Interfacial activity of nitric acid at the water—supercritical CO,
interface: a molecular dynamics investigation
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We report a molecular dynamics study on a nitric acid water—supercritical CO, interface. Three extreme models
are compared, where the acid is either all neutral HNOj;, completely dissociated into NO3;~ and H;O™, or
represented by a 1 : 1 mixture of both forms. The ionic species are found to be ““repelled”” by the neat interface,
while the neutral HNO3 molecules are highly surface active. Similar features are observed with SC-CO, or with
chloroform as the organic phase, pointing to the generality of interfacial activity of the acid.

Solvation at liquid-liquid interfaces (LLI) between two
immiscible liquids displays peculiar properties' compared to
pure liquid phases, as revealed by microscopic pictures emer-
ging from Monte Carlo>® or molecular dynamics (MD)*?
simulations. This paper deals with the distribution of nitric
acid at an aqueous LLI. Acidic LLI’s are important in the
context of electrochemical processes,6 as mimics of membrane
aqueous interfaces,” as well as in the context of liquid-liquid
ion extraction from an acidic aqueous phase to an organic
phase.® For instance, nuclear waste partitioning in the PUREX
process starts after dissolution of solid irradiated material in
an aqueous nitric acid solution.” It is stressed that acidity
modifies the properties of the interface, be it neat or covered by
amphiphilic molecules, as indicated by surface tension mea-
surements on the benzene—tri-n-butylphosphate—aqueous nitric
acid system.'” There are also analogies between the LLI and
the water—air interface, onto which polar species such as
acids'"™® or phenols'*!> adsorb. There are, however, no
microscopic pictures of the distribution of the acid at the
interface. This led us to recently simulate a nitric acid water—
“oil” interface, where the oil was modelled by chloroform.'®
Here, we consider supercritical CO, (SC-CO,) as the organic
medium. SC-CO, represents a promising alternative in solvent
extraction, compared to classical solvents, as it is less polluting
and can be easily separated from the extraction system.'” MD
investigations on a pH-neutral water—SC-CO, interface'®
showed that it displays similarities with the water—chloroform
interface, onto which extractant molecules like alkylpho-
sphates or calixarenes adsorb. The investigations of nitric acid
at the water—SC-CO, interface represent a first step before the
modeling of more complex heterogeneous systems.

As bond-making and -breaking processes cannot be mod-
elled satifactorily in the force field representation of the
potential energy used in classical MD simulations, an a priori
choice has to be made concerning the status of the proton. We
therefore considered two extreme models of the acid, referred
to below as “neutral”” (HNO; form) and “ionic” (dissociated
NO;~ and H;O0" ions). The neutral model is not realistic in
aqueous conditions, but more likely represents the acid
extracted into an organic medium of low polarity. The ionic
model is more adequate in water solution, although the proton
might also be involved in HsO," species or in higher water
aggregates. We thus considered concentrated solutions of
HNO; alone (system A), of NO;~ and H;0™ alone (system B),
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and 1 : 1 mixtures of both (C and D). In A-C, the total aqu-
eous acid concentration is about 1 mol L', while in D, it is
about 1.6 mol L™

Methods

The MD simulations were performed with the AMBERS.0
software'® in which the potential energy is described by a sum
of bond, angle and dihedral deformation energies, and pair-
wise additive 1-6-12 (electrostatic +van der Waals) interac-
tions between non-bonded atoms:

U = ZoondsKr (7 — Feq)” + ZanglesKo (0 — 0cq)*
+ z"dihedralszn Vn (1 + cos an))
6 12
+ Zij[9i9;/ Ry — 2ei;(Ry* /Ryp)” + &(Ry* /Ryj) ]

The charges of the solute species were the same as in ref. 16:
gn=0.968, go=-0.526 and ¢gu=0.464 for HNO;,
go=-0.620 and ¢;=0.540 for H;O" and ¢n=0.905,
do=—0.635 e for NO; . Water was represented with the
TIP3P model®® and CO, by the three-site model of Murthy
et al®': charges qc=0.596, go = — 0.298 e and van der Waals
parameters R*o=1.692, R*c=1.563 A and ¢p=0.165,
ec=0.058 kcal mol™'.

