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Abstract: Conserving the world’s cultural and natural heritage is considered a key contributor to
achieving the targets set out in the United Nation’s Sustainable Development Goals, yet how much
attention do we pay to the methods we use to conserve and protect this heritage? With a specific focus
on wooden objects of cultural heritage, this review discusses the current state-of-the-art in heritage
conservation in terms of sustainability, sustainable alternatives to currently used consolidants, and
new research directions that could lead to more sustainable consolidants in the future. Within each
stage a thorough discussion of the synthesis mechanisms and/or extraction protocols, particularly
for bio-based resources is provided, evaluating resource usage and environmental impact. This is
intended to give the reader a better understanding of the overall sustainability of each different
approach and better evaluate consolidant choices for a more sustainable approach. The challenges
facing the development of sustainable consolidants and recent research that is likely to lead to highly
sustainable new consolidant strategies in the future are also discussed. This review aims to contribute
to the ongoing discussion of sustainable conservation and highlight the role that consolidants play in
truly sustainable heritage conservation.
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1. Introduction

Wood is an anisotropic, hierarchical material with a three-dimensional fibrous structure
composed primarily of cellulose and hemicelluloses, that self-assemble on the nanoscale
and are bound into the macroscale structure of wood tissue by lignin [1–3]. It is a widely
available natural resource that has been used for centuries to create everything from kitchen
utensils to dwellings and transportation. As such, wooden artefacts are common objects in
the historical record [3].

Depending on where a wooden artefact is found it will have been subjected to a variety
of biotic and abiotic stresses that exert significant influence on the extent and the speed of its
degradation [4–7]. All wooden objects will have been exposed to a greater or lesser extent to
abiotic factors such as temperature, light, and moisture. Degradation as a function of normal
abiotic stress is generally rather slow and such objects can often be displayed or stored with
minimal or no active consolidation, although storage in a controlled environment would be
recommended to maintain the slow rate of natural degradation [8,9]. At extremes of abiotic
stress, particularly moisture, accelerated biotic degradation is often encountered, primarily
in the form of wood-decaying fungi and bacteria, although insects and marine borers are
also common in certain environments [4]. The action of these organisms can significantly
speed up the degradation of wood, through the decomposition of the cellulosic or lignin
components, which is highly dependent on the organism. Their action requires mitigation
through the use of biocides and/or consolidant treatments to hinder biological activity and
maintain the mechanical stability of the artefact. In the majority of cases, the consolidants
employed are polymers derived from petrochemical refining.
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The Sustainable Development Goals, which form part of the United Nations Agenda
for 2030, list strengthening “efforts to protect and safeguard the worlds’ cultural and natural
heritage” as a key target to achieving safe, resilient, inclusive and sustainable cities and hu-
man settlements (Goal 11) [10]. However, the methods we use to achieve this conservation
are not always sustainable themselves. While some natural resins and inorganic minerals
are used in wood conservation, many consolidants are petroleum-based. Poly(ethylene
glycol) (PEG) [11–15], epoxy-based glues [16], melamine-formaldehyde (MF) resins [17–19]
and acrylate or methacrylate copolymers [20,21] are all regularly employed in conservation
of wooden objects of cultural importance. As these treatments are by-products of the
petroleum industry, their production is inherently unsustainable [22]. The result is that
we regularly use highly unsustainable materials, often in large quantities, to ‘sustain’ our
cultural heritage.

Currently, only 5–20% of extracted crude oil is refined into chemicals at most refiner-
ies [22], with the remainder being used for energy and transportation. This includes the
raw materials to produce PEG, MF resins, epoxy, alkoxide (alkoxysilane), methacrylate
and acrylate consolidants. With the signing of the Paris Agreement in 2015 [23–28], many
countries and institutions pledged to phase out the use of fossil fuels by 2050. What does
this mean for the polymers used regularly in the conservation laboratory? One would think
that phasing out fossil fuels in the energy sector would reduce the attraction of oil refining
and force a switch to more renewable chemical consolidants. Unfortunately, this may not be
the case [29]. The reduction in demand for oil for energy and transport means refineries and
oil companies are changing their business models and refocusing on petrochemical produc-
tion [30]. In the coming two decades, petrochemicals will likely make up almost 80% of the
products of oil refineries [22]. This significant increase in the availability of non-renewable
raw materials for polymers will drive the cost of virgin polymers and plastics down, to the
point that it may be more cost-effective to continue using non-renewable consolidants than
recyclable or bio-based alternatives [31]. Knowing that cultural institutions often run on
very lean budgets [32], the barrier to creating more sustainable conservation methods will
increase significantly.

Despite this significant economic driver towards less sustainable conservation prac-
tices, the continuation of unsustainable practices across all fields will eventually lead
to significant and irreversible damage to our environment with extraordinary economic
costs [33], that no amount of cheap petroleum-based products will stem. Thus, there are
two strategies we need to enact to ensure a more sustainable conservation practice and
do our part to reduce the impact of petroleum-based products on the environment. In
the short term, we need to choose sustainable alternatives to current consolidants. This is
not a perfect solution, as bio-based alternatives to petroleum-based chemicals are often
just as environmentally unfriendly and difficult to dispose of as their fossil-based coun-
terparts [34]. However, their bio-based sourcing does reduce the environmental impact of
their production. Unfortunately, commercially available, sustainably sourced alternatives
do not exist for all commonly used consolidants. Thus, the longer-term strategy is to
explore new bio-inspired alternatives to our current consolidants. This not only requires
advances in materials science research but also a mindset shift across all levels of the
museum and conservation hierarchy. We must move away from the unsustainable state-
of-the-art and embrace sustainable consolidants as a key aspect of the future conservation
toolkit, alongside environmentally friendly conservation practices (i.e., use and disposal of
gloves and other consumables) and replacement of lighting and ventilation systems with
low energy alternatives [35]. Over the following sections, the current state-of-the-art in
conservation treatments will be discussed with a specific focus on sustainable alternatives
to petroleum-based consolidants and new directions in sustainable consolidant design.

2. Consolidants for Wooden Heritage Objects: The Current State-of-the-Art

In the context of wooden objects of cultural importance, there are several commonly
used consolidants. These treatments can be broken down into three principal categories:
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synthetic, inorganic and bio-based. In the following sections, an overview of the various
aspects of consolidant production is given to heighten awareness of the sustainability and
environmental impact of the processes involved in their production. This is not a thorough
life cycle analysis of each material, which would be outside the scope of this review.
However, if we are to increase sustainability in wood conservation, we must be aware of
the processes involved in the production of consolidants, to understand whether treatments
marked as sustainable alternatives are really an improvement on the state-of-the-art.

Inorganic treatments are the least commonly used in wood conservation, being more
heavily exploited in stone and masonry conservation. Those that are used can be divided
into two categories-inorganic nanoparticles (INPs) and inorganic polymers. INPs are
primarily mined rather than synthesised, thus, their discussion requires a detailed look at
the sustainability and practices of the mining industry, which is also too broad a discussion
for this review. As such, the discussion of inorganic consolidants will be limited to inorganic
polymers that include a petroleum-based component, such as alkoxymethylsilanes. These
inorganic polymers are included under the synthetic consolidant section.

2.1. Bio-Based Consolidants

Interestingly, the origins of wood consolidation are rather sustainable, insofar as the
consolidants have been obtained from renewable resources. Natural resins, oils, and waxes
have long been used to preserve and treat wood [36–39]. Waxes (e.g., beeswax obtained
from the hives of honey bees (Apis mellifera Linneaus, 1758)), resins (e.g., colophony (rosin)
obtained from the sap of various pine (Pinus spp.) species) and oils (specifically linseed
(from Linum ussitatissimum L.) and Tung (from Vernicia fordii (Hemsl.) Airy Shaw), have
been used to fill cracks, stabilise mechanical properties and enhance the aesthetic qualities
of wooden objects for centuries [3]. Their hydrophobicity is also used to improve the water-
repellency of wood, reducing susceptibility to bacterial degradation. With the advent of
industrial-scale extraction of sucrose for the food industry, sugar conservation also became
popular, due to the increased mechanical stability of sugar-conserved wood and its realistic
wood-like appearance. Non-reducing sugars and sugar alcohols have also been introduced
to the conservation toolkit over the years.

A common misconception is that bio-based consolidants, being obtained from nature,
are more sustainable than petroleum-based chemicals. While this is generally true with
respect to the renewability of the resource, the methods of cultivation and the processes
used to extract and refine these bio-based consolidants into a useable form are often highly
damaging to the environment and this must also be taken into consideration. These aspects
are discussed in more detail in the following sections.

2.1.1. Oils

Within this class, oils from linseed and tung are the most commonly used. Their
relatively low viscosity means that they are used both to enhance the surface aesthetics of
the wood by creating a varnished look, as well as penetrate deeper into wooden objects,
enhancing the hydrophobicity within their structure [3].

Linseed oil is obtained from flax (L. ussitatissimum), an annual crop that exists in two
forms, fibre flax and linseed [40]. The former produces high-quality fibres used in the
textile industry as linen, while the latter produces lower quality fibres but large quantities
of oilseed, from which linseed oil is extracted. With its popularity in the food, textile and au-
tomotive industries, it is widely cultivated across North America and large parts of Europe,
in areas with cooler temperatures and high rainfall that mean little demand for additional
water to maintain crop growth [40]. Otherwise, the cultivation of flax is highly resource-
intensive and damaging to the environment. Both flax cultivars have poorly developed root
systems and low nutrient uptake, with a low resistance to pests, weeds and disease. Thus,
they rely heavily on the use of agrochemicals, derived from petroleum, to sustain high
outputs matching demand. High use of agrochemicals combined with soil runoff due to
the poor structure of flax roots contributes to eutrophication and degradation of soil quality.
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Crop rotations with potatoes and beets, known for their excellent soil structuring and
cleaning properties, as well as employing organic manure and natural pest control systems
can help reduce the environmental impact of flax leading to more sustainable cultivation
and a lower environmental impact [41], however, this is not yet the state-of-the-art. In
terms of oil extraction, while cold mechanical pressing is used to obtain food-grade linseed
oil [42], warm pressing or solvent extraction is used to retrieve linseed oil for conservation
purposes [43]. These techniques lead to greater oil expression but require more input energy
or the use of toxic (petroleum-based) solvents, which then require incineration further
impacting the environmental footprint of linseed oil. More recently, supercritical and green
solvent extraction methods have been explored to extract comparable quantities of oil from
oilseeds as their less environmentally friendly counterparts [43,44]. This will hopefully
lead to a further reduction of the environmental impact of linseed oil production on the
environment. On a positive note, despite their lower fibre quality, fibres from linseed are
used as reinforcements in the automotive industry, valorising the waste from oil production
and improving the sustainability of crop cultivation, with less material going to waste [40].
A disadvantage of linseed oil as a consolidant is its slow-drying nature, which can lead to
softening of the wood during the drying period. This affects the stability of the artefact and
has led to much research on improving the drying properties of linseed oil through chemical
modifications of the triglyceride structure. An example of this is the epoxidation of linseed
oil to create linseed oil-based epoxy resins [45,46], which are discussed in more detail in
Section 3.2. While these modifications have significantly enhanced their application in
wood conservation, they have impacted the sustainability of linseed oil by reducing the
resource efficiency of the consolidant production. Interestingly, while these modifications
reduce the sustainability of linseed oil as a consolidant, epoxidised linseed oil is seen as
a major improvement to the sustainability of epoxy consolidants, removing a significant
amount of the non-renewable component of these adhesives.

