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IMOGOLITE SYNTHESIS AT 25°C 
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Abstract-Imogolite was synthesized at 25°C by aging partially neutralized solutions contai~~~ mono­
merie silieie aeid and polymerie hydroxy-aluminum ions for 7 years, SolutIOns havmg an mlt1al SI/AI 
molar ratio of about 0.5 and pHs of 4.0-4.5 produeed the largest yields of imogolite, followed by those 
having an initial Si/AI ratio of about I, although imogolite was not the prin~ipal produet. Electron 
microscopic examination showed a small amount of imogolite fibers em~edded m a noncrystalltne gel­
like substance. Traces of imogolite were detected in solutions havmg an mtUal SI/AI ratIo of about 2, but 
no imogolite was found by electron microscopy in products from solutions having an initial Si/Al ratio 
of about 4. Only gibbsite formed from solutions having initial Si/AI ratios of <0.27. The diameter ofthe 
tubular structural unit of the imogolite produeed in these experiments was 23 ± 2Ä, elose to that of 
natural imogolite. 
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INTRODUCTION 

Imogolite is an aluminosilicate that consists of a tu­
bular structural unit having an extemal diameter of 
about 20 A. It is common in the clay fraction of soils 
derived from volcanic ejecta, but it has also been found 
in many podzols, a basalt saprolite, and a shattered 
sandstone (see Tait et al. , 1978; Wada et al., 1972; 
Yoshinaga et al., 1984; respectively). 

Synthesis is one of the most direct means of under­
standing the mechanisms and conditions of formation 
of natural imogolite. Farmer et al. (1977) first synthe­
sized imogolite, and Farmer and Fraser (1978), Wada 
et al. (1979), and Inoue and Huang (1985) studied the 
effect of pH, the Si! AI molar ratio of starting solutions, 
and the presence or absence ofco-ions on the formation 
ofthis material. Farmer et al. (1979) measured the free 
energy and heat offormation ofthe synthetic imogolite. 
On the basis ofthe experimental evidence reported by 
these authors, the conditions under which imogolite 
forms in nature should be definable. It must be re­
membered, however, that a1l syntheses to date were 
made at ?: 100°C and that the synthetic imogolite prod­
ucts were not identical to the natural materials, i.e. , 
the diameter ofthe structural unit ofthe synthetic prod­
uct was significantly larger than that of the natural 
imogolite. For this reason, additional research on the 
synthesis ofimogolite at lower temperature appears to 
be needed. 

Wada and Wada (1980) aged dilute solutions ofhy­
droxy-aluminum ions and monomeric silicic acid hav­
ing different Si/Al molar ratios and pHs for 100 days. 
They identified cationic compounds which yielded in­
frared (IR) spectra similar to but not as weH developed 
as those of imogolite. In the present study, similar 
solutions were aged for 7 years; the formation of imo­
golite was confirmed by electron microscopy. 

EXPERIMENT AL METHODS 

Syntheses 

Solutions containing monomeric silicic acid and AlCl3 

to Si/Al molar ratios (hereafter ca1led Si/Al ratio) ofO, 
0.266, 0.531 , 1.04,2.18, and 4.24 were prepared. The 
Al concentration in all starting solutions was 0.48 mM. 
To 400-ml portions of these solutions, 0.1 M NaOH 
was added to give NaOH/ Al molar ratios (hereafter 
ca1led NaOH/ Al ratio) of 1.00, 2,00, 2.50, and 2.75. 
The method of preparation was essentia1ly the same 
as that described by Wada and Wada (1980) except 
that the disti1led water used to dilute the reagents was 
boiled for 15-20 min to sterilize it. The reagents used 
were of guaranteed grade from Katayama Chemical 
Industries Co., Japan. The resulting solutions were 
transferred into sterilized polypropylene bottles having 
fitted stoppers and aged at 25°C in the dark. During 
the preparation ofthe solutions, special care was taken 
to avoid contamination with microorganisms because 
their metabolic products, such as organic acids, can 
seriously affect the stability of imogolite and related 
substances (Inoue and Huang, 1985). 

