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Abstract—Ludox HS SiO, sols at high concentrations show a peak in small angle x-ray scattering
(SAXS) reminiscent to a ‘“‘structure.”” The appearance of such a peak was found to depend crucially
on the thickness of the sample cell used for SAXS measurements. The thinner the cell used, the more
prominent the peak. When the thickness was larger than 2 mm, it was no longer observable. When
sols were treated with activated charcoal powders (in order to remove a surfactant) the peak became
less prominent.

For the cases where clear features for structure were absent (thick sample regime), the Smoluchowski
scheme was utilized to study the nature of sols. Namely, the distribution of the Smoluchowski species
were estimated by numerically calculating the size distribution of particles directly from SAXS data. The
distribution was found basically bimodal, and the main distribution peak, particularly for dilute sols (less
than 5 wt%), was consistent with primary particles of SiO,. The second distribution peak was strongly
dependent on the concentration of SiO, particles. The observed trend was that the higher the concentration
of SiO, particles, the more prominent the second distribution peak and the locus of the maximum tended
to move toward a smaller value in diameter. This behavior of the second distribution peak of the Smo-
luchowski species is no doubt a manifestation of the interparticle correlation. The observation of such
behavior may provide a convenient means to characterize sols with interparticle correlation. This method
was also applied for characterizing gels formed when the pH values were altered.

Key Words—Dependence of Sample Thickness; Ludox HS SiO,; SAXS; Smoluchowski Scheme; Struc-

ture in sol.

INTRODUCTION

Ludox SiO, sols are used extensively in studies
of colloid since they are exceptionally stable and
readily available. They have almost become the
standard sample against which an experimental
technique is tested. For the experiment, we built a
small angle x-ray scattering (SAXS) apparatus with
film detection.

For the purpose of its performance test, we mea-
sured scattering from Ludox HS SiO, samples among
others. In earlier studies on Ludox SiO, sols by SAXS
(Shuin 1977; Matsuoka et al. 1988) and SANS, (Ram-
say and Booth 1983; Ramsay et al. 1983; Penfold and
Ramsay 1985; Bunce et al. 1985) broad peaks were
observed in the scattering data from highly concen-
trated sols (about 30 to 40 wt%) with the sample cell,
the thickness of which varied from 1 mm (Ramsay and
Booth 1983; Ramsay et al. 1983) to 6 mm (Shuin
1977). In contrast in our study, such peaks were not
observed when the thickness of the sample cell was

1 Permanent address: Department of Chemistry, The Uni-
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larger than 2 mm. However, using a 0.5 mm thick cell,
we reproduced the earlier data (Shuin 1977; Matsuoka
et al. 1988; Ramsay and Booth 1983; Ramsay et al.
1983; Penfold and Ramsay 1985; Bunce et al. 1985)
almost completely. Artifacts are possible, but our ob-
servations appeared to be real.

In the first part of this paper, we report our obser-
vation of this unusual thickness dependence of SAXS
curve from Ludox HS 40 SiO, samples. As the thick-
ness of the sample decreases, a peak in SAXS data
reminiscent to ‘“‘structure’’ becomes more prominent.
A treatment with activated charcoal, which may pos-
sibly absorb a surfactant in the sol, reduced such thick-
ness effect. Conversely, ALO; sols showed entirely
normal thickness dependent behaviors.

In the second part, we analyzed the SAXS data by
adopting the Smoluchowski scheme for the cases
where the sample cells are thicker than 2 mm and there
are no apparent peaks in SAXS data (thick sample
regime). As described in detail below, this provided a
convenient means to index inter-particle correlation
hidden in SAXS data, without a detailed knowledge
about the mechanisms of interparticle interactions.
This method was applied for characterizing gels,
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Figure 1. Effect of sample thickness on SAXS curves: (a) 40 wt% Ludox HS/91; (b) 10 wt% Ludox HS/91.
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Figure 2. Effect of multiple scattering on measure data for 40 wt% with 0.5 mm cell.

which should contain highly complicated inter-particle
correlation.

