
CHAPTER II
THERMAL EFFECT ON SILICA PRECIPITATION IN ACIDIC SOLUTION

2.1 Abstract

M atrix ac id iza tio n  is the p rocess  o f  in jectin g  acid  into n ear-w ellb ore  region  to  
d isso lv e  m ineral form ation . O ne ser io u s prob lem  that c o u ld  be fou n d  during m atrix  
a cid iza tio n  is s ilica  p recip itation  b eca u se  it can  b lo c k  the pore sp ace , resu ltin g  in 
reduced  form ation  p erm eab ility  and d ecrea sed  o il p rod u ctiv ity . T h is research  has 
ob serv ed  the in flu en ce  o f  therm al e ffe c t  on s ilica  p recip itation . T h e exp erim en ts  
w ere con d u cted  in h ig h ly  ac id ic  c ircu m sta n ce  at h igh  tem perature (5 0  °C ). IC P /M S  
and D L S  m easu rem en t w ere  used  to in v estig a te  the S i con cen tra tion s and m ean s ilica  
particle s iz e s  as a fu n ction  o f  tim e, re sp ec tiv e ly . T h e  resu lts sh o w  that the s ilica  
p article grow th  at h igh  tem perature is greater than that at lo w  tem perature (5  °C ). In 
ad d ition , the d ev e lo p m en t o f  s ilica  ag greg a te  s iz e  u sin g  R L A  m od el is in agreem en t  
w ith  the m ean  p article s ize  data ga in ed  from  D L S  at 5 0  ๐c .  From U V -V is  
exp er im en ts , it w a s fou n d  that the m o n o s ilic ic  acid  d isap p earan ce  rate is third order  
w ith  resp ect to the m olar con cen tration  o f  m o n o s ilic ic  acid . A lso , the activation  
en ergy  o f  m o n o s ilic ic  acid  d isap p earan ce w a s d eterm in ed  and found to be 7 .2  
k ca l/m o le .

2.2 Introduction

S ilic a  p recip itation  during san d sto n e  m atrix a c id iza tio n  is o n e  o f  the ser io u s  
p rob lem s en cou n tered  in the p etro leu m  industry. M atrix ac id iza tio n  is the p ro cess  o f  
in jectin g  HC1 or m ix tu res o f  HC1/HF acid  into the n ear-w ellb ore  reg ion  to d is so lv e  
m ineral form ation s. T h is  p rocess , th erefore , has b een  used  to in crea se  form ation  
p erm eab ility , thereby im p ro v in g  o il p rod u ctiv ity . U n fortu n a te ly , the d isso lu tio n  o f  
a lu m in o s ilic a te s  w ith  HCI can a lso  p rod u ce a s ilica  g e l p recip itate that b lo ck s the  
pore sp ace , resu ltin g  in reduced  form ation  p erm eab ility  and d ecreased  oil 
p rod u ctiv ity  (E co n o m id e  e t a l ,  1988 ).
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In a c a s e  s tu d y  o f  sa n d sto n e  r e se r v o ir s  in  th e  G u lf  o f  M e x ic o , a lu m in o s il ic a te  
g e ls  w e r e  sw a b b e d  fro m  w e l ls  and  fo u n d  o n  th e  sc r e e n s  a fter  a c id iz a t io n . T h e  
p r e se n c e  o f  a lu m in o s il ic a te  g e ls  p lu g  th e  fo r m a tio n s , w h ic h  lea d  to  a d e c lin e  in  o il  
p r o d u c tiv ity  (U n d e r d o w n  e t a i ,  1 9 9 0 ). A ls o ,  a lu m n o s ilic a te  g e ls  ca n  b e  fo u n d  in  th e  
p r e se n c e  o f  a n a lc im e  in  g e o lo g ic a l  fo r m a tio n s . C o n se q u e n t ly , th is  is  an  e x p e n s iv e  
p ro b lem  in  a c id  treatm en t. T h ere fo re , th ere  is  a n e e d  to  further in v e s t ig a te  th e  
m e c h a n ism s  and k in e t ic s  b e h in d  a n a lc im e  d is s o lu t io n  and s im u lta n e o u s  s i l ic a  
p r e c ip ita tio n  in  a c id ic  so lu t io n s .