Tung oil is obtained from the fruit of the tung tree (V. fordii) native to southern
China. Tung oil has been used for centuries in China as a wood consolidant and for
waterproofing of wooden ships and boats [47]. Its fast-drying nature is an enhancement
over the slow-drying properties of linseed oil [48]. This can, however, lead to issues with
heterogeneous film formation and incomplete protection of heritage wood, when used
alone as a wood consolidant. Thus, combination with thinners is generally recommended
to enhance the overall protection of the wood. Interestingly, this fast-drying property
led to increased demand for tung oil in the paint industry in the early part of the 20th
century to create fast-drying paints with a lower environmental footprint [49,50]. Thus,
tung trees were cultivated on an industrial scale to match this new demand. Unlike, the
industrial-scale cultivation of linseed, tung trees created a much lower environmental
impact. Firstly, tung is a perennial crop, and while it cannot be said that perennials are
always more environmentally benign than annual crops due to various dependencies
on agrochemicals, the continual growth cycle in comparison to the fragile seedling stage
that must be revisited each year does generally reduce overall environmental burden [51].
Perennial crops, combined with low reliance on agrochemicals, are seen as an integral
component of sustainable agriculture [52]. Moreover, tung trees have a highly efficient
photosynthesis mechanism that leads to initial fruiting, and thus initial oil production,
within three years, one of the fastest of all commercial oil crops [53]. The hardy nature of
the tung tree reduces the need for extensive agrochemicals, as such, the overall cultivation
of tung oil is relatively environmentally friendly. With respect to oil extraction, the same
methods are employed with equal environmental concerns as for other oilseeds. However,
the advent of green extraction processes, as detailed previously, will likely contribute to
further improvement of the overall environmental impact of tung oil, making it one of the
most sustainable wood consolidants currently available.
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2.1.2. Waxes and Resins

In contrast to linseed and tung oil, colophony, and beeswax, due to their high viscosity,
have generally been confined to surface treatment [37]. Their major advantages are the
ability to fill gaps in the wood surface and bind fragile fragments of the surface, preventing
loss and increasing mechanical stability. Their high viscosity, however, means that they
often must be heated to penetrate the surface of the wood. Depending on the state of degra-
dation of the wood, the high temperature of the melted treatment can cause darkening of
the wood or weakening of the structure if the glass transition temperature of the remaining
wood components is exceeded [3].

Looking first at beeswax, produced from the wax secreting glands of the honeybee
(A. mellifera) [54,55]. The primary function of the wax is to template the formation of the
honeycomb that will eventually breed larvae and store pollen and the resulting honey [56].
On a small scale, beeswax is extracted by first warming (35–40 ◦C) and liquefying the
honey. As beeswax melts between 60–65 ◦C, the wax remains solid and can be filtered
from the surface of the liquid honey and then cleaned. This can be melted to form wax
cakes that are used for a variety of applications. Bees are not physically harmed by
the extraction of the wax from the hive and can continue to thrive after extraction by ‘re-
combing’ the hive, thus, it is generally thought that beeswax is a sustainable natural product.
However, very little wax is extracted from small apiaries, thus, beeswax is often obtained
from industrial beekeeping. The link between industrial beekeeping and monocultures,
specifically almond and avocado crops, with respect to the high use of agrochemicals
and their environmental impact raises questions about the sustainability of beeswax [57].
The environmental impact of monocultures means we must reconsider the environmental
sustainability of beeswax [58–60]. This wax is more commonly extracted using solvent
heavy extraction processes involving petroleum-derived dimethylformamide and hexane,
to ensure removal of pesticides from the final wax product [61]. Moreover, industrial
hives are often sacrificed after the harvest to reduce the cost of sustaining colonies over
winter [57], thus, increasing the negative environmental and, for many, the ethical impact
of the use of beeswax.

Resin tapping, the process by which colophony is obtained from many species of pine
(Pinus spp.), is a simple process in which a section of bark is removed, and an incision is
made in the outer layers of the tree to encourage resin secretion [62]. A vessel is attached
to the tree to collect the expressed resin, a process which is often repeated exhaustively
until the tree is felled. Resin tapping is often an integral part of sustainable forestry
management for a number of reasons, including the increase in production of resin within
the tree as a function of tapping, making it a renewable bio-resource [63]. Moreover, resin
tapping increases the profitability of pine stands, creating a sustainable source of income in
economically depressed and rural areas [64]. Resin tapping activities also promote increased
forest management, often resulting in a lower incidence of forest fires. Many studies have
also examined the impact of pine tapping on the wood quality and sensitivity of the trees
to climatic and environmental stress [65–68]. While there is often mechanical damage to
the wood at the site of tapping, overall, the impact on the quality of the felled wood has
been negligible. In fact, some studies have shown that tapped wood is more elastically
deformable and less rigid and brittle than untapped wood, contributing to the increased
value of the felled wood [69]. Furthermore, it has been observed that tapped trees are no
more sensitive to climatic changes and environmental stress than untapped trees, meaning
no reduction in stability of forest stands due to resin extraction. Thus, colophony, at least
from a sourcing point of view, is an extremely sustainable, environmentally responsible
consolidant. Obtaining rosin, and its more valuable counterpart, turpentine, from the
tapped resin is a more energy-intensive process known as destructive distillation [70].
Here, the resin is heated to just over 200 ◦C to distil off phenols and terpenes and degrade
unnecessary biological components of the tar (wood shards, insects, etc.), the remaining
gum is the rosin, which is then washed and recrystallised several times using ether and 1%
solutions of NaOH to give a pure rosin cake. In comparison to its highly sustainable and
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environmentally friendly sourcing, extraction of pure rosin is more energy and resource-
intensive. However, advances in green solvent extraction, already discussed with respect
to linseed oil extraction could certainly be employed to reduce the environmental impact of
the extraction process, increasing the overall sustainability of the final consolidant.

2.1.3. Sugars and Sugar Alcohol

Sugars, particularly sucrose obtained from sugarcane (Saccharum spp.) and sugar beet
(Beta vulgaris L.), have also long been employed in the conservation of wooden objects [71].
For conservation, objects are immersed in high concentration solutions that penetrate the
wood structure. Controlled drying of the artefact leads to the formation of crystals within
the structure that stabilise the wood and enhance mechanical stability [71]. While sucrose is
widely available at low cost, due to its use in the food industry, care must be taken during
impregnation to avoid bacterial infestations of the wood due to the affinity of bacteria for
the sugar solutions and during drying to prevent the formation of excessively large crystals
that could rupture the wood cells.

Both sugarcane and beet are cultivated extensively for use in the food industry.
In 2020, sugar production reached 187 million tonnes and is set to increase by 3%, to
193 million tonnes, by the end of 2021 [72]. Sugar production has not historically been an
environmentally friendly crop, with the tendency to grow sugarcane in extensive mono-
cultures that are highly detrimental to biodiversity and soil quality [73,74]. Monocultures
generally require extensive use of agrochemicals to ensure resistance to pests, further
damaging soil quality. However, since the mid-2000s, efforts have been made by some
of the world’s largest sugar producers, particularly in the UK (beet) and Brazil (cane), to
improve the environmental impact of both sugar crops. With respect to beet, there is a
tendency to grow crops in rotation rather than in monocultures [75] and the advent of green
biotechnology has allowed the cultivation of new varieties with greater pest resistance,
contributing to a 65% reduction in the use of agrochemicals from 2.0 kg/tonne of beet
crop in 1975–80 to 0.7 kg/tonne in 2006 and 2007 [76]. In the UK, this has been reduced
even further to total agrochemical usage of 414.5 tonnes in 2018 for a beet production of
6.94 million tonnes, equating to 0.06 kg/tonne [77], a reduction of 97% from 1980s levels.
In Brazil, where sugarcane is the primary sugar source, the enhancement of biodiversity
on sugar plantations has considerably improved the impact of cane cultivation on the
environment. Growing specifically selected complementary crops alongside sugarcane
attracts a variety of wildlife and insects that are natural predators of sugarcane pests, thus
functioning as natural pest control, reducing or eliminating the need for agrochemicals [78].
One of the best examples of this is the sugarcane plantations of the Balbo group, which
alone produces 34% of the worlds exported sugar [79]. Their plantation is now exclusively
maintained by organic and sustainable agriculture practices improving the environmental
impact of sugar cultivation.

Despite significant advances in the enhancement of the sustainability of sugar crops,
extraction of sucrose from cane or beet is an energy-intensive process [80], in which the
cane is crushed and milled and beet is sliced and diffused to extract the raw juice. This is
then followed by heating, liming and clarification (in a different order depending on the
starting material), and finally, filtration in the case of beets, to produce the thin juice that is
then evaporated and crystallised to give raw sugar. Further refining is carried out to give
the white sugar we recognise as table sugar or sucrose [76]. To offset the energy demands of
extraction, many sugar refineries are switching to renewable energy to drive these processes,
reducing CO2 emissions in the process. In some cases, this renewable energy is even
produced from the by-products of the pulping process, specifically bioethanol and biogas
from the fermentation of the beet pulp or sugarcane bagasse, creating a circular system for
the extraction of sugar and the valorisation of waste products. Further valorisation of waste
products from sugar production includes renewable energy, animal feed, soil enhancers
and bio-fertilisers and bioethanol. As such, at many refineries very little of the by-products
of the sugar extraction go to waste, creating a more sustainable and circular system with
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reduced environmental impact. One of these waste products, sugarcane bagasse [81], is
the starting material for bio-glycerol production and will be discussed in more detail in
Section 3. Thus, in terms of sustainable consolidants, sucrose is certainly an increasingly
environmentally friendly option.

Some alternatives to sucrose have also been explored, specifically lactitol, a sugar
alcohol obtained from lactose, and trehalose, a non-reducing sugar found in prokaryotes.
While their chemical and environmental stability is much greater than that of sucrose,
particularly with respect to bacterial infestation, the dimensional stability of artefacts
treated with these alternatives has been observed to be rather inhomogeneous [71]. As
such, lactitol and trehalose conservation are rather labour-intensive consolidants in terms
of maintaining homogeneity of treated wood, but what of their sustainability?

In the last decade, whey protein has become increasingly interesting as a food additive,
improving the texture and nutritional value of a variety of food products [82]. A by-product
of whey protein isolate is the milk sugar lactose. The extent of whey protein isolate is such
that demand for lactose, a sparsely soluble, low-sweetness sugar, is far outstripped by
supply, resulting in large amounts of wastage [82]. Thus, strategies to increase the prof-
itability of lactose by converting it into other high-value products have gained considerable
traction. One of these products is lactitol, produced from the catalytic hydrogenation of
lactose [82,83]. Lactitol is valued for numerous applications, from low-calorie sweetener to
emulsifying agents for polymer and surfactant formulations and, of course, bulking agent
and cryo-protective [82], for which it is employed in wood conservation. It is difficult to
fully assess the sustainability of lactitol being a by-product of the dairy industry, which can
range from very environmentally friendly to highly unsustainable. However, as lactose is a
low-value by-product of whey protein isolate, the production of lactitol prevents significant
amounts of lactose from being destroyed. As such, it can be considered a positive impact.
The catalytic hydrogenation of lactose, or the introduction of hydrogen to the carbonyl
group of lactose, currently relies on the use of transition metal catalysts, a finite resource,
along with high temperatures (110–200 ◦C, catalyst dependent), high pressures (10–60 bar)
and up to 6 h reaction times. This makes it highly energy and resource-intensive. Moreover,
only Ru and Ni catalysts have been shown to produce highly selective hydrogenations
(>90%), while Cu (68%) and Pd (30%) have much poorer outcomes [82]. Current manufac-
turing protocols, thus, impact the overall sustainability of lactitol as a wood consolidant.
While not widely used for the hydrogenation of lactose, organocatalytic methods need to be
introduced more widely in manufacturing protocols to improve the environmental impact
of such waste product valorisation. Organocatalysis relies on the use of small-molecule
organic catalysts to promote efficient, low energy and low-temperature transformation,
and has revolutionised and improved the environmental impact of catalytic processes in
the pharmaceutical and fine chemical industries [84]. Hopefully the recent awarding of
the 2021 Nobel prize in Chemistry for organocatalysis [85] will further the uptake of this
green methodology in more industrial applications, contributing to lower overall emissions,
lower finite resource use and lower energy requirements.

