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Abstract

X-Ray Absorption Spectroscopy measurements have been performed both at the Ga and Br K-
edges on aqueous GaBrs; solutions. The isobaric experiments have been recorded at 30 MPa
from ambient temperature to 670 K for two GaBr; concentrations (0.017 and 0.17 mol/dm*).
At room temperature, Ga’~ and Br ions are fully solvated, surrounded by water O atoms at
1.97 A (Ga-0O) and 3.37 A (Br-O). When the temperature is elevated, Ga®" cations precipitate
as gallium oxy-hydroxide colloids while Br™ anions remain solvated. With a further increase in

temperature, the gallium solid precipitates remarkably re-dissolved (25% and 50% for 0.017
and 0.17 mol/dm’ respectively), due to the formation of [GaBrn (H,0)4_, ?a_q'; (n=2, 3 or 4)

tetrahedral complexes.



1. Introduction

Compared to water at ambient conditions, supercritical water (SCW) is unique in that it
exhibits both gas-like and liquid-like properties. The high diffusivity and low viscosity of
supercritical fluids enables them to penetrate and transport solutes from solid matrices. The
smaller dielectric constant of SCW is responsible of the low solubility of inorganic salts.
Since the solvation capacity of supercritical fluids depend on pressure and temperature, one
can achieve the optimum conditions for a particular separation process by adjusting the
temperature and pressure of the fluid phase, in decontamination process [1] or metal
extraction [2] for example. By characterizing the ion-water (hydration), ion-ion (ion-pairing)
and water-water (hydrogen bonding) interactions, the unique properties of such system can be
inspected. However, these features remain in some cases unexplored because of experimental
difficulties in structural and/or spectroscopic measurements at high temperatures and high
pressures. One of the most appropriate techniques for the structural study of the local order
around the ions in solution is the X-ray Absorption Spectroscopy (XAS) including both the x-
ray-absorption near-edge structure (XANES) and Extended X-ray Absorption Fine Structure
(EXAFS) spectroscopic techniques. This spectroscopy allows characterization of the local
atomic environment around the absorbing element (selected from its absorption edge) to
extract structural information on ions of interest. This is one reason why these techniques can
be applied to dilute systems (several mM). These advantages also make it an ideal technique
to study supercritical aqueous electrolyte solutions of low density in which the solubility of
salts can be much lowered. Thus a High Pressure and High Temperature (HP/HT) cell
dedicated to simultaneous fluorescence and transmission XAS measurements was developed
and is now used routinely [3].

The behaviour with P and T of the bromide anion associated to monovalent [4-6] or



divalent cations [7-11] as counter ions in aqueous solutions is now well understood. The effect
of ion-pairing in aqueous solutions, i.e. formation of pairs of oppositely charged ions with a
common solvation shell, is a very rich topic. lon-pair formations at high temperature and high
pressure conditions, from an aqueous solution in which the ions are completely dissolved at
ambient conditions, is mainly related to the strong decrease of the solvent permittivity with 7
[12]: it leads to the increase of the coulombic force between ions, a decrease of the solvation
sphere and then ion pairing and formation of multi-ionic complexes. A limitation of the ion-
pairing occurs close to the supercritical temperature and along the critical isochore: the onset
of density fluctuations promotes the development of dense dynamic clusters of water
molecules around the ions, leading to a screening effect which possibly inhibits the ion
pairing processes [13]. Previous studies of MBr, (M = Mn [11], Ni [7], Zn [8-9]) aqueous
solutions have clearly described this effect. An increase of the number of M-Br pairs
associated to a dehydration phenomenon (drop of the number of O neighbours) is observed
when increasing the temperature at a constant high pressure. Then, when reaching the
supercritical conditions, M-Br and M-O distances decrease, while Br-O distances are invariant
or tend to increase slightly.

In the present study we focus our effort on the trivalent cation, Ga®", with an ionic force
superior than monovalent and divalent cations. Previous results from EXAFS, X-ray
Diffraction and Raman experiments on the GaBr; system showed that the ion pairing effect
occurred at ambient conditions in concentrated aqueous solutions ([GaBrs] =2.4 mol/dm”)
[14] and is not observed for concentrations lower than 1 mol/dm’® [15]. The main aim of this
experiment was to determine the evolution of the structure of the ionic hydration and/or
pairing at various P and 7 in aqueous GaBr; solutions. XAS measurements have been
performed simultaneously in fluorescence and transmission modes with the HP/HT cell, both

at the Ga and Br K-edges. The isobaric experiments have been recorded at 30 MPa from



ambient temperature to 673 K for two GaBr; concentrations (0.017 and 0.17 mol/dm’). The
goal of this study is to probe the evolution of the local structure around Ga®" and Br ions in

solution, from ambient to supercritical state.

2. Experimental details

2.1. Sample preparation and the high pressure / high temperature device

Gallium bromide aqueous solutions were prepared by dissolving weighted amounts of
GaBr; salts (GaBr;, 99.999%, Sigma-Aldrich) in deionised water. The GaBr; solution
concentrations are 0.017 and 0.17 mol/dm’, with a measured pH equal to 2.7 and 1.9
respectively at ambient conditions. These concentrations are low enough in order to avoid any
ion-pairing at ambient conditions [15].