H o w e v e r , a n a lc im e  d is so lu tio n /p r e c ip ita t io n  in  v e r y  a c id ic  c o n d it io n s  h a s  
b e e n  ab u n d a n tly  s tu d ied  o v e r  th e  y ea rs. B a s ic  p a ra m eters  su ch  a s  th e  nature and  
c o n c e n tr a tio n  o f  th e  a c id  w e r e  in v e s t ig a te d  to  r e v e a l th e  fu n d a m e n ta ls  b eh in d  th e  
a n a lc im e  d is s o lu t io n  p h e n o m e n a  (G o rrep ati e t a i ,  2 0 0 9 ) .  M o r e o v e r , W o n g th a h a n  et 
a i  ( 2 0 0 9 )  h a s  a ls o  s tu d ie d  o n  th e  in f lu e n c e  o f  sa lts  o n  s i l ic a  p r e c ip ita tio n  b eh a v io r . It 
w a s  fou n d  that th e  p r e se n c e  o f  d iffe r e n t sa lts  a c c e le r a te  th e  p a r tic le  g r o w th  rate.

F u rth erm ore , an o th er  k e y  p ara m eter  that h a s an  im p a ct o n  th e  p o ly m e r iz a t io n  
and  a g g r e g a tio n  p h e n o m e n a  is  tem p era tu re . O il w e l l s  are ty p ic a lly  ch a r a c te r iz e d  b y  
h ig h  in tern al tem p era tu res. T h e re fo re , tem p era tu re  is  a k e y  fa c to r  in  th e  d e s ig n  o f  a 
m atrix  a c id iz in g  treatm en t, a s  th e  m atrix  a c id iz a t io n  e f f ic ie n c y  o f  r e m o v in g  th e  
fo rm a tio n  d a m a g e  is  s tr o n g ly  d ep e n d e n t o n  tem p era tu re  (M e d e ir o s  e t a i ,  2 0 0 6 ) .  
H o w e v e r , th e  k in e t ic s  o f  s i l ic a  p rec ip ita tio n  d u r in g  a c id iz a t io n  at h ig h  tem p era tu res  
h a s n ot b e e n  c le a r ly  e lu c id a te d .

T h u s, th e  p u rp o se  o f  th is  research  is  to  in v e s t ig a te  th e  e f fe c t  o f  tem p era tu res  
o n  a n a lc im e  d is so lu tio n  an d  p rec ip ita tio n  in  a c id ic  s o lu t io n . T h e  s i l ic a  
p o ly m e r iz a t io n  and a g g r e g a tio n  p h e n o m e n a  are a ls o  s tu d ied  at d ifferen t  
tem p era tu res. T h is  th erm al e f fe c t  can  e v e n tu a lly  b e  u se d  to  d e v e lo p  th e  e f f ic ie n c y  o f  
m atrix  a c id iz a t io n  treatm en ts.

2.3 Literature Review

2 .3 .1  M atr ix  A c id iz a t io n
M atrix  a c id iz a t io n  is a m eth o d  c o m m o n ly  a p p lied  to  r e m o v e  form a tio n  

d a m a g e  from  p ore p lu g g in g . It im p lic a te s  in je c tin g  a c id ic  so lu t io n s , u su a lly  a
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predetermined ratio of hydrofluoric (HF) and hydrochloric acid (HCI), into the 
porous matrix of the reservoir rock in order to restore reservoir permeability through 
chemical reactions (Medeiros et al, 2006).