EXPERIMENT

The two specimens of Ludox HS-40 SiO, sols used
were donated by Canadian Paint and Colours Ltd. We
distinguish them by the year of receipt as Ludox HS/
91 and Ludox HS/93. The supplier’s specification rel-
evant to the present work is: 40 wt% as SiO,, pH =
9, the average particle diameter 120 A. A Borax
buffer of 0.01 M (pH = 9) was used to dilute sols as
required. For gel formation, Ludox sols were diluted
by the Borax buffer 0.01 M and then drops of 6 M
HCI were added to lower the value of pH. ALO; sol,
20 wt% colloidal dispersion in water of particle size
100 A from Johnson Matthey, LOT # L0O4B08, was
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used to check if the observed phenomena were specific
to Ludox SiO, sols.

A Kratky camera was assembled using a Kratky slit
system donated by C. G. Vonk. It was installed on a
table top X-ray generator (1.5 kW) with a fine focus
copper target. For detection of scattering, the film
method (Vonk and Pijers 1981; Moonen 1987) was
adopted. For calibration of the detecting system in-
cluding a home made densitometer for digitizing a de-
veloped film, we closely followed what is described in
the reference of Moonen (1987). We chose Agfa-Ga-
vaert Structurex D7 for our film (Vonk and Pijers
1981; Vonk 1988). A piece of plastic was used as the
standard sample to normalize fluctuations in X-ray in-
tensity and conditions of developing film, etc. On the
same film, three scatterings were recorded; the first
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Table 1. Loci of peaks in SAXS.
Con- Cell
cen- thick- Locus of Locus of
tration ness Max.in I  shoulder
Sample (wt %) Sample cell (mm) K. (A) K, (A
Ludox 40 Brass/Mylar 05 0036 0.015
HS/M91 1.0 0.034 0.015
2.0 0.032 0.014
3.0 — 0.014
4.0 — 0.014
6.0 — —_
Ludox 40 Teflon/Mylar 1.0 0.034 0.015
HS/91 3.0 — —
4.0 — —
6.0 — —
Ludox 40 Glass tube 0.5 0034 —
HS/91 1.5 —_— —_
5.0 — —
Ludox 40 Brass/Mylar 0.5 0.035 —
HS/93 1.0 0.035 —
3.0 — —

from the sample, the second from the solvent and the
third from this plastic standard. The sample cell was
made of brass or Teflon with the nominal thickness of
0.5, 1, 2, 3, 4, or 6 mm and Mylar (5 pm) windows.
In addition, glass of 0.5 mm I.D. Mark capillary and
1.5 and 5 mm I.D. NMR tubes were used.

Clays and Clay Minerals

Scattering time varied from 20 min to 48 h depend-
ing on the concentration of SiO, particles. For each
sample, two sets of scattering were taken, differing in
scattering time by one or two orders of magnitude.
This was to improve the statistic data at larger angles
where scattering intensity is very low. Two sets of data
were combined to obtain scattering data in the region,
0.01 < K < 0.22 A-!: where K is the momentum
transfer for scattering and is written as:

K = (4msinb/N) [1]

20 is the scattering angle and \ is the wavelength of
the incident x-ray. The scattering data from the Kratky
slit collimation were desmeared to obtain the scatter-
ing intensity I(K) as a function of K. For this and other
data analysis, FFSAXS, a software by Vonk (1975),
was used.

The performance of the SAXS system, including
data analysis, was tested by measuring SAXS from a
porous Vycor glass (Dow Corning, type 7930) in a 0.5
mm cell. The average pore diameter of this specimen
had been previously determined by a variety of tech-
niques (Handa et al. 1992). The pore size distribution
determined by our SAXS measurement system showed
a monodispersed distribution that peaked at exactly the
same diameter.
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Figure 3.
40 wt%.