The interface has been built as indicated in ref. 22, starting
with two adjacent boxes of pure water and CO,, respectively
(Fig. 1). Aggregates of the acid molecules were first optimized
in the gas phase and immersed in the aqueous phase, within the
cutoff distance from the interface. All systems were represented
with 3D periodic boundary conditions, corresponding there-
fore to alternating slabs of water and CO,. The non-bonded
interactions were calculated with a residue-based 12/15 A twin
cutoff and a reaction field (RF) correction for the electro-
statics.”> The RF assumes that the charge distribution of a
sphere of cutoff radius interacts with a polarizable continuum
dielectric medium, and prevents discontinuities of the energy at
the cutoff boundaries, especially in systems with high con-
centrations of charges. We preferred to use the RF rather the
3D Ewald summation corrections of the electrostatics, because
of the less symmetrical nature of the 2D interface.

The initial density of the CO, box was 0.80 g cm ™, which is
above the critical density (0.47 g cm > at 304 K) and close to the
density of 0.79 g cm ™ at 345 K and a pressure of 30 MPa.**
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Fig. 1 Schematic representation of the simulation box with the initial
arrangement of the 18 (H;0™", NO;z ") acid species (0 ps).

Although it would be desirable to run the simulations at
constant pressure this procedure turned out to be difficult due
to the high fluctuations and problems associated with correctly
monitoring the pressure of both phases. This is why we decided
to perform the simulations at constant volume, starting with
a density of 1.0 g cm ™ for water and 0.80 g cm > for CO,.
All solvent bonds were constrained with SHAKE, using a time
step of 2 fs. After energy minimization, the dynamics was run
for 1 ns at 350 K, independently coupling the water, CO, and
acid subsystems to a thermal bath using the Berendsen algo-
rithm,? with a relaxation time of 0.2 ps. The characteristics of
the simulated systems are given in Table 1.

The results were analyzed as described in refs. 22 and 26.
The position of the interface was recalculated every 0.2 ps, as
the intersection between the water and CO, density curves. The
distribution of NO3~, H;O" or HNOj species was character-
ized by the corresponding density curves (Fig. 2; averages
taken during the last 0.2 ns). The average relative populations
(%) of these species found within 7 A of the interface (this
distance is about half of the interfacial width) were also cal-
culated (Table 2). Their fluctuations were about 3%. There is
no unique definition of the interfacial thickness. It can be
characterized by the density curves (e.g., corresponding decay
from about 95% to 5%). Here, the instantaneous interfacial
thickness e was defined as in refs 27 and 28 by the difference of
the positions of interfacial water molecules, zyax(t)—zmin(t), at
each time ¢. The corresponding average (¢) and fluctuations
were obtained during the last 200 ps.

Results

Acid distribution near the interface

Typical snapshots at the end of the dynamics and average
density curves of the solvents and acid along the Z direction
are given in Fig. 2. With the two models of nitric acid, the
water and CO, liquids remain more or less separated by an
interface, as in the pH-neutral biphasic system,'® but the acidic
interface is rougher. As the systems have been simulated with
3D-periodicity, there are thus in fact two water—CO, inter-
faces. With all acid models also, most of the acid sits in water,

while the CO, bulk phase is “pure”. It contains practically no
acid, nor water molecules. This contrasts with the water phase
where some CO, molecules are dissolved during the dynamics.
There is, however, a marked difference in the acid distribution,
depending on the model used.

With the neutral model (system A), there is a pronounced
peak of HNOj3 molecules at the interface, which decreases
steeply on the CO, side and less so on the water side: on
average, 34% of the neutral acid sits within 7 A of the interface
where HNO3z molecules are hydrogen-bonded to water mole-
cules via their NO-H proton. The Onos oxygens form fewer
hydrogen bonds at the interface. This distribution markedly
differs from the one observed with the fully ionic model (sys-
tem B) with H;O" and NO;~ species dlluted in bulk water.
Only 10% of these ions are found within 7 A of the interface,
as a result of the larger hydrophilicity, compared to HNOj.

