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ARTICLE INFO ABSTRACT

Keywords: When exposed outdoors, marble artefacts are subject to degradation caused by dissolution in rain. To improve
Marble conservation acid-resistance of marble, surface treatments involving the in situ formation of a passivating calcium phosphate
Hydroxyapatite (CaP) layer have been developed. Adding alcohol to the treatment improves CaP coverage but the reason is still
Interface . . . . . . .

Calite unclear. Here, we use computational and experimental studies to ascertain whether the interaction of the organic
Water additives with the marble surface plays a role in determining the treatment outcome. Density functional theory

calculations are employed to determine the binding energy of additives on the calcite [1014] surface and identify
acetone as a promising new additive due to its weak adsorption. Molecular dynamics calculations show that
ethanol and isopropanol displace water from the calcite [1014] surface forming an immobile, ordered, and
hydrophobic layer, while acetone and water form a mixed, dynamic environment. In experimental trials, a
continuous (yet cracked) layer of carbonate hydroxyapatite is formed after 24 h, with all organic additives
improving the final coating. This result suggests that the interaction of the additive with the marble surface does
not play a major role in determining treatment outcomes and other factors should be investigated for the design

Organic solvents
Density functional theory
Molecular dynamics

of improved treatments.

1. Introduction

Calcium carbonate (CaCOs), especially in the form of calcite (the
most stable polymorph of calcium carbonate), plays a fundamental role
in many fields. In particular, calcite/liquid interfaces govern processes
occurring in natural sciences (e.g, geochemistry, ocean chemistry, bio-
mineralization by marine organisms) and technology (e.g., CO5 storage,
energy, medicine, catalysis) [1-3]. Aside from these fields, calcite/liquid
interfaces are also important to cultural heritage conservation, as calcite
is the principal component of many historical materials used in sculpture
and architecture which are exposed to the outdoor environment [4].

Among calcite-based materials, marble is highly prized for its
aesthetic qualities and, as such, has been used in many artefacts of
cultural significance around the world. When situated outdoors, marble
artefacts are prone to deterioration due to dissolution in rain, a conse-
quence of the aqueous solubility of calcite (the solubility product at
25 °C being K, = 5.10° and the dissolution rate being ~ 1071° mol/
(cm?-s) at pH 5.6 [4,5]). Rainwater is naturally acidic, further increasing
calcite’s dissolution rate [4]. Damage to marble artefacts caused by
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dissolution ranges from microscopic surface corrosion to a loss of me-
chanical integrity and noticeable aesthetic changes. To improve acid-
resistance of marble, numerous organic or inorganic surface coatings
have been tested through the years [6]. However, most have proved
dissatisfactory due to substrate incompatibility, poor durability or
visible aesthetic change [7].

In recent years, a promising new treatment involving the in situ
formation of a new mineral layer composed of calcium phosphate (CaP)
(ideally hydroxyapatite, HAP, Cajo(PO4)s(OH)2) has been developed.
The new CaP surface layer is formed by reaction of marble with an
aqueous solution of diammonium hydrogen phosphate (DAP) and an
additional calcium source (CaCly), ideally forming a coherent and du-
rable layer improving acid-resistance of the substrate [8]. HAP is the
preferred CaP for protection and consolidation of calcite grains; it has a
good crystal lattice match, similar crystal structure, reduced solubility
and slower dissolution rate, is the most stable CaP at pH > 4, and causes
no observable aesthetic change to the treated substrate [7].

Recently, it was found that the addition of alcohol (ethanol or iso-
propanol) to the reaction mixture improves CaP coverage [9-10], yet the
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reason for this improvement is unclear. The addition of the alcohols is
thought to have two competing effects: a beneficial one in solution and a
negative one at the surface. In solution, alcohols are thought to weaken
the hydration sphere of phosphate ions thereby reducing the energy
needed for dehydration, [11] as well as increasing the supersaturation of
the solution, aiding the precipitation of CaP [12] which may be pro-
ductive to the in situ growth of CaP. At the surface of calcite, ethanol and
isopropanol are known to displace adsorbed water, [13-16] thereby
reducing the wettability of calcite which may be counterproductive for
the nucleation of CaP.

The general aim of this paper is to elucidate the effect that organic
additives have at the calcite surface and shed light on which of the two
competing effects discussed above is predominant, thus aiding the
improvement of the conservation treatment. Density functional theory
(DFT) calculations are employed to determine the adsorption geometry
and relative binding strength on the calcite surface of single molecules
important to the protective treatment. The results of these simulations
allow us to identify acetone as a new promising organic additive. Sub-
sequently, we use classical molecular dynamics (MD) calculations to
model the interaction between solvent solutions and the calcite surface.
These calculations better reflect experimental conditions and the
competitive adsorption environment, thus providing insights on the
wettability of the calcite surface, which is critical for the nucleation of
CaP. Based on the results of the computational studies, we perform ex-
periments to compare the performance of the acetone, the newly pro-
posed additive, to ethanol, isopropanol, and water (as a reference). The
outcome of these experiments allows us to ascertain whether the
adsorption of the additive on the calcite surface has a major impact on
the treatment outcome and should thus be considered as a critical factor
when choosing an additive for conservation treatments of marble.
Furthermore, alongside the specific field of cultural heritage, the find-
ings of the present study can provide useful insights to the many fields
where calcite/liquid interfaces are of interest, such as geoscience, bio-
mineralization, and medicine, especially when organic additives are
involved.

