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ABSTRACT

Being one of the reactive phases present in bauxite residues, the dissolution of hydroxy sodalite or HXS,
Nasg[AlSiO4]s(OH)2:-mH20, gives rise to a strongly alkaline environment in residue slurries. To effectively
decrease the environmental hazards of bauxite residue via acid neutralization, it is pivotal to understand
the neutralization mechanism as well as dissolution processes of HXS. To this end, we synthesized HXS
and studied its hydrolysis as well as neutralization reactions using hydrochloric acid. We find that
increasing the solid:liquid mass ratio results in a significant increase in the pH and dissolved metal
concentrations, evidencing the incongruent dissolution of HXS. The secondary phases forming during
this process are two types of hydrosodalite (HS1 and HS2), being dominant below pH ~ 10. Upon addition
of HCI, the pH readily drops to ~7, suggesting rapid neutralization kinetics. Concomitantly, HXS
transforms to HS1, giving rise to a slow increase in pH, before reaching a steady-state value of ~10.3.

INTRODUCTION

Red mud or bauxite residue (BxR) is the main
by-product of the Bayer process [1-3]. In
general, 0.5-2 tons of residue are generated
per ton of alumina [4], which yielded more than
140 million tons of alumina in 2022 [5]. BxR
has potential applications in the building and
wastewater industries, as well as in
revegetation [6]. However, a wide-scale
utilization of BxR requires to reduce its high
alkalinity to below pH = 9 [7] via neutralization
[1,3,8].

Prior to discharge, acidic pre-treatment can
readily decrease solution alkalinity.
Conversely, a significant fraction of basicity
stems from reactive solid phases forming via
the Bayer process [1,3]. This so-called solid
alkalinity gives rise to a buffering capacity of
BxR in the pH range of 6-10, as well as a
rebounding of pH after rapid neutralization
[1,3,8]. In this respect, one of the most
important reactive phases is hydroxy sodalite
or HXS (Nas[SiAlO4]6(OH)2-xH20, x = 2-6)
[9,10]. HXS is formed in the pre-desilication
step at ~100 °C via the dissolution of kaolinite,
Al2Si205(0OH)s, present in bauxites [1,3,6,9].

To enhance the efficiency of BxR
neutralization, understanding the mechanistic,
kinetic, and thermodynamic aspects of

dissolution and neutralization processes of
HXS is indispensable. In this regard, the
nature of the hydrolytic processes of sodalite
has remained elusive, with only a very few
quantitative studies published [11,12]. The
goal of our work is to study the temporal
evolution of the solubility and neutralization of
HXS, as well as to identify possible secondary
phases forming.

2. EXPERIMENTAL

2.1 Synthesis and characterization of HXS

Based on a procedure reported earlier [13], we
prepared HXS by dissolving “eckalitel”
kaolinite (Imerys Mineral, Australia) in
concentrated, carbonate-free NaOH (18.6 M) /
NaAI(OH)s (3.9 M) or neat NaOH (18.6 M)
solutions at ~95 °C under continuous stirring
for 1 or 2 days. The use of NaAl(OH)4 or the
reaction time did not impact neither the
structure nor the composition of the solids. The
purity of the HXS was checked by its X-ray
powder diffractogram and matched very well
with that of a literature reference (PDF no. 11—
0401) [14]. In addition, all characteristic Al-O-
Si framework vibrations were identified in the
infrared spectra of HXS [15,16]. The ideal
Na:Al:Si elemental ratio of 8:6:6 was confirmed
with inductively coupled plasma mass
spectrometry (ICP-MS). Thermogravimetric
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(TG-MS) analysis showed that HXS was
essentially free of carbonate, while total
carbon (TC) detection showed the presence of
CO3?* (being as minor anion compared to OH-
). Combining the three methods, the
composition was found to be
Nas[SiAlO4]6(OH)1.6(CO3)0.2:2.8H20.

2.2 Dissolution and neutralization
experiments

In the first set of experiments, the solubility was
studied by varying the mass concentration of
HXS from 0.01 to 100 g L-*. After the addition
of solid, samples were stirred continuously,
and the temporal evolution of pH was
monitored by regular readings. As a result, 20—
30 days were found to be sufficient to attain
equilibrium. Nevertheless, as this type of
experiment makes it difficult to avoid the
dissolution of aerial CO2, another experiment
was carried out from a third lot of HXS, where
the pH of suspensions was only measured
once (after 30-33 days of contact time). The
types of solubility experiments are listed in
Table 1. After the equilibration period, all
samples were filtered, the supernatants were
analysed for [Na]r, [Al]lr, and [Si]t via ICP-MS.
([X]r refers to the total dissolved molar
concentration of Na*, silicate or aluminate
ions.) In addition, filter cakes were dried under
infrared lamp and their powder X-ray
diffractograms were measured.

