N

N
N

HAL

open science

Thermodynamic approach of the NH4-dawsonite
solubility
Robin Lafficher, Mathieu Digne, Fabien Salvatori, Malika Boualleg, Didier

Colson, Francois Puel

» To cite this version:

Robin Lafficher, Mathieu Digne, Fabien Salvatori, Malika Boualleg, Didier Colson, et al.. Thermody-
namic approach of the NH4-dawsonite solubility. Proceeding of the 9th workshop of French Industrial

Crystallization CRISTAL9, May 2019, Nancy, France. hal-02142338

HAL Id: hal-02142338
https://hal.science/hal-02142338
Submitted on 28 May 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-02142338
https://hal.archives-ouvertes.fr

Récents Progres en Génie des Procédés, Numéro 111 - 2019
ISSN: 1775-335X ; ISBN: 978-2-910239-87-9, Ed. SFGP, Paris, France

To cite this article: R. Lafficher, M. Digne, F. Salvatori, M. Boualleg, D. Colson, F. Puel (2019)

Thermodynamic approach of the NHs-dawsonite solubility, Proceeding of the 9" workshop of French

Industrial Crystallization CRISTAL9, Nancy 16-17 May 2019, France

Thermodynamic approach of the NHy-dawsonite solubility

LAFFICHER Robin*"*, DIGNE Mathieu?, SALVATORI Fabien?, BOUALLEG Malika? , COLSON
Didier® and PUEL Francois®*

*IFP Energies Nouvelles
BP 3, F-69360 Solaize, France
"Univ Lyon, Université Claude Bernard Lyon 1, CNRS, LAGEPP UMR 5007,
43 boulevard du 11 novembre 1918, F-69100, VILLEURBANNE, France
°LGPM, CentraleSupélec, Université Paris-Saclay
3 rue Joliot-Curie, 91192 Gif-sur-Yvette, France

Abstract

NHs-dawsonite is a promising alternative precursor for the preparation of alumina catalyst supports. Since
generally prepared by precipitation, a good knowledge of its thermodynamic properties and its solubility
would allow a better control over its synthesis. However, only few research efforts have focused on this
material aspect until now. We propose in this study to estimate the order of magnitude of the NHs-dawsonite
Gibbs free energy at 25 °C by combining experimental solubility measurements and theoretical solubility
calculations. The latter were performed within the pH range 3—14 and considering the predominant Al
species A", AI(OH)Y and AI(OH);. The NHs-dawsonite Gibbs free energy obtained with this method was
—~1564 + 2 kJ.mol ™.

Keywords: Solubility, Gibbs free energy, NHs-dawsonite

1. Introduction

Dawsonite is a crystalline mineral that can generally be found in nature as sodium aluminum carbonate
hydroxide (NaAl(OH),CO3), also called Na-dawsonite. Over the last two decades, a significant research
effort has focused on the importance of Na-dawsonite in CO; sequestration by mineral trapping, leading to
a better understanding of the equilibrium and kinetics that control its precipitation: in particular, Bénézeth
et al. (2007) performed solubility experiments based on in situ pH measurements to reevaluate its
thermodynamic properties, then confirming previous experimental measurements from the literature
(Ferrante et al. 1976).

Dawsonite does not only exist as NaAl(OH),COs: numerous analogues can be synthesized by changing the
nature of sodium or aluminum cations in the structure (Hernandez et al. 1985, Ali et al. 2005, Yalfani et al.
2007). Ammonium aluminium carbonate hydroxide (NH4Al(OH),CO:s), also called NHs-dawsonite, is one
of the most studied analogues. Its main interest comes from the fact that it represents a promising alternative
for preparation of alumina-based catalyst supports with high purity level and new textural properties.
Various methods can be used to synthesize NHs-dawsonite (Ali et al. 2005), the main one remaining the
precipitation of aluminium salts (Al(NO3)3, (NH4)AI(SO4)2, or AICI3) in aqueous phase with precipitating
agents such as (NH4),COs; or NH4HCO;3 (Vogel et al. 1984, Pitsch et al. 2001). Influence of several
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parameters on the product properties have been studied so far: reactants (Shin e al. 2014), contacting mode
(Ma et al. 2001, Santiago et al. 2006, Dubert et al. 2011, Hu et al. 2012), pH (Liu et al. 2012a, 2012b),
molar ratio (Vogel et al. 1984, Hu et al. 2012, Li et al. 2012), alternative medias (Liu ef al. 2012b, Duan et
al. 2013).