Trehalose, another alternative to sucrose, is a disaccharide consisting of two glucose
units with a 1,1-α,α-glycosidic linkage widely found in several prokaryotes, unicellular
organisms, of which bacteria are the best-known members. Its role as a bio-protectant,
specifically its ability to protect organisms from the effects of desiccation, as well as its resis-
tance to acidic degradation [86], are the principal reasons for its use in wood conservation.
Initial attempts to synthesise trehalose focused on chemical glycosylation pathways, how-
ever, the unusual 1,1-α,α-glycosidic linkage between the two units of trehalose makes this
reaction hard to achieve with high selectivity. A large number of efficient chemoenzymatic
trehalose synthesis pathways are known in nature [86], and these have been exploited to
make large scale enzymatic synthesis of trehalose a more efficient option for commercial
production. In contrast to sucrose, which is extracted, the production of trehalose focuses
on enzymatic biotransformation of starch, sucrose, maltose, and maltodextrins. Starch
is obtained from the grinding, washing, sieving, and drying of high starch seeds, tubers
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and roots like potatoes, corn, wheat, rice and tapioca, in another energy-intensive process,
similar to the extraction of sucrose as described previously. Maltose and maltodextrin are
obtained from either the acidic or enzymatic degradation of starch, enzymatic methods
being the most resource-efficient. Enzymatic pathways to produce trehalose from starch,
sucrose, maltose and maltodextrins stemming from fungi and yeasts (phosphorylase),
from mesophilic bacteria (glycosyltransferase-hydrolase) and thermophilic bacteria (tre-
halose synthase) have been reported in the literature [87]. Two of these methods are used
to commercially produce trehalose, the glycosyltransferase-hydrolase and the trehalose
synthase route. The two-step nature of the phosphorylase route and the low yields of
trehalose have made this route commercially non-viable. The one-step trehalose synthase
route, relying on extremophilic bacteria, requires a temperature of 75–85 ◦C and the fi-
nal yields are up to 85%, thus resulting in a more resource-intensive production route.
The glycosyltransferase-hydrolase route is the most environmentally benign, despite the
two-step procedure, primarily due to the low temperatures required throughout the proce-
dure (35–45 ◦C). Furthermore, employing enzymes derived from Arthrobacter spp. with
corn starch as the substrate, yields of up to 92% have been reported [87]. Despite the
energy-efficient final synthesis step, thought must also be given to the cultivation and
extraction of the substrates, as in many of the previous cases.

2.2. Synthetic Consoldants

Inhomogeneity, or the difficulty in obtaining reproducible treatment standards, has
long plagued the use of natural substances as effective consolidants. Thus, when in-
novations in petroleum refinement and commercial chemical synthesis ushered in the
reproducible, large scale, low-cost synthesis of a variety of polymers and polymer precur-
sors in the 1940s, this was seen as a significant benefit to the conservation of heritage wood.
While the use of sugars, and oils to a lesser extent, are still popular, the first demonstration
of archaeological wood stabilisation using low molecular weight PEG in the late 1950s
ushered in a new state-of-the-art for wood conservation. This remains the top choice
today, particularly for large artefact conservation. However, methacrylate/acrylate copoly-
mers (e.g., Paraloid B72), melamine-formaldehyde resins (e.g., Kauramin), epoxy resins
(e.g., EPO155), and, more recently alkoxysilanes, are also popular. Their various methods
of production and their primary applications are discussed below. In comparison to the
bio-based consolidants discussed previously, in this section all starting materials are ob-
tained from the petrochemical refining of non-renewable resources and further transformed
through synthetic processes to wood consolidants as we are familiar with them.

2.2.1. Poly(ethylene glycol), PEG

Poly(ethylene glycol) or PEG is a polyether, a class of polymers in which the repeating
unit contains a C-O bond, and by far, the most widely used wood consolidant currently
available. Although it was first synthesised in the 1850s, its commercialisation in the 1940s
under the name Carbowax was the main driver for its widespread use in applications from
cosmetics and personal care products, to medicine and wood conservation [12,88–90],
among others. The high solubility of low molecular weight PEG derivatives (under
4000 g/mol) in water means that PEG can effectively penetrate wood cells without pre-
cipitation of the chains in the wood cell wall, leading to complete replacement of water
with non-volatile PEG retaining the wood structure during drying [13]. Moreover, the high
monodispersity associated with the production of PEG means that conservation treatment
can consist of several different PEGs penetrating different depths of the wood, offering
varying degrees of stabilisation. For example, a low viscosity PEG (200–600 g/mol) is gener-
ally used to penetrate deep into a wooden object where degradation is generally lower, but
water must still be replaced. Whereas higher molecular weight PEGs (1500–4000 g/mol)
with higher viscosity and greater mechanical stability are generally used to conserve the
more degraded surface wood.
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Synthesis of PEG is carried out on a commercial scale by the ring-opening polymeri-
sation of ethylene oxide (EtO) under cationic or anionic conditions. EtO is industrially
produced by the direct oxidation of the petroleum-derived ethylene [91], Scheme 1.
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Scheme 1. The direct oxidation of ethylene gives ethylene oxide, the starting material for PEG.

The reaction is carried out using high purity O2 (air is also used in some cases) over a
silver catalyst at high temperatures (220–280 ◦C) and pressures (1–3 MPa) to increase the
purity of the yield. On an industrial scale, anionic polymerisations are exploited in which
Na, K or Cs alkoxide, hydroxide or carbonates are used to initiate ring-opening of EtO and
chain propagation in polar, aprotic solvents (e.g., THF, dioxane and DMSO) [92]. This is a
living polymerisation in which no quenching of the reaction occurs. Living polymerisations
are characterised by a fast rate of chain initiation with a low rate of chain propagation
and no chain termination or chain transfer, meaning a more controlled growth of polymer
chains and a less polydisperse chain length distribution [93]. Using this methodology, PEG
chains of specific molecule weights can be synthesised. While no external heat is required to
start the reaction, the use of toxic, petrochemically obtained starting materials and solvents
like THF and dioxane, and the need to dispose of these waste solvents after PEG synthesis,
contribute to the negative environmental impact of PEG production.

2.2.2. Methacrylate and Acrylate Copolymers

Acrylates and methacrylates are also a variety of polyether known primarily for their
use in cosmetics and adhesives. Copolymers of methyl acrylate and ethyl methacrylate
are used in wood conservation under the trade name Paraloid B-72 [20]. A range of
additional Paraloid variants exist in which the ethyl methacrylate is replaced by methyl
methacrylate (B-82), butyl methacrylate (B-66) or isobutyl methacrylate (B-67) [94,95].
These low molecular weight copolymers with high photo and thermal stability are used to
improve the dimensional stability of wood and the aesthetic quality of wooden artefacts.
Their insolubility in water means they must be applied to wood in organic solvents, most
commonly acetone or toluene.

Standard commercial production of methyl acrylate uses acrylic acid as a feedstock,
obtained from the oxidation of propylene from petroleum refining, Scheme 2a. This is
then esterified with methanol, produced from the energy-intensive catalytic reduction of
syngas (Scheme 2b, [96]), under acid conditions (e.g., sulfuric or para-toluenesulfonic acid)
at elevated temperatures (Scheme 2c) [96].
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acrylic acid, (b) the production of methanol and (c) the esterification of acrylic acid.

Methacrylates are prepared from methacrylic acid (MAA) [97]. MAA is produced
in a multi-step process involving the reaction of acetone with sodium cyanide at 40 ◦C
to give acetone cyanohydrin (Scheme 3a), which is converted to methacrylamide sul-
fate (Scheme 3b) by reaction with sulfuric acid at 180 ◦C and finally hydrolysed to give
MAA (Scheme 3c).
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Scheme 3. The reaction of acetone cyanohydrin (a) with sulfuric acid to give methacrylamide sulfate
(b) as an intermediate which is then hydrolysed to methacrylic acid (c).

This last step can be replaced with an esterification reaction to directly give methyl
methacrylate. The production of ethyl, butyl or isobutyl methacrylate requires the fur-
ther reaction of methacrylic acid with the corresponding alcohol. The preparation of the
copolymers that make up the Paraloid B family of consolidants is carried out by free-
radical polymerization in a polar solvent using an initiator that generates free radicals
upon heating or irradiation with UV light, such as azobisisobutyronitrile (AIBN) or benzoyl
peroxide [98]. This initiator generates radicals on the acrylate and methacrylate units by
charge transfer allowing chain propagation. This continues until the desired molecular
weight has been reached, at which point copolymers are precipitated in a polar solvent
terminating the chains. The multi-step nature of the methacrylate production, the high
energy input required, as well as the use of large quantities of acid and polar solvents that
are produced from finite resources and must be incinerated to dispose of safely makes the
production of acrylate-methacrylate copolymers highly resource inefficient. The further
requirement to introduce these consolidants into the wood in organic solvents, generally
derived from fossil-based resources further increases the negative environmental impact of
the use of these consolidants

2.2.3. Aminoplasts

Aminoplasts are thermosetting polymers formed by condensation reactions, of which
there are two main types-urea-formaldehyde and melamine-formaldehyde resins. Both
resins have been used in wood conservation in the past. However, issues with the toxicity of
urea-formaldehyde have led to its replacement with the less toxic melamine-formaldehyde,
marketed under the name Kauramin [3]. This is one of few commonly used non-reversible
wood consolidants. As such it is generally reserved for the most significantly degraded
wood requiring consolidants of greater mechanically stability than is provided with stan-
dard PEG or bio-based consolidants. The low molecular weight of the monomers means
MF consolidants can penetrate deeply into the wood leaving a rigid 3D polymer network
after polymerisation. MF resin synthesis requires the pre-synthesis of both melamine and
formaldehyde [99]. Commercial melamine production requires urea as a feedstock. Urea
is produced by the high temperature (180–210 ◦C), high pressure (150 bar) reaction of
ammonia (NH3) and carbon dioxide (CO2) forming ammonium carbamate, which is then
dehydrated to urea [100]. Urea is then heated to cause decomposition to cyanic acid and
ammonia [101]. Cyanuric acid is formed from the polymerisation of cyanic acid, which
condenses with the evolved ammonia to form melamine. The off-gas from the melamine
production contains such large quantities of ammonia that it is often funnelled off to create
feedstock for the further production of urea, helping to reduce the environmental impact
of the production cycle, even if only to a small degree. Formaldehyde is produced by the
catalytic oxidation of methanol over a silver metal catalyst at 650 ◦C [102]. Methylolation
or the formation of MF pre-polymer is carried out by mixing melamine with formaldehyde
in a 1:6 ratio at approximately 60 ◦C (Scheme 4a) [99].
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Scheme 4. The condensation of melamine and formaldehyde to give the prepolymer (a), followed by
polymerisation at acidic pH to give the network structure (b).

This pre-polymer is then infiltrated into the wood over several days/weeks with pH
maintained at 8.5 to ensure no unwanted polymerisation of the pre-polymer occurs. This is
generally done with triethanolamine. Once the wood has been completely infiltrated, the
pH is allowed to drop to acidic pH starting the condensation reaction that produces the MF
resin in situ (Scheme 4b). In industrial settings, this would be done by thermal polymerisa-
tion to increase reaction efficiency. The entire production process is resource, energy, and
labour intensive from the initial preparation of urea to the final MF polymerisation within
the wood.

