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CONTROLLED NUCLEATION AND GROWTH STUDIES IN METAL OXIDE AND ALKOXIDE
SYSTEMS BY DYNAMIC LASER-LIGHT-SCATTERING METHODS

C. H. Byers, R. R. Brunson, M. T. Harris, and D. F. Williams

ABSTRACT

A method for studying the dynamics of crystallization by using an
in situ crystallizer in a dynamic laser~light-scattering system has been
developed at the Oak Ridge National Laboratory. Results for growing
systems in the gize range of 0.005 to 1 pm may be monitored nondestruc-—
tively using this method. 1In a series of tests, homogeneous precipitation
techniques provide reproducible, controlled nucleation and growth of oxides
such as hematite and silica. The effects of driving force and homogeneous
and heterogeneous seeding were compared with a theoretical treatment of
crystal formation and growth. The hydrolysis of tetraethoxysilicate
(TEOS) in ethanol, n-butanol, and tert-butyl alcohol was investigated as
a function of initial water and ammonia contents. Ethanol concentration,
particle size, and number concentration were studied as a function of
time. Preliminary results indicate that in the presence of excess water
the growth rate of silica particles has a first-order dependence on TEOS

concentration.

1. INTRODUCTION
The fundamental aspects of nucleation and growth kinetics in crystal-
lization form the basis for the understanding of a broad class of processes
that are important in energy-related systems. For instance, crystalliza-
tion and precipitation are a significant part of typical processing sys-—

tems in the nuclear fuel cycle.la2 In conventional chemical operations,



crystallization is a well-known purification method in which more art
than science is generally utilized. More complete knowledge concerning
the basic mechanisms associated with nucleation and crystal growth will
allow improvements in plant design and subsequent manufacturing opera-
tions, which will result in better control and greater energy efficiency.

A central focus in the development of a new generation of ceramics
for use under extreme conditions has been on gaining additional infor-
mation about the chemical factors that control the production of powders
suitable for the tailoring of superior properties.3 Generally, the base
materials are precipitated metal oxldes, such as silica, which are
either drawn from natural sources or obtained synthetically. The latter
approach leads to better, more reproducible properties in the resulting
ceramic. One of the key factors associated with success in this field
is the production of monodisperse powders in the submicron range.
Equally importaut is the ability to control and characterize the
material as it is produced.4

Much of the chemical englneering literature in the areas of
nucleation and crystal groﬁth is directed at polydisperse systems con—
sisting of relatively large crystals.5a6 To date, most of the theory
has been directed toward these problems. At best, one may generally
expect only short-range applicability of predictive correlatioms.
Certainly, caution should be exercised in extending the predictions for
one type of equipment to different, but similar, devices. In proceeding
from one chemical species to another, one cannot rely on data taken on

the original system. That is, correlations generally apply only to a



single chemical system, and one must repeat experiments for each new
chemical moiety.

Improvement in the state of the theory 1s generally inhibited by
the complexity of the processes involved in typlcal crystallization
phenomena. Normal studies involve complex systems whose growth depends
on a number of factors, not all of which can be controlled or, in some
cases, can be identified. The phenomena that control nucleation and
growth most often occur at the size level of nuclei or small crystals
(0.003~ to 0.1~um region); yet, as a result of limitations in methods
of observing particles, crystal growth is normally observed In the size
range above 1 pm. Further, because of experimental limitations, popula-~
tions of crystals with a wide size distribution are invariably studied.
A number of assumptions about population dynamics are necessary before
any analysis may be made of this type of experimental data. Thus, a
better understanding of the fundamerntals of nucleation and crystal growth
may be obtained if nucleatlon and crystallization can be followed during
nucleation and early growth (0.001 to 1 pum) and the growth of mono-
disperse crystals is studied. The combination of the two aforementioned
experimental goals will contribute information that will allow more
detailed input to the development. of an in-depth understanding of
crystallization.