Table 1. Types of dissolution experiments.

Series of | Reaction | PH readings
[ i before
experiment | time / day filtration
#1 20 regularly
#2 30 regularly
#3 30 once

In the second series of experiments, a solution
series with chixs = 10 g Lt was prepared, and
HCI, equivalent to the amount of OH- and
COs?~ ions in HXS, was added to the
suspensions. Following acid addition, solution
pH was measured after different reaction times
(up to 14 days), right before the filtration step.
Supernatants and solid phases were analysed
again with ICP-MS and XRD methods.

All samples were made from deionised water
and measurements were carried out at room
temperature.

2.3 Methods

The pH of the suspensions were measured by
a SevenEasy pH meter (Mettler Toledo), using

a combined glass electrode (Sentix H by
WTW). In each case, the electrode was
calibrated with commercial buffers in the pH
range of 1.68-13.0. The elemental
composition (Na, Al, Si) of the supernatants
were quantified by an Agilent 7900 ICP-MS
spectrometer. Before measurement, all
samples were diluted to an appropriate
degree, and cc. HNOsz (Aristar®, VWR
Chemicals) was added to the solutions up to 2
wt%. Both calibration and samples series
contained 0.1 ppm internal standard (Sc and
Y, Aristar®, VWR Chemicals).

The X-ray diffractogram of the solids was
measured using a Rigaku Miniflex I
instrument, with a CuKa or CoKa radiation
source (1.5418 or 1.7902 A), 2-4° min!
scanning rate and 0.02° step width. For dilute
suspensions, the most informative 55-67° 26
region was noisy; thus, noise was filtered out
numerically using the Savitzky-Golay function.
For as-prepared sodalites, vibration spectra
were collected with a Jasco 4700 FT-IR
spectrometer with an optical resolution of
4cm™ in attenuated total reflection mode,
applying a ZnSe crystal and deuterated
triglycine sulphate detector. The water content
was determined using a TA Instruments
Discovery TGA analyzer coupled to a mass
spectrometer (MS, Hiden Analytical, HPR-20
EGA) under air at 10°C min-! heating rate.

3. RESULTS AND DISCUSSION

3.1 Dissolution of HXS - analysis of the
aqueous phase

In the first experimental series, we studied the
time evolution of pH by varying the mass
concentration of HXS (0.01-100 g L™). The
measured values are shown in Figure 1. It is
seen that the pH increases sharply in the first
1-2 days, due to the release of OH- ions.
Based on the composition determined via ICP
TG, and TC, this can be elucidated by the
reaction:

Nas[SiAlO4]6(OH)1.6(CO3)0.2:2.8H20 +
21.2H.0

—_

8Na* + 7.60H- + 0.2COa2~ + 6H4SiO4 +
BAI(OH)3

@)
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Figure 1. Change in solution pH as a
function of reaction time during the
dissolution of hydroxy sodalite, HXS. The
initial mass concentrations in g L™ for
selected datasets are also shown. Dashed
lines serve as a guide to the eye.

Expectedly, concentrated suspensions (Chxs >
1 g L1) show the pH to continuously increase
over time. It is however unclear whether the
sharp maxima appearing for dilute systems
(chxs < 1 g L), followed by a decrease in pH,
are inherent to the dissolution of HXS or it is
due to carbonation. Also, frequent measuring
of pH might cause the solid to stick to the
surface of the electrode, resulting in
continuous removal of the solid, which can in
turn affect the pH. Nevertheless, it is seen that
20-30 days are sufficient to reach dissolution
equilibrium.

To obtain a statistically meaningful variation of
pH as a function of cuxs, and to assess the
effect of incidental carbonation, a third series
were prepared, and the pH was measured only
before filtration. The results for all the three
series are plotted in Figure 2. It demonstrates
that independent of the applied reaction time,
and the frequency of pH readings, all data fit
into a characteristic trend. That is, increasing
the mass of solid, the pH increases markedly
from ~8 to ~12.5. (Expectedly, the data are
more scattered for dilute mixtures.) The
dependence of pH on solid:liquid ratio
indicates that HXS dissolves incongruently, i.e.
the elemental ratios in the aqueous and in the
solid phase are not equal. Previously, the
same effect has been observed for
hydroxyapatite, too [17].
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Figure 2. Dependence of solution pHin
equilibrated suspensions of hydroxy
sodalite, HXS, as a function of its initial
mass concentration. The suspensions
were filtered after 20 or 30 days. For #2,
data after 20 days are also shown.