2.2.4. Epoxy Resins

Epoxy resins are another non-reversible treatment, that have primarily been used to
repair fragile wood surfaces. Their high viscosity makes infiltration of the wood structure
impossible, as such epoxy resins are generally confined to surface work. They are also
thermosetting polymers that can be homopolymerised to create pure epoxy resins or
cross-linked with a range of curing agents, including polyfunctional amines, acids, acid
anhydrides, alcohols, phenols and thiols [103]. The most common system, and the one
found in most epoxy resins used in wood conservation, are polyfunctional amines. Thus,
heteropolymers of epoxies cross-linked by amine curing agents will be the focus of this
discussion. Like MF, epoxy resins are a two-part system containing an epoxy pre-polymer
and, typically an amine cross-linking unit. The most commonly used epoxy prepolymer is
bisphenol A diglycidyl ether (DGEBA) formed from the reaction of bisphenol A (BPA) and
epichlorohydrin (Scheme 5).
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Traditionally, allyl chloride is reacted with hypochlorous acid to give two isomeric
dichloropropanols, which are treated with NaOH to give epichlorohydrin, salt and wa-
ter [104]. Allyl chloride is produced from the high-temperature chlorination of propylene
from petroleum refining [105]. The reaction must be carried out over 500 ◦C to produce allyl
chloride, lower temperature reactions result in 1,2-dichloropropane as the main reaction
product. Hypochlorous acid is produced by the electrolysis of saline solutions [106]. Thus,
just to reach the stage of epichlorohydrin production requires a significant amount of in-
putted energy, in the form of both electricity and heat. The production of BPA involves the
condensation of acetone with 2 equivalents of phenol in the presence of a strong acid. Both
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acetone and phenol are produced by the cumene process [107], also known as the Hock
rearrangement, where benzene is alkylated by propylene, both from petroleum refining, to
form isopropylbenzene (cumene) which is then oxidized by air to give acetone and phenol.
These are often directly further reacted with a strong acid to produce BPA without further
purification. To create the epoxidized DGEBA, BPA is alkylated by epichlorohydrin, this
results in the epoxy component of the standard two-barrel resin syringe. In addition to the
heavy usage of hazardous chemicals that require specific disposal protocols, and a large
energy and resource input, there are significant concerns about the use of BPA. Since the
1990s, BPA has been suspected to be an endocrine disruptor [108,109]. These chemicals
disrupt natural hormone production leading to cancers and birth defects, among others.
As such, BPA is often replaced by BPS or bisphenol sulfone, in which the starting material
for the BP production is a sulfone instead of acetone. However, the process is equally
resource-intensive and there are additional health concerns related to the use of BPS which
does not significantly improve the impact of the process.

As mentioned previously, polyamines are the most common curing agents for epoxy
resins. This family of compounds is extremely large, comprising both aliphatic and aromatic
polyamines, of which there are at least 25 commercially available products. Thus, a detailed
discussion of their synthesis is not feasible within the context of this review. However,
a summary of the basic protocol for some of the simpler aliphatic polyamines will be
given to illustrate the process. One common polyamine hardener is triethylenetetramine
(TETA), with a curing time of approximately 30 min. It is produced from heating ethylene
diamine or mixtures of ethanolamine and ammonia (which react when heated to form
ethylene diamine) over a metal oxide catalyst [110]. If the ethylene diamine route is
followed, ethylene diamine must be produced by the chlorination of ethylene to produce
1,2-dichloroethane, followed by reaction of the 1,2-dichloroethane with ammonia at 180 ◦C
under pressure in aqueous media (Scheme 6a). Within the second route, ethanolamine
must first be formed by the reaction of ethylene oxide with ammonia (Scheme 6b), which is
then further reacted with aqueous ammonia to give ethylene diamine (Scheme 6c). Both
routes are not completely selective and give a variety of polyfunctional amines. Like that
of the epoxidized component, their production also requires significant heat, energy and
resources, leaving a significant environmental impact.
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2.2.5. Alkoxysilanes

Lastly, alkoxysilanes are a relatively new addition to the wood conservation toolkit
but have gained increasing popularity in recent years [111–114]. Alkoxysilanes have
already been heavily used in the waterproofing and fire retardancy of construction wood,
particularly for external applications, so their transfer into the conservation field is not
surprising [115–117]. Moreover, they are a major component of almost all commercially
available silicon products, thus the synthesis of these polymers is on an industrial scale [118].
The production of alkoxysilanes is one of the most energy-intensive of all the production
processes described so far. Mined sand (SiO2) is carbothermally reduced at 1900 ◦C to
give pure silicon (Simet), which is then reacted with the corresponding alcohol to give the
desired alkoxysilane [118], Scheme 7.
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Thus, to produce the commonly used tetraethoxysilane (TEOS), ethanol or ethylene
glycol is reacted with Simet with an acidic catalyst. Alcohols for this reaction are either
produced from petroleum sources or, in the case of ethylene glycol and ethanol, they can
also be produced by fermentation. Alcohols from petroleum refining are produced by
acid-catalysed hydration of the corresponding alkene to give the desired alcohol, thus
hydration of ethylene produces ethanol. Ethanol can also be produced by fermentation
of biomass [119], primarily with the yeast Saccharomyces cerevisiae, which breaks down
polysaccharides at 35–40 ◦C releasing ethanol and CO2. The disadvantage of this process is
the toxicity of ethanol to yeasts meaning that the overall ethanol content of the fermentation
broth cannot exceed 18% by volume. Concentration and distillation must be used to increase
overall volume concentrations. Thus, initial savings in energy due to low-temperature
fermentations are used to refine the overall product. Currently, the industrial method
of choice for ethanol production is country-specific with the US and Brazil favouring
biomass-derived ethanol [120], while many other countries favour petroleum refined
ethanol. The choice is heavily dependent on the regional costs of oil and grain stocks.

3. Sustainable Alternatives to Conventional Treatments

Despite much research in the past decade into new consolidant treatments to replace
several state-of-the-art techniques, in particular PEG, there is little uptake of these newer
consolidants among heritage institutions. This resistance is, while perhaps frustrating
on the part of the conservation scientist, entirely understandable given the one-of-a-kind
nature of the wooden objects of interest. New consolidants are often only considered viable
alternatives once a large body of data has been collected over many years on the stability,
toxicity, and by-products of the process, or when a particular treatment must be replaced
due to legislations against its current use.

Due to the long timescale of the transition process, switching to completely new
technologies overnight, despite their evident sustainability or other attractive features,
is not feasible. As such, the first step in the transition to sustainability is not to switch
treatments completely but to search out sustainable alternatives to the treatments currently
in use. Thankfully, with more and more interest in the production of bio-based chemicals,
there has been a significant increase in the number of commonly used consolidants for
which sustainable alternatives exist.

3.1. Poly(ethylene glycol)

One of the most relevant sustainable alternatives is the recent increase in production
of PEG from bio-based glycerol, produced from the fermentation of the fibrous waste that
remains after the extraction of edible crops (e.g., corn, sugarcane). The ability of various
species of yeast (e.g., S. cerevisiae) to break down polysaccharides from biomass to produce
alcohols has been known for over 150 years [121]. However, in the period after World War
II the cost of petroleum refining dropped significantly [122], making the production of
alcohols from fermentation a less cost-effective process. Environmental concerns, alongside
the desire to valorise the vast amounts of waste from the harvesting of food crops and
enhanced yeast variants, have made this approach more attractive in recent decades and
has driven a boom in bio-based chemicals, primarily in petroleum poor/agriculturally rich
nations, such as Brazil [123].
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Glycerol, the feedstock required for bio-based PEG, is produced within yeast cells
as a reaction to osmotic stress from the environment during fermentation as the concen-
tration of ethanol in the fermentation broth increases. Its production over that of ethanol
can be promoted through one of three ways: (1) using more osmotolerant yeast strains
that can produce higher quantities of glycerol intercellularly, (2) fermenting at neutral or
slightly alkaline pH enhancing the osmotolerance of the yeast or (3) forming complexes
that limit ethanol formation. The primary route to option (3) is by promoting reoxidation
of nicotinamide adenine dinucleotide (NADH), a coenzyme necessary for metabolism,
whose production consumes glycerol as a cytosolic mechanism to maintain redox balance
in the yeast cell [124]. As with the production of ethanol described previously, fermentation
is carried out around physiological temperature to maintain the best environment for
yeast growth. The glycerol can then be used as the raw material to produce any number
of bio-based chemicals, including ethylene glycol (EG). Glycerol undergoes a catalytic
dehydrogenation over a transition or noble metal catalyst to give ethylene glycol. The poly-
merisation of EG to give PEG follows the same process as described in Section 2.2.1 [125].
This bio-derived PEG is already commercially available through several suppliers, mar-
keted as sustainable or green or bio-based PEG (bPEG). While the production of the starting
material is inherently more environmentally friendly and sustainable than the derivation
of PEG from petroleum refining, the catalytic dehydrogenation step that produces the EG
is hugely resource-intensive requiring high temperatures, high pressure, and expensive
finite catalysts. However, recent publications on the use of enzymatic cascades to produce
ethylene glycol through a multi-step process from monosaccharide feedstocks give hope
that the environmental footprint of the bPEG production will reduce further in years to
come [126]. It must, however, be kept in mind that while the environmental footprint
of the production of the PEG is significantly reduced, the disadvantages associated with
the use of conventional PEG (non-recyclable, partially biodegradable at low molecular
weights, solid-state ion transport and degradation to acidic by-products over time within
the wood structure) will continue to be a feature of the bio-based PEG. However, at the
very least choosing to employ bio-based PEG (bPEG) over petroleum-based PEG (pPEG)
will contribute to improving sustainability in the conservation laboratory.

3.2. Epoxies

The widespread use of epoxies in many fields has also led to a significant increase
in research in the production of bio-based epoxy resins (bio-epoxies) and resulted in
several commercially available products. However, to date, researchers have struggled to
produce bio-based epoxies with similar or better mechanical properties than traditional
epoxies. Thus, most epoxies marketed as ‘bio-based’ are a mixture of renewable and
non-renewable epoxies up to a total of 70% renewably sourced materials, to maintain
the desired mechanical properties of the final product. While the creation of bPEG is
almost completely focused on production from bio-glycerol, bio-based epoxies have been
derived from bio-glycerol, plant oils and wood biomass. The multi-step nature of the epoxy
generation process means that different parts of resin production have been reproduced
from different bio-resources.

The most common sustainably produced component of epoxy resins is epichlorohy-
drin. The widespread availability of biomass feedstock for glycerol production means many
chemical companies have transitioned to producing epichlorohydrin from bio-glycerol
obtained through the same fermentation process as described for bPEG. To obtain epichloro-
hydrin, bio-glycerol is treated with hydrochloric acid in the presence of a carboxylic acid cat-
alyst to give 1,3-dichlor-2-propanol, releasing water, Scheme 8a. The 1,3-dichlor-2-propanol
is then reacted with NaOH to give epichlorohydrin, Scheme 8b.
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reacted with NaOH to give epichlorohydrin (b).

The use of bio-glycerol feedstock improves the sustainability of the epichlorohydrin
production, however, the further synthesis of the DGEBA generally follows the tradi-
tional route described above. Thus, the overall improvement in the sustainability of the
process is limited. Moreover, methods to reduce the use of chlorine in the process need
to be advanced.

Environmental concerns relating to the use of BPA have resulted in various biomass-
derived units being explored to replace BPA and any of its derivatives. The most common
of these are lignins and tannins. Both lignins and tannins are macromolecules with multiple
phenol residues obtained from the valorisation of woody biomass. The presence of the
phenol groups means that they can be reacted with (bio)epichlorohydrin in the presence
of NaOH in a polar solvent at approx. 50 ◦C (lignin) [127] or 80 ◦C (tannin) [128] to give
polyfunctional epoxidised monomers. While this eliminates the hazardous BPA component,
and the epichlorohydrin can be derived from bio-glycerol, it does not eliminate the use of
chlorine and chlorinated intermediates in the epoxide formation.

Epoxidising plant and vegetable oils to create polyfunctional epoxide monomers are
one of the most explored methods of replacing the entire DGEBA component, removing
the need for chlorine gas and chlorinated intermediates [45,129–131]. Suitable candidates
for epoxidation require the presence of unsaturated fatty acids, i.e., C=C bonds where the
epoxide ring can be formed. Linseed (75–90% oleic, 1 C=C, and linolenic acid, 3 C=C)
and soybean oil (~85% oleic, 1 C=C, linoleic, 2 C=C, and linolenic acid, 3 C=C) have
significantly high concentrations of fatty acids with multiple C=C bonds to allow cross-
linking of epoxidised oils [132,133]. As such, epoxidised linseed oil (ELO) and epoxidised
soybean oil (ESBO) are the most explored and commercially available epoxidised oils used
in a variety of paints, coatings and resins. Epoxidation of the oils is generally carried out
by reacting hydrogen peroxide with the oil, resulting in the addition of an oxygen atom
across the C=C creating the epoxide ring. While the renewable sourcing of the oil and the
advances in green oil extraction are an improvement on the synthetic DGEBA protocol, the
major downside to this process is the production of hydrogen peroxide. H2O2 is prepared
by the anthraquinone process [134], Scheme 9.
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Scheme 9. The anthraquinone process.

