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Abstract: While some of the studies on the functionalization of surfaces are still in theoretical phase, it
is not possible to apply them on natural surfaces which already contain some irregularities. However,
progress can be made with a mineral having significant purity, crystal homogeneity, and controllable
surface workability for surface treatment operations. Therefore, in this study the effects of roughness
on the surface energies of natural stones were investigated by selecting a sample with a distinctive
color and metamorphic origin from Mugla, Turkey. First, sample surfaces were prepared using a
polishing line with five different abrasives. Three-dimensional surface scans were then performed
with ZYGONew View7100 optical-profilometer and ParkSystemAFM to identify the 3D roughness of
the surfaces on two different scales (micro and nano) with SPIP-software. The micro average heights
(Sa) of the produced surfaces ranged between 0.423-1.127 pm, nano-scale 0.0806-0.173 um, while the
surface roughness ratio (Sar) between 33.7%-40.1%, and nano-scale 5.19%-18.5%. The contact angles of
the samples were measured in the presence of pure water, formamide, and diiodomethane using
AttensionTheta-tensiometer. Changes in surface energy were followed by Van Oss, Good-Chaudrey
approach. Young, Wenzel, Cassie-Baxter contact angle theories were tested within these calculations.
It was revealed that the inconsistency in solid phase energy could not be determined at this stage, but
it could be regulated by modifying the Cassie-Baxter approach. Furthermore, the percentage of air
packs likely to be below the water droplet not foreseen by the previous studies was calculated as 26%
up to 35% air gap on the solid /water interface.
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1. Introduction

With a generalized perspective, among the studies performed using the roughness of a surface, the
reviews on the identification and imitation of the unusual features of natural surfaces (lotus leaf, etc.)
are quite common (Hill, & Bico, 2006; Ma et al, 2009; Gre8ller et al., 2010; Su, 2010). Moreover, studies
on the production of these functionalized surfaces have become more widespread in the last two
decades. Among these, a striking point is that they consist the artificial creation of imitated natural
surfaces. However, the intrinsic roughness of natural surfaces has been investigated thoroughly on the
flotation enrichment process that depends on the wettability and hydrophobicity difference of the
minerals. For a more in-depth study on flotation behaviors of grains whose final roughness effected by
the grinding media; flotation recovery, bubble retention, and contact angle changes in the presence of
additional surfactant were followed (Yekeler et al, 2004; Ahmed, 2010; Karakas & Hassas, 2016;
Hassas et al., 2016). Furthermore, the approaches used to express the change of surface energies in
applications are constantly evolving throughout the historical process due to the increasing
complexity of the problems and the developing techniques.

The first studies on the determination of surface energy is dated back to the 1800s. Prof. Thomas
Young published his work “An essay on cohesion of fluids”in the journal of Philosophical
Transactions of the Royal Society of London (Young, 1805). Young described the state of the liquid
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drop on a smooth and chemically homogeneous solid surface with solid-liquid, liquid-air, and solid-
air phases. He expressed the force balance between these phases with Young's contact angle. His
equation is too general although being well celebrated, thus being not able to provide any quantitative
descriptions about the energetical states of the interphase boundaries.

Young 's approach was further developed in 20th century, by series of pioneering works (Fowkes,
1963; Zisman, 1964; Owens & Wendt, 1969; Neumann et al., 1974; Van Oss et al., 1988). The common
point of these works was the definition of solid surface energy using the balances formed by applying
more than one pure liquid on the smooth solid. Simply, this new theoretical development (see the
above literature) is meant to quantify the energy of natural solid surfaces, assuming that they are flat
and energetically homogeneous. Much of the research has been concentrated on synthetic surfaces
(Dorrer & Riihe, 2009; Liu et al., 2010; Itherm, 2015). The surfaces are naturally rough, and may
contain more than one structural component. Neuman et al. stated that natural surfaces might
produce different results in the measurement of the energy of solid surfaces (Neumann et al., 1974).
Wu and Van Oss in their study showed that the contact angles measured on the surface of optically
clear calcite crystal and ground calcite were different from that measured with calcite powder
saturated with moisture (Wu & Van Oss, 1996). In this context, it is thought that another factor may be
useful in the determination of solid surface energy.

