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NH4-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 NH4-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 Al 3+ , Al(OH) 3 0 and Al(OH) 4 -. The NH4-dawsonite Gibbs free energy obtained with this method was -1564 ± 2 kJ.mol -1 .

Introduction

Dawsonite is a crystalline mineral that can generally be found in nature as sodium aluminum carbonate hydroxide (NaAl(OH)2CO3), also called Na-dawsonite. Over the last two decades, a significant research effort has focused on the importance of Na-dawsonite in CO2 sequestration by mineral trapping, leading to a better understanding of the equilibrium and kinetics that control its precipitation: in particular, [START_REF] Bénézeth | Dawsonite synthesis and reevaluation of its thermodynamic properties from solubility measurements: Implications for mineral trapping of CO2[END_REF] performed solubility experiments based on in situ pH measurements to reevaluate its thermodynamic properties, then confirming previous experimental measurements from the literature [START_REF] Ferrante | Thermodynamic data for synthetic dawsonite[END_REF]). Dawsonite does not only exist as NaAl(OH)2CO3: numerous analogues can be synthesized by changing the nature of sodium or aluminum cations in the structure [START_REF] Hernandez | Thermal stability of aluminium hydroxycarbonates with monovalent cations[END_REF][START_REF] Ali | Dawsonite-Type Precursors for Catalytic Al, Cr, and Fe Oxides: Synthesis and Characterization[END_REF][START_REF] Yalfani | In situ studies during thermal activation of dawsonite-type compounds to oxide catalysts[END_REF]. Ammonium aluminium carbonate hydroxide (NH4Al(OH)2CO3), also called NH4-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 NH4-dawsonite [START_REF] Ali | Dawsonite-Type Precursors for Catalytic Al, Cr, and Fe Oxides: Synthesis and Characterization[END_REF], the main one remaining the precipitation of aluminium salts (Al(NO3)3, (NH4)Al(SO4)2, or AlCl3) in aqueous phase with precipitating agents such as (NH4)2CO3 or NH4HCO3 [START_REF] Vogel | The preparation of controlled pore alumina[END_REF][START_REF] Pitsch | Synthesis and characterization of Fe2O3 containing aluminas by thermal decomposition of modified ammonium dawsonite[END_REF]. Influence of several N° Article-2 parameters on the product properties have been studied so far: reactants [START_REF] Shin | Study on α-alumina precursors prepared using different ammonium salt precipitants[END_REF], contacting mode [START_REF] Ma | Synthesis and thermal decomposition of ammonium aluminum carbonate hydroxide (AACH)[END_REF][START_REF] Santiago | In-line dispersion-precipitation method for the synthesis of metal-substituted dawsonites. Genesis of oxide materials with superior properties[END_REF][START_REF] Dubert | Continuous Synthesis of Porous Ammonium Dawsonite Within a New Microstructrured System[END_REF], Hu et al. 2012), pH (Liu et al. 2012a(Liu et al. , 2012b)), molar ratio [START_REF] Vogel | The preparation of controlled pore alumina[END_REF], Hu et al. 2012, Li et al. 2012), alternative medias (Liu et al. 2012b[START_REF] Duan | Understanding the Effect Models of Ionic Liquids in the Synthesis of NH4 -Dw and γ-AlOOH Nanostructures and Their Conversion into Porous γ-Al 2 O 3[END_REF]. It is interesting to note that most of these works focus on NH4-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 [START_REF] Mersmann | Crystallization and precipitation[END_REF]. 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 NH4-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 NH4-dawsonite Gibbs free energy value at 25 °C.

Materials and Method

The synthesis of NH4-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 -1 , 21.8 mL.min -1 ) and a carbonate ammonium solution (2.0 mol.L -1 , 39.3 mL.min -1 ) over 30 minutes. The molar ratio Rb/a (defined as the molar ratio of (NH4)2CO3 over Al(NO3)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 NH4-dawsonite was validated using powder XRD [START_REF] Lafficher | Ammonium aluminium carbonate hydroxide NH4Al(OH)2CO3 as an alternative route for alumina preparation: Comparison with the classical boehmite precursor[END_REF]. 0.12 g of the synthesized NH4-dawsonite was poured into 50 mL of an aqueous solution of (NH4)2CO3 (2 mol.L -1 ). 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 TM 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.

Theoretical expression of NH4-dawsonite solubility at 25 °C

Solubility C * of a sparingly soluble salt AmBn 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 et al. 1997, Panias and[START_REF] Panias | Effect of synthesis parameters on precipitation of nanocrystalline boehmite from aluminate solutions[END_REF]. 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 "NH4-dawsonite solubility".

