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Studies on the Gibbsite to Boehmite Transition

T. J. Ruff, R. K. Toghiani, L. T. Smith, and J. S. Lindner
Institute for Clean Energy, Mississippi State University, Starkville,

Mississippi, USA

Abstract: The transition of gibbsite to boehmite is of interest with regard to high
level waste processing associated with the Hanford and Savannah River sites. Both
materials have been observed in core samples. From the temperature histories of
the waste, it is possible that some fraction of gibbsite has been converted to boeh-
mite. This paper describes thermal gravimetric analysis studies of products resulting
from controlled temperature measurements of pure gibbsite in NaOH. Results indi-
cate that the gibbsite to boehmite transformation can take place at temperatures as
low as 100�C. This information, along with available data on waste inventories and
temperature histories, may be used to estimate the fractions of gibbsite and of boeh-
mite in a given waste tank. Site engineers can then tailor the sludge leaching process
for a particular tank to account for the delayed dissolution of boehmite, allowing
separation of the aluminum and processing as a low activity waste.

Keywords: Boehmite, gibbsite

INTRODUCTION

Currently, there are approximately 400 million liters of high level nuclear
waste (HLW) stored in underground carbon steel tanks at the Hanford
and Savannah River Sites (1). A large percentage of the waste consists
of non-radioactive insoluble sludge components such as metal oxides or
hydrated metal oxides and high ionic strength, high pH salt solutions (2).
SRS/Hanford site engineers have developed and continue to improve
processes for permanent disposal of these sludges, blended with the radio-
nuclides, into borosilicate glass waste forms produced by vitrification.
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Aluminum is of significance to the vitrification process. For the
Hanford wastes, aluminum is the largest inventoried element, excepting
sodium (3). A high concentration of aluminum in a melter feed stream
results in higher viscosities during the glass forming process, thereby slow-
ing production. Additionally, the ability to remove aluminum from the
waste destined for vitrification has ramifications on the number of canisters
that must ultimately be produced. In practice, if the aluminum can be sepa-
rated from the less-soluble constituents of the feed, the separated stream
containing aluminum can be processed as a low activity waste (cementa-
cious waste forms such as grout or saltstone or as bulk vitrification);
thereby allowing the more expensive high level waste vitrification process
to focus on the insoluble and associated radionuclides. For these reasons,
site engineers and scientists have focused on the pretreatment of sludge.

One such pretreatment process includes a caustic leaching step. The
major aluminum phase within the sludge waste was thought to be gibbsite
(a-Al(OH)3) which is moderately soluble in caustic. Recent studies have sug-
gested that another aluminum phase, boehmite (c-Al(O)OH), which is much
more insoluble, may be the more predominant species in the tanks as a result
of variations in tank waste storage conditions over time. Numerous dissol-
ution studies have been performed on both gibbsite and boehmite (4–6) in
caustic solutions at selected temperatures. Results indicate a much slower
dissolution rate, almost 600–700 times less for boehmite, as compared to
gibbsite. Thus, proper identification of the aluminum phases present within
the sludge will provide information that can be used to tailor the caustic
leach process, resulting in increased efficiency in waste processing.

It is well established that the direct heating of 1 mole of gibbsite
[Al(OH)3] will liberate 1 mole of water and 1 mole of boehmite [AlOOH].
From thermal gravimetric analysis experiments, this transition occurs at
temperatures between 200 and 400�C (7,8). Workers at the Savannah
River National Laboratory believed that the transition could occur at
lower temperatures at slower rates (9). Thus, Gong et al. studied the con-
version of gibbsite to boehmite at 150�C using X-ray diffraction (XRD)
(9). Complete conversion of gibbsite to boehmite was observed in as little
as 3.5 hours. The present work extends the efforts of Gong et al. to lower
temperatures. The determination of kinetic parameters (rate constant,
activation energy) would allow site engineers to estimate the fractions
of gibbsite and boehmite present within the various waste tanks when
historical records on tank waste temperatures and waste composition
estimates were available. Fortunately, waste temperatures have been
compiled by Flanagan (10). Considerable efforts have been directed at
waste characterization and inventory estimation (from historical records
of process transfers) of the compositions within the single and double
shell tanks. Chemical as well as physical data are available through the
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Best Basis Inventory (11). This includes the total mass loadings of
aluminum in all 177 tanks. This information, along with the results of
the present work, may then be used to determine the mass fractions of
gibbsite and boehmite. In turn, leaching conditions can be tailored for
waste retrieval from specific tanks.

