
Academic Editors: Pierpaolo Carlone,

Felice Rubino and Koh-ichi Sugimoto

Received: 5 November 2024

Revised: 16 December 2024

Accepted: 27 December 2024

Published: 31 December 2024

Citation: Khairi, M.; Erdélyi, Z.;

Baumli, P. Wettability of Polar and

Apolar Liquids on Metal Surfaces.

Metals 2025, 15, 23. https://doi.org/

10.3390/met15010023

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Wettability of Polar and Apolar Liquids on Metal Surfaces
Mohanad Khairi 1,* , Zoltán Erdélyi 2 and Peter Baumli 1

1 Institute of Metallurgy, Metal Forming and Nanotechnology, University of Miskolc, 3515 Miskolc, Hungary;
peter.baumli@uni-miskolc.hu

2 Department of Solid-State Physics, Faculty of Science and Technology, University of Debrecen, P.O. Box 400,
4002 Debrecen, Hungary; zoltan.erdelyi@science.unideb.hu

* Correspondence: mohanad.khairi@uni-miskolc.hu

Abstract: The wettability of metal surfaces by different oils and water is a multifaceted
phenomenon with significant implications for industrial processes, including lubrication,
corrosion protection, and fluid transport; an understanding of the process is essential for
optimizing the performance and durability of metallic components. The intermolecular
interactions between oil molecules and the metal surface primarily influence the wetting of
a metal surface by different types of oil. This paper introduces the concept of oil wetting on
metal surfaces, exploring the factors influencing wetting behavior, the characterization tech-
niques employed to assess wetting properties, and the implications for different industrial
processes. This work aims to ascertain the contact angle of oil on various metal surfaces and
subsequently establish a relationship between this contact angle and the attributes of the
substrate. This is achieved through using the sessile drop technique. The results indicate
that the wettability of petroleum was better than the hydraulic oil we used on all types
of substrates (for example, on Ag surface, Θ-petroleum = 11◦, but Θ-hydraulic oil = 20◦).
Also, we observed that the cosine of the oil/metal contact angle increases with the increase
in the atomic radius of the pure metal substrate, and Becker’s broken bond model proved
this linear relation. We then contrast this behavior with the wetting characteristics of water
and glycerin on the same metals using the same conditions.

Keywords: wettability; oil/water separation; metals; adhesion energy

1. Introduction
When metal surfaces come into contact with oil, intermolecular forces interact, dic-

tating how the oil spreads on the surface. This phenomenon, wetting, holds paramount
importance in materials science and engineering. It entails how a liquid adheres to and
spreads across a solid surface [1,2]. The ability of oils to wet metal surfaces significantly
influences the performance and durability of metallic components across diverse industries.
Hence, obtaining a comprehensive grasp of the factors that affect oil wetting on metal
surfaces is imperative for refining industrial procedures [3–5]. Numerous investigations
have indicated that the surface energy of the oil and the metal surface determines the extent
of oil wetting [6–8]. The equilibrium between adhesive and cohesive forces significantly
affects the contact angle and spreading behavior of the oil on the metal surface.

Beyond this, Quéré [9] and Wang et al. [10] have investigated another variable, the
roughness of the metal surface. This factor influences the effective contact area between the
oil and metal, influencing wetting behavior. Surface roughness modifies the observable
contact angle and can lead to either heightened or diminished oil wetting. Meanwhile, Zhu
et al. [11] delved into surface chemistry, demonstrating that the chemical composition and

Metals 2025, 15, 23 https://doi.org/10.3390/met15010023

https://doi.org/10.3390/met15010023
https://doi.org/10.3390/met15010023
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://orcid.org/0000-0001-9439-3789
https://orcid.org/0000-0003-0364-7996
https://doi.org/10.3390/met15010023
https://www.mdpi.com/article/10.3390/met15010023?type=check_update&version=1


