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Abstract With fossil-fuel consumption at an all-time
high, air pollution is becoming one of the most promi-
nent problems of the 21st century. In addition to their
devastating effects on the environment, sulfur-based
pollutants are problematic for infrastructure by
undermining the structural stability of various oxide-
based surfaces found in clays and clay minerals. Calcite
(CaCO3) and alumina (α-Al2O3) are two such mineral
oxides with surfaces that are potentially susceptible to
damage by sulfur-based adsorbates. Their surface inter-
actions with a wide range of sulfur-based pollutants,
however, have yet to be studied adequately at the atom-
istic level. This problem can be addressed by utilizing
density functional theory (DFT) to provide molecular-
level insights into the adsorption effects of H2S, SO2,
SO3, H2SO3, and H2SO4 molecules on calcite and alu-
mina surfaces. DFT can be used to compare different
types of adsorption events and their corresponding
changes in the geometry and coordination of the adsor-
bates, as well as delineate any possible mineral-surface
reconstructions. The hypothesis driving this compara-
tive study was that the mineral-oxide surface structure
will dictate the surface adsorption reactivity, i.e. the flat
carbonate unit in calcite will behave differently from the

Al–O octahedra in alumina under both vacuum and
hydrated surface conditions. The set of sulfur-based
adsorbates tested here exhibited a wide range of inter-
actions with alumina and fewer with calcite surfaces.
Events such as hydrogen bonding, sulfate formation,
atom abstraction, and the formation of surface water
groups were more prevalent in alumina than calcite
and were found to be dependent on the surface termina-
tion. The results of this work will prove instrumental in
the design of clay and mineral-based materials resilient
to sulfur-based pollutants for use in construction and
infrastructure such as smart building coatings and anti-
fouling desalination membranes, as DFT methods can
garner the atomistic insights into mineral-surface reac-
tivity necessary to unlock these transformative
technologies.

Keywords DFT + thermodynamics . Atomistic
modeling .Mineral-surface transformations . Surface-
adsorption reactivity

Introduction

Air pollution from global fossil-fuel consumption has
been linked to serious health issues and other negative
effects in modern societies (Martins et al., 2019; Perera,
2017). Previous studies on the impact of air pollution in
cities focused on the interplay of modeling, sustainabil-
ity, and energy planning. One topic that is not as prev-
alent, however, is the deleterious effects of small-
molecule pollutants on clays and clay mineral-based
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building and construction materials (Bridges et al.,
2015; Gulia et al., 2015). The more notorious molecules
such as NOx and CO2 (Fenger, 1999; Hosseinabad &
Moraga, 2017) have received much attention, as have
building sensors for particulate matter (Garcia-
Florentino et al., 2020; Lim et al., 2019), but few studies
focus on the atomistic interactions that happen at the
interface of sulfur-containing small molecules and oxide
surfaces present on or in buildings and structures
(Summers, 1979; Zheng et al., 2019).

Sulfur-based air pollutants such as SO2 and H2S are
common byproducts of fossil-fuel combustion and are
present in urban and industrial areas (Fenger, 1999;
Garcia-Florentino et al., 2020). As a main group element
with a wide array of oxidation states ranging from –2 in
H2S to +6 in SO3, the sulfur center in these pollutants
poses a unique threat. The reactivity of sulfur is dictated
by its oxidation state and surrounding chemical envi-
ronment, specifically in surface-adsorption interactions
(Shannon & Prewitt, 1969). As such, sulfur adsorbate
geometries are highly variable and linked to changes in
surface terminations, molecular symmetry, and hydra-
tion sphere. Also worth noting is that sulfur compounds
can undergo redox reactions, with changes in charge,
size, and shape correlated to changes in the electronic
state. For example, atmospheric SO2 (bent) can form
SO3 (trigonal planar) through a variety of means such as
catalytic oxidation on the surface of traffic-related black
carbon or photooxidation by hydroxyl radicals (Yao
et al., 2020). Similarly, SO3 is a crucial component in
the formation of H2SO4 (tetrahedral), the main compo-
nent of acid rain. In addition to the devastating environ-
mental consequences, sulfur-based pollutants also pose
challenges to the oxide-based materials used in archi-
tecture such as limestone, bricks, and cement (Bravo
et al., 2006; Graue et al., 2013).

Previous studies have shown that oxide-based mate-
rials are particularly vulnerable to sulfur-based pollut-
ants. For example, there is evidence of SO3

2– and SO4
2–

formation when hematite (Fe2O3) surfaces are exposed
to SO2 (Baltrusaitis et al., 2007). Interactions of similar
or greater strength have been observed across a variety
of oxide surfaces including TiO2, FeOOH, MgO, Na2O,
K2O, CaO, Ca(OH)2, and Na2SO3 (Baltrusaitis et al.,
2007, 2010; Galloway et al., 2015; He et al., 2019,
2020; Schneider et al., 2001). These bonding events
are disruptive to the surfaces, as adhesion causes local
changes in the surface structure that, over time, could
cause the material to deteriorate, become brittle, and

crack. On a larger scale, such interactions may permeate
below the surface, hinder architectural stability, and, in a
worst-case scenario, may be partially responsible for
structural damage and subsequent building collapse.

