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ABSTRACT: Calcite, a prevalent mineral in the earth's crust, plays a pivotal role in various geological and industrial processes, 
including carbon sequestration, water treatment, and enhanced oil recovery. Understanding how wettability—a crucial surface prop-
erty influenced by the interaction between calcite and surrounding fluids—affects calcite's dissolution is essential for optimizing these 
processes. We conducted a series of experiments to study the wettability and its relation to calcite dissolution of atomically flat calcite 
surface under deionized water. This system provides a simple environment that allow us to study the wettability alteration in the 
absence of external ions except the one generated during the dissolution process. Using macroscopic, microscopic, and nanoscopic 
analytical techniques, we observed that surface evolution progresses from the initial formation of chemical heterogeneities to the 
gradual growth of a surface water layer strongly bonded to the calcite surface on the timescale of hours as the system reaches an 
equilibrium state. We also show that the surface evolution is directly related to the calcite dissolution and it depends on the degree of 
solution saturation. This research not only sheds light on fundamental aspects of calcite behavior in aqueous solutions but also estab-
lishes a foundation for future studies aiming to manipulate mineral surfaces for enhanced performance in their respective applications.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 



 

Introduction 

Understanding the complex interactions between miner-
als and fluids is crucial for advancing a multitude of scien-
tific and industrial processes. Among these minerals, cal-
cite, a naturally occurring form of calcium carbonate 
(CaCO₃), occupies a prominent position due to its abun-
dance in the earth's crust and its critical role in various ge-
ological and industrial applications. These interactions are 
key to understanding phenomena such as karst landscape 
formation[1], atmospheric CO2 sequestration[2], and en-
hancing oil recovery from subsurface reservoirs. At the 
heart of these processes lies wettability — the measure of 
a liquid's capacity to maintain contact with a solid surface, 
which significantly influences the efficiency of oil recovery 
and other fluid-mineral interactions [3-7]. Despite the 
well-acknowledged importance of wettability, the mecha-
nisms behind its alteration, particularly in the context of 
oil recovery from carbonate rocks using low salinity or 
ionic-modified water injections, remain incompletely un-
derstood[8-14]. The complexity arises from the multitude 
of factors at play, including thermodynamic conditions, 
rock mineralogy, and the interactions with crude oil's 
acidic and basic components. A deeper exploration into 
these aspects is essential, necessitating a decoupling of the 
rock's physical morphology from its chemical composition 
to unravel the intricacies of wettability alteration mecha-
nisms[15].  

Research has increasingly highlighted the impact of water 
chemistry on the physical and chemical properties of cal-
cite. Studies have shown that alterations in surface wetta-
bility, prompted by changes in water ions, could lead to 
variations in calcite's dissolution rates and patterns, po-
tentially impacting a wide range of applications beyond oil 
recovery[16-18]. The study of mineral interactions in liq-
uid systems, both with and without external ions, requires 
careful consideration of dissolution and growth mecha-
nisms. The dissolution of calcite, fundamental to under-
standing these interactions, is represented by the reac-
tion[19]: 

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑(𝒔𝒔)
 
⇔  𝑪𝑪𝑪𝑪𝟐𝟐+(𝑪𝑪𝒂𝒂) + 𝑪𝑪𝑪𝑪𝟑𝟑

𝟐𝟐−(𝑪𝑪𝒂𝒂)              (1) 

The intricacies of wettability and its relationship with cal-
cite dissolution in various aqueous environments have 
captivated researchers across multiple disciplines. A sem-
inal work by Zhang et al. revealed that the presence of di-
valent cations could notably enhance the dissolution rate 
of calcite by modifying the surface charge and facilitating 
the adsorption of water molecules[20]. This finding under-
scores the importance of specific ion effects on calcite's 
surface properties and dissolution behaviour. Conversely, 
J Wang et al. presented findings that calcite dissolution 
controlled the surface charge and showed that the ionic 
strength plays a significant role in the diffusion double 
layer, potentially changing the wettability of calcite sur-
faces[21]. Their work contributes to a nuanced under-
standing of how electrolyte concentration influences min-
eral surface interactions. The role of ion-free water, such 
as deionized (DI) water, in modulating calcite's wettability 
and dissolution has, however, been less explored. Early in-
sights by James L et al. suggested that the absence of ions 

could influence the hydrophobicity of mineral surfaces, 
proposing that DI water might induce unique interfacial 
phenomena due to its high surface tension and the absence 
of screening ions[22]. More recently, Rao et al. explored 
the microscale interactions between DI water and calcite, 
suggesting potential alterations in dissolution dynamics 
driven by changes in surface energy and hydration lay-
ers[23]. 

