
C H A P T E R  II  
L I T E R A T U R E  S U R V E Y

2 .1  B lo c k in g  A g e n t s

C om plex  oil reservoir w ater flooding is accom pan ied  by early  w ater 
b reak through  in production  w ells and a high w ater/o il ratio . In red u cin g  this 
w ater/o il ratio , it can be basically  achieved by b lock ing  the h igh-perm eab ility  
channels. C ross-link ing  po lym er treatm ents show  the good b lock ing  in the 
in jection  w ell and p roducing  w ell. In this process, p o lym er m olecu les are 
bound to gether into a gel structure by a m etal or an organic  cross-link ing  
agent. To obtain  sign ifican t am ounts o f  increm ental oil, w hile  avo id ing  very 
large p ressu re  build-up , the po lym er gel system  should  have the correct 
com bination  o f  long gelation tim e and good p erm eab le-reduc ing  properties. 
N o  com m ercia l po lym er system  has suffic iently  long gel tim es th at requ ired  to 
obtain  deep em placem ent in a large reservoir (Serigh t, 1988).

B ulk  chem ical gels, such as po lyacry lam ide, xanthan  gum , and silica 
gel have been  w idely  used for long-term  p rofile  m odifica tio n  treatm ents. 
T heir slow  gelation  rates give deep p lacem ent in h igh  perm eab ility  zones 
(L ockhart e t  a l . ,  1991). A lthough bulk  gels create very  stable, s tro ng  plugs 
su itab le  for d iverting  in jected  w ater, they are critic ized  because o f  high 
treatm ent cost.

M icro-organ ism s have been p roposed  as the b lock ing  agent. The 
p lacem en t characteristics o f  m icro-organism s are sim ilar to  the gelants 
because its p lacem en t is d ictated  by am ounts o f  nutrients. A  po ten tia l p roblem  
w ith  the use o f  m icro-organism s is their tendency  to aggregate  and adsorb  onto 
the pore w alls , lim iting  th e ir depth o f  penetration  (Serigh t, 1994).
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T he use o f  silica gels as the reactive w ater d iverting  agen ts to  stop 
excess w ater p roduction  w as investigated  for selective d iversion  o f  aqueous 
fluids and brines from  the p roduction  w ell (T hom pson and F ogler, 1993). The 
advantage o f  th is system  w as its ability  to  selectively  react w hen  contacting  
w ater w ith in  the form ation. This w ork dem onstrated  the benefits o f  an oil- 
phase in jection  fluid as a w ater-d isp lac ing  m edia p rio r to reaction . Thus no 
b lock ing  should  occur in h igh  oil saturation. H ow ever, due to  the highly 
reactive nature  o f  the d iverting  agent, an in jection p rocedure  o f  delivery  w as 
necessary  p rio r to  shut-in.

T he in -situ  deposition  o f  silica partic les relies on selective  p lacem ent 
o f  silica partic les, no t selective reaction  w ith in  the form ation. T he suspension  
partic les can  penetrate  into a h igh perm eab ility  zone con ta in ing  large pores, 
but w hich  w ill be rem oved by filtration on the form ation faces o f  less 
perm eab ility  zones conta in ing  sm all pores. T herefore, the partic le  size 
d istribu tion  m ust be suffic iently  narrow  (Seright, 1994). T he p lacem ent 
characteristics o f  partic les are sim ilar to  those o f  gels, bu t should  be able to 
penetrate  deep er into a form ation.

S ilica  partic les synthesized in พ /(ว  non ionic  m icroem ulsions usually  
have a narrow  size d istribu tion  w ith  the average value  be tw een  25-70 nm  
(O sseo-A sare  and A rriagada, 1990 and C hang and F ogler, 1996). T hese 
nanosized  un ifo rm  partic les are an ticipated  to  be able to  pene trate  deep ly  into 
the form ation. T hese partic les w ill grow  w ith in  the pores o f  the form ation  and 
subsequently  w ill reduce the perm eability .
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2.2 S il ic a  P a r t ic l e s  F o r m a t io n  in  w /o  M ic r o e m u ls io n s

W ater-in-o il m icroem ulsions p rovide particu larly  favorable  reaction  
conditions for the p repara tion  o f  m onodisperse  solid  partic les. A t a su itab le  
chosen  com position , m icroem ulsion  system s w ill contain  inverted  m icellar 
aggregates consisting  o f  w ater pools su rrounded by am ph iph iles in a 
continuous n o n p o la r m edium . B y dissolving, for instance m etal salts w hich 
undergo  a d issocia tion  inside the aqueous dom ain fo llow ed by a red uction  step
(M en+-------- >- M e0), a subsequent precip ita tion  can take  p lace  inside the w ater
pools. T he success o f  this p rocedure is m ost likely that partic le  nuc léa tio n  can 
be in itiated  sim ultaneously  at a very  large nu m ber o f  locations in the 
m icroem ulsion  w ith  the nucléation  sites w ell iso lated  from  each o ther and in 
close contact w ith  su rfactan ts that m ay act as stab ilizers o f  the partic les 
form ed (B ou ton net e t  a l ., 1982).

