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Abstract

The behaviour of the hydrated phases in the Al2O3–H2O system is of major importance in the chemistry of ceramic materials. In this work,

stability and metastability relations in the Al2O3–H2O system have been studied. Gibbs free energy functions of the gibbsite and boehmite phases

have been critically revised and new optimized functions have been calculated. The functions obtained have been used to predict the stability and

metastability relations by calculating a P–T diagram following the CALPHAD methodology. Comparison with the corresponding available

experimental data is discussed.
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1. Introduction

Aluminium hydroxides are used as the starting material for

the manufacturing of transition aluminas, materials widely used

for catalysts, coatings and ceramics preparation. Synthetic

routes involve the decomposition of aluminium hydroxides,

which explains the interest in its dehydration process, thermal

stability and reaction kinetics. These phases have important

application by themselves; as an example, gibbsite

(Al2O3�3H2O), is an excellent adsorbent for heavy metals

[1,2]; boehmite (Al2O3�H2O) and its dehydrated alumina form

are extensively used for preparation of various optical,

electronic devices and catalysts [3–5].

The stability of gibbsite and bayerite (Al2O3�3H2O),

boehmite and diaspore (Al2O3�H2O) phases is a controversial

point. Some authors claim the stability of diaspore respect to

boehmite and gibbsite even at low pressure [6–8]. According to

them, boehmite and gibbsite are just metastable phases

appearing as precursors of the diaspore formation. The sluggish
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kinetics of the transformation of boehmite to diaspore justifies

the observation of boehmite at usual experimental conditions or

not so long times treatments. The Gibbs free energy functions

of boehmite and diaspore are very close but a previous seeding

is necessary to obtain diaspore phase. The last means that the

activation energy of formation of diaspore is really relevant.

Studies on the diaspore–corundum equilibrium [9] are also

reported at pressures from 20 MPa up to 200 MPa but the

stability relations at high pressures are beyond the scope of the

present work.

Gibbsite and boehmite are abundant in nature and they are

used as raw materials, so that a detailed knowledge of their

hydration/dehydration behaviour is of fundamental importance

in the chemistry of ceramic materials, apart from their stability

in relation to diaspore. In fact, numerous experimental and

theoretical studies on the hydration/dehydration process in

boehmite and gibbsite phases can be found in the ceramic

literature. However, these studies put in evidence that the

process is very sensitive to both environmental conditions and

sample processing, so that the stability ranges of the hydrated

phases is under discussion nowadays.

The aim of this work is to study, from a thermodynamic

point of view, the relative stability of aluminium hydroxide
d.
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Table 1

Description of the phases in the system Al2O3–H2O, at 25 8C and 1.013 � 105 Pa.

Phase Crystalline structure Molar volume, n0 (m3/mol) Thermal expansion, a (K�1) Isothermal compressibility, kT (Pa�1)

Liquid water H2O – 18.052 � 10�6 [10] 2.56 � 10�4 [11] 4.524 � 10�10 [11]

Gas water H2O – – – –

Gibbsite Al2O3�3H2O Monoclinic P21/n 32.2328 � 10�6 [10] 42 � 10�6 [12] 2.04 � 10�11 [13]

Boehmite Al2O3�H2O Orthorhombic Cmcm 19.5401 � 10�6 [10] 32.2 � 10�6 [14] 9.43 � 10�14 [15]

a-Alumina Al2O3 Trigonal R3̄c 25.813 � 10�6 [10] 26.8 � 10�6 [16] 2.63 � 10�13 [14]
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phases in the system Al2O3–H2O in order to predict the

corresponding P–T diagram at low pressures (<10 MPa). For

this purpose, an extensive revision of the available thermo-

dynamic data has been undertaken and from these data, a set of

optimized Gibbs free energy functions have been calculated for

gibbsite and boehmite phases, which have been used to obtain

the corresponding equilibrium P–T diagram. On the other hand,

it is well know that, apart from corundum, the Al2O3

composition can be found in different metastable polymorphic

forms (g-, d-, k- and x-Al2O3), widely described in the ceramic

literature and, consequently, the described decomposition paths

are numerous. In this sense, metastability relations using

metastable forms for Al2O3 have been calculated as well.