A typical sequence for conventional acidization is preflush, main flush, 
and overflush. The preflush fluid, 5-15%wt HCI, is pumped into the wellbore to 
remove formation materials and to push formation fluids away from the area where 
the HF may react with remaining minerals. Following the preflush, the main treating 
fluid, mud acid (an acid containing 12% HCI and 0.5-3% HF), is then injected to 
react with existing minerals. The preflush is always injected in sandstones prior to 
the main flush to avoid possible precipitation of insoluble reaction products. Finally, 
the formation is over-flushed with weak HCI, hydrocarbon, or NH4C1. This pushes 
reaction product's away from the immediate wellbore zone so that if precipitation 
occurs, production is not constricted when the well is brought back on line 
(Economides et al, 1988; Coulter and Jennings, 1999; Crowe, 1992).

2.3.2 Analcime Dissolution
Analcime is a naturally occurring mineral found in oil-bearing 

formations worldwide and able to form precipitated gels when treated with 
concentrated HCI solutions. Dissolution of analcime in hydrochloric acid follows the 
reaction:

Na20 Al20 3-4 Si0 2 -2 H20  + 8HC1+2H20  2AICI3 + 4Si(OH)4 + 2NaCI (2.1)

Where the products are aluminum chloride, monosilicic acid, sodium chloride and 
larger undissolved silica particles (Gorrepati et al, 2009). Hartman et al. (2006) have 
been reported that the analcime dissolves in hydrochloric acid by the removal of 
aluminum which results in the release of Si species, undissolved silicate framework, 
and subsequent crystal disintegration. The proposed mechanism consists of 
hydrogen-ion adsorption and subsequent surface reaction, which is a rate limiting 
step, as shown below:
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Figure 2.1 Schematic of hydrogen ion adsorption mechanism.
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Figure 2.2 Schematic of surface reaction mechanism.

As previously studied, Gorrepati et al. (2009), showed that the re
condensation of silanol groups within dissolving analcime occurs faster in different 
type of acids corresponding to the order H2SO4 > HI > HBr > HCl > ITNO3. 
Moreover, they found that two processes of analcime dissolution and the subsequent 
silica precipitation are uncoupled. The silicon already released from the analcime 
was polymerizing and forming silica particles with d>0.2pm. Therefore, pure 
monosilicic acid solutions may be used to study the precipitation of silica dissolved 
from minerals since mineral dissolution and silica precipitation are uncoupled.

2.3.3 Silica Polymerization/Precipitation
In solutions with concentrations that exceed the solubility of amorphous 

silica, monosilicic acid (Si(OH).|) undergoes condensation/polymerization leading to 
the formation of nanocolloidal silica, which can then precipitate. The rate of 
precipitation of (Si(OH)4) is controlled by the strength of the Si-0 bonds. (Icopini et 
ai, 2005; Rimstidt et al., 1980) The polymerization and subsequent precipitation of 
silicate occurs in three steps:

1) Particle nucléation: monomers polymerize and cyclize to form nuclei
2) Particle growlh: monomers grow to particles and/or Ostwald ripening
3) Particle coagulation/flocculation: lead to form a gel or precipitate
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Primary factors affecting the silica polymerization/precipitation/gelation are 
temperature, pH, ionic strength, and supersaturation ratio (Her, 1979). Nevertheless, 
the available literatures present an inconsistency in the reaction order of silicate 
nucléation and rate-limiting step in mconosilicic polymerization, indicating that the 
kinetics of monosilicic acid condensation and precipitation are still ambiguous.

Icopini et al. (2005) investigated the kinetics of silica oligomerization 
as a function of pH and ionic strength at 25 °c. The monosilicic acid disappearance 
rate as a function of time follows a fourth-order rate law. Furthermore, they have 
shown that the polymer growth from monomer to tetramer can be expressed as 
monomer addition, as depicted below:
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Figure 2.3 A schematic outline of the polymer growth from monomer to tetramer 
(Icopini et al., 2005).