T he synthesis o f  nanoparticles using  reactions in m icroem ulsions w as 
first described  by B outonnet e t  a l. (1982). T hey p repared  p latinum , 
pallad ium , rhod ium  and irid ium  partic les in oil con tinuous m icroem ulsions. 
Since then, there  have been m any reports on the use o f  m icroem ulsions as a 
reaction  m edia  for the synthesis o f  a variety  o f  inorganic partic les such as 
gold, silver, titan ium  dioxide, calcium  and barium  carbonates and silica  
particles.

2.2.1 K inetics o f  S ilica Particles F orm ation  in w /o  M icroem ulsions 
O sseo-A sare and A rriagada (1990) stud ied  the p repara tio n  o f  

silica  partic les by  hydro lysis and condensation  o f  te tra  ethy l orthosilicate  
(T E O S) in reverse  Igepal C O -520/cyclohexane/aqueous am m onia/w ater 
m icroem ulsion . T hey dem onstrated  the ability  o f  m icroem ulsion  m edia to 
produce m onodisperse  partic les and stressed that m icroem ulsion  p roperties 
such as so lubiliza tion , structure and dynam ics w ere relevan t factors in the
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form ation o f  partic les. A ll sam ples prepared  exhib ited  a b lu ish  w hite 
opalescence a few  hours after addition  o f  TE O S, ind icating  the p resence  o f  
silica  partic les. The d ispersion  rem ained  stable for m onths. T he synthesized  
silica  partic les w ere  m onodisperse  and spherical in shape. T he m ean  partic le  
d iam eter decreased  as the w ater to  su rfactan t m olar ratio  (r) increased.

T he reactions involved  in th is silica  synthesis include the 
hydro lysis o f  T E O S and the condensation  (polym erization) o f  the hydro lyzed  
silica  partic les in the p resence  o f  base  catalyst as show n below :

H y d r o ly s i s

=  S i — O R  +  n o  < -» =  S i  -  O H  +  R O I I  (2.1)
A lc o h o l  c o n d e n s a t io n

= S i  -  O R  + ร  S i  -  O H  < ^ =  S i  -  O  -  S i  =  +  R O H  (2.2) 
W a t e r  c o n d e n s a t io n

=  S i -  O H +  =  S i  -  O H  < -> =  S i  -  O  -  S i  =  +  / / 10  (2.3) 
O v e r a l l  r e a c t io n

S i( O R )  4 +  2 H 20  <r> S iO 2 + 4 R O H  (2.4)
w here R  is C 2H 5

In the hydro lysis reaction , alkox ide groups (O R ) are rep laced  
by hydroxy l groups (O H ). The condensation  reactions p rod u ce  siloxane bonds 
and e ither a lcohol (R O H ) or w ater (H 20 ) .  In general the reactions are 
reversib le  (O sseo-A sare  and A rriagada, 1990).

It is know n that T E O S m olecu les are p redom inan tly  
so lub ilized  in the oil phase  o f  m icroem ulsions and th en  d iffuse to  the 
su rfactan t lay er at o il-w ater in terfaces and are hyd ro lyzed  by  w ate r to  form  
silanol groups (S i-O 'o r S i-O H ). C onsequently , th ese  hyd ro lyzed  silica  TEO S 
m olecu les are  p referen tia lly  re ta ined  in the m icroem ulsion  d roplets and 
condensed  in to po lym eric  species. A fter reach ing  the critical size these
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polym eric  species becom e nuclei that further grow  into silica  spheres by 
absorb ing  hyd ro lyzed  T E O S m olecu les and sm all po lym eric  species.

F orm ation  o f  collo idal partic les in w/o m icroem ulsions 
occurs not only th rough the po lym erization  o f  m onom eric  reactan ts into 
po lym eric  reac ting  species bu t also th rough  the subsequent po lym erization  o f  
po lym eric  species into even larger species (C hang and F ogler, 1997). The 
coagulation  o f  hydro lyzed  po lym eric  silica  species th rough th e  m ass exchange 
am ong w/o m icroem ulsion  droplets is show n in F igure 2.1.

Polymeric
S il ic a

r e a c t in g
s p e c ie s

F ig u r e  2 .1  Schem tic o f  the coagulation  o f  hydro lyzed  polym eric  silica 
species th rou gh  the m ass exchange am ong w/o m icroem ulsion  droplets. 
(C hang  and Fogler, 1997)
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The k inetics and m echanism  o f  silica partic les grow th have 
been studied  ex tensively  in alcohol m edia  w ith  the hydro lysis o f  T E O S via 
am m onia catalyst (A elion e t  a l ,  1950; S tober e t  a l . ,  1968; B rink and Scherer, 
1989; and B urgna, 1994). T hese stud ies have provided  the valuab le  insigh t o f  
the form ation o f  silica partic les in m icroem ulsion.

