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Abstract
Purpose of Review  In the last decade, a transformation has occurred in the coating industry. While, in the past, the industry 
was primarily focused on reducing volatile organic compounds (VOC) and formaldehyde emissions, it is now circularity 
driving this industry. In this paper, we present several advances that have been made, as well as key trends in the wood 
coatings industry.
Recent Findings  Replacing petroleum-based chemicals in coating formulations is at the heart of current research. In recent 
years, various biosourced molecules from animal and plant sources have been the subject of many studies aiming to incorpo-
rate them in coatings. Despite all the progress made in the last few years, coating producers are still facing many challenges 
regarding the availability and quality of biobased raw materials and balancing performance versus cost.
Summary  While most of the sustainable coating solutions discussed in this review focus on well-known and widely accepted 
coating chemistries and technologies (water-based and photopolymerizable polyurethanes (PUs), acrylics, and epoxies), we 
also present new technologies that are expected to gain significant importance in the next few years such as layer-by-layer 
(LBL), polyelectrolyte complexes, and isocyanate-free PU.

Keywords  Sustainable coatings · Circular economy · Biobased · Stimuli-sensitive coatings · Additives

Introduction

Several initiatives have been implemented in recent years 
to increase the use of wood in buildings and interiors. Such 
strategies are fostered by the fact that wood is the only 
renewable construction material and is associated with the 
lowest CO2 emissions. Moreover, wood is linked to occupant 
comfort and well-being when used in building interiors [1] 
and is a material whose aesthetics are recognized and appre-
ciated. Despite these undeniable advantages, using wood as 
a material still presents challenges in terms of its durability. 
It is sensitive to mechanical aggressions and prone to bio-
logical attacks and photodegradation. It must therefore be 
adequately protected so its appearance and properties last 
over time.

Coatings have long been used to protect, modify, or pre-
serve the appearance and properties of wood. In recent years, 
the coating industry has been experiencing growing pressure 
to reduce volatile organic compounds (VOC) and formal-
dehyde emissions and their overall environmental impact. 
While sustainability in the coatings industry has long been 
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synonymous with tightening VOC regulations, the industry 
now focuses more on circularity (circular economy) (Fig. 1). 
Greater emphasis has therefore been placed on responsible 
sourcing, i.e., using biobased, safe, and non-toxic com-
pounds, reusing, and repurposing. A growing number of 
resin manufacturers are now turning to sustainable chemistry 
and are using the 12 principles of green chemistry to guide 
their product development [2]. Considering that approxi-
mately 40% of greenhouse gas (GHG) emissions come from 
the materials themselves, this transition towards greener 
chemistry is expected to intensify over the next few years.

This review outlines the principal regulations that apply 
to the wood coatings industry and the latest developments 
in the use of alternative raw materials to replace petroleum-
based compounds. Functional and smart coatings that have 
the potential to lessen the environmental impact of coatings 
or to promote the use of wood as a green material are also 
presented in this review.

The Transformation of the Coatings Industry

The coating industry has transformed rapidly in recent years. 
One of the reasons for this is the urgent need to reduce GHG 
and VOC emissions, which affect human health and con-
tribute to the climate crisis. In addition, there are bottom-up 
movements emanating from the population to make healthier 
coatings from biobased sources as well as difficulties secur-
ing supplies due to the pandemic and obtaining specific 
chemical structures from petrochemical sources. While these 
reasons certainly encourage the coating industry to transi-
tion towards greener, safer, and more locally sourced coat-
ing solutions, implementing new regulations remains one 
of the most effective ways to transform the industry. Such 
regulations are necessary to ensure that the ambitious GHG 
emission reduction targets are met [3].

VOC regulations have been tightened considerably in 
recent decades in most parts of the world. Limit values 
have been established for liquid coatings (“in-can” lim-
its) and for finished goods. As an example, Table 1 pre-
sents the limit values for different volatile substances in 
wood-based furniture. Values differ significantly from one 
region/country to another. To meet these limits, the use of 
water-based and UV-curable coatings, which has grown 
considerably in recent decades in the wood industry, is 
necessary. However, considering that VOCs are not the 
sole contributor to GHG emissions in the coatings indus-
try, transitioning towards responsible sourcing (using 
biobased products, reusing, and recycling) is of utmost 
importance.

Biocides are also strongly regulated and have been sub-
ject to increasingly tighter restrictions over the last few 
years; for example, the Biocidal Products Regulation (BPR, 
Regulation (EU) 528/2012) which ensures that commercial-
ized biocidal products marketed in the EU offer a high level 
of protection for humans and the environment [5]. The in-
can preservatives that paint manufacturers have tradition-
ally used to control paint spoilage include isothiazolinone, 
formaldehyde releasers, and halogenated compounds. On the 
other hand, the most widely used wood preservatives that 
prevent wood degradation (by fungi, rot, decay, termites, 
mold, etc.) are water-soluble preservatives, such as alkaline 
copper quaternary (ACQ-B, ACQ-D), copper azole (CA), 
and micronized copper azole (MCA). New regulations are 
restricting traditional biocides and preservative usages, 
among other things, by reducing the availability of bioc-
ides for in-can preservation. However, they are also push-
ing product development towards more sustainable and less 
toxic solutions.

