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Synchrotron small angle X-ray scattering measurements on water and alkaline bromine aqueous
solutions (XBr, with X = Li, Rb, or Cs) were carried out from ambient to supercritical conditions.
The temperature was increased from 300 to 750 K along several isobars between 24 and 35 MPa.
The correlation length and the structure factor were extracted from the data following the Ornstein-
Zernike formalism. We obtained experimental evidence of the shift of the critical point and isochore
and their dependence on the ions concentration (0.33 mol/kg and 1.0 mol/kg). We also observed that
the size of the density fluctuations and the structure factor increase with the presence of the ions and
that this effect is positively correlated with the atomic number of the cation. These behaviors were
compared with ZnBr, and NaCl systems from the literature. © 2012 American Institute of Physics.

[doi:10.1063/1.3679021]

Il. INTRODUCTION

Water plays an important role in a large number of
geochemical processes such as hydrothermal or metamor-
phic reactions.! They include elements transport, in particular
metal transport, and physicochemical and thermodynamical
reactivity of the phases involved, especially phases in equilib-
rium (liquid and vapor or liquid and solid). These reactions
take place at high temperature 7 and high pressure P, either
in liquid, gas, or supercritical phases.

In this supercritical domain, fluids are characterized at
the microscopic scale by density fluctuations: areas with gas-
like density coexist with area with liquid-like density.> The
size of these clusters of molecules diverges when the ther-
modynamical conditions get closer to the critical point.> An
appropriate tool to characterize such contrast in the distri-
bution of particles is small angle scattering. This technique
can be used to determine experimentally the mean size of the
density fluctuations (DF) and of the structure factor of the
solution.

Small Angle X-ray Scattering (SAXS) or small an-
gle neutron scattering were often used in the literature to
study supercritical fluids, such as supercritical carbon diox-
ide, trifluoromethane or inert gases*® and supercritical heavy
water.”-® Morita et al. worked on supercritical water”!'? (P¢
= 22.06 MPa, T¢c = 647.1 K, and critical density pc¢
= 0.322 g/ml) and aqueous solutions (a mixture of wa-
ter and methanol'') studied by SAXS. Experimental”-® and

) Author to whom correspondence should be addressed. Electronic mail:
c-cadoux @northwestern.edu.
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136, 044515-1

theoretical'? studies showed that in water the mean size and
the structure factor of the DF follow a power law character-
ized by the critical exponents of water.

In the case of aqueous solutions, ions may change the
structure of the fluid and especially the local structure, as stud-
ied by Bouazizi et al."? in the case of NaCl aqueous solutions
and by Waluyo et al.'* in the case of NaCl, MgCl,, and AICl3
aqueous solutions. In our study, we want to characterize the
DF and their solvation properties and to observe how these
fluctuations are modified by the presence of ions, according
to their charge and size. Previously, our group has conducted
SAXS measurements on supercritical aqueous solutions of
ZnBr,."> Following this work, we studied this influence of
the cations charge and size by exploring the series of mono-
valent cations (lithium, rubidium, and caesium). The choice
of the anion (Br~ over Cl™) was motivated by the possibil-
ity to compare the results with X-ray absorption spectroscopy
data recently obtained.'®8

In aqueous solution, the coordinates of the critical point
are not the same as in pure water and depend on the con-
centration of the solutes. Unfortunately the phase diagram up
to the supercritical domain of XBr solutions is unknown (X
= Li, Rb, or Cs); we thus based our discussion (Sec. III B)
on the phase diagram of sodium chloride aqueous solutions
determined by Bischoff and Pitzer.!” Indeed, the size of DF
and the structure factor at given 7 and P depend both on the
distance to the critical point (which may be displaced by the
addition of ions) and on structural changes of the fluid itself; it
is difficult to decorrelate these two effects. The intent of this
study is to distinguish between the influence that structural

© 2012 American Institute of Physics
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changes on one hand, and that the critical point shift on the
other hand may have on the DF, using comparisons between
pure water, XBr and ZnBr, solutions.

Il. EXPERIMENT AND ANALYSIS
A. Experiment
1. Small angle X-ray scattering

The coexistence of liquid-like and gas-like areas with dif-
ferent density in the supercritical domain causes a contrast of
the electronic (and atomic) density that can be observed by
SAXS: X-rays interact with electrons, and their scattering is
sensitive to the electronic density. SAXS is thus a relevant
method to characterize the DF.

The SAXS measurements have been performed on
D2AM-BMO02 (“Diffraction et Diffusion Anomale Multi-
longueurs d’onde”), a French Collaborating Research Group
(CRG) beam line at the ESRF (“European Synchrotron Radi-
ation Facility”, Grenoble, France).?’ The beam energy was set
to 24 keV, corresponding to a wavelength of 0.516 A; and this
energy value was enough for the transmission of the beam
through the sample and its container to be sufficient for ex-
perimental purpose (that is, a total transmission of 12.5% and
15.2% for pure water at 30 MPa and, respectively, 303 K and
713 K). The distance between the sample and the detector was
92 cm and a charge-coupled device camera was used. With
this setup (energy and distance) and the size of the beamstop
used (3 mm), the range for the scattering vector was 0.02—
0.63 A~!, in accordance with the g-range useful for Ornstein-
Zernike analysis (Subsection II B).

