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Abstract—This bibliographical review represents the published data on the composition and structure of alu-
minate ions in solutions with varied Al(III) and NaOH concentrations. The results of investigations of the
partial and integral properties of aluminate solutions regarded as a ternary NaOH–NaAl(OH)4–H2O system
are given. The phase diagrams of the ternary Na2O–Al2O3–H2O system for temperatures of 30, 95, 110, 130,
150, and 180°C are presented, and the compositions of the solid phases existing in equilibrium with the cor-
responding saturated aluminate solutions are specified.
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INTRODUCTION

The properties of aluminate solutions is one of the
most popular subjects of research in the chemistry of
aluminum. Alkaline solutions are used in the alumina
industry for the selective extraction of aluminum from
bauxite ores. The production of alumina from alumi-
num feedstock by alkaline methods results in techno-
logical liquors among which the most typical ones are
aluminate solutions contaminated with varied inor-
ganic and organic impurities. In the case of using the
Bayer method, they are obtained after leaching baux-
ites, and, in the case of using the sintering method,
they are obtained after leaching aluminate sinters [1].
The properties of the aluminate solutions obtained by
not only the Bayer method but also other alkaline
methods of alumina production are largely deter-
mined by the technological process. For many years,
the chemistry of sodium aluminate solutions has been
studied in the context of the industrial processing of
bauxite ores. However, recently this process has
become especially important due to the urgency of the
problems concerning radioactive waste (RAW). Alka-
line RAW from defense programs occurs in the
National Laboratories of the United States and at PO
Mayak (Russia) [2, 3], with sodium aluminate and
NaOH being the dominant components of the alka-
line RAW [4, 5].

In this bibliographical review, most of the works
deal with the so-called synthetic Bayer liquors, which

are homogeneous and contain only H2O, NaOH, and
Al(III) hydroxo forms in their composition. The dis-
cussion does not cover aluminate solutions containing
cations other than Na+ (i.e., Li+, K+, and Cs+). As was
mentioned above, the technological aluminate solu-
tions used in alumina production are intrinsically
complex and multicomponent. However, in the study
[4], it was demonstrated that the thermodynamic
model of synthetic Bayer liquors can be a base for pre-
dicting the properties of real technological aluminate
solutions.

The aim of this review is to consider the results of
investigations of the physicochemical properties of the
aluminate solutions currently available in the literature.

THE COMPOSITION AND STRUCTURE
OF ALUMINATE IONS IN ALUMINATE 

SOLUTIONS
At present, aluminate solutions are considered as

true (ionic) solutions. This supposition is corrobo-
rated by a large amount of experimental data on the
behavior of sodium aluminate solutions [6–8]. Never-
theless, the issue as to the composition and structure
of aluminate ions in solutions with different concen-
trations of alkali and aluminum has not yet been set-
tled completely.

To solve the question about the composition and
structure of aluminate ions, a wide range of spectro-
scopic methods was involved: Raman spectroscopy
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86 ROTMANOV, SMIRNOV
[9–16], IR and UV spectroscopy [9–10, 14–15, 17–
18], nuclear magnetic resonance (NMR) method [9,
11, 13, 17], X-ray spectroscopy methods [19], static
and dynamic light scattering [20–23], and the dielec-
tric relaxation technique [24–25]. In addition, elec-
trochemical methods were used [11, 20–21, 26–28]
(potentiometry, conductometry, linear voltammetry),
and the rheological properties of aluminate solutions were
investigated [21, 28–30]. Based on the results obtained in
the works [9–30], we can declare that in all likelihood, in
aluminate solutions, monomer tetrahydroxo aluminate
ion [Al(OH)4]– with a tetrahedral configuration and a

dimer hydroxo form Аl2O —exists.
It is considered practically a proven fact [6–8] that,

in thermodynamically stable aluminate solutions
unsaturated with [Al] (hereainfter in the text, square
brackets in the designation of concentration of the
solution component indicate its analytical concentra-
tion) and having a high pH value, singly charged
mononuclear [Al(OH)4]– aluminate ions are domi-
nant. In [8], it is indicated that three types of
monoaluminate ions in the form of singly charged
anions with a differing degree of hydration can coexist
in aluminate solutions:

with this equilibrium shifting to the right with increas-
ing temperature and [NaOH] and [Al] concentrations.
The results of investigations of aluminate solutions
obtained by Raman and IR spectroscopy (0.5 < [Al] <
6 mol/L; 1.25 < [NaOH] < 8.3 mol/L) are presented
in [9]. It is demonstrated that, at [Al] < 1.5 mol/L, the
dominant form is Al[(OH)4]–; at [Al] > 1.5 mol/L,
[(OH)3AlOAl(OH)3]2– dimer aluminate ions with one
oxo bridge of the Al–O–Al type are formed in the
solution:

The authors of [9] confirm the fact of dehydration
of an [Al(OH)4]– ion with increasing [NaOH] and [Al]
concentrations, albeit, with the subsequent formation
of an [Al2O(OH)6]2– dimer complex rather than ions
of the [AlO(OH)2]– and  type.

In aluminate solutions, the formation of a measur-
able number of hydrated monoaluminate ions (such as
[AlO(OH)2]– or ), and higher hydroxocomplexes
of the [Al(ОН)5]2– and [Al(ОН)6]3– form is disproved
by the majority of the experimental data [6, 8]. Analy-
sis of the data of Raman and IR spectroscopy of alu-
minate solutions carried out in [6, 8] made it possible
to conclude that there are no aluminate ions formed by
[Al(OH)4]– oligomerization (apart from the
Al2O(OH)6]2– dimer hydroxo form).
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In the publications [8–9, 31], the formation of
Na+Al(OH)  ion associates (ion pairs) between
sodium and aluminate ions was proven. Such associ-
ates are quite strong and can be qualified as outer
sphere complexes [32]. In addition, it was established
with confidence [33, 34] that there were Na+OH– ion
pairs in NaOH solutions. In [8], it was mentioned that
the concentration dependences of the electrical con-
ductivity of aluminate solutions and NaOH solutions are
symbatic and pass the maximum with an increasing con-
centration. The electrical conductivity of NaOH solu-
tions decreases beyond the limits of complete solvation
and is due to the decrease in the concentrations of Na+

and ОН– ions because of the formation of ion associates
(ion pairs) between sodium ions and hydroxy anions. An
analogous view of the change in the electrical conductiv-
ity of aluminate solutions can also be caused by the for-
mation of ion associates between aluminate anions,
hydroxy anions, and sodium cations.

In [35], with the use of Raman spectroscopy and
viscosimetry, the concentration regions of the change
in the dominating aluminate forms in aluminate solu-
tions supersaturated with [Al] (metastable)
([NaOH]/[Al] = 1.4–1.7) are distinguished. In the
sodium aluminate solution at Al(III) concentration up
to 2.0 to 2.2 mol/L, the [Al(OH)4]– monomer is dom-
inant. In the region of the Al(III) concentration of 2.0
to 4.5 mol/L, in solution, monomers of aluminate ions
prevail and their dimer forms [Al2O(OH)6]2– start to
be formed. However, as the authors of [35] note, these
are not the monomers dealt with while discussing the
range of the Al(III) concentrations up to 2.0 to
2.2 mol/L. At quite high concentrations (>2.0 mol/L
[Al]), the process of association of Na+ and [Al(OH)4]–

ions is intensified. Most probably, in the sodium alu-
minate solution, in the region of the Al(III) concen-
tration of 2.0 to 4.5 mol/L at 25°C, hydrate-separated
associates of [Al(OH)4]– monomers with Na+ cations
are prevalent. In the Al(III) concentration range of 4.8
to 6.0 mol/L, dimer forms of an aluminate forming
associates with Na+ ions become dominant in solution
[35]. The possibility of the outer sphere complexation
of the dimer aluminate forms with Na+ ions was also
noted in [12, 13, 24, 25]. The results of investigations
of the NMR and Raman spectra in alkaline aluminate
solutions [12–13] and the processes of dielectric relax-
ation in these solutions [24–25] are evidence of the
possibility of the existence of contact ion pairs of Na+

and monomer and dimer forms of aluminate ions at
[Al] = 0.8 mol/L and [NaOH] > 10 mol/L.