This involves the high-temperature reduction of anthraquinone to anthrahydroquinone
by hydrogenation over a palladium catalyst. The anthrahydroquinone autoxidizes in the
presence of oxygen to regenerate the anthraquinone and transfer the H2 to the O2 giv-
ing H2O2. Production of anthraquinone involves the reaction of benzene and ethylene
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from petroleum refining to produce ethylbenzene in a Freidel–Craft reaction over a zeolite
catalyst. The ethylbenzene is then dehydrogenated using superheated steam (>600 ◦C)
over an iron catalyst to give styrene. This then undergoes acid catalysed dimerization
to 1-methyl-3-phenylindane, which is oxidized to anthraquinone [135], Scheme 10. Thus,
once again a large amount of resource and energy-intensive processes are used to produce
sustainable alternatives to common consolidants.
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The final component is the polyamine hardener. This is one of the easiest problems to
address given that polyamines are widely found in nature, although they are not yet widely
commercialised from bioresources. Until roughly a decade ago little was known about
the biosynthetic pathways related to polyamine production, and their low natural abun-
dance made extraction from biomass non-viable from an economic standpoint. However, a
better understanding of the biosynthesis of polyamines by bacteria and yeast has led to
advances in industrial fermentation of these highly useful molecules and brought their use
in bio-based epoxies closer to reality [136]. Several different routes have been explored to
engineer the metabolism of bacteria (Escherichia coli and Corynebacterium glutamicum) and
yeast (S. cerevisiae) strains that are known to overproduce polyamine precursors (L-arginine,
L-lysine and L-ornithine) to directly produce polyamines such as putrescine and cadaver-
ine. These can then be further modified either through biotechnological or chemical means
to create a variety of polyamine cross-linkers [137–141]. While the fermentation conditions
may differ slightly from bacteria to yeast and depending on the initial feedstock, the clear
advantage of this method over the synthetic route is the use of bio-based feedstock and
physiological conditions to produce polyamines resulting in a significantly reduced envi-
ronmental footprint for the process. Although discussed in the literature these advances
have not yet made it to the industrial scale for epoxy resin production.

3.3. Acrylates and Methacrylates

While no commercially available acrylates or methacrylate currently exist, much
research is being carried out to find alternatives to current synthetic procedures. Some of the
most promising routes to acrylic acid involve the fermentation of corn starch and vegetable
oil to produce glycerol, which is further fermented to lactic acid or 3-hydroxypropionic
acid and then dehydrated to give acrylic acid (AA). The disadvantage of this route is
the requirement for high-temperature dehydration with heterogeneous or metal oxide
catalysts at temperatures approaching 300 ◦C. Another route to the preparation of bioAA
is from poly(3-hydroxybutyrate), which is synthesised bacterially from wastewater and
constitutes a waste valorisation route. P3HB can then be pyrolysed to crotinic acid and
then metathesised, a reaction in which two hydrocarbons exchange carbon-carbon bonds
in the presence of a metal catalyst [142], with (bio-based) ethylene from bio-glycerol to give
propene and acrylic acid [143,144].

With respect to bio-based alternatives to MAA production, which can also then be
reacted with the appropriate alcohol to give the desired ester, two main commercially viable
routes have been described in the literature, although others exist [143]. The first is the
decarboxylation of citric acid (CA), found in large quantities in citrus fruits. It is obtained
commercially from the fermentation of sugar cane and beet molasses by Aspergillus niger.
CaOH is added to precipitate the citric acid from the fermentation broth, which must
then be neutralised with excess sulfuric acid. The citric acid is then pyrolysed to itaconic
anhydride and hydrolysed to itaconic acid. The itaconic acid is then decarboxylated to
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methacrylic acid using various supported transition metal catalysts (although some reports
also discuss cheaper solid base catalysts) at temperatures ranging from 200–250 ◦C, and
often high pressure. The disadvantages of this protocol are the multiple steps involved,
many of which involve high temperature and pressure reactions, as well as the production
of large amounts of gypsum waste from the neutralisation of the CaOH precipitant. A less
energy-intensive approach is the direct production of itaconic acid from the fermentation of
glucose with Aspergillus terreus [145]. The itaconic acid is purified by filtration, evaporation,
and crystallisation. The drawbacks to this approach are the cost of the substrate and the low
yields of itaconic acid compared to the CA approach. However, research is being conducted
to investigate cheaper substrates to produce itaconic acid and higher yield, resource-efficient
purification techniques. For example, investigations on the use of Aspergillus orzyae with
lignin biomass as a substrate detailed the highest yield from solid-state fermentation of IA
reported to date [146]. This highlights that as interest increases in bio-based methacrylic
acid, and of course acrylics, better and more efficient production will be found.

3.4. Aminoplasts and Related Consoldants

Limited options exist in the literature for the sustainable production of MF resins,
primarily limited by the sustainable production of melamine. One recent publication
discusses the replacement of up to 30% of the melamine content with bark extrac-
tives (i.e., polyphenols from tannins) in an MF resin to give a mixed phenol-melamine-
formaldehyde resin [147]. However, when the total weight % of tannin exceeded 30 wt.%
the mechanical properties of the adhesives deteriorated significantly. More promising
routes appear to focus on the sustainable production of formaldehyde to improve the
overall sustainability of the resins. This generally focuses on the electrolytic production
of formaldehyde from seawater and CO2 [148]. Furthermore, several authors report
the replacement of formaldehyde with furfural, which can be obtained from renewable
resources and reduces the toxic emissions related to formaldehyde over time. Furfural is
a furan-based aldehyde produced from the acid-catalysed hydrolysis and dehydration
of pentoses obtained from agricultural waste [149,150]. This has only been reported for
urea-formaldehyde (UF) resins to date, however one could envisage the same potential
to replace formaldehyde in MF resins. Up to 50% of the formaldehyde could reportedly
be replaced before the deterioration in the properties of the materials was observed.

The most promising sustainable alternatives to the use of MF resins in conservation are
not actually aminoplasts, but phenol-formaldehyde resins. They were previously investi-
gated in wood conservation but were found to have less desirable properties than MF resins.
The wide range of polyphenols that can be obtained from wood biomass, specifically from
lignins, tannins and suberins, coupled with the ability to sustainably produce, or replace
formaldehyde with bio-derived aldehydes means that there is extraordinary potential for a
wide variety of new sustainable alternatives to MF resins. The recent hike in prices on MF
by the main producer BASF in response to increasing restrictions on chemicals with a high
environmental footprint and no viable sustainable sources will certainly drive research
further in this direction [151]. The forerunner in this new category is lignin-formaldehyde
resins and several commercially available products exist. A recent study compared the
life cycle analysis of three PF resins (with 100% phenol, 40% lignin: 60% phenol and 100%
lignin) and both lignin-containing resins showed significantly improved environmental
impacts over the traditionally obtained phenol [152], meaning that even the impact of non-
sustainable formaldehyde production is balanced by the renewable sourcing of the lignin
component. This highlights the fact that even partially sustainably-sourced consolidants
show an improved environmental impact compared to the unsustainable consolidants
currently in use. Thanks to the sourcing of lignin, tannin and suberin-based resins from
woody biomass, compatibility with wooden artefacts would likely not be a significant
issue. The major disadvantage here is that, unlike the other proposed alternatives, switch-
ing to lignin-phenol-formaldehyde (LPF) resins is not a simple switch from petroleum
sourced to a bio-sourced version of the same chemical. Phenol-formaldehyde resins are
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not extensively used in wood conservation and LPF resins consist of a completely different
phenol structure, as such extensive testing would be necessary before the widespread use
of lignin-aldehyde resins could be considered. However, it is certainly a development
to monitor in coming years with possible further restrictions, and increased costs, in the
manufacture of MF resins.

3.5. Alkoxysilanes

While alkoxysilanes are a relatively new addition to the wood conservation toolkit,
they are a major component in almost all silicon-based commercial products currently
available, as such, they are widely synthesised at industrial levels. Despite their
widespread usage and the almost century-long search for an alternative to the stan-
dard carbothermal process, few match the yields of the current standard [118]. Recently
a bio-based alternative has been found that could match the demand for silicon products.
Harvesting of rice for food produces a vast amount of waste in the form of rice husks,
this is then generally combusted for energy and the residue remaining after pyrolysis is
known as rice husk ash (RHA) [153]. Interestingly RHA contains up to 98% amorphous
silica depending on location, rice variety and fertilisers used [154]. This RHA can be
depolymerised in a base-catalysed reaction, using 10% NaOH, in the presence of various
diols to give distillable spirocyclic alkoxysilanes [118]. Of particular interest is the ability
to react RHA with (bio-based) ethylene glycol to produce a bio-based alternative to the
most common alkoxysilane TEOS [118].

A report from 2019 states that Indonesia alone, the world’s third-biggest rice producer
after China and India, can produce 3.2 million tonnes of silica from RHA per year [154].
The global demand for speciality silicas, i.e., SiO2 used to produce silicon-based polymers,
was reported to be 3.9 million tonnes in the same year [155]. Thus, Indonesia alone could
satisfy over 80% of the global demand. Assuming the same conversion from rice production
to silica for both China and India for the same year [156], results in approximately 28 million
tonnes of silica, 7 times the global demand. Thus, bio-based sources of silica can well match
global demand for silicon polymers, meaning a sustainable future for the commercial
production of alkoxysilanes may soon become a reality.

3.6. General Comments

While interest in developing alternatives to petroleum-based polymers for a variety
of applications exists, the number of commercially available products is still rather low.
Cost-effectiveness over petroleum-based consolidants may still hinder the switch to bio-
based consolidants for many institutions. However, the strategy of replacing unsustainable
chemicals with sustainable alternatives does not work for all consolidants. It is only possi-
ble when considering relatively simple syntheses with easily scalable processes, e.g., the
production of PEG, or where the demand across many different fields is so high as to
make sustainable synthesis methods a viable commercial option, e.g., bio-based epoxies.
For many wood consolidants, this may remain a niche area with a high cost available
only to institutions with research laboratories that can create these speciality chemicals
on demand for use in limited quantities. Thus, instead of relying on the production of
sustainable alternatives to common consolidants that come with the same disposal concerns
as their petroleum-based counterparts, we need to start reimagining the entire future of
wood consolidation.

4. Designing the Sustainable Consolidants of the Future

As mentioned above, simply switching to sustainable alternatives of currently em-
ployed consolidants is only part of the solution. While the overall environmental footprint
of these bio-derived chemicals is reduced compared to petroleum-based consolidants in
terms of production, once produced the bio-based alternatives are just as non-recyclable,
toxic and/or non-reparable as the original. Thus, in the long-term, we need to think about
the development of more responsible, and circular consolidant solutions, in which none
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of the material becomes waste. This translates to the need for consolidants that can be
so well-tailored to the specific degradation issues of the wooden object as to adapt to
the changing conservation needs of the wood over time negating the need for repetitive
treatment and reducing overall consolidant consumption. Furthermore, unused consoli-
dants within the conservation laboratory should be able to be biodegraded under specific
conditions or used to create other materials when they are no longer of use, to reduce the
quantities of chemicals going to waste. Development of such materials requires us not
only to examine the provenance of the consolidant but its compatibility with the wood
matrix, the modification strategies used to create the tailored consolidant behaviour, and
the impact these modifications have on the environment. Moreover, the energy use and
resource efficiency of the abovementioned strategies are also due to their effect on the
overall environmental impact and sustainability of the final consolidant.

