
m s o l 'X
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Appendix B Properties of Solution 

B.l Solubility Parameter of Solution

S o lu b ility  p aram eter o f  s o lu t io n  can  c a lc u la te  from  E q ( B . l )  (H a n sen , 2 0 0 0 );

3so,น r , 0 , , = ! ( B 1 )

W h ere Th is  the v o lu m e  fraction  o f  ea c h  c o m p o n e n t and  5| is so lu b ility  p aram eter o f  
ea ch  co m p o n e n t.

B.2 Viscosity of Solution

T h e v is c o s ity  o f  so lu tio n  c a n  c a lcu la ted  from  Eq B .2  (N o v a k , 2 0 0 3 ).

A G i:so,น,on = E  G ,  ๒ / V R T
(B .2 )

AGT erm  ——— is  for n on  id ea l part. I f  the id ea l so lu tio n , th e  Eq B .2  can  b e  
R T

w ritten  a s  E q  B .3 .

^ M so iu u o n  = z  V '/M i (B-3)
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Appendix c  The Fraction of Soluble and Insoluble Particles in C u t 1

T h e 2 w t%  o f  cu t 1 a sp h a lte n e s  in to lu e n e  w a s  prep ared  and c e n tr ifu g e d  to 
sep ara te  in so lu b le  p artic le  ou t at 1 4 0 0 0  rpm for 10 m in u tes  u s in g  E p p e n d o r f  M icro  
C en tr ifu g e  5 4 1 5C . T o ta l a sp h a lte n e s  for cut 1 in to lu e n e  is e s tim a te d  b y ev a p o ra te  
to lu e n e  from  so lu tio n . T h e p a r tic le s  in to lu en e  can  be ca lc u la te d  u s in g  Eq c.l.

W t % p artic le  in to lu e n e  = —̂ - — j c l0 0 %  ( C . l )

W h ere  X  is  w e ig h t  o f  p artic le  ca k e  (g )  and A  is  w e ig h t  o f  to lu e n e  (g ).
T h e in fo rm a tio n  o f  to ta l and  in so lu b le  p artic le s  in c u t 1 a sp h a lte n e s  are 

s h o w n  in  T a b le  c . l .

Table c . l  T ota l a sp h a lte n e s , so lu b le  and in so lu b le  p artic le  for  c u t 1

T ota l In so lu b le
#1 # 2 #1 # 2

S o lu t io n  (g ) 0 .4 5 4 4 0 .4 6 8 8 1 .2 3 8 5 1 .2 6 2 8
C a k es  (g ) 0 .0 0 9 2 0 .0 0 9 7 0 .0 1 2 2 0 .0 1 2 8
W t % in  to lu en e 2 .0 7 2 .11 1.01 1.03
W t % in  to lu e n e  (a v g ) 2 .0 9 1 .02

T h ere fo re , th e  in so lu b le  an d  so lu b le  fraction  can  be ca lcu la te ;
in s o lu b le  1 .0 2In so lu b le  fraction  = --------—y — =  ——  = 0 .4 8 5 9

t o ta l  2 .0 9

S o lu b le  fraction  =  1- 0 .4 8 5 9  =  0 .5 1 4 1  
C u t 1 c o n s is t s  o f  51 % o f  in so lu b le  p a rtic le s  and 4 9  % o f  so lu b le  p a rtic le s. 
T h e 1 .9 9  w t%  o f  cu t 1 m ix e d  w ith  2 .0 1  w t%  o f  75  v o l%  h ep ta n e  so lu b le  

a sp h a lte n e s  in to lu e n e . T h e to ta l co n cen tra tio n  is  3 .9 9  w t% . T h e  co n ce n tr a tio n  o f  
a sp h a lten e  in  to lu e n e  is  ca lc u la te d  u s in g  Eq c . l .

W t % o f  tota l a sp h a lten es  in to lu e n e  =  — -—  jrioo %=4.16 w t %
1 0 0 - 3 . 9 9
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A m o u n t o f  in so lu b le  p artic le s  in  s o lu t io n  is  sh o w n  in  T a b le  C .2 .

Table C.2 A m o u n t o f  in so lu b le  p artic les  in  4  w t%  so lu t io n  o f  c u t 1 an d  75  v o l%  
h ep ta n e  so lu b le .

In so lu b le
#1 # 2

S o lu t io n  (g ) 1 .2 3 4 0 1 .244 1
C a k es  (g ) 0 .0 0 6 2 0 .0 0 6 3
W t % in  to lu en e 0 .5 2 0 .5 3
W t % in  to lu e n e  (a v g ) 0 .5 3

T h ere fo re , the in so lu b le  and s o lu b le  fraction  c a n  b e  ca lcu la te ;

In so lu b le  fra ctio n  =  -- — -̂ - =  ^  = 0 .1 2 6 3
to ta l  4 .1 6

S o lu b le  fraction  =  1- 0 .1 2 6 3  =  0 .8 7 3 7
T h e so lu t io n  c o n ta in s  13 % o f  in so lu b le  and 8 7  % o f  so lu b le  p a rtic le s.
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Appendix D  Asphaltene Stabilization

T h e am o u n t o f  p rec ip ita ted  a sp h a lte n e s  for e a c h  cut is  sh o w n  in  T a b le  D .l. 

