
CHAPTER II 
BACKGROUND AND LITERATURE SURVEY

2.1 Precipitation

W h en  a so lu te  c o n c e n tra tio n  is b e lo w  its  sa tu ra tio n  p o in t, 
p re c ip ita tio n  is n o t p o ss ib le  as re fe red  to th e  s ta b le  zo n e  in F ig u re  2 .1 . 
T h e rm o d y n a m ic a lly , c ry s ta lliz a tio n  o r p re c ip ita t io n  is fe a s ib le  on ce  the  
so lu tio n  b ec o m e s  su p e rsa tu ra te d  a t a g iv en  te m p e ra tu re . H o w ev e r, a c e rta in  
su p e rsa tu ra tio n  level is re q u ire d  b e fo re  sp o n ta n e o u s  c ry s ta lliz a tio n  occu rs , as 
sh o w n  in F ig u re  2.1 by  th e  d a sh ed  line  in  th e  so lu b il i ty -su p e rsa tu ra tio n  
d iag ram . B elow  th is  leve l so lu tio n s  ap p e a r to  b e  s ta b le  or o ften  re fe rre d  to  as 
"m e ta s tab le "  in th e  lite ra tu re  (M u llin , 1993). T h is  m e ta s ta b ility  is a ttr ib u ta b le  
to slow  p re c ip ita t io n  k in e tic s . T h e  m ech an ism  o f  p re c ip ita t io n  c o m p rise s  tw o  
k in e tic  p ro c e sse s ; n u c léa tio n , fo llo w ed  by  c ry s ta l g ro w th .

T e m p e ra tu re

Figure 2.1 Solub ility -supersatu ration  zones for barium  sulphate: (i) undersaturated 
zone w here barium  sulphate is so luble and no precip itation  is possible; (ii) 
m etastable (supersaturated) zone w here spontaneous p recip itation  is no t likely; (iii) 
unstable zone w here spontaneous precip itation  is extrem ely  likely to occur. (M ullin, 
1993)
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2.2 Nucléation

In a supersaturated  solution the crystal ions associated  into clusters by an 
addition m echanism  that continues to grow  until a critical size is reached. Below  the 
critical size, the probability  o f  the cluster existence is lim ited, therefore, these 
c lusters typ ically  redissolve. W hereas clusters above the critical size can exist to has 
stable "nuclei" and a new  crystal surface. In the m etastable zone in the supersaturated 
region, the nucléation  rate is so low  that p recip ita tion  is im probable w ithin the 
m easured tim e fram e (m iddle zone in F igure 2.1) (M ullin, 1993 and M yerson, 1993). 
The w idth  o f  this zone is given therm odynam ically  by  the free energy o f  form ation 
o f  the critical cluster size in hom ogenous nucléation. H om ogeneous nucléation  form s 
the basis o f  several nucléation  theories and can be extended to heterogeneous 
nucléation. Tw o im portant param eters to characterize the nucléation process are: (i) 
the free energy change, and (ii) the rate o f  nuclei form ation. In classical theory, the 
nucléation rate, that is the rate o f  nuclei form ation, J  (nuclei/cm 3 ร), is given by an 
A rrhenius type o f  expression (M yerson, 1993):

J  =  A  exp AG'cr
k BT

(2.1)

w here A  is the pre-exponential factor related to the efficiency o f  collisions o f  
ions and m olecules, w hich  has a value o f  1023- 1 0 33 nuclei/cm 3sec, k s  the 
B oltzm ann constan t, T  the absolute tem perature, and AG cr  is the free energy change 
for the critical c luster size to form.

C lassical theories o f  prim ary hom ogenous nucléation assum e that, for 
supersaturated  solutions, so lu te m olecules com bine to produce em bryos. The overall 
free energy, AG, o f  the em bryo is the sum  o f  tw o term s; the free energy  due to the 
form ation o f  a new  volum e and the free energy due to the new  surface created 
(N ielsen, 1964).

