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The present PhD research is focused on the preparation, characterization and 

performance of polymer nanocomposite materials to be used as consolidation and 

preservation historical wooden artifacts. The main aim of this PhD thesis, is to optimize 

the use of commercial poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVBVA) 

and some nanocomposites based on it in order to improve properties for subsequent 

consolidation of wood. Firstly, two common methods of treatment, brushing and 

immersion, are considered to investigate their particular effect on the final performance 

of the polymer chosen for the fir wood (Abies alba) consolidation. Then, airbrushing 

(AB), sometimes referred as solution blow spinning (SBS), is used as a novel economic 

and easy method to apply the polymer-based consolidant on the wood.  

The first objective of the present work is to prepare the modified fir wood by 

different treatments using different material systems to subsequently carry out a deep 

characterization in terms of surface and mechanical properties. Two variables are 

considered to treat the wood: i) concentration (5% and 10%, wt.%) of PVBVA solutions 

used to modified the wood and ii) method used to apply (brushing and immersion) de 

polymer solution. Mechanical properties of treated and untreated wood specimens are 

extracted from results obtained with three-point bending tests and locally, by Shore D and 

Martens Hardness (MH). Surface characterization is carried out through different 

instrumental techniques, scanning electron microscopy (SEM), tensiometry by water 

contact angle measurements (WCA), Fourier transformed infrared spectroscopy by 

attenuated total reflectance (ATR-FTIR) and optical profilometry. Ssurface roughness 

determined from the analysis of surface profiles obtained by optical profilometry do not 

reveal changes in the topography of the samples and transparent and smooth surfaces are 

confirmed. Water contact angle (WCA) measurements point out higher hydrophobicity 

of the wood surfaces when they are treated with PVBVA. MH tests indicate that treatment 

with PVBVA solutions increased locally wood hardness, being enhanced when more 

concentrated solutions are used. 

In the second part of the thesis project. Airbrushing (AB) method is considered 

and investigated as new method of wood treatment to deposit polymer-based materials 

looking for a higher ability to preserve historical wood specimens. In particular, a system 
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based on PVBVA filled with TiO2 nanoparticles (0%, 0.6%, 1% and 2% wt.%) is 

deposited of wood using a commercial airbrush. SEM images demonstrate that the use of 

AB allows coating the wood specimens with smooth and homogeneous thin films of 

PVBVA/TiO2 having excellent distribution of nanoparticles in the polymer matrix. 

Topographical images obtained by optical profilometry show a slight increase in the 

surface roughness with the content of TiO2 nanoparticles. On the other hand, a UV-Vis 

absorption study revels those materials have strong tendency to absorb UV radiation that 

points out these materials as good candidates for UV protection which, in addition, is 

enhanced by increasing the concentration of nanoparticles. Besides, the band gap of these 

materials becomes narrow when coatings of nancomposites filled with 2% of TiO2 are 

used, which may have consequences in terms of photocatalytic activity apart from the 

expected increase of UV absorption capacity. The micro-indentation tests do not show 

significant changes in terms of hardness as a function of surface treatment. Besides, 

surfaces treated with the polymer solution containing 2% TiO2 nanoparticles present the 

highest WCA value that can be attributed to more heterogeneous topography attending 

the expected extra polarity given by the TiO2 nanoparticles. Thermal behaviour of 

polymer-based materials under study does not seem to depend on the concentration of 

TiO2 nanoparticles. 

Finally, new polymer composite materials based on PVBVA filled with 

nanocrystalline cellulose particles (NCC) is investigated as potential wood consolidant 

agents. Using the AB method, the wood samples are treated with polymer systems having 

different NCC contents (0%, 0.5%, 1% and 2% wt.%). Behaviour of the materials is 

studied in terms of their ability to absorb water, mechanical properties from the use of 

three-point bending tests, thermal degradation using thermogravimetric analysis (TGA) 

and thermal relaxation using DSC were performed. It is observed that water absorption is 

reduced as the concentration of NCC in the polymer matrix is increased. The results 

obtained in TGA analysis shows that the thermal stability of PVBVA increases as the 

NCC filler content increases probably due to existence of specific interactions between 

the particles and the polymer chains. The same reason could be used to explain why the 

thermal relaxation phenomena of the PVBVA appear at higher temperatures the higher 

the relative amount of NCC particles. 
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La presente tesis doctoral se centra en la preparación, caracterización y 

comportamiento de materiales nanocompuestos poliméricos dirigidos a ser utilizados 

para consolidar y preservar artículos históricos de madera. El objetivo principal de esta 

tesis es optimizar el uso poli (vinil butiral-co-alcohol vinílico-co-acetato de vinilo) 

(PVBVA) y algunos nanocomposites basados en este polímero con el fin de mejorar 

propiedades para uso como consolidante de madera. En primer lugar, se consideraron dos 

métodos habituales de tratamiento de maderas, utilización de brocha e inmersión, para 

investigar su particular efecto sobre el comportamiento final del polímero en relación a 

la consolidación de madera de abeto (Abies alba). Posteriormente se investigó el uso de 

un aerógrafo a veces denominado hilado por soplado (SBS), como un método novedoso, 

económico y sencillo para aplicar el consolidantes de base de polimérica sobre madera. 

El primer objetivo del presente trabajo fue preparar la madera de abeto y 

modificarla mediante diferentes tratamientos utilizando diferentes sistemas materiales 

para posteriormente realizar una caracterización profunda en cuanto a propiedades 

superficiales y mecánicas. Se consideraron dos variables para el tratamiento de la madera: 

i) la concentración (5% y 10%,% en peso) de las soluciones de PVBVA utilizadas para 

modificar la madera y ii) el método de aplicación (con brocha e inmersión) de la 

disolución de polímero. Las propiedades mecánicas de las muestras de madera tratadas y 

las no tratadas se estudiaron a partir de los resultados obtenidos mediante la realización 

de ensayos de flexión en tres puntos y, localmente, mediante la medida de dureza Shore 

D y Dureza Martens (MH). La caracterización de superficies se realizó mediante 

diferentes técnicas instrumentales, microscopía electrónica de barrido (SEM), 

tensiometría por medidas del ángulo de contacto con el agua (WCA), espectroscopía 

infrarroja por transformada de Fourier mediante reflectancia totalmente atenuada (ATR-

FTIR) y perfilometría óptica. La rugosidad superficial que se determinó a partir del 

análisis de perfiles superficiales obtenidos mediante el uso de un perfilómetro óptico no 

mostró cambios significativos en la topografía, mostrándose en todos los casos 

transparentes y lisas. Las mediciones del ángulo de contacto con el agua (WCA) señalan 

una mayor hidrofobicidad de las superficies de madera cuando se tratan con PVBVA. Las 

pruebas de MH indicaron que el tratamiento con disoluciones de PVBVA aumentó 

Resumen 
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localmente la dureza de la madera, mejorando cuando se utilizan disoluciones más 

concentradas. 

En la segunda parte del proyecto de tesis se investigó el uso de la aerografía (AB) 

como un nuevo método de tratamiento de maderas para depositar materiales de base 

polimérica en busca de una mayor eficacia a la hora de conservar objetos de madera 

históricos. En particular, se estudió el tratamiento con un sistema basado en PVBVA 

relleno con nanopartículas de TiO2 (0%, 0,6%, 1% y 2% en peso). Imágenes obtenidas 

con un microscopio electrónico de barrido, SEM, demostraron que el uso de un aerógrafo 

permite recubrir maderas con películas delgadas, lisas y homogéneas de PVBVA/TiO2 

con una excelente dispersión de las nanopartículas de TiO2 en la matriz de PVBVA. Las 

imágenes topográficas obtenidas por perfilometría óptica mostraron un ligero aumento de 

la rugosidad superficial con el contenido de nanopartículas de TiO2. Por otro lado, un 

estudio de absorción de UV-Vis reveló que esos materiales tienen una fuerte tendencia a 

absorber radiación UV indicando que estos materiales son buenos candidatos para la 

protección contra la radiación UV, potenciada además con concentración de 

nanopartículas. Además, la banda prohibida de estos materiales se estrechó cuando se 

utilizaron recubrimientos de nancomposites rellenos con un 2% de TiO2, lo que puede 

tener consecuencias en términos de actividad fotocatalítica además del esperado aumento 

de la capacidad de absorción de UV. Los ensayos de micro-indentación no mostraron 

cambios significativos en términos de dureza en función del tratamiento superficial. 

Además, las superficies tratadas con la disolución de polímero con un 2% de 

nanopartículas de TiO2 presentaron el valor de WCA más alto que se atribuyó a una 

topografía más heterogénea después de considerar la polaridad extra esperada al añadir 

nanopartículas de TiO2. El comportamiento térmico de los materiales preparados no 

parece depender de la concentración de nanopartículas de TiO2. 

Por último, se investigaron nuevos materiales compuestos poliméricos basados en 

PVBVA rellenos de partículas de celulosa nanocristalina (NCC) como posibles agentes 

consolidantes de madera. Utilizando el método AB, las muestras de madera se trataron 

con sistemas poliméricos con diferentes contenidos de NCC (0%, 0,5%, 1% y 2% en 

peso). Se estudió el comportamiento de los materiales en cuanto a su capacidad para 

absorber agua, propiedades mecánicas, degradación y relajación térmicas. Se observó que 

la absorción de agua disminuye a medida que aumenta la concentración de NCC en la 
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matriz polimérica. Los análisis termogravimétricos mostraron que la estabilidad térmica 

del PVBVA aumentaba a medida que aumentaba el contenido de relleno de NCC 

probablemente debido a la existencia de interacciones específicas entre las partículas y 

las cadenas de polímero. Finalmente se utilizó el mismo argumento para explicar por qué 

los fenómenos de relajación térmica del PVBVA aparecen a temperaturas más altas 

cuanto mayor es la cantidad relativa de partículas de NCC. 
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 Introduction and Objectives 

 Introduction 

Wood is one of the earliest and most frequent materials present in buildings, 

furniture and decorative objects. The historical wooden heritage includes a large part of 

the historical objects. For example, wood is used in buildings, due to its low cost, 

availability and also because of its ease of working compared to other materials such as 

stone, its high flexibility and strength, and its ability to sustain bending and tensile 

loadings [1] The use of wood in furniture and decorative objects is well-known [2], but 

other applications include musical instruments, historical objects such as the hull of a ship 

shown in Figure 1.1., or in boats, in outdoor sculptures in outdoor museums. Some of 

these applications are illustrated in Figure 1.1 [1].  However, wood  is susceptible to the 

effects of fungi, insects, termites and, microorganisms which may affect its integrity, 

mechanical properties and aesthetic aspect [3, 4].On the other hand, wood-based 

materials, as a natural biodegradable product, can also lose their aesthetic and mechanical 

properties due to different aging phenomena. For this reason, conservation and restoration 

of wood elements is an important issue to be addressed by experts in the field of the 

authenticity preservation of the artwork for instance. In Figure 1.1. also shows examples 

of some important applications of wooden objects and materials where degradation may 

have important non wanted effects and which are therefore susceptible of being treated to 

restore their performance. 

Conservation and restoration of artworks imply the use of different strategies for 

the proper preservation of different kinds of objects, such as paintings, sculptures, 

decorative objects, furniture and other objects that have lost their functionality, their 

aesthetic and/or mechanical properties by human use or by the effects of time [8-10]. 

However, all these strategies imply processes that may be operationally difficult, time 

consuming and, as a consequence, that might not be effective enough. Therefore, 

restoration scientists and conservators should try to find new, more effective, and easier 

methods and techniques to preserve or restore damaged artworks. 
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Figure 1. 1. Examples of historical wood objects: A. Buildings Buildings (Dormitory roof at Abbaye de 
Fontenay, Bourgogne, France) [1]; B. Fracture of veneer (grain runs horizontal in illustration) due to 
shrinkage of substrate with grain running vertically [Reference D.Hunt]; C. Conservation of the hull of the 
sixteenth-century ship, The Mary Rose, being sprayed with polyethylene glycol [Reference D. Hunt]; D. 
Wooden relics from the collection of The Museum of Apiculture in Swarz˛edz [5]; E. Waterlogged [6]. F. 
Front coffin face mask [7] and G. Fragments of wooden planks with termite damage and wood decay [7]  

 

One of the most common approaches to consolidate degraded wood consists on the 

application of products that can penetrate into the cell walls of the wood or in the voids 

at the surface, improving among other properties its mechanical strength [8]. The 

efficiency of the treatment is usually associated to the nature of the product used, its 

penetration in the wood and its permanence upon the time [11]. However, there may be 

other factors affecting the final performance of certain treatments, for instance: i) the 

method used to apply the product (immersion, brushing, etc…) [8, 12] ; ii) the nature of 

substrate (the wood); iii) the use of particular pre-treatments or post-treatments  on the 

wood or to the consolidant and iv) in service conditions . 

The general purpose of wood consolidation treatments is to ensure better internal 

structural cohesion and improved mechanical strength. Usually, there is a need to fill in, 

at least partially, the voids or wood cells to restore the mechanical properties lost [8-10]. 

In the consolidation of historical wood objects, also surface properties and appearance 

are important. That is why, surface brightness or surface mechanical properties among 

others, should be investigated. 



                                              Chapter 1: Introduction and Objectives 

 

10 
 

Polymers have been extensively used to treat and modify wooden surfaces [8, 13, 

14], including epoxy and polyester resins [13], polyurethanes [15], cellulose derivatives 

[16] and  a wide range of thermoplastic polymers [17, 18]. Within these, two of the most 

widely used due to their good optical properties are acrylate-based polymers, such as 

Paraloid B72 [19-23] and those derived from polyvinyl butyral (PVB) [24, 25]. 

Commercial PVB contains 17–22 wt.% of vinyl alcohol, 1–3 wt.% of vinyl acetate and 

75–82 wt.% of vinyl butyral unit [26]. In this work poly(vinyl butyral-co-vinyl alcohol-

co-vinyl acetate), PVBVA was chosen for surface and bulk modification of fir wood due 

to is good optical properties, high adhesion strength and high ductility [27]. 

Apart from the selection of the consolidating agent, the application method and 

the corresponding study with common characterization methods, to better understand the 

consolidation mechanism it would be interesting to provide new insight on new 

characterization methods and thecniques to get other complementary information not 

available up to now. For example, one of the major challenges is to understand better the 

penetration process of the consolidating agent into the wood cells and more specifically, 

how it can affect the final properties of the treated or modified material. For example, 

how can the absorption of the polymer solution affect the final properties of the material? 

Does the rate of absorption affect the physico-chemical and mechanical properties of the 

material? Possibly, a novel characterization study trying to answer these questions may 

be to monitor dynamic solution up-take due to adsorption and capillarity.  

One of the most important issues concerning synthetic polymers is to have a 

control of the degradation phenomena by microorganisms, environmental factors such as 

pollution, water uptake, or due to the exposure to UV light, which occurs frequently in 

the case of outdoor historical objects [28, 29]. For example, it is well known that one of 

the main degradation mechanisms in polyolefins is chain scission due to photooxidation. 

Therefore, the optical study and characterization of the materials used for this purpose are 

essential for their in-service behavior. 

The development of nanoscience and nanotechnology has opened new approaches 

in restoration, art technology and conservation science. In particular, the use of 

nanoparticles in the restoration and conservation of historical relics have increased 

considerably. In this sense, the unique properties of nanoparticles have attracted the 

attention of many scientists. The high surface to volume ratio of the nanoparticles may 
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lead to new materials which properties are greatly affected by the type of nanoparticles, 

the amount of nanoparticles and the specific interactions with their environment. Several 

trials have been performed to enhance of properties of wood consolidants by using 

nanoparticles [20, 30, 31]. For instance, incorporation of ZnO nanoparticles in the 

paraloid B72 matrix showed an enhancement of the water uptake and retention values of 

Paraloid B72 [16]. Also, TiO2 and ZnO nanoparticles have been extensively used due to 

their optical and antimicrobial properties. In fact, both TiO2 and ZnO have been used as 

additives of polyvinyl butyral to improve the behavior of wood consolidated against white 

rot [25]. 

In the conservation of wooden artworks, different kinds of cellulose such as 

nanocellulose, fibres and crystals, microcrystalline cellulose, and its derivatives (ethers 

and esters) have been utilized for consolidation and coating. For instance, 

microcrystalline cellulose is a natural, non-toxic, totally biodegradable, and recyclable 

substance made from lignocellulosic biomass that is used as fillers with various adhesives 

[5] . It has a high degree of crystallinity due to the manufacturing method, which involves 

reacting cellulose with a water solution of strong mineral acids at boiling temperatures. 

The hydrolysis step destroys the amorphous fraction and decreases the degree of cellulose 

chain polymerization. As a result, microcrystalline cellulose is resistant to water swelling 

and has high thermochemical stability, high specific strength, and viscosity [5, 32]. 

Nanocellulose, as unique and promising material extracted from cellulose, has 

been considered for various applications because of special surface chemistry, physical 

properties, remarkable biological properties [33]. Besides, nanocellulose in terms of the 

abundance of OH groups on the surface tends to the formation of hydrogen bonding, 

causing chained to assemble in highly ordered structures [34]. As another advantage of 

NC can be mentioned that different types of nanocellulose are not cytotoxic [35, 36]. 

 Recently, using cellulose nanoparticles and nanocomposites for the conservation of 

organic-base artifacts such as historical wood and paper are increasing due to 

compatibility with its structure [16, 35, 37-41].  

From the point of view of wood restoration, understanding the final properties of 

the consolidant materials is especially important. Therefore, the main idea behind this 

research work is to find new materials and/or new methodologies to be used to prepare 

consolidants based on polymer nanocomposites. The scope of this research will also be 
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focused on the characterization of the materials in order to determine which are the factors 

that most affect their final properties. More specifically, the work will be focused on the 

preparation of polyvinyl butyral (PVB) nanocomposites to be used as wood consolidants. 

Materials preparation and characterization will be carried out to finally try to understand 

the final properties of the materials and their potential use as wood consolidants. 

 Objectives 

 General 

In this research work, polymer-based materials will be investigated to study their potential 

uses in restoration and consolidation of historical and modern wood. For this purpose, 

poly  (vinyl butyral-co-vinyl alcohol-co-vinyl acetate), PVBVA, was chosen. In 

particular, different preparation methods will be considered: a) conventional methods, 

such as brushing or immersion and b) airbrushing, proposed as a new method of 

application.  

 
Figure 1. 2. Scheme of the working plan of PhD Thesis. 

 

Apart from the preparation of PVBVA base materials as potential consolidants the thesis 

will also be focused on the characterization of the materials to try to understand what are 

the factors that most affect their final properties. 

 Specific. 

In order to achieve the general objective of this thesis the following specific objectives 

were proposed:  
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a) Study of the influence of using conventional methods to treat soft wood for its 

subsequent consolidation. In particular, two conventional methods were selected, 

immersion and brushing. The effect of polymer concentration and method of application 

on the final properties (surface roughness, contact angle, surface hardness and mechanical 

strength) will be evaluated.  

b) Study of the use of a non-conventional method to prepare polymer nanocomposite 

materials as potential candidates for wood consolidation. For this purpose, airbrushing 

will be considered and its utility will be evaluated for two systems: i) PVBVA modified 

with titanium dioxide, TiO2 (PVBVA/TiO2 system) and ii) PVBVA modified with 

nanocrystalline cellulose, NCC (PVBVA/NCC system).  

c) Preparation and characterization of airbrushed PVBVA/TiO2 nanocomposite 

materials. For this specific objective airbrushed PVBVA modified with different amount 

of TiO2 nanoparticles will be prepared (0%, 0.5 %, 1% and 2%, wt.%). Two different 

preparations were considered: i) films, using glass as a substrate and ii) coatings on the 

surface of fir wood. Surface, thermal, optical (UV-visible spectroscopy) and local 

mechanical characterization (Martens Hardness) of the materials will be carried out. More 

specifically:  

• For the thin films, ATR-FTIR spectroscopy will be used to assess the presence of 

specific polymer (PVBVA) – particle (TiO2) interactions. Complementary, UV-visible 

spectroscopy characterization will be done to evaluate the potential use of this materials 

against UV aging. Then, thermal characterization by means of differential scanning 

calorimetry (DSC) of the thin films will be done. 

