
C H A P T E R  IV
R E S U L T S  A N D  D I S C U S S I O N

A s be described  earlier in C hap ter III, there w ere tw o parts o f  the 
silica synthesis experim ent and the coreflood experim ent. T he experim ental 
data w ere show n in A ppendices.

4 .1  R e la t iv e  P a r t ic le  D e n s i ty  o f  R e a c t io n  M ix t u r e s

T he relative  partic le  density  o f  the reaction m ixture  w as determ ined  in 
term s o f  absorbance at the w avelength  o f  500 nm . In this study, the initial 
concen tration  o f  TEOS in w /o  m icroem ulsion  so lu tions w as fixed at 0.1494 
M.

4.1.1 The E ffect o f  A m m onia  C oncentration
T he aqueous am m onia acted as the ca talyst as w ell as the 

reactan t in th is system . T he concentration  o f  N H 3 in th is study w as varied  
from  0.0156 to  0 .1249 M  and the H 20 :T E O S  m olar ratio  w as fixed at 7.67:1. 
F igure 4.1 illustrates that an increase in the concen tration  o f  am m onia  results 
in increasing  tu rb id ity  in the m icroem ulsion so lu tion  due to  the rap id  
form ation o f  silica  particle . A m m onia did not only enhance the rate o f  
hydro lysis o f  T E O S , bu t also enhanced the rate o f  condensation  o f  silanol 
group. T herefore , the rate o f  silica  partic les grow th increased  w ith  increasing  
the am m onia concen tration .
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F ig u r e  4 .1  T urbid ity  o f  m icroem ulsion  so lu tions at d iffe ren t N H 3 
concentrations.

4 .1 .2  T he E ffect o f  Surfactant C oncen tration
F igure  4.2 show s the effect o f  su rfactan t concen tra tion  on the 

relative silica  partic le  density  synthesized  in พ / o  m icroem ulsions conta in ing
0.1494 M  T E O S, 0 .0156 M  N H 3, H 20 :T E 0 S  ratio  o f  7.67:1 and the 
concen tration  o f  D P6 surfactan t w as varied  in the range o f  0.1901 M  to 0 .3169 
M . T he relative tu rb id ity  decreased  w ith  increasing  su rfac tan t concen tration . 
Elence, th is resu lt m ay indicate that the size o f  silica  partic les decreased  w hen 
the su rfactan t concen tration  increased. This m ight be exp la ined  by a 
decreased  in a num ber o f  T E O S reactan ts per m icellar d roplets. A  num ber o f  
m icellar droplets increased w ith  increasing  su rfactan t concen tration  in the
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system  at constan t concen trations o f  TEO S and H 20 .  T herefore , a num ber o f  
TEO S p recurso rs in each m icellar d roplet w ere  decreased.

F ig u r e  4.2 T urb id ity  o f  m icroem ulsion  so lu tions at d iffe ren t su rfactan t 
concen trations under studied  conditions.

4.1.3 T he E ffect o f  EEO to TEO S M olar R atio
F igure 4.3 show s the effect o f  w ater to  su rfac tan t m olar ratio  on 

the relative partic le  density  o f  m icroem ulsions so lu tion  con ta in in g  0.1494 M  
T E O S, 0.1901 M  D P6 and 0 .0156 M  N H 3. The concen tration  o f  w ater w as 
varied  in the range o f  0 .3976 M  to 1.1462 M. A t a H 20 :T E O S  m olar ratio  
equals 2 .66:1 , the phase separation  occurred  w ith in  30 hours. H ence, as the 
H 20 :T E O S  ratio  increased, the relative partic le  density  tended  to  decrease. 
F rom  the resu lts, w ater is necessary  for the form ation  o f  stable  silica 
suspension  in m icroem ulsions. It is very in teresting  to  p o in t out that all 
sam ples p repared  w ith  H 20 :T E O S  m olar ratio  above the sto ich iom etric  ratio  
(i.e., 2:1) w ere  stable. T he residue w ater needs to  facilita te  the adsorp tion  o f
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surfactan t m olecu les onto the silica  particles. S ubsequen tly , the dynam ic 
exchange be tw een  the m icroem ulsion  droplets w as decreased .