2. Materials and methods
2.1. Computational methods

2.1.1. Density functional theory

All calculations were performed with periodic boundary conditions
(PBC) using the VASP code [17-19], and DFT [20-21] using the PBE
exchange-correlation functional [22]. Nuclei (Ca, O, C and H) and frozen
core electrons (1s2s2p3s for Ca, 1s for O and 1s for C) were modelled
using default projector augmented wave (PAW) potentials [23]. The
remaining electrons were modelled using a plane wave basis set with a
kinetic energy cut-off of 800 eV. All calculations were performed spin-
polarised. We used DFT-D3(BJ) dispersion corrections [24] to improve
the description of adsorbate-surface interactions. To sample the Bril-
louin zone, we used the Monkhorst-Pack scheme [25] with a k-point
sampling mesh of 6 x 6 x 2 for the bulk crystal, 2 x 2 x 1 for the surface
supercell, and 1 x 1 x 1 for the isolated molecules. Integration of the
Brillouin zone was performed using the Gaussian smearing method with
a smearing width of 0.05 eV for the slab and 0.001 eV for isolated
molecules. Structural optimisations were considered converged when
the forces acting on each atom were smaller than 0.03 eV/A.

The initial guesses for adsorption geometries were based on opti-
mised geometries suggested by a previous study [14], however for each
adsorbate, multiple initial geometries were sampled using the most
stable configuration of the hydroxyl group of ethanol as a building-
block. The surface coverage of each adsorbate was fixed at 0.25 mono-
layers (ML), i.e., each unit cell had 4 Ca adsorption sites and 1 adsorbate
was placed in each unit cell. Dipole corrections were implemented to
prevent the event of spurious dipole formation in our asymmetric slab
model.
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The adsorption energy (Eaqs) to the calcite surface was calculated as.
Eads = E(adsorbalc+slab) - Eadsorbulc - Eslah

where Egab, Eadsorbate and E(adsorbate-+slab) are the energies of the iso-
lated calcite slab, an isolated adsorbate molecule, and the complex
formed by the molecule adsorbed onto the calcite surface, respectively.
With this sign convention, a negative E,q5 corresponds to favourable
adsorption.

2.1.2. Molecular dynamics

The force field used in this study is a hybrid of Pavese, Amber, and
TIP3P potentials, similar to that used by Cooke et al. and reported in
Table S1-4 [26]. To model calcite, we implemented the Pavese et al.
potential [27-28], which is dominated by non-bonding Coulombic and
Buckingham potentials, with bond, angle, and improper terms to
describe the carbonate groups. Organic solvents (ethanol, isopropanol,
and acetone) were described using the GAFF force field [29]. Point
charges were calculated using DFT within the Orca software package
[30-31] with the CHELPG charge scheme. To model water, we used the
TIP3P forcefield [32] parametrised for use with Ewald summation [33].
The non-bonded potentials between water/organic solvents were
generated by applying standard Lorentz-Berthelot mixing rules. To
validate the combination of GAFF and TIP3P force fields for modelling
pure solvents and solvent mixtures, we benchmarked their computed
density with experimental density measurements found in literature (see
Table S7 in the Supporting Material). To improve the match to experi-
mental data, we decreased acetone’s point charges of oxygen (5-) and
hydrogen (8+) by 20 %, and reduced ¢ of Ogcetone-Owater Py 20 %. The
Buckingham potentials for Cacalcite-Oorganic/water interactions were
derived according to the methodology developed by Freeman et al. for
describing non-bonded interactions between calcite and solvents [34].
This process has been used in similar studies of adsorption on the calcite
surface [26,35]. The Ocalcite-Owater interaction was described with a 9-6
Lennard-Jones potential based on the known structure of ikaite
(CaCOs3-6H30) as fit by Freeman and coworkers [34]. The Ocgcite-Ocalcite
12-6 Lennard-Jones potential (derived by Freeman et al. from the
Pavese Ocqlcite-Ocalcite Buckingham potential) was used in order to be
able to derive all Ocy)cite-organic 12-6 Lennard-Jones interactions using
the standard Lorentz-Berthold mixing rules. Similarly, the Ccyicite-
organic interactions were generated using the standard Lorentz-
Berthold mixing rules with the same method as Freeman [34]. Due to
the lack of a non-bonding repulsive term for Cacacite-Corganic, We
encountered unphysical attractions between negatively charged
aliphatic carbon sp® atoms and positively charged calcium ions (Ca").
To address this issue, we implemented a Buckingham repulsion term for
Ca-C(Hj3) as parametrised by Kim and coworkers in their study of decane
adsorption on the calcite [1014] surface [35].