• For the fir wood PVBVA/TiO2 treated samples, surface characterization will be 

done by means of optical profilometry, to inspect its surface and evaluate its roughness. 

The quality of the coatings and the efficiency of particle distribution will be evaluated 

using scanning electron microscopy (SEM).  

• Contact angle measurements will be carried out on the treated fir wood samples 

to evaluate the effect of the incorporation of TiO2 nanoparticles on surface properties.  

• Local mechanical properties will be analyzed with the aid of Universal Martens 

Hardness.  

d) Preparation and characterization of airbrushed PVBVA/NCC nanocomposite 

materials. For this specific objective airbrushed PVBVA modified with different amount 
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of NCC nanoparticles will be prepared (0%, 0.6 %, 1% and 2%, wt.%). Two different 

preparations were considered: i) films, using glass as a substrate and ii) coatings on the 

surface of fir wood.  

• For the thin films, apart from the visual inspection, thermal characterization, both 

by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) of the 

thin films will be done. 

• Water uptake experiments will be done to evaluate the effect of the surface 

treatments on the ability of the materials to absorb water when they immersed in it.  

• Mechanical characterization via three-point bending test will be carried out on the 

treated wood samples for each of the PVBVA/NCC compositions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



                                              Chapter 1: Introduction and Objectives 

 

15 
 

 References 

[1] D. Hunt, "Properties of wood in the conservation of historical wooden artifacts," 
Journal of Cultural Heritage, vol. 13, no. 3, pp. S10-S15, 2012. 

[2] S. Rivers and N. Umney, Conservation of furniture. Routledge, 2007. 
[3] M. E. David, R.-M. Ion, R. M. Grigorescu, L. Iancu, and E. R. Andrei, 

"Nanomaterials used in conservation and restoration of cultural heritage: an up-
to-date overview," Materials, vol. 13, no. 9, p. 2064, 2020. 

[4] R. M. Rowell, Handbook of wood chemistry and wood composites. CRC press, 
2012. 

[5] M. Broda, P. Kryg, and G. A. Ormondroyd, "Gap-Fillers for Wooden Artefacts 
Exposed Outdoors—A Review," Forests, vol. 12, no. 5, p. 606, 2021. 

[6] C.-M. Popescu and M. Broda, "Interactions between Different Organosilicons and 
Archaeological Waterlogged Wood Evaluated by Infrared Spectroscopy," 
Forests, vol. 12, no. 3, p. 268, 2021. 

[7] A. M. Abdel-Azeem, B. W. Held, J. E. Richards, S. L. Davis, and R. A. 
Blanchette, "Assessment of biodegradation in ancient archaeological wood from 
the Middle Cemetery at Abydos, Egypt," PLoS One, vol. 14, no. 3, p. e0213753, 
2019. 

[8] A. Unger, A. Schniewind, and W. Unger, Conservation of wood artifacts: a 
handbook. Springer Science & Business Media, 2001. 

[9] C.-F. Mannerstrale, "International centre for the study of the preservation and the 
restoration of cultural property," Riksantikvarieambetet, vol. 1971, no. 13, pp. 11-
11. 

[10] J. K. Fink, Chemicals and methods for conservation and restoration: Paintings, 
textiles, fossils, wood, stones, metals, and glass. John Wiley & Sons, 2017. 

[11] F. Lionetto and M. Frigione, "Effect of novel consolidants on mechanical and 
absorption properties of deteriorated wood by insect attack," Journal of cultural 
heritage, vol. 13, no. 2, pp. 195-203, 2012. 

[12] G. Cavallaro, S. Milioto, and G. Lazzara, "Halloysite nanotubes: interfacial 
properties and applications in cultural heritage," Langmuir, vol. 36, no. 14, pp. 
3677-3689, 2020. 

[13] V. Moise et al., "Consolidation of very degraded cultural heritage wood artefacts 
using radiation curing of polyester resins," Radiation Physics and Chemistry, vol. 
156, pp. 314-319, 2019. 

[14] D. Henriques, J. de Brito, S. Duarte, and L. Nunes, "Consolidating preservative-
treated wood: Combined mechanical performance of boron and polymeric 
products in wood degraded by Coniophora puteana," Journal of Cultural 
Heritage, vol. 15, no. 1, pp. 10-17, 2014. 

[15] P.-L. Chou, H.-T. Chang, T.-F. Yeh, and S.-T. Chang, "Characterizing the 
conservation effect of clear coatings on photodegradation of wood," Bioresource 
technology, vol. 99, no. 5, pp. 1073-1079, 2008. 

[16] S. A. A. K. M. Hamed and M. L. Hassan, "A new mixture of hydroxypropyl 
cellulose and nanocellulose for wood consolidation," Journal of Cultural 
Heritage, vol. 35, pp. 140-144, 2019. 

[17] A. P. Schniewind, "Solvent and moisture effects in deteriorated wood 
consolidated with soluble resins," Holz als Roh-und Werkstoff, vol. 48, no. 1, pp. 
11-14, 1990. 



                                              Chapter 1: Introduction and Objectives 

 

16 
 

[18] S. M. Nakhla, "A comparative study of resins for the consolidation of wooden 
objects," Studies in Conservation, vol. 31, no. 1, pp. 38-44, 1986. 

[19] G. M. Crisci, M. F. La Russa, M. Malagodi, and S. A. Ruffolo, "Consolidating 
properties of Regalrez 1126 and Paraloid B72 applied to wood," Journal of 
Cultural Heritage, vol. 11, no. 3, pp. 304-308, 2010. 

[20] A. T. Traistaru, M. C. Timar, M. Campean, C. Croitoru, and I. Sandu, "Paraloid 
B72 versus Paraloid B72 with nano-ZnO additive as consolidants for wooden 
artefacts," Mater. Plast, vol. 49, pp. 293-300, 2012. 

[21] M. C. TIMAR, I. C. A. SANDU, E. BELDEAN, and I. SANDU, "FTIR 
Investigation of Paraloid B72 as Consolidant for Old Wooden Artefacts." 

[22] M. Clausi, G. M. Crisci, M. F. La Russa, M. Malagodi, A. Palermo, and S. A. 
Ruffolo, "Protective action against fungal growth of two consolidating products 
applied to wood," Journal of Cultural Heritage, vol. 12, no. 1, pp. 28-33, 2011. 

[23] A. Cataldi, F. Deflorian, and A. Pegoretti, "Microcrystalline cellulose filled 
composites for wooden artwork consolidation: Application and physic-
mechanical characterization," Materials & design, vol. 83, pp. 611-619, 2015. 

[24] C.-M. Popescu and B. C. Simionescu, "Structural study of photodegraded acrylic-
coated lime wood using Fourier transform infrared and two-dimensional infrared 
correlation spectroscopy," Applied spectroscopy, vol. 67, no. 6, pp. 606-613, 
2013. 

[25] D. Harandi, H. Ahmadi, and M. M. Achachluei, "Comparison of TiO2 and ZnO 
nanoparticles for the improvement of consolidated wood with polyvinyl butyral 
against white rot," International Biodeterioration & Biodegradation, vol. 108, pp. 
142-148, 2016. 

[26] J. D. Ambrosio, M. Sonego, L. H. Staffa, M. A. Chinelatto, and L. C. Costa, 
"Characterization of flexible Poly (vinyl butyral)/wood flour composites," 
Composites Part B: Engineering, vol. 175, p. 107118, 2019. 

[27] C. Carrot, A. Bendaoud, C. Pillon, O. Olabisi, and K. Adewale, "Polyvinyl 
butyral," in Handbook of Thermoplastics, red.: ACRC Press, 2016, pp. 89-138. 

[28] D. N. S. Hon and S. T. Chang, "Surface degradation of wood by ultraviolet light," 
Journal of Polymer Science: Polymer Chemistry Edition, vol. 22, no. 9, pp. 2227-
2241, 1984. 

[29] P. Evans, "Degradation of wood surfaces by water," Holz als Roh-und Werkstoff, 
vol. 48, no. 5, pp. 159-163, 1990. 

[30] A. A. Tuduce Trǎistaru, I. Crina Anca Sandu, M. Cristina Timar, G. Lucia 
Dumitrescu, and I. Sandu, "SEM‐EDX, water absorption, and wetting capability 
studies on evaluation of the influence of nano‐zinc oxide as additive to paraloid 
B72 solutions used for wooden artifacts consolidation," Microscopy research and 
technique, vol. 76, no. 2, pp. 209-218, 2013. 

[31] J. Abbasi, K. Samanian, and M. Afsharpor, "EVALUATION OF POLYVINYL 
BUTYRAL AND ZINC OXIDE NANO-COMPOSITE FOR 
CONSOLIDATION OF HISTORICAL WOODS," International Journal of 
Conservation Science, vol. 8, no. 2, 2017. 

[32] A. Cataldi, A. Dorigato, F. Deflorian, and A. Pegoretti, "Effect of the water 
sorption on the mechanical response of microcrystalline cellulose‐based 
composites for art protection and restoration," Journal of Applied Polymer 
Science, vol. 131, no. 18, 2014. 



                                              Chapter 1: Introduction and Objectives 

 

17 
 

[33] A. Farooq et al., "Cellulose from sources to nanocellulose and an overview of 
synthesis and properties of nanocellulose/zinc oxide nanocomposite materials," 
International journal of biological macromolecules, vol. 154, pp. 1050-1073, 
2020. 

[34] C. Salas, T. Nypelö, C. Rodriguez-Abreu, C. Carrillo, and O. J. Rojas, 
"Nanocellulose properties and applications in colloids and interfaces," Current 
Opinion in Colloid & Interface Science, vol. 19, no. 5, pp. 383-396, 2014. 

[35] F. Sun, H. R. Nordli, B. Pukstad, E. K. Gamstedt, and G. Chinga-Carrasco, 
"Mechanical characteristics of nanocellulose-PEG bionanocomposite wound 
dressings in wet conditions," Journal of the mechanical behavior of biomedical 
materials, vol. 69, pp. 377-384, 2017. 

[36] D. Haldar and M. K. Purkait, "Micro and nanocrystalline cellulose derivatives of 
lignocellulosic biomass: A review on synthesis, applications and advancements," 
Carbohydrate Polymers, p. 116937, 2020. 

[37] R. Basile et al., "Bio-inspired consolidants derived from crystalline nanocellulose 
for decayed wood," Carbohydrate polymers, vol. 202, pp. 164-171, 2018. 

[38] A. Cataldi, C. E. Corcione, M. Frigione, and A. Pegoretti, "Photocurable 
resin/microcrystalline cellulose composites for wood protection: Physical-
mechanical characterization," Progress in Organic Coatings, vol. 99, pp. 230-
239, 2016. 

[39] A. Dufresne, "Nanocellulose processing properties and potential applications," 
Current Forestry Reports, vol. 5, no. 2, pp. 76-89, 2019. 

[40] R. Dreyfuss-Deseigne, "Nanocellulose films in art conservation: a new and 
promising mending material for translucent paper objects," Journal of Paper 
Conservation, vol. 18, no. 1, pp. 18-29, 2017. 

[41] L. Völkel, K. Ahn, U. Hähner, W. Gindl-Altmutter, and A. Potthast, "Nano meets 
the sheet: adhesive-free application of nanocellulosic suspensions in paper 
conservation," Heritage Science, vol. 5, no. 1, pp. 1-17, 2017. 



 

 

 

 

 

 

 

CHAPTER 2 

 

FUNDAMENTALS  



                                                                    Chapter 2: Fundamentals 

 

19 
 

  Fundamentals 

 Restoration and conservation of wood 

 Introduction (state of art) 

The preservation of a maximum amount of authentic elements, despite their initial 

precarious conservation condition, is a significant factor in the conservation of cultural 

heritage items, particularly deteriorated wooden artefacts [1]. Wood is one of the most 

commonly utilized materials in artworks which includes a variety of wooden cultural 

heritage For example, wood was used as substrate for paintings before the introduction 

of the canvas [2]. Furthermore, there is a vast and diverse historical wooden heritage such 

as eating utensils, house and church decorations, furniture, domestic traditional utensils, 

icons, iconostasis, and polychrome wooden statues [3, 4]. 

Wooden artifacts that can be found either outdoors or inside a museum are 

susceptible to biological and chemical aging, resulting in mass reduction, dimensional 

changes, and color shifts [5]. Conservators use synthetic resins and adhesives to stabilize 

and consolidate wood specimens, in order to preserve them when they have reached a 

critical stage of deterioration [3]. The value of cultural heritage objects for future 

generations is very important, so improving methodologies for the conservation and 

preservation of wood-based heritage artifacts are constantly studied and developed [5]. 

Nowadays, it is well known that combination of polymer matrices with different 

kinds of nanosized materials is a good way of achieving synergistic effects in order to 

improve the polymer performance [6-9]. In this sense, it is reasonable to think that, in 

order to improve wood consolidants performance a good choice may be the use of the 

unique properties of nanoparticles when they are combined with potential consolidant 

polymers, obtaining multifunctional polymer nanocomposite materials to protect wooden 

artifacts, providing a broader range of applications. Apart from the improving properties 

of the nanocomposite respect to the neat polymer (for instance mechanical and thermal 

properties), it is also expected improvements in terms of their use as coatings of wood 

surfaces to preserve wood against the action of several destructive factors such as 

humidity, UV radiation or the proliferation of microorganisms such as fungi or bacteria.  
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 Polymeric Materials used for wood treatments 

Synthetic polymers have been used for different purposes such as coatings, 

adhesives and even consolidants [10-13]. Conservators, in the case of critical 

conservation of historical wooden artworks, use synthetic polymers to consolidate 

degraded historical wood. One of the most important concerns in relation to the 

consolidation of historical woods is the recovery of mechanical properties of wood or the 

restoration of mechanical properties to reach enough mechanical consistency and 

resistance. In this sense, the use of diluted solutions of polymers is recommended to allow 

the solution to penetrate into the wood structure, thus, leading to maximum impregnation 

with maximum consolidation efficacy and consequently improvement in mechanical 

strength. Among the different polymers, thermoplastic polymers are preferred over 

thermosetting mainly because the consolidation process should be able to be easily 

reversed [2].  

Poly (vinyl acetate) (PVA) was one of the first synthetic materials used as a 

consolidant, adhesive, and coating material. PVA is flexible, but it does not confer the 

mechanical strength and resistance necessary to reach the dimensional stability and 

consistency desired. Furthermore, PVA is subjected to creep because of its relatively low 

glass transition temperature. PVA is only of secondary importance as a consolidant, and 

it is mainly used as an adhesive [14]. In recent years, new materials  such as Linfosolid 

an isobutyl methacrylate polymer-based consolidant, and Linfoil, a linseed oil-based 

protective product have been studied for wood consolidation [15, 16]. In general, Paraloid 

B-72 and Poly (vinyl butyral), PVB are the thermoplastic resins more often used by 

conservators to consolidate degraded wood [17-21]. In comparison to PVB, Paraloid B72 

may lead to less viscous solutions. However, PVB usually shows slightly higher strength 

for the same resin loading in comparison to Paraloid B72 although it is stated that it can 

be due to inadequate drying times when solutions of Polaroid B72 in acetone are used 

[10]. 

 Nanocomposite materials for wood treatments 

The nanostructure of materials is a key factor of final performance, therefore 

manipulation or modification of materials at nanoscale should be of primary importance 

respect to the development of novel properties. Probably this is why the field of 

nanocomposite materials in general and those constituted by an organic matrix and a 
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nanofiller in particular is growing rapidly [22]. In this sense, a great deal of effort is 

focused on the modification at nanoscale of materials structures using novel synthetic 

materials and different methods of preparation [23]. 

Although progress in material science has been successful in terms of designing 

and preparing new nanostructured materials for a long time, conservation of historical 

objects and monuments was not faced from that approach since it was usually approached 

from traditional procedures. These traditional approaches, such as using synthetic 

polymers, often lack the necessary consistency, compatibility with the substrate to be 

treated and long-term performance. However, nanomaterials and nanotechnology have 

increasingly been used in the renovation and preservation of architectural heritage, with 

the aim of enhancing the consolidation and conservation of deteriorated historical objects 

[24]. In a recent review by Scott G.Mitchell and collaborators (Perspectives for 

antimicrobial nanomaterials in cultural heritage conservation, Chem, Volume 7, Issue 3, 

11 March 2021, Pages 629-669) the use of antimicrobial materials in cultural heritage 

applications is highlighted. Nowadays, the presence of antimicrobial materials and more 

specifically those with nanosize is becoming a frequent strategy to protect cultural 

heritage from the growth and proliferation of different fungi, bacteria and other 

microorganisms [25, 26]. For example, in Figure 2.1. S.G. Mitchell et al highlight for L 

Mona Lissa (Leonardo Da Vinci) the differences observed between the biodeteriorated 

surface and part of the paint surface previously protected.  

Nanomaterials have received an important attention in the last few decades when 

considering their use in the field of cultural heritage because of their unique properties 

[27-29]. In Figure 2.2. are presented some examples of different nanomaterials used for 

the consolidation of different materials such as stone, wood, or paper as proposed by 

Rodica-Mariana Ion and collaborators [30].  

Metal oxides and hydroxides such as TiO2, ZnO, Ca(OH)2, Mg(OH)2, Sr(OH)2, as 

well as metal nanoparticles like Au and Ag are currently being used for conservation 

purposes and as consolidants of various objects and works of art. Metal oxide 

nanoparticles, for instance, have been used to protect building surfaces against biofilm 

formation in the last decade [30]. The potential of these nanoparticles in the protection 

and preservation of wooden artifacts has been identified for the stabilization and 
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consolidation of degraded materials [15, 31],  self-cleaning [32, 33] and UV and moisture 

protection [34-36], improving therefore the surface properties [37, 38].  

 

 
Figure 2. 1. Comparison between protected paint with nanoparticles and unproctected and therefore 

biodeteriorated (Leonardo Da Vinci’s Mona Lisa) [26]. Copyright 2021 Chem. With permission from 
Elsevier. 

 

 

 
Figure 2. 2. Nanomaterials used as consolidants in conservation and restoration of cultural heritage 
(Reproduced with permission from reference [30]). Copyright 2020 materials. 
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In Table 2.1. are presented some of the most widely used nanoparticles for wood 

treatments or modifications and the properties more commonly conferred to the treated 

wooden materials [30].  

 

 
Table 2. 1.  Examples of nanoparticles used as possible modifiers of wood and their properties [30]. 

Nanoparticles Properties 

TiO2 UV protection, hydrophobicity, self-cleaning, fire resistance,  

ZnO protection against microorganisms, dimensional stability 

Au / Ag Protection against microorganisms 

MgO UV protection, hydrophobicity, protection against microorganisms 

FeO UV protection, protection against microorganisms 

SiO2 Fire resistance, self-cleaning, hydrophobicity, scratch resistance 

CuO Protection against microorganisms 

Hap/Au Antiaging protection, mechanical resistance, hydrophobicity 

 

 

Incorporating two different materials, such as a polymer and inorganic 

nanoparticles, in the form of a nanocomposite is an easy way to combine the desirable 

characteristics of those materials in order to improve the final performance of the 

modified material (synergy) [39]. 

In the last decade, investigation in the field of nanocomposite preparation to 

enhance the properties of wood consolidants has been considered. For example, TiO2 and 

ZnO nanoparticles were employed to improve of PVB against wood fungal [9], nano-

ZnO was used as an additive in Paraloid B72 consolidant to study its effect on water 

absorption, and wetting ability of the corresponding modified wooden artifacts [1, 40]. 

More recently microcrystalline cellulose was used as a filler of polymers to study its effect 

on the physico-mechanical characteristics of the corresponding wooden artworks [2, 3] . 

 Methods of treatments 

The type of wood treatment method depends on the degree of deterioration, the 

dimensions of the specimen, and the nature of materials and substances used on the 
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surface to decorate the wood. In most of cases, two or more different methods of treatment 

may be required to achieve the appropriate final finish and protection. 

 

a) Brushing.  

In conservation treatments, brushing is the most common method to apply the 

consolidants and other modifiers. Since the volume of protective material or substance 

absorbed per unit of the wood surface is limited, its concentration must be enough to 

achieve the desired level of protection. The penetration depth is usually much less than 

that obtained from other methods as immersion, being of the order of 1-2 mm when 

treating sound wood. This method of treatment has been used as primary treatment, 

consolidating and conservation of historical artifacts. Unger stated that consolidants 

applied by this method will not penetrate completely, and only the outer surface layers of 

wood will be modified [14]. In Figure 2.3. a photograph of this method of application is 

presented where Polyvinyl butyral 5 wt.% is being applied on the surface of a poplar 

(Populus alba) wood.  

