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Abstract

Gas-to-particle phase partitioning controls the pathways for oxidized mercury deposition from
the atmosphere to the Earth’s surface. The propensity of oxidized mercury species to transition
between these two phases is described by the partitioning coefficient (Kp). Experimental
measurements of K, values for HgCl, in the presence of atmospheric aerosols are difficult and
time-consuming. Quantum chemical calculations, therefore, offer a promising opportunity to
efficiently estimate partitioning coefficients for HgCl, on relevant aerosols. In this study, density
functional theory (DFT) calculations are used to predict K, values for HgCl, on relevant iron-
oxide surfaces. The model is first verified using a NaCl(100) surface, showing good agreement

between the calculated (2.8) and experimental (29-43) dimensionless partitioning coefficients at



room temperature. Then, the methodology is applied to six atmospherically relevant terminations
of a-Fe,03(0001): OH-Fe-R, (OH)s-Fe-R, (OH)3-R, O-Fe-R, Fe-O3-R, and O3-R (where R
denotes bulk ordering). The OH-Fe-R termination is predicted to be the most stable under typical
atmospheric conditions, and on this surface termination, a dimensionless HgCl, K, value of
5.2x10° at 295 K indicates a strong preference for the particle phase. This work demonstrates
DFT as a promising approach to obtain partitioning coefficients, which can lead to improved
models for the transport of mercury, as well as for other atmospheric pollutant species, through

and between the anthroposphere and troposphere.

Keywords
Density functional theory; Gas-to-particle phase partitioning; Ab-initio phase diagram;

Predictive tool; Adsorption; Gibbs free energy

1. Introduction

The transport of mercury through the atmosphere is of notable concern due to the
bioaccumulation of toxic mercury species in aquatic organisms after deposition to the Earth’s
surface. It is well established that gas-to-particle phase partitioning influences the fate and
transport of oxidized mercury (Hg(ll)) species in the atmosphere (Amos et al., 2012; Rutter and
Schauer, 2007a, 2007b). While both the gas- and particle-phase Hg(ll) species deposit readily
from the atmosphere, the deposition mechanism (wet or dry) changes depending on the phase.
Therefore, it is important to understand the propensity of Hg(Il) species to either remain in the
gas phase or partition to the particle phase through interactions with aerosols.

Because oxidized gaseous mercury (e.g., HgCl,) is a common chemical form of mercury in

both the atmosphere and anthropogenic emissions plumes (Fry et al., 2007; Jew et al., 2015; Jung



et al., 2015; Lyman et al., 2016; Niksa and Fujiwara, 2005; Sliger et al., 2000; Tong et al., 2014,
2013; Wilcox, 2009), previous experimental studies have been performed to investigate the
partitioning of HgCl, on a range of aerosols including adipic acid, ammonium sulfate, and
sodium chloride (Rutter and Schauer, 2007a, 2007b). The results of these studies showed good
agreement with the empirical models for atmospheric mercury transport based on field
measurements in the U.S. (Amos et al., 2012). Yet, in order to develop more accurate models for
atmospheric mercury transport and deposition, there is still a need to increase the range of
aerosols studied, especially those involved in key atmospheric events. For example, dust storms
introduce large quantities of dust aerosols that contain notable concentrations of iron oxides
(Alghamdi et al., 2015; Chinnam et al., 2006; Mishra et al., 2008; Mori et al., 2003). Also, sea
spray releases notable concentrations of sea salt aerosols (predominantly sodium chloride) to the
atmosphere (Gong et al., 1997). Past experimental and theoretical studies have shown that iron-
oxide and sodium chloride aerosols can potentially influence the phase of Hg(ll) species (Rutter
and Schauer, 2007b) as well as catalyze their reduction and re-oxidation (Tacey et al., 2016;
Tong et al., 2014, 2013). As a result, iron-oxide and sodium chloride aerosols can have
significant impacts on the global transport of oxidized mercury through the atmosphere.
Moreover, current technologies for mercury capture are based on mercury adsorption (Jain et al.,
2010; Wilcox et al., 2012). For example, precious metals (e.g., Pd and Pt) are used in high-
temperature coal-gasification processes to preferentially scrub mercury from fuel gas streams. As
a result, the target materials should strongly adsorb mercury (i.e., high preference for the particle
phase) relative to other common species in Hg-containing streams, e.g., coal-fired power plant
effluents (Jain et al., 2010). Thus, the partitioning between the gas and particle phases is a key

metric for efficient mercury control technology design.