Solution-phase metal concentrations as
measured by ICP-MS are shown in Figure 3. It
is seen that [Na]r concentrations significantly
exceed the values of [Allr and [Si]r, the
difference being more than one order of
magnitude above pH ~ 12. Since the ideal
Na:Si and Na:Al ratio should be 1.33 [10], our
findings provide sound evidence for the
incongruent dissolution of HXS.

604 = [Nal, #2
L I
e [Na], #3 .
09w (Al #2 Lt
e [All, #3 L™y
049 [S']T O =
= [Sily, #2 £
E ] o [Si],, #3 =
% 04 [Si]y .'. =
= =
~ 20 e 1'=
ae " =
w i
10 % o™ nge, -t
1 e 3-'0." i e 1o
04 . & Ay -'-o-' gt o
7 g 9 10 1 12 13
pH

Figure 3. Dependence of total
concentrations of dissolved Na, Al, and Si
in equilibrated suspensions of hydroxy
sodalite, HXS, as a function of pH
(experiments #2 and #3).

This process can be explained by the
formation of hydrosodalite, HS, which has the
same Al-O-Si framework as HXS, but is absent
of cage OH-ions [10,15].
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Nas[SiAlO4]6(OH)1.6(CO3)0.2-2.8H20 + 5.2H20

Nas[SiAlO4]6-8H20 + 1.6Na* + 1.60H- +
0.2C03*-

()

This reaction yields an excess of Na* ions as
compared to aluminate and silicate species.
On the other hand, the presence of the latter
two indicates the dissolution of HXS/HS
framework to take place as well (Eq. 1).
Overall, the mechanism of the dissolution of
HXS can be elucidated as a sequential
process. That is, the first step is always the
formation of a HS crystal (Eq. 2), which might
be followed by further disintegration of the
structure (Eq. 1). Based on the abundance of
Na* ions in these systems, the first step is
thermodynamically more favourable.

Interestingly, the concentrations of all the three
ions increase markedly above pH ~ 11. Most
probably, this is associated with the enhanced
formation of AI(OH)4~ and HsSiOs~ aqueous
species [1], rendering the framework
dissolution to be markedly enhanced in the
strongly alkaline region:

Nas[SiAlO4)6(OH)1.6(CO3)0.2:2.8H20 +
4.40H- + 15.2H.0
8Na* + 0.2C03% + 6HsSiO4~ + 6AI(OH)4~
3)

It is worth noting that the Si:Al molar ratio is
some 5-10 times higher than 1:1 below pH~9,
suggesting the presence of solid Al(OH)s. On
the other hand, the Si:Al ratio is 1:1 above this
pH, as expected from Egs. (1) and (3).

3.2 Dissolution of HXS - analysis of the
solid phase

The X-ray powder diffractograms (exp. Series
#3) are depicted in Figure 4. Strikingly, we find
two equilibrium solid phases with respect to
dilute suspensions (cHxs = 0.5-1 g L™1). Based
on pioneering studies on HXS and HS, these
two phases can be identified as HS1 and HS2,
with formulas of Nae.4[SiAlO4]6-0.2C0O3-:6H20
and Nas[SiAlO4]e-8H20, respectively [10,15].
The formation of these hydrosodalites indeed
explains the incongruent dissolution of HXS.
Moreover, the presence of COz?" ions in HS:
can be attributed to the carbonate content
found already in the as-prepared HXS. The
existence of the “ideal” hydrosodalite, HS2,
suggests the following equilibrium:

Nas[SiAlO4]s-8H20-8H20 + 0.2C0O3>-

Nas.4[SiAlO4]6(CO3)0.2:6H20 + 2H20

’norm.

2601°

Figure 4. Traces of X-ray powder
diffractograms of solids obtained from
equilibrated suspensions of hydroxy
sodalite, HXS (experiment #3). Horizontal
dashed lines indicate the positions of HXS
and two hydrosodalite, HS, phases. The
data were smoothed using the Savitzy-
Golay filter and were normalized such that
the highest intensity is unity.

The appearance of HS2 at low chxs and pH
might arise from the protonation of CO3?- (i.e.
the formation of HCOz"), which decreases the
concentration of dissolved carbonate and thus
favours its release from HS1.