Moving away from the current state-of-the-art in consolidants is a much longer-term
process and requires a significant amount of development. However, there is already plenty
of research underway, particularly around responsive consolidants that could adapt to
the changing environment within wooden objects overtime reducing or eliminating the
need for repetitive conservation. Several ‘new generation’ technologies have appeared in
the literature in recent years for the treatment of either archaeological or fresh wood with
the potential to significantly impact the future of sustainable consolidants. These fall into
one of four different categories; (1) bio-based polymers, (2) bio-based capsules with the
sustained or triggered release of cargo, (3) bio-based polymer/inorganic NP composites
and (4) bio-based polymers with responsive or targeted bulking of wood structure. Many
of these new generations of consolidants are based on polysaccharides, although lignin
(and lignin-derived polymers), proteins and waxes are also examined.

4.1. Polymers Extracted from Biomass
4.1.1. Proteinaceous Consolidants

Proteinaceous consolidants, particularly collagen, gelatine, and casein, have been
extensively used in the conservation of painted works of art. Their ability to form thin,
varnish-like films on drying has been exploited in the cleaning and restoration of painted
surfaces. Proteinaceous wood consolidants are rarer, apart from keratin, which has recently
been extensively investigated for the conservation of waterlogged wood. Keratin is a
structural protein that exists in two forms, α-keratin (soft keratin) which is found in the
hair, skin, claws (nails), horns and hooves of all vertebrates and β-keratin (hard keratin)
which is found in the feathers and shells of birds and reptiles [157]. Keratin is the third
most abundant biopolymer, after cellulose and chitin. Keratin is a significant waste product
of the meat-processing industry, with pigskin, for example, containing almost 80% keratin.
Thus, the use of keratin as a wood consolidant represents a valorisation of this waste
product and an increase in the sustainability of the meat-processing industry. Despite
the use of keratin in wood consolidation and other applications reducing waste from
the meat processing industry, the methods used for the extraction of keratin are very
resource-intensive, with the potential for significant negative impact when considering
the quantities of keratin to be processed. The extraction involves three steps, generally
performed at 60 ◦C: (1) urea is commonly used to break the covalent bonds in keratin and
allow it to be solubilised, (2) a surfactant like sodium dodecyl sulfate is used to disrupt
the intermolecular interactions and (3) followed by treatment with thioglycolic acid or
mercaptoethanol to cleave the disulphide bond [158]. Sodium dodecyl sulfate (SDS) is
produced from the reaction of the petroleum-derived dodecanol, through the procedures
previously mentioned in Section 2.2.1 and reacted with sulfur trioxide (SO3), produced
by the burning of sulfur or pyrite at 400–600 ◦C over a silica-supported V2O5 catalyst
activated with K2O [159]. Reaction with SO3, or related derivatives of sulfuric acid, adds a
sulfonate group (hydrogen lauryl sulfate), which is then neutralised using NaOH or sodium
carbonate [160]. Bio-based SDS can also be produced by hydrolysing plant oils with a high
content of C12 fatty acids, e.g., palm or coconut oil, and then hydrogenating to add the
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sulfonate group, as described previously [161]. The only disadvantage to this approach
is that there is a mixture of fatty acids in all plant oils, thus the resulting SDS is a mixture
of various sulfonated fatty acids. The final stage in the extraction of keratin involves
the use of mercaptoethanol, produced from the reaction of ethylene oxide (described
previously) with hydrogen sulphide in the presence of thiodiglycol. H2S, a highly toxic
gas, is most commonly obtained from the ‘sweetening’ or refining of natural gas to remove
H2S and other organosulfurs [162]. This is generally done by amine scrubbing, an acid-
base reaction by which solutions of alkylamines (monoethanolamine, diethanolamine or
methyldiethanolamine) are used to solubilise H2S and CO2 and remove them from natural
gas, due to the higher solubility of dissociated species. The process is carried out using
two linked vessels, an absorber to remove the sour gases and release the sweet gas, and
a regenerator to collect the sour gases for further use. The absorber uses temperatures of
30–50 ◦C and pressures of ~200 atm, while the regenerator uses much higher temperatures
(115–126 ◦C) and low pressures of 1.4–1.7 atm, resulting in an energy-intensive process.
Thiodiglycol on the other hand is produced from the hydrolysis of bis(2-chloroethyl)
sulphide, also known as Mustard gas [163]. Mustard gas is produced by reacting sulphur
dichloride, obtained from the high-temperature chlorination of elemental sulphur, with
ethylene from petroleum refining. Thus, while the use of keratin is a sustainable method
of reducing waste from meat processing, the methods required to extract the keratin have
a very high environmental impact. Recent literature reports detail new, more sustainable
methods to extract keratin that give hope for less damaging production in the future.
This method involves the use of a highly basic industrial degreaser (containing non-ionic
surfactants and NaOH) to dissolve the keratin at room temperature within 6 h with constant
stirring, followed by filtration to remove larger particles then two rounds of centrifugation,
the second with ultrafiltration to give the pure keratin solution. This was also scaled up to
an industrial level and required microfiltration in place of the first round of centrifugation
and a final reverse osmosis step to ensure pure keratin was obtained at the end. While these
processes are still energy-intensive, there are short (20 min) and can be potentially powered
by renewable energy. Moreover, they use significantly less toxic chemicals derived from
petroleum sources, thus constituting an improvement over current methodologies [164].

4.1.2. Polysaccharides

In addition to proteins, polysaccharides have also been investigated as new consoli-
dants in the past decade, primarily, chitosan and cellulose (and its derivatives). Cellulose,
and then chitin (from which chitosan is derived), are the most abundant biopolymers on
earth, thus, are considered an infinitely renewable resource (clearly, with proper manage-
ment of natural resources). As with keratin, despite the bio-sourcing of the consolidant,
the commercial methods of extraction are highly unsustainable. We have already seen
from the phenol-formaldehyde resin life cycle analysis, the bio-sourcing of the material
made a significant effect on the environmental impact of the material to the extent that
it negated much of the poor environmental footprint of the use of formaldehyde and the
production of epichlorohydrin. Thus, the use of cellulose and chitosan already represents a
positive, sustainable direction for conservation science; however, this does not mean we
can completely overlook the negative impact of processing.

While various plants have a high cellulose content, and bacteria are also capable of
producing cellulose, commercially cellulose is extracted from wood using the Kraft pulping
process. The stability of the wood structure means that the extraction of cellulose is a highly
intensive process involving high temperatures, pressures, harsh reagents and produces a
significant amount of toxic by-products that require resource-intensive neutralisation to
minimise damage to the environment [165]. The process starts with the chipping of wood
to increase the surface area for extraction. The wood chips are then digested at elevated
temperatures and pressures in an aqueous solution of sulphide and sodium hydroxide to
remove the alkaline sensitive lignins that bind the cellulose in the wood matrix. The pulp
is then washed repeatedly to remove the pulping liquor, pressed, and dried to obtain pure
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cellulose. The pulping liquor is collected and concentrated, and then fired to remove the
organics and regenerate the sodium sulphide from sodium sulfate. It is from this step
that lignin can be recovered for further use. The inorganic chemicals from the pulping
process remain as smelt after pyrolysis. These are recovered, resolubilised in water and
treated with calcium oxide to regenerate the original ‘white’ liquor to start the pulping
again. The spent CaO (mud) from this step is calcined to regenerate CaO for repeated
use. While some energy requirements are met by the heat generated by pyrolysis and
calcining steps within the process, the Kraft process relies heavily on additional energy
primarily from finite resources. Switching to renewable energy sources would have a
positive impact on the overall environmental footprint but there is still significant use of
harsh chemicals, high temperatures and pressures that result in a negative environmental
impact. The production of large amounts of sulphur-containing compounds that must be
treated to prevent emission into the environment, adds to the high cost of this process [165].
Thus, sustainable processing techniques are urgently needed to improve the impact of
cellulose extraction.

One alternative is the use of ionic liquids to extract cellulose from sawdust. Ionic
liquids are molten salts with a low glass transition temperature (generally lower than
100 ◦C) [166]. They have many advantages including chemical and thermal stability, envi-
ronmentally friendly production, and recyclability. Several ILs have been shown to dissolve
wood, producing pure cellulose in 3–6 h with the full recovery of the IL after processing
under mild conditions [167–174]. With ILs being composed entirely of anions and cations,
thus, being good conductors of microwave irradiation, modifications to processing methods
to include microwave irradiation of the wood during solubilisation has been shown to re-
duce processing times from hours to minutes [166]. However, despite the mild dissolution
of cellulose and their general perception as environmentally friendly solvents, questions
remain about the environmental and health impact of the use of ionic liquids preventing
their scale up to commercial applications [173].

A more promising approach is the industrial-scale production of bacterial cellulose
(BC). Bacteria from a number of genera have been explored for the production of cellulose
from agricultural and industrial waste, specifically, Gluconacetobacter, Aerobacter, Rhizo-
bium, Sarcina, Azotobacter, Agrobacterium, Pseudomonas and Alcaligenes, of which G. xylinus
produces the most efficient transition to BC from any number of substrates [175,176].
The biosynthetic production of celluloses from bacteria involves two steps, the intracellular
polymerisation of glucose into cellulose polymers (the product of four enzymes catalysed
reactions [177,178]), the cellulose polymers are then ejected from the cell and self-assemble
into cellulose fibrils [175,179]. Fermentation of BC has already been demonstrated on an
industrial scale, and with the potential to use a wide variety of agricultural and industrial
waste as feedstocks, vast quantities of BC can be produced, creating a very sustainable
source of cellulose that also reduces biological matter waste [180]. More recently, several
groups have reported a cell-free enzyme system to produce BC with the potential to gen-
erate even higher yields than reported for G. xylinus. The cell-free system is developed
from the BC producing strains mentioned above, however, enzymes and co-factors are
extracted from the bacterial cells and used directly in the fermentation broth. This reduces
the loss of cellulose polymers that are not properly expelled from the intracellular matrix,
increasing overall yields [181,182]. The only limitation that can be envisaged is that this
microbial system produces cellulose nanofibrils (CNFs)/nanocrystals (CNCs) directly after
the production of cellulose polymers. In wood conservation, while cellulose polymers
and their derivatives have been shown to have great potential, CNCs have not been well
studied and in some cases have been shown to achieve poor results due to a filtering
effect of the CNCs by the wood structure [183]. As such, they have been primarily used
to reinforce the mechanical properties of wood adhesives. Thus, it will be necessary to
design methodologies by which the fermentation can be stopped before the assembly of
cellulose polymers or by adding additional organisms that inhibit self-assembly to ensure
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large quantities of sustainably sourced cellulose polymers can be made available for wood
conservation applications from this method.

