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The kinetics of silica particle formation by the ammonia-catalyzed hydrolysis of
tetraethyl orthosilicate (TEOS) in water-in-oil (W/O) microemulsions containing a
nonionic surfactant was investigated using Fourier-transform infrared spectroscopy,
transmission electron microscopy, and light-scattering techniques. The results show that
TEOS hydrolysis and silica-particle growth occur at the same rate, indicating the growth
of silica particles is rate-controlled by the hydrolysis of TEOS. The rate of TEOS hy-
drolysis in microemulsions is first order with respect to the concentration of aqueous
ammonia (29 wt. % NH,), but depends weakly on the concentration of water. Based
on the fact that TEOS hydrolysis follows a nucleophilic (S, 2) substitution of the TEOS’s
ethoxy group with hydroxyl ion, the kinetic data suggest that both water and ammonia
remain predominately in W/O microemulsion droplets. The rate of TEOS hydrolysis
also depends on the surfactant concentration that controls the molecular contact be-
tween hydroxyl ions and TEOS in the solution. Due to the reaction-controlled growth
mechanism, the silica-particle size distribution retains virtually the same shape over the
growth period. The final average size of silica particles can be varied from 26 to 43 nm
by adjusting concentrations of water and surfactant. Increasing the water concentration
decreases the average size and uniformity of silica particles. For a given water concen-
tration, the smallest and most uniform silica particles are produced at intermediate
water-to-surfactant molar ratios (about 1.9). The results are discussed in terms of the
effect of water concentration on the stability of the hydrolyzed silica reacting species
during the nucleation of particles and of the water-to-surfactant molar ratio on the
compartmentalization of silica species in microemulsions.

Introduction

Water-in-oil (W/0O) microemulsion sotutions (also called
reverse micellar solutions) are transparent, isotropic liquid
media with a continuous oil component and a discrete aque-
ous component that is thermodynamically compartmentalized
by surfactants into nanometer-sized liquid entities. These
surfactant-covered aqueous microentities, called microemul-
sion droplets, offer a unique microenvironment for inorganic
precipitation reactions; that is, they act not only as microre-
actors for hosting the reaction but also as steric stabilizers to
inhibit the aggregation of polymeric reacting species during
the reaction period. As a result, inorganic precipitation in
W/0O microemuisions usually generates colloidal particles of
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nanometer scale (Iess than 100 nm), which are much smaller
than those synthesized in normal aqueous solutions. Indeed,
microemulsion synthesis routes have been used to make
nanoparticles of numerous materials, including metals, metal
oxide, metal boride, metal sulfide, metal halide, and metal
carbonate (Fendler, 1987; Nagy et al., 1989; Robinson et al.,
1989; Ward and Friberg, 1989; Sugimoto, 1987; Kon-no, 1993).
In this study, the synthesis of silica (SiO,) particles from
tetraethyl orthosilicate (TEOS, Si(OC,Hj),) was carried out
in a nonionic W/Q microemulsion medium. Reactions in-
volved in this silica synthesis include the hydrolysis of TEOS
and the condensation (polymerization) of the hydrolyzed sil-
ica species (monomeric and polymeric silica reacting units) in
the presence of a base catalyst, ammonia, as shown below:
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[Hydrolysis]
=Si—-OR+H,0 < =Si—OH+ROH. (¢))
[Alcohol condensation]
=Si—OR+ =Si-OH e =8i—-0-Si=+ROH. (2)
[Water condensation]
=Si—OH+ =S§i—-OH « =Si—-0-Si=+H,0. (3)
[Overall reaction]
Si(OR)+2H,0 225 8i0, | +4ROH. @)

where R is C,H;.

Previous studies of silica formation in W/0
microemulsion solutions

The formation of silica particles from TEOS has been
studied using ionic and nonionic W/O microemulsions
(Yanagi et al,, 1986; Yamauchi et al., 1989; Espiard et al,,
1990; Osseo-Asare and Arriagada, 1990, 1992; Arriagada,
1991; Arriagada and Osseo-Asare, 1995). Previous results in-
dicate that silica particles synthesized in W/O microemulsion
solutions generally have average sizes in the range between
30 and 70 nm. The stability and final size distribution of syn-
thesized silica particles are affected by the concentrations of
water and surfactant as well as the characteristics of the sur-
factants.

Suspensions of silica particles with a narrow size distribu-
tion have been synthesized by hydrolyzing TEOS in the
ternary systems containing aqueous ammonia (29 wt. % NH ),
cyclohexane, and nonionic polyoxyethylene nonylphenyl ether
surfactants (which will be abbreviated as NPx, where x is the
average number of oxyethylene groups per surfactant
molecule). Using nonionic NP6 surfactant, Yanagi et al. (1986)
obtained uniform silica particles with an average diameter
around 40 to 50 nm. The size of synthesized particles in gen-
eral decreased with increasing the concentration of water
(Kon-no, 1993). Arriagada and Osseo-Asare made an exten-
sive study on the silica-particle formation in W/O microemul-
sions with NP5 surfactant (Osseo-Asare and Arriagada, 1990,
1992; Arriagada, 1991). The synthesized silica particles were
also fairly uniform and ranged from 35 to 70 nanometer in
diameter. Silica particles with the smallest size and narrowest
distribution were obtained at an intermediate water-to-
surfactant molar ratio (e.g., 1.4), whereas both the size and
dispersity of silica particles increased at both higher and lower
water-to-surfactant molar ratios (e.g., 3.5 and 0.5, respec-
tively) (Osseo-Asare and Arriagada, 1990). In addition, when
the initial water concentration approached the solubility limit
(the phase boundary), ethanol produced from TEOS hydroly-
sis during the reaction resulted in phase separation of reac-
tion media into a microemulsion and a second phase of bulk
water that subsequently initiated a new nucleation stage. At
the other limit, if the initial water-to-TEOS molar ratio ap-
proached the stoichiometric ratio of the overall silica forma-
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tion reaction (i.e., 2), silica particles became unstable and
precipitated. This result indicated that the residual water was
necessary to stabilize silica particles in microemulsions (Os-
seo-Asare and Arriagada, 1992). Residual water acted as an
intermediate medium that hydrogen-bonded both surfactant
molecules and the surface of silica particles. As a result, the
surfactants attached themselves to the surface of silica parti-
cles and sterically stabilized them from flocculating.

