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Abstract: As society moves away from heavy industry, large metallic structures will be abandoned. As
an alternative to dismantling, these structures could be repurposed. Beyond being a practical solution,
the conservation of these structures would serve as an ode to the role of these industries in shaping
modern society. Conservation, however, requires suitable coatings that hinder corrosion long-term
while not significantly altering the outward appearance. Traditionally, the stability of coatings has
been tested by comparing fresh samples to those aged naturally or in a UV chamber. This method
of testing provides no temporal information. Additionally, measuring many different conditions,
e.g., UV, humidity, temperature, and pollutants, is tedious. In this review, we highlight how by
implementing infrared spectroscopy in different configurations, temporally resolved information
about the coating chemistry, the metal-coating interface chemistry, and gas emissions could be gained
during degradation. These insights would be essential to enable the intentional design of coatings
while simultaneously revealing their environmental impact.
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1. Introduction

Metallic corrosion poses a significant economic burden, with annual costs in the United
States alone estimated at USD 276 billion [1]. This burden will be further exacerbated with
the transition from certain heavy industries. In the future, large, abandoned steel structures
and empty facilities will be left behind. Ensuing issues are exemplified by coal coking
plants, which were once essential for turning coal into metallurgical coke needed for steel
manufacturing. Due to environmental concerns, alternatives to coke are being pursued.
Most coking plants in the USA and Europe are now over a century old, and even the few
plants still in operation have begun to decay structurally. The Bluestone Coke Plant in
North Birmingham, Alabama, is a particularly critical example. In 2020, the metal doors
fronting the 1800 °C ovens in which coal was distilled to coke had heavily corroded. As
a result, the previously contained toxic chemicals leaked out at an accelerated rate into
nearby neighborhoods. The plant has since closed but continues to garner criticism for the
uncontrolled release of contaminants into the environment [2]. Clearly, simply ignoring
corrosion can have devastating results.

As of today, most plants have or are slated to close. One alternative would be to sys-
tematically dismantle them. The 2018 planned implosion of smokestacks at the Shenango
Coke Works on Neville Island in Michigan is a poignant example of the challenges of dis-
mantling. The demolition was only possible after eliminating environmentally hazardous
materials and with proper precautions to limit dust formation [3]. Due to the challenges
and dangers of demolition, finding ways to prevent the decay of these large facilities and
enable their repurposing would be highly beneficial.

Beyond the practical advantages of conservation, these heavy industries left an indeli-
ble imprint on modern society. Coal mining, for example, often strongly influenced the
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culture of the surrounding regions. As a result, some structures clearly have significant
historical value [4]. Prominent examples have already received protected status. The Zeche
Zollverein Coking Plant in Bochum, Germany, shown in Figure 1a, was declared a UNESCO
World Heritage Site. Also, in the United States, industrial buildings have been successfully
repurposed, examples being the National Museum of Industrial History, which is housed
in former buildings of the Bethlehem Steel Mill in Pennsylvania, and the National Historic
Landmark Sloss Furnaces in Birmingham, Alabama, depicted in Figure 1b.

Figure 1. (a) Aerial image of the Zeche Zollverein in Bochum, Germany. (b) Sloss Furnaces in
Birmingham, Alabama, USA.

To preserve these industrial monuments for future generations and to enable their
repurposing, anticorrosion coatings are needed. Generally, coatings act as barriers that
hinder the reaction between agents of corrosion such as moisture, oxygen, and pollutants,
with the underlying metals. Suitability for industrial heritage conservation requires that
the coatings are visually non-intrusive, have low toxicity, are easily applied, and are stable
in outdoor environments [5]. Many seemingly suitable clear coatings undergo undesired
photocatalyzed changes over time, e.g., become opaque and/or lose their anti-corrosion
functionality. There will also not likely be a single ideal coating for all monuments, as the
degradation is highly dependent on the initial state of the structure. As a result, corrosion
products or remnants of prior coatings on the surface will likely influence the effectiveness
of the new coating. Furthermore, due to the vast area of these monuments, for example, the
Zeche Zollverein encompasses 100 hectares, the long-term environmental impact must be
considered. This requires caution during manufacturing, but also a thorough understanding
of any emissions that occur during the service time of the coating.

Over the last decade, increased stability and lowered toxicity have driven coating
research. Many variables must be considered when testing coating stability, i.e., the nature
of the metal, changes in humidity, pollutants, and ultraviolet (UV) exposure. Generally,
the stability of coatings is tested ex-situ by comparing fresh samples to those either aged
naturally or in large UV chambers. The major limitations of ex-situ studies are the lack
of time-resolved information and the limited flexibility, as all samples are aged in the
same atmosphere. As a result, the large-scale testing of many samples under different
conditions is time and labor-intensive. Most studies only consider a limited number of
samples or conditions, which has resulted in an incomplete understanding of the degra-
dation mechanism [6]. More systematic studies that explore a full matrix of variables are
needed. Ideally, methods are needed that allow samples to be studied continuously during
degradation. In this review, we focus on the versatility of infrared (IR) spectroscopy for
studying the chemistry of coating degradation. We conclude that if applied in different
configurations, in-situ IR measurements could provide the necessary temporal evolution of
coating degradation chemistry. With a better understanding of the degradation mechanism,
it will become possible to intentionally design more suitable coatings and to better predict
their long-term environmental impacts.
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2. Coating Studies

In general, the coating lifecycle can be divided into three major stages, the materials
manufacturing stage, the in-service period, and the disposal, as depicted in Figure 2 [7].
Different aging conditions are known to influence degradation and thus must be con-
sidered, specifically moisture, air pollution, and UV radiation. To be suitable for use in
metal industrial heritage, coatings must show sufficient stability in the expected conditions.
This is especially challenging for industrial heritage conservation as the coatings should
not be visually intrusive to maintain historical integrity. As a result, UV adsorbing pig-
ments cannot be added and photodegradation presents a significant challenge. Coating
degradation depends on the coating type, surface (smooth or rough), exposure conditions,
coating application, and number of layers [8]. These dependencies further complicate the
selection of heritage coatings, as different structures will have been exposed to different
environments during use and as a result, will have highly variable starting conditions.
Information about the interface between the coating and the artifact would be needed.

Additive
Manufacturing Applicati
pplication and . . .
o Stabilization In-service Removal || Disposal
Manufacturing Landfill
Incineration
t

Figure 2. Schematic showing the stages in the lifecycle of a coating. This is a graphical summary of
the stages described by OECD in their report [7].

In addition to being key for preventing further corrosion of the artifact, stability must
be ensured to hinder significant environmental effects. Pollutants from the coatings can
end up in the air, water, and soil [7]. For most coatings, negative environmental impacts
are largely considered to occur during the manufacturing process [7]. Nonetheless, recent
studies have reported problematic emissions from plastic articles when they are exposed
to ordinary levels of sunlight, heat, and moisture [9,10]. In order to fully elucidate the
environmental effects, emissions during all stages of the life cycle should be considered.
Here we highlight how IR spectroscopy can be used to better understand the degradation
mechanisms of coatings and to model in-service gaseous emissions.

2.1. Sample Preparation

Overall, the application of coatings on heritage metals is poorly standardized, which
makes comparison between studies difficult. In the following section, we explain the
procedure suggested by Molina et al. as a new standard [11]. To prepare the surface, metal
coupons should be cut and sanded with grit emery paper followed by ethanol cleaning.
The coatings can be applied using different methods ranging from brushing, spraying,
dipping, etc., as long as the method and the parameters are clearly defined. As the coating
application is typically applied by hand, reproducibility must be verified. The samples
should, therefore, be prepared in triplicates. In the case of multilayers, each layer should be
allowed to dry for 48 h before additional layers are applied. Even with this standardization,
differences between samples can exist. It was found that not only can the number of applied
layers influence the film thickness and protective strength, but the total drying time must
also be considered [11].

This standardization was created for the testing of coatings on metal coupons. Clearly,
when applying the protective layer to real historical objects, the sample preparation process
is dependent on the condition and stability of the artifact [12].

2.2. Ageing

The best practices for studying stability have been laid out by the American Coatings
Association. To establish the stability of coatings, reliable accelerated testing must have
(1) a controlled amount of UV and visible radiation at the specimen surface, (2) controlled
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temperature, (3) and humidity [13]. Artificial aging lasts for weeks or months, while
natural aging can last from months to years [14]. This aging technique can be accelerated
by using amplified adverse conditions (sun, heat, cold, salts, vibrations) in combination
with environmental factors such as UV exposure, temperature, relative humidity, and
pollutants ozone, NOy, etc. [15]. After sample preparation, coated metals are subjected to
artificial aging tests in UV chambers that mimic outdoor atmospheric conditions. Different
conditions encompassing condensation, temperature, and UV light at varying residence
times must be studied as aging mechanisms can behave synergistically.

Although existing standards such as ISO or ASTM have not usually been adapted to
heritage studies, they should be used to guide tailored and more standardized tests [11].
Molina et al. carried out their tests at alternating cycles with 340 nm UV-A light and
condensation at 50 °C according to ISO 4892:3 [11]. ASTM D5894, also known as Cyclic Salt
Fog/UV Exposure of Painted Metal Test provides a standard for aging. ASTM G155 also
outlines accelerated aging on a wide range of products and industries, including products
for the automotive industry, surface coatings, rubber, adhesives, and textiles [15].