The fraction of oxidized mercury that partitions to the particle phase can be quantitatively

described by the partitioning coefficient, which is related to the following equilibrium reaction:
Hg(IDX,(g) + PM = Hg(IDX2(p)

where PM is the particulate matter, Hg(l1)X, represents the oxidized mercury species (e.g.,

HgCl, or HgBr»), and (g) and (p) represent the gas and particle phases, respectively (Amos et al.,

2012; Rutter and Schauer, 2007a, 2007b). There are many definitions for the partitioning

coefficient, but this study focuses on K, and Ky pm, With

K, = [Hg(IDX(p)]/[Hg(IDX2(g)] = [PM] * K}, pm 1)

(square bracket denotes mass concentration). K,pm is K, weighted by the inverse of the

particulate matter concentration ([PM]™); K, is dimensionless and K,pv has units of inverse

concentration (typically m*/pg). While K, values are calculated in this work, it is important to

remember that K pm is commonly used in experimental work for determining Hg(ll) partitioning

coefficients. However, the experimental process to obtain accurate partitioning coefficients in the

presence of aerosols, such as dust (iron-oxide), is time-consuming.

Here, an alternative method is proposed based on quantum chemical calculations. Gas-to-
particle phase partitioning involves the adsorption of molecules on surfaces, which can be
modeled by using state-of-the-art electronic-structure methods. Density functional theory (DFT)
(Burke and Wagner, 2013; Dreizler and Gross, 1990; Engel and Dreizler, 2011; Koch and
Holthausen, 2001; Parr and Yang, 1984; Sholl and Steckel, 2009) has been successfully used to
model surface-adsorbate interactions, either by itself as a predictive tool (Ngrskov et al., 2004,
Xu et al., 2016) or in comparisons (typically in close agreement) with experimental results
(Gautier et al., 2015), for a variety of physical and chemical processes including species

adsorption on aerosol surfaces (Tacey et al., 2016). Here, the partitioning coefficient of HgCl, is



calculated in the presence of aerosols using DFT, which can be a relatively fast, albeit reasonably
accurate, alternative to time-consuming and complicated experimental measurements.

In particular, the goal of this study is to calculate the partitioning coefficient of HgCl, on a
range of extended aerosol surfaces. First, the appropriateness of the computational approach is
detailed by benchmarking the calculated partitioning coefficient results against previously
determined experimental values. For this purpose, results are used for NaCl aerosols, on which
well-established partitioning coefficients are available in the experimental literature (Rutter and
Schauer, 2007b). Then, the thermodynamically most stable iron-oxide surfaces are modeled to
calculate the HgCl, partitioning coefficient on a few selected surfaces. The gas-particle
partitioning of reactive mercury in the atmosphere plays a critical role in the fate and transport of
mercury (Amos et al., 2012) and has important implications for measurement approaches (Rutter
et al., 2008a, 2008b). Although partitioning estimates of reactive Hg in the atmosphere are
important to understanding sampling artifacts, designing reactive mercury measurement
methods, and modeling the fate of mercury, there are only a limited number of tools to obtain
such estimates. The subject work addresses the need for a theoretical basis to quantify reactive
mercury partitioning and demonstrates the ability of such computational tools to support
atmospheric mercury studies. This model can also be utilized to implement a high-throughput
methodology for obtaining information on partitioning coefficients for other environmental

pollutants on a range of aerosols.

