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EFFECTS OF SUBSTITUTION OF GERMANIUM FOR
SILICON IN IMOGOLITE
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Abstract—Imogolites in which a part or all of Si was substituted with Ge were synthesized from solutions
containing aluminum ion and silicic and/or germanic acid. The products were similar to natural imogolite
in their tubular morphology, electron diffraction patterns, and differential thermal analysis curves. How-
ever, the external diameter of the tube increased with increasing Ge substitution up to about 33 A, and
associated changes appeared in the X-ray powder diffraction patterns, suggesting that the substitution of
Ge for Si caused a decrease in the curvature of the gibbsite sheet with which SiO- or GeO-tetrahedra are
associated. Infrared absorption bands at 995 and 930 cm~! in imogolite disappeared and new bands appeared
at 910 and 810 cm™! on substitution of Ge for Si, whereas those in the region between 700 and 300 cm™!
remained unchanged or changed little. The former two bands were assigned to Si—O vibrations and the

latter bands to Al-O vibrations.
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INTRODUCTION

Imogolite is an aluminum silicate mineral that con-
sists of a tube with the external diameter of about 20 A
(Wada et al., 1970). On the basis of its morphology,
composition, and electron diffraction data, Cradwick
et al. (1972) proposed that the wall of the tube consists
of a curved, single sheet of gibbsite wherein the inner
hydroxyls are replaced by orthosilicate groups and
which has a composition (OH);Al,0,;SiOH.

The purpose of the present study was to synthesize
imogolite in which Si is substituted with Ge and to ex-
amine the effects of this substitution on its morphology,
X-ray powder diffraction (XRD) and electron diffrac-
tion patterns, differential thermal analysis (DTA)
curves, and infrared (IR) spectra. The observed effects
were used to test the structure of imogolite proposed
by Cradwick et al. (1972) and to make an assignment
of its IR absorption bands to Si-O and Al-O vibrations.

MATERIALS AND METHODS

Monomeric orthosilicic acid and orthogermanic acid
solutions were prepared by diluting an ethanol solution
of tetraethyl orthosilicate with water and by dissolving
GeC(l, in water, respectively. Each of these solutions
and their mixtures containing Ge and Si in atomic Ge/
(Ge + Si) ratios 0.2 and 0.5 was mixed with an AICI,
solution. In all the solutions, Al concentration was
0.0024 M and Si plus Ge concentration was 0.0014 M.
According to the procedure used for the synthesis of
imogolite by Farmer er al. (1977), the pH of these so-
lutions was adjusted to 5.0 by dropwise addition of 0.1
M NaOH, and they were reacidified by addition of 1
pmol HCland 2 umol CH;COOH per ml of the solution.
Their final pH values were about 4.5. The solutions
were then heated at 95-100°C for 120 hr with reflux con-
densers. After cooling to room temperature, the sus-
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pended material was flocculated with NaCl, collected
by centrifugation, and dialyzed against distilled water
until the ClI- reaction with AgNO, became negative. A
part of the dialyzed suspension was used for electron
microscopy. The remaining part was freeze-dried and
used for other analyses.

Electron microscopy, infrared spectroscopy, and
chemical analysis were carried out following the pro-
cedures described by Wada er al. (1979). Ge was de-
termined with germanomolybdate yellow method (Kis-
ton and Mellon, 1944). XRD analyses were carried out
using powder samples packed in aluminum holders, and
DTA was performed using 30-mg samples in static air
at a heating rate of 20°C/min with calcined o-alumina
as a reference.

RESULTS AND DISCUSSION

Electron micrographs (Figure 1) show that all prod-
ucts, like natural imogolite, have tubular morphology.
The tubes are shorter in the products formed from the
solutions with Ge/(Ge + Si) ratios 0.5 and 1.0 (Figures
Ic and 1d); the rings in the latter micrograph are prob-
ably the cross sections of these shorter tubes. Besides
substitution of Ge for Si, the increase of Cl- concen-
tration associated with that of Ge may also have con-
tributed to this shortening of the tube, because high C1-
concentration inhibits the development of imogolite
structure (Farmer and Fraser, 1979). As reported by
Farmer and Fraser (1979) and Wada ef al. (1979), syn-
thetic imogolites have larger diameters than natural
ones; Ge substitution for Si resulted in further increase
of the tube diameter. The outside diameters of the tubes
formed from the solutions with Ge/(Ge + Si) ratios of
0 and 1.0 were about 28 A (Figure 1a) and 33 A (Figure
1d), respectively.

