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Light Scattering from Restructured Colloidal Silica Aggregates
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We present the static and dynamic light scattering results of the salt induced restructured colloidal
silica aggregates. We also report the results from the transmission electron micrographs which confirms
the individual sizes of the particles and the local structure of the ramified aggregates. The fractal
dimensions of the restructuring silica aggregates are considerably different with in-situ light scattering
measurements. The measured fractal dimensions, D, is 221 for the 0.5wt.% concentration of the
salt induced Ludox-AM. The Rayleigh linewidth for 0.1 wt.% concentration of Ludox-AM is discussed.

In the study of materials with random structures,
the understanding is essential for the process of aggre-
gation or the flocculation of small particles to form
larger clusters and structures. The results of the pro-
cess of aggregation or the flocculation are important
technologically and scientifically. Dynamic or quasielas-
tic light scattering (QELS) technique is an essential
tool in unveiling the kinetics of the aggregation process
and in study of the particle sizes of the distribution
in colloidal aggregates.**! It measures the time depen-
dence of the intensity fluctuation through the autocor-
relation function of the scattered light. The static light
scattering provides the informative fractal structure of
the aggregates on scattering from the clusters. In case
of the static light scattering, it measures the angle de-
pendence of the time averaged intensity fluctuation of
the scattered light. Recently, the aggregation behavior
of colloidal gold and silica has been studied extensively
as a model system of the fractal geometry of the aggre
gates. ™! These two classes of aggregation, both as-
sumed to be irreversible, are characterized in terms
of the diffusion-limited aggregation (DLA or Witten-
Sander model; D,=2.5), diffusion-limited cluster-cluster
aggregation (DLCA or CA; D,=1.75). reaction-limited
cluster-cluster aggregation (RLCA; D,=2.05). *"

From the visual observations, the salt induced silica
particle aggregation for the in-situ measurements may

be in progress the following way; first, small spherical
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negative-surface-charged particles are screened from
the diffusive salt solution and become neutralized par-
ticles individually, second, each neutralized particle is
acting like a spherical dipole which attracts one an-
other due to the van der Waals force and then forms
a spherical shape of aggregates of the particles. The
typical size of the aggregates is a few mm approxi-
mately. The aggregates of particles, however, are very
much fragile against the external disturbance which
easily makes them to be sediment and agglomeration.
It is, therfore, interesting to testify whether the restruc-
tured aggregates have the same fractal dimensions as
the definite in-situ light scattering measurements of
aggregation.

In case of the static light scattering, if the size of
cluster is much larger than the incident wavelength,

then the scattered intensity is expressed by!''!

IOCq l)/’ (1)
where Dy is the fractal dimension and ¢ is the wave
vector defined by

4
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Here, n is the solvent refractive index, A the incident
wavelength, and 8 the scattering angle.
For the dynamic light scattering, if the particle dis-

persion is sufficiently dilute, then the average of polar-
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ized intensity autocorrelation function in terms of a

Laplace transform can be expressed by-

< AOvAt)>—A :B'(L}exp[ —TIt] GI) dF)z,
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where I'= ¢°D and the normalized decay constant dis-
tributon G(I) is defined by
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The I' is the Rayleigh linewidth or the mean decay
rate, A and B’ the constants, R the radius of the gyra-
tion, D the particle translational diffusion coefficient,
a(R) the polarizability, P(R) the form factor, and f(K)
the distribution function. For spherical particles, the
quantity dR/dI” may be evaluated easily from the hy-

drodynamic Stokes-Einstein relationship, ')

kT
D= , (5)
6mk

where ky is Boltzmann's constant, T the absolute tem-
perature, and 5 the solvent viscosity.