The HP/HT cell used for these experiments has been described in details by Testemale et
al. [3]. A schematic view of the set-up is shown in Fig. 1. The general principle consists of a
helium-pressurized autoclave, and an internal sample container embedded in the heater. The
main feature of the cell is then that the temperature and the pressure can be adjusted
independently and are both stabilized by two independent pressure and temperature regulation
devices [16]. For this particular study, the internal cell was in glassy carbon with a wall
thickness machined down to 100 pm at the X-ray beam position, in order to limit the
absorbance of the set-up as much as possible. The path length of the X-rays on the sample is
5 mm, the internal diameter of the carbon tube. Three apertures are present in the heater and
vessel for the incident, transmitted and fluorescence beams. These apertures induce a small
temperature difference between the value given by the thermocouple close to the furnace and
the real sample temperature. A temperature calibration was then performed with pure water at

30 MPa, by determining the water density through X-ray absorption measurements. This is



done by precisely estimating the total X-ray absorption of all the constituents of the
experimental system at 30 MPa: the two 0.8 mm beryllium windows of the vessel, the glassy
carbon cell, the pressurized helium and the water at different furnace temperatures. The
experimental estimation of the density of the water sample allows then to estimate the
temperature of the sample area, by comparing to the theoretical density of water [17] and then
to establish a temperature calibration curve. In the following, all the mentioned temperatures
are the sample real temperature. The precision on the furnace temperature measurement
equals to 0.1 K. Due to the uncertainty of the calibration curve, one can estimate the error bar
on the sample temperature to £2 K.

The following procedure was followed to run an isobaric experiment: the pressure was
progressively applied with a constant slope of 1 MPa/min; when the pressure inside the cell
reached 30 MPa, the target temperature was reached (with a slope of 10°/min), acquisitions
were done (for each temperature, 3 spectra were acquired); then the temperature was

increased to the next target temperature, and so on.

2.2. X-ray absorption measurements

X-ray absorption spectroscopy experiments were performed on the CRG-FAME beamline
(BM30B), located at the European Synchrotron Radiation Facility storage ring in Grenoble,
operating in 2*1/3 filling mode at 6 GeV. Spectra were recorded both in fluorescence and
transmission modes (~40 min/scan data collection time), at the Ga and Br K-edges, using a
double-crystal Si(220) monochromator [18]. The size, around 300x200 um? (HxV, full width
half maximum values), and the position of the X-ray spot on the sample were kept constant
during the data acquisition. The full beam delivered by the bending magnet source was

focused in the horizontal plane by the 2™ crystal of the monochromator and by the 2™ Rh-



coated mirror in the vertical plane. Finally, a feedback system was used to maximize the

output of the two-crystal X-ray monochromator [19]. Acquisitions of the XAS spectra ,u(E )

were performed simultaneously in the transmission (4 (E)d =in(Iy/I,) and in the
fluorescence modes (¢ (E)oc I ! / I ) where d is the thickness of the sample, /y, [;, Iy are the

intensities of the incident, transmitted and fluorescence beams, respectively (see Fig. 1).

Fluorescence detection was achieved using a 30 element energy-resolved detector.
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Fig. 1. Schematic view of the high pressure / high temperature vessel used for XAS measurements [3]. The gas
pressure inside the vessel is stabilized with a special pressure regulation device [16]. Details of the internal

heating system is shown in the left inset.

2.3. Extended X-ray Absorption Fine Structure analysis

A brief recall of the basic theory and fundamental analysis steps of EXAFS data treatment
is present here. The spectra were reconstructed using the following formula [20], which
describes the EXAFS oscillations within the framework of the cumulant expansion limited to

the third order:
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The wavenumber £ of the ejected photoelectron is given by k = \/ 2m, (E —Eegge )/ ., Eeqge

being the absorption edge energy. SOZ accounts for the central atom inelastic losses. The sum

is taken over the j scattering paths (single or multiple scattering paths). N, is the scattering

path degeneracy (number of equivalent neighbors for single scattering). R; is the half path

length (central atom-neighbor distance for single scattering). ‘ S (k,@)( is the scattering

amplitude experienced by the photoelectron while scattering from the neighbors (€ =7 for
backscattering). A(k) is the energy-dependent electron mean free path. @y(k) is the phase shift

due to the contributions both from the absorbing atom and the scattering atoms. The Debye-

a2 2
Waller factor, e Ko, represents the mean-square variation of path length R;, a measure of

both static and dynamic disorder of path j, the anharmonicity of the pair distribution being
expressed by the third cumulant Cs;.

The XAS spectra at the Ga and Br K-edges were treated using the Horae package,
comprising Athena and Artemis softwares [21]. XAS spectra were normalized to the
absorption edge height (), background-removed using the AUTOBK algorithm and weighted
by k*. Fourier filtration was done over the & range from ~ 2.5 to 12 A™' (depending on signal-
to-noise ratio) using a Kaiser-Bessel apodization window to obtain the so-called radial
distribution pseudo-function (RDF), which displays peaks roughly characteristic of each shell
around the central atoms. Filtering of the RDF was done by inverse Fourier Transformation

(FT) of the first peak(s) in the R-space.

‘ f j(kﬁx, A(k) and @(k) were theoretically calculated using FEFF6.0 code [20]. The

‘ f j(kﬁx backscattering amplitudes used for the calculations are gathered on Fig. 2. The

backscattering amplitude of O atoms, both for the Ga or Br K-edge, has a maximum in the

low k-region (around 4-5A7") whereas the amplitude corresponding to heavier neighbours



such as Ga or Br is maximum in the medium k-region (around 8A™). It is also important to
mention that the Br-O-H-Br multiple scattering path has a really important amplitude, which
represents approximately half of the Br-O-Br single scattering one. Simulations were
performed on &°y(k) signals using either only single-scattering processes (Ga K-edge) or
multiple-scattering ones (Br K-edge), to obtain the nature of the backscattering atoms, and for
each single scattering path the coordination number (N), nearest-neighbor distance (R), its
associated disorder term (o) and if necessary the anharmonicity cumulant term C;. In
addition to these structural parameters, a parameter, AE, was varied to account for the
difference between the experimental absorption-edge energy and its estimate made by FEFF.