Recently, Gorrepati et al. (2009) studied silicon precipitation under 
highly acidic conditions. They found that the disappearance of monosilicic acid from 
solution follows second-order reaction kinetics.

Wongthahan et al. (2009) also investigated the salinity effects and ionic 
strength on silica aggregation and the kinetics of monosilicic acid disappearance at 
low temperatures and pH. They found that the kinetics is third-order with respect to 
the monosilicic acid concentration.

2.3.4 Aggregation Modeling: Smoluchowski Aggregation Approach
The particle aggregation was first described by von Smoluchowski 

(1917). A fundamental assumption of the Smoluchowski approach is that aggregation 
is a second-order rate process where the collision rate is proportional to the product 
of the two colliding species concentrations, simply referred as the ฯ-th’ and ‘j-th’
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aggregates. The Smoluchowski equation for the k-th aggregate having k number of 
primary units, where k = i + j, is given as (Elimelech et al, 1995)

ท1- n . É K , 1ท, (2.2)

where k = the number of aggregate unit (k=l,2,3,..N),
nj = molar concentration of i-th aggregates ( - ^ 5- ),dm

Jm3
and Kjj = collision kernel ( — -— ).J m ois
The first term represents the formation rate of k-th aggregates through binary 
collision of smaller aggregates, and the second term accounts for the loss of k-th 
aggregates by colliding with any other aggregates. The collision kernel is a parameter 
related to the rate constant. Kjj denotes the collision kernel describing the rate at 
which i-th aggregate coagulates with j-th aggregate.

To solve the population balance Equation 2.2 for each species, the 
Smoluchowski equation is computationally expensive and becomes impractical when 
particles vary over a wide range of size. A geometric scaling approach has been 
applied to the population balance equation in order to reduce the computational 
intensity of the Smoluchowski Equation 2.2 by reducing the number of governing 
ordinary differential equations based on a geometric scaling of R, where R is a 
geometric spacing between two subsequent aggregates (Hounslow et al, 1988; 
Maqbool et al, 2007). The geometric population equation is used only for aggregates 
with a geometric number of primary units of Rj-1, where j is the number of aggregate 
unit. Moreover, the generation and depletion terms in Equation 2.2 have been 
modified to become

^  = ^ ท?, dt R M
V  rH  V+ n. - 'X RM _ Ri-2 Ki-».jnj RH

R' -R ' 1Kunj " ni | i Ki.ini (2.3)

Term 1 Term II Term III Term IV
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Term I: R number of (i-l)-th aggregates to form one i-th aggregate.
Term II: An i-th aggregate to be created by the collision between one (i-l)-th

aggregate and number of j-th aggregates (j<i-l ).
Term III: An i-th aggregate reacting with j-th aggregates to form the (i+l)-th

aggregates.
Term IV: The formation of one (j+l)-th aggregate by one j-th aggregate (j>i) and

i-th aggregates.

Aggregation phenomena can be categorized into 2 different types: 
Diffusion-Limited Aggregation (DLA) and Reaction-Limited Aggregation (RLA). 
DLA occurs when there is a purely attractive force between the colloidal particles. 
The particle undergoes continuous random movement and sticks irreversibly to the 
aggregate. In another word, every collision between aggregates or primary particles 
is successful. The aggregation rate is limited solely by the time required for the 
aggregates to encounter each other by diffusion (Lin et al, 1989; Elimelech et al, 
1995). The growth of the particle obeys power law kinetics as shown in Figure 
2.4(a). This type of aggregation can be observed in asphaltene systems (Maqbool et 
al, 2007). RLA happens when there is a substantial amount of repulsive forces 
between two colliding particles. That is, one particle requires a longer time to 
overcome this repulsive barrier to collide with another particle. The particle growth 
is exponential with aggregate size increasing as shown in Figure 2.4(b). RLA can be 
seen in silica, gold, and polystyrene systems (Schaefer et al, 1984; Ball et al, 1987).