The most significant recent contributions to particle sizing in the
past decade have stemmed from the development of laser-light scattering
and 1its applications to the observation of submicron particles.7 With
goals that are somewhat different from those in the current study, a

state—of~the—art laser-light scattering facility has been developed in



our laboratory.8 The general concept involves the scattering of laser
light in a vessel (usually a thermally controlled quartz cell). The
scattering 1Is observed with a photomultiplier tube, which is placed at
an angle (from 6° to almost 180°) to the incident light. The scattered
light from a seed material dispersed in an otherwise homogeneous medium
will contain information on the Brownian motion of the particles, which
allows us, through application of the Stokes-Einstein equation, to infer
the average size of the seed material. This operation is performed with
a digital correlator in which pulses from the photomultiplier tube are
collected and an autocorrelation function is generated. Data are
collected and stored In a dedicated computer, which serves a number of
important functions, Including data storage, data reduction, and control
and programming of experiments. The entire process consumes less than

1 min in typical applications and produces accurate average size
measurements from 0.005 to 1 um.

In addition, the capability for quickly inferring particle aspect
ratio and size distributlons through variable angle studies and computer
manipulation of the data by a Provencher analy5159 is available. Laser-
light scattering provides an excellent approach to observing crystals in
a size range of considerable theoretical interest throughout a time
scale of interest without intruding on the progress of the process.

The second area that is crucial to this work is the development of
homogeneous nucleation. During the past 20 years, a group of workers
at the Clarkson Institute of Technology, under the leadership of
Professor Egon Matijevic, has developed precipitation and crystalliza-

tion techniques in which a single burst of nuclei is formed in a
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reactor.10511  The nucleation is followed by the growth of monodisperse
crystals. The nucleation process Is generally achieved by the careful
heating of a metal salt in an acidic solution. Hydrolysis of the metal
ions occurs, followed by deprotonation and formation of the “"complex”
nuclel precursors. At a critical concentration these complexes nucleate
in a single burst, after which growth of the crystals never again allows
the concentration to become sufficlently large to produce nuclei.
Typical of such systems is a mixture of ferric chloride in dilute HCIl.
When heated to about 100°C, the ferric oxide crystals of uniform size
are produced.

Another similar system, the hydrolysis of tetraethoxysilicate, was
proposed by Van Helden.!2 1In the current investigation, we report on
the homogeneous precipitation reaction, which is the central feature of
the hydrolysis system. Since this method is fairly generally applicable
to the production of metal oxides, it Is representative of a broad class
of materials which are basic to the making of ceramlcs. The precautions
that must be observed in such preparations are similar to those required
in light-scattering experiments (l.e., purlty, temperature control, and
cleanliness). Thus, this method of producing crystals under carefully
controlled conditions provides an outstanding opportunity for studying

nucleation and growth In a relatively uncomplicated wanner.

2, DYNAMIC LIGHT-SCATTERING THEORY
Light passing through a medium is scattered and is a direct conse-
quence of dielectric fluctuations (heterogeneities) in the scattering
medium. Light scattered in a perfectly homogeneous medium tends to

interfere destructively such that no net scattered field is observed.



With properly controlled experiments, we can relate the scattered light
signal to the physical properties that cause the fluctuations of the
solution and the scattering disposition. 1In the case of colloidal par-
ticles suspended in a transpareant fluid, Brownian motionm is the phenomenon
of interest.

Brownian motion can be observed in particles that are large
(diameter, ~0.01 pm) relative to the molecular scale.13-15 The inten-
sity of scattered light from a fluid is greatly enhanced by the addition
of colloidal (seed) particles, providing a valuable analytical tool for
assessing size and shape of particles. As is shown here, light-scattering
analysis may also be used to observe the dynamics of particle growth in a
fluid.

Let us consider the particle motion as being maintained by colli-
sions with molecules of the medium and retarded by the effect of viscous
drag. The scattered light signal is modulated by the particle motion.

The Brownian motion of a free particle (i.e., no applied force field)

is described by the Langevin equation:14

du - -
4 = Bu+ Ko, (1)
where
u = particle velocity vector,
t = time,
B8 = coefficlent of dynamic friction,
A(t) = fluctuating influence of molecular collision process

characteristic of wolecular Browniau motion.



For a spherical particle, the coefficient of dynamic friction is given

by Stokes Law, as follows:

B = 6nan/m , (2)
where
a = particle radius,
n = fluid viscosity,
m = particle mass.

