
CHAPTER II
L IT E R A T U R E  R EVIEW

2.1 Precipitation Process

P re c ip i ta t io n  is a -  th e rm o d y n a m ic a l ly  d r iv e n  p r o c e s s  o f  m a s s  t r a n s f e r  f ro m  
s o lu t io n  to  th e  s o l id  p h a s e . It is th e  re s u lt  o f  s e v e ra l  p a ra l le l  a n d  s u c c e s s iv e  
m e c h a n is m s :  n u c lé a t io n , g ro w th , a n d  s e c o n d a r y  p r o c e s s e s ,  i .e ., a g g lo m e r a t io n ,  
a t t r i t io n , a n d  b r e a k a g e .  In  n a n o p a r t ic u la te  s y s te m , th e  la t te r  tw o  a re  n e g l ig ib le  d u e  to  
lo w  c o l l is io n  e n e r g ie s  (H a n s  e t a h , 2 0 0 2 ) .

In  o r d e r  to  in v e s t ig a te  th e  p r e c ip i ta t io n  o f  b a r iu m  s u lfa te  f ro m  a q u e o u s  
s o lu t io n s ,  b a r iu m  c h lo r id e  a n d  s o d iu m  s u l fa te  w e r e  c h o s e n  a s  r e a c ta n ts  a c c o r d in g  to  
E q . ( l )

T h e  d r iv in g  fo rc e  fo r  c ry s ta l  n u c lé a t io n  a n d  g r o w th  is  s u p e r s a tu r a t io n ,  a 
m e a s u re  o f  th e rm o d y n a m ic  o f f s e t  f ro m  e q u i l ib r iu m . A  c o n c e n t r a t io n - b a s e d  
s u p e r s a tu r a t io n  s c is  d e f in e d  a s  fo llo w s :

T h e  v a lu e  o f  s o lu b i l i ty  p ro d u c t  fo u n d  b y  M o n n in  ( K Sp =  9 .8 2  X 10 " 11 m o l 2/ l2 

at 2 5  °C ) w ill b e  u se d  in  th is  c a lc u la t io n s  (M o n n in , 1 9 9 9 ). It c a n  b e  s e e n  f ro m  E q . (2 ) 
th a t th e  s u p e r s a tu r a t io n  c a n  b e  e i th e r  c r e a te d  b y  s to ic h io m e tr ic  o r  n o n - s to ic h io m e tr ic  
c o n d i t io n s .

T h e re fo re ,  th e  m o la r  r a t io  o f  b a r iu m  io n s  to  s u lfa te  io n s  is d e f in e d  a s  f re e  
la t t ic e  io n  ra t io  R.

B a C fi  ( a q )  +  1\๒ 2 ร 0 4  ( a q )  --------- ►  B aS C fi (ร) +  1\๒ 2 ร 0 4  (a q ) (1)
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K s p
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เ ^  __  [ f l q  2 +  f r e e  1

= ISO4 2 free 1 (3)
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G ra h a m  in v e s t ig a te d  th e  e ffe c t o f  te m p e ra tu re  a n d  p re s s u re  o n  b a r iu m  s u l f a t e  s c a le  
f o rm a t io n  u s in g  a d y n a m ic  tu b e  b lo c k in g  r ig  (G ra h a m  e t a h , 2 0 0 2 ) . T h e  r e s u lt s  
s h o w e d  th a t  th e  s o lu b i l i ty  o f  b a r iu m  s u lfa te  in c re a s e s  w ith  in c re a s in g  te m p e r a tu r e  
a n d  c a u s e s  a d e c r e a s e  in  s u p e r s a tu r a t io n  o f  b a r iu m  s u lfa te .  T h is  is in  a  g o o d  
a g r e e m e n t  w ith  th e rm o d y n a m ic  p o in t  o f  v ie w  a c c o rd in g  to  th e  e n th a lp y  o f  b a r iu m  
s u lfa te  a n d  V a n 't  H o f f  e q u a tio n .