Effect of sample thickness on SAXS intensity: (a)
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10 wt% Al,O; sol; (b) ALO; sol, 10 wt%; (c) Ludox HS/91,
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RESULTS AND DISCUSSION

Thickness Dependence of *“Structure” (thin sample
regime)

Figure la shows the desmeared scattering intensity
I(K} for Ludox HS/91, the undiluted (40 wt%) sample,
and Figure 1b the 10 wt% sample, using cells made
of brass with various thickness. Multiple scattering
may be present for a thicker sample (Schelten and
Schmatz 1980; Monkenbusch 1991). The analytically
explicit expression for multiple scattering was derived
and applied for small angle neutron scattering (SANS)
data from voids in metals sample (Schelten and
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Figure 3. Continued.
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Schmatz 1980). It was shown that the apparent radius
of gyration due to multiple scattering diminished to
about 1/3 and the Porod constant increased in turn by
a factor of about 1.5 (Schelten and Schmatz 1980), but
there never was a qualitative change in the shape of
the scattering curve, or the appearance/disappearance
of any “peak.” When applied for SANS data from an
AOT, asodium 1, 4-bis(2-ethylhexyl)sulfosuccinate
microemulsion, which showed a clear peak, the latter
did not exhibit any change in shape or locus of the
maximum (Monkenbusch 1991). To calculate the ef-
fect of multiple scattering explicitly, the software
“MUX DEMOX” software by Monkenbusch (1991}
was applied to the scattering data for 40 wt% silica
sol of 0.5 mm thick, the scattering with a clear peak.
The parameter used in this software is the transmission
value rather than the sample thickness. As the sample
thickness increased from 0.5 mm to 6 mm, the trans-
mission of 40 wt% silica sol decreased to 0.25. Thus,
the scattering data for 40 wt% silica sol with a 0.5 mm
sample cell were used as the input data and those after
multiple scattering were calculated with varying value
of transmission, t. Figure 2 shows the results. The fact
that the scattering for t = 0.9999 recovered the input
data completely assured the health of numerical inte-
gration of the software. As exhibited in the figure, the
effect of multiple scattering, aside from the decrease
is transmission, does not alter the locus of the maxi-
mum although the peak appears to broaden. Therefore,
the thickness dependent behavior in Figures 1a and 1b
is not due to multiple scattering.

We repeated the measurements with Teflon cells of
thickness, 1, 3, 4, and 6 mm, and used glass tubes of
inner diameter, 0.5, 1.5 and 5 mm. For all of the cases,
the trend is similar. Table 1 lists the loci of the peaks.
The “—"" mark in the table distinguishes no peak was
observed. Thus, the observed thickness dependence is
not due to material used for the cell.

To check possible artifacts associated with the ap-
paratus, ALO,; sol (10 wt%) was measured using the
brass cells with varying thickness. As shown in Figure
3a, the SAXS data showed a normal thickness depen-
dent behavior. Ignoring multiple scattering, the inten-
sity I can be written as:

I « d exp(—ud) 2]

where d is the thickness and p is the absorptivity of
the sample. Therefore, at a fixed value of K, the quan-
tity, {In(I) — ln(d)}, should be linear to d and the
slope, —p., should not depend on K. Figure 3b indi-
cates that is indeed the case for an AlLO, sol, consid-
ering uncertainty in d. For comparison, see Figure 3c
for Ludox HS/91 (40 wt%). Thus, we conclude that
the thickness dependent behavior shown in Figure la
is specific to Ludox HS SiO, sols and not due to an
artifact associated with the apparatus.

Figure 4 shows the dependence of SAXS data on
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Figure 4. SAXS intensity curves, I(K), of Ludox HS/93 with 0.5 mm sample cell at various concentrations of SiO, particles.

the concentration of Ludox HS/93 measured using a
0.5 mm brass cell. An earlier SAXS study on Ludox
HS SiO, sols (Shuin 1977), whereby the cell used was
6 mm thick with Mylar (5 pm) windows, showed a
similar concentration dependence to our data using a
0.5 mm cell. Another SAXS study on Ludox SM dia-
lyzed against 10~* M NaOH using 1.5 mm LD. glass
capillary suggested an ordered structure from a peak in
a SAXS curve for higher SiO, and lower electrolyte
concentrations (Matsuoka et al. 1988). SANS studies on
Ludox HS using a 1 or 2 mm quartz cell also indicated
similar behaviors (Ramsay and Booth 1983; Ramsay et
al. 1983; Penfold and Ramsay 1985; Bunce and Ram-
say 1985). Table 2 summarizes the loci of peaks of the
above scattering data. For Ludox HS samples, the loci
of peaks concur with our data using 0.5 mm cells and
those in literature using 1 to 6 mm sample cells.