AG =  - P S _
V V J k B T \ n ( S )  + y f i ar 2 (2.2)
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w here V is m olecu lar volum e o f  precip ita ted  em bryo, y  is the surface free energy per 
un it area , p v  and P a  are vo lum e and area shape factors, respectively. For a p la te le t 
nucleus, p v =  0.20 and P a  =  2.80 (M yerson, 1993).

W hen the supersaturation ratio, s< 1 .0 , AG ( r )  is alw ays positive and the 
form ation o f  a new  phase w ill no t occur. A lternatively, w hen the supersaturation 
ratio, SM .O, AG ( r )  has a positive m axim um  at a critical size, r* , as  sh o w n  in  
F ig u re  2 .2 . T h e  h e ig h t o f  th e  m a x im u m  in  fre e  e n e rg y  cu rv e  is  th e  a c tiv a tio n  
e n e rg y  fo r  n u c lé a tio n . Em bryos larger than the critical size w ill further decrease 
their free energy by grow th, giving “stable nuclei” w hich grow  to form  m acroscopic 
particles. For the particles sm aller than critical size w ill dissolve. This latter 
phenom enon is referred to as “ripen ing” .

F ig u re  2.2 C lassical nucléation theory: dependence o f  nuclear size on G ibbs free 

energy. (M yerson, 1993)

T he critical nuclear size, r* , can  be obtained by setting  dA G (r)/d r =  0,
giving

^ = 3 P vk B T \ n ( S )
(2.3)
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T his critical size corresponds to the m axim um  o f  the free-energy curve, 
w here AG max is g iven by

T he nucléation rate can be expressed in m olar quantities as w ell (M ullin,
1993):

w here (f) is the contact angle factor (unity  for hom ogeneous nucléation).
T he nucléation rate is critically  dependent on supersaturation  and 

tem perature. As supersaturation increases the critical c luster size decreases as show n 
in Eq. (2.3). S im ilarly, a tem perature increase w ill increase the nucléation  rate as 
show n in Eq. (2.5) w hen ร  is kep t constant. Thus, w hen supersaturation  is increased, 
nucléation becom es increasingly favorable and nucléation occurs spontaneously, 
w hich is referred  to as the m etastable lim it (upper broken line in F igure 2.1). A bove 
this limit, so lu tions are unstable and im m ediate crystallization  is likely  to occur 
(M yerson, 1993).

2.3 In d u c tio n  T im e

T he induction tim e, And, is frequently  used  to estim ate nucléation  tim e and 
is defined as the tim e elapsed betw een the creation  o f  supersaturation  and the first 
appearance o f  the new  crystal solid  phase, ideally nuclei w ith  the critical c luster size 
dim ensions (B oerlage e t  a l . ,  2002). H ow ever, as the induction tim e is determ ined 
experim entally , it m ay also include grow th to a detectable size. I f  it is assum ed that 
the nucléation  tim e is m uch greater than the tim e required  for grow th  o f  crystal 
nuclei to a detectable size, then the induction tim e is inversely p roportional to the 
rate o f  nucléation , And a  Jn"1 ,i.e.:

(2.4)

(2.5)

_ B _
in d  J (2.6)

Eq. (2 .5) can be w ritten  as
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ln t^  =  ท  V l * 4  (2-7)( lo g  5 )  ฬ
W ith a p lo t o f  In tmd and (In ร ) '2 at a constan t tem perature, the slope ( Q  w ill be 
obtained, w here

= - ^ V
( k  ก 3

(2.8)

H ow ever, tw o linear regions m ay be observed in a p lo t covering  a wide 
supersaturation  range. The region o f  h igher slope, visib le at h igher supersaturation 
ratios, corresponds to  hom ogeneous nucléation  w hile  at low er supersaturation  ratios 
a region o f  low er slope is a resu lt o f  heterogeneous nucléation. T he transition 
betw een these tw o regions m ay be sm ooth and connected  by a continuous curve 
(Sôhnel, 1992).