In addition to the regulations that set the rules and thresh-
olds to be followed, life cycle analysis (LCA) [1, 2] helps to 
justify and guide technological choices. In Europe, the ISO 
14040 standard pertaining to buildings has been clarified 
by the EN 15804 standard [3]. There is also an international 
version of this standard, the ISO 21930. [4]. Life cycle anal-
ysis makes it possible, among other things, to avoid the dis-
placement of pollution from one life cycle phase to another 
and from one environmental impact to another. The problem 
of wood surface treatment based on biosourced substances 
could be justified by the LCA, particularly the impact of 
VOCs. However, there are very few LCA studies on wood 
coatings. We can note the work of Montazeri and Eckelman, 
who studied the impact of replacing 50% of a wood flooring 
coating by a bio-renewable content (BRC) [10]. Compara-
tive results showed greater than a 30% reduction in six out 
of ten impact categories. Still, the impact on the four other 
categories (smog formation, eutrophication, acidification, 
and respiratory effects) were more important. These results 
show that not only the percentage of bio-sourced content Fig. 1   Illustration of the concept of circular economy



should be considered when formulating bio-based products, 
but rather multi-environmental goals [11].

Other studies show that increasing the lifetime of coatings 
is emerging as one of the most efficient strategies to limit the 
environmental impact of coatings [12, 13]. As such, stud-
ies describing performance enhancement of wood coatings 
remain of great importance.

Replacement of Petroleum‑Based Chemicals 
in Coating Formulations

The development of biobased and recycled coatings aims to 
reduce the use of petroleum-based raw materials. To date, 
there is no minimum percentage of biobased raw material 
required to obtain or use the designation “biobased coat-
ing” in most countries. However, some countries and regions 
have enacted laws governing the designation so consumers 
can better understand and appreciate the products they use. 
In Switzerland, for instance, a label called Umweltetikette, 
meaning “environmental label,” identifies products made of 
renewable raw materials. It can be affixed to paints, var-
nishes, glues, and wood preservatives and aims to facili-
tate the selection of environmentally friendly products. The 

label’s main requirements are 95% renewable raw materials 
and minimum performance levels [14••].

Increasing the amount of biobased or recycled content in 
coatings can be achieved by using them in place of petro-
leum-based resins, liquid carriers, fillers, and additives. It is 
generally accepted that the raw materials used in the coat-
ings industry should not compete with human or animal food 
and that locally sourced raw materials should be preferred. 
Without strict regulations, in most countries, biobased or 
recycled coatings must perform as well as or better than 
their petroleum-based counterparts or sell at a lower price 
to enter the market.

Revalorization of Paint and Coating Performance

Recycling and reusing waste paint offer ways to render the 
paint industry more sustainable by conserving resources and 
energy and reducing the amount of waste paint ending up in 
landfills, as Americans alone discard over 65 million gallons 
of paint each year [15]. Companies now offer lower-quality 
recycled paints at a lower cost [16, 17]. While companies 
offer different recycled latex paints for interior and exterior 
applications, the choice is often limited to opaque premixed 
color paints. Recycled finishes for wood applications are 

Table 1   Limit values for different volatile substances [4]

TVOC* total volatile organic compound

Regulation-country Substances Limit values

Germany Carcinogenic compounds (3 days) 0.01 mg/m3

TVOCs (3 days) 10 mg/m3

Carcinogenic compounds (28 days) 0.001 mg/m3

TVOCs (28 days) 1 mg/m3

Belgium Formaldehyde (28 days) 0.1 mg/m3

Acetaldehyde (28 days) 0.2 mg/m3

Toluene (28 days) 0.3 mg/m3

TVOCs (28 days) 0.1 mg/m3

Carcinogen substances 0.001 mg/m3

RAL UZ38 (Northern Europe) Formaldehyde 0.05 mg/m3

Organic compounds with a boiling point between 50 °C and 250 °C 600 µg/m3

Organic compounds with a boiling point higher than 250 °C 100 µg/m3

CMR (carcinogenic, mutagenic, reprotoxic)  < 1 µg/m3

China Formaldehyde emission  ≤ 0.10 mg/m3

Benzene  ≤ 0.11 mg/m3

Toluene  ≤ 0.20 mg/m3

Xylene  ≤ 0.20 mg/m3

TVOC  ≤ 0.60 mg/m3

ANSI/BIFMA X7.1–2011 (R2016) (USA) TVOC  ≤ 0.50 mg/m3

Formaldehyde  ≤ 50 ppb
Toluene (28 days)  ≤ 25 ppb
Total aldehyde 100 ppb



very limited, and, to our knowledge, very few studies report 
on the performance of recycled coatings on wood.