Finally, a comparison of thermodynamic results with the

experimental data is performed.

2. Literature survey

Besides H2O, within the Al2O3–H2O system the following

hydrated compounds appear as stable phases as a function of

temperature and pressure: gibbsite (monoclinic Al2O3�3H2O),

bohemite (orthorhombic Al2O3�H2O), diaspore (orthorhombic

Al2O3�H2O). A brief crystallographic description of the

mentioned phases can be found in Table 1 [10–16]. Other

metastable polymorphic forms have been also observed for the

hydrated phases in the system such as bayerite (hexagonal

Al2O3�3H2O) [17,18]. The Al2O3 composition (trigonal a-

Al2O3, corundum, is the stable phase) [19,20] can be found in
Fig. 1. Typical dehydration sequence of alumina hydrates in air. Starting tra
different metastable polymorphic forms widely described in the

ceramic literature [21,22].

Available experimental data of this system cover: solubility

and hydration–dehydration processes, thermodynamic data of

the above described compounds and phase equilibrium

diagrams. Numerous solubility data have been also published,

but this question is out of the scope of this paper. A revision of

the hydration–dehydration process proposed in the literature as

well as a detailed review of thermodynamic data is presented

above.

2.1. Dehydration process in the system

For many years a great number of investigations on the

thermal decomposition of aluminium hydroxides have been

published, and a sample of relevant and recent papers about this

topic is presented in references [11,23–28]. Despite the

different experimental methods employed, the dehydration

processes nowadays accepted can be described as represented

in Fig. 1 [20,29]. Route A is preferred in low grain-size particles

or low crystallinity systems, while route B is favoured by high

grain-size or high crystallinity particles under conditions of

humidity and/or alkalinity. The phase evolution and kinetics of

aluminium hydroxide dehydration consequently depends on

heating rates, particle size, and atmospheric conditions (e.g.,

water vapor pressure), and the sequence of metastable

polymorphs of Al2O3 formed during thermal decompositions

is under discussion nowadays [28,11,30].
nsition temperatures of the different process are indicated in the figure.



Table 2

Standard Gibbs free energy of formation ðD f g�298:16 ðkJ=molÞÞ of aluminium

hydroxide phases collected from literature and average value

ðhD f g�298:16 ðkJ=molÞiÞ.

Gibbsite (Al2O3�3H2O) Boehmite (Al2O3�H2O) Diaspore (Al2O3�H2O)

D f g
�
298:16 ðkJ=molÞ
�2320.6 [31] �1825.4 [32] �1835.2 � 3.4 [52]

�2287.4 [32] �1830 � 1.6 [49] �1836 � 4.2 [49]

�2288.6 � 2.6 [33] �1823.7 [36] �1841.4 � 3.4 [53]

�2311.2 [34] �1836.8 � 4.2 [49] �1839.2 [36]

�2318.2 [36] �1828.4 [50] �1827.56 [38]

�2309.78 [37] 1836.8 � 4.2 [39] �1844.0 � 10.0 [48]

�2310.96 [38] �1830.6 [41] �1842.6 [43]

�2309.778 � 2.426 [39] �1832.3 [45] �1841.6 [43]

�2299.17 to 2301.26 [40] �1842 � 3 [46] �1825.4 [45]

�2307.96 [41] �1833 [51]

�2315.44 � 2.84 [43] �1830.0 � 3.66 [47]

�2309 [42] �1841.28 � 2.82 [47]

�2308.28 [44,45]

�2313.4 � 3.2 [46]

�2310.12 � 2.86 [47]

hD f g
�
298:16 ðkJ=molÞi

�2308.04 �1832.54 �1836.54

Table 3

Standard enthalpy of formation ðD f h�298:16 ðkJ=molÞÞ of aluminium hydroxide

phases collected from literature.

Gibbsite (Al2O3�3H2O) Boehmite (Al2O3�H2O) Diaspore (Al2O3�H2O)

D f h�298:16 ðkJ=molÞ
�2563.78 � 2.52 [54] �1972.1 � 16.4 [58] �2000.60 [59]

�2588.36 � 5.86 [55] �1990.68 � 2.6 [59]

�2589.8 � 2.4 [56] �1991.54 � 4.0 [60]

�2586.36 � 2.4 [57] �1992.2 � 2.6 [57]

hD f g
�
298:16 ðkJ=molÞi

�2582.08 �1986.64 �2000.60

Table 4

Entropy values for aluminium hydroxide phases collected from literature.

