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Abstract—Aqueous suspensions of allophane show relatively high viscosity, presumably because of
strong particle interaction between the unit particles. To test this hypothesis, we measured the particle
weight and particle size of allophane during a dispersion using the light scattering method. The particle
weight was more than several hundred times larger than that of the unit particle, and the size was 100—
400 nm, whereas the Stokes’ diameter of the particles in the sample was less than 50 nm. Particle weight
and size varied with the pH of the sample. Particle sizes were cross-checked by ultrafiltration through
membrane filters. The experimental findings show that the unit particles of allophane within dilute dis-
persions appear to be associated like strings of beads, forming domains (primary floccules) about 100
nm in diameter. When these domains coagulate under certain conditions, they do not grow analogously
but form clusters, such as secondary floccules, then precipitate. Formation of secondary flocculation of
loose structure accounts for the maximum relative viscosity at the transition pH between dispersion and
coagulation.
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INTRODUCTION

Volcanic ash soils, especially those widely distrib-
uted throughout Japan, characteristically have porous
and relatively stable natural structures, but once dis-
turbed or dried out, their physical properties change
markedly (Maeda et al. 1977; Wada 1989). These
properties are mainly due to the key clay mineral of
the soils, allophane. Since allophane consists of unit
spherical particles 3.5-5.5 nm diameter (Kitagawa
1971; Wada and Wada 1977), we investigated how the
unit particles of allophane assemble to form the macro
structure of the soils.

The shape of allophane within aqueous dispersed
systems has been discussed by Egashira (1977), based
on the relationship of the relative viscosity and the axis
ratio of the suspended particles computed by Mehl et
al. (1940). He concluded that allophane is dispersed
as disc-shaped particles several tens of nanometers in
diameter. Wada et al. (1981) and Nitawaki et al. (1981)
using a modified Robinson equation, showed that the
high relative viscosity of allophane may be due to the
thick hydration layer around the particles. Hall et al.
(1985) used neutron scattering to determine the size
of the unit particle of aqueous suspensions and found
that the diameter of this particle is about 5 nm, the
same as found by electron microscopy. Because the
applicable particle size range of the neutron scattering
method is 2—-35 nm, floccules of allophane beyond that
range could not be measured.

Karube (1982a, 1982b) measured the size of dis-
persed allophane particles by light scattering and ul-
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trafiltration, and found that they are associated like
strings of beads and dispersed as domains several hun-
dreds of nanometers in diameter. However, some of
the allophane samples used during Karube’s research
were later found to contain small quantities of imo-
golite. If allophane is contaminated by imogolite, even
at a very low ratio, experimental results may be in-
accurate because imogolite is a peculiar clay mineral
with a thin fibrous shape. When allophane particles are
separated under acidic conditions, imogolite might be
present within the sample, but if separated under al-
kaline conditions, the sample might be pure because
imogolite coagulates under alkaline conditions. When
iron oxide removal treatment is used under alkaline
conditions and allophane is separated successively, im-
ogolite might be removed from the sample.

After carefully preparing pure allophane, we mea-
sured the relative viscosities of allophane suspensions
in relation to pH to clarify the phenomenal character-
istics of colloidal allophane. The particle weight and
particle size of dilute allophane dispersed systems
were then studied by the light scattering method. The
size was cross-checked by ultrafiltration. The structure
of allophane within dispersed systems is discussed.

EXPERIMENTAL
Allophane Sample

Allophane samples were separated from fresh soil
taken from the lower part of the Kanumatsuchi weath-
ered pumice bed at Kanuma City, Tochigi Prefecture,
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Figure 1.

Transmission electron micrograph of apparently
well dispersed allophane. Key = A) Deferrated, pH 9; B)
Non-deferrated, pH 9; and C) Deferrated, pH 4.

Japan. The following procedure was used for sample
purification.