Scattering samples were made from commercial col-
loidal silica (Ludox-AM) in the following way : Ludox-
AM was diluted to 1.0% (pH=9.0) and 0.2% (pH=7.7)
by weight and added the same amount by volume of
the salt solution of 2 M concentration at the pH level
of 4.0. The final concentrations of these samples were
0.5 wt.% and 0.1 wt.% at 1 M NaCl, approximately. The
pH level of these samples was reduced to 6.0 and 44,
respectively, For the light scattering measurements,
the samples were aged for a couple of months at the
room temperature. After aging, the samples were agi-
tated by using the ultrasonic vibrator before perform-
ing the light scattering experiments. From the static
light scattering measurements, we obtained the fractal
dimensions ;=221 for the 0.5wt% Ludox-AM sam-
ple at 1M NaCl and D,=1.52 for the 0.1 wt.% silica
sample at 1 M NaCl. This is quite surprising result
unlikely to the one from the in-situ light scattering
measurements,'*® especially, for the lower concentra-
tion of the Ludox-AM sample. Schaefer et al. reported

the fractal dimension D;=2.12+ 0.05 from in-situ meas-

urements with two concentrations (0.1 wt.% at 1M
NaCl, 05wt% at 1M NaCl) of salt induced silica
monomers of Ludox SM particles.!!! Martin et al. found
D,=1.84+ 0.08 from the light scattering measurements
on vapor-phase aggregates of silica!® The scattering
exponent was 2.05% 006 in the slow aggregation of
colloidal silica ’! and 1.73% 0.06 in the fast aggregation
of colloidal silica!” Rim et al. found similar results
to the one in the slow aggregation of colloidal silica.*’
Fig. 1 shows the results from the static light scat-
tering measurements for two different concentrations of
the salt induced samples of Ludox-AM. The intensity
was proportionally increased to the concentrations of
the samples. This is manifest since the size of clusters
may depend on the concentrations. The salt induced
samples showed the fractal geometry, while no salt
induced sample showed the nonfractal gemetry.
Transmission electron microscope (TEM) micro-
graphs showed not only the individual particle size and
local structures of the aggregates but also the size of
the clusters. TEM samples were provided by evapo-
rating the liquid from the 200 meshed copper grid. Three
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Fig. 1. The intensity profiles of the restructured ag-
gregates from the static light scattering meas-
urements for two different concentrations of
the salt induced samples of Ludox-AM.
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types of Ludox were used:AM, AS and CL. These
three materials are all nominally silica but they have
qualitatively different surface chemistry. Ludox-AS is
essentially pure silica. Thus, it has a negative surface
charge at pH level above two and the magnitude of
the surface charge dependent on the level of pH.
Ludox-AM had aluminum substituted into the tetrahedral
sites which created a fixed negative charge. This mate-
rial was, therefore, always negative and the magnitude
of the charge was insensitive to change in the level
of pH concentrtions. Ludox-CL. had a thin coated alu-
mina on each particle and carried a positive charge
at pH values below eight. TEM measurements for
these samples showed that they were very spherical
and closely sized (AM was nominally 12 nm in diame-
ter, AS was 22 nm, and CL was 12 nm). Samples were
examined by both TEM selected ared diffraction pat-
tern (SADP) and X-ray diffraction. These examinations
confirmed that the structures of samples were amor-
phous. Here, we note that the agglomerations are the
three-dimensional process in the solution, while the
TEM shows the two-dimensional structures at the near-
ly flat edge on the areas of local structure examina-
tions. A typical picture of a part of the aggregate was
shown in Fig. 2.

The Brookhaven Instrument Corporation (BIC) laser
light scattering system was used for the dynamic and
static light scattering measurements. For static light

scattering, we were able to measure the intensities

Fig. 2. Transmission electron micrograph of a silica
(Ludox-AS) cluster.
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from 10° to 160°. For high angle measurements more
than 105°, some backscattering effects were observed
for the static light scattering intensities. A vertically
polarized Ar laser beam (/1:5145&) was used as the
incident light source. The autocorrelator of the BIC
system provided the average particle size at the mo-
ment of the dynamic light scattering measurements
and the distributions of the scattered intensities from
the polydispersed clusters. To find out the proper dis-
tribution functions, the various numerical techniques
were approached such as cumulant analysis, a double
exponential, exponential sampling analysis, non-nega-
tive constrained least squares, and Contin. The expo-
nential sampling analysis is known as Pike-Ostrowski
analysis and Contin'**! is a large program being applied
to a quasi-continuous Laplace inversion on the normal-
ized autocorrelation function using nonnegativity to
preclude nonphysical results. A feasibility study on
Continis performed for the analysis of the autocorrelation
function on the characterization of phospholipid bilayer
vesicles. !