 

 
Figure 2. 3. Consolidation of degraded historical wood by brushing method. 

 

b) Immersion  

Immersion treatments include dip treatments of moderate duration treatments and 

soaking in tanks. The immersion treatment includes dip treatment for which wood is in 

contact with consolidants for one or several hours. In this method, wood samples are 

placed in consolidants for a while in order to obtain further penetration of preservatives 

into the wood structure.  
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Figure 2. 4. Schematic view of wood treatments by immersion. 

 

Typically, in this type of method, the amount of polymer penetration is much higher 

than the brushing method. Consolidation by immersion method has provided acceptable 

strength in historical wood that were heavily degraded. In a recent publication G. Lazarra 

and coauthors [41] proposed the use the immersion method to provide composite made 

of a resin filled with halloysite nanotubes to consolidate degraded wood. In Figure 2.5. is 

shown as an example, optical micrographs of degraded wood (dry & wet) and 

beeswax/halloysite or colophony/halloysite consolidated wood after the treatment by 

immersion in a suspension of halloysite nanoparticles with beeswax. Wood pores were 

filled after 3 days of immersion. As most of the degraded wood is formed by pores, upon 

drying the volume contraction is remarkable, as it can be observed in Figure 2.5. [from 

reference [41], however, this contraction is avoided when degraded wood is conveniently 

treated with beeswax/halloysite or colophony/halloysite. 

 

 
Figure 2. 5. Optical images of untreated and treated woods as shown in reference [41]. Copyright 2020 

Langmuir. 
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c) Airbrushing  

Airbrushing (AB) is a method that can be used to deposit from thin and homogeneous 

films to micro and even nanofibers. AB has been used to prepare materials for a variety 

of applications like biomedical and flexible electronics [42, 43]. This method in its 

version so-called solution blow spinning, SBS, has been developed to overcome the 

various limitations of electrospinning technique. It needs only a simple commercial 

airbrush or a pump for the solution plus a nozzle, concentrated polymer solution, and a 

compressed gas source [44, 45]. In AB and SBS, the parameters that affect the processing 

conditions are: i) the concentration of the polymeric solution; ii) the pressure of the gas; 

iii) the working distance; iv) the diameter of the nozzle and v) the substrate. Perhaps, the 

simplest device that can be used for AB or SBS is a commercial airbrush. In Figure 2.6. 

a scheme illustrating the experimental set up used for airbrushing is shown.  

 

 
Figure 2. 6. Schematic view of the airbrushing process for the consolidation wood samples treatment. 

 

As a summary in the Table 2.1 are gendered the most important advantages and 

disadvantages of the different treatment methods proposed for the consolidation of 

degraded wood. 
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Table 2. 2. Advantage and disadvantage of different methods application. 

Treatment 

Method 

Advantages Disadvantages 

Brushing - Easy to use 
- Can be used for all types of consolidans 

- Little penetration . 
- Several layers may be 

required for greatest 
protection . 

Immersion - Best consolidation properties 
- Better penetration 

- Large amounts of solvent are 
used. 

- It will be very difficult for 
large samples. 

Airbrushing • Allows localized treatment 
• Versatile method 
• Good Finishing treatment that allows 

obtaining multifunctional coatings. 
• Suitable for creating thin protective layers. 
• Proper distribution of nanocomposites on 

the surface. 
• Suitable for combination with other 

methods of application to obtain better 
results. 

• Treatment of localized superficial deffects 
•  

- Need to apply many layers to 
obtain thick coatings. 

- Less penetration than 
immersion method 

 

 Infrared spectroscopy 
Fourier transformed infrared spectroscopy, FTIR, is one of the main 

characterization techniques used in several laboratories both in academic or in the 

industry due to its large number of applications, including identification of functional 

groups, quantitative analysis or study of chemical reactions. In infrared spectroscopy, the 

electromagnetic radiation insides on the sample, which absorbs the radiation at specific 

wavenumbers by activation of certain vibrations of groups constituted by atoms joined 

by covalent bonds. If the radiation that is not absorbed is collected and its intensity is 

represented as a function of wavenumber a characteristic spectrum is obtained which 

informs about the structure of the materials at a molecular scale. 

Fourier transform infrared spectroscopy (FTIR) is a simple and useful technique 

to rapidly obtain information about the structure of wood constituents and the chemical 

changes occurring in the wood. FTIR spectroscopy is commonly used for the 

determination of molecular structures, identification of compounds in biological samples, 
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and investigation of complex polymers. This technique capable of distinguishing the 

principal chemical classes in soil organic matter, such as carbohydrates, lignin, cellulose, 

through the vibrational characteristics of their structural chemical bonds. Therefore, this 

technique is a powerful tool for wood structural characterization [46-51]. 

FTIR spectroscopy is a widely used technique for detecting chemical functional 

groups in functionalized nanomaterials, polymers as well as to study and their specific 

interactions in nanocomposites [52]. FTIR spectroscopy has been used in the wood 

analysis for a long time, because it provides a chemical fingerprint of the main organic 

constituents. In fact, FTIR is suitable for the study of chemical bonds and physico-

chemical interactions between wood, wood components and consolidants [53]. 

IR spectroscopy using Fourier transformation can be combined with an accessory 

to have structural information from the surface of materials when the available specimen 

for the measurement is opaque to the IR radiation. This particular method of using the 

FTIR technique is known as attenuated total reflectance infrared spectroscopy, ATR-

FTIR. Although it can provide IR spectra of solid materials, it is usually best suited for 

the characterization of materials surface [54]. ATR-FTIR is one of the non-destructive 

techniques successfully employed to study of the historical objects in terms of 

characterization of polymer structures respect to wood treatments. ATR- FTIR is a rapid 

technique that can be used for the characterization of chemical changes after wood 

treatments. Besides, it is much easier to use than typical FTIR spectroscopy as the treated 

surfaces can be measured directly without the need of preparing the samples in KBr 

pellets or in the form of extremely thin films to avoid limitations given by the Beer’s law 

[52].  

In attenuated total reflectance infrared spectroscopy, ATR-FTIR, the spectrum is 

collected by evaluating the changes that occur in a totally internally reflected IR beam 

when the beam comes into contact with a sample. The sample is placed in close contact 

with the surface of a crystal with high refractive index. The IR beam passes through the 

crystal which evanescent wave interacts with the sample. The evanescent wave penetrates 

into the sample only a few micrometers, typically between 0.5 to 5 µm, though this value 

may vary with the wavelength of light, the angle of incidence and the nature of the ATR 

crystal. In Figure 2.7. a schematic diagram of the ATR‐FTIR, showing the path of the 

analyzing IR light (red), the ATR‐crystal (blue) and the sample surface is given [55].  
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Preliminary characterization of wood surface treated by PVBVA coatings using 

brushing and immersion methods was studied by attenuated total reflection Fourier 

transformed infrared spectroscopy (ATR-FTIR). Also, this measurements were 

performed to characterize thin films of PVBVA/TiO2 nanocomposites. 

 

 

 
Figure 2. 7. Schematic diagram of the ATR‐FTIR (adapted from reference [55]). 

 

 Ultraviolet-visible spectroscopy 

In ultraviolet and visible (UV-Vis) absorption spectroscopy, there is a source of 

electromagnetic radiation that provides a continuous radiation in the wavelength range of 

the UV and visible region. The visible and ultraviolet light, in the wavelength range 

between 200 and 780 nm, is utilized to analyze the chemical structure of the substance. 

Usually, two separate sources are needed for the whole range. In UV-visible 

spectroscopy, a spectrometer collects and records the light transmitted or absorbed by the 

sample at each specific wavelength. The spectra show the representation of absorbance 

vs wavelength,  (nm). The absorbance (A) is the logarithm of the ratio between the 

intensity of the incident radiation (I0) and the transmitted radiation (It). UV-Vis is used to 

characterize absorption, transmission, and reflection of various important technological 

materials, coatings, thin-film and polymer materials [56-58]. 

UV-visible spectroscopy is widely used in quantitative analysis of absorbing species due 

to the well-known relationship given by the Beer-Lambert Law between absorbance and 
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the concentration of the absorbing species, frequently in solution, as expressed in equation 

(2.1.).  

 

𝐴 = 𝑙𝑜𝑔10
𝐼0

𝐼𝑡
=  𝜀 · 𝑐 · 𝐿     (2.1.) 

where A is the absorbance, , is a the molar absorptivity or molar extinction coefficient, 

a characteristic constant property for an absorbing specie. The molar extinction 

coefficient has units of M-1·cm-1 and L is the optical path, usually given in cm and c is the 

concentration, which for solutions usually is expressed in molarity, M.  

UV-Vis spectroscopy is a powerful tool to characterize the optical properties of 

nanocomposites and films [59]. For instance, TiO2 nanoparticle is widely used as 

nanofiller in polymer matrices to enhance the UV absorption of polymers and optical 

transparency, due to this, the use of UV-Vis spectroscopy to study systems modified with 

TiO2 is very important [60, 61]. 

 Microscopy 

 Optical microscopy  

In optical microscopy, conventional lenses are used to obtain a magnified image 

of an object. Typically, visible light is used. Optical microscopy is used since its invention 

in several fields of research due to its simplicity. The use of different lenses with different 

focal distances allows us to obtain micrographs at different magnifications. Typically, the 

maximum magnification power that can be reached with an optical microscope is around 

1000× although the use of a different source (UV) or immersion lenses, can increase it as 

well as its resolution.  

In the field of restoration and consolidation of wood, optical microscopy is used 

to provide a first microscopic analysis and evaluation of the status of wood before and 

after the treatment/s applied to it. For example, in Figure 2.8 Giuseppe Lazzara and 

coworkers used optical microscopy to observe cross-section of archaeological woods. In 

particular, in Figure 2.8. is shown, as an example, the cross-section of the untreated 

archaeological wood (Figure 2.8. a) and the radial section (Figure 2.8.b), and the 

corresponding treated regions in Figure 2.8. (c) and (d). In this case the wood was treated 

with wax/halloysite emulsions. After the treatment, it was observed that the channels 
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coming from the cells of wood observed in the untreated sample were mainly closed upon 

the application of the solution.  

 

 

 
Figure 2. 8. Optical micrographs of the transversal section and radial section of untreated wood (a, b) and 
consolidated wood using the wax/HNTs 0.5% w/w Pickering emulsions (c, d). (Figure reproduced from 
[62] Source published under license Creative Commons). 

 

 Scanning electron microscopy (SEM) 

In Scanning Electron Microscopy, SEM, a magnified image of the sample is obtained due 

to the interaction of an electron beam with the surface of the sample. Several signals can 

be generated due to the interactions between the electron beam and the surface of the 

sample. When electrons generated from the surface of the sample are ejected with lower 

energies (less than 50 eV), the image is formed mainly with the information that comes 

from the secondary electrons, collected with the secondary electrons’ detector. This is, 

one of the most common modes to obtain SEM images, mainly because it reveals 

information about the sample’s surface. However, when the most energetic electrons are 

detected, the backscattered electrons (BSE), the signal arising from these electrons is 
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sensitive to the atomic number of the element, thus providing especially useful 

compositional information. In fact, image contrast with BSE detector is sensitive to the 

square of the atomic number of the chemical element, i.e., Z. The intensity of the BSE 

signal depends on the atomic number. Therefore, elements with higher atomic number 

will produce a higher number of backscattered electrons, thus leading to a more intense 

signal (or brighter domains) whereas lighter elements will produce a less intense signal 

(or darker domains). In this way, a BSE image can provide information on compositional 

analysis.  

SEM technique can be used to assess surface morphology such as topography and 

homogeneity of nanomaterial dispersion in the polymer matrix. SEM is the most 

commonly used electron microscopy for this purpose due to its ease of sample preparation 

and understanding of images [62]. 

There are numerous microscopic methods for characterizing the physical 

properties of different material surfaces, but only a few have proven to be especially 

useful for determining the physical properties of wood surfaces, such as scanning electron 

microscopy. In general, the SEM technique has shown to be widely considered in its 

application to Cultural Heritage, and in archaeological wood, it is essential to prepare 

suitable preservation procedures, as well as to choose or improve special consolidation 

procedures or other treatments for each type of decay [63]. 

Energy-dispersive X-ray spectroscopy (EDS, EDX, or EDXS) is a commonly used 

non-destructive spectroscopic technique that uses the interaction of an electron beam with 

a sample to find chemical compounds and structures of a variety of materials for both 

qualitative and quantitative studies[64]. 

In this work, scanning electron microscopy was used to do the characterization of 

the distribution of nanoparticles in the polymer matrix as well as to observe the 

distribution of the consolidation on wood surface and cross-section after treatment. 

 

 Mechanical Characterization 

 Three-point bending test 

Mechanical properties of the materials can be obtained from destructive and non-

destructive testing. The non-destructive experiments are based on propagation speed 



                                                                    Chapter 2: Fundamentals 

 

33 
 

using acoustic or ultrasonic waves, as well as acoustic spectral analysis, which can predict 

dynamic elastic properties. Destructive tests are performed by applying a force to the 

sample before it breaks. The maximum force until failure, as well as the distance 

displaced, are reported on the stress vs strain plot [65]. 

Modulus of elasticity (MOE) and modulus of rupture (MOR) are important 

parameters used to characterize mechanical behavior of wood as a structural material. 

MOE is a measurement of a material's stiffness or resistance to bending and MOR while 

the latter is an indicator of its maximum load at failure, or bending strength [66]. Three-

point bending test was done to evaluate of mechanical properties of wood after treatment 

with PVBVA polymer and its nanocomposites. The characteristic equations used for the 

calculation of the different mechanical parameters, MOR, MOE and deformation are 

given in section 3.4. 

 

2.5.2. Martens Hardness  

 

The term "hardness" is described as the ability of a substrate to resist different 

types of permanent shape change and penetration by a harder material. The Martens 

hardness measure is being more widely used in the engineering field. It was formerly 

known as the Instrumented Indentation or Universal Hardness test [67] and it can be used 

to determine the hardness of most solid materials.  

The Martens Hardness (HM), which is obtained from the instrumented indentation 

measure, is an important parameter that characterizes the elastic-plastic properties of the 

sample material to be investigated [68]. The Martens hardness test works on the theory 

of forcing the vertex of a diamond indenter into the surface of a test specimen and 

calculating the depth of the indentation user working test force [69]. The Martens research 

equipment is shown in a schematic diagram. The surface hardness of wood specimens 

was determined through the Martens hardness test. 
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Figure 2. 9. Schematic diagram of the Martens test apparatus works [70]. Copyright 2007 

Dental Materials. 
 

 Thermal Characterization 

 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermoanalytical technique that is 

used to characterize the thermal properties of materials. In differential scanning 

calorimetry, the difference between the heat required to raise the temperature of a sample 

and a reference is calculated as a function of temperature (in dynamic experiments) or as 

a function of time (in isothermal experiments). Throughout the DSC experiment, the 

sample and reference are forced to be at the same temperature. DSC is commonly used to 

determine the thermal transitions in polymers and polymer composite materials[70, 71]. 

However, apart from studying thermal transitions in polymeric materials, other studies 

are also addressed by DSC such as phase transitions, melting, crystallization, glass 

transition, thermal decomposition, and thermo-oxidation [72]. 
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 Thermogravimetric analysis (TGA) 

The fundamental of thermogravimetric analysis (TGA) is based on the 

measurement of a mass change of a sample as either function of time or temperature. As 

a result, TGA is mostly used to comprehend thermal events leading to mass gain or loss 

including absorption, adsorption, desorption, vaporization, sublimation, decomposition, 

oxidation, and reduction. TGA can be used for the measurement of volatile or gaseous 

compound loss during some chemical reactions for samples such as nanomaterials, 

polymers, polymer nanocomposites, coatings, and films [73, 74]. 

Thermogravimetric analysis is one of the scientific approaches that can be used in 

the field of art and archaeology. It gives us valuable information about the chemical 

compositions of materials which are used to conserve of cultural heritage [75]. In this 

thesis, thermal properties of PVBVA polymer by adding NCC and TiO2 nanoparticles 

were investigated.  

 

 Surface Characterization 

The characterization of surface roughness and topography is an important issue in 

the study of interfacial phenomena after wood surface treatment by nanocomposites, such 

as wettability and appearance of the surface. Among other things, surface roughness has 

an important impact on the contact angle formed by liquid droplet when deposited on a 

solid surface [76]. The surfaces can be the first places exposed to the action degradation 

factors. Consequently, they need to be protected with some materials in the case of wood 

consolidant polymers which are used to improve resistance of historical objects against 

any kind of deterioration. 

Changes in the surface's appearance have been one of the ethical issues in 

conservation works of art and cultural heritage. The ideal consolidation and surface 

treatment process should be that one that does not cause noticeable appearance changes 

after treatment. Therefore, investigation of roughness and topography of the wood surface 

is important after treatment by polymer and nanocomposites. 
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 Optical profilometry 

A real surface is typically very imperfect and exhibits a heterogeneous mixture of 

surface sites including a variety of structural defects and in fact, that is the reason why 

surfaces are not entirely smooth as showed Figure 2.10 [77]. On the other hand, to know 

the chemistry of solid surfaces is also essential to understand the interaction of liquids 

with solid substrates, such as adhesives and coatings [78]. 

 

 
Figure 2. 10. Scheme describing an enlarged vision of a surface portion evidencing changes in surface 

roughness before or after a surface treatment. 

 

The term optical profilometry refers to a collection of methods for assessing 

surface topography in a fast, non-destructive, and non-contact assessment of surface 

topography [59, 79, 80]. This technique can be extremely useful in 3D measurements and 

roughness characterization of the wood surface.  

In this thesis, two roughness parameters described in the ISO 4288 (1997) 

standard, the average roughness (Ra) and arithmetical mean height (Sa), were considered 

to evaluate the surface characteristics of the wood surfaces before and after treatments.  

 

𝑅𝑎 =  
1

𝑙
∫ |𝑍(𝑥)|𝑑𝑥

𝑙

0
      (2.1.) 

 

Where l is the sampling length and Z(x) represents the arithmetic mean of the absolute 

ordinate at the sampling length.  

And for Sa, the expression used is given by integral (2.2.) 

 

𝑆𝑎 =  
1

𝐴
∬ |𝑍(𝑥, 𝑦)|𝑑𝑥𝑑𝑦

𝐴
     (2.2.) 
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where A is the sampling area and Z(x,y) represents the arithmetic mean of the absolute 

ordinate within the sampling area. 

By using an optical profilometer, as a three-dimensional (3D) non-contact 

measurement the 2D contact measurement of wood surface roughness can be optimized 

for a better regularity and reliability of arithmetical mean height of the surface (Sa) [76]. 

 

 

 
Figure 2. 11. Graphically representation of surface roughness; arithmetical mean roughness (Ra) (adapted 

from reference [81]). 

 

 Contact Angle  

The contact angle measurements are especially important for surface modification 

and wood consolidation. This accurate method allowed us to investigate contact angle 

and wettability of wood surface after treatment with nanocomposites. In this study, a new 

approach to study the rate of penetration of the polymer solution into untreated wood 

specimens is proposed by measuring the contact angle of polymer solution as a function 

of time. 

The structure and physico-chemical characteristics of surfaces have been 

interested in by scientists and engineers in order to have a better understanding of 

interactions between solutions and suspensions with solid surfaces because they should 

condition the subsequent coating used for final consolidations. In the scheme of Figure 

2.8, it has been shown how water droplets may contact different surfaces as a function of 

surface structure. Besides contact angle (CA) measurements may provide quantitative 

information on the interfacial energy between a liquid drop and a solid surface [81]. 
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Therefore, contact angle measurements may give very valuable information about not 

only physico-chemical characteristics of solid surfaces but also about topography at micro 

and even nanoscale. 