Alumina (α-Al2O3) and calcite (CaCO3) are two
minerals that are potentially prone to such conse-
quences, as they are components of construction mate-
rials such as brick and limestone, respectively. Previous
work showed that interactions with sulfur-containing
adsorbates will cause significant changes to alumina
surfaces and aluminum oxide-based nanoparticles, ef-
fectively capturing small-molecule adsorbates
(Abbaspour-Tamijani et al., 2020; Bennett et al., 2017;
Bjorklund et al., 2019). Sulfur-based adsorbates are also
responsible for the degradation of CaCO3, forming the
more brittle mineral gypsum (CaSO4·2H2O), as the ratio
of sulfate to carbonate anions increases at the surface
(Coccato et al., 2017; Gettens et al., 1974). A mix of
carbonate and sulfate ions are also key components in
the films that develop on the surface of desalination
membranes, linking the degradation mechanisms of
these two disparate technologies. Other calcium-based
oxides such as CaO and Ca(OH)2 have shown potential
in capturing SO2 and SO3, suggesting that CaCO3 may
respond similarly to a variety of sulfur-based small-
molecule adsorbates (Galloway et al., 2015). However,
to the best of the authors’ knowledge, no comparative
analysis of the interactions between sulfur-based adsor-
bates and alumina and calcite (001) surfaces that details
changes in geometry on an atomistic level has yet been
done, let alone for multiple surface terminations that can
occur over a wide range of chemical environments.
Understanding these atomistic interactions on alumina
and calcite is important to prevent potentially deleteri-
ous surface reactions and their subsequent macroscale
transformations.

The present comparative study was driven by the
hypothesis that the mineral oxide surface structure will
dictate the surface adsorption reactivity, i.e. the flat
carbonate unit in calcite will behave differently from
the Al–O octahedra in alumina under both vacuum and
hydrated surface conditions. In this work, density func-
tional theory (DFT), a quantum-based modeling method
designed to investigate the electronic structure of a
many-body system, was employed. DFT can be used
to compare different types of adsorption events and their
corresponding changes in the geometry and coordina-
tion of the adsorbates, as well as delineate any possible
mineral-surface reconstructions. In recent years, DFT
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has become a widely used tool in delineating structure-
adsorbate interactions due to its accessibility and effi-
ciency (Bennett et al., 2017; Burke, 2012; Kohn &
Sham, 1965). The atomistic data obtained from DFT,
which includes the number and types of bonds that are
created or broken and any changes in bond length and
coordination, can be used to determine the relative sta-
bility of various oxide surfaces in the presence of sulfur-
containing adsorbates. The objective of this study was to
understand how sulfur-containing adsorbates interact
with mineral oxides by finding evidence of proton ab-
straction, hydrogen bonding, and covalent bonding
across the various mineral surfaces and their different
terminations. The results here suggest both that: (1)
adsorbate–surface interactions are stronger on clay-
mineral surfaces with exposed metal atoms than on
hydrated surfaces; and (2) adsorption is stronger on
alumina surfaces than on calcite surfaces, as the flat
carbonate unit prevents adsorbates from reacting with
subsurface Ca cations.

Materials and Methods

Computational Parameters

All calculations in this study employed periodic DFT
methods as implemented in Quantum ESPRESSO, an
open-source software used to compute electronic and
material structures at the nanoscale (Giannozzi et al.,
2009). The computational parameters described here are
consistent with recent studies that probe surface–
adsorbate interactions (Bennett et al., 2020; Grimes
et al., 2021; Heimann et al., 2021). All atoms were
represented using the well-vetted Garrity Bennett Rabe
Vanderbilt (GBRV)-type ultrasoft pseudopotentials
(Garrity et al., 2014). A plane-wave cutoff of 40 Ry
and charge density cutoff of 320 Ry was used for all
relaxations. For the bulk structure relaxations, a 6×6×6
k-point grid was employed, and the convergence criteria
for self-consistent relaxation calculations was 5×10–6 eV.
All calculations were performed at the GGA level using
the Wu-Cohen (WC)-modified PBE-GGA exchange cor-
relational constant for solids (Wu & Cohen, 2006). All
structures were visualized in XCrySDen, an open-source
visualization program for crystalline and molecular struc-
tures (Kokalj, 1999). The bond lengths, lattice parameters,
and observed surface–adsorbate interactions were collect-
ed through XcrySDen visualizations. All cell parameters

are presented in Section S1 of the Supplemental
Materials.

Bulk Crystal Structures

Both the alumina and calcite bulk structures were ob-
tained from the Inorganic Crystal Structure Database
(ICSD) (Hellenbrandt, 2004). Bulk alumina (Fig. 1a)
consists of 30 atoms and contains six formula units in
its hexagonal unit cell. The experimental lattice param-
eters are as follows: a = 4.759 Å, b = 4.759 Å,
c = 12.993 Å, α = 90°, ß = 90°, and γ = 120°. The
Wyckoff positions are designated as Al (12c; 0, 0,
0.352) and O (18e; 0.306, 0, 0.250) (Toebbens et al.,
2001). The bulk calcite structure (Fig. 1b) also features
30 atoms and six formula units in a hexagonal unit cell.
The experimentally determined bulk lattice parameters
for calcite are as follows: a = 4.999 Å, b = 4.999 Å,
c = 16.914 Å, α = 90°, ß = 90°, and γ = 120°. The
Wyckoff positions for calcite are Ca (6b; 0, 0, 0), C (6a;
0, 0, 0.250), and O (18e; 0.257, 0, 0.250) (Chessin et al.,
1965). In each structure, the cation (Al or Ca) is octahe-
drally bound to a series of oxygen anions. The bulk
structures were fully relaxed, with no fixed atoms, to
ensure that the lattice parameters and bond lengths cal-
culated in this work correlate with experimental and
previously computed data within 1% (Gunasekaran &
Anbalagan, 2007; Liu et al., 2009). After ensuring the
calculations were representative of the known materials,
the bulk structures were used to generate 2×2×1
supercell slabs of both alumina and calcite for use in
surface–adsorbate calculations.