It is generally assumed that A(t) is a random variable (independent of u)
which varies on a much more rapid time scale than'ﬁ(t). The solution to
the Langevin equation is a probability distribution since A(t) is a sto-
chastic variable. Therefore, the solution is a distribution, W(G}t;ﬁa),
which specifies the probability of occurrence of velocity'E at time t,
given that u = uy at t = ty. The constraint that W tend to a Maxwellian
distribution in T (temperature of fluid) as t > = allows us to proceed

with the solution. Since Eq. (1) 1s linear and of the first order,

u - uge Bt = Bt jt e BT A(t”)de” 3)
0D

and

3/2

2kT(1 - e~ 2BL)

— — 2
- - -8t
exp[ m’ u - v P ' ] . (4)

— m
W(u,tsu,) =Ij2nkT(1 - e“2Bt)]



Applying the statistical velocity behavior of a particle in Brownian

motion yields the particle displacements since

— — t —
T -1, =) u(t)dt , (5)
o
where
T - ?6 = displacement vector,
r = position vector at time t,
¥6 = position vector at t = t .

For times much greater than Bml, we findl% that

- = 2
—_ e - _ -l r - 14
W(r,t;rg,uy) = (4nDt) 3/2 exp <-L-7ﬁﬁ7—~l— ) ’ (6)
where
W = probability of particle suffering a displacement to T at
time t, given that u = 36 and T = ;6 at t = tos
D = kT/(6nan). N

The self-diffusion coefficient, D, was identified by Einstein;16
thus, Eq. (7) is known as the Stokes-Einstein equation. The distribution
function, W, will be useful in relating the particle motion to the light
signal fluctuations.

Both the collection and the analysis of the scattered light signal
in such a manner as to relate the signal fluctuations to the motion of
the suspended particles are primary objectives. The basis for charac—

terizing these fluctuations is the autocorrelation functiom (Fig. 1).
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The autocorrelation function of a signal is defined as the time average

of the product of signals (otherwise identical) displaced by time <t:

*
A(;) = autocorrelation function = <A(o0) A(T)>
T N
; 1
= lim % [ ACt) A(t + ©)dt = lim = ] Aj Ajan (8)
T N & J “£Jrn
T4 o N+ jzl
and
1 T
<A> = time average of signal A = E—f A(t)dt. (9)
0

A useful property of this function 1Is its ability to characterize
the period of fluctuation of a signal (Fig. 1). For values of ¢ that
are small compared with the signal period o A(L) ~ A(t + 1) and
A* ~ <A?>., TFor times T > Tos A(t) and A(t + <) are not correlated
in any special way and A¥ ~ CA(0) A(T)D> ~ <A(0)> <A(%)> = <A>2. Since
{A?> is uniformly greater than <A>2, A% will tend to decay from its
maximum of <A2> to its asymptotic (T » =) value of <A>2 (Fig. 1).

The signal of interest in our system is the intensity (square of
electric field = Esz) of the scattered light. By application of Maxwell's
equations to our system, it is possible to show that the scattered
electric field signal is proportional tol3

Eg(t) = ] exp [iq « r5(D)] , (10)

I

i=1
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where
?ﬁ(t) = position vector of jth particle at time t,
E.= vector difference betwszen incident and scattered
propagation vectors,
—1 _ 4nn 0
l ql = X}~ sin-i ,

n = refractive index of the medium,
0 = scattering angle,
Ai = iIncident wavelength.
The autocorrelation function of the scattered electric field is

proportional to

AS(E) = T <exp(1q e+ [T3() - T4(0)1)> , (11)

B o~ 22

j=1

where the sum j=1, . . . N is taken over particles present in the
scattering volume at time t and t = (.

It is evident that A: is dependent on [;B(t) - ;5(0)]-— the displace-
ment of a particle in time t. This provides the link to Brownian motion
theory. 1In order to deal mathematically with the summing of individual
particle contributions, we must resort to calculating A: based on
properties averaged over the scattering medium and particle velocities.

Considering a generlc particle, the normalized autocorrelation

function of the scattered field i1s

* — — —_ —_ —_ —
Ag/N = [[ exp(1 q « (rj(t) -~ rj(0))) » W(r,t;rs,up)

e P(ug)drydug (12)
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where

W = factor used to predict the occurrence of a particle suffering
displacement r ~ ry within time t, given r = ;6 and u = Gb at
t =0 [Eq. (6)];

P = the Maxwellian velocity distribution, which is the factor used
to predict the probability of a particle having veloclty ug at
t = 0 and is equal to(-lgm~>3/2 exp(~m’ uol 2/2kT);

2nkT
N = number of particles in scattering volume ~ constant.

