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ABSTRACT

Electrophoretic mobilities of allophane and imogolite were determined 
by microelectrophoresis. The influence of pre-treatments, viz., air-drying 
and pre-acidification, on the isoelectric point (i.e.p.) of allophane was 
investigated. The i.e.p. (pH ca. 5.8) of Na-saturated allophane was 
shifted to higher pH (7.3) by pre-acidification, while the effect of air-
drying on the i,e.p, was not so significant. Imogolite particles began 
to flocculate as pH increased beyond 7 to 7.5. The pH at which imogolite 
had no charge (zero electrophoretic mobility) was shown to be 9 to 10. 
The floccule of imogolite dissolved in part as time passed at pH 12. The 
different electrokinetic behavior between allophane and imogolite at 
higher pH was discussed in relation to the structural differences between 
the two.

INTRODUCTION

Extensive electrokinetic measurements have been made to characterize the 
surface properties of clay minerals in aqueous systems and to elucidate the 
structure of the double layer at clay-solution interface on many clay min-
erals. These subjects have been reviewed by van Olphen (1963) and Marshall 

(1964) . However, most of recent investigations have dealt with layer sili-
cates, e.g., montmorillonite, illite, halloysite, kaolinite, etc. On the con-
trary, the electrokinetic behavior and stability of amorphous or low-crys-
talline clay minerals, originated from volcanic ash soils, have received rather 
limited attention. Furthermore, there seems to be some uncertainty as to 
the i.e.p. of allophane. 

Yoshinaga and Aomine (1962a, b) separated a low-crystalline clay min-
eral, imogolite, from coexisting allophane. The separating procedure is based 
upon the different stability of each clay in aqueous suspensions ; viz., allo-

phane remained dispersed in both acid and alkali, while imogolite dispersed 
only in acid, and flocculated in alkali. These evidences strongly suggest (1) 
different electrokinetic behavior between the two minerals, and (2) variation 
in the i.e.p. of allophane in which imogolite coexists. However, little is 
known about these problems. In this paper, the author attempts to com-

pare the electrokinetic behavior of imogolite with that of allophane, and to 
discuss the related subjects.
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MATERIALS AND METHODS

Clay Samples 

Two clay samples, viz., 237AK and 117AC, were used. The clay sample, 

237AK, principally composed of allophane, was separated from "Aka-Onji" 

(Lab. No. 237), a weathered glassy volcanic ash material having the low 

organic carbon content. This material was collected from the Aka-Onji 

layer at Kubokawa, Kochi. In order to separate allophane from coexisting 

iron compounds and imogolite, the  following purification was carried out in 

a manner similar to that described by Yoshinaga and Aomine (1962a) ; the 

air-dried material was first oxidized with H2O2, and then treated with Na-

citrate-NaHCO3-Na2S2O4 and 2 % Na2CO3. The -1 pm fraction was obtained 

by sedimentation after dispersion with NaOH at pH 10.5. Deferration was 

repeated again for the separated clay. The deferrated clay was flocculated 

with NaC1 and was repeatedly washed with water by centrifugation until 

the clay particles started to disperse. 

Clay sample 117 AC, mostly composed of imogolite, was separated from gel 

substance (Lab. No. 117) in the weathered pumice bed (Daisen middle pyro-

clastics) at Kurayoshi, Tottori. Fractionation and purification of imogolite 

were carried out as follows ; the undried gel was first treated with H2O2, 

and deferrated as described previously. Coexisting impurities were repeated-

ly removed as a dispersoid with NaOH at pH 10.5. Undispersed fraction was 

adjusted to pH 5 with HC1. The separated washed gel was then treated 

with ultrasonic wave of 20 kHz in water until a viscous suspension was ob-

tained, and was deferrated again. The -1 ƒÊm fraction was separated by sedi-

mentation after dispersion with HC1 at pH 4-4.5. 

The main constituent of 117AC was concluded as imogolite on the basis 

of several characteristic X-ray diffraction bands (Fig. 1), an endothermic reac-

tion at 385•Ž due to dehydroxylation (Fig. 2) (Wada et al. 1972) , two char-

acteristic infrared absorptions at 940 cm-1 and 990 cm-1 (Fig. 3), and fibre-

like shapes in the electron micrograph (Fig 4) . On the other hand, 237AK 

was mostly composed of allophane, since the data obtained of 237AK were 

virtually identical to those of allophane (Yoshinaga and Aomine, 1962a ; Wada 

et al. 1972) .