The fitting procedure at the Ga K-edge was performed directly on the raw data. No
anharmonicity cumulant term was used for the simulation, the total disorder being small
enough to justify the description of the distribution function by a simple symmetric Gaussian
function. It was also not necessary to take into account multiple scattering effects. The S’
amplitude reduction factor was fitted to the EXAFS spectrum obtained at ambient temperature
for the concentrated solution, with the number of O atoms on the first shell being known to be
6 [14-15].

Quantitative EXAFS analysis at the Br K-edge was performed on the filtered data at the
Br K-edge, following the procedure described by Simonet ef al. [8]. Complementary to the
Br-O single-scattering paths, we added in the calculation the single- and multiple-scattering
paths including the H atoms, i.e. Br-H, Br-H-O and Br-H-O-H paths to take into account the
so-called focusing effect, which enhances the amplitude of the signals associated with linear
configurations (Fig. 2b), [22]). The fact that the oxygen atoms are linked to the bromide via
the hydrogen induces a disordered Br-O bond, and anharmonic treatments were then
necessary to account for this disorder. Finally, the multi-electronic excitations were not taking

into account, leading to tiny misfits between experiment and simulation around 5 and 7.5 A™



[23]. The S,° amplitude reduction factor was kept constant equal to unity during the

optimisation procedure at this edge.
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Fig. 2. Theoretical backscattering amplitude used for the simulations at the Ga (a) and the Br (b) K-edges: single
scattering processes involving O, Ga or Br neighbour atoms around Ga and Br central atoms, and multiple
scattering processes involving O and H atoms around Br central atoms. Calculations are performed with the

FEFF6.0 code, with N=1 and 6’=0.006A.

2.4. Concentration of the species in solution

The concentration C (T ) of the dissolved species at a given temperature (7) can be directly
calculated from the absorption edge height H, . (T ) (see §2.3.) measured in the transmission
mode [24]. This height is proportional to the density of the sample, the amount of dissolved
absorbing species and the path length (/) of the X-ray beam inside the sample (constant, see
right inset on Fig. 1):

H s (T) ¢ p(T)x C(T)x 1 2)




where p(7T) is the density of the sample and C(T ) is the molality. The comparison of the
H,,. (T ) values provides information about composition changes in the fluid induced by the

temperature increase. Salt precipitation produces for example a reduction of the edge heights
larger than that expected from the fluid density evolution, because the solid precipitate falls
out of the beam path. To precisely monitor the amount of ions or complexes which remain
dissolved as a function of 7, independently of the fluid density evolution and of the initial

concentration, we calculate the relative concentration Cy(7):

C (T) = C(T) — Htrans. (T) % p(300K)
’ C(300K) Htrans. (300[() ,D(T)

3)

For a simple calculation, we assume that the density of the sample is that of pure water,
the influence of the concentration of the solvated species being rather small in the probed
concentration range. Here we used the theoretical water density for po(7) [17]. At room
temperature, and for these rather low concentrations, all the Ga’" and Br ions are dissolved.
The relative concentration Cg(7) is then directly the ratio of the dissolved quantity with
respect to its total amount in the sample.

Errors on the Cy(7) estimation are mainly due to the uncertainties on the height edge
measurement and the temperature measurement for 7>300 K. ACg(7) can then be estimated
simply from the differential form of equation 3:

ACR(T) ~ AH(T)+ AHtran€(300K)+|§p(D| AT
CR (T) H(T) Htrans. (300K) | or |p(D

4)

ViV . (T ) is estimated to 0.001 and AT to 2 K (§2.1). From equation (4), it can be seen

that the ACg(T) error bar is maximum around the supercritical temperature where the decrease
in the density is abrupt. ACk(7) is around 0.6% at low temperature, around 3% in the

supercritical region (the less favourable case). Moreover, these estimations are also slightly

dependent on the initial assumption, i.e. the density of the sample is assumed to be that of



pure water, and the uncertainty might be higher than the 3% calculated with eq. 4. This is
especially true close to the supercritical point of water where the misestimation of the density
is the larger. One can then considered that the values obtained with eq. 3 allow a very good

quantitative or semi-qualitative estimation of the real Cr(7) evolution.
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Fig. 3. Relative concentrations Cy(T) of dissolved Ga and Br ions in water at 30 MPa as a function of the
temperature. Measurements from the height of the absorption edge measured in the transmission mode both at
the Ga and Br K-edges during EXAFS acquisitions (40 min. for each spectra). (a) GaBr; concentration 0.017

mol/dm’. (b) GaBr; concentration 0.17 mol/dm®. Comparison with the theoretical density of water [17].

3. Results

3.1. Qualitative analysis of the XAS spectra
The evolutions of the relative concentration Cg(7) both for Ga and Br atoms are shown on

Fig. 3. Normalized XANES spectra obtained at the Ga K-edge for the set of experiments




performed on the concentrated solution are gathered on Fig. 4. The k’. y(k) EXAFS spectra
and the corresponding modulus of their Fourier Transform (FT) obtained are shown on Fig. 5
(Ga K-edge) and Fig. 6 (Br K-edge). For comparison, the spectra of reference model
compounds are also shown: the spectrum of solid a-GaO(OH) obtained at the Ga K-edge by
Pokrovski et al. [25] (Fig. 4 and Fig. 5) and that of the GaBr; salt (§2.1) measured at the Br
K-edge in the transmission mode (Fig. 6). The structure of these compounds is known. o-
GaO(OH) crystallizes in orthorhombic structure (space group Pnma [26]): Ga atoms are
surrounded by 6 O atoms in the first shells forming a distorted octahedron and 8 Ga in the
second shell. GaBrj; salt structure is monoclinic (space group P 2,/c [27]), built of Ga,Bre
molecules consisting of two GaBry tetrahedra with a common Br-Br edge: 4 Br atoms are
surrounded by one Ga atom (Br-Ga bond length: 2.26 A) and 2 Br atoms by 2 Ga atoms
(2.46 A), i.e. the mean Br-Ga bond number equals to 4/3 with a mean bond length around

233 A.

3.1.1. Concentration of ions in solution

The relative concentration of bromide in solution (Fig. 3) is stable around 1 for both
sample solutions from 300 K to 7¢ (~647 K at 30 MPa) and then decrease to reach, at 670 K,
~0.4 (0.017 mol/dm®) and ~0.8 (0.17 mol/dm”).