EXPERIMENTAL

Materials and Instrumentation

Crystalline gibbsite (product number C-333) was kindly provided by
Almatis. The Al(OH)3 was reported as 99.6% pure with average particle
size on the order of 1–10 microns (12). Aqueous hydroxide solutions of
1.5 and 3 m concentrations were prepared using ACS reagent grade
sodium hydroxide (Fisher Scientific) with degassed, deionized water
(Barnstead Nanopure Infinity, 18 mX=cm2). All mass determinations
were obtained using a Mettler Toledo analytical balance (Model
AB304-S;�0.1 mg).

Solutions of 0.128 m gibbsite and 1.5, 3, or 5 m NaOH were placed in
either Nalgene Teflon PFA (T > 135�C), LDPE (T� 135�C) vials, or in Parr
stainless steel, general purpose pressure vessels with TFE gaskets (22 mL).
The latter containers have typically been used for the product consistency
test (PCT). The plastic bottles allowed for total evaporation of the water
from the aqueous phase and resulted in completely dried solids. The solids
resulting from the ‘‘dry’’ conversion required pulverization in order to be
properly washed, sampled and analyzed. Use of the PCT vials resulted in
increased pressures, but no evaporation of water. For those solutions exam-
ined in the PCT vials under these ‘‘wet’’ conditions, the caustic was first
placed in the vessel and brought to temperature prior to the addition of
the gibbsite. Solutions were placed in either a Precision Thelco Laboratory
Oven (�1.0�C) or Thermolyne model 48000 Furnace (stability of �0.2�C
at a maximum temperature of 1000�C with a uniformity of �3.6�C). The
gibbsite to boehmite reaction was investigated at temperatures of 80�C,
100�C, 120�C, 135�C, and 150�C. Following the completion of the desired
reaction time at temperature in the oven, the sample was cooled to room tem-
perature, filtered (Fisherbrand1 Glass Fiber circles, 55 mm� 0.28 mm thick,
particle retention size of 1.2 microns) and washed with copious amounts of
deionized water. The solids were then dried at ambient temperature.

During the high temperature, high pressure experiments, some
corrosion of the interior of the stainless steel vessel occurred. The
trace impurities (� 0.02% by weight) were analyzed using a Perkin
Elmer Optima 4300 DV inductively coupled plasma optical emission

Transition of Gibbsite to Boehmite 2889

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



spectrometer. The impurities were identified as Fe, Cr, Si, Mo, and Ni, all
components of stainless steel and also nominally present in tank wastes.
The results given below (c. f. sequence) do not indicate that corrosion
products from the steel vials had any significant effect on the rate of
the gibbsite reaction.

Thermal gravimetric analysis was conducted on solid samples using a
Perkin Elmer Pyris Diamond TG=DTA 6300. X-ray diffraction (XRD)
provided confirmatory information on selected samples and was con-
ducted by the Evans Analytical Group, Round Rock, TX. For all expe-
riments, TGA was used as the primary means of determining the gibbsite
and boehmite weight percent of samples. Previous studies (8,9) using
TGA=DTA methods have reported thermal analysis patterns for both
crystalline and coarse grained gibbsite (a-Al(OH)3) and boehmite (c-
Al(O)OH). These studies suggest many variables, such as heating rate,
water vapor pressure, and=or particle size, may influence the results.

The TGA temperature program consisted of heating the sample to
150�C at 10�C per minute and holding it at 150�C for 30 minutes. Any
interstitial water remaining after filtration and drying evaporated at the
hold temperature of 150�C. Next, the sample was heated to 600�C at
10�C per minute. A sample TGA output scan of pure gibbsite subjected
to this temperature program is shown in Fig. 1. As evident in the scan,
gibbsite undergoes two transition steps when heated sufficiently. The first
transition step is dehydration of gibbsite to form boehmite, then a second
dehydration from boehmite to form alumina (Al2O3). Upon further
analysis of, it was concluded that there was no one identifiable maximum
temperature at which complete conversion of boehmite could be achieved
without the transition of some of the boehmite to alumina occurring.

Figure 1. Weight loss as a function of temperature for the Almatis gibbsite.
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Thus, the approach taken in these studies was to utilize a TGA program
that heats the sample to 600�C to ensure complete conversion to alumina.