Aging processes increase as a function of ambient temperature. As a simplification,
the Arrhenius law is often considered to govern the acceleration process. For example,
the generation rate of CO, during the photooxidation of the polymer polypropylene was
monitored using gaseous transmission IR spectroscopy. It was found that in the measured
application, the relevant temperature region (30-80 °C) and the CO, generation rate fol-
lowed the Arrhenius law [14]. The value of the attained activation energy within this region
led the authors to conclude that polymer decomposition is dominated by a single chemical
process [14]. As a rule of thumb for most chemical reactions, the reaction rate doubles when
the temperature increases by 10 °C [15]. If the degradation process were diffusion-limited,
a shallower slope would be expected in the Arrhenius plot. Furthermore, if a too-high
testing temperature is selected, chemical reactions with higher activation energy could
begin to occur that are not significant during the natural aging of the coatings. Even to
simulate longer periods of time in extremely adverse conditions, excessive temperature is
therefore not recommended [15].

2.3. Standard Analysis

Coatings are often evaluated by electrochemical impedance spectroscopy (EIS) and a
novel electrochemical cell has been developed for in-service measurements [16]. Most other
studies are conducted ex-situ, i.e., the coating is studied before and after aging. The homo-
geneity and appearance of the coatings are usually studied with visual inspection or with
optical microscopy [11]. More detailed morphological information is gained using scanning
electron microscopy [17]. Changes in the glossiness of the coatings have also been analyzed
as an indication of coating stability [18]. Hydrophobicity variation is probed using contact
angle measurements [19]. Corrosion products are identified with Raman spectroscopy [11].
To gain information about chemical changes in the coatings, both X-ray photoelectron
spectroscopy (XPS) and infrared spectroscopy (IR) are used [20]. The samples are studied
under vacuum, XPS, however, is ill-suited for in-situ studies. IR spectroscopy has no
such requirement. By using IR in different configurations, complementary information
about emission products, surface chemistry, and insights into changes at the metal-coating
interface could be gained. In the following section, we will provide more information about
IR spectroscopy in general and how it could best be applied to study coating degradation.

3. Infrared Spectroscopy

The functional properties and durability of coating polymers largely depend on their
chemical structure, which can be probed using IR spectroscopy [21]. In IR spectroscopy, the
sample is typically irradiated with light within a wavelength range of between 2.5 mm and
15 mm (wavenumber 4000 cm~! and 666 cm~!). At specific frequencies, bonds within the
coating are excited and begin to vibrate. If the molecular dipole moment changes during
the vibration, then it is IR-active. The characteristic frequency of a bond is related to the
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chemical structure, relative atomic weights, spatial position of atoms in a molecule, and
intra- and intermolecular interaction forces [22]. Some of the most common vibrational
movements include asymmetrical /symmetrical stretching, scissoring, twisting, rocking,
and wagging [22].

IR spectroscopy can be applied in different configurations. As a result, in addition to
understanding the chemistry of the coating during degradation, it would also be possible
to gain information about gaseous emissions during aging or to detect changes in the metal—-
coating interface. In the following section, we will describe different configurations in more
detail. We will describe how IR can be applied to study coating degradation. As these terms
are used differently across fields, we will define what is meant here by ex-situ, in-situ, and
in-service. For clarification, ex-situ refers to studies in which representative samples are
studied in non-application-relevant conditions. Examples of ex-situ measurements would
be transmission IR conducted on coating samples before and after aging that have been
diluted in KBr. In-situ is used to describe work conducted on coatings applied to a repre-
sentative metal layer that are studied while under conditions mimicking those expected in
the heritage conservation application. This could be coatings applied to a metal coupon
or coating on thin-film metal layers, which are studied while being aged in atmospheric
control chambers with UV light. Finally, in-service measurements are conducted directly
on layers applied to monuments or monument components and are non-destructive. This
could include measurements directly on monuments or measurements conducted in the
lab on artifacts that can be returned to the heritage site. We make this differentiation to
indicate measurements that could be conducted repeatedly on real artifacts.

3.1. Transmission

Transmission is the most widely used configuration and provides information about
the overall chemistry of the sample. In this configuration, first introduced in 1952, the
IR light passes through a sample [23]. As a result, the solid samples must be sufficiently
transparent to allow for detection. The typically strongly absorbing polymer coatings
must therefore be diluted using IR transparent materials such as KBr or NaCl (Figure 3a).
Alternatively, extremely thin layers (~5-10 um) have been successfully used (Figure 3b) [24].
In both cases, the transmission IR spectra of the coating before and after degradation
are compared.

Window UV light
(quartz glass)

cuiti Window
Coati i oating Gas Inlet Gas Outlet
IR Window - oating IRWm\dow / \\ as Outle
\ — r— A R
R IR ~— ——— — R
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/ g
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le Hol
Medium Sample Holder
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Temperature Control loops
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Figure 3. Set-up of IR translucent chambers used in transmission mode for (a) diluted coatings
pressed in pellets of translucent material, (b) thin coatings, and (c) testing gas emissions from coatings
during photodegradation.

The transmission configuration can also be used to detect the generation of volatiles
and gaseous products produced during aging. A sealable aging cell that allows for heating
and UV irradiation of a sample under a controlled environment during the simultaneous
detection of any atmospheric changes using transmission IR is shown schematically in
Figure 3c. In this in-situ cell, a Xenon arc lamp is used for irradiation. Using such a setup,
the emission of CO, was successfully monitored in-situ during the photo-oxidation of
polypropylene (PP) polymers [14]. During the degradation of nitrile rubbers, the emission
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of volatile species was identified by increased absorption at wavenumbers characteristic
of C-H, C-N, and -N=C=5- bonds [25]. Overall, it was found that the weathering results
attained in the in-situ chamber have good correlation with natural weathering [14].

3.2. Attenuated Total Reflection (ATR)

The technique of internal reflection spectroscopy, also called attenuated total reflection
(ATR), was introduced in the early 1960s [26]. It is popular as almost any material—solid,
powder, or liquid—can be easily and nondestructively analyzed. ATR relies on complete
reflection during the transition from an optically denser medium or crystal to a thinner
medium. The sample is placed in direct contact with an ATR crystal, typically made of
diamond, germanium, silicon, or ZnSe. The crystal wall directs the radiation beam to the
interface with the sample at an angle, which results in complete reflection at the internal
crystal side. In the simplest case, the reflected beam then comes out through the second
crystal wall and the beam intensity is recorded. The total internal reflection results in
an evanescent wave whose perpendicular components interact with the optically thinner
medium. See the schematic in Figure 4 [22].

Metal Coupon

D g o

Coating Wave /

e AN e R

vanescent/\/\.—ATR Crystal

Wave ATR Crystal
IR IR

(a) (b)

Figure 4. Schematics depicting the ATR configuration using (a) a crystal that is contacted to the
coating surface compared to (b) the Kretschmann configuration in which the interface between the
coating and the metal is probed.

For ex-situ studies, an ATR crystal is brought into contact with the coating surface
before and after aging in a UV chamber. The IR evanescent wave penetrates the sample
surface layer (~0.5-5 pm) (see schematic in Figure 4a) [22]. Many modern IR microscopes
have an ATR crystal add-on, making this kind of ex-situ measurement of the coating surface
readily available. ATR measurements conducted directly on the metal artifact surface allow
corrosion products to be non-destructively detected [27]. Additionally, ATR could be used
to identify the chemical composition of coating remnants found on the metal surface. The
ATR-IR spectral databank of many heritage artifacts, including coatings and paints of Vahur
et al., could be useful for identifying what the remnant coating is [28]. This information
would be useful for better understanding the interface that forms between the monument
surface and the newly applied coating.

In the Kretschmann configuration, ATR can be used to study changes in-situ on model
systems at the metal-polymer interface (Figure 4b) [29]. Despite the absorbing character of
metals, an electric field can pass through a thin metal film. If the thin metal film deposited
(~tens of nm) on an ATR crystal is coated with a polymer film, the evanescent wave can
probe the metal-polymer interfacial region [30]. In this way, ATR has been successfully
combined with impedance spectroscopy to study water uptake and diffusion in polymer
films [29]. This configuration could be used to gain information about the interaction
between different metals and coatings.

3.3. Photoacoustics

In photoacoustic IR, the absorbance of the impinging light beam alters the thermal
state of the sample (Figure 5). By modulating the light periodically, the absorbing sample
warms and cools cyclically. The solid sample is usually contained in a gas-tight cell that is
filled with helium, and the thermal expansion results in acoustic pressure oscillations. As
the frequency of modulation of the source corresponds to the audio region, sound waves
are generated. The sound wave can be detected by sensitive microphones, piezoelectric
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devices, or optically. Depending on the frequency, different depths (0.1-100 um) of optically
transparent samples can be studied [31]. Simplistically, the slower the modulation the
further the heat can move through the sample [32].

Modulated IR "
Gas Filled IR Window

Cell \

N Microphone

Coating Metal Coupon

Figure 5. Schematic of a cell used to study the degradation of coatings via photoacoustic IR.

Although less common than the other configurations, there are several studies in which
photoacoustic IR was used to study the degradation of paints and organic coatings [26,33].
The advantages of photoacoustic IR are that sample preparation is not necessary, it is
possible to study different surface depths, and the method is non-destructive [34]. The
main disadvantage is that it cannot be readily used to study the coating chemistry in-situ,
as variations in the gaseous environment strongly influence the measurement [33].

