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HIGHLIGHTS GRAPHICAL ABSTRACT 
• Contact angle measurements

are vital for evaluating the
wetting characteristics of
heritage materials.
• Enhance understanding of

material behavior in response
to environmental challenges.
• Combine contact angle data

with surface chemistry for
comprehensive insights.
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By correlating contact angle results with material composition, conservators can develop more 
effective preservation strategies tailored to specific materials. This approach ultimately 
strengthens the resilience of heritage objects against deterioration and loss over time. Contact 
angle measurements should be conducted in conjunction with surface structure and chemical 
composition analyses, as they do not provide a comprehensive description of surface 
properties. 
 

 
1. Introduction 
Cultural heritage conveys information about 
social and cultural backgrounds, serving as a 
bridge between contemporary society and the 
past, which is crucial for studying human 
civilization. Degradation phenomena are 
increasingly prominent in the field of cultural 
heritage [1]. Remedial conservation and 
preventive conservation are two distinct 
approaches to the long-term preservation of 
cultural heritage. Remedial conservation 
focuses on treating objects that have already 
suffered damage or deterioration. In contrast, 
preventive conservation encompasses a 
proactive strategy aimed at preventing future 
damage and ensuring the longevity of cultural 
heritage items [2]. 
Water is one of the dominant factors in 
weathering processes, acting as a catalyst for 
the degradation of heritage materials [3-6]. 
Common deterioration patterns include color 
change, fracturing, and swelling, which 
ultimately result in material loss [2]. 
Furthermore, the presence of water facilitates 
the growth of algae, fungi, lichens, and 
bacteria, leading to microbiological 
degradation [7]. The protection of 
archaeological objects from water is one of 
the main challenges for the conservation of 
cultural heritage because water is a major 
cause of material degradation, which may be 
chemical, physical or mechanical. 
 Water can originate from various sources, 
including rain, condensation due to relative 
humidity, or capillary rise from the soil. The 
protection process requires a thorough 

analysis of these water sources and pathways 
to effectively control water run-off. However, 
this can be difficult or insufficient in heritage 
artifacts due to various constraints. Therefore, 
a combined approach of chemical and 
physical protection is often essential to 
mitigate this issue [8]. 
Wettability (hydrophilicity/hydrophobicity) 
is a critical factor in the conservation of 
cultural heritage materials. Wettability and 
capillarity are interconnected phenomena 
that significantly influence how water 
interacts with the surfaces of archaeological 
objects. 

Soluble salts present in porous materials can 
dissolve in water and migrate through 
capillary action. When water evaporates, 
these salts crystallize within the material, 
causing internal pressure that can lead to 
cracking or flaking [9,10]. For instance, the 
small contact angle of water droplets on 
murals indicates strong capillary activity 
involving both water and soluble salts, 
particularly in the ground layer. 
 Therefore, understanding wettability and 
capillarity is essential for conservation 
efforts, as managing moisture levels through 
controlled environments can help mitigate 
damage caused by excessive capillary action 
[11]. The chemical composition and surface 
properties of heritage objects further 
influence their wetting behavior. The 
presence of molecules (functional groups) on 
a material's surface can significantly alter its 
interaction with fluids [12,13]. Surface 
contamination significantly affects the 
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physico-mechanical properties of porous 
materials, necessitating consolidation 
treatments to restore material strength and 
maintain continuity in its physical and 
mechanical characteristics [14,15]. For 
surface protection strategies, protective 
consolidants have been employed in 
conservation to stabilize objects [16]. For 
instance, materials used for the consolidation 
of stones must impart hydrophobicity without 
blocking the stone's microstructure, thereby 
allowing the masonry to breathe and reduce 
salt efflorescence [17]. 
 The consolidants used in conservation 
treatments require a thorough understanding 
of the object’s properties [5]. A variety of 
protective materials have been developed to 
preserve the integrity of cultural heritage 
items and slow down the degradation process. 
These materials must fulfill several specific 
requirements, including transparency, 
chemical inertness, mechanical and physical 
durability, impermeability, solvent and acid 
resistance, good friction and anti-wear 
properties, strong adhesion, aesthetic appeal, 
reversibility, and long-term stability [1]. 
Since most alteration processes are driven by 
water, protective coatings should be designed 
to reduce the surface wettability of heritage 
objects. Therefore, there is an increased 
interest in the fabrication of super-
hydrophobic and self-cleaning surfaces 
[7,18]. A defined protocol for coating 
applications includes the assessment of the 
conservation status of the object, creation of 
artificial specimens, testing of new coating 
products on standard objects, and validation 
of the durability and removability of 
protective coatings on ancient artifacts [19]. 
 Analytical techniques provide potential 
for testing the performance of new 
conservation materials. Contact angle 
measurement is a widely used tool for 