The increase of diameter and the shortening of the
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Figure 1. Electron micrographs of synthetic imogolite formed from solutions with Ge/(Ge + Si) ratios of (a) 0, (b} 0.2, (¢) 0.5,
and (d) 1.0.
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Figure 2. X-ray powder diffraction patterns of natural and
synthetic imogolites. 1 = natural imogolite. 2-5 = imogolites
formed from solutions with Ge/(Ge + Si) ratios of 0, 0.2, 0.5,
and 1.0, respectively.

tube are also indicated from the change in XRD patterns
(Figure 2). The first three reflections associated with the
regularity perpendicular to the tube axis shift toward
lower angles in synthetic imogolites formed from the
solutions with Ge/(Ge + Si) ratios of 0 and 0.2 (Figure
2; 2 and 3) as compared with natural imogolite (Figure
2; ). In the two products with higher Ge/(Ge + Si) ra-
tios (Figure 2; 4 and 5) the first reflection shifts further
towards lower angles with a decrease in its intensity,
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Figure 3. Infrared spectra of natural and synthetic imogo-

lites. 1 = natural imogolite. 2-5 = imogolites formed from
solutions with Ge/(Ge + Si) ratios of 0, 0.2, 0.5, and 1.0, re-
spectively.

and the second and third reflections merge into one
broad yet strong reflection. A broadening associated
with increase of reflection intensity is also found for the
fourth reflection at about 3.3 A.

The curling of the wall of imogolite can be accounted
for by a shortening of the O-0O distance around the va-
cant site in the gibbsite sheet due to bonding with the
Si—O tetrahedron (Cradwick et al., 1972). The increase
in the tube diameter with increasing Ge substitution fits
this model because the increase of the O-O distance in
the GeO, tetrahedron will result in a decreased curva-
ture of the gibbsite sheet. The number of gibbsite unit
cells forming a circumference of the tube will increase
from 10-12 in natural imogolite to 18 in Ge-substituted
imogolite.

The electron diffraction patterns of all synthetic im-
ogolites with different Ge/(Ge + Si) ratios showed ring
reflections at spacings of 4.13—4.14, 3.28-3.53, 2.28-
2.30, 2.07-2.08, and 1.38 A that correspond to 12, 71,
63, 04, and 06 (hk indices) reflections from natural im-
ogolite (Cradwick er al., 1972). The repeat distance
along the tube axis calculated from the 06 reflection is
the same as that of natural imogolite 8.4 A (Russell ez
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al., 1969; Wada and Yoshinaga, 1969). This finding con-
firms that the structure of imogolite is based on that of
the gibbsite sheet.

Chemical analysis showed that the product from so-
lution with Ge/(Ge + Si) ratio of 0 had a Si/Al ratio of
0.515 and that from the solution with Ge/(Ge + Si) ratio
of 1.0 had a Ge/Al ratio of 0.485. Both values are close
to 0.50 which is expected from the structure of imo-
golite (Cradwick et al., 1972), and indicate that Si in
imogolite can be replaced with Ge without change in its
basic structure.

Natural and all synthetic imogolites exhibited two
endothermic peaks at 100-120°C and about 400°C due
to the removal of adsorbed water and hydroxyls, re-
spectively. The temperature of the second endothermic
peak was 416° and 410°C for natural and Ge-substituted
imogolites, indicating that the substitution of Ge for Si
does not affect the stability of OH groups in the gibbsite
sheet. The temperature of an exothermic peak was 987°
and 933°C for natural and Ge-substituted imogolites.
The natural imogolite heated to 1000°C showed the
XRD pattern of mullite, whereas the Ge-substituted im-
ogolite exhibited only a single reflection at 3.42 A.

Figure 3 shows the IR spectra of natural and syn-
thetic imogolites. The substitution of Ge for Si pro-
duces a marked effect on the absorption bands at 995
and 930 cm™! in imogolite, confirming an assignment of
these bands to the Si—O vibrations (Russell ef al.,
1969). The new bands at 910 and 810 cm™! in the Ge-
substituted imogolite probably correspond to those at
995 and 930 cm~! in natural imogolite. The ratios of the
wave numbers 995/910 (= 1.09) and 930/810 (= 1.15)
are comparable to the ratio of the wave numbers ex-
pected from the mass effect for the corresponding Si-
O and Ge-O vibrations 1.13, though Stubican and Roy
(1961) found the higher ratios 1020/837 (= 1.22) and
668/561 (= 1.19) for Si-Mg and Ge-Mg talcs.

Deuteration gives almost no change in the absorption
bands of imogolite in the region of 700-300 cm ! except
the shift of a band assigned to an OH-related vibration
from 830-850 cm~! to 690-700 cm~! (Russell et al.,
1969; Parfitt et al., 1980). Accordingly, the bands in this
region have been assigned to lattice vibrations. Substi-
tution of Ge for Si resulted in no or little change for the
bands at 685, 570, 420, and 335 cm~!in natural imogolite
(Figure 3), indicating that these bands arise from var-
ious Al-O vibrations. An effect of Si on the Al-O vi-
bration is seen in the shift of the band at 570 cm™ to
550 cm~! with increasing Ge substitution. On the other
hand, a band at 495 cm™! decreased its intensity with
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increasing Ge content and a new band appeared at 465
cm™!in Ge-substituted imogolite. Comparison of the IR
spectra with those of dehydrated imogolites (Farmer
and Fraser, 1979) suggests that the appearance of ad-
ditional absorptions at 395 and 360 cm~! and the shift
of the absorption characteristic to imogolite from 348
to 335 cm™! in the present samples may be related to
their hydration.