S e v e ra l in v e s t ig a t io n s  r e g a r d in g  s a l t  k in e t ic s  p r e c ip i ta t io n  u t i l i z e s  th e  
c o n c e p t  o f  in d u c tio n  t im e . T h e  in d u c t io n  t im e  is  th e  t im e  la g  b e tw e e n  th e  f o rm a t io n s  
o f  s u p e r s a tu r a te d  s o lu t io n  u n til th e  a p p e a ra n c e  o f  th e  f irs t m e a s u r a b le  c h a n g e s  in  th e  
p h y s ic -c h e m ic a l  p r o p e r t ie s  o f  th e  s o lu t io n s  ( S o r b ie  e t a h , 2 0 0 0 )  a n d  it s h o u ld  b e  
in te rp re t  a s  th e  t im e  th a t it ta k e  fo r  d i f f e re n t  s y s te m s  to  r e a c h  a c e r ta in  c r i te r ia . 
S y m e p o u lo s  s tu d ie d  th e  s p o n ta n e o u s  p r e c ip i ta t io n  in  a q u e o u s  s o lu t io n s  c o n ta in in g  
r e la t iv e ly  h ig h  b a r iu m  a n d  s u lfa te  c o n c e n t r a t io n s  ( S y m e p o u lo s  e t a l., ). It w a s  fo u n d  
th a t th e  in d u c tio n  t im e  is  in v e r s e ly  p r o p o r t io n a l  to  th e  s o lu t io n  s u p e r s a tu r a t io n  a n d  is 
l in e a r ly  d e p e n d e n t  o n  th e  m o la r  r a t io  o f  b a r iu m  to  s u lfa te .

2.1.1 Nucléation and Growth

[ท g e n e ra l , s o l id  f o n n a t io n  d e p e n d s  o n  t r a n s p o r t  m e c h a n is m  an d  in te r a c t io n s  
( S c h w a r z e r  et a l., 2 0 0 2 ) .  T h e  t r a n s p o r t  m a y  b e  d i f f u s iv e  o r  c o n v e c t iv e . M o re o v e r ,  th e  
m a s s  t r a n s f e r  m a y  a ls o  b e  c o n tr ib u te d  b y  f ie ld  fo rc e s  s u c h  a s  g ra v i ty  o r  e le c t r ic  
f ie ld s . T h e  in te r a c t io n s  m a y  b e  d iv id e d  in to  d is p e r s iv e , e le c t ro s ta t ic  a n d  m a g n e t ic  
fo rc e s , a s  w e ll as s t r u c tu r a l  fo rc e s  in  f lu id s  an d  fo rc e s  d u e  to  m a te r ia l  b r id g e s .

N u c lé a t io n  is  th e  f o rm a t io n  o f  n e w  p a r t i c le s  an d  it c a n  b e  d iv id e d  in  tw o  
c a te g o r ie s ,  h o m o g e n e o u s  n u c lé a t io n  a n d  h e te ro g e n e o u s  n u c lé a t io n . H o m o g e n e o u s  
n u c lé a t io n  ta k e s  p l a c e  in  b u lk  s o lu t io n  w h ile  h e te ro g e n e o u s  n u c lé a t io n  o c c u r s  w h e n  
fo re ig n  p a r t ic le s ,  s u c h  a s  g ro w th  p a r t i c le s  a n d  r e a c to r  w a l ls . T h e  n u c lé a t io n  r a te  is  a 
s t r o n g ly  d e p e n d e n t  o f  s u p e rs a tu r a t io n  a n d  h o m o g e n e o u s  n u c lé a t io n  m e c h a n is m  
b e c o m e s  d o m in a n t a t r e la t iv e ly  h ig h  s u p e r s a tu r a t io n s .  A f te r  n u c lé a t io n  is c o m p le te d ,  
th e  p a r t ic le s  b e g in  to  g ro w  fu r th e r . T h is  t r a n s p o r t  a n d  in te g ra t io n  o f  io n s  in to  th e
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c ry s ta l  s t r u c tu r e  o f  th e  p a r t i c le s  a re  c o n s id e r e d  as p a r t i c le  g ro w th  (S c h w a r z e r  e t a h , 
2 0 0 2 ) . It w a s  fo u n d  th a t s o l id  fo rm a t io n  is  c o m p le te  a f te r  1 0 -1 0 0  m s  a n d  th e  p a r t i c le s  
d o  n o t g ro w  fu r th e r  a f te r  3 0  m in u te s  ( S c h w a r z e r  a n d  P e u k e r t ,  2 0 0 2 , 2 0 0 4 a , 2 0 0 4 b ) .  
A c c o rd in g  to  M e r s m a n n  ( M e rs m a n n , 2 0 0 1 )  g r o w th  c a n  b e  c o n s id e re d  to  b e  
d i f f u s io n - c o n tr o l le d  at h ig h  s u p e r s a tu r a t io n  a n d  th e  g r o w th  ra te  is  a l in e a r  f u n c t io n  o f  
s u p e r s a tu r a t io n  a n d  m u c h  le s s  d e p e n d e n t  o n  s u p e r s a tu r a t io n .