A m B n → mA n+ + nB m- 𝐶 * = 𝐾 𝑚 • 𝑛 ( ) ⁄ (1) N° Article-3
Considering the speciation of aluminium in aqueous media at 25 °C presented by [START_REF] Panias | Effect of synthesis parameters on precipitation of nanocrystalline boehmite from aluminate solutions[END_REF], and in order to simplify the calculations, we considered only Al 3+ , Al(OH) 3 0 and Al(OH) 4 -, which are the predominant species in the pH range 3-14. This leads to Eq. ( 2) giving the expression of the NH4dawsonite solubility as a function of the different aluminium species.

𝐶 * = [𝐴𝑙 ] + [𝐴𝑙(𝑂𝐻) ] + [𝐴𝑙(𝑂𝐻) ] (2) 
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 Al(OH) CO ↓ + H O , ⎯ NH + Al + HCO + 3OH (i) 𝐾 , = [𝐴𝑙 ] • [𝑁𝐻 ] • [𝐻𝐶𝑂 ] • 𝐾 [𝐻 ] (3) NH Al(OH) CO ↓ + H 2 O , ⎯ NH 4 + + Al(OH) 3 0 + HCO 3 (ii) 𝐾 , = [𝐴𝑙(𝑂𝐻) ] • [𝑁𝐻 ] • [𝐻𝐶𝑂 ] (4) NH Al(OH) CO ↓ + 2H 2 O , ⎯ NH + Al(OH) + HCO + H (iii) 𝐾 , = [𝐴𝑙(𝑂𝐻) ] • [𝑁𝐻 ] • [𝐻𝐶𝑂 ] • [𝐻 ] (5) 
H 2 O K W ⎯ H + +OH (6) 𝐾 = [𝐻 ] • [𝑂𝐻 ] (7) 
Solubility constant KS at 25 °C can be deduced from the equilibrium constant Kr of the precipitation reaction leading to AmBn, as KS = Kr -1 . 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)).

𝐾 (T) = exp - ∆G 𝑅𝑇 (8) 
The solubility products at 25 °C of the reactions (i) and (iii) (KS,i and KS,iii, 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 Al(OH) 3 0 in the literature, the solubility product KS,ii 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 β3 and for KS,ii as a function of β3. β3 value at 25 °C was determined according to Eq. ( 13) proposed by [START_REF] Bourcier | Aluminum hydrolysis constants to 250°C from boehmite solubility measurements[END_REF] (with T in Kelvin): log β3 = -16.12. This value is consistent with those generally referenced in the literature [START_REF] Nordstrom | The Environmental Chemistry of Aluminum[END_REF]May 1996, Brown and[START_REF] Brown | MINTEQA1, an equilibrium metal speciation model: users manual[END_REF];

Al 3+ + 3H 2 O Al(OH) 3 0 + 3H + (10) 𝛽 = [𝐴𝑙(𝑂𝐻) ] • [𝐻 ] [𝐴𝑙 ] (11) ∆G = 𝜈 ∆G , (9) 
N° Article-4 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. As aqueous ammonia and carbonic acid can adopt various solubilized forms, the total concentrations in their respective species have been noted CN and CCO, respectively.

𝐾 , = 𝛽 • 𝐾 , 𝐾 (12) 
NH , ⎯ NH + H (iv) 𝐾 , = [𝑁𝐻 ] • [𝐻 ] [𝑁𝐻 ] (14) 
H CO , HCO + H (v) 𝐾 , = [𝐻𝐶𝑂 ] • [𝐻 ] [𝐻 𝐶𝑂 ] (15) HCO , ⎯ CO + H (vi) 𝐾 , = [𝐶𝑂 ] • [𝐻 ] [𝐻𝐶𝑂 ] (16)

𝐶 = [𝑁𝐻 ] + [𝑁𝐻 ]

(17)

𝐶 = [𝐻 𝐶𝑂 ] + [𝐻𝐶𝑂 ] + [𝐶𝑂 ] (18) 
Eq. ( 19) gives the concentration in NH 4 + , obtained from Eq. ( 14) and ( 17). Eq. ( 20) gives the concentration in HCO 3 -, obtained from Eq. ( 15), ( 16) and ( 18).

[𝑁𝐻 ] = 𝐶

1 + 𝐾 ,iv [𝐻 ] (19) [𝐻𝐶𝑂 ] = 𝐶 • 𝐾 ,v • [𝐻 ] [𝐻 ] + [𝐻 ] • 𝐾 ,v + 𝐾 , • 𝐾 ,vi (20) 
Finally, the theoretical expression of the NH4-dawsonite solubility at 25 °C as a function of pH was obtained from Eq. ( 21).