Gibbsite (Al2O3�3H2O) Boehmite (Al2O3�H2O) Diaspore (Al2O3�H2O)

s�298 ðJ=mol KÞ
140.07 [67] 96.767 [67] 70.47 [67]

136.77 � 0.25 [39] 74.32 � 0.17 [65] 70.61 � 0.17 [66]

136.9 [10] 96.767 [36]

140.07 [36] 96.860 [10]

134.22 � 0.4 [61] 96.767 � 0.4 [61]

hs�298 ðJ=mol KÞi
136.99 89.32 70.54

Ds�298 ðJ=mol KÞ
�923.296 [62] �500.464 [62] �526.824 [62]
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2.2. Thermodynamic data

Standard Gibbs free energy of formation, standard enthalpy

of formation, entropy and constant pressure thermal capacity

data of aluminium hydroxide phases found in the literature [31–

35] and thermodynamic data bases [10,69] are shown in

Tables 2–5. In Table 2 the different standard Gibbs free energy

of formation are compared. Standard enthalpies of formation of

gibbsite, bayerite, boehmite and diaspore are collected in

Table 3. Entropy values at the standard state at 25 8C, s0
298 and

Ds0
298 of aluminium hydroxides are shown in Table 4. Various

expressions of the molar thermal capacity as a function of

temperature at constant pressure, resulting from experimental

data fittings, are given in Table 5 for aluminium hydroxides.

2.3. Phase diagram data

Experimental data on the system Al2O3–H2O can be found

in the literature since 1930; most investigations were based on
Table 5

Heat capacity data fitting for the aluminium hydroxide phases collected from liter

Compound C�pðJ=mol KÞ

Gibbsite (Al2O3�3H2O) Experimental (heat con

Experimental measure

72.314 + 0.38158T

72.314 + 0.38158T

114.7828 + 34.022T �

Boehmite (Al2O3�H2O) Experimental (heat con

Experimental measure

120.792 + 3.514 � 10�

120.792 + 3.514 � 10�

100.3367 + 2.02397 �

Diaspore (Al2O3�H2O) 102.6023 + 0.1093T �
94.9696 + 03.5112 � 1
dehydration studies, so that, the values reported for a given

transition point may vary up to two hundred degrees, and the

equilibrium condition was not always established. A revision of

the more systematic studies on this phase diagram is presented

in what follows.

The system Al2O3–H2O was studied in 1943 by Lauben-

gayer and Weisz [70] in hydrothermal conditions. The results of

the study were presented as a temperature–solubility diagram in

which phase stability fields for all mentioned compounds,

except for bayerite, were included. According to this diagram,

estimated solubility in water follow the sequence gibbsi-

te < boehmite < diaspore < corundum. The stability ranges

established in this work for the different phases were: gibbsite
ature.

T (K)

tent at T > 298.16) <423 [61]

ment <500 [37]

[62]

298–425 [63]

2.44112 � 105T�2 <600 [64]

tent at T > 298.16) <520 [61]

ment <700 [65]
2T [62]
2T 298–520 [63]

10�2T � 2.69861 � 105T�2 <900 [64]

2.42691 � 105T�2 <900 [64]

0�2T [68]
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stable up to 155 8C, boehmite apparently stable between 155 8C
and 280 8C, diaspore between 280 8C and 450 8C, and

corundum stable from 450 8C up.

The behaviour of aluminium under hydrothermal conditions

was studied in 1973 by MacDonald and Butler [36] at

temperatures between 25 8C and 300 8C. The results from

thermodynamic calculation were presented as a series of

potential–pH diagrams at various temperatures, and were

applied to aluminium corrosion problems.

Ervin and Osborn [19] studied the system Al2O3–H2O at

higher temperatures and pressures. Results were expressed as a

pressure–temperature diagram, showing stability regions for

the crystalline phases, gibbsite, boehmite, diaspore and

corundum. The stability field for gibbsite suggested by the

authors is located at temperatures lower than 130 8C. At

pressures lower than �6900 MPa the stability region for

boehmite was limited by gibbsite (at temperatures lower than

130 8C) and corundum (at temperatures higher that 380 8C).