2.4 S u p e rs a tu ra tio n  R atio

T h e  supersaturation  o f  a system  m ay be expressed in  a num ber o f  d ifferent 
w ays, and  considerable confusion can arise i f  the conditions are no t c learly  defined. 
The tem perature m ust also be  specified. T he supersatursation  ratios is defined by  
K ashchiev (K ashchiev, 2003) d issociated  into ions in solution, w ill be  used in the 
p resen t study as

s _ [ A T M P 2 ] [ C a 1+] (2 9)
K sp

w here [A  T M P 2'] and [ C a 2 ' ] refer to concentrations o f  A T M P and calcium  and K sp is 
the equilibrium  constant betw een the crystal ions in solution and the crystal solid 
phase (unity),i.e.

K sp =  [ A T M P ^ ] e[ C a 1+] 1, at equilibrium  (2.10)
W here [ A T M F ^ 'J e  and [ C a 2+] e  are equilib rium  concentration  o f  A T M P and  calcium , 
respectively.
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2.5 C ry s ta l  G ro w th

T he overall crystal grow th phenom enon consists o f  tw o processes in series:
bulk  d iffusion through the m ass transfer boundary  layer, i.e. d iffusion step, and
incorporation  o f  m olecule into the crystal lattice, i.e. surface reaction  step (M ullin, 
1993). T he ra te  o f  grow th is expresses as

d iffusion step : Rg = K (C b-C i) (2.11)

surface reaction step : R ^ k / Q - C * / (2.12)

overall grow th : Ra = ka(Cb-C * r (2.13)

w here (Cb-C*) is the driving force. A  p ic to r ia l re p re se n ta tio n  o f  th e se  th re e  
s tag es  is  sh o w n  in  F ig u re  2 .3  w h e re  th e  v a r io u s  c o n c e n tra tio n  d r iv in g  fo rces  
can  b e  seen . C rystals grow ing from  solution can therefore be d ivided into diffusion 
dom inant and  surface reaction dom inant. It is n o t possib le  to estim ate the surface 
reaction  order, r  and the surface reaction  rate constant, k r w ithout know ing  the 
interface concentration  o f  solute, Cj. T herefore, the in terface concentration  has to be 
estim ated b y  com bining E q .(2 .1 1) and  E q.(2.12) to obtain the general expression for 
the overall grow th rate:

R g = K (Cb-C*)-
(2.14)
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F ig u re  2.3 C oncentration  driving forces in crystallization  from  solution  according to 
the sim ple d iffusion-reaction  m odel. (M ullin, 1993)

T w o m ethods, the d ifferential and in tegrated  m ethods are m ainly  used for 
the m easurem ents o f  the grow th rates in experim ents (Jibbouri, 2002). In this study, 
the d ifferential m ethod w as used. In the differential m ethod, the crystallization  is 
seeded by  adding  a few gram s o f  crystals w ith a know n size into a supersaturated  
solution, w here the crystal seeds grow. B ecause the am ount o f  crysta ls added is 
sm all, it is assum ed that the concentration  o f  the solu tion  does no t change during the 
growth. T he o ther assum ptions are as follow s:

1. T here  is no nucléation.
2. T he num ber o f  crystal seeds p u t into the crystallizer is equal to the num ber 

o f  crystals taken out from  the crystallizer.
3. T here  is no crystal loss.
4. A ll crystals have the sam e grow th rate. I f  this assum ption is no t valid, the 

grow th  rates w ill need to be  w eight averaged.
5. T he shape factors o f  the grow ing crystals are considered to be  the same. 

T his assum ption is no t alw ays true especially  in  the case o f  surface 
nucléation. In this case, grow th values are thought o f  as average values.