Wenzel (Wenzel, 1936) and Cassie-Baxter (Cassie & Baxter, 1944) studied the effects of the
topography of the solid surface on its surface energy. Wenzel introduced the roughness factor as the
ratio of the actual asperities to the geometric area below a drop situated on the solid and revealed the
correlation between the experimentally measured contact angle and the Young contact angle on rough
surfaces. The increase of the surface roughness of hydrophobic surfaces usually elevates their level of
hydrophobicity significantly. The opposite is valid for hydrophilic surfaces. Unlike the other authors
(Young, Wenzel, etc.) Cassie defined different components of the surface and the impact of each one of
them on the overall contact angle of droplet situated on a solid surface. (Milne & Amirfazli, 2012;
Zhao, et al., 2013; Hejazi, 2014). Following Cassie's work, Cassie and Baxter stated that there could be
a two-component structure consisting of solid-liquid (first component) and liquid-air (second
component) phases at the solid surface (Cassie et al., 1944; Choi et al., 2009; Murakami, et al., 2014).
This second component (the liquid-air phase) exists in the form of air packs underneath the liquid
drop (Jung & Bhushan, 2008). Moreover, it has been shown that nano air packages can form on the
solid structures ( Gao & Yan, 2009; Starov, 2010; Fritzsche & Peuker, 2014; Ditscherlein et al., 2016;
Wang et al., 2017). Their formation is based on a completely different balance on the rough surfaces,
like the formation mechanism of the micro-air packs on the rough surface ( Hampton & Nguyen, 2010;
Wang et al., 2015).

In the studies on ore preparation and enrichment, along with a number of parameters of the
particles (e.g. total surface area , the shape of the particles, zeta potential, efc.), their hydrophobicity
has been proven to be important, because it is closely related to their surface energy (Hicyilmaz et. al.,
2005; Rahimi et.al., 2012). From this point, in the light of the above surface energy detection studies,
we took another step here, and examined the reaction of a mineral surface to liquids with different
surface energies in addition to a detailed multi-dimensional surface investigation. As a contribution to
research on natural surfaces, the effect of the production method conditions on the functionalization
of natural stone surfaces were produced, as surface coating materials in architectural structures, was
observed. As a primary step, the knowledge necessary to understand such a natural mineral surface
should be assessed following the entire historical development of the surface chemistry. Only in such
a case one use the physical parameters to manipulate the contact angle of the surfaces.

2. Material Methods

The Mugla white marble sample, used in this study, was determined to be composed of pure calcite
crystal in the analysis by Rigaku ZSX brand XRF device (Table 1). The surface of the marble was
examined in three directions by a polarizing microscope, and as a result, calcite crystals were found to
have a perfectly fine granoblastic texture (Fig. 1).
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Fig. 1. Thin section images of Mugla white marble, (a) x axis, (b) y axis, and (c) z axis.

Table 1. Chemical composition of Mugla white marble by wt.%.

Chemical Composition
SiO, AlLOs Fe>O3 MgO CaO Na,O KO TiO MnO LOI*
0.12 <0.01 0.04 0.36 56.17 0.03 <0.01 0.01 <0.01 43.3
* Loss of Ignition (LOI)

The samples obtained from the Mugla region were processed as a plate in a factory. To differentiate
the surface parameters in this study, the samples were passed through the Toyamer brand polishing
line consisting of four abrasive and two caliber heads. The surfaces were polished with abrasive heads
of 116 - 68 - 36 - 23.6 - 16 um in a manner described in Table 2. Then, the samples were cut to 10 cm x
10 cm, and cleaned with pure water, and dried in an oven at 60 °C. Attension Theta brand contact
angle device was used to measure contact angle with pure water, dilodomethane, and formamide
liquids at 20 °C. Park System brand AFM, Zygo Newview 7100 optical profilometer and Leo brand
SEM were used to determine the surface topography of the samples. The AFM scan size was 10 x 10
pum, and the profilometer scan size is 140 x 180 um. Images were examined in two stages. In the first
stage, the micro-size roughness parameters obtained from the profilometry measurements, where
nano-size parameters obtained from AFM raw images were determined by SPIP program, and later
the surface energy evaluations were performed with calculated data. According to the method applied
by LaMarche et al. the roughness of the nanostructures on the surface was separated, and the
roughness parameters were re-calculated (LaMarche, 2017). Then, SPIP three-dimensional roughness

parameters S, S, , and 2-dimensional roughness parameter R values were determined (ISO 4287,