It is interesting to note that most of these works focus on NHs-dawsonite synthesis from a “material” point
of view, without any consideration of the “precipitation” aspects. Precipitation is a complex phenomenon
combining reaction and mixing, and involving several mechanisms depending on many factors
(temperature, surface energy, molecular diffusivity, solubility, etc.) (Karpinsky and Wey 2002). Among
these mechanisms, both nucleation and growth are highly dependent on the supersaturation level.
Supersaturation control could therefore allow a better control over nucleation and growth kinetics, and,
consequently, over the precipitated materials properties (Mersmann 1999). From a theoretical point of view,
this requires a good understanding of the material thermodynamic properties, to evaluate its solubility over
the synthesis conditions. However, in NHs-dawsonite case, only very few studies have focused on its
thermodynamic properties and, consequently, on its solubility on aqueous media, as previously reported
(Lodziana et al. 2011). A reason could be the relatively recent interest of this material.

The goal of this study was to estimate the NH4-dawsonite Gibbs free energy. This material was synthesized
in a stirred tank reactor and, for the first time, an experimental measurement of its solubility was realized
and reported. This measurement, combined with a theoretical solubility model, was used to assess the
probable order of magnitude of the NHs-dawsonite Gibbs free energy value at 25 °C.

2. Materials and Method

The synthesis of NHs-dawsonite was carried out in a stirred tank reactor equipped with a mechanical stirrer
and containing an initial 667 mL water volume. Reagent grade aluminium nitrate (Alfa Aesar) and
carbonate ammonium (Alfa Aesar) were used as starting materials without further purification.
Precipitation was realized by simultaneous dosing of an aluminium nitrate solution (1.2 mol.L!,
21.8 mL.min') and a carbonate ammonium solution (2.0 mol.L™!, 39.3 mL.min') over 30 minutes. The
molar ratio Ry, (defined as the molar ratio of (NH4),CO3 over AI(NOs)3) was 3.0, and the suspension
temperature was controlled at 60 °C. pH was monitored between 7 and 8. After synthesis, the suspension
was filtered and washed once using hot demineralized water. Then the cake was dried at 120 °C overnight
and ground. The obtaining of pure NHs-dawsonite was validated using powder XRD (Lafficher ef al. 2017).
0.12 g of the synthesized NHs-dawsonite was poured into 50 mL of an aqueous solution of (NH4).CO3
(2 mol.L™"). The preparation was allowed to equilibrate at 25 °C under magnetic stirring, for more than 15
days. It was then ultrafiltered at 25 °C, under stirring, with a pressure of 2 bar and through a 5 kDa
Ultracel™ membrane (PLCC06210, Millipore). The ultrafiltered solution then exhibited a pH of 8.7. The
aluminium content was measured using AAS with a Polarized Zeeman Graphite Furnace Atomic
Absorption Spectrophotometer (GTA 120, Varian). The protocol was repeated on two identical suspensions
and analyses were conducted on two aliquots of each ultrafiltered solution. The mean value of the obtained
measurements was taken as Al concentration.

3. Theoretical expression of NHs-dawsonite solubility at 25 °C

Solubility C* of a sparingly soluble salt AnBn is usually expressed based upon its solubility constant Ks, as
shown in Eq. (1). However, this relation is only valid if salts solubility is independent of the pH (Schwartz
and Myerson 2002). This is not the case for aluminium, as its speciation involves numerous species
equilibriums depending on the pH (Bénézeth ef al. 1997, Panias and Krestou 2007). Consequently, those
different species must be considered to the extent possible — at least the main ones — to evaluate the
aluminium solubility in equilibrium with NH4-dawsonite, as a function of pH. Thereafter, we will refer to
this solubility as “NHs-dawsonite solubility”.

A,B, » mA™ + nB™
1/(m+n)

e =( Ks ) (1)

mm .nn

N° Article-2



Récents Progres en Génie des Procédés, Numéro 111 - 2019
ISSN: 1775-335X ; ISBN: 978-2-910239-87-9, Ed. SFGP, Paris, France

Considering the speciation of aluminium in aqueous media at 25 °C presented by Panias and Krestou
(2007), and in order to simplify the calculations, we considered only AI**, AI(OH)? and Al(OH);, which
are the predominant species in the pH range 3—14. This leads to Eq. (2) giving the expression of the NHy-
dawsonite solubility as a function of the different aluminium species.