The stability field for diaspore was located at higher pressures

between the boehmite and corundum regions, so that an

invariant point for the coexistence of boehmite, diaspore,

corundum and water appears at 385 � 15 8C and 13.8 MPa.

Phase relations of the system at high pressures were revised

in 1959 by Kennedy [6] who confirmed part of the work of

Ervin and Osborn [19] but modified the interpretation of the

boehmite–diaspore relationship. These authors explain that the

transition diaspore–corundum is reversible, so that real

equilibrium conditions can be actually reached. On the

contrary, the gibbsite–boehmite transition and boehmite–
gðT ;PÞ ¼ gðT;P�Þ þ
Z P

P0

v dP ¼ gðT;P�Þ þ vðT�;P�Þ exp½aðT � T�Þ�
Z P

P�
exp½�kTðP� P�Þ�dP

gðT;PÞ ¼ gðT;P�Þ þ vðT�;P�Þ
kT

exp½aðT � T�Þ�f1� exp½�kTðP� P�Þ�g
(4)
diaspore transitions are both exceedingly sluggish, so that it

is possible that the previous works [19,70] and their own results

do not represent equilibrium determinations.

Phase relations in the system at pressures up to 6000 MPa

were revisited by Dachille and Gigl [71]. These authors point

out to the existence of two new polymorphs of Al2O3�3H2O,

and include their stability field in the P–T diagram of the system

at pressures higher than 15 kbar (1500 MPa).

3. Thermodynamic models and optimization procedure

Collected experimental information has been used to

calculate a group of optimized Gibbs free energy functions

of the phases in the system Al2O3–H2O, using the models

described below. In the present work, the gaseous mixture

phase of the system has been described as an ideal gas. This

implies that the P–V–T relations and thermodynamic properties

of pure gaseous species are calculated as those of an ideal gas so

that there is no interaction between gaseous species in the

mixture. The solid and liquid phases have been treated as pure

phases.
In standard thermodynamic calculations pressure variation

of Gibbs energy is usually neglected for non-fluid phases. In

this work, the dependence of Gibbs free energy on both

temperature and pressure has been taken into account. The

expressions of molar Gibbs energy (g) for solid and liquid

phases has been calculated from the next equations

g ¼ gðT;PÞ
dg ¼ �s dT þ v dP

v ¼ @g

@P

� �
T

; s ¼ � @g

@T

� �
P

(1)

dv ¼ av dT � kT v dP) dv

v
¼ a dT � kT dP) ln

v

vðT�;P�Þ

� �

¼
Z T

T�
a dT �

Z P

P�
kT dT ;

(2)

where v (cm3/mol) is the molar volume, a is the thermal

expansion coefficient (K�1) and kT (Pa�1) the isothermal

compressibility factor. T8 and P8 are the usual reference tem-

perature and pressure, 298.15 K and 1.00 bar, respectively.

Considering a and kT as constants,

ln
v

vðT�;P�Þ

� �
¼ aðT � T�Þ � kTðP� P�Þ

) v ¼ vðT�;P�Þ exp½aðT � T�Þ�
exp½kTðP� P�Þ� (3)
gðT ;P�Þ ¼ D f h
�ðTÞ � Ts�ðTÞ

¼ D f h
�ðT�Þ þ

Z T

T0

C p dT � Ts�ðT�Þ � T

Z T

T0

C p

T
dT

(5)

The heat capacity functions, Cp(T) of gibbsite and boehmite

have been fitted to experimental data according to Eq. (6):

C p ¼ a0 þ a1T þ a2T2 þ a3T�2 (6)

so,

gðT ;P�Þ ¼ D f h
�ðT�Þ þ a0ðT � T�Þ þ a1

2
ðT2 � T�2Þ

þ a2

3
ðT3 � T�3Þ � a3ðT�1 � T��1Þ

� T

�
s�ðT�Þ þ a0 ln

T

T�

� �
þ a1ðT � T�Þ

þ a2

2
ðT2 � T�2Þ � a3

2
ðT�2 � T��2Þ

�
(7)



Table 6

Thermodynamic properties of the gibbsite and boehmite phases proposed in the present work, were �gðT ;PÞ ¼ gðT ;PÞ �
P

iH
SER
298:15; i ¼ AlðFCCÞ;H2ðgÞ;O2ðgÞ.