2. Methods
To determine energetic and geometric parameters, as well as vibrational frequencies, for gas-

phase and adsorbed HgCl,, plane-wave DFT calculations were performed through the Vienna



Ab-initio Simulation Package (VASP) (Kresse and Furthmuller, 1996a, 1996b). A detailed
description of the calculation setup can be found in Supporting Information. To design a
computationally efficient approach, a slab model involving homogeneous aerosol surfaces
without impurities present is used, and adsorption is limited to one side of the slab. Similar slab
models have been commonly used in DFT studies for heterogeneous catalytic systems (Liu et al.,
2017; Xu et al., 2018). While this model is a simplification of the actual aerosol particles, it is
later shown that the agreement between the calculated and experimental results is within 5
kJ/mol. A more complicated model will not significantly improve the model accuracy to
necessitate the associated increase in computational cost.

The validity of the model was tested by studying HgCl, adsorption on NaCl aerosols using a
NaCl(100) slab model (Figure 1). In addition, to model HgCl, adsorption on iron-oxide aerosols,
several a-Fe;O3(0001) slabs were studied. Depending on the environmental conditions, various
o-Fe;03(0001) surface terminations may be present; and for that, 13 different terminations were
considered in this study (Figure S1). To determine relevant terminations under typical
atmospheric conditions from first principles, phase diagrams were constructed plotting the
surface Gibbs free energy (y) versus parameters that depend on O, partial pressure and relative
humidity. The detailed procedure for the phase diagram construction is described in Supporting
Information.

Two important energetic parameters used throughout this work are the adsorption (binding)
energy and Gibbs free energy of adsorption. The adsorption energy (Eg) is defined as

Eg = Etot — Eg1ap — Egas 2
where Eq is the total energy of HgCl, adsorbed on the aerosol surface, Egap is the energy of the

clean aerosol surface, and Egs is the DFT-calculated energy of gas-phase HQCl,. By this



definition, Eg is evaluated using electronic energies obtained by DFT at 0 K. When dealing with
atmospheric chemistry, it is important to use thermodynamic quantities that can be evaluated
over a range of temperatures and pressures. Therefore, the Gibbs free energy of adsorption (Gg)
is defined as
Gg = (h = TS)ags — Estab — (h — T'S)gas 3)

where T is the temperature, h is the molar enthalpy, s is the molar entropy, and the “ads” and
“gas” subscripts refer to systems with adsorbed and gas-phase HgCl,, respectively. Both Eg and
Gg reflect the strength of the interaction between HgCl, and the modeled surface; the more
negative the value the stronger the interaction.

The focus of the adsorption studies was placed on the high-symmetry sites of each surface
(Figure 1). Various initial orientations of HgCl, above each surface were studied to ensure that
adsorption structures corresponding to the global minimum (i.e., the structure with lowest Gg
value) and to various local minima on the potential energy surface were located. These
calculations were performed at low, fixed HgCl, coverages (one HgCl, species per unit cell,
which corresponds to 1/4 and 1/16 monolayer for the (2 x 2) a-Fe;O3(0001) and (4 x 4)
NaCl(100) surface unit cells, respectively). Further increasing the unit cell size (i.e., lowering the
HgCl, surface coverage) leads to changes of <3 kJ/mol in calculated binding energies. Therefore,
the calculated binding properties are close estimates of those at the low-coverage limit. Because
the concentration of atmospheric HgCl, is much lower compared to the number of available
aerosol surface sites (~1:10%) (Tong et al., 2014), the current unit cell setup is a reasonable model

of real aerosol surfaces in the troposphere.
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Figure 1. High-symmetry sites for each studied surface. For the o.-Fe;O3(0001) surfaces the sites
are indicated by arrows, using the notation Xy, where X is a specific atom and y is the atom’s
corresponding layer number (e.g., Fel indicates that HgCl, is placed over an iron atom in the
first iron layer). For NaCl(100), the high-symmetry sites (depicted by a top view of the slab) are:
1 —top(Na); 2 — top(Cl); 3 — bridge(Na-Na); 4 — bridge(Na-Cl); and 5 — threefold hollow. Atom
colors are given by: blue — Fe; red — O; yellow — H; green — CI; and purple — Na. Solid black
lines indicate the unit cell.