characterizing surface properties and 
understanding liquid-solid interactions 
[20].Water contact angle (WCA) 
measurements can be applied in heritage 
characterization to assess how environmental 
conditions affect archaeological sites or 
museum collections, study the properties of 
materials used in restorations or 
reconstructions, and evaluate the impact of 
conservation treatments on artifacts [21,22]. 
Contact angle measurements do not alter the 
sample integrity, making them suitable for 
sensitive cultural heritage materials. 
However, a limitation of this method is that 
they cannot provide information about bulk 
properties or internal structures beyond 
surface interactions.  
2. A guide to contact angle measurements 
This section explores the scientific principle 

behind contact angle measurements. There 
are numerous arguments regarding wetting 
mechanisms and the manipulation of wetting 
behavior [20,23]. However, this article aims 
to clarify the fundamental surface concepts 
that underpin physical measurements. The 
wetting process is a phenomenon of solid 
surfaces that results from the adhesive forces 
between a solid surface and a liquid drop, as 
well as the cohesive forces within the liquid 
drop (Fig.1.) [24]. Strong cohesive forces 
among the liquid molecules result in higher 
contact angles, while strong adhesive forces 
between the liquid molecules and the solid 
surface lead to lower contact angles. Contact 
angle is one of the physical parameters to 
quantify the wettability of solid surfaces 
[25]. The contact angle measurement is 
defined as the angle formed at the interface 
between a liquid droplet and a solid surface, 
providing insights into the surface energy 
and hydrophobicity/hydrophilicity of 
materials. Geometrically, it is defined as the 
angle formed by a liquid at the three-phase 
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boundary point where a solid, liquid, and gas 
intersect [23]. Young’s Equation describes 
the balance at the three-phase contact. 
Surfaces with identical chemical 

compositions but differing roughness exhibit 
varying contact angles. When the contact 
angle is less than 90°, the solid surface is 
classified as hydrophilic, indicating high 
wettability. Conversely, when the water 
contact angle exceeds 90°, the solid surface 
is classified as hydrophobic, indicating low 
wettability. If the water contact angle is 
significantly smaller than 10° or greater than 
150°, the solid surface is referred to as 
superhydrophilic or superhydrophobic, 
respectively [22,25]. Upon adsorption, the 
liquid contracts its surface area to maintain 
the lowest surface free energy.The 
intermolecular force responsible for this 
contraction is known as surface tension, 
which determines the shape of liquid 
droplets [23]. The droplet shape that 
minimizes Gibbs free energy corresponds to 
an equilibrium state where the balance 
between cohesive and adhesive forces is 
achieved. Therefore, the contact angle is 
inherently linked to the intrinsic properties 
of the surface [26]. 

Wettability on a flat and chemically 
homogeneous surface is described by 
Young’s equation: Cosθ = (γsv ‒ γsl)/γlv [27]. 
In this equation, θ represents the static 
contact angle, while γsv, γsl, and γlv denote 
the solid-vapor, solid-liquid, and liquid-
vapor interfacial energies, respectively. 
Young’s equation is strictly applicable only 
to completely smooth surfaces. However, 
many materials exhibit roughness and 
heterogeneity on their surfaces. Surface 
roughness contributes to the generation of 
hysteresis, where microscopic variations in 
slope on the surface create barriers that pin 
the motion of the contact line, thus altering 

the macroscopic contact angles. Therefore, 
interpreting angle data using Young's 
Equation can be misleading, as the equation 
does not take surface topography into 
account. The Wenzel and Cassie-Baxter 
models are commonly used theories that aim 
to describe the homogeneous and 
heterogeneous wettability of rough 
substrates, respectively [23,24]. When a 
droplet rests on rough substrates where 
water molecules do not fill the grooves, 
wettability can be explained by the Wenzel 
model, which is represented by: γlv·CosθW = 
r·(γsv ‒ γsl). 

Here, CosθW denotes the contact 
angle of the droplet in the Wenzel state, and 
r is the roughness factor defined as the ratio 
of the actual surface area to the apparent 
surface area of the substrate. Combining the 
Wenzel’s equation with Young’s Equation 
yields: CosθW= r·Cosθ [28-30].  