2. High pressure-high temperature setup

An experimental high-pressure vessel was used to control
independently the pressure (P) and the temperature (7) in the
range of 300-870 K and 0.1-150 MPa. Figure 1 (top part) de-
picts the geometry of the high-pressure vessel whose descrip-
tion can be found in Ref. 21. The regulation of P was achieved
by a new system developed in-house and whose relative preci-
sion was 0.01 MPa;?? the accuracy (or absolute precision) of
P was 0.5 MPa. The temperature was measured with K-type
thermocouples: the relative precision was about 0.1% and
the accuracy £5 K. The thermocouple being separated from
the sample by the sample container, the actual temperature
of the sample was estimated to be 20 K less than the measured
temperature. This difference of 20 K was estimated using
X-ray absorption measurements on pure water.

Figure 1 (bottom part) depicts also the geometry of the
internal cell and its heating system. The internal cell was a
tube, made of sapphire, the wall thickness was equal to 125
pm on the beam path and the internal diameter equal to 5 mm.
The sample was contained in the cell and can expand thanks
to internal pistons. The windows of the vessel were also made
of sapphire, with the c-axis oriented along the beam, dome
shaped (in order to resist the pressure, while remaining rela-
tively thin) and 0.7 mm thick.

J. Chem. Phys. 136, 044515 (2012)
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FIG. 1. On the top, drawing of the HP windows geometry with sapphire
windows: (1) high pressure vessel main part; (2) water cooling circulation;
(3) alumina insulating pieces; (4) sapphire window; (5) sapphire internal
cell (internal diameter equal to 5 mm); and (6) furnace. On the bottom,
3D drawing of the internal part: (1) internal cell piston; (2) internal cell;
(3) thermocouple housing in the copper tube; (4) copper tube; (5) insulat-
ing ceramic elements; (6) beam openings in the copper tube; and (7) resistive
furnace.

3. Sample preparation

The samples studied were water and water with ions:
several monovalent cations (lithium, rubidium, and caesium)
were associated with bromine, at various concentrations (0.33
and 1.0 mol/kg). XBr aqueous solutions were prepared by
dissolving weighted amounts of LiBr, RbBr, or CsBr salts
(Sigma-Aldrich) in deionized milli-Q water. The different ex-
perimental conditions that we investigated are gathered in
Table 1. Each value of the P corresponds to a density range
between 1 and about 0.12 g/ml (for pure water). At room tem-
perature, and for these rather low concentrations, all the ions
are dissolved.”?>

B. Ornstein-Zernike analysis

Small angle X-ray scattering is used to determine exper-
imentally the size of the DF (correlation length £) and the
associated contrast (structure factor S(0)).> The intensity 7(q)
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TABLE 1. Experimental conditions of SAXS measurements on supercritical
pure water and alkaline bromide aqueous solutions (lithium, rubidium, or
caesium). The given concentrations are the salt molalities of the solutions.

24 £ 0.5 MPa 30 + 0.5 MPa 35+ 0.5 MPa
Pure water
Water + LiBr 0.33 mol/kg 0.33 mol/kg 0.33 mol/kg
1.0 mol/kg
water + RbBr 0.33 mol/kg 0.33 mol/kg 0.33 mol/kg
Water 4+ CsBr 0.33 mol/kg 0.33 mol/kg 0.33 mol/kg
1.0 mol/kg

scattered by a liquid is related to the structure factor S(q) by

ﬂ — l/dre_iq'r x G(r) = S(q), )
(@) n

where q is the scattering vector and Iy(q) is the intensity scat-
tered under the assumption that scattering particles are not
correlated. This relation follows from the definition of the
structure factor as the spatial Fourier transform of the density-
density correlation function G(r), where n is the atomic
density.

For a scattering vector equal to zero, the structure factor
can be written as a function either of the isothermal compress-
ibility x 7, or of the fluctuation of the number of particles N,

(N = (N))?)
(N)

where T is the temperature (in K) and kg is the Boltzmann
constant. The compressibility 7 and the structure factor S(0)
thus characterize the DF.

The Ornstein-Zernike (O-Z) formalism relates the scat-
tered intensity with the correlation length & and the struc-
ture factor S(0). Details about this formalism can be found
in Ref. 3. It comes down to writing the structure factor as a
Lorentzian, as

S(O):I’lkBTXT = B (2)

S(0)
S(@) = ——, 3
@=11g 3)
where £ is the correlation length in A. This length is consid-
ered an average size of the DF. Assuming that Ip(q) = Ip(0) in
this g-range, Eq. (1) becomes

Ip(0) x pkg T xr

1+ 52 qz :
A linear regression of the inverse of I(g) as a function of
q2 returns the parameters & and Ip(0) x S(0). According to
Refs. 26 and 27, the appropriate q fitting range for this linear
regression is related to the desired accuracy, that is for 1% of
accuracy, g £ has to be lower than 3 (in our case, the maxi-
mum value of g £ is around 2.9, with &,.x = 23.5 A and Gmax
of fitting range equal to 0.122 A~").