The synthesis of silica particles was also carried out in a
W/O microemulsion containing the anionic sodium 2-ethyl-
hexyl) sulfonate (AOT) surfactant. However, the resulting
particles were highly polydisperse as a consequence of con-
tinuous nucleation proceeding over the reaction period. Due
to the hydrolysis of AOT surfactant, these particles became
unstable in the microemulsions, and eventually flocculated
and precipitated out as gels with a microporous structure
(Arriagada and Osseo-Asare, 1995; Yamauchi et al., 1989).

Previous studies accounted for the effect of water and sur-
factant concentrations on the growth of silica particles via the
hydrolysis of TEOS in W/O microemulsions; however, the re-
action kinetics and mechanism of particle growth have not
been delineated and are the focus of this article. It is known
that TEOS molecules, predominantly solubilized in the oil
phase of microemulsions, diffuse to the surfactant layer at
oil-water interfaces and are hydrolyzed by water to form
silanol groups (Si—O~ or Si—OH) (Yanagi et al., 1986).
Consequently, these hydrolyzed TEOS molecules are prefer-
entially retained in the microemulsion droplets and con-
densed into polymeric species. After reaching a critical size,
these polymeric species become nuclei that further grow into
silica spheres by adsorbing hydrolyzed TEOS molecules and
small polymeric silica species. Arriagada (1991) studied the
rate of silica-particle growth by following the evolution of sil-
ica-particle-size distributions measured from TEM micro-
graphs. It was found that the rate of silica-particle growth
was sufficiently slow that 100 h were required to reach the
final particle size. Because the rate of silica-particle growth
increased with increasing surfactant concentration, it was
proposed that the particle-growth rate was influenced by the
hydrolysis of TEOS, which involved the partitioning of TEGS
between the oil pseudophase and the microemulsion droplet
pseudophase. However, there is still no systematic investiga-
tion of the rate of TEOS hydrolysis, the relationships be-
tween the TEOS hydrolysis rate and the silica-particle growth
rate, and the influence of the concentration of water and am-
monia on the kinetics of silica-particle growth in microemul-
sions.

Related studies on the kinetics of silica-particle formation
in alcohol media

The kinetics and mechanism of silica-particle formation by
the base-catalyzed hydrolysis of TEOS in alcohol media have
been investigated extensively (Aelion et al., 1950; Stoer et al.,
1968; Brinker and Scherer, 1989; Bergna, 1994). These stud-
ies provide valuable insight into the growth of silica particles
in microemulsions and are briefly reviewed below.

The kinetics of TEOS hydrolysis in methanol solutions cat-
alyzed by dilute sodium hydroxide (NaOH) was studied by
Aelion and coworkers (1950) using the Karl-Fischer titration
method. They found that the base-catalyzed hydrolysis of
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TEOS had a first-order dependence on the concentrations of
both TEOS and hydroxyl ion (OH ™), that is,

d[TEOS]

7 = k[TEOS][OH" ]. 5)
On the basis of this study, the base-catalyzed TEOS hydroly-
sis reaction was proposed as a nucleophilic (S, 2) substitution
reaction involving the displacement of the ethoxy (—OC,H,)
group of TEOS by hydroxyl ion through a pentacoordinate
transition state. However, the kinetics of TEOS hydrolysis in
alcohol media with a weak base catalyst, ammonia, appeared
more complicated as the rate of TEOS hydrolysis depended
upon [H,0] and [NH;], which had apparent reaction orders
of 1.5 and 1, respectively (Byers et al, 1987; Bogush and
Zukoski, 1991; Van Blaaderen et al., 1992).

The kinetics of silica particle growth in alcohol media from
the ammonia-catalyzed hydrolysis of TEOS has also been
studied (Marris et al., 1990; Matsoukas and Gulari, 1988; Bo-
gush and Zukoski, 1991; Van Blaaderen et al., 1992). It was
found that in alcohol media both the rates of silica-particle
growth and TEOS hydrolysis were first order with almost the
same specific rate constant, indicating that silica-particle
growth was reaction-controlled by the hydrolysis of TEOS
(Matsoukas and Gulari, 1988). Because of this reaction-con-
trolled growth, silica particles with smooth surfaces and nar-
row size distributions were formed in the early particle-growth
period through the addition of monomeric and oligomeric hy-
drolyzed TEOS species. Nevertheless, in the nucleation pe-
riod, the formation of silica nuclei advanced through the co-
agulation of primary silica particles (polymeric silica species),
which was controlled by the surface-charge density of the
particles and the ionic strength of the alcohol media (Bogush
and Zukoski, 1991; Van Blaaderen et al., 1992).

In this study, we carried out a systematic investigation of
the kinetics and mechanism of silica-particle growth in a W/O
microemulsion system containing heptane, ammonia, water,
and a nonionic polyoxyethylene (4) nonylphenyl ether (NP4)
surfactant. Three experimental techniques were used.
Fourier-transform infrared spectroscopy (FTIR) was used to
quantify the rate of TEOS hydrolysis, while transmission
electron microscopy (TEM) and light-scattering (LS) methods
were used to measure the size distribution and the growth
rate of silica particles. The scope of this study includes the
comparison of the rates of TEOS hydrolysis and silica-par-
ticle growth, the influence of the concentrations of ammonia,
water, and surfactant on the rate of TEOS hydrolysis, as well
as the effects of water and surfactant concentrations on the
size and dispersity of synthesized silica particles.