Surface Slab Generation

Using the relaxed bulk structures, 2×2×1 supercells
were created and then cleaved along the (001) direction.
The surfaces were cleaved to expose either Al or Ca
metals as the surface terminating layer. Each side of the
surface slab had one half of an inversion symmetric
monolayer exposed, along the diagonal of the hexagonal
cell, to maintain charge neutrality across the height of
the surface slab. This was consistent with previously
published surface slab generation methodology (Corum
et al., 2017; Huang et al., 2017). These surface slabs
contained at least 15 Å of vacuum along the (001)
direction, specifically 15.02 and 17.38 Å for Al2O3

and CaCO3, respectively, to prevent the surfaces from
interacting with each other. The difference in the
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amount of vacuum arose due to the different out-of-
plane lattice parameters of Al2O3 and CaCO3. The sur-
face slabs were allowed to relax fully, with no fixed
layers or atoms, before being used in the surface–
adsorbate calculations (see below). Surface reconstruc-
tions (pre-adsorbate) occurred in both cases; the metal
surface half-monolayer relaxed into the first anion (ox-
ide or carbonate) sublayer, in line with results on related
systems (Corum et al., 2017). The k-point sampling used
for all 2×2×1 surface and surface–adsorbate calculations
was a 3×3×1 k-point set.

Surface Adsorption Events

For the alumina and calcite surfaces, both metal and
proton-terminated surfaces were fully relaxed before
any adsorbates were introduced. Metal-terminated sur-
faces are present in ultra-high vacuum, while protonated
surfaces are representative models of surface termina-
tions under ambient conditions that result from a surface
being exposed to humidity (Huang et al., 2017). The
substitution of H for exposed surface metals Al or Ca
was intended to probe the adsorption reactivity of sur-
faces with a layer of water dissociation products present,
in lieu of adding explicit water molecules. The
H-terminated surfaces were created by exchanging the
surface metal cations for protons and balancing the
charge. A total of 12 hydrogen atoms (replacing 4 Al3+

atoms in the 2×2×1 supercell surface slab) were present
on each exposed alumina surface and 4 hydrogen atoms
(replacing 2 Ca2+ atoms in the 2×2×1 supercell surface
slab) were present on each exposed calcite surface. The
exchange of surface metals for protons under humid
conditions has been shown previously to be favorable,
with negative ΔG values for alumina (Abbaspour-
Tamijani et al., 2020), delafossite (Huang et al., 2017),

and cerussite (Grimes et al., 2021). Here the exchanges
were also favorable; ΔG of exchange at pH 5 was
–0.55 eV (12 H per side) and –0.92 eV (4 H per side)
per proton for alumina and calcite, respectively. A de-
tailed description of the DFT + Solvent Ion method used
to obtain these numbers is provided in Section S4 of the
Supplemental Materials, as is a plot of ΔG vs pH for
both surface exchanges.

The orientation and location of the surface hydrogen
atoms also maintain the inversion symmetry of the bulk
crystal structures. This reductionist approach to model-
ing surface states investigates adsorption events on a
hydrated surface without adding explicit water, which
allows for the determination of adsorption strengths in
ultrahigh vacuum conditions and the creation of a base-
line set of surface interaction behaviors before increas-
ing the scale and complexity of adsorption studies. Here
the focus was on modeling adsorption events with no
surface water molecules present. Because no water mol-
ecules are displaced, this type of adsorption is typically
referred to as outer sphere and is the first type of inter-
action that an adsorbate will have with a surface. Ac-
cording to the Eigen-Wilkins associative substitution
mechanism, outer sphere adsorption can proceed to an
inner sphere mechanism, with or without surface waters
or water products on the surface (Wilkins, 1991).

To investigate how orientation affects surface–
adsorbate interactions, two to four configurations of
each pollutant were modeled. The initial adsorbate ge-
ometries of H2S, SO2, and H2SO3 started with the
central S directly over (a) a surface metal or (b) an
oxygen hollow site, resulting in two different configu-
rations. The planar SO3 molecule was also initialized in
these positions, in both parallel and perpendicular ori-
entations (relative to the surface), resulting in four dif-
ferent starting orientations. Finally, H2SO4 was

Fig. 1 The bulk structures of: a alumina and b calcite viewed along the (001) axis to show the similarities between the two hexagonal
structures. Aluminum, oxygen, calcium, and carbon are represented as gray, red, blue, and black spheres, respectively
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initialized in a similar manner, but with protons parallel
or perpendicular to the surface. What would have been
the fourth configuration of H2SO4 relaxed to the first
configuration, so it was excluded from the analysis. In
total, this resulted in 13 DFT calculations for each of the
four unique surface types or 52 entries overall. In the
present study, these orientations are referred to by the
adsorbate name followed by the corresponding number
(e.g. the second adsorption configuration of H2S is H2S-
2). Images of the resulting atomistic relaxations for
alumina and calcite are included in Sections S2 and
S3, respectively, of the Supplemental Materials. Specif-
ically, the adsorption events on the Al-terminated Al2O3

surface are shown in Section S2.1 (Table S2) and in
Section S2.2 (Table S3) for the H-terminated Al2O3

surface. The adsorption events on the Ca-terminated
CaCO3 surface are shown in Section S3.1 (Table S4)
and in Section S3.2 (Table S5) for the H-terminated
CaCO3 surface.

To quantify the strength of each surface–adsorbate
interaction, the adsorption energy Eads was calculated
using the following equation:

Eads ¼ Esystem− Eadsorbate þ Esurfaceð Þ
where Esystem was the energy of the relaxed structure
with both the surface and adsorbate present, Eadsorbate

was the energy of the adsorbate in isolation, and Esurface
was the energy of the surface on its own. The more
negative the calculated adsorption energy, the stronger
the surface–adsorbate interaction.