Progress has been made in the use of recycled compounds 
in paints. These paints can be formulated, for instance, by 
using pigments recovered from paint waste in place of pig-
ments from virgin raw materials [17]. Research also focuses 
on ways to recover raw materials, such as resin, from paints 
for reprocessing into new products. Acrylic resins are the 
most widely used binder in wood coatings today [18]. Global 
demand for acrylic resins exceeded 1.3 million tons in 2020 
and is expected to increase [19]. A Japanese company has 
built a pilot plant in Japan to chemically recycle acrylic res-
ins such as poly(methyl methacrylate). Products from recy-
cled methyl methacrylate monomer should be available in 
the spring of 2023. While recycled paints might not gain 
significant market share for applications where performance 
or appearance is crucial, they could be of interest for less 
demanding applications.

Use of Biobased Compounds in Coating 
Development

Various biosourced molecules from animal and plant sources 
have been the subject of many studies aiming to incorporate 
them into coatings. As we explain in this section, they can 
be used as resin replacements, as well as additives, fillers, 
and liquid carriers.

Biopolymers as Film Formers

Lignin, chitin/chitosan, and proteins are the biopolymers that 
have been the most studied as resin replacers in different sec-
tors (adhesives, coatings, etc.) and show the most significant 
potential for that purpose.

Lignin  Lignin shows great potential to be used as a raw 
material in biobased coatings and other materials due to its 
aromatic structure, thermal stability, and biodegradability. 
It is one of the three main constituents of lignocellulosic 
biomass, the other two being cellulose and hemicellulose, 
and the aromatic polymer that is most abundant in nature. 
The wood processing industries have estimated that 50 bil-
lion tons of lignin is produced per year worldwide, while 
only 2–5% is used to produce biomaterials [20, 21]. Lignin 
is an amorphous molecule that contains three phenylpropane 
units: p-hydroxyphenylpropane (H), guaiacylepropane (G), 
and syringylpropane (S) [20]. It represents about 20–30% 
of the total mass of wood and is also present in high quan-
tities (roughly 30.5%) in the bark of trees [22]. It can be 
extracted from wood using kraft pulping, sulfite, soda, Orga-
nosolv, and several other processes [23]. Its structure, solu-
bility, molecular weight, hydroxyl groups, and purity differ 

depending on the extraction process used. The potential 
applications for lignin depend strongly on its properties [20].

In recent years, lignin has been used to prepare various 
coatings, especially polyurethanes (PUs), epoxies, and UV-
curable coatings. It has been used as extracted from wood, or 
other materials, fractionated to obtain low molecular weight 
fractions (e.g., vanillic acid) or modified to enhance its reac-
tivity (e.g., by adding hydroxyl groups) [24•]. Studies on PU 
report lignin being used to partially or totally replace the pol-
yol component or modified to be used in place of the polyiso-
cyanate hardener [25, 26]. A study led by Wang et al. (2020) 
showed it is possible to replace fossil-based polyol with lignin 
to form flame-retardant PU. Lignin’s aromatic structure con-
tributes to the formation of a dense carbon layer in the PU 
matrix that acts as a barrier to prevent the release of combus-
tible gases and block oxygen, which reduces the flame rate 
[25]. The limiting oxygen index was found to increase with 
the amount of lignin used. De Haro et al. (2019) showed that a 
lignin-derived biobased diisocyanate used with different tech-
nical lignins, such as polyols, represents an interesting route 
to produce thermoset PU coatings with high biomass content 
[24•]. However, it has also been shown that PU formulations 
with a high percentage of lignin can crack and become more 
permeable than their petrochemical counterparts. Adding 
low-surface-tension film-forming agents would be a viable 
solution to counteract cracking [27]. While lignin has shown 
great potential to increase the amount of biobased content in 
PU coatings, its low solubility and reactivity, high glass tran-
sition temperature (Tg) and polydispersity, the propensity to 
photodegrade, and dark color continue to represent challenges 
for its use. More research is needed to tackle these issues and 
enable the widespread incorporation of lignin in PUs.

While using biobased isocyanates instead of petroleum-
based ones makes it possible to increase the amount of 
biobased content in coatings, isocyanates remain problematic 
as they are associated with health and safety issues. Isocy-
anates react with polyols by condensation polymerization to 
form polyurethanes. Health and safety issues related to isocy-
anates can be avoided by preparing isocyanate-free PUs, which 
are becoming more popular nowadays. Isocyanate-free PUs 
can be synthesized in two ways: a transurethanization reaction 
and the nucleophilic addition of diamine to cyclo-carbonate 
(Fig. 2A and B). The latter approach is getting more attention 
as it is performed under mild reaction conditions with readily 
available raw materials. This technology is expected to con-
tinue growing in popularity over the next few years.

