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High magnification electron micrographs determination of specific surfa-ce area and
specific gravity indicate that the microaggregate of allophane consists of 55 A "unit particles". It is suggested that the unit particle is spherical, and that there is a monolayer of
adsorbed water around the particle, as well as a little water in the space among the particles under air-dried condition at room temperature. The unit particles in microaggregates
were collapsed and joined to each other by grinding, then mutually joined by heating as
the adsorbed water was released. Allophane specimens treated by grinding and heating
had a smaller specific surface area than untreated specimens, but no change of phosphorus
absorption was observed. Such results suggest that physical, not chemical bonds act among
the unit particles of allophane.

INrnorucrroN
Allophane, a dominant clay mineral in volcanic ash soils,is amorphous
to X rays, and has large surface area, high water-holding capacity, high
phosphorus absorption coemcient, strong affi.nity with humic substances,
and feeble bonding forces between particles. These properties of alIophane are also the characteristicsof volcanic ash soils.
Mitchel, Farmer, and MacHardy (1964) and Egawa (1967) reviewed
in detail the studies on allophane in soils. In spite of numerous studies on
allophane, its definition is imperfect, and the conclusion by Ross and
Kerr (1934) that "Allophane has no definite atomic structure or chemical
composition, and is a mutual solution of silica, alumina, water and
minor basesand accessoryacid radicals" still prevails.
Recently, Wada (1967) presenteda "structural schemeof allophane"
deduced from the results of chemical analysis, infrared absorption
spectrum, and morphological data of "imogolite." He proposed a fibrous
shapefor allophane, but it was not based on the observedmicromorphology. Iimura (1969) constructeda "structural formula" of allophaneon
the basis of chemical analysis, thermogravimetry, and its ion exchange
property. Birrell and Fieldes (1952) concluded that the allophane particles are less than 100 A from the fact that allophane is amorphous to
X-rays. They also recognizedparticles of 50 A in diameter or less in an
electron micrograph of an allophane specimenseparatedfrom a volcanic
ash soil in New ZeaIand. Egawa and Watanabe (1964), in their electronmicrographic study on allophane, pointed out that allophane exists as
microaggregates with numerous fine holes and large specific surface
area, and that those characteristics are closely related to the physical
and chemical properties of allophane. Watanabe and Sudo (1969) sug-
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gested that allophane consists of extremely fine particles of several tens
of angstroms judging from the result of small-angle X-ray scattering
analysis.
In this paper, I confirm that allophane consists of extremely fine particles from electron micrographs of high magnification. Measurement of
specific surface area, specific gravity and phosphorus absorption value,
and their changesupon grinding and heating were investigated.
Merrtrnrs
Allophane samples were separated from five weathered pumice beds in Central and
North east Japan, as listed in Table 1. They were prepared by the following method: First
the gel film, which is composed of the "imogolite", was removed from weathered pumice
with tweezersl then the sample was puddled with distilled water into a paste in a flatbottom evaporating dish using a rubber-pestle. An acid suspension was formed from the
sample (adjusted to pH 3.5 with HCI) and the fraction of particles of less than 2 microns
Tasre

1. Allopnmqe

Snuplos lnorr Wnlnrnrun
Location

Kanumatsuchi
Imaichitsuchi
Shichihonzakura
Misotsuchi
Kurosawajiri

Puutcn Bros rN T,rpaN
Original volcano

Kanuma, Tochigi Pref.
Imaichi, Tochigi Pref.
Imaichi, Tochigi Pref.
Iijima, Nagano Pref.
Kitakami, Iwate Pref.

Akagi
Nantai
Nantai
Ontake or Norikura
Kurikoma ?

was s;phoned, according to Stokes' law, at the required time from a definite depth. Then
sufficient NaCl was added to make a 1N solution, and the precipitated particles were
separated by decantation and centrifugation. The collected particles were washed with
distilled water, ethanol, and acetone successivelyl then air-dried, carefully pulverized with
a rubber-pestle, and sieved. These samples were found to be amorphous by X-ray diffraction.
An artifically coprecipitated silica-alumina gel prepared as follows was used for comparison with allophane. Silica solution (0.02M) prepared from water-glass, kept alkaline
with sodium hydroxide, was mixed with equal volume of 0.02M aluminum chloride solution, and adjusted to pH 7 0. The precipitate formed was washed, air-dried, pulverized,
and sieved in the same way as allophane. This gel has a silica/alumina ratio of 1.33, and is
amorphous to X rays.
Expnnrv:oNrlr,