Results

Alumina (α-Al2O3)

Using the bulk alumina structure shown in Fig. 1, a
2×2×1 periodic surface slab was generated and used in
the surface–adsorbate calculations. The 2×2×1 surface
slab structure was found to be sufficiently large to
accommodate the varying sizes of the adsorbates in the
test set. The Al-terminated alumina surface slab contains
120 atoms with aluminum–oxygen bonds ranging from
1.90 to 2.15 Å in length. Figure 2 compares a top-down
view (along the (001) axis) and side view of the in-plane
Al-terminated surface structure. As seen in Fig. 2b, the
fully relaxed alumina surface structure features layering
between the oxygen and aluminum, where each Al

cation is located in the center of an octahedron of
oxygen atoms. Surface Al atoms relaxed inward, in
agreement with similar DFT-based models (Corum
et al., 2017). The H-terminated alumina surface
consisted of 136 atoms and differs slightly in electronic
structure due to the introduction of hydrogen atoms on
the surface. Images of this surface are provided in Fig.
S1 of the Supplemental Materials.

Al-terminated α-Al2O3

For the Al-terminated alumina surface, all configura-
tions of H2S and SO2 resulted in moderately strong
interactions (depicted in Table S2 of Supplemental Ma-
terials ) with adsorption energies ranging from –1.65 eV
to –2.10 eV (Table 1). In H2S-2, a surface oxygen was
able to deprotonate the adsorbate, producing a proton-
ated oxygen (i.e. surface hydroxyl group) and a thiol
group bonded with the surface. Similarly, SO2 formed
Alsurface–Oadsorbate bonds to the surface, as indicated by
the bond lengths reported in Table 1. For configurations
of SO3, H2SO3, and H2SO4, the bonding interactions
with the surface were much stronger, with adsorption
energies ranging from –3.49 eV to –5.13 eV. An outlier
to this trend was SO3-1, which did not interact much
with the surface (Eads = –0.93 eV). The hypothesis was
that this is probably due to the lack of contact between
the adsorbate and surface in this particular orientation.
Due to the +6 oxidation state of the sulfur atom in SO3,
the sulfur center exhibited strong interactions with sur-
face oxygens in all other configurations of SO3. In fact, a
new Sadsorbate–Osurface bond was formed, generating a
surface SO4 unit. This process is potentially harmful to
alumina surfaces, as the strength of the interactions
suggests that it is practically impossible to uproot the
newly formed SO4 from the Al-terminated surface with-
out significantly damaging the surface structure.

H2SO3 and H2SO4 exhibited the most negative ad-
sorption energies in the test set. For all configurations of
these two adsorbates, the large negative adsorption en-
ergies calculated can be explained by a surface oxygen
abstracting an H+ from the adsorbate. It should be em-
phasized that all configurations of H2SO3 and H2SO4

tested were deprotonated by the Al-terminated alumina
surface, suggesting that this interaction will occur re-
gardless of the orientation of the pollutant. Although
H2SO3 and H2SO4 displayed the strongest surface–
adsorbate interactions, all adsorbates tested here have
the potential to be detrimental to the Al-terminated
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alumina surface, as evidenced by their wide range of
negative adsorption energies.

H-terminated α-Al2O3

When compared to the Al-terminated alumina surface,
the H-terminated alumina surface exhibited noticeably
weaker surface–adsorbate interactions. As seen in Ta-
ble 2, H2S, SO2, and two configurations of SO3

interacted weakly with the alumina surface, as only a
few hydrogen bonds were present. This resulted in
adsorption energies ranging from –0.08 to –1.78 eV.
SO3-3 and SO3-4, on the other hand, formed a new
Sadsorbate–Osurface bond to generate an SO4 unit on the
surface in addition to new hydrogen bonds, resulting in

adsorption energies ranging from –2.36 to –2.67 eV.
These interactions are similar to those observed on the
Al-terminated surface; no straightforward mechanism
exists with which to dislodge the SO4 from the surface
without significantly altering the surface structure.
H2SO3 and H2SO4 were again the adsorbates that
interacted with the surface most strongly. In addition
to the 3–7 hydrogen bonds present, the adsorbates were
deprotonated by a surface hydroxyl group to form aH2O
molecule on the H-terminated surface. This process is
akin to an acid-base reaction in which the alumina
surface acts as the base, deprotonating sulfonic or sul-
furic acid. All adsorption events on the H-terminated
Al2O3 surface are depicted in Table S3 of the Supple-
mental Materials.

Fig. 2. a Top-down view along the 001 axis and b side view of the 2×2×1 alumina surface slab. Aluminum and oxygen atoms are
represented as gray and red spheres, respectively

Table 1 Adsorption events on the Al-terminated alumina surface

Adsorbate Configuration Eads (eV) Interactions between surface and adsorbate

H2S 1 –1.65 Alsurface–Sadsorbate distance: 2.44 Å

H2S 2 –2.34 H2S deprotonated; Al–S bond length: 2.24 Å

SO2 1 –2.10 Oabsorbate binds to surface; Al–O(S) bond length: 1.89 Å

SO2 2 –1.98 Oadsorbate binds to surface; Al–O(S) bond length: 1.89 Å

SO3 1 –0.93 Oadsorbate binds to surface; Al–O(S) bond length: 2.02 Å

SO3 2 –3.50 Sadsorbate binds to surface to form surface SO4; new S–O(Al) bond length: 1.66 Å

SO3 3 –3.50 Sadsorbate binds to surface to form surface SO4; new S–O(Al) bond length: 1.66 Å

SO3 4 –3.49 Sadsorbate binds to surface to form surface SO4; new S–O(Al) bond length: 1.70 Å