ISO 25178). Young, Cassie-Baxter and Wenzel approaches were tested.

Table 2. The surface treatment process applied to the polishing line.

Sample code Polishing Process
M 116

M 116+68

3M 116+68+36

M 116+68+36+23.6
5M 116+68+36+23.6+16

2.1. Van Oss - Good - Chaudhury Acid-Base Theory (C.]. Van Oss et al., 1988)

The acid-base approach of van Oss et al. (Van Oss et al., 1988) was used to determine the density of
the surface energy (surface tension) y,of the solid surface. It is composed of two components -polar

(Lewis acid-base electron donor-electron acceptor) and nonpolar (Lifshitz-van der Waals) ;/SL " ones.
The Lewis acid-base component of the surface tension consists of Lewis acid (electron acceptor) yg
and Lewis base (electron donor) y substituents. The surface tension of the liquids is described
through the same components - ;/LLW ¥, ,and y, . The surface tension components of the solid surface
7/_5 ¢ 7g,and ygcan be determined if the Young contact angles of small droplets of two polar, and

one nonpolar, liquid with known values of ;/LL ¢ 7, .and y, at the solid surface are measured (Fig. 2).
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Yl

Fig. 2. Three-phase contact angle

Here, water and formamide were used as polar, and diiodomethane as nonpolar liquids. The
following relation between the Young contact angle & and the above-mentioned components of the
solid and liquid surface tensions were used (Van Oss et al., 1988):

(1+cosHY)7/L=2(\/7§W7LLW+\/7s+72+\/7s_72) M)
Vs =2157s @
7327;B+7SLW ®)

where s the surface tension of the solid with its substituents Lewis acid-base y{”and Lifshitz-van

der Waals substituents 7SL " (see Eq.3).

2.2. Young Approach

According to the Young approach, there is a relationship between the surface energy of a
homogeneous solid layer and the contact angle measured with the liquid drop on it. In the current
study, energy calculations were made using the acid-base interaction theory with the apparent contact
angle data (6y).

Vs =Vs TV, c086, 4

where ) is the surface tension of the solid surface, Vs the interfacial tension between the solid and

liquid, while is the surface tension the liquid.

2.3. Wenzel Approach

Wenzel stated that, when a drop of liquid was placed on a solid surface, roughness of the surface
affected the contact angle of the drop (Fig. 3) (Wenzel, 1936). The Wenzel approach expressed the
relationship between a rough surface and a flat surface as a roughness factor ( R ;) (Eq. 5). In this

approach, the surface tension of the solid was calculated by using the van Oss acid-base theory. The
calculation of the surface tension of the solid was performed by taking the roughness values of the

measurements in nano (R ;) and micro (R ; ) dimensions into account.

)

Fig. 3. Liquid wetting solid according to Wenzel
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cos b, =R, cos b, ®)

The Young contact angle 6, is expressed utilizing the apparent contact angle €, rough surfaces by
combining the roughness factor R,. The surface macro-roughness factor and the nano-roughness

factor is represented by R, and R are further discussed in the "Results" section.

2.4. Cassie Approach

Cassie expressed the relationship between the free surface energy of the system and the contact angle
of the different components on the surface.

cosfc =2f *cos O, (6)

The spatial ratio f; of the component on the surface, 6, the contact angle value measured in the field.