DEFERRATED SAMPLE. After removing the gel-like sub-
stance, imogolite, by washing the soil with water, the
soil was treated with H,O,. Aggregates were squashed
and passed through a sieve with an opening of about
0.5 mm to exclude coarse substances. The fine portion
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was treated again with H,O, and iron oxide was re-
moved with Na,S,0,-NaHCO,-Na citrate (DCB)
(Mehra and Jackson 1960). A single extraction with
2% Na,CO; at 90 °C for 15 min during a waterbath
(Jackson 1956; modified by Wada and Greenland
1970) was used to successively remove soluble allo-
phanic material, as discussed by Wada (1989). The
material was then dispersed at pH 9-9.5, adjusted with
NaOH, and particles with a Stokes’ diameter smaller
than 50 nm were collected by centrifugation. The al-
lophane colloid was coagulated by adding about 100
ml of saturated NaCl solution to each liter of the sus-
pension. The sample was dialyzed against distilled wa-
ter until the electric conductivity of the external so-
lution was less than 1 mS/m.

NON-DEFERRATED SAMPLE. An allophane sample, which
was not treated with DCB was prepared for compari-
son with the deferrated allophane. The preparation
procedure was the same, except for the omission of
iron oxide removal and the 2% Na,CO; treatment.
Both samples were treated carefully so that they
would not become dry during the preparation. The ab-
sence of imogolite fibers was confirmed by electron
microscopy (Figure 1). The Al/Si molar ratio was 1.5
of the deferrated allophane separated from the Kanu-
matsuchi soil, a medium value among allophanes.

Measurement of Relative Viscosity

The relative viscosities of allophane suspensions at
different pHs and clay concentrations were measured
with an Ostwald viscometer at 22 °C. The pHs of the
suspensions were adjusted with HCI or NaOH 1 d be-
fore measurement.

Measurement of Particle Weight and Particle Size by
Light Scattering

Light scattering was used to determine the particle
weight, the relative mass of a particle defined the same
as molecular weight, and particle size of a colloid by
measuring the scattered intensity of incident light
(Tanford 1961).

Measurements of the clay concentrations, the deriv-
ative of the refractive index with respect to the clay
concentration and the intensities of scattered light at
different scattering angles were made. A Zimm plot
was made, the abscissa being sin*(6/2) + kc, where
= the angle of scattering, k = a constant, ¢ = the clay
concentration, and the ordinate Kc/R,, which is a func-
tion that includes the wavelength of incident light, a
derivative of the refractive index with respect to the
clay concentration, the intensity of the scattered light,
scattering angle, clay concentration and the constant
of the apparatus. In this plot, by extrapolating 6 and ¢
to 0, the particle weight and the radius of gyration
were obtained.

Heller et al. (1959) discussed theoretical errors in
the light scattering method, incorporating the refrac-


https://doi.org/10.1346/CCMN.1996.0440406

Vol. 44, No. 4, 1996

o Non-deferrated; c=1.5kg/m? 22°C
o Deferrated; c=1.5kg/m% 22°C

¢
12} {'
5 ‘|
N § |
3 V! \
z s
B d ‘e
] ST B N
gut €° o .,/‘\z A\
g | 5 J TN
B i !
5 o 3 o
& ,'" .,.‘. “\ .\o
otf./ N
. o 1 1 L 1 L L
10 2 5 6 8 9 10

pH

Figure 2. Relative viscosity of allophane suspensions in re-
lation to pH.

tive index ratio of the particles to the medium and the
ratio of the particle size to the wavelength as param-
eters. Accordingly, the maximum applicable size of
clay is about 2 pm, with an error allowance of up to
50%.

An He-Ne laser light scattering apparatus was used
for the measurements. The preparation of dust free
samples was the most important point of this experi-
ment. A portion of allophane from just under the sur-
face of a sample, which had been standing for several
months, was pipetted into a separate vial. A portion of
the separated sample was used to measure the clay
concentration by the weighing method, then the sam-
ple was diluted to various concentrations between ¢ =
2 X 107* kg/m?® and 1 X 102 kg/m? for measurement.
Each light scattering measurement was obtained for
several samples of different clay concentrations as
well as for pure water at scattering angle intervals of
15° within the range of 30° to 150°. The constant of
the apparatus was determined from the intensity of
benzene. The refractive index derivative with respect
to the clay concentration was determined with a dif-
ferential refractometer. Measurements were made at 22
°C to prevent temperature fluctuations from affecting
the refractive index.