H2SO3 1 –5.13 H–bonding (1); H2SO3 deprotonated

H2SO3 2 –4.05 H-bonding (1); H2SO3 deprotonated

H2SO4 1 –5.01 H-bonding (1); H2SO4 deprotonated

H2SO4 2 –4.43 H-bonding (1); H2SO4 deprotonated

H2SO4 3 –4.45 H-bonding (2); H2SO4 deprotonated
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Al-terminated and H-terminated Alumina Surface
Comparison

The adsorption energies calculated for the H-terminated
surface were consistently less negative than the corre-
sponding Al-terminated surface values. The only excep-
tion was H2S-1. For both surface terminations, a clear
trend was observed in which pollutants interact most
strongly: H2SO4 is consistently the most detrimental
adsorbate, with H2SO3 being just as harmful to the
surface, albeit less consistently, as reflected by the mag-
nitudes of their adsorption energies and number of hy-
drogen bonds and deprotonation events (Tables 1 and
2). With the exception of a few configurations, SO3

formed SO4 on both alumina surfaces, emphasizing
the disruptive nature of SO3 interacting with oxide sur-
faces. Although SO2 and H2S interacted significantly
less with the alumina surfaces than the other adsorbates,
they still formed non-negligible surface bonds. Overall,
when exposed to this test set of sulfur-based adsorbates,
both the Al-terminated and H-terminated alumina sur-
faces were likely to undergo undesirable surface
transformations.

Although the strength of the interactions was consis-
tently less on the H-terminated alumina surface, the
nature of the interactions observed on the two surfaces
were quite similar. For example, SO3 was able to bind to
the surface with the sulfur center adopting a tetrahedral
geometry in both scenarios. This is depicted in Fig. 3,
detailing the surface–adsorbate interactions present

when Al- or H-terminated alumina was exposed to
H2SO4-3. Both surfaces abstracted a proton from the
adsorbate, but the resulting surface change was differ-
ent, as a water molecule was formed on the H-
terminated surface due to the already protonated surface.
This example highlights the main difference between
the two systems: the type of bond(s) formed between the
adsorbate and surface is dictated by the surface termi-
nation. Specifically, Al–O bonds are formed on the Al-
terminated surface, whereas the H-terminated surface
can form only surface hydrogen bonds. The presence
of protons on the surface hinders the attraction between
the Al and O atoms by acting as a barrier on the surface.

Calcite (CaCO3)

The calcite surface slab was created following the same
methodology as the alumina surface. Bulk calcite was
used to create a 2×2×1 supercell surface slab (Fig. 4).
The calcite surface structure contained 120 atoms and
has Ca–O bond lengths ranging from 2.30 to 2.55 Å and
C–O bonds ranging from 1.27 to 1.32 Å. The corrugated
complex of the surface can be seen in Fig. 4b, where the
outer carbonates appear to be obtruding from the sur-
face. A distinct layering pattern was seen in the surface
structure, where the Ca cation layer alternates with the
CO3 layers. The H-terminated surface consisted of 124
atoms and differed from the Ca-terminated surface in its
flat carbonate layers. It is depicted in Fig. S2 of the
Supplemental Materials.

Table 2 Adsorption events on the H-terminated alumina surface

Adsorbate Configuration Eads (eV) Interactions between surface and adsorbate

H2S 1 –1.78 H-bonding (3)

H2S 2 –1.77 H-bonding (2)

SO2 1 –1.11 H-bonding (2)

SO2 2 –0.08 -

SO3 1 –0.78 H-bonding (2)

SO3 2 –0.08 H-bonding (1)

SO3 3 –2.36 H-bonding (4); Sadsorbate binds to surface to form surface SO4; new S–O(Al) bond length: 1.73 Å

SO3 4 –2.67 H-bonding (4); Sadsorbate binds to surface to form surface SO4; new S–O(Al) bond length: 1.82 Å

H2SO3 1 –3.75 H-bonding (7); H2SO3 deprotonated to form surface H2O

H2SO3 2 –1.71 H-bonding (3)

H2SO4 1 –2.71 H-bonding (6); H2SO4 deprotonated to form surface H2O

H2SO4 2 –2.50 H-bonding (4); H2SO4 deprotonated to form surface H2O

H2SO4 3 –2.91 H-bonding (4); H2SO4 deprotonated to form surface H2O
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Ca-terminated CaCO3

As shown in Table 3, most configurations of the sulfur-
based adsorbates tested here interacted strongly with the
Ca-terminated calcite surface. The weakest interactions
were observed with SO2 and H2S, which had adsorption
energies ranging from –0.62 to –1.77 eV. The two
configurations of H2S formed identical structures on
the surface, suggesting that H2S will behave the same

regardless of its initial orientation. In contrast, the re-
sulting adsorption energy was dependent on the initial
configuration of SO2, as one of the orientations was able
to form a Ca–O bond due to the proximity of one of the
oxygen atoms of SO2 facing toward the surface. This
might explain why calcium sulfate growth from SO2 on
CaCO3 has been shown to require O3; it is very
orientation-specific and requires additional oxidants
(Zhang et al., 2018). All fully relaxed Ca-terminated

Fig. 3 Side view of the interactions between H2SO4-3 and an
aAl-terminated or bH-terminated alumina surface. In b, the atoms
of the H2O molecule formed on the surface by deprotonation of

sulfuric acid are labeled for clarity. Hydrogen and sulfur are shown
as white and yellow spheres, respectively. Hydrogen bonds are
represented by dotted black lines

Fig. 4 a Top-down view along the 001 axis and b side view of the 2×2×1 calcite surface slab. Calcium, carbon, and oxygen atoms are
represented as blue, black, and red spheres, respectively
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CaCO3 adsorption events are depicted in Table S4 of the
Supplemental Materials.