Polysaccharides

Polysaccharides such as cellulose, starch, and chitosan 
from chitin are commonly studied as polymer films and 
coatings for food packaging because of their sustainability, 



accessibility, low cost, and antibacterial properties [28, 29]. 
Chitin is a polysaccharide composed of N-acetylated glu-
cosamine repeat units and is the second most abundant poly-
saccharide on earth after cellulose. It can be extracted from 
the skeleton of shellfish (crab, lobster, shrimp). Chitosan is 
obtained by deacetylating chitin to obtain a linear polymer 
made of glucosamine and N-acetylglucosamine units [30]. 
Chitosan has been used with dopamine hydroxyapatite to 
create a layer-by-layer (LBL) coating on beech (Fagus ori-
entalis Lipsky) wood. The LBL coating increases the wood’s 
hydrophobicity and delays its degradation in seawater [31]. 
In another study, medium molecular weight (MW) chitosan 
(1–10% concentration) and a chitosan oligomer (1–3% con-
centration) were evaluated as water-based wood coatings 
to protect poplar (Populus L.) wood against white rot fun-
gus (T. versicolor) mycelia. The authors observed that the 
medium MW chitosan was more protective than the chitosan 
oligomer. They hypothesized this was due to its higher vis-
cosity and adhesion properties [32]. Finally, Andok et al. 
(2021) studied the effect of chitin deacetylation reaction 
times on chitosan-based coatings [33]. They noted that the 
longer deacetylation takes, the lower the coating’s viscosity 
and the shorter its drying time. However, no effect on water 
absorption was observed.

Proteins  Proteins are composed of amino acids. They can 
be separated into three main categories: vegetable proteins 
such as soy proteins, gluten, and zein; animal proteins such 
as collagen and gelatin; and dairy proteins such as whey 
proteins and caseins [34]. Soy and dairy proteins have been 
the most studied for wood finishes and adhesives.

Researchers are increasingly considering soy proteins 
because of their low cost and biodegradability. One of 
the latest developments related to protein addition is the 
mechanical performance improvement of water-based poly-
acrylic coatings [35]. The coatings were modified by graft 
copolymerizing a soy protein isolate containing up to 90% 
protein. This process increased the wear and scratch resist-
ance of the coating. In addition, the graft density increased 

as the soy protein isolate content increased, leading to an 
increase in the tensile strength and elastic modulus [35].

Proteins have also been studied to improve the fire resist-
ance of wood coatings. Proteins—mostly casein—are increas-
ingly being studied as flame retardants because they ensure 
superior thermal stability and produce less toxic smoke than 
phosphorus-based flame retardants due to their high phospho-
rus and nitrogen content [34, 36]. Flame-retardant proteins 
are made of serine and arginine with high nitrogen content 
(17.4%) and alpha-casein proteins with high phosphorus 
content (7.22%) [37]. One way to prepare such coatings is 
to form a casein-magnesium composite as an intumescent 
fire-retardant coating for pine (Pinus radiata D.Don) wood. 
Casein is a protein that makes up most of the nitrogenous 
component of milk. Thermogravimetric analysis has proven 
that casein-magnesium composites can produce magnesium 
oxide, a thermally stable insulator [38]. However, the dura-
bility of protein-based flame retardants remains a concern. 
Research has shown that it is possible to improve the durabil-
ity and flame retardancy of protein coatings by fusing mussel 
foot protein-5 (mfp-5) adhesion domain with flame-retardant 
proteins. Finally, casein can also be used as a surfactant in 
biobased latexes [39], and these latexes could be employed in 
the formulation of waterborne coatings for wood.

While several studies have reported the potential of pro-
teins in wood coatings, this area needs to be further devel-
oped. More fundamental studies are required to understand 
the impact of amino acids on the resulting coating’s adhe-
sion properties and of the molecular weight and structure of 
proteins on the coating’s properties.

Oils  Oils are triglycerides that contain different fatty acids 
and are characterized by the number of unsaturations they 
contain. They were among the first chemicals used to protect 
wood. Drying oils (penetrating finishes) can be applied and 
dried on wood surfaces. Oils can also be used to synthesize 
alkyds. They are still used nowadays due to their availability, 
low cost, and hydrophobicity, the latter of which sets them 
apart from most biobased polymers.

Fig. 2   Reactions of formation of isocyanate-free urethane moieties through transurethanization (A) and nucleophilic addition between diamine 
and cyclo-carbonate (B)



In recent years, oils have been used to increase the 
biobased content of Pus [40, 41], epoxies, and photopo-
lymerizable coatings. Linseed and castor oils are the most 
widely used, but other region- or process-specific oils (e.g., 
pyrolysis bio-oil) have also been used. Oils can be modified 
through different chemical reactions (thiol-ene coupling, 
ozonolysis, hydroformylation, photochemical oxidation, and 
epoxidation) to be used as polyols. Epoxidized and acrylated 
oils can also be prepared and used in UV-curable formula-
tions. Furthermore, acrylated oils can be used to prepare 
acrylic latexes [42]. Finally, oils can be modified and used 
as biobased isocyanates [43].

Additives

Up until a couple of years ago, the additives used in coat-
ings and finishing products originated mainly from petro-
leum derivatives (e.g., waxes) or were mineral-based (e.g., 
silica (SiO2), titanium oxide (TiO2), clay). Sustainable com-
pounds—specifically biopolymer additives—can be added 
instead to improve coatings’ properties. The section below 
describes the potential of such additives.