 

 

 
Figure 2. 12. Schematic of surface roughness and wetting characteristics on a surface as a function of 

surface physical structure [82]. Copyright 2016 Chemical Society Reviews. 
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 Surface and mechanical characterization of Fir Wood 

consolidated by Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate)  

 Chapter overview 

The present Chapter present the main results corresponding to the study of the surface 

and mechanical properties of fir wood treated with poly (vinyl butyral-co-vinyl alcohol-

co-vinyl acetate), PVBVA. Two variables were chosen to carry out this study, the 

concentration (5% or 10%, wt.%) and the method of application (brushing or immersion) 

of solutions of PVBVA.  

 Introduction 

Surface characterization of materials is an important issue to be addressed [1-4]. 

Surface properties, such as roughness, may play an important role in the effectiveness of 

surface treatments on wood [5]. For that purpose, the study of surface roughness before 

and after wood treatment is proposed. The second important issue is to study and 

understand mechanical behavior [6-11]. Typically, the overall mechanical properties of 

the materials are evaluated. For instance, three-point bending tests help us to study the 

mechanical behavior of the materials as a whole. However, to obtain information of local 

mechanical properties is also very important. For this reason, universal hardness 

measurements (Martens Hardness) are proposed to investigate the local mechanical 

response, at microscale, of the materials exactly on the surface of the wood, close to the 

area of influence of the treated surfaces.  

Contact angle monitoring of the polymer solution on the surface of the wood is 

performed to study the effect of polymer concentration on the absorption rate and solution 

penetration. Besides to complete surface analysis surface roughness determinations and 

water contact angle measurements were also carried out. Measurement of contact angle 

as a function of time is proposed as a new approach to study the rate of penetration of the 

polymer solution into untreated wood specimens. In principle, due to the penetration of 

the solution into the wood by different mechanisms, it is expected not only a decrease of 

the volume of the droplet deposited on the surface wood but also a decrease of its contact 

angle. 
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Complementary, three-point bending tests are done in order to characterize the 

global mechanical properties of the materials and finally correlate them, with the local 

mechanical response (MH) and surface characteristics, looking to understand the more or 

less effectiveness of the different surface treatments on the consolidation of wooden 

objects, tools, etc.  

 Experimental section.  

 Materials 

Softwood European silver fir wood (Abies alba) was chosen. This wood was 

selected because it was used for both in studies on  the consolidation of wood and also 

for historical artifacts [12, 13], Wood samples were dimensioned and sanded with H 240 

grit size sandpaper. Then, the surface of the samples was cleaned with air pressure. 

As polymer consolidant, Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate), 

PVBVA, was used (CAS Number 27360-07-2, average molecular weight Mw = 50000-

80000 g·mol-1 an average content of vinyl butyral, 80 wt.% and Tg  62-72 ºC). The 

polymer was supplied by Sigma-Aldrich (Madrid, reference number 182567). The 

chemical structure of PVBVA is shown in Figure 3.1.  

 
Figure 3. 1. Chemical structure of poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate), PVBVA (From 

Sigma-Aldrich catalog, reference 182567). 

 

Ethanol (Sigma-Aldrich, absolute for HPLC, ≥ 99.8 %) and acetone (Sigma-

Aldrich, HPLC Plus, for HPLC, GC, and residue analysis, 99.9%grade) were used as 

solvents to prepare the PVBVA solutions. Mixtures 1:1 ethanol/acetone were used to 

prepare the PVBVA solutions. Distilled and de-ionized water was used as test liquid for 

contact angle measurements.  
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 . Sample preparation 

After cutting wood specimens, their surfaces were sanded with H 240 grit size sandpaper 

and then conditioned in a climate chamber at a temperature of T = 20 ± 2 C and relative 

humidity, RH = 67 ± 5 % until constant weight (reaching a water content at equilibrium 

of 12% by weight). Before applying PVBVA solutions, any possible dust remaining was 

removed from the wood surfaces by compressed air blowing. To apply the PVBVA 

solution on the wood surfaces, two methods were used, brushing with a soft brush and 

specimen immersion in the solution for 24 hours. Brushing was chosen due to its wide 

use in indoor and outdoor consolidation of historical wooden objects. It is easy to use in 

large specimens for which other methods cannot be applied, such as saturation and 

immersion. Immersion was selected to evaluate if the method used is critical in terms of 

the final consolidant penetration. For each method, two concentrations of polymer 

solution were considered, 5% and 10% by weight. Specimens were kept at room 

temperature for one week to allow solvent evaporation and they were finally conditioned 

in the climate chamber for one month at T = 20 ± 2 C and RH = 67 ± 5 % until constant 

weight. 

 Equipment 

Structure of PVBVA coatings was studied by attenuated total reflection Fourier 

transformed infrared spectroscopy (ATR-FTIR), using a Shimadzu IRAffinity-1S 

spectrometer equipped with a Golden Gate ATR accessory (diamond window), collecting 

the spectra at room temperature from 600 to 4000 cm-1 with a resolution of 4 cm-1 and 

averaging 32 scans OMNIC 6.0 software (Thermo Fisher Scientific Inc., Waltham, MA 

USA) was used to analyze the spectra.  

To investigate the solution uptake and specific interactions between the solutions 

and the fir wood, contact angle measurements were carried out by the sessile drop method 

using an OCA 15 Plus instrument from KRÜSS GmbH (Hamburg, Germany). To perform 

the dynamic solution up-take experiments, a 5 µL-drop of the solution was deposited at 

1 µL·s-1 on the wood surfaces (specimens of 10×10×15 mm3) and contact angles were 

measured at 2, 20, 40, 60, 80, 100, 120, 140, 160 and 190 seconds after depositing the 

droplet. SCA20 software was used for image analyses. A small container with the same 

solvent (1:1 ethanol/acetone) used to prepare the polymer solutions was placed in the 
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sample chamber to saturate the atmosphere and reduce solvent evaporation from the 

solutions. Wettability was also studied by measuring the contact angles formed by water 

drops also with the sessile drop method and similar conditions (5µL at 1µL·s-1). Contact 

angles were measured 2 seconds after depositing the droplet [14]. The final contact angle 

value was obtained from the average of at least 20 measurements per sample.  

To study the surface topography of wood optical profilometry was used 

(OLYMPUS DSX500, Olympus Iberia, Barcelona, Spain). One specimen of each sample 

with dimensions 2×1×5 mm3 was analyzed before and after each surface treatment. 

Surface roughness data were obtained after analyzing the topography of the samples 

according to standard UNE-EN ISO 4288. Two roughness parameters were selected for 

this study, Ra (arithmetical mean roughness) and Sa (arithmetical mean height). To 

calculate Ra and Sa, the cut-off was estimated using the average value of the parameter 

RSm obtained from the analysis of 10 linear profiles (5 horizontal lines and 5 vertical 

lines). The parameter RSm, mean width of the profile elements, indicates the average 

value of the length of the profile element, Xs along the sampling length, Sl [15]. The cut-

off wavelength (c) was estimated considering that the evaluation length should include 

at least 5 sampling lengths, i.e., c equals 5 times the average value of the mean width, 

RSm. This criterion was chosen according to ISO 4288 [16]. In order to ensure the 

inspection of the same part of wood before and after the treatments, a specific region of 

the specimen was marked and photographed [17-19]. A more detailed description of the 

definition of different roughness parameters can be found in reference [15]. 

Mechanical properties of wood materials were studied by performing three-point 

bending tests. The experiments were done according to ASTM D 1037 [20] in a universal 

testing machine (MICROTEST EM2/200, Madrid, Spain) with a load cell of 10 kN. 

Specimens with dimensions of 12×12×170 mm3 were tested setting the span at 140 mm 

applying the load at a rate of 6 mm/min (Figure 3.2). Five specimens were tested for each 

sample. Modulus of rupture (MOR), modulus of elasticity (MOE) and flexural strain () 

were calculated according to the equations (3.1.) - (3.3.): 

 

𝑀𝑂𝑅 (𝑀𝑃𝑎) =
3𝑃𝐿

2𝑏𝑑2
       (3.1.) 

𝑀𝑂𝐸 (𝑀𝑃𝑎) =
𝑃1𝐿3

4𝑏𝑑3𝑦1
     (3.2.) 
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𝜀𝑓 =  
6𝐷𝑑

𝐿2        (3.3.) 

 

where P is the maximum load (N), determined experimentally from the curves; L 

is the length of span (mm), which was set at 140 mm [20], b, is the width of specimen 

(mm), d is the thickness of specimen (mm), D is maximum deflection of the center of the 

beam, (mm), P1 is the load at proportional limit (N), y1, is the center deflection (mm) at 

proportional limit load, which was set at approximately 40 % of the maximum load [21, 

22].  

 
Figure 3. 2. Scheme showing the wood specimens dimensions and assembly positions for three-point 

bending test measurements (adapted from reference [21]). 

 

Surface hardness of the samples was obtained from Shore D hardness tests. Hardness data 

were taken from forty replicas on radial and tangential direction and ten replicas on the 

longitudinal direction for each wood specimens using a J. BOT S.A. Shore D hardness 

tester. Universal hardness (Martens Hardness, MH) measurements were done using a 

Zwick Z 2.5 hardness testing machine (Zwick GmbH & Co., Germany). Five indentations 

were made on each specimen. The loading and unloading speed were 3 mm/min waiting 

for 2 s of relaxation time between loading and unloading. The force (N) vs displacement 

(µm) curves were obtained. Mechanical characterization was done in terms of indentation 

modulus, plastic work, elastic work and Martens Hardness. Two parameters, Martens 

hardness (HM) and plastic hardness (HUplast), obtained from universal hardness tests were 

evaluated. 
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 Results and discussion 

 Structural characterization 

In Figure 3.3, ATR-FTIR spectra of the samples under study are shown. As a 

reference, the spectrum of a casted film of PVBVA was also collected. In Table 1, 

assignments of the main absorption bands of PVBVA are presented. The characteristic 

broad band centered at 3486 cm-1 is assigned to the stretching vibration of –OH group 

(the appearance of a broad band is usually explained by the presence of hydrogen bonds 

or OH with different surroundings). The antisymmetric C-H stretching vibrations of 

methyl, as(CH3), and methylene, as(CH2), groups, appear close to 2950 cm-1 and 2926 

cm-1, respectively, which in the wood treated surfaces overlap and probably corresponds 

to the shoulder observed at 2953 cm-1. The corresponding symmetric C-H stretching 

vibrations for CH3 and CH2 are combined in the band centered at 2870 cm-1. 

Antisymmetric bending vibration of CH3 at 1460 cm-1 usually overlaps with CH2 

scissoring at 1433 cm-1. The peak centred at 1377 cm-1 can be assigned to the symmetric 

bend of CH3 and in-plane deformation of COH [23]. The absorption band of stretching 

associated to the vibration of ester group (O-C(O)-C) appears at 1240 cm-1 while the 

absorption C−O stretching, coupled to adjacent C−C vibration appears at 1055 cm-1.  

As can be observed in Figure 3.4.b, either the untreated and treated specimens 

present a strong broad band corresponding to the O-H stretching at 3300-4000 cm-1 [29]. 

In the treated samples the absorbance of this band decreases, compared to that of the 

untreated wood, evidencing the surface treatment with the polymer since the –OH content 

of PVBVA (Figure 3.1) is quite lower than structural components of fir wood [30]. The 

presence of PVBVA polymer is also proved when comparing the absorbance of the 

stretching vibrations of alkyl group, as(CH3, CH2) and (s(CH3, CH2), in treated samples 

with the untreated one. Characteristic absorption bands associated to the wood are in good 

agreement with those described in previous works [30-32].  
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Figure 3. 3. ATR-FTIR spectra of wood samples under study: Untreated, 5%-Brushing, 10%-Brushing, 

5%-Immersion, and 10%-Immersion. Spectra of PVBVA is included for reference. 

 

Table 3. 1. Advantage and disadvantage of different methods application. 

 
 

Wavenumber (cm-1) Band assignment 

3300-4000 O-H  stretching [24]. 

3100-2800 C-H stretching bands [25]. 

1738 C=O stretching [26]. 

1432-1345 CH2 bending vibration [27]. 

1377 symmetric bend CH3 [28]. 

in-plane deformation of C-OH [23]. 

1133-1055 C–O–C–O–C stretching vibrations of cyclic acetal groups [26, 

27]. 

1241-991 C–O–C stretching vibration of acetate group [27]. 
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Infrared spectra of the fingerprint region of wood samples (Figure 3.4. a), before 

and after treatments with PVBVA, were also compared. The peak at 1431 cm-1 is assigned 

to CH2 bending vibration of PVBVA. The C-O-C and C-O stretching modes that appear 

at 1100 cm-1 and 999 cm-1, respectively, only can be observed after treatments with 

PVBVA. The absorbance band at 1268 cm-1 is reduced in the treated samples, as well. 

Besides, it seems that this effect is enhanced when the method used is brushing and when 

the concentration of the PVBVA solutions increases from 5% to 10%.  

From the FTIR results, one would infer that the higher the concentration of the 

PVBVA solution the thicker the coating and, when the treatment method is brushing 

thicker polymeric coatings are also obtained, at least when solutions of 5% and 10% of 

PVBVA are used. The band at  1240 cm-1 associated to the vibration mode of the acetate 

group [33, 34] also appeared after the treatment as expected taking into account that this 

group form part of the PVBVA structure (Figure 1.1). Finally, in the modified samples 

the absorption band at 1377 cm-1 which corresponds to the CH3 bending mode of the 

PVBVA [28] is also observed, evidencing the presence of PVBVA after the surface 

treatments.  

 

 

 
Figure 3. 4. ATR-FTIR spectra detailed of wood samples under study; (a) finger ring region (1800-800 

cm-1), and (b) 4000- 2800 cm-1. 

 
. 
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 Surface characterization 

In Figures 3.5 and 3.6, the results of solution up-take experiments are presented. As 

an example, in Figure 3.5 is shown the evolution over time of PVBVA solution drops on 

untreated wood surfaces. In Figure 3.5 the contact angles measured as a function of time 

are presented. Two main results can be extracted from these experiments: the contact 

angle at the beginning of the experiment and the total time required for the solution to be 

spread out in the wood surface or integrated in its structure (if solution penetrates the 

wood). At contact time zero the contact angle greatly depends on the concentration of the 

PVBVA solution, 17 for the 5% PVBVA solution and 61º for the 10% PVBVA solution, 

which might indicate weaker interactions between the most concentrated solution and the 

wood. However, at the beginning of the experiment, the fastest reduction of the solution 

contact angle occurs for the most concentrated solution suggesting another possible 

explanation of the apparent higher contact angle, which is the highest viscosity of the 

10% solution. Although contact angles are less than 90, indicating a reasonably good 

solution adhesion on the wood surface, the ability of solution spreading can affect the 

quality of the final coating and even the uniform product penetration compromising the 

treatment success respect to the consolidation of wooden materials.  

On the other hand, it is observed that complete absorption of the solutions was 

attained after 60 seconds for the 5% PVBVA solution and 160 seconds for the 10% 

PVBVA solution. These results can be explained considering the contribution of the 

viscosity. More diluted solutions should have lower viscosity, thus favoring spreading 

processes. In fact, the droplet of the 10% PVBVA solution needs a time of about 50 

seconds to reach the same contact angle decreasing rate. Therefore, it can be considered 

that there is a kind of induction time when the spreading process is no longer controlled 

by the viscosity to be controlled by solution-wood interactions.  

 
Figure 3. 5. Evolution of PVBVA droplets profiles associated to the solution up-take process for 5% 
PVBVA (bottom) and for 10% PVBVA (top) solutions. 
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Figure 3. 6. Contact angles of PVBVA solutions as a function of time for the 5% PVBVA (black) and 

10% PVBVA (red) solutions. 

 

Water contact angle (WCA) measurements were conducted to study the effect of 

the treatments on the surface properties of the wood. Untreated wood was used as 

reference material. Figure 3.7 (right) shows, as examples, representative images of water 

droplets on the materials under study. On the other hand, in Figure 3.7 (left), averaged 

values of WCA are shown. A low water contact angle in untreated wood seems reasonable 

due to the moisture content of untreated samples or the higher relative amount of hydroxyl 

groups as FTIR spectra shown (Figure 3.3), suggesting a more hydrophilic surface. Upon 

the treatment with PVBVA solutions, the contact angle clearly increased regardless of the 

method of application or the concentration of the solution. For untreated wood contact 

angle was 32.5, while for PVBVA coated samples the WCA was found in the rage 86-

90 º indicating that any treatment with PVBVA solutions greatly increased the 

hydrophobicity which would be a good characteristic respect to prevention of water 

uptake of the wood in humid atmospheres, retarding degradation from weathering and 

avoiding volumetric changes of the samples.  
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Figure 3. 7. Water contact angle (left) and representative images of water drops on the surface of different 
samples (right). Images correspond to: (a) Untreated; b) 5%-Brushing; (c) 10%-Brushing; (d) 5%-
Immersion and (e) 10%-Immersion wood samples. 

 

 

In Figure 3.8, topographical images obtained by optical profilometry are shown 

for the sample treated with the 5%-PVBVA solution after immersion treatment. Figure 

3.8 (a) and (b) correspond to the 2D and 3D images of the neat surface of wood before 

the treatment with the polymer solution, whereas in Figure 3.8 (c) and (d) the 

corresponding images for the same sample after the application of 5% PVBVA solution 

by immersion are shown. Similar images were obtained for the other samples 5% 

Brushing; 10%-Brushing and 10%-Immersion (Figure 3.9, Figure 3.10 and Figure 3.11, 

respectively). The purpose of this characterization was to measure surface roughness 

before the application of the polymer, that is, from Figures 3.8 (a) and (b) and after the 

application of the polymer, that is, from Figures 3.8 (c) and 7 (d), for the 5%-Immersed 

sample. The same measurements were done for the other samples from images shown in 

Figures 3.9, 3.10 and 3.11.  
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Figure 3. 8. Optical profilometry images corresponding to the sample treated with 5%-Immersion PVBVA. 
(a) and (b) show the 2D and 3D images of the sample before treatment and (c) and (d) the corresponding 
ones upon the treatment with the 5% PVBVA solution at 555. (Image size 499499 µm). 
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Figure 3. 9. Optical profilometry images corresponding to the sample treated with 5%-Brushing PVBVA. 
(a) and (b) show the 2D and 3D images of the sample before treatment and (c) and (d) the corresponding 
ones upon the treatment with the 5% PVBVA solution at 555x. (Image size 499x499 µm)  
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Figure 3. 10. Optical profilometry images corresponding to the sample treated with 10%-Brushing 
PVBVA. (a) and (b) show the 2D and 3D images of the sample before treatment and (c) and (d) the 
corresponding ones upon the treatment with the 10% PVBVA solution at 555x. (Image size 499x499 µm). 
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Figure 3. 11. Optical profilometry images corresponding to the sample treated with 10%-Immersion 
PVBVA. (a) and (b) show the 2D and 3D images of the sample before treatment and (c) and (d) the 
corresponding ones upon the treatment with the 10% PVBVA solution at 555x(Image size 499x499 µm). 
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Quantitative analysis was done to address the effect of surface treatment on the 

samples. In Table 3.2, Ra (m) and Sa (m) of the samples under study are collected. To 

make a better comparison between the untreated wood and those treated the values of 

roughness parameters were obtained for the same region of the sample before and after 

the corresponding treatment (Table 3.2). Results indicate that surface roughness remains 

approximately constant after any of the surface treatments considered in this work. These 

results suggest that consolidation wood by PVBVA, neither the method of the application 

nor the concentration of the polymer solution affects surface roughness, at least, at the 

scale considered here, using the optical profilometry. In principle, these surface roughness 

results are in accordance with no evidence of the negative impact of PVBVA treatments 

explored in this work on the visual appearance of wood surface.  

 
Table 3. 2. Roughness parameters Ra (m) and Sa (m) obtained by optical profilometry. The parameters 
were evaluated before and after the surface treatment for each sample. 
 

