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The speciation of metal ions in high-temperature, high- 
pressure aqueous solutions is important in geochemical and 
environmental processes, such as metal transport and ore 
formation. Changes in the ~ndamental properties of water 
with temperature will affect the number and type of ligands 
around the metal and the degree of ion pair formation. X-ray 
absorption spectroscopy allows these changes to be 
monitored. We have investigated the solvation and stepwise 
complex formation of In(m) in aqueous solutions up to 350 
C. In solutions containing perchlorate and nitrate ions there 
was no change in the In-O bond length (2.13 *), and no ion 
pairing with nitrate ions. In chloride solutions both O and CI 
are present in the inner coordination sphere, with the 
proportion of CI increasing with increasing temperature and 
C1 molality. 
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1. Introduction 

A knowledge of the physical geochemistry of high- 
temperature, high-pressure aqueous media is crucial in 
understanding metal complexation in systems ot" 
geochemical and environmental importance. Increasing 
temperature leads to major changes in the fundamental 
properties of water, such as, for example, the dielectric 
constant which decreases dramatically from 80.3 at 20 C to 
8.7 at 370 C at equilibrium saturated vapour pressures. 
These changes result in significant changes in the 
coordination behaviour of metal ions at elevated 
temperatures. The few existing studies indicate that with 
increasing temperature there is a tendency towards the 
lbrmation of neutral species or species of low charge. Thus, 
a 0.1 molal solution of a simple 1:1 salt such as sodium 
chloride, which is completely dissociated into hydrated ions 
at room temperature, is about 50% associated into Na÷C1 
ion pairs at 300 C. In addition there is often a change in 
coordination geometry with increasing temperature, for 
example from octahedral to tetrahedral. These changes have 
not been well studied and have been inferred from changes 
in the entropies of stepwise complex formation and from a 
handful of visible and Raman spectroscopic studies of high 
temperature solutions. 

In previous work using X-ray absorption spectroscopy to 
analyse aqueous solutions containing univalent Ag + (Seward 
et al. 1996) and divalent Sr 2+ (Seward et al. 1998) ions we 
have shown that on increasing the temperature from 25 C to 
350 C the metal-oxygen (water) distances decrease in both 
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nitrate and perchlorate solutions over a range of 
concentrations. These changes result from two mechanisms: 
(i) a decrease in the average number of water molecules in 
the solvation shell around the metal ion, and (ii) a dynamic 
effect which shortens the mean residence time of the water 
molecules in the solvation shell. In strontium solutions 
containing chloride ions there was also an increase with 
increasing temperature in the number of chlorides 
coordinated to each strontium, and at the highest 
temperatures there was clear evidence tbr some degree of 
clustering and the formation of multinuclear species. Other 
groups have obtained similar results with, for example, zinc 
chloride (Anderson et al. 1998) and nickel bromide (Wallen 
et al. 1998). 

We have extended our work to study the behaviour of 
the trivalent metal cation In3., in solutions containing 
nitrate, perchlorate, and chloride anions, and at temperatures 
up to 350 C. This may be expected to show differences in its 
behaviour from that shown by uni- and divalent cations 
because: (i) the exchange lifetimes of water ligands in the 
hydration sphere are longer, and (ii) In ~÷ is extensively 
hydrolysed in near neutral aqueous media. 

2. Experimental 

The solutions were sealed in half-filled silica tubes (i.d. 4-6 
mm, o.d. 6-8 ram), allowing room for the solution to expand 
on heating. The tubes were mounted in an aluminium 
heating block with windows cut out to allow either 
transmission or fluorescence measurements. The 
temperature was controlled using electrical heating 
elements, and monitored with thermocouples (see Seward et 
al, 1996 for details). 

The XAS data were collected at in transmission (cone. 
0.1m) or fluorescence (0.01m) modes on station 9.2 of the 
CLRC Daresbury Synchrotron Radiation Source, operating 
at 2 GeV with an average current of 150 mA. A Si(220) 
double crystal monochromator was used, detuned to reject 
50% of the incident signal in order to minimise harmonic 
contamination. Io and It were measured using ion chambers 
filled with a mixture of Kr/He, and the fluorescence signal 
was collected using a solid state 13-element Canberra 
detector windowed on the In Ka  fluorescence signal. Two- 
four scans were collected and summed at each temperature 
for the transmission data. Four-sixteen scans were collected 
tbr each fluorescence spectrum. 

The isolated EXAFS spectra were analysed using 
EXCURV97 (Binsted et al., 1997), employing the spherical 
wave approximation (Lee & Pendry, 1977; Gurman et al., 
1984). Phaseshifls were derived from ab initio calculations 
using Hedin-Lundqvist potentials and yon Barth ground 
states (Hedin & Lundqvist, 1969). The theoretical fits were 
obtained by adding shells of backscattering atoms around the 
central absorber atom and refining the Fermi energy, Ef, the 
absorber-scatterer distances, r, the numbers of scatterers, N, 
and the Debye-Waller factors, 20 "2, in order to minimise the 
sum of the square of the residuals between the experiment 
and the theoretical fit (R-factor). The possibility of non- 
Gaussian pair distribution functions was tested using 
cumulant expansions, but in no case did this significantly 
improve the fit or change the fit parameters. Therefore a 
Gaussian distribution was used. 
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3. Results and Discussion 

3.1 Nitrate solutions 
The nitrate solutions showed no decrease ha the metal-  

oxygen distance,  and no clear decrease in coordination 

number ,  up to 250 C (Table 1). There  was no evidence for 

ion pairing, even  at the highest  temperatures.  

Table 1 
EXAFS analyses of (a) 0.0 l m In(NO.03 in 0. I m HNO3. and (b) 0. l m 
In(NO3)3 in 0. lm HNO~ solutions. 

T / C Shell r //~ 2o2 / ~2 R-factor 

30' 6.3 x O 2.14 0.008 28.9 
100" 6.5 x O 2.13 0.010 43.7 
200 = 5.4 x O 2.12 0.017 52.2 
30 b 6.4x O 2.13 0.008 13.4 

100 b 6.5 x O 2.13 0.011 14.2 
200 b 6.5 x O 2.13 0.014 14.9 
250 b 6.3 x O 2.14 0.021 20.4 

N is no. of seauerers+ 20%, r is distance+ 0.02A, 2o2 is the Debye-Waller factor 
+ 20% 

3.2 Perchlorate solutions 
In the 0.01m In(C104).~ in 0.01m HCIO4 solution the In- 

O distance and the coordination number remained constant 
be tween  30 C and 200 C. The solutions started to break 

down at h igher  temperatures .  The 0 .1m In(CIO4)3 in 1.0m 

HC104 solution also showed no change in coordination 

number  or bond  length up to 250 C (Table 2). However ,  

even at 30 C there is clear evidence o f  ion pair  formation, 

with a chlorine a tom at 3.14,~ consistent wi th  at least one 

oxygen-bound perchlorate  coordinated to the indium. 

Inclusion o f  this interact ion in the fits significantly improves 

the R-factor  (residual) at eve ry  temperature.  

Table 2 
EXAFS analyses of (a) 0.01m In(C104)3 in 0.01m HCIO4 , and (b) 
0. lm In(C104)3 in 1.0m HC104 solutions. 

T / C Shell r //~, 20 ~ / ~2 R-factor 

30' 6.4xO 2.14 0.010 38.5 
100= 6.3 x O 2.13 0.012 27.0 
200' 6.1 x O 2.13 0.012 29.5 
30 b 6.4x O 2.13 0.008 9.7 

1.0 3.14 0.033 
I00 b 6.4 x O 2.13 0.010 12.5 

1.5 3.13 0.034 
200 b 6.3 x O 2.13 0.012 9.7 

1.8 3.14 0.045 
250 b 6.3 x O 2.13 0.013 14.0 

1.5 3.14 0.037 

N is no. of scatterers + 20%, r is distance + 0.02/k, 202 is the Debye-Waller factor 
+ 20% 

3.3 Chloride solutions 
In the ind ium chloride solutions the inner  coordination 

sphere comprises  oxygens (water)  and chlorides (Table 3). 

On heat ing  the solutions the water  is replaced by chloride 

around the indium. In all the solutions there is a decrease in 
the indium-chlor ide  distance with increasing temperature ,  

and an increase in the indium-oxygen distance is 

consis tent ly observed  in every  solution. The decreasing In-C1 

distance reflects  a decrease in the total coordination number .  

The increase in the In-O distance m a y  be related to the 

effect o f  the increasing numbers  o f  negat ively  charged 

chlorides around the central  cation reducing the effective 
charge dens i ty  at the metal  centre,  in addit ion to the steric 
effect o f  the large chloride ions. 

Table 3 
EXAFS analyses of(a) 0. I m InCI3 in 0. I m HCI, and (b) 0. I m InCl; in 
1.0m HCI solutions. 

T / C Shell r / A 2o2 / A 2 R-factor 

30" 4.3xO 2.16 0.013 11.4 
2.6 x CI 2.41 0.012 

100' 4.0x O 2.17 0.014 9.4 
2.6x CI 2.41 0.010 

200 = 3.1 x O 2.17 0.015 19.0 
2.9 x CI 2.42 0.013 

300 = 2.5 x O 2.24 0.024 14.9 
3.8 x CI 2.39 0.016 

350 = 2.1 x O 2.30 0.021 12.7 
4.5 x CI 2.36 0.014 

30 b 2.8 x O 2.16 0.012 13.9 
3.9 x CI 2.42 0.014 

100 b 2.5xO 2.18 0.012 11.0 
3.9x CI 2.43 0.015 

200 b 1.9 x O 2.20 0.015 14.7 
3.7 x CI 2.43 0.014 

300 ~ 1.4 x O 2.26 0.006 13.0 
3.9 x CI 2.39 0.016 

333 b 1.3 x O 2.26 0.005 14.6 
3.8 x CI 2.38 0.013 

N is no. of scatterers + 20%, r is distance + 0.02/~, 2o2 is the Debye-Waller factor 
+ 20% 

4. Conclusions 

In the nitrate and perchlorate  solutions the coordinat ion 

sphere around the trivalent ind ium ion is less sensitive to 

increasing temperature  than the corresponding anion 

solutions containing uni-  and divalent  ions. Ion pair ing is 

observed in the perchlorate solution, but no evidence  was  

seen for indium clustering. In the presence  o f  chloride there 

is an increase in the In-O distance with  increasing 

temperature ,  and a change to lower  values for the average 

coordinat ion number .  
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