1(q) = 10(0) x S(g) = “

C. Data processing and normalization

This method is similar to the one previously used in our
group.'>28 The first step of data processing consisted in ex-
tracting the scattered intensity /(g) from the images recorded

J. Chem. Phys. 136, 044515 (2012)
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FIG. 2. Experimental intensities /(g) as a function of ¢ (at the top), and cor-
responding inverse intensities /(¢) as a function of ¢ in the O-Z range (at the
bottom), at several temperatures in K for pure water at 30 & 0.5 MPa.

by the camera. The camera background was afterward sub-
tracted and the signal was normalized to correct for the varia-
tion of the intensity of the synchrotron current and the sample
transmission. The images were then radially integrated.

The second step was to subtract the background signal
due to the vessel, i.e., the internal cell and the high pressure
windows, and to the gas (helium and air) on the beam path.
For this purpose, we recorded images with the vessel full of
helium at the working pressures, considering that the absorp-
tion due to the helium in place of the sample could be ne-
glected. An example of the corrected intensities is given in
Figure 2 for pure water at 30 & 0.5 MPa, between 300 and
700 K. Taking these different steps into account, we estimated
the error on £ and I(0) x S(0) to 5% of their values. More pre-
cisely these 5% include the errors in the normalization process
and a parasitic signal coming from the diffraction peaks from
sapphire windows and/or inner cell: these peaks may affect
the transmitted signal (measured by the scattering of a kapton
foil) and, as this parameter is involved in the first step of data
processing, may also affect the normalization of the signal.

No particular processing is needed for £ (Sec. II B). On
the contrary, Ip(0) x S(0) must be normalized, as I,(0) de-
pends on the experimental setup. The value of S(0) at low
temperature is known?’ and it could thus be used to normal-
ize I(0); however, the poor quality of the data at low T makes
this approach difficult. On the contrary, the value of I5(0) can
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FIG. 3. Comparison between experimental data at several temperatures in K
and the corresponding linear regression for pure water at 30 = 0.5 MPa.

be more easily measured in the gas phase, but the correspond-
ing value of S(0) is unfortunately unknown. The chosen ap-
proach was to determine I5(0) by studying pure water at high
temperature (see Sec. III A).

lll. RESULTS AND DISCUSSION

The size of the DF & and the structure factor S(0) were
extracted using O-Z formalism and the corresponding linear
regression. Figure 3 is an example of such a linear regres-
sion, showing a very good quality: their Pearson’s correla-
tion coefficient is between 0.94 and 0.9999 on the [0.005—
0.015 A2] fitted range. Figure 2 shows that the scattered in-
tensity is lower at ambient temperature and the statistic is not
as good as at high 7. In fact, we observed that water exhibits
no DF for T' < 470 K, and that the scattered signal is then very
weak.

A. The case of pure water: Experimental
setup validation

A set of experiments was carried out on pure water at 24,
30, and 35 MPa (£0.5 MPa) to compare the observed evo-
lution of the DF with theoretical one, in order to validate our
setup and methodology. Furthermore, these measurements are
used in Sec. III B as a reference to interpret XBr SAXS mea-
surements. Figure 4 shows the variations of the size of the DF
and of the (not yet normalized) structure factor. As expected,
they are small in the liquid phase, increase in the supercriti-
cal domain (but still for high values of p) and decrease again
when p becomes low. The values and the temperatures at the
maximum of these parameters depend on the working pres-
sure. The data collected for pure water, and especially the val-
ues of £, were used to calibrate the experimental setup, which
is different from the one previously used in Ref. 15.

1. The critical isochore and the maximum of the DF

The critical isochore is defined by the analytic continu-
ation of the coexistence curve between liquid and gas. More
precisely, this curve corresponds to states whose density is
equal to the critical one (0.322 g/ml). The sample density

J. Chem. Phys. 136, 044515 (2012)

. —e— 24+ 0.5 MPa
T —sa— 30+ 0.5 MPa 7

- 35 £0.5 MPa
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FIG. 4. Evolution of the size & in A of the DF (at the top) and the structure
factor (at the bottom) as a function of T for pure water at 24, 30, and 35 MPa
(£0.5 MPa).

can be estimated using transmission measurements: indeed
the sample absorbance A is calculated as the logarithm of the
ratio between the incident and the transmitted intensity; the
Beer-Lambert law relates this parameter to the density p of
the sample:

P
Itransmi[led = Iincidente ’

Iini n
A:ln( cident )ZEIO.X, (5)

I transmitted P

—

where i/ p is the energy-dependent mass attenuation coeffi-
cient of the sample (which is tabulated), and x his thickness
(fixed in our case). Figure 8 shows the evolution of this ab-
sorbance with temperature, where the inflection point of p
corresponds to the crossing of the critical isochore.

