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ARTICLE INFO ABSTRACT

Keywords: The physio-chemical properties of the clay mineral kaolinite — the main component of porcelain - play a vital role
Density functional theory (DFT) in understanding how a porcelain object interacts with its environment. Understanding these interactions is
Kaolinite i imperative for the development of non-destructive yet effective conservation methods to preserve, treat, and
2§:Or:§:nbondmg restore porcelain objects of cultural heritage importance. To gain insight into the surface properties and behavior
Small molecule of kaolinite across a wide range of environments, we use density functional theory (DFT) to probe how a
Cultural heritage representative set of small molecules and pheric pe interact with a native kaolinite (001) surface,
both in vacuum and with explicit hydration. By investigating selected at heric poll acids, and sodium
salts under different conditions, we identify the scenarios that are most disruptive to the native kaolinite surface.
Specifically, we demonstrate that protic acids and sodium salts generally interact with the surface more strongly
than small molecule poll Our results also indicate that adsorbates containing a central sulfur
atom with a positive oxidation state are particularly deleterious to the kaolinite surface. Furthermore, to explore
the interactions between a fired or partially fired porcelain object and relevant chemicals, we also model a
partially dehydrated kaolinite surface and probe its interactions with three selected adsorbates. The trends

elucidated throughout this study allow us to suggest a series of guidelines for the care of porcelain objects.

1. Introduction

Kaolinite [Al,SizOs(OH)4] is an aluminosilicate clay mineral formed
from repeating layers of one silica sheet, with each silicon atom tetra-
hedrally coordinated to four oxygen atoms, and one gibbsite-type sheet,
with each aluminum atom octahedrally coordinated to four hydroxyl
groups and two oxygen atoms (Sposito et al., 1999; Brigatti et al., 2011).
The hydroxylated (001) surface of the gibbsite layer and the siloxane
(00—1) surface of each adjacent layer are linked via interlayer hydrogen
bonds (Tosoni et al., 2006; Hu and Michaelides, 2010). Almost no sub-
stitution occurs within the structural lattice of kaolinite, which results in
minimal charge across each layer and a low cation-exchange capacity
(Murray, 2000; Bhattacharyya and Gupta, 2008). Kaolinite also has a
low shrink-swell capacity and is relatively insoluble (Sposito, 2008),
additional characteristics that make this clay mineral useful in many
applications. As a result of these unique physical and chemical proper-
ties, kaolinite has been used in a wide range of industries including
paper, paint, catalysis, plastics, and ceramics. Although the largest use of
kaolinite is now in paper coating, the first sophisticated technological
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use of this clay mineral was in porcelain objects over two thousand years
ago in Jingdezhen, China (Murray, 2000, 2006; Schroeder and Erickson,
2014). As the main component of porcelain, kaolinite has since
remained a foundational material within the ceramics industry and
other disciplines in the field of cultural heritage (Carty and Senapati,
1998).

In order to properly handle or restore a porcelain object in a non-
destructive yet effective manner, it is imperative to understand how a
kaolinite surface interacts with molecules to which it may be exposed.
These include atmospheric pollutants, cleaning agents, acids, and salts.
The adsorption of different ions and molecules on a kaolinite surface has
been explored in numerous studies, using both experimental (Zachara
et al., 1988; Torn et al., 2003; Angelini et al., 2007; Li and Gallus, 2007;
Bhattacharyya and Gupta, 2008; Li et al., 2010; Rubasinghege et al.,
2013; Zhang et al.,, 2014; Chen and Lu, 2015; Alstadt et al., 2016;
Alshameri et al., 2018) and computational (Kremleva et al., 2008;
Martorell et al., 2010; He et al., 2013; Lee et al., 2013; Song et al., 2013;
Zhao and He, 2014; Wang et al., 2015; Han et al., 2016; Chen et al.,
2017; Wang et al., 2017; Wang et al., 2018; Chen et al., 2019; Liu et al.,
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2019) techniques. These studies, however, primarily consider adsorp-
tion scenarios on kaolinite that relate to mineral processing, cement/
concrete or paper manufacturing, toxic heavy metal removal and water
treatment, or environmental and geological processes. To our knowl-
edge, there has been no work systematically exploring how common
atmospheric pollutants, acids, sodium salts, and other adsorbent mole-
cules relevant to art conservation could perturb an exposed kaolinite
surface. To probe these adsorption events on an atomistic level and
provide insight that will potentially facilitate the conservation and
preservation of kaolinite-based ceramics, we turn to density functional
theory (DFT), a quantum mechanical method capable of examining how
atoms and molecules interact with mineral surfaces (Jones, 2015; Jain
et al., 2016; Bennett et al., 2019).

