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a b s t r a c t 

In Mexico, fiber-cement panels (FCP) were widely used by mural artists to create monumental works in 

the 1950s and 1960s. The durability of heritage structures made with concrete and cement is a concern 

nowadays, especially for those reinforced with asbestos fibers. As it was discovered in the second half of 

the 20th century, asbestos fibers represent a considerable health risk if inhaled. It is therefore relevant to 

analyze different conservation strategies such as industrial coating materials. In the present research, we 

analyze before and after an artificial weathering process the behavior of three polymer coatings applied 

on FCP to reduce the disintegration of its surface: Acrylic resin (AR), Polyurethane resin (PUR) and Alkyd 

enamel (AE). The methodology proposed was designed both by restorers and heritage scientists to provide 

comprehensive results that considered the specificity of heritage conservation. The chemical characteri- 

zation of coatings by NMR combined with FTIR-ATR gives a detailed structure description. The change on 

physical properties and surface morphology after the weathering was related to the chemical composi- 

tion of these coating materials. The results indicate that after the accelerated weathering exposure, the 

polymer coatings did not suffer chemical degradation, but the weathering conditions compromised the 

film formation process of the PUR causing physical transformations that can subsequently affect the FCP. 

For the AE and AR color and water absorption were the most affected properties respectively. This de- 

tailed investigation offers an understanding of the behavior of different polymer coatings on fiber-cement 

mural paintings, which can provide guidance of the materials to be used for conservation purposes. 

© 2021 Elsevier Masson SAS. All rights reserved. 
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. Introduction 

In recent years, various types of coatings have been designed 

nd applied for preservation of cultural heritage materials, such as 

ood, metal, stone and masonry, but the durability of cement and 

oncrete heritage as the one used in modern art paintings is a re- 

ent issue that needs to be tackled. In industrial applications, sur- 

ace coatings have a significant role in the protection and preserva- 

ion of structures. It is however unclear, if these industrial surface 

oatings are suitable for conservation purposes [ 1 , 2 ]. 

Fiber-cement panels (FCP) are building materials that have been 

sed in construction for over 100 years. The Czech engineer, Lud- 
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ik Hatschek invented and patented the technology for manufac- 

uring a light and durable asbestos cement sheet that he called 

Eternit”. This fiber-cement composite showed improved tough- 

ess, ductility, flexural capacity, and crack resistance. Even though 

he improved properties, the degradation of the composite eventu- 

lly causes a loss of cohesion of the cement matrix which provokes 

he asbestos fibers to disperse in the surrounding area. After being 

iscovered that asbestos are carcinogenic, a global effort to remove 

sbestos from construction materials started in the 1970s [3] . 

In Mexico, fiber-cement was widely used by artists, as it was 

onsidered an economical material that allowed the creation of 

ransportable works. The Hotel Casino de la Selva (1931–2002) 

n Cuernavaca, Morelos stored a vast number of works based 

n asbestos-reinforced-cement panels. This famous building be- 

onged to Manuel Suárez y Suárez, a renowned Spanish business- 

an in the construction materials industry, including fiber-cement, 

ho also became one of the most important patrons of Mexi- 

an muralism. Other notable works on FCP made by muralists be- 

ween the 1950s and 1960s are Human creation and the economy 

1963) by Benito Messeguer at the NarcisoBassols Auditorium of 

he UNAM School of Economics, the paintings at the Polyforum 

ultural Siqueiros by David Alfaro Siqueiros both at Mexico City, 

patzingán Congress (1964) by Roberto Cueva del Río located in the 

unicipal Palace of Cuernavaca, Morelos, El amor (1967) by Silvio 

enedetto at the Autonomous University from Chilpancingo, Guer- 

ero, The Man as Creator (1968) by Lorenzo Guerrero Ponce, and 

rom agriculture to industry: The land dominating man, Man domi- 

ating the earth, Man Fruit of the Earth and Electronic Prometheus 

1969) by Mario Orozco Rivera at the Agricultural Bank of Culiacán, 

inaloa, among several others [4] . 

Mural paintings that use FCP as support suffer from cement 

atrix degradation and consequently, from asbestos fiber disper- 

ion as stated above. This effect has been observed only in the back 

art of the mural since the pictorial layer applied in the front by 

he artist acts like a coating. The release of asbestos is the first 

oncern due to the risk it represents to the painting itself, but also 

or human health. Once the support panel has started to loose co- 

esion, other deterioration effects appear such as water filtration 

nd biodeterioration [5] . Due to the need to maintain the cohesion 

f the cement-matrix to prevent water transport inside the FCP 

rom the back towards the front paint layer and considering the 

bserved preventive conservation function of the pictorial layer, 

he application of a specific protective coating on the back part of 

he paintings’ support is considered a suitable conservation option. 