Performing the integration over ry and u, and making appropriate

numerical approximations yie1d514>17

*

Ag = exp(-q?Dt) = exp(-t/tc) , (13)
where
q =| Ew = 4nn sin(8/2)/\g,
D = diffusion coefficlent = kT/(6man),
To = characteristic decay time = (q2D)"l.

Note that A: is a decaying exponential function of time (Fig. 2).

Up to this point, our discussion has been restricted to the ideal
case of monodisperse spherical particles; however, we know that no real
systems are truly monodisperse. Even the widely used latex particles
have a small, but appreciable, spread in size. It is {mportant to con~
sider the effect that polydispersity bhas on the data analysis. The
signal from a polydisperse system contains a summation of exponentials,

each with its own decay constant and assoclated scattering power:18

T

o0

A: =K [£(r) = P(q,r) o r6 + exp(-t/ty)]dr , (14)

|

r=0
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where
r = particle radius,
f(r) = normalized distribution of particle size,
P(q,r) = Mie scattering factor, P ~1 for r << A,

13 = decay time for r = rj.

The exact solution requires inversion of this equation to yield f(r)
directly, an operation which is very difficult to do accurately for
complex signals. As shown in Eq. (14), because of the scattering power's
r® dependence, large particles are more easily detected than small ones.

The approach taken by many iunvestigators is to analyze the signal
in a simpler manner that provides useful results. The cumulants method
is the most widely used technique.l9721 This analysis leads to the

following approximation for the autocorrelation function:

* - Uat H3t
In(Ag) = Tt + e -
— L — by
= ~T't +],. L?_ (I‘t)2 - };._ E"j_ (I‘t)3 + .. .. (15)
21 f?' 31 53

The form of ln(A:) is a polynomial in t with the coefficients repre-
senting different properties of the linewidth distribution. The linear
and quadratic terms are the most significant and are readily measured in
most experiments. The linear term is the average linewidth, as defined
in Eq. (15). Since the scattering power of individual particles is skewed
heavily toward large particles [Eq. (14)], this "average” " will result
in "average” diameters weighted toward the largest species. This average

linewidth has a more straightforward interpretation when applied to
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measuring polymer diffusion coefficients-19 The scattering 1Is restricted
to the Rayleigh regime (particle size << wavelength), and the scattered
intensity is assumed to be proportional to the square of the molecular

welght. This results in:

FEY F1 1}

=Dz , (16)

where

=]
B

2 z average diffusion coefficient,

Ny = concentration of polymers with Mj,

£
Tl
i

molecular weight,

e
[
fi

diffusion coefficient of polymer with M = Mj.

The second moment (pg) normalized by the square of the average
linewidth (ug/fz) provides us with a polydispersity parameter. For a
perfect monodisperse suspension, ug/fz = 0. In practice, values of
p2/f2 less than 0.1 are taken as an indication of a narrow distribution.

It is readily apparent that a gquadratic regression analysis of
1n(A:(t)) vs t will provide estimates of T and pg/fz. Using the Stokes~

Einstein relation [Eq. (7)}], we obtain the viscosity directly since

D = T/2¢° (17)

and

dp = KT/(30mpDn) . (18)

This relationship, which is widely used, forms the basis for the
size analysis In the current work. In particular, it permits the crystal
slze to be measured as well as the polydispersity to be estimated. The

chemistry associated with homogeneous precipitation is reviewed in Sect. 3.
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3. BACKGROUND ON SILICA CRYSTALLIZATION

As stated earlier, one of the goals of our program is to observe
crystallization and precipitation in as fundamental a manner as possible
within the confines of producing worthwhile results. One means of ensuring
simplicity is to make monodisperse particles. Matijevie and co~wcrker522’23
have developed homogeneous precipitation as a wmeans of producing mono-
disperse sols. During the course of his studies, he has made a wide
variety of metal salts in both amorphous and crystalline forms. Figures
3 and 4 are electronmicrographs of examples of both forms which we pre-
pared in our laboratories. Figure 3 shows a chromia sol which was formed
by the hydrolysis of chromic chloride; it is apparently amorphous. On
the other hand, hematite (Fe,03¢5H,0) produced by similar means has a
crystalline structure. Using dynamic laser—-light scattering, we have
been able to observe the growth of both of these species.