F ig u r e  4 .3  T urb id ity  o f  m icroem ulsion  so lu tions at d ifferen t H 2 0 :TE0 S 
m olar ratios.

4 .1 .4  T he E ffec t o f  T ype and C oncen tration  o f  C o-S u rfactan t
F igure  4 .4  show s the effect o f  type and concen tra tion  o f  co 

su rfactan ts on the relative  partic le  density  in the system  hav in g  [T E O S]=
0.1494 M , [D P 6 ]= 0.1901 M , [N H 3]= 0.0156 M  and H 20 :T E O S  m olar ratio  =  
7.66. T he concen tra tion  o f  co-surfactan t w as varied  from  0 M , 0 .0637 M,
0.1594 M  to  0 .2550 M . T hree types o f  a lcohols 1-butanol, 1-octanol and 1- 
dodecanol w ere  used  as the co-surfactant. T his resu lt show s th at 1-butano l w as 
the m ost e ffective  co -surfactan t that affected  the rela tive  pa rtic le  density  o f  
silica partic les.
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F ig u r e  4 .4  T urbid ity  o f  m icroem ulsion  so lutions at d ifferen t concen trations 
o f  th ree co-surfactan ts for the system  contain ing  0.1494 M  T E O S , 0 .0156 M 
N H 3 , 0 .1901M  D P 6  and 7.67:1 m olar ratio  o f  H 2 O :T E O S.
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4 .2  T h e  K in e t ic s  o f  T E O S  H y d r o ly s i s  in  M ic r o e m u ls io n  S o lu t io n s

T he concen tration  o f  TEO S w as m easured by using F ourier T ransform  
Infrared S pectroscopy  (FTIR ). The concentration  o f  TEO S during  the reaction  
period  w as estim ated  from  its peak height. T he assum ption  o f  first order 
reaction  k inetics w as alw ays found to  be an excellen t approxim ation . A 
typical evo lu tion  o f  FT IR  spectra o f  m icroem ulsions is show n in F igure  4.5.

A  gradual decrease in Si-O -C streching bands o f  T E O S located  at both 
795 and 967 cm ' 1 indicated  that T E O S w as hydro lyzed  during  the reaction  
period. T he form ation  o f  ethanol w as evidenced by the increase in both  880 
and 1050 cm ’ 1 bands w hich  w ere correspond to the C -C -O  strech ing  o f  
ethanol.

T he T E O S concen tration  m easured from  the absorbance o f  the Si-O -C 
strech ing  at 967 cm ' 1 are show n as a function o f  tim e in F igure  4.6. The 
logarithm  o f  T E O S concen tration  decreased linearly  w ith  tim e, in d icating  that 
the rate o f  T E O S  hydro lysis w as first order w ith  respect to  the concen tration  
o f  T E O S as described  by the fo llow ing equation:

=  ex (4.1)

w here [T E O S ]? and [TEO S]# are the concen tration  o f  T E O S at reaction  tim e t 

and at the start o f  the reaction , respectively , kf, is the apparen t rate constan t for 
TEO S hyd ro lysis w hich  can be determ ined from  the slope o f  linear fitting.
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Figure 4.5 T he evolu tion  o f  F T IR  spectrum  o f  D P 6 /hep tane m icroem ulsions 
having  com position  H 2 0 :T E O S = 7 .67:1, 0.0781 M N H 3 , 0.1901 M  D P 6  and 
0 .1494 M  T E O S in heptane.