Mnrnots

Electron micrographs were taken by direct magnification of 50,000 at 100 kV, using an
HU-1lE type electron microscope, after the specimens were suspended in distilled water
and placed on a microgrid. The actual observation and measurement of specimens were
carried out at 200,000X magnificationbyenlarging thenegative to four times the original
sueThe grinding treatment was performed for 5 minutes using an automatic agate mortar.
Heating was done for 24 hours in an oven at 100oC.
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ground

Fro. 1. Electron micrograph of Kanumatsuchi specimen.

Specific surface areas were determined by the glycerol-retention method of Kinter and
Diamond (1958) with some modification. Heating was omitted with untreated and ground
specimens before glycerol saturation, because the original method made it difficult to observe the changes during the later heating experiments with the specimens. Instead, another
specimen was heated simultaneously with the glycerol saturation of specimens. Other
specimens were treated completely by the method of Kinter and Diamond.
Phosphorus absorption value: 0.5g specimen was suspended in 5 ml of 0.274M ammonium phosphate (pH 7.0) at room temperature for 24 hours. The value was calculated
from the di.fierence between the initial and final phosphate concentrations in the solution.

untreated

ground

Frc. 2. Electron micrograph of Imaichitsuchi specimen.
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untreated

ground

Frc. 3. Electron micrograph of Shichihonzakura specimen.

Specific gravity was determined with a pycnometer. To assure close contact with water,
specimens were immersed in water for 24 hours before filling to the volume.

Resur,rs AND DrscussroN
Electron micrographs of high magnifi.cation of each allophane are
shown in Figures 1-5, and that of coprecipitated silica-alumina gel in
Figure 6. In these photographs, the left side representsuntreated specimens,while the right side representsground ones.In the electron micro-

untreated

ground

Frc. 4. Electron micrograph of Misotsuchi specimen.
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untreated

ground

Frc. 5. Electron micrograph of Kurosawajiri specimen.

graphs of untreated allophane specimens,it is clearly seenthat allophane
is the aggregateof fi.neparticles suggestedby Birrell and Fieldes (1952)
and Watanabe and Sudo (1969), and it seemsthat these particles are
hollow. Further, the electron micrographs of the ground specimens indicate that when the fi,neparticles of allophane are collapsed, they join
together and form thin films. In this respect, Watanabe and Sudo also
found in a small-angleX-ray scattering analysis that the sizeof allophane
particles is increased by grinding. Figure 6 shows that coprecipitated

untreated

ground

Frc. 6. Electron micrograph of coprecipitated silica-alumina gel
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silica-alumina gel is also composed of fine particles, and, although the
particles were joined to each other by grinding, the size of the particles
seemsto be signifi.cantlylarger than those of allophane.
Twenty particles of allophane or silica-alumina gel were selected at
random from visual fi.eldsof electron micrographs of untreated specimens,
and their particle sizes were measured individually (Table 2). In allophane, the maximum rilas 58 A (from Kanumatsuchi); the minimum
was 53 A (from Shichihonzakura and Kurosawajiri); and average value
of allophanes was 55 A. Fairly good agreement was obtained among
allophanes.This value also correspondswith the numerical value of several tens of angstroms estimated by Watanabe and Sudo. On the other
hand, in the coprecipitated silica-alumina gel, the particle diameter was
Tlnr,r 2. Tnn Frsr Pentcln Srznor Arr-oprlANE
ANDCopnrcena:rpoSrr-rce-Ar-ulrrxe
orr Measunnplnou Er-ncrnow
Mrcnocnepr,exo Car-cur-.a.TED
lRoMSpncruc
SunracrAnnl ano Drxsrrv
MeasuredA
Allophane
Kanumatsuchi
Imaichitsuchi
Shichihonzakura
Misotsuchi
Kurosawajiri
Mean of allophanes
Silica-aluminagel

58+4
55+4
5 3+ 4
56+4
5 3+ 4

l

t-alcutated

r :