Nanocellulose  Nanocellulose term refers to nanostructured 
cellulose, which includes nanocrystalline cellulose (NCC), 
nanofibrillated cellulose (NFC), also known as microfibrils 
cellulose, and bacterial nanocellulose (BC). Nanocellulose has 
a regular, highly ordered nanostructure. It shows interesting 
potential as an additive because of its stiffness, low density, 
insulating properties, mechanical properties, and dimensional 
stability [44]. It has been studied as an additive in coatings, 
latex paint, and foams to improve their mechanical and ther-
mal properties [45••]. Various studies report using nano-
cellulose to improve mechanical properties. Pacheco et al. 
(2021) evaluated the incorporation of nanocellulose, TiO2, 
and SiO2 in an acrylic varnish [46]. The authors demonstrated 
that adding NCC enhanced the varnish’s surface mechanical 
properties while maintaining its aesthetical. Similar results 
were reported by Hochma’nska-Kaniewska et al. (2022), who 
applied an acrylic coating containing 1% NCC to pine (Pinus 
radiata D.Don) and beech (Fagus sylvatica L.) wood [47]. 
Their study showed the wood’s abrasion resistance and impact 
resistance improved. Chemical grafting can also be used to 
formulate water-based PU with NCC. This method has been 
shown to improve the coating’s tensile strength, elongation at 
break, hardness, and abrasion resistance with only 0.1% NCC 
[48]. Moreover, nanocellulose modification to enhance the 
antimicrobial and fungi resistance of coatings has been evalu-
ated in several studies, which are summarized in a review by 
Norrahim et al. (2021) [49].

MFC can also be used as additives in coatings. They dif-
fer from NCC in terms of their fiber size distribution, with 

MFC fibers being narrower and longer than NCC [50]. They 
are obtained by a mechanical process that does not require 
chemicals or enzymes. Kluge et al. (2017) reported a con-
siderable increase in strength and stiffness when using 2% 
MFC in a water-based wood varnish [51]. More recently, 
MFC was used as a rheology modifier in a water-based exte-
rior coating. The formulation displayed increased mud crack 
resistance during curing and excellent sag resistance [52].

Although nanocellulose is more expensive to produce 
than MFC, NCC has been more extensively studied and 
seems to have more potential as an additive in wood coat-
ings. Moreover, there are already companies that can pro-
duce several tons of nanocellulose per year [53]. Several 
projects are underway to reduce the cost and environmental 
impact of NCC extraction processes.

Chitin/Chitosan  Although chitosan (Fig. 3) has been used 
as a film-forming agent, it can also be used as an additive 
(as fibers, microspheres/microparticles, nanoparticles) in 
wood coatings. The interaction between caffeine and chitin 
has also been studied for biocidal wood coating [54]. The 
authors of that study observed the interaction between the 
two molecules by spectrometric analysis. They confirmed 
that chitin and caffeine could bond with beech (Fagus syl-
vatica L.) wood. In another study, chitosan, ammonium 
polyphosphate, and montmorillonite were mixed and 
coated with melamine formaldehyde to obtain a biobased 
flame-retardant additive for waterborne epoxy resin. The 
authors showed that the resin coating was water resistant, 
and its flame-retardant efficiency could be explained by an 
expanded and integrated char layer on the wood surface [55].

Although chitosan incorporation has progressed signif-
icantly over the last few years, new ecological extraction 
methods are needed (and are in development) to ensure 
chitosan-based coating solutions have a low environmental 
impact [56].

Lignin  The increasing demand for UV absorbers with mini-
mal environmental impact while providing high protection 
has prompted the development of UV absorbers from natural 
organic resources [57–59]. Lignin is a biomass resource that 

Fig. 3   Chemical structure of chitosan



can, due to its chromophore groups, be used in the UV pro-
tection of polymers. This resource has therefore been fully 
investigated in the literature. Indeed, it has been proven 
that the low molecular weight lignin fraction shows better 
UV protection than untreated lignin [59]. This protection 
improvement is also observable when using lignin in micro-
particles and nanoparticles forms. Another study showed 
that colloidal lignin formation, using Organosolv lignin from 
pine wood prepared as nano-colloidal particles, provides bet-
ter protection and photostability than the original raw lignin 
[59]. However, lignins impart an undesirable dark color to 
UV protection products. This dark color could be minimized 
by using lignin nanoparticles rather than microparticles [58].