The two components (Fig. 4) are expressed as follows for the system.

cos@. =cosl,* f, +cosd, * f, @)

Fig. 4. Surface components according to Cassie approach

2.5. Cassie-Baxter Approach

According to the Cassie-Baxter approach, there may be air gaps between the topographic projections
of a rough solid surface (Fig. 5). Thus Cassie-Baxter equation reads:

cos Oz =R, cosO, — f,, (Rf cos 6, +1) ®)

In Eq. 7, f,,, = liquid-air interface ratio and f, = solid-liquid interface ratio. The total of the solid
surface ( f; ) to which the liquid is contacted to solid ratio and the ( f; ) liquid suspended ratio is "1".
“6," the Young contact angle, “ §.,” rough surface contact angle and “ R " refers to roughness ratio

as mentioned in Wenzel approach.

Fig. 5. Solid/ Liquid interaction on a rough surface according to Cassie Baxter

3. Results and discussion
3.1. Surface topography characterization

The five surfaces produced as presented in Table 2 were subjected to thorough surface inspection to
assess the micro and nanoscale roughness. The consistency of the optical profilometer and AFM
methods used in the digitization of the surfaces was cross-checked by SEM imaging performed with
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various magnification values (500, and 5000 X). In addition to the change of the valleys and peaks of
scratches caused by microscale abrasives, the break/wear characteristics of the material with the
trigonal crystal structure (Matziaris & Panayiotou, 2014) on the nanoscale was observed (Fig. 6.).

Fig. 6. Profilometer, AFM, and SEM images

Sample  Profilometer

1M

M

3M

4M

5M

Images obtained from optical profilometry and AFM were processed in SPIP analysis program and R,
(2D arithmetical mean height), S, (3D arithmetical mean height), Sy (area increase compared to a flat
surface/calculated area over the projected area) values were calculated for each sample according to
the obtained data (Table 3). Notably, the Si value presented here are used in Wenzel, and Cassie
Baxter approaches as the Ry value in Egs. 5 and 7. Due to the reduced attrition of the abrasives as the
mesh values increased, the micro- and nano-sized R, values decreased as it progressed from 1 M to 5
M samples. A similar decrease was observed in the S; values. The S4 showed a decrease in micro-size
but increased in nano-size. When the size of the abrasive grain decreases, it cannot break large parts
from the crystal surface but create new surfaces in nano size.

Table 3 SPIP 3D roughness analysis

Roughness
Sample R, (om) R (nm) S, (m) S, (@m) S, @) S, %)
Nano Micro Nano Micro Nano Micro
M 443 240 173 1127 5.19 45.2
M 33.25 188 125 676 14.7 39.7
3M 15.5 145 95.6 582 16 40.1
iM 14.2 109 70.1 511 18.5 455

5M 9.1 86.2 63.4 423 6.85 33.7
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The studies using contact line profilometers (Tantussi & Lanzetta, 2007; Giircan & Oztiirk, 2014),
which traditionally measure surface roughness in 2D, included coverage error. It was demonstrated in
repeated measurements that the 3D roughness value of S, was more inclusive than any other
parameters. The average ratio of S, values between the micro and nano scales, which are the basis of
our study, was found to be 5.5 times increased, but there was no definite distinction in micro and nano
dimensions. To avoid interferences between the different measurements performed on these surfaces,
which are observed to contain a hierarchical pattern, LaMarche et al. (2017) methods are used on the
natural hierarchical surfaces, and the optical profilometer data which is taken in large size is divided
into micro and nano dimensions.

A range of scales has been found when searching for a hierarchical structure assessment in which
the proportion of coarse and fine parts should be defined. He et al. (2014) on the hydrophobic silicon
surface, the width of the microstructures in the hierarchical structures defined as 20 um, the width of
the nanostructure is 0.2 um. Kim et al. (2013) in his work on aluminum and boehmite said that the
grain size in hierarchical structures was 125 um to 10 nm. In studies on natural hydrophobic
hierarchical surfaces, the separation of micro and nano size is generally expressed as >1 pm micro
dimension, 0.2 um nano size (Webb et al., 2014; Wu et al.,, 2016). Although, there is no generalized
distinction dimension in literature, it has been found that the smallest ratio between micro and
nanoroughness is 5 (Hejazi et al., 2014).