Despite these contributions, a comprehensive understand-
ing of how ion-free water specifically impacts the wettabil-
ity and dissolution of calcite is still lacking. The literature 
indicates a need for systematic studies that isolate the ef-
fects of deionized water from other influencing factors, 
such as pH adjustments and the presence of organic mat-
ter. To address this gap, this study aims to meticulously ex-
amine the influence of ion-free water (DI water) on calcite 
wettability interactions and its correlation with the disso-
lution process. By focusing on the unique environment 
presented by DI water, this research seeks to uncover the 
fundamental mechanisms driving these interactions. Em-
ploying a suite of advanced analytical techniques, this in-
vestigation will delve into the nuances of the calcite-water 
interface, aiming to provide new insights into a field ripe 
for discovery 

Several characterization tools have been employed for the 
investigation of calcite surfaces in solutions with different 
compositions. For instance, electrophoretic mobility 
measurements of zeta potential on calcite surfaces in 
aqueous solutions describe ion distribution at the inter-
face between calcite and water[24, 25]. Potentiometric ti-
tration has been used to study key reactions, such as dis-
solution and precipitation of the calcite crystals[26]. 
Atomic force microscopy (AFM) studies on mineral rocks 
in solution provide information about interaction and ad-
hesive forces between rock surfaces and molecules[27, 
28]. Despite the importance of these investigation tools, 
the measurement results are prone to be affected by slight 
changes of the sample conditions, such as time span in the 
solution, concentration, and composition of the ions. In a 
previous study we have shown that the calcite sample 
preparation techniques influence the overall macroscopic 
static water contact angle (WCA) and microscopic atomic 
force microscopy (AFM) measurements[29]. We showed 
that a thin film of water is presented on the calcite surface 
after aging, and that this water affects the overall results 
causing a misleading increase in the force of adhesion 
(surface energy) and consequently a reduction in the ab-
solute value of the contact angle. We further demonstrate 
that freeze-drying is a suitable technique that can be used 
to remove this water layer to obtain a reliable quantitative 
measure of calcite surface wettability alteration. In this 
study, we follow the same technique and we use freeze-
drying before characterizing the samples.  

Here, we utilized our experimental setup that includes 
macroscopic, microscopic and nanoscopic techniques, to 
examine the wettability of calcite upon exposure to Deion-
ized (DI) water and we relate that to the dissolution mech-
anism. The multi-scale investigation of wettability altera-
tion and dissolution allow for a deeper understanding of 
the relationship between processes observed at the atomic 



 

scale and their bulk, phenomenological expression. This 
includes, static water contact angle (WCA) measurements, 
atomic force microscopy (AFM), X-ray photoelectron spec-
troscopy (XPS) and Fourier-transform infrared spectros-
copy (FTIR) at various aging time. We also use Ion Chro-
matography to measure the Ca2+ ion concentrations at var-
ious aging times to represent the dissolution of calcite. It is 
important to emphasise that we are not trying to calculate 
the rate of dissolution of calcite but rather connecting it to 
the wettability alteration in absence of external ions. 
Moreover, Density functional theory simulations are em-
ployed to investigate the calcite/water interface in the 
atomic scale, something that allows us to link experi-
mental characterizations with intrinsic wettability alter-
nation due to the bound water layer[30]. This work con-
tributes to the broader understanding of mineral-fluid in-
teractions by focusing on a system simplified to its most 
fundamental constituents: calcite and ion-free water. 
Through this lens, we explore the nuanced ways in which 
the absence of ions can alter surface wettability and its re-
lation to the dissolution dynamics, providing a foundation 
for future studies and technological advancements in 
fields as diverse as geology, environmental science, and 
enhanced oil recovery. 

Experimental section 

Calcite Sample Preparation 

Samples were prepared from calcite stocks (single crystal, 
optical quality, Iceland spar variety, cleavage plane of 
(10𝟏𝟏�4). The Crystallographic orientation was confirmed 
by XRD performed using an XRD PANalytical Empyrean. A 
single peak at ≈29.51o was obtained, which corresponds to 
the (10𝟏𝟏�4) cleavage plane (see Figure S1) [31]. Calcite 
samples of 2×2 cm were mechanically cleaved along the 
(10𝟏𝟏�4) cleavage plane with a small hammer. Care was 
taken to avoid environmental contamination during the 
process, samples were immediately placed in a sealed 
flask (100 ml) containing DI water to age. After aging, the 
samples were taken out of the solution and the remaining 
water on the crystal surface was removed using freeze-
drying technique before characterization by WCA, AFM, 
XPS, and FTIR. The remaining solutions where the samples 
aged, were analysed by Ion Chromatography to quantify 
the number of dissolved calcium ions (Refer to Figure 1).  