3.4. Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy

DRIFT spectroscopy offers a direct and non-destructive method for the identification
of coating materials and binders [35]. In DRIFT spectroscopy, light is reflected at numerous
angles that are not equal to the incident angle on a porous surface. See Figure 6 [20].
The measurement utilizes optics that are designed to reject specularly reflected radiation
while collecting as much of the diffusely reflected light as possible. It is suitable for
recording opaque and scattering samples with or without sample preparation [21]. DRIFT
spectroscopy is known to be much more surface-specific than other IR configurations [36].

IR

IR Window

Gas Inlet Gas Outlet

Coatin
9 Metal Coupon

Figure 6. Schematic of a DRIFT spectroscopy cell used to study coatings in controlled atmospheres.

Pandey and Kumar used DRIFT spectroscopy to differentiate between coatings on
aluminum [21]. There are several studies in which the aging of wood under UV over time
was conducted using DRIFT spectroscopy [37]. As the coating chemistry can be probed
and the method can be used to detect changes as a result of UV degradation, it is likely that
by adjusting the window configuration of the atmospheric transmission cell (Figure 3c),
useful insights could be gained from in-situ DRIFT measurements.

4. Industrial Heritage Coatings

No single coating is suitable for all metal surfaces and all heritage environments [6].
The largest hurdle for industrial heritage conservation is the degradation of the initially
clear coatings due to photo-oxidation. Photo-oxidation is influenced by physical and
chemical weathering during irradiation in the presence of oxygen, water, and temperature
variation. This degradation is especially challenging for heritage conservation, as it is
typically suppressed by adding an adsorbing pigment, which is not possible when a clear
coating is desired. Degradation can cause the once-clear coating to become cloudy or
miscolored, thereby changing the appearance of the artifact. Furthermore, due to the large
nature of industrial heritage conservation structures, it must be proactively ensured that
coating degradation does not result in environmental hazards.
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Different coatings have different chemistries, which dictate their stability. Over the
course of decades, increased stability requirements and environmental concerns have
driven coating research [1,6]. In the section below, we will discuss coatings that have
been historically used, as well as novel coating chemistries. We give examples of how IR
spectroscopy has been successfully applied to study the interaction between the coating
and the metal surface and has helped unravel photodegradation.

4.1. Waxes

Metal coatings were already developed in the seventeenth century. They were made of
turpentine solvent and linseed oil binder in addition to white lead pigments and additives.
Others included coal tar and bitumen [6]. These coatings were mostly applied on functional
structures, e.g., bridges. Oils and waxes were also historically used on ironworks [8]. Wax’s
protective function has been attributed to its ability to exclude moisture and oxygen from
the metal surface [38]. Generally, waxes are made up of esters of a long-chain alcohol and a
long-chain fatty acid [39]. The IR bands associated with waxes are between 3000-2800 cm ™~
for the C-H stretch, 1480-1350 cm ! for the C-H bend, 1790-1600 cm ! for the C=0 stretch,
and 1300-1100 cm ™! for the C-O-C. See Figure 7 [40].

1790-1600 cm™ ' stretch

O

1100-1300 cm™

R
O A R’
3000-2800 cm™' stretch
1480-1350 cm~' bend

Figure 7. Schematic of the general chemical formula for waxes. The expected IR band regions are
based on the work of Swartz et al. [40].

4.1.1. Degradation and Challenges

The use of waxes continued, and in the 1970s, polyethylene waxes were widely used
in mixtures with microcrystalline waxes by the US National Park Service for outdoor
monument conservation [41]. In the subsequent decades, however, it was found that waxes
showed low weathering resistance and needed to be renewed frequently. In some cases, it
was even found that due to their porosity, wax coatings accelerated corrosion by retaining
contact between the metal surface and a corrosive solution [42]. When exposed to sunlight,
especially the UV component, waxes have been found to undergo oxidative degradation,
resulting in hydroxyl group formation associated with a higher n-alcohol content [40]. This
degradation mechanism is most pronounced at the surface of the wax. In ex-situ ATR
measurements of artificially aged wax samples, it was found that the bands associated
with fatty acid esters, 1736 cm ! and 1171 em ™!, decreased, while there was an increase at
1720 cm~!, which was attributed to free fatty acid formation [43]. This chemical change
alters the material properties, e.g., brittleness, hardening, and color changes. Over the
lifetime of the coating, grainy crystals form [44]. In addition to temperature variations,
it has been proposed that a driving force for changed film crystallinity is the exclusion
of branches from the majority of linear alkanes’ crystalline phases [40]. Periodically, an
aesthetically unpleasing white crystalline efflorescence, commonly called “wax bloom”,
appears on the surface of wax coatings [45]. Although efflorescence has been widely
reported, its origin is poorly understood [46]. Wax coatings are typically assumed to have
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a short operation lifetime of 2-5 years [40]. Due to insufficient stability, the propensity to
darken, and the tendency to collect dust, alternatives to wax coatings are required [38].

4.1.2. Environmental Concerns

Petroleum-based waxes have a carbon footprint inherently due to their production [47].
Although little information was found in the literature regarding the photodegradation
of waxes, a study from 1992 found that the biodegradation of waxes, both beeswax and
paraffin, was rapid. In the study, the biodegradation rate of the waxes was monitored using
a CO; evolution test after exposure to contaminated soil. The authors found that alkanes
up to C50 are completely or partially biodegradable and their decomposition products are
released into the environment [48].

Biodeterioration is reportedly a problem for heritage conservation in general. It,
therefore, seems probable that coating deterioration is not just a photocatalyzed process
but also could be a result of biodegradation [49].

4.2. Acrylics

In the 1960s, the International Copper Research Association spearheaded efforts to
find an alternative to wax for outdoor copper structures [50]. Generally, acrylics show
better aging behavior than waxes, maintaining a protective function over ten years, even
under aggressive artificial lighting [51]. Acrylic is an «,[3-unsaturated carbonyl compound,
i.e., it has both a carbon—carbon double bond and a carbon—-oxygen double bond that are
separated by a carbon—carbon single bond (see Figure 8). Interestingly, despite the presence
of a reactive carbonyl group, based on a combination of reflection IR spectroscopy and
secondary ion mass spectroscopy, no significant bonding was detected between a styrene-
acrylic coating and the metal substrate [52]. Using the more interface-sensitive ATR in the
Kretschmann configuration, it was found that the presence of water increases the amount
of ionic bonds at the interface [53]. A more systematic study is needed to better understand
the chemistry at the interface under the conditions expected for heritage conservation.

Acrylate Monomer Acrylic Polymer
R R
1680-1630 o Free Radical
Reaction 1100-1500°
CH2 —
n
NS

0 @ o o

I ’ 1790:1600.cm="stretch | 17901600 cm ' stretch

R R’

1100-1300cm ™" 1100-1300cm~"

Figure 8. Schematic of both the acrylate monomer and the acrylic polymer. The regions marked for
the expected IR bands are from the works of Smith and the reaction suggested by Gaytan et al. [54,55].

Since the initial work, the acrylic coating trademarked under the name “Incralac”
has been widely used. In the decades that followed, numerous studies examined the
performance of “Incralac” for outdoor conservation. The suitability of “Incralac” for
widespread conservation of metallic heritage remains debated, however, as it is toxic [56].

4.2.1. Degradation and Challenges

Upon prolonged exposure to light, acrylics tend to weaken and undergo photo-
oxidation reactions [57]. This aging is known to result in a yellowish taint. Insights
into the chemical changes were gained from studies conducted on detached powder sam-
ples from museum artifacts that were pressed into KBr discs. The authors attributed the
formation of a band at 1646 cm ! over time to the formation of C=C bonds due to oxidation-
induced unsaturation of the acrylic backbone [58]. Furthermore, the preparation process
for acrylic coatings is complex, and frequently, additives are used [59]. The degradation of
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the additives must also be considered when determining the suitability of acrylic coatings.
For example, the IR bands associated with sodium Benzotriazole (BTA), a commonly used
anti-corrosion additive, were found to disappear during aging. As a result, it was con-
cluded that the decrease and eventual disappearance of BTA is possibly a more significant
aging factor than the degradation of the actual acrylic resin material itself [58].

4.2.2. Environmental Concerns

Acrylic coatings are generally more stable than wax-based solutions, but their use
is hindered by environmental concerns; specifically, the gaseous emissions of the largely
hydrocarbon-based solvents are considered problematic. The EU directive 1999/13/EC
calls for the protection of human health by replacing solvents in large industrial processes
that are classified as carcinogenic, mutagenic, or toxic to reproduction. As a consequence,
there has been a push to move towards high-solid-content coatings that use oxygenated
solvents or are even solvent-free [7].

The level of emission during the coating lifetime, however, has not been determined.
For the degradation studies, it seems likely that there are emissions into the environment [9].
A better understanding of emissions during the in-service degradation of the coatings is
needed, e.g., what decomposition products are released during the disappearance of BTA?

4.3. Carboxylates

Carboxylates are non-toxic organic compounds that by binding to the metal surface,
form a three-dimensional protective film. They can bind to the surface in different con-
figurations that will give unique signatures in the IR spectra. See Figure 9 [60]. The
wavenumbers are based on a thin film study of iron-carboxylate films measured in the
transmission configuration [60].
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Figure 9. Schematic depicting how the carboxylates can bind to the metal surface, which would result
in detectable changes in the IR spectra. The marked IR band regions are based on the work of Smith
and Tanskanen et al. [60,61].