The Packmol code [36-37] was used to generate initial configura-
tions by filling the vacant space between calcite slabs with the required
number of solvent molecules (water, ethanol, isopropanol and acetone)
corresponding to their calculated equilibrium density at 300 K for both
pure solvents and solvent mixtures. To better understand competitive
adsorption behaviour, three initial configurations of water/organic
solvent mixtures at a constant concentration of 1:1 by number of mol-
ecules were used when filling the vacant space between the calcite
layers; the first and second were three alternating controlled solvent
layers with the layers adjacent to calcite comprised of either water or
organic solvent, the third was mixed with a random spatial arrangement.
We used the LAMMPS code [38] to perform the simulations and VMD
[39] for analysis and visualisation. All calculations were run at 300 K
and 1 bar with the Nosé-Hoover thermostat and a timestep of 0.5 fs.
Long range coulombic interactions were calculated with Ewald sum-
mation [33]. The systems underwent an initial relaxation with an NVT
ensemble for 0.05 ns, followed by an NPT ensemble with constrained
calcite dimensions (ie., the cell was allowed to relax only in the z
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direction) for 0.05 ns. After this brief initial relaxation period, we used
an NPT ensemble to allow all atoms and cell dimensions to relax and ran
an equilibration period of 2 ns, followed by a production run of 10 ns for
the pure solvents and 20 ns for the 1:1 solvent mixtures. The brief initial
constrained relaxation ensured that the solvents reached the correct
density while avoiding distortion of the calcite cell parameters during
the following equilibration and production runs. Molecular trajectories
were sampled every 1 ps throughout the production run to monitor
changes of properties over time and ensure convergence. Reported
properties were calculated by averaging values collected every 1 ps in
the final nanosecond of the run.

2.1.3. Calcite surface models

The calcite surface [1014] was used in this study because it is the
most thermodynamically stable surface and thus the best proxy for
exposed marble surfaces [40]. To confirm the validity of our computa-
tional calcite models we compared optimised bulk unit cell parameters
to experimental crystallographic data (Table S6), and found that the unit
cell dimensions of our DFT and MD calcite models were within 2 % of the
experimental data. To create our slab model for the DFT simulations
(depicted in Figure S1), we used our DFT optimised bulk structure and
cut it along the {1014} plane. We used a 1 x 2 supercell with a four-layer
thickness as employed in a previous study [13]. The bottom two layers
of the slab were frozen in their bulk position during all geometry re-
laxations in order to model a semi-infinite crystal. We added a vacuum
region of 25 A to ensure no interaction occurred in the direction
perpendicular to the calcite surface. For the MD simulations, we used
our MD optimised bulk structure to generate an eight-layer calcite
[1014] slab model with dimensions of 29.6 A x 477 A as depicted in
Figure S1. The model is periodic and symmetrical, terminated by two
identical surfaces. The slabs are separated by > 35 A to prevent un-
wanted interactions between periodic calcite images and to ensure that
the solvent could converge to bulk behaviour in the centre.

2.2. Experimental methods

2.2.1. Materials

Carrara marble was chosen as this type of marble has been widely
used in sculpture and architecture since antiquity. A slab of Carrara
marble was purchased from Michelangelo Imbellone s.a.s. (Italy) and
wet sawn to obtain 15 x 15 x 3 mm?® specimens. Even though the
effectiveness of conservation treatments should be assessed on naturally
or artificially weathered substrates to obtain a more reliable evaluation,
in the present study experimental tests were performed on freshly
quarried marble, with the aim to more closely resemble the system
considered in the computational part, i.e., calcite. In fact, alterations in
marble properties induced by weathering (e.g., formation of a surface
gypsum crust, increases in open porosity and surface roughness) have
been proven to influence the formation of calcium phosphates [41-43],
hence in the present case they would have altered the mechanism under
investigation (e.g., the interaction between the organic additives and
calcite).

Diammonium hydrogen phosphate (DAP, (NH4)2HPO4) was kindly
supplied by CTS s.r.l. (Italy). Calcium chloride dihydrate (CaCly-2H30),
ethanol, isopropanol, and acetone (all reagent grade) were purchased
from Sigma Aldrich. All water used was deionised.

2.2.2. Treatments

Four conditions were tested, one using exclusively water as solvent
and the remaining three including the additives considered in our
computational study. The recipes of the four formulations are listed in
Table 1. The marble specimens were treated by immersion in separate
beakers containing 100 mL of solution. After immersion for a given time
(24 h or 1 h, as detailed below), the specimens were rinsed with
deionised water then oven-dried at 40 °C until a constant weight was
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Table 1
Labels and recipes of the four treatments.
Label Recipe
Water 0.1 M DAP + 0.1 mM CaCl,
Ethanol 0.1 M DAP + 0.1 mM CaCl, in 20 wt% ethanol
Isopropanol 0.1 M DAP + 0.1 mM CaCl, in 20 wt% isopropanol
Acetone 0.1 M DAP + 0.1 mM CaCl, in 20 wt% acetone
reached.