Another popular polysaccharide derivative is chitosan, derived from chitin. Chitin is
found in the exoskeletons of various invertebrates, primarily shellfish and insects, as well
as in mushrooms. On a commercial scale, chitin is primarily extracted from the shells of
crustaceans as a valorisation of waste from the fishing and food industries. To extract the
chitin, shells are subjected to acid treatment with dilute hydrochloric acid to remove the
calcium carbonate, this is followed by a neutralisation step with pure water to remove acid
before alkaline treatment with dilute NaOH to remove the proteins. Again, the materials
must be neutralised by extensive washing with pure water. Depending on the source of
the chitin, this might be followed by a decolourisation step to remove pigments remaining
in the chitin solution [184,185]. The pure chitin is finally deacetylated by treatment with
concentrated NaOH or KOH at high temperatures before copious washing and drying to
give chitosan [186]. Despite the natural source of chitosan, the extraction process is quite ex-
pensive, uses harsh chemicals and is very water-intensive, as such methods to improve the
extraction process are necessary to reduce the environmental impact of chitosan production.
While this is the standard commercial extraction procedure, research is already progressing
in the development of milder extraction methods to improve the overall sustainability of
chitosan extraction. One of the primary alternatives involves microbial bioprocessing [187].
In recent studies, researchers have optimised the activity of two bacterial strains, a protease
producing strain to deproteinise the shells, and a lactic acid-producing strain to dissolve
calcium carbonate. The processing generally involves the following steps: (1) washing and
dehydration of the shells at 60 ◦C, (2) grinding, (3) enzymatic deproteinization of the shell
powder by proteases, and (4) demineralisation of the CaCO3 by lactic acid, leaving pure
chitin. A variety of bacterial strains have been explored including Alcaligenes faecalis S3,
Bacillus subtilis, B. cereus, B. licheniformis, and Teredinibacter turnerae to produce proteases for
the removal of proteins [187–192], whereas lactic acid production has been derived from
the activity of Bacillus coagulans L2, Lactobacillus plantarum, Pseudomonas spp., Lactococcus
lactis and Gluconobacter oxydans [187,189–192]. Initial attempts at microbial processing
reported a two-step procedure involving a deproteinisation step followed by deminer-
alisation. However, several groups have now reported high yields of pure chitin from
co-fermentation, further improving the efficiency of the process [188,189,191]. Regardless
of the number of steps, the overall energy and water usage related to microbial processing
is significantly reduced over the commercial process, highlighting a future method to
improve the sustainability of chitin extraction.

4.1.3. Lignin

A final biomass-derived polymer is lignin. Lignin can be obtained from the Kraft
pulping process described above by the addition of CO2 or NaOH at pH 9–10 to the black
liquor retained after cellulose is removed. This retrieves 80% of the lignins, which can
then be purified into lignin chemicals [193]. This lignin is often heavily sulfonated or
otherwise modified during the extraction process [194,195]. Lignin for use in adhesives
and varnishes, and thus, wood consolidation, is more commonly obtained through the
organosolv process [196]. This produces lignins that maintain more of their original
structure with no sulphur content [194,195]. Organosolv lignin is obtained by a two-step
treatment of woody biomass with weak and strong acids in organic solvents (generally
ethanol/water mixtures) at temperatures up to 200 ◦C. Examples include mixtures of formic
and acetic acid in water for the first step at lower temperatures (50–100 ◦C) and sulfuric
acid/ethanol/water or peroxyformic acid/peroxyacetic acid/water at higher temperatures
(80–200 ◦C) [197–199]. The organosolv method allows for easier separation of the cellulose
and lignin phases, from which the lignin can be extracted by neutralisation and evaporation.
The primary uses of these extracted lignins are in the preparation of lignin-based epoxies as
described in the previous chapter. However, more recently lignin nanoparticles (LNPs) as
consolidants have been investigated in the literature [183]. These were prepared by an ‘anti-
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solvent’ process in which lignin in a mixed solution of NaOH, dioxane/water and DMSO
from the extraction process was dialysed against water to generate LNPs of 40–120 nm
diameter [200]. Unfortunately, these LNPs were not found to be particularly successful
at infiltrating the wood structure at standard temperature and pressure, managing to
penetrate to a depth of just 1 mm. This is similar to the issues observed with consolidation
with CNCs. However, these LNPs are interestingly hollow and could be used instead to
prepare encapsulated consolidants, with better environmental footprints, as discussed in
more detail in the following section.

4.2. Encapsulated Consolidants with Sustained or Triggered Release

One of the first examples of encapsulation of wood treatments was the use of gelatine
and, later, chitosan nanocapsules to release fungicides within a wooden structure as a func-
tion of compressive stress. While this type of consolidant was employed in the treatment
of construction wood, applications in heritage wood conservation are easily envisaged.
Biocides are applied in large quantities during the conservation of waterlogged wood to
prevent bacterial growth within the treated artefact, particularly with PEG consolidants that
are hygroscopic and not naturally resistant to bacterial degradation. To ensure adequate
penetration of the biocide within the entire wooden object, it is generally applied in excess.
This leads to the use of excessively large quantities of petroleum-based chemical biocides
that must be incinerated after use to avoid pollution of waterways, which is in itself a
highly unsustainable practice. Moreover, the public health considerations of the leaching of
biocides from the treated wood, are also a cause for concern. Thus, systems, such as those
proposed by Heiden et al. [201–203], in which biocides are encapsulated within bio-based
polymer nanoparticles that can be easily transported deep within the wood due to their
small size, are more sustainable, and likely more homogeneous, alternatives to the use of
large quantities of biocide, that may or may not penetrate the entire depth of the wood.
To date, the proposed systems have been synthetic/bio-based hybrids that continuously
release low concentrations of biocide over time, with the release profile tailorable as a
function of cross-linking density in the outer capsule wall increasing the sustainability of
the use of biocides in wood conservation.

One disadvantage to these systems is the sustained release of the biocide over time
which is not triggered by any specific interactions. Thus, a biocide may be released in
the wood when and where it is not required, leading to the unnecessary use of, albeit
smaller quantities of, biocides. However, the most recent iteration of the encapsulation
system employs Kraft lignin to create the nanoparticle structure that contains a fungicide,
opening up the possibility of triggered release of the contents of the lignin-nanocapsule
by fungal lignase produced in the vicinity of the nanocapsule. This system has already
been successfully demonstrated in planta [204,205] and could significantly increase the
sustainability of biocide use in heritage wood conservation. Another example of lignin
nanocapsules with controlled release based on pH has also recently been described [206].
Such a system could be even more generally useful for the reduction of consolidant usage,
contributing to more sustainable conservation practices. As wood degrades, the pH of the
environment changes significantly. For example, the pH of fresh oak wood is approximately
4.5, while fresh pine is approximately pH 5.5 [207]. However, as wood degrades the pH can
drop to between 0–4, damaging the acid-sensitive chitosan and reducing the mechanical
stability of the wood. Moreover, large-scale use of basic treatments can damage the alkaline-
sensitive lignin remaining in the wooden object, which often maintains the structural
integrity of heavily degraded wooden objects, as cellulose is generally the first part of the
wood to be degraded under ‘normal’ conditions. A bio-based pH-sensitive nanocapsule
containing a wood stabilising or deacidification agent could then be tailored to release
consolidant only in low pH environments, meaning consolidants are only released into
the wood when necessary, reducing the overall use of consolidants and elongating the
period over which embedded consolidants are functional. Furthermore, localised use of
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neutralisation agents would prevent largescale damage to the structural lignin components
enhancing the overall mechanical stability of the artefact.

4.3. Organic-Inorganic Composites

A further development in sustainable consolidants are composite organic/inorganic
treatments, using a range of bio-based polymers and resins embedded with halloysite
(Al2Si2O5(OH)4) nanotubes (HNTs). Halloysite nanotubes have attracted much attention in
recent years in many fields, e.g., the pharmaceutical and construction industries, with their
low cost, and high natural abundance in volcanic soils, high mechanical strength, ease of
functionalisation and ability to store cargo within their internal cavity. For example, HNTs
have been shown to significantly improve the sustainability of concrete production with
similar mechanical properties when 10% Portland Cement was replaced with halloysite
clay, due to its significantly lower calcining temperature contributing to a reduction in
the overall emission of greenhouse gases [208]. Thus, the use of HNTs could be a more
sustainable treatment option in comparison with standard inorganic nanoparticles, which
are rather energy-intensive in their preparation. Cavallaro, Lazzara and co-workers have
been pioneering these natural resin/HNT composites in conservation science for several
years and have made great advances [209–213]. Their initial work focused on the use of
beeswax/HNT composites to improve the shrinkage upon drying and the mechanical sta-
bility of heavily degraded wood. The mechanical strength of the treated objects was found
to be independent of temperature at HNT concentrations above 60% and at temperatures
below 70 ◦C ensuring that warming of the wax did not result in a decrease in mechanical
properties [209]. This is likely due to the formation of 3D networks of HNTs within the
matrix that contribute to excellent mechanical properties. This system has been refined
more recently to include examples of esterified colophony, pure paraffin wax and paraffin
wax Pickering emulsions as matrices for the HNTs, all with promising results, highlighting
their potential to be more extensively exploited in wood conservation [210,211,213–215].

Another interesting aspect of HNTs is that, in a similar way to the bio-based nanocap-
sules described above, their internal cavities can easily be functionalised to provide sus-
tained or controlled release of molecules over time. This has been demonstrated with a
variety of drug molecules stored in the cavity [216–220] and could easily be envisaged for
the sustained or controlled release of biocides or additional consolidants within the wood
structure. An example of this is the encapsulation of anti-oxidants within the HNTs, which
are then embedded in a chitosan/pectin matrix for the conservation of works of art [212].
The success of this method demonstrates the possibility that wood consolidants based
on HNTs embedded in a waxy matrix could also be doped with biocides or fungicides
as described for the nanocapsules above providing a sustainable mechanical stabiliser
that would combat biological activity in the wood over time. Moreover, the cavity can
also be functionalised to absorb molecules from the environment, creating an interesting
scenario for conservation scientists? Could the internal surface of the HNTs be function-
alised to absorb acids from the environment preventing their further action on the already
fragile wood structure? However, what happens when the internal cavity is full? Could
the internal structure be functionalised in such a way that absorbed molecules could be
broken down into non-toxic components and released from the wood, ensuring continued
activity over time? Hopefully, an answer to these questions will be possible in the com-
ing years, as such a regenerative consolidant could be a significant boon to sustainable
consolidant development.

4.4. Bio-Inspired Consolidants

A major benefit to the future of sustainable consolidants would be the advent of
more adaptable, responsive and/or targeted consolidants. These are often referred to as
bio-inspired consolidants, replicating some natural function within the consolidant. For
example, replicating the ability of siderophores to trap and deactivate catalytic iron to
hinder further iron catalysed wood degradation [221]. Consolidants derived from bio-
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resources and able to respond to the changing conservation status of an object over time
would mean a far reduced environmental footprint to produce these materials and less or
no need for retreatment, significantly reducing the quantities of consolidant employed.

One of the first examples of adaptable consolidants was the PolyCatNap hydrogel
consolidant [221]. PolyCatNap is a 3D network of multiply functionalised chitosan and
guar gum. Guar gum is a galactomannan polysaccharide extracted from the seeds of the
guar bean (Cyamopsis tetragonoloba L.) by a mechanical process involving roasting, sieving,
and polishing [222]. Sieving results in the separation of guar gums of different particle sizes,
which result in different viscosity preparations. To create the 3D network, chitosan was
covalently modified under room temperature and aqueous conditions with either naphthol
or catechol units, while guar was dynamically covalently modified with methyl viologen
units. The three polymers were mixed in water, and the addition of the supramolecular host
cucurbit[8]uril (CB[8]) allowed the formation of ternary complexes between the naphthol
and MV units within the CB[8] cavity creating a basic 3D structure of the network. In wood
with a high Fe3+ concentration, the presence of catechol-functionalised chains provided
an additional orthogonal cross-link between 3 catechol functionalised chains and the Fe3+,
deactivating the catalytic properties of the iron and increasing the mechanical strength of
the network. This allows the consolidant to adapt to the changing Fe3+ concentration in the
wood and the possible weakening of the wood over time because of Fe3+ presence. The con-
solidant was shown to have no reaction to Fe2+ in the wood samples, displaying selective
cross-linking properties. Clearly, with the synthesis of naphthol, catechol and methyl violo-
gen requiring the use of petroleum-derived starting materials and high energy/resource
processes the sustainability of this system is not optimal. Recent developments in this
technology have shown, however, that various units could be replaced with bio-derived
molecules, enhancing the sustainability of the system. For example, coumarin derivatives
that could photo or thermally dimerise to create the basic host-guest cross-links could be
employed in place of both naphthol and methyl viologen and dopamine could replace
catechol creating a completely bio-based version of this system. What is clear though, is
that the advantage of this type of consolidant is that it reacts to the changing chemical
environment around it. As Fe2+ becomes reduced to Fe3+, either by chemical or microbial
action the resulting Fe3+ becomes bound within the consolidant preventing additional
catalytic action that will further degrade the cellulosic component of the wood. As such,
the consolidant can recognise and adapt to changes in the environment, reducing the need
for repetitive consolidation as Fe3+ concentration increases. Such adaptable systems are key
to the future of sustainable wood consolidant, assuming we can learn how to also produce
them with a minimal environmental footprint.