Such peaks in I(K) were interpreted in two different
ways. One approach is to regard sol as liquid-like. The
structure factor S(K) calculated using a model in
which the pair potential is approximated as a hard core
with a soft tail was fitted to that observed (Ramsay
and Booth 1983; Ramsay et al. 1983; Penfold and
Ramsay 1985; Bunce and Ramsay 1985). A soft tail
is to model the screened coulombic repulsion between
charged particles. The fit was successful for the case
where the values of surface charges are markedly less
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than those previously reported. The actual repulsion
among particles is drastically more suppressed than
expected from the surface charges alone.

Another interpretation is to regard sol as having an
ordered crystalline-like structure with distortion (Mat-
suoka et al. 1987). In this approach, a peak in I(K) is
the first order Bragg diffraction with higher order
peaks diminishing due to ‘“‘paracrystalline” distortion
(Matsuoka et al. 1987). The spacing of this ordered
structure was found to be much smaller than the case
in which particles are distributed randomly. The latter
case has been normally expected from the electrostatic
repulsion alone due to surface charges (Matsuoka et
al. 1988). The SiO, particles therefore attract each oth-
er by this interpretation (Matsuoka et al. 1987). Since
our data with a 0.5 mm cell are almost identical with
those observed in the above investigations, either in-
terpretation can be applicable. Whichever interpreta-
tion might be closer to reality, both indicate that SiO,
particles attract each other and the inter-particle dis-
tance decreases on increasing the particle concentra-
tion. Indeed, recent theoretical works taking into ac-
count the many-body nature of the problem suggest
attraction among particles with the same charge (So-
gami and Ise 1984; Groot 1990, 1991; Valleau et al.
1991).

In passing, some comments are in order regarding
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Table 2. Loci of peaks in SAXS or SANS.

Locus of
Max. in I
Sample Concentration Method Sample cell Koo (A7) References
Ludox HS/93 40 wt % SAXS 0.5 mm 0.033 Fig. 4, this work
30 wt % SAXS 0.5 mm 0.028
20 wt % SAXS 0.5 mm 0.023
10 wt % SAXS 0.5 mm 0.018
Ludox HS/91 40 wt % SAXS 0.5 mm 0.035
30 wt % SAXS 0.5 mm 0.030
10 wt % SAXS 0.5 mm 0.019
Mylar
Ludox HS 30 wt % SAXS 6 mm 0.028 Shuin 1977
20 wt % SAXS 6 mm 0.025
10 wt % SAXS 6 mm 0.019
Ludox SM 30 wt % SAXS 6 mm 0.031
20 wt % SAXS 6 mm 0.022
10 wt % SAXS 6 mm 0.019
Mylar
Ludox SM 16.98 Vol% SAXS 1.5 mm ¢ capillary 0.0333 Matsuoka 1988
5.49 Vol% SAXS 0.0269
Dialyzed against 3.66 Vol% SAXS 0.0237
10~ M NaOH 2.75 Vol% SAXS 0.0226
Ludox HS 0.65 gfcm® SANS 1 mm or 2 mm quartz cell 0.033 Ramsay et al. 1983
0.41 g/em?® SANS 0.030
0.16 g/cm?® SANS 0.018
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Figure 5. Effect of charcoal treatment on SAXS intensity curve of Ludox HS/93, 40 wt%.
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Figure 6. SAXS intensity curves, I(K), of Ludox HS/91 with 3 mm sample cell at various concentrations of SiO, particles.

determination of S(K) from experimental data I(K). It I(K) = Ln,(p;, — p*V,?P(K)S(K) [3]
is customary to assume that when the particle concen-

tration is low, there is no interparticle correlation, that where I is the intensity scattered by one electron, n,
is S(K) =~ 1. Thus I(K) is written as: is the density number of particles, p,, p, are the elec-
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Figure 7. Guinier plots for Ludox HS/91 with 3 mm sample cell at various concentrations.

tron densities of the particle and the suspending me-
dium, V, is the volume of the particles, and P(K) is
called the form factor showing scattering from an iso-
lated particle. For the limit of n, — 0, S(K) — 1, then:

I(K)np—iO = Ienp(pl - p2)2Vp2P(K) [4]