During TGA analysis, the assumption was made that the starting
solid sample consists of only gibbsite and=or boehmite. Thus, the
removal of residual caustic from the sample was important so that any
weight loss occurring at temperatures above 200�C could be attributed
to the dehydration of gibbsite to boehmite. A sample composed of
100% gibbsite will yield a maximum weight loss of 23.1% when com-
pletely converted to boehmite. A sample of pure boehmite would result
in a maximum weight loss of 15% when undergoing the transition to
alumina. Taken together, and accounting for the stoichiometry of the
reactions:

2AlðOHÞ3 ! 2AlOOHþ 2H2O ð1aÞ

2AlOOH! Al2O3 þH2O ð1bÞ

The total weight loss from 2 moles of gibbsite being completely converted
to alumina through reactions (1a) and (1b) totals 3 moles of water,
roughly 34.64% of the initial weight. The trace shown in Fig. 1 for the
Almatis gibbsite yield a loss of 34.6% of the initial weight; which cor-
responds to 99.88% of the theoretical value.

The weight loss data, obtained using TGA, can be used to estimate
the weight fraction of gibbsite and of boehmite in the original sample.
Equation (2) is used to calculate the mass fraction of boehmite in a sample
from weight loss data, where wi denotes the initial sample mass, wf denotes
the final sample mass, and MWi is the molecular weight of species i.

xboehmite ¼
wi �

ðwf � wiÞMWgibb

MWH2O

� �

wi
ð2Þ

First, it is known that the original sample is composed of only gibbsite
and=or boehmite. Second, the final product contains only alumina. Using
these two assumptions, the mass fraction of Al(OH)3 (xAlðOHÞ3Þ in a sample
analyzed by TGA may be calculated by equation (3). Again, wi and wf are
the initial and final weights of the sample, respectively.

xAlðOHÞ3 ¼

wi � wf

wi
� 1

2

MWH2O

MWboeh

� �

3

2

MWH2O

MWgibb
� 1

2

MWH2O

MWboeh

� � ð3Þ

Differential thermal analysis (DTA) output was collected for most
samples during TGA analysis. DTA displays peaks at temperatures when
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reactions are initiated. All samples contained gibbsite and=or boehmite so
that at least two DTA peaks appeared for all samples at very similar tem-
peratures. These data were useful for comparison with previously cited
literature results to confirm that the expected transitions were taking place
during TGA=DTA analysis (13,14). The DTA data plot obtained for pure
gibbsite is shown in Fig. 2. XRD of the starting materials was performed
and results established the Almatis product to be pure crystalline gibbsite
as shown in Fig. 3 (15).

Figure 2. DTA plot of the Almatis gibbsite.

Figure 3. XRD trace for the Almatis C-333 crystalline gibbsite.
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The accuracy of the balance within the TGA was determined through
the use of known mass standards. A 5 mg standard was found to weigh
4.95 mg and a mass of 19.7 mg was found for a 20 mg standard. These
results translate into 1 and 1.4% errors. The larger value was used to esti-
mate the potential errors in the calculation of the activation energy.
Obtained masses from the 100 and 150�C sample tests were subjected
to uncertainty by the addition or subtraction of 1.4% of the measured
mass. In one case, the addition was performed on the starting weight,
and in the second instance, the addition was performed on the final
weight with mass taken away from the starting sample. These data were
then converted into rate constants and plotted against 1=T. Correspond-
ing slopes were indicative of the activation energy.

Aside from errors in mass determination, a possibility does exist that
sodium aluminate, NaAlO2, may form during the reaction. Simulations
using the Environmental Simulation Program (ESP, OLI Systems Inc.)
predicted increased formation of sodium aluminate when higher caustic
loadings were employed. Sodium aluminate is a recalcitrant impurity;
in this case, because it will remain unchanged and undergo no reactions
while undergoing TGA analysis. ESP estimates the solubility of sodium
aluminate at 70 g per 100 g of water at 25�C. Such a high solubility leads
one to believe that sodium aluminate would be sufficiently removed dur-
ing washing of the solids prior to analysis by TGA=DTA, a step that was
performed for all solid samples. The lack of appreciable amounts of
sodium aluminate detected by XRD confirms that this impurity was
not present in the prepared samples and thus, did not need to be con-
sidered during the composition calculations for these experiments. Any
sodium aluminate formed must have, indeed, been effectively washed
from solid samples during sample preparation.

Initial experiments were performed in order to duplicate results
obtained by Gong et al. (9) and validate the experimental procedure
and analysis methods employed in the present effort. Subsequent exp-
eriments were performed at lower temperatures and at higher caustic
loadings. The validation of the TGA method allowed for an accurate
determination of the weight fraction of gibbsite present at various times.
Knowledge of the change in mass with time permits the determination of
a reaction rate. These data were subsequently fit to the Arrhenius
expression, allowing determination of the activation energy.