Coatings are a thin synthetic polymer-based material applied 

o the concrete’s surface to protect it from damage and are de- 

igned to provide adequate resistance to the environment in which 

hey are applied. As such, they need long-term monitoring of their 

roperties since the polymers’ mass swells and eventually disinte- 

rates with time. These materials can protect and slow down the 

oncrete’s rate of deterioration. Coatings performance is a complex 

unction that depends on the material type, formulation, thick- 

ess, surface preparation and adhesion. Commercially available ex- 

mples of materials used as coatings are based on acrylic, epoxy, 

iloxane and organosilane polymers. [6–9] . 

Due to the large amount of modern architecture that withholds 

urals painted on FCP in Mexico and the inevitable degradation 

hat they may suffer or in many cases are already suffering, a 

ultidisciplinary study of the materials that can be used for the 

reservation of the paintings, in addition to prevent the release of 

sbestos fibers, is considered relevant. 
14 
. Research aim 

To evaluate before and after an artificial weathering process 

he physical, chemical, and surface properties of different polymer 

oatings applied on FCP specimens. 

. Materials and methods 

The methodology includes a physical evaluation designed by 

onservators considering this assessment usually is done on a scaf- 

olding for mural paintings. Subsequently, an instrumental charac- 

erization was carried out by conservation scientists. 

.1. Materials 

The pictorial technique of David Alfaro Siqueiros in his 1964–

967 period was selected to be reproduced in test specimens, as 

here are outdoor murals from this period that are currently the 

arget for future restoration treatments. His-murals from this pe- 

iod are made of acrylic paint applied on FCP joined to a metal 

rame by iron screws [5] . The red acrylic paint (RAP) Carmine Red 

19 from Politec®, a waterborne material reported to be used by 

avid Alfaro Siqueiros was selected to simulate the pictorial layer 

n the test specimens. 

The coatings selection was made considering the following cri- 

eria: i) previously applied coatings for conservation of modern 

aintings, ii) industry recommended coatings for encapsulating as- 

estos fibers and, iii) affordable price f or the conservation institu- 

ions in Mexico. The selected coatings were: 

• Acrylic resin Colorcel Eternit® (AR): A waterborne material, 

with a matte beige color, is reported to have aggregates and 

biocides in its formulation. While the product vendor indicates 

it is designed for protecting fiber-cement materials, it can also 

be applied to concrete walls, bricks and masonry. The supplier 

indicates a one-layer application. 
• Polyurethane resin Barniz110 0 0® (PUR): A solvent-based trans- 

parent material suitable for application on cement materials as 

well as other porous substrates. The PUR is a two-component 

formulation of monomer (PUR/M) and catalyst (PUR/C). The 

PUR/M and PUR/C were mixed in a 3:1 ratio. Once the PUR mix 

was prepared the application consisted in two stages as indi- 

cated by the vendor datasheet: first, the PUR mix was dissolved 

at 50%v/v in polyurethane solvent and two layers were applied, 

this is called the basecoat; second, the PUR mix was dissolved 

at 30%v/v in the same solvent and then three layers were ap- 

plied, this is called the finishcoat. Therefore, a total of five lay- 

ers were applied of the same nature but in different concentra- 

tions. 
• Alkyd enamel NovoPermo® Básico (AE): A solvent-based mate- 

rial with a semi-matte gray color, prepared in a 2 to 1 ratio 

of enamel to mineral spirit (paint thinner). This coating is not 

specific nor for asbestos or cement but has been previously em- 

ployed for conservation of modern mural paintings in Mexico. 

The supplier indicates a one-layer application. 

.2. Specimen’s preparation 

The front of a fiber-cement panel was painted with the RAP to 

erform in the specimen as the pictorial layer. 20 specimens of 

0 cm x 15 cm (5 replicates for each coating and 5 replicates of 
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Fig. 1. Preparation of the specimens for the experiment. a) Fiber-cement panels, b) Glass slides references. 

Table 1 

Summary of coating properties during application. 

Coating type 

Number of 

components Number of layers 

Ease of application / layer 

homogeneity Drying time / min Coverage / m 

2 L −1 Finish Texture 

AR 1 1 good / good 5 5 matte same 

as FCP PUR 2 2 basecoat/3 

finishcoat 

medium / good 3/10/6/8/11 5 glossy 

AE 1 1 medium / good 125 2.5 glossy 
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 non-coated FCP) were cut from the painted panel following the 

exican standard for handling hazardous materials [10] . The pro- 

ective coatings were applied in the reverse of the panels with a 

hick paintbrush, as it would be on site for the artwork ( Fig. 1 a).

uring the specimen preparation, the temperature (20 °C) and the 

elative humidity (47–52%) were registered with a data logger. The 

ubsequent properties were registered as a qualitative way to as- 

ess the operational process of coatings application: 

• Layer homogeneity: abundance of lump formation. 
• Ease of application: fluidity of the material from the brush to 

the panel. 
• Drying time: time for the surface to be dry to touch. 
15 
• Paint yield: volume of material required by m 

2 of panel. 
• Matte or glossy finish: determined by observation in compari- 

son with the coating specifications. 