For a previous SANS work (Ramsay et al. 1983), the
data from the most dilute sample, 0.020 g/cm?®, was
used as P(K). In a work by SAXS (Matsuoka et al.
1988), the data from a 5.5 vol% with 0.1 M NaCl sam-
ple was used for P(K). When the data from the latter
was compared with those from a 0.11 vol% sol with no
electrolyte, it successfully tested the assumption of S(XK)
=~ 1. It is puzzling in the light of a work by Allen and
Matijevic (Allen and Matijevic 1969) in which it was
concluded that at high electrolyte concentration, SiO,
particles tend to coagulate. Indeed, the condition (104
M NaOH, 0.1 M NaC}) is very close to the coagulation
boundary. In any case, it should be pointed out that an
absolutely unequivocal estimation of P(K) for a real,
not quite monodispersed, sol has never been established
in the works of SAXS and SANS. In light scattering,
sols must be diluted to less than 10~* wt% for S(K) =
1 (Xu et al. 1994b, personal communication).
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Thickness dependence

The question remains as to why the peak in our
data of I(K) diminishes when the thickness of a sam-
ple is increased to more than 2 mm. We recall recent
works by Wasan et al. (1992; Nikolov and Wasan
1992) in which structural formation of SiO, particles
in Ludox HS is probed by stratification of thin films
of the sol. Their findings may be summarized as fol-
lows:

(1) Thin films of sol are stabilized by ‘*‘crystalliza-
tion” of colloidal particies.
(2) The more concentrated the SiO, particles are and
the smaller the diameter of film, a larger number
of SiO, particle layers form a crystal-like struc-
ture.
For 190 A SiO, particles, 20 vol% (30 wt%) and
the film diameter of less than 0.6 mm, three SiO,
particle layers are stabilized in a horizontal film.
If a surfactant is present, the film of a larger num-
ber of layers is stabilized. This was tested by first
removing a surfactant from Ludox HS sol by a
charcoal treatment.

©))

4

Their findings of (2) and (3) may have some con-
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Figure 8. Size distribution of Ludox HS/91 with 3 mm sample cell at various concentrations.

nection to what we observed. Figure 5 shows I(K)
from Ludox HS/93 samples with a 1 mm cell before
and after treatment by activated charcoal following the
procedure described by Nikolov and Wasan (1992). It
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is apparent that a possible removal of a surfactant from
the present Ludox HS/93 sol decreases the tendency
of structure enhancement, along the line of conclusion
(4) (Nikolov and Wasan 1992).
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Thick Sample Regime

Figure 6 shows I(K) from Ludox HS/91 using a 3
mm Teflon cell. There are no apparent features in I(K),
hence in S(K), (if S(K) can be accurately extracted at
all), or a repeat distance cannot be calculated in the
“paracrystalline” approach (Matsuoka et al. 1987).
Nevertheless, we wish to make an attempt to obtain
as much information as possible from structureless
scattering data shown in Figure 6 using the Smolu-
chowski scheme (Everett 1989; Brinker and Scherer
1990). It could be worthwhile to devise a method of
characterization using such structureless scattering
data, which are most common in real situations.

In I(K) shown in Figure 6, a constant background
had been subtracted by assuming the Porod law in the
range, 0.075 < K < 0.22 A-'. The Guinier plots are
shown in Figure 7. Two straight lines are apparent
even for a 1 wt% sample. The straight line with the
smaller slope in the range, 0.0005 < K? < 0.0015 A2
gives R, = 60 A RK <2)yorr, =77 A, where R,
is the radii of gyration and r, represents the spherical
particle. This appears reasonable in comparison with
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the value of the particle diameter specified by the sup-
plier, 120 A. While the apparent dip in In(I) at about
K? = 0.0035 may be subject to a large error, the fact
that the product r,K = 4.5 at the dip may hint that the
1 wt% sample is reasonably mono-dispersed (Zerrouk
et al. 1990). In spite of this, there is another apparent
Guinier line with R, = 150 A, in the range K2 <
0.0002 R,K < 1.7). ’!‘hus, there is another species
with the diameter 380 A. This behavior of having two
Guinier lines is common in the case with a bimodal
distribution in particle size (Xu et al. 1994a; Guinier
and Fournet 1955).