The evolution of the gallium concentration with temperature (Fig.3) is completely
different. A sharp decrease occurs at 370 K (0.017 mol/dm?) and 465 K (0.17 mol/dm®), Cx(T)
reaching a value close to zero. The amount of gallium in solution is then estimated around 10
3 mol/dm’ for both initial sample solutions. Then Cg(7) increases slightly from 560 K, reaches
a maximum close to 650 K before finally decreasing. This re-solvation of gallium reaches
25% and 50% of the total amount of gallium for 0.017 mol/dm’ and 0.17 mol/dm’

respectively.
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and different temperatures. Comparison with the GaO(OH) spectra [25]. Spectra are shifted for clarity.

3.1.2. Ga cations solvation structure

Ga K-edge XANES spectra have been used as 'structural fingerprints' in order to
determine the evolution of the gallium site geometry as a function of temperature. XANES
spectra obtained for the concentrated solution at the Ga K-edge shows the presence of three
different profiles (Fig.4). At ambient conditions and at 370 K, the XANES displays an
intense peak (the so-called white-line, labelled A) at 10379 eV and a large bump at higher
energy (around 10394.5 eV). The intensity of the white line is related to the electronic

transition probability 1s — 4p and its position is assigned to octahedral species [28]. On the

first spectrum at 470 K (o), a bump appears at 10399.5 eV, the width of the white line
increases and its mean position shifts to higher energy. These features correspond to the

characteristic features of the GaO(OH) spectrum, with a large white-line (B) at 10377.5 eV;




they are still clearly noticeable for the second spectrum at this temperature () but not for the
last one (y). For this last spectrum, the XANES seems similar to that of the octahedral species
at 300 K and 370 K. At higher temperatures (7>560 K) the feature at 10401 eV disappears and

a thin white-line at 10375 eV is now clearly visible: such features have already been assigned

to Ga tetrahedral environment [28].
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Complementary to this geometrical qualitative description of the gallium sites, the
EXAFS spectra and their FT (Fig. 5) give quantitative information on the nature of the
neighbours and structural parameters. Let us just recall that the backscattering amplitude of
oxygen atoms, both for the Ga and Br K-edge, has a maximum in the low k-region (around 4-
5 A™") whereas backscattering of heavier atoms such as gallium or bromide is maximum in the
medium A-region, around 8 A™, (Fig. 2). At =300 K, the &’ y(k) signal (Fig. 5a and 5c) is
dominated in the low k-region by the oxygen backscattering. This contribution is clearly
visible in the FT (Fig. 5b and 5d): a single peak centred around 1.4 A constitutes the main part
of the signal for both concentrations. At slightly higher temperatures (7>370 K), another
frequency appears in the oscillations, with beatings visible at 5 A" (7=420 K, the previous
valley is less pronounced), 7.5 A" (clear appearance of a peak) and around 10 A (the
previous single oscillation in this k-range is now double). This evolution is clearly identifiable
by comparing the FTs where a peak at 2.55 A is more and more visible. All these features are
in agreement with the EXAFS oscillations and FT of a-GaO(OH) solid reference, the second
peak being associated to Ga-Ga bonds. For the diluted solution, this intermediate
configuration seems to be stable from 370 K to 560 K (Fig. 5a and 5b). The three spectra
performed at each temperature are perfectly superimposable and the magnitude of the features
is roughly constant. At 630 K, this contribution to the total signal seems to have completely
disappeared. On the other hand, for the concentrated solution (Fig. 5c and 5d), this structural
feature is completely unstable. The first spectrum at 470 K (o) is rather similar to that of the
diluted compound at the same temperature. The feature at 7.5 A" becomes smaller for the
second one () and almost disappears for the third one (y), the signal being then almost
identical to the 300 K spectrum. On the FT (Fig. 5d), the peak at 2.55 A is well defined for the
two first spectra at 470 K (a and ) and vanishes completely for the third one (y).

When the temperature increases to 650 K, the maximum of the envelope of the EXAFS



signal shifts to the high k-value and the contribution of the low k-region decreases (Fig. 5a
and 5¢). Such maximum of the amplitude of oscillations is compatible with the backscattering
amplitudes of atoms heavier than oxygen, gallium or bromide (Fig. 2). This evolution is
clearly seen on the FT (Fig. 5B and 5d) with the appearance of a peak centred around 2 A. In
the previous temperature range and by comparison with the a-GaO(OH) structure, the FT
peak at 2.55 A was attributed to Ga-Ga bonds. For these higher temperatures, the peak at 2 A
can then be attributed to Ga-Br ones. This evolution is progressive for
[GaBr3;]=0.017 mol/dm’. For [GaBr3]=0.17 mol/dm’ the structural modifications seem to be

abrupt, the EXAFS signal being almost similar from 560 to 650 K.
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3.1.3. Br anions solvation structure

Br K-edge XANES spectra (data not shown) are less informative than those obtained at
the Ga K-edge. The spectra display a single large white line at a constant energy whatever the
temperature of analysis. Reversely the &°.y(k) EXAFS spectra (Fig. 6a and 6¢) and the FT
functions (Fig. 6b and 6d) exhibit important changes with increasing temperature, for the two
concentrations.