Each coating was also applied on glass slides as reference speci- 

ens ( Fig. 1 b). After 15 days of the application both test and refer-

nce specimens were subjected to artificial weathering conditions. 

.2.1. Artificial weathering 

The artificial weathering protocol considered heat and moisture 

s variables, since these parameters can affect both polymeric and 

ement materials [11–13] . ASTM standard C1442 [14] was modi- 

ed to fit the devices available in the laboratory, the 20 specimens 
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Fig. 2. Microscopic examination of the FCP surface before and after weathering. 

Fig. 3. Microscopic examination of the RAP surface before and after weathering. 
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ere sprayed with purified water until completely moisten, then 

hey were placed under the shadow to dry for 120 min. This treat- 

ent comprises one wetting-drying cycle. Afterwards, the speci- 

ens went into a convection oven at temperature of 50 ± 20 °C 

or 20 h and then 2 h cooling with the oven off. This treatment 

omprises one heating-cooling cycle. A total of 56 wetting-drying 

nd heating-cooling cycles (1344 h) were completed to ensure that 

ot only the coatings, but also the FCP suffered some degree of 

eathering [ 13 , 15 ]. 

.3. Physical tests 

For comparing the specimens’ physical properties against the 

riginal FCP, on site measurement methods often applied by con- 

ervators were employed: The surface color was evaluated with the 

unsell color chart in order to determine visual changes, the hy- 

rophobic behavior was tested with the water drop test timing the 

oss of contact angle and scratch resistance was tested by compar- 

son with the Mohs scale. For complementary purposes, additional 
16 
olor measurements were carried out using a NCS-RUBY spectrom- 

ter (STIL) with a tungsten halogen light source and a spot of 

.5 cm diameter. The data was analyzed by considering the CIELab 

olor system and the total color change before and after weath- 

ring was calculated by the following equation defined by the CIE 

 Commission Internationale de L’Eclaraige ) [16] . 

E ∗ab = 

[
( �L ∗) 2 + ( �a ∗) 2 + ( �b∗) 2 

]1 / 2 
(1) 

.4. Microscopic examination 

.4.1. Optical microscopy (OM) 

The morphology of the coated surfaces was assessed with a 

eyence VHX20 0 0E microscope, micrographs and 3D surface mod- 

ls were obtained at various amplifications. 

.4.2. Scanning electron microscopy (SEM) 

The surface micromorphology and the measurement of the 

ayer thickness were carried out on small samples from the speci- 
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Table 2 

Measured physical properties before and after artificial weathering. 

FCP RAP
before after before after

Color 
(Munsell code)

5Y 8/1 10YR 8/1 7.5R 4/16 10R 3/10

Color change
(ΔE*ab)

1.1 0.8

Drop 
absorption 

time (average) 
0 s 46 s 2 min 30 min

Mohs 
hardness

3 3 3 3

AR COATING PUR COATING AE COATING
before after before after before after

Color 
(Munsell code)

10YR 8/1 10YR 7/1 7.5Y 7/2 7.5Y7/4 10BG 6/1 10GY 6/1

Color change
(ΔE*ab)

2.0 4.4 19.1

Drop 
absorption 

time (average) 
0 s 19 min 25 min 12 min 25 min 23 min

Layer 
thickness (µm)

60-120 30-50 2-5 1-4 9-36 10-20

Mohs 
hardness

5 4 4 4 4 4

Fig. 4. Microscopic examination of the AR coating surface before and after weathering. 
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ens. Surface and cross-section samples of the coatings were ob- 

erved in a Zeiss EVOMA25 scanning electron microscope in sec- 

ndary electron mode at 15 kV with variable pressure conditions. 

.5. Chemical characterization 

In order to characterize the coatings and to correlate the 

hanges of the measured physical properties and surface mor- 

hology to the chemical composition, a set of analytical tech- 
17 
iques were employed on the specimens before (both fresh and 

ried/cured state) and after the weathering process. 

.5.1. Infrared spectroscopy (FTIR) 

Infrared spectroscopy was performed in a Bruker ALPHA spec- 

rometer in Total Attenuated Reflectance (ATR) mode, with 32 

cans and a 40 0 0–40 0 cm 

−1 range. The resolution of the equip-

ent is 2 cm 

−1 . 
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Fig. 5. Microscopic examination of the AE coating surface before and after weathering. 

