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Interactive effects of solar UV radiation and
climate change on material damage
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Solar UV radiation adversely affects the properties of organic materials used in construction, such as plas-

tics and wood. The outdoor service lifetimes of these materials are influenced by their rates of degra-

dation under solar UV radiation as well as by other climate factors such as temperature, moisture, and

atmospheric pollutants. While recovery of the stratospheric ozone layer is expected, local increases in UV

radiation are still likely to occur, especially in the tropics, but also elsewhere because of climate change

effects. Such increases, when taken together with an increased ambient temperature due to climate

change, can significantly shorten the service lifetimes of organic building materials. Several proven

technologies, including the use of UV stabilisers, surface treatments or coatings have been developed

over the years to mitigate these adverse effects. While these technologies should be able to compensate

for any realistic future UV radiation and climate change scenarios, they will also add significantly to the

lifetime cost of material in relevant products. Shorter outdoor lifetime of the plastic components in

photovoltaic (PV) modules is a serious concern in the solar energy industry. To ensure module durability

over the full service-lifetime (of about ∼20 years) of the light-harvesting PV components, better stabilis-

ation technologies are being investigated. The present trend towards more environmentally sustainable

materials in building, and environmental impact of additives such as stabilisers, need to be considered in

addition to their engineering performance. This may require the phasing out of some conventional addi-

tives used in plastics as well as substituting wood or other materials in place of plastics in buildings.

Depending on the relative costs of mitigation, substituting more UV-stable materials for conventional

ones in outdoor products may also be a viable option with some categories of products. Neither the

global cost of mitigation of the effects of climate change on materials nor the long-term sustainability of

the technologies available for the purpose, have been estimated. Plastic waste and litter exposed outdoors

to solar UV radiation over extended periods undergo cracking and fragmentation into small pieces

(of micro- and nano-scale size). Release of these fragments into the environment, particularly in the

aquatic environment, poses a potential threat to marine biota. Already several hundred of species

are known to ingest these fragments that can potentially accumulate additives and pollutants from water.

This is a potential threat to humans because 25% of fish marketed for human consumption have been

reported to contain microplastics in their digestive systems. The focus of this assessment is on recent

advances in understanding the mechanisms of UV-radiation-induced degradation in materials and in

assessing emerging technologies for their stabilisation against outdoor UV-degradation. A better under-

standing of the mechanisms of degradation will allow for innovative stabilisation approaches to be devel-

oped. Also assessed is information on the sustainability of the available and emerging UV stabilisation

technologies.

1. Introduction

Wood and plastics dominate building construction materials
worldwide. A record 900 million cubic meters of bulk sawn
wood and wood paneling were produced globally in 2016,1

amounting to 3% growth over the previous year. Driven by
growing economic demand, global manufacturing of wood
products has increased consistently over the past seven years.
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Similarly, plastic resin production increased to 331 million
metric tons (MMT) in the same year, with about a third of the
production being used in building construction applications.
The most common plastic resin used in buildings is poly(vinyl
chloride) (PVC) plastic, which is popularly used in a wide
range of exterior applications as well as in flooring and mem-
brane roofing. In fact, about 75% of PVC global production of
about 41 MMT2 is consumed by the building industry.

Protecting materials from solar UV radiation, especially
UV-B (280–315 nm) radiation, is important to ensure their long
service lifetimes. A critical requirement of building materials
used in exterior products is good durability with minimal
maintenance, properties that PVC generally provides. Surface
coating or chemical treatment is commonly used to protect
wood products from the effects of solar UV radiation and
moisture, while plastics used in exterior products are generally
compounded with UV stabilisers. Efficient UV stabilisers such
as hindered-amine light stabilisers (HALS) mixed in with the
plastic at only 0.1 to 0. 5 wt% is enough to protect the plastic
against premature damage by solar UV radiation under present
exposure conditions.

In addition to building construction applications, plastic
and wood are also used in other outdoor products, such as in
transportation equipment, outdoor furniture, and agricultural
equipment. Wood, for instance, dominates the outdoor furni-

ture market. Glass-reinforced polyester (GRP) composite is a
common material of choice for constructing small fishing
vessels, while increasing amounts of plastics are used in con-
structing automotive, aircraft, and ocean-going vessels. Plastics
are also used in critical alternative energy applications such as
in photovoltaic (PV) modules and as coatings in the preser-
vation of cultural artifacts. In all these uses, solar UV radiation
is the key environmental agent responsible for compromising
performance and determining useful lifetimes of products.

Solar UV-B radiation causes yellowing, chalking, loss in
surface gloss, increase in hydrophilicity (capacity to absorb
water), and loss in mechanical properties of exposed materials.
Correspondingly, it is predominantly the levels of UV-B radi-
ation in the solar spectrum that is affected by changes in the
ozone layer (see ref. 3). Ozone-related increases in UV radiation
levels will therefore tend to accelerate degradation processes in
materials, sometimes leading to their premature failure.