Metals 2025, 15, 23 2 of 10

functional groups present on the metal surface can influence oil-wetting behavior. Alter-
ations in surface chemistry through treatments and modifications can subsequently impact
the contact angle and spreading behavior of the oil [12,13]. In industrial contexts, knowing
the precise contact angle of the oil/metal system holds pivotal importance. It aids in predic-
tive modeling for industrial applications such as investigating lubricant behavior, fluid flow
dynamics [14–17], and oil–water separation [18,19], where divergent wetting behaviors can
lead to effective oil–water separation. This knowledge proves indispensable in industries
and chemical technologies, especially in metal corrosion processes, the oil sector’s water–oil
separation [20–23], and other applications, like preparing metallic nanoparticles or studying
corrosion behavior [24–26]; moreover, the manufacturing and quality assurance process for
wafers of solar cells also includes contact angle measurement [27].

The wettability of oil and water on metal surfaces is important in the case of oil
pipelines; surface wetting can impact cavitation formation, with enhanced wetting dimin-
ishing cavity formation. The flow’s turbulent or laminar nature is influenced by surface
wetting behavior [28,29]. Previous studies reveal a spectrum of outcomes regarding the
contact angle of various oil types on metal surfaces compared to the behavior of water
wetting. In several research papers [30–35], contradictions arise regarding wettability be-
havior within oil–water systems. These inconsistencies can be attributed to creating an
oxide layer with uncertain composition and thickness during cleaning procedures. This
layer contributes to establishing ideal wetting between metals and water, a phenomenon
supported by White’s research [36]. These studies focused only on the effect of water
wetting on metals and did not address the impact of oil wetting, a major water partner in
the oil industry.

There is no study that has investigated the effect of the atomic radius of metals on
the wettability behavior of polar and apolar liquids, with the exception of [37], which only
focused on the effect of the atomic radius on the wettability behavior of water. Here we
study the effect of the atomic radius of the metals on the wettability behavior of another
polar liquid (glycerin) in addition to water and on two apolar liquids (hydraulic oil and
petroleum) and compare the results with the results of [37].

This study presents experimentally derived contact angle distributions for different
oil types on metal surfaces. Its aims are to better understand how contact angles evolve
during repeated spreading on metal surfaces and to ascertain the contact angle formed
by water, glycerin, hydraulic oil, and petroleum on various metal surfaces. Based on
this, we attempt to establish a relationship between this contact angle and the underlying
substrate’s attributes.

2. Materials and Methods
2.1. Preparation of the Samples

For the wetting test, we used pure metals as substrates. Ni, Cu, Ag, Al, W, Sn, Fe, and
Cd were used as substrates with 99.99% purity, and the size was 10 mm × 8 mm × 5 mm
in all cases. The substrates were ground and polished mechanically immediately before the
measurement. The average surface roughness of the substrates (Ra) was 0.02 µm using a
surface roughness measurement device (MARSURF M 40). The preparation was made at
room temperature and normal air, and relative humidity was ~56%.

2.2. The Measurement of the Contact Angle (CA)

In our research, we used the sessile drop method to determine the contact angle of
distilled water, glycerin, hydraulic oil (HME10 from MOL Group), and refined petroleum
(MOL Group) (88–92 w% hydrocarbon, C10-C13, n-alkanes, iso-alkanes, cyclic compounds,
<2% aromatics, 8–12 w% hydrocarbon, C15-C20, n-alkanes, iso-alkanes, cycloalkanes,
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<0.03% aromatics) separately. Using an automatic pipette, a drop of 5 µL of liquid was
placed on the surface of a polished substrate for 5 min for each sample. A CCD camera was
used to record the changes in the silhouettes of the formed drop. The CCD camera was
connected to a computer with KSV software (CAM2008, KSV Instruments Ltd., Helsinki,
Finland) to determine the value of the contact angle. The experiments were performed at
room temperature, and the liquid contact angle values (measured data) were repeated at
least ten times for each sample.

The process of measuring and analyzing the liquid contact angle on metal surfaces is
depicted in Figure 1. The experimental procedures were conducted using the sessile drop
technique, utilizing equipment developed by Sunplant Ltd. (Miskolc, Hungary).
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Figure 1. Measurement process.