Fig. 6. Microscopic examination of the PUR coating surface before and after weathering. 
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.5.2. Nuclear magnetic resonance (NMR) 

Nuclear Magnetic Resonance spectra were acquired on a Bruker 

vance III HD 700 spectrometer (operating at 1 H nominal fre- 

uency of 700 MHz) equipped with a 5 mm z axis gradient TCI 

ryoprobe. AR, AE and RAP samples were dissolved in deuterated 

hloroform (CDCl 3 ) and the PUR samples in dimethyl sulfoxide 

DMSO–d 6 ), at 25 °C. 1 H NMR, 13 C NMR and the 2D-NMR ex- 

eriments: edited heteronuclear single quantum correlation spec- 

roscopy (edited-HSQC) and heteronuclear multiple-bond correla- 

ion spectroscopy (HMBC) from 

1 H–13 C and 

1 H- 15 N. The 1 H NMR 

nd 

13 C NMR spectra were referenced to the residual signals of the 

olvents: 7.26 and 77.0 ppm for CDCl 3 , and 2.50 and 39.50 ppm for

MSO–d 6 . 

.5.3. Direct analysis in real time mass spectrometry (DART-MS) 

Mass spectra were acquired using a JMST100LC Accu TOF mass 

pectrometer (JEOL, Japan) with DART ion source in positive mode 

t 19.8 eV and low resolution. 
18 
. Results 

The observations of the coatings properties showed the impor- 

ance of the application method on the results of the experimen- 

ation ( Table 1 ). The roughness of the fiber-cement promoted good 

dhesion of the first applied coating layers, the adhesion of sub- 

equent layers of PUR depended on the material itself, but it was 

bserved that the FCP texture was still helpful. 

During the application, the fluidity of the materials was related 

o the layer homogeneity. The lump formation on the surface was 

onsidered as one parameter. The lumps can be defined as crystal- 

ized polymer particles that usually take place during the manu- 

acturing of the material and can be made visible in liquid or solid 

tate; the lumps are also associated with the powder additives in 

he mixture [17] . The AR was found to have an intermediate flu- 

dity, which was attributed to the components included in the for- 

ulation. The AE and PUR presented high fluidity which caused 
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Fig. 7. 1 H NMR spectra (700 MHz, CDCl 3 ) of AR, PUR/C, PUR/M, AE and RAP samples (arbitrary units on the Y-axis). 

Fig. 8. Infrared ATR spectra comparison of the fresh, dry and weathered a) AR coating b) RAP (arbitrary units on the Y-axis). 
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pills over the support edges. All three coatings had layers without 

umps or accumulations of material. 

The AR layer dried by evaporation of water and was the easi- 

st, fastest coating to prepare and apply. The first PUR layer had 

he fastest drying time (3 min) due to the chemical reaction be- 

ween the two components and quick solvent evaporation, while 
19 
he slowest PUR layer took up to 11 min. Despite the quick dry- 

ng of the PUR layers, this material had the longest application 

ime (about 278 min), as the manufacturer recommends a four- 

our drying period between the basecoat and finishcoat. The AE 

ad the longest drying time (more than 2 h) due to a slow sol- 

ent’s evaporation. 
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Fig. 9. Infrared ATR spectra comparison of the fresh, dry, and weathered AE coating (arbitrary units on the Y-axis). 

Fig. 10. Infrared ATR spectra comparison of the fresh, dry and weathered PUR coating (arbitrary units on the Y-axis). 
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.1. Physical tests 

All the physical properties measurements on the FCP and RAP, 

s well on the coatings before and after their artificial weathering 

re summarized in Table 2 . These include color, water absorption 

nd hardness data. 

.1.1. Color measurement 

The color change of the FCP when the treatment was applied 

howed that the AR coating provided the lowest modification with 

 �E ∗ab = 4.7, while the PUR and the AE coatings had a �E ∗ab of

.7 and 11.5 respectively. 

Once the materials were aged, the FCP and the RAP showed the 

owest color change ( �E ∗ab ≤1.1). The AR coating had a slight color 

odification ( �E ∗ab = 2.0), and the PUR and AE coatings turned 

o yellow values, with �E ∗ab of 4.4 and 19.1 respectively. These 

esults agree with the observations made with the Munsell system. 

.1.2. Water absorption 

The FCP surface was highly hydrophilic and immediately ab- 

orbed the drop of water. Nevertheless, after weathering this be- 
20 
avior changed due to the superficial roughness and the alteration 

f the cement matrix, which left the asbestos fibers- which are 

aturally hydrophobic- exposed, increasing the drop of water ab- 

orption time. The RAP also significantly incremented the drop of 

ater absorption time after weathering. 