F ig u r e  4 .6  T he tim e evolu tion  o f  the concen tration  o f  T E O S hydro lyzed  in 
พ / o  m icroem ulsions at d ifferen t am m onia concentrations.
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4.2.1 The E ffect o f  A m m onia  C oncen tration
The studied  m icroem ulsion  w as prepared  to  have [D P 6 ]=

0.1901 M , [T E O S]=  0 .1494 M , [H 20 ] =  1.1462 M  and N H 3 concen tration  
varied  from  0.0156 M  to 0 .2550 M . F igure 4.7 show s that the apparen t rate 
constan t, k h increases approxim ate ly  linearly  from  0.0057 h ' 1 at 0 .0156 M  N H 3 

to  0 .0578 h ' 1 at 0 .2550 M  N H 3, ind icating  that the rate o f  TEO S hydro lysis is 
approxim ate ly  first order w ith  respect to  the aqueous am m onia concen tration .

F ig u r e  4 .7  Specific  hydro lysis rate  constant, kh  versus the initial aqueous 
am m onia concentration .

F igure 4.8 show s the relationship  betw een the concen tration  o f  
am m onia and the delay  tim e o f  the hydro lysis reaction  w h ich  perfo rm s in 
term s o f  half-life  tim e, 11/2, w hen  [TEO S]t/[TEOS]o =  0.5. T he delay  tim e 
exponen tia lly  decreased from  120 h at 0 .0156 M  NFI3 to  12 h at 0 .1249 M  
N H 3. It w as clearly  seen that the low er the am m onia concen tration , th e  longer 
the delay tim e is preferred  for coreflood  experim ent.
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F ig u r e  4.8 T he delay tim e t  . (C /C o  = 0.5) versus initial aqueous am m onia 
concen tration . .

4 .2 .2  T he E ffect o f  Surfactant C oncentration
T he m icroem ulsion  prepared contained [T E O S ]=  0 .1494 M, 

[H 20 ] =  1.1462 M , [N H 3]= 0 .0156 M  and D P6 concen tration  v aried  in the 
range o f  0 .1014 M  to 0 .3169 M . F igure 4 .9  show s that the app aren t rate 
constan t decreases from  0.0099 IT1 at 0.1014 M  D P6 to  0 .0074 h '1 at 0 .1267 M  
DP6 and then the apparen t rate constan t decreases very  sligh tly  to  0 .0043 h '1 at
0 .3169 M.
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F ig u r e  4.9 Specific  hydro lysis rate constan t k}1 versus the in itial D P6 
surfactan t concen tration .

In the p rev ious study, C hang and F og ler (1996) stud ied  the 
effect o f  N P 4  su rfactan t on the rate o f  T E O S hydro lysis. T hey  found  that 
su rfactan t concen tration  affected  the rate o f  T E O S hydro lysis. T he apparen t 
reaction  order w ith  respect to  [N P4] w as estim ated  to  be be tw een  0.4 to 0.6.

T he rate o f  T E O S hydro lysis in w /o  m icroem ulsion  so lu tions 
depends upon the rate  o f  transferring  o f  TEO S m olecu les in to  the aqueous 
phase o f  m icroem ulsion  droplets, the  h igher the area  o f  m icroem ulsion  
droplets, the  faster the rate o f  T E O S hydro lysis is observed. C onversely , 
w hen the concen tration  o f  su rfactan t increases until the  rate o f  m ass transfer 
does not depend upon the area  o f  m icroem ulsion  droplets. T he surfactants 
m ay act as the barrier to  transferrin g  o f  T E O S m olecu les in to m icroem ulsion  
droplets to  contact w ith  the hydroxyl ions (O Ef). A no ther p robab le  reason  is
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that a num ber o f  unbound w ater m olecules decreases w ith  an increase in 
su rfactan t concen tration  in order to facilitate  the adsorption  o f  su rfactan t onto 
the silica surface. A s a result, the rate o f  TEO S hydro lysis is decreased .