In the k-space, at ambient temperature, the signal is essentially dominated by the low &-
region signal, characteristic of the Br-O backscattering (Fig. 2). No significant evolutions
occur from 300 to 370 K. Between 370 and 560 K, a strong modification of the signal is
clearly noticeable for the concentrated solution. The amplitude of the oscillations decreases in
the low k-region until a contribution in the [6 - 13.5 A™'] k-range appears at 560 K which
corresponds to the main oscillation of the GaBrj salt reference spectra, characteristic of Br-Ga
bonds. This new contribution is also noticeable but with a smaller amplitude for the diluted
solution. Moreover, concerning the GaBr; reference the &°. y(k) signal is dominated by this Br-
Ga contribution, but the relative importance of the low k-region signal due to Br-O bonds
shows that this salt reference might be slightly hydrated.

Important structural changes around Br atoms with increasing temperature are observed
from the &°. y(k) spectra: these signatures are more subtle on the FT signal in the R-space
(Fig. 6b and 6d). In a first temperature range (7<605 K for the diluted solution, Fig. 6b,
T<470 K for the concentrated solution, Fig. 6d), the signal is dominated by a broad peak
(from 1.45 to 3.15 A, centred at 2.45 A). This peak is attributed from the k-space analysis to
Br-O bonds. For both solution at higher temperatures, the interference between the Br-O and
Br-Ga contributions leads to a decrease of the FT peak modulus around 2 A, in the middle of
the peak. This destructive interference is also present for the GaBr; FT signal. Such a feature

has already been observed for the ZnBr, system [9].



3.2. Quantitative analysis

Simulations were performed on merged spectra obtained at a given temperature and
constant pressure. Before merging, we carefully checked the superimposition of these spectra,
characteristic of a stability of the local structure around the probed element during the total
acquisition time (around 2 hours for 3 spectra). Such a merging was possible for most of
temperatures, even in some particular cases where the relative amount of the probed element
slightly decreases (Fig. 3). At 470 K for the concentrated solution at the Ga K-edge, the
EXAFS spectra are different and characteristic of evolving structures in solution. The spectra
cannot be merged and the simulation is performed only on the last acquisition (labelled y)
where the amount of gallium is constant, at the experiment time scale, during all the
acquisition.

Three different kinds of neighbours were necessary for the simulations: Ga-O and Br-O
bonds characteristic of the hydration shell, Ga-Br and Br-Ga bonds characteristic of the ion-
pairing, and Ga-Ga bonds. All the details of the simulations are given in Table 1 for the Ga K-
edge and Table 2 for the Br K-edge. The number and distance of the first coordination shell
(hydration and ion-pairing) simulations are also shown in Fig. 7 (Ga K-edge) and Fig. 8 (Br
K-edge) and those concerning the Ga-Ga 2" shell are gathered in Fig. 9 and Table 2. For
comparison, the literature values obtained for the a- GaO(OH) structure in the literature are
given in Table 1 [25], the values obtained in our study for the GaBr; salt at the Br K-edge in
Table 2. Concerning this reference, Br atoms are surrounded by 1.05+0.1 Ga atoms, instead of
4/3 Ga atoms, at 2.33 A, bond length in complete accordance with the mean value deduced
from the structure of the GaBr; anhydrous salt [27]. Br atoms are also surrounded by
0.35+0.05 O atoms at 3.55 A. These results are then characteristic of a slightly hydrated

structure of the GaBrj salt with respect to the anhydrous one [27].



O Ga/Br

Conc. T NGa-O RGa-O OZGa_0X103 NGa-X RGa-X azGa-XX103 R

300 65(0.9) 1.96 (0.01) 4.9(1.8) 0.05

370 6.6(11) 197(0.01) 6.3 (0.8) Ga:23(0.7) 3.04(0.05) 14(7) 0.05

420 66(l.2) 1.94(0.02) 11(3) Ga:4.9(0.8) 3.03(0.05 14 (7) 0.06

470 6.9(1.2) 194(0.02) 13(3) Ga:4.9(0.8) 3.01(0.04) 13 (6) 0.07

ool 30 63(12) 193 (0.02) 13 (2) Ga:3.9(0.8) 3.02(0.02) 10(2) 0.09

el 605 54(12) 192 (0.03) 16 (6) Ga:23(0.7) 2.96(0.02) 11(2) 0.14
Bri0.4(0.2) 231(0.01) 4(4)

630 4.6(1.2) 1.90 (0.03) 19 (7) Ga: 1.6 (0.7) 2.94(0.02) 11(2) 0.12
Br:1.4(0.6) 2.31(0.01) 5@

650  3.0(0.8) 1.89 (0.05)  18(5) Br:2.8(03) 232(0.01) 7(1) 0.03

670 23 (0.5) 1.86 (0.03) 12 (4) Br:2.5(03) 2.31(0.01) 6(1) 0.04

300 6(fixed  1.965(0.01) 5.1(0.6) 0.02

370 5608  197(0.01) 52(0.8) Ga:1.7(0.6) 3.05(0.04) 14(5) 0.04

o7 A0 66(06)  1.97(001) 83 (15) 0.04

560 1.0 (0.3) 1.87(0.02) 6.8 (0.4) Br:34(0.2) 232(0.01) 5.1(0.4) 0.009

3
mol/dm™ 03 0.6 (0.3) 1.86(0.03) 6.0 (0.7) Br:3.6(0.2) 232(0.01) 5.7(0.4) 0.009

630 0.6 (0.3) 1.87(0.03) 6.0 (0.6) Br:3.6(02) 232(0.01) 59(04) 0.008

650 0.3(0.3) 1.90 (0.08) 6.0 (0.6) Br:38(0.2) 232(0.01) 6.1(0.4) 0.012

2.5(0.5) 1.92(0.01) 3.0 (0.5) Ga: 2 (fixed) 2.95(0.02) 4(3)
0-GaO(OH) [25] 3.0 (0.5) 2.05(0.02)  3.0(0.5) Ga: 2 (fixed) 3.24(0.02) 6(3)
Ga: 4 (fixed) 3.41(0.02) 9(3)

Table 1: Ga K-edge EXAFS analysis for the GaBr; solution at 30 MPa and increasing temperatures. Results for
the first shell include Ga—O and Ga—Br pairs. Columns are successively related to concentration (mol/dm’),
temperature (K), number and nature of neighbours, pair distance (A), o (A%, x10%), energy shift AE (eV) and R
factor characteristic of the goodness of the fit. S,°=0.892.