To determine the partitioning coefficient of HgCl, on atmospherically relevant aerosol
surfaces, the following definition of dimensionless K, was used according to the Boltzmann
distribution

— YjKp,jexp(=(Gp,j~GBmin)/ksT)

Kp = [PM]Kp,PM Zjexp(—(GB’j—GB,min)/kBT)

(4)

where j corresponds to individual adsorption structures of HgCl, on the aerosol surface, kg is the

Boltzmann constant, and K, is the partitioning coefficient for adsorption structure j, given by
Kp,j = exp(—Gg,;/kgT) (5)

Note that the dimensionless partitioning coefficients, as shown by Equation (4), can be expressed

without including the particulate matter concentration ([PM]). Because aerosol concentrations

exhibit spatial and temporal variations in the atmosphere, the approach allows for easy

implementation of the calculated partitioning coefficient values in atmospheric mercury transport

models as long as the aerosol type is known or can be estimated based on thermodynamics.

3. Results and Discussion

In this section, the results are presented in the following order. First, the proposed DFT-based
method is validated by calculating partitioning coefficients for HgCl, in the presence of NaCl, as
experimental results are available for this system. Second, ab-initio phase diagrams are
constructed to determine relevant o-Fe,O3(0001) surface terminations under tropospheric
conditions. Third, adsorption energetics and structures are determined for HgCl, on
tropospherically relevant o-Fe,03(0001) surfaces. Lastly, these adsorption parameters are
applied to the DFT-based method to calculate dimensionless partitioning coefficients for HgCl,

on the considered iron-oxide surfaces.



3.1. Method Validation

Here, the proposed DFT-based method to determine partitioning coefficients for HgCl; in the
presence of aerosol surfaces is validated by calculating the Gibbs free energy of adsorption of
HgCl, on the NaCl(100) surface. Because experimental partitioning coefficients for HgCl; in the
presence of NaCl aerosols have been previously reported in the literature (Rutter and Schauer,
2007b), NaCl(100) can be used as a test case to validate the approach.

The adsorption search provided three stable HgCl, adsorption structures on the NaCl(100)
surface with Eg values within 20 kJ/mol of the minimum-energy structure. A summary of
adsorption structures is listed in Tables S1 and S2. The most stable adsorption structure for
HgCl, on NaCl(100) shows an Eg value of —65 kJ/mol and a Gg value of —4 kJ/mol at 295 K
(Figure 2). Assuming a Boltzmann distribution at room temperature, it is important to stress that
a difference in Gg of roughly 6 kJ/mol between two adsorption structures corresponds to an
order-of-magnitude difference in the abundance of HgCl, in those specific adsorption structures.
Therefore, adsorption structures with lower (i.e., more negative) Gibbs free energies of
adsorption have notably more weight (see exponential weight factor in Equation 4) than those
showing higher values when calculating the partitioning coefficient. Indeed, adsorption
structures more than 20 kJ/mol less stable than the global minimum have negligible contributions
to the partitioning coefficient, as the Boltzmann distribution predicts extremely small weights
(<107 at temperatures relevant for tropospheric processes (250 K to 315 K). Thus, only the
three adsorption structures found within 20 kJ/mol of the identified global minimum were used
for calculating the overall partitioning coefficient. The energetic parameters for these structures

are noted in Table S1 and S2.
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Using the Gg values obtained in a temperature range between 250 and 315 K, the partitioning
coefficient for HgCl, was calculated in the presence of the NaCl(100) aerosol surface. The
calculated K, values are 1.2x10% 2.8x10°, and 7.6x10" at 250 K, 295 K, and 315 K,
respectively. Rutter and co-workers reported an experimental K, pm range of 20-30 m*/ug (with a
standard deviation of 8.5 m*/ug) at 290-295 K and a total NaCl aerosol mass concentration of
1.44 pg/m® (2007b). Therefore, their experimental, dimensionless Ky values range from 29 to 43
at 290-295 K. As such, predicted HgCl, partitioning coefficients agree well (within an order of
magnitude) with those determined experimentally for NaCl aerosols.