In the last 15 years, DFT has become an invaluable tool in both
modeling the structure and dynamics of layered materials (Heinz and
Suter, 2004; Heinz, 2006; Cygan et al., 2009) and delineating mineral
surface structure-property relationships, specifically atomistic adsorp-
tion interactions important to geochemistry (Kubicki et al., 2007;
Kubicki et al., 2009; Mason et al., 2015). Detailed studies have been
published on the mechanisms of mineral surface adsorption reactions
concerning rutile (Zhang et al., 2004; Zhang et al., 2006), hematite
(Corum et al., 2017; Bennett et al., 2019), alumina (Mason et al., 2011;
Corum et al., 2018), and aluminum nanoclusters (Bennett et al., 2017;
Bjorklund et al., 2019). In practice, these calculations are performed in
vacuum or using implicit solvation to mimic aqueous conditions in order
to guide experimental investigations into surface reactivity. DFT
modeling efforts usually start by matching the properties of published
bulk crystal structures. From there, the bulk structure is used to create a
supercell slab of variable repeat dimensions, which is then cleaved along
a given direction to create a surface. For example, hematite, alumina and
delafossite structures can be easily cleaved along the c-axis to reveal the
(001) set of planes (Corum et al., 2017; Huang et al., 2017). Once these
surfaces are exposed, DFT simulations can be used to change surface
terminations and add adsorbates in outer- or innersphere coordination
(of variable orientations) to determine environmental reactivity (Mason
et al., 2015). With advances in computer architectures, it has also
become common to create comparative studies of adsorption to and/or
release of contaminants from minerals common to soils such as Pb,
HyAsO4, and HyPO4 (Mason et al., 2009; Goffinet and Mason, 2012;
Tamijani et al., 2020), in an effort to inform remediation and treatment
efforts.

In this work, we use DFT to explore how a representative set of small
molecules interact with a kaolinite surface, both in vacuum and with
explicit hydration. Specifically, we investigate a range of atmospheric
pollutants, acids, and sodium salts to identify which sets of conditions
are most disruptive to the native kaolinite surface. The detailed atom-
istic information obtained from DFT allows us to delineate adsorption
reactivity trends for a wide variety of chemical environments and create
a set of guidelines for the care of unfired porcelain objects of cultural
heritage significance. Furthermore, to better understand the interactions
between a fired or partially fired porcelain object and possible pollut-
ants, we model a partially dehydrated kaolinite surface and probe its
interactions with three selected adsorbates.

2. Computational details

All calculations described here employ periodic DFT methods
(Hohenberg and Kohn, 1964; Kohn and Sham, 1965) and are carried out
using Quantum Espresso, an open source software package (Giannozzi
et al., 2009; Giannozzi et al., 2017). All atoms are represented using
GBRV-type ultrasoft pseudopotentials (Vanderbilt, 1990; Garrity et al.,
2014). A plane-wave cutoff of 40 Ry and charge density cutoff of 320 Ry
are employed for all calculations, in line with similar surface studies
(Bennett et al., 2018a; Bennett et al., 2018b; Bennett et al., 2020). Bulk
structural relaxations use a 6x6x6 k-point grid (Monkhorst and Pack,
1976), and the convergence criteria for self-consistent relaxations is 5 x
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107° eV. The results from the bulk relaxations are then used to create a
2x1x1 supercell with vacuum in the c-direction. The k-point sampling
for all surface and surface-adsorbate calculations is 3x6x1. Geometry
optimization of all surface-adsorbate interactions did not include fixing
any layers, as detailed in Corum et al. (2017) where all atoms are free to
relax. All calculations are performed at the GGA level using the Wu-
Cohen (WC) modified PBE-GGA exchange correlation functional for
solids (Perdew et al., 1996; Wu and Cohen, 2006). Results from our
survey of exchange-correlation tests are included in the Supplemental
Materials (Table S1).

3. Results and discussion
3.1. Bulk kaolinite

The triclinic structure of bulk kaolinite (Figs. 1 and 2a) has been well
characterized by experimental techniques such as neutron and X-ray
powder diffraction (Young and Hewat, 1988; Bish, 1993) as well as
numerous computational simulations (Sato et al., 2004; Tosoni et al.,
2006; Hu and Michaelides, 2008; Lee et al., 2013). The primitive bulk
cell contains 34 atoms and is assigned to the triclinic P1 space group.
Tables 1 and 2 provide the lattice parameters and selected interatomic
bond distances for the kaolinite unit cell optimized in this work,
respectively, and compares them to the previously reported experi-
mental and computational values. As shown in Tables 1 and 2, the lattice
constants and bond lengths obtained here are in good agreement with
those reported. The largest deviation from the experimental parameters
reported in Young and Hewat (1988) is in the lattice constant b, as our
methodology overestimates this parameter by 0.62%. The value deter-
mined in this work, however, closely matches the computational values
previously reported. In fact, the deviations from experimental lattice
parameters observed here generally mirror the trends reported in pre-
vious computational studies. For example, an overestimation of a and b
and an underestimation of a and y were also reported in Tunega et al.
(2012) (Table 1, Entry 3), Weck et al. (2015) (Table 1, Entry 4), and
Richard and Rendtorff (2019) (Table 1, Entry 6). The data listed in
Table 1 emphasizes that DFT performed at the basic PBE-GGA level
(Table 1, Entry 4) overestimates the lattice parameters more than
dispersion-corrected DFT (Table 1, Entry 5) or DFT performed at the
PBEsol or WC modified PBE-GGA level (Table 1, Entries 3 and 6-7), even
though DFT-D2 and PBEsol/WC modified PBE-GGA are parametrized for
molecules and solids, respectively. Specifically, the PBE-GGA functional

OH(2)

OH(3) OH(4)

Fig. 1. The structure of kaolinite, as viewed along the a-axis. Atom labels
correspond to Table 2. Aluminum, silicon, oxygen, and hydrogen are shown in
gray, peach, red, and white, respectively. The unit cell is shown in green.
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Fig. 2. (a) Bulk kaolinite, as viewed along the b-axis. (b) The electronic band structure (left) and PDOS (right) of bulk kaolinite. A direct bandgap of 4.87 eV was
computed at the I' point. The occupied states are composed primarily of O 2p orbitals (black line in PDOS), and the unoccupied states are composed mostly of the
cation states (Si, Al, and H). Distinct electronic structures corresponding to the surface H (H-up) and the subsurface H (H-sub) are present in the PDOS.