Before measuring the allophane sample, use of the
light scattering measurement method was confirmed
with a standard sample of polyethylene oxide, and its
applicability to clay minerals was checked using ka-
olinite and dehydrated halloysite. The results obtained
for these two clay minerals agreed with the values es-
timated from an electron micrograph. However, errors
within the range of one-half to twice the measured
value were observed. These errors are attributable to
particle size distribution, variance in the refractive in-
dex, impurities in the samples or all these, which are
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inevitable when measuring natural clay minerals. As
these are intrinsic properties of clay minerals, it is dif-
ficult to prevent this kind of error. Such errors could
be acceptable depending upon the purpose of the mea-
surement, but the shape of the particles was difficult
to determine from the interference factor.

Particle Size Analysis by Ultrafiltration Through
Membrane Filters

Particle size analysis of dispersed allophane was
made by ultrafiltration through membrane filters. Two
problems must be solved concerning the sieving of
colloidal particles: 1) the uniformity of the filter pore
size; and 2) clogging. The filter pore size problem was
solved by the use of a Nuclepore membrane filter,
which has uniform cylindrical pores. As a counter-
measure to avoid the clogging problem, the samples
were diluted as much as possible, and changes in the
concentration before and after filtration were checked
by turbidity measurement using a light scattering ap-
paratus. In this way, changes in concentration were
detectable even when a sample was diluted to as low
as 0.5 X 102 kg/m3.

Nevertheless, as clogging might occur with an in-
crease of the filtrate volume, the relation between this
volume and passage through the filter was measured.
This was also effective for checking and overcoming
the effect of the residual water used to wash the 1m-
plement, which was not dried after washing in order
to keep it dust free. For this purpose, a glass filter
holder 47 mm in diameter was connected to a water-
jet pump capable of exerting a maximum suction of
95 kPa. If the particles could pass through the filter
quickly, filtration would be over before this maximum
was reached, but if filtration was slow, suction would
be increased to the maximum. The effect of suction
was therefore sufficiently small for this analysis, al-
though it was not always constant.

Ten ml of the filtrate was collected at a time and
examined by light scattering. Filtered air was intro-
duced to break the vacuum, and the filtrate was pipet-
ted, never decanted, to a sample cell to prevent dust
contamination. The percentage of particle passage
through the filter was estimated from the light scatter-
ing intensity ratio of the filtrate to the unfiltered sam-
ple.

RESULTS AND DISCUSSION

Characteristic Behavior of an Allophane Suspension
Based on Relative Viscosity

The relative viscosity of allophane suspensions is
high within the pH range at which the suspensions
coagulate (Figure 2). The coagulation range, as judged
from the viscosity, is pH 4-6.5 for deferrated samples
and pH 5-7.2 for non-deferrated ones. This is related
to the point of zero charge (PZC) of electrophoretic
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Figure 3. Changes in the viscosity of allophane suspensions
under 22 °C in relation to the clay concentration. Key: Sym-
bol k = the constant of equation n/n, — 1 = ke, at dilute
suspension; and ¢ = the volume fraction of the solids.

behavior, that is, the viscosity of deferrated allophane
shows a broad maximum centered at the PZC, pH 5.2
(Karube et al. 1992). Deferrated allophane has a higher
viscosity than non-deferrated allophane at approxi-
mately the PZC for the same clay concentration. Wells
and Theng (1985) reported that a deferrated allophane
suspension showed greatly reduced shear stress, but
this might have been due to imogolite which was pres-
ent in their non-deferrated sample.

The relative viscosity of the non-DCB treated sam-
ples in Figure 2 has an obvious peak at approximately
pH 7, the boundary pH of dispersion and coagulation.
As a quantitative description of coagulation based on
relative viscosity is unpredictable, these phenomena
will be addressed.