2.2.3. Characterisation
The effects of the additives on the treatment performance were
evaluated in terms of:

a) ability to favour formation of new CaP over calcite. The surface of
marble samples treated for 1 h and 24 h was observed using a field
emission gun scanning electron microscope (FEG-SEM, Tescan Mira
3, working distance = 10 mm, voltage = 10 kV), after making the
samples conductive by graphite evaporation. Treatment for 24 h was
considered because it is the standard duration recommended in the
literature, as complete HAP coatings have been found over the
marble surface after such time [7]. Treatment for 1 h was tested,
even though such short time is known to be insufficient to form a
complete layer of CaPs over the marble surface when only water is
used as a solvent, to assess whether the additives were able to
accelerate CaP formation at short times, compared to the case when
only water was used.

ability to form a dense coating over calcite. To obtain information on
the microstructure of the coatings, cross sections were prepared by
encapsulation of specimens treated for 24 h in epoxy resin and then
exposure by polishing. The cross sections were observed by FEG-
SEM, as described above.

composition of the coatings. The mineralogical composition of the new
phases formed after treatment was determined by X-ray diffrac-
tometry (XRD), using a Malvern PANalytical Empyrean series III
instrument (40 kV and 30 mA, 26 range = 3 — 40°, step size = 0.02°,
time per step = 100 sec).

ability to protect marble from dissolution in simulated rain. The pro-
tective ability of the coatings was evaluated by subjecting treated
and untreated marble specimens to an accelerated acid attack test.
The test consisted of immersing the specimens in 100 mL of an acidic
solution of HNOs at pH 5, resembling the average rain pH in Europe
[44-45]. The specimens were immersed in the solution for 24 h while
stirring. Afterwards, the samples were rinsed with deionized water,
and oven-dried at 40 °C until constant weight was reached and then
observed by FEG-SEM as described above. These experimental con-
ditions, which have been adopted in several previous studies
[6,9-10,45], were selected considering that acid attack by immer-
sion in a limited volume of solution for a few hours has been shown
to provide a fairly reliable assessment of the efficacy of protective
treatments, as confirmed by more sophisticated acid attack tests,
involving repeated cycles of dripping of simulated rain over the
specimens and drying [44].

b

=

C

~

d

-

3. Results and discussion
3.1. Computational results

The local adsorption environment at the calcite surface may influ-
ence wettability and, thus, its potential to provide sites for CaP nucle-
ation. DFT calculations were used in this study to characterise the
adsorption geometry and energy (Eags) of relevant species on the calcite
[1014] surface. In addition to water, three organic solvents were
considered as adsorbates. Ethanol and isopropanol were chosen based
on previous experimental trials showing that their use as additives
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resulted in improved performance of the conservation treatment [9].
Additionally, we decided to study acetone based on its different chem-
istry and expected different adsorption behaviour relative to the alco-
hols. Furthermore, acetone is a commonly used solvent in the field of
cultural heritage conservation [46].

In general, the adsorption behaviour of molecules at a solid/solution
interface is heavily dependent on the properties of the solid and its
exposed surface. Calcite (CaCOs) is an ionic compound composed of
calcium cations (Ca®>") and covalently bonded carbonate anions (CO%‘),
with its bulk structure consisting of Ca atoms 6-coordinate to O and O
atoms 2-coordinate to Ca. Cleaving the calcite bulk to expose the [1014]
surface leads to undercoordinated surface Ca and O atoms, which drive
the chemical reactivity of the surface and its interaction with adsorbates.
For all the molecules under study, adsorption occurs via the coordination
between a surface Ca and Oygsorbate (Fig. 1). Additionally, for those with
a hydroxyl group, hydrogen-bonds occur between Hygsorbate Of hydroxyl
group to undercoordinated surface O. Due to the multiple possible
hydrogen-bonding sites on the calcite surface, several initial guesses for
the adsorption geometries of adsorbates were generated by rotating the
molecules around the direction perpendicular to the calcite surface in
order to identify the most stable configuration. Our predicted adsorption
geometries are in line with the results of a previous study performed at a
similar surface coverage for water, ethanol, and acetone [14].

All E,qs are negative (Fig. 1), indicating that adsorption of all mol-
ecules on the calcite [1014] surface is favourable. Water and isopropanol
have the same E,gs (-0.67 eV) and ethanol adsorbs essentially
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isoenergetically (-0.75 eV). This result was confirmed also for higher
coverages (up to 1.0 ML) in a previous study by Okhrimenko et al. [13].
Acetone has significantly weaker adsorption (-0.30 eV) likely due to the
lack of a hydroxyl group preventing the formation of stabilising
hydrogen bonds with the surface, and the relatively smaller partial
charge of acetone’s oxygen (compared to the hydroxyl oxygen of the
other adsorbates), thereby resulting in weaker bonding to surface Ca
sites. Furthermore, we found that acetone adsorption is fully driven by
dispersion interactions (Eags-Eqisp is + 0.02 eV). Ataman et al. studied
adsorption at a similar coverage (0.13 ML) and found the same
adsorption energy trend with water and ethanol adsorbing isoenergeti-
cally and more strongly than acetone [14].