Figure 2.4 Representative particle growth profiles in accord with (a) DLA and (b) 
RLA (Rungkana et al, 2004).
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2.3.5 Thermal effect on silica precipitation
The thermal effect of polymer nucléation size has been discussed by 

several authors. Rimstidt et al. (1980) applied the Arrhenius Equation 2.4 to obtain 
the activation energy of all phases of silica precipitation:

k -  Ae~^Eac,,RT̂ (2.4)
So, \n k ^ - (E acl/RT)+ \nA  (2.5)
Where k = rate constant,

Eact = activation energy,
R = universal gas constant,
T = temperature (K),
A = constant.

The Arrhenius plot implies that the resulting kinetics should follow a 
linear function if the reaction mechanism remains unchanged over this temperature 
range. Consequently, they found that the activation energy of silica dissolution 
reaction in an aqueous system, where diffusion away from the surface is the rate 
limiting step, is in the range of 4-6 kcal/mole.

Greenberg and Sinclair (1955) studied the polymerization of silicic acid 
using Light Scattering measurements. The solutions were prepared from sodium 
metasilicate and ammonium acetate that was dissolved in distilled water. They found 
that the rate of polymerization of silicic acid increased with temperature, and Hurd et 
al. (1940) have reported activation energy of 9-11 kcal/mole in acid solution.

Rothbaum and Rohde (1979) investigated effect of temperature on 
silica polymerization and deposition from neutral solutions between 5 and 180 °c. 
They found that the rate of silica polymerization in neutral solutions is depends 
surprisingly little on temperature in the range 5-180 °C; however the rate is highly 
dependent on the supersaturation of amorphous silica. Consequently, the activation 
energy of silica polymerization between 5 and 90 °c has a low value of 3 kcal/mole 
and between 90-180 ๐c , it appears to be negative. Moreover, they have been reported 
that the average molecular weight of polymers formed increases when the reaction 
temperature is increased. At temperatures above 90 ๐c , polymerization leads to the 
deposition of silica.
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Gorrepati et al. (2009) have recently investigated the effect of 
hydrochloric acid concentration on silica precipitation at low temperature. They 
found that both the monosilicic acid disappearance and silica particle flocculation 
exhibited a greater increase with increasing concentrations of HC1. Figure 2.5 shows 
the plot of mean particle diameter versus time for pure monosilicic acid in 2M, 4M, 
and 8 M HC1 solution.

However, it is know that oil reservoir temperatures are typically very 
high. The acidizing fluid must therefore be stable at these temperatures over long 
periods of time. Furthermore, the kinetics of the chemical reactions between the 
injected acid and the minerals in the rock are very temperature sensitive. In fact, the 
reaction rate constants vary exponentially with temperature, as described by 
Schechter (1992). Therefore, temperature is a key factor in the design of a matrix 
acidizing treatment. Consequently, the effect of temperatures on precipitation time 
and particle growth needs to be investigated in order to prevented silica precipitation 
during matrix acidization.

Figure 2.5 Mean particle diameter versus time for pure monosilicic acid in 2M, 4M, 
and 8M HC1 solution with exponential fitting curves (Gorrepati et ai, 2009).
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2.4 Experimental

2.4.1 Materials
In this study, Sodium Metasilicate Nonahydrate (SMN), 44-47.5% total 

solids, Na203Si-9 H2 0 , M .w . 284.19, by Thermo Sci Aero Organics, has been used 
as silica source. The Si content in SMN was determined using Inductively-Coupled 
Plasma/Mass Spectrometer (1CP/MS) and found to be 0.103 ± 0.001 gSi/gSMN. 
Analytical pure 35-37% wt. trace metal grade HCI solution was used in silica 
precipitation study, provided by Fisher Chemical. บ!trahigh purity deionized water 
provided by a MilliQ system was used as a diluent in the preparation of all solutions.