𝐶 * = 10 , [NH ] • [HCO ] + 10 , [NH ] • [HCO ] + 10 , [NH ] • [HCO ] (21) 
with:

[𝑁𝐻 ] = 𝐶 1 + 10 , ( 22 
) [𝐻𝐶𝑂 ] = 𝐶 • 10 , 10 + 10 , + 10 , , (23) 

Results

Since NH4-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)2CO3 (2 mol.L -1 ), with pH = 8.7 once the equilibrium was reached. In these conditions, we measured a solubility of C Al * = 1.94.10 -4 mol.L -1 with an uncertainty of ± 1.29.10 -4 mol.L -1 . From this single solubility measurement, we aimed at assessing the order of magnitude of the NH4-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 -4 mol.L -1 , we found a Gibbs free energy of -1564 ± 2 kJ.mol -1 (see Figure 1). It can be noted that for the considered experimental pH, the only species contributing to the total aluminium concentration are Al(OH) 3 0 and Al(OH) 4 -, 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 NH4-dawsonite Gibbs free energy from a measured solubility value.

N° Article-6 

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 -1 , from the work of [START_REF] Stoica | Stability and inter-conversion of synthetic dawsonites in aqueous media[END_REF]. 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 [START_REF] Wagman | The NBS tables of chemical thermodynamic properties. Selected values for inorganic C1 and C2 organic substances in SI units[END_REF]. This value presents a slight variation of -5.2 % compared to our experimentally determined one (-1564 ± 2 kJ.mol -1 ). However, this slight difference has a significant impact on the NH4-dawsonite calculated solubility. Indeed, considering G 0 f,NH4-daw = -1483 kJ.mol -1 leads to very high theoretical solubility values (C*Al > 10 9 mol.L -1 ) 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 -1 and 7-11, respectively). According to the DFT study of Łodziana et al. (2011), Na-dawsonite stability would be slightly higher than that of NH4-dawsonite, meaning that NH4-dawsonite is more soluble than Na-dawsonite. It can easily be deduced from the previously developed theoretical expression of the NH4-dawsonite solubility (Eq. ( 21)) N° Article-7 that an equivalent solubility level between NH4-dawsonite and Na-dawsonite would be achievable if considering a NH4-dawsonite Gibbs free energy in the order of -1600.0 kJ.mol -1 , 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 NH4-dawsonite can only be achievable with a Gibbs free energy above -1600.0 kJ.mol -1 , which is in agreement with our experimentally determined value (Figure 3 

Conclusion

NH4-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 (Al 3+ , Al(OH) 3 0 and Al(OH) 4 -) and based on the Gibbs free energy. Combined with an experimental measurement of the NH4-dawsonite solubility at 25 °C and pH 8.7, this allowed us to determine a probable order of magnitude of the NH4-dawsonite Gibbs free energy (-1564 ± 2 kJ.mol -1 ). This order of magnitude is all the more probable since a comparison between NH4-dawsonite and Na-dawsonite respective theoretical solubility curves led us to conclude that NH4-dawsonite Gibbs free energy should be higher than -1600 kJ.mol -1 . 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 -1 ) C * solubility (mol.L -1 ) ∆G f 0 standard Gibbs free energy at 298.15 K (kJ.mol -1 ) ∆G r 0 Gibbs free energy of reaction at 298.15 K (kJ.mol -1 ) K a acidic dissociation constant K r equilibrium constant K s solubility constant K W water equilibrium constant T temperature (K)

Figure 1 .

 1 Figure 1. Potential NH4-dawsonite solubility curves at 25 °C (with CN = 4.0 mol.L -1 and CCO = 2.0 mol.L -1 ) and their corresponding Gibbs free energy values.

Figure 2 .

 2 Figure 2. NH4-dawsonite calculated solubility at 25 °C versus pH, considering G 0 f,NH4-daw = -1483 kJ.mol -1 (with CN = 4.0 mol.L -1 and CCO = 2.0 mol.L -1 )

  .a).

Figure 3 .

 3 Figure 3. (a) NH4-dawsonite calculated solubility at 25 °C versus pH, considering G 0 f,NH4-daw = -1600 kJ.mol -1 (with CN = 4.0 mol.L -1 and CCO = 2.0 mol.L -1 ) (NH4-dawsonite calculated solubility from Figure 1 is represented for information purpose) and (b) Na-dawsonite calculated solubility at 25 °C versus pH (with CNa = 4.0 mol.L -1 and CCO = 2.0 mol.L -1 )

Table 2 .

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

	Reaction	pKa	Reference
	(iv)	9.24	Bates et al. 1949
	(v)	6.35	Lide 2003
	(vi)	10.33	Lide 2003
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