Our DFT calculations shed light on the geometry of single solvent
molecules adsorbing on the calcite surface and their relative adsorption
strength but neglect to account for important factors that can affect the
characteristics of the adsorbed layer. These include the presence of co-
adsorbed species, the presence of additional solvent layers on top of
the adsorbed layer, and the direct competition between water and
organic solvents when both are allowed to interact with the surface at
the same time. For instance, the marble surface is likely to be exposed to
moisture (i.e., water) prior to undergoing treatment leading to the
adsorption layer being initially represented solely by water but this may
change once the marble is exposed to organic solvents during treatment.
In order to account for the effect of these factors and investigate this
critical aspect, we undertook classical MD calculations of pure solvents
(water, ethanol, isopropanol, and acetone) as well as aqueous solutions

Water (A-B)=227A| Ethanol (A-B) = 2.50 i
(C-D)=2T75A = C-D)=2.67
EGEIS = ‘0‘67 eV (E‘F) - 234A E;m's - "075 EV ( )
Egsp=-0.16 eV Egsp=-0.30 eV
. _ = ; D
B~ o e B
C
™ (o] ™ -~
Isopropanol (A-B)=248A | Acetone (A-B)=257A
(C-D)=241A
E,ys =-0.67 eV E,s=-0.30 eV
Eysp=-0.21eV Eysp=-0.32 €V
&
X g
B ¥
C
A
~ ™

Fig. 1. Predicted adsorption energy (E,qs), dispersion contribution (Egisp) and geometry of molecules on the calcite [1014] surface at 0.25 monolayer coverage. Ca
atoms are represented in cyan, O atoms in red, H atoms in off-white, and C atoms in brown. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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of these aforementioned solvents interacting with the calcite [1014]
surface. We analysed systems after 20 ns of interaction with the surface
using a range of techniques: molecular trajectory snapshots and quan-
titative results from radial distribution functions (RDF) and density
profiles.

Water exhibits two clear adsorption modes evident in Fig. 2a: in the
first mode a dative bond between a surface Ca and water O is formed,
and in the second a surface O forms a hydrogen-bond with a water H.
The two adsorption modes are confirmed by a single peak in the RDF for
both the Cacyicite-Owater and Ocalcite-Hwater interactions (Fig. 3a,b). We
also observe two well-defined peaks in the density profile (Fig. 4), the
first at shorter distance from the surface due to the Cacajcite-Owater
interaction and the second at longer distance due to the Ocajcite-Hwater
interaction. The location of the RDF peaks (Cacalcite-Owater at 2.53 A,
Ocalcite-Hwater at 1.83 A) and water’s density profile align with the
outcome of previous similar theoretical studies [13,16,26]. Compared to
our DFT study, our MD study found the Cacgjcite-Owater interaction dis-
tance to be 0.26 A larger, likely due to the additional interaction with co-
adsorbed water molecules and those above the adsorbed layer, which
are absent in our DFT model.

In contrast to water’s behaviour, ethanol and isopropanol form well-
ordered layers with a single adsorption mode (Cacalcite-Oalcohol)s
confirmed by the single peaks in the density profiles (Fig. 4) and the
intense peaks in the RDFs (Fig. 3a,b). The aliphatic tails of the adsorbed
alcohols orient away from the surface forming a hydrophobic layer
evident in the snapshots (Fig. 2b,c), with an extensive zero density re-
gion beyond the first peak in the density profile indicating an absence of
movement from the adsorbed layer after its formation. Additionally, the
snapshots and density profile of ethanol and isopropanol show evidence
of structuring beyond their first adsorption layer with the non-adsorbed
alcohol molecules in solution orienting their aliphatic tails towards the
hydrophobic layer. This finding as well as our RDF separation distances
(Cacalcite-Oethanol 2-4 A, Ocalcite-Hethanol 1.4 A) and density profile for
ethanol are consistent with similar studies on the interaction of ethanol
and the [1014] surface of calcite [16,26,47-48]. The size of the alcohols’
aliphatic tails affects their ordering ability on the calcite surface, seen
here with isopropanol’s bulkier forked alkyl chain leading to a lower
packing density (0.08 oxygen atoms/A%) than ethanol’s straight alkyl
chain (0.12 oxygen atoms/A® which also represents ~ 1 ML coverage).
Our finding reflects trends seen in the experimentally observed
maximum coverage on the calcite [1014] surface (1 ML for ethanol, 0.75
ML for isopropanol) [13], and in an MD study by Bovet et al. which
found that due to steric effects, alcohols with straight tails adsorb at 1
ML coverage and branched tails at < 1 ML [47].