Before weathering, all the freshly applied coatings were imper- 

eable. However, AR coating increased its hydrophobicity signifi- 

antly after weathering. On the contrary, the PUR coating became 

ore hydrophilic, but it was still impermeable to water in com- 

arison to the uncoated FCP, while AE coated samples had a hy- 

rophobic behavior which did not change noticeably despite the 

eathering procedure. 

.1.3. Mohs hardness measurements 

The scratch resistance of the panel was increased after the coat- 

ngs’ application and remained so after weathering. Only AR coat- 

ng showed a decrease from 5 to 4 in the Mohs scale after weath- 

ring. 
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.2. Microscopic examination 

.2.1. Fiber-Cement panel (FCP) 

The distribution of the fibers and the cement matrix was ob- 

erved on the microscopic images (Fig, 2). Before weathering, the 

bers were within the cement as showed by the OM and SEM im- 

ges. After weathering, the 3D surface image showed more peaks 

nd pits, evidencing that some fibers were partially exposed. These 

urface changes indicate an initial degradation of the FCP cement 

atrix. 

.2.2. Red acrylic paint (RAP) 

The RAP microscopic analysis ( Fig. 3 ) showed that the paint 

ayer covered the FCP texture. The peaks and surface waviness ob- 

erved before the weathering in the 3D image are associated with 

he application method given that the brush strokes are clearly ob- 

erved in the OM image. The SEM images show the morphology 

f the FCP fibers. After weathering, the surface roughness changed 

nd the peaks and pits were no longer present. In the SEM scale, 

he aggregates became more apparent and the FCP fibers were no 

onger observed. 

.2.3. Acrylic resin (AR) 

Microscopic examination ( Fig. 4 ) showed that the AR coating 

ormed surface bubbles of different sizes, therefore allowing the 

ormation of pores. After weathering, the surface changed from a 

atte to a glossy finish, but no specific local roughness transfor- 

ation was observed. The SEM images allowed to determine that 

he coating’s aggregates formed agglomerations on the surface. De- 

pite the pores observed before and after weathering on the coat- 

ngs, the FCP fibers were never observed. 

.2.4. Alkyd enamel (AE) 

AE coating microscopy images ( Fig. 5 ) showed that the coating 

as not applied homogeneously, a fact attributed to the fluidity 

f the material. It had a translucent appearance that initially al- 

owed the fiber-cement to be seen, but after aging a gloss change 

ccurred. In the 3D images it was possible to observe the change 

n the waviness of the surface due to the weathering process. In 

he SEM images these morphological changes were still observed, 

ncluding the separation of the aggregates on the surface which 

xplains its new gloss after aging. The FCP texture was observed 

nder the coating, but no cement degradation was observed. 

.2.5. Polyurethane resin (PUR) 

Microscopic examination of the PUR coating ( Fig. 6 ) showed 

hat the FCP texture was preserved, but after weathering it thinned 

nd a color change occurred. The sample became glossier and the 

aviness of the surface increased. The asbestos fibers’ morphology 

as observed in the SEM images and after weathering the disag- 

regation of the cement matrix was observed. These results indi- 

ate that the PUR coating was permeable enough to allow de FCP 

lteration. 

.3. Chemical characterization before weathering 

In the 1 H NMR spectra of each sample ( Fig. 7 ), signals with

ifferent intensities and widths are observed, which implies that 

he samples are complex mixtures. The chemical structures of the 

ain organic compounds were elucidated by means of 1D and 2D 

MR experiments (S1). In the RAP sample, the presence of ethyl 

crylate – methyl methacrylate copolymer poly(EA-co-MMA) as a 

inder was confirmed, as well as the use of Triton X-100 as a sur- 

actant and PR3 (toluidine red) as pigment [18–20] . 
21 
In the AR coating, the compounds identified were poly n–butyl 

crylate poly(nBA), polyStyrene, triolein and the same Octyl phe- 

ol ethoxylate surfactant Triton X-100. For the PUR sample solu- 

ility tests were performed in order to select a deuterated solvent 

or NMR analysis. It was found that PUR is not soluble in CHCl 3 ,

HF at room temperature nor in DMSO at 65 °C; this characteris- 

ic is due to the insoluble irreversible network formed during the 

uring process [21] . For this reason, the two components of the 

ample were analyzed separately as PUR/M and PUR/C (S3). The 

ompounds identified in PUR/C were: 1,6-diisocyanatohexane iso- 

yanurates, hexamethylene diisocyanate (HDI), uretidone, 1,3-bis(6- 

socyanatohexyl)urea, and 1,3,5-tris(6-isocyanatohexyl)biuret. All 

heir respective molecular weights were confirmed through DART- 

S, even the molecular weight of the HDI as a cyclized trimer (S2). 