Table 1
Lattice parameters for the triclinic unit cell of kaolinite.
Entry Reference a(d) b (&) c@) () B) Q)
1 Young and Hewat, 1988% 5.1497(1) 8.9350(7) 7.3854(9) 91.9283(4) 105.0439(4) 89.7921(5)
2 Bish, 1993° 5.1535(3) 8.9419(5) 7.3906(4) 91.926(2) 105.046(2) 89.797(2)
3 Tunega et al., 2012° 5.166 8.970 7.306 91.82 104.99 89.78
4 Weck et al., 2015 5.212 9.051 7.461 91.83 104.97 89.77
5 Weck et al., 2015° 5177 8.985 7.329 91.95 105.22 89.82
6 Richard and Rendtorff, 2019 5174 8.985 7.391 91.684 105.128 89.755
7 This Work 5.178 8.991 7.345 91.610 104.786 89.771

2 Experimental, neutron powder diffraction data.

b Experimental, low-temperature (1.5 K) neutron powder diffraction data.
¢ Computational, PBEsol functional.

d Computational, PBE-GGA functional.

¢ Computational, DFT corrected for dispersion (DFT-D2) with the PBE-GGA functional.

f Computational, Wu-Cohen (WC) modified PBE-GGA functional.

Table 2
Selected bond lengths (A) from the unit cell of kaolinite.
Bond Bish, 1993* Richard and Rendtorff, 2019” ‘This Work
OH(1) 0.975(4) 0.976 0.987
OH(2) 0.982(4) 0.973 0.983
OH(3) 0.976(4) 0.975 0.985
OH(4) 0.975(4) 0.974 0.984
Al(1)-0(1) 1.927(6) 1.963 1.965
Al(1)-0(2) 1.930(6) 2.025 2.032
Al(1)-0OH(1) 1.913(6) 1.934 1.937
Al(1)-0H(2) 1.890(6) 1.860 1.861
Al(1)-OH(3) 1.865(6) 1.852 1.854
Al(1)-OH(4) 1.915(6) 1.852 1.853
Al(2)-0(1) 1.931(6) 2.015 2.021
Al(2)-0(2) 1.919(6) 1.949 1.952
Al(2)-0H(1) 1.912(6) 1.931 1.933
Al(2)-OH(2) 1.896(6) 1.861 1.862
Al(2)-0OH(3) 1.886(6) 1.858 1.859
Al(2)-OH(4) 1.910(6) 1.856 1.858
Si(1)-0(1) 1.618(4) 1.612 1.613
Si(1)-0(3) 1.611(4) 1.636 1.640
Si(1)-0(4) 1.620(4) 1.633 1.645
Si(1)-0(5) 1.619(4) 1.641 1.637
Si(2)-0(2) 1.612(4) 1.609 1.610
Si(2)-0(3) 1.617(4) 1.639 1.643
Si(2)-0(4) 1.616(4) 1.632 1.639
8i(2)-0(5) 1.608(4) 1.635 1.637

2 Low-temperature (1.5 K) neutron powder diffraction data.
Y Variable cell-relaxed parameters, WC modified PBE-GGA.

overestimates a, b, and ¢ by between 1.0% and 1.3% compared to the
experimental parameters reported in Young and Hewat (1988). The
largest deviations for DFT-D2 and DFT performed at the WC modified
PBE-GGA level are, on the other hand, 0.77% and 0.62%, respectively.
Furthermore, as shown in Table 2, all calculated bond lengths are within
0.05 A of the experimental values, with the exception of the AI—O
subsurface bonds, which are overestimated by up to 0.1 A. This devia-
tion is again in excellent agreement with the bond lengths previously
computed and reported in Richard and Rendtorff (2019).

The electronic band structure and projected density of states (PDOS)
for bulk kaolinite provides additional insight into this rigid structure,
specifically the orbital compositions of bonding and antibonding in-
teractions. As shown in Fig. 2b, bulk kaolinite has a direct band gap of
4.87 eV that occurs at the I' point, meaning both the highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO, respec-
tively) can be found at the I" point. The occupied states, with a total
bandwidth of 8 eV (located from approximately —10 to —2 eV), corre-
spond to molecular orbitals with significant contributions from the O 2p
orbitals. The O 2p orbitals align with both the Al and Si 3p states and
show the most dominant peaks at —3.5 eV. This peak is composed mostly
of O 2p character, indicating charge transfer and a strong bonding
network with covalent composition between Al—O, Si—O, and H—O.
Contributions from the H 1 s orbital mixing are apparent around —8.5
eV, indicative of O—H bond character. In this region, there is a signifi-
cant amount of jonic bonding in which the O 2p orbitals mix with the Al
and Si 3p orbitals. The LUMO consists primarily of equal contributions
from the Al and Si 3p with mixing from the H 1 s and Si 3 s states.
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3.2. Kaolinite surface