Biobased Biocides and Preservatives  There has been an 
increase in the number of research studies on the feasibil-
ity of using biobased biocides and preservatives to produce 
new effective solutions for sustainable wood protection. One 
can see a simple solution for environmentally friendly wood 
protection lies in using natural products such as essential oils 
[15, 60, 61], caffeine [62], tannins [14••, 63–65], resins [66], 
and chitosan [32]. However, these natural products are not 
yet used on an industrial scale due to their limited range of 
protection against biological agents and weathering, leach-
ing, their high cost, and variability in their chemical com-
position [67••]. There are also emerging technologies in the 
area of biobased preservatives. However, they have mainly 
been studied in the food and pharmaceutical industries and 
have yet to be investigated in the wood coatings industry. 
Recent trends include engineered enzymes and antimicro-
bial peptides (AMPs). Hodges et al. (2018) reported that 
the synergistic effect between enzymes (glucose oxidase and 
lysozomes) and 2-methyl-4-isothiazolin-3-one (MIT) in a 
conventional paint led to the decrease of MIT concentration 
needed to achieve similar performances [68]. AMPs usually 
comprise 6 or 7 amino acids and are antimicrobially effective 
against bacteria, fungi and viruses. Furthermore, it is pos-
sible to use them in liquid and dry film coatings. McDaniel 
et al. tested AMP-6 and AMP-7 in polyvinyl alcohol (PVA) 
and reported that AMPs could facilitate the activity of tra-
ditional biocides like MIT and made it possible to use fewer 
biocides [69]. Challenges such as achieving the same perfor-
mance as traditional preservatives at a similar or lower cost 
and the long and expensive homologation processes make 
it difficult for new products to achieve commercialization.

Other Additives and Fillers  Most of the fillers used in coat-
ing formulations are mineral based. While most of them do 
not present significant health and safety concerns in coating 
formulations, their extraction and production are often very 
polluting [70]. It is possible to valorize different agricultural 
by-products, such as fruit pits and shells, to prepare pow-
ders that do not interfere with the food chain. For example, 

silane-coated olive pit powder has been developed and used 
to increase the surface hardness and scratch and impact 
resistance of coatings [71]. Almond, walnut, and pistachio 
shells and peach, apricot, and avocado stones have also been 
shown to have potential as coating fillers to replace liquid 
plastics, silica, wax, and other micro-granules. In addition to 
being sustainable (producing zero emissions during manu-
facturing) alternatives to the additives previously mentioned 
and being odorless, they have also been shown to improve 
coatings’ resistance to abrasion (3.5 Mohs scale hardness) 
and slip resistance (when used in floor coatings). Although 
these solutions are very interesting from an environmental 
point of view, their production is region-specific. Neverthe-
less, they are a good example of how residues from the food 
industry can be valued. Drawing inspiration from this work 
to manufacture additives is an interesting avenue to promote 
the local economy.

Biobased Liquid Carriers

While most advancements in coating development over the 
last few years have focused on water-based and photopoly-
merizable coatings, the development, promotion, and use of 
biobased solvents are also expanding, as these solvents can 
be used to reduce the VOC emissions of coatings that are 
solvent-based or contain solvents. Methyl soyate and other 
soy methyl esters (from soybeans), ethyl lactate (formed 
from lactic acid and ethanol, which is made from process-
ing corn or from the catalytic depolymerization of post-con-
sumer polylactic acid [72, 73], and D-limonene (citrus rind 
oil) are a few examples of biobased solvents [74]. The main 
advantages of coatings formulated from such solvents are 
reduced toxicity, biodegradability, reduced VOC emissions, 
and increased worker safety and environmental friendliness 
[75]. While several studies have focused on the development 
or sustainable extraction of such solvents, few studies report 
on their performance in coatings compared to that of their 
petroleum-based counterparts.

Smart and Functional Coatings

The advent of stimuli-sensitive coatings offers the potential 
to decrease the EI of coatings and limit the use of toxic 
chemicals. They can extend the life of coatings by integrat-
ing self-healing functions or offering multifunctional protec-
tion, sanitize the air in buildings by absorbing and degrading 
pollutants, or limit heating/conditioning by filtering parts 
of the electromagnetic spectrum. Stimuli-sensitive coatings 
also offer the potential of using substrates, such as wood, 
in broader conditions by conferring them new properties. 
While the first generation of stimuli-sensitive coatings was 
essentially based on petroleum-based raw materials, their 



development is now transitioning towards biobased raw 
materials. The following section details recent advances in 
stimuli-sensitive and functional coatings for wood substrates.

Self‑Healing Coatings

Adding self-healing properties to wood coatings is a promis-
ing way to improve their sustainability. Over their lifetime, 
wood coatings must face mechanical aggression, particularly 
when they are applied on wood flooring and tables. Even if 
a coating has improved mechanical properties, scratches can 
still occur, which subsequently reduce the coating’s ability 
to protect the substrate, making the item in question less 
aesthetically pleasing.

Self-healing materials can be achieved using two main 
approaches. The first way is the extrinsic approach, and 
involves dispersing microcapsules containing a healing 
agent in the coating [76]. Under stress, the capsules break 
and release the healing agent, which flows into the crack and 
repairs it after curing [76] (see Fig. 4). This strategy enables 
autonomous healing to repair large volumes; however, since 
the capsules cannot be refilled, it can occur only once. Moreo-
ver, the mechanical properties of the capsules must be tuned to 
break only at the right moment, not during the coating appli-
cation process. Their size and number must also be controlled 
to ensure coating transparency and mechanical and aging 
resistance and to minimize sensitivity to liquid [77]. In 2021, 
Yan et al. developed microcapsules that had a mix of acrylic 
and shellac resins as their core and a melamine–formaldehyde 
resin shell [77]. The authors used them in a waterborne acrylic 
primer for European lime (Tilia europaea L.). They observed 
that the width of a 16 mm scratch was reduced by 39%. Later, 
they developed another system with microcapsules having cel-
lulose and urea–formaldehyde resin shell and a tung oil core; 
however, it self-healed less effectively [78].