In conclusion, HXS is absent in dilute,
equilibrated suspensions, whereas it is the
dominant solid phase in concentrated
mixtures. Nevertheless, HS1 is still present as
minor phase even at cuxs = 100 g L7, in line
with the excess Na* ions found in concentrated
suspensions.

3.3 Neutralization of HXS — analysis of the
aqueous phase

In general, invariant of the relative fraction of
OH- and COs3?" ions in the sodalite cage,
neutralization of the solid (with a target pH of
7-8) requires 2 equivalents of H* ions. Hence,
to assess the progress of neutralization, we
added 2 equiv. of HCI to suspensions of 10 g
L-1. The pH values measured after different
reaction times, where t = 0 corresponds to the
addition of acid, are shown in Figure 5.
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Figure 5. Change in solution pH as a
function of reaction time during the
neutralization of hydroxy sodalite, HXS. 2
equivalents of 1 M HCIl was added to each
suspension with cyxs =10 g L™ at the
onset of reactions. The inset shows the
same variation on the logarithmic
timescale.

We find the pH to be ~7 already after 20
minutes, which demonstrates, similarly to acid-
base reactions in an aqueous medium, that the
neutralization of cage-like OH- and CO3% ions
are virtually instantaneous. Conversely, the pH
continues to increase over 2 weeks, attaining
a steady-state value of ~10.3. This slow but
gradual rise in pH has been referred to as the
rebounding of pH or “pH bounce-back”, which
arises from the slow dissolution of the solid in
contact with its aqueous phase.

Concomitantly, the concentration of Na*
reaches almost its maximum value after 20
minutes, then starts to slowly rise by 8-10%
over 2 weeks. At the same time, the presence
of Si and Al already at the beginning of reaction
indicates a partial disintegration of the sodalite
framework, too. Surprisingly, the
concentrations of the two species vary in the
opposite way. Consequently, excess Si is
being incorporated into a forming phase,
whereas the increase in Al signals the
transformation of AlI(OH)s to a more soluble
sodalite phase. Furthermore, similarly to the
dissolution of HXS, the Si:Al ratio becomes 1:1
as the reaction progresses.

3.3 Neutralization of HXS — analysis of the
solid phase

The powder diffractograms of the solids
collected from the samples at given reaction
times are seen in Figure 6. Compared to the
reference solid, i.e. as-prepared HXS, the solid
forming readily upon acid addition is HS1. This

finding is in excellent agreement with this solid
being equilibrium with HXS at 10 g L during
its dissolution (see Figure 4). Furthermore, it
suggests the COz* to be retained in the
sodalite cage, contrary to OH~. In conclusion,
the rapid neutralization of HXS can be
summarized as follows:

Nas[SiAlO4]6(OH)1.6(CO3)0.2-2.8H20 + 1.6H* +
1.6H20

—_

Nas.4[SiAlO4]6-(CO3)0.2:6H20 + 1.6Na*
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Figure 6. Traces of X-ray powder
diffractograms of solids obtained from 10
g L' suspensions of hydroxy sodalite,
HXS, at different reaction times following
the addition of 2 equivalents of 1 M HCI.
Horizontal dashed lines indicate the
positions of HXS and a hydrosodalite,
HS1. All diffractograms were normalized
such that the highest intensity is unity.

Following this reaction, dissolution reactions of
both AI(OH)s (forming due to framework
dissolution) and HS1 (similar to the one in Eq.
1) give rise to the gradual increase or
rebounding of pH.

4. CONCLUSION

In this work, we studied the dissolution and
neutralization reactions of HXS, which often
constitutes a major reactive phase in BxR
slurries.

We found from the strong dependence of pH
and solubility on the solid:liquid mass ratio that
HXS dissolves incongruently. The thus forming
secondary phases comprise Al(OH)s, and two
hydrosodalite phases, HS1 and HS2, with HS1
containing carbonate ion in its Al-O-Si
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framework. Upon increasing the amount of
solid, the pH increases steadily up to ~12.5,
which in turn promotes the dissolution of HXS
via the formation of H3SiO4~ and Al(OH)4~ ions.

Upon addition of HCI, structure OH- ions of
HXS react rapidly, yielding an initial pH of ~7.
Simultaneously, HXS transforms to HS1, and
the slow dissolution of the latter results in a
slow increase in pH, a phenomenon that has
been coined “pH bounce-back” in literature.

In conclusion, not only HXS but also HS must
be taken into account for the neutralization of
bauxite residue.
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