4.2.3 T he E ffect o f  H zO to  T E O S M olar R atio
The studied  m icroem ulsion  w as prepared  to  have [TEO S]=

0.1494 M , [N H 3]= 0.0156 M , [D P6]=  0.1901 M  and w ater concen tration  
varied  from  0 .3976 M  to 1.1416 M. F igure  4.10 show s that the apparen t rate 
constan t, kh, decreases very  slightly  from  0.0079 h '1 at H 2 0 :T E O S  m olar ratio  
=  2.66:1 to  0 .0057 h '1 at H 20 :T E O S  m olar ratio =  7 .67:1. T he resu lt suggested  
that w ater did no t sign ifican tly  affect the rate o f  TEO S hydro lysis.

2 3 4 5 6 7 8
h 2o /t e o s

F ig u r e  4 .1 0  Specific hydro lysis rate constan t kh  versus the initial H 2 0 :T E O S  
m olar ratio.

T  ๆ <3 2  <3 6  *4 จ o
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4.2 .4  T he E ffect o f  T ype and C oncen tration  o f  C o-S urfactan t
Three types o f  alcohol (1-butanol, 1-octanol and 1-dodecanol) 

w ere used to  act as co-surfactants. The concen tration  o f  alcohol used  in this 
study w as varied  from  0 M , 0 .0637 M , 0 .1594 M  and 0 .2550 M . F igu re  4.11 
displays the in fluence o f  alcohol chain  length  and its concen tration  on the rate 
o f  TEO S hyd ro lysis for the system  having  [T E O S]=  0 .1494 M , [D P6]=  0.1901 
M , [N H 3]= 0 .0156 M  and H 20 :T E O S  m olar ratio  =  7.66:1. A s can be seen in 
F igure 4 .11, fo r all co-surfactants, the rate o f  TEO S hyd ro lysis slightly  
increases w ith  increasing  the co-surfactan t concen tration . T he c loseness o f  the 
TEO S hydro lysis rate for 1-butanol, 1-octanol and 1-dodecanol ind icated  the 
chain-length  o f  co-surfactan t did no t sign ifican tly  affect the rate  o f  TEO S 
hydro lysis.

F ig u r e  4 .1 1  Specific hydro lysis rate  constan t kh  vs. the initial co-surfac tan t
concentration .
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Figure 4 .12 show s the effect o f  concen tration  and type o f  co
surfactan t on the delay tim e, 11/2, o f  silica partic les sy n thesized  in the 
m icroem ulsion  solution. This resu lt suggested  th at for all co-surfactan ts , the 
delay tim e decreased  sign ifican tly  w ith  increasing  the co-surfac tan t 
concen tration . A gain , the chain-length  o f  alcohol did not sign ifican tly  affect 
the rate o f  T E O S  hydro lysis.

[co -su rfa c ta n t], M
F ig u r e  4 .1 2  T he delay  tim e t j /2  versus in itial co -surfac tan t concen tration .

4 .3  S iz e  a n d  M o r p h o lo g y  o f  S i l ic a  P a r t ic le s

T he size and m orphology  o f  the silica partic les sy n thesized  w ere  
determ ined  by using  T ransm ission  E lectron  M icroscope at 2 w eeks after 
addition  o f  T E O S into the w /o  m icroem ulsion  so lu tions con ta in ing  the 
d ifferen t concen trations and type o f  co-surfactants. T hree ty p es o f  co 
surfactan ts (1 -butanol, 1-octanol and 1-didecanol) w ere  used  in th is study. 
F igures 4.13 and 4.14 show  the in fluence o f  the alcohol chain length  and its
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concen tration  on the size o f  silica  partic les ob tained  from  th e  system  
conta in ing  0 .1494 M  TE O S, 0 .0156 M  NE[3 and w ater:T E O S  m o la r ratio  = 
7.66:1.