Using the optimized kaolinite unit cell discussed above, a 2x1x1
periodic surface slab was generated (Fig. 3a) for use in surface-adsorbate
interaction calculations. The 2x1x1 surface slab structure was found to
have sufficient surface area to accommodate the chosen adsorbates
without affecting the calculated adsorption energles (vide infra). The
slab height is 5.49 A along the c-axis, and 20.23 A of vacuum was added
above the alumina (001) surface in order to avoid interactions between
slabs thhm the repeat boundary condition. This resulted in a 10.36 A x
8.99 A x 25.72 A surface structure with 68 atoms total. Table 3 com-
pares selected bond lengths in the bulk kaolinite structure and the 2x1x1
periodic surface slab. As shown, the most significant change is the
shortening of the Al—O bonds, specifically Al(1)-0(2) and Al(2)-0O(1), in
the surface structure, which is consistent with the bulk data presented in
Table 2. The Al-O(H) bonds to the exposed hydroxyl groups on the
alumina surface — OH(2), OH(3), and OH(4) - are, on the other hand,
approximately 0.4 A longer in the surface structure, although the lengths
of the corresponding O—H bonds change only minimally. This is most
likely due to the interruption of the hydrogen bonds between the hy-
droxylated (001) surface and the siloxane (00-1) surface directly above
it that occurs when cleaving bulk kaolinite to model the surface. In
creating a surface of kaolinite, both the surface states and electronic
structure change as a result of being exposed to vacuum, and this is most
evident by an increase in total H 1 s contribution to the LUMO as well as
the number of distinct H 1 s surface states. In the bulk to surface
transformation, two thirds of the surface protons remain vertical (H-up
in Fig. 3b) and one third adopt a horizontal orientation (H-dn in Fig. 3b).
This rearrangement of surface H is consistent with prior DFT in-
vestigations on hydrated surfaces of a-Al,O3 (0001) surfaces (Hass,
1998; Hass et al., 2000). Breaking the bonds between kaolinite layers
leaves the alumina surface in an undercoordinated arrangement, where
one third of the surface H are brought closer to the surface to alleviate
undercoordination. This change also creates subtle differences in the
electronic band structure of the surface; additional peaks localized in the
region of —4 to —8 eV in the valence band (VB) as well as distinct surface
H states found in the conduction band (CB) of the PDOS between 3 and 6
eV can be seen in Fig. 3b. The filled states of the surface also appear
flatter than in the bulk, further indicative of delocalized electron density
across the surface oxygens. Inspection of the empty states shows overlap
between the unfilled H 1 s orbitals and the unfilled s and p states of Al
and Si. The surface H states found in the CB between 3 and 6 eV are also
in agreement with previous studies of the electronic structure of native

Applied Clay Science 206 (2021) 106075

Table 3
Selected bond lengths (A).
Bond Bulk Surface
OH(1) 0.987 0.982
OH(2) 0.983 0.976
OH(3) 0.985 0.976
OH(4) 0.984 0.988
Al(1)-0(1) 1.965 1.932
Al(1)-0(2) 2.032 1.941
Al(1)-0H(1) 1.937 1.893
Al(1)-OH(2) 1.861 1.910
Al(1)-0OH(3) 1.854 1.919
Al(1)-0OH(4) 1.853 1.918
Al(2)-0(1) 2.021 1.941
Al(2)-0(2) 1.952 1.932
Al(2)-0H(1) 1.933 1.893
Al(2)-0H(2) 1.862 1.919
Al(2)-0H(3) 1.859 1.910
Al(2)-OH(4) 1.858 1.918
Si(1)-0(1) 1.613 1.642
Si(1)-0(3) 1.640 1.624
Si(1)-0(4) 1.645 1.630
Si(1)-0(5) 1.637 1.626
Si(2)-0(2) 1.610 1.642
Si(2)-0(3) 1.643 1.630
Si(2)-0(4) 1.639 1.624
Si(2)-0(5) 1.637 1.626

kaolinite using the WC-GGA (Richard and Rendtorff, 2019) or GGA-PBE
(Nisar et al., 2011) exchange-correlation functional.

3.3. Surface adsorption events on native kaolinite (001) surface

In order to investigate the interactions between a native kaolinite
surface and a representative set of adsorbates, we calculated the
adsorption energy (E, in Eq. (1)) as follows:

E, = Egystem — (Eadsorvens + Eadsorbate) (68}
where Egystem is the energy of the kaolinite surface with the adsorbate
present, Eadsorbent is the energy of just the kaolinite surface, and Eagsorbate
is the energy of the adsorbate in a vacuum. In this work, only the in-
teractions between the alumina (001) surface of kaolinite and the full set
of adsorbates are studied, as previous studies have shown that adsorp-
tion energies are generally larger on the alumina as compared to the
siloxane (00-1) surface (Lee et al., 2013; Han et al., 2016; Li et al., 2018;
Chen et al., 2019; Liu et al., 2019). The interactions between the
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Fig. 3. (a) The 2x1x1 periodic surface slab, as viewed along the b-axis. (b) The electronic band structure (left) and PDOS (right) of the 2x1x1 kaolinite surface slab.
An indirect bandgap of 4.59 eV was calculated. The presence of an additional strong peak at —6 eV of the occupied states, as compared to the bulk structure, suggests
a change in the O—H bonding in the native surface. The difference in the PDOS between the surface H that are oriented up (H-up) and down (H-dn) is shown here.
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siloxane surface of kaolinite and three specific adsorbates (H,S, SO, and
SO3) are analyzed in the Supplemental Materials. The adsorbates are
grouped into three categories: (1) protic acids, (2) their corresponding
sodium salts, and (3) common small molecule pollutants. Sodium salts
were chosen in order to probe the complex bonding effects of common
alkali cations on a hydrated clay mineral surface. The constituents of our
adsorbate set are different than conventional adsorbates such as metal
cations and inner-sphere polyatomic cations (e.g. phosphate), which can
easily be placed above the top, hollow, or bridge sites on a surface. Since
our adsorbates have significantly different geometries when compared
to one another (e.g. planar vs. tetrahedral), they are all initially posi-
tioned such that the central atom is directly above one of the top site
oxygens on the kaolinite surface and then relaxed. Table 4 lists the ad-
sorbates as well as their calculated adsorption energies on the 2x1x1
kaolinite surface slab, and Fig. 4 shows the interactions observed in
Entries 2, 3, and 9. The surface interactions observed in the other fifteen
entries — including a comparison of the three H,SO3 configurations — are
depicted in the Supplemental Materials. For H,SO3, we explored (1) a
different initial rotation of the adsorbate relative to the surface (Table 4,
Entry 6) and (2) the orientation of the proton on the sulfur central atom
towards the surface (Table 4, Entry 13) to gauge these effects on surface
deprotonation. Each adsorption investigated is an exothermic process,
as only negative adsorption energies are observed. All adsorptions also
involve multiple hydrogen bonds, ranging from six with NaHSO3
(Table 4, Entry 1) to two with CH20, NH3, O3, and CO, (Table 4, Entries
14-16 and 18). Throughout this series of small molecules, increased
numbers of hydrogen bonding events correspond to more negative
adsorption energies (i.e. a stronger interaction between the surface and
the adsorbate). This indicates that the adsorption energies listed in
Table 4 represent the summation of the total interactions present in each
scenario. More hydrogen bonds mean more interactions total, which in
turn means a more negative adsorption energy.

In addition to hydrogen bonds, the stronger adsorptions have

Table 4
Adsorption energies on the native kaolinite (001) surface, ranked by magnitude.
Entry  Adsorbate  Configuration E, E, (kcal Interactions
(eV) mol ™) Between Adsorbate

and Surface

1 NaHSO3 - -3.72 —85.68 H-bonding (6);
Na—O interactions

2 HCOONa - -1.73 —39.81 H-bonding (3);
Na—O interactions

3 SO3 - -1.71 -39.49 H-bonding; SO3
abstracting OH™ to
form HSOZ anion

4 NaNO3 - -1.57 —36.23 H-bonding (3);
Na—O interactions

5 H,S03 1 -1.46 -33.74 H-bonding; H*
abstracted from acid
to form H,0 on
surface

6 H,S03 2 -1.28 -29.41 H-bonding; H*
abstracted from acid
to form H,0 on
surface

7 NaHCO3 - -1.17 —26.87 H-bonding (4);
Na—O interactions

8 H,CO; - ~0.98 2255  H-bonding (4)

9 HCOOH - -0.94 -21.79 H-bonding (4)

10 HNO3 - —-0.80 -18.47 H-bonding; H*
abstracted from acid

11 SO, - -0.74 -17.05 H-bonding (3)

12 H,0 - —0.65 -14.96 H-bonding (3)

13 H,S0, 3 ~0.61 -13.98  H-bonding (3)

14 CH20 - —0.48 —-10.98 H-bonding (2)

15 NH3 - -0.43 -9.96 H-bonding (2)

16 03 - -0.32 -7.37 H-bonding (2)

17 H,S - -0.30 -6.97 H-bonding (3)

18 co, - ~0.25 -5.69 H-bonding (2)
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additional bonding events such as proton abstraction or Na—O in-
teractions. In the case of proton abstractions (HSO3 and HNO3; Table 4,
Entries 5-6 and 10), the surface functional groups change from Al-OH to
Al-OHo, indicating that oxyanions with a positively charged main group
center will aid in the formation of surface waters via acid-base chem-
istry. Notably, in each protic acid/sodium salt pairing, the sodium salt
variant has more negative adsorption energy than the corresponding
protic acid. For example, there is an approximately 20 kcal mol ! dif-
ference between the adsorption of formic acid (HCOOH; Table 4, Entry
9; Fig. 4a) and sodium formate (HCOONa; Table 4, Entry 2; Fig. 4b).
Table 4 also highlights that sulfur-containing adsorbates — specifically
adsorbates in which the sulfur atom has a positive oxidation state —
impact the kaolinite surface more than the other adsorbates in each
category. Sodium bisulfite (NaHSOg3; Table 4, Entry 1) has the most
negative adsorption energy of all the adsorbates probed in this study, by
about 45 keal mol ™. We hypothesize that this is due to the presence of
both Na—O interactions and six hydrogen bonds between the kaolinite
surface and the bisulfite anion. Likewise, sulfonic acid in two of the three
configurations sampled (H2SOs3; Table 4, Entries 5 and 6) is the protic
acid with the most negative adsorption energy, again due to the presence
of both multiple hydrogen bonds and proton abstraction. As a final
example, sulfur trioxide (SOs3; Table 4, Entry 3; Fig. 4c) is the small
molecule pollutant that most strongly interacts with the kaolinite sur-
face. In fact, it significantly changes the surface. The SO3 molecule ab-
stracts a hydroxyl group from the surface to generate an HSO3 anion, a
transformation that parallels the hydration of SO3 to generate sulfuric
acid in the formation of acid rain. The adverse effects observed here
support previously reported results that sulfur compounds are a concern
within cultural heritage, as they can promote degradation pathways and
cause the deterioration of pigments (Coccato et al., 2017), stone mon-
uments and buildings (Diana et al., 2007; Belfiore et al., 2013), and
paper (Williams and Grosjean, 1992). Interestingly, hydrogen sulfide —
which also has a central sulfur atom, but with a negative oxidation state
— only weakly interacts with the surface via hydrogen bonding. No extra
events or significant surface perturbations are observed.