he PUR/M sample was identified as an acrylic mixture of methyl 

ethacrylate (MMA) and hydroxyethylmethacrylate (HEMA) which 

s commonly dimerized with MMA poly(HEMA-co-MMA) [22] , and 

he benzotriazole propyl 3-(3-(2H-benzo[ d ][1,2,3]triazol-2-yl) −5- 

tert–butyl) −4-hydroxyphenyl) propanoate used as the UV protec- 

or [23] . In both PUR samples the solvents o-, m-, p- xylene iso- 

ers, n–butyl acetate and ethyl benzene, were identified. In the 

E layer, a linoleic oil-based alkyd resin as found, as well as the 

ame solvents identified in the PUR samples. 

In the FTIR-ATR spectra of each sample, the main signals of the 

norganic and the organic compounds were assigned based on the 

ompounds previously identified by NMR ( Table 3 ). 

.4. Chemical characterization after weathering 

Considering it was not possible to solubilize the PUR and AE 

amples to be analyzed by NMR, the study of the chemical compo- 

ition of the samples after weathering was carried out mainly by 

TIR-ATR. 

.4.1. Acrylic materials (AR and RAP) 

Spectra of the AR sample were analyzed in each of three stages: 

hen the layer was fresh, after the drying process and after the 

eathering process ( Fig. 8 a). In the FTIR-ATR spectrum of the fresh 

ample, the broad bands observed at 3400–3250 cm 

−1 and 1635 

m 

−1 ( υOH, H 2 O) were related to the large amount of water which

auses attenuation of the other signals. FTIR-ATR spectrum of the 

R sample after the drying process shows the corresponding sig- 

als of the NMR identified components, and after the induced 

eathering a decrease was observed in the signals at 1343 cm 

−1 

 δas C 

–H,-CH 2 -), 1113 cm 

−1 ( υC 

–O) and 964 cm 

−1 (C 

–O str.) that

ere related to the surfactant Triton X-100. In the case of the RAP 

amples ( Fig. 8 b), the same effect of the presence of water was ob-

erved, just as in the AR sample. In the dry and in the aged sam-

les no apparent changes in signal intensity were observed. The 

eathered sample of this material was analyzed by 1 H NMR and it 

as confirmed that the surfactant Triton X-100 was the compound 

hat was lost after aging process [18] . 

.4.2. Alkyd enamel (AE) 

The main difference on the FTIR-ATR spectra of the fresh, dry 

nd weathered sample ( Fig. 9 ) was the displacement of the C = O

ignal from 1726 to 1716 cm 

−1 ( υ C = O , sterified phtalic acid), this

odification was related to the curing process which involved the 

ormation of the alkyd polymer [37] . No apparent changes were 

bserved in the region between 1644 and 655 cm 

−1 except for the 

oss of the signals at 795, 767 and 484 cm 

−1 ( δ C 

–H, mono- or di-

ubstituted aromatic) [38] , that corresponds to the xylenes which 

ere evaporated after the curing process. 

.4.3. Polyurethane material (PUR) 

The PUR was studied as a mixture of PUR/C and PUR/M. The 

TIR-ATR signals of the components identified ( Table 3 ) were re- 
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Table 3 

Infrared-ATR characteristic absorptions of the components identified in the coating materials. 

Sample υ / cm 

−1 and component assignation 

AR poly(nBA) : 2960, 1730, 1450, 1395, 1240, 1165, 1064, 943, 837, 750, 737 cm 

−1 [24] . polystyrene : 3025, 2922, 2850, 1601, 1492, 1449, 

1246, 1026, 906, 696 cm 

−1 [25] . Triton X-100: 2890, 1343, 1113, 964 cm 

−1 [26] . Calcite : 1425, 875 cm 

−1 [27] . Water : 1635 cm 

−1 [28] . 

PUR/C 1,6-diisocyanatohexane isocyanurates : 2936, 2856, 2263, 1765, 1691, 1627, 1513, 1455, 1368, 1334, 1248, 1155, 1090, 1033, 865, 

765, 730 cm 

−1 [ 29 , 30 ]. n-butyl acetate : 1738,1244, 1066, 1042, 1031 cm 

−1 . Isomeric mixture of xylenes : 795, 691, 484 cm 

−1 . Ethyl 

benzene : 746 cm 

−1 [31] . 

PUR/M poly(HEMA-co-MMA) : 3380, 3000, 2950, 1728, 1732, 1483, 1456, 1448, 1389, 1238, 1192, 1146, 990, 967, 750 cm 

−1 [32] . n-butyl 

acetate : 2876, 1738, 1435, 1388, 1366, 1120, 1066, 1042, 1031, 951, 634, 607 cm 

−1 . Isomeric mixture of xylenes : 795, 769, 691, 484 

cm 

−1 . Ethylbenzene : 1453, 746, 697 cm 

−1 [31] . 