Gibbsite (Al2O3�3H2O)

Dh�f 298ðJ=molÞ �2594.3

s�298 ðJ=mol KÞ 139.4

D f g�298:15 ðkJ=molÞ �2318.6

Cp(T) (J/mol K) �37.714 + 0.91337T � 5.8953 � 10�4T2 + 6.7386 � 103T�2

8g(T, P) (kJ/mol) �2:613921045� 103 � 0:1434129694T � 4:56685� 10�4T2

þ9:8255� 10�8T3 � 3:3693T�1 þ 3:7714� 10�2T lnðTÞ
þ1:56� 106 e42�10�6T ½1� ð1� 2:067� 10�6Þe�2:04�10�11P�

Boehmite (Al2O3.H2O)

Dh�f 298ðJ=molÞ �1981.1

s�298 ðJ=mol KÞ 96.86

D f g�298:16 ðkJ=molÞ �1831.8

Cp(T) (J/mol K) �24.038 + 0.56165T � 4.2275 � 10�4T2 + 2.0153 � 103T�2

8g(T, P) (kJ/mol) �1:986155011� 103 � 0:109201651T � 2:80825� 10�4T2

þ7:04583333� 10�8T3 � 1:00765T�1 þ 2:4038� 10�2T lnðTÞ
þ2:052� 108 e32:2�10�6T ½1� ð1� 9:55� 10�9Þe�9:43�10�14P�
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According to this, the expression of g(T, P) function is the

following one

gðT ;PÞ ¼ D f h
�ðT�Þ þ a0ðT � T�Þ þ a1

2
ðT2 � T�2Þ

þ a2

3
ðT3 � T�3Þ � a3ðT�1 � T��1Þ

� T

�
s�ðT�Þ þ a0 ln

T

T�

� �
þ a1ðT � T�Þ

þ a2

2
ðT2 � T�2Þ � a3

2
ðT�2 � T��2Þ

�

þ vðT0;P0Þ
kT

exp½aðT � T0Þ�f1� exp½�kTðP� P�Þ�g

(8)

so that, rearranging the terms of Eq. (8), the expression for the

Gibbs free energy used in the present work is presented next,

gðT ;PÞ ¼ b0þ b1T � a0T� � a1

2
T�2� a2

3
T�3þ a3

T�

þ a0ð1� ln T�Þ þ a1T� þ a2

2
T�2� a3

2T�2

h i
T

� a1

2
T2� a2

6
T3þ a3

2T
þ a0T ln

T þ vðT�;P�Þ
kT

exp½aðT � T�Þ�f1� exp½�kTðP�P�Þ�g

(9)

where ai (i = 0–3) and bj ( j = 0, 1) are the parameters to be

calculated for gibbsite and boehmite.

The parameters needed for the description of the Gibbs free

energy of gibbsite and boehmite (Eq. (9)) were optimized using

the PARROT [72] module of the Thermo-Calc software. The

different sets of experimental thermochemical and phase

diagram data collected from literature were assigned different

statistical weights during the optimization according to the

accuracy reported in the original papers and the discussion in

the following section. During the optimization, the heat

capacity of gibbsite and boehmite were used first. Thereafter
data of enthalpy, entropy and Gibbs free energy as well as phase

diagram information were included.

Once the Gibbs free energy function were established for the

phases, all equilibria were calculated using the module POLY-3

included in the Thermo-Calc databank system, version R [72].

4. Results and discussion

4.1. Assessment of the thermodynamic functions

Experimental measurements of Cp(T) are scarce

[37,39,48,61,65], however, the results obtained by the diverse

author are in good agreement for gibbsite as well as for

boehmite. In the present work, Eq. (6) was used to fit

experimental data of Cp(T), collected from bibliography.

Table 6 shows the new calculated Cp(T) functions, which

showed a good agreement with the experimental data, as can be

observed in Fig. 2.