A elion e t  a l . (1950) investigated  the k inetics o f  TEO S 
hydro lysis in m ethanol so lu tions under the catalysis o f  d ilu te  sodium  
hydroxide (N aO H ) by K arl-F ischer titration  m ethod. T hey suggested  that the 
base-cata lyzed  hydro lysis o f  TEO S had a pseudo-first order reaction  w ith  
respect to  the concen tration  o f  both  T E O S and hydroxyl ion (OET), as show n 
below :

In this study, the base catalyzed  T E O S hydro lysis reaction  w as p roposed  as a 
nucleoph ilic  (SN2) substitu tion  reaction  involv ing  w ith  the d isp lacem en t o f  the 
ethoxy (-O C 2H 5) group o f  T E O S by hydroxyl ion (OH") th rough a 
pen tacoord inate  transition  state. N evertheless, the k inetics o f  TEO S 
hydro lysis in alcohol m edia  w ith  aqueous am m onia as a w eak  base catalyst 
appear to be m ore com plicated . B ased  on the prev ious studied , it can be 
concluded th at the rate o f  TEO S hydro lysis depends upon [H 20 ]  and [N H 3] 
w hich  has reaction  orders o f  1.5 and 1, respectively  (B yers e t  a l . ,  1987; B ogus 
and Z ukoski, 1991; and V an B laaderen  e t  a l . ,  1992). M oreover, types o f  
alcohol so lvent also in fluence the rate  o f  T E O S hydro lysis w ith  1-butanol > 
m ethanol > 1-propanol > ethanol >  2-propanol. This order m ay be induced 
from  the hyd ro gen -b onding  and steric  h indrance effects o f  alcohol m olecules 
(H arris e t  a l . ,  1990).
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2.2.2 C ontrol o f  S ilica P article  F orm ation in พ /(ว  M icroem ulsions
Subm icron silica partic les (below  50 nm ) can be p repared  by 

the contro lled  hydro lysis o f  T E O S in the w ater pool o f  w ater in oil 
m icroem ulsions. The partic le  size depends on the relative rates o f  the 
hydro lysis and condensation  reaction . In general, the partic le  size is found to 
increase w ith  increasing  the concen trations o f  w ater and am m onia  (S tober e t  
a l ,  1968). A n increase in partic le  size obtained as the am m onia 
concen trations increased w as attribu ted  to  the faster rate o f  condensation  
w hich ,in tu rn , w as the resu lt o f  faster depro tonation  o f  silanol groups. In  the 
absence o f  am m onia, the irregularly  shaped partic les and no spheres could  be 
observed under the electron  m icroscope . T herefore, am m onia  apparently  
in fluenced the m orphology and created  spherical partic les w henever it w as 
presen t during the reaction.

The question  o f  bound or free w ater in the po lar dom ain  o f  a fluid 
m edium  is indeed relevan t to  the form ation o f  partic les in reverse  m icellar 
system s since the hydro lysis reaction  is expected  to  facilitate  w hen  free w ater 
is present. T he results o f  O sseo-A sare  and A rriag ada  (1990) ind icate  th at less 
than one w ater m olecule per oxyethylene group involves in the initial 
hydration  shell. Thus, it appeared  that w ater m ight p referen tia lly  hydrate  
som e o f  the oxyethylene groups a long the po lar chain, and th a t further w ater 
addition  resu lted  in gradual form ation o f  free w ater dom ains ra ther than  in the 
com plete hydration  o f  all the  oxyethylene groups.

T he overall m echanism  o f  partic le  nucléation  and grow th  involves 
both intra- and inter- m icellar p rocesses. The m onodispersity  o f  the partic les 
indicates th at the nucléation  p robab ly  occurs over a lim ited  period . B esides 
m onom er d iffusion  to  ex isting  partic les, the partic le  grow th also involves 
aggregation  o f  nuclei during m icelle-m icelle  collisions. F aster hydro lysis can 
be expected  at a larger w ater to  su rfactan t m olar ratio  (r), w hich  w ould  favor 
the form ation o f  sm aller partic les (B urgna, 1994).
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C hang and F ogler (1996) studied  the effect o f  m olecu lar structure  o f  
su rfactan t on the form ation o f  silica  partic les in non ionic  w /o  m icroem ulsions. 
T hey found that for the longer the head and tail groups o f  su rfactan t, it seem ed 
to provide the stronger steric film  barriers to the in terdrop le t exchange o f  silica 
reacting  species than those o f  the shorter one. A s a result, th e  sm aller partic les 
w ere form ed.

T he effects o f  alcohol as a co-surfac tan t on the in terfacia l p roperties 
o f  the m icroem ulsions droplets have also been  studied. A rriag ad a  and O sseo- 
A ssare  (1990) stud ied  the effect o f  the addition  o f  benzyl a lcohol in the A O T  
w /o m icroem ulsion . T hey found th at the silica partic le  grow th  and the partic le  
size w ere increased  by the addition  o f  benzyl alcohol. E sq uena  e t  a l. (1997) 
studied  the effect o f  alcohol concen tration  and chain length  on the silica 
partic le  size in m icroem ulsion  m edia using b lock copo lym ers and nonionic 
surfactant. T he results show ed that the h igher the cosurfac tan t concen tration  
and the shorter the chain length resu lted  in the larger the partic les.
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