In the study [9], it was discovered that the IR,
Raman, and NMR spectra of the aluminate solution
(2 mol/L) containing monomer and dimer forms of
aluminate ions do not alter at a temperature up to
150°C. In [12], it was established that the parameters
of the Raman spectra of the aluminate solution ([Al] =
5.154 mol/L and [NaOH] = 8.183 mol/L) remain

4
−

ITY CHEMISTRY BULLETIN  Vol. 76  No. 2  2021



PHYSICOCHEMICAL PROPERTIES OF ALUMINATE SOLUTIONS 87
nearly the same when the temperature is raised from
25 to 100°C. As the authors of [9, 12] assumed, equi-
librium between the monomer and dimer hydroxo
forms of aluminate ions weakly depends on tempera-
ture. As was noted in [8], the concentration of dimer
aluminate ions is not so large as to noticeably affect the
spectra. In [36], concentrated aluminate solutions
(1.6 < [Al] < 4.4 mol/L; [NaOH]/[Al] = 1.5) were
investigated at a temperature of 20 to 95°C by molec-
ular spectroscopy (Raman, IR, and UV). The behav-
ior of the parameters in the Raman, IR, and UV spec-
tra leads us to state that an increase in temperature
decreases the number of the monomer [Al(OH)4]–

species in aluminate solutions and encourages the
growth in the number of dimer [Al2O(OH)6]2– or more
complex species with Al–O–Al bonds [36].

The existence of polymer aluminate ions

in solutions with different concentrations at рН 4–5
was reported in a series of publications [20, 37–39].
However, the data on the presence of polynuclear
structures in strongly alkaline solutions (e.g.,
[Al6(ОН)24]6– hexameric hydroxo forms [26, 28]) are
controversial. Numerous published data [6, 11] do not
confirm the presence of a noticeable number of poly-
mer aluminate ions in strongly alkaline solutions.

As the author of [6] holds, the assumption that,
there are only Na+, ОН–, and an [Al(OH)4]– dimer
aluminate ion and ion pairs corresponding to them in
the system, is quite sufficient for explaining the fea-
tures of the behavior of concentrated alkaline alumi-
nate solutions at a temperature up to 100°C.

PHYSICOCHEMICAL PROPERTIES
OF ALUMINATE SOLUTIONS

An important role in the investigation of aluminate
solutions is played by the physicochemical analysis
based on plotting the temperature and concentration
dependences of their thermodynamic (Gibbs free
energy of mixing and enthalpy of mixing, heat capac-
ity, and density) and other (refractive index and vis-
cosity) physicochemical properties. The obtained
experimental data are the base for building the ther-
modynamic models of aluminate solutions. In the
majority of the presented publications, as a thermody-
namic model, the Pitzer model for concentrated elec-
trolyte solutions is used [40] and aluminate solutions
are regarded as the NaOH–NaAl(OH)4–H2O system.

The results of the experimental studies of the inte-
gral and partial properties of aluminate solutions are
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given in [41–59]. The standard partial molar volume
of an Al(OH)  (aq) ion in an infinitely dilute aqueous
solution at a temperature of 25°C [41] and the stan-
dard molar enthalpy and the standard molar Gibbs
free energy of formation of an Al(OH)  (aq) ion in an
infinitely dilute aqueous solution in the temperature
range of 0–160°C are determined [42–43].

The values of the viscosity, density, and refractive index
for the sodium aluminate solutions ([Al] ≤ 4.38 mol/L,
[NaOH] ≤ 6 mol/L, 1.37 ≤ [NaOH]/[Al] ≤ 26.67) are
established at a temperature of 22 to 75°C [44].

The values of the viscosity and density for the sodium
aluminate solutions ([NaOH] ≤ 13.6 mol/kg H2O and
[Al(III)]/[Na+] ≤ 0.6) at 25°C for a series of solutions
with the same ionic strength are determined [45].

The apparent molar heat capacity and apparent
molar volume of concentrated sodium aluminate
solutions at a temperature from 10 to 55°C are deter-
mined.

Based on the resulting data, the parameters of the
Pitzer model were determined, which made it possible
to calculate the standard partial molar heat capacity
and standard partial molar volume for the Al(OH)
(aq) ion in the studied temperature range [46].