SO3, H2SO3, and H2SO4 all displayed significant
bonding events with the Ca-terminated surface. For all
configurations of SO3, sulfur in its +6 oxidation state led
to the formation of strong S–O(Ca) bonds, resulting in
tetrahedral SO4 molecules on the surface. This was
similar to what was observed when SO3 is exposed to
MgO (Schneider et al., 2001) or when a mixture of SO2

and O2 is exposed to Al2O3 and CeO2 (Smirnov et al.,
2005). The example of the tetrahedral SO4 unit formed
is illustrated in Fig. 5a. H2SO3 andH2SO4 behaved quite
similarly on the Ca-terminated calcite, as a proton was
abstracted from the molecule in both cases. This behav-
ior contributes to the thermodynamic favorability of
these interactions, signifying the risk involved in
sulfur-based pollutant exposure on the Ca-terminated
calcite surface.

H-terminated CaCO3

With the presence of hydrogen on the calcite surface, the
strength of surface–adsorbate interactions decreased sig-
nificantly. As seen by the minimal adsorption energies
in Table 4, the H-terminated calcite surface appeared to
be resilient against pollutant-promoted surface
restructuring. In several cases, including SO2, SO3,
and H2SO3, little to no interaction occurred, resulting
in small (but still negative) adsorption energies ranging
from –0.02 to –0.30 eV. Contrary to results presented

earlier in this article, one configuration of H2S displayed
considerable interaction with the surface, resulting in an
adsorption energy of –0.62 eV. Despite the overall
weaker interactions observed with the other four adsor-
bates, the H-terminated calcite surface still interacted
moderately with H2SO4, as indicated by adsorption
energies ranging from –0.62 to –1.07 eV. Note that this
is still significantly smaller than the adsorption energy
calculations for H2SO4 on the other surfaces. This
agrees with the hypothesis of the current work, that the
presence of hydrogen combined with the flat, planar
carbonates in the calcite structure creates a stable surface
environment that discourages interactions with the set of
sulfur-based adsorbates studied here. All adsorbate in-
teraction on the H-terminated calcite surface are illus-
trated in Table S5 of the Supplemental Materials.

Ca-terminated and H-terminated Calcite Surface
Comparison

There was a drastic difference in the interactions ob-
served on the Ca-terminated and H-terminated calcite
surfaces.Whereas the Ca-terminated surface was altered
significantly when exposed to sulfur-based pollutants,
the H-terminated surface appeared to be relatively
unphased. An example of this dramatic difference is
illustrated in Fig. 5, which shows how a specific con-
figuration of SO3 differed in its bonding across the two
surfaces. On the Ca-terminated surface, the adsorbate is
completely ingrained into the surface structure, as the

Table 3 Adsorption events on the Ca-terminated calcite surface

Adsorbate Configuration Eads (eV) Interactions between surface and adsorbate

H2S 1 -1.33 H-bonding (1); H2S deprotonated

H2S 2 -1.33 H-bonding (1); H2S deprotonated

SO2 1 -0.62 Sadsorbate-Osurface distance: 2.19 Å

SO2 2 -1.77 Oadsorbate binds to surface; Ca-O(S) bond length: 2.28 Å

SO3 1 -4.21 Sadsorbate binds to surface to form surface SO4; new S-O(Ca) bond length: 1.72 Å

SO3 2 -3.29 Sadsorbate binds to surface to form surface SO4; new S-O(Ca) bond length: 1.80 Å

SO3 3 -4.11 Sadsorbate binds to surface to form surface SO4; new S-O(Ca) bond length: 1.73 Å

SO3 4 -2.48 Sadsorbate binds to surface to form surface SO4; new S-O(Ca) bond length: 1.73 Å

H2SO3 1 -3.35 H-bonding (1); H2SO3 deprotonated

H2SO3 2 -2.18 H-bonding (1); H2SO3 deprotonated

H2SO4 1 -3.34 H-bonding (1); H2SO4 deprotonated

H2SO4 2 -3.33 H-bonding (1); H2SO4 deprotonated

H2SO4 3 -2.98 H-bonding (2); H2SO4 deprotonated
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central sulfur bonds to a carbonate group and the adsor-
bate oxygen bonds to a surface calcium atom. In con-
trast, on the H-terminated surface, SO3 displays no
bonding events and simply hovers above the surface.
This trend was observed across most of the adsorbates
tested; the adsorbates interacted strongly with the Ca-
terminated calcite surface but did not do so on the H-
terminated surface. One possible explanation for this
discrepancy could be the inherent stability of the layered
carbonate structure on the calcite surface. After adding
protons to the calcite surface, the carbonates on the
calcite surface transition from being corrugated to a

planar structure. As a result, the structure becomes less
susceptible to pollutant-promoted restructuring.

Discussion

The alumina surface exhibited more substantial inter-
actions with this test set of sulfur-based adsorbates
than its calcite counterpart. In Fig. 6, where the dashed
line represents a one-to-one correlation between the
Eads on the metal- and H-terminated surfaces, points
above the line signify that a given adsorbate interacts

Fig. 5 Side view of a Ca-terminated and bH-terminated calcite surface when exposed to SO3-3. Same color schemes as in previous figures

Table 4 Adsorption events on the H-terminated calcite surface

Adsorbate Configuration Eads (eV) Interactions between surface and adsorbate

H2S 1 –0.62 H-bonding (2)

H2S 2 –0.11 H-bonding (1)

SO2 1 –0.19 H-bonding (1)