Ca = [AP*] + [Al(0OM)3] + [Al(OH);] )
Reactions (i) to (iii) present the equilibria involved and their respective solubility constant. For

simplification purposes, we have likened activities to concentrations, assuming activity coefficients equal
to unity.

NH,AI(OH),CO3 | +H,0 «— NH} + APt + HCO3 + 30H™ (i)
Ks; = [AI3*] - [NH}]- [HCO5] - K A3)
s = [APT] - [NH{] - [HCO3] T
NH,AI(OH),CO; | + H,0 — NH;} + AI(OH)3 + HCO3 (i)
Ks;i = [AL(OH)3] - [NH;] - [HCO5] 4
NH,AI(OH);CO3 | +2H,0 «— NH} + Al(OH); +HCO3 + HY (i)
Ksiii = [Al(OH);] - [NHS]-[HCOz] - [H] (5)
+ —
H,0 m H™+O0OH (6)
Ky = [H*]-[0H7] (7

Solubility constant Ks at 25 °C can be deduced from the equilibrium constant K; of the precipitation reaction
leading to AmBn, as Ks = K, This equilibrium constant can be calculated from the Gibbs free energy of
the precipitation reaction (Eq. (8)), itself obtained from the standard Gibbs free energy of the species
involved (Eq. (9)).

AG®
K, (T) = exp (— RT> (®)

j

The solubility products at 25 °C of the reactions (i) and (iii) (Ks; and Ks i, respectively) can easily be
calculated using the above-mentioned method, if the standard Gibbs free energies of the species considered
are known (see Table 1). In the absence — to the best of our knowledge — of standard Gibbs free energy for
AI(OH)Y in the literature, the solubility product Ks ;i of the reaction (ii) can be calculated indirectly, taking
into account the aluminium hydrolysis reaction (10). Eq. (11) and Eq. (12) give respectively the expressions
for the hydrolysis constant B3 and for Ks ;i as a function of Bs. B3 value at 25 °C was determined according
to Eq. (13) proposed by Bourcier ef al. (1993) (with T in Kelvin): log B3 =—16.12. This value is consistent
with those generally referenced in the literature (Nordstrom and May 1996, Brown and Allison 1987);

AT + 3H,0 . Al(OH)J + 3H* (10)
Al(OH)3] - [H*]?
= [AL( [A)l33]+][ ] (11)
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Bz - Ks,;
S,ii KW3 ( )
9851.53
log 3 = 41.943 — 10.1134 - log T — ——— (13)

Table 1. Standard Gibbs free energy at 298.15 K

AG}
Substance State Reference
(kJ.mol™)

OH™ aq -157,2 Wagman et al. 1982
H' aq 0,0 Wagman et al. 1982
H,O 1 -237,1 Wagman et al. 1982
Na* aq -261,9 Wagman et al. 1982
NH; aq -79,3 Wagman et al. 1982
NH; aq -26,5 Wagman et al. 1982
H,CO3 aq -623,1 Wagman et al. 1982
HCO3 aq -586,8 Wagman et al. 1982
CO5~ aq -527,8 Wagman et al. 1982

AP aq —489,4 Robie et al. 1979

Al(OH); aq —1305,0 Chen et al. 1991
NaAl(OH),CO; s -1782,0 Bénezet et al. 2007

However, aluminium is not the only element in NH4-dawsonite of which speciation is a function of pH.
Ammonium and carbonate ions present the following equilibria (reactions (iv) to (vi)). Their acidic
dissociation constants are listed in Table 2.

NHImNH3 + H* (iv)
INH,] - [HY) "
aiv = " TugE]
' [NH;]
H,CO4 m HCO3; + H* )
HCO3]-[H?
x,, - [HCOT1 1] "
[H,CO05]
HCO3 ﬁcog_ +H* (vi)
[cO3~]-[H*]
avi = g (16)
[HCOS]

Table 2. Acidic dissociation constants at 25 °C of ammonium and carbonate ions

Reaction pKa Reference
(iv) 9.24 Bates et al. 1949
%) 6.35 Lide 2003
(vi) 10.33 Lide 2003
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As aqueous ammonia and carbonic acid can adopt various solubilized forms, the total concentrations in
their respective species have been noted Cx and Cco, respectively.