T he concen tration  o f  co-surfac tan t w as only varied  in th e  experim ent. 
The size o f  syn thesized  silica partic les varied  w ith  the type o f  co -surfactan t by 
the order: l-b u tan o l>  l-o c tan o l>  1-dodecanol. The average d iam eter, <D >, o f  
the silica  partic les synthesized  w ere  45 .30  nm , 59.26 nm  and 65 .74  nm  w hen
1-butanol concen tration  increased  to  0 .0637, 0 .1594 and 0.255 M , 
respectively . C ontrastly , for both  1-octanol and 1-dodecanol co-surfactan ts , 
the average d iam eter o f  the silica  partic les slightly  decreased  w ith  an increase 
in the alcohol concen tration . In addition , for the longer the a lcohol chain- 
length, the sm aller the size o f  silica  partic le  w as observed. T his effec t can be 
a ttribu ted  to  the fact that the in terfaces w ith  a long chain a lcohol are m ore 
rig id ity  than  th ose  w ith  the short chain  alcohol. In general the chain  length  o f  
the su rfactan t and co -surfactan t used in the system  should  be the sam e to 
m axim ize the m olecu lar in teractions that stab ilize  su rfactan t-coated  in terfaces. 
I f  chain length  m ism atch ing  is p resen ted  in the su rfactan t film , the excess 
hydrocarbon  ta ils have m ore freedom  to d isrupt the m olecu lar pack in g  th rough 
conform ational d isorder. T his d isrup tion  in the m olecu lar p ack in g  leads to 
low er in teraction  energ ies and, hence, the low er film  stability , w h ich  leads to 
the increase in the in terd rop le t dynam ic  exchanges o f  silica species w ith in  the 
m icroem ulsion  droplets.

F igures 4.15 and 4.16 show  a sign ifican t effect o f  bu tanol on the 
d iam eter o f  the silica  partic les p roduced  und er the stud ied  conditions.
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F ig u r e  4 .1 3  TEM m icrographs o f  silica  partic les syn thesized  in w /o  
m icroem ulsions w ith  d ifferen t types and concen trations o f  co-su rfac tan ts  at 
2 w eeks. C om position  o f  m icroem ulsions: 0 .0156 M  N H 3, 0.1901 M  D P6,
0.1494 M  T E O S , and H 2 0 :T E O S =  7.67:1 in heptane.
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F ig u r e  4 .1 4  T he effect o f  co-surfactan t concen tration  on the size o f  silica 
partic les sy n thesized  in พ /(ว  m icroem ulsions.

F ig u r e  4 .1 5  T he size o f  silica partic les synthesized  in w /o  m icroem ulsions 
w ith  and w itho u t 1-butano l as a function  o f  tim e.
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F ig u r e  4 .1 6  T E M  M icrographs o f  silica partic les syn thesized  in w /o
m icroem ulsions w ith  and w ithou t 1-butanol at various tim es. C om position  o f
m icroem ulsions: 0 .0156 M N H 3, 0.1901 M  D P6, 0 .1494 M  T E O S , and
E l2 0 :T E 0 S = 7 .6 7 :l in heptane.
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F igure  4 .17 illustrates the m easured size d istribu tions o f  silica 
partic les syn thesized  w ith  and w ithout 1-butanol. T he silica  particles 
synthesized  in nonionic พ / o  m icroem ulsions w ithou t add ition  o f  co
su rfactan t and w ith  addition  o f  0 .2550 M 1-butanol had the sam e narrow  size 
d istribu tion  w ith  the approxim ate value betw een 10 and 25 nm.