On the contrary, an important dispersion was found in the

experimental data of Dfh8(T8), s8(T8) and Dfg8(T8) for both

gibbsite and boehmite phases. In Tables 2–4, the average values

and standard deviation of thermodynamic functions at

298.15 K are exposed. In this work, molar Gibbs energy g(T,

P) has been calculated from Eq. (8), so that any variation in

thermodynamic properties affects the values of g(T, P)

functions, and, as a consequence, the relative stability of the

phases.

To analyze the effect of variations of thermodynamic

properties on the relative stability of the phases, the upper and

lower Gibbs free energy functions of gibbsite and boehmite

have been evaluated, using the Cp(T) functions calculated

in the present work for each phase (Table 6). The func-

tions gupper
gibbsiteðT;P�Þ, glower

gibbsiteðT;P�Þ, gupper
boehmiteðT ;P�Þ and

glower
boehmiteðT;P�Þ of the aluminium hydroxide phases were

calculated using different values of Dfh8(T8) and s8(T8), taken

from the experimental data collected in Tables 3–5. Also the

gaverage
gibbsite ðT ;P�Þ and gaverage

boehmiteðT ;P�Þ functions have been cal-

culated from the average values of Dfh8(T8) and s8(T8).



Fig. 2. (a) Cp(T) function calculated in the present work (line) for gibbsite,

compared with experimental data points (Shomate [61] (*) and Hemingway

[37] (&)). (b) Cp(T) function calculated in the present work (line) for boehmite,

compared with experimental data points (Hemingway [65] (^)).

Fig. 3. Drg(T, P8) for different reactions using the lower and upper values for

the Gibbs free energy functions of gibbsite and boehmite.

Fig. 4. Drg(T, P8) for different reactions using average values for the Gibbs free

energy functions of gibbsite and boehmite.
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The thermal stability of aluminium hydroxide phases at normal

pressure conditions (P8 = 1.03 � 105 Pa), can be studied in

terms of Drg in the reactions

gibbsite ðAl2O3�3H2OÞ ! boehmite ðAl2O3�H2OÞ þ 2H2O

(10)

gibbsite ðAl2O3�3H2OÞ ! a-Al2O3þ 3H2O (11)

boehmiteðAl2O3�H2OÞ ! a-Al2O3þH2O (12)

where H2O can be in liquid or gas state.

Drg(T, P8) of the reactions (10)–(12) are represented in

Figs. 3 and 4. To simplify the discussion only the reaction with

the stable form of H2O at each temperature (H2O liquid at

T < 373.15 and H2O gas at T > 373.15) has been represented.

Taking into account that the reaction is possible for negative

value for Drg(T, P8), the intersection of the Dgr(T, P8) curve

with the x-axes provides the temperature of decomposition of

the aluminium hydroxide phase according to the corresponding

reaction.

Fig. 3a and b shows the Dgr(T, P8) of the reactions of

decomposition of gibbsite into boehmite or corundum, accord-

ing to reaction (10) or (11), respectively. Different results were

obtained by combining the functions gupper
gibbsiteðT ;P�Þ,

glower
gibbsiteðT ;P�Þ, gupper

boehmiteðT;P�Þ and glower
boehmiteðT ;P�Þ as well as

the Dgr(T, P8) using gaverage
gibbsite ðT;P�Þ and gaverage

boehmiteðT ;P�Þ.
According to Fig. 3a, gibbsite could be unstable at all

temperatures with respect to boehmite or stable up to �440 K.

In particular, using the gaverage
gibbsiteðT ;P�Þ and gaverage

boehmiteðT ;P�Þ
gibbsite would decompose to boehmite and liquid water even at

ambient temperature. A similar behaviour can be deduced in the

case of the decomposition of gibbsite in corundum; gibbsite

could be unstable at all temperatures respect to a-Al2O3 or

stable up to �410 K.

A similar study has been done to analyze the stability of

boehmite. Fig. 4 shows the Drg(T, P8) of the reactions of

decomposition of boehmite following reaction (12). According

this figure, boehmite could be unstable respect to a-Al2O3 at



Fig. 6. P–T diagram for gibbsite and boehmite phases calculated from thermo-

dynamic functions for gibbsite and boehmite phases provided in the present

work.