During the freeze-drying, the samples were dried using 
FreeZone -105° C 4.5 Litre Cascade Benchtop Freeze Dry 
System. During the freeze-drying, the samples were frozen 
in a shell-freezer for 24 hours then placed in a FreeZone -
105° C 4.5 Litre Cascade Benchtop Freeze Dry System for 
another 24 hours. The samples were then removed from 
the chamber in the freeze-drying system and placed in a 
desiccator to prevent atmospheric moisture accumulation 
on their surface. For consistency, all WCA, AFM, XPS, and 
FTIR measurements were taken within one hour from the 
time of removing the samples from the freeze-dryer.  

In our experiments, the samples were not polished in or-
der to better represent the naturally porous and 

heterogeneous reservoir rock system. Stipp et al. [32] 
showed in fact that polished calcite samples, even with 
quite fine grit, are rougher than non-polished samples.  

 
Figure 1 Experimental set up and characterization techniques  

Static water contact angle (WCA) measurements 

The WCA measurements were obtained with a Kyowa DM-
701 contact angle machine under ambient conditions, and 
elaborated with FAMAS (interFAce Measurement & Anal-
ysis System), the software provided by Kyowa. WCAs were 
measured by depositing water droplets of 0.8 mL on the 
calcite surface. The contact angle measurements were 
taken after different aging times, ranging between 0 hours, 
i.e., freshly cleaved, and 0.5, 1, 3, 6, 9, 12 and 24 hours. Ag-
ing was performed by immersing the samples in DI water 
at 22 ± 2 oC. For each time step, a different calcite crystal 
was used and an average WCA values and standard devia-
tions were calculated over at least 10 measurements. Ex-
periments were repeated at least three times to ensure re-
producibility.  

Ion Chromatography System Dionex ICS-5000 

In order to quantify the time evolution of the number of 
dissolved calcium ions in solution, the solutions were ana-
lysed by ion chromatography System Dionex ICS-5000 
(IC). This system includes a Dionex AS20 Column, a con-
ductivity detector with a detection limit to Ca2+ of approx-
imately 50 ppb (parts per billion by mass) and an au-
tosampler (all supplied by Thermo Scientific). The eluent 
used was KOH (Dionex EGC III KOH, ACS grade), and it 
passed through the columns at a flow rate of 1.0 mL/min 
with a concentration gradient. The IC system was cali-
brated using a certified standard solution (Sigma Aldrich) 
containing 10 ppm of Li+, Na+, K+, Ca2+, and Mg2+ with an 
uncertainty of less than 0.02 ppm. The water samples were 
first diluted and then placed in an auto-sampler from 
which several injections were made onto the IC column.  

Atomic Force Microscope (AFM) Force Spectroscopy 
Measurements 

Calcite samples were scanned with a Cypher AFM from 
Asylum Research using standard OLYMPUS cantilevers 
(AC160TS) with k ≈ 40 N/m, Q ≈ 500, and f 0 ≈ 300 kHz. 



 

The AFM was operated in the amplitude modulation (AM) 
mode for both image scanning and force measuring. The 
force reconstruction method uses the Sader−Jarvis−Katan 
formalism, where the force is reconstructed by consider-
ing variations in amplitude and phase as a function of tip-
sample separation distance d. Amplitude-phase-distance 
(APD) curves were acquired for each time step. Moreover, 
since it is known that the tip radius (R) can have a great 
effect on the interaction force between the tip and the sur-
face, it was continuously monitored in situ with the critical 
amplitude method to ensure that R remained constant 
during the experiment [33]. A total of 100 APD curves 
were collected on the calcite surface and the standard de-
viations were calculated for each time step taken on cal-
cite.  

Fourier-transform infrared spectroscopy (FTIR) measure-
ments 

Three samples were soaked individually in pure DI water, 
DI water with 3.18 mg.L-1 of calcium carbonate, and DI wa-
ter with 5.59 mg.L-1 of calcium carbonate, respectively. Af-
ter the freeze-drying process is complete, we put calcite 
samples on the attenuated total reflectance stage for ob-
taining their infrared spectrum by Spotlight 200i Sp2, Per-
kin-Elmer. The resolution of the spectrometer was 4 cm-1, 
and the wavenumber ranged from 4000 cm-1 to 400 cm-1. 
For better normalizations of all scan data with a back-
ground calibration, SingleBeam scan mode was selected 
with 64 accumulation times. The presented FTIR spectra 
are respectively normalized to 2514 cm-1 of calcite absorp-
tion peak [34]. 