In contrast, in the Cassie-Baxter 
model, water molecules completely fill the 
grooves of a rough surface and do not 
penetrate into the liquid phase. For 
chemically heterogeneous surfaces, the 
chemical composition varies at different 
locations, and the apparent contact angle 
may differ from one point on the solid 
surface to another [24]. The relationship is 
given by: CosθCB = f1·Cosθ1 + f2·Cosθ2 [29-
31]. 
In this equation, CosθCB denotes the contact 
angle of the droplet in the Cassie-Baxter 
state, accounting for the contributions from 
different surface areas. Here, f1 represents 
the surface fraction of material 1 with 
intrinsic contact angle θ1, while f2 represents 
the surface fraction of material 2 with 
intrinsic contact angle θ2. In many cases, 
particularly when dealing with 
superhydrophobic surfaces (θ2 = 180°, Cosθ2 
= ‒1), the equation can be re-written as 
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follows: CosθCB = f1·Cosθ1 ‒ f2 [30]. The 
measurement of contact angle hysteresis is 
often recommended as a method to assess 
the quality of the substrate surface [23]. An 
ideal surface is smooth, chemically 
homogeneous, and free of hysteresis. In this 
case, the local energy profile at each site 
would be identical, possessing a single 
minimum point that represents the only 
stable thermodynamic state attainable by the 
system. Surface non-uniformity results in 
multiple Gibbs energy minima and the 
formation of different actual contact angles 
(ACCAs) at each site along the droplet's 
periphery, which do not accurately represent 
the overall surface features. 
The Wenzel and Cassie-Baxter equations are 
based on hypothetical surfaces with average 
properties that represent the original surface 
features. Replacing a real surface with an 
equivalent ideal surface characterized by a 
single Gibbs energy minimum allows for the 
determination of the most stable energy state 
[24]. 

In this context, the use of a larger 
droplet would minimize the effects of 
surface heterogeneity. The higher internal 
energy of a larger droplet would aid its 
movement beyond the energy state barrier 
toward the global energy minimum, which 
aligns with the averaging approach used in 
the Wenzel and Cassie-Baxter wetting 
models (Fig. 2) [26]. Furthermore, while 
discrepancies frequently occur between the 
calculated Wenzel and Cassie angles and the 
experimentally observed angles, these 
differences can be reconciled by modifying 
classic roughness factors with correction 
factors that account for the geometry of the 
rough contact line [20]. Computational 
simulations (e.g., molecular dynamics 
simulations) have validated that both Cassie-
Baxter and Wenzel models predict contact 

angle measurements well on rough surfaces, 
making them valuable for understanding 
wetting phenomena in various applications 
[29]. 
A droplet of liquid in the millimeter range is 
placed on a surface using a dosing unit. The 
use of small droplets helps prevent 
deformation of water droplets caused by 
gravity [32]. Ultrapure water is commonly 
used to avoid the presence of ions and 
organic molecules that can alter surface 
tension and wettability characteristics, 
potentially leading to misleading results in 
contact angle measurements [33,34]. For 
instance, the presence of salts can change the 
surface tension and wetting properties of 
water, allowing it to spread more easily over 
a surface and thereby reducing the contact 
angle [35]. Ultrapure water is typically 
utilized as a probing liquid in archaeological 
contexts to simulate the effects of humidity 
on heritage objects. When comparing the 
wetting phenomena of different surfaces, it 
is essential to measure contact angles with 
water droplets of identical volume [25].The 
drop dispensing process should be gentle, 
minimizing disturbance to the sessile drop 
caused by the micro-syringe needle and drop 
impact, in order to maintain data consistency 
[20]. The droplet is observed with a high-
resolution camera to capture images from 
the moment it adheres to the surface. The 
entire single droplet must be located within 
the region of interest. The measurement of 
the contact angle depends on the optical 
acquisition of the droplet profile [26]. The 
quality measurement variables include 
camera resolution, image magnification, 
light levels, depth of field, and contrast with 
the background. The choice of the image 
analysis algorithm is crucial because 
different algorithms can give different values 
of contact angles [36]. 
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Fig.1. Schematic representation illustrating how the interaction between 
droplet and surface molecules influences wetting behavior and contact 
angle. 