500 4
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0 T T T
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Fig. 7. Fourier transform of 1M sample as an example. a) Further focused to define the exact breakthrough point

As explained by LaMarche et al. (2017), the Fourier transform should be calculated with the
elevation values taken from the 3D optical profilometer data and by examining the graphic the point
at which the curve slope decreases and begins to convert horizontally should be determined. After the
fast Fourier transform (FFT) of the roughness of each surface on the multiple scales completed with
SPIP software, nano-roughness above the frequencies higher than 0.20 pm-1 was separated (Fig. 7).
Roughness below 0.20 pm-1 is expressed as micro-roughness. The nano roughness removal carried
out at this stage is shown as the micropattern and normalized nano pattern by separating the original
profile as seen in Fig. 8.

The nano-roughness of the frequencies above 0.20 pm-1 showed compatibility with the R, and S,
values obtained from AFM. The change in roughness values measured by AFM and profilometer, and
FFT results showed similar character. From this point of view, FFT surface characterization gave
meaningful value for roughness determination. In Table 4, which contains the analysis data re-
prepared, reveals the R, and S, values approach each other on a micro scale. What is more critical in
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this table is the proximity of the nano R, and S, values to the AFM values. After this point, there will
not be an excessive evaluation of the hierarchical structure accounts because there will be no
interference from each of the two scales.

um

1.0 o Micro Pattern
Normalized Nano Pattern

Myt An ad A

o 20 40 60 80 : 1(‘)0 : léD d lfllO : léO : 1‘80 HmM .
Fig. 8. The disintegration of a 2D topography profile into micro and nanopattern

Table 4. Re-calculated roughness analysis parameters

Profilometer Profilometer
S 1
ample Ra (nm) Ra (nm) AFM S , (nm) S , (nm) AFM
Nano Micro Ra (nm) Nano Micro S, (nm)
M 187 872 173 188 903 173
M 167 860 125 167 856 153
3M 346 452 95.6 336 488 311
4M 216 1663 70.1 286 1698 304
5M 133 1100 63.4 133 1020 123

3.2. Surface energy evaluation

When the data were interpreted with the Young approach, it was not possible to obtain only one
surface energy for the solid (Table 5). It was thought that the determination of different surface
energies on the solid could be related to the surface topography, so the Wenzel approach (Eq.5) was
tested, and the surface energy of the solid was determined by taking the roughness into account.
Single surface energy could not be obtained with the Wenzel approach. Due to different surface
energies, it can be assumed that there is another "B" component of the solid besides the different
roughness. As known from literature that different components may affect the contact angle as
indicated in the Cassie approach (Eq. 6). However, the calcite crystal, which is the subject matter, is
almost pure (> 99.7% purity), and its impurities cannot cause a deviation of this magnitude.

Table 5. Measured contact angles and calculated solid surface energy

Contact Angle (°) Young Solid Wenzel Solid
Sample Water Formamide Diiodomethane Surface Tension Surface Tension
(mN/m) (mN/m)
M 30.5 174 34.7 55.3 38.1
2M 36.9 23.4 30.0 53.8 35.9
3M 40.4 19.2 30.3 55.6 36.7
4M 449 32.2 40.2 49.9 33.7
5M 344 15.2 37.0 56.2 40.8

In this case, it is evident that heterogeneous wetting regimes are frequently defined on
hydrophobic surfaces (Hejazi, 2014). However, with some detailed examination, some researchers
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have identified the presence of nanobubbles on the surfaces of hydrophilic alumina (Ditscherlein,
2016), as is the surface of nanostructured PMMA (Wang, 2017) with macroscopic contact angle of 63.7.
Under these conditions, proof of the existence of such air bubbles in the respective interfaces may be
required, but the existence of bubbles is accepted as the reason for the existing divergence for
experimental convenience. However, the "fiv" component, which may influence the solid surface to
this extent, maybe air packs as indicated in the Cassie-Baxter approach (Eq. 7). Here, the presence of
air packs is taken as an assumption, and the Young contact angle measured by Wu et. al. (1996) on the
calcite crystal (Pure Water: 6.2 °, Formamide 7.2 °, Diiodomethane: 38.5 °) was used to determine the
possible amount of air gaps in the study.