Preparation of Clay Supensions 

A series of clay suspensions was prepared by adding 50 ml of water or 

0.002 M NaCl solution to an equal volume of dilute HCl or NaOH solution 

containing 10 mg of clay on the oven-dry basis. Each suspension was pre-

pared just before determining electrophoretic velocity. Distilled water 

was passed through a column of ion-exchange resin (a mixture of Amberlite 

IR 120B and Amberlite IRA 402) . Water with a specific conductivity less 

than 7 •~ 10-7 ohm-1 cm-1 was used.
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FIG. 1. X-ray diffraction patterns of 

separated clays.

FIG. 3. Infrared spectra of air-dried 

clays pressed in KBr. Ordinate; trans-

mittance. Abscissa; wave number.

FIG. 2. Simultaneous differential thermal 

analysis and thermogravimetric curves 

of separated clays. One division of 

ordinate is 2 mg for TG and 5 ƒÊV for 

DTA. Atmosphere; air. Heating rate; 

10•Ž min. Thermocouples; PtRh 13%. 

Pan; PtRh. Sample weight; 31.27 mg 

(237AK) and 32.15 mg (117AC).

FIG. 4. Electron micrographs of 
117AC (a) and 237AK (b).
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Measurement of Electrophoretic Mobility 

Electrophoretic measurements were carried out with a microelectrophore-
sis apparatus of Mitamura Riken Kogyo Inc. according to the procedure 
described by Black and Smith (1962) except (1) preparation of electrodes and 

(2) some modifications in supplying of regulated DC power. The electro-
phoresis equipment consists of a thin rectangular cell, a tubing and stopcocks 
for filling and cleaning, and electrode chambers with platinum wire. The 
observation cell was made of quartz glass. In the preparation of the elec-
trodes,  sufficient mercury was added to the top of electrode chambers. All the 
experiments were performed at a constant voltage. The values of the field 
strength were 3.7 volt cm-1 (for 237AK) and 4.0 volt cm-1 (for 117AC) , re-
spectively. These values were calculated from the current, the conductivity 
of clay suspension, and the cross-sectional area of the cells employed. The 
measurements were carried out at the stationary level where the flow of 
liquid was zero. The position of the stationary level was obtained from 
Komagata's value (Overbeek, 1952) . The velocity was measured for 40 par-
ticles in each clay suspension. Current direction was reversed each time 
subsequent to determination of the velocities of 5 particles unless otherwise 
stated.

RESULTS AND DISCUSSION 

Electrophoretic Mobility of Allophane 

Effect of pH 

Figure 5 shows the electrophoretic mobility of allophane (237AK) as a func-
tion of pH and ionic strength. Standard deviations were also given as ver-
tical lines. It is evident that the i.e.p. of Na-saturated a llophane is about 

pH 5.6-5.9, and that NaCl has an effect of lowering the absolute value of 
mobility. 

Electrokinetic phenomena of an allophanic clay were first considered in the 
classical investigation of Shioiri (1934) . His data showed that the i.e.p. of the
allophanic clay separated from the Onj-type volcanic ash soil was pH 6.1 to 
8.5 by means of electroosmosis, and 7.2 by means of electrophoresis. Wata-
nabe (1966) described that the i.e.p. of Na-saturated allophane separated from 
Misotsuchi was pH 6.7. 

These values of i.e.p. for allophanic clays were higher than that of pH 
5.8 which was obtained by the present author. The reason for this discrep-
ancy is not clear, but may be due to the difference in samples and procedures 
involved. 

On the other hand, since allophane is charged by protonation or deprotona-
tion and adsorbs counter ions according to the pH of the medium, the curves 
of ion adsorption vs. pH should reflect the state of surface charge of allo-

phane. The charge on allophane was considered by Iimura (1966) from the 
standpoint of ion adsorption. His data revealed that the pH, where allophane
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FIG. 5. Effect of pH and ionic strength 

on the electrophoretic mobility of 

allophane (237AK) at 27.3•}0.7•Ž ; 

0.001 M NaCl (•œ) ; without addition 

of NaCl (•›). Arrows show points 

where neither HCI nor NaOH solution 

was added.