Currently it is not established in the literature that the
maximum of the fluctuations corresponds to the critical iso-
chore. Experimental works by Morita et al.’ show a differ-
ence of density between these two thermodynamical states of
0.04 g/ml. In our case, for example at 30 MPa, 0.04 g/ml cor-
responds to 6.6 K, which is in the same order of magnitude as
the experimental accuracy (£ 5 K). Besides, at 30 = 0.5 MPa,
the experimental maxima of & and S(0) occur around 692 K
for the measured temperature, corresponding to 672 + 5 K
for the sample temperature (cf. existence of the experimental
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gradient, Sec. II A). This is coherent with the theoretical
temperature at the crossing of the critical isochore, equal to
675.8 K.3° We will thus assume that the crossing of the criti-
cal isochore coincides with the maximum of the DF, following
the same method as in Ref. 15.

In the neighborhood of the critical isochore, the density
fluctuations become more and more intense. From a thermo-
dynamic point of view their size and the structure factor di-
verge at the critical point. More precisely, the thermodynamic
equation of state can be expressed by reduced variables and
the divergent values follow power laws, defined by critical
exponents, linked to the universal class of the fluid; these ex-
ponents can be calculated based on a three-dimensional (3D)
Ising-type model for the fluid. According to Refs. 7, 8, and
15, along the critical isochore, the maximum values of £ and
S(0) can thus be expressed by

T
§=gr1" and SO)=ncksTepc' T 17, (6)
C

where v and y are the critical exponents, n¢ is the atomic
density at the critical point, ¢ defined as t = (T — T¢)/T¢,
Pc is the critical pressure, &y and ' are the amplitudes of
the parameters (§ and S(0)) and T is expressed in Kelvin. In
the case of heavy water D,0,!? these parameters have been
evaluated as

g = 1.28 A, (7

nckpTepe'T = 0.802, ®)

v = 0.630, ©)

y = 1.242. (10)

Wyczalkowska et al.3! and Veloso®? show that these param-

eters (o, I', v, and y) are the same for water as for heavy
water; as the coordinates of the critical point change between
water and heavy water, it comes down that nckgT¢ PE]F
= 0.716 in the case of water.

Figure 5 shows the maxima of £ and S(0) as a function
of P. The value of Iy(0) at 35 £+ 0.5 MPa was computed
based on the theoretical value of S(0) at this pressure, pre-
dicted by the thermodynamical Ising model. The correspond-
ing 1p(0) was considered constant for other values of P. The
reason for fitting /p(0) based on the experimental result ob-
tained at 35 &+ 0.5 MPa only and not using a regression based
on the three experimental points is that the data obtained at
high pressure is assumed to be more precise. Figure 5 shows
that the values of S(0) at 24 and 30 MPa (4+0.5 MPa) are
also fitted reasonably well. The differences between the ex-
perimental and theoretical values of £ and S(0) are satisfac-
tory, thus validating the whole setup. Besides assuming con-
stant 1y(0) over the experimental 7 range, S(0) was normalized
for each XBr solutions using the theoretical value for pure
water and this normalized S(0) was used in subsequent data
processing.

Section I1I B studies the evolution of the DF with T and P
along several isobars. In particular, the maximum amplitude

J. Chem. Phys. 136, 044515 (2012)
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FIG. 5. Maximum of & in A (top) and S(0) (bottom) as a function of P for
pure water: comparison between the experimental and theoretical values. The
experimental value of S(0) at 35 £ 0.5 MPa was adjusted to the theoretical
one.

of the size £ of the DF and of the structure factor S(0) along
each isobar are observed for the various samples.

B. Influence of ions on the density fluctuations
1. Effect of the cation at 30 and 35 MPa

Figures 6 and 7 show the variations of the size of DF
and of the structure factor as a function of T for pure water
and aqueous solutions at 30 and 35 MPa (£+0.5 MPa), at sev-
eral concentrations. The data for the RbBr aqueous solution at
35 + 0.5 MPa is not complete because of an experimental
problem during the acquisition. Several effects emerge from
the qualitative analysis of the data at 0.33 mol/kg:

® The temperature at the maximum of £ and S(0) is the
same for water and for the various ions dissolved in the
solution, within the experimental accuracy of 7.

® The maximum value of & depends on the cation
in solution. At 30 and 35 MPa (£0.5 MPa) these
values seem to be correlated with the ionic ra-
dius of the cation, that is, &n.x(Water) < Emax(LiBr)
& Enax(RbBr) < £,,x(CsBr), their ionic radius being
0.74 A for Li, 1.5 A for Rb, and 1.7 A for Cs.** The
maximum values of S(0) follow the same trend.
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FIG. 6. Evolution of the size & (A) of DF (top) and of the structure factor
S(0) (bottom) as a function of T at 30 = 0.5 MPa for pure water and XBr
aqueous solutions (0.33 and 1.0 mol/kg).