The application of carboxylates in historical conservation started in the 2000s [6].
Generally, an increase in the length of the carbon chain is considered beneficial as it results
in higher hydrophobicity [62]. The performance of carboxylate coatings, however, also
depends on their solubility in water (coating concentration), which decreases with the chain
length [63].

4.3.1. Degradation and Challenges

The usefulness of carboxylate coatings for metals such as copper, iron, and lead has
been tested. It was found that although the ability of the carboxylate to bind to the surface
is central to the protective function of carboxylates, it also strongly hinders their suitability
for certain metals. For lead, it was found that treatment with an aqueous carboxylate
solution resulted in passivation of the surface by both the formation of lead oxide and lead
carboxylate [64]. In the case of copper, however, treatment with carboxylates did not always
yield ideal results. Frequent aesthetic changes, e.g., the formation of a green-blue layer due
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to Cu?* ions and insufficient corrosion inhibition were reported. Nonetheless, significant
hydrophobicity was attained using ethanol-based solutions of myristic (tetradecanoic)
acid [65]. Developing an optimized carboxylate solution requires a thorough understanding
of the coating chemistry and the interaction with the underlying metal surface. A systematic
study using in-situ ATR in the Kretschmann configuration could provide insights into how
different formulations influence the chemistry at the metal-coating interface.

4.3.2. Environmental Concerns

The carboxylic acids used for creating the passivation layers are not considered to
represent a significant environmental risk. As reiterated in the previous subsection, the
main issue with carboxylates is that they do not provide sufficient protection for certain
metals [66].

4.4. Polyurethane

From a chemical perspective, the main components of polyurethanes are polyols
(alcohols with more than one OH group) and di- or polyisocyanates (functional group
NCO). These two functional groups bind during an exothermic reaction to form extended
chains and networks bonded by urethane links (-O(CO) (NH)-). See Figure 10 [67].
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Figure 10. Schematic of the general formula for polyurethanes. The highlighted band regions are
based on the work of Smith [68].

Through chemical substitution, different polyurethanes with varying properties can be
attained. For example, an elastic polyurethane material is achieved by using a large polyol
with a linear structure. A more rigid material is generated if a low-weight polyol with
aromatic groups is used [69]. Additionally, by using a precursor with multiple isocyanate
groups, a higher degree of cross-linking can be attained, which results in increased rigidity.

4.4.1. Degradation and Challenges

The photo-degradation of polyurethanes in outdoor applications leads to a reduction
in molecular weight, lower tensile strength, and discoloration [70]. The degradation mech-
anism of polyurethanes is complex and involves many different possible reactions. In the
1980s and 1990s, the degradation of polyurethanes was widely studied using transmission
IR spectroscopy of artificially aged thin samples [24]. Generally, it was found that irradia-
tion with long wavelengths (y > 300 nm) resulted in oxidation of the carbon atom next to
the NH of a urethane group. This resulted in a selective loss of the intensity of methylene
groups at 2940 and 2860 cm ! [24]. The interaction with shorter wavelengths was found to
significantly depend on the chemical composition. For example, in polyurethanes based
on aromatic di-isocyanates, it is widely believed that loss of aromaticity due to oxidative
degradation is responsible for the color change [24].



Surfaces 2024, 7

857

The results attained using photoacoustic IR were compared to those attained using
ex-situ ATR. Using both configurations, the same chemical changes were detected in the
coatings applied to rubber samples. The changes as a result of degradation were more
pronounced in the ATR spectra. The authors argue that as a greater sample thickness is
probed using the photoacoustic configuration; this result indicates that the degradation
is greatest in the top few microns and progresses more slowly in the regions below. This
finding highlights the usefulness of coupling multiple IR configurations [71].

4.4.2. Environmental Concerns

Many of the precursors used in the preparation of polyurethanes are derived from
petroleum resources. In addition to increased concerns about sustainability, there are
concerns about the toxicity of precursors and polyurethanes [70]. Historically, the emission
during the in-service periods of the polyurethanes was considered more or less negligible
when compared to the environmental concerns associated with manufacturing and coating
application [72-74].

Nonetheless, it has been found that the generated short-polymer chains, monomers,
and low-molecular-weight photo-oxidized products partition into the surrounding envi-
ronment [74].

4.5. Fluorinated Polymers

Per- and polyfluoroalkyl substances (PFASs) are organic polymers that contain fluorine
atoms bonded to carbon. Perfluorinated and partially fluorinated are the two types of
fluorinated polymers. The difference between the two is that perfluorinated polymers
contain only C-F and C-C bonds, while partially fluorinated polymers contain hydrogen
or other atoms besides fluorine and carbon [75]. In addition to polyvinylidene fluoride
(PVDEF), which is mostly applied in metallic heritage, other commonly used fluorinated
polymers like polytetrafluoroethylene (PTFE) and polyvinyl fluoride (PVF) exist. PVDF is
widely used because it is chemically inert and resistant to UV radiation [76]. The chemical
structures of PVDEF, PTFE, and PVF are shown in Figure 11.
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Figure 11. Schematic of the structure of common fluoropolymers. The IR band regions are based on
the work of Nallasamy et al. and Bhullar et al. [77,78].

4.5.1. Degradation and Challenges

In the 1980s, some of the first applications of fluoropolymer coatings were for industrial
structures, e.g., oil tanks [79]. The coatings have been found to show good stability over
20 years of service in harsh marine environments. As a result, the use of fluoropolymer
coatings has significantly increased in the last decade. The global fluoropolymer coating
market size was valued at around USD 300 million in 2021 [80].

4.5.2. Environmental Concerns

Beyond being widely implemented in coatings, PFASs have also found application in
a wide array of consumer products, e.g., cookware and cosmetics [81]. Recently, concerns
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surrounding the widespread use of PFASs and their persistence in the environment (in-
creasing levels of contamination in the air, water, and soil) have increased. The stability
of PFASs also facilitates bioaccumulation. Among others, exposure to PFASs has been
associated with decreased fertility, increased risk of cancers, and lower immune system
functionality [82].

The highest level of PFAS emissions is thought to occur during the manufacturing
process [83]. As a result, the release of PFASs into the environment from in-service coating
degradation has not been thoroughly considered. Fluoropolymer coatings are made from
monomers that undergo polymerization during synthesis. Incomplete polymerization
results in residual levels of monomers and smaller polymer units that could be more readily
released during further processing steps or during operation [84]. A database of quanti-
tative infrared spectra for volatile fluorocarbon gases that could be emitted from PFASs
has been compiled. Using this information in combination with in-situ IR transmission
studies (Figure 3c), a better understanding of the environmental impact of fluorinated
polymer coatings could be gained [85]. This understanding is particularly important as
both the USA and the EU are considering wide-reaching bans on PFASs due to health and
environmental considerations [86].

4.6. Polysilicones

A promising alternative coating material is polysilicone [59,87,88] “Siloxane” and

“silicone”, are both used interchangeably in the literature to describe compounds predomi-

nantly made of —Si(CHjz); —O— units [89]. Silicone-based coatings should be more durable
than traditional organic materials due to their silicon—oxygen bonds. The Si—O bond (bond
dissociation energy 110 kcal/mol) is stronger than the carbon—carbon (83 kcal /mol) bond,
i.e., it should be more resistive to oxidative degradation caused by UV radiation in the
presence of water and oxygen [90].

Polysilicones are used in metal conservation because of their good adhesion to both
metal surfaces and patinas [91]. They thoroughly cover many types of surfaces. They
are also transparent and hydrophobic [59]. They covalently bind to the metal surface
through metal-silicone interactions by hydrolysis (Me-O-Si), where Me is a metal surface
site. Additionally, they are bonded to the neighboring molecules through siloxane bonding
(5i-O-Si). See Figure 12 [92].
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Figure 12. Schematic of the general chemical formula for polysilicone coatings bound to the metal
surface. The IR band regions are based on the work of Hofmann and Al-Saadiet al. [93,94].

4.6.1. Degradation and Challenges

Short-chained silicones are less stable and more volatile than larger cyclic systems [95].
It is widely believed that the mechanism of silicone photodegradation involves the cleavage
of the S5i-C and the subsequent oxidation via a radical-mediated path [95]. The polysilicone
chains are then likely shortened via the backbiting mechanism (see Figure 13) [96]. During
the thermal decomposition of polysilicon, the release of small oligomers into the atmosphere
was analyzed using gas-phase transmission IR spectroscopy [97].
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Figure 13. Simplified schematic of polysilicone photo-degradation.

4.6.2. Environmental Concerns

Beyond being considered promising for technical coatings, siloxanes are already
widely used in numerous other applications, e.g., personal care products, sealants, and
even food additives [98]. However, recent concerns about bioaccumulation, toxicity, and
environmental hazards have been raised and now siloxanes are also considered an emerging
pollutant class [98]. Despite their apparent stability, their widespread use has resulted
in increased anthropogenic siloxane pollution [98,99]. The European Union, therefore,
recently restricted the use of cyclic siloxanes in cosmetic products [86]. The delayed concern
about the release of silicones into the environment is in part due to the lack of analytical
data. To proactively avoid a similar situation of future uncertainty as that surrounding
PFASs, an understanding of polysilicone coating stability and their overall environmental
impact is needed. Clever implementation of IR spectroscopy in different configurations
could allow not only the degradation of the coating to be studied but could also provide
information about any gaseous emissions during aging. Specifically, the use of gas-phase
transmission mode, photoacoustic IR, and DRIFT spectroscopy to gain temporally resolved
insights into the photodegradation of industrial heritage coatings would allow for more
efficient optimization.