An increase in ambient temperatures due to climate change
will further exacerbate any light-induced degradation as the
UV-induced damage tends to increase with increasing temp-
erature. Climate change is predicted to result in an increase in
Earth’s average temperatures by 1.8 to 4.0 °C by 2100, depend-
ing on the scenario adopted. The interactive effects of solar UV
radiation and climate change on material damage and their
mitigation strategies are shown in Fig. 1.

Fig. 1 Conceptual diagram of the direct effects of stratospheric ozone depletion (1) and interactions with climate change (2, 3, 4, 5) on the amount
of solar UV radiation that reaches the Earth. Solar UV radiation and other climatic factors damage materials exposed outdoors (6, 7). This adversely
affects service life of materials. UV degradation of plastic generates micro and nano-plastics through fragmentation (7) and often results in dis-
colouration, cracking, chalking, mechanical and chemical degradation (8). Also shown are the methods to stabilise materials against UV radiation
and climate change-induced degradation (9).
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While conventional proven technologies are available to
maintain the service lifetime of exterior products despite these
potential changes in the solar UV radiation spectrum and
effects of climate change, this protection is only achieved at a
significant increase in the lifetime cost of the products. Newer
technologies such as nanoparticle-filled clear coatings for
wood and polymeric non-leaching UV stabilisers for plastics
are being studied and appear to be particularly promising, but
their associated lifetime costs are not yet known.

Weathering of plastic products exposed outdoors over
extended periods of time results in their cracking and frag-
mentation into small pieces. This is most likely with urban
litter where plastic products such as films, drinking straws,
cigarette filters, cutlery and cups are carelessly discarded after
use. Some of these fragments are <5 mm in size and popularly
called microplastics (MP). Even smaller sized nanoplastics are
produced during degradation. Transport of these MPs into
aquatic environments poses a threat to marine biota and is
also reported to be found in seafood.

A significant fraction of plastic resin is used in manufactur-
ing synthetic textile fabrics. Textiles provide a convenient
means of limiting personal exposure to solar UV radiation,
thus reducing adverse health effects from such exposure.
Textiles can be modified to effectively absorb most of the UV
radiation impinging on clothing. Similarly, plastic eye-ware
can protect against ocular exposure of individuals to solar UV
radiation (see ref. 4). Plastic films that block or reflect UV radi-
ation are available for use on window glazing to protect the
occupants as well as materials used inside buildings (such as
carpeting and furniture) from exposure to UV radiation.5

The relevant research during the past four years that has a
bearing on the potential effects of UV radiation, particularly
the UV-B component, and the ambient temperature on the life-
time of materials, is assessed here.

2 Materials in building construction
2.1 Wood products

Wood is the most commonly-used building material in sup-
porting structures ranging from thatched dwellings in the
developing world to large wood-framed constructions in
Europe and North America. An environmentally sustainable
product with excellent thermal and acoustic properties, wood
is ideally suited for use in residential building. Wood is also
often available close to the construction site, and moreover, it
is cost-effective, carbon neutral, and less energy intensive to
produce compared to plastics or metal. Engineered wood pro-
ducts may incorporate fungicides and UV stabilisers that can
extend their natural service life.

2.2 Plastic products

Plastic products are used in a wide range of building
materials.6 The major uses of plastic components in buildings
are summarised in Table 1; this underlines the importance of
PVC in this market segment.

The items listed in Table 1 are those typically used in the
exterior of buildings; others such as insulation, water and
sewage pipes, building wrap or vapour barriers made of
plastic, are not included. In terms of volume use, especially in
cladding/siding, rigid PVC dominates the applications sector.7

The main advantages of using plastic, especially PVC, in
conventional building products are that these are lighter, ver-
satile, easily molded into complex shapes and often have lower
cost when compared to alternatives such as wood or metal.
However, concerns about environmental sustainability of PVC,
the plastic mostly used in building, argue against its contin-
ued widespread use. Nevertheless, the double-digit growth rate
in GDP in China and India and resulting investment in infra-
structure development, has resulted in a strong continuing
demand for PVC globally. The industry has also made some
progress in improving the sustainability of the material and
the key changes undertaken for the purpose are as follows:

(a) Discontinued use of mercury catalysts. Mercury-based
catalysts have been used historically in manufacturing vinyl
chloride monomer, the key intermediate in PVC synthesis.
Manufacturers from 128 countries signed the binding
Minamata Convention that bans the use of this toxic volatile
catalyst from 2017 onwards.8 A gold catalyst has been proposed
as an alternative to the mercury-based one.9

(b) Phasing out of heavy metal stabilisers used in PVC for-
mulations. The use of lead and cadmium salts as thermal
stabilisers in PVC has been a concern as a small fraction of
these can migrate out, especially from recycled PVC pro-
ducts.10 Cadmium in PVC has already been phased out in
Europe. Lead compounds have also been recently phased out
in PVC products in Europe and the USA. Stabilisers based on
calcium–zinc and barium–zinc are being used instead.