SO2 2 –0.12 -

SO3 1 –0.30 -

SO3 2 –0.02 -

SO3 3 –0.27 -

SO3 4 –0.30 -

H2SO3 1 –0.04 -

H2SO3 2 –0.07 -

H2SO4 1 –1.07 H-bonding (2)

H2SO4 2 –0.62 H-bonding (1)

H2SO4 3 –0.88 H-bonding (2)
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with the metal-terminated surface more strongly, while
points below indicate a more negative adsorption en-
ergy on the H-terminated surface. As seen in Fig. 6b,
all adsorption energies were several times greater
(more negative) on the Ca-terminated calcite surface
compared to the H-terminated surface. Apart from two
configurations of SO3, stronger or equal interactions
were observed on the Al-terminated alumina surface
when compared to the Ca-terminated calcite surface.
This gap is further widened when comparing the H-
terminated alumina surface to the H-terminated calcite
surface. Whereas the H-terminated alumina surface
exhibited sizable interactions with most adsorbates,
the H-terminated calcite surface was barely influenced
by the presence of the adsorbates. Figure 6 also illus-
trates how adsorption energies vary significantly based
on the initial orientation of the adsorbates. For exam-
ple, there is a large distance between the two blue
H2SO3 points in Fig. 6a, signifying a configuration-
dependent difference in resulting interactions among
the two configurations on the alumina surface. A larg-
er disparity can be seen in one configuration of SO3 on
the alumina surface. On the other hand, the adsorption
energy of H2SO4 appears relatively independent of
initial orientation, as the value does not fluctuate sig-
nificantly between configurations.

The significant role that the orientation of the adsorbate
often plays in the interactions observed in the final

structure is explored in Fig 7. Each column in Fig. 7
signifies a specific adsorbate and surface, and as shown,
the interactions between the adsorbates and surfaces vary
significantly based on the initial orientation parameters.
For example, SO3-1 was positioned vertically on the
surface, while SO3-2 was positioned flat, both over a
surface Al atom (Fig. 7a). The resulting structures differ
in terms of both the distance and the number of bonds
formed between surface and adsorbate; the flat SO3 was
able to anchor itself into the surface to form a tetrahedral
SO4, while the vertically oriented SO3 formed only a
(S)O–Al interaction. Furthermore, as seen in Fig. 7c, a
simple rotation in the initial orientation of H2SO3 pro-
duces a systemwith a deprotonation event, four additional
hydrogen bonds, and an adsorption energy greater (more
negative) in magnitude by 2.04 eV. Similar patterns are
depicted in Fig. 7b and d, where the initial configurations
determined whether an S–O(Al) bond (7b) or a second
(S)O–Ca bond was formed (7d). These drastic differences
suggest that not only does surface material and adsorbate
type affect the resulting interactions, but the initial orien-
tation plays a significant role as well.7

Across all surface–adsorbate systems, clear trends in
the impact of each adsorbate were visible. First, the
strength of the interactions tended to increase as adsor-
bate molecule size increased. As seen in Fig. 6a and b,
H2S and SO2 consistently resulted in the least negative
adsorption energies, regardless of the surface model.

Fig. 6 Correlation plots for all adsorbates and configurations on
the a alumina or b calcite surfaces. Each point represents a partic-
ular adsorbate and configuration. A one-to-one correlation be-
tween the calculated Eads on the metal- and H-terminated surface

is represented by the dotted line. Points above the dotted line
indicate that a more negative adsorption energy was observed on
the metal-terminated surface. H2S is represented in red, SO2 in
orange, SO3 in green, H2SO3 in blue, and H2SO4 in purple
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Subsequently, H2SO3 and SO3 appear to have surface–
adsorbate interactions that are comparable in magnitude
but are more variable than H2SO4. Across all surfaces
investigated here, H2SO4 stands out as the most poten-
tially destructive molecule. To illustrate this effect,
H2SO4 adsorption energies (purple dots) clustered to
the left of most other adsorbates (Fig. 6). Each surface
structure after exposure to H2SO4 is showcased in Fig.
8. H2SO4 has the greatest contact area and thus can
exhibit more bonding events with the surface. The

presence of protons on the molecule also enabled basic
oxide-based surfaces to deprotonate the adsorbate, fur-
ther contributing to a negative adsorption energy. Dif-
ferences in surface structure and composition were also
shown to influence the interactions observed with
H2SO4 (Fig. 8). For example, a notable contrast was
seen between the interactions shown in Fig. 8b and Fig.
8d. The H-terminated alumina (Fig. 8b) was able to
deprotonate H2SO4 and form four hydrogen bonds,
while H2SO4 only forms two hydrogen bonds to the

Fig. 7 Side views of various structures to compare the effect of
initial orientation on the resulting surface-adsorbate interactions. a
SO3 on Al-terminated alumina surface, b SO3 on H-terminated

alumina surface, c H2SO3 on H-terminated alumina surface, and d
SO3 on Ca-terminated calcite surface. Same color scheme as in
previous figures

Fig. 8 Side view of the interactions between H2SO4 and a Al-
terminated alumina surface, bH-terminated alumina surface, cCa-
terminated calcite surface, and d H-terminated calcite surface.

Each structure showcases the H2SO4 configuration that resulted
in the most negative adsorption energy for that specific surface
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H-terminated calcite with no other interactions present
(Fig. 8d). This disparity in the type and magnitude of
interactions on the alumina versus calcite surfaces can
be explained by slight differences in their crystal struc-
ture. While these materials have similar structures, the
surface calcium in calcite is shielded by a carbon atom
(carbonate group) above it. The effects of this protective
layer are seen in both the Ca- and H-terminated surfaces.
As a result, calcite surfaces were less prone to bonding
with sulfur-based molecules. The impact that surface
hydrogens have on preventing or minimizing covalent
surface–adsorbate interactions is also illustrated in Fig.
8. Whereas robust covalent bonds can form on the
metal-terminated surfaces, only hydrogen bonding oc-
curs on the H-terminated surfaces. The hydrogen atoms
serve as a barrier protecting the metal cations on the
surface from the adsorbates.