Fig. 5. Molar heat content (Dfh8(T) � Dfh8 (298.16)) calculated from thermo-

dynamic functions provided in the present work for gibbsite (a) and boehmite

(b) phases (line) compared with experimental data collected from bibliography

(Shomate [61] (symbols)).
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any temperatures or could be stable up to�460 K depending on

the value of Dfg8(T8) one uses.

All this discussion means that for gibbsite and boehmite, all

intermediate combinations (relative stabilities) could be

calculated by small modifications of the values of Dfh8(T8)
and s8(T8) within the experimental data/range.

Thermodynamic equilibrium calculations in the system

Al2O3–H2O have been shown to be extremely sensitive to very

small changes in the values of the thermodynamic functions of

the different aluminium hydroxide phases. In fact, not only the

stability ranges, but also the relative stability of the phases are

drastically modified by changing the values of the thermo-

dynamic properties by 1%. The dispersion of the measured

thermodynamic data of aluminium hydroxide phases collected

in Tables 2–4, could be related with the different experimental

methodologies and/or environmental conditions, as well as the

presence of any impurity or solid solutions appearing in the

studied materials or even the crystalline nature of the samples.

The previous considerations mean that using only thermo-

dynamic experimental data is not sufficient to safely describe

the behaviour of the aluminium hydroxide phases. Moreover, it

is important to note that the situation described by the Gibbs

free energy functions calculated from the average values of

Dfh8(T8) and s8(T8) do not represent the actual observations.

Typical temperatures reported for the decomposition of

aluminium hydroxide phases (see Fig. 1) are clearly higher

than those extracted from Figs. 3–5. In fact, there is no

bibliographic data on decomposition of gibbsite at temperatures

as low as 100 8C. The lower temperatures reported for

decomposition of gibbsite into boehmite, as found in phase
equilibrium studies are 155 8C (428 K) [70] and 130 8C (403 K)

[19]. The lowest temperature data reported for boehmite to

a-Al2O3 decomposition was also found in phase equilibrium

studies. Data from phase equilibrium diagram have been also

taken into account in this work to optimize the g(T, P) functions

of the aluminium hydroxide phases.

The values of g(T, P), g8(T8), Dfh8(T8) and s8(T8) and Cp(T)

assessed in the present work are shown in Table 6. Cp shows a

good fit to the experimental data of Hemingway [48,65] and

Shomate [61]. Resulting Dfh8(T8) of gibbsite (�2594.3 kJ/mol)

differs by �0.47% from the average value, and s8(T8) (139.4 J/

mol K) differs by 0.66% from the average value being both

calculated values within the experimental errors. Dfh8(T8) of

boehmite (�1981.1 kJ/mol) differs by +0.281% of the average

value. The calculated entropy s8(T8) of boehmite was 96.86 J/

mol K close to the value suggested by the most of authors and

databases [10,36,61,67]. Experimental data of molar heat content

(Dfh8(T) � Dfh8 (298.15)) measured by Shomate [61] can be

compared with the values calculated from thermodynamic

functions provided in the present work for both gibbsite and

boehmite phases in Fig. 5. Thermodynamic calculation fits very

well the experimental data of gibbsite. A good agreement was

observed between thermodynamic calculations and experimen-

tal data for boehmite at lower temperature, but differences were

observed at temperatures <450 K. However, according with the

suggestion by Shomate [61], these may be uncertain by a few per

cent as a function of increasing temperature.

4.2. Thermodynamic calculation of the P–T phase diagram

of the system

The obtained g(T, P) functions of the different phases allows

one to calculate the P–T diagram shown in Fig. 6. The stability

field of each phase is labelled, and the univariant curves

forming the boundaries of these stability fields are thus

transition curves along which the two neighbouring crystalline

phases are in equilibrium with a fluid phase. The stability field



Fig. 7. P–T metastable relations for decomposition of gibbsite and boehmite

phases into the g-Al2O3 polymorph calculated from thermodynamic functions

for gibbsite and boehmite provided in the present work.
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of gibbsite is located in the low temperature range, boehmite