Experimental Studies
Sample preparation

The nonionic NP4 surfactant, Triton N42 (Rohm & Haas
Co.), was used as received to prepare W/O microemulsion
solutions. This surfactant is a polydisperse mixture of poly-
oxyethylene nonylphenyl ether with an average of four
oxyethylene groups per molecule (n-(CyH,;, ©(OC,H,),OH,
MW: 396.5). Tetraethyl orthosilicate (TEOS) [Si(OC,Hj),,
MW: 208.33] with 99.999% purity (Aldrich Co.), reagent grade
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heptane, and aqueous ammonia (NH,OH) solution with 71
wt. % water and 29 wt. % ammonia (NH,), were used with-
out further purification. The aqueous ammonia solution acts
as both the reactant (H,0) and the catalyst (NH;) for the
hydrolysis of TEOS. To prepare W/O microemulsion solu-
tions, aqueous ammonia and purified water (deionized at 18
Mohm) were added to the heptane solution containing pre-
mixed NP4 surfactant; the resulting mixture was gently shaken
till completely transparent. TEOS hydrolysis and silica-par-
ticle formation began immediately after TEOS was added to
the prepared microemulsion solution. The entire reaction was
carried out at temperature 22°C in a tightly capped Teflon
tube reactor that had negligible adsorption and absorption of
the components in the solution.

Fourier-transform infrared spectroscopic measurement

Fourier-transform infrared spectroscopy (FTIR) was used
to study the kinetics of TEOS hydrolysis in microemulsions.
The concentrations of TEOS, ethanol, and water were quan-
tified from the intensity of the absorption bands located at
795 and 967 cm ™! (Si—O-C stretching), 882 and 1,050 cm ™!
(C-C-O stretching), and 1,640 cm~! (H-O-H deformation),
respectively. These bands can be used to quantify the concen-
tration of reaction species in that the absorption intensities
of these bands are significantly strong compared with the ab-
sorption background contributed by heptane and NP4 surfac-
tant. The transmission FTIR spectra of microemulsion solu-
tions were measured using a single-beam Mattson CYGNUS
100 FTIR spectrophotometer equipped with a wide-band
mercury—cadmium~—telluride (MCT) detector. The scattering
of the incident beam by silica particles was negligible because
particles were dilute in solution and had diameters (about 40
nm) much shorter than the wavelength of infrared light. A
triangular apodization method was employed for Fourier
transforming the interferogram. The solution was accommo-
dated in a sample holder with a pair of zinc selenide (ZnSe)
windows and a 0.2-mm-thick spacer. In general, the experi-
mental error in quantifying TEOS concentration during the
early and middle stages of reaction was less than 10% and
became higher in the final reaction stage due to the diminish-
ing intensity of TEOS’s absorption bands.

Transmission electron microscopic analysis

The size and morphology of silica particles synthesized in
microemulsions were investigated using a Jeol 2000 FX trans-
mission electron microscope. The specimen for TEM analysis
was prepared by placing a small amount of sample solution
on a 200-mesh carbon-coated copper grid (Structure Probe,
3520C). Because oven-drying did not effectively evaporate, the
residual NP4 surfactant remained on the copper grid;
dichloromethane was used to wash it off. The particle diame-
ters, D, of approximate 200 silica particles were measured
from the enlarged computer image of the TEM micrographs.
From the particle-size distribution, the average diameter,
{D), and the standard deviation, o, defined by

o =KD —(DY¥1” ©6)
were calculated.
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Light-scattering measurements

The rate of silica-particle growth in alcohol solutions has
been deduced from the increase in the light intensity scat-
tered from solutions (Harris et al., 1990; Matsoukas and Gu-
lari, 1988; Van Blaaderen et al., 1992). In this study, the in-
tensity of light scattered from solutions containing dilute
growing silica particles can be approximated as

(I) =10+ a}V,?C,F,

pop?

@)

where (I) is the scattered light intensity of solutions; {(0))
is {I) at the start of silica formation; ap, Vp, Cp are the
polarizability, volume, and concentration of silica particles in
solution, respectively.

The form factor of silica particles, F,, can be approximated
by the Guinier law as

®

(gD)*
20 )

F,(qD) = exp( -

where D is the diameter of silica particles and g is the mag-
nitude of the scattering vector. The instrument used in this
study included a 2-W argon ion laser (Lexel Model 95) gener-
ating a light of 514.5 nm in wavelength and a photon-multi-
plier tube connected with a 136-channel digital correlator
(Brookhaven BI2030).

Kinetics analysis of TEOS hydrolysis and silica-particle
growth

The concentration of TEOS obtained from FTIR spectro-
scopic measurement was used to deduce the kinetics of TEOS
hydrolysis. In this study, the concentration of water was al-
ways kept significantly in excess in order to stabilize silica
particles in the solution. Therefore, the rate of TEOS hydrol-
ysis can be treated as first order with respect to the TEOS
concentration that follows an exponential decay

[TEOSI(¢)

TEOSIO) ~ exp(—k,t), )
where [TEOS)(¢) and [TEOSK0) are the concentrations of
TEOS at reaction time ¢ and at the start of reaction, respec-
tively; k,, is the specific rate constant for TEOS hydrolysis.