The size distribution may be numerically calculated
in the dilute limit, that is S(K) = 1, by Vonk’s method
(1976) as:

IK) = L(p, — po) f D,®R)V,PK, R)dR [5]
0

where D,(R) dR is the volume distribution of particle
radius from R to R + dR. From the SAXS data shown
in Figure 6, the size distributions were numerically cal-
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culated by assuming particles are all spherical in shape.
The resulting distributions are shown in Figure 8.

A transmission electron microscopy photograph
taken by us as well as that in a previous paper (Shuin
1977) indicated Ludox HS SiO, sols consisted of rea-
sonably mono-dispersed spherical particles. Hence, if
1% is dilute enough for losing interparticle correlation
completely, then there should be only one straight line
in Guinier plots, and the size distribution calculated
from SAXS data should show a single narrow distri-
bution peak centered at the average diameter of par-
ticles. Therefore, we suggest the second distribution
peak at about 400 A for 1 wt% sample is a manifes-
tation of interparticle correlation. Thus, 1 wt% is not
dilute enough for Ludox HS SiO, sols to be complete-
ly free from interparticle correlation. For the cases
where I(K) exhibits a peak as our thin sample regime
or in previous papers (Shuin 1977; Matsuoka et al.
1988; Ramsay and Booth 1983; Ramsay et al. 1983;
Penfold and Ramsay 1985; Bunce et al. 1985), an ap-
proximate form of P(K) is all that is required to extract
a reasonable form of S(K) for discussion. However,
such structureless SAXS data, as shown in Figure 6,
do need a very accurate form of P(K) in order for S(K)
to be evaluated accurately, so that slight variations of
S(K) from unity can be utilized for discussion.

In the absence of an accurate form of P(K) to eval-
uate S(K) with confidence, and in the absence of a
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peak in I(K) that would allow the ‘‘paracrystalline’
approach (Matsuoka et al. 1987), we proceeded as fol-
lows. In the so-called Smoluchowski scheme (Everett
1989; Brinker and Scherer 1990), particles in sol are
taken to coagulate into dimers, trimers, tetramers, . . .
etc., due to interparticle correlation, and it is assumed
that once these polymers are formed they are free from
inter-polymer interactions. Then the size distributions
numerically calculated directly from I(K) can now be
taken to show the size distribution of such Smolu-
chowski species. This approach in no way supports
nor confirms the existence of such species. Rather, it
is a convenient way to rewrite I(K) in the form of
D,(R) through numerical inversion of Equation [5], so
that a subtle variation in I(K) due to interparticle cor-
relation may be magnified in the form of D(R).
Thanks to the Smoluchowski scheme, D (R) has a con-
venient basis of interpretation. We recall a similar ap-
proach in the field of solution thermodynamics, where-
by intermolecular interactions in solutions are under-
stood to cause ‘‘associated” species among solute and
solvent molecules (Barta et al. 1989; Dethelfson et al.
1984; Bhatia 1984; Franks and Desnoyers 1985; Cos-
tas and Patterson 1985).