When 1 : 1 mixtures of neutral and ionic forms (systems C
and D) are simulated under the same conditions, one finds the
main features of their components. The HNOj species display
a peak of concentration at the nearest interface, as in the all-
neutral model system A, while the ionic NO;~ and H;O"
species are “repelled” by the interface and diluted in the bulk
water phase, hydrogen-bonded to the surrounding water
molecules. There is no difference in the cation vs. anion dis-
tribution near the interface, where the corresponding density
curves are nearly superposed. Only 6% of each of these species
sit within 7 A of the interface. This contrasts with the patterns
found under standard conditions at the water—chloroform
interface,'® where interfacial HNO5z molecules were hydrogen-
bonded to NO;  anions, enhancing therefore their con-
centration near the interface. This difference is likely due to the
higher temperature and pressure in the supercritical systems C
and D. As a result, the interfacial HNO3; molecules are more
randomly oriented, leading, on the average, to a zero dipole
moment along the z direction. In these systems, there are no
NO; ---H3;0" ion pairs either, likely because the ions are
preferentially hydrated.

Interestingly, as the acid concentration is increased by a
factor 1.6 (compare systems C and D) the proportion of
interfacial HNO;3; molecules increases (from 26% to 40%)
while the proportion of NO3;~ and H3;O0" ions remains con-
stant (6%). This should lead to a decrease in interfacial pres-
sure, consistent with experimental measurements.”’ This is
an important feature in the context of ion extraction from
aqueous media of high acidity, as the interface crossing by
complexed ions is facilitated by the high acid concentration.

Shape of the interface

It can be seen from the water and CO, density curves that the
interface is of about 15 A width on the average. However,
instantaneous pictures (e.g., at 1 ns, Fig. 3) reveal that the
solvent surfaces are not flat. They look rougher than with
chloroform as the organic phase simulated under standard
conditions.?” There is no systematic trend or correlation
between surface roughness and nature of the solute, as in the
ionic system B; there is no acid at the interface, but the latter is
also very rough, while in the other systems one generally finds
HNO; species at the surface of water protuberances.

Table 1 Simulation conditions: number of solvent molecules and box sizes [X x YX(Zco,+Zwall-

System Time/ns Box size/f\3 CO, molecules H,0 molecules Acid conc./mol L™!
A 36 HNO; 1 43 x 36 x (23 +38) 408 1865 1.0

B 36 (H;0", NO; ") 1 43 %36 x (23 +38) 409 1843 1.0

C 18 (HNO;3, H;0", NO3 ") 1 43 x 36 x (234 38) 409 1802 1.0

D 36 (HNO;, H;0", NO5 ") 1 44 x 56 x (31+31) 813 2450 1.6
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Fig. 2 The nitric acid water —-SC-CO, interface at 1 ns. From top to bottom: neutral model A, 36 HNO; ; ionic model B, 36 (NO;~, H;0™); mixed
model C, 18 (HNO;, NO3;~, H;0™); mixed model D: 36 (HNOs, NO;~, H30™"). Right: density profiles of the solvents and solutes, calculated

during the last 0.2 ns.

The water surface is displayed in Fig. 3, showing its
roughness. The extrema dynamically exchange during the
simulation, facilitating therefore the exchange between the
water and CO, phases. To characterize the roughness, we
calculated the ratio R between the corresponding water area
Swat and the xy area (the axes are defined in Fig. 1). R is fairly
constant (Table 3) and ranges from 2.3 in systems B-D to 2.4
in A, which is larger than the typical values of 1.6 obtained at

Table 2 Percentage of species within 7 A of the interface

System % HNO3; % H3;0" % NO;~
A 36 HNO; 34 — —
B 36 (H;0™, NO3™) — 10 11
C 18 (HNO;, H;0", NO5;™) 26 7 5
D 36 (HNOs, H;0", NO;7) 40 6 6

water—chloroform interfaces in standard conditions.”® We also
calculated the average interfacial thickness (e). Again, (e) is
fairly constant (Table 3) and ranges from 15.6 to 16.8 A, which
is also larger than at water—chloroform interfaces,?® in accor-
dance with the higher mobility of solvent molecules in the
water—SC-CO, biphasic system. Note also the corresponding
high fluctuations of (e) (about 2 A).