5. Outlook

As we move away from heavy industry due to environmental concerns, many large
structures with significant metallic components will be abandoned. Conservation and
repurposing is an attractive alternative to the tedious dismantling of these structures.
For this, however, novel anti-corrosion coatings will be needed. Many of the coatings
previously used for conservation are ill suited as they lack the necessary stability against
photo-oxidation or are marred by environmental concerns. In order to accelerate the
development of suitable coatings, a better understanding of the degradation mechanism
and information about what components are released into the atmosphere is needed.

The stability of coatings is usually determined by comparing fresh samples to those
aged either naturally or in large UV chambers. The main issues with this method of study
are the lack of time-resolved information and the limited flexibility, as all samples must be
aged under the same atmosphere. In-situ analysis methods would enable more efficient
large-scale testing of many samples under different conditions. Here we summarized
different configurations of IR spectroscopy that could be applied in-situ to gain temporally
resolved information about coating degradation. Using an atmospheric chamber that allows
for UV irradiation, information about the gas-phase emissions could be gained from IR
spectroscopy applied in the transmission configuration. By using ATR spectroscopy in the
Kretschman configuration, information about changes in the chemistry at the metal-coating
interface could be gained during aging. Using in-situ photoacoustic IR, depth-resolved
information about variations in the coating over time could be gained, while highly surface-
specific information could be probed with DRIFT spectroscopy. We predict IR spectroscopy
will play an essential role in the development of novel anti-corrosion coatings for metal
industrial heritage coatings.



Surfaces 2024, 7 860

Author Contributions: Conceptualization, E.K.-Y.; writing—original draft preparation, E.K.-Y. and
E.B.; writing—review and editing, A.S.; supervision, A.S. All authors have read and agreed to the
published version of the manuscript.

Funding: Ethan Bontrager’s work was the recipient of a 2024 Summer Undergraduate Research
Fellowship from Colorado School of Mines.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

Koch, G.H,; Brongers, M.PH.; Thompson, N.G.; Virmani, Y.P.; Payer, ].H. Corrosion Cost and Preventive Strategies in the United States;
2001. Available online: https://www.researchgate.net/publication/235934414_Corrosion_Cost_and_Preventive_Strategies_
in_the_United_States (accessed on 17 June 2024).

Dennis Pillion Al.com. 2023. Available online: https://www.al.com/news/birmingham/2023/05/bluestone-coke-failed-to-pay-
283k-for-air-pollution-fines-in-birmingham-health-officials-say.html (accessed on 17 June 2024).

CBS News. 2018. Available online: https://www.cbsnews.com/pittsburgh /news/smokestacks-at-former-coke-plant-set-for-
demolition/ (accessed on 17 June 2024).

Cottis, B.; Graham, M,; Lindsay, R.; Lyon, S.; Richardson, T.; Scantlebury, D.; Stott, H. (Eds.) Shreir’s Corrosion; Elsevier Science:
Amsterdam, The Netherlands, 2010; ISBN 978-0-444-52787-5.

Cano, E.; Lafuente, D.; Bastidas, D.M. Use of EIS for the Evaluation of the Protective Properties of Coatings for Metallic Cultural
Heritage: A Review. . Solid State Electrochem. 2010, 14, 381-391. [CrossRef]

Molina, M.T.; Cano, E.; Ramirez-Barat, B. Protective Coatings for Metallic Heritage Conservation: A Review. J. Cult. Herit. 2023,
62,99-113. [CrossRef]

Organisation for Economic Co-operation and Development. Emission Scenario Documents on Coating Industry (Paints, Laquers and
Varnishes); OECD: Paris, France, 2009.

Kreislova, K.; Knotkova, D.; Geiplova, H. Atmospheric Corrosion of Historical Industrial Structures. In Corrosion and Conservation
of Cultural Heritage Metallic Artefacts; Elsevier Ltd.: Amsterdam, The Netherlands, 2013; pp. 311-343; ISBN 9781782421542.
California Department of Transportation. Greenhouse Gas Emissions Arising from Microplastics Pollution; California Department of
Transportation: Sacramento, CA, USA, 2024.

Stubbins, A.; Law, K.L.; Mufioz, S.E.; Bianchi, T.S.; Zhu, L. Plastics in the Earth System. Science (1979) 2021, 373, 51-55. [CrossRef]
[PubMed]

Molina, M.T.; Cano, E.; Leal, J.; Fort, R, Alvarez de Buergo, M.; Ramirez-Barat, B. Protective Coatings for Metals
in Scientific—Technical Heritage: The Collection of the Spanish National Museum of Science and Technology (MUNCYT).
Heritage 2023, 6, 2473-2488. [CrossRef]

Weththimuni, M.L.; Licchelli, M. Heritage Conservation and Restoration: Surface Characterization, Cleaning and Treatments.
Coatings 2023, 13, 457. [CrossRef]

Nichols, M.; Research, E; Engineering, A. Principles of Accelerated Weathering: Evaluations of Coatings; CoatingsTech: Wickford, UK, 2020.
An,Z.; Xu, Z,; Ye, Y,; Yang, R. A Rapid and Highly Sensitive Evaluation of Polymer Composite Aging with Linear Correlation to
Real-Time Aging. Anal. Chim. Acta 2021, 1169, 338632. [CrossRef]

Micom-UV-Testing-EBook-2019-Final (2) 1. Available online: https://medium.com/@Micom /uv-testing-guide-ebook-266766fff8
68 (accessed on 17 June 2024).

Ramirez Barat, B.; Cano, E.; Letardi, P. Advances in the Design of a Gel-Cell Electrochemical Sensor for Corrosion Measurements
on Metallic Cultural Heritage. Sens. Actuators B Chem. 2018, 261, 572-580. [CrossRef]

Grayburn, R.A.; Dowsett, M.; De Keersmaecker, M.; Banerjee, D.; Brown, S.; Adriaens, A. Towards a New Method for Coating
Heritage Lead. Herit. Sci. 2014, 2, 14. [CrossRef]

Grissom, C.A.; Grabow, N.; Riley, C.S.; Charola, A.E. Evaluation of Coating Performance on Silver Exposed to Hydrogen Sulfide.
J. Am. Inst. Conserv. 2013, 52, 82-96. [CrossRef]

Kiele, E.; Lukseniene, J.; Griguceviciene, A.; Selskis, A.; Senvaitiene, J.; Ramanauskas, R.; Raudonis, R.; Kareiva, A. Methyl-
Modified Hybrid Organic-Inorganic Coatings for the Conservation of Copper. J. Cult. Herit. 2014, 15, 242-249. [CrossRef]
Pouliot, B.; Matsen, C.; Mass, J.; Donnelly, W.; Andrews, K.; Bearden, M.; Kaplan, L.; Dodson, K.; Hamilton, E. Three Decades
Later: A Status Report on the Silver Lacquering Program at Winterthur. Suite 2000, 320, 452-9545.

Pandey, G.C.; Kumar, A. Non-Destructive Characterization of Surface Coating on Metal by DRIFT Spectroscopy. Polym. Test. 1995,
14, 309-313. [CrossRef]

Urbaniak-Domagala, W. The Use of the Spectrometric Technique FTIR-ATR to Examine the Polymers Surface. In Advanced Aspects
of Spectroscopy; InTech: Houston TX, USA, 2012.


https://www.researchgate.net/publication/235934414_Corrosion_Cost_and_Preventive_Strategies_in_the_United_States
https://www.researchgate.net/publication/235934414_Corrosion_Cost_and_Preventive_Strategies_in_the_United_States
https://www.al.com/news/birmingham/2023/05/bluestone-coke-failed-to-pay-283k-for-air-pollution-fines-in-birmingham-health-officials-say.html
https://www.al.com/news/birmingham/2023/05/bluestone-coke-failed-to-pay-283k-for-air-pollution-fines-in-birmingham-health-officials-say.html
https://www.cbsnews.com/pittsburgh/news/smokestacks-at-former-coke-plant-set-for-demolition/
https://www.cbsnews.com/pittsburgh/news/smokestacks-at-former-coke-plant-set-for-demolition/
https://doi.org/10.1007/s10008-009-0902-6
https://doi.org/10.1016/j.culher.2023.05.019
https://doi.org/10.1126/science.abb0354
https://www.ncbi.nlm.nih.gov/pubmed/34210876
https://doi.org/10.3390/heritage6030130
https://doi.org/10.3390/coatings13020457
https://doi.org/10.1016/j.aca.2021.338632
https://medium.com/@Micom/uv-testing-guide-ebook-266766fff868
https://medium.com/@Micom/uv-testing-guide-ebook-266766fff868
https://doi.org/10.1016/j.snb.2018.01.180
https://doi.org/10.1186/2050-7445-2-14
https://doi.org/10.1179/0197136013Z.0000000007
https://doi.org/10.1016/j.culher.2013.06.002
https://doi.org/10.1016/0142-9418(94)00026-B

Surfaces 2024, 7 861

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

51.

52.