As the temperature increases, the density fluctuations at-
tain a maximum, corresponding to the crossing of the critical
isochore at the working pressure (Sec. III A). Figures 6 and
7 show that this temperature is not shifted by the addition of
the ions at this concentration, compared with the case of pure
water (within the experimental accuracy of 7).

2. Effect of the concentration at constant pressure

Figure 6 also shows the evolution of the size of DF and of
the structure factor as a function of 7, for aqueous solutions
of LiBr and CsBr, with ions concentration of 0.33 mol/kg and
1.0 mol/kg, at 30 &= 0.5 MPa. Indeed, the concentration was
changed only for lithium and caesium because their size is
the most different among the initial list of cations (Li, Rb,
and Cs).

The density of the system is proportional to the sample
absorbance (cf. Eq. (5) above). Figure 8 shows that, at 30

J. Chem. Phys. 136, 044515 (2012)
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FIG. 7. Evolution of the size & (A) of DF (top) and of the structure factor
S(0) (bottom) as a function of 7" at 35 + 0.5 MPa for pure water and XBr
aqueous solutions (0.33 mol/kg).

4 0.5 MPa, the sample absorbance curve of aqueous solutions
is similar in shape to that of pure water; additional experi-
mental data not reported here showed the same effect at 35
4 0.5 MPa. It is also similar to classical X-ray absorption
measurements (see, for example, Ref. 34). Figure 8§ also
shows that the inflection point of these ratios, corresponding
to the crossing of the critical isochore, seems to be at much
higher temperature for concentrated solutions. For diluted so-
lutions, the inflection point is conversely lower than for pure
water, but the difference is around 5 K, which is in the same
order of magnitude as our experimental accuracy. Said other-
wise, the displacement of the critical isochore to higher T in-
creases with the solute concentration, even if we do not know
if this displacement is smooth or involves several stages.
Likewise, the temperature at the maximum of the DF
(size and structure factor) is higher for the solutions at
1.0 mol/kg than for solutions at 0.33 mol/kg (more than
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FIG. 8. Evolution of the absorbance of the sample as a function of T at 30
=+ 0.5 MPa (top) and 24 & 0.5 MPa (bottom) for pure water and XBr aqueous
solutions (0.33 mol/kg and 1.0 mol/kg).

20 K). Unfortunately, because of experimental constraint, we
were not able to reach a high enough temperature to observe
the maximum of the DF for the most concentrated solution.
Figures 6 and 8 show that the temperature shift of the critical
isochore between solutions at 0.33 and 1.0 mol/kg is at least
20 K.

3. Effect of the cation at 24 MPa

Figure 8 shows the sample absorbance as a function of
T at 24 + 0.5 MPa. The behavior is more complex for al-
kaline bromide aqueous solutions than for pure water: the
absorbance decreases slowly until 660 K, as it is the case
for pure water, but then quickly increases, reaching a value
typical of the liquid phase, and finally decreases quickly to
gas-like values. This evolution is thus incompatible with an
isobaric shifting of 7 at P > P, because for this type of

J. Chem. Phys. 136, 044515 (2012)

solutions the density changes continuously from the liquid
phase to the gas phase (e.g., see top part of Figure 8).

The most likely explanation for this phenomenon is that
a demixing process occurs, in other words that adding ions
shifts the critical point (T¢, sai, Pc, sair) and that the system
is in subcritical conditions at 24 + 0.5 MPa (Pc, waer < P
< Pc sair)- Under this assumption, the evolution of the ab-
sorbance is explained as follows: from 660 K, the sample is
divided in two phases, a liquid one and a gas one. As no pre-
cipitation is observed, the liquid phase has to be more con-
centrated in ions. From around 660 K to around 675 K, the
volume of the liquid phase is more important, and is located
at the bottom of the cell, and the X-ray beam goes through a
liquid sample. When T increases above 675 K, the volume of
the gas phase increases and the X-rays probe a gas-like sam-
ple which is less concentrated in ions. The appearance of the
gas-like phase reveals the crossing of the liquid-gas coexis-
tence curve; note that this occurs at the same temperature as
the crossing of the critical isochore of pure water, within our
experimental accuracy. The demixing process makes it diffi-
cult to compute £ and S(0) because the ions concentration in
the probed phase is unknown.

To summarize, a demixing process is observed at 24
=+ 0.5 MPa and for a concentration of 0.33 mol/kg: P is below
the critical pressure of the fluid and our experimental isobar
is crossing the liquid-gas coexistence curve. The new P¢ is
thus higher for a solution at 0.33 mol/kg than for pure water,
as expected, and lies between 24 and 30 MPa.