2.1.2 Aggregation and Agglomeration

A g g r e g a t io n  is  th e  fo rm a t io n  o f  c o l le c t io n s  o f  p r im a r y  p a r t ic le s  h e ld  
to g e th e r  b y  v a n - d e r - W a a ls  fo rc e s , a n d  a g g lo m e r a t io n  is  th e  f o rm a t io n  o f  c o l le c t io n s  
h e ld  to g e th e r  b y  c h e m ic a l  b o n d s  (m a te r ia l  b r id g e s ) .  A g g r e g a t io n  m u s t  h a v e  o c c u r r e d  
a lm o s t  c o m p le te ly  a f te r  s o l id  f o n n a t io n  e n d e d . S c h w a rz e r  s tu d ie d  th e  p a r t i c le - s iz e  
d i s tr ib u tio n  in  c o n t in u o u s  p re c ip i ta t io n  ( S c h w a r z e r  e t a h , 2 0 0 2 ) .  It w a s  fo u n d  th a t  th e  
s iz e  o f  p r e c ip i ta te d  p r im a r y  p a r t ic le  ( a p p r o x im a te ly  5 0  n a n o m e te r s  in  d ia m e te r )  c a n  
b e  g e n e ra te d  b y  c o n t r o l l in g  th e  m ix in g  in te n s i ty .  T h e y  a lso  fo u n d  th a t in c re a s in g  
e le c tro s ta t ic  r e p u ls io n  fo rc e s  an d  th e  s u r f a c e  c h a rg e  b y  c h a n g in g  th e  b a r iu m  io n  
c o n c e n t r a t io n  c a n  s ta b i l iz e  th e  p a r t ic le s  a g a in s t  a g g lo m e r a t io n .
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Figure 2.1 P r in c ip le s  o f  s tru c tu re  fo rm a t io n .
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Several m odels have been developed in literature to account for aggregation 
and agglom eration. T hese m odels are based on population balance equation 
developed by Shm olochow ski (Schw arzer et ah, 2002).

=  Bagg (ท, x ) -  Dagg (ท, x ) (4)

W here: ท = num ber density  concentration o f  particles, m"4 
X = particle size (volum e equivalent diam eter), m 
t = tim e, ร
Bagg = birth rate o f  aggregation, m V 1 
Dagg = death rate o f  aggregation, i r f V  

Figure 2.2 show s the com parison betw een experim ental and sim ulated 
results o f  the particle size distribution w ith time. It can be seen, experim ental and 
sim ulated PSDs agree fairly well with the tendency, that the sim ulated distributions 
are less broad than the experim ental ones (Schw arzer et ah, 2002).