3. Results and Discussion
3.1. Experimental Results

We focused on polar and apolar liquids in this research; the results of the wettability
test are collected in Table 1. Firstly, we remeasured the contact angle of distilled water,
which is between 63◦ and 77◦; results show that water does not readily spread on the
surface of metals that are free from oxide layers, confirming results in [37]. Averaged values
are shown here; deviation is ±3◦.

Table 1. The measured contact angle θ (in degrees) of the liquids on the surface of pure metals.

Liquid Al Fe Ni Cu Sn Ag W Cd

Hydraulic oil 20 12 8 15 19 20 18 22

Petroleum 9 3 2 5 9 11 8 11

Distilled water 69 77 80 78 70 67 71 63

Glycerin 73 80 84 82 75 72 76 69

Glycerin, which differs in viscosity and density from water, has a contact angle of
about (69–84◦). Figure 2 shows the silhouettes of the contact angle and its measurement.
Figure 2a has a similarity in the wettability function of the water on the same metal surfaces;
the reason is that both water (72 mN/m) and glycerin (64.7 mN/m) have relatively high
surface tensions, and liquids with higher surface tension tend to form rounded droplets
on surfaces to minimize their surface area. Water is inherently a highly polar molecule,
resulting in a partial positive charge on its hydrogen atoms and a partial negative charge on
its oxygen atom. This polar nature enables water molecules to create hydrogen bonds not
only with each other but also with other polar molecules, such as those found on various
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solid surfaces. Glycerin also has polar hydroxyl (-OH) groups, which can form hydrogen
bonds with water molecules and with solid surfaces; these hydrogen bonding interactions
contribute to the wetting behavior of both substances.
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On the other hand, the high carbon content of oil influences its wettability behavior
primarily through the nature of the carbon compounds present. Oils with a higher con-
centration of light hydrocarbons (92% in petroleum) tend to maintain wet conditions on
surfaces, thanks to lower surface tension and apolar behavior. Moreover, we observed
that apolar liquids work more similarly while polar liquids demonstrate other behaviors.
The oil properties in the wetting condition affect the ability to improve and control the
oil–water wetting; Buckley and Morrow [38] found that different species in the crude oil
determine the wetting behavior.

In contrast to water and glycerin wetting behavior, in experiments with the different
types of oil, the contact angle on metal surfaces (see Table 1) approached a lower value after
only 3–4 s, demonstrating that oil has a very high speed of liquid spreading on all types of
metal surfaces (Figure 2b) because of its low surface tension. The wettability of petroleum
was better than that of hydraulic oil on all types of substrates, and these differences depend
on the balance between adhesive forces (between the oil and the metal) and cohesive forces
(within the oil).

By examining the contact angles of different oil types on metal surfaces in relation
to their atomic numbers, and comparing them to distilled water and glycerin behavior, it
becomes evident that the contact angle aligns with the periodicity corresponding to the
substrate’s atomic number. As illustrated in Figure 3, the atomic radius of the substrate can
affect the contact angle value measured on its surface due to the interactions between the
substrate, the liquid, and the surrounding environment, proving the difference in behavior
between the polar liquids (distilled water and glycerin) and apolar liquids (hydraulic oil
and petroleum). While the variations observed in the results for the relationship between
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oil and water contact angles and the atomic number occur because the atomic number
can correlate with electronic properties (e.g., electron density), which influence surface
energy, this relationship may not be linear or consistent across all metals due to differences
in their crystal structure and surface chemistry. This may explain the variations in results
for different metals. The atomic radius is a crucial parameter for understanding wetting
behavior and surface interaction influences on contact angle for the following points:

1. Atomic Interactions: The strength and type of interactions between the liquid
molecules and the solid surface could be affected by the atomic radius of the substrate.
A larger atomic radius often corresponds to a larger surface area and more available
interaction sites. The concept depends on the idea that as the atomic radius increases,
the overall size of atoms or molecules increases, potentially offering more surface area
for interactions, especially in chemical reactions, adsorption processes, or catalytic
activity [39,40]. Substrates with larger atomic radii might have more surface sites
capable of forming hydrogen bonds, dipole–dipole interactions, or van der Waals
forces with the liquid molecules.