Discussion and conclusion

Molecular dynamics simulations reveal the activity of the
neutral form of nitric acid at the water—C—CQ, interface. This
feature is similar to the one observed with chloroform as the
organic liquid.'® To our knowledge, there are no related
experimental data at the aqueous interface with SC-CO,, but
our finding is consistent with recent experimental results con-
cerning acids at the water—air interface, which bears some
analogies with the simulated system. Surface tension,” sum
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Fig. 3 Surface of water at the CO; interface, after 1 ns of MD in systems A, B, C. The water molecules (right-hand side of the surface) and CO,

molecules (left-hand side of the surface) are not represented.

Table 3 Characteristics of the water-SC-CO, interface. Thickness
(e), water area (Sya) and R = Sy, /xy ratio

System (/A (Swa)/A> R
No solute 143 +£25 1877 £280 2.4
A 36 HNO; 162+1.9 3742323 24
B 36 (H;0", NO;") 159 +£2.5 3561 £350 2.3
C 18 (HNO;, H;0", NO;7) 156 £2.1 3593 £300 2.3
D 36 (HNO;, H;0", NO;™) 168 £ 1.9 5761 +371 2.3

frequency,'? molecular scattering measurements and surface
proton exchange experiments>® indeed suggest that HNOj is
present at the surface of concentrated HNOs;—H,O and ternary
HNO;-H,S0,~H,O solutions.>' From a mechanistic point of
view, as far as ion extraction is concerned, it is generally
observed that acid competes with metal extraction by iono-
phores.*>** This requires that the acid be able to easily cross
the interface, and to have a non-negligible concentration in
this mixed solvent border. Noteworthy in our calculations is
the absence of acid in the CO, phase. This is also consistent
with the fact that acid extraction is promoted via hydrogen-
bonding interactions to the basic binding sites of extractant
molecules.

Concerning the computations, a number of issues have been
addressed in our previous studies on water—chloroform inter-
faces. Although solvent parameters fitted on pure liquids may
inaccurately describe their mutual interactions,** we showed
that several solvent models, some of them including explicit
polarization terms, lead to similar results in demixing simula-
tions.*® The TIP3P model of water also leads to similar
interfacial features as the more recently developed TIPSP
model.”® However, such water models overestimate the water
polarity at hydrophobic surfaces*® and therefore likely lead to
exaggerated concentrations of ionic species at the water sur-
face. Better models should account for the permanent dipole
moment of water in the gas phase, as well as for the induced
dipole moment in the bulk liquid.*” Models with explicit
polarization may lead to enhanced anion concentration, rela-
tive to cations, near the water surface.*® Polarization may also
have a subtle influence on the form taken by the proton (e.g.,
H;0" versus HsO,") near the interface, and also enhance the
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concentration of the neutral form HNOj of the acid, compared
to the ionic forms.

Concerning the CO, representation, one can assume that the
simple model we used depicts, at least qualitatively, the main
features of the biphasic system. The representation of the
system boundaries (2D ws. 3D) has also little effect on the
interfacial properties.>® Most critical is the representation of
acidity, which represents a challenging task.>* The best models
should allow for proton transfer between the acid, water, or
other bases,***? as can be accounted for in principle by mixed
MM /QM*** or ab initio quantum dynamics treatments.***’
The acid should be neutral in the organic phase and dis-
sociated in bulk water, but its pK, near the interface is
unknown. This critically determines the interfacial behavior, as
shown in our study based on extreme model representations.
We did not systematically explore concentration effects, which
also determine the interfacial activity.

The most noticeable result, according to which the neutral
form of the acid concentrates at the water-CO, and water—
chloroform'® interfaces, is consistent with pictures inferred
from experiments at the water—air interface, and point to the
importance of interfacial phenomena in acidic aqueous inter-
faces with supercritical fluids. A4 fortiori, other acids, which are
more amphiphilic (e.g., carboxylic acids) or more hydrophobic
(e.g., picric or perchloric acids) than HNOj, should also con-
centrate at such interfaces.
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