In the spirit of this approach, the second distribution
peak at about 400 A may now be looked upon as an
aggregated species. The log-log plots for 1 wt% sam-
ple shown in Figure 9a indicates the power law rela-
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Figure 11b. Size distribution of Ludox HS/91, 10 wt%, with 3 mm sample cell, and the effect of pH.
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Figure 12. Size distributions of Ludox HS/91, 1 wt%, with 3 mm sample cell, and the effect of pH.
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tion in the range, 0.008 < K < 0.02 A-!, with slope
—1.8. This fact hints that there are aggregates of frac-
tal dimension 1.8 (Schaefer et al. 1984) with the
monomer diameter of about 100 A (calculated from
the upper limit value of K of the straight line in Figure
9a) and that of the aggregates of about 300 A (from
the lower limit). Both sizes are not inconsistent with
information contained in D,(R), Figure 8. For 3 and 5
wt% samples, the power law scatterings are still evi-
dent with the similar values of slope, as shown in Fig-
ure 9a. For 10 and 40 wt% samples, no power law is
apparent, as shown in Figure 9b, that is interparticle
interaction becomes more complicated. The behavior
of D,(R) shown in Figure 8 suggests that aggregation
advanced in increasing the concentration. The first dis-
tribution peak widened toward larger diameters, thus
the population of larger Smoluchowski species in-
creases, as the concentration increases from 1 to 10
wt%. For the 40 wt% sample, the degree of coagula-
tion causes a main distribution peak to shift to 270 A.
The fact that a small peak remains at 120 A suggests
the average diameter of primary particles is still 120
A. A shoulder at about 100 A for the 5 wt% sample
supports this. However, for 10 wt%, such a shoulder
is not visible. This in turn suggests that even for the
1 wt% sample there are aggregates of size a little larg-
er than the primary particles of 120 A and that the
apparent first distribution peak is the result of convo-
lution of the primary particles and small size aggre-
gates. Another feature evident from Figure 8 is that
the second distribution peak generally shifts toward a
smaller size during increasing concentration. There-
fore, the size of aggregates shrink on increasing par-
ticle concentration. Thus, we suggest that SiO, parti-
cles interact with each other in such a way as to form
aggregates, or to attract each other in spite of surface
negative charges at pH = 9. By increasing the con-
centration of SiO, particles, attraction becomes stron-
ger.

Application to Gel-Thick Sample Regime

By changing the value of pH, SiO, sols become un-
stable and gels form. Figure 10 is a sol/gel diagram
depicting the region in the pH-concentration field,
where gelation occurs. In this series of experiments,
the total Na* concentration was kept at 0.02 M and
pH values were reduced by adding a very small
amount of 6 M HClL. As HCl was added, the borate
ions, B,0,2~ were replaced by 2 Cl- and were con-
verted to H,B,0,, or technically 4H,BO, with addi-
tional SH,0. Therefore, the total ionic strength was
virtually unchanged. According to Allen and Matijevic
(1969), SiO, sols coagulate when pH > 14 with [Na*]
= 0.02 M for sols of SiO, concentration about 2 wt%.
Thus, the gelation region shown in Figure 10 is not
triggered by destabilization due to adsorption of Na*
ions on SiO, surfaces (Allen and Matijevic 1969). We

https://doi.org/10.1346/CCMN.1996.0440205 Published online by Cambridge University Press

Xu et al.

Clays and Clay Minerals

checked the surface charges at 5 wt% by means of
moving boundary electrophoresis and confirmed that
the point of zero charge occurs at pH = 2.5. In the
almost entire pH range in Figure 9, the surface charge
remains negative, hinting the gelation was not due to
zero surface charge.

Whatever the mechanism of the gelation may be,
we study structure of gels by SAXS in the thick sam-
ple regime. Figure 11 shows the size distribution cal-
culated from SAXS data for the 10 wt% samples, us-
ing a 3 mm cell. There were no apparent peaks in I(K),
that is in the thick sample regime. At pH = 2.5, the
sol was stable for a week and then turned into gel.
Figure 1la shows the size distributions of Smolu-
chowski species for both situations. Judging from the
shift of the second distribution peak the figure suggests
that on gelation the size of aggregates shrink, which
is consistent with an earlier observation by TEM (Zer-
rouk et al. 1990). Figure 11b indicates the locus of the
second distribution peak shifts to a smaller size when
the value of pH decreases from 9 to 4.5 (gel) and 2.5
(gel) thereupon shifting back to a larger size, suggest-
ing interparticle correlation is the strongest at pH =
2.5-4.5, which is consistent with gel formation in this
pH range. Figure 12 shows the similar behavior for
the 1 wt% samples. At this concentration, the mixtures
are all apparently stable sols. However, the behavior
of the second peak is similar to the cases for the 10
wt% samples, suggesting interparticle correlation is
the strongest at pH = 4.5. As pointed out above, the
surface charges are still negative at this pH value, and
there are not enough Na* ions on the surfaces to cause
coagulation (Allen and Matijevic 1969; Milonjic
1992). Thus, this strengthening of interparticle corre-
lation at pH = 4.5 for the 1 wt% samples, which no
doubt is closely related to gelation at higher concen-
tration, is caused by some yet unknown factors.
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