2.4.2 Equipments
2.4.2.1 Jacketed 3-pronged glass reactor
2.4.2.2 Circulating water bath
2.4.2.3 Magnetic stirrer and 1-inch Magnetic bar
2.4.2.4 Perkin Elmer inductive-coupled plasma spectroscopy/mass
spectroscopy (ICP/MS)
2.4.2.5 Malvern zetasizer
2.4.2.6 Cary lOOBio u v  Visible Spectrophotometer

2.4.3 Software
2.4.3.1 ELAN9000 -  installed with Perkin Elmer ICP/MS
2.4.3.2 Nano z s  -  installed with Malvern zetasizer
2.4.3.3 Cary WinUV -  installed with lOOBio u v  Visible
Spectrophotometer
2.4.3.4 Matlab® 2008a -  used for particle growth prediction

2.4.4 Experimental Apparatus
The certain amount of SMN was dissolved in a jacketed 3-pronged 

glass reaction containing a 70mL of deionized water for approximately 60 minutes. 
The solution was magnetically stirred at a stirring rate of 500 rpm and controlled the 
temperature at certain temperature by the circulation system. The studied 
temperatures are 5, 25, and 50 °c. Once completely dissolved, a hydrochloric acid 
solution and a solution of make-up DI water were added into the reactor to initiate
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the reaction. The final properties of this solution were 4M HC1, 170mM Si(OH)4, and 
300mL total of solution. The experimental setup is shown in Figure 2.6;

Figure 2.6 Experimental Setup.

2.4.5 Characterization techniques
2.4.5.1 Si Content ไท Solution Using Inductively-Coupled Plasma/Mass 
Spectroscopy (1CP/MS)

Samples were periodically withdrawn using micropipettes and 
filtered through polypropylene-membrane filters (dpOre=0.2pm) at short interval times 
and placed into 50mL sample tubes. Filtrate solutions were diluted twice by D1 water 
with a dilution ratio of 1 to 25 to reach the appropriate concentration for 
compositional analysis using ICP/MS (ELAN9000, Perkin Elmer).

2.4.5.2 Silica Particle Growth Using Dynamic Light Scattering (DLS)
At particular times, samples were taken out of the reactor into a

vial and immediately analyzed with DLS (Nano z s ,  Malvern) to obtain silica particle 
size distribution. The DLS measurements were carried out at ambient temperature. 
Intensity-mode particle diameter DLS measurements were used to calculate the mean 
particle size. Moreover, the particle size results were used for modeling the particle 
growth profile.
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2.4.5.3 Monosilicic Acid Remaining in Solution Phase Using 
Molybdate-Blue Method and Ultraviolet-Visible Light Spectroscopy 
(UV-Vis)

Samples were withdrawn at short reaction times and transferred 
to 50mL sample tubes. The solutions were diluted by DI water using dilution ratios 
of 1 to 25 and 2 to 45, respectively. Molybdate solution was suddenly added, causing 
the change of solution color from clear to blue. The solutions were maintained at 
room temperature overnight and then determined'the concentration of monosilicic 
acid remaining, which was quantified in terms, of “molybdate reactive silica” 
according to ASTM D859-05, using UV-Vis spectrometer (Cary 100, Varian).

2.5 Results and Discussion

2.5.1 Silica Precipitation
2.5.1.1 High Temperature Experiment

The high temperature experiment was carried out with a 300 mL 
solution of 170 mmol/L monosilicic acid and 4M hydrochloric acid at 50 °c. 
Samples were withdrawn at different time, filtered through a 0.2 pm pp filter, and 
characterized using 1CP/MS technique. Figure 2.7 shows the Si concentration in 
filtered samples as a function of time at 50 ๐c. At the end of plateau region, 
approximately 100 minutes, Si concentration decreased drastically because particles 
that are greater than 0.2 pm in size had formed in the solution and not been able to 
permeate through filters.
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Figure 2.7 Concentration -  time trajectory in 170mM monosilicic acid + 4M HCl 
solution at 50 ๐c  measured by ICP/MS.