RESULTS

The weight fraction of gibbsite obtained from the TGA measurements
and calculated according to equation (3) is plotted in Fig. 4 as a function
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of reaction time for the 100, 120, 135, and 150�C ‘‘dry’’ experiments. The
transition from gibbsite to boehmite occurred rapidly at both 135 and
150�C. A lag, or induction period, was observed for the run at 120�C,
which corresponds to the evaporation of the aqueous phase. No similar
lag, attributed to evaporation, was observed at 100�C. At this tempera-
ture, the reaction rate was considerably less than at the elevated tempera-
tures. Data employed for the determination of rates and the activation
energy omitted the regions in the transitions where evaporation was
occurring and where little change in mass was observed (at longer reac-
tion times). The rate of the reaction was calculated from the linear por-
tions of the curves. For 150�C, the rate of change from gibbsite to
boehmite was � 4.4� 10�3 mol hr�1. Values of 1.82� 10�3 and
3.1� 10�4 mol hr�1 were obtained for the 135 and 120�C temperatures,
respectively. At 100�C, the rate of change was significantly slower, and
was determined as 1.87� 10�5 mol hr�1.

Validation of the TGA method was accomplished through XRD
analysis of selected samples. Figure 6 is a trace corresponding to the
solids obtained after 240 hours at 120�C. The product ratio was approxi-
mately 50% gibbsite and 50% boehmite (16). The characteristic trace of
boehmite, shown in Fig. 7, indicates the peak around a 2h value of 15�.
The 50% value is in good agreement with the experimental result of 55%.

Different concentrations of NaOH in the solutions did not give rise
to significantly different weight loss as a function of time, as shown in
Fig. 5. The induction period was extended for the sample in 3 m NaOH

Figure 4. Plot of weight percent of gibbsite as a function of time for the ‘‘dry’’
experiments conducted in 1.5 m NaOH. Symbols are as follows: diamonds
150�C; squares, 35�C; triangles, 120�C; and circles, 100�C.
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at 135�C, indicating delayed evaporation (boiling point elevation). The
rate constants for the solutions starting with 3 m NaOH were found to
be 3.77� 10�3 and 1.55� 10�3 mol hr�1 at 150 and at 135�C, respectively.

Figure 6. XRD trace of the solids recovered from an experiment at 120�C after
240 hours.

Figure 5. Weight fractions of gibbsite measured as a function of time in 1.5 and
3 m NaOH. Solid symbols are for samples originally made in 1.5 m NaOH; hollow
symbols are for samples originally prepared in 3 m NaOH. Diamonds correspond
to 150�C; squares to 135�C.
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Whereas these values are somewhat smaller than those obtained from the
1.5 m NaOH runs, the limited data precludes the direct establishment of
specific solvent effects.

Figure 8. Conversion of gibbsite to boehmite under both ‘‘dry’’ and ‘‘wet’’ con-
ditions. The square symbols are from the 100�C measurements and the triangles
are from the 120�C experiments. Solid symbols correspond to ‘‘wet’’ conditions.
Hollow symbols are from the ‘‘dry’’ experiments. Lines are linear fits to the data
meant to guide the eye.

Figure 7. XRD trace of boehmite obtained after complete reaction.

2896 T. J. Ruff et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



A comparison of the conversion of gibbsite to boehmite under both
‘‘dry’’ and ‘‘wet’’ conditions is presented in Fig. 6. Little change in the
rate of reaction was observed at 120�C. Under the higher pressure
‘‘wet’’ conditions, the reaction rate was determined as 2.7� 10�4 mol
hr�1. This value is slightly reduced from that obtained under the con-
ditions where complete evaporation occurred (3.1� 10�4 mol hr�1). The
rate obtained under ‘‘wet’’ conditions in 1.5 m NaOH at 100�C was cal-
culated as 1.9� 10�5 mol hr�1. The corresponding result for the ‘‘dry’’
conditions was 1.87� 10�5 mol hr�1. Little to no evaporation took place
at 100�C. These results support the assumption that the corrosion pro-
ducts from the steel vials did not affect the reaction and, in addition,
these results also confirm the experimental procedure.

A number of attempts were made to determine the conversion rates
at even lower temperatures of 50 and 80�C. No significant weight loss was
noted during incubation times of up to 504 hours.