At two- or three-month intervals, a drop of the so­
lution was taken from the bottJes with a sterilized plat­
inum wire, dried on a microgrid, and examined in an 
electron microscope. The solutions were aged for a 
period of 7 years, from August 1978 to October 1985. 

Analyses 

In October 1985, imogolite was identified in some 
of the solutions and the aging was stopped. The pH 
and monomeric aluminum ion concentration were de­
termined on aliquots taken from the bottles, the latter 
by the 8-quinolinolate extraction method described by 
Wada (1986). The remainder of the solution was di-
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Figure 1. Transmission electron micrograph of gibbsite 
formed in the solution having an Si! AI ratio of 0 and an 
NaOH! AI ratio of 2.00. Scale marker = I ILm. 

alyzed against distilled water to remove unreacted si­
licic acid, monomeric aluminum, and NaCI until the 
Cl- reaction with AgNO) became negative. Part ofthe 
dialyzed solution was used for electron microscopy; 
the remainder was freeze-dried for infrared spectros­
copy (IR). The IR spectra were obtained from KBr 
disks incorporating the freeze-dried materials. 

For electron microscopy, a drop ofthe solution was 
dried on a microgrid and examined in the JEM 100-B 
electron microscope operated at 100 kV. The remain­
der was digested in 0.05 M HCl for 30 min at room 
temperature to dissolve noncrystalline components and 
passed through a Millipore filter having a pore size of 
0.025 ~m. The solid product collected on the filter was 
resuspended in water and again examined in the elec­
tron microscope. 

RESULTS 

Although special care was taken to avoid contami­
nation with microorganisms, colonies of fungi were 
noticed in three solutions after I year. These three 
solutions were abandoned, and the data from them 
were excluded from this paper. In other solutions no 
microorganisms were detected even after 7 years. 

Solutions having Si/Al molar ratios of 0 and 0.266 
became slightly opalescent after 20-30 days of aging. 
Platy hexagonal crystals of gibbsite were identified in 
these solutions. I Figure 1 shows an electron micrograph 
of gibbsite formed in the solution having an Sil Al ratio 
of 0 and an NaOHI Al ratio of 2.00. The average di­
ameter of the crystals (about 0.1 ~m) did not seem to 
depend on the NaOHI Al ratio. The gibbsite found in 
solutions having an Sil Al ratio of 0.266 was similar in 

I These are not true solutions in a strict sense but suspen­
sions or sols. For simplicity, however, they are termed so­
lutions in this paper. 
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Figure 2. Relationship between negative logarithm of mo­
nom~ric aluminum ion concentration (pAIm) and pH of the 
solutJons having Si! AI ratios of 0 (0), 0.266 (e), 0.531 (0), 
and 4.24 (c.). The dotted line shows the solubility ofgibbsite. 

shape, but its average diameter was significantly larger 
(about 0.2 ~m). All solutions having Si! Al ratios > 0.266 
were clear, and no precipitate was noted even after 7 
years. 

Figure 2 shows the relations hip between pH and 
pAlm for solutions having Sil Al ratios ofO, 0.266,0.531, 
and 4.24 aged for 7 years, where pAlm is a negative 
logarithm ofmonomeric aluminum ion concentration. 
The plots for other solutions having different Si/Al 
ratios were similar and fell in the intermediate region 
between the curves for solutions having Sil Al ratios of 
0.531 and 4.24. The four curves in Figure 2 are similar 
to those reported by Wada and Wada (1980) for so­
lutions having the same Si/AI and NaOH/AI ratios as 
the present solutions and which were aged for 100 days 
at 25°C. The present curves, however, plot in the more 
acidic region by about 0.5 pH unit. 