The second way is the intrinsic approach, which is usually 
based on reversible intermolecular interactions that enable 
broken bonds to be repaired and induce repeatable healing 
(Fig. 5). Depending on the material and interactions cho-
sen, heat may be necessary to trigger the healing process 
by increasing the mobility of the polymer chains and dis-
sociating the reversible bonds. Many self-healing materi-
als have been developed using reversible C–C bonds [79], 
S–S bonds [80], and H‑bonds [81]. H-bonds have been more 
widely explored for wooden substrates due to their low self-
healing temperature [82]. In 2020, Paquet et al. studied the 
self-healing properties of UV-cured polyacrylate coatings 
for wood finishing systems [82]. They demonstrated that 
H-bonds introduced in a coating through alcohol-bearing 
monomers could make scratches disappear entirely after 2 
h of heating at 80 °C. Later, Sun et al. used H-bonds in a 
poly(vinyl alcohol) network to give a fire-retardant water-
based plywood coating self-healing properties [83]. Self-
healing was observed after placing the coating under water 
vapor for several minutes and then leaving it at ambient tem-
perature for 30 min. Zhang et al. developed a gelatin-based 
biodegradable fire-retardant bio-gel coating for wooden 
construction [84]. Due to the numerous H-bonds in the gel 
and the flexibility of the network, cracks could be repaired 
after heating at 60 °C for 70 s. In 2014, a nanotech company 
developed and commercialized a self-healing solvent-based 
2K PU coating suitable for wood [85]. The self-healing 
properties were made possible by a flexible thermoplastic 
polymer phase, while a thermoset polymer phase ensured 
good mechanical properties.

Numerous challenges remain for self-healing wood coat-
ings. Depending on their intended applications, many con-
straints must be considered, such as their Tg, mechanical 
properties, aging properties, transparency, color, and cost 
effectiveness. The self-healing strategy used must conse-
quently be chosen wisely to suit those requirements. To date, 

Fig. 4   Extrinsic self-healing process with microcapsules filled with 
healing agent Fig. 5   Intrinsic self-healing process based on reversible interactions



most capsules designed especially for wood coatings are 
derived from formaldehyde, which is toxic and increasingly 
regulated in the coatings industry, and none enable complete 
healing. Further research is needed to improve their healing 
performance and to replace urea–formaldehyde resins as a 
shell material. Intrinsic healing strategies perform better but 
are generally closely tied to coating softness and usually 
require heating to trigger the self-healing process. It could 
be interesting to study different heating sources to deter-
mine which is most efficient in a real-life situation. Moreo-
ver, more effort could be devoted to further improving the 
sustainability of self-healing coatings for wood, notably by 
incorporating biobased polymers in the coatings.

Flame‑Retardant and Fireproof coatings

A lot of research is currently underway to develop flame-
retardant (FR) and fireproof (FP) coatings that are well-
suited to wood substrates in terms of their transparency and 
resistance to water and humidity). FR coatings generally pre-
vent flame spread and protect wood furniture and textiles, 
whereas FP coatings also prevent fire ignition and spread. 
In the last 5 years, biobased FR coatings have been a topic 
of great interest in wood science.

Chitosan is considered an interesting additive for these 
types of coatings. Its efficiency as a component in intu-
mescent coatings has been studied since it is rich in carbon 
and releases nitrogen gas as it degrades. Cho et al. (2022) 
reported that wood samples coated with ion-complex 
hypophosphorus-crosslinked chitosan produced more char 
residue and exhibited better self-extinguishing behavior than 
uncoated wood [86]. Rao et al. (2019) mixed chitosan (10%), 
ammonium polyphosphate (APP) (30%), and silica nano-
particles at different ratios (0–4%) in a PU resin [87]. Their 
results showed the biocomposite coating was a better flame-
retardant with the addition of silica nanoparticles. LBL is 
another way in which biobased coatings can be prepared. 
Zhou et al. (2020) studied balsa (Ochroma pyramidale (Cav. 
ex Lam.) Urb.) wood covered with an LBL coating prepared 
using chitosan, sodium phytate, and TiO2-ZnO nanoparticles 
[88]. More recently, Yan et al. (2022) prepared a durable 
FR coating for wood using an LBL self-assembly approach, 
chitosan, graphene oxide, and APP [89]. These studies 
have demonstrated that LBL coatings applied to wood can 
decrease the wood’s initial and maximum thermal decom-
position temperature while significantly increasing the char 
residue.