 
 
 
Fig.2. Schematic representation of droplet configurations in the sessile 
drop, Wenzel, and Cassie-Baxter wetting models, along with Gibbs energy 
diagrams for both ideal and rough solid surfaces. 
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The software calculates the contact angle 
after defining the baseline and the droplet 
shape. Several well-developed conventional 
methods are available for measuring contact 
angles, including confocal microscopy, 
environmental scanning electron 
microscopy, and atomic force microscopy 
[25,26]. The baseline of the measurement is 
the horizontal line representing the solid 
surface onto which the droplet is deposited. 
The contact angle is formed at the point 
where this baseline intersects the edge of the 
droplet. By using the gradient of the tangent 
at the droplet edge that meets the baseline, 
the contact angle between them can be 
calculated using trigonometric functions. 
One of the main challenges in contact angle 
measurements is the absence of reference 
standards for measurement methods. 
Different techniques can produce varying 
contact angle values, even when the same 
liquid is applied to a specific surface [20]. 
This underscores the importance of careful 
consideration when interpreting contact 
angle data across different studies. Contact 
angle measurements are mainly performed 
using static and dynamic methods. Static 
contact angles (sessile drop method) are 
measured when the three boundary phases 
are static. A droplet of liquid is placed on the 
surface, and the angle is measured once 
equilibrium is reached. The static contact 
angle can be defined by fitting with various 
modes, such as ellipse, circle, tangent, 
polynomial, and Laplace-Young fitting 
[20,25]. In contrast, dynamic contact angles 
are measured when the three boundary 
phases are in motion as the droplet advances 
or recedes from the surface. The difference 
between the advancing and receding contact 
angles is referred to as hysteresis, which 
quantifies the variability in wetting behavior 
as a droplet moves across a surface [37]. A 

larger hysteresis indicates a greater 
difference between the advancing and 
receding contact angles of a liquid droplet on 
that surface. 
Contact angle hysteresis (CAH) is 
influenced by several factors, including 
surface topology, surface roughness, 
chemical heterogeneity, and the surface 
energy of the material [38]. The wettability 
of solid surfaces is governed by the surface 
topology along the contact line of the droplet 
[39]. Measuring contact angles on non-
planar surfaces introduces complexities 
related to droplet positioning and 
interpretation. Rough surfaces can entrap air 
pockets beneath a droplet, hindering its 
ability to spread uniformly and decreasing 
the contact area with the surface 
[40,41].Additionally, variations in chemical 
composition and geometrical microstructure 
across a surface can create regions with 
different wettability, causing droplets to 
behave differently depending on their 
movement direction. For instance, the 
presence of hydrophobic groups on a surface 
can reduce its surface energy and enhance its 
water-repellent properties [42]. 
Also, the balance between cohesive and 

adhesive forces is directly related to surface 
energy, which determines how a liquid 
droplet interacts with a surface, influencing 
wettability and contact angle. A high surface 
energy (indicating stronger adhesive forces) 
typically corresponds to better wettability, 
while low surface energy can lead to poor 
wettability (indicating stronger cohesive 
forces). Surface energy is influenced by the 
material's chemical composition and surface 
structure [43]. The Gibbs free energy of a 
system, a specific thermodynamic potential, 
can be used to calculate the Gibbs free 
energy barrier associated with advancing and 
receding contact angles. This barrier 
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represents the energy required to change the 
wettability state of a surface. The Gibbs free 
energy barrier is defined as the difference in 
Gibbs free energy between a local minimum 
(representing a stable wetting state) and an 
adjacent maximum (representing an unstable 
or transitional state) in the direction of three-
phase line motion (i.e., advancing or 
receding) [44]. A lower energy barrier 
corresponds to a lower advancing angle and 
greater spreading across the surface, while a 
higher barrier indicates higher receding 
angles and poorer wettability [45,46]. Thus, 
the energy barrier is crucial for predicting 
wetting behavior. 
The accuracy of contact angle measurements 
is highly dependent on surface cleanliness; 
therefore, surfaces should be thoroughly 
cleaned before conducting measurements. 
Measurements should be repeated at 
different locations of the same sample or 
across different specimens of the same type 
that have undergone identical cleaning 
procedures. Generally, the average and 
standard deviation of the valid contact 
angles are recorded [38]. The entire 
apparatus should be placed on a vibration-
free table to ensure that drop formation is 
not affected by vibrational noise from the 
surrounding environment, thereby avoiding 
any additional kinetic energy [20,38]. 
     Controlling consistent environmental 
conditions, such as in climate-controlled 
laboratories, is crucial for obtaining 
reproducible and accurate contact angle data 
[47]. Temperature variations can alter the 
viscosity and surface tension of liquids and 
affect the properties of the solid surface, 
leading to changes in contact angle values 
[20]. Humidity influences the adsorption of 
water vapor onto surfaces, modifying 
surface energy and consequently affecting 
wettability. Variations in air pressure can 