O Ga
Conc. T Ngo R0 p0x10°  C3x10° N,.-Ga Rsr-Ga 05.cax10° R
300 7.8(0.8) 3.35(0.05  32(3) 28 (19) 0.011
370 6.2(0.8)  3.44(0.05)  31(4 77(21) 0.013
420 58(1.6)  3.41(0.09)  33(8) 68(42) 0.039
0.017 470 5.6(0.9)  3.46(0.07)  36(6) 91(39) 0.022
mol/dm® 560 53 (0.9)  3.41(0.08)  40(6) 84(37) 0.016
605 3.4(14)  335(0.14)  31(10) 58(46) 0.08
630 3.6(1.3)  3.40(0.1) 34(12) 89(19) 0.13(0.1)  2.32(0.03) 5(3) 0.03
650 2.6(0.9)  3.40(0.1) 47(18) 106(50) 0.3(0.1) 2.31(0.01) 6(3) 0.023
300 83(0.9) 3.37(0.05  30(4 37 (23) 0.014
370 7.4(0.9)  3.40(0.06)  32(5 56 (26) 0.018
420 6.9(0.9)  3.40(0.06) 34(5 62 (29) 0.018
0.17 470 6.3(0.9  3.40(0.07)  35(6) 66 (34) 0.022
mol/dm’ 560 6.5(1.1)  3.40(0.05)  53(8) 83 (25) 0.7(0.1)  2.30(0.01) 7(2) 0.008
605 3.6(1.0)  3.40(0.05)  47(13) 86 (23) 0.6(0.2)  2.31(0.01) 7(1) 0.005
630 3.6(0.9)  3.40(0.05)  36(18) 112 (5) 1.0(0.2)  2.31(0.01) 8(1) 0.015
650 3.6(1.5)  3.40(0.05)  51(15) 86 (23) 0.4(0.1)  2.31(0.01) 5(1) 0.012
GaBrysalt  0.35(0.05) 3.55(0.05) 26 (15) 140 (20)  1.05(0.1)  2.33(0.01) 4.5(5) 0.0005

Table 2: Br K-edge EXAFS analysis for the GaBr; solution at 30 MPa and increasing temperatures and for the
GaBr; salt. Results for the first shell include Br—O and Br—Ga pairs. Columns are successively related to
concentration (mol/dm®), temperature (K), number and nature of neighbours, pair distance (A), @ (A% x10°),
anhargnonic C; term of the O shell (x10%), energy shift AE (eV) and R-factor characteristic of the goodness of the
fit. Sg =1.

3.2.1. EXAFS simulations of the first coordination shells



At ambient conditions at both concentrations, we find ~6 oxygen neighbours (Ng,.0=6 by
definition for the concentrated solution, §2.3) at 1.96 A around Ga and ~8 at 3.36 A around
Br, in accordance with the literature [5,15,29]. For gallium (Fig. 7), the number of neighbours
is also consistent with the octahedral site geometry found with the XANES analysis. When
the temperature increases the number and bond length for Ga-O pairs are constant within
uncertainty (7<560 K) then decreases, to around Ngeo=2 (0.017 mol/dm®) and 0.5
(0.17 mol/dm’) and Rga.0=1.86-1.90 A in the supercritical state (7>605K). Around Br
(Fig. 8), the Br-O number continuously decreases to reach Ng,.0=2.6 (0.017 mol/dm3) and 3.6
(0.17 mol/dm®) with a Rg,.o bond length equal to 3.40 A as it was already found in other Br
systems [3,7]. However such apparent strong dehydration process around the Br™ anions might
be overestimated. Ferlat et al. have shown from EXAFS measurements associated with
Molecular Dynamics simulations (MDEXAFS) a clear persistence of the Br™ hydration shell
from normal to supercritical conditions [6]. The authors interpret this difference between the
classical EXAFS analysis and the MDEXAFS one by the strong increase of the local disorder
around the Br anion and not from a decrease of the number of neighbours. This strong
disorder, due to dynamic local density fluctuations in addition to the classical bond length
distribution, is well reproduced when one generates theoretical EXAFS spectra using
snapshots of instantaneous configurations (MDEXAFS).

Close to T¢, simulations at the two K-edges give equivalent Rg,.5- and Rp,.g, bond lengths
at 2.31-2.32 A, a value slightly smaller than the value found in [GaBr,;]” measured in ambient
conditions on concentrated solutions (Rg..5=2.33-2.34 A, [14]). At T=650K for the
concentrated solution, the total number of neighbours around gallium atoms is close to 4. For
this temperature the number of Br bonded to Ga atoms is around N=2.8 (0.017 mol/dm®) and
3.8 (0.17 mol/dm’), much smaller than the number of Ga bonded to Br atoms, around 0.3-0.4

for the two concentrations at the same temperature.
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3.2.2. EXAFS simulations of the second coordination shell around Ga atoms

The results of the EXAFS simulations for the second Ga-Ga coordination shell (Fig. 9),

characteristic of the formation of a a-GaO(OH) like structure, are discussed only for the

diluted solution due to the gallium precipitation occuring for the concentrated solution. The

Nga.ca value, zero at 300 K, increases from 2.3 (370 K) to 4.9 (420 and 470 K). The value

decreases then slightly in a first step (3.9 at 560 K), more strongly in a second one (2.3 at

605 K, 1.6 at 630 K). At 650 K no more Ga-Ga contribution is necessary for the simulation.

The Rga..cq, bond length value equal 3.04 A at 370 K and decreases continuously to reach

2.94 A at 630 K (Table 1, Fig. 9 bottom).
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Ga-Ga bond lengths in GaO(OH) crystallized compound [25].

