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FORMATION OF ORGANIC DERIVATIVES OF BOEHMITE BY THE
REACTION OF GIBBSITE WITH GLYCOLS AND AMINOALCOHOLS
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Abstract—The reaction of gibbsite in various organic solvents at 250°-300°C under spontaneous vapor
pressure of the solvents was examined. Glycols and aminoalcohols afforded the organic derivatives of
boehmite in which one of the oxygen atoms of the glycol molecule or the alcoholic oxygen atom of
aminoalcohol was incorporated into the boehmite layers. By increasing the molecular size of the solvent,
the yield of the boehmite derivative decreased, and, at the same time, the basal spacing of the boehmite
derivative increased. The product had a honeycomb texture on the surface of the particle, which suggests
a dissolution-recrystallization mechanism for the formation of the boehmite derivatives. A hydroxyl
group and a functional group, such as hydroxyl, methoxyl, or amino group having the ability to donate
its lone pair electrons, were apparently necessary for the organic solvent molecules to form the boehmite

derivative by this mechanism.
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INTRODUCTION

Recently, Inoue et al. (1986, 1988) found that the
reaction of gibbsite in ethylene glycol (EG) at 250°-
300°C under the vapor pressure of EG yielded a
compound having an empirical formula of
AIO(OCH,CH,0OH), ;,(OH), 4. From X-ray powder
diffraction (XRD) patterns, infrared (IR) spectra, and
the thermal decomposition behavior of the compound,
they concluded that the compound was an EG deriv-
ative of boehmite, in which one of oxygen atoms of
the EG molecule is incorporated into the layer structure
of boehmite.

Kubo and Uchida (1970) also reported the formation
of a methyl derivative of boehmite by the reaction of
gibbsite with methanol at high temperatures. Inoue et
al. (1989), however, examined the reaction of gibbsite
in a series of straight-chain primary alcohols (higher
than ethanol) at 250°C and found that boehmite was
the predominant product and that a transition alumina
was also formed if alcohols having carbon numbers 5—
8 were used. Organic derivation of boehmite was not
formed in these experiments. The present study was
therefore conducted to determine the prime factor con-
trolling the formation of the organic derivative of
boehmite. In this work, the reaction of gibbsite in poly-
ols, aminoalcohols, and some other organic solvents
was examined.

EXPERIMENTAL

The following compounds were examined as the me-
dia in place of EG; 1,3-propanediol, 1,4-butanediol,
1,6-hexanediol, diethylene glycol, triethylene glycol,
1,2-propanediol, glycerin, monoethanolamine (2-ami-
noethanol), 2-(methylamino)ethanol, 2-(dimethyl-
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amino)ethanol, diethanolamine, triethanolamine,
2-methoxyethanol, 1,2-dimethoxyethane, xylene,
dioctyl phthalate, N,N-dimethylformamide, and cth-
ylene diamine.

Commercial gibbsite produced by the Bayer process
was provided by Nippon Light Metal Company, Ltd.
A gibbsite sample having a small particle size (<0.2
pm, 18 m?/g surface area) was prepared by dry-grinding
a commercial gibbsite for a week in a mechanically
driven alumina mortar, 45 cm in diameter. Thirteen
milliliters of one of the media mentioned above was
placed in a Pyrex test tube, which served as an auto-
clave liner, and 3 g of the gibbsite was suspended in
it. The test tube was set in an autoclave, and the at-
mosphere in the autoclave was replaced with nitrogen.
The mixture was then heated to the desired tempera-
ture (usually 250°C) and held at that temperature for
2 hr under the autogenous pressure of the organic me-
dia. After cooling to the room temperature, the re-
sulting white precipitates were washed with methanol
repeatedly and air-dried. If polyols, such as 1,2-pro-
panediol and glycerin, that have secondary hydroxyl
groups were used, such polyols decomposed into brown,
viscous, tarry matter under the reaction conditions. If
the polyols were deoxygenated by bubbling the nitro-
gen gas through the polyols for 2 hr prior to the re-
action, no tarry matter formed.