F ig u r e  4 .1 7  T he size d istributions o f  silica partic les sy n thesized  in w /o  
m icroem ulsions w ith  and w ithou t 1-butanol at various in tervals. C om position  
o f  m icroem ulsions: 0 .0156 M  NFI3, 0.1901 M  D P 6 , 0.1494 M  TE O S, and 
H 2 0 :T E 0 S = 7 .6 7 :1  in heptane (a) w ithout co-surfac tan t (b) 0 .2550 M  butanol.
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4 .4  D e p o s i t io n  o f  S il ic a  P a r t ic le s  in  C o r e  S a m p le

F rom  the results o f  the batch  experim ents, It can be conc luded  that in 
order to  delay  the k inetics o f  TEO S hydro lysis in w /o  m icroem ulsions, 
aqueous am m onia  w as a dom inant param eter. A  low er the am m onia 
concen tration  resu lted  in a longer the delay tim e, t//2 , w hich  is p referab le  for 
application  in perm eab ility  reduction . The silica partic le  grow th and the 
partic le  size w ere  contro lled  by the addition  o f  co-surfactant. It w as found that 
1-butanol w as the m ost effective co-surfactan t for sy n thesizing  silica  particles. 
The h igher the concen tration  o f  1-butanol, the larger the silica  partic le  size 
w hich  should  be  used  to  reduce the perm eab ility  o f  a core sam ple. M oreover, 
the addition  o f  1-butanol did not significantly  affect the k inetics o f  TEO S 
hydro lysis as w ell as the delay  tim e. T able 4.1 show s the com p osition  o f  all 
reactan ts used  to  synthesize silica  partic les for the coreflood  experim ent.

T a b le  4 .1  C om position  o f  all reactan ts used to  synthesize  silica  partic les for 
coreflood experim ent.

C o m p o s i t io n C o n c e n t r a t io n  (M )
TEO S 0.1494
n h 3 0.0156
h 20 1.1462
D P6 0.1901

1-B utanol 0.255
H 20 :T E 0 S 7.66

11/2 from  batch experim ent 81 h
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The changes in perm eab ility  are calcu lated  using D a rc y ’ร Law :

y  _  ^ _  À p  (4 .1)A jU L
U sing  Eq. (4 .1), the ratio  o f  the perm eab ility  at any tim e to  the in itial 
perm eab ility , K/Ko, can be defined  from  m easured  values o f  p ressu re  drop 
ratio, APq/AP, and v iscosity  ratio , p/po :

K (l =  A P  แ 0
(4.2)

The p ressu re  drop across the core sam ple w as m on ito red  every  m inute  
during m icroem ulsion  in jection  and converted  to  the perm eab ility  ratio  
accordingly . T he ratio , K/Ko, is dem onstrated  as a function o f  tim e as show n 
in F igure 4.18

T he first in jection  o f  m icroem ulsion  so lu tions gave the delay  tim e o f  
about 30 hours and the perm eab ility  ratio  decreased to  0.7 at 80 hou rs and then 
tended to  constan t beyond 80 hours. The perm eab ility  ra tio  decreased  due to 
the deposition  o f  silica  partic les at the pore w alls and the silica  pa rtic le  grow th 
from  the rem ain in g  o f  w ater and T E O S m olecules in the in le t line and in the 
pore spaces. O nce all the rem ain ing  reacting  species w ere  consum ed , the 
perm eab ility  ra tio  reached  the m in im um  value.

In o rder to  increase the perm eab ility  reduction  o f  the core sam ple, a 
second in jection  o f  the m icroem ulsion  so lu tion  hav ing  the sam e com position  
as the first one w as carried  out. T he second in jection  had the delay tim e o f  
about 80 hours. A fter that, the perm eab ility  ratio  suddenly  red uced  to  0.47 
and then tended  to  constan t w ith  the sam e phenom ena  as th e  first 
m icroem ulsion  in jection.
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F ig u r e  4 .1 8  P erm eability  ratio , K /K o, during  m icroem ulsion  so lu tions w ith  
silica partic les in jection . C om position  o f  m icroem ulsions: hep tane, 0 .0156 M  
N H 3, 0.1901 M  D P6, 0 .1494 M  T E O S, 1.1462 M  แ2<ว, and 0 .2550 M  
B utanol.
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