Stimson, M.M.; Joannes O’Donnell, M. Infrared and Ultraviolet Absorption Spectra of Cytosine and Isocytosine in The. J. Am.
Chem. Soc. 1952, 74, 1805-1808. [CrossRef]

Wilhelm, C.; Gardette, J.-L. Infrared Analysis of the Photochemical Behaviour of Segmented Polyurethanes: 1. Aliphatic
Poly(Ester-Urethane). Polymer 1997, 38, 4019-4031. [CrossRef]

Liu, X.; Zhao, J.; Yang, R.; Iervolino, R.; Barbera, S. A Novel In-Situ Aging Evaluation Method by FTIR and the Application to
Thermal Oxidized Nitrile Rubber. Polym. Degrad. Stab. 2016, 128, 99-106. [CrossRef]

Derrick, M.R.; Landry, ].M. Scientific Tools for Conservation Infrared Spectroscopy in Conservation Science; Getty Publications: Los Angeles,
CA, 1999. Available online: https://www.getty.edu/publications /virtuallibrary /0892364696.html (accessed on 17 June 2024).
Kotlar, M.; Matijakovi¢ Mlinari¢, N.; Desnica, V.; Marusi¢, K. Studying a 2 Millennia Old Bronze Kettle Using Easily Accessible
Characterization Techniques. Herit. Sci. 2021, 9, 10. [CrossRef]

Vahur, S.; Teearu, A.; Peets, P.; Joosu, L.; Leito, I. ATR-FT-IR Spectral Collection of Conservation Materials in the Extended Region
of 4000-80 cm L. Anal. Bioanal. Chem. 2016, 408, 3373-3379. [CrossRef]

Vlasak, R.; Klueppel, I.; Grundmeier, G. Combined EIS and FTIR-ATR Study of Water Uptake and Diffusion in Polymer Films on
Semiconducting Electrodes. Electrochim. Acta 2007, 52, 8075-8080. [CrossRef]

Taheri, P,; Flores, ].R.; Hannour, F.; de Wit, JH.W.; Terryn, H.; Mol, ]. M.C. In Situ Study of Buried Interfacial Bonding Mechanisms
of Carboxylic Polymers on Zn Surfaces. J. Phys. Chem. C 2013, 117, 3374-3382. [CrossRef]

Gasera Depth Profiling with Photoacoustic Spectroscopy 2010, 1-17. Available online: https://gasera.fi/product/pa301/
(accessed on 17 June 2024).

Hodson, J.; Lander, J.A. The Analysis of Cured Paint Media and a Study of the Weathering of Alkyd Paints by FTi.r./PAS. Polymer
1987, 28, 251-256. [CrossRef]

Zhang, W.R.; Zhu, T.T,; Smith, R.; Lowe, C. A Non-Destructive Study on the Degradation of Polymer Coating I: Step-Scan
Photoacoustic FTIR and Confocal Raman Microscopy Depth Profiling. Polym. Test. 2012, 31, 855-863. [CrossRef]

Pasieczna, S.; Ryczkowski, J. Infrared Photoacoustic Spectroscopy—Advantages and Disadvantages in Surface Science and
Catalysis Research. |. Phys. IV (Proc.) 2003, 109, 65-71. [CrossRef]

Meilunas, R.J.; Bentsen, ].G.; Steinberg, A. Analysis of Aged Paint Binders by FTIR Spectroscopy. Stud. Conserv. 1990, 35, 33-51.
[CrossRef]

Roedel, E.; Urakawa, A.; Kureti, S.; Baiker, A. On the Local Sensitivity of Different IR Techniques: Ba Species Relevant in NOx
Storage-Reduction. Phys. Chem. Chem. Phys. 2008, 10, 6190. [CrossRef] [PubMed]

Barta, E.; Papp, G.; Preklet, E.; Tolvaj, L.; Berkesi, O.; Nagy, T.; Szatmari, S. Changes in the DRIFT Spectra of Softwood Irradiated
by UV-Laser as a Function of Energy. Acta Silv. Lignaria Hung. 2005, 1, 83-91. [CrossRef]

Moffett, D.L. Wax Coatings on Ethnographic Metal Objects: Justifications for Allowing a Tradition to Wane. J. Am. Inst. Conserv.
1996, 35, 1-7. [CrossRef]

Chowdhury, K.P. Effect of Special Finishes on the Functional Properties of Cotton Fabrics. J. Text. Sci. Technol. 2018, 4, 49-66.
[CrossRef]

Swartz, N.; Clare, T.L. On the protective nature of wax coatings for culturally significant outdoor metalworks: Microstructural
flaws, oxidative changes, and barrier properties. J. Am. Inst. Conserv. 2015, 54, 181-201. [CrossRef]

Montagna, D.R. Tech Rotes Metals Number 1 Conserving Outdoor Bronze Sculpture; USA National Park Service, 1989. Available
online: https://www.nps.gov/orgs/1739 /upload/tech-note-metals-01-bronze-sculpture.pdf (accessed on 17 June 2024).
Thickett, D.; Stanley, B. The Use and Mis-Use of Renaissance Wax; ICOM-CC Publications Online, 2019. Available online:
https:/ /www.icom-cc-publications-online.org /3557 / Use-and-Mis-use-of-Renaissance- Wax (accessed on 17 June 2024).
Vykydalova, A.; Cibulkova, Z.; Cizova, K.; Vizarova, K.; Simon, P. Degradation of Beeswax by NOx Pollution and UV Light
Studied by DSC and FTIR Measurements. Thermochim. Acta 2020, 689, 178606. [CrossRef]

Cizova, K.; Vizérova, K.; Haz, A.; Vykydalova, A.; Cibulkova, Z.; Simon, P. Study of the Degradation of Beeswax Taken from a
Real Artefact. J. Cult. Herit. 2019, 37, 103-112. [CrossRef]

Bartl, B.; Trejbal, J.; Durovi¢, M.; Vasitkové, S.; Valterova, 1. Analysis of Efflorescence on Surface of Beeswax Seals. ]. Cult. Herit.
2012, 13, 275-284. [CrossRef]

Ambrosi, M.; Raudino, M.; Pieraccini, G.; Corti, C.; Tenorio-Alfonso, A.; Martinez, I. Understanding the Formation of Efflorescence
on Beeswax Models Housed at the Natural History Museum of Florence. J. Cult. Herit. 2023, 62, 143-150. [CrossRef]

Maglaya, I. Life Cycle Analysis of Nonpetroleum Based Wax; Thesis in Engineering, Architecture, Information and Technology, The
University of Queensland: 2020. Available online: https://espace.library.uq.edu.au/view /UQ:562bf42 (accessed on 17 June 2024).
Hanstveit, A.O. Biodegradability of Petroleum Waxes and Beeswax in an Adapted CO, Evolution Test. Chemosphere 1992, 25,
605-620. [CrossRef]

Cappitelli, E; Catto, C.; Villa, F. The Control of Cultural Heritage Microbial Deterioration. Microorganisms 2020, 8, 1542. [CrossRef]
Wolfe, J.; Grayburn, R. A Review of the Development and Testing of Incralac Lacquer. J. Am. Inst. Conserv. 2017, 56, 225-244.
[CrossRef]

Down, J.L. The Evaluation of Selected Poly(Vinyl Acetate) and Acrylic Adhesives: A Final Research Update. Stud. Conserv. 2015,
60, 33-54. [CrossRef]

Wan, H.; Song, D.; Li, X.; Zhang, D.; Gao, J.; Du, C. Failure Mechanisms of the Coating/Metal Interface in Waterborne Coatings:
The Effect of Bonding. Materials 2017, 10, 397. [CrossRef]


https://doi.org/10.1021/ja01127a054
https://doi.org/10.1016/S0032-3861(96)00984-6
https://doi.org/10.1016/j.polymdegradstab.2016.03.008
https://www.getty.edu/publications/virtuallibrary/0892364696.html
https://doi.org/10.1186/s40494-021-00484-6
https://doi.org/10.1007/s00216-016-9411-5
https://doi.org/10.1016/j.electacta.2007.07.003
https://doi.org/10.1021/jp310813g
https://gasera.fi/product/pa301/
https://doi.org/10.1016/0032-3861(87)90413-7
https://doi.org/10.1016/j.polymertesting.2012.07.002
https://doi.org/10.1051/jp4:20030653
https://doi.org/10.1179/sic.1990.35.1.33
https://doi.org/10.1039/b808529c
https://www.ncbi.nlm.nih.gov/pubmed/18846310
https://doi.org/10.37045/aslh-2005-0007
https://doi.org/10.1179/019713696806124557
https://doi.org/10.4236/jtst.2018.42003
https://doi.org/10.1179/1945233015Y.0000000012
https://www.nps.gov/orgs/1739/upload/tech-note-metals-01-bronze-sculpture.pdf
https://www.icom-cc-publications-online.org/3557/Use-and-Mis-use-of-Renaissance-Wax
https://doi.org/10.1016/j.tca.2020.178606
https://doi.org/10.1016/j.culher.2018.04.020
https://doi.org/10.1016/j.culher.2011.11.007
https://doi.org/10.1016/j.culher.2023.05.023
https://espace.library.uq.edu.au/view/UQ:562bf42
https://doi.org/10.1016/0045-6535(92)90291-X
https://doi.org/10.3390/microorganisms8101542
https://doi.org/10.1080/01971360.2017.1362863
https://doi.org/10.1179/2047058414Y.0000000129
https://doi.org/10.3390/ma10040397

Surfaces 2024, 7 862

53. Pletincx, S.; Trotochaud, L.; Fockaert, L.-L.; Mol, ] M.C.; Head, A.R.; Karshoglu, O.; Bluhm, H.; Terryn, H.; Hauffman, T. In Situ
Characterization of the Initial Effect of Water on Molecular Interactions at the Interface of Organic/Inorganic Hybrid Systems. Sci.
Rep. 2017, 7, 45123. [CrossRef]

54. Smith, B.C. Infrared Spectroscopy of Polymers X: Polyacrylates. Spectroscopy 2023, 38, 10-14. [CrossRef]

55. Gaytan, I.; Burelo, M.; Loza-Tavera, H. Current Status on the Biodegradability of Acrylic Polymers: Microorganisms, Enzymes
and Metabolic Pathways Involved. Appl. Microbiol. Biotechnol. 2021, 105, 991-1006. [CrossRef]

56. Tristan Bravinder. The Science of Wax _ Getty News. 2017. Available online: https://www.getty.edu/news/developing-and-
understanding-alternatives-to-incralac-for-protecting-outdoor-bronze-sculpture/ (accessed on 17 June 2024).