The apparent molar heat capacity of sodium alumi-
nate solutions at a temperature of 323.15 to 523.15 K, a
total molality of the solutions in the range of 0 to
1.7 mol/kg H2O, and a pressure of 2.0 to 4.7 MPa [47]
was measured.

The isobaric specific heat capacity (J/(g K)) and
apparent molar heat capacity (J/(mol K)) of sodium
aluminate solutions (0.4 ≤ [NaOH] ≤ 6.0 mol/kg H2O;
0.1 ≤ [Al] ≤ 3.0 mol/kg H2O; 0 ≤ [Al]/[NaOH] ≤ 1.5)
at a total ionic strength (I) in the range of 1 < I <
6 mol/kg Н2O at 298.15 K were measured [48].

Using the isopiestic method, the osmotic coefficients
for the NaOH–NaAl(OH)4–H2O system with the total
molal concentration of 0.05 ≤ [NaOH] ≤ 12 mol/kg H2O
([NaOH]/[Al] = 1.64–5.53) at 313.2 K were deter-
mined [49]. Based on the results, the parameters of the
Pitzer model were determined, which made it possible
to calculate the mean ionic activity coefficients for
NaOH and NaAl(OH)4 and the H2O activity for the
NaOH–NaAl(OH)4–H2O system in the investigated
[NaOH] and [NaOH]/[Al] ranges.

Isopiestic measurements were carried out for the
sodium aluminate solutions at 323.15 and 373.15 K,
and the osmotic coefficients were determined for the
NaOH–NaAl(OH)4–H2O system. It was shown that
this system obeys Zdanovskii’s Rule [50]. For the
sodium aluminate solutions, the density [51] and the
values of the apparent molar heat capacity [52] at the
total ionic strength of 1 ≤ I ≤ 6 mol/kg H2O and the
sodium aluminate concentration in the range from 0.1
to 2.4 mol/kg H2O in the temperature range of 323 to
573 K and a pressure of 10 MPa were determined.
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In [53], the density of sodium aluminate solutions was
measured in isomolal series at the total ionic strength in
the range of 1 ≤ I ≤ 6 mol/kg H2O and the proportion
between the concentrations of 0 ≤ [Al]/[NaOH] ≤ 0.6 in
the temperature range of 50°C ≤ Т ≤ 90°C [53].

In [54], to forecast the density of the NaOH–
NaAl(OH)4–H2O system, the Laliberté–Cooper
model was used [55]. In addition, in [54], the param-
eters of the Laliberté–Cooper model were calculated,
which made it possible to satisfactorily predict the
density of sodium aluminate solutions in the tempera-
ture range of 25°C ≤ Т ≤ 90°C; and the mass fraction
of the components of the system changed within the
following limits: the mass fraction of NaOH changed
from 0.0039 to 0.3534, that of NaAl(OH)4 changed
from 0.0014 to 0.2793, and that of H2O changed from
0.4858 to 0.9944.

Based on the available published data on the ther-
modynamic properties of sodium aluminate solutions,
in [4, 56–58], a thermodynamic model of the liquid
phase in the NaOH–NaAl(OH)4–H2O system was
proposed. The Pitzer model was employed as a ther-
modynamic model of the solutions in the studied sys-
tem. In [4, 56–58], the parameters of the Pitzer model
were determined, which made it possible to calculate
the partial and integral properties of solutions in the
NaOH–NaAl(OH)4–H2O system in the scale of
molal concentrations.

Due to the great technological significance of alu-
minate solutions, experimental investigations of the
solubility of aluminum hydroxide in caustic soda
depending on the concentration of the components
and temperature were repeatedly carried out [59–62].
Nevertheless, despite the fact that investigation of the
solubility of isotherms of aluminum hydroxide in
caustic soda is dealt with in many publications, this
investigation still cannot be deemed completed. In rel-
atively recent studies [63–66], the isotherms of the
solubility of aluminum hydroxide in caustic soda were
plotted for temperatures of 30, 95, 110, 130, 150, and
180°C, and the compositions of the solid phases exist-
ing in equilibrium with the corresponding saturated
aluminate solutions were specified.

The authors of [63–66] used a conventional form
of representation of the composition of aluminate
solutions: the concentrations were recalculated (in
weight fractions or percent) for the components of the
aluminate solution (of alkali and aluminum hydrox-
ide) into Na2O and Al2O3 oxides [59]. Therefore, in
the publications [63–66], the phase diagrams of the
Na2O–Al2O3–H2O ternary system are considered.