4. Change of the critical isochore

The occurrence of the demixing process shows that P¢
is higher for ions concentration of 0.33 mol/kg than in pure
water while the temperature at the maximum of the DF at
30 £ 0.5 MPa, that is at the crossing of the isochore, does
not change (or if changes exist, they are lower than 5 K and
they are not experimentally resolved). In other words, adding
the ions may move the critical point in the phase diagram, but
this change is made along the critical isochore of pure water.
This shift thus does not affect the temperature at the crossing
of the isochore at 30 £ 0.5 MPa (Figure 9, which represents a
part of the phase diagram of pure water, with our experimental
isobars.). However, this temperature does change by at least
20 K when the concentration reaches 1.0 mol/kg, which is
bigger than our experimental accuracy: the critical isochore is
here shifted in temperature.

The phase diagram of the XBr (X= Li, Rb, or Cs) aque-
ous solutions is not known in this P — T range. As a con-
trary, the phase diagram of NaCl aqueous solutions is known:
based on thermodynamical data, Bischoff and Pitzer!® calcu-
lated the modified coordinates of the critical point as a func-
tion of the concentration of salt. For a mass concentration of
around 2.22%, that is, a NaCl molar concentration of around
0.38 mol/kg, the critical point is moved compared with pure
water from 647.1 K/22.06 MPa to 673.15 K/28.07 MPa. For a
mass concentration of 6.1% (that is 1.03 mol/kg), P¢ is equal
to 36.3 MPa, and T¢ 703.15 K (see Figure 9 and Table II).

Downloaded 31 Aug 2012 to 160.103.2.236. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



044515-8 Da Silva - Cadoux et al.
50 T T T B ToaT
* Critical points NaCl solufions:
Coexistence curve A
—x—— Critical isochore
40 Pl
3 MPa 1.03 mql/Kg @
o 30 |30 MPa_______ _
£ 0.38 mol/kg: # :
= 24MPa o |F
N 90 Pc = 22.06 MPa Critical point | |
i
10 - i r<on
Bl
©|:853
0 i L
300 400 500 600 50 700

FIG. 9. Liquid-gas coexistence curve and critical isochore for pure water,
calculated according to Ref. 30, and critical points of NaCl aqueous solution
(0.38 and 1.03 mol/kg)." The solid lines mark the boundaries of the super-
critical domain, the horizontal dashed lines the experimental isobars and the
vertical ones the corresponding values of the temperature.

The occurrence of the demixing process suggests that the
new values of P is larger than 24 4 0.5 MPa. This is coherent
with the fact that the shift of the critical point for XBr solu-
tions is expected to be in the same order of magnitude as for
NaCl solution (Figure 9). Besides, at 30 £ 0.5 MPa, the fact
that the critical isochore is crossed at the same 7 as for pure
water, is coherent with a shift of the critical point along the
critical isochore of pure water, as for NaCl solutions. Con-
trary to NaCl solutions, XBr solutions at 1.0 mol/kg and 30
=+ 0.5 MPa exhibit a significant temperature shift at the cross-
ing of the critical isochore. Another difference is that a demix-
ing process occurs at 30 MPa for NaCl solutions (30 MPa be-
ing below P¢ at 1.0 mol/kg), whereas we did not observe it
for XBr solutions.

ZnBr, aqueous solutions are also good candidates to
study the influence of the cation size on DF; in this case, how-
ever, the cation charge is different which may also affect the
DF. Previous work by Testemale et al.'> showed that the tem-
perature shift at the crossing of the critical isochore is around

TABLE II. Observed coordinates change of the critical pressure and of the
temperature at the crossing of the critical isochore, with X = Li, Rb, or Cs,
and comparison with other ions: NaC1'® and ZnBr,."

AI’C (MPa) ATt:rossing
NaCl 0.38 mol/kg 6.016 4 at 28 MPa
1.03 mol/kg 14.24 5at 36.3 MPa
XBr 0.33 mol/kg 2<Apc<8 <6 at 30 and 35 MPa
(£0.5 MPa)
1.0 mol/kg unknown >25 at 30 £+ 0.5 MPa
ZnBr) 0.3 mol/kg unknown ~17 K at 28.5 MPa
~15 K at 45 MPa
~20 K at 60 MPa
1.0 mol/kg unknown ~16 K at 60 MPa

J. Chem. Phys. 136, 044515 (2012)

15-20 K at 0.3 mol/kg and around 16 K at 1.0 mol/kg. Note
that in the former case, ZnBr; solutions exhibit a large temper-
ature shift at the crossing of the critical isochore contrary to
XBr and NaCl solutions; whereas in the latter case, this large
temperature shift is observed both for the ZnBr, and XBr.

These different behaviors could result from the charge
of the cation: a higher charge will increase Coulomb’s inter-
action between the water molecules and the cation. It may
thus change the structure of the fluid, and as a consequence
its critical coordinates and isochore. In other words, if the
ionic charge increases, the influence of the ions on the fluid
structure may increase as well and the isochore may be more
shifted. Finally, XBr and ZnBr; exhibit the same behavior
at 1.0 mol/kg; this suggests that the effect of the charge is
smoother for higher concentration.

The displacement of the critical point and isochore with
the addition of ions causes the amplitude of & and S(0) at a
given T and P to change. Indeed, starting from a point on the
critical isochore, decreasing P and T to closer to the critical
point causes an increase of the maximum values of £ and S(0).
The addition of ions shifts the critical point to higher 7 and P;
therefore, increasing the amplitudes of £ and S(0).