Sample Ra (m)  Sa (m)  

5%-Brushing Before 3.0 ± 1.0 4.2 

After 2.2 ± 0.5 2.7 

10%-Brushing Before 3.1 ± 0.6 3.6 

After 3.0 ± 1.0 3.9 

5%-Immersion Before 2.4 ± 0.8 3.2 

After 2.6 ± 0.5 3.2 

10%-Immersion Before 3.9 ± 0.8 5.4 

After 3.4 ± 0.9 4.3 

 

 

To complete the surface analysis, it is interesting to evaluate if there is any 

correlation between the surface parameters analyzed, contact angle data and roughness 

parameters. In Figure 3.12, a comparative graph was done to illustrate it. Since roughness 

parameters (Sa or Ra) remain approximately constant, roughness will not be one of the 

factors affecting surface wettability. Therefore, changes in water contact angle (WCA) 
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are mainly due to changes in the physico-chemical interactions between wood surfaces 

and the liquid. This means that changes in the hydrophobicity of the samples come from 

specific interactions and are not due to changes in surface roughness.  

 

 
Figure 3. 12. Comparative graph showing the variation of contact angle and surface parameters for 

PVBVA treated wood samples. 

 

 Mechanical characterization 

Mechanical characterization of the specimens was also carried out performing 

three-point bending tests. In Figure 3.13. the force (kN) vs displacement (mm) curves 

obtained for untreated wood samples are shown for each of the five specimens tested. 

Similar plots of the force vs displacement curves were obtained for the other samples 

under study as shown in Figure 3.14, for 5%-Brushing, in Figure 3.15, for 5%-Immersion, 

in Figure 3.16, for 10%-Brushing and Figure 3.17, for 10%-Immersion.  

Then, the stress vs strain curves arising from the three-point bending tests were 

obtained using equations 3.1. and 3.3 (Figures 3.18 – 3.22). 
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Figure 3. 13. Force (kN) vs displacement (mm) curves obtained in the three-bending point test 

experiments for untreated wood samples. 

 
Figure 3. 14. Force (kN) vs displacement (mm) curves obtained in the three-bending point test 

experiments for 5%-brushing wood samples. 
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Figure 3. 15. Force (kN) vs displacement (mm) curves obtained in the three-bending point test 

experiments for 5%-Immersion wood samples. 

 

 

 
Figure 3. 16. Force (kN) vs displacement (mm) curves obtained in the three-bending point test 

experiments for 10%-brushing wood samples. 
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Figure 3. 17. Force (kN) vs displacement (mm) curves obtained in the three-bending point test 

experiments for 10%-Immersion wood samples. 

 

 
Figure 3. 18. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 
wood untreated. 
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Figure 3. 19. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 
wood treated with 5%-brushing. 

 

 
Figure 3. 20. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 
wood with 5% -Immersion. 
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Figure 3. 21. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 
wood treated with 10%-brushing. 

 

 
Figure 3. 22. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 
wood with 10% -Immersion. 
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From the three-point bending tests, it is possible to calculate the MOR and MOE 

for all the samples under study (Table 3.3). The values obtained for the untreated fir wood 

are in good agreement with other previously published [12]. On the other hand, the 

treatment with PVBVA solution seems to improve slightly the mechanical resistance of 

the wood (Table 3.3). However, when comparing between treatment methods or solution 

concentration used in this work significant influence on final macroscopic mechanical 

properties is not observed (Table 3.3). However, without considering the error of the 

measurements it seems that samples treated by immersion with a 10% solution of PVBVA 

have slightly higher mechanical properties. A possible explanation may be associated 

with the consolidation effect due to the integration of the PVBVA within the wood 

microstructure leading to a synergistic effect. In principle, it seems that this polymer 

integration is dependent on two factors: i) penetration and ii) amount of polymer. In 

principle, the best wood consolidation would be attained when the highest solution 

penetration is achieved and when the required amount of polymer is available to 

completely fill the open microstructure of wood.  

 
Table 3. 3. Mechanical parameters estimated from the three-point bending test, modulus of resistance 
(MOR) and modulus of elasticity (MOE). 

Samples MOR 

(MPa) 

MOE 

(GPa) 

Untreated 59 ± 5 5.0 ± 0.6 

5%-Brushing 71 ± 9 6.1 ± 0.6 

10%-Brushing 69 ± 10 6.0 ± 0.9 

5%-Immersion 70 ± 8 6.3 ± 1.0 

10%-Immersion 73 ± 9 6.2 ± 0.9 

 

In Figure 3.23, typical indentation curves are shown for all the samples studied. 

For the same applied load, the indentation depths change as a function of surface 

treatment. Increasing the concentration of the solution to treat the wood indentation depth 

generally decreases. For example, for the samples treated with brushing indentation depth 

decreased from 153 m (untreated sample), 145 m (5% PVBVA, brushing) and 115 m 

(10% PVBVA, brushing). For the samples treated by immersion in the polymer solution 



     Chapter 3. Surface and mechanical characterization of Fir Wood 
consolidated by Poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate)  

 

68 
 

a similar trend was observed, obtaining indentation depths of: 149 m (5% PVBVA-

immersion) and 82 m (10% PVBVA-immersion).  

Comparing the method used, brushing vs. immersion, it is observed that when the 

concentration of the PVBVA solution is 5% (wt.%) practically no significant differences 

were found regardless the method of preparation. However, for solutions with higher 

concentrations (10% PVBVA), indentation depth was found to be significantly lower for 

the sample prepared by immersion. These results point out that the concentration of the 

solution plays an important role on local mechanical properties. In fact, the effect of 

concentration is more noticeable in terms of mechanical properties, than the method of 

application. Again, it seems that when the amount of polymer available increases higher 

capacity of filling voids exists leading to more effective consolidation. On the other hand, 

if immersion method is used to treat wood specimens it seems that penetration is easier 

increasing the capacity of filling open wood microstructure. Although these effects were 

already mentioned when talking about macroscopic mechanical properties, here they are 

more evident since mechanical response comes from the first hundreds of micrometers 

from the surface, which is the region of the sample where the fraction of penetrated 

polymer is higher.  

 

 
Figure 3. 23. Representative force (N) vs displacement (m) curves obtained from Martens Hardness 
measurements for the wood samples under study. 
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Martens hardness (HM) and plastic hardness (HUplast) of wood samples obtained 

from universal hardness tests are presented in Figure 3.24. Both, Martens Hardness (HM) 

and plastic hardness (HUplast), increase with PVBVA treatment following the same trend 

observed for the indentation depth. The hardness varies as follows: Untreated  5% 

Brushing  5%Immersion < 10% Brushing < 10% Immersion. From these results, it is 

observed that samples treated with 5% solutions did not show significant changes in 

hardness. However, for samples treated with 10% PVBVA solutions the greatest 

variations in hardness were obtained for the sample treated by immersion, as expected. 

Here, the same explanation given for the indentation results can be used. 

 

 
Figure 3. 24. Martens Hardness (HM) and Plastic hardness (HU) for wood samples. 

 

Surface hardness of samples was evaluated with Shore D hardness test. In Figure 

3.25 the average values of shore D hardness are shown. It can be observed that treatment 

of wood with PVBVA increased the hardness of the material. As expected, hardness 

increased significantly with the immersion PVBVA solution treatment. Again, in terms 

of hardness, no significant differences were found as a function of the method used to 

apply the coating (brushing or immersion). The main difference was observed between 
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treated and untreated wood. Results of Shore D experiments obtained for untreated fir 

wood are similar to those reported by other researchers [12]. Among the treated woods, 

the ones showing the higher Shore D values were 10%-Brushing and 10%-Immersion; 

however, their differences are, in general, within experimental variability. The fact that 

Shore D is not sensitive enough in this case to discriminate surface treatments in wood 

treated samples is because the penetration depth in Shore D experiments was 

approximately 1 millimeter thus, providing a more global response of the material, 

whereas in Martens Hardness experiments penetration depth was close to 150m. This 

means that Martens hardness measurements might be a better option since, when used 

appropriately, they should allow us to discriminate better within these samples. It can be 

concluded that the coating increases slightly the surface hardness of the wood, which is 

important from the point of view of protection against environmental degradation so as 

for wood restoration purposes. To clarify variations in surface properties, cross-section 

analysis of the surfaces was done (Figure 3.25), being able to observe the thickness of the 

coatings obtained with the different treatments used in this study.  

 

 
Figure 3. 25. Average values of Shore D hardness for the samples under study. 
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As can be seen, when brushing method is used to apply the polymer on the surface 

of wood a thin layer of polymer is clearly formed on the surface. Besides, as the 

concentration of the polymer solution increases this layer gets thicker, 18 m when 5% 

PVBVA solution is used and 31 m when the 10% PVBVA solution is used. When 

wood samples are treated by immersion a polymer layer is not visible at the magnification 

used (Figure 3.26), however, ATR-FTIR confirmed the presence of polymer at the 

surface. All these results, in fact, are in accordance with those obtained by ATR-FTIR 

which pointed out that when brushing treatments were used a higher amount (or thicker 

layer) of polymer was detected on the wood surface. One possible explanation of this 

observation can be associated to the high solvent evaporation rate when brushing method 

is used to coat wood. A rapid solvent evaporation together with a surface tension effect 

might lead to the formation of polymer film over the wood voids impeding subsequent 

entrance of polymer within the wood microstructure to exert the expected consolidation 

effect.  

 

 
Figure 3. 26. Cross-section micrographs obtained by optical profilometry to illustrate the cross-section 
profile of the wood samples: (a) Untreated; (b) 5%-Brushing; (c) 5%-Immersion; (d) 10%-Brushing and (e) 
10%-Immersion. 
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 Conclusions  
Consolidation of fir wood by treatments made with PVBVA solutions was studied 

by surface  and mechanical characterization. Two methods of application of the PVBVA 

solutions were considered, brushing and immersion, using two different concentrations, 

5% and 10% (wt.%), in each case. FTIR spectroscopy evidenced the presence of the 

polymer on the treated surfaces and pointed out that when brushing treatments were used 

a thicker layer of the polymer was detected on the wood surface confirmed by optical 

microscopy. One possible explanation is the high solvent evaporation rate when brushing 

method is used to coat wood, which may impede the penetration of the polymer into the 

wood microstructure to exert the expected consolidation effect.  

As a novel characterization, solution uptake experiments by means of dynamic 

contact angle measurements were done. Results seemed to indicate that there is a kind of 

induction time when the spreading process is no longer controlled by the viscosity of the 

solution but by the interactions between wood and the solution. Water contact angle 

(WCA) measurements indicate that wettability decreases after the treatment with the 

polymer, which is a good surface characteristic for conservation and restoration 

applications to prevent moisture absorption. To complete physico-chemical 

characterization of the surfaces, roughness measurements were done, but no clear 

differences were seen within the different surface treatments, at least, at the scale 

considering using optical profilometry.  

From the point of view of mechanical characterization, results obtained from 

three-point bending test and Shore D experiments did not reveal any significant 

differences between the treated samples, which was interpreted considering that an 

overall response coming from the whole material was obtained with these experiments. 

Local mechanical properties measured at the surface revealed that mechanical response 

of the surfaces, in terms of Martens Hardness (HM), increased as follows: Untreated < 

5%-Brushing  5%-Immersion  10%-Brushing < 10%-Immersion. These results were 

correlated with optical cross-section profile observations as well as with ATR-FTIR 

characterization of the samples. It could be concluded, that from the point of view of 

surface mechanical characterization, Martens Hardness (HM) measurements might be an 

interesting alternative to prove the effectiveness of a surface treatment on the 

consolidation of a wood artefact.  
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As a general conclusion of this work, from the point of view of improving 

mechanical properties, immersion method, may seem the most adequate one, both locally 

at the surface and in the bulk sample. In this work, it was found that the concentration of 

the solutions used to treat the wood also plays an important role, even more than the 

method of application. For this reason, when immersion method might be difficult to be 

used, for example, in big artworks, one feasible approach might be to treat the surface of 

the samples with the 10% PVBVA solution by brushing. 10%-Brushing has the second 

best local mechanical properties and, the general mechanical properties of the bulk sample 

increase, compared to untreated wood. Besides, roughness is not significantly modified 

compared to untreated wood which may be the reason why there is not any variation in 

the visual appearance. Finally, water contact angle increases, which indicates that this 

treatment may prevent moisture absorption and volumetric changes of the piece of wood. 
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 PVBVA/TiO2 protective nanocomposite Wood coating by 

airbrushing 

 Chapter overview 

This chapter will introduce a new method of wood surfaces modification by coating 

to consolidate wood artifacts among other things. Airbrushing (AB) is a method that can 

be used to deposit polymer-based materials in the form of thin films or nano- and 

microfibers onto different types of substrates depending on the processing conditions [1]. 

For instances, AB has been used for a variety of applications like biomedical and flexible 

electronics [2] and as a convenient method to obtained nanocomposite with a relatively 

high load of nanoparticles uniformly dispersed within the polymeric matrix [3]. In the 

particular case at hand, wooden surfaces will be modified with nanocomposite materials 

based on PVBVA filled with TiO2 nanoparticles through the use of airbrushing and then 

a deep characterization of the prepared materials will be carried out. 

 Introduction 

Although, some wood modification methods such as thermal and chemical 

modification are used for improving wood surface properties which result in a change to 

the chemical nature of the wood [4-6], protective thin film seems to be a key issue for the 

preservation of wooden cultural heritage. For instance, these chemical treatments are not 

reversible and might not applicable to the conservation of historical objects. For instance, 

thermal treatment might affect the cell wall structure like the crystalline part of cellulose 

in soft and hardwood [7]. For this reason, they are not permitted to be used in the 

preservation of historical wood artifacts. 

Also, transparent synthetic polymers are often used as protective wood  coatings 

in historical wooden objects [8-10]. Usually, these polymers are applied by using 

conventional treatment methods such as brushing, immersion, and vacuum impregnation 

which the distribution of the polymer is not easily controllable on the wood surface [11, 

12]. However, the durability of such transparent systems is limited because of the 

presence of certain defects and for this reason, some efforts have been done to improve 

them by using nanoparticles of nanoparticle technology [13-16].  Therefore, there is an 

increasing need to develop new methods to prepare thin film nanocomposites in the form 
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of coatings achieving uniform dispersions of the nanoparticles within the polymer 

matrices looking for homogeneity and enhancing the durability of wood. This method of 

preparation would be of primary importance for instance in the protection of wood objects 

and historical objects in outdoor condition and indoor museum environment. 

Airbrushing (AB) is a technique that can be used to deposit polymer-based 

materials in the form of thin films or nano- and microfibers onto different types of 

substrates depending on the processing conditions. AB has been used for a variety of 

applications like biomedical and flexible electronics [17-19]. AB technique needs only a 

simple commercial airbrush, concentrated polymer solution, and a compressed gas source 

[2, 3]. Although it has been developed to overcome the various limitations conventional 

electrospinning technique possesses which is used to fabricate fibers, however, the 

possibility of developing of transparent films was investigated in the study.  

In recent years, TiO2 films are extensively studied because of their interesting 

properties such as excellent photocatalytic effect, self-cleaning behaviour, antibacterial, 

optical and electrical properties. TiO2 has a relatively small bandgap energy (3.0 to 3.2 

eV) which can be activated when exposed in the UV-A light region (320 – 400 nm). In 

addition, it has been used in many applications such as solar cells, antibacterial agents, 

UV and moisture protection, etc. [20-24]. 

In the present chapter, transparent thin films of polymer nanocomposites based on 

poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVBVA) filled with TiO2 

nanoparticles, PVBVA/TiO2, were deposited on wood with a commercial airbrush. The 

influence of the presence of the nanoparticles on some of the physicochemical properties 

of the material are studied. For this purpose, 5% concentration of polymer solution was 

considered and different amounts of TiO2 nanoparticles will be added to reach a final 

concentration in the polymer nanocomposites of:  0, 0.6, 1, and 2 wt.% of TiO2 

nanoparticles.  

 Experimental section.  
Wood specimens were dimensioned at 45×60×8 mm3 and sanded with H 240 grit 

size sandpaper. For the preparation PVBVA/TiO2 nanocomposite, a suspension of TiO2 

nanoparticles in a 5 wt.% PVBVA solution in ethanol/acetone with proportion 3:1 was 

prepared. For this purpose, different amounts of TiO2 nanoparticles were considered to 
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reach a final content in the polymer nanocomposites of 0%, 0.6 %, 1%, and 2 % (wt.%) 

of TiO2 nanoparticles.  Thin films, using 2 mL of the suspensions, were deposited on each 

specimen by a commercial airbrush and compressed air. The conditions to carry out the 

AB process were the following: nozzle diameter = 0.5 mm; fluid cup capacity = 5 cm3; 

pressure = 2 bars and working distance 8 cm. The conditions to carry out the airbrushing 

process were already presented in Figure 2.7 (Chapter 2). Besides, thin films were also 

prepared on glass substrates to obtain model samples of the coatings to study their thermal 

behavior by thermogravimetric analysis (TGA) and differential scanning calorimetry 

(DSC), and responses under the effect of UV-VIS radiation by spectroscopy 

measurements. 

  Equipment 

The morphology of the thin film nanocomposites deposited on the wood surface 

and the distribution of nanoparticles in the polymer matrix were studied using the 

backscattered electron (BSE) signal in a Philips XL30 scanning electron microscope. 

Besides, to corroborate the location of the nanoparticles elemental microanalysis was 

carried out by energy-dispersive X-ray spectroscopy using a DX4i coupled (EDAX) 

detector.  

The polymer structure was studied by attenuated total reflection Fourier 

transformed infrared spectroscopy (ATR-FTIR), using a Shimadzu IRAffinity-1S 

spectrometer equipped with a Golden Gate ATR accessory (diamond window). IR spectra 

were collected at room temperature from 600 to 4000 cm-1 with a resolution of 4 cm-1 and 

averaging 32 scans. OMNIC 6.0 software (Thermo Fisher Scientific Inc., Waltham, MA 

USA) was used to analyze the spectra.  

Wettability was monitored by water contact angle (WCA) measurements using the 

sessile drop method with an OCA 15 Plus instrument from KRÜSS GmbH (Hamburg, 

Germany) as described in section 3.4. Contact angles were measured 2 seconds after 

depositing the droplet [25]. The final contact angle value was obtained from the average 

of at least 20 measurements per sample.  

Topography of the modified wood was studied by optical profilometry using a 

microscope OLYMPUS DSX500 (Olympus Iberia, Barcelona, Spain). One specimen of 
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each sample with dimensions 45×60×8mm3 was analyzed according to the description 

given in section 3.4.  

The Ultraviolet-visible (UV–vis) spectra of the films were recorded by Perkin Elmer 

Lamber 14 spectrophotometer (Bodenseewerk, Perkin-Elmer GmbH, D-88647 

Überlingen, Germany) in the wavelength range of 200 - 700 nm.  

From the optical absorption spectra, the optical constants such as band edge and 

optical band gap, for both, the direct and indirect transitions, were calculated.  

The most direct and efficient way to investigate the band structure of materials is 

to measure the absorption spectrum [26]. During absorption, an electron is excited from 

a lower energy state to a high energy level by means of the absorption of a photon of 

certain energy. By analyzing the changes in the transmitted radiation, it is possible to 

study the electron transitions that occurred. The fundamental absorption manifests itself 

by a rapid rise in absorption, known as absorption edge, which can be used to determine 

the optical band gap. Also, transitions in insulators and semiconductors are generally 

classified into direct band gap and indirect band gap. In direct band gap transitions, the 

upper levels of the valence band and the lower levels of the conduction band both lie at 

same zero crystal momentum (wave vector). In case the bottom of the conduction band 

does not correspond to zero crystal momentum, then it is called indirect band gap. In 

indirect band gap materials transition from valence to conduction band should always be 

associated with a phonon of the right magnitude of crystal momentum.  

The amount of energy required to excite an electron from the valence band to the 

conduction band is referred to as the band gap energy of a semiconductor. An accurate 

determination of the band gap energy is crucial in predicting photophysical and 

photochemical properties of semiconductors. This parameter is often referred to when 

photocatalytic properties of semiconductors are discussed. In 1966 Tauc proposed a 

method of estimating the band gap energy of amorphous semiconductors using optical 

absorption spectra [27]. 

The calculations of the direct and indirect optical band gaps were done following 

the so-called, Tauc method. The Tauc method assumes that the energy-dependent 

absorption coefficient α can be expressed by equation (4.1.).  
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(αh𝜈)1/𝑛  = 𝐵(h𝜈 − 𝐸𝑔)     (4.1.) 

 

where α, is the absorption coefficient (in cm-1 or m-1, here we use cm-1); h is Planck’s 

constant (6.626·10-34 J·s); ν the photon’s frequency (in s); Eg the band gap energy (usually 

given in eV); B is a constant number. The factor n depends on the nature of the electron 

transition and is equal to ½, for the direct transitions or 2 for the indirect transition band 

gaps [27]. 