Figure 2.2 Comparison of experimental and simulated evolution of the PSD.
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2.2 Technique to Investigate Scale Deposition

There are several techniques that have been used for investigating BaSC>4 

deposition. Quddus (Q uddus et ah, 2000) conducted the experim ents using a rotating 
cylinder electrode (RCD ) technique to study the effect o f  fluid hydrodynam ics on the 
deposition o f  barium  sulfate. T hey found that the deposition rate increases with 
increasing Reynolds num ber during agitation o f  the solution. Furtherm ore, there is a 
technique called capillary  technique which has been used by  G raham  (G raham  et ah, 
2002) to study scale deposition occurring in pipelines. Tw o brine solutions, 
B aC l2.2H ?0 and Na:SC>4 , w ere injected through a capillary at constant flow rate. 
Pressure drop (ÀP) was m easured across the capillary. It w as found that the scale 
started to deposit on the capillary w all as the pressure drop increases.

2.3 Scale Prevention and Removal

There are three possib le m ethods that have been used for prevent and 
rem ove barium  sulfate scale form ed. The first m ethod is done by rem oving sulfate 
ions from  seaw ater using osm osis technique before  water injection is injected to the 
reservoir. This technique, how ever, requires a lot o f  energy and high operating  costs 
due to the large volum e o f  seaw ater (Putnis et ah, 1995).

The second way is using scale inhibitors such as poly  vinyl sulfonate (PVS), 
sulfonated polyacrylate (V S-Co), and polyphosphinocarboxylic acid (PPC A ) to 
inhibit barium  sulfate from precipitation. H ow ever, it is im practicable to m aintain  the 
inhibitor concentrations in the reservoir, the scale can still form  and get deposited.

The third way, a prom ising technique, is to rem ove the scale formed 
chem ically. M ost o f  these techniques have been done by  using chelating  or 
com plexing agents (Putnis et ah, 1995). The strong chelating agents for barium  ions 
that are widely used in the oil industry are d iethylenetrinitrilopentaacetic acid 
(D TPA ) and ethylenedinitriio tetraacetic acid (ED TA ).

Yen studied the dissolution kinetics and surface phenom ena on the barium  
sulfate particles by dissolving barium  sulfate in different dissolving agents, DTPA
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and EDTA (Yen et al., 1999). They also investigated the effect o f  tem perature on the 
dissolution o f  barium  sulfate. Their results showed that DTPA is m ore effective than 
EDTA at the sam e tem perature. As tem perature increases, barium  sulfate becom es 
m ore soluble. This indicated that the dissolution rate is a strong function o f  
tem perature.

T he effects o f  tem perature and concentration on the d issolution o f  barium  
sulfate have been investigated by Putnis (Putnis et al., 1995) T hey reported that one 
m olecule o f  DTPA has 8 active m etal-com plexing sites which can form  a com plex 
with barium  ions, com pared 6 active sites in EDTA, as shown in F igure 2.3.

o
H O -C -C H

HO-C-CH,
N -C H 2C H 2-N

o  1
C H ,-C -0 H

C H 2-C -Q H

L D 'I'A

๐
H O -C -C H ,

HO-C-CH2
๐

n-c h 2 c h ,-nI V.

\ /  
. N

C H 2
o=c

o
H

๐
C H 2-C -o"h

c h 2-c -o h

6

DTPA

Figure 2.3 Chemical structures o f ED TA  and D TPA .

Figure 2.4 and Figure 2.5 show ed that barium  sulfate particles can be 
dissolved m ore at h igher tem peratures. T hese results are consistent w ith  the previous 
work as discussed above. It is found that the dissolution rate is inversely  related to 
the DTPA concentration in solution. D iluted DTPA solution is show n to be m ore
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efficient as a solvent for the dissolution of barium sulfate. They also suggested that 
pH of the solution influences the dissolution rate. The molecule becomes more 
negatively charged due to the deprotonation at high pH (11-12). Thus, DTPA can 
form strong complex with barium ions since it shows the greatest stability. In this 
work, DTPA will be used to dissolve barium sulfate in the samples.

Figlire 2.4 The dissolution of barium sulfate at different DTPA concentrations, 0.05 
M and 0.5 M, in the temperature range 22-80 °c.

Figure 2.5 The dissolution of barium sulfate at various DTPA concentrations, 
0.0001-0.5 M, at room temperature (22 °C).
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