X-ray photoelectron spectroscopy (XPS)  

After collecting the FTIR signals, all three samples were 
characterized by X-ray photoelectron spectroscopy (XPS, 
JEOL, JPS-9030, Japan). Following similar sample prepara-
tion techniques as those used for FTIR measurements, we 
further investigate the calcite surface at the nanoscale us-
ing XPS spectroscopy, which is a more surface-sensitive 
spectroscopic technique and that allows us to measure the 
elemental composition of the chemical state on the calcite 
surface. First, the sample holder was cleaned using 98% 
ethanol and put into the vacuum chamber, which was 
evacuated to an ultra-high vacuum state (7x10-8 Pa). A 
standard Mg Kα radiation source (1253.6 eV) was used to 
record the wide and narrow XPS spectra. All samples’ 
spectra were calibrated with the binding energy of carbon 
C1s (C-C, C-H) peak of 284.8 eV as the reference. To ana-
lyse water adhesion, oxygen O1s peak was added to the 
quantitative measurement ranging from 519.17eV to 
539.17eV.  

Quantum Molecular Dynamics (MD) simulations.  

All Quantum MD simulations are performed using the 
Quantum Espresso package [35]. The calcite (10.4) surface 
is represented by four layers of CaCO3 units with 
10.031×8.113Å2 surface area. The bottom layer is fixed as 

the bulk calcite. The parameter settings are the same as the 
DFT energy calculations except for the kinetic energy and 
density cut offs, which are set as 25 and 250 Ry, respec-
tively. The 1 × 1 × 1 Monkhorst-Pack k-point mesh is used 
for all the total energy calculations. The Berendsen ther-
mostat [36] is used to re-scale the velocities of atoms in 
Quantum MD simulation to control the system tempera-
ture and each time step in the Quantum MD simulation is 
0.96756 femtosecond. The simulations are conducted with 
a constant temperature of 900K, constant volume (NVT) 
ensemble. The 1 × 1 × 1 Monkhorst-Pack k-point mesh is 
used for all the QMD calculations. In this work, our ideal 
system just contains 4 calcium ions in 32 water molecules 
(96 atoms) on the calcite crystal surface. There were 80 
atoms of four calcite layers composed of Ca2+ and CO32− 
ions. In order to reach an equilibrium state, the system has 
been continuously annealing for 4.5 ps with a time step of 
1 fs. 

Plane-wave density functional theory calculations.  

All DFT simulations for total energy calculations were per-
formed using the Quantum Espresso package. The Perdew 
Burke Ernzerhof (PBE) functional in generalized gradient 
approximations [37] (GGA) is used for the exchange-cor-
relation energy with the ultrasoft pseudo-potentials [38]. 
For van der Waals corrections, the DFT-D2 method of 
Grimme [39] is applied to DFT simulations. The kinetic en-
ergy cutoffs and density cutoffs of DFT simulations are set 
as 35 and 350 Ry, respectively, which give the converged 
adhesion energies for multilayer of water on the calcite 
surface. The 2 × 2 × 1 Monkhorst-Pack k-point mesh is 
used for all the total energy calculations. The criterion for 
the geometry optimization is met once the total energy is 
less than 1x10-4 Ry and the interatomic force is less than 
1x10-3 Ry/Bohr. 

Results and Discussion  

Macroscopic measurements to evaluate the wettability of 
calcite after different aging times in DI water were first 
carried out with water contact angle (WCA) sessile drop 
method. After their respective aging time, calcite samples 
were removed from the DI water and dried by Freeze-dry-
ing before WCA measurements. With consideration to the 
random error in the experimental measurements, the con-
tact angle over 24 hours aging period is shown in Figure-
2(a). The WCA of the calcite surface increases with in-
creasing the aging times in DI water. Specifically, the WCA 
exhibits a sharp transition from 5° super-hydrophilic sur-
face (Freshly cleaved) to 93° ± 6.4° within 3 hours upon 
aging in DI water. The measured contact angle remains 
somehow constant for the next 21 hours. The wettability 
transition suggests that the surface energy of the calcite 
crystal surface decreased with the increasing aging time in 
DI water. At the macroscopic scale, specifically when uti-
lizing the WCA method, it proves challenging to defini-
tively determine whether the shift in wettability over time 
can be attributed to changes in morphology or chemistry. 
Nevertheless, AFM measurements offer the capability to 
separate these effects, providing clarity to the WCA re-
sults. AFM measurements were carried out to investigate 



 

the reason behind the decrease of surface energy during 
the first three hours. The root-mean-square (RMS) rough-
ness value of the calcites from the topography map (Figure 
S3 in Supporting information) was computed for samples 
aged at different times. The comparison of RMS roughness 
between freshly cleaved conditions and those after 24 
hours of exposure reveals a mere 240 pm difference, indi-
cating that any morphological alterations are minimal and 
unlikely to be the cause of such a change in wettability.  