Among the reactions in this class are the tetraethoxy metal com—
pounds, with tetraethoxyorthosilane (TEOS) being the most widely studied
moiety. The silica produced in the precipitation is of interest in the
manufacture of glass and ceramics. TEOS readily hydrolyzes with water
to yield ethanol and silica.

Since TEOS is insoluble, it is usually dissolved in ethanol or some
other aliphatic alcohol. Hydrolysis with water alone 1s very slow indeed;
thus, it is normal practice to use either an acid or ammonia to act as a
catalyst. The former encourages the growth of gel structures, while the
latter is a morphological catalyst producing spherical particles.z4

Stoichiometrically, the reaction proceeds as follows:



2um & 4
il N

Fig. 3.

ORNL-PHOTO 6061-84

Chromia particles formed by homogeneous precipitation in

aqueous solution. Conditions: stock F62; temperature = 70°C; aging = 32 h.

LT
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ORNL-PHOTO 0391-84

Fig. 4. Hematite particles formed by homogeneous precipitation in
aqueous solution, 0.07 x 0.02 pm.
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Si"(OC2H5)‘+ + 2H20 > SiOZ + 4C2H50H . (19)

The reaction is actually a hydrolysis,

$1-(0C,Hg), + 4H,0 > Si-(OH), + 4C,HcOH , (20)

followed by a condensation step,

Si-(OH), ~» Si0y, + 2H,0 . (21)

Polymerization-type reactions are also feasible, but these do not cause
precipitation in the case of a deficlency of hydroxyl groups to complete
the reaction. Evidence indicates that polymeric species remain in solu-
tion and are available for further reaction.25

Four primary chemical factors affect the kinetics of the reaction
and the ultimate size of the solid spheres that are grown. The concen-
tration of TEOS, the type of alcohol used as the solvent, the initial
water concentration, and the amount of ammonia present all have sig-
nificant effects on the process. All of these factors have been examined
in varying degrees of sophistication by a number of workers in the area.
The use of an alcohol as the solvent for the reaction leads to exchange
reactions between the ethoxy groups of the TEOS and the alcohol.26 This
tendency is reduced as one proceeds from a primary to a secondary alcohol
and completely disappears when a ternary alcohol is used. The medium
also has an effect on the basic hydrolysis rate,26 with the reaction
being fastest in primary alcohols and slowest in ternary alcohols.

The two greatest influences on the rate of hydrolysis, and hence on
the rate of precipitation, are the initial water concentration and the

catalyst concentration. Stober, Fink, and Bohn24 investigated these
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influences, plotting final particle size as a function of the concentrations
of the two species. At a 0.28-mol/L concentration of TEOS in ethanol, a
maximum particle size of approximately 0.8 pm was produced when the con-
centrations of both water and ammonia were 7 mol/L each. The condensation
rate is influenced profoundly by the water concentration, while the ammonia
primarily affects the morphology. Changing the solvent to a higher-
molecular-weight or a more branched structure leads to the production

of larger particles, albeit more slowly. The actual observation of the

growth of particles has been limited to emulsion polymerization studies.27

4. EXPERIMENTAL APPARATUS AND PROCEDURE

A custom-built dynamic light-scattering spectrometer is the center-
plece of this experiment. The apparatus (Figs. 5 and 6) consists of a
laser, source optics, a sample enclosure, collection optics, a detector,
and signal processing equipment. Except for the high-temperature enclosure,
the specification and assembly of components were based on established
guidelines.17:18 The high-temperature enclosure was designed for another
study and was replaced by a quartz spectrophotometer for the current work.

A 2-W argon—ion laser (Spectra Physics model 165-06) generates a
vertically polarized beam (A = 488 nm) that is focused by a 150-mm plano-
convex lens onto the center of the sample cell. The beam is focused to
a narrow width (~0.2 mm) in order to maximize the modulation of the
scattered light (i.e., high signal/noise). The lens axis is adjusted
so as to be coincident with the source beam by a micropositioner (Newport
model LP-1). Typically, only low—-power (<100-mW) operation is necessary.

The collection optics limit the light reaching the detector to that

scattered at 90° from a small volume (~0.2 x 0.2 x 0.2 mm). It is
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Fig. 6.