Cy = [NH3] + [NH{] (17)
Cco = [H,CO5] + [HCO3] + [CO37] (18)

Eq. (19) gives the concentration in NH}, obtained from Eq. (14) and (17). Eq. (20) gives the
concentration in HCOj, obtained from Eq. (15), (16) and (18).

+1 — Cn
[NH/] _1+—K‘“V (19)
[H*]
[HCOB_] _ CCO 'Ka,v ' [H ] (20)

[H+]2 + [H+] ' Ka,v + Ka,v ' Ka,vi

Finally, the theoretical expression of the NHs-dawsonite solubility at 25 °C as a function of pH was obtained
from Eq. (21).

10(3PKw—pKs,i~3pH) 10~PKsii 10(H-PKs i)
Ca = - — +— —+— _ Q1)
[NH;] - [HCO3] [NH;]-[HCOz] ~ [NHy]-[HCO3]
with:
C
[INH}] = —— (22)

- 1 + 1OPH_PKa,iv

~ Cco * 107 PKav—pPH
[HCos] = 10-2PH 4 10~PH-PKayv 4 10~PKav—PKayi (23)

4. Results

Since NHs-dawsonite is unstable in deionized water (Stoica and Perez-Ramirez 2010), the aluminium
solubility was evaluated at 25 °C in an aqueous solution of (NH4),COj3 (2 mol.L™!), with pH = 8.7 once the
equilibrium was reached. In these conditions, we measured a solubility of Cj; = 1.94.10* mol.L ™! with an
uncertainty of = 1.29.10~* mol.L"!. From this single solubility measurement, we aimed at assessing the order
of magnitude of the NHs-dawsonite Gibbs free energy value at 25 °C. Assuming that the theoretical
solubility curve for NH4-dawsonite actually passes through our experimentally determined solubility value,
and considering the above-mentioned uncertainty of + 1.29.10~* mol.L™!, we found a Gibbs free energy of
—~1564 + 2 kJ.mol ™' (see Figure 1). It can be noted that for the considered experimental pH, the only species
contributing to the total aluminium concentration are AI(OH)J and AI(OH)j, the latter being very
predominant. Thus, the starting hypothesis to consider only the major species in the pH range 3—14 did not
lead to any uncertainty for this indirect estimation of the NHs-dawsonite Gibbs free energy from a measured
solubility value.
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Figure 1. Potential NHs-dawsonite solubility curves at 25 °C (with Cn = 4.0 mol.L™" and
Cco = 2.0 mol.L™) and their corresponding Gibbs free energy values.

5. Discussion

To the best of our knowledge, the only NH4-dawsonite Gibbs free energy value previously reported in the
literature is —1483,0 kJ.mol™!, from the work of Stoica and Pérez-Ramirez (2010). Nevertheless, it must be
noticed that their work did not aim at determining precisely that thermodynamic data, but rather to compare
its order of magnitude with that of other substances; since no data was available, the NH4-dawsonite Gibbs
free energy was calculated from the tables provided by Wagman et al. (1982). This value presents a slight
variation of —5.2 % compared to our experimentally determined one (—1564 + 2 kJ.mol™!). However, this
slight difference has a significant impact on the NHs-dawsonite calculated solubility. Indeed, considering
AG % NH4-gaw =—1483 kJ.mol ! leads to very high theoretical solubility values (C*a; > 10° mol.L™") in the pH
range 3—14 (see Figure 2), which are totally inconsistent for a product known to precipitate immediately (at
least in the classical concentration and pH ranges of 0.05-2 mol.L-' and 7-11, respectively).

1,E+20

1,E+19
1,E+18
1,E+17
1,E+16

—

= 1,E+15
-

© 1E+14
£

~ 1,E+13
.<

O 1,E+12
1,E+11
1,E+10
1,E+09
1,E+08

3 4

S 6 7 8 9 10 11 12 13 14

pH

Figure 2. NHs-dawsonite calculated solubility at 25 °C versus pH, considering
AG (NH4-daw = —1483 kJ.mol™! (with Cn = 4.0 mol.L™" and Cco = 2.0 mol.L™)