In [63–66], for imaging the composition of the
Na2O–Al2O3–H2O system, the first Roseboom’s
technique was employed: the composition of the ter-
nary system was depicted with an isosceles right trian-
gle [67]. The vertex of the right angle corresponds to a
pure solvent (H2O) and the values of the Na2O con-
MOSCOW UNIVERS
centration (abscissa axis) and Al2O3 (ordinate axis)
were plotted along the cathetuses of the triangle. The
area of the phase diagram limited by the solubility
curves and connecting straight lines (connodes) is
divided into several fields, with each field correspond-
ing to the composition of the mixtures answering the
coexistence of certain phases. In the phase diagram
reported in [63–66], only the so-called aqueous angle,
whose vertex is a point of H2O is represented and not
the whole Roseboom triangle.

In [63], phase equilibria are investigated in the
Na2O–Al2O3–H2O system for 30°C in the region with
a high Na2O content. The phase diagram of the
Na2O–Al2O3–H2O system for 30°C is shown in Fig. 1a.

Under these conditions in the system, as solid
phases, gibbsite Al2O3⋅3H2O (Al(ОН)3) (point А),
sodium hydroaluminates Na2O⋅Al2O3⋅2.5H2O (point В)
and 4Na2O⋅Al2O3⋅12H2O (point С), and caustic soda
monohydrate NaOH⋅H2O (Na2O⋅3H2O) (point D)
crystallize. The solubility curve KJFG (the region
with a high Na2O content) in the isotherm of the ter-
nary system consists of branches KJ, JF, and FG,
intersecting at invariant points K, J, and F, corre-
sponding to the coexistence of three phases. The com-
positions of the phases in the invariant points are pre-
sented in Table 1. Point G on the abscissa axis (Fig. 1b)
shows the solubility of NaOH⋅H2O in pure water at
30°C, which is 42.10 wt % Na2O in the NaOH–H2O sys-
tem [68]. Branches KJ, JF (Fig. 1a), and FG (Fig. 1b) of
the solubility curve reflect the compositions of the
unsaturated solutions existing in equilibrium with,
correspondingly, Na2O⋅Al2O3⋅2.5H2O (point В),
4Na2O⋅Al2O3⋅12H2O (point С), and Na2O⋅3H2O
(NaOH⋅H2O) (point D) solid phases.

The АВKА, BCJB, and CDFC regions are three-
phase regions of the coexistence of, respectively,
Al2O3⋅3H2O (Al(ОН)3) (point А), Na2O⋅Al2O3⋅2.5H2O
(point В), and a solution saturated with these solid
phases (point K); Na2O⋅Al2O3⋅2.5H2O (point В),
4Na2O⋅Al2O3⋅12H2O (point С), and a solution saturated
with these solid phases (point J); 4Na2O⋅Al2O3⋅12H2O
(point С), Na2O⋅3H2O (NaOH⋅H2O) (point D), and a
solution saturated with these solid phases (point F).
The region above the ABCD line corresponds to a
completely crystallized system, and the region below
the KJFG line corresponds to the existence of unsatu-
rated aluminate solutions.

In Fig. 2, the solubility curves for 30°C in the
region with a high Na2O content obtained in the early
study [69] and study [63] where the phase diagram of
the Na2O–Al2O3–H2O system for 30°C was investi-
gated again were compared. In [63], the equilibrium
composition of the aluminate solution at the invariant
point K was specified (Table 1) to be 21.02 wt % Na2O
and 19.01 wt % Al2O3, unlike the composition
ITY CHEMISTRY BULLETIN  Vol. 76  No. 2  2021
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Fig. 1. Phase diagram of the Na2O–Al2O3—H2O system
for 30°C: (a) general view of the phase diagram of the
Na2O–Al2O3—H2O system for 30°C; (b) fragment of the
phase diagram of the Na2O–Al2O3—H2O system for 30°C
in the region with a high Na2O content.
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(21.95 wt % Na2O and 25.59 wt % Al2O3) earlier
reported in [69].