The dotted line in Figure 2 indicates the solubility 
of gibbsite calculated from the solubility product of 
10- 3394 (Singh, 1974). A comparison ofthis curve with 
the experimental curves in Figure 2 shows that solu­
tions having an Si! Al ratio of 0 were nearly at equilib­
rium with respect to gibbsite and that the solutions 
having an Si/Al ratio ofO.266 were supersaturated with 
respect to gibbsite, despite the presence of even larger 
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Figure 3. Transmission elee!ron micrographs of the prod ucts from solut iüns having Si! AI ralios of O. 53 [ (a), J .04 (h), 2. 18 
(e) , and 4.24 (d). NaOH/ Al ratio = 2.00. oArrows A and B in pla te (e) indiea te parallel Iines and rings, respectively. Für 
explanation, see text. Scale marker = 500 A. 

crystals of gibbsite. All solutions having Si/ Al ratios 
> 0.266 were apparently supersaturated with respect to 
gibbsite. 

Figure 3 shows transmission electron micrographs 
(TEM) of the products formed in solutions having Si/ 
Al ratios ofO.531, 1.04,2.18, and 4.24 and an NaOH/ 
AI ratio of 2.00. The products from the solutions hav­
ing the same Si/AI ratio but different NaOH/ AI ratios 
had similar morphologies and are not shown in the 
illustration. Figures 3a and 3b show that imogolite 
formed in solutions having Si/ Al ratios of 0.531 and 
1.04. Some structural units of imogolite formed in these 
solutions were as lang as 1 !Lm , but others were much 
shorter. The presence of imogolite structural units is 
not readily apparent in Figure 3c, but elose examina­
tion shows the presence ofshort tubes ofimogolite that 
appeared as paraBel lines (arrow A), 200-300 A in 
length. In addition to the very short parallel lines, nu­
merous rings, about 20 A in diameter, can be seen in 
Figure 3c (arrow B). These rings are probably cross 
seetions oftubular structural units that are aligned par­
allel to the electron beam. Similar short tubes of syn­
thetic Ge-imogolite were described by Wada and Wada 

(1 98 2). Allophane, a short-range ordered aluminum 
silicate commonly accompanying imogolite in weath­
ered volcanic ejecta, has been described as rings under 
an electron microscope. The diameter of the rings for 
allophane was reported to be in the range 35-55 A 
(Kitagawa, 1971; Henmi and Wada, 1976), which is 
significantly larger than the present one. Figure 3d shows 
that no imogolite is present in the product from so­
lutions having an Si/AI ratio of 4.24. 

Figure 4 shows TEMs of imogolite that remained 
after solutions having a Si/Al ratio of 0.53 I were di­
gested in 0.05 M HCI. The 0.05 M HCI apparently 
dissolved poorly ordered aluminum silicates and so me 
ofthe short structural units ofimogolite, leaving well­
developed units. Similar TEMs were obtained on prod­
ucts from solutions having Si/Al ratios of 1.04 and 
2.18, but not for those having a Si/Al ratio of 4.24. 
Only a trace ofimogolite remained after the HCI treat­
ment of solutions having a Si/AI ratio of 2.18. The 
electron diffraction pattern of threads of the structural 
unit was aseries ofring reftections a1 4.1 , 3.7, 3.3, 2.3 , 
2.1, and 1.4 A, which correspond to the 12,32,42,63, 
04, and 06 reftections of natural imogolite (Cradwick 
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Figure 4. Transmission electron micrograph of purified imo­
golite forrned in a solution having an Si/Al ratio of 0.53l. 
Scale marker = 200 A. 

et al. , 1972). Although the resolution ofthe 42, 32, and 
12 reflections was poor, this synthetie imogolite seems 
to be the first to show the separate 42, 32, and 12 
refleetions. The diameter of the struetural unit mea­
sured on isolated partie!es in some mierographs was 
23 ± 2 A. These data suggest that the imogolite formed 
in the present solutions at 25°C is similar to that formed 
in nature. 