FIG. 6. The electrophoretic mobility of 

air-dried allophane (237AK) at 25 .8 

+1.2•Ž ; 0.001 M NaCl(•œ) ; without 

addition of NaCI(•›). Arrows 

show points where neither HCl nor 

NaOH solution was added.

adsorbs NH4+ and Cl- in nearly equal amounts, was in the range of 5 .5 to 6.0. 

The i.e.p. of allophane was considered by Wada and Ataka (1958) in rela-

tion to its ion adsorption properties. By comparing coulombic negative charge 

with positive charge at pH 7, they suggested that the i.e .p. of allophane 

(-2 ƒÊm, Na-clay) separated from the volcanic ash soil (locality ; Uemura) was 

above pH 7. The effects of the salt concentration, cation species (Wada and 

Harada, 1969) and temperature (Wada and Harada , 1971) on the cation ex-

change capacity (C. E. C.) of allophane have recently become apparent . 

Harada and Wada (1973) further investigated the C.E.C., anion exchange 

capacity, and net proton release of allophane in relation to pH
, temperature 

and cation species. Their data suggest that allophane is negatively charged 

at pH 6, since the net proton release is apparent at this pH . 

Effect of Pre-treatments 

Watanabe (1966) found that the i.e.p. (pH 6.7) of allophane shifted to pH 

4.1 by pre-treatment of air-drying. In order to ascertain the effect of pre-

treatments on the i. e. p. of allophane, the following experiments were 

carried out. In the first experiment, a portion of the original clay suspension 

was centrifuged, and the separated allophane was air-dried at room tem-

perature (26•Ž). In the second experiment, diluted HCl was added dropwise 

to a portion of the original clay suspension (pH ca. 10), and the suspension 

was adjusted to pH 5.0. Excess electrolyte was immediately removed from
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the acidified allophane by centrifugation. A series of 0.01 % clay suspensions 
was renewed for each experiment. 

Figure 6 shows the electrophoretic mobility of the air-dried allophane as a 
function of pH and ionic strength. The data indicate that the i.e.p. of the 
air-dried allophane was about pH 5.9 which was in accord with the value of 
the undried allophane. The effect of air-drying on the i.e.p. of allophane 
was, therefore, not so significant in this experiment. However, absolute 
values of the electrophoretic mobility of the air-dried allophane were lower 
than those of the undried sample when the pH of the suspension exceeded 
the i.e.p. The reason for this is not clear at present. 

Figure 7 shows the curves of electrophoretic mobility vs. pH for the allo-

phane pre-treated with HC1. A significant change in the i.e.p. (pH 7.3) is 
evident. The result will be discussed later. 

Electrophoretic Mobility of Imogolite 

Figure 8 shows the effect of pH on the electrophoretic mobility of imogolite 

(117AC). The ionic strength was held constant at 0.001 M by addition of 
NaCl. In this experiment, current direction was reversed each time subse-

quent to determination of the velocity of one particle. The curve of electro-
phoretic mobility vs. pH significantly differs from that of allophane (237AK) 
especially in neutral to alkaline media. The pH, at which the net charge of 
imogolite was zero, was about 9, while that of another series of suspensions 

prepared at a different time from the same gel, was about 10. In both

FIG. 7. The electrophoretic mobility 

of pre-acidified allophane (237AK 

at 25.9 •} 0.9•Ž ; 0.001 M NaCl (•œ) ; 

without addition of NaCl(•›). Arrows 

show points where neither HCl nor 

NaOH solution was added.

FIG. 8. The electrophoretic mobility of 

imogolite (117AC) in 0.001 M NaCl 

solution at 25.9•}0.9•Ž. Arrow shows 

a point where neither HCl nor NaOH 

was added.
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cases, imogolite particles began to flocculate as pH increased beyond 7 or 7.5. 
The electrophoretic mobility of imogolite was found to be zero up to about 

pH 12 at which imogolite dissolved in part as time 'passed. These results 
suggest predominance of OH-groups bonded to Al on imogolite surface. The 
reason why negative charge was not dominant on imogolite under neutral to 
alkaline condition is very interesting from the viewpoint of its structure. 