 
Figure 2 a) WCA measurement of freeze-dried calcite surface, where the samples 
have been aged in DI water for different time spans. The measured Ca+2 ion con-
centration of the solution, where we immerse the freshly-cleaved calcite crystal 
in, over 24 hours using ion chromatography. b) Histogram representation of the 
force maps obtained by AFM of calcite aged in DI water at different aging times 
(0.5, 1, 1.5, 2 and 3). c) AFM phase images of freeze-dried calcite surface at aging 
times (1, 2, 3 and 24 hours). 

AFM phase imaging, providing insights into the surface 
chemical composition, revealed contrasts in Figure 2(c) il-
lustrating the calcite surface at different aging times in DI 
water. The observed contrasts suggest variations in en-
ergy dissipation across the surface, qualitatively inter-
preted as surface chemical heterogeneity resulting from 
exposure to DI water [40]. In the initial 1-2 hours, the 
phase images display random patches of coarse con-
trasting features, commonly known as etch pits. While the 
literature describes these etch pits as nonmetric morpho-
logical features, our AFM phase images indicate that these 
etch pits reveal a chemical alteration not previously men-
tioned in the literature [27, 41, 42]. Maclnnis and Brantley 
(1993) studied the development of etch pits on dissolved 
calcite over time [43]. They demonstrated that the etch 
pits nucleate soon after the calcite comes into contact with 
water at all available sites on the initially cleaved surface. 
This phenomenon is evident in the phase images in Figure 
2(c), where the pits increase in size with time in the water. 

Beyond three hours of aging time, the growing etch pits in-
tersect, resulting in a relatively homogeneous surface. This 
indicates the formation of a new chemically altered mate-
rial covering the calcite surface when the system reaches 
a stable equilibrium state. 

Force of adhesion distributions obtained from bimodal 
AFM scanning [44-46] in repulsive regime allows the pos-
sibility of tracking back the aging process quantitatively. 
The magnitude of The force of adhesion FAD  depends on 
the AFM tip radius and sample surface chemistry, and can 
be expressed as shown in the expression [47] below. 

𝑭𝑭𝑨𝑨𝑨𝑨 =  𝑹𝑹𝒕𝒕𝒕𝒕𝒕𝒕𝑯𝑯
𝟔𝟔𝑪𝑪𝟎𝟎𝟐𝟐

                                        (2) 

Where Rtip the radius of the AFM is tip, H is the Hamaker 
constant, and a0 is the intermolecular distance.  

The force of adhesion distributions at different aging times 
are reported in Figure 2(b) where one can observe how 
the mean attractive force on the calcite surface is rapidly 
decreasing during the first three hours. After that, the 
measured FAD is nearly the same as that obtained on the 
three hours-aged samples and therefore not visible in the 
graph. The force of adhesion map of the calcite surfaces at 
different time spans can be found in Figure S4 of Support-
ing Information. Since Rtip remained under constant mon-
itoring throughout the experiments to ensure stability, the 
variations in FAD can be attributed exclusively to the prop-
erties of the sample's surface[15]. In other words, the two 
phases present on the calcite surfaces are chemically dif-
ferent. AFM force measurements are in agreement with 
AFM phase images and WCA measurements which shows 
that when freshly cleaved calcite aged in DI water, chem-
istry heterogeneity develops and consequently changes 
the surface energy.  