Operation of high-temperature spectrometer.
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important that the scattering volume be kept sufficiently small to ensure
the coherence of the light reaching the detector. Incoherent light does
not contribute to the signal due to the destructive interference of com-
ponents of different phase. Guidelines for the sizing and placement of
the limiting apertures have been reviewed in several articles.l13,17,18

The first aperture is a small iris diaphragm (0.68 mm, Ealing No. 22-3305),
which is located just in front of the imaging lens. A 100-mm plano-convex
lens is placed approximately 8 in. from the center of the sample cell.

The final aperture is a precision adjustable slit (Oriel No. 7250, 0- to
3.2-mm opening, +0.1 mm) which is mounted vertically, just in front of the
detector and in the plane of the image formed by the lens. All of the
components are positioned along the axis normal to both the incident beam
and the plane of polarization.

The detector is an end-window photomultiplier (EMI No. 9863B350)
mounted in a housing that provides radio frequency and magnetic shielding
(Pacific model 3262 RF). A stable power supply (Pacific model 204-03)
generates the 2000~V dc potential required for the photomultiplier (PMT).
A photon striking the cathode behind the PMT entrance window causes an
electron to be emitted. This electrical signal is enhanced by a factor
of 106 in the subsequent dynode-multiplier section. Figure 6 illustrates
the nature of the fluctuating PMT signal (on the oscilloscope) and the
resulting exponential autocorrelation function.

The pulse amplifier discriminator (PAD, Langley Ford model PD-0Q1)
converts the milliamp pulses generated by the PMT to TTL pulses (0-5 V, dc)
for use in a digital correlator. Pulses due to spurious effects in the

PMT are also eliminated by the PAD.
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The autocorrelator (Langely Ford model 1096) is a sophisticated
digital signal processor that can accurately approximate the ideal auto-
correlation function given by Eq. (8). Details of the electronic and
mathematical operations are given in the literature.’>28 The time scale
that can be probed ranges from decay periods of 1 ps to 10 s. A RS-232
communications interface between the autocorrelator aﬁd a microcomputer
(Apple IIe) permits automated operation, off-line analysis, and convenient
data logging. Data and calculated results are stored on magnetic disks.

The method for preparing an alcosol was developed by Stober.24 1In
this method, a monodisperse silica sol is formed by the controlled hydro-
lysis of ethyl orthosilicate [Si(OC,Hs)y, EOS] in an alcohol-ammonia-water
mixture. TEOS 1s hydrolyzed in the presence of water, with ammonia
acting as a catalyst. In a typical preparation, 5.4 mL of concentrated
NH,OH (28% NH3) and 85 mL of absolute ethanol are mixed in a clean flask.
Then, TEOS is added (3.54 g), and the resulting reaction mixture is poured
partially into a flask and partially into a clean quartz spectrophotometer
cell.

Observations were made at ambient temperature for the initial experi-
ments discussed here. The reaction mixture in the cell was placed in its
holder, and the laser-light-scattering data were acquired continuously for
the time during which the growth of particles occurred. Generally, this
was a several-hour period. A bluish-white opalescence, indicating the
presence of submicron particles, could normally be observed within 15 min.
For the concentrations noted earlier, a terminal spherical particle

diameter of 0.1 pum was obtained.
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The portion of the mixture that remained in the flask was analyzed
for ethanol, using a Tracor 5350 gas chromatograph equipped with a flame-
ionization unit. A glass column packed with 1% SP1000 on 80/100 Carbopac C
was used to separate the specles involved in the reactions. Obviously,
accurate analyses were not possible in the cases where ethanol was used as

the solvent.

5. RESULTS AND DISCUSSION

Several observatlons were made during this phase of the study of the
controlled crystallization of oxide species. They can be summarized as
follows:

1. The effects of water and ammonla concentration on the growth

rate of silica, as well as the ultimate diameter of the particle,

were studied at ambient temperature.

2. The effect of diluting the reactant concentration oan the ultimate
diameter of the silica, as determined by laser~light scattering,

was measured.

3. The solvent was changed as its effect on the kinetics of the

reaction and on the particulate growth was observed.