The rate of silica-particle growth can be deduced from the
increase in the volume of silica particles measured by TEM
and light-scattering methods. For a first-order reaction, the
rate of silica-particle growth follows

V.
1- o) =exp(—k_t), (10)

V)

where k. is the specific rate constant for silica-particle
growth; V.(¢) and V(%) are the volume of silica particles at
time ¢ and at the end of reaction, respectively. For light-
scattering measurements, Eq. 10 is reformulated as
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[ B - aon |
F, (1)) = {10)))

=exp(—k.g) (11)

through Eq. 7, where {I(0)), {I(¢)), and (I(«)) are the scat-
tered intensity of solution at the start, at time ¢, and at the
end of reaction, respectively; F,(¢) and F,() are the form
factor of silica particles at time ¢ and at the end of reaction,
respectively (Chang, 1995).

Results and Discussion

Phase diagram of the ternary NP4/water (aqueous
ammonia)/heptane system

In this study, silica particles were synthesized at 22°C in a
W/O microemulsion containing NP4 surfactant, heptane, am-
monia, and water. The solution composition necessary to form
a single-phase W/O microemulsion at this temperature was
investigated first, Figure 1 shows the phase diagram of both
NP4/water/heptane and NP4/aqueous ammonia/heptane
systems. The single-phase microemulsion region is bounded
by the solubilization curve beyond which phase separation re-
sults in a saturated microemulsion phase and a second aque-
ous phase. Both water and aqueous ammonia are not soluble
in heptane until the NP4 surfactant concentration is in-
creased to 1.8 wt. % (i.e., 0.037 M). Above this NP4 concen-
tration, the amounts of both water and aqueous ammonia
solubilized increase with increasing NP4 concentration. In
general, the solubility of water is about 1.5 times greater than
that of aqueous ammonia. The lower solubility of aqueous
ammonia can be attributed to a smaller degree of hydration
of the surfactant head group layer on the microemulsion
droplet. Ammonia molecules and hydroxide ions may act as
lyotropic components, weakening the water—surfactant inter-
action or disrupting the hydrogen-bonding structure of pure
water (Arriagada, 1991).

Time evolution of TEOS hydrolysis and silica-particle
growth

FTIR, TEM, and LS techniques were used to study the
rates of TEOS hydrolysis and silica-particle growth in a sin-
gle-phase W/O (aqueous ammonia-in-heptane) microemul-
sion with the following composition: [NP4]= 0.126 M;

Aqueous solution
(wt%)

Single phase
W/0
microemulsions
pure aqueous
% .
Heptane L. & + . . Lows 5 4 ] NP4
(wt%) 5 10 15 o0  surfactant
(Wt%)

Figure 1. Phase diagrams of ternary NP4 surfactant/
aqueous phase/heptane systems.

The aqueous phase included pure water and aqueous am-
monia (29 wt. % NH ).
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Figure 2. FTIR spectra of a microemulsion during TEOS
hydrolysis and condensation.

The initial solution contained heptane solvent, 0.126 M NP4,
0.0357 M TEOS, 0.104 M NH;, and 0.235 M H,O M. The
background subtracted was the FTIR spectrum of a heptane
solution with 0.126 M NP4 surfactant. The reaction time for
each spectrum is shown in Figure 3.

[TEOS] = 0.0357 M; [NH;]=0.104 M; and [H,0]=0.235 M
(M is mol/dm>).

Hydrolysis of TEOS. Figures 2a and 2b show a typical evo-
lution of the FTIR spectra of this microemulsion sample dur-
ing TEOS hydrolysis. As shown in Figure 2a, the absorption
bands of TEOS’s Si—O—C group located at both 795 and 967
cm~! decrease with the reaction time and eventually disap-
pear, indicating that TEOS has been completely reacted. The
formation of ethanol is seen by the increase of the ethanol’s
C—C-O0 stretching bands located at 882 and 1,050 cm ™! with
the reaction time. Note that the small absorption peak at 950
cm~! remains unchanged during TEOS hydrolysis, which
most likely corresponds to the vibration of (SiO,), groups
(Colthup et al., 1990). The consumption of water is observed
in Figure 2b from the decrease of the 1,640 cm™! band for
the H-O~H deformational vibration with the reaction time.
However, the decrease of this 1,640 cm ! band is not as sig-
nificant as that of TEOS due to the initial excessive amount
of water. Moreover, it is known that RSi(OH), has a strong
Si—OH absorption band located between 910 and 830 cm ™.
The lack of a noticeable Si—OH band in Figure 2a suggests
that most of the TEOS molecules, immediately after being
hydrolyzed, condense into polymeric silica species (which sur-
face may still be hydrated).

The concentrations of TEOS, ethanol, and water at differ-
ent reaction times were calculated from the intensities of the
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Figure 3. Concentrations of TEOS, C,H;OH, and H,0
during TEOS hydrolysis and condensation.

Data were measured by the absorbance of 967, 1,050 and
1,640 cm~! bands in Figure 2.

967, 1,050 and 1,640 cm ™! bands, respectively. As illustrated
in Figure 3, the TEOS concentration declines exponentially
while the ethanol concentration increases exponentially. Over
the reaction period, the increase in (C,H;OH) is approxi-
mately four times greater than the decrease in (TEOS), which
is consistent with the ethanol-to-TEOS stoichiometric ratio
in the TEOS hydrolysis reaction. The concentration of water
decreases by 0.063 M from 0.235 M to 0.172 M over the reac-
tion period. This decrease in water concentration is approxi-
mately twice the initial concentration of TEQS, 0.0357 M. In
summary, FTIR spectroscopic analysis provided quantitative
information on the consumption of TEOS and water and the
production of ethanol from the hydrolysis of TEOS in mi-
croemulsions.