2. Pore size and Roughness: In porous substrates or surfaces with nanoscale roughness,
the atomic radius of atoms making up a porous material can influence the overall
structure of the pores, and larger atomic radii might lead to a more open structure
that allows easy infiltration of the liquid, resulting in a lower contact angle. However,
pore size is more directly related to the material structure (like the crystal lattice, the
atom arrangement, or even the way the particles are packed) rather than only atomic
radius. Pore size and surface roughness directly impact liquid infiltration and the
contact angle, while a larger atomic radius can indirectly contribute to a more open
structure [41,42].

3. Surface Energy and Wetting: The surface energy of a solid substrate plays a significant
role in wetting behavior. If the liquid’s cohesive forces are stronger than the adhesive
forces between the liquid and the solid, the liquid tends to bead up and form a higher
contact angle. On the other hand, if the adhesive forces are stronger, the liquid spreads
out and forms a lower contact angle [43].

4. Capillary Action: The ability of a liquid to flow in a narrow area against the force of
gravity is called capillary action, which can also be affected by the atomic radius. This
is usually a structural effect of the material rather than a direct result of atomic size,
where capillary action is influenced by the dimensions of the capillaries, which in turn
can be affected by the material’s atomic structure. It is determined by how atoms or
molecules are arranged within the material rather than just their atomic radii, which
might lead to capillaries with different dimensions. A material composed of atoms
with a larger atomic radius might exhibit different pore or capillary sizes, indirectly
influencing capillary action and potentially altering the contact angle [43–45].

5. Chemical Interactions: The atomic radius is often linked to the chemical properties
of the substrate. Substrates with larger atomic radii might have more polarizable
electrons, affecting the strength of van der Waals forces or inducing stronger dipole
interactions with the liquid [46].

6. High and Low Atomic Density: Surfaces with high atomic density (Tightly Packed
Atoms) are smoother and have fewer irregularities. Oil spreads more easily on such
surfaces because there are fewer energy barriers, creating a more uniform interaction
between the surface and the oil. This enhances the wettability of the surface by the
oil. Surfaces with low atomic density (Loosely Packed Atoms) are rougher or have
more gaps, which can reduce the wettability, as the oil may form patches instead of
spreading uniformly [43].
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the substrate as a function of the substrate atomic number.

Figure 4 shows good correlation between the cosine of the contact angles of the liquids
on metal surfaces and the atomic radius of the metal substrates. It is evident that a strong
correlation exists, as indicated by the high correlation coefficient R2 for petroleum (0.91),
hydraulic oil (0.88), distilled water (0.95), and glycerin (0.91). The linear relationship
between the cosine of the contact angle (cosθ) and the atomic radius of a metal arises from
how the atomic radius affects the surface energy and, consequently, wettability.
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Based on our measured data and observations in wettability tests, we applied the broken
bond model to describe more precisely the wettability behavior in our liquid/metal systems.

3.2. Broken Bond Model

For more accurate predictions in a specific liquid/metal system, we will turn to
Becker’s broken bond model [47,48] and prove the relationship between the contact angle
and the atomic radius (half the bond length). In this model, the interfacial energy between
two phases (A and B) can be calculated as follows:

σAB = nAB

(
VAB − VAA + VBB

2

)
, (1)

where nAB is the number of cross bonds per unit area, and Vij are the bond energies of
interatomic pairs in phases A and B. Thus, for the solid–gas (SG), solid–liquid (SL), and
liquid–gas (LG) interfaces, the interfacial energies are

σSG = nSG

(
VSG − VSS + VGG

2

)
, (2)

σSL = nSL

(
VSL −

VSS + VLL
2

)
, (3)

σLG = nLG

(
VLG − VLL + VGG

2

)
. (4)

If we assume that the solid–gas (VSG), liquid–gas (VLG) and gas–gas (VGG) pair
interaction energies are negligible compared to the others, then Equations (2) and (4) are
simplified as follows:

σSG = −1
2

n
SG

VSS, (5)

σLG = −1
2

n
LG

VLL, (6)

which are formulas often used for surface energies in the literature [48]. Substituting
Equations (3), (5) and (6) into Young’s equation, we obtain

cos(Θ) =
σSG − σSL

σLG
=

− 1
2 nSGVSS − nSLVSL +

1
2 nSLVSS +

1
2 nSLVLL

− 1
2 nLLVLG

. (7)

If we use the approximation that nSL ≈ nLG ≈ nSG, Equation (7) takes the follow-
ing form:

cos(Θ) = 2
VSL
VLL

− 1, (8)

Note that this equation returns the expected limiting cases, namely if the solid–liquid
interaction is strong (VSL ≈ VLL), then cos(Θ) ≈ 1, making Θ ≈ 0◦, i.e., the liquid perfectly
wets the surface; but if the solid–liquid interaction is negligible compared to the liquid–
liquid interaction (VSL ≪ VLL), then cos(Θ) ≈ −1, i.e., Θ ≈ 180◦, i.e., the liquid does not
wet the surface.

It is clear from Equation (8) that the dependence of cos(Θ) on the atomic radius (ra) is
determined by the dependence of VSL on ra, since this varies as the substrate changes. The
simplest approximation is to assume that this dependence is linear.

VSL = αra + β (9)
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where α and β are semi empirical parameters. In this case, cos(Θ) ∝ ra. Figure 4 shows
that the experimental data fit very well with a linear function on the cos(Θ)− ra diagram.

Note that for water and glycerin α < 0, while for petroleum and hydraulic oil
α > 0. This is probably due to the difference in the metal–liquid bond, as distilled wa-
ter and glycerin are composed of polar molecules, whereas hydraulic oil and petroleum
are composed of apolar molecules. It is obvious that, for example, for covalent bonds,
increasing the atomic radius would result in a larger distance and a weaker bond, while for
ion–dipole or dipole–diploe interactions, increasing the atomic radii would cause higher
polarizability, and thus greater intermolecular attraction. The substrates with larger atomic
radii might have more polarizable electrons, affecting the strength of interactions with the
liquid. Since ion–dipole and dipole–dipole interactions are weak bonds, this may explain
why the dependence on the radius of the substrate atoms (see Figure 4) is two orders of
magnitude weaker for distilled water and glycerin than for petroleum and hydraulic oil
(see the slopes of the fitted lines in Figure 4).

To verify the prediction of the result of the equation that we obtained, we used
Bismuth metal as an example, wetted by the polar and apolar liquids, where the experi-
mentally identified contact angles are ΘW = 79◦ ± 3◦, ΘG = 83◦ ± 3◦, ΘH = 14◦ ± 3◦, and
ΘP = 9◦ ± 3◦ for water, glycerin, hydraulic oil, and petroleum, respectively. Using the
equation While by using the equations from Figure 4, the counted contact angles are
ΘW = 73◦ ± 3◦, ΘG = 82◦ ± 3◦, ΘH = 17◦ ± 3◦, and ΘP = 10◦ ± 3◦.

4. Conclusions
This study explores wettability through the examination of various liquid types:

distilled water, glycerin, hydraulic oil (HME10), and petroleum, which were applied to a
range of samples: Ni, Cu, Ag, Al, W, Sn, Fe, and Cd. The findings are as follows:

• The atomic radius of the substrate significantly impacts the contact angle values, and
therefore the overall wetting behavior will be impacted.

• Nickel exhibits superior oil wetting, displaying consistently lower contact angles
throughout the testing. This distinction can be attributed to oxide formation on
the surface of the other metals, resulting in their decreased surface energy and
decreased wettability.

• Glycerin and distilled water share a similar wettability pattern on identical metal
surfaces, owing to their relatively high surface tensions.

• Petroleum demonstrates remarkably rapid wetting compared to glycerin and distilled
water. These novel observations could find applications in oil–water separation
processes in the oil industry.