Table D . l  A m o u n t o f  p rec ip ita ted  a sp h a lte n e s  for 5 0  v o l%  h ep ta n e  in cru d e o il

T y p e  o f  a sp h a lten e % g a sp h / g  cru d e o il W eig h t fra c tio n (g  
asph  /  g  to ta l asp h )

5 0  v o l%  h ep ta n e
- C u t 1 0 .2 5 9 5 0 .0 7 9 8

C u t 2 0 .3 2 3 6 0 .0 9 9 5
C u t 3 0 .3 1 6 4 0 .0 9 7 3
S o lu b le 2 .3 5 3 7 0 .7 2 3 5

T o ta l 3 .2 5 3 2 1 .0 0 0 1

Given : Total volume = 4 mL
Assume g crude oil = g toluene

Density o f toluene = 0.8668 g/mL
total solvent (Toluene) = mtotai = 4 mL X 0.8668 g/mL = 3.4672 g

Total asphaltene =  3.2532 g  a s p h a lte n e s  x 1 g _. cru d e o t l  x 3 4672 8  ' 01u en e  = 011288  
100 g  c ru d e o il I g  to lu e n e

The amount o f asphaltenes that have to prepare is calculated in Table D.2. 

Table D.2 Amount o f asphaltenes for 50 vol% heptane in toluene

T y p e  o f  a sp h a lte n e C a lc u la tio n g  a sp h a lte n e s
5 0  v o l%  h ep ta n e  (c u t 1) 0 .0 7 9 8  x 0 .1 1 2 8 0 .0 0 9
5 0  v o l%  h ep ta n e  (c u t 2 ) 0 .0 9 9 5  X 0 .1 1 2 8 0 .0 1 1 2
5 0  v o l%  h ep ta n e  (c u t 3 ) 0 .0 9 7 3  X 0 .1 1 2 8 0.011
5 0  vo l%  h ep ta n e  ( so lu b le ) 0 .7 2 3 5  X 0 .1 1 2 8 0 .0 8 1 6
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Appendix E Guinier Approximation

T h e  G u in ier  a p p ro x im a tio n  can  be u sed  to ob ta in  a sh a p e  in d ep en d en t  
e s tim a te  a b o u t rad ius o f  gy ratio n  o f  a sp h a lten e  p a rtic les. T h e  sca tter in g  resu lts  are 
u sed  to e stim a te  the s iz e  o f  n a n o a g g reg a tes  b y a p p ly in g  G u in ie r  a p p ro x im a tio n  at
lo w  q :

In ( / )  = ln ( /„ ) - ( E . l )

W h ere I is  sca tter in g  in ten sity , Io is sca tter in g  in ten sity  at q =  0 , Rg is  gyration  rad ius  
(Â )  and q is  sca tter in g  v e c to r  ( À '1).

R 2
T h e s lo p e  and  in tercep t o f  data  are then  u sed  to c a lc u la te  -  - y and I n (10) ,

r e sp e c t iv e ly  as s h o w n  in  F ig u re  D . l .  T h e gy ratio n  radius is  fitted  u s in g  G u in ier  
a p p ro x im a tio n  w h en  Rg q is le s s  than 1.3. I f  the sca tter in g  resu lts  b e tw e e n  lo g  I and  
lo g  q d o  n o t reach  p la tea u  lik e  cut  1 u n cen tr ifu g ed  as sh o w  in  F ig u re  4 .1 6 , s lo p e  o f  
G u in ier  a p p ro x im a tio n  c u rv es  is  to o  s teep  (F igu re  E . l ) .  T h e  s te e p  lin e  o f  G u in ier  
a p p ro x im a tio n  is th e  large  gy ratio n  rad ius that m ak e R gq larger than  1.3.