No particular orientation effect as observed by Rus-
sell et al. (1969) and Wada et al. (1972) for natural im-
ogolite was observed when the Ge-substituted imogo-
lite film prepared on a KRS-5 plate was placed in an IR
beam. Possibly, the shortness of the tubes (Figure 1d)
prohibits a ‘‘parallel’”’ orientation of the tubes on the
plate. To confirm the assignments of the bands due to
Al-O vibrations, substitution of Fe or Ga for Al in im-
ogolite was attempted but was unsuccessful.
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Pe3stome —HIMOTOAMTBI, B KOTOPbIX YacTb WK Bce Si ObLIM 3aMeHeHbl Ge, CHHTE3UPOBAJIMCH H3 pacTBOpa,
COAEP3KALIETO HOH aNIOMMHUSI, 8 TAK)KE KPEMHEBYIO H/UIIM repMaHHERYI0 KUCIOTY. TIpoXyKThl Oblnn no-
N0oGHbI HaTypaJlbHOMY UMOrOJMTY 1o Tpy6uaToi Moptdosiorud, obpasyam JEKTPOHHOH AudpaKuuH H
KpHBbIM JHthdepeHUnaNbHOTO TEPMATBHOTO aHanu3a. OfHAKO, BHEIHUI qUuamMeTp TpyObl yBEJHUHBAICS
¢ yBeauuenneM 3ameHbl Ge 10 0kos0 33 A, H H3MEHEHHS, CBA3AHHBIE C ITUM, NOSIBJUIACH B 00pa3iiax
NOPOLIKOBOH PEHTreHOBCKOH AudpakiMi. 3TO yKa3biBaeT Ha TO, YTO pe3ybTaToMm 3ameHbi Ge BMecTO
Si ABAAETCH yMEHbUICHHE KPUBH3HBI THOGCUTOBOH ILTACTHHKM, ¢ KOTOPO# CBS3aHbl TeTpasgpbl SiO uin
GeO. [Tonocel uHppakpacHoii afcOpOLMU KMOTOJIUTA TIpU 995 U 930 cm™! Mcye3nn, a HOBbIE NOJOCHI MO~
aBuauch npu 910 u 810 cm™! mocne 3amennl Ge BMecTo Si, B TO BpeMsi Kak 110J0c¢kl B o6aactu 700-300
cm™! OCTaNMCh HEH3MEHEHHBIMM WIN H3MEHWIHCh HEMHOXKO. [IpexxHue NBe MOMOCHI ABNAIOTCH pPe3yJib-
tatoM KoseGannit Si-O, a nocnemHue nojocsl—konebanunit Al-0. [E.C.]

Resiimee—Imogolite, in denen ein Teil oder das ganze Si durch Ge substituiert wurde, wurden aus L3sun-
gen synthetisiert, die Aluminiumionen und Silizium- und/oder Germaniumsiure enthielten. Die Produkte
waren im Hinblick auf die Rohren-formige Morphologie, die Elektronendiffraktometeraufnahmen und die
Differentialthermoanalyse natiirlichem Imogolit dhnlich. Der duBere Rohrendurchmesser stieg jedoch mit
zunehmender Ge-Substitution bis auf etwa 33 A an, was mit Verinderungen in den Rontgenpulverdiffrak-
tometerdiagrammen verbunden war. Dies deutet darauf hin, daB die Substitution von Ge fiir Si eine Ab-
nahme der Kriimmung der Gibbsitlage, mit der SiO- oder GeO-Tetraeder verbunden sind, verursachte. Die
Infrarotabsorptionsbanden bei 995 und 930 cm~! des Imogolit verschwanden, und neue Banden traten bei
910 und 810 cm™! durch die Substitution von Ge fiir Si auf, wiahrend die Banden im Bereich zwischen 700
und 300 cm ! unverindert oder nahezu unverindert blieben. Die ersten zwei Banden werden Si—O-Schwin-
gungen und die letzten Banden Al-O-Schwingungen zugeordnet. [U.W.]

Résumé—Des imogolites dans lesquelles Si était partiellement ou entierement substitué par Ge ont été
synthétisées a paritir de solutions contenant 1'ion aluminium et 1'acide silicique et/ou germanique. Les
produits étaient semblables al’imogolite naturelle au point de vue de leur morphologie tubulaire, des clichés
de diffraction aux rayons-X, et des courbes d’analyse thermale différentielle. Le diamétre externe de tube
a cependant augmenté proportionnellement & une augmentation de la substitution par Ge jusqu’'a a peu
pres 33 A, et les changements associés ont apparu sur les clichés de diffraction poudrée aux rayons-X,
suggérant que la substitution de Si par Ge avait causé une diminution de la courbature de la feuille de
gibbsite avec laquelle les tétraedres SiO ou GeO étaient associés. Les bandes d’absorption infrarouge a
995 et 930 cm~! dans I'imogolite avaient disparu, et de nouvelles bandes avaient apparu 4 910 et 810 cm ™!
lorsque Ge avait été substitué pour Si, tandis que celles dans la région entre 700 et 300 cm~! sont restées
inchangées ou n’ont changé que trés peu. Les deux premiéres bandes ont été assignées a des vibrations
Si-0, et les deux derniéres bandes ont été assignées a des vibrations Al-O. [D.J.]
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