• The linear relation between atomic radius and wettability was proved by Becker’s
broken bond model.

• An equation has been developed aiming to predict the wettability behavior of metals.
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28. Petkovšek, M.; Hočevar, M.; Gregorčič, P. Surface Functionalization by Nanosecond-Laser Texturing for Controlling Hydrody-
namic Cavitation Dynamics. Ultrason. Sonochem. 2020, 67, 105126. [CrossRef] [PubMed]

29. Han, Y.; Wang, S.; Zhou, R.; He, L.; Luo, X. The Migration and Adherence of Oil Droplets on Surfaces with Different Wettability in
a Laminar Flow Field. Langmuir 2020, 36, 109–118. [CrossRef]

30. Esmaeili, S.; Sarma, H.; Harding, T.; Maini, B. Review of the Effect of Temperature on Oil-Water Relative Permeability in Porous
Rocks of Oil Reservoirs. Fuel 2019, 237, 91–116. [CrossRef]

31. Lokanathan, M.; Wikramanayake, E.; Bahadur, V. Scalably Manufactured Textured Surfaces for Controlling Wettability in
Oil-Water Systems. Mater. Res. Express. 2019, 6, 046507. [CrossRef]

32. Kang, L.; Wang, B.; Zeng, J.; Cheng, Z.; Li, J.; Xu, J.; Gao, W.; Chen, K. Degradable Dual Superlyophobic Lignocellulosic Fibers for
High-Efficiency Oil/Water Separation. Green Chem. 2020, 22, 504–512. [CrossRef]

33. Pan, B.; Yin, X.; Iglauer, S. A Review on Clay Wettability: From Experimental Investigations to Molecular Dynamics Simulations.
Adv. Colloid Interface Sci. 2020, 285, 102266. [CrossRef] [PubMed]

34. Drelich, J.W. Contact Angles: From Past Mistakes to New Developments through Liquid-Solid Adhesion Measurements. Adv.
Colloid Interface Sci. 2019, 267, 1–14. [CrossRef]

35. Jiang, Y.; Sun, Y.; Drelich, J.W.; Choi, C.H. Spontaneous Spreading of a Droplet: The Role of Solid Continuity and Advancing
Contact Angle. Langmuir 2018, 34, 4945–4951. [CrossRef] [PubMed]

36. White, M.L. The Wetting of Gold Surfaces by Water. J. Phys. Chem. 1964, 68, 3083–3085. [CrossRef]
37. Somlyai-Sipos, L.; Baumli, P. Wettability of Metals by Water. Metals 2022, 12, 1274. [CrossRef]
38. Buckley, J.S.; Morrow, N.R. Characterization of Crude Oil Wetting Behavior by Adhesion Tests. In Proceedings of the SPE

Improved Oil Recovery Conference, Tulsa, OK, USA, 22–25 April 1990.
39. Zhang, Y.; Zhao, R.; Sanchez-Sanchez, M.; Haller, G.L.; Hu, J.; Bermejo-Deval, R.; Liu, Y.; Lercher, J.A. Promotion of protolytic

pentane conversion on H-MFI zeolite by proximity of extra-framework aluminum oxide and Brønsted acid sites. J. Catal. 2019,
370, 424–433. [CrossRef]

40. Zumdahl, S.; Zumdahl, S.; DeCoste, D.J. Chemistry: An Atoms First Approach; Cengage Learning: Boston, MA, USA, 2020.
41. Sing, K.S.W. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and

porosity (Recommendations 1984). Pure Appl. Chem. 1985, 57, 603–619. [CrossRef]
42. Cassie, A.B.D.; Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 1944, 40, 546–551. [CrossRef]
43. Adamson, A.W.; Gast, A.P. Physical Chemistry of Surfaces, 6th ed.; Wiley-Interscience: Toronto, Canada, 1997.
44. Gennes, P.G.; Brochard-Wyart, F.; Quéré, D. Capillarity and Wetting Phenomena: Drops, Bubbles, Pearls, Waves, 1st ed.; Springer:

New York, NY, USA, 2004.
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