(c) Using more environmentally sustainable plasticisers in
soft PVC products. Conventional plasticisers (the phthalates)
are toxic, endocrine disruptor chemicals that may be potent at
very low doses. Substitutes for phthalate plasticisers are being
evaluated for use with PVC.11,12 For instance, the efficacy of

Table 1 Plastics used in building applications

Component Plastic materiala
Traditional
material

Siding or cladding Rigid PVC Wood, aluminum
Window and door frames Rigid PVC Wood, aluminum
Electrical wire coatings &
conduits

PVC, PE, rubber,
nylon

Rubber, Bakelite

Glazing PC, PMMA, GRP Sheet glass
Piping (water & waste
water)

Rigid PVC, CPVC,
PE, PB

Lead, copper,
cement

Decking, fencing & railing WPC, rigid PVC Wood
Roofing PVC, CPE, EPDM,

CR
Asphalt, bitumen

Flooring PVC Wood, cement

a PVC, poly(vinyl chloride); PE, polyethylene; PC, polycarbonate;
PMMA, poly(methyl methacrylate); GRP, glass fibre reinforced poly-
ester resin; CPVC, chlorinated PVC; PB, polybutene; CPE, chlorinated
polyethylene; EPDM, (ethylene propylene diene) monomer rubber; CR,
chloroprene rubber; WPC, wood–plastic composites.
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cardanol-based plasticisers, epoxidised soybean oil and their
mixtures in plasticising PVC and improving its UV radiation
stability, are being investigated.12,13

(d) Enabling improved building waste management. Difficulty
in managing waste or post-use PVC building products and their
low rates of recycling are also key disadvantages to using PVC. In
theory, PVC plastic is fully recyclable; however, it is difficult to
recycle or incinerate because of the emission of toxic hydrochloric
acid on thermal degradation. Also, plasticised PVCs may release
the stabilisers and plasticisers such as phthalates into the environ-
ment during disposal of waste plastic. However, recently, signifi-
cant progress has been made in recycling the plastic, with a recent
European initiative reporting 569 000 tonnes recycled in 2015.
Most of the PVC being recycled consists of extruded door or
window frames and pipes. However, there is no significant use of
recyclates to refabricate the same building product; they are down-
cycled into other, less valuable goods. Nevertheless, increased re-
cycling of PVC can improve its environmental sustainability rating.

The environmental advantages of using recycled PVC in
place of virgin PVC resin have been assessed using lifecycle ana-
lysis (LCA). Using recycled PVC instead of the virgin plastic
results in very significant savings in water and energy as well as
in global-warming emissions during the manufacture of the
resin (Fig. 2). Recycled mixed plastic blocks can potentially be
put to a myriad of uses: for example, even the use of plastic
bricks in low-cost residential building units have been demon-
strated in Colombia (Fig. 3). However, there can be potential
issues of outgassing and release of particles to indoor air as well
as flammability that need to be addressed in such applications.

3 Solar UV radiation and outdoor
lifetime of materials

Plastics and wood undergo degradation under prolonged
exposure to solar radiation, resulting in physical, mechanical,

and chemical changes on the surface of the material. That UV
radiation in the solar spectrum is primarily responsible for
initiating the photo-damage of wood, is well established.15

This was recently confirmed for several additional wood
species.16,17 The lignin in wood is chromophoric and absorbs
UV radiation, initiating degradation (see ref. 18 and 19);
however, no such chromophores are present in common plas-
tics such as polyethylene (PE), polypropylene (PP) and poly
(vinyl chloride) (PVC). In these plastics, impurities and pro-
ducts of initial trace oxidation act as chromophores. Outdoor
service life of common plastics such as PE,20 polyester geotex-
tiles21 and PP22,23 is determined primarily by the dose of solar
UV radiation and the temperature at which the product is
used. In polyolefins (PE and PP), the UV-initiated oxidation is
well known to be autocatalytic and a low concentration of chro-
mophoric impurities can initiate significant photodegrada-
tion.24 With wood, however, the photodegradation is not auto-
catalytic and the rates vary depending on the species,25,26

being primarily influenced by naturally occurring stabilisers.27

With wood28 and plastics,29 the rates of weathering and there-
fore their outdoor lifetimes can be extended significantly by
using UV-protective strategies; for example, surface coatings or
treatments on wood and the use of UV stabilisers compounded
into the bulk of the plastic.