Turning our attention to the opposite end of the process, 
which is the DI water solution. The most straightforward 
method for assessing calcite dissolution is by tracking the 
concentration of calcium ions (Ca2+) as it changes over 
time. In Figure 2(a), the blue line shows that Ca2+ ions rap-
idly increase in the first three hours and stabilize during 
the following 21 hours. The time-evolution of the Ca2+ ion 
concentration in the solution is observed to be parallel to 
that of the WCA on the freeze-dried calcite surfaces. How-
ever, the rate of change in the Ca2+ ion concentration is 
more gradual and demonstrates lesser sensitivity to sur-
face roughness compared to the WCA, attributable to their 
distinct underlying mechanisms.  For any interfacial reac-
tion, the rate of the surface reaction can be influenced by 
either the reaction occurring at the surface itself or by the 
mass transport of material to and from the interface[48]. 
In the case of calcite, it has long been understood that the 
dissolution rates of calcite are dictated by diffusion-con-
trolled mechanisms at pH levels below 3.5, while surface-
controlled mechanisms come into play at pH levels exceed-
ing 3.5 [49]. Accordingly, when calcite dissolves in acidic 
solutions and the dissolution rate operates according to a 
diffusion-controlled mechanism, the rupture of chemical 



 

bonds and subsequent detachment of molecules from the 
mineral surface is faster than the diffusion of reaction 
products through the mineral-water interface. However, 
in the higher pH region, the dissolution rate is governed by 
surface-controlled processes and the dissolution rate be-
comes heavily dependent on the surface topography and 
population of various reactive surface sites. Hence disso-
lution in the higher pH region is more dependent upon so-
lution chemistry. In our experiments, we measured the in-
itial pH of the deionized water to be between 6.6-6.8. We 
anticipate the pH to slightly rise as a result of calcite disso-
lution, thereby situating the dissolution rate within a sur-
face-controlled regime which depends on the solution 
chemistry ie. the degree of solution saturation.  

Equation 3 below is the prevalent formula employed to de-
scribe mineral dissolution processes, where R represents 
the dissolution rate, k is the rate constant governing the 
dissolution process, Ω represents the saturation state rel-
ative to the specific mineral in consideration, and n is the 
reaction order. 

𝑹𝑹 =  𝒌𝒌(𝟏𝟏 − Ω)𝒏𝒏                           (3) 

Equation 3 suggests that mineral dissolution rates exhibit 
a direct correlation with solution undersaturation. This 
implies that the dissolution process is more favourable un-
der lower saturation conditions (< 1), but less favourable 
when saturation states are higher (> 1). Xu et al. have ob-
served a similar phenomenon in the conte xt of calcite dis-
solution, where dissolution rates decrease with increasing 
Ω, following a non-linear pattern. It's essential to empha-
size that our objective is not to calculate the rate of calcite 
dissolution, but rather to establish a connection between 
dissolution and wettability alteration. To investigate the 
impact of undersaturation on the wettability of the calcite 
surface, we immersed a 24-hour-aged calcite crystal in a 
fresh DI water solution. Water contact angle (WCA) meas-
urements were conducted as depicted in Figure 3. The re-
sults indicate that when the aged calcite crystal (WCA ≈ 
90), as shown in Figure 2(a), is removed from its solution 
and placed in fresh DI water, the calcite surface quickly re-
verts to a hydrophilic state (WCA ≈ 0) within just 30 
minutes (as shown in the inset graph). This is likely at-
tributed to the non-equilibrium condition on the calcite 
surface caused by the undersaturation and the initiation of 
the dissolution process once again. Keeping the crystal in 
the DI water for several hours, causes the WCA to increase 
and returns to the constant value of nearly 90 degrees, this 
behaviour closely mirrors the process observed when a 
freshly cleaved calcite crystal is placed in DI water. Fur-
thermore, both the aged and freshly cleaved calcite sur-
faces lead to solutions reaching the identical ionic concen-
tration of ≈ 3.1 Ca2+/mg/L. This observation suggests that 
the wettability of the calcite surface in the solution is de-
pendent upon the concentration of calcium ions and, by ex-
tension, the rate of calcite dissolution. 

 
Figure 3 WCA of freshly cleaved and 24-hours aged calcite in the DI water, 

where the samples have been characterized after freeze-drying techniques. The 
inset graph focuses on the drop of the aged calcite.  

To further investigate and compare the dependence of the 
calcite surface wettability on the concentration of calcium 
ions we immerse a freshly cleaved calcite crystal in three 
solutions with different initial Ca2+ concentrations of 0 
mg.L-1 (DI water), 3 mg.L-1 and 5 mg.L-1. After immersing 
the samples in solution for 24 hours, the measured Ca2+ ion 
concentration reaches constant values of 3.18 mg.L-1 for 
calcite aged in DI water , 5.29 mg.L-1 for calcite aged in 3 
mg.L-1 solution and 6.45 mg.L-1 for calcite aged in 5 mg.L-1 
solutions. Each experiment was repeated at least three 
times to ensure reproducibility. Figure 4 shows that the 
WCA of calcite surface decreases as the concentration of 
Ca2+ ions in the solution increases. This phenomenon is at-
tributed to the slowing down of the initiation and progres-
sion of dissolution as the ion concentration rises. The re-
duced dissolution rates have resulted in the surface retain-
ing its initial high surface energy, leading to a clear indica-
tion of the correlation between calcite dissolution and al-
terations in its surface wettability. Where the Ca2+ ions 
concentration plays a major role in the dissolution process 
and by extension the surface energy.   