I f  the m ass o f  the crystals p u t into and  taken out from  reactor are 
M \  and M 2, respectively, they can be related  to the size o f  the crystals L  as:

M \= N p vpL\ , (2.15)
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M 2= N p vp L 2\ (2.16)

w here N  is a num ber o f  crystals, L ]  and L 2 are the characteristic size o f  the crystals 
initially  and at tim e t, respectively, P v =  0.20 and p  =  2.09 g /cm 3. The initial 
characteristic  size w as in the range o f  3.75 -  5.50 pm . T he overall linear grow th rate 
G  (m /s) is defined  as the rate  o f  the change o f  characteristic  size:

G = f
(2.17)

By com bining Eq.(2.16) and Eq.(2.17), one m ay express the grow th rate  in 
term s o f  size o f  the seed crystals and the w eight o f  the crystals:

<3 = 4
f  พ \ 1/3M  2 1

(2.18)
G  and R  are related  to each o ther as follows:

therefore

1 d M  1 d ( P vpL 3) J P vp  dL  
A c d t ~  p aไ }  d t ~  p a d t (2.19)

(2.20)

w here Pa is a rea  shape factor =  2.80
T hese relationsh ips w ill be useful in in terpreting  the experim ental data.

2.6 R e la ted  W o rk

L ew is and  Raju (1992) conducted  a study on the squeeze treatm ent w ith the 
phosphonate, A m inotri(m etrylene phosphonic acid) (A TM P). The reactiv ity  o f  
A TM P to p recip ita te  w ith d ivalent cation  species p revalen t in typical brines, and 
secondly, the solubility  o f  A T M P-cation precip ita tes w as a function o f  pH , cation 
concentration , T D S and time. T he m atrix  in the M iddle Eastern oil producing 
form ations is typically  lim estone in nature. It w as concluded that the A TM P 
m olecules w ere  entirely  feasible to construct the adsorp tion  bonds w ith the lim estone
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form ation m atrix . This m echanism  could  function basically  like a chrom atography 
process and coupled  w ith precip itation , resulting  in very long return lifetim es.

B row ning and Fogler (1996) studied  the effects o f  changing  precip itating  
conditions, the resu ting  p roperties o f  calcium -phosphonate precip itates w ere found to 
change significantly . The four m ajor p recip ita te  conditions affecting the properties o f  
calc ium -phosphonates were: the type o f  phophonate used, the pH  o f  the precipitate 
solution, the calcium  to phosphonate m olar ratio o f  precip itating  solution, and the 
degree o f  supersaturation  o f  precip itate  so lu tion .'

R erkpattanapipat (1996) studied the precip itation  and dissolution o f  calcium  
-p h o sp h o n a te  (A TM P) on inhibition o f  scale form ation in  the porous m edia  using the 
am inotri (m etry lene phosphonic acid) (A TM P). The 3:1 C a to A T M P  m olar ratio 
precip ita te  w ere found to be  the b est fo r actual squeeze treatm ents because it gave 
the longest squeeze lifetim e. Furtherm ore, the squeeze lifetim e w as enhanced by 
adding excess calcium  ion into the elution flu id  (W attana, 1997).

V eerapat (2003) studied the range o f  conditions under w hich M g ions 
m odulate the form ation o f  C a-A T M P precipitate. T he results revealed  that the 
am ount o f  A T M P precip ita ted  decreased w ith  addition  o f  M g ions in the solution at 
all values o f  so lu tion  pH. Furtherm ore, an increase in bo th  the solu tion  pH  and the 
concentration  o f  the d ivalent cations in the solution resu lted  in a change o f  the m olar 
ratio o f  (C a+M g) to A TM P in the precipitates. A t a low  solution pH  (pH 1.5), M g ion 
had a little  effect on the com position  o f  the C a-A T M P precip itate. H ow ever, at 
h igher values o f  the solution pH  (pH 4 and 7), the Ca to A TM P m olar ratio  in the 
precip itates decreased w ith  increasing concentration  o f  M g.
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