Figure 3 shows the relative viscosities of allophane
suspensions in relation to the clay concentrations. The
relationship between relative viscosity (m/m,) and par-
ticle concentration is expressed by Einstein’s viscosity
formula, 7/n, — 1 = k¢, where: ¢ = the volume frac-
tion of the solids, and x = a constant, which becomes
2.5 providing that the particles are spherical and do
not interact. For suspensions of deferrated allophane
at pH 7.5 and non-deferrated allophane at pH 4.0, the
x values are at least twenty times larger than 2.5, even
though the systems look well dispersed and the unit
particles are spherical. Egashira (1977), who discussed
the reasons for these phenomena, thought that allo-
phane was present as disk-shaped particles with an ax-
ial ratio of 16.0-13.2, whereas Nitawaki et al. (1981)
considered the allophane unit particles were covered
by a hydration layer 2.5 nm thick. Although viscosity
is affected by the colloidal structure, structure cannot
be predicted on the basis of relative viscosity only.
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Figure 4, Zimm plot of deferrated allophane at pH 7.2.

Particle Weight and Particle Size Measured by the
Light Scattering Method

Figure 4 shows a Zimm plot of deferrated allophane
at pH 7.2. The average particle weight is 2.0 X 107,
the mean square radius of gyration is 1.98 X 10° nm?,
the end-to-end distance of the assumed random coil is
110 nm and the diameter of the assumed spherule is
115 nm. Results are summarized in Table 1. On the
whole, the measured particle weight was 2 X 107 —
2.5 X 108, and the particle size, assumed to be a ran-
dom coil, was 110-360 nm.

In contrast, the particle size of the prepared allo-
phane sample was less than 50 nm Stokes’ diameter,
which means that the average size is smaller and closer
to the size of the allophane unit particle. The particle
weight of the unit allophane was calculated to be 3.5
X 10* — 1.2 X 105, assuming that the diameter is 3.5—
5.5 nm, the wall thickness 0.7-1.0 nm and the internal
pores are filled with water. These values do not agree
with those obtained by the light scattering method.

However, these values are acceptable without con-
tradiction if the 200-7000 unit particles of allophane
flocculate like a chain, forming a floccule 110-360 nm
in diameter. According to the free-draining model
(Hiemenz 1986), Stokes’ diameter is a measure of a

Table 1. Experimental values obtained by the light scattering
method.

Stokes” Particle Size Number of

pH diameter weightf (random coil) unit particles

49 <50nmm 1.7 X 10® 240 nm 14004800

69 <50nm 25X 10® 360 nm 2100-7100

M)yt 72 <50mm 2.0 X 107 110 nm 160-560
D) 74 <50mm 2.7 X 107 130 nm 220-760

T (D): deferrated.
i Particle weight of unit allophane: 3.5 X 10*-1.2 X 10°.
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100-500 nm

Figure 5. Schematic representation of a domain (micro-floc-
cule) of allophane and the primary flocculation of unit allo-
phane particles.

chain-element rather than of the entire floccule be-
cause the drag force relates to the circumference of
the particle. However, the light scattering method mea-
sures the size of the entire floccule. Taking these find-
ings into consideration, we conclude that for deferrat-
ed allophane at pH 7.2, several hundred unit particles
were assembled forming a domain 110 nm in size and
were still dispersed in water.

As the shape of such domains is flexible, generally
it will be rounded due to the micro-Brownian motion
of the elements in the chains, providing there is no
external force. Using the particle weight measured, the
density of the domain is therefore 48 kg/m3, and the
porosity 98%, assuming that the domain spherules
have a diameter equal to the end-to-end distance. Fig-
ure 5 shows a representation of this conceptual schema
based on idealized primary flocculation of unit allo-
phane particles. Although these domains are not di-
rectly observable by electron microscopy because the
sample must be dried out for observation, a transmis-
sion electron micrograph (Figure 1) shows traces of
the chain network structure.

Particle Size Analysis by Ultrafiltration

For this discussion it is necessary to begin by ex-
amining the method of analysis. Kaolinite prepared to
uniform size by centrifugal sedimentation was used.
The particle diameter of the kaolinite was found to be
100-300 nm by electron microscopy. The findings ob-
tained by this analysis show that approximately 10%
of this kaolinite passed through a 200 nm pore diam-
eter membrane filter, 50% through a 400 nm one, 70%
through a 600 nm one and 85% passed through an 800
nm one. These results show that the kaolinite, the di-
ameter of which corresponds to about one half the fil-
ter pore size could pass through the filter.