In order to further understand the molecular interactions between
the native hydrated kaolinite surface and this series of adsorbates, we
also analyzed the band structure, PDOS, and charge density of one
adsorption in each category: (1) formic acid, (2) sodium formate, and (3)
sulfur trioxide. For ease of comparison, the electronic band structures of
the three selected adsorptions are in the Supplemental Materials
(Figs. S1, S2, and S3), next to their corresponding PDOS. The in-
teractions between the kaolinite surface and HCOOH (Figs. 4a) do not
drastically change the nature or size of the band gap, as there is still a
direct band gap at the I" point that has only changed by 0.05 eV with the
adsorption of HCOOH. The formic acid adsorbate has O 2 s and 2p
character that overlaps with the O 2 s and O 2p character of the kaolinite
surface, and the same is true of the H 1 s interaction present in both the
occupied and unoccupied states (Fig. 4d). The native surface and the
surface + HCOOH differ, however, by the addition of C 2p bonding and
antibonding character. The bonding interactions between C and O 2p are
present in the PDOS within the same energy range of the O 2p bonding
interactions with the Al and Si 3p. The most prominent new peak for C
(cyan line in Fig. 4d) is found in the LUMO for the kaolinite surface +
HCOOH interaction and is the antibonding C and O 2p molecular or-
bitals at approximately 2 eV.

Interactions between sodium formate (HCOONa) and the kaolinite
surface follow similar trends to those observed in the kaolinite surface +
HCOOH structure. The electronic band structure of the surface +
HCOONa retains a direct bandgap at the I' point with a shift of 0.15 eV
compared to the native surface in Fig. 3b. Mixing between the native
surface and the Na 3 s is mostly absent in the occupied states displayed
here, as the Na—O bonds are found below —10 eV. We find most of the
Na states in the LUMO, shown as the magenta Na 3 s line in Fig. 4e.

The most substantial changes in the electronic band structure of
native kaolinite follow its interaction with SO3. In the kaolinite surface
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Fig. 4. Kaolinite surface + (a) HCOOH, (b) HCOONa, or (c) SO3, as viewed along the b-axis. Carbon, sodium, and sulfur are shown in dark gray, teal, and yellow,
respectively, and hydrogen bonding is shown in black. (b) PDOS of the kaolinite surface + (d) HCOOH, (e¢) HCOONa, or (f) SO3.

Fig. 5. Charge density difference plots for (a) HCOOH, (b) HCOONa, and (c) SO3 adsorptions. The yellow color represents positive charge density (i.e. more charge
density when the adsorbate is present), and the aqua blue color represents negative charge density (i.e. more charge density when the adsorbate is not present). For
clarity, the charge density on the adsorbate has been subtracted out of the figure.
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+ SOj3 structure, we see a direct band gap at the I" point that has un-
dergone a considerable shift of 0.70 eV relative to Fig. 3b. In the occu-
pied states, the overlap of the S 3p with the O 2p and Si 3p of the native
surface suggests ionic S—O bonding interaction between the S 3p, O 2p,
and O 2 s states of SOz and the O 2p and Si 3p of the surface (Fig. 4f).
Significant orbital mixing between the S 3p and Si 3p is present in the
unoccupied states with S 3 s and O 2p character, further substantiating
the presence of S—O bonds that differ from previously discussed surface
interactions. The strength and scope of the S—O bonding interactions
occurring between SO3 and the kaolinite surface are likely responsible
for the considerable shift in total band gap, as compared to kaolinite +
HCOOH or HCOONa.