Figure 5 shows the IR spectra of the freeze-dried 
products. The produets from solutions having Si/Al 
ratios of 0 and 0.266 gave spectra characteristie of 
gibbsite. Both speetra were similar, but the shoulder 
at 1100 cm -I in the spectrum ofthe former was missing 
in that of the latter, and the presence of aluminosili­
eates was not identified in that ofthe latter. The spectra 
of the produets from solutions having Si/Al ratios of 
0.531 , l.04, and 2.18 showed strong absorptions cen­
tered at about 950 cm - I, as weil as relatively strong 
and broad absorptions centered at 570 ern- I, with two 
shoulders at 690 and 500 em - I, and a weak but rela­
tively sharp absorption at 430 cm - I. The spectrum of 
the product from the solution having an Si/Al ratio of 
4.24 was similar to the products from solutions having 
smaller Si/Al ratios, but the shoulder at 500 cm - I was 
missing and the absorption at 430 cm - I was weak and 
broader. 

The dotted line in Figure 5 shows the spectrum of 
the natural, well-developed imogolite. The spectra of 
produets from solutions having Si/Al ratios of 0.531, 
1.04, and 2.18 are similar to that of the natural imo­
golite in the region 800-400 cm - I, indicating that most 
of the nonfibrous material in these products also has 
an imogolite-like structure. On the other hand, the 
spectrum of the product from the solution having an 
Si/Al ratio of 4.24 is different from that of natural 
imogolite in that the absorption at 500 em - I is missing 
and the band at 430 cm- I is weak and diffuse. These 
features are eharacteristic of the speetra of allophanes 

having relatively high Si/Al ratios (> 0.8) and which 
probably contain condensed silicate units on Al-octa­
hedral sheets (parfitt et al., 1980). 

DISCUSSION 

Wada et al. (1979) synthesized boemite, imogolite, 
and allophane by heating solutions having Si/Al ratios 
ranging from 0 to 4 and NaOH/AI ratios ranging from 
1 to 3 at 95°-100°C. A comparison of the present ex­
perimental results with those of Wada et al. (1979) 
suggests that temperature greatly affects the reaction 
rate. Appreciable imogolite can be obtained in a few 
days from solutions having Si/Al ratios of about 0.5 
at 90°-100°C (Farmer et al. , 1977; Farmer and Fraser, 
1978; Wada et al., 1979), but only a trace ofimogolite 
formed at 25°C from solutions having a comparable 
Si/Al ratio (Figure 3a). 

Temperature also affects the stability of minerals. 
Wada et al. (1979) obtained boemite from solutions 
having low Si/Al ratios «0.5), but in the present syn­
thesis at 25°C, only gibbsite formed in solutions having 
comparable Si/AI ratios, probably due to differences 
in the thermodynarnie stability of the two minerals, 
i.e., gibbsite is more stable than boemite at tempera­
tures of < 90°C at 1 atm (Chesworth, 1972). 

The present results indicate that the stability ofimo­
golite is also affeeted by temperature. At 95°-100°C, 
Wada et al. (1979) obtained a signifieant amount of 
imogolite from solutions having Si/Al ratios as high as 
4.0. On the eontrary, in the present work at 25°C, no 
imogolite was found in solutions having an Si/Al ratio 
of 4.24. IR spectra of the products from the latter so­
lutions were doser to that of allophane having a rel­
atively high Si/Al ratio than to that of imogolite. Fur­
thermore, only a trace of imogolite formed in the 
solutions having an Si/Al ratio of 2.18, and the struc­
tural unit of imogolite that did form was very short 
(Figure 3c). These data indieate that the range ofsilicic 
acid concentration in which imogolite was stable was 
signifieantly narrower at 25°C than at 95°-100°C. This 
condusion is consistent with the thermodynamic pre­
diction based on the measurement of equilibrium si­
licic aeid concentration over imogolite and boemite at 
100°-155°C (Farmer et al., 1979). 