Figures-2 and 4 indicate that the water-wetness of calcite 
surface is strongly tied to the rate of calcite dissolution and 
the degree of water saturation. In instances of high satura-
tion with Ca2+ ions, the dissolution reactions occur at a 
slower pace, resulting in minimal changes to surface wet-
tability. Conversely, at lower saturation levels, the dissolu-
tion process accelerates, leading to significant alterations 
in surface wettability. Whether the wettability alteration 
leans more towards becoming water-wet or not depends 
on the state of surface equilibrium. If the saturation de-
creases after reaching equilibrium, dissolution resumes, 
causing surface energy to rise until a new equilibrium is 
achieved. However, if the saturation decreases before sur-
face equilibrium is established, surface energy decreases, 
ultimately leading to the establishment of an equilibrium 
state between the solution and the calcite surface. 



 

 
Figure 4 WCA of calcite surface under three solutions with different initial Ca2+ 
concentrations of 0, 3.18, and 5.59 mg.L-1. 

FTIR characterization on the freeze-dried calcite surfaces 
were used to investigate what kind of composition causes 
the calcite surface wettability alteration.  In Figure 5a, the 
FTIR spectra show a broad absorption OH peak at 3400 
cm-1 and two sharp absorption C-H peaks at 2924 cm-1 and 
2852 cm-1. It should be noted that the OH-peak just ap-
pears under low Ca2+ concentration, which indicates that 
there is a significant amount of water molecules strongly 
adhere to the calcite surface and cannot be removed by 
freeze-drying. These water molecules, as the proposed 
stern layer in the Gouy-Chapman–Stern model  strongly 
bound to the charged surface, effectively screens the polar 
interaction of the calcite surface and cause the calcite sur-
face to be hydrophobic [50]. As the Ca2+ ion concentration 
increases, the water signal nearly disappears in the spec-
tra. This can be attributed to the deceleration of the disso-
lution process due to the increased presence of Ca2+ ions, 
as previously discussed. Which in turn leads to a low wet-
ting alteration of the surface. Consequently, the water sig-
nal experiences a significant reduction beyond the meas-
urement resolution. 

Figure 5(b)&(d) show two peaks in the O1s spectrum. The 
major peak is the signal from the bulk oxide (calcite), and 
the other smaller one at 533 eV corresponds to an H2O sig-
nal.  As the Ca2+ ion concentration of the solution is in-
creased, the relative intensity H2O of the freeze-dried cal-
cite surface is decreased. The intensity of CO3 binding in 
the XPS spectra is nearly the same for solutions with dif-
ferent Ca2+ ion concentrations, which proves the efficacy 
of the XPS measurement. The stronger intensity of H2O at 
the lower Ca2+ concentration possibly indicates a thicker 
of water layer on freeze-dried calcite surface, which causes 
the chemistry of the calcite surface to change. In the com-
bination of WCA, AFM, and XPS characterization results 
with our density functional theory simulation, our studies 
give evidence that the stern layer on the calcite surface is 
very sensitive to the Ca2+ ion concentration, which in turn 
determines the calcite surface wettability in the solution. 
Our work also agrees with the reported dependence of the 
stern layer thickness at the silica/ electrolyte interface on 
the ion concentration of the electrolyte [51]. 

 
Figure 5 a) FTIR spectra of freeze-dried calcite crystals, where the samples have 
been aged in three solutions with different Ca2+ concentration over 24 hours, re-
spectively. b-d) XPS photoelectron spectra of freeze-dried calcite crystals, where 
the sample reached stable in three solutions with different Ca2+ concentration 
over 24 hours b) DI water, c) 3.18 mg.L-1  and d) 5.59 mg.L-1    

We numerically investigate the dynamic distribution of 
water molecules with calcium ions on the calcite surface 
by performing the quantum molecular dynamic simula-
tion. The motivation here is to understand the effect of 
Ca2+ on the bound water layer of the calcite surface. The 
simple model system, which only contains 4 Ca2+ ions, can-
not be referred to an actual reservoir system. Figure 6(a) 
shows the time-dependent total energy of the system and 
Figure 6(b) shows that the snapshots of the wa-
ter/Ca2+/Calcite system at 2 ps and 4 ps. The system shows 
that the calcium ions prefer to stay away from the calcite 
surface to enable water molecules to strongly bind to the 
calcite surface once the system is heated by the external 
thermostat. In this region, there exist water molecules 
with no free ions, which agree with the previous experi-
mentally observation [52, 53]. In the Figure 6(c)& (d), we 
investigate how water molecules existed on the calcite sur-
face, play a role in determining the calcite surface wetta-
bility. 