Fig. 5 compares the charge density difference plots for the three
selected adsorptions shown in Fig. 4: the kaolinite surface interacting
with (a) HCOOH, (b) HCOONa, and (c) SOs. As illustrated, the charge
density resides on the oxygen atoms (red spheres) along the surface, not
on the cationic aluminum (light blue spheres) and silicon (dark blue
spheres) atoms. This is true for all three examples. Formic acid (Fig. 5a)
only interacts with the surface via weak hydrogen bonds. The adsorption
is not strong enough to perturb the atoms on the kaolinite surface, which
is common with hydrated edge-sharing octahedra and a weak outer
sphere adsorption. More significant changes in the charge density are
seen in the HCOONa adsorption (Fig. 5b), where the more drastic shifts
are localized around the sodium cation, as evidenced by an increase in
the size of the aqua blue charge densities. This is a localized effect in
which the sodium cation-surface bond perturbations do not cascade
across the surface. Fig. 5b also demonstrates that the cation can anchor
the anion to the kaolinite surface, an effect that may have additional
consequences such as salt nucleation or saponification on clay mineral
surfaces. Lastly, the SO3 adsorption is shown in Fig. 5c. As mentioned
above, SO3 abstracts a hydroxyl group from the kaolinite surface to form
a HSOz anion. Consequently, there are significant surface perturbations
all along the alumina surface, as the loss of a surface hydroxyl group
causes a complete restructuring of the charge density of both the surface
and subsurface oxygen atoms. Here, the SOs-kaolinite surface interac-
tion is delocalized in nature and manifests as a collective effect, which is
significantly different than either the HCOOH or HCOONa example.

3.4. Surface adsorption events on native kaolinite (001) surface in the
presence of explicit water molecules

In order to explore the effect of explicit hydration on the kaolinite
surface structure and adsorbate bonding interactions, we calculated the
adsorption energies for the same set of adsorbates in the presence of six
water molecules. Table 5 lists the obtained values for the small mole-
cules and pollutants, and Fig. 6 shows the interactions observed in En-
tries 1 and 8. The surface interactions observed in the other seven entries
- including comparisons of the two SO,-6H20 (Entries 2 and 6) and two
CH20-6H,0 (Entries 5 and 7) configurations — are depicted in the Sup-
plemental Materials. For SO2-6H20 and CH20-6H20, we investigated
the effect of interrupting the hydrogen bonding network of the water
molecules with the kaolinite surface and inserting the adsorbate directly

Table 5
Adsorption energies on the native kaolinite surface in the presence of 6 H,O
molecules.

Entry Adsorbate Configuration E, (eV) Ea (kcal mol ™)
1 CO2-6H20 - -2.30 —52.95
2 S02-6H20 1 -2.28 —52.66
3 NH;-6H,0 - —2.27 ~52.36
4 04:6H,0 - ~2.07 —47.71
5 CH20-6H20 1 -1.86 —42.89
6 S02-6H20 2 -175 —40.40
7 CH20-6H20 2 -1.63 -37.70
8 H3S-6H,0 - -1.59 —36.69
9 S03-6H,0 - -1.25 —28.76
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Fig. 6. The 2x1x1 kaolinite slab +6 H20 + (a) CO> or (b) HsS, as viewed along
the a-axis. Hydrogen bonding is shown in black.

into that network (Table 5, Entries 6 and 7). In both cases, this resulted
in a weaker adsorption energy. As a hydrated form of alumina resem-
bling gibbsite, the kaolinite surface responds strongly to the addition of
water; significant hydrogen bonding with these additional molecules
occurs in all calculations. We find that for some configurations, the
water molecules actually push nonpolar, gaseous molecules such as CO,
away from the surface (Fig. 6a; Table 5, Entry 1), as the hydroxyl groups
on kaolinite prefer to interact with the polar water molecules. More
polar small molecules such as HyS are, on the other, integrated into the
hydrogen bonding network that the six water molecules form on the
kaolinite surface (Fig. 6b; Table 5, Entry 8). For all adsorbates listed in
Table 5 (except SO3), the adsorption energy is significantly more
negative in the presence of six explicit water molecules, often by 30 to
40 keal mol !, when compared to the values presented in Table 4.

Fig. 7 illustrates the effect of explicit hydration on the adsorption of
protic acids and sodium salts. Sideview images of the configurations for
these adsorption events are provided in the Supplemental Materials. As
discussed above for the small molecule adsorptions in vacuum, the so-
dium salt generally has a more negative adsorption energy than the
corresponding protic acid. The only exception is HoCO3-6H20 and
NaHCO3-6H,0, which differ by approximately 1 kcal mol !, Addition-
ally, in most cases, the hydrated adsorbate has a more negative
adsorption energy than the non-hydrated variant. This parallels the
trend observed in the small molecule series. The only exception to the
trend here is NaHSO4, which, as noted earlier, is hypothesized to have
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Fig. 7. Comparison of the adsorption energies for the protic acid and sodium
salt series, both in vacuum and with explicit hydration.

such a large (negative) adsorption energy due to the presence of both
strong Na—O interactions and six hydrogen bonds between the surface
and the bisulfite anion in its adsorption conformation. In the hydrated
scenarios, almost all of the adsorbates once again have increased
hydrogen bonding with the kaolinite surface. Additional adsorption
events such as Na—O interactions and proton abstractions are also
observed in the presence of explicit hydration, but due to the increased
hydrogen bonding with the six additional water molecules, these events
appear to be less important in predicting the strength of the surface
interaction.