The phase diagram of the Na2O–Al2O3–H2O
system for 95°C [64] is illustrated in Fig. 3. Under
these conditions in the system, as solid phases,
gibbsite Al2O3⋅3H2O (Al(ОН)3) (point А), sodium
hydroaluminates Na2O⋅Al2O3⋅2.5H2O (point В),
4Na2O⋅Al2O3⋅12H2O (point С), 6Na2O⋅Al2O3⋅12H2O
(point D), and Na2O⋅H2O (NaOH) (point Е) crystal-
lize. Correspondingly, the solubility curve OKJIFG in
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
the isotherm of the ternary system breaks up into five
branches (according to the number of solid phases in
the system). The solubility curve OKJIFG consists of
branches OK, KJ, JI, IF, and FG, intersecting at the
invariant points K, J, I, and F, corresponding to the
coexistence of three phases. The compositions of the
phases at the invariant points are presented in Table 1.

Point О on the ordinate axis of the diagram shows
the solubility of Al2O3⋅3H2O (Al(OH)3) in pure water
(some data on the gibbsite solubility in water and
dilute electrolyte solutions are presented in [70, 71]) at
95°C, and point G on the abscissa axis is the solubility
of Na2O⋅H2O (NaOH) in pure water at 95°C, which is
59.58 wt % Na2O in the NaOH–H2O system. The
branches OK, KJ, JI, IF, and FG of the solubility curve
(unfortunately, the scale of the phase diagrams reported
in [64–66] and illustrated in Figs. 3–5 does not allow us
to clearly reproduce branch FG) represent the composi-
tions of the saturated solutions existing in equilibrium
with, correspondingly, the Al2O3⋅3H2O (point А),
Na2O⋅Al2O3⋅2.5H2O (point В), 4Na2O⋅Al2O3⋅12H2O
(point С), 6Na2O⋅Al2O3⋅12H2O (point D), and
Na2O⋅H2O (NaOH) (point Е) solid phases.

The АВKА, BCJB, CDIC, and DEFD areas are
three-phase regions of the coexistence of, respectively,
Al2O3⋅3H2O (point А), Na2O⋅Al2O3⋅2.5H2O (point В),
and a solution saturated with both solid phases (point K);
Na2O⋅Al2O3⋅2.5H2O (point В), 4Na2O⋅Al2O3⋅12H2O
(point С), and a solution saturated with these solid
phases (point J); 4Na2O⋅Al2O3⋅12H2O (point С),
6Na2O⋅Al2O3⋅12H2O (point D), and a solution satu-
rated with these solid phases (point I); and
6Na2O⋅Al2O3⋅12H2O (point D), Na2O⋅H2O (NaOH),
and a solution saturated with these solid phases (point F).
The region above the ABCDE line corresponds to the
completely crystallized system, and the region below
 76  No. 2  2021



90 ROTMANOV, SMIRNOV

Table 1. Invariant points in the Na2O–Al2O3–H2O system

* Positions of invariant points at temperatures of 30, 95, 110, 130, 150, and 180°C are shown in Figs. 1, 3–5.

Temperature,
°С

Invariant 
point*

Composition of the equilibrium liquid phase Equilibrium 
solid phasesNa2O, wt % Al2O3, wt %

30

K 21.02 19.01 Al2O3⋅3H2O + Na2O⋅Al2O3⋅2.5H2O

J 37.46 0.82 Na2O⋅Al2O3⋅2.5H2O + 4Na2O⋅Al2O3⋅12H2O

F 41.23 0.25 4Na2O⋅Al2O3⋅12H2O + Na2O⋅3H2O (NaOH⋅H2O)

95

K 20.93 27.21 Al2O3⋅3H2O + Na2O⋅Al2O3⋅2.5H2O

J 42.12 2.10 Na2O⋅Al2O3⋅2.5H2O + 4Na2O⋅Al2O3⋅12H2O

I 51.27 0.31 4Na2O⋅Al2O3⋅12H2O + 6Na2O⋅Al2O3⋅12H2O

F 59.70 0.11 6Na2O⋅Al2O3⋅12H2O + Na2O⋅H2O (NaOH)