 

To calculate the energy band gap (𝐸𝑔) of the samples, the absorption coefficient (𝛼) is 

determined by [28]: 

𝛼 = 2.303 (
𝐴

𝐿
)      (4.2.) 

where A, is absorbance and L, sample thickness in cm. 

The values of energy (h) and, so the values of the energy band gaps were 

calculated by using of following expression [29]: 

 

𝐸(𝑒𝑉) =
ℎ (𝐽 · 𝑠) · 𝑐 (𝑚 · 𝑠−1)

𝜆 (𝑚)

=
ℎ (𝐽 · 𝑠) × 1.6 · 10−19 𝑒𝑉 · 𝐽−1 · 𝑐 (𝑚 · 𝑠−1) × 10−9 𝑚 · 𝑛𝑚−1

𝜆 (𝑛𝑚)
 

𝐸 (𝑒𝑉) =
1240 (𝑒𝑉·𝑛𝑚)

𝜆 (𝑛𝑚)
     (4.3.) 

 

The energy band gap was calculated by extrapolating the straight-line portion of the curve 

between (αhν)2 vs hν for the direct band gap or (αhν)1/2 vs hν for the indirect band gap 

when absorption was equal to zero [27] In Figure 4.1. a scheme illustrating the optical 

direct and indirect band gap transitions is presented.  

The thermal transitions of PVBVA/ TiO2 films were studied with differential 

scanning calorimetry (DSC) analysis using a Mettler Toledo 822e calorimeter under the 

nitrogen atmosphere. Approximately 5 mg of each film were placed in aluminum pans 

and using an empty aluminum cell as reference. Samples were subjected to following 

thermal cycle: (i) a first heating scan from 35ºC to 180ºC at 10 °C/ min; (ii) a stabilization 
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step at 180°C for 5 minutes; (iii) a cooling scan from 180ºC to 35°C at 10°C/min and (iv) 

second heating scan from 35ºC to 180 °C at 10ºC/min. 

 

 
Figure 4. 1. Schematic diagram of direct and inter band optical transitions” for a) Direct band b) Indirect 

band semiconductors. 

 

Universal hardness (Martens Hardness, MH) measurements were done using a 

Zwick Z 2.5 hardness testing machine (Zwick GmbH & Co., Germany). Ten indentations 

were made on each specimen. The point of load application was 10N. Also, the loading 

and unloading speed were 10 mm/min waiting for 2 s of relaxation time between loading 

and unloading. 

 Results and discussion 
In Figure 4.2  photographs of the wood treated samples are shown to compare the 

different coatings, in other words, their surface appearance after treatments with 

PVBVA/TiO2 (0%; 0.6%; 1% and 2% NPs, wt.%). As it can be observed, most surfaces 

evidenced a high homogeneity and transparency upon the treatments without being 

possible to detect at first sight the presence of large agglomerates of nanoparticles. 

However, a deeper inspection with higher spatial resolution of the samples will be done 

to confirm the uniformity of the coatings prepared.  
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Figure 4. 2. Photograph of wood surface after deposition of nanocomposites using AB method. 

 

In Figure 4.3, cross-section images obtained by optical profilometry are shown 

for the samples treated with PVBVA and filled with 0.6%, 1% and 2% of TiO2 

nanoparticles. The micrographs in Figure 4.3 show that the presence of the nanoparticles 

confers the polymer nanocomposite a whitish aspect compared to that of the pure 

polymer. With this method of preparation, via airbrushing, thin  films of PVBVA/TiO2 

were produced leading to coatings on the wood surface with thicknesses of approximately 

16-22 m (Figure 4.3). The thickness of the samples was determined averaging the values 

of ten measurements. Also, the micrographs revealed that the coatings slightly penetrate 

in some superficial voids thus leading to more homogeneous (in terms of roughness) and 

smoother surfaces.  
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Figure 4. 3. Optical profilometry images of cross section of the wood samples, left: 1 % PVBVA/TiO2; 
and right: 2% PVBVA/TiO2. 

 

In Figure 4.4, SEM images were carried out in the order to observe the distribution 

of the TiO2 nanoparticles in the polymer matrix and to observe the morphology of 

nanocomposite on the wood surface. Both, secondary electrons, SE, and backscattered 

electron, BSE, were used to obtain the images (Figure 4.4).  

The SEM image obtained from the SE signal for the sample in transversal position, 

Figure 4.3 (b), shows a thin homogenous layer. Figure 4.4 (d) illustrates that the wood 

surface is covered with a thin film PVBVA/TiO2 composite which also covers the lumen 

surface of the tracheid. In Figure 4.4 (e) SEM image obtained with BSE is presented to 

show the uniform deposition of the polymer nanocomposite coating on the wood surface. 

The uniformly distributed white spots observed all over the surface in Figure 4.4. (e) 

correspond to TiO2 nanoparticles, as contrast in BSE detector is sensitive to atomic 

number of Ti present in TiO2. Furthermore, the SEM image obtained for the sample in 

transversal position, Figure 4.4 (f), shows a thin homogenous layer of approximately 7 

micrometers thick.  It can be concluded therefore that airbrushing is a promising method 
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to deposit thin films of nanocomposites as protective layers for conservation and 

restoration aims. 

Also, in Figure 4.5, as an example, a characteristic X-ray dispersive energy 

spectrum (SEM-EDS) arising from one of the white spots observed is presented, 

confirming the location of higher concentration of Ti on those white spots. Since the white 

spots corresponding to TiO2-rich domains are uniformly distributed throughout the 

surface of the coated sample, it is possible to conclude there is a quite good dispersion of 

the particles in the film used to coat the wood. 

 

 

 
 

Figure 4. 4. SEM micrographs corresponding wood treatment using AB method: (a,b) surface and cross-
section wood deposited with pure PVBVA; (c) wood surface deposited with PVBVA+1%TiO2; (d) covers 

the lumen surface of the tracheid wood after deposited with PVBVA+1% 
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Figure 4. 5. SEM-EDS of one of the white spots observed in the SEM images of the composites. 

 

In Figure 4.6, topographical images obtained by optical profilometry are shown. The 

deposition of PVBVA and PVBVA/ TiO2 nanocomposites was carried out by using 

airbrushing method. Also, in Table 4 are collected the different surface roughness 

parameters (Ra, Rp, Rv, Rz, and Sa) extracted from the topographic profiles. It can be 

observed that there is an increase in topographic heterogeneity as the amount of TiO2 NP 

increases. Results evidenced that the most significant differences in terms of roughness 

are found between PVBVA and the sample containing 2% TiO2 nanoparticles. In every 

case, even for 2% NPs, the surface roughness parameter Ra and Sa are lower than for the 

uncoated wood samples (See Table 3.2.), suggesting that the application of the 

PVBVA/TiO2 coatings results in smoother surfaces.  
 

 
Figure 4. 6. Optical profilometry images of surface samples deposited thin films. (a) PVBVA and (b) 

0.6% NP and (1% NP) and (2% NP). (Image size 499x499 µm). 
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Table 4. 1. Roughness parameters of PVBVA/TiO2 wood treated surfaces. 

Sample 
code 

Description of 
treatment 

Ra (m) Rp (µm) Rv (µm) Rz (µm) Sa (m) 

PVBVA PVBVA+ 0% TiO2 1.2 ± 0.29 4.2 ± 1.1 3.9 ± 1.0  8.1 ± 1.7 1.66 

0.6% NP PVBVA+ 0.6% TiO2 1.5 ± 0.42 4.5 ± 1.3 5.1 ± 1.53 9.6 ± 2.4 2.06 

1% NP PVBVA+ 1% TiO2 1.7 ± 0.51 5.4 ± 1.2 5.3 ± 1.1 10.8 ± 2.1 2.14 

2% NP PVBVA+ 2% TiO2 2.2 ± 0.47 7.1 ± 2.3 6.3 ± 1.5 13.4 ± 2.8 2.85 

 
 

ATR-FTIR spectra of the films depicted in Figure 4.6 inform about the presence of 

the TiO2 since its typical absorption bands can be observed. For example, the absorption 

band at 622 cm-1, corresponding to the Ti–O–Ti stretching is clearly observed [30, 31]. 

On the other hand, the peak at 1640 cm-1 might be attributed to absorbed water in TiO2 

[31]. 
 

 
Figure 4. 7. ATR-FTIR spectra of PVBVA/TiO2 thin films. 
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UV-Vis absorption spectra of the films are displayed in Figure 4.8. The UV-Vis 

spectrum of the PVBVA demonstrates that almost all light with a wavelength shorter than 

315 nm does not pass through it  and it is transparent to any radiation with wavelengths 

longer than 315 nm.  

There is a minimal UV-Vis absorption change between PVBVA sample and 

PVBVA + 0.6% NP. However, UV-Vis light absorption of nanocomposites with 1% and 

2% of TiO2 nanoparticles respectively become higher. In addition, a well-defined 

absorption peak was found in the UV-A region (315nm to 400 nm) for PVBVA + 1 and 

2% TiO2, and the intensity of the peak increased with increasing TiO2 content. Moreover, 

absorption was increased in the UV region (280-315), by increasing the amount of TiO2 

in the polymer matrix. In 2% PVBVA/TiO2, the intensity of the peak rose significantly, 

by comparing the rest UV-Vis spectra. In conclusion, the UV-Vis results confirmed that 

the thin film nanocomposite deposited with AB method had a strong tendency to absorb 

UV radiation and consequently they should present UV protective properties by 

increasing the amount of nanoparticles. 
 

 
Figure 4. 8. UV-Vis spectra of PVBVA and nanocomposites films. 
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Figures 4.9 to 4.12, show the (h)2 and the (h)1/2 vs h plot obtained for each 

of the PVBVA/TiO2 films from the UV-Visible spectra. In each case the extrapolation of 

the linear part was done to estimate the optical band gap energy for the direct and indirect 

transitions respectively, as it was explained in section 4.3. In each plot, the equation 

obtained for the linear fit was included as an inset, allowing us to estimate the 

corresponding energy band gap, Eg, for the zero intercept (y = 0). In Table 4.2, the optical 

band gap energies for the direct and the indirect transitions estimated for each sample are 

collected.  

 
Table 4. 2. Optical Band Gap energy (eV) for direct and indirect transitions. 

Sample Direct Eg (eV) Indirect Eg (eV) 
PVBVA 4.87 4.15 
0.6% NP 4.79 3.83 
1% NP 4.67 3.28 
2% NP 4.35 2.10 

 

 

Results indicated that as the content in TiO2 nanoparticles increases, the energy 

band gap is reduced. For the direct transition, Eg varies from 4.87 eV for pure PVBVA to 

4.35 eV for PVBVA + 2% TiO2 whereas for the indirect optical band gap, Eg varies from 

4.15 eV for PVBVA to 3.28 eV for PVBVA + 1 % TiO2. For 2% TiO2 sample an 

exceptionally low energy gap was obtained, probably due to some experimental aspects 

and consequently this behavior should be investigated with more detail. However, in 

every case the optical band gap energies for pure PVBVA decrease as the content in TiO2 

increases (see Table 4.2).  The highest reduction in the band gap energy was observed in 

the sample with 2% of titanium dioxide nanoparticles.  Therefore, it can be explained 

thatincreasing the nanoparticle concentration a narrower band gap is obtained which 

hence lead to enhances of the photocatalytic activity [26, 32], apart from the higher UV 

absorption properties shown before. 
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Figure 4. 9. Left: (h)2 vs h and Eg extrapolation for direct transitions. Right: (h)1/2 vs h and Eg 

extrapolation for indirect transitions in PVBVA. 

 

   
Figure 4. 10. Left: (h)2 vs h and Eg extrapolation for direct transitions. Right: (h)1/2 vs h and Eg 

extrapolation for indirect transitions in PVBVA + 0.6 % NPs. 

 

   
Figure 4. 11. Left: (h)2 vs h and Eg extrapolation for direct transitions. Right: (h)1/2 vs h and Eg 

extrapolation for indirect transitions in PVBVA + 1 % NPs. 
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Figure 4. 12. (h)2 vs h and Eg extrapolation for direct transitions. Right: (h)1/2 vs h and Eg 

extrapolation for indirect transitions in PVBVA + 2 % NPs. 

 

In Figure 4.13. representative force (N) vs indentation depth (µm) curves for the 

wood samples treated with PVBVA/TiO2 nanocomposites are presented. As can be 

observed, most samples showed remarkably similar behavior with little differences each 

other. However, as the content in TiO2 nanoparticles increases, the curves shift to lower 

penetration depths. To evaluate these observations, the main parameters obtained from 

the Martens Hardness measurements are collected in Table 4.3. More specifically, the 

following parameters were considered, Martens Hardness (HM), plastic hardness 

(HUplast), indentation hardness (HIT), the maximum penetration depth, hmax and 

indentation elastic modulus, EIT (kN/mm2). Experimental results of HM, HUpast, and HIT 

do not show significant differences between untreated, PVBVA and treated with PVBVA 

+ 0.6% TiO2; however, a slight increase in these parameters is observed for coatings with 

higher concentrations of TiO2 nanoparticles (PVBVA + 1% TiO2 and PVBVA + 2% 

TiO2) One probable reason to explain these small differences is the low thichkness of 

polymer coating, approximately 7 µm since, in comparation with penetration depth (about 

150 µm), represents just 5 % of the total indentation depth. However, from a certain 

amount of nanoparticles up to at least 2 wt.% of NP there is a slight improvement of the 

micro-mechanical properties mainly reflected in the slight decrease of the indentation 

depth. In fact, the highest indentation moduli (EIT) were obtained for the coatings 

constituted by PVBVA filled with 1% and 2% by weight of TiO2 respectively having both 

materials the same modulus which points out that indentation rigidity remains constant 

from nanoparticle loadings higher than 1% by weight 
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Table 4. 3. Roughness parameters of PVBVA/TiO2 wood treated surfaces. 

Samples HM 
(N/mm²) 

HUplast 

(N/mm²) 
HIT 

(N/mm²) 
hmax 

(µm) 
EIT  

(kN/mm²) 

Untreated  7.0 ± 1.0 7.6 ±1.6 8.1 ± 1.4 164.2 ± 12.3 0.60 ± 0.07 

PVBVA 7.2 ± 1.7 8.0 ± 2 8.3 ± 2 163.6 ± 16.1 0.65 ± 0.07 

0.6% NP 7.1 ± 3 8.1 ± 4 9.0 ± 3.7 168.8 ± 33.5 0.50 ± 0.15 

1% NP 8.5 ± 1.7 9.1 ± 2 9.6 ± 2.3 151.0 ± 14.9 0.74 ± 0.09 

2% NP 8.7 ± 2.3 9.67 ± 2.7 9.8 ± 2.6 150.8 ± 18.3 0.68 ± 0.06 

 

 

Figure 4. 13. Representative force (N) vs indentation depth (m) curves obtained from Martens hardness 
measurements for the wood samples under study. 

 

Water contact angle (WCA) measurements were conducted to study the effect of 

the treatments on the surface properties of the wood. Untreated wood was used as 

reference material. In the untreated wood sample, water contact angle (WCA) was 32.5. 

In general, sites were hydroxyls groups are located in hemicelluloses and lignin have a 

branched structure, being therefore easily accessible to water molecules. Moreover, the 
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amorphous part of cellulose which behaves hydrophilically leading the tendency to this 

material to absorb water. In the case of treated wood surfaces with the different 

PVBVA/TiO2 coatings, WCA was found to be around 82.8º. When considering WCA in 

the wood samples coated with 0.6% and 1% PVBVA/TiO2 it can be observed values close 

to those obtained with neat PVBVA. However, for 2% PVBVA/TiO2 there is a slight 

increase in contact angle although results are within experimental error. Considering the 

high hydrophilic character of TiO2 nanoparticle, the above result points out that the 

nanoparticles must be mainly located inside the polymer matrix without significantly 

affecting the wettability behavior of PVBVA. In fact, the small variations results of WCA 

seems to be more related to the small changes observed in roughness (Table 4.1). 

Concordant results were found by X. Wang et al who after growing titanium dioxide 

nanocoatings on a wood substrate using a sol-gel process greatly increased WCA due to 

the generation of a higher heterogenous surface [24]. 

 

 
Figure 4. 14. Comparative contact angle measurements of untreated and treated with AB method (left), 
and representative images of water drops on the surface of different samples (right). Images correspond 

to: (a) Untreated; b) PVBVA; (c) 0.6% NP; (d) 1% NP and (e) 2% NP. 

 

In the order to understand of the effect of the TiO2 nanoparticles on the thermal 

behavior of the PVBVA, differential scanning calorimetry (DSC) was performed on the 

neat PVBVA and its nanocomposites with TiO2 nanoparticles. In Figure 4.15, the DSC 

traces for the first and second heating scans are shown whereas the traces for the cooling 

scan are shown in Figure 4.16. Figure 4.15 (a) shows the DSC traces for the first heating 
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scan. Here it is possible to observe that all the samples show a sharp change in the heat 

capacity that is consistent with a glass transition, as expected for an amorphous polymer, 

as it is PVBVA. However, when the polymer is modified with a relatively low 

concentration of TiO2 0.6% and 1% by weight (PVBVA + 0.6 % and PVBVA + 1% TiO2) 

two transitions are observed, one of them occurring at the same temperature to that one 

observed for the neat PVBVA ( 70ºC) and the other at about 7ºC lower (Table 4.3). 

When the amount of TiO2 is increased up to 2% again only one transition is observed at 

69ºC. Examining the cooling scan and the second heating scan, there is evidence of only 

one transition. Considering that different PVBVA-based coating films arise from 

solutions or suspensions made in a mixture of ethanol/acetone, one plausible explanation 

might be that the first endothermic peak observed in some of the thermograms might be 

due to the evaporation of a solvent remaining after the wood surface treatment, as boiling 

point of acetone is 56 ºC and boiling point of ethanol is 78 ºC. In fact, during the second 

heating scan, after heating well above the boiling points of the solvents during the fiorst 

heating scan, only one transition is observed (Table 4.3). 

PVBVA is classified as an amorphous polymer in literature [33]. In figure 4.15, 

as there is not any exothermal or endothermal signal in the all DSC curves, it is confirmed 

that the nanocomposite under study is amorphous [34].   The only endothermal transitions  

might be attributed in just two samples to remains of solvent. 

Therefore, analyzing the data as a whole result suggest that there are no significant 

differences in the Tg of the materials neither in the cooling scan nor in the second heating 

scan.  

Finally, it is interesting to highlight that relaxation enthalpy shown certain 

dependence with the concentration of the nanofiller. In fact, it could be also associated 

the observation of multipeak DSC traces to different relaxation phenomena. In general, it 

can be observed that the higher the relative amount of nanoparticles the higher the 

relaxation enthalpy (Table 4.4). As stated González-Benito et al. for a similar system 

prepared by airbrushing constituted by PMMA and TiO2 [3] these results suggest that the 

coatings differ in terms of order degree in the polymer chains induced by the airbrushing 

process. The explanation given in Ref. Colloid Polym Sci (2018) 296:461–469 [3] 

considered the fact that the presence of nanoparticles helps the polymer chains to get 
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oriented during the airbrushing process when they are forced by the flow to pass through 

the narrow paths formed by the impenetrable nanoparticle.  

 

 
Figure 4. 15. DSC thermogram of the PVBVA-based with different amounts of TiO2 nanoparticles (0, 

0.6, 1 and 2% by weight); (a) first heating, (b) second heating. 

 

 
Figure 4. 16. DSC thermogram corresponding to the cooling scan of the PVBVA/TiO2 thin films. 
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Table 4. 4. Transition temperatures, Tg, and changes in the heat capacity, Cp, determined from the DSC 
thermograms of the samples under study for the first and second heating scan. 