57. Davison, S. A Review of Adhesives and Consolidants Used on Glass Antiquities. Stud. Conserv. 1984, 29, 191-194. [CrossRef]

58. Boyatzis, S.C.; Veve, A.; Kriezi, G.; Karamargiou, G.; Kontou, E.; Argyropoulos, V. A Scientific Assessment of the Long-Term
Protection of Incralac Coatings on Ancient Bronze Collections in the National Archaeological Museum and the Epigraphic and
Numismatic Museum in Athens, Greece. In Artistry in Bronze; The J. Paul Getty Trust: Los Angeles, CA, USA, 2017; pp. 300-312.

59. Artesani, A.; Turo, ED.; Zucchelli, M.; Traviglia, A. Recent Advances in Protective Coatings for Cultural Heritage-an Overview.
Coatings 2020, 10, 217. [CrossRef]

60. Tanskanen, A.; Karppinen, M. Iron-Terephthalate Coordination Network Thin Films Through In-Situ Atomic/Molecular Layer
Deposition. Sci. Rep. 2018, 8, 8976. [CrossRef] [PubMed]

61. Smith, B. The Carbonyl Group, Part V: Carboxylates—Coming Clean. Available online: https://www.spectroscopyonline.com/
view /carbonyl-group-part-v-carboxylates-coming-clean (accessed on 17 June 2024).

62. Zhang, J. Development of Environmentally Friendly Non-Chrome Conversion Coatings for Cold-Rolled Steel; Virginia Polytechnic Institute
and State University: Blacksburg, VA, USA, 2003.

63. Rocca, E.; Steinmetz, J. Inhibition of Lead Corrosion with Saturated Linear Aliphatic Chain Monocarboxylates of Sodium. Corros.
Sci. 2001, 43, 891-902. [CrossRef]

64. Rocca, E.; Rapin, C.; Mirambet, F. Inhibition Treatment of the Corrosion of Lead Artefacts in Atmospheric Conditions and by
Acetic Acid Vapour: Use of Sodium Decanoate. Corros. Sci. 2004, 46, 653-665. [CrossRef]

65. Milosev, I.; Kosec, T.; Bele, M. The Formation of Hydrophobic and Corrosion Resistant Surfaces on Copper and Bronze by
Treatment in Myristic Acid. J. Appl. Electrochem. 2010, 40, 1317-1323. [CrossRef]

66. Health Canada Carboxylic Acids Group. Information Sheet. Available online: https://www.canada.ca/en/health-canada/
services/chemical-substances/fact-sheets /chemicals-glance/carboxylic-acid-group.html (accessed on 11 August 2024).

67. Somarathna, HM.C.C.; Raman, S.N.; Mohotti, D.; Mutalib, A.A.; Badri, K.H. The Use of Polyurethane for Structural and
Infrastructural Engineering Applications: A State-of-the-Art Review. Constr. Build. Mater. 2018, 190, 995-1014. [CrossRef]

68. Smith, B.C. Infrared Spectroscopy of Polymers XIII: Polyurethanes. Spectroscopy 2023, 38, 14-16. [CrossRef]

69. de Souza, EM.; Kahol, PK.; Gupta, R.K. Introduction to Polyurethane Chemistry in Polyurethane Chemistry: Renewable Polyols and
Isocyanates; American Chemical Society: Washington, DC, USA, 2021; pp. 1-24.

70. Gao, T,; He, Z.; Hihara, L.H.; Mehr, H.S.; Soucek, M.D. Outdoor Exposure and Accelerated Weathering of Polyurethane /Polysiloxane
Hybrid Coatings. Prog. Org. Coat. 2019, 130, 44-57. [CrossRef]

71. Carter, R.O.; Paputa Peck, M.C.; Bauer, D.R. The Characterization of Polymer Surfaces by Photoacoustic Fourier Transform
Infrared Spectroscopy. Polym. Degrad. Stab. 1989, 23, 121-134. [CrossRef]

72.  Kelly, T. Determination of Formaldehyde and Toluene Diisocyanate Emissions from Indoor Residential Sources; United States Environmen-
tal Protection Agency: Columbus, OH, USA, 1996.

73. Kuka, E,; Cirule, D.; Andersone, I.; Andersons, B.; Antons, A.; Kevers, M.; Danieks, M. Photodegradation Risk Evaluation of
Polyurethane Gluelines in Wood Products by Infrared Spectroscopy and Mechanical Tests. Constr. Build. Mater. 2023, 379, 131251.
[CrossRef]

74. Albergamo, V.; Wohlleben, W.; Plata, D.L. Photochemical Weathering of Polyurethane Microplastics Produced Complex and
Dynamic Mixtures of Dissolved Organic Chemicals. Environ. Sci. Process Impacts 2023, 25, 432—444. [CrossRef] [PubMed]

75.  Ebnesajjad, S. Introduction to Fluoropolymers. In Applied Plastics Engineering Handbook; Elsevier: Amsterdam, The Netherlands,
2017; pp. 55-71.

76.  McKeen, L.W. Fluoropolymers. In Fatigue and Tribological Properties of Plastics and Elastomers; Elsevier: Amsterdam, The Nether-
lands, 2016; pp. 291-315.

77. Nallasamy, P. Vibrational Spectroscopic Characterization of Form II Poly(Vinylidene Fluoride). Indian J. Pure Appl. Phys. 2005, 43,
821-827.

78. Bhullar, S.; Ayse Celik Bedeloglu Bursa Teknik Universitesi; Jun, M.B.G.; Sukhwinder, B.; Bhullar, SK,; Bedeloglu, A.; Jun, M.B.
Characterization and Auxetic Effect of Polytetrafluoroethylene Tubular Structure. Int. |. Adv. Trends Comput. Sci. Eng. 2014, 1, 8-13.

79. Tanabe, H.; Nagai, M.; Darden, W.; Takayanagi, T. The Progress of Newly Developed Fluoro-Polymer Topcoat Systems-Weathering
Performance and Track Records since the 1980’s; NACE International: Houston, TX, USA, 2011.

80. Fluoropolymer Coating Market Size, Share Global Analysis Report, California Air Resources Board, 2022-2028, 1996. Avail-
able online: https://ww?2.arb.ca.gov/resources/documents/report-determination-formaldehyde-and-toluene-diisocyanate-
emissions-indoor (accessed on 17 June 2024).


https://doi.org/10.1038/srep45123
https://doi.org/10.56530/spectroscopy.mi9381w4
https://doi.org/10.1007/s00253-020-11073-1
https://www.getty.edu/news/developing-and-understanding-alternatives-to-incralac-for-protecting-outdoor-bronze-sculpture/
https://www.getty.edu/news/developing-and-understanding-alternatives-to-incralac-for-protecting-outdoor-bronze-sculpture/
https://doi.org/10.1179/sic.1984.29.Supplement-1.191
https://doi.org/10.3390/coatings10030217
https://doi.org/10.1038/s41598-018-27124-7
https://www.ncbi.nlm.nih.gov/pubmed/29895844
https://www.spectroscopyonline.com/view/carbonyl-group-part-v-carboxylates-coming-clean
https://www.spectroscopyonline.com/view/carbonyl-group-part-v-carboxylates-coming-clean
https://doi.org/10.1016/S0010-938X(00)00115-3
https://doi.org/10.1016/S0010-938X(03)00175-6
https://doi.org/10.1007/s10800-010-0078-x
https://www.canada.ca/en/health-canada/services/chemical-substances/fact-sheets/chemicals-glance/carboxylic-acid-group.html
https://www.canada.ca/en/health-canada/services/chemical-substances/fact-sheets/chemicals-glance/carboxylic-acid-group.html
https://doi.org/10.1016/j.conbuildmat.2018.09.166
https://doi.org/10.56530/spectroscopy.fn3378a3
https://doi.org/10.1016/j.porgcoat.2019.01.046
https://doi.org/10.1016/0141-3910(89)90083-9
https://doi.org/10.1016/j.conbuildmat.2023.131251
https://doi.org/10.1039/D2EM00415A
https://www.ncbi.nlm.nih.gov/pubmed/36691826
https://ww2.arb.ca.gov/resources/documents/report-determination-formaldehyde-and-toluene-diisocyanate-emissions-indoor
https://ww2.arb.ca.gov/resources/documents/report-determination-formaldehyde-and-toluene-diisocyanate-emissions-indoor

Surfaces 2024, 7 863

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.
92.