Table 6. Predicted air gap ratios under liquid drop (f.v) according to the Cassie-Baxter approach

Predicted air gap ratios at the solid/liquid interface

Pure Water
Size M M 3M iM 5M
Nano 0.093 0.159 0.182 0.216 0.166
Micro 0.238 0247 0264 0277 0.216
Micro&Nano 0.264 0306 0326 0346 0.295
Formamide
Nano 0.047 0.103 0.096 0.151 0.101
Micro 0.199 0.196 0.186 0.217 0.155
Micro&Nano 0.226 0.259 0.256  0.293  0.240
Diiodomethane
Nano 0.00 0.02 0.02 0.09 0.071
Micro 0.15 0.11 0.11 0.15 0.121

Micro&Nano 0.17 0.17 0.18 0.22 0.201

When the gap ratios were calculated for three different liquids (Table 6), it was observed that the
differences in liquid energies affected the wetting significantly, and the determinativeness of
nanoroughness was observed. The highest wettability was presented in the diiodomethane with the
lowest surface energy and the lowest wettability in the water with the highest free surface energy.
Due to the increase of nanoroughness in the series from 1M to 4M, the gap ratio increased in 3 liquids,
but the gap ratio in the 5M sample decreased. As can be observed from the roughness measurements,
in case of 5M sample when the abrasive grain size decreases due to the abrasive mesh size, it cannot
reveal a new surface and even erodes the existing micro-size roughness.

4. Discussion

As a result, an evaluation can be made by accepting the presence of structures of hydrophobic
characters, such as airbags/cavities, in chemically pure samples with unexpected apparent contact
angle values. In this respect, the proposed air package structure; is presented as component "b" of the
Cassie - Baxter approach, which is the most advanced equation considering roughness. Finally, five
samples under three different liquids were found to produce unlike fiv values (gap ratio). When the
Cassie-Baxter approach and micro-nano roughness values are evaluated together, it is possible to test
a structure defined as hierarchical roughness in the literature (Bormashenko & Starov, 2013; Gogolides
et al., 2015). Whether or not a liquid bridges a solid topographic recess on this stage, or whether it will
raid a valley is not only dependent on the geometry of the substrate. Furthermore, it depends on
whether the solid wetting energy of that liquid can overcome the sum of the internal pressure of the
underlying air, the viscosity of the liquid, the film resistance, and the liquid disjoining pressure (Chau
et al., 2009; Nosonovsky & Bhushan, 2009).

Wu et al. (2016), mentioned the existence of hierarchical structured natural surfaces in his study, he
stated that hierarchical structures might have different transition theories. His research includes
computational applications, and the artificial surfaces differ from the actual surfaces in nature by
having well-defined geometric constants. As in the present example, it was found that the surface had
a transition zone with CB, W - W, W and CB, CB-W, W, with randomly distributed roughness S, and
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the corresponding S values. Depending on the liquid surface energy the transitions range from
lowest air ratio of 17% with diiodomethane on 1M sample represent transition "CB-W—W-W
transition" of Fig. 8, to highest air ratio of 34.6% with pure water on 4M sample may represent a
transition "CB-CB—W-W transition" of Fig. 9.

CB-W CB-W—-W-W CB-CB—>W-W

Fig. 9. Transition alternatives proposed for the hierarchical structure

5. Conclusion

At this stage, it was seen that the solid surface energy could not be determined and the resulting
inconsistency could be regulated only by modifying the Cassie - Baxter approach. Furthermore, the
existence of air packs under the water droplet not foreseen by previous studies was calculated, and it
was determined that there could be at least 26% and 35% air package on these surfaces under water.

As a result of the investigation, it has been determined that micro and nano surface roughness can
be changed on a marble surface, and nano air packages can be formed on the natural stones after
using a common industrial natural stone surface treatment process.
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