A

58
JJ

52
52
JU

(ss)

(s3)

107+19

102

107 A, which is nearly double that of allophane. It appears that the size
of gel particle may be affected by the concentration of the solution from
which it is prepared, but this point remains unsolved for future investigation. The results of observations by electron micrography correspond
fairly well with the estimations from specific surface area and specific
gravity determinations which will now be discussed.
The specific surface areas of allophanes and coprecipitated silicaalumina gel are shown in Table 3. In the table, Kanumatsuchi has the
Iowest value of 542 m2/g among allophanes, while Kurosawajiri has the
highest oI 632 mzf g, and the average value of allophanes was 598 m2/g.
On the other hand, silica-alumina gel has a value of 287 m'/g which is
only half that of the average value of allophane. When these specimens
were ground, the specific surface area of allophane was found to be only
about 70 percent of the untreated ones, and, in gel, it decreasedto approximately 80 percent. Further, heating at 110oC,the specific surface
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area of allophanesand gel was decreasedto about two thirds of untreated
specimens. Decrease of the specific surface area of allophane by these
treatments is basically due to the fact that allophane consists of
extremely fine particles, which will be discussedlater in detail. Kinter
and Diamond (1960) reported a value oI 424 m2/g for the specifi.csurface
area of allophane separated from a volcanic ash soil in Japan. A little
lower value than reported in the present study may be due to the sample
preparation in an oven before the glycerol saturation of the specimens.
Their value for the specific surface area correspondsfairly well with the
value obtained after heating treatment, shown in Table 3. Egawa,
rN Auuoxrurt
Tanr,n3. SpncrrrcSunl'lcBAnrn, Puosrrronus
AesonprroN
V.cr-rm
PrrospnarrSor-urrox(O.274M,
pH 7.0),AnsonenoWeree CoNrnNr,rrrErR
Crrenors sv GnTNDTNGawn l{rarrNc, llrn Sprcrlrc Gtnvrrv ru Alr,oprrssn
eNo Anrrlrcrar,rv Coprucrprrnrno Srr.rc.t-Ar,uurne Gnr-

Specific surface areaa
m2/g

Pbosphorusabsorption
value'
Pror*ft

Adsorbedwaterb
Percent

Speci6c
gravity

UnUutreated Ground I{eated treated Ground Heated Untreated Grouud
Allophane
Kanunralsuchi
Imaichitsuchi
Shichihonzakura
l\{isotsuchi
Kurosawajiri
Mean of allophanes
Silica-alumina gel

542
598
611
602
632
(598)
287

390
437
470
43O
485
(443)
231

393
388
348
416
378
(384)
164

7L
99
99
84
J0
(8s)
29

75
92
100
84
74
(8s)
33

73
9t
77
85
71
(7e)
26

l9.t
23 4
23.2
21.9
17.8
(2r.1)
12.5

14.2
16.7
19.8
13.3
150
(ls 8)
r0.4

7.92
1.90
1 89
1.93
191
(1.e1)
2.O5

a Oven dry basis (at 110'C).

n" ^ . ,
Alr dry Dasls.

Watanabe, and Sato (1955) measuredthe specificsurface area of allophane separated from the Misotsuchi pumice bed by the ethyleneglycol
retention method of Dyal and Hendricks, and obtained 828 m2/g. This
value is a Iittle higher than the value in Table 3.
According to the specific gravity of allophanes and coprecipitated
silica-alumina gel shown in Table 3, the specific gravity of allophanes
was 1.9 or so for all specimens,the averagebeing 1.91;while that of gel
was a little larger, 2.05. Birrell and Fieldes reported values of from 1.98
to 2.37 as specific gravity of allophane separated from volcanic ash soils
in New Zealand, which are higher than the values obtained in this experiment.
Assuming that the fi.ne particle of allophane referred to above is
spherical, we can obtain the following relation between specific surface
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area, ,S (m'/g); diameter of particle, .D (A); and density of particle, d
(g/cm3):