The useful outdoor lifetimes of plastic building products
such as siding, window frames, panels and glazing are often
determined by photo-damage to the surface, particularly dis-
coloration and chalking, rather than the bulk degradation of
the material. While the chemical mechanisms involved are
very different from those in plastics, photo-yellowing on weath-
ering of wood is also a surface reaction. Advanced degradation
in both classes of materials results in loss of strength leading
to cracking of the surface. The damage, however, is often more
than aesthetic and can also affect surface integrity (as with
chalking of PVC products or surface micro-cracking of PE), or
reduction in bulk mechanical properties. Especially in wood,
surface cracking facilitates ingress of water into the bulk of the
matrix, promoting fungal biodegradation leading to serious
deterioration.

Fig. 3 Homes constructed with recycled mixed fire-resistant plastics in
Colombia. Courtesy of Conceptos Plasticos, Cundinamarca, Colombia.

Fig. 2 The environmental advantages of recycled vs. virgin PVC for
water use, energy demand and global warming potential (GWP) of emis-
sions. The y-axis compares the demand on these resources by recycled
PVC and virgin PVC (with the latter set at 100%). The data are for Europe
and cannot be directly compared with that for other locations because
the Life Cycle Analysis (LCA) methodologies used are different (redrawn
from data in ref. 14).
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3.1 Weathering of polyolefins

The autooxidation reaction sequence that is involved in weath-
ering of polyolefins is very well established. Solar UV radiation
initiates the reaction, creating free radicals in the plastic.
Propagation of the reaction is via the oxidation of the macro-
radical R• → RO2

• where R is the polymer molecule and will
continue as long as the plastic and oxygen are available.
Hydroperoxides [ROOH] are formed via abstraction of hydro-
gen by the RO2

• radicals and these, in turn, decompose into
radical pairs [RO• and •OH], allowing further initiation, and
resulting in autocatalysis. Oxidation reactions of polyolefins
that occur in weathering are generally accompanied by (a)
changes in surface chemistry, (b) increases in bulk crystallinity
in the surface layers, and (c) reduced average molecular
weight. Crosslinking and chain scission occur concurrently
but, because only the soluble fraction resulting from chain
scission is investigated by gel-permeation chromatography
(GPC), UV-degraded samples yield a lower average molecular
weight. The oxidation mechanism and these changes are
shown in Fig. 4. Spectral changes may indicate an increase in
CH2vCR2 and –CH2vCHR functionalities, indicating chain
scission and cross linking, respectively. Degradation is gener-
ally characterised by yellowing of the surface, increase in the
carbonyl index, and increased crystallinity of the polymer.

Weathering degradation of the most-used plastic, low-
density polyethylene (LDPE), results in the formation of
diverse carbonyl compounds on the surface layers of the
material.30 While a recent spectroscopic study unexpectedly
showed aldehyde to be the predominant functionality,22 this is
likely a product of early oxidation; ketone and carboxyl func-
tionalities are the main products of oxidation. Addition of
transition metal salts to the plastic catalyses the oxidation reac-
tions and is used as a strategy to design environmentally
degradable plastics. Cobalt and iron stearates in linear low
density polyethylene (LLDPE), for instance, act as pro-oxidants
to rapidly reduce the average molecular weight of the plastic,
especially at higher intensities of UV radiation.31 However,
even at this high level of oxidation, the average molecular
weight of the polymer had not reduced sufficiently to obtain
significant biodegradation (≲20% carbon conversion) by the
species Chryseobacterium gleum.

In a multi-site outdoor exposure study of PP, both the
increase in carbonyl index and development of surface yellow-
ing were quantified.32 Despite the lack of a firm theoretical
basis to anticipate such a relationship, the changes in two pro-
perties with the duration of weathering showed good corre-
lation in the aggregate data.

Some of the common polymers are partially crystalline,
where small volumes dispersed in the amorphous bulk of the
polymer are ordered into crystal-like domains. While not true
crystals in the conventional sense, these also display melting
transitions and act to reinforce the plastic. This morphology
invariably depends on thermal- and strain-history of the
plastic and is quantified in terms of percentage crystallinity of
the material. Because of preferential oxidative degradation of
the amorphous fraction as well as chemo-crystallisation, crys-
tallinity of polyolefins generally increases on weathering.33,34

Chemo-crystallisation is due to the migration of short polymer
chains formed in chain scission leading to their alignment
into new crystallites.32,35 Competing with chemo-crystallisation
is the generation of low molecular weight reaction products
and impurities that interfere with crystallisation.33 In the
outdoor weathering of PP, for instance, crystallinity increases
in early degradation but decreases thereafter.36

A comparison of microstructural changes during acceler-
ated weathering of extruded and laminated samples of PP
shows selective degradation of the amorphous polymer.34

Extruded tapes, because of internal stresses created during
processing, underwent faster weathering compared to lami-
nates. Increases in crystallinity of LDPE in outdoor weathering
(at a Saharan site in Algeria) confirms the increase in crystalli-