While a good general agreement between the proposed model and experiments is achieved,
there are potential reasons for the observed differences. First, for calculations considering similar
systems, DFT errors are largely systematic. The experimental partitioning coefficient range
corresponds to an average Gg value of —9 kJ/mol, while the calculations performed here suggest
an average Gg value of —4 kJ/mol. The 5 kJ/mol difference is well within the systematic error in
DFT of 10-20 kJ/mol (Sholl and Steckel, 2009). Similar differences can be expected for the iron-
oxide surfaces, allowing for reasonable comparison of the HgCl, Kp values. Second, harmonic
approximations were made in the entropy calculations. It has been shown for long-chain
hydrocarbons that harmonic approximations can potentially underestimate adsorption entropies
(Campbell and Sellers, 2012); however, because the size and adsorption properties of HgCl, are
different, the correction terms derived for hydrocarbons to account for anharmonicity were not
used. While these factors can influence the partitioning coefficient calculation, the results shown
here demonstrate that DFT calculations are a viable approach for the prediction of partitioning

coefficients.
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Figure 2. Cross-sectional (side) and top views of the optimal HgCl, adsorption structures on
each of the studied surfaces. Energies and Gibbs free energies of adsorption (Eg and Gg,
respectively) are provided for each structure, with Gg values provided at 295 K.

3.2. Determining Relevant Iron-Oxide Surface Terminations

In this section, DFT is used to construct phase diagrams for the a-Fe;O3(0001) surface, which
account for the interactions of atmospheric water and oxygen with the a-Fe,03(0001) surface.
The phase diagram allows one to determine which surface termination has the lowest surface

Gibbs free energy (i.e., thermodynamically most stable) at various conditions. This approach has
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also been described as the ab-initio thermodynamics method in the past literature (Aboud et al.,
2011; Negreira et al., 2011). Using this information, the terminations of the a-Fe,O3(0001)
surface that are the most relevant under atmospheric conditions are determined.

Before calculating the partitioning coefficient of HgCl, on iron-oxide aerosols, the relevant
surface terminations of a-Fe,03(0001) were determined under atmospheric conditions. A range
of surfaces under varying coverages of O, OH, and H,O were evaluated to simulate the effects of
oxygen and water in the atmosphere (Figure S1), as it is well established in the literature that the
presence of oxygen and water can influence the surface of metal oxides (Aboud et al., 2011,
Barbier et al., 2007; Negreira et al., 2011). Thermodynamics calculations were performed to
determine the optimal arrangement of O, OH, and H,0 on the iron-oxide surface at each level of
coverage. Further, the relative stability of each surface termination was determined by
constructing ab-initio phase diagrams. Comparisons with experimental work suggest that DFT
calculations better predict the relevant surface terminations as compared to those predicted by
DFT+U calculations (Barbier et al., 2007); therefore, to compare the quality of the two methods
in this specific case, ab-initio phase diagrams were created with both DFT and DFT+U (Figures
3 and S2, respectively). The white lines in each phase diagram represent the atmospherically
relevant ranges for the H,O and O, chemical potentials. These ranges capture a fixed oxygen
partial pressure of 0.21 bar, a range of temperatures between —20 °C and 40 °C, and a range of
relative humidity from 0.01 to 1. By incorporating relative humidity and oxygen partial pressure,
the interactions of water and oxygen with the a-Fe,O3(0001) surface were considered. These
interactions are important for the accurate representation of the a-Fe;O3(0001) surface in the