The natural logarithm for the rate constants obtained under the
‘‘dry’’ and the ‘‘wet’’ conditions are plotted against 1=T in Fig. 7. The
data can be approximated as ln k ¼ 35.17� 17108=T, yielding an acti-
vation energy of 142þ=�2.2.kJ mol�1.

CONCLUSIONS

Evaluation of the gibbsite to boehmite transition indicates that conver-
sion can take place at temperatures as low as 100�C. Measurements in
1 and 3 m caustic resulted in similar rate constants. No differences were

Figure 9. Arrhenius plot of the rate constant for all of the experiments.
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observed in performing the experiments in sealed or unsealed containers,
corresponding to ‘‘wet’’ and ‘‘dry’’ conditions, indicating that vapor
pressure of water did not significantly impact the results. Additional
experiments using more complex simulants are planned. The rate con-
stants and the activation energy reported here can be used, along with
available information on tank temperature histories and inventories, to
determine the mass fractions of the predominant forms of aluminum in
the waste. From an assessment of that information, site engineers will
be able to tailor sludge leaching conditions to account for the widely
varying dissolution kinetics of gibbsite and boehmite.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge support from the U. S. Department
of Energy Cooperative Agreement No. DE-FC01-06EW07040.

REFERENCES

1. Integrated Data Base Report-1994: (1995) U.S. Spent Nuclear Fuel and
Radioactive Waste Inventories, Projections, and Characteristics. Prepared
by Oak Ridge National Laboratory, September, DOE=RW-0006, Rev. 11.

2. Rapko, B.M.; Felmy, A.R.; Blanchard, D.L.; Liu, J.; Colton, N.G.; Lumetta,
G.J. (1996) The chemistry of sludge washing and caustic leaching processes
for selected hanford tank wastes, DE-AC06-76RLO 1830.

3. Kirkbride, R. (2006) personal communication of loadings contained in the
Hanford Best Basis Inventory.

4. Addai-Mensah, J. (2007) Aluminum Dissolution Kinetics I Caustic Media, A
Literature Review, Presentation, Aluminum Chromium Leaching Workshop,
SRS=DOE, Jan., Atlanta, GA.

5. Addai-Mensah, J.; Dawe, J.; Ralston, J. (2000) ‘‘Dissolution and Interactions
of Gibbsite in Alkaline Media,’’ Proc. XXI International Mineral Processing
Congress, Rome, Italy.

6. Scotford, R.F.; Galstonbury, J.R. (1971) Effect of temperature on the rates of
dissolution of gibbsite and boehmite. Can. J. of Chem. Eng., 49: 611.

7. Columbo, C.; Violante, A. (1996) Clays Clay Miner, 44: 113.
8. Kloprogge, J.T.; Ruan, H.D.; Frost, R.L. (2002) Thermal decomposition of

bauxite minerals: Infrared emission spectroscopy of gibbsite, boehmite, and
diaspore. J. of Mat. Sci., 37 (6): 1121.

9. Gong, X.; Nie, Z.; Qian, M.; Liu, J.; Pederson, L.A.; Hobbs, D.T.; McDuffie,
N.G. (2003) Gibbsite to boehmite transformation in strongly caustic and
nitrate environments. Ind. and Eng. Chem. Res., 42: 2163–2170.

10. Flanagan, B.D. (1994) Maximum Surface Level and Temperature Histories
for Hanford Waste Tanks, WHC-SD-WM-TI-591, rev. 0, Westinghouse
Hanford Corporation, Richland WA.

2898 T. J. Ruff et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



11. Sasaki, L.M. (2001) Accelerated Best-Basis Inventory Baselining Task, RPP-
7625, rev 1, CH2MHill Hanford Group Inc., Richland, WA.

12. Almatis, Inc. (2007) Alumina Trihydroxides Exceptionally Pure White
Hydrates, MSDS 839.

13. Mercury, Jose Manuel Rivas; Pilar, Pena; de Aza, Antonio H. (2006) On the
decomposition of synthetic gibbsite studied by neutron thermodiffracto-
metry. J. of the Amer. Cer. Soc., 89: 3728–3733.

14. Bhattacharya, I.N.; Das, S.C.; Mukherjee, P.S.; Paul, S.; Mitra, P.K. (2004)
Thermal decomposition of precipitate fine aluminum trihydroxide. Scan. J. of
Metallg., 33: 211–219.

15. Saalfeld, H. (1961) Neues Jahrb Mineral., Abh., 95: 1.
16. Farkas, L.; Gado, P.; Werner, P.E. (1977) Mater. Res. Bull., 12: 1213.

Transition of Gibbsite to Boehmite 2899

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1