To verify the role of the water layer on the calcite surface 
in terms of the surface wettability, we perform density 
functional theory simulation to calculate the adsorption 
energy of the calcite surface for multiple layers of water 
through the Young-Dupre equation [39], as given by 

                                   (4) 

Where is the adsorption energy of water molecules on 

the calcite surface, and  is the adsorption energy of 
water molecules on the water covering the calcite surface. 
Details of adsorption energy calculations can be found in 
Ref. [54]. Figure 6(c) shows the adsorption energy of each 
water layer for the underlying calcite surface. For the first 
layer of water, its adsorption energy on the dry calcite sur-
face is -98 KJ/mol, and for the second and other higher wa-
ter layers, their adsorption energies on the water covering 
calcite surface are around -65~-72 KJ/mol. From the com-
parison of the adsorption energy, we can find that the 
binding of the first layer of water to the calcite surface (dry 
surface) is stronger than those of other water layers to the 
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wet calcite surface. Then, we can use the Young-Dupre 
equation to calculate the water contact angle on the calcite 
surface, which has different layers of water on top of it.  
Figure 6(d) shows that the DFT-predicted water contact 
angle increases from 40o to 98o, as the layer number of wa-
ter is increased from 0 to 1 as shown in Figure 6(d). Then, 
as the layer number of water is increased, the water con-
tact angle is around 91o. Our calculations suggested that as 
long as one layer of water is strongly binding to the calcite 
surface, the predicted WCA is around 91o, which agree 
with experimental observation. As the Ca2+ concentration 
is low, there is a surface water layer adhering to the calcite 
surface, as indicated by FTIR and XPS characterization. 
The top bulk water would mainly interact with the water 
adsorbed on calcite surface rather than solid calcite sur-
face, which causes the surface to be less adhesive. 

 
Figure 6 Quantum MD simulation of calcium ionic water on the calcite surface. 
(a) the total energy of the system versus the time with a time step of 1 fs. (b) 
snapshot of the calcite/calcium ion water at 0 ps, 2 ps, and 4ps. (c) DFT 
predicted adsorption energy of water molecules at different water layer on the 
calcite surface. (d) DFT predicted water contact angle on the calcite surface with 
a different number of layers through Young-Dupre equation. 

 

Conclusions 

In this work, we combined macroscopic, microscopic and 
nanoscopic analytical techniques, to study the wettability 
alteration of calcite and addressed its relation to the disso-
lution process. We have shown that calcite wettability al-
teration in DI water is caused by the development of chem-
ical heterogeneities identified as strongly adhere water 
layer to the calcite surface, which causes a change in the 
surface energy. We have also shown that the chemical het-
erogeneities are triggered by the dissolution of calcite and 
depend on the solution saturation state. Upon exposure to 
the DI water the calcite surface undergoes a transition 
from super-hydrophilic (SCA = 5°) to hydrophobic (SCA 
93° ± 6.4°) within 3 hours. This phenomenon was con-
firmed using dynamic AFM-based imaging and force re-
construction techniques and the wettability change was 
proven to be caused by chemical variation rather than 
morphological changes. The nanoscopic study provided an 

insight into the progression of chemical heterogenies cov-
ering the calcite surface as the system reaches an equilib-
rium state. The dissolution process was also evaluated by 
measuring the concentration of Ca2+ ions throughout the 
aging process and it showed a continues increase until the 
system reached an equilibrium state. We have shown that 
the water-wetness of the calcite surface is closely linked to 
both the rate of calcite dissolution and the degree of water 
saturation. When there is high saturation with Ca2+ ions, 
the dissolution reactions proceed slowly, causing minimal 
changes to surface wettability. In contrast, lower satura-
tion levels accelerate the dissolution process, resulting in 
notable alterations to surface wettability. Surface compo-
sition analysis along with Quantum MD and density func-
tional theory simulation, showed that at low saturation of 
Ca2+ ions concentration a strong water layer adhering to 
the calcite surface. Effectively screening the polar interac-
tion of the calcite surface and causing it to be hydrophobic. 
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