93.

94.

95.

96.

97.

98.

99.

Agency for Toxic Substances and Disease Registry. Per- and Polyfluoroalkyl Substances (PFAS) and Your Health. Available
online: https://www.atsdr.cdc.gov/pfas/health-effects / overview.html#:~:text=They%20have%20been%20used %20to,grease,
%20water, %20and%?200il (accessed on 6 July 2024).

United States Environmental Protection Agency. Our Current Understanding of the Human Health and Environmental Risks of
PFAS. Available online: https:/ /www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas
(accessed on 11 August 2024).

Prevedouros, K.; Cousins, I.T.; Buck, R.C.; Korzeniowski, S.H. Sources, Fate and Transport of Perfluorocarboxylates. Environ. Sci.
Technol. 2006, 40, 32—44. [CrossRef] [PubMed]

Lohmann, R.; Cousins, I.T.; DeWitt, J.C.; Glige, J.; Goldenman, G.; Herzke, D.; Lindstrom, A.B.; Miller, M.F,; Ng, C.A,;
Patton, S.; et al. Are Fluoropolymers Really of Low Concern for Human and Environmental Health and Separate from Other
PFAS? Environ. Sci. Technol. 2020, 54, 12820-12828. [CrossRef]

Baker, T.J.; Tonkyn, R.G.; Thompson, C.J.; Dunlap, M.K.; Koster van Groos, P.G.; Thakur, N.A.; Wilhelm, M.].; Myers, T.L.;
Johnson, T.J. An Infrared Spectral Database for Gas-Phase Quantitation of Volatile per- and Polyfluoroalkyl Substances (PFAS).
J. Quant. Spectrosc. Radiat. Transf. 2023, 295, 108420. [CrossRef]

Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH); Euopean Union: 2023. Available online:
https:/ /environment.ec.europa.eu/topics/chemicals/reach-regulation_en#:~:text=Contact-,Overview,can%20be%20posed %
20by%?20chemicals (accessed on 17 June 2024).

Nazarov, A.; Petrunin, M.; Maksaeva, L.; Yurasova, T.; Traverso, P; Marshakov, A. Vapour Phase Deposition of Thin Siloxane Coatings
on the Iron Surface. The Impact of the Layer Structure and Oxygen Adsorption on Corrosion Stability. Coatings 2021, 11, 1217.
[CrossRef]

El-Moaz, Y.A.; Mohamed, W.A ; Rifai, M.M.; Morgan, N.N.; Metwally, K.H.; Abdel Ghany, N.A. Fabrication, Characterization,
and Corrosion Protection of Siloxane Coating on an Oxygen Plasma Pre-Treated Silver-Copper Alloy. J. Mater. Eng. Perform. 2023,
32, 8818-8830. [CrossRef]

Riicker, C.; Kimmerer, K. Environmental Chemistry of Organosiloxanes. Chem. Rev. 2015, 115, 466-524. [CrossRef]

lezzi, E.B. Single-Component Polysiloxane Topcoats for Navy Surface Ships and Aircraft; 2015 Department of Defense-Allied Na-
tions Technical Report, 2015. Available online: https://www.dau.edu/sites/default/files/Migrated /CopDocuments/Single-
Component%?20Polysiloxane%20Topcoats%20for%20Navy%20Surface%20Ships%20and%20Aircraft.pdf (accessed on 17 June
2024).

Wang, D.; Bierwagen, G.P. Sol-Gel Coatings on Metals for Corrosion Protection. Prog. Org. Coat. 2009, 64, 327-338. [CrossRef]
Ashkenazi, D.; Nusbaum, I.; Shacham-Diamand, Y.; Cvikel, D.; Kahanov, Y.; Inberg, A. A Method of Conserving Ancient Iron
Artefacts Retrieved from Shipwrecks Using a Combination of Silane Self-Assembled Monolayers and Wax Coating. Corros. Sci.
2017, 123, 88-102. [CrossRef]

Hofmann, J. Ir Spectroscopic Method for Determination of Silicone Cross-Linking, Pressure Sensitive Tape Council, 2016. Available
online: https://www.semanticscholar.org/paper/IR-SPECTROSCOPIC-METHOD-FOR-DETERMINATION-OF-Hofmann/
485334873c8e4551f510bfdc83ac5369e5567310 (accessed on 17 June 2024).

Al-Saadi, S.; Singh Raman, R.K. Silane Coatings for Corrosion and Microbiologically Influenced Corrosion Resistance of Mild
Steel: A Review. Materials 2022, 15, 7809. [CrossRef] [PubMed]

Alton, M.W.; Browne, E.C. Atmospheric Degradation of Cyclic Volatile Methyl Siloxanes: Radical Chemistry and Oxidation
Products. ACS Environ. Au 2022, 2, 263-274. [CrossRef] [PubMed]

Divsalar, A.; Divsalar, H.; Dods, M.N.; Prosser, R.W.; Tsotsis, T.T. Field Testing of a UV Photodecomposition Reactor for Siloxane
Removal from Landfill Gas. Ind. Eng. Chem. Res. 2019, 58, 16502-16515. [CrossRef]

Camino, G.; Lomakin, S.M.; Lageard, M. Thermal Polydimethylsiloxane Degradation. Part 2. The Degradation Mechanisms.
Polymer 2002, 43, 2011-2015. [CrossRef]

Genualdi, S.; Harner, T.; Cheng, Y.; MacLeod, M.; Hansen, K.M.; Van Egmond, R.; Shoeib, M.; Lee, S.C. Global Distribution of
Linear and Cyclic Volatile Methyl Siloxanes in Air. Environ. Sci. Technol. 2011, 45, 3349-3354. [CrossRef]

Chen, W.; Oh, J.; Lim, J.; Moon, H. Occurrence, Time Trends, and Human Exposure of Siloxanes and Synthetic Musk Compounds
in Indoor Dust from Korean Homes. Ecotoxicol. Environ. Saf. 2023, 266, 115538. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.atsdr.cdc.gov/pfas/health-effects/overview.html#:~:text=They%20have%20been%20used%20to,grease,%20water,%20and%20oil
https://www.atsdr.cdc.gov/pfas/health-effects/overview.html#:~:text=They%20have%20been%20used%20to,grease,%20water,%20and%20oil
https://www.epa.gov/pfas/our-current-understanding-human-health-and-environmental-risks-pfas
https://doi.org/10.1021/es0512475
https://www.ncbi.nlm.nih.gov/pubmed/16433330
https://doi.org/10.1021/acs.est.0c03244
https://doi.org/10.1016/j.jqsrt.2022.108420
https://environment.ec.europa.eu/topics/chemicals/reach-regulation_en#:~:text=Contact-,Overview,can%20be%20posed%20by%20chemicals
https://environment.ec.europa.eu/topics/chemicals/reach-regulation_en#:~:text=Contact-,Overview,can%20be%20posed%20by%20chemicals
https://doi.org/10.3390/coatings11101217
https://doi.org/10.1007/s11665-023-07990-7
https://doi.org/10.1021/cr500319v
https://www.dau.edu/sites/default/files/Migrated/CopDocuments/Single-Component%20Polysiloxane%20Topcoats%20for%20Navy%20Surface%20Ships%20and%20Aircraft.pdf
https://www.dau.edu/sites/default/files/Migrated/CopDocuments/Single-Component%20Polysiloxane%20Topcoats%20for%20Navy%20Surface%20Ships%20and%20Aircraft.pdf
https://doi.org/10.1016/j.porgcoat.2008.08.010
https://doi.org/10.1016/j.corsci.2017.04.007
https://www.semanticscholar.org/paper/IR-SPECTROSCOPIC-METHOD-FOR-DETERMINATION-OF-Hofmann/485334873c8e4551f510bfdc83ac5369e5567310
https://www.semanticscholar.org/paper/IR-SPECTROSCOPIC-METHOD-FOR-DETERMINATION-OF-Hofmann/485334873c8e4551f510bfdc83ac5369e5567310
https://doi.org/10.3390/ma15217809
https://www.ncbi.nlm.nih.gov/pubmed/36363403
https://doi.org/10.1021/acsenvironau.1c00043
https://www.ncbi.nlm.nih.gov/pubmed/37102141
https://doi.org/10.1021/acs.iecr.9b03507
https://doi.org/10.1016/S0032-3861(01)00785-6
https://doi.org/10.1021/es200301j
https://doi.org/10.1016/j.ecoenv.2023.115538

	Introduction 
	Coating Studies 
	Sample Preparation 
	Ageing 
	Standard Analysis 

	Infrared Spectroscopy 
	Transmission 
	Attenuated Total Reflection (ATR) 
	Photoacoustics 
	Diffuse Reflectance Infrared Fourier Transform (DRIFT) Spectroscopy 

	Industrial Heritage Coatings 
	Waxes 
	Degradation and Challenges 
	Environmental Concerns 

	Acrylics 
	Degradation and Challenges 
	Environmental Concerns 

	Carboxylates 
	Degradation and Challenges 
	Environmental Concerns 

	Polyurethane 
	Degradation and Challenges 
	Environmental Concerns 

	Fluorinated Polymers 
	Degradation and Challenges 
	Environmental Concerns 

	Polysilicones 
	Degradation and Challenges 
	Environmental Concerns 


	Outlook 
	References