Growth of Silica Particles. Transmission electron micros-
copy and light-scattering measurements were used to study
the growth of silica particles in conjunction with the TEOS
hydrolysis experiments discussed earlier. Figure 4 shows TEM
micrographs of silica particles at different reaction times.
These silica particles predominately attach directly to the
surface of the TEM copper-grid specimen without forming
multilayers or aggregates of particles, indicating that silica
particles were dispersed well in the original solution. These
silica particles are virtually spherical even though the hydrol-
ysis reaction is carried out for less than 2 h. The size distribu-
tions of silica particles grown at different reaction times are
shown in Figure 5. These size distributions appear to have
similar single-mode profiles, with 97% of the silica particles
spanning a range of 12 nm. The average size, (D), and the
standard deviation, o, of these size distributions are shown
in Figure 6. The measured {D) value shows that silica parti-
cles grow quickly during the initial reaction period and then
gradually level off at the final size of 39 nm. The measured o
value increases slightly from 1.5 nm at 1.7 h to 1.9 nm at 6 h
and remains essentially constant at 1.9-2.1 nm afterwards.
As a result, the normalized standard deviation, o/ D), of
silica particles decreases from 10% at 1.7 h after the start of
reaction to 5% at the end of reaction.

The preservation of the particle-size distribution shape and
standard deviation over the reaction period indicates that the
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Figure 4. TEM micrographs showing the growth of silica particles during TEOS hydrolysis.

The initial microemulsion composition is shown in Figure 2. The residual NP4 surfactant can be seen by thin threads between silica

particles.

growth of silica particles follows a reaction-controlled behav-
ior in the sense that the rate of increase of the particle size is
independent of the diameter of particles. On the other hand,
for the diffusion-controlled growth, neither the particle-size

40
0.3hr 47.36
F 1.7
85 [ (extrapolated) ° 587 13.32 2536 ©
30 E 97.2 hr
o

25 F

Frequency
n
(=]

15 ¢

] 10 20 30 40 50
Diameter (D) (nm)

Figure 5. Size distribution of silica particles grown in a
microemulsion during TEOS hydrolysis.

The initial microemulsion composition is shown in Figure 2.
The reaction time (hour) is illustrated at above each distri-
bution profile. The solid profiles are size distributions mea-
sured from TEM micrographs in Figure 4. The dashed pro-
file is an extrapolated distribution achievable at the earliest
reaction time by assuming a size-independent particle
growth.
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distribution shape nor the standard deviation is preserved
(Dirksen and Ring, 1991). This size-independent growth indi-
cates that the exchange of hydrolyzed silica reacting species
among microemulsion droplets is sufficiently fast compared
with the condensation of reacting species to the growing par-
ticles. As a result, the reacting species maintain an even dis-

40r 112
35 F ]
- E -.‘10
E 30F 1
- o _. —
ézs;— 18 &
C 1 A
20 n [}
p: 1% X
© 45F A ()
o 14
10F 1
5 s 12
0 lx?lllelllllxexlllaxxllllel
0 10 20 30 40 500

Reaction time (t) (hr)

Figure 6. Number average diameter, (D), standard de-
viation, o, and normalized standard devia-
tion, o (D), of silica particles during TEOS
hydrolysis.

Results were calculated from the data shown in Figure 5.
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tribution over all droplets irrespective of the size of the grow-
ing particles therein, and condense onto silica-particle sur-
faces at a size-independent rate. The fast intermicellar ex-
change of hydrolyzed silica species in nonionic W/O mi-
croemulsions can be attributed to the micellar fusion—fission
process {for hydrolyzed species resident in microemulsion
droplet cores) and the matter exchange upon contact of sur-
factant layers around different droplets (for hydrolyzed
species bound to surfactant layers) (Clark et al., 1990; Bom-
marius et al., 1990). Using microemulsions containing cyclo-
hexane and NP5 surfactant, Arriagada (1991) also observed
that the standard deviation of silica-particle size remained
unchanged during growth; however, the time evolution of the
particle-size distribution was not delineated.

The size-independent growth characteristics also implies
that the earliest possible size distribution for the first 97% of
silica particles nucleated could be represented by the dashed
profile in Figure 5. This dashed profile, ranging from 0 to 12
nm, preserves the shape of particle-size distributions ob-
tained experimentally (solid profiles). The integrated area
under the dashed profile indicates that the minimum time
period for nucleating these silica particles was about 15-20
minutes. Note that the other 3% of silica particles appearing
in the left side tail of the size-distribution profile would be
most likely nucleated at later reaction times. The size-inde-
pendent growth phenomena also suggest that the distribution
profile of the final particle size is a record of the silica parti-
cle nucleation process. In general, particle formation in mi-
croemulsions involves the condensation of reacting species
through intramicellar (internal micellar) collisions and inter-
micellar matter exchange. Because the number of synthe-
sized silica particles was less than that of microemulsion
droplets by three to four orders of magnitude, the nucleation
of silica particles in nonionic W/O microemulsions is carried
out mainly through the condensation of silica reacting species
that exchange between microemulsion droplets (Arriagada,
1991). The silica reacting species, after reaching a critical size,
become nuclei, which then adsorb small species to their sur-
faces to grow into individual particles.

Light-scattering measurements were used to study the
growth of silica particles in the same microemulsion solution
as used in the FTIR and TEM studies. As shown in Figure 7,

500
s00f
aoof

200}

Scattered Intensity <I>
(arbitraty unit) )

100

o rn i " A A A " L A A " n L " n "
0 50 100 150 200

Reaction time (hr)

Figure 7. Intensity of light scattered from a microemul-
sion during TEOS hydrolysis.

The initial solution composition is shown in Figure 2.
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Figure 8. Comparison of the rates of TEOS hydrolysis
and silica particle growth in a microemulsion.