In another study, soy oil was used to synthesize a phos-
phorus-containing FR diallyl 4-phenylphosphonicbenzoic 
(DAPB) via UV-assisted radical polymerization to form 
a soy oil-based coating resin. The resulting coating was 
transparent, halogen-free, FR, and exhibited good adhesion 
properties [90]. Moreover, a group of researchers prepared a 

multifunctional castor oil-based UV-cured FR coating con-
taining phosphorus, silica, and sulfur by thiol-ene click reac-
tion and applied it to wood surfaces. The coating exhibited 
improved pencil hardness and adhesion due to the addition 
of trimethyl-2,4,6-trivinylcyclotrisilazane (TTC). They also 
proved that their coating inhibited heat and oxygen transfer 
and prevented the wood substrate from burning by develop-
ing a barrier char [91].

As previously mentioned, proteins have also been studied 
for their ability to produce fire-retardant biobased coatings. 
For example, Uddin et al. (2020) mixed casein with magne-
sium hydroxide to obtain an intumescent FR coating [38]. 
Molecules from lignin and wood extractives like tannins 
have also been studied as additives for biobased FR coat-
ings. In one study, tannins were used as FR compounds in 
a water-based acrylic coating with microcapsules of mono-
ammonium phosphate. The authors observed the coating 
had a better carbonization index than commercial coatings 
but was less adhesive due to clumping and the flexibility of 
the film [92]. In another study, high MW tannins extracted 
from pine (Pinus radiata D.Don) were used to produce a 
dual active–passive coating with intumescent and FR prop-
erties. The coating developed FR properties with carbona-
ceous layer formation at a high tannin concentration (13%), 
whereas it exhibited more intumescent properties with a car-
bonaceous foam layer at a low concentration (2.5%) [93•]. 
Yet other authors have mixed tannic acid [94] and modified 
vanillin from lignin [95] with different types of epoxy resin 
to evaluate the potential of these new biobased FR coatings. 
Finally, as cited before, modified oils have the advantage of 
being non-toxic, not emitting VOCs, and being able to be 
used as film formers for coatings.

Superhydrophobic and Self‑Cleaning Coatings

Superhydrophobic wood coatings have received a lot of 
attention in recent years. However, they typically contain 
fluorinated materials that can be toxic. Biobased polymers, 
silicon-based, and fluorine-free coatings are seen as prom-
ising sustainable alternatives to superhydrophobic wood 
coatings [96]. Siloxane polymers such as vinyl terminated 
polydimethylsiloxane and poly(methyl hydrogen siloxane) 
[97], and polydimethylsiloxane (PDMS) have been tested 
for their superhydrophobic properties [98–100]. Some silox-
anes, such as tetraethylorthosilanes, have also been studied 
in combination with two biobased polymers (hydroxyethyl 
cellulose (HEC) and hydroxyethyl starch (HES)) [101]. 
Researchers have also investigated other combinations, such 
as 3-mercaptopropytriethoxysilane and octadecyltrichlorosi-
lane with nano-Al2O3 and polydopamine [102] and siloxane 
polymers with castor oil [103]. All these studies reported the 
coated surfaces had very high water contact angles between 
150 and 165°. However, the siloxane coatings, despite being 



reported as environmentally friendly biobased superhydro-
phobic coatings, still use solvents such as toluene, tetrahy-
drofuran, and cyclohexane, which are volatile and toxic, and 
decrease their sustainability.

Other studies have evaluated more eco-friendly ways to 
produce superhydrophobic coatings. For example, in one 
study, alkyl ketene dimer wax microparticles were spray-
deposited on beech (Fagus sylvatica L.) to coat its surface. 
The authors determined the coating’s water contact angle 
to be 160°, and it decreased to 125° after prolonged rub-
bing because shear forces destroyed the wax microstructure. 
The authors proved that thermal treatment applied at 80° 
to the damaged surface renews the wax microstructure and 
makes it possible to recover the original high water contact 
angle [104, 105]. A review written by Saji et al. (2020) sum-
marizes the research that has been done on wax superhy-
drophobic coatings [106]. They reported that tung oil and 
beeswax can be mixed and applied to spruce (Picea spp.). 
The best formulation was 1 part wax to 5 parts tung oil, 
with micronized sodium chloride particles, which achieved 
a water contact angle of 160° [107]. Although sustainable 
superhydrophobic coatings have the potential to be used on 
wood, they are not yet commercially available.

Conclusion

This review presents several advances that have been made, 
as well as key trends in the wood coatings industry. As the 
industry continues to look for low-VOC coating solutions, it is 
also seeking to source components more sustainably. Coating 
producers still face challenges regarding the availability and 
quality of biobased raw materials and balancing performance 
versus cost. Financial incentives from governments or other 
regulatory agencies could help increase the use of biobased 
raw materials, which will help to optimize processes and, 
down the line, reduce the cost of biobased materials.

The development of smart functional wood coatings is 
growing quickly, and many efforts are devoted to increase 
their sustainability with safe alternatives.

While most of the sustainable coating solutions discussed 
in this review focus on well-known and widely accepted 
coating chemistries and technologies (water-based and 
photopolymerizable PUs, acrylics, and epoxies), new tech-
nologies that are expected to gain more importance over 
the next few years are also presented (LBL, polyelectrolyte 
complexes, isocyanate-free PU).
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