Figure E.l T h e G u in ier  a p p r o x im a tio n  cu rves.
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Appendix F Problem from Nuclear Magnetic Resonance (NMR)

N M R  w a s  u sed  to get in fo rm a tio n  a b o u t c h e m ic a l stru ctu re o f  a sp h a lten es  
su ch  as their aro m a tic ity  and n u m b er o f  carb o n  per a lk y l s id e  ch a in . F irst, the  
a sp h a lte n e s  w ere  d is s o lv e d  in d eu tera ted  to lu e n e . F ig u re  F . l  s h o w s  ' h  N M R  and 13c  
N M R  sp ectru m  for cut  3 a sp h a lten es  in to lu e n e  (2  w t% ). T h ere  are o n ly  d eu terated  
to lu e n e  p eak s for 'h  N M R  ( 2 .0 9 , 6 .9 8 , 7 .0 0  and 7 .0 9  p p m ). S ev era l p ea k s  o f  
d eu tera ted  to lu e n e  lea d  to o v er la p  p eak  w ith  a sp h a lten es . T h ere fo re , 'h  N M R  p eak s  
are n o t c lea r  and sh iftted  to right a x is . It a lso  s h o w s  o n ly  d eu tera ted  to lu e n e  p ea k s  for  
13c  N M R  (2 0 .4 , 1 2 5 .4 9 , 1 2 8 .3 3 , 1 2 9 .2 4  and 1 3 7 .8 6  p p m ). T h ere  is n o a sp h a lten e  
p ea k  ap p ear in l3C N M R . T h ere  is  the p o ss ib ility  that a ro m a tic s  in  a sp h a lten e  
stru ctu res are n ot s o lu b le  in to lu e n e .
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Figure F.l NMR sp ectru m  o f  cut 3 a sp h a lte n e s  in d eu tera ted  to lu e n e  (a ) ’h NMR 
(b )  * 13c  NMR.

T h e d eu tera ted  ch lo r o fo r m  w a s  s e le c te d  as s o lv e n t  b eca u se  it is a better  
so lv e n t  for a sp h a lte n e s  co m p a re  to  to lu e n e . M o reo v er , th ere  is  o n ly  1 p eak  for ' h  and
13c  N M R  at 7 .2 4  and 7 7 .2 3  p p m , r e sp e c tiv e ly . Cut 8  is  th e  m o st  s ta b le  a sp h a lten es  
and  h av e  h ig h e s t  so lu b ility  d u e  to th e  lo w e s t  h e tero a to m , m eta l and arom atic  
c o n te n ts . T h e  7 5  vo l%  h e p ta n e s  s o lu b le  a sp h a lten es  ( Cut 8)  w a s  d is s o lv e d  in  
d eu tera ted  c h lo r o fo r m  (1 w t% ) to  en su re  that a ll o f  a sp h a lte n e s  are so lu b le  in  so lv e n t. 
F ig u re  F .2  s h o w s  th e sp ectru m  o f  'h and l3C N M R  for  7 5  vo l%  h ep ta n e  so lu b le  
a sp h a lten es  ( Cut 8)  in d eu tera ted  ch lo ro fo rm . T h e 'h N M R  sh o w s  o n ly  a lip h atic  
p ea k s  o f  a sp h a lte n e s  (0 -4  p p m ). I3C N M R  s h o w s  o n ly  ch lo r o fo r m  p eak  at 7 7 .2 3  ppm .
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Figure F.2 NMR spectrum of 75 vol% heptane soluble asphaltenes (Cut 8) 
deuterated chloroform (a) ' h  NMR (b) l3C NMR.
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The results of deuterated toluene and chloroform are similar that there is no 
asphaltene peak. Therefore, the better solvent for asphaltenes like deuterated 
methylene chloride was selected to increase the possibility of asphaltenes to soluble 
in solvent. The 75 vol% heptane asphaltenes (Cut 8) were dissolved in deuterated 
methylene chloride (1.32 wt%). Figure F.3 (a) shows both aliphatic and aromatic 
peaks of asphaltenes for *H NMR (0-4 ppm for aliphatic peak and 6-9 ppm for 
aromatic peak). But l3C NMR still has only deuterated methylene chloride peak at 54 
ppm (Figure F.3 (b)). It should have aromatic peak in the spectrum of l3C NMR due 
to asphaltenes structure.
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Figure F.3 NMR spectrum of 75 vol% heptane soluble asphaltenes (Cut 8) in 
deuterated methylene chloride (a) ' h  NMR (b) l3C NMR at low concentration (1.32 
wt%).

There is high amount of l2C in asphaltene structure but lack of 13c. To 
observe l3C peak using l3C NMR, 75 vol% heptane soluble asphaltenes (Cut 8) were 
dissolved in deuterated methylene chloride at very high concentration of asphaltenes 
(10 wt%). The l3C NMR spectrum is shown in Figure F.4. l3C NMR shows both 
aliphatic and aromatic peaks of asphaltenes at 10-60 ppm and 110-160 ppm, 
respectively.
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Figure F.4 13c NMR spectrum of 75 vol% heptane soluble asphaltenes (Cut 8) in 
deuterated methylene chloride at high concentration (10 wt%).

Therefore, deuterated methylene chloride was selected as solvent. The low 
concentration of asphaltenes was used for ' h  NMR because asphaltenes contain a lot 
of hydrogen in asphaltenes structure. For l3C NMR, the high concentration should be 
used due to lack of 13c in asphaltenes structure.
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