Results were replotted from the data shown in Figure 3
(FTIR), Figure 6 (TEM), and Figure 7 (LS).

the steady increase of the scattered light intensity with time
also reflects the formation of silica particles in the solution.
The rates of decreasing TEOS concentration and increasing
silica mass were calculated from the data shown in Figures 3,
6, and 7 using Eqs. 9-11, respectively. As shown in Figure 8§,
the semilogarithmic plots of these three equations overlap
quite well with a linear decay vs. the reaction time. The data
points measured at the final reaction period appear more
scattered due to the higher relative experimental uncertainty.
Using the first four initial data points, the apparent specific
rate constants for TEOS hydrolysis (k,) and silica-particle
growth (k,) were determined to be 0.031 h~! (k,, FTIR),
0.032 h™! (k,, TEM), and 0.034 h~! (k,, LS), respectively.
The fact that the calculated k, and k, values are virtually
the same demonstrates that the growth of silica particles is
rate controlled by the extremely slow hydrolysis of TEOS.
This hydrolysis reaction is carried out through the mass
transfer of TEOS molecules from the oil phase into mi-
croemulsion droplets. The subsequent contact of TEQS
molecules with water forms hydrolyzed silica monomers,
which then condense with other silica species.

Kinetics of TEOS hydrolysis

In this study, the rate of TEOS hydrolysis in microemul-
sions with different concentrations of water, ammonia and
NP4 surfactant was determined by the absorption intensity of
the Si—O-C stretching IR band of TEOS located at 967 cm ™.

Effect of Aqueous Ammonia Content. In this experiment
the ammonia-to-water molar ratio in the microemulsion sam-
ple was maintained at 0.434. The time evolution of the con-
centration of TEOS in microemulsions is shown in Figure 9
for different concentrations of aqueous ammonia. It is clear
that the rate of TEOS hydrolysis increases with increasing
the aqueous ammonia concentration. For each concentration
of aqueous ammonia, the logarithm of the TEOS concentra-
tion decreases linearly with the reaction time during the early
reaction period. Figure 10 shows the calculated apparent rate
constant, k,, at different concentrations of aqueous ammonia
for two NP4 surfactant concentrations, 0.063 M and 0.126 M.
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Figure 9. Effect of concentration of aqueous ammonia
on the rate of TEOS consumption.

TEQOS was hydrolyzed in microemulsions initially contained
heptane solvent, 0.126 M NP4, and 0.0298 M TEOS.

For each NP4 concentration, k, increases approximately lin-
early with the aqueous ammonia concentration, indicating
that the rate of TEOS hydrolysis in microemulsions is ap-
proximately first order with respect to the concentration of
aqueous ammonia.

Effect of Water Concentration. This experiment was per-
formed with the following solution composition: [NP4] = 0.126
M, [TEOS] = 0.0357 M, and [NH;] = 0.05 M. As illustrated in
Figure 11, the apparent rate constant k, increases only
slightly from 0.014 h~! at 0.115 M H,0 to 0.0217 h™! at
0.575 M H,0, suggesting that water does not significantly
affect the rate of TEOS hydrolysis. In order to further ana-
lyze the kinetics of TEOS hydrolysis under ammonia cataly-
sis, we assumed that both water and ammonia remained pre-
dominantly in the W/O microemulsion droplets without mix-
ing with the oil continuum. Consequently, the concentration
of hydroxyl ion (OH™) in the solution can be calculated by
the following equation:

0.05
—o— 0.126M NP4
—e— 0.063M NP4
0.04 F ©
— L
P 0.03
£ [
o
x‘
0.02 |-
0.01 |
O 8 L 1
0 0.05 0.1 0.15

[NH,] (W)

Figure 10. Specific hydrolysis rate constant k, vs. the
initial aqueous ammonia concentration.

The initial microemulsions contained heptane solvent,
0.063 or 0.126 M NP4, and 0.0298 or 0.0357 M TEOS.
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Figure 11. Specific hydrolysis rate constant k, vs. the
initial water concentration.

The initial solutions contained heptane solvent, 0.126 M
NP4, 0.0357 M TEOS, and 0.05 M NH ;.

_ INH, " 1, [OH" ]

NH,+H,0<NH,”"+OH~ K, N
31(aq)

(12)

Table 1 lists the calculated [OH ™ ] values, the measured &,
values and the k;,/[OH ™~ ] ratios. The fact that the k,/{OH"]
ratio remains essentially constant at around 3.25 (M-h) ™! in-
dicates that k, has a first-order dependence on the hydroxyl
ion concentration, which is consistent with previous observa-
tions (Aelion et al., 1950; Keefer, 1984; Ballard and Fanelli,
1993).

Previous studies have also shown that for TEOS hydrolysis
in alcohol media, the apparent reaction orders with respect
to the concentrations of aqueous ammonia and water were
approximately 2.5 and 1.5, respectively (Byers et al., 1987;
Harris et al., 1990; Bogush et al., 1991; Van Blaaderen et al.,
1992). However, in W/O microemulsions these reaction or-
ders were found to be about 1 and slightly above 0, respec-
tively. Therefore, the major difference between the rate of
TEOS hydrolysis in microemulsions and in alcohol is the re-
action order with respect to the concentration of water. This
difference can be explained by the schematics in Figure 12.
In W/O microemulsions, both water and ammonia remain as-
sociated together in microemulsion droplets; therefore, the
microenvironment of ammonia is virtually similar to the
aqueous medium and independent of the concentration of
water in microemulsion media. However, in alcohol media,
water and ammonia are no longer associated together, but
are separated and diluted throughout the media by alcohol
molecules via strong hydrogen-bonding interactions. There-
fore, the water concentration averaged over the entire solu-
tion volume is equivalent to the actual concentration of water
around each ammonia molecule. As a result, the generation
of hydroxyl ions in alcohol media, which requires ammonia to
contact with and be hydrolyzed by water, becomes dependent
upon the water concentration in the media. In addition, the
hydrolysis of TEOS needs a transfer of the ethoxy group from
TEOS to water to form ethanol and hydroxyl ion, leading to
an even stronger rate dependence of TEOS hydrolysis on the
concentration of water in alcohol media (Harris et al., 1990).
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Table 1. Calculated [OH ~ 1, k,, Value, and Synthesized Silica-Particle Number for Microemulsions with Different Initial

[H,0)*

[H,0] [NH,} [NH,1/ [OH™] k, Particle No.