atmosphere.
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Under the studied conditions, both DFT methods predict that the OH-Fe-R termination is the
most stable (Region A in both Figures 3 and S2), where R denotes the bulk ordering. However,
due to the generally considered 10-20 kJ/mol error of DFT, the results from the two phase
diagrams using the Perdew-Burke-Ernzerhof functional with density dependent dispersion
corrections (PBE-dDsC and PBE-dDsC+U; more details in the SI) indicate that the (OH)s-Fe-R
and (OH)s-R terminations, respectively, may also be stable (yellow box around region A in
Figures 3 and S2). Additionally, under significantly dry conditions (xy,o~0), the PBE-dDsC
phase diagram predicts that the O-Fe-R surface is most stable (Region B in Figure 3), consistent
with previous experimental and theoretical findings (Barbier et al., 2007). Also, work on the a-
Fe,03(0001) surface in the literature have focused on the Fe-Os-R and Oz-R terminations
(Baltrusaitis et al., 2014; Hellman and Pala, 2011), so the stability regions for these surfaces
were also examined. On the PBE-dDsC phase diagram, the Fe-O3-R and Os-R terminations
would correspond to local oxygen-poor and oxygen-rich environments (Regions C and D in
Figure 3 represent sample conditions for these regions). Because of these observations, this study
will focus on the following six a-Fe,03(0001) surface terminations in this work: Fe-Os-R, O-Fe-

R, Os-R, OH-Fe-R, (OH)s-Fe-R, and (OH)s-R (Figure 1).
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Figure 3. Phase diagram (DFT, PBE-dDsC) for the o-Fe,03(0001) surface as a function of
oxygen (uo,) and water (uy,o0) chemical potential. The vertical and horizontal white lines
represent the typical range for ug,and uy,o at a fixed oxygen partial pressure of 0.21 bar, a

range of relative humidity from 0.01 to 1, and a temperature range of —20 to 40 °C. Regions A,
B, C, and D denote the atmospherically relevant regions for normal, dry, low oxygen, and high
oxygen tropospheric conditions, respectively. The yellow box surrounding region A encapsulates
the range for DFT error.

3.3. Adsorption of HgCl, on Iron-Oxide Aerosol Surfaces

With the most representative a-Fe,O3(0001) surfaces identified, relevant HgCl, adsorption
descriptors were calculated on these surfaces. Different orientations and positions of HgClI,
above the surfaces were evaluated to determine which adsorption structures are most stable by
calculating Gg at tropospherically relevant temperatures between —20 to 40 °C.

After determining the relevant surface terminations of a-Fe,O3(0001), the adsorption of HgCl,
on each iron-oxide surface was probed, using a similar HgCl, Gibbs free energy of adsorption
criterion for the iron-oxide surfaces as for the NaCl(100) surface to determine the relevant
adsorption structures. The HgCl, adsorption analyses suggested 5 or 6 unique structures on each

surface for calculating the HgCl, partitioning coefficient. The adsorption structures showing the
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minimum value of Gg for each surface are shown in Figure 2, while a more comprehensive
summary of adsorption structures can be found in Tables S1 and S2.

The Os-R-terminated a-Fe;O3(0001) surface binds HgCl, dissociatively, leaving HgCl and ClI
adsorbed on the surface, with a Gibbs free energy of adsorption of —155 kJ/mol at 295 K. The
rest of the studied a-Fe,O3(0001) surfaces bind HgCIl, molecularly. On the Fe-O3-R-terminated
a-Fe;03(0001) surface, the calculated Gg value of the optimal adsorption structure is —142
kJ/mol at 295 K. The calculated Gg values indicate a propensity for strong adsorption of HgCl,
on both the O3-R- and Fe-O3-R-terminated surfaces.

On the (OH)3-R-terminated a-Fe,03(0001) surface, the optimal HgCl, adsorption structure has
a Gibbs free energy of adsorption of —31 kJ/mol at 295 K. Furthermore, on the OH-Fe-R-
terminated o-Fe,03(0001) surface, which is predicted to be the most stable termination of a-
Fe,03(0001) by both phase diagrams presented in Section 3.2, HgCl, adsorbs in the ground-state
configuration with a Gibbs free energy of adsorption of —21 kJ/mol at 295 K. HgCl, does not
bind as strongly to these two surfaces as on the Fe-O3-R- and O3-R- terminated surfaces. Lastly,
HgCl, binds the weakest on the (OH)3-Fe-R and the O-Fe-R a-Fe,03(0001) surface terminations,
with Gibbs free energies of adsorption of —8 and —2 kJ/mol at 295 K, respectively. As a result,
HgCl, desorption is more likely to occur from these two surfaces as compared to the other four
surfaces.