110

K 23.72 29.37 Al2O3⋅3H2O + Na2O⋅Al2O3⋅2.5H2O

J 55.23 0.46 Na2O⋅Al2O3⋅2.5H2O + 6Na2O⋅Al2O3⋅12H2O

F 60.80 0.20 6Na2O⋅Al2O3⋅12H2O + Na2O⋅H2O (NaOH)

130

K 22.54 29.43 Al2O3⋅H2O + Na2O⋅Al2O3⋅2.5H2O

E 37.71 7.48 Na2O⋅Al2O3⋅2.5H2O + Na2O⋅Al2O3

F 61.45 0.38 Na2O⋅Al2O3 + Na2O⋅H2O (NaOH)

150

K 24.05 33.58 Al2O3⋅H2O + Na2O⋅Al2O3⋅2.5H2O

E 33.78 15.97 Na2O⋅Al2O3⋅2.5H2O+Na2O⋅Al2O3

F 61.56 0.43 Na2O⋅Al2O3 + Na2O⋅H2O (NaOH)

180

K 25.09 35.86 Al2O3⋅H2O + Na2O⋅Al2O3⋅2.5H2O

E 30.82 25.82 Na2O⋅Al2O3⋅2.5H2O + Na2O⋅Al2O3

F 61.96 0.12 Na2O⋅Al2O3 + Na2O⋅H2O (NaOH)
the OKJIFG line corresponds to the existence of
unsaturated aluminate solutions in the system.

The phase diagram of the Na2O–Al2O3–H2O sys-
tem for 110°C [64] is represented in Fig. 4. Under
MOSCOW UNIVERS

Fig. 3. Phase diagram of the Na2O–Al2O3—H2O system
for 95°C.
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these conditions in the system, as solid phases, gibbsite
Al2O3⋅3H2O (Al(OH)3) (point А), sodium hydroalu-
minates Na2O⋅Al2O3⋅2.5H2O (point В) and
6Na2O⋅Al2O3⋅12H2O (point D), and Na2O⋅H2O
(NaOH) (point Е) crystallize. Correspondingly, the
solubility curve OKJFG in the isotherm of the ternary
system breaks up into four branches (according to the
number of solid phases in the system). The solubility
curve OKJFG consists of branches OK, KJ, JF, and
FG, intersecting at the invariant points K, J, and F,
corresponding to the coexistence of three phases. The
compositions of phases at invariant points are pre-
sented in Table 1.

Point O on the ordinate axis of the diagram shows
the solubility of Al2O3⋅3H2O (Al(OH)3) in pure water
at a temperature of 110°C, and point G on the abscissa
axis shows the solubility of Na2O⋅H2O (NaOH) in
pure water at 110°C, which is 60.62 wt % Na2O in the
NaOH–H2O system. The branches OK, KJ, JF, and
FG of the solubility curve reflect the composition of the
saturated solution existing in equilibrium with, respec-
ITY CHEMISTRY BULLETIN  Vol. 76  No. 2  2021
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Fig. 4. Phase diagram of the Na2O–Al2O3–H2O system
for 110°C.
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Fig. 5. Phase diagrams of the Na2O–Al2O3–H2O system
for temperatures of (a) 130, (b) 150, and (c) 180°C.
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tively, Al2O3⋅3H2O (point A), Na2O⋅Al2O3⋅2.5H2O
(point В), 6Na2O⋅Al2O3⋅12H2O (point D), and
Na2O⋅H2O (NaOH) (point Е) solid phases. The
АВKА, BDJB, and DEFD regions are the three-
phase regions of coexistence of, respectively,
Al2O3⋅3H2O (point А), Na2O⋅Al2O3⋅2.5H2O (point В),
and a solution saturated with these solid phases (point
K); Na2O⋅Al2O3⋅2.5H2O (point В), 6Na2O⋅Al2O3⋅12H2O
(point D), and a solution saturated with these solid
phases (point J); and 6Na2O⋅Al2O3⋅12H2O (point D),
Na2O H2O (NaOH) (point Е), and a solution satu-
rated with these solid phases (point F). The region
above the ABDE line corresponds to the completely
crystallized system, and the region below the OKJFG
corresponds to the existence of unsaturated aluminate
solutions in the system.