In the present experiment, the concentration of mo­
nomerie silicic acid in the solutions after 7 years of 
aging was not measured. Wada and Wada (1980) pre­
pared solutions in which the Si/Al and NaOH/ Al ratios 
were the same as those of the present experiment and 
reported monomeric silicic acid concentration after 10, 
30, and 100 days of aging. Their experimental results 
showed that the amount of silieic acid ineorporated 
into aluminosilicates gradually increased for 30 days 
and became nearly constant thereafter. Therefore, the 
monomerie silicic acid coneentration in a 7-year aged 
solution should be about the same as that in the 100-
day aged solution having corresponding Si/Al and 
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Figure 5. Infrared spectra ofthe freeze-dried products from 
solutions having Si/AI ratios of (a) 0, (b) 0.266, (c) 0.531, (d) 
1.04, (e) 2.18, and (f) 4.24. NaOH! AI ratio = 2.00. Dotted 
line shows the spectrum of a natural imogolite. 

NaOH/ Al ratios. On this basis, the concentration of 
monomeric silicic acid in the present solutions was 
calculated using the experimental data of Wada and 
Wada (1980); the results are summarized in Table l. 
The data in this table and the fact that well-developed 
imogolite was found in solutions having Si/Al ratios 
ofO.531 and 1.04 indicate that the concentration range 
of monomeric silicic acid favorable for imogolite for-

Table I. Calculated equilibrium monomeric silicic acid con­
centration in the solutions aged for 7 years. 

Si! AI ratio of 
star1ing solution 

o 
0.266 
0.531 
1.04 
2.18 
4.24 

Average Si/Al ratio 
ofthe products l 

o 

0.40 
0.46 
0.66 
0.90 

1 Wada and Wada (1980). 

Monomeric silicic acid 
concentration (mM)2 

o 

0.058-0.19 
0.28-0.43 
0.68-0.89 

1.5-1.8 

2 The higher and lower values are the concentrations in 
solutions with the NaOH/AI ratios of 1.00 and 2.75, respec­
tively. 

mation at 25°C was 0.06-0.4 mM at pH 4-4.5. These 
concentrations bracket the equilibrium concentration 
of 0.1 mM for gibbsite-imogolite coexistence at 25°C 
estimated by Farmer and Fraser (1982). 

The external diameter ofthe structural unit ofimo­
golite synthesized at 25°C estimated from electron mi­
crographs was 23 ± 2 A, but the images of individual 
structural units in the micrographs were diffuse and it 
was often difficult to define the diameter on the mi­
crographs. For this reason, natural imogolite and that 
synthesized at 100°C were used as reference sam pies 
in the present study and were examined in the electron 
microscope under the similar focusing condition. The 
estimated external diameters were 21 ± 2 A for natural 
imogolite and 28 ± 1 A for the imogolite synthesized 
at IOO°C. From these data the external diameter ofthe 
imogolite synthesized in the present study must be 
elose to that ofnatural imogolite. A suspension ofsolid 
products remaining afterthe 0.05 M HCl-digestion was 
dried on a glass slide and examined by XRD. No mea­
surable peak was observed, probably due to an insuf­
ficient amount of the specimen. 

Cradwick et al. (1972) proposed that the wall of the 
tubular structural unit ofimogolite consists ofa curved 
single sheet of gibbsite wherein the OH groups of the 
internal vacant sites are replaced with 03SiOH groups. 
The curvature of the structural unit is caused by the 
shortening of 0-0 distances around internal vacant 
sites, from about 3.2 A in gibbsite to less than 3 A, 
appropriate for an edge of an Si04 tetrahedron. These 
dimensions suggest that the misfit between the vacant 
site and Si04 tetrahedron determines the curvature of 
the structural unit. The smaller curvature and the re­
sulting larger diameter ofthe Ge-imogolite (Wada and 
Wada, 1982) supports the above view, because the 0-
o distance in a Ge04 tetrahedron is larger than that in 
an Si04 tetrahedron. A possible reason for the observed 
temperature-induced increase in diameter ofthe struc­
tural unit of the synthetic imogolite from 23 ± 2 A at 
25°C to 28 ± 1 A at 100°C is, therefore, the thermal 
elongation of Si-O bonding in monomeric silicic acid 
in the reacting solutions at 100°C. 
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