Acetone exhibits two adsorption modes visually evident in the
snapshot (Fig. 2d); some molecules adsorb via the carbonyl group
(Cacalcite-Oacetone interaction) and the remainder via the alkyl group
(weaker Ocalcite-Hacetone interaction). The first peak of acetone’s density

(a) Water (b) Ethanol
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2 % >
§ 0% 0% 0% 0% 0% 7%,0%,0%0% 0% ¢

(c) Isopropanol
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Fig. 3. (a) Cacaicite-Oadsorbate ad (b) Ocalcite-Hadsorbate radial distribution func-
tions for four different species adsorbing on the calcite [1014] surface: water
(blue), ethanol (green), isopropanol (purple), and acetone (orange). In (b),
Hadsorbate belongs to the hydroxyl group (water, ethanol, isopropanol) or the
alkyl group (acetone). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

profile (Fig. 4, corresponding to the Cacgicite-Oacetone interaction) is more
intense than the second peak (Ocajcite-Hacetone interaction), indicating
that the Cacajcite-Oacetone mode is the dominant adsorption mode. There
is little to no movement out of acetone’s adsorption layer for molecules
interacting via Cacalcite-Oacetone; hOWever, non-zero density right beyond
the second peak reveals that there is movement between molecules
interacting via Ocalcite-Hacetone and the bulk solution. This suggests that
the second adsorption mode is less robust than the first, as is consistent
with the weaker nature of this bond.

(d) Acetone

S T WO T Ve, 8
10% 0% g% 0% o% o"

M0%00,0% 0% c%

Fig. 2. Side view of pure (a) water, (b) ethanol, (c) isopropanol, and (d) acetone interacting with the [1014] calcite surface after 10 ns. Insets show the surface/
solvent interaction in detail. Ca atoms are represented in cyan, O atoms in red, H atoms in off-white, and C atoms in brown. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Density profiles of the oxygen atoms of pure water (blue), ethanol
(green), isopropanol (purple), acetone (orange) after interaction with the
calcite [1014] surface along the direction perpendicular to the surface. The top-
most plane of calcium atoms is defined as the surface at 0 A. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Overall, we find a significant difference in the behaviour of the pure
solvents interacting with the calcite surface. Water takes on bulk
behaviour closer to the surface than other solvents (with a return to bulk
density reached by ~ 6 A for water, >7 A for acetone and > 8.5 A for the
alcohols (Fig. 4)), likely due to its relatively small molecular size and
ability to form an inter-connected hydrogen-bonded network. Water’s
dynamic adsorption environment (with molecules constantly moving
between the adsorption layers and bulk solution) contrasts with the
static adsorption of the alcohols, suggesting that they may be able to
breach water’s adsorption environment. For both water and acetone,
there is less order to the Cacalcite-Osolvent interaction, evident in the wider
first peak in the RDF (Fig. 3a) compared to the alcohols. Out of all
studied solvents, acetone exhibits the sparsest coverage on calcite (0.05
oxygen atoms/A3), with its reduced potential packing density likely due
to its tendency to orient itself in multiple adsorption configurations. The
low density of acetone’s adsorption layer supports the findings of our
DFT study where acetone exhibited the weakest adsorption to calcite
and the Cacalcite-Osolvent @xis most parallel to the surface (Fig. 1).
Evidently, a difference in functional group (carbonyl vs. hydroxyl) not
only influences the adsorption behaviour of single molecules (as shown
by our DFT results in Fig. 1), but also the properties of the solvent/so-
lution interface and the bulk solvent, namely surface coverage, solvent
mobility, and structuring in solution.