further impact droplet shape and its 
interaction with surfaces. Therefore, 
maintaining stable temperature, humidity, 
and air pressure is essential to minimize the 
impact of environmental variability on 
contact angle measurements. Furthermore, 
contact angle readings can be influenced by 
factors such as porosity, surfactant-like 
contamination, and the shape and size of 
surface particles [30]. 
 
3. Application aspects of contact angle 
measurements 
This section discusses the importance of 
contact angle measurements within the 
characterization framework in an 
archaeological context, offering insights into 
surface properties. Apostolopoulou et al. 
investigated consolidation treatments for 
marble sugaring, which exhibited significant 
granular disaggregation. Two different 
materials were utilized, both with and 
without the addition of sodium stearate. The 
first material was a suspension of calcium 
hydroxide (Ca(OH)2) combined with 6% by 
weight of calcium carbonate (CaCO3), 
referred to as reinforced lime. 
     The second material was a novel nano-
dispersion of calcium hydroxide (Ca(OH)2) 
in ethyl alcohol (C2H5OH) at a concentration 
of 15 g/L. The reinforced lime treatments 
(RL, RL_30, RL_90 based on the addition of 
mg/L sodium stearate) and the nano-
dispersion consolidation treatments (NL, 
NL_30, NL_90 based on the addition of 
mg/L sodium stearate) were conducted over 
a period of two weeks. The treated 
specimens were then placed in a vessel with 
75% relative humidity (T: 20 ± 1 °C) for two 
months (in a supersaturated solution of 
NH4Cl) to ensure complete carbonation of 
the consolidation materials and conversion 
of calcium hydroxide to calcite. 

61



 
 Advanced Research in Conservation Science, Vol. 5, Issue 2, 2024 

 

 

 Static contact angle measurements were 
performed on the marble specimens before 
and after applying the consolidation 
materials. Before treatment, the untreated 
specimens exhibited a static contact angle 
lower than 90°. After consolidation, the 
contact angle increased, reaching values well 
above 90° in all cases, indicating that all 
consolidated surfaces could be considered 
hydrophobic. 
All treated specimens showed contact angle 
values exceeding 120°, which was reported 
as the highest value achieved through purely 
chemical processes on smooth surfaces. 
These results indicated that all applied 
treatments modified the static contact angle 
values of the surface and might confer 
protective effects on the marble surface. 
Notably, the standard deviation of static 
contact angle measurements for untreated 
specimens was significantly higher than that 
of the same specimens after consolidation 
treatments; this was attributed to the greater 
homogeneity of the consolidated surfaces. 
The higher static contact angles were 
achieved with the NL treatments. In both 
cases, reinforced lime and nanolime, the 
addition of sodium stearate appeared to 
slightly increase the static contact angle. 
This might be linked to a certain degree of 
hydrophobicity in the precipitated calcite 
crystals formed in the presence of sodium 
stearate on the consolidated surface. 
Increasing the quantity of sodium stearate 
beyond 30 mg/L did not seem to influence 
 this characteristic significantly, especially 
when considering the standard deviation. 
     The highest static contact angle values 
were observed in specimens treated with the 
nanodispersion of calcium hydroxide 
combined with sodium stearate. The 
treatment involving the nanodispersion of 
calcium hydroxide (15 g/L) with an addition 