X-ray powder diffraction (XRD) analyses were made
on a Rigaku Geigerflex-2013 diffractometer employing
Ni-filtered CuKea radiation. Infrared (IR) spectra were
obtained on a Shimadzu IR-435 spectrometer using
the usual KBr-pellet technique. Thermal analyses were
performed on a Shimadzu DT-30 thermal analyzer. A
weighed amount (~30 mg) of sample was placed in the
analyzer, dried in a 40-ml/min flow of nitrogen until
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Figure 1. Typical X-ray powder diffraction pattern of prod-
ucts obtained by reaction of gibbsite in organic solvents (CvKa
radiation). Reaction condition: (a) and (b), in 1,3-propanediol
at 300°C; (¢) and (d), in 2-(methylamino)ethanol at 250°C.
Particle size of gibbsite: (a) and (¢), <0.2 um; (b} and (d), 80
pm.

no further weight decrease was detected, and then heat-
ed at a rate of 10°C/min in the same gas flow. Mor-
phologies of the particles were observed with a scan-
ning electron microscope (SEM), Hitachi-Akashi
MSM4C-102.

RESULTS AND DISCUSSION
XRD profiles of the products

Typical XRD patterns of the products are shown in
Figure 1. The XRD pattern of the product obtained by
the reaction of gibbsite (<0.2-um particle size) in 1,3-
propanediol is similar to that of ethylene glycol deriv-
ative of boehmite (Inoue et al., 1988) and can be in-
dexed on the basis of boehmite structure (Reichertz
and Yost, 1946; Christoph et al., 1979). The 020 peak,
however, appeared at a very low angle, whereas the
200 and 002 peaks occurred at the positions identical
to boehmite. In other words, the b-dimension was
largely expanded compared with boehmite. The 020
spacing varied slightly from experiment to experiment,
due to the particle size of the gibbsite or the reaction
conditions; however, no correlations was found be-
tween the 020 spacing and these factors. Grebille and
Berar (1986) and Tettenhorst and Corbato (1988) cal-
culated a theoretical XRD profile for microcrystalline
boehmite (pseudoboehmite) and showed that the 020
peak shifted toward the low-angle side with decreasing
crystallite size. This low-angle shift, however, was as-
sociated with an extensive broadening of the 020 peak.
On the other hand, the 020 peak of the present product
was much sharper than that of pseudoboehmite. More-
over, the 200 and 002 peaks were much sharper than
the 020 peak, whereas the 021 and 041 peaks were
shifted and broadened.

The XRD patterns of the products obtained in ami-
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Figure 2. Basal spacings of organic derivatives of boehmite
obtained by the reaction of gibbsite in various organic sol-
vents. Structures of the organic solvents depicted are ethylene
glycol, 1,3-propanediol, 1,4-butanediol, 2-methoxyethanol,
diethylene glycol, triethylene glycol, diethanolamine, mono-
ethanolamine, 2-(methylamino)ethanol, 2-(dimethylami-
no)ethanol, and 1,6-hexanediol in order from the top to the
bottom. Homogeneous series of compounds are indicated by
arrows. Ranges of the values observed for products obtained
using gibbsite samples having various particle sizes are given
by error bar.

noalcohols, 2-methoxyethanol, and higher homologues
of 1,3-propanediol at 250°C also contained a peak in
the region 3°-7.5°26. The spacing of this low-angle peak
varied with the solvent used; the results are summa-
rized in Figure 2. For comparison, d-values of boehm-
ite (6.107 A; Christoph et a/., 1979) and pseudoboehm-
ite (prepared by the hydrolysis of aluminum
isopropoxide) are also given in the same Figure. A
comparison at a homogeneous series of compounds
shows that the spacing increased with the increase in
the molecular size of the solvent:

HO(CH,),0H (d=11.2-11.6 A)
< HO(CH,),OH (d=12.1-12.6 A)
< HO(CH,);OH (d =19.6-14.0 A)

HOCH,CH,OH (d=11.2-11.6 A)
< H(OCH,CH,),OH (d = 12.6-13.0 A)
< H(OCH,CH,);OH (d = 13.0-14.0 A)

These results suggest that the peak was due to the basal
spacing of the organic derivative of boehmite. On the
basis of the structure proposed by Inoue et al. (1988)
for the EG derivative of boehmite, the structure of the
present product is proposed as depicted in Figure 3.
One of the oxygen atoms of glycol molecule or the
alcoholic oxygen atom of the aminoalcohol or meth-
oxyethanol is taken inot the layer structure of boehmite.
In other words, hydroxyalkyl, aminoalkyl, or meth-
oxyethyl groups were incorporated covalently between
the beohmite layers. These incorporated, substituted
alkyl groups will be referred as organic moiety, here-
after.

As shown in Figure 1, XRD patterns of the most
products also contained the peaks of boechmite and
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Figure 3. Proposed structure of organic derivatives of
boehmite.

unreéacted gibbsite. The apparent crystallite size of
boehmite was much larger than that of the boehmite
derivative, and boehmite formed in the present reac-
tion will be referred as well-crystallized boehmite to
avoid the confusion between boehmite and the boehm-
ite derivative. With decreasing particle size of the
gibbsite, the yield of the boehmite derivative increased,
and both the yield of well-crystallized boehmite and
the amount of unreacted gibbsite decreased. The rel-
ative intensities of the XRD peaks of the boehmite
derivative (3°-7.5°26), well-crystallized boehmite
(14.4°20) and gibbsite (18.1°20) for the product ob-
tained from a gibbsite sample having a particle size of
80 um are plotted in Figure 4. As shown in Figure 4,
the yield of the boehmite derivative tended to decrease
with an increase in molecular size of the solvent. Eth-
ylene diamine, 1,2-dimethoxyethane, 1,2-propanediol,
mono-alcohols, and hydrocarbons did not yield
boehmite derivatives. These results suggest that a hy-
droxyl group and a functional group, such as hydroxyl,
methoxyl, or amino group having the ability to donate
lone pair electrons, were necessary for the formation
of the boehmite derivatives; however, steric hindrance
around the electron-donating group seems also to have
been important, because 1,2-propanediol did not yield
the boehmite derivative.

Bye and Robinson (1961, 1974) prepared a com-
pound having a XRD pattern identical to that of the
present products by hydrolysis of aluminum sec-bu-
toxide in 98% benzene-2% water. Although they did
not fully elucidate the structure of their compound, the
compound was possibly an alkyl derivative of boehm-
ite, i.e., sec-butyl groups were bound covalently to the
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Figure 4. Composition of products obtained by reaction of
gibbsite (80 um) in various solvents. Because peak intensities
of pure boehmite derivatives are not known, relative inten-
sities of the main peaks are plotted.

oxygen atoms of boehmite layers. Kubo and Uchida
(1970) also reported the formation of a methyl deriv-
ative of boehmite. Although these alkyl derivatives of
boehmite seem to have formed via mechanisms dif-
ferent from that of the present reaction, the existence
of alkyl derivatives of boehmite having no electron-
donating group in alkyl moiety suggests that possible
stabilizing effect of hydrogen bonding between the elec-
tron donating group and the adjacent boehmite layer
as depicted in Figure 3 cannot be the principal reason
for the necessity of the electron-donating group in the
present reaction. In the present reaction, the electron-
donating group was required for kinetic reasons to sta-
bilize the intermediate species in solution, rather than
for thermodynamic reasons, i.e., for the stabilization
of the boehmite derivative structure.