Moreover, silica particle size was also determined using DLS as 
shown in Figure 2.8. The result shows that the time to reach 0.2 pm was 
approximately 100 minutes, which was also consistent with ICP/MS measurement. 
The mean silica particle size determined from the intensity as a function of particle 
diameter distribution was found to grow exponentially with time according to the 
relationship in Equation 2.6. This similar trend can be also found in the previous 
works which have been done by Wongthahan et al. (2009).

D(t) = D0exp(kGt) {2.6)
where D(t) = particle diameter with respect to time (nm),

Do = initial particle size (nm),
and kc = particle growth rate constant ( —̂—).min
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Figure 2.8 Mean silica particle diameter versus time in 170mM monosilicic acid + 
4M HCl solution at 50 °c measured using DLS.

2.5.1.2 Thermal Effect on Silica Precipitation
As previous work has been done by Wongthahan, the 

experiment was performed with a 300 mL solution of 170 mmol/L monosilicic acid 
and 4M hydrochloric acid at 5 °c. The Si concentrations in filtered samples at 5 °c 
were compared to that at 50 °c, as shown in Figure 2.9. As rising temperature from 5 
to 50 ๐c, the time to reach 0.2 pm was significantly reduced from 1900 to 100 
minutes, as can be seen in Figure 2.9. It indicates that silica precipitation at high 
temperature is greater than that at low temperature.

Additionally, the comparison can be also determined with silica 
particle size measurement using DLS. Figure 2.10 shows the comparison of mean 
silica particle diameter as a function of time at 5 and 50 ๐c.
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Figure 2.9 Concentration-time trajectories in 170 mM monosilicic acid + 4MHC1 
solution at 5 and 50 °c measured by ICP/MS.

Figure 2.10 Mean silica particle diameter versus time in 170 mM monosilicic acid + 
4MFIC1 solution at 5 and 50 ๐c  measured using DLS.
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2.5.2 Particle Growth Predictions Using Geometric Population Balance 
Equation ร

The modified Smoluchowski equation for colloidal aggregation under 
the framework of geometric population balance (GPB) was applied to study the silica 
particle growth mechanism. The modified Smoluchowski equation is given in 
Equation 2.3. Previous work by Wongthahan (2009) shows that the particle growth 
by DLS is owing to the aggregation of primary silica particles with a geometric 
spacing (R) of 2. However, the important parameters needed to be identified which 
are collision kernel and the size of primary unit. The primary Si particle sizeobtained 
from DLS, in this study, was applied to the model. For collision kernel, as mentioned 
in section 2.3.4, Reaction-Limited Aggregation (RLA) can be found in silica system. 
Therefore, the reaction-limited collision kernel (K,j) was applied as given below:

Where

and

1.0404R T
K|J= Z l  (P ' + D;)P

Rg = universal gas constant (=8.314 J/mol.K),
T = absolute temperature (K),
p= dynamic viscosity of the medium (kg/m.s),
Dp = primary particle diameter (nm), 
p = collision efficiency,
D,(j) — particle diameter of i-th (j-th) aggregate (nm).

(2.6)

The system of modified Smoluchowski equations was solved in Matlab® 2008a 
using ODE23 function. Here, 30 equations in total were used same as the previous 
work (Wongthahan, 2009). Figure 2.11 shows the simulated particle size distribution 
based on the reaction-limited aggregation (RLA) kernel compared to the 
experimental data obtained from DLS measurement. One observes that the 
development of silica aggregate size is in agreement with the mean particle size data 
gained from DLS at 50 °c. The RLA model, therefore, can also be applied to the 
silica particle size growth at high temperature.
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Time, minutes

Figure 2.11 Comparison of the silica particle growth between experimental data at 50 
°c (square) and simulation (circle) using RLA model.