The solubility diagrams of the Na2O–Al2O3–H2O
system for 130, 150, and 180°C [65, 66] are presented
in Fig. 5. Under these conditions in the system, as
solid phases, Al2O3⋅H2O (AlOOН) (point А), sodium
hydroaluminate Na2O⋅Al2O3⋅2.5H2O (point В),
anhydrous sodium aluminate Na2O⋅Al2O3 (NaAlO2)
(point С), and Na2O⋅H2O (NaOH) (point D) are
crystallized. Correspondingly, the solubility curve
OKEFG in the isotherm of the ternary system breaks
up into four branches (according to the number of
solid phases in the system). The solubility curve
OKEFG consists of branches OK, KЕ, EF, and FG,
intersecting at the invariant points K, Е, and F, corre-
sponding to the coexistence of three phases. The com-
positions of phases at the invariant points are pre-
sented in Table 1.

Point O on the ordinate axis of the diagram indi-
cates the solubility of Al2O3⋅H2O (AlOOH) in pure
water at the given temperature (some data on the
boehmite solubility in water and dilute electrolyte
solutions are presented in [72–74]), and point G on
the ordinate axis shows the solubility of Na2O⋅H2O
(NaOH) in pure water, which is 61.42 wt % Na2O at
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
130°C, 62.38 wt % Na2O at 150°C, and 64.00 wt %
Na2O at 180°C in the NaOH–H2O system.

Branches OK, KЕ, EF, and FG of the solubility
curve reflect the composition of saturated solutions in
 76  No. 2  2021
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Fig. 6. Phase diagrams of the Na2O–Al2O3–H2O system at temperatures of [4, 57–59] (1) 95, (2) 110, (3) 130, (4) 150, and
(5) 180°C.
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equilibrium with, respectively, the Al2O3⋅H2O
(AlOОН) (point А), Na2O⋅Al2O3⋅2.5H2O (point В),
Na2O⋅Al2O3 (point С), and Na2O⋅H2O (NaOH)
(point D) solid phases.

The АВKА, ВСЕВ, and CDFC regions are three-
phase regions of the coexistence of, respectively,
Al2O3⋅H2O (AlOОН) (point А), Na2O⋅Al2O3⋅2.5H2O
(point В), and a solution saturated with these solid
phases (point K); Na2O⋅Al2O3⋅2.5H2O (point В),
Na2O⋅Al2O3 (point С), and a solution saturated with
these solid phases (point Е); and Na2O⋅Al2O3 (point
С), Na2O⋅H2O (NaOH) (point D), and a solution sat-
urated with these solid phases (point F). The region
above the ABCD line corresponds to the completely
crystallized system, and the region below the OKEFG
line corresponds to the existence of unsaturated alu-
minate solutions in the system.

The data presented in Fig. 5 indicate that, with an
increase in temperature, the KЕ branches of the solubil-
ity curves, reflecting the composition of saturated solu-
tions existing in equilibrium with Na2O⋅Al2O3⋅2.5H2O
(point В), shorten; correspondingly, the EF branches
of the solubility curves, reflecting the composition of
saturated solutions which are in equilibrium with
Na2O⋅Al2O3 (point С), lengthen. As the authors of
[66] hold, this is evidence that, in concentrated alkaline
solutions, with an increasing temperature, the content of
sodium hydroaluminate in a precipitate decreases and
anhydrous sodium aluminate Na2O⋅Al2O3 (NaAlO2)
becomes the dominant solid phase.
MOSCOW UNIVERS
Figure 6 shows four isotherms of the Al2O3–
Na2O–H2O system for 95, 130, 150, and 180°C. The
shape of the isotherms is typical: the curves have an
acute maximum, whose value is the maximum Al2O3
concentration in the equilibrium solution. From Fig. 6, it
is seen that, with increasing temperature, the height of
the maximums in the isotherms rises; in other words,
with an increase in temperature, equilibrium solutions
with a higher maximum Al2O3 concentration can be
obtained. With an increasing temperature, the maxi-
mums of the isotherms shift toward higher Na2O con-
centrations. Therefore, in order to obtain solutions
with the maximum Al2O3 content, it is necessary to
increase the Na2O concentration simultaneously with
increasing temperature.

Note that the data on the transformation of the sol-
ubility isotherm of the Al2O3–Na2O–H2O system
with an increasing temperature obtained in [63–66]
agree well with the results presented earlier in [59, 60].
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