Conclusion

The present study provides an atomistic picture of the
vulnerabilities of oxide-mineral surfaces to sulfur-based
pollutants. Calcite and alumina are two oxide minerals
that are potentially prone to surface disruptions caused
by sulfur-based small molecules, but their range of
surface–adsorbate interactions had not yet been fully
compared. To correlate how these mineral oxides with
similar crystallographic features responded to sulfur-
based adsorbates, a DFT investigation of their surface
interactions with H2S, SO2, SO3, H2SO3, and H2SO4

was conducted. Under vacuum conditions, the adsor-
bates were anchored to the metal-terminated calcite and
alumina (001) surfaces, resulting in substantial
(negative) adsorption energies and a number of bonding
events. These considerably large negative adsorption
energies were due to the formation of metal–oxygen
bonds on the surface, changes in local symmetry, and
the creation of hydrogen-bonding networks. Under at-
mospheric conditions, where the surfaces are protonat-
ed, interactions tended to decrease, but were still size-
able for H-terminated alumina. The surface interactions
modeled here will precede any inner-sphere adsorptions
and, on a large scale (or over time), might be responsible
for deteriorating surface integrity, thus severely
undermining infrastructural stability in building mate-
rials containing alumina. In contrast, most of the inter-
actions observed on the H-terminated calcite surface
were practically negligible. This contrast might be

explained by both orientation effects of the flat,
unreactive carbonate group in calcite and its location
directly over the more reactive Ca atoms; the carbonate
and bicarbonate anion effectively shielded subsurface
Ca atoms from adsorption events. Due to the resilient
nature of the calcite surface, there might be a greater
urgency in identifying methods to protect alumina sur-
faces from sulfur-based pollutants.

Also highlighted here is the role that orientation
effects of sulfur-based molecules have on the resulting
surface–adsorbate systems. Drastic differences in ad-
sorption energy were observed, and bonding events
could be attributed directly to the starting orientation
of the adsorbate. Interestingly, the configuration-
dependent changes inEads are more significant for larger
molecules as opposed to smaller molecules. The impor-
tance of the oxidation state of sulfur in these various
compounds must also not be overlooked. For oxide-
based materials, the difference in electronegativity be-
tween oxygen and the metal, coupled with atomistic
geometry, determines the strength of the bond exhibited
on the surface. This factor explains why trigonal planar
SO3 often bonds to the surface to form tetrahedral SO4,
while SO2 does not.

The work performed here on adsorbates serves as an
atomistic starting point for more advanced analyses that
include: (1) ab initio molecular dynamics (Iftimie et al.,
2005; Kresse & Hafner, 1993) to sample more local
adsorption configurations: (2) atom-centered basis sets
like the DMol3 package to sample larger supercells; (3)
variable solvation, either explicitly or implicitly using
methods like the COSMO model (Klampt &
Schuurmann, 1993); and (4) inner-sphere adsorption pro-
cesses where a surface water is displaced by a ligand
attaching to a surface. These extensions would help to
understand better the possible mechanisms of complex
adsorption processes with multiple adsorbates and how
the hydrogen bonding surface networks would be affected
by aqueous media. Using the recently developed DFT +
Solvent Ion method, the exchange of surface metals for
protons in an aqueous environment was predicted to be
favorable for a wide range of pH values for both the (001)
surfaces of calcite and alumina. Extending these calcula-
tions to include anion and cation release from a surface
would allow for the investigation of defect structures and
the pH values at which they form to ascertain the effects of
adsorbate behavior in the presence of acid rain (Bennett
et al., 2018; Grimes et al., 2021; Rong & Kolpak, 2015).
Building upon this, these calculations could also include
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different cations via sulfate salts and more complexmixed
cation/anion compositions to map out how tuning chem-
ical environments could mimic sulfate-fouled carbonate
surfaces, assist in mineral dissolution, or be used to create
potentially sulfur-repellant surfaces (Chong &
Sheikholeslami, 2001; Cubillas et al., 2005; Lea et al.,
2001; Sheikholeslami & Ng, 2001). Additionally, the
(001) surfaces of alumina and calcite are not the only ones
encountered in nature and under synthesis conditions; the

structures of the (1014) surface of calcite (Fenter et al.,

2013) and the (1102) surface of alumina (Mason et al.,
2010) have been examined previously across a wide range
of mineral-surface reactivity studies.

The specific atomistic information collected here and
in subsequent analyses will facilitate the identification of
specific structural properties that are reactive to adsorp-
tion. For example, the protonated calcite surface featured
a flat carbonate layer which can prevent adsorption events
by blocking the subsurface Ca ions. This information can
be used to manufacture materials that are resistant to
sulfur-based adsorbates as well as evaluate the function-
ality of the material in catalysis and as a sensor for gas
detection (Breedon et al., 2010;Weijing et al., 2018). The
subsequent steps in this process involve translating the
theoretical observations into an experimental setting to
observe interactions on a macro-scale and identify solu-
tions to protect oxide-based surfaces from sulfur-based
pollutants, with direct applications in mineral weathering,
acid mine drainage, CO2 release from carbonaceous min-
erals, and desalinationmembrane fouling (Mayorga et al.,
2018; Rodriguez et al., 2000; Torres et al., 2018;
Warsinger et al., 2015; Zeebe et al., 2008).

Supplementary Information The online version contains sup-
plementary material available at https://doi.org/10.1007/s42860-
022-00194-5.
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