s:6/dDxro4
Since density practically agreeswith the value of specificgravity, the
diameter of fine particle of allophane may be calculated, as shown in
Table2, from the value of specificsurface area and specificgravity, using
this equation. These values correspondfairly well with those obtained
from electron micrographs.The decreaseof specificsurface area of allophanesand coprecipitatedsilica-aluminagel by grinding is ccnsidered
to be due to the fact that each fine particle is collapsedby the grinding
pressureand then joined to others as was demonstratedin the electronmicrographicstudy. The decreaseof the specificsurfacearea by heating
may be due to: (1) insufficient percolation of glycerol within the particles,wheremany cavitiesformed inside by the removal cf water, and to
(2) mutual joining of particles with others.
Ilowever, the values from phosphorus absorption measurements did
not differ much between the ground or heated specimensand the untreated ones (Table 3) . Consequently,it is suggestedthat the number of
hydroxyl groups reachedby phosphoricacid doesnot changeeven after
grinding and heating. Specificallyeven when fine particles are jcined to
eachother by grinding and heating, they may be bound by physical, not
chemical, force. It should be more difficult for waler and glycerol, which
are physically adsorbed,to enter the spacesbetweenparticles when fine
particles of allophaneare joined to each other. Actually, the amount of
absorbedwater releasedat 110"C was decreasedby grinding under the
sameair-dried condition as the untreatedspecimens(Table 3). Birrell and
Fieldes (1952) pointed out the irreversibledrying of volcanic ash soils.
Misono, Terasawa, Kishita, and Sudo (1953) perceived the h1'steresis
between dehydration and rehydraticn of volcanic ash scils. Miyazawa
(1966) studied the dispersionof microaggregates
in volcanic ash soils by
ultrasonicvibraticn and found the formation of stable microaggregateis
accomplished by dehydration of allophane. These phenomena are
thought to be the result of mutual joining of fine particles in the microaggregate of allophane by dehydration.
On the basisof the results discussedso far, I considerthis fine particle
to be the most fundamental particle in microaggregatesof allophane
and name it the "unit particle." This unit particle is the basis of my
model.
TnB MrcnolroRpHor,ocrcar, MooBr, or ALLopHANE
From the hollow spherical shape of fine particles of allophane in high
magnifi.cation electron micrographs, it has been assumed that the unit

ALI.OPIIANE

GRINDING

\

HEATING

B-ltc
ground,
Frc. 7. Micromorphological model of allophane microaggregate. A: untreated, B:
c: heated. The oblique lines represent the water layer'

particle is spherical in form and that these spheres are close packed in
the microaggregates.on this basis a model of the allophane microaggregateis constructedas illustrated in Figure 7: A showsthe normal airdried state; which undergoeschanges,by grinding into B, and by heating
into C.

spaceand small Z space,must be formed, and there must be large and
small bubbles correspondingly,as shown in A of Figure 1. When moisture
increasesfurther than this air-dried level, there is more absorbed water'
and the bubbles will disappear.
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On grinding, the unit particle is collapsed by pressure, the water between particles is partially exuded,and the particles are mutually joined;
that is, the bond is considered to be physical and not chemical. The
exudation of water was observed by naked eye during the grinding of
allophane specimens.Actually, this can be inferred also from the fact
that the water contents of ground specimensare less than that of untreated specimens,as shown in Table 3.
The heating at 110oCreleasedthe absorbed water from the unit particle and the particles joined to each other as in c (This state is the same
as observed in electron micrograph). It is supposed, however, that a
little of the water remains in the spaceamong the particles after they are
joined. So far many investigators have observed by thermogravimetry
that the water in allophane is released continually until considerably
high temperature are reached. It is reasonable to consider that such a
phenomenon is caused by the relative difficulty in removal of the adsorbed water from the particles and the concurrent releaseof structural
hydroxyl groups of the particles.
Iimura (1970) pointed out, after determination of water content in
allophane by the Karl-Fischer method, that the value obtained by this
method show higher water content than the value obtained by the oven
drying method at 110oC.This fact indicates that the water among the
particles of an allophane microaggregate is not released efficiently on
heating to 110oC.
In the present study, the micromorphological model of allophane was
presented hypothetically. A more refined model may be obtained in the
future by confirming the details of the size and shape of this particle
with observations by electron micrography, studies on the surface properties by means of various adsorption technique, and especiallyby smallangle X-ray scattering.
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