The ratio of the content of well-crystallized boehmite
to the content of unreacted gibbsite in the product also
depended on the nature of solvent used. In aprotic
solvents gibbsite transformed completely into boehm-
ite, whereas in protic solvents, unreacted gibbsite re-
mained. Inoue et al. (1989) examined the boehmite
formation from gibbsite in alcoholic media and found
that in an alcohol having a carbon number >35 (higher
alcohols), the boehmite yield increased with an in-
crease in the carbon number of the alcohol. They at-
tributed this increase in the boehmite yield to the in-
crease in fugacity of water formed by partial dehydration
of gibbsite and concluded that in these higher alcohols,
boehmite formed by means of an intraparticle Zydro-
thermal reaction mechanism, originally proposed by
de Boer et al. (1954a, 1954b, 1964) for the formation
of boehmite during the thermal dehydration of gibbs-
ite. Similarly, in the present system, the ratio of un-
reacted gibbsite to well-crystallized boehmite in the
product can be explained by the fugacity of water, as
follows. Water molecules were formed by the partial
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Figure 5. Infrared spectra of products obtained by reaction
of gibbsite having the finest particle size (<0.2 gm) in various
solvents at 250°C for 2 hr,

dehydration of gibbsite. In protic solvents, such water
molecules were stabilized by hydrogen bonding with
solvent molecules; as a result, the fugacity of water was
lowered and boehmite formation was hampered. On
the other hand, water molecules were not stabilized in
aprotic solvents (hydrocarbons and related com-
pounds) and the high fugacity (activity) of water facil-
itated the hydrothermal reaction of gibbsite resulting
in complete formation of boehmite. Note that if gibbs-
ite alone was heated in an autoclave at 250°C, it trans-
formed completely to boehmite (Inoue et al., 1989).
Apparently (ostensibly), the gibbsite structure was sta-
bilized by the presence of glycolic media; however, this
stabilization effect was not due to the direct interaction
between glycol molecules and gibbsite, but was due to
lowering the fugacity (activity) of water by the glycol

Figure 6. Thermal analysis of some products obtained by
reaction of gibbsite (<0.2 um) in various solvents. Products
obtained in ethylene glycol, 1,3-propanediol, and 1,4-butane-
diol were pure by X-ray powder diffraction, while the product
obtained in monoethanolamine contained ~3% unreacted
gibbsite. Relatively sharp peak at 252°C observed for this
product is probably due to the dehydration of gibbsite.

molecules, thereby preventing the formation of boehm-
ite.

IR spectra

IR spectra of the products from the gibbsite sample
of <0.2-um particle size are given in Figure 5, in which
the spectra are arranged from top to bottom in order
of decreasing intensity of the 020 diffraction peak of
the boehmite derivative relative to sum of the inten-
sities of boehmite and gibbsite peaks. The IR spectra
of boehmite (top) and gibbsite (bottom) are also shown
in the figure. The IR spectrum of boehmite shows char-
acteristic bands at 1070, 760, 615, and 480 cm~'. The
first two bands are assigned to the hydrogenic mode
and the second two have been reported to be due to
the structural vibrations of boehmite layers (Fripiat et
al., 1967; Stegmann et al., 1973; Kiss et al., 1980). In
the spectra of the products shown in upper part of
Figure 5, these four bands are clearly seen, although
these products were essentially free from well-crystal-
lized boehmite. The first two bands are slightly shifted
and weakened, whereas the second two bands are at
frequencies identical with those of boehmite. With de-
creasing relative intensity of the low-angle peak (going
from top to bottom in Figure 5), the intensity of ab-
sorption band characteristic of the layer structure of
boehmite progressively decreases, and bands due to
the unreacted gibbsite become significant. These results
further confirm that the low-angle XRD peak at 3°-
7.5°28 was due to the organic derivative of boehmite.
Bands due to the incorporated organic moieties were

Figure 7.
in various solvents at 250°C for 2 hr.
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Scanning electron micrographs of products obtained by reaction of gibbsite having the largest particle size (80 um)
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also noted at ~2930 and ~2850 cm~! (#*CH) and in
the 1500-800-cm™! region.