of 90 mg/L sodium stearate (NL_90) 
appeared to be optimal for consolidating 
pentelic marble surfaces exhibiting granular 
disaggregation, since it yielded one of the 
highest static contact angles [48]. 
Uc-Fernández et al. studied the anti-
corrosive properties of superhydrophobic 
hexadecyltrimethoxysilane (HDTMS) 
functionalized MCM-41 silica particles 
(MCM-41-HDTMS) within the sol-gel 
matrix of ORMOSIL methyltriethoxysilane 
(MTES) for metal protection, using 
commercial copper (Cu) and carbon steel 
(Fe) sheets as substrates. 
The contact angle measurements were 
performed using the sessile drop technique. 
Uncoated samples exhibited low water 
contact angles, remaining hydrophilic, with 
measured angles of 79° and 75° for the 
copper and iron specimens, respectively. The 
MTES gel contributed to the hydrophobicity 
of the materials, resulting in contact angles 
of 126° for Fe-MTES and 145° for Cu-
MTES. However, when MCM-41-HDTMS 
was incorporated into the coating systems, 
water contact angles of 137° and 155° were 
achieved for Fe-MTES-HDTMS and Cu-
MTES-HDTMS, respectively. The addition 
of MCM-41-HDTMS to the MTES matrix 
induced an increase in the contact angle by 
approximately 10 degrees, along with an 
enhancement in its dispersive component 
due to the substantial deposition of long 
carbon chains from HDTMS over the high 
surface area of the MCM-41 particles.  
The increase in water contact angle values 
for samples containing MCM-41-HDTMS 
might be attributed to the generation of dual-
scale roughness; nanoscale roughness was 
imparted by MCM-41-HDTMS materials, 
which was interconnected with MTES gel at 
the microscale. This created a heterogeneous 
surface that aligned with the Cassie-Baxter 
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wettability model for rough and 
heterogeneous surfaces, allowing large air 
bubbles to be trapped between the surface 
and liquid, thereby enhancing water 
repellency. 
     Additionally, the sprocketed structure of 
long carbon chain functionalization on the 
surface of MCM-41-HDTMS could alter the 
coating systems due to changes in surface 
energy associated with these nanoparticles. 
The incorporation of MCM-41-HDTMS 
nanoparticles improved hydrophobicity and 
consequently enhanced the anti-corrosive 
properties of coatings synthesized with 
MTES ORMOSIL deposited on both copper 
and carbon steel substrates [49]. 
     Li et al. conducted a consolidation study 
of waterlogged archaeological wood from 
the bottom plate of the Zhangwan No. 3 
shipwreck in Shuangjie Town, China. The 
wood blocks were consolidated using 
polydimethylsiloxane (PDMS) or cross-
linked PDMS chains with reversibly N-
coordinated boroxines (NCBs) to produce 
PDMS-NCB, as well as polyethylene glycol 
(PEG1000), which had an average molecular 
weight of 1000 g/mol. Time-dependent 
water contact angles were measured for the 
wood (W), W-PDMS-NCB, W-PDMS, and 
W-PEG1000 samples in an environment 
with 58% relative humidity (RH). The water 
contact angle on the W sample was 80.1°, 
indicating that the surface of the wood 
sample was hydrophilic. Moreover, time-
dependent contact angle measurements 
showed that the water droplet on the W 
sample was quickly absorbed, causing the 
water contact angle to decrease to 0° within 
5 s due to the porous structure of the wood 
sample. Therefore, the hydrophilic nature of 
hemicellulose and cellulose, along with the 
porous structure of the wood sample, 
contributed to its ability to easily absorb 