The importance of correcting the adsorption energies for temperature effects can be readily
assessed from the data provided in Figure 2. DFT calculates energies at 0 K, leading to notable
changes in the adsorption energy of around 60-70 kJ/mol after temperature corrections to 295 K
are made. Adsorption of HgCl, onto the aerosol surfaces results in the loss of one translational

degree of freedom. Thus, the difference between Eg and Gg values at 295 K are due in large part

16



to entropic effects, where the entropy change upon adsorption at 295 K accounted for 40 to 50
kJ/mol of this difference across the studied surfaces. Because the partitioning coefficient
calculation involves an exponential term for the adsorption energy, not accounting for
temperature corrections to the energetics would lead to partitioning coefficients that would be,
for the temperature range of interest, several orders-of-magnitude (ten to twelve) greater than

those with the temperature corrections included.

3.4. HgCl, Partitioning Coefficients

Lastly, the calculated Gibbs free energies of adsorption were used to calculate the partitioning
coefficients of HgCl, on the selected a-Fe,O3(0001) surfaces as a function of temperature.
Several relevant HgCl, adsorption structures for each surface are fit through a Boltzmann
distribution to calculate the overall “fitted” partitioning coefficient. The Boltzmann distribution
employs a Gibbs free energy of adsorption for each mode, giving more weight to adsorption
structures with lower Gg values (see Equation (4)).

Once the adsorption structures for HgCl, on each aerosol surface were determined, along with
the corresponding Gibbs free energies of adsorption, partitioning coefficients were calculated
according to Equation (4). A summary of the partitioning coefficient data is shown in Figure 4 as
a logio(Kp) vs. Temperature plot (tabulated data can be found in Table S2). Results for the Fe-Os-
R- and Osz-R-terminated o-Fe,03(0001) surface are not shown in this plot as the Gibbs free
energies of adsorption suggest a significantly strong interaction with these clean aerosol surfaces.
These results indicate that under the oxygen-rich and oxygen-poor conditions mentioned before,

there is a strong tendency for HgCl, to partition to the particle phase.
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On the (OH)3-R and OH-Fe-R (predicted to be the most stable by the phase diagram
calculations) o-Fe;03(0001) surface terminations, the partitioning coefficient values range from
6.1x10" and 6.1x10° at 250 K to 4.0x10* and 1.0x10° at 315 K, respectively. These values
indicate that HgCl,, in the presence of these surface terminations, is predominantly in the particle
phase even in the high-temperature limit. On the (OH)s;-Fe-R surface termination of -
Fe,03(0001), HgCl, is predicted to have lower partitioning coefficient values: 6.7x10% and
5.7x10° at 250 K and 315 K, respectively. However, at both the low- and high-temperature
limits, the partitioning coefficient values are above 1, indicating that HgCl, still prefers the
particle phase in the presence of this aerosol surface, yet to a lesser degree compared to the

(OH)3-R and OH-Fe-R terminations of the a-Fe,O3(0001) surface.
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Figure 4. Plot of logio(Kp) vs. Temperature (K) for the iron-oxide and sodium chloride aerosol
surfaces considered in this study. The horizontal dashed line separates regions where the particle
(unshaded region) and gas (shaded region) phases are preferred. Results for the Fe-O3-R and Os-
R terminations are not shown as HgCl, undergoes irreversible adsorption in the presence of these
two surfaces (K, approaches infinity). For clarity, adsorption structures for each surface in this
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plot are provided, and atom colors are: grey — Hg; green — CI; blue — Fe; red — O; and yellow —
H.

The results are notably different for the remaining O-Fe-R a-Fe,03(0001) surface termination.
At the low-temperature limit (250 K) the partitioning coefficient was calculated to be 3.1x10",
whereas at the high-temperature limit (315 K) the partitioning coefficient reduces to 4.7x10".
This finding indicates that HgCl, is preferentially in the gas phase at temperatures above 300 K,
where the dimensionless partitioning coefficient equals 1 (see Equation 1).