According to the DFT study of Lodziana et al. (2011), Na-dawsonite stability would be slightly higher than
that of NHs-dawsonite, meaning that NHs-dawsonite is more soluble than Na-dawsonite. It can easily be

deduced from the previously developed theoretical expression of the NHy-dawsonite solubility (Eq. (21))
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that an equivalent solubility level between NHy-dawsonite and Na-dawsonite would be achievable if
considering a NHs-dawsonite Gibbs free energy in the order of —1600.0 kJ.mol ™, anything else being equal
(Figure 3) (see Appendix A for the determination of the Na-dawsonite theoretical solubility curve).
Consequently, a higher solubility level for NHs-dawsonite can only be achievable with a Gibbs free energy

above —1600.0 kJ.mol!, which is in agreement with our experimentally determined value (Figure 3.a).

1,E+01

1,E401
1,E+00 1,E400 Na-dawsonite
1,E01 1,E-01
1,02 1,602
1,603 1,603
1,604 1,6-04
7 1,E05 T 1,605
o =
3 LE-06 < 1,E-06
E 1,607 E 1607
+ 1,608 1,608
1,E-09 1,E-09
1,E-10 1,E-10
1,611 1,E11
LE12 ¥ g 2G = -1600 ki.mol” LE-12
1,E-13 AGY = -1564 £ 2 ki.mol (this work) 1,E-13
1,E-14 1,E-14
3.4 56 7 8 9101112131 6 7 8 9 10 11 12 13 14
(a) pH PH

Figure 3. (a) NHs-dawsonite calculated solubility at 25 °C versus pH, considering AG’sNH4-daw = —1600 kJ.mol™!
(with Cn = 4.0 mol. L™ and Cco = 2.0 mol.L™") (NH-dawsonite calculated solubility from Figure 1 is represented for
information purpose) and (b) Na-dawsonite calculated solubility at 25 °C versus pH (with Cxa = 4.0 mol.L™! and
Cco = 2.0 mol.L™!)

6. Conclusion

NHs-dawsonite is a promising alternative precursor for the preparation of alumina catalyst supports.
However, only few research efforts have focused on its thermodynamic properties and its solubility until
now. This study focused on the evaluation of the NH4-dawsonite solubility at 25 °C. First, a theoretical
expression of its solubility within the pH range 3—14 has been proposed, considering the predominant Al
species (A, AI(OH)Y and AI(OH);) and based on the Gibbs free energy. Combined with an experimental
measurement of the NHs-dawsonite solubility at 25 °C and pH 8.7, this allowed us to determine a probable
order of magnitude of the NHs-dawsonite Gibbs free energy (—1564 + 2 kJ.mol ™). This order of magnitude
is all the more probable since a comparison between NHi-dawsonite and Na-dawsonite respective
theoretical solubility curves led us to conclude that NHs-dawsonite Gibbs free energy should be higher than
—1600 kJ.mol™!. However, further studies will be needed to validate the actual value of this thermodynamic
data: for example, a better accuracy could be achieved by determining the Gibbs free energy value from a

regression of log(Ks) = f(T) after several NH4-dawsonite solubility measurements at various temperature
and pH.

Nomenclature
C concentration (mol.L™")

*

C solubility (mol.L™)

AG?  standard Gibbs free energy at 298.15 K (kJ.mol ")
AG?  Gibbs free energy of reaction at 298.15 K (kJ.mol ")
K. acidic dissociation constant

K, equilibrium constant

K, solubility constant

Ky  water equilibrium constant

T temperature (K)
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Greek letters

B, third hydrolysis constant of Al>*
v stoichiometric number
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Appendix A. Calculation of Na-dawsonite solubility

Na-dawsonite solubility was determined considering the equilibria (vii) to (ix) and following the same
procedure as for NHs-dawsonite solubility. The total concentrations in Na*, noted Cn,, remains constant
within the pH range 3-14.

NaAl(OH),CO5; ! + H,0 — Na® + AI®* + HCO; + 30H~ (vii)
S,vii KW3
Ks i = [AI3*] - [Na*] - [HCO5 ] T 24
NaAl(OH),CO; I + H,0 «— Na* + AI(OH)$ + HCO3 (viii)
Kspiii = [AL(OH)3] - [Na*] - [HCO5 ] (25)
NaAl(OH),CO5; | + 2H,0 e Na* + AI(OH); + HCO3; + H* (ix)
Ksix = [AL(OH)3] - [Na*] - [HCO] - [HT] (26)
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