Based on comparison with NaCl solutions, the increases
of both & and S(0) with the addition of the ions can be com-
pared with the increases from a shift of the critical point. But
it is worth questioning whether this shift of the critical point
is sufficient to explain all the changes of £ and S(0). Assum-
ing that the shift of the critical point is the same for XBr as
for NaCl solutions,!® the distance to the critical point at the
crossing of the critical isochore can be evaluated from the
experimental results as follows:

e For pure water at 24 MPa, the isochore is crossed at
1.94 MPa and 7.2 K from the critical point, while at
30 MPa it is crossed at 7.94 MPa and 28.6 K from the
critical point. The difference in T at the crossing of the
isochore is 21.4 K for a difference of P of 6 MPa.

e For XBr solutions (¢ = 0.33 mol/kg), the isochore is
crossed at about 1.9 MPa and 2.5 K from the critical
point of NaCl solutions. The difference between this
situation and pure water at 30 MPa is of 6 MPa and
26 K, that is the same difference for 7'and P as between
pure water at 24 and 30 MPa.

Assuming that, at 30 £ 0.5 MPa, the addition of ions
only affects the DF through the displacement of the critical
point, the difference of & and S(0) between the XBr solution at
0.33 mol/kg and pure water should be the same as between
water at 30 MPa and water at 24 MPa (£0.5 MPa). In-
deed, the size & of the fluctuations for ions at 30 + 0.5 MPa
are in the same order of magnitude as for pure water at 24
4+ 0.5 MPa (23 £ 3 A for the ions at 30 + 0.5 MPa and 19.4
+ 1 A for pure water at 24 & 0.5 MPa, cf. top parts of Figures
4 and 6): to a large extent, the changes of £ can be explained
by the shift of the critical point. On the contrary, the structure
factors are very different: 205 & 55 for the ions and 145 £ 7
for pure water (bottom parts of Figures 4 and 5).

As a first approximation, the values of the correlation
length &, that is, the size of the DF, reflect their structure
and the structure factor S(0) reflects the electronic contrast
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of the density. Under this assumption, the maximum values
of S(0) should indeed change with the addition of the ions,
whereas the close values of & suggest that the structure of
the DF is similar for equivalent distance to the critical point.
The shift of the critical point could not explain the changes of
the DF single-handedly. Another factor has to be taken into
account: in the sequel, we will consider the influence of struc-
tural changes in the fluid.

5. Change of the size of DF and of the structure factor

Section III A allowed us to compute the structure factor
S(0). Section III B 1 showed that S(0) and & increased with
the addition of ions at 30 and 35 MPa (0.5 MPa) and that the
bigger the ionic radius (or the atomic number) of the cation,
the larger the increase. Furthermore, the effect of P is qualita-
tively the same for XBr aqueous solutions as for pure water:
the maximum values of & and S(0) decrease with P (Figures 6
and 7).

a. At the mesoscopic scale. 1f the spatial distribution of
ions was homogeneous in the supercritical domain, their ad-
dition would not change the density contrast. However, we
observed a change of the structure factor S(0): since S(0) is
proportional to the density contrast, this shows that the ions
are distributed in a inhomogeneous way. In other words, the
distribution of ions is different in the low density areas and in
the high-density areas.

If the ions concentration increased in majority in the low-
density areas, the ions would precipitate, because the density
is too low for the ions to remain solvated. The observed mean
density and scattered signal do not indicate any precipitation.
The ions are thus located in majority in the high-density areas
and they increase the structure factor. Note that it is consistent
with the conclusions of Ref. 15 for ZnBr, solutions.

b. Estimation of the number of ions in the DF.  For a con-
centration of 0.33 mol/kg, there are 1 mole of XBr for on
average 168 moles of water (i.e., 84 per cation), and for 1.0
mol/kg, there are 1 mole of XBr for on average 55 moles
of water (28 per cation). Besides, if the typical size & of the
molecules clusters is about 20-25 10\, it corresponds at the crit-
ical pressure (0.322 g/ml) to 18 moles of pure water and, as
the density is higher in these clusters (for instance 0.7 g/ml)
to 39 moles of water. Even with the higher concentration of
the ions in these high-density areas, statistically there are just
a few ions per cluster, depending on the concentration.