Due to the definition of K, adopted for this study (Equation (4)), there exists a linear
dependence of logio(Kp) on the Gibbs free energy of adsorption (Figure S3), which is consistent
with the previous experimental studies on calculating mercury partitioning coefficients (Rutter
and Schauer, 2007a). Moreover, the predicted partitioning coefficients for HgCl; in the presence
of iron-oxide aerosols show high variability depending on the a-Fe,O3(0001) surface termination
that is present (i.e., the surrounding atmospheric conditions). This variability is significant as the
partitioning coefficient ranges from below 1 (gas phase preferred) to well above 1 (particle phase
preferred) in a temperature range of 250 to 315 K. The wide range of partitioning coefficients
can largely influence the transport and deposition processes that HgCl, undergoes in the presence
of iron-oxide aerosols in the atmosphere. Thus, if one were to study the partitioning coefficient
for HgCl, on iron-oxide aerosols, either experimentally or in mercury transport models,
significant care should be taken to note the atmospheric conditions, which impacts the exposed
iron-oxide surface termination.

In addition, this work focuses solely on the adsorption properties for HgCl, on the iron-oxide
surfaces. Aside from the O3-R surface where dissociative adsorption occurs, the reaction of
HgCl, (e.g., Hg-Cl bond breaking) on the studied surfaces was not considered. While reactions

may occur after HgCl, adsorption, the partitioning coefficients ultimately dictate the propensity
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for HgCl, adsorption. The possible reactions that HgCl, undergoes on the iron-oxide surface
following adsorption will be discussed in a separate paper in the future.

Furthermore, because certain terminations of the iron-oxide surface result in different HgCl,
partitioning coefficients, progress in mercury capture technology design can be made, as metal
and metal-oxide sorbents are commonly used for high-temperature capture processes. By
showing that the environment (relative humidity, oxygen partial pressure, and temperature)
affects the occurrence of specific surface terminations, and therefore the partitioning coefficient,
obtaining a realistic picture of the surface under conditions relevant in, e.g., coal-fired power
plant effluent streams, becomes extremely important. This knowledge allows for searching for
new effective mercury scrubbing strategies. Indeed, an optimal mercury capture material should
have a high partitioning coefficient to preferentially scrub mercury to the particle phase. By
understanding which surfaces of a metal/metal oxide achieve high mercury partitioning
coefficients, one can potentially tune surrounding conditions to maximize mercury partitioning to

the particle phase.

4. Conclusions

In this study, quantum chemical calculations based on DFT were shown to efficiently calculate
partitioning coefficients for HgCl, in the presence of a range of iron-oxide and sodium chloride
aerosol surfaces with a reasonable degree of accuracy. First, it was shown that the model
provides order-of-magnitude agreement for the partitioning coefficient of HgCl, on a NaCl
aerosol surface, with calculated (2.8) and experimental (29-43) dimensionless partitioning
coefficient values. Then, the model was extended to calculate the partitioning coefficient on six

tropospherically relevant o-Fe,0O3(0001) surface terminations. The phase diagram analysis
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showed that the OH-Fe-R surface termination is most relevant, and a dimensionless partitioning
coefficient of 5.2x10° was calculated on this surface at a temperature of 295 K.

Further, the definition of the partitioning coefficient adopted in this study, expressed as a
dimensionless number not adjusted for a specific PM concentration, allows for a more general
implementation of the calculated values into, e.g., transport models or controls technology
design. The successful implementation of DFT in this study is especially promising, as the
techniques and expressions used to calculate the partitioning coefficients can be adapted to
calculate other parameters of interest. For example, one could use DFT to efficiently screen the
partitioning coefficients for other atmospheric pollutants on a range of aerosols or to obtain
energetic/kinetic data used to better model the physical and chemical processes that species
undergo in the atmosphere. DFT is widely used in the field of surface science, and as this study

shows, can be readily adapted to tackle problems in the field of atmospheric chemistry.

Appendix A. Supplementary data

Supplementary data to this article is available online.
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