 First Heating Scan Second Heating Scan Cooling Scan 
Sample Tg 

(℃) 
Cp 

(mW·g-1) 

Tg  
(C)  

Cp 

(mW·g-1) 
Hrelax  
(J g-1) 

Tg  
(C)  

PVBVA 70.39 65.08 70.78 65.77 0.29 63.6 
PVBVA 0.6% NP 62.19 53.37 70.04 61.82 0.34 64.3 
PVBVA 1% NP 62.88 59.97 70.05 61.59 0.30 64.3 
PVBVA 2% NP 68.89 78.10 69.22 68.71 0.37 64.3  

 

 

 Conclusions  

In this study, transparent thin-film nanocomposites constituted by poly (vinyl 

butyral-co-vinyl alcohol-co-vinyl acetate), PVBVA, and TiO2 nanoparticles were 

deposited on wood by airbrushing method and the influence of the presence of the TiO2 

nanoparticles on some of the physicochemical properties of the polymer was studied. 

Observations made by SEM and optical profilometry allowed concluding that 

airbrushing is a good method to coat wood surfaces obtaining thin films of PVBVA filled 

with uniformly dispersed TiO2 nanoparticles, demonstrating therefore that airbrushing is 

a promising method to modified wood surfaces for the preservation of historical objects.  

Besides UV-Vis absorption spectroscopy showed the efficiency of the presence 

of TiO2 within the polymer to avoid UV radiation to reach the wood and therefore its 

possible catastrophic effect in terms of wood degradation. It was also observed that this 

effect was even significant in the higher the amount of TiO2 nanoparticles added at least 

up to 2% by weight. The value of the band gap (Eg) was calculated by following the 

relation presented by the so-called Tauc plot. The addition of TiO2 nanoparticles 

decreases optical band gap as estimated for the PVBVA/TiO2 samples. Increasing the 

nanoparticle concentration, give a narrower band gap. Therefore, it was demonstrated that 

the band gap energy associated to the electronic transitions decreases as the nanoparticles 

concentration increases which can lead to the enhancement of photocatalytic activity in 

the thin film nanocomposite, for instance if potential antibacterial effect is expected. 

Although significant changes of mechanical response to microindentation tests 

were only observed when concentration of nanoparticles was higher than 1%, regardless 



  Chapter 4. PVBVA/TiO2 protective nanocomposite Wood coating 
by airbrushing 

97 
 

the concentration, airbrushing treatment with PVBVA-based coatings lead to smoother 

surfaces compare to untreated wood which can be interesting to repair surface defects at 

least in terms of visual aspect of wood. Besides, coating with PVBVA based materials 

allow increasing hydrophobicity of the wood substrate which can be beneficial against 

degradation induced by water. Higher concentration of TiO2 slightly increase 

hydrophobicity due to a slight increase of roughness. 

After analyzing results obtained from DSC experiments it can be concluded that 

thermal behavior in terms of polymer dynamics of PVBVA-based coatings did not show 

any significant dependency on the concentration of TiO2. 
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 Wood coatings based on PVBVA/NCC thin films prepared 

by Airbrushing 

 Chapter overview 
 

This chapter focuses on the new nanocomposite coating based on PVBVA/NCC as 

protective coating applied by AB method on wood. This method application (AB) 

introduced as in chapter 4 as potential of wood surface modification.  

The water uptake and mechanical properties will be studied on wood specimens coated 

by PVBVA/NCC nanocomposite films using airbrushing methods. Furthermore, TGA 

and DSC analysis will be utilized as thermal investigation on PVBVA/NCC 

nanocomposite.  

 

 Introduction 

Several trials have been performed to enhance of properties of wood consolidants 

by using nanoparticles [1-3] . For instance, using ZnO nanoparticles in the paraloid B72 

matrix increased showed increasing the water uptake and retention values of paraloeid 

B72 ]1[  . Also, TiO2 and ZnO nanoparticles as addictive to polyvinyl butyral improved 

of wood consolidated against white rot  [4] .  

Cellulose fibers consist of various hydroxyl groups and strong hydrogen bonding 

that it is mainly found in the plant cell wall. Cellulose aggregate with the disordered 

regions (amorphous structure) and the highly ordered regions (crystalline structure) which 

at the crystalline parts, orderly packing of chained molecules  cause high stiffness and 

strength of cellulose (Figure .5.1). Hydrolysis in acid media eliminates the non-crystalline 

domains of the cellulose fibers thus leading to the obtention of different nanometric fibrils 

with micrometric size in length, cellulose nanocrystals (CNC) [5]. By comparing to 

different cellulose fibers, nanocrystalline cellulose has many advantages, such as high 

specific strength and modules, high surface area, unique optical properties, and nanoscale 

dimension[6] The previous studies in the case of the mechanical properties in the 

longitudinal direction of  CNC show that Young modulus was the range of 110–200 GPa 
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and also the strength obtained in the range of 2–8 GPa [7]. Recently, nanocellulose has 

emerged in both research and industrial areas and it is because of their interesting 

properties such as excellent mechanical properties, high surface area, rich hydroxyl 

groups for modification and, its low toxicity[8, 9].  In the past decade, cellulose 

nanocrystal and microcrystal have been studied in the conservation studies as wood 

protection, consolidation of historical papers and canvas [10].  

 
 

 
 

Figure 5. 1. Schematic showing of the nanocrystalline  which can be obtained from cellulise chains by acid 
hydrolyzing ( adapted from reference [8]) 

 

Airbrushing (AB)  is a technique that can be used to deposit of nano- and 

microfibers [11]. AM method  has been used for a variety of applications like biomedical 

and flexible electronics [12] and as a convenient method to obtained nanocomposite with 

a relatively high load of nanoparticles uniformly dispersed within the polymeric matrix 

[13].  

In the present study, polymer nanocomposite was prepared based on poly (vinyl 

butyral-co-vinyl alcohol-co-vinyl acetate) (PVBVA) filled with nanocrystalline cellulose 

(NCC), PVBVA/NCC. This composite was applied on wood with a commercial airbrush 

to coat the wood looking for its protection and consolidation. In particular, the effect of 

the presence of these novel coatings on the water absorption and mechanical properties 
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of the wood was investigated. Furthermore, in order to understand the behavior of the 

nanocomposites as coatings, free films of the same materials were prepare to carry out a 

characterization in terms of thermal behavior (thermogravimetric analysis, TGA, and 

differential scanning calorimetry, DSC). 

 Experimental section.  

For the preparation of NCC/PVBVA nanocomposites, a suspension of NCC 

nanoparticles in a 5% (wt.%) PVBVA solution was used. The suspension was prepared 

adding the required amount of nanoparticles in the PVBVA solution made using as 

solvent an alcohol/acetone mixture in a proportion 3:1 and then ultra-sonicated for 1 h. 

Different amounts of crystalline nanocellulose (NCC) nanoparticles were considered to 

reach different compositions of polymer nanocomposites: 0%, 0.5 %,  1% and 2 % (wt.%) 

of NCC nanoparticles. The crystalline nanocellulose (or nanocrystalline cellulose, NCC), 

with a diameter of 10-20 nm, length 20 300-900 nm, and Cellulose Crystallinity of 92%,  

was supplied by Nanografi (With reference code SKU, NG01NC0101) (Ankara, Turkey) 

[14]. Coatings of nanocomposites to prepare modified wood specimens were carried out 

using a commercial airbrush under the conditions described in section 4.3: nozzle 

diameter = 0.5 mm; fluid cup capacity = 5 cm3; pressure = 2 bars and working distance = 

8 cm. In addition, free thin films of PVBVA-NCC were also prepared   applying the  

nanocomposites on a glass substrate and then detaching them.  

In Figures 5.2 – 5.4. micrographs of the commercial crystalline cellulose used for 

this work are shown. In particular, in Figure 5.2 a scanning electron microscopy 

micrograph obtained at 6000 is shown. The sample was prepared for SEM inspection 

by sonicating a suspension of the commercial cellulose powder in acetone for 10 minutes 

at room temperature and putting one drop of this suspension on the surface of the SEM 

aluminum specimen mounts. As can be seen in the upper part of the micrograph there are 

some regions where aligned domains can be observed. Also, some other regions do not 

show evidence of ordering, probably due to the formation of aggregates in the suspension 

used for the preparation of the sample. In Figure 5.3. other region of the sample is 

presented (top) and also a zoomed area illustrating the oriented domains is shown 

(bottom). 
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Figure 5. 2. SEM micrograph of the commercial cellulose nanofibers (NCC) at 6000. 

 

 

 
Figure 5. 3. Top: SEM micrograph of the commercial cellulose nanofibers (NCC) at 6000, 

bottom: a zoomed area illustrating the oriented domains.  
 

Different locations of the sample prepared for SEM characterization were 

inspected trying to visualize the morphology of the commercial cellulose fibers. In Figure 

5.4. micrographs of the same commercial sample are presented at 5000. Again, it is 

possible to observe the presence of some aligned fibers. However, regardless the 
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magnification used the method use for the sample preparation did not allow observing 

isolated fibers. According to the information given by the manufacturer [14]these 

commercial fibers have a width of approximately 10-20 nm and a length of 300-900 nm 

and they are distributed as dry powder. It is interesting here to highlight that some 

researchers suggest that the size and aspect ratio of the fibers depends on the cellulose 

source. In Table 5.1. some data regarding the length (L), diameter (D) and aspect ratio 

(L/D) as a function of the origin of cellulose are presented[5].  

 

 
Figure 5. 4. a) SEM micrograph of the cellulose nanofibers (NCC) at 5000x and b) oriented domains of 
cellulose nanofibers. 

 
Table 5. 1. Characteristic length, diameter and axial ratio depending on the cellulose source [5]. 

Cellulose source Length, 
L (nm) 

Cross section 
D (nm) Axial ratio, L/D 

Wood 100–300 3–5 30–70 

Cotton 100–400 7–15 10–20 

Algae (Valonia) 100 nm to µm 10–20 N/A 

Bacterial cellulose 100 nm to µm 5–10 N/A 

Tunicate cellulose 100 nm to µm 10–20 67 

Sugar beet pulp 210 5 40 

Wheat straw 220 5 45 



           Chapter 5. Wood coatings based on PVBVA/NCC thin films 
prepared by Airbrushing 

107 
 

In Figure 5.5, as an example, some photographs of the thin films prepared on the 

surface of glass substrate are shown. To illustrate the optical properties of the 

nanocomposite materials in terms of transparency the photographs were done using a 

white sheet with a black circle printed. As can be observed, the materials showed high 

transparency and only a few small aggregates marked by the red arrows) were visible in 

the materials with nanocrystalline cellulose. This high transparency is a good property for 

the potential use of this materials in the restoration and preservation of wooden materials. 

Also, the average film thicknesses data are included in each case as an inset. In Figure 

5.6. a photograph of the wood samples treated with the different PVBVA-NCC 

composites is shown to illustrate the good quality of the coated surfaces. Visual inspection 

reveals a highly homogeneous, smooth and transparent coatings regardless the 

composition of the PVBVA-based materials. 

 
 

 
Figure 5. 5. Photographs of the thin films of PVBVA/NCC 

 

 
Figure 5. 6. Photographs of the wood specimens coated by PVBVA/NCC. 
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Water uptake experiments were carried out to study the amount of water absorbed 

by samples. Cubic samples of 202020 mm3 were prepared according to ASTM D 143 

and coated with the different materials treating all faces. Three specimens per sample 

were prepared. All the treated and untreated samples were placed in an oven at 50 ± 2 ºC 

to achieve a dry sample with constant weight. As shown in the figure 5.7, they were 

completely placed in distilled water at room temperature and weighted after different 

times of contact with the water, up to 30 days, following a similar experiment described 

in a previous study[15]. For the first week, the specimens were weighed every 24 hours. 

Then, the weight measurements were performed every six days.   

 

 
Figure 5. 7. Photographs of wood specimens immersed in the distilled water. 

 

The water absorption (WAt), was given as a dimensionless value calculated 

according to the following equation[15]: 

 

𝑊𝐴𝑡 =
(𝑊𝑡−𝑊0)

𝑊0
× 100  (%)      (5.1.) 

 

where Wt is the mass of the specimen (g) after a period of water contact time t (h), and 

W0 is the initial mass of the dry specimen (g) [15]. 

.   



           Chapter 5. Wood coatings based on PVBVA/NCC thin films 
prepared by Airbrushing 

109 
 

Mechanical properties were studied by carrying out three-point bending tests 

(dimension: 12×12×170 mm3) using a LLOYD LR5K dynamometer (Milan, Italy) 

according to ASTM D143 standard (Figure 5.3) [19]. Dry specimens were tested. To this 

aim, all samples were placed in the oven at 50 ± 2 ºC for 3 days. Five specimens were 

tested using a load cell of 5 N, a span of 140 mm and applying a load rate of 1.3 mm·min-

1. Modulus of rupture (MOR), modulus of elasticity (MOE) and flexural deformation 

were calculated according to equations (3.1.), (3.2) and (3.3.) respectively (section 3.4.). 

In Figure 5.7. is shown a representative image of a three-point bending tested specimen 

when failure is reached . In the photograph it is possible to observe how the specimen 

was placed on two precision machined lower anvils and the force was applied centrally 

by the upper anvil.  

 

 

Figure 5. 8. Representative image of a three-point bending tested specimen when failure is reached. 

 

The thermal degradation of PVBVA/NCC-based nanocomposites (i.e., 0, 0.5, 1, 

2% wt.% NCC) was investigated by using a TGA/DSC1 (Stare System) instrument 

(Mettler Toledo). Samples of 6 to 10 mg were placed in an alumina crucible. The samples 

were dynamically tested by heating from 10 to 1100 ºC at 10 ºC/min under a nitrogen 

atmosphere (N2 flow of 50 ml min-1). Also, films of PVBVA/NCC were studied by 

differential scanning calorimetry (DSC) analysis using a Mettler Toledo 822e calorimeter 
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under the nitrogen atmosphere and performing the experiments in similar conditions to 

those described in section 4.3.1. In the case of the PVBVA/NCC system the thermal cycle 

used was the following: (i) a first heating scan from 35ºC to 180ºC at 10 °C/ min; (ii) a 

stabilization step at 180°C for 5 minutes; (iii) a cooling scan from 180ºC to 35°C at 

10°C/min and (iv) second heating scan from 35ºC to 180 °C. 

 

 Results and discussion 

 Water absorption  

In Figure 5.8. the relative mass gain, i.e. water absorption, as defined in equation 

5.1. is represented as a function of the water contact time is shown for the samples under 

study. In all samples typical water absorption curves are observed [2, 16]. In these curves 

it is possible to distinguish two regions: i) in the first region, there is a high rate of water 

absorption  and ii) in the second region the water absorption rate decreases and tends to 

level off until almost constant value of absorbed water is reached (Weq). As can be seen, 

most of the materials under study follow a similar trend reaching even similar content of 

absorbed water at equilibrium. However, untreated wood tends to absorb slightly more 

amount of water, reaching a maximum value of approximately 85 ± 1% (wt.%). In treated 

wood samples (PVBVA/NCC) the amount of water absorbed was very close to each other 

reaching values of 73.5 ± 7 % for PVBVA, (77.1 ± 6.0) % for PVBVA-0.5% NCC, 74.6 

± 7.5 % for PVBVA-1% NCC and 71.6 ± 6.3 % for PVBVA-2% NCC and although 

significant differences were observed for the sample treated with PVBVA- 2% NCC, the 

dispersion in experimental data does not allow us to discriminate between the samples. 

Probably, this high variability is due to the fact that wood is a complex material with 

different microstructure (radial, transversal or longitudinal direction).  
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Figure 5. 9. Comparative curves of water absorption vs immersion time (s) of the samples treated with 

PVBVA/NCC. Result for untreated wood was also included for comparison. 

 

To have an idea of the diffusion phenomena and in particular, the rate at which 

diffusion phenomena occur in wood samples, the overall diffusion coefficient in these 

samples was estimated. One classical way to study absorption phenomena is to use 

Fickian diffusion model [17].Fick’s second law of diffusion was considered (5.2.),  

 
𝜕𝐶

𝜕𝑡
= 𝐷 ·

𝜕2𝐶

𝜕𝑥2        (5.2.) 

Where C is the concentration, t is the time and x is the distance from the exposed surface 

and D is the diffusion coefficient, which is considered to remain constant with 

concentration, C. The solution of the Fick’s second law is not simple but it is possible 

when boundary conditions are used. Some examples of this were given by Crank and 

Carslaw [18, 19]. From the point of view of Materials Science, one possible and practical 

solution to that one usually obtained by an approximation where it is considered a semi-
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infinite solid in which the surface concentration is held constant [20]. When this is taken 

into consideration, one may approach the solution of Fick’s second law as follows:  

 

Initial condition:  For t = 0, C = C0 at 0 x  

Boundary conditions:  

For t > 0, C = Cs (constant surface concentration) at x = 0 

For t > 0, C = C0, at x =  

Application of these conditions to equation (5.2.), yields the solution in equation (5.3.):  

 
𝐶𝑥 − 𝐶0

𝐶𝑠 − 𝐶0
= 1 − 𝑒𝑟𝑓 (

𝑥

2√𝐷𝑡
) 

where Cx, represents the concentration at depth x after time t. The expression Erf(x/2√𝐷𝑡)  

is the Gaussian error fucntion, which values are in mathematical tables.  

 

Or else, using the Taylor series to solve the error function, it is also possible to consider 

the following expression, 5.4 [21] 

 

∆𝑊𝐴𝑡 = ∆𝑊𝑒𝑞 (1 −
8

𝜋2) ∑
1

(2𝑛+1)
 𝑒𝑥𝑝

(−
𝐷𝑡

ℎ2𝜋2(2𝑛+1)2)∞
𝑛=0    (5.4.) 

 

Where Weq, is the relative mass gain when the equilibrium is reached, D, is the diffusion 

coefficient and h, corresponds to the thickness of the sample. In general, for most of the 

systems at short immersion times equation 5.4. can be approximated to (5.5.):  

 

𝑊𝐴𝑡 = ∆𝑊𝑒𝑞
4

ℎ
√

𝐷𝑡

𝜋
            for     𝑡 ≤

0.05ℎ2

𝐷
    (5.5.) 

 

According to this expression, making a plot of the relative mass absorption 𝑊𝐴𝑡 vs the 

square root of time, a straight line should be obtained for the first part of the plot. In 

Figure 5.9. the plots of the water uptake vs the square root of time (in seconds½) is shown. 

As can be observed, the expected linear behavior in the first part of the curve is not 

observed because of lack of data, therefore, according to expression (5.4.), an overall 
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effective diffusion coefficient could not be estimated. In Table 5.2., the relative mass gain 

at equilibrium, ∆Weq, considered as the last point of the curves and an estimation of the, 

effective diffusion coefficient, Deff, are collected. Here it is necessary to highlight that 

this estimation was done with a very high uncertainty because only two points were used 

to make a straight line fitting in order to obtain the slope and subsequently, considering 

the thickness of the samples h = 2 cm, calculate the diffusion coefficient parameterare.  

 
Figure 5. 10. Representation of the water absorption vs the square root of time (s-1/2) for the samples under 
study. 

Table 5. 2. Diffusion parameters, moisture content at equilibrium, slope and effective diffusion coefficients 
for the system PVBVA/NCC. 

Sample Weq (%) Slope (%·s-1/2) 10-6·Deff (cm2·s-1) 

Untreated 83.1 ± 3.1 0.1561 5.54 

PVBVA 73.5 ± 6.9 0.1555 7.03 

PVBVA-0.5% NCC 77.1 ± 6.0 0.1609 6.84 

PVBVA-1% NCC 74.6 ± 7.5 0.1439 5.84 

PVBVA-2% NCC 71.6 ± 6.3 0.1286 5.07 
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According to the information presented in Table 5.2., the sample for which the amount of 

water absorbed is smaller and with lower diffusion coefficient was that treated with 

PVBVA-2% NCC. However, in terms of diffusion coefficient very small differences were 

observed, varying from (5 – 7)·10-6 cm2·s-1, which is similar to the diffusivity value given 

by L. Candanedo et al [22], referring a diffusivity of water in wood of 3.3·10-10 m2·s-1. 

Perhaps, the relatively small changes observed among the different samples might be due 

to several factors: a) the anisotropic nature of wood itself, being necessary to study 

diffusion mechanisms in just one of the directions (longitudinal, radial or tangential) 

insulating the other directions to force one-dimensional moisture uptake in order to 

subsequently understand the overall behavior (see Figure 5.10.); b) the porosity of wood; 

c) the use of a semi-infinite solid model to study diffusion in water which may not be the 

best approximation for the kind of samples used in this study with a cubic shape, being 

necessary to consider diffusion in all 3D, d) anisotropic variations in the dimensions of 

the samples as well as many other physical phenomena that might occur during diffusion. 