Interestingly, much of the discussion of alternative consolidants have focused on
materials that can replace what is missing from the degraded wood, primarily cellulose,
rather than targeting and strengthening what is still there, generally lignin. Lignin is often
described as the structural component of the wood. While it generally remains long after
celluloses have been degraded, it is often significantly altered [223]. Thus, consolidants that
target the lignin component of the wood can be very beneficial to the long-term stability of
an artefact, however, such consolidants are quite rare. Several lignin-based consolidants
are discussed in previous sections, but their purpose is not specifically to target lignin,
rather to reduce the toxicity and improve the sustainability of standard consolidants that
are already on the market. However, some work has been done to develop targeted lignin
consolidants, which have the potential to significantly improve the stability of heavily
degraded wood [224]. Currently, heavily degraded wood is conserved with Kauramin,
a highly unsustainable synthetic polymer that irreversibly polymerises in situ and has
limited compatibility with the wood structure that often leads to warping and cracking
of treated artefacts. McHale et al. [224] propose synthesising lignin-like oligomers that
would target and bulk the lignin matrix, as lignin itself is too bulky to effectively penetrate
the wood matrix. Using isoeugenol, propenyl-substituted guaiacol similar to the guaiacol
sub-unit of lignin, they reported the synthesis of lignin-like oligomers. Isoeugenol is a



Forests 2022, 13, 18 26 of 35

major component in the essential oils of cloves, cinnamon or ylang-ylang, among others.
The oils are extracted by steam distillation and then treated with NaOH or KOH to recover
eugenol and isoeugenol [225]. The polymerisation of isoeugenol was carried out at room
temperature for 2 days in the presence of a copper salen catalyst and H2O2 at pH 10.
The use of copper catalysts does reduce the sustainability of the system. In follow-up
work, the authors showed that the synthesis could be catalysed by horseradish peroxidase
(HRP) in place of Cu(salen), significantly improving the environmental impact of the
consolidant [226]. Moreover, with this HRP catalyst, a natural producer of H2O2, the
oligomers could be synthesised in situ. The reaction is carried out by immersing the wood
in a solution of isoeugenol in ethanol/water. After impregnation of the wood, HRP and
H2O2 were added to start polymerisation, which continued over two weeks. The samples
were washed to remove ethanol before freeze-drying. Both the infiltration with oligomers
and their in situ polymerisation gave promising results for the conservation of heavily
degraded wood. The interaction of the guaiacol derivatives with the lignin enhances the
specificity of the polymerisation and the compatibility with the matrix, offering a promising
alternative to the use of Kauramin for heavily degraded samples.

The most recent example of bio-inspired consolidant is a terpene polyacrylate treat-
ment derived from the α-pinene, a monoterpene extracted from colophony [227]. While
this treatment has only been synthesised and not yet tested on wood, it is certainly an
interesting proposition and one that merits further investigation. Terpenes perform a
natural protective function in wood [228], as such terpene-based consolidants may provide
protective functions to degraded wood that are not exploited in the current conservation
toolkit. The only potential disadvantage of this system is the heavy use of petroleum-based
solvents and reactants to achieve the final terpene polyacrylate. However, advances in the
production of acrylates from bioresources, along with more efficient enzymatic catalysis, as
discussed in previous sections, and the drive to develop new bio-based solvents for chemi-
cal synthesis [229] means that much of the described reaction process could be replaced
with bio-derived chemicals improving the overall sustainability of this novel consolidant.

5. Discussion and Conclusions

One of the major challenges to the drive for sustainability in the conservation of
wooden objects of cultural importance will most likely be the switch away from fossil
fuels as energy. With diminishing demand for fossil fuels for energy production, oil
extractors are adapting their portfolios to ensure continued income from fossil fuels, albeit
from different sources than in the past. Many oil refineries are planning to increase their
petrochemical output from under 20% to between 45–80%, meaning increased production
of raw materials for virgin plastics and polymers. Increased production of petrochemicals
will also drive down costs, making polymer consolidants derived from biomass less cost-
effective. This presents a real barrier to change in a sector that is already under-funded and
resistant to move away from state-of-the-art due to the as-yet-unknown potential impacts
on artefact conservation.

However, we already know our consumption practices are driving irreversible changes
in the dynamics of our planet leading to potentially catastrophic consequences, which will
heavily impact the conservation of the world’s natural heritage and cultural heritage.
Extremes in humidity, in particular, will affect wooden heritage to a significant degree
meaning an increase in the number of objects requiring active conservation. Thus, the
sooner we can enact new conservation practices that focus on the circularity and sustainabil-
ity of the entire process from the production of the consolidant to treatment of the artefacts,
the greater chance we have to reduce the negative impacts of unsustainable consumption
on the planet in general. This will require a significant internal change in the museum
and institutional protocols with respect to conservation, however, this is not something
unfamiliar in this arena. Museums and cultural institutions are uniquely positioned to
significantly impact sustainable development goals. Their role as trusted institutions, in
particular centres of formal and informal learning, means that by driving change within,



Forests 2022, 13, 18 27 of 35

they can significantly impact change in the wider community. By investing in sustainable
conservation practices and making this known to their visitors through awareness and
education programmes, they have the potential to influence how their visitors view their
own consumption practices. Highlighting the environmental impact of non-sustainable
consolidant use and the benefits to the use of bio-based (and preferably dynamic) con-
solidants that can be reused, recycled, and repaired without significant further resource
usage may encourage visitors to examine their own use of sustainable products and effect
much wider-reaching change than without such influence from a trusted source. Museums
currently do this by choosing renewable energy sources and low-energy ventilation and
lighting systems and publicising the use of such, with great effect. What would be the
change to petrochemical-based material usage if museums and cultural institutions were to
turn their attention to bio-based chemical usage and educate the public about the benefits?
Significant testing of long-term stability is required before such circular consolidants are a
common part of the conservation toolkit, hence the two-step strategy to achieving truly
sustainable conservation processes, but if we do not start now, then when? Alarm bells are
already ringing for the future of the planet, the time to make changes for the future and
long-term sustainability of conservation practices is now.
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221. Walsh, Z.; Janeček, E.R.; Hodgkinson, J.T.; Sedlmair, J.; Koutsioubas, A.; Spring, D.R.; Welch, M.; Hirschmugl, C.J.; Toprakcioglu,
C.; Nitschke, J.R.; et al. Multifunctional supramolecular polymer networks as next-generation consolidants for archaeological
wood conservation. Proc. Natl. Acad. Sci. USA 2014, 111, 17743–17748. [CrossRef]

222. Castro-López, C.; Contreras-Esquivel, J.C.; Martinez-Avila, G.C.; Rojas, R.; Boone-Villa, D.; Aguilar, C.N.; Ventura-Sobrevilla, J.M.
Guar gum as a promising hydrocolloid: Properties and industry overview. In Applied Chemistry and Chemical Engineering; Apple
Academic Press: Cambridge, MA, USA, 2017; pp. 183–205. [CrossRef]

223. Colombini, M.P.; Lucejko, J.J.; Modugno, F.; Orlandi, M.; Tolppa, E.-L.; Zoia, L. A multi-analytical study of degradation of lignin
in archaeological waterlogged wood. Talanta 2009, 80, 61–70. [CrossRef] [PubMed]

224. McHale, E.; Braovac, S.; Steindal, C.C.; Gillis, R.B. Synthesis and characterisation of lignin-like oligomers as a bio-inspired
consolidant for waterlogged archaeological wood. Pure Appl. 2016, 88, 969–977. [CrossRef]

225. Khalil, A.A.; Rahman, U.; Khan, M.R.; Sahar, A.; Mehmood, T.; Khan, M. Essential oil eugenol: Sources, extraction techniques and
nutraceutical perspectives. RSC Adv. 2017, 7, 32669–32681. [CrossRef]

226. McHale, E.; Steindal, C.C.; Kutzke, H.; Benneche, T.; Harding, S.E. In situ polymerisation of isoeugenol as a green consolidation
method for waterlogged archaeological wood. Sci. Rep. 2017, 7, 46481. [CrossRef] [PubMed]

227. Cutajar, M.; Andriulo, F.; Thomsett, M.R.; Moore, J.C.; Couturaud, B.; Howdle, S.M.; Stockman, R.A.; Harding, S.E. Terpene poly-
acrylate TPA5 shows favorable molecular hydrodynamic properties as a potential bioinspired archaeological wood consolidant.
Sci. Rep. 2021, 11, 7343. [CrossRef]

228. Adamová, T.; Hradecký, J.; Pánek, M. Volatile Organic Compounds (VOCs) from Wood and Wood-Based Panels: Methods for
Evaluation, Potential Health Risks, and Mitigation. Polymers 2020, 12, 2289. [CrossRef] [PubMed]

229. ReSolve Project Developed Bio-Based Alternatives to Replace Toxic Solvents Used in the Chemical Industry. Available
online: https://www.bbi.europa.eu/resolve-project-developed-bio-based-alternatives-replace-toxic-solvents-used-chemical-
industry (accessed on 30 November 2021).

http://doi.org/10.1016/j.clay.2020.105533
http://doi.org/10.1016/j.polymdegradstab.2015.07.007
http://doi.org/10.1007/s10570-017-1369-8
http://doi.org/10.1016/B978-0-12-813910-3.00008-2
http://doi.org/10.3390/polym12091973
http://www.ncbi.nlm.nih.gov/pubmed/32878027
http://doi.org/10.1021/acsami.0c20443
http://doi.org/10.3390/f12030345
http://doi.org/10.1021/acs.langmuir.0c00573
http://www.ncbi.nlm.nih.gov/pubmed/32202430
http://doi.org/10.1007/s40097-021-00391-z
http://doi.org/10.3390/polym12081766
http://doi.org/10.1038/srep10560
http://doi.org/10.1039/C9NJ06470B
http://doi.org/10.1109/EMBC.2014.6944234
http://doi.org/10.1073/pnas.1406037111
http://doi.org/10.1201/9781315197616
http://doi.org/10.1016/j.talanta.2009.06.024
http://www.ncbi.nlm.nih.gov/pubmed/19782193
http://doi.org/10.1515/pac-2016-0814
http://doi.org/10.1039/C7RA04803C
http://doi.org/10.1038/srep46481
http://www.ncbi.nlm.nih.gov/pubmed/28447666
http://doi.org/10.1038/s41598-021-86543-1
http://doi.org/10.3390/polym12102289
http://www.ncbi.nlm.nih.gov/pubmed/33036167
https://www.bbi.europa.eu/resolve-project-developed-bio-based-alternatives-replace-toxic-solvents-used-chemical-industry
https://www.bbi.europa.eu/resolve-project-developed-bio-based-alternatives-replace-toxic-solvents-used-chemical-industry

	Introduction 
	Consolidants for Wooden Heritage Objects: The Current State-of-the-Art 
	Bio-Based Consolidants 
	Oils 
	Waxes and Resins 
	Sugars and Sugar Alcohol 

	Synthetic Consoldants 
	Poly(ethylene glycol), PEG 
	Methacrylate and Acrylate Copolymers 
	Aminoplasts 
	Epoxy Resins 
	Alkoxysilanes 


	Sustainable Alternatives to Conventional Treatments 
	Poly(ethylene glycol) 
	Epoxies 
	Acrylates and Methacrylates 
	Aminoplasts and Related Consoldants 
	Alkoxysilanes 
	General Comments 

	Designing the Sustainable Consolidants of the Future 
	Polymers Extracted from Biomass 
	Proteinaceous Consolidants 
	Polysaccharides 
	Lignin 

	Encapsulated Consolidants with Sustained or Triggered Release 
	Organic-Inorganic Composites 
	Bio-Inspired Consolidants 

	Discussion and Conclusions 
	References