3.5. Adsorption events on partially dehydrated kaolinite (001) surface

The native (fully hydrated) kaolinite surface modeled above repre-
sents a completely unfired porcelain object, a type of artifact that may
not be frequently encountered in cultural heritage. Rather, porcelain is
generally fired in a kiln at temperatures between 1200 and 1400 °C to
undergo a series of chemical and structural transformations and form a
hard, vitrified object containing acicular mullite, an aluminosilicate
mineral with its own unique properties (Carty and Senapati, 1998;
Hsiung et al., 2013; Andrini et al., 2016). In order to probe how the
removal of water from the kaolinite surface (in, for example, the first
steps of the firing process) impacts the adsorption of small molecules or
acids, we also modeled a partially dehydrated kaolinite surface in which
one water molecule has been removed (Fig. 8). The kaolinite surface
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undergoes a significant restructuring to compensate for the loss of the
water molecule. Specifically, the remaining hydroxyl groups bend closer
towards the surface to weakly interact with the now deprotonated ox-
ygen, which creates a flatter surface. Similarly, the aluminum atom from
which the hydroxyl group is removed also shifts in an attempt to regain
octahedral coordination.

Now using the partially dehydrated kaolinite surface, we again
calculated the adsorption energies of HCOOH, HCOONa, and SOs. In
each case, the adsorption energy became more negative, indicating
stronger interactions with the partially dehydrated surface. The
following E, values were obtained for HCOOH, HCOONa, and SO3,
respectively: —39.02 kcal mol ! (—1.69 eV), —38.71 kcal mol ! (-1.68
eV), and —70.32 kcal mol~! (—3.05 eV). Being more basic than the
native structure, the partially dehydrated surface deprotonates formic
acid (Fig. 9a), an event that does not occur with the hydrated surface
(Fig. 4a). In the case of HCOONa, the salt retains the same configuration
as in Fig. 4b, but relocates on the surface slab (Fig. 9b). The loss of the
surface hydroxyl group causes the sodium cation to move away from the
vacancy in order to interact with multiple oxygen atoms. As the anion is
anchored to the cation, this too shifts. Lastly, SO3 undergoes a similar
transformation to that observed on the native surface. However, instead
of abstracting the hydroxyl group, a proton transfer from the hydroxyl
group below the SO3 sulfur atom to an adjacent (deprotonated) oxygen
atom occurs, followed by the direct interaction of the sulfur atom with
the now deprotonated oxygen below it on the surface (Fig. 9c). Thus, we
do not see the formation of a bisulfate anion (Fig. 4c) here, but rather the
binding of the SO3 to the surface.

4. Conclusions

In conclusion, this work demonstrates how DFT methods can be used
to computationally explore the interactions between a representative set
of adsorbates and a mineral surface relevant to art conservation. It is
intended to complement ongoing studies within the field of cultural
heritage devoted to the understanding the complex interactions of clay
minerals within, as one example, a natural or artificial patina on an
architectural artifact (Calia et al., 2011). The trends delineated here
suggest how a kaolinite surface will respond to a range of different
environmental conditions and, thus, allow us to create a set of guidelines
for the care of unfired porcelain objects. For example, our results pro-
vide atomistic information on why relative humidity is important to
control when storing or treating objects. Significantly stronger

Fig. 8. The charge density difference plot for the partially dehydrated kaolinite surface. The yellow color represents positive charge density (i.e. more charge density
on the native hydrated surface), and the aqua blue color represents negative charge density (i.e. more charge density on the partially dehydrated surface). The black

arrows identify the —OH and —H that were removed.
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Fig. 9. Adsorption of (a) HCOOH, (b) HCOONa, and (c) SO3 on the partially dehydrated kaolinite surface, as viewed along the a-axis. Hydrogen bonding is shown

in black.

adsorptions are observed in the presence of explicit hydration. Addi-
tionally, the two strongest acids studied — sulfonic and nitric acid — are
deprotonated by the basic alumina face of kaolinite, leading to the
generation of an Al-OH; functional group on the surface. The sodium
salt adsorptions exhibit both strong Na—O interactions and, in some
cases, an anchoring effect in which the sodium cation anchors the anion
to the surface, which may have unexplored consequences such as salt
nucleation or saponification. Lastly and perhaps most importantly, we
identified a class of molecules — those containing a central sulfur atom
with a positive oxidation state — as particularly dangerous for kaolinite
surfaces, as these molecules strongly adsorb and cause significant sur-
face perturbations. This finding suggests that, if possible, sulfur-
containing acids and sulfur-based pollutants such as SO3 should be
avoided or protected against for unfired kaolinite, any exposed surface
that contains minerals resembling gibbsite, or other partially hydrated
surface terminations.

Furthermore, by removing one water molecule from the kaolinite
surface, we begin to understand how dehydration affects how this
common material interacts with relevant chemicals. In this work, we
observe stronger adsorptions of HCOOH, HCOONa, and SOs; on the
partially dehydrated surface, which may suggest that a more basic sur-
face corresponds to stronger adsorptions. More work, however, is
needed to confirm this. Future research will not only further explore the
impact of dehydrating and transforming the surface to metakaolin and
ultimately mullite to better model the surface interactions between a
fired or partially fired porcelain object and common pollutants, but it
will also probe the atomistic effects of introducing a glaze on the
kaolinite surface.

Data availability

(1) A comparison of the lattice parameters for different open-source
software suites and exchange-correlation functionals, (2) the electronic
band structures of three selected adsorptions (HCOOH, HCOONa, and
S03), (3) selected adsorptions (H2S, SO2, and SO3) on the siloxane (00-1)
surface of kaolinite, and (4) visualization of each adsorption configu-
ration are provided in the Supplementary Materials.
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