in the intermediate range and the corundum stability field

appears at higher temperatures. The univariant curve gibbsi-

te$ boehmite + 2H2O intersects the vaporization line of water

at 413.2 K and 347,936 Pa (�0.348 MPa) while the intersection

of the univariant curve boehmite$ a-Al2O3 + H2O with

vaporization line takes place at 603.4 K and 8,794,274 Pa

(�8.79 MPa), that is, below the vaporization curve H2O is in

the liquid state and above the vaporization curve H2O is in

vapor. The dP/dT is positive for the univariant lines below

the vaporization curve, and increases with temperature, as

corresponding to a reaction giving rise to gaseous phase. The

reaction boundary is curved and asymptotically approaches

the temperature axis at low temperature, as is typical for a

dehydration reaction. However, at pressures higher than that

corresponding to vaporization curve, the fluid phase is a liquid,

so that the compressibility is comparable to that of the solid.

The reaction boundary and the dP/dT value put in evidence the

difference in volume between the two solids. At normal

pressure (100,000 Pa) decomposition temperatures of gibbsite

and boehmite are 396.8 K and 438.6 K respectively. The

experimental value on decomposition of gibbsite provided by

Lauenbayen in hydrothermal conditions [70] is 15 K higher

than that calculated in this study. The stability range reported

for boehmite, between 428 K and 553 K [70], is within that

calculated in the present work (413–603 K as a function of

pressure). Stability field of gibbsite suggested by Ervin and

Osborn [19] is 403 K at all pressure conditions, 10 K lower that

the resulting in the present work in hydrothermal conditions.

The stability range proposed by Ervin and Osborn [19] for

boehmite at temperatures from 403 K (at normal pressure) up to

593 � 15 K (at 13.8 MPa) is in line with the obtained in the

present at low pressures, but discrepancies are observed at high

pressures. However, it is important to note that Ervin and

Osborn [19] suggest the existence of an inconsistent quaternary

invariant point for coexistence of boehmite, diaspore,

corundum and water at 613 � 15 K (at 13.8 MPa), so that

this data must be used carefully.
The shape of the stability field of gibbsite at pressure below

the evaporation curve of the water puts in evidence that the

temperature of decomposition of gibbsite significantly increases

with increasing pressure. This can justify the higher temperature

observed for decomposition of gibbsite in boehmite in samples

with a large grain size or else highly crystallized [29,20].

It is important to note that all major studies on the hydration/

dehydration behaviour of gibbsite and boehmite are done under

dynamic conditions, far from equilibrium. This means that

kinetic aspects are relevant so that other polymorphs of Al2O3

are formed in the samples. In order to analyze this topic,

metastable decompositions of gibbsite and boehmite phases in

the g-Al2O3 metastable polymorph have been calculated. The

thermodynamic functions of g-Al2O3 have been taken from

SSUB-3 database [69]. Fig. 7 shows P–T metastable relations

for decomposition of gibbsite and boehmite phase into the

g-Al2O3 polymorph. In this figure, the univariant curve

boehmite$ g-Al2O3 + H2O intersects the vaporization curve

of water at 830 K and 27.47 MPa, while decomposition of

boehmite would take place at 567.2 K at normal pressure.

Typical temperatures reported for decomposition of boehmite

in g-Al2O3 polymorph are �720 K, which is in the range of

the temperatures calculated in the present work. There is no

thermodynamic data on the x-Al2O3 polymorph, so the

decomposition path form the gibbsite phase, according to the

route A (Fig. 1) cannot be thermodynamically simulated.

5. Summary

In the present work, the P–T phase equilibrium diagram for

the Al2O3–H2O binary system at pressures up to 30 MPa has

been thermodynamically assessed. A critical revision of the

published experimental data of the system has been previously

made. An optimized set of thermodynamic functions for the

gibbsite and boehmite phases has been obtained from both

experimental measurement of thermodynamic properties, and

phase diagrams information. In the calculation, phases of the

system have been treated as pure phases. The Gibbs free energy

functions proposed in the present work are in good agreement

with the thermodynamic experimental data and have allowed us

to calculate a P–T diagram for the system, consistent with the

experimental observations as well. The metastable P–T

diagram for the system, considering the polymorph g-Al2O3,

has been also calculated, and the results are check out with the

experimental observations in real materials.
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