The reason for this is related to the thickness of the
filter. The pore shape of this membrane filter is cylin-
drical, and the length of the cylinder is 10-50 times
the pore diameter. In the cylindrical tube, if a particle
passing through is delayed and caught up with by the
next particle, clogging might occur in the pore. As the
pore size and pore density for each filter are known,
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Figure 6. Particle size analysis by ultrafiltration. Deferrated
allophane pH 7.7.

the number of particles that pass through each tubular
pore can be estimated for any volume and any con-
centration of a sample using the particle weight mea-
sured by the light scattering method. Several tens to
several hundreds of particles are estimated to pass
through each pore for each 10 ml of sample filtered.
Thus, a high ratio of passage occurs only when most
of the particles pass through the pore tubes.

In regard to this problem, Elford (1931), who used
collodion filters to measure the size of colloidal par-
ticles, reported that the smaller the pore size, the
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Figure 7. Particle size analysis by ultrafiltration. Non-defer-
rated allophane pH 3.9.
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Figure 8. Domain sizes of allophane at dilute suspension in

relation to pH.

smaller the ratio of the permeable particle size (p) to
the filter pore diameter (d), and that the ratio p/d is
0.5-0.75 for the 100-500 nm pore size filter (Elford
1931; Jirgensons and Straumanis 1962). The results
for kaolinite agree. Therefore, this result that particles
with less than one half of the filter pore diameter can
pass through the filter, applied to the allophane sam-
ples tested.

Figures 6 and 7 show the percentage of allophane
particles that passed through the filters. In these fig-
ures, particle passage is low at the beginning of filtra-
tion due to the dilution with the residual water from
washing. For deferrated allophane at pH 7.7, 100% of
the particles passed through the 400 nm pore size filter,
whereas about 5% passed through the 100 nm filter,
and clogging occurred in the 200 nm pore size filter.
Particle size was therefore estimated to be about 100
nm based on one-half of the 200 nm pore size. For
non-deferrated allophane at pH 3.9, most of the sample
passed through the 600 nm pore size filter, most but
less of the sample through the 400 nm filter and rel-
atively heavy clogging occurred in the 200 nm pore
size filter. The particle size was therefore estimated to
be about 200 nm.

The relationship between particle size and pH as
determined by this method is shown in Figure 8 to-
gether with the light scattering results. Both sets of
results are in good agreement. Particle size is small for
the pH at which allophane is well dispersed and large
for pH values at which allophane coagulates. The im-
portant finding is that the particles of allophane do not
exist as individual units, but as domains about 100 nm
in size within an apparently dispersed system. This
result supports the model shown in Figure 5.
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Figure 9. Schematic representation of a cluster (secondary
floccule) formed by allophane domains within a dilute sus-
pension.

On the Peak of Relative Viscosity in Figure 2

The viscosity of a colloidal solution usually increas-
es when particles flocculate or coagulate. However, for
a dilute solution as low as 1.5 kg/m?, the viscosity does
not proportionally reflect the degree of flocculation. In
Figure 2, the peak of viscosity is within the border
range of dispersion and coagulation, but not within the
medium range of coagulation. Such phenomena will
arise when domains assemble and form secondary
floccules or clusters of loose extended structure, as
represented schematically in Figure 9. Hydrous iron
oxide and allophane-like constituents may promote a
loose structure because the peak is obvious for non-
deferrated allophane.

CONCLUSIONS

Allophane disperses within water forming domains
of about 100 nm in diameter even for dilute and ap-
parently well-dispersed aqueous systems. A domain
consists of unit particles forming like a chain due to
primary flocculation. The size and number of constit-
uent elements of these domains change with the pH of
the system. A viscosity peak, present at the pH bound-
ary of dispersion and coagulation, was assigned to
loose secondary floccules or clusters that formed with
the domains, rather than to the analogous extension of
the domains.
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