AE Linoleic oil-based alkyd resin: 3070, 3010, 2958, 2923, 2955, 1726, 1602, 1579, 1466, 1382, 1263, 1165, 1120, 1070, 741, 708 

cm 

−1 [33–35] . Isomeric mixture of xylenes : 795, 769, 691, 484 cm 

−1 [31] . 

RAP poly(EA-co-MMA) : 2981, 2952, 2925, 1725, 1454, 1384, 1147, 848, 754 cm 

−1 . Toluidine Red: 1619, 1562, 1498, 1253, 1128, 754 cm 

−1 

[36] . Talc : 3675, 1010, 669, 449, 424 cm 

−1 . Calcite : 1411, 871, 711 cm 

−1 . Silicates : 1174, 1110, 813, 790, 711, 449 cm 

−1 [27] . 
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ated to the signals in the fresh PUR. After the drying process 

 Fig. 10 ), the poly(HEMA-MMA) acrylic polyol signals at 1289,1192 

nd 1146 ( O = C –O-C str.), 990 and 967 cm 

−1 (C 

–C skel. vib.) re-

ain constant. A decrease of solvents and isocyanurates 2263 (NCO 

ut-of-phase), 1691 (polyurea C = O free stretch), 1368 ( δ -CH 2 ), 

033 (C 

–C skel. str.), 765 (C 

–N skel. str.) cm 

−1 signals were ob-

erved, which indicate a simultaneous process of solvent evapora- 

ion and resin curing. After the drying process, there are still sig- 

als from isocyanate groups of isocyanurates which react with wa- 

er during the weathering process to form amines and CO 2 that 

ould be ejected out of the resin’s surface. After the weathering 

rocess the acrylic polyol signals at 30 0 0 ( νa -CH 3 ) and 2950 ( νa 

CH 2 ) cm 

−1 apparently increase, however this is due to the at- 

enuation of the solvent and isocyanurate ones at 2936 ( νs -CH 2 ), 

856 ( νa -CH 2 ), 2263, 1691, 1368, 1033 and 765 cm 

−1 that over- 

ap with some polyol signals. Polyurethane characteristic signals at 

873 ( νa -CH 2 ), 1720 (H-bond C = O stretch), 1384 δ -C(CH 3 ) and

46 ( νs C 

–N-C) were identified. Therefore, it could be inferred that 

he acrylic polyol does not suffer changes and that cross-linking 

nd solvent evaporation processes have been completed during the 

eathering process. 

. Discussion 

The evaluation of the physical, chemical and surface properties 

f three different polymer coatings applied in FCP before and after 

n artificial weathering process was performed. Initially, the non- 

oated FCP used as reference was highly hydrophilic and immedi- 

tely absorbed the drop of water; after weathering the surface be- 

ame less hydrophilic. A small color variation was also measured 

nd observed. These changes were attributed to the disaggregation 

f the matrix which exposed the mineral aggregates and the as- 

estos fibers as observed in the microscopy images ( Fig. 2 ). This 

onferred hydrophobic properties and a contribution to the over- 

ll color by the FCP constituents ( Table 2 ). Therefore, the artificial 

eathering conditions initiated the degrading of the FCP as ex- 

ected, and is consistent with the results reported by Enfedaque 

t al. [39] after wet-dry cycles that affected the mechanical prop- 

rties of fiber reinforced cements. 

The fluidity factor of the coatings registered during the appli- 

ation stage ( Table 1 ) was determinant for the coatings’ proper- 

ies as evidenced in the microscopic examination. Acrylic materials 

RAP and AR) had good coverage of the surface and no asbestos 

bers were observed before or after the weathering, although the 

R coating thinned after aging. These results confirmed the field 

bservations that the pictorial layer acts as a protective coating 

reventing the release of the fibers. 

Both the pictorial layer and the AR coating had a hydropho- 

ic behavior after the weathering cycles. This can be explained 

ecause some acrylic materials have lower affinity for polar sub- 
22 
tances due to the loss of the surfactant component that was iden- 

ified in the NMR analysis. 

An important conservation criterion regarding architectural her- 

tage is the water-surface interaction. In our study, the analysis of 

he pictorial layer and the coatings provided new valuable knowl- 

dge, given that in the mural painting, the paint, the coating and 

he FCP will act as a three layer system in which the FCP is in the

iddle. Then the water absorption property of the pictorial layer 

ust be considered when selecting a coating material, for it will 

lay an important role in the environmental interaction of the mu- 

al. 