In the initial experiments, our objective was to explore the effects
of the water and ammonia concentrations on the growth rate of silica in an
ethanol solvent. Figure 7 shows experimental results for two typlcal runs
In the series. The diameter of the silica spheres 1s given as a function
of time. An electronmicrograph for one of the runs in this series (see
Fig. 8) shows some dispersity. A particle size distribution, taken
manually from a large field of this photograph (Fig. 9) confirms that

there was dispersity in the 0.03- to 0.08~-um range. Because of the basic
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Fig. 8. Colloidal silica produced by controlled hydrolysis in
ethanol (Stdber process). Conditions: stock F91; temperature = 25°C.
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differences 1In the means of assessing particle sizes between electron
microscopy and in situ laser-light scattering, a comparison of the results
of the two methods can only be qualitative. In splite of the differences,
however, the diameters found by scattering are within 107 of those found
by electron microscopy, which is well within the expected range. Intensity
results were also taken for each of the runs in the series (see Fig. 10).
If the particles are monodispersed, one can eventually compute the number
of particles in the mixture from intensity results and hence assess the
time dependency of growth in the nuwber of particles in the dispersion.
The study 1s obviously limited to dilute systems in which multiple scat-
tering does not significantly contribute to the scattered signal.

The effect of diluting the totally reacted silica suspensions on the
size of particles, which 1s computed by the laser-light-scattering experi-
ment, was Investigated. Dilution of the suspension with anhydrous ethanol
led to a substantial increase in the observed average particle diameter as
a function of dilution (see Fig. 11}). The 12% increase in diameter is
significant experimentally and led to other dilution studies, first with
ethanol saturated with ammonia (2.5 ED and then with ethanol containing
ammonia at a concentration equal to that of the original solution.
Increasing the ammonia concentration in the solution appeared to decrease
diameters, while a steady ammonia ccncentration gave constant diameter
results. Since the value computed by the program for the diameter is
dependent on the viscosity and the refractive index of the medium, it
appears reasonable to assume that a variation of physical properties could

account for the results reported in Fig. 11.
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As a part of this program, some scoping studies were undertaken to
assess the effects of the three participants in the reaction on the ulti-
mate size of the particles. The results are summarized in Table 1. The
objective of these studies was to grow particles in the size range of
interest for the equipment that is available (0.02 to 0.5 um).
Tnsufficient data were taken to allow an assessment of the effect of
TEOS concentration. The influence of the other two species was to produce
larger particles when either was increased. Hydrolysis was very slow in
the absence of the catalyst. StoberZ4 showed that one could make particles
in the 1- to 2-pm size range by using a higher conceatration of TEOS; in
that case, there was a maximum size beyond which higher water

Table 1. Effects of initial reactant concentrations
on ultimate diameter of the particles

Tnitial reactant concentrations

(M Diameter
(pm)
TEOS NH3 H2 0
0.135 0.816 1.66 0.12
0.176 0.800 1.7 0.12
0.176 0.2 1.7 0.03
0.176 0.80 1.7 0.120
0.176 2.00 1.66 0.175
0.176 2.00 0.99 0.09
0.176 2.00 1.66 0.175

0.176 2.00 2.54 0.35
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concentrations resulted in the production of smaller particles, presumably
as a result of a higher {nitial population of nuclei. In each study, an
increased ammonia concentratlon resulted in faster reactions and larger
nuclel. Ultimately, the Initial sclution became saturated with ammonia.

In addition to the reactants and catalyst, the solvent appears to
have a significant effect on the behavior of the system. A series of runs
in which all the conditions of the reaction were identical, except for the
solvent used, was performed with ethanol, n—butanol, and tert-butyl alcohol.
The results of these experiments are shown In Fig. 1Z2. The ultimate size
of the particles was found to iIncrease with increasing molecular weight
and with the progression from normal to tertiary alcohols. 1In fact, the
particles grew so large in the tert-butyl alcohol case that sedimentation
of the particles substantially undermined the experiment. Since roughly
the same amount of material was converted to silica in each experiment,
many more nuclel must be formed in ethanol than in the butanols. It is
possible that steric factors are responsible for some of this effect.
Certainly, further investigation along these lines is warranted.