M M [H,0] M h~! k,/[0OH™] (x10'/dm>)
0.115 0.05 0.434 0.00405 0.0140 3.45 1.359
0.230 0.05 0.217 0.00463 0.0143 3.09 2.196
0.234 0.05 0.144 0.00522 0.0170 3.26 2.890
0.460 0.05 0.108 0.00565 0.0180 3.03 3.981
0.575 0.05 0.0869 0.00595 0.0215 3.62 5.700
0.224 0.097 0.434 0.00786 0.0285 3.62
0.336 0.146 0.434 0.01183 0.041 3.46

*TEOS was hydrolyzed in microemulsions with heptane solvent, 0.126 M NP4 and 0.0357 M TEOS.

Effect of NP4 Surfactant Concentrations. This experiment
was performed with the following solution composition:
[TEOS]=0.0357 M; [H,0]=0.235 M; and {NH;}/[H,0]=
0.434. As shown in Figure 13, the apparent rate constant k,
increases from 0.023 h™' at 0.063 M of NP4 to 0.048 h—! at
0.252 M of NP4, suggesting that surfactant concentration af-
fects the rate of TEOS hydrolysis in microemulsion solutions.
The corresponding apparent reaction order with respect to
[NP4] was estimated to be between 0.4 and 0.6.

The actual mechanism by which NP4 surfactant controls
the rate of TEOS hydrolysis in microemulsions is compli-
cated in that the mechanism involves molecular interactions
of all species in the media. The most probable mechanism is
that NP4 surfactant molecules expedite the molecular con-
tact between TEOS and hydroxyl ions. The head group of
NP4 surfactant molecules contains ether (— O —) groups and
a hydroxy! group (—OH), which can hydrogen bond with the
hydroxyl ions (OH™) and the oxygen atoms (Si—-O-C) of
TEOS, respectively. As a result, increasing the surfactant
concentration in solution increases the rate of the “success-
ful” molecular contact between TEOS and hydroxyl ion in
microemulsion droplets, which leads to the hydrolysis of
TEOS. In addition, increasing the concentration of NP4 sur-
factant can also enlarge the area of the microemulsion droplet
surface and favor the higher rate of mass transfer of TEOS
into microemulsion droplets.

In a previous study, Arriagada (1991) used TEM to mea-
sure the growth of silica particles in W/O microemulsions
containing cyclohexane and different concentrations of NP5
surfactant. The effect of surfactant concentration on the rate
of silica particle growth found by Arriagada is similar to that
on the rate of TEOS hydrolysis observed in this study. This
similarity is due to the fact that TEOS hydrolysis is a rate-
controlling step to the growth of silica particles in microemul-
sions.

R=CoHg HOH|| surfactant Ha0 NH3
RO
HO:—»/Sl\— OR
RO OR \ OH-~4— TEOS
W/O Microemulsion__TE9S [ Ateohol

Figure 12. Base-catalyzed hydrolysis of TEOS (left);
ammonia-catalyzed TEOS hydrolysis in W/O
microemulsions (middle); and in ethanol me-
dia (right).

AIChE Journal

November 1996 Vol. 42, No. 11

Final size distribution of silica particles

Transmission electron microscopy was used to quantify the
final size of silica particles two weeks after being synthesized
in W/O microemulsions containing different concentrations
of water and NP4 surfactant. These microemulsions were also
used to study the rate of TEOS hydrolysis shown in Figures
11 and 13.

Effect of Water Concentration. The effect of water concen-
tration on the size of synthesized silica particles is illustrated
in Figure 14. As water concentration is increased from 0.115
M, 0.345 M to 0.575 M, the average diameter, (D), of silica
particles gradually decreases from 42.3, 32.9 to 26.2 nm, and
the normalized standard deviation, o/ D), increases from
5.5, 7 to 10.5%, respectively.

Because the initial concentration of TEOS is the same in
all samples, the decrease in particle size is a result of increas-
ing the number of silica particles synthesized. Table 1 shows
the number of silica particles synthesized for a solid density
of 2.09 g/mL (Arriagada, 1991). The fact that more stable
silica particles are produced at higher water concentrations
suggests that the nucleation of silica particles is enhanced by
water located in microemulsion droplets. Increasing the con-
centration of water directly increases the hydration of silica
species and causes the greater adsorption of surfactants to
the silica surface, which leads to a stronger steric stabiliza-

0.05 1

!
0.04 |

0.25 0.3

o 'l ' L L
0 0.05 0.1 0.15 0.2

[NP4] (M)

Specific hydrolysis rate constant k, vs. the
initial NP4 surfactant concentration.

The initial solutions contained heptane solvent, 0.0357 M
TEOS, 0.235 M H,0, and [NH;1/[H,0]=0.434.

Figure 13.
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Figure 14. (D) and o/{D) of final silica particles syn-
thesized at different initial water concentra-
tions.

Same samples were used in measuring the k; values shown
in Figure 11.

tion of polymeric silica reacting species during the nucleation
period. In addition, the size-independent growth characteris-
tics indicates that the size distribution of silica particles at
the end of the reaction should have a similar shape as that
immediately after the nucleation period. Therefore, one can
expect that o/{D) should increase with increasing the ratio
of the nucleation time to the entire period of silica particle
growth. As shown in Figure 14, the higher o/ D) values at
higher water concentrations suggests that the nucleation time
for silica particles increases as the concentration of water is
increased. Overall, it is clear that water plays an essential
role in the stabilization of silica particles during their nucle-
ation in W/O microemulsions.