The color alteration for the acrylic materials after weathering 

s attributed to the agglomeration of the fillers, as the surfactant 

hase washed away and the inorganic materials became more ap- 

arent -as seen in the SEM images ( Fig. 3 and Fig. 4 )- whereas the

olymer matrix was not chemically degraded. This is in agreement 

ith high �E values ( �E ≥ 3) reported for acrylics subjected to 

hermal and relative humidity treatments [40] . 

Blistering and pinholes were observed as result of physical de- 

rading and polymer redistribution under the weathering condi- 

ions, since the acrylic films are sensitive to humidity. The physical 

ransformation of acrylic materials is similar to the one found af- 

er 300 h of UV exposure by Mejía et al. [18] . Also agrees with

he changes reported by Izzo et al. [40] and like the latter authors 

o significant chemical changes were reported after UV, thermal or 

umidity aging. 

The AE coating formed thin layers with surface defects at- 

ributed to the application method, this affected the protective 

unction of the coating because asbestos fibers were observed at 

 microscopic level after the aging. The hydrophobic behavior was 

aintained, and the layer thickness was not significantly affected, 

his agrees with the fact that no significant transformations were 

dentified in the chemical characterization. However, the color 

hanged dramatically, shifting to yellow and black with gloss alter- 

tion. Given that the polymer structure did not degrade, the visual 

hanges are then attributed to the volatiles and shrinkage of the 

olymer, whereas absorption and desorption of moisture, as well 

s changes in temperature contribute to surface roughening and 

hus the reduction of gloss [41] . 

The PUR coating was fluid and formed thin layers, after aging 

he coating was thin enough to allow the observation of the as- 

estos fibers and a degraded cement matrix at the microscopic 

evel. After weathering, the PUR became more hydrophilic, at- 

ributed to the layer thinning but it was still impermeable to water 

n comparison to the non-coated FCP. The measured color change 

ndicated the coating turned to yellow coordinates as observed and 

egistered with the Munsell cards. The gloss change can be at- 

ributed to physical aging caused by the penetration of water and 

ubsequent blistering. The fact that the coating became yellower 

s in agreement with the results reported by Kim et al. and Bhar- 
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ava et al. [ 42 , 43 ] who attribute this to a decrease in free carbonyl

n the polyurethane binder and a decrease at 1236 cm 

−1 and 1170 

m 

−1 in the FTIR spectrum as resulting from the overall film ero- 

ion that was also reported by Zhang [44] . 

Chemical characterization indicates that the PUR coating did 

ot suffer degradation, but the weathering conditions compro- 

ised its film formation process and caused physical transforma- 

ions. This is a compelling result since the technical datasheets in- 

icated that climate exposure can take place seven days after dry- 

ng, and in our study the coatings had been dried for fifteen days 

efore the weathering exposure started. We found that the expo- 

ure to water and heat can compromise the crosslinking reaction 

n the PUR, therefore considerations regarding the season and the 

eather of the coating application must be addressed in a conser- 

ation project program [6] . 

In the case of all studied materials the sequence of events lead- 

ng to coating’s degradation occurred mainly via stress formation 

nd surface degradation, leading in different degrees to gloss and 

olor change, as well as increased permeability [41] . No coating 

howed chemical degrading of the polymer. 

. Conclusions 

In this research, three protective coatings for conservation of 

CP employed in modern mural painting were studied before and 

fter an artificial weathering process. The main objective of the 

onservation of the murals is to prevent the cement degradation 

nd release of asbestos fibers so it does not affect the mural sta- 

ility and the visiting public. 

Under the experimental conditions the non-coated FCP suffered 

ement-matrix disintegration and therefore initial fiber release. 

he study confirmed the restorer’s observations that in the case 

f acrylic pictorial layers they act as a protective coating for the 

ront part of the panel. The surfacing of the asbestos in the back 

f the FCP was only observed in the case of the PUR samples. This

ndicates that it was the most sensitive coating to the experimen- 

al weathering conditions, concluding that the PUR curing process 

n our case occurred in unfavorable weather conditions and com- 

romised the protective properties of the material. The AR and the 

E coatings showed physical aging, with color displaying the most 

ramatic change. 

As expected, the commercial coatings investigated show quite 

omplex formulations. All were chemically stable to the artificial 

eathering, but the physical degradation reaffirms the fact that 

oatings constitute a sacrificial protection which is affected by the 

nvironment. This remarks that the choice of coatings must be as- 

ociated with the establishment of a maintenance routine as they 

ust be renewed periodically. 

It is well known that the coating application method is impor- 

ant for an adequate performance, a fact confirmed by our results. 

evertheless, we used the most affordable tool for any restorer to 

pply the coatings: a thick brush. Therefore, to delve into this topic 

uture work will include the influence of application methods on 

he coating’s performance. 
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