The kinetics of the reaction may be followed by monitoring the water
content and the amount of ethanol produced duripng the process, as well as
the mass of particles precipitated. Since relatively small amounts of
ethanol are formed, it 1s important to use a different alcohol as the
solvent. It hag been shown that the ethoxy group exchanges slowly with
all but the tertiary alcohols.27 Therefore, we selected tert-butyl alco-
hol as the solvent for the kinetic studies. The ethanol produced in a run
is monitored with a gas chromatograph; hence, the use of a higher-molecular—

welght alcohol was advantageous. Figure 13 is a typical electronmicrograph



DIAMETER (um)

o
N

o
)

o
n

ORNL DWG 86-356R2

| |

AM
A

_A T—tert-BUTYL

A

7

A

A
A'A

e/
&
$%~— n-BUTYL

s

ETHANOL

o meprretry e

0 50 100 150
TIME (min)

Fig. 12. Effect of solvent on silica growth rate.

200

7t



-

et

0.1 um

Flg. '13.
alcohol.

Silica particles formed by hydrolysis of TEOS in tert-butyl

T-1287R

GE



36

of silica produced in tert-butyl alcohol. The photograph agrees with the
diameter size as determined by laser-light scattering and the polydisper-
sity results, indicating an excellent medium for monodispersed studies.
Figure 14 shows the size and ethanol production data for one of the
experiments in the series. The ethanol formed in the final analysis
accounted for all of the groups associated with the original TEOS. Both
the ethanol concentration and the volume of the single particles are
plotted on the same time axis. The volume was based on the measured
diameter, with the assumption that the suspension was monodispersed and
that the number of particles in the mixture was constant and well distri-
buted. Figure 14 indicated that the ethanol is more rapidly produced than
is the Si0,, which leads to the conclusion that the condensation reaction
is slower than the hydrolysis. Partial hydrolysis may occur in this reac-
tion, thereby complicating the use of the ethanol concentration as a
straightforward basis on which to determine the kinetics of the reaction.
First-order kinetics were tested, assuming that the ammonia concentration
was constant and that the amount of water present was sufficient to be
considered approximately constant. Assumptions were also made that fhe
silica production was directly related to ethanol production and that the
reaction went to completion. Figure 15 illustrates this simplified view
of the reaction. The results for times greater than 3 h are considered
less reliable because of the settling of particles. The experimental data
appear to fit first-order kinetics almost quantitatively, especially when
one consliders the basis on which the graph was produced. However, we
conclude that more information is needed in order to elucidate the mechanism.
The development of means for measuring the silica concentration as well as

the water concentration will be important in future experiments.
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6. CONCLUSIONS

The combination of homogeneous nucleation and in situ crystallization
in a laser-light-scattering system provides a convenlent way of observing
controlled precipitation and crystallization in the 0.005~ to l-um region.
The resulting information will provide insight into the basic mechanisms
assoclated with crystallization.

The precipitation of silica from TEOS provides an excellent model
system with which to work. The Information gathered on silica is of both
fundamental importance and practical interest in the production of glasses
and advanced ceramics. Preliminary results with the system show that mono-
disperse particles are formed, with growth being controlled by the reac~-
tants, the catalyst, and the medium in which the reaction occurs. The
formation rate of the silica appears to be first order with respect to
TEOS concentration.

Observation of systems in the 0.001- to 0.005-pm region with light

scattering will be feasible if small scattering angles are used.

7. NOMENCLATURE

A(t) - arbitrary signal; continuous function of time
A(t) ~ fluctuating influence of molecular collisions on particle motion
A*(1) - time-domain autocorrelation function of A(t) (heterodyne)

A¥(w) - frequency-domain scattering results
D - self-diffusion coefficlent = kT/(6man)

Eg(t) scattered electric field

K - arbltrary constant

M - molecular weight
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number of particles in scattering volume
concentration of polymer with molecular weight Mj;
Mie scattering factor

probability of occurrence of velocity G&
temperature (absolute)

probability of occurrence of x and y, given z
particle radius

particle diameter

normal distribution of particles

Boltzmann's constant

particle mass

refractive index of the medium

scattered field vector = vector difference between incident
and scattered propagation vectors

position vector

time

velocity vector

Greek letters

Hn

i

coefficient of dynamic friction ~ (6man)/m

linewidth (Hz), bhalf-width at half-height of frequency-domain
autocorrelation function ~ qu (heterodyne case) or

~ 2q2D (homodyne)

shear viscosity

scattering angle

wavelength of light

moment of distribution, order n
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1t ~ time increment

Te — characteristic decay time of autocorrelation function

Subscripts
i - incident condition or compound index
j — summation index, over jth condition, interval particle, or
compound
o — initial or original condition

s - scattered condition
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