Effect of NP4 Surfactant Concentration. The effect of NP4
concentration on the size of synthesized silica particles is il-
lustrated in Figure 15. The average diameter of silica parti-
cles decreases from 39 nm at 0.07 M of NP4 surfactant to 33
nm at 0.1 M NP4 and increases slightly to 37 nm at 0.252 M
NP4. The normalized standard deviation decreases signifi-
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Figure 15. (D) and o/{D) of final silica particles syn-
thesized at different initial NP4 surfactant
concentrations.

Same samples were used in measuring the &, values shown
in Figure 13.
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cantly from 8.9% at 0.063 M NP4 to 6.8% at 0.101 M NP4
and then remains unchanged up to 0.252 M NP4, At 0.063 M
of NP4 surfactant, the original single-phase microemulsion
becomes phase separated in the later reaction period due to
the ethanol produced from the hydrolysis of TEOS. Ethanol
reduces the water-surfactant association by competing with
surfactants to hydrogen-bond water and, therefore, reduces
the solubility of water in microemulsions (Osseo-Asare and
Arriagada, 1992). The large o/ D) value of this sample is
evident with approximately 2% silica particles having abnor-
mally large diameters of 60-80 nm. Because the other mi-
croemulsion samples were neither phase separated nor form-
ing abnormally large particles, phase separation is considered
to be responsible for the formation of these large particles.

Although W/O microemulsions remain single phase be-
tween NP4 surfactant concentration of 0.0756 M and 0.252
M, the average diameter and the normalized standard devia-
tion of particles reach a minimum in an intermediate NP4
concentration ([H,O]/[NP4]=1.9). This trend can be ex-
plained by the compartmentalization of the silica reacting
species in microemulsion droplets while they condense into
nuclei. As the concentration of NP4 surfactant is decreased
toward the phase boundary value (e.g., [H,Ol/[NP4]=3.8),
W/O microemulsion droplets become fewer but contain larger
aqueous cores. As a result, the condensation of the hydro-
lyzed silica reacting species is more easily facilitated through
intramicellar collisions than through the intermicellar ex-
change of silica species, thereby forming a smaller number of
nuclei. On the other hand, at high NP4 concentrations (e.g.,
[H,0]/INP4] = 0.95), most of the water molecules are associ-
ated with NP4 surfactant, which results in the reduced hydra-
tion of the surface of silica species as well as less surfactants
adsorbed to the species. With a weaker steric stabilization by
surfactants, silica species exchange more easily between mi-
croemulsion droplets and hence form fewer nuclei.

Through the interplay among the FTIR, TEM, and LS
techniques, this experimental study quantified the kinetics of
TEOS hydrolysis and silica-particle growth in nonionic W/O
microemulsions. This analysis of the reaction kinetics not only
led to a further understanding of the mechanism of growth of
silica particles in microemulsions, but also provided guide-
lines for controlling the rate of silica-particle synthesis in mi-
croemulsions. In addition, the results of this study may be
applied to the kinetics study of other types of colloidal for-
mation in W/O microemulsions. For example, this study found
that the base-catalyzed hydrolysis of TEOS in microemul-
sions follows the same nucleophilic substitution reaction as
that in alcohol media, which suggests that the acid-catalyzed
TEOS hydrolysis in microemulsions (i.e., the electrophilic
substitution of TEOS’s ethoxy group with hydronium ion,
H,0" (Ballard and Fanelli, 1993)) should display a first-order
rate dependence on both [H,O] and [H* 1. The different de-
pendence of the TEOS hydrolysis rate on water concentra-
tion in alcohol and in microemulsions also implies that the
hydrolysis kinetics of other types of metal alkoxides, such as
tetramethyl orthosilicate (Si(OCH,),), titanium tetrabutoxide
(T(OC,Hy),), may also behave differently in W/O micro-
emulsions and in alcohol media.

The effects of water and surfactant concentrations on
the size of silica particles synthesized appear similar for hep-
tane-based nonionic microemulsion systems and for cyclohex-
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ane-based systems. However, the influence of the type of sur-
factants and oil solvent on the formation of silica particles in
microemulsions was not addressed in previous studies and is
currently under investigation.

Summary

The growth of silica particles in nonionic W/O microemul-
sions by ammonia-catalyzed TEOS hydrolysis was found to
be controlled by the rate of TEOS hydrolysis. The size distri-
bution of silica particles maintains virtually the same shape
over the growth period, which indicates that the intermicellar
exchange of hydrolyzed silica reacting species is significantly
faster than their condensation to the surface of growing silica
particles.

The rate of TEOS hydrolysis in microemulsions is first or-
der with respect to the aqueous ammonia concentration and
approximately zero order with respect to water concentra-
tion. From the fact that TEOS hydrolysis follows a nucle-
ophilic (S,,2) substitution reaction, it is deduced both water
and ammonia remain primarily in microemulsion droplets.
The rate of TEOS hydrolysis is approximately one-half order
with respect to the concentration of surfactant, suggesting that
surfactants affect the molecular contact between the hydroxyl
ion in microemulsion droplets and TEOS, which diffuses into
the droplets from the external oil phase.

The final average size of silica particles synthesized in this
microemulsion system ranges from 26 to 43 nm, depending
on the concentrations of water and NP4 surfactant. At a con-
stant surfactant concentration, increasing the concentration
of water in microemulsions causes a significant reduction of
the size and uniformity of silica particles, due to the increase
of the stability of hydrolyzed silica species and the extension
of the particle nucleation period. Changing the surfactant
concentration also influences the size and dispersity of syn-
thesized silica particles. At a given water concentration, the
smallest and most uniform silica particles occur at an inter-
mediate water-to-surfactant molar ratio (i.e., 1.9) where both
water and surfactant are of sufficient concentrations to com-
partmentalize silica species in droplets during the particle
nucleation period.
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