The average size of the restructured clusters, which
was measured at 90°, were several microns and 80 nm
approximately for the 0.5 wt.% and the 0.1 wt.% Ludox-
AM at 1M NaCl, respectively. This represents that
the scattered fields for the 0.5 wt.% silica lie in the
regime of gR>>1 but the fields for the 0.1 wt.% silica
lie in the different limit of the Rayleigh regime gk 1.
For the salt induced sample with the concentration
of 0.1 wt.% the dynamic light scattering measurements
showed that the intensity distribution from the cluster
of particles was sensitive at low angle scattering.
In other words, at the low angie the scattered intensity
from the large cluster of particles was dominant. The
Rayleigh linewidth data for the salt induced silica with
0.1 wt.% concentration were shown in Fig. 3, and excel
lent p ower-law behavior was found in the experiment-
al range of 45 nm<1/¢<350 nm. These Rayleigh line-
width data were obtained by the second order cumu-
lant method and lied with 99.8% statistical confidence.
From the slope of these data for the sample of 0.1 wt.%
concentration, we found the Rayleigh linewidth I'~¢**
from the best curve fit in the regime of gR<1. Corre-

spondingly the translational diffusion coefficient was
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Fig. 3. The Rayleigh linewidth data for the salt in-
duced silica (Ludox-AM) with 0.1 wt.% concen-
tration.

proportional to the power of 0.36 of the momentum
transfer, i.e., D~¢"*. This result could be used to cal-
culate the corresponding radius of the gyration R from
the Eq. (5), especially, for the spherical clusters. The
estimated effective Rayleigh diameter from the second
cumulants analysis at 90° was 80.1 nm. The particle
size estimation was a little different for the different
analyses of the spectrum, however, the estimation of
the average effective diameter of the cluster was con-
sistent at the high momentum transfer regime.
In terms of the power-law and the limit of regime, this
result is very inconsistent with the previous in-situ
measurements for colloidal silica and vapor-phase ag-
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gregates of silica.!>"®! This may be the results from the
nonfractal structure since the average size of the ag-
gregates was considerably small.

The restructured aggregates of the 0.5 wt.% colloidal
Ludox-AM had a quite high value of the fractal dimen-
ston compared to the one for the in-situ light scattering
measurements. It may be understood as the result of
the sedimentation as follows : the average size of the

restructured aggregates 1s much smaller than the one

from the in-situ measurements and, consequently, the
sediments of the restructured silica aggregates are
being more closely packed and increased the number
density of the scattering particles. These highly dense
aggregates cause the immense multiple scattering for
the scattered light. It may also be possible for these
restructured silica aggregates to have highly anisotrop-
ic agglomerations through the restructuring processes
of the aggregates. The dynamic light scattering experi-
ment is not adequated for the size determinations for
the large clusters or aggregates with a high concentra-
tion, since the multiple scattering effect is very strong
among those aggregates and consequently the autocor-
relator can not separate the second signals from the
cluster-cluster interaction due to the large size of the
aggregates. For the more diluted 0.1 wt.% silica sample,
however, the multiple scattering process was negligible
since there was no observable sedimentation at the
scattering regions and the average size of the aggre-
gates was considerably small. These may be the reasons
why the fractal dimension was very different with high
concentration case.

In summary, we have shown that the static and dy-
namic light scattering results from the restructured
colloidal silica aggregates. From the static light scatter-
ing measurements, we obtained the fractal dimensions
D=2.21 and D,=1.52 for the 0.5 wt.% and the 0.1 wt.%
Ludox-AM sample at 1M NaCl, respectively. These
were quite surprising results unlikely to the one from
the in-situ light scattering measurements. For the high
concentrationsample,the highvalueofthefractaldimension
may be understood as the results of the mul-
tiple scattering of the light and the anisotropic agglom-
erations through the restructuring processes of the
aggregates. For the sample of 0.1 wt.% concentration,
we found the Rayleigh linewidth I'~¢**, experimental-
ly, in the regime of ¢R<1. The static and dynamic
scattering results from lower concentration may be ex-
plained by the nonfractal structure because the average

size of the aggregates were considerably small.
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