moisture and exhibited unsatisfactory 
humidity stability. In contrast, the water 
droplet on the W-PDMS-NCB sample was 
barely absorbed, and its water contact angle 
remained nearly constant over 120 s. 
     The water contact angle on the W-
PDMS-NCB sample was approximately 
118.3°, demonstrating its hydrophobic 
surface. The hydrophobic PDMS chains and 
cross-linked structure of the in-situ formed 
PDMS-NCB polymers acted as dense barrier 
layers on both the surface and inside of the 
wood, effectively preventing water droplets 
from penetrating the W-PDMS-NCB 
sample, thereby endowing it with excellent 
humidity stability. Meanwhile, the W-PDMS 
sample exhibited a hydrophobic surface with 
a water contact angle of approximately 
127.6°. 
     However, water droplets on the W-PDMS 
sample were noticeably absorbed, resulting 
in a decrease in the water contact angle to 
around 100.9° within 120 s. In addition, the 
initial water contact angle of the W-
PEG1000 sample was only 18.0°, 
significantly lower than that of the wood 
sample. Water droplets on the W-PEG1000 
sample were rapidly absorbed, causing the 
water contact angle to decrease to 4.5° 
within 15 s. All of these results confirmed 
that the W-PEG1000 sample exhibited the 
poorest humidity stability due to the high 
hydrophilicity of PEG1000. The in-situ 
construction of hydrophobic and cross-
linked PDMS-NCB conservation materials 
endowed the W-PDMS-NCB sample with 
excellent humidity stability, surpassing that 
of the wood, W-PDMS, and W-PEG1000 
samples [50]. 
    Badea et al. discussed the effect of 
halloysite nanotube (HNT) dispersions on 
vegetable-tanned leather from a historical 
bookbinding at the Vaslui County Museum. 
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The three dispersions were referred to as 
HNT-beeswax (beeswax/1-chlorobutane), 
HNT-PEG (polyethylene glycol), and HNT-
BNUTO (a hydroalcoholic solution of urea 
and sodium chloride). The treatments were 
applied through total immersion of the 
leather samples for 10 min, followed by air 
drying. 
     To determine the dynamics of contact 
angle changes over time, the shape of the 
liquid droplet was recorded by a camera 
from the moment the drop was placed on the 
sample (at t = 0 s) until 120 s, with intervals 
of 3 s. For each sample, three measurements 
were taken from different spots, and the 
average of these values was reported as the 
contact angle. The initial contact angle (t = 1 
s) and final contact angle (t = 120 s) were 
used for analysis. The contact angle of 
untreated leather decreased at a constant rate 
until the water droplet was fully absorbed 
(approximately 1 min). For both HNT-PEG 
and HNT-BNUTO treatments, the water 
droplet was completely absorbed in 20 s. In 
contrast, for the HNT-beeswax treatment, a 
two-rate absorption process was observed: a 
steeper absorption rate during the first 2 min, 
followed by a slower rate up to 5 min. The 
contact angle measurements indicated that a 
hydrophobic effect was generated by the 
HNT-beeswax treatment, while the other 
treatments resulted in increased water 
absorption by the leather [51]. 
Wang et al. developed a polyvinyl alcohol–
ethylene glycol (PVA-EG) hydrogel for the 
removal of animal glue from book surfaces 
based on fluorescent-labeling evaluation. 
The hydrogel samples were prepared by 
mixing PVA at various concentrations (6%, 
8%, 10%, and 12%) with EG in a mass ratio 
of 4:6. The surface wettability of the 
hydrogel samples was tested on filter paper 
coated with europium nitrate-fluorescent 

animal glue using a contact angle measuring 
instrument. The pure PVA sample exhibited 
a larger initial contact angle, which 
decreased slowly over time, indicating poor 
surface wettability and relatively weak water 
absorption capacity. 
This behavior could be attributed to stronger 
hydrogen bonding between the pure PVA 
molecular chains, resulting in tighter 
molecular packing and less exposure of 
hydrophilic groups, thereby reducing 
interaction with water molecules. As the 
concentration of EG increased, the contact 
angle of the hydrogel gradually decreased, 
significantly improving wettability. Notably, 
in the 10% and 12% PVA-EG samples, 
water droplets spread considerably within 
0.1 s and were almost fully absorbed after 
0.4 s, with the contact angle approaching 0. 
This indicated that the introduction of EG 
markedly enhanced the hydrophilicity and 
water absorption capacity of the PVA 
hydrogel. 
     EG molecules formed new hydrogen 
bonds with PVA molecular chains, 
increasing the polarity of the hydrogel and 
the density of hydrophilic groups. This 
structural change increased the surface free 
energy of the hydrogel, facilitating 
interactions with water molecules and 
accelerating water absorption and 
penetration. The results indicated that the 
PVA-EG hydrogel could effectively remove 
glue layers within a relatively short-time 
frame [52]. 
 
4. Conclusions 
The physical properties (e.g., porosity and 
texture) and chemical properties (e.g., 
composition and structure) of heritage 
materials affect their durability and 
vulnerability to degradation. Wettability 
describes how a liquid spreads over or 
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penetrates a solid surface. High water 
wettability on archaeological surfaces can 
lead to increased moisture absorption, which 
may promote biological growth and 
chemical deterioration. Contact angle 
measurements offer valuable insights into 
the hydrophobic or hydrophilic nature of 
materials, enabling the assessment of their 
susceptibility to moisture-related damage. 
Contact angle data can be integrated into 
predictive models that simulate the behavior 
of cultural heritage materials in different 
environmental conditions. However, contact 
angle analyses have certain limitations. 
Variation in surface conditions, such as 
roughness or contamination, can impact the 
accuracy of measurements. Advances in 
scientific technology and computational 
modeling could further refine these analyses 
and enhance their precision. The methods  
for measuring contact angles can aid in 
developing proactive conservation strategies 
that are tailored to specific materials and 
environmental conditions. 
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