TGA patterns

The TGA patterns of the relatively pure organic de-
rivatives of boehmite are shown in Figure 6. The or-
ganic moieties present between the boehmite layers
were stable beyond the boiling points of the corre-
sponding glycol or aminoalcohol. This result suggests
that glycol or aminoalcohol molecules were not present
as the adsorbed species; it is also consistent with the
proposed structure of the boehmite derivatives (Figure
3) in which the organic moieties are covalently bound
to the boehmite layers. With the increase in the carbon
number of the glycol, the second decomposition peaks
shifted toward higher temperatures. The final weight
loss was accompanied by disappearance of both the
020 XRD peak and IR bands due to the boehmite layer
structure and, therefore, was probably due to the col-
lapse of the boehmite layers into noncrystalline alu-
mina. This collapse took place at 450°-500°C, in good
agreement with the decomposition temperature of well-
crystallized boehmite into y-alumina (Lippens and de
Boer, 1964). If aminoalcohols were used, the final de-
composition temperature occurred at ~400°C, signif-
icantly lower than that for the glycol derivative of
boehmite; thus, the decomposition of the boehmite
structure was probably facilitated by the presence of
traces of amine bases.

SEM observation

The SEMs of the products obtained from gibbsite of
80-um particle size are given in Figure 7. The original
gibbsite sample was composed of aggregates of hex-
agonal prisms and plates. With the increase in the yield
of the boehmite derivatives, a honeycomb texture com-
posed of randomly oriented thin plates of the boehmite
derivatives was developed on the surface of the product
particles. Because of this texture, apparent particle size
possibly increased by the reaction; however, SEM ob-
servation at lower magnification did not show a sig-
nificant difference between the mean particle sizes be-
fore (80.6 um) and after (81.6 um) the reaction in EG.
The product obtained in 2-(dimethylamino)ethanol is
interesting because the initial stage of the formation of
the honeycomb texture can be seen. A few thin plates
of the boehmite derivative formed on hexagonal pseu-
domorphs of the original gibbsite crystal. The orien-
tation of these crystals was random and did not cor-
relate with the surface structure of the original gibbsite,
suggesting that the boehmite derivative formed by a
dissolution-recrystallization mechanism; the dissolu-
tion-recrystallization mechanism for the Aydrothermal
formation of boehmite from gibbsite has been well
established (Bauermeister and Fulda, 1943; Ginsberg
and Koester, 1952; Yamaguchi and Sakamoto, 1959).
This result is in sharp contrast with that reported by
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Kubo and Uchida (1970) for the reaction of gibbsite
with methanol. Their product, having an approximate
empirical formula of AIO(OCH,), s(OH), s, was pseu-
domorphous after the original gibbsite particles (hex-
agonal plates). They concluded that the reaction took
place by means of a solid state reaction with the aid
of methanol molecules diffusing in the structure of
gibbsite by Hedvall effects (Hedvall, 1956). Diffusion
of the bulkier glycol or aminoalcohol molecules into
the gibbsite structure is improbable and therefore, the
solid state reaction did not take place in the present
reaction.

SUMMARY

In summary, the reaction of gibbsite in various gly-
cols and aminoalcohols at 250°C under spontaneous
vapor pressure of the solvent yielded the organic de-
rivatives of boehmite, the basal spacings of which in-
creased with the increase in molecular size of the sol-
vents. The yield of the organic derivatives of boehmite
decreased with the increase in the molecular size of the
solvents and with the increase in the particle size of
gibbsite. The morphology of the products strongly sug-
gests that the reaction proceeded by means of a dis-
solution-recrystallization mechanism. A hydroxyl group
and a functional group having an ability to donate its
lone pair electrons were apparently essential for the
formation of the derivatives of boehmite by this mech-
anism.
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