Up to this point, the predictions made by our DFT and pure solvent
MD studies suggest that the alcohols and water may compete for
adsorption to calcite, while acetone may not due to its weaker adsorp-
tion energy as well as its more disordered and sparser adsorption layer.
The competitive adsorption behaviour across these solvents will affect
the wettability of the calcite surface and hence may determine the
outcome of conservation treatments for marble. To shed further light on
this critical aspect, we undertook MD calculations using mixed solutions
(with a constant concentration of 1:1 by number of water/organics
molecules) with three controlled initial configurations: (i) water initially
confined adjacent to the calcite surface with the organic solvent in the
bulk solvent region, (ii) organic solvent initially confined adjacent to the
calcite surface with the water in the bulk solvent region, and (iii) a
random spatial arrangement. Initial configuration (i) more closely re-
sembles the calcite surface after outdoor exposure, where the conden-
sation of atmospheric moisture results in water adsorption on the
surface.
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Ethanol completely displaces water from the surface of calcite
(Fig. 5a), forming a strong and well-ordered layer with a density profile
similar to pure ethanol (Fig. 4). After 20 ns, all initial solvent configu-
rations of ethanol/water result in the same adsorption profile (Fig. S2a,
d). Additionally, ethanol dominates the region directly above the first
adsorbed layer given the hydrophobic nature of the adsorbed layer. This
finding is consistent with other MD studies of 1:1 mixtures of ethanol
and water [15,26]. In a similar manner to ethanol, isopropanol displaces
water almost entirely from the surface of calcite (Fig. 5b), and when
isopropanol is initially adsorbed, no water is found in the adsorption
layer (Fig. S2b). The zone above the adsorbed isopropanol layer is
dominated by isopropanol, also similar to what was seen for the ethanol
mixture (Fig. 5a). The mixed isopropanol solution exhibits a first
adsorption peak and zero density region (Fig. 5b) similar to that of pure
isopropanol (Fig. 4). For isopropanol/water initially configured in a
random arrangement (Fig. S2e) and with water initially adsorbed
(Fig. 5b), there is a small amount of water remaining at the surface (peak
at ~ 2.5 A in the density profile) which slowly reduces over the 20 ns
run. This effect is due to water molecules being sterically trapped
beneath bulky isopropanol tails, which are slowly released into the bulk
solvent region upon the wiggling of the adsorbed isopropanol tails over
the course of the simulation. In these instances, there is also a second
smaller isopropanol peak at 3.5 A in the density profile (Fig. 5b) cor-
responding to isopropanol molecules interacting with trapped water
molecules and being slightly displaced from the surface.

In the case of the acetone/water mixtures after 20 ns, both species
are present near the surface of calcite at a uniform proportion regardless
of initial configuration (Fig. 5c, Fig. S2c,f). Here, water adsorbs in a
similar manner to pure water (Fig. 4) with a similar profile: peaks which
become less intense before returning to bulk behaviour at > 6 A.
Interestingly, when mixed with water, acetone only adsorbs via Ocacite-
Hacetone (confirmed by inspection of visual snapshots), which contrasts
with acetone’s dual adsorption modes exhibited in pure form (Fig. 4). In
the mixed acetone/water adsorbed layer, water dominates by number
(~0.045 atoms/A3 compared to ~ 0.015 atoms/A3 for acetone) likely
due to its stronger adsorption energy (Fig. 1) and increased mobility due
to small molecular size, meaning it can easily displace acetone from
adsorption at the surface Ca sites (Cacajcite-Oacetone), leading to acetone
adsorbing solely via Ocajcite-Hacetone interactions. A lack of zero density
region for both water and acetone indicates a highly dynamic adsorption
environment, contrasting strongly with the behaviour of the alcohols
which displaced water from the surface to form a well-ordered, highly
immobile, and hydrophobic environment on the calcite [1014] surface.

Trajectory snapshots of each aqueous mixture further illustrates the
differences in solvent behaviour both at the surface and in solution
(Fig. 6). The alcohols exhibit the simultaneous formation of the alcohol
adsorption layer and displacement of water from the surface in the first
5 ns (Fig. 6a,b), with water eventually aggregating in the bulk solvent
region above the adsorbed layer resulting in low degree of mixing be-
tween water and organics. In this case, some water molecules are still
visible at the surface after 5 ns, with complete displacement of water by
the alcohols achieved by 20 ns for ethanol in all initial configurations
(Fig. 5a), and for isopropanol with isopropanol initially adsorbed
(Fig. S2b). In contrast, the acetone/water solution (Fig. 6¢) shows sig-
nificant amounts of both solvents in the adsorbed layer and uniform
mixing in the bulk solvent region throughout the simulation (Fig. 6c).
Ethanol, isopropanol, and acetone are all known to be miscible in water
and our initial solvent benchmarking calculations (which excluded the
presence of calcite) are consistent with this fact, showing equally good
mixing for all three solvents in water; however, their different ability to
compete with water for adsorption sites observed in this work results in
different degrees of mixing in the local environment near the surface/
solution interface. Overall, these differences across the three organic
solvents may affect the wettability of the calcite surface which in turn
could affect CaP nucleation at the surface and the treatment outcome.
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This aspect is examined experimentally in the next section.

3.2. Experimental results

The ability of the organic additives to promote formation of new CaP
was first assessed by observing treated surfaces by SEM. Compared to
water, all three organic additives favour formation of new CaP over the
marble surface, as shown in Fig. 7. After 1 h, isolated CaP clusters are
visible in the case of water, while a more continuous CaP coating is
present with the three additives, which all appear to speed up the CaP
formation, without a clear difference among them. After 24 h, a
continuous (but cracked) layer is formed in all conditions, including
water. Cracking is thought to occur during drying, as consequence of
stress arising in the coatings, which are hence suspected to contain pores

[49-50].

To characterise the microstructure of the coatings, cross sections
were observed by SEM and the presence of phosphorus (linked to for-
mation of new CaP phases) was traced by EDS. As illustrated in Fig. 8,
after 24 h a surface coating with a few micrometres thickness is formed
in all conditions. The coating is less uniform and continuous when only
water is present, compared to when the additives are used. The coating
appears thicker in the case of isopropanol and acetone but overall no
dramatic differences among the additives are observed. In terms of
porosity of the coatings, no clear difference could be detected among the
various samples. For a conclusive evaluation of the coating porosity,
analyses by focused ion beam (FIB) microscopy would be needed. Such
work is currently in progress.