Relationship between Electrokinetic Phenomena and Structure of Clays 

Although both imogolite and allophane have been known to be hydrous 
aluminum silicates, there are apparent electrokinetic differences between the 
two. It is admitted that the negative and positive charges of allophane orig-
inate from the dissociation and uptake of H+ through the edge OH groups 
bonded to Si and Al. The state of ionization in allophane was suggested by 
Wada (1967) as follows ;

The dependence of the observed electrophoretic mobility of allophane on the 

pH may be explained roughly by the state of ionzation cited above. It should 
be mentioned here that the i.e.p. of Na-saturated allophane pH 5.8 was 
shifted to higher pH 7.3 by pre-acidification. This phenomenon has not 
been reported. The reason is not clear at present. It is interesting that 
the i.e.p. of pre-acidified allophane is more close to the values reported by 
other investigators. 

On the basis that a buffer curve of imogolite gave a minimum at a near 
neutral reaction, Inoue and Wada (1971) assumed that the following protona-
tion and deprotonation mainly take place in imogolite.
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According to this scheme, imogolite should have negative charge above pH 

8 because of the prevalent dissociation of H+ from OH groups bonded to Si. 

However, this is in conflict with the electrokinetic data obtained in the pre-

sent investigation ; as a whole, the predominance of OH groups bonded to Al 

on imogolite surface was suggested. It seems reasonable to conclude that the 

different electrokinetic behavior between imogolite and allophane at higher 

pH may be caused by their structural differences. 

Imogolite appears as micrometer-length threads with diameter 100 to 200 

A in the electron microscope (Yoshinaga and Aomine, 1962b), which con-

sist of the fibre units with separation in the order of 18 to 20 A (Yoshinaga 

et al., 1968) . The structure unit of imogolite particle was later revealed as 

a hollow tube with outside and inside diameters 17-21 A and 7-10 A, respec-

tively (Wada et al., 1970) . By measuring retention of quaternary ammonium 

chlorides, Wada and Henmi (1972) indicated that the intra-structure-unit 

pore of imogolite is about 10 A in diameter. 

Although the structure of imogolite was reported independently by Wada 

and Yoshinaga (1969), and by Russell et al. (1969), neither of these could 

account for the tubular shape of imogolite. Recently, gas chromatography 

for differentiating silicate anions of low degrees of polymerization was first 

applied to imogolite and allophane (Cradwick et al., 1972) . On the basis of 

the predominant orthosilicate group in imogolite, they postulated that ortho-

silicate anions associate with a gibbsite sheet. The resulting structure hav-

ing a composition (OH) 3Al2O3SiOH was reported to account for the curling 

of the gibbsite sheet, which was induced by contraction due to accommoda-

tion of SiO3OH tetrahedra on one plane. 

Wada and Yoshinaga (1969) reported the difference in the chemical compo-

sition between imogolite and allophane. According to their results, the 

SiO2/Al2O3 ratio for all imogolite samples exceeds slightly 1.0, while that 

for all allophane samples lie in the range of 1.3 to 2.0. On the basis of in-

frared spectroscopic study in combination with deuteration (Wada, 1966), 

Wada and Yoshinaga (1969) described that in imogolite all the OH groups, most 

of which likely co-ordinate to Al, are exposed at surface. According to the 

structure of imogolite by Cradwick et al. (1972), the OH groups bonded to 

Si are situated on the inner surface of individual tubular particles. On the 

contrary, the OH groups bonded to Al are situated on the outer surface. 

This means that the dissociation of H+ from the Si-OH groups takes place 

on the inner surface. This structure may explain the characteristic elec-

trokinetic behavior of imogolite in the alkaline media, and may also explain 

the apparent contradiction between the data on the buffer curves (Inoue and 

Wada, 1971) and the electrokinetic data obtained by the present author. 

The floccule of imogolite particles in the alkaline media was voluminous. 

A number of small air-bubbles were observed in the floccule. Because of the 

dominant deprotonation, viz., =Al-OH2+-H+•¨=Al - OH, on the outside surface 

of tubular particles, three dimensional network of these particles may be 

formed, and this may cause the formation of the voluminous floccule.
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