2.5.3 Thermal Effect on Monosilicic Acid Disappearance
2.5.3.1 Monosilicic Acid Disappearance Rate

The Molybdenum-blue method (ASTM D859-05) was applied 
in order to investigate the kinetic of monosilicic acid, Si(OH)4, disappearance where 
UV-VIS spectroscopy was used to measure monosilicic acid concentrations in 
solution. The reaction order of disappearance kinetic can be simply determined using 
the numerical method. The simple concentration rate law is given below:

d[Si(OH)J = _ k j S i(0 H ) 4f

where ku and m are disappearance rate constant and reaction order, respectively.
Previous work (Wongthahan, 2009) has reported that third-order 

reaction provides the best fit to their experimental data. The fitting equation for 
Si(OH)4 was determined by direct integration of Equation 2.7 where m=3, as can be 
seen below:
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2[Si(OH)J2 = kot 2[Si(OH)4]2 (28)
To verify the reaction order, an additional experiment was conducted at 25 ๐c. Using 
the R-squared value analysis, for any temperatures, third-order reaction provides the 
excellent fit with our experimental data, as shown in Figure 2.12, with R-squared 
value of 0.99 (can be seen in Table 2.1). This confirms that third order is the best 
reaction order. Moreover, results also show that the monosilicic acid disappearance 
rate increases with increasing temperature.

Table 2.1 Parameter values of the linear relationship shown in Figure 2.12

Temperature, °c Slope (ko), mM^min'1 R-squared value
5 0.286 0.995

25 0.871 0.999
50 1.773 0.990

Figure 2.12 plotted versus time for the molybdate-reactive silica data: initial Si(OH)4 
concentration of 170 mM with 4MFIC1 at different temperature.
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2.53.2 The Activation Energy of Monosilicic Acid Disappearance
According to Equation 2.8, we can obtain ko, disappearance rate 

constant from the linear relationship in Figure 2.12, as shown in Table 2.1. 
Consequently, the Arrhenius equation, as written below, was applied to determine 
the activation energy of monosilicic acid disappearance reaction.

k = A e ^ RT̂ (2 9)
So, \ท k = -{Eac1/R T )+๒ A (210)
Where k = rate constants,

Eact- activation energy,
R = universal gas constant,
T = temperature (K),
A = constant.

As can be seen in Figure 2.13, the Arrhenius plot shows that the resulting kinetic
follows a linear function where slope is -—̂ - , and intercept is In A . It indicates the
unchanged reaction mechanism over this temperature range. Moreover, the activation 
energy of monosilicic acid disappearance was calculated and found to be 7.2 
kcal/mole.

Figure 2.13 The Arrhenius plot, -In ko versus 1/T.
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2.6 Conclusions and Recommendations

2.6.1 Conclusions
The thermal effects on silica aggregation/precipitation and kinetic of 

monosilicic acid disappearance were investigated with 4M HC1 at high temperature. 
It was found that the silica particle growth at high temperature is greater than that at 
low temperature. เท addition, the development of silica aggregate size using RLA 
model is in agreement with the mean particle size data gained from DLS at 50 °c. 
The monosilicic acid disappearance kinetic is third-order reaction which is also in 
agreement with the previous work has been done at lower temperature. Moreover, 
according to the linear Arrhenius plot, it shows the unchanged silica precipitation 
mechanism over the temperature range of 5-50 °c. Also, the activation energy of 
monosilicic acid disappearance was determined and found to be 7.2 kcal/mole.

2.6.2 Recommendations
- เท this study, thermal effect has been only investigated on silica 

precipitation using SMN. However, analcime dissolution at different temperatures 
should also be considered in order to verify the feasibility to perform matrix 
acidization under such conditions.

- Another key parameter that could affect silica precipitation is 
pressure. เท this study, experiments were conducted at atmospheric pressure because 
the precipitation could be clearly observed only on the thermal effect. Due to the 
physical condition in the reservoir, high-pressure experiment needs to be investigated 
in order to develop the matrix acidization process.
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