Based on results of X-ray diffraction performed on the sample surface
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(Fig. 9), calcite (CaCOs, ICDD 01-083-1762) is the only phase present in
the untreated reference. All the treatments, independently of the solvent
used, led to formation of apatite phases, most likely carbonated hy-
droxyapatite (Cajo(PO4)3(CO3)3(OH),, ICDD 00-019-0272), although
formation of stoichiometric hydroxyapatite (Ca;o(PO4)s(OH)3, ICDD 96-
900-2214) cannot be excluded. Formation of carbonate hydroxyapatite,
which is consistent with previous findings of treatment of calcitic sub-
strates with aqueous DAP solutions [51-52], is a consequence of the
presence of carbonate ions originated from the calcitic substrate and
from atmospheric CO5, which are incorporated into the hydroxyapatite
lattice. Formation of other CaP phases, such as octacalcium phosphate
(OCP, CagHy(PO4)6-:5H20) or brushite (CaHPO4-2H;0), can be
excluded, as both these minerals have characteristic peaks that are easily
distinguishable from those of hydroxyapatite.

Considering that the protective ability of a coating depends on its
composition, continuity over the marble surface, and microstructure,
the protective ability was assessed as a further indirect indication of the
effects of the organic additives. As shown in Fig. 10, SEM observation of
the sample surface after the acid attack test showed that, as expected,
untreated marble is severely etched during the test. When only water is
used as solvent, the resulting protective layer is damaged during the acid
attack test, as revealed by the presence of extended bare areas after the
test. When using the three organic additives, sensibly lower damage to
the coating is found at the end of the test (as evidenced by phosphorus
maps), without dramatic differences among the various solvents.
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3.3. Discussion

Our computational findings indicate that alcohols and acetone have
a different interaction with the calcite surface and a different ability to
displace water. Nonetheless, our experimental findings show that all
organic additives improved the treatment outcome compared to water
alone, without a dramatic difference between them. As a result, we
conclude that the adsorption of the additive on the surface does not play
a major role in determining the outcome of the conservation treatment.
On the contrary, other factors must be playing a role. These factors may
include the ability of the additive to weaken the hydration sphere of the
phosphate ions in solution [11] as well as the adsorption of the additives
on the new CaP growth. There is currently a lack of data in the literature
concerning these aspects and computational work is currently in prog-
ress in our group to elucidate them.

The similar treatment outcome yet different adsorption behaviour of
the additives might also be explained by the fact that CaP crystallisation
is not only occurring on the planar [1014] surface of calcite, but also on
vicinal (stepped) surfaces which may occur naturally. In fact, Keller
et al. studied the adsorption of ethanol and water mixtures on the planar
[1014] surface and stepped surfaces of calcite and found that, when the
density of stepped faces increased, ethanol adsorption became less
dominant and the adsorption of water to these stepped surfaces
improved [15]. Due to natural surface imperfections of calcite, the
alcoholic hydrophobic layer may not be as robust as predicted for the
planar [1014] surface, thus explaining why water adsorption and CaP
formation can occur equally well independently from the organic ad-
ditive used. An alternative explanation for this observation, is that the
surface of the calcite is not composed solely of carbonate and calcium
ions. In fact, it has been suggested that at neutral pH the surface will be
partially terminated by hydrogen carbonate, which would lead to less
calcium adsorption sites being present [53]. Under these conditions, the
adsorption behaviour of water and the organic solvents may change,
potentially leading to water dominating the adsorption layer. These
aspects will be the subject of future investigations in our group.

4. Conclusions

The present study was aimed at elucidating the effect that organic
additives (ethanol, isopropanol, and acetone) have on the formation of
CaP for marble conservation using a range of computational and
experimental techniques. Overall, our computational results show that
acetone has weaker adsorption than the alcohols and lacks the ability to
displace water from the calcite surface, suggesting that acetone will not
make the surface hydrophobic, thus potentially aiding ion transport to
the surface resulting in an improved CaP protective layer. This is in
contrast to the alcohols which form a well-ordered and hydrophobic
adsorbed layer at the surface. On the other hand, our experimental re-
sults indicate that all organic additives have a positive effect on CaP
coating formation, with no major difference observed experimentally
between the use of acetone or the alcohols when considering the
composition, density, and protective efficacy of the final coating, at least
in the adopted experimental conditions. Combined, the computational
and experimental results suggest that the different behaviour of the
additives at the calcite surface does not, in fact, have a major effect on
conservation treatment outcomes. Instead, treatment improvement
when using organic additives may be due to other factors such as the
ability of an additive to weaken the hydration sphere of phosphates in
solution, an aspect that is currently under investigation in our group.
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