In Figure 5.11. a scheme of the hierarchical structure of wood is presented [23]illustrating 

the most general characteristics at the different length scales, macro-, micro- or nanoscale. 

In this research work, Thybring and Fredriksson [24]highlight that water molecules are 

present in the porous capillary structure (Figure 12 A), but also interact with the cell wall 

and with the hydroxyls from the cell wall material (Figure 5.12.B and C).  

 

 
Figure 5. 11. The schematic diagram of wood log showing different cut directions (Figure reproduced 

from reference[25]). 
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Figure 5. 12. Simplified overview of wood structure on different length scales: Wood macrostructure with 
annual rings; porous microstructure with pits, which are pathways through cell walls that connect lumina 
(singular: lumen) of adjacent cells; and cell wall material made from cellulose, hemicelluloses, and lignin 
(From reference[24]) (Right). 

 

Figure 5.11. Simplified overview of wood structure on different length scales: Wood 

macrostructure with annual rings; porous microstructure with pits, which are pathways 

through cell walls that connect lumina (singular: lumen) of adjacent cells; and cell wall 

material made from cellulose, hemicelluloses, and lignin (From reference[24]) (Right).  

 

 
Figure 5. 13. Moisture in wood can be found in both the porous capillary structure (A) and the solid cell 

wall material (B), where the water molecules interact with hydroxyls on the cell wall polymers (As 

described and illustrated by Thybring and Fredriksson in reference[24]).  
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In Figure 5.13 a dual scale diffusion model was proposed by Partick Perreto illustrate a 

process that combines a fast diffusion mechanism with a slower diffusion one [26]Taking 

into account the complex structure of wood, probably a more sophisticated model should 

be investigated.  

 

 

 
Figure 5. 14. Illustration of a dual-scale mechanism combining a fast diffusion in the conductive and 

connected phase (C) and a slow diffusion in the storage phase (S) [26]  

 

 Three-point bending test 

Mechanical characterization of the specimens was also carried out performing 

three-point bending tests. In Figure 5.14. the force (kN) vs displacement (mm) curves 

obtained for untreated wood samples are shown for each of the five specimens tested. 

Similar plots of the force vs displacement curves were obtained for the other samples 

under study as shown in Figure 5.14, for PVBVA, Figure 5.15, for 0.5% NCC, Figure 

5.16, 1% NCC and Figure 5.17, for 2% NCC. Then, the stress vs strain curves were 

obtained using equations 3.1. and 3.3. (see section 3.4.) and represented as can be seen in 

Figures 5.16 – 5.22. 
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Figure 5. 15. Force (N) vs. displacement (mm) curves obtained from three-point bending tests 
for the untreated wood samples. 

 

 
Figure 5. 16. Force (N) vs. displacement (mm) curves obtained from three-point bending tests for the 

untreated wood samples treated with PVBVA - 0.5 % NCC. 
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Figure 5. 17. Force (N) vs. displacement (mm) curves obtained from three-point bending tests for the 

untreated wood samples treated with PVBVA - 1 % NCC. 

 
Figure 5. 18. Force (N) vs. displacement (mm) curves obtained from three-point bending tests for the 

untreated wood samples treated with PVBVA - 2 % NCC. 
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Figure 5. 19. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 

wood untreated. 

 
Figure 5. 20. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 

wood treated with PVBVA. 
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Figure 5. 21. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 

wood treated with PVBVA-0.5% NCC. 

 

 
Figure 5. 22. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 

wood treated with PVBVA-1% NCC. 
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Figure 5. 23. Stress (MPa) vs strain (%) curves obtained by three-point bending tests for the sample of fir 

wood treated with PVBVA-2% NCC. 

 

From the three-point bending tests, it is possible to calculate the MOR and MOE 

for all the samples under study (Table 5.3). The values obtained for the untreated fir wood 

are in good agreement with other previously published [15]In the samples under study for 

the system based on PVBVA/NCC, the treatment with PVBVA solution does not change 

significantly neither MOR nor MOE (Table 5.3). The results obtained in terms of the 

MOE are consistent with previous results [27]. 
 

Table 5. 3. Mechanical parameters estimated from the three-point bending test, modulus of resistance 
(MOR) and modulus of elasticity (MOE). 

Samples MOR (MPa) MOE (GPa) 
Untreated 72.18 ± 5.91 5.27 ± 0.78 
PVBVA-0% NCC 68.22 ± 6.47 5.32 ± 0.40 
PVBVA-0.5% NCC 66.33 ± 6.73 5.36 ± 0.35 
PVBVA-1% NCC 67.64 ± 3.25 5.07 ± 0.79 
PVBVA-2% NCC 68.21± 7.99 5.39 ± 0.47 

 

 Thermogravimetric analysis (TGA) 

TGA analysis provides information on thermal stability and decomposition of 

polymeric materials[28]. The thermal stability of PVBVA/NCC nanocomposites was 
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studied by TGA analysis. The weight loss and the derivatives curves are represented in 

Fig. 5.6 In pure NCC, there is an early mass loss at 69-150 ℃ that can be due to water 

and volatile products[28]. Then, at higher temperatures a degradation was recognized at 

304℃ typical of cellulose nanocrystals [29]. The third important mass loss was obtained 

at around 420℃ with a mass loss of about 43%. Finally, at 1100℃ about 13% of residue 

from the CNC remains.  

In the pure PVBVA, the temperature of the initial degradation step (Tonset) and the 

maximum temperature degradation peak (Tpeak) were at 352℃ and 391℃ with 0.14% 

residue, respectively. However, it obtained 356℃ in the PVBVA film and all of polymer 

degraded during heating process. In the films of PVBVA-0.5% NCC and PVBVA-1 wt.% 

NCC, similar results have been seen  with an onset degradation at 365℃. they have 3.62% 

and 3.48% of the residue mass, respectively.  

On the other hand, Tpeak in PVBVA-1% NCC was detected at 396℃ which increased 

proportionally respect to the material with 0.5 wt.% of NCC. The highest amount of 

residue after thermal degradation (3.90%) was found for the sample PVBVA-2% NCC 

with. Moreover, Tpeak of PVBVA-2% NCC was increased up to 400℃ by comparing it 

with that one obtained for the neat PVBVA. 

The residual mass obtained in the pure polymer in the form of the as received powder of 

PVBVA, was 0.14%, while it was 3.89% in 2 wt.% NCC in the polymer matrix. 

Therefore, it can be concluded that the thermal stability of PVBVA increases as the NCC 

filler content increases. 
Table 5. 4. Results of TGA and DTGA tests. Tonset is the temperature of the initial degradation step, Tpeak is 
the maximum temperature degradation peak obtained of DTGA curves. 

Samples Tonset (℃) Tpeak (℃) Residual mass (%) 
Pure PVBVA 352 391 0.14 
PVBVA-0% NCC 356 392 0 
PVBVA-0.5% NCC 365 393 3.62 
PVBVA-1% NCC 365 396 3.48 
PVBVA-2% NCC 367 400 3.89 
Pure NCC 304 304 13.18 
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Figure 5. 24. Thermogravimetric analysis curve, TGA (top) and differential thermogravimetric analysis, 
DTGA (bottom) for PVBVA solutions with varying amount of NCC (0, 0.5, 1, 2% wt.%). 

 

 Differential scanning calorimetry  

The thermal behavior of PVBVA/NCC nanocomposites was studied using 

differential scanning calorimetry, DSC. In Figure 5.26. the DSC thermogram of the pure 

PVBVA film is shown. As can be observed, in the first heating scan (Figure 5.26 a)), 

there are two endothermal signals; the first one, around 53 ºC is consistent with a glass 

transition temperature while the second one, around 70 ºC, resembles a melting peak. 

However, in PVBVA, it is not very likely to find a melting peak, unless when the content 

in VA is higher than 63% (wt.%) .In the case under study, the polymer has an average 

content of PVB of approximately 80% (wt.%), so other plausible explanation might be 

the presence of a second thermal relaxation with in addition an enthalpy relaxation peak, 

Cp. This behavior might be due to the fact that the polymer was prepared on the surface 

of a glass. Probably, there might be some ordering or preferential arrangement induced 
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by the interaction between the -OH functional group, present in the copolymer (see Figure 

3.1., section 3.3.1.) and the surface of the glass resulting in two different transitions, one 

which might be associated to the polymer in close contact with the glass surface and the 

other that might be associated to the polymer itself. In fact, since the thickness of the films 

is less than 30 micrometers, the effect of the surface might be remarkable in the whole 

material. After the first heating scan, in the cooling scan (Figure 5.26 b), still two 

transitions are visible, although the transition at lower temperatures is difficult to detect. 

Finally, in the second heating scan (Figure 5.26. c), after erasing thermal history, due to 

processing conditions, only one thermal transition is observed, consistent with what was 

expected for this polymer.  

 

 
Figure 5. 25. a) First heating scan; b) cooling scan and c) second heating scan of PVBVA film. 

 

In Figure 5.27 and 5.28., the first heating scan and the cooling scan respectively of 

the different films for the samples based on PVBVA/NCC materials are shown.  
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Figure 5. 26. First heating scan of the films of PVBVA/NCC films. 

 
Figure 5. 27. First heating scan of the films of PVBVA/NCC films. 

 

In Table 5.5., the data corresponding to the thermal transitions registered in the first 

heating and cooling scan are presented. In relation to the first heating scans, most samples 

showed a thermal relaxation compatible with a glass transition, Tg, around 52-53 ºC, 
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except the sample with 2% NCC, for which the transition was observed at 57 ºC. The 

second transition was found around 69 ºC, although it overlaps with the first transition 

and with the enthalpy relaxation resembling an endothermic peak. The area of this peak 

observed in the first heating scan, H, was calculated obtaining the data in Table 5.4. It 

can be observed that the area increases with the content in particles. Probably the particles 

exert some interaction with some functional group of the polymer (maybe the OH) 

inducing higher molecular order.   

 
Table 5. 5. Thermal data of the first heating scan and cooling for the PVBVA/NCC films. 

 First Heating Scan Cooling Scan 

Sample Tg1 

(℃) 
Cp1 

(mW·g-1) 
Tg2 

(℃) 
Cp2 

(mW·g-1) 
H 
(J. g-1) 

Tg1 

(℃) 
Cp1 

(mW·g-

1)- 

Tg2 

(℃) 
Cp2 

(mW·g-1 

PVBVA 52.9 59.00 68.91 30.07 0.67 62.6 73.27 44.46 10.20 

PVBVA 

0.5% 

NCC 

51.1 35.94 - - 1.33 64.6 62.02 41.30 3.72 

PVBVA 

1% NCC 
51.2 40.91 - - 2.79 65.1 54.93 - - 

PVBVA 

2% NCC 
57.2 31.71 - - 2.07 64.4 72.93 42.12 4.30 

 

In Figure 5.29. the second heating scan of the films of PVBVA/NCC films are 

presented and the corresponding thermal data are included in Table 5.6. As can be 

observed in Table 5.6., the Tg of the pure PVBVA is around 65 ºC, whereas the Tg of the 

nanocomposite materials PVBVA/NCC increases reaching a value of approximately 70 

ºC. In this case, no significant differences were observed among the different 

nanocomposites, only between the polymer matrix and the composites. 
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Figure 5. 28. Second heating scan of the films of PVBVA/NCC films. 

 
Table 5. 6. Thermal data of the second heating scan for the PVBVA/NCC films. 

Second Heating Scan 

Tg (℃) Cp (mW·g-1) H 
(J. g-1) 

65.30 86.17 0.32 

69.72 82.95 0.39 

69.73 90.90 0.40 

70.23 87.02 0.28 

 

 Conclusions  

In this work PVBVA/NCC composite materials were prepared with the aid of a 

commercial airbrush. The composite materials were prepared or applied on the surface of 

softwood as a coating and on the surface of a glass substrate to prepare films for 

comparison purposes. The composite materials thus prepared showed good optical 

properties resulting in materials with a high transparency and only the presence of sa few 
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aggregates. The wood coatings were homogeneous as they appeared smooth and 

transparent.  

In this study, water uptake experiments are carried out, it was possible, to estimate, 

although with high uncertainty, an effective diffusion coefficient. Further experiments 

should be carried out to try to understand the possible mechanism of diffusion in wood as 

many variables may contribute to the overall diffusion coefficient.  

In lowest amount of the NCC (PVBVA-0.5% NCC), water absorption was not  

significantly reduced. Wood samples treated with 1 wt.% of NCC in nanocomposite 

showed better results to decrease water absorption than PVBVA treated;  however, they 

had similar characteristics in water absorption over time. In regards, the water uptake 

reduced by addition of the amount of the NCC in the polymer matrix. Wood samples 

treated with 2 wt.% of NCC in the polymer matrix showed the lowest percentage of water 

absorption over time, in the time span analyzed. 

Wood samples treated with PVBVA/NCC by AB method do not significantly 

modify mechanical behavior investigated.  

In the pure PVBVA, the temperature of the initial degradation step (Tonset) and the 

maximum temperature degradation peak (Tpeak) were at 352℃ and 391℃ with 0.14% 

residue, respectively. However, all the amount of PVBVA film degraded during thermal 

process. Onset degradation and Tpeak results were similar in the film of PVBVA-0.5% 

NCC and PVBVA-1 wt.% NCC, and they have 3.62% and 3.48% of the residue mass, 

respectively. TGA results showed that the thermal stability of PVBVA increases as the 

filler content increases. 

According to the results obtained from the DSC, there were no significant 

differences between the Tg in the second heating. However, in the first heating scan, the 

analyses demonstrate that the airbrush processing has an influence on the dynamics of the 

polymer than the presence of NCC. 
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 Conclusion and future works 

 Summary and concluding remarks  

In the present Ph.D. thesis, the use of polyvinyl butyral (PVBVA) and PVBVA-

based nanocomposites for the consolidation by surface treatment of wood was 

investigated. The novelty of this research work mainly relies in the study of a new 

approach method, airbrushing, to be used in the application of polymers and polymer 

nanocomposites for wood consolidation and protective wood coatings in historical 

wooden objects. 

Different surface treatments were prepared and surface characterization was done. 

First, conventional consolidation methods were studied.  

In the first part of this thesis, the pure polymer PVBVA, was applied to softwood 

by using two conventional methods, brushing and immersion and two different solution 

concentrations (5% and 10%, wt.%). Then, the use of airbrushing was investigated as a 

novel method for two polymer nanocomposite systems PVBVA/TiO2 and PVBVA/NCC, 

which were used to prepare novel protective coatings on wood surfaces. Additionally, 

just the films of PVBVA/TiO2 or PVBVA/NCC were also prepared using a glass substrate 

for comparison purposes.  

The most relevant conclusions that can be extracted from this research project are 

the following:  

A) For the wood samples treated by conventional methods,  

• Upon immersion or brushing treatments surface roughness determined by optical 

profilometry did not reveal significant changes in the surface topography of 

treated wood samples by PVBVA consolidant, confirming the acceptable 

appearance for historical wood treatment.  

• Solution uptake (SCA) experiments were carried out as a novel characterization 

technique.  SCA results of PVBVA show that there is a kind of induction time 

when the spreading process is no longer controlled by the viscosity to be 

controlled by solution-wood interactions.  In addition, water contact angle (WCA) 

measurements show that wettability reduces after the treatment with the PVBVA, 

which is a positive surface feature for preventing moisture absorption in 

restoration and conservation applications.  
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• By considering, mechanical measurements obtained of three-point bending tests 

of the specimen which treated by PVBVA, when comparing between treatment 

methods or solution concentration used in this work significant influence is not 

observed on final macroscopic mechanical properties. However, samples treated 

by immersion with a 10% solution of PVBVA observed slightly higher 

mechanical properties. 

• From the point of view of surface mechanical characterization, Martens Hardness 

(HM) measurements might be an interesting alternative to prove the effectiveness 

of a surface treatment on the consolidation of a wood artefact. Local mechanical 

properties measured at the surface revealed that mechanical response of the 

surfaces, in terms of Martens Hardness (HM), increased as follows: Untreated < 

5%-Brushing  5%-Immersion  10%-Brushing < 10%-Immersion.  

• The overall mechanical and surface properties that were improved for 10%-

immersed samples followed by 10%-brushed samples.   

B) For the wood samples treated by airbrushing, it can be concluded that:   

• Airbrushing can be used as a new method of wood surfaces modification to 

produce protective wood coatings based on polymer nanocomposite materials. In 

particular, in this thesis it was used with titania nanoparticles for the PVBVA/TiO2 

system and with crystalline nanocellulose, for the PVBVA/NCC system.  

• Macroscopic photographs taken from wood treated surfaces for both 

PVBVA/TiO2 system and PVBVA/NCC system using airbrushing evidenced a 

high homogeneity and transparency upon the treatments without being possible to 

detect at first sight the presence of large agglomerates of nanoparticles. 

PVBVA/NCC system. Only small aggregates were observed on the PVBVA/NCC 

thin films.  

• Scanning electron microscopy (SEM) and optical profilometry allowed 

concluding that airbrushing is a good method to coat wood surfaces obtaining thin 

films of PVBVA filled with uniformly dispersed particles, both at the surface and 

across the section of the coating, proving that the particles in the coating film are 

well dispersed. Surface roughness did not reveal significant changes with the 

content in particles, only a slight increase in roughness was observeded for the 
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sample filled with 2% NP, more specifically, Ra = 1.2 ± 0.29 m for PVBVBA, 

whereas Ra = 2.2 ± 0.47 m for PVBVBA + 2% TiO2. 

• UV-Vis absorption spectroscopy demonstrated the efficiency of the presence of 

TiO2 within the polymer to avoid UV radiation and a strong tendency to absorb 

UV radiation. Therefore, it can be used to protect film of wood against harmful 

UV radiation or against the proliferation of microorganisms without losing its 

good optical properties.  

• Studies on water uptake of specimens treated with PVBVA consolidant and its 

nanocomposites filled with NCC showed that the polymer somewhat reduced 

water adsorption as function of times. Furthermore, the water uptake of specimens 

decreased when NCC used as filler in the PVBVA and showed better water uptake 

properties.  

• Results from three-point bending test were found to be highly reproducible. Upon 

the treatment of the surfaces with PVBVA/NCC by airbrushing does not affect 

mechanical properties of wood.  However, it can be used after the conventional 

methods application like brushing and immersion as a complementary  method to 

prevent aging and deterioration of materials against UV-radiation or due to the 

presence of microorganisms.  

• Preparation of transparent thin films of polymer nanocomposites based on poly 

(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVBVA) filled with 

nanoparticles was successful by using commercial airbrush.  

• TGA measurements also revealed that the thermal stability of PVBVA does not 

change when the NCC filler content increases. 

It can be concluded therefore that airbrushing is a promising method to deposit thin 

films of nanocomposites as protective layers for conservation and restoration aims. 

Finally, AB method application as post-treatment along with others methods can improve 

the method application by creating a proper distribution of nanocomposites and protective 

thin layers  which and help a lot in the protection and restoration of wooden objects. In 

fact, it is important to highlight that the materials studied in this work, are good candidates 

for applications in the field of Cultrual Herigate for restoration and conservation 

applications.  
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 Future Studies and Future Research lines 

Considering the main results presented on this research work and taking into account 

the potential fields of application, the following future works can be proposed. Based on 

the research findings, the following future work are recommended. These future works 

will complete the current work and open up new study possibilities: 

 

• It is proposed to extend the mechanical and surface characterization of PVBVA + 

NCC. 

• In this thesis as model systems modern wood specimens were used. It would be 

interesting to continue with the study and characterization of historical wooden 

objects treated by airbrushing. 

• It would be appealing to  combine PVBVA polymer with other nanoparticles 

looking for new or improve properties such as antibacterial properties or 

multicomponent systems where the filler is constituted by a mixture of 

nanoparticles with particular properties. For instance, it would be interesting the 

combination of NCC and TiO2 looking for multifunctional nanocomposites. 

• Finally, it is proposed the use of AB method for the treatment of other materials 

with protective nanocomposites addressed to conservation objectives, for instance 

in the case of historical painting, stones and paper objects. 

 

 

 

 

 
 