The presence of this Ga-Ga contribution can be directly correlated to the Ga concentration
in solution (Fig. 9, top). The appearance of the Ga-Ga bonds at 370 K occurs simultaneously
with the Ga precipitation. The Ng,.¢, increases from 370 to 470 K while the ratio of gallium
in solution is decreasing. At 605 K the decrease of Ng,.g, is associated with the increase of the

amount of Ga in solution, which occurs simultaneously with the appearance of the Ga-Br




bonds (§ 3.2.1).

4. Discussion

4.1. Gallium oxy-hydroxide formation
The solubility and formation of a-GaOOH in aqueous solution has been extensively
studied, both in basic and acid conditions [30,31]. In acid conditions, the following

equilibrium occurs:

3+
Galyg)

+2H,0 «> GaO(OH) ¥ 5) + 3H{5q) (5)

The reaction is endothermic [32]. Thus, the increase of temperature constitutes the driving
force for such structural formation. In this study we probed only the Ga atoms which
remained in solution (Fig. 1). The a-GaOOH solubility limit given in the literature [31] is low
in these conditions, between 10 and 10 mol/dm’® for pH ranging from 1.5 and 2.5 in the
423-523 K temperature range. These values are lower than the total amount of gallium
estimated (10~ mol/dm’, §3.1.1). The structural state probed in our case is then far from
equilibrium, the kinetic evolution being very low. Bénézeth et al. notice that the concentration
limit is reached after typically one month, a time scale much more large than during our
different sets of in situ experiment (the total counting time was around 40 minutes for each
spectrum).

The mean Ga-Ga bond length is very close to the shorter distance of the crystallized o-
GaO(OH) (Fig. 9, bottom), especially at high temperature. The local order in these crystallites
or colloids in suspension is then surprisingly limited to the first shells around the central Ga
atoms. Moreover, the 02Ga_Ga value associated to this bond is found really larger in the

solution (11x10° A%, at 7=630 K) than in the solid reference (4x10°> A?). In our experiments,

GaO(OH)5) formation takes place in disorder colloids or nano-crystallites in suspension,



followed by a precipitation.

4.2. Gallium-bromide ion pairing

At ambient conditions, Ga cations are entirely hydrated and octahedrally coordinated. At
high temperature, Ga-Br association is clearly observed. The Ga-Br ion-pairing formation
observed when the temperature increases is mainly driven by the evolution of Coulomb forces
between ions. Indeed, the permittivity of water strongly decreases in high temperature
conditions [12], and thus favours the attractive interaction between Ga cations and Br anions
(the so-called ion pairing effect) by reducing the screening effect of the solvent. This effect
has been detailed by Simonet et al. [9] for aqueous ZnBr; solution, for example. At 7=650 K,

Ga cations are surrounded by ~4 Br anions (3.84£0.2) in the 0.17 mol/dm’ concentrated

solution suggesting the presence of [GaBr4 ]_ complex. This EXAFS result is in accordance

with the XANES spectrum obtained at this temperature for which the Ga cation was found in
a tetrahedral site. Such a structure has been already determined by EXAFS and Raman

spectroscopies on 1~2 mol/dm® GaBr; concentrated solutions at ambient conditions [14] but
also with the trivalent analogous system InCl; in supercritical conditions where [InC14]_

clusters are also formed [33]. If all the Ga atoms in solution formed [GaBry |~ complex, the

number of Ga-Br bonds, Ng..5-, deduced from the EXAFS measurement, would be 4. One can
thus estimate the fraction of Ga cations in solution involved in such a structure from the ratio

between the number of Ga-Br bonds measured in the solution (gathered in Table 2) and the
Ga-Br bonds in the complete [GaBr4 ]_ structure (i.e., 4):

NGa—Br _ NGa—Br
- (6)
NGa—Br )[GaBr4 ]7 4

[GaliGapr, | = (

It results that in the concentrated solution, almost all the Ga cations (95%) in solution



(which corresponds to ~50% of the total amount of Ga in the supercritical region, Fig. 3b) are

linked to Br atoms in the [GaBr ]~ complex formation. On the other hand, the ratio of Br

anions involved in ion-pairing remains small: each Br atoms presents less than one Ga

neighbour (the theoretical value in the [GaBry ]~ structure) whereas the number of Br-O

bonds remains high.
For the 0.017 mol/dm’ solution in supercritical state, Ga’* cations are simultancously

surrounded by similar numbers of Br anions and water molecules. This situation can be

obtained in the case either of two different speciations for these cations ([GaBry |~ complexes

and hydrated Ga) or mixed species ([GaBrl(HZO)nmJ). The second hypothesis is the most

reasonable since one would expect progressive replacement of water molecules by bromide
ions in the solvation shell of Ga®* cations; the coexistence of the most brominated species
along with the fully hydrated species seems doubtful. Literature results give ground to the

existence of mixed species: in concentrated GaBr; solutions at ambient conditions

[GaBrn (HZO)4—n]?;;S (n=2 and 3) tetrahedral complexes are reported [14]. In high

temperature hydrothermal InCl; solutions, binuclear indium chloride ([InzCl(OH)]4+) was

also observed [33]: however such analogous polynuclear complexes are not present in the

present case since no Ga-Ga bonds were measured in supercritical conditions.

4.3. Comparison with other systems

Table 3 compares different systems probed by XAS where monovalent, divalent or
trivalent cations are in aqueous solution with a halide anion (Br or Cl). We limit the
comparison to the studies in which the initial concentration of salts in solution is low enough
to avoid significant ion-pairing at ambient conditions. lon pairing has not been observed for

monovalent systems, even if molecular dynamic simulations predict a significant amount of



such pairing in supercritical conditions [5,34]. Ion pairing occurs for all these divalent or
trivalent systems. Except for the two rare earth elements (Gd and Yb), ion pairing occurs in a
tetrahedral form, in a mixed environment (ZnCly(H,0),, ZnBry(H,0),, In,CI(OH)*"...) or pure
form (ZnC142', ZnBr,*, InCly"...). This structural form is consistent with the total number of
neighbours around gallium cations found close to 4 in supercritical state. Ab initio simulations
of the X-ray-Absorption Near Edge Structure (XANES) spectra measured during the EXAFS

acquisitions are under progress to validate this geometry.

ions reference ion-pairing in supercritical conditions

Li', CI [35] no ion pairing up to supercritical conditions ( (LiCl]=3 and 9M)

Adt. CI [36] no ion pairing up to 300°C and saturated vapour pressure ([AgClO4]=0.1M,
> [HCI0,]=3M)

K', Br [34] . . . ey . ..

Rb". Br [4-6, 34] simulations show the formation of a significant amount of ion-pairs in SC

Cs+’ Br [ 3’4] conditions[3,28], but EXAFS experiments do not allowed a validation of this point

Ca”, CI [37] ion pairing for [CaCl,]=1M

Zn®, Cr 38] ZnCly(H,0), compound ([ZnCl,]=2M)

ZnCl* compound ([ZnCL]=1M with an excess of Cl)

Sr*, CI [39] no ion pairing up to 300°C and saturated vapour pressure ([SrCl,]=0.1M, [HCI]=3M)

Mn*, Br- (1] MnBr,(H,0), compound ([MnBr,]<1M) .
MnBr,.,(H,0),., compound ([MnBr,]<IM with an excess of Br)

NiZ* Br [7] N@Br(H20)3 compound ([N@Br2]=0.2M)

’ NiBr;(H,0) compound ([NiBr,]=0.2M+ [NaBr]=0.8M)
72" Br [8,9] ZnBrz(ZIjIZO)Z compound for [ZnBr,|=1M

’ [10] ZnBr,” compound for an excess of Br: [ZnBr,]=1M + [NaBr]=6M
In*", CI [31] InCl,’, In,CI(OH)*" compounds
Gd*", CI [40] GdCl,(H,0)7.,"™ compound ([GdCl;]=6mM with an excess of Cl)
Yb*, CI [41] YbCl,(H,0)7.," ™ compound ([YbCl;]=6mM with an excess of Cl)
Ga’", Br this study GaBry ([GaBr;]=0.17M), G21(H20)4_,,Br,,3'n (n=2 or 3, [GaBr;]=0.017M) compounds

Table 3: lon pairing in aqueous solutions at supercritical conditions, M=mol/dm”.

The predominant species in the supercritical state progressively evolve from mixed to
pure solvation shell with a progressive dehydration when the relative concentration of halide
anion increases. From our results there is however particularities for the GaBr; aqueous
solution at the supercritical state. The Ga-Br association occurs in supercritical domain
starting not from a situation where both the cation and the anion are hydrated but with the

cation involved in an oxy-hydroxyde structure:

GaO(OH) ) + nBr(gq) +3H" <>[GaBr, (H,0),_, fa‘q’; +(4-n)H,0 (7)



with n=2, 3 or 4. From these equilibrium equations, the relative concentration of Br™ anions

with respect to the Ga’" cations appears to be the key point to determine the main
[GaBrn (H20)4_n]?;c1')’ species in solution. This does not seem to be completely the case in

our experiment: the initial [Br]/[Ga] ratio is always equal to 3 in both cases but we find a n
value equal to 4 for the 0.17 mol/dm’ solution and lower for 0.017 mol/dm’. Moreover for
both experiments 1) most of the Br™ anions are not involved in this association process, with
the number of Br-O bonds being much higher than the Br-Ga ones at all the temperatures and
2) the main part of the Ga cations remain in the oxy-hydroxide form.

One possible explanation for this difference with other systems (see Table 3) may be
found in the precipitation of GaO(OH)) that we observe in our experiments. Such oxy-
hydroxide precipitation, and then dissolution, modifies strongly the pH conditions in the
solutions. In both concentrated and diluted solutions, Ga concentration after precipitation of
GaO(OH)ys) 1s similar (see Fig. 3), although Ga concentration was ten times higher in the
0.17 mol/dm’solution: this indicates that more GaO(OH)(s) has been precipitated from the
solution and the release of H' ions (see eq. 5), correlated to this precipitation, has been higher.
This difference would increase the pH difference between the two solutions (the initial
concentrated solution pH was smaller than the diluted one). Further investigations are

necessary to determine precisely this equilibrium process and the influence of the acidity.
5. Conclusion

The local environment around Ga and Br atoms of GaBr; aqueous solution from ambient
to supercritical state has been measured using XAS spectroscopy. At room temperature, Ga® "
and Br™ ions are fully solvated, surrounded by water O atoms at 1.97 A (Ga-O) and 3.37 A

(Br-O). When the temperature increases, Ga®" cations precipitate as GaO(OH)) in the



temperature range over 370 - 600 K, while Br ions remain completely solvated. For higher
temperatures, Ga’" cations are remarkably re-dissolved (25% and 50% for 0.017 and

0.17 mol/dm® respectively), ion-pairing occurs and pure or mixture tetrahedral specie
[GaBr, (H20)4_n]?;c1')’ (n=2, 3 or 4) complexes are formed (Rgas=Rprca=2.31A). In

supercritical conditions, an equilibrium occurs between GaO(OH)), Ga-Br-H,O complexes
and Br. anions which remain hydrated. Further investigations are necessary to determine

precisely this equilibrium process.
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