The difference of behavior according to the concentra-
tion of the ions can result from the proximity of these ions
in the high density areas: at 0.33 mol/kg, only the interac-
tions between the water molecules control the formation of
the DF, whereas for higher concentration, the properties of
the fluid may depend also on the interaction between the ions
and the network of the water molecules and between the ions.
In the case of ZnBr, aqueous solutions,'” the temperature at
the crossing of the critical isochore shifts for both concen-
trations of ions (0.3 mol/kg and 1.0 mol/kg), but in this case
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there are two bromide per cation Zn> T, which can explain this
difference (even if this explanation is not valid to explain the
difference of shifts between XBr and NaCl solutions). It thus
seems that the ion concentration affects the formation of the
DF, starting from a threshold value, where a certain amount
of ions is present in the DF.

c. At the intermolecular scale. In fact, the presence of
the ions could even change the structure of the fluid itself and
especially the local structure. According to Bouazizi et al.'?
and based on neutron diffraction experiments, in NaCl aque-
ous solutions the intramolecular water structure is not af-
fected by the presence of ions contrary to the intermolecular
structure: an increase of NaCl concentration leads to a de-
crease of the number of hydrogen bond per molecule and to
changes in the orientational ordering of a pair of hydrogen-
bonded molecules. Waluyo et al.'* show thanks to X-ray
Raman scattering and SAXS experiments that indeed, Na™
weakens hydrogen bonds in water, whereas Mg? * and AI® *
strengthen them and induce the formation of high-density hy-
dration shells.

Depending on the characteristics of the ions, such as their
charge, ionic radius, or atomic number, these effects could be
more or less influential on the DF of the fluid. More precisely,
we suggest two possible explanations, as follows:

1. Modification of the partition coefficient: this coefficient
is defined as the ratio between the ions concentration in
the liquid-like area and their concentration in the gas-
like area. It is thus characteristic of the ions repartition in
the fluid inhomogeneities. This coefficient could change
depending on the solute in the solution and be different
for different cations. Subsection III B 1 shows that big-
ger ions produce bigger structure factor; as the ions con-
centration is larger in the high-density areas, an increase
in ionic radius could cause the increase of the partition
coefficient.

2. Modification of the local structure of the fluid: the in-
crease of the size of DF and of the structure factor could
directly come from the size of these ions (without any
change of the partition coefficient). Indeed, the variation
of the size of the DF, that is the correlation length &, may
increase with the size of the cations, in particular their
ionic radius. Note that the maximum values of & increase
more than the ionic radius: the differences for &,,x at 30
+ 0.5 MPa, are around 3.0 &= 1.6 A between Li and Rb
and around 4.6 =+ 1.6 A between Li and Cs. The ionic ra-
dius are worth, respectively, 0.74, 1.5, and 1.7 A for Li,
Rb, and Cs, that is, differences of 0.76 A between Li
and Rb and of 0.96 A between Li and Cs. The increase
in ionic radius only does not explain the increase in &:
it is likely that the electrostatic effect has to be taken
into account. Indeed the increase of & could be a result
of an increase of the number of water molecules in the
clusters, these clusters developing around the solvation
shells of the ions (including the bromine anion, whose
solvation shell can have up to six oxygen neighbors®).

This is the same conclusion as in Ref. 15. In the

same vein, as the interaction between water and ions is
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typically electrostatic, the increase of the atomic number
of the cations and their number of electrons may cause
the observed increase of the structure factor S(0).

In summary, the shift of the critical point, and especially
the change of the critical pressure at 0.33 mol/kg could ex-
plain the differences of the DF between pure water and aque-
ous solution. For a given P, the temperature at the crossing of
the critical isochore is closer to the critical point when ions
are added; this causes an increase of the size of the DF and
of the structure factor. In addition to the shift of the critical
isochore, the structural parameters of the cations may explain
the increase of the DF with their electronic density and atomic
number.

IV. CONCLUSION

The presence of XBr salts (X= Li, Rb, or Cs) in aque-
ous solutions changes the density fluctuations of water: at low
concentration (0.33 mol/kg) the size of the fluctuations and
the structure factor increase, and these increases are positively
correlated with the atomic number of the cation. As the tem-
perature rises, their maximum is attained for the same value of
T as for pure water, regardless of the choice of X. For higher
concentration (1.0 mol/kg), on the contrary, this maximum is
attained at higher 7. Furthermore, the critical pressure of the
system increases with respect to pure water case in presence
of ions.

These behaviors are caused by two simultaneous effects:
one is a change of the critical point and the second one is
the differences of electronic densities between the ions. In-
deed, the change of coordinates of the critical point with the
addition of ions may explain a part of the increase of the
size of the fluctuations and of the structure factor. This ef-
fect may account for the differences between pure water and
aqueous solutions; however, it does not account for the dif-
ferences between distinct XBr solutions with various X. Be-
sides, as the ions are located in majority in the high den-
sity areas, the differences of the size of the density fluctu-
ations among the ions could be explained by differences of
electronic densities between these ions, through electrostatic
interactions.

It is currently difficult to distinguish between these two
effects (shift of the critical point and differences between
the aqueous solutions) due to an insufficient knowledge of
the critical point of XBr solutions as a function of the con-
centration. If such data were available, in the spirit of the
work of Bischoff and Pitzer!® for NaCl, it would lead to a
far better understanding of the phenomena in the supercriti-
cal domain, and especially the density fluctuations. The dif-
ferences between XBr solutions may be caused by structural
modifications, such as changes of the local structure between
the water molecules and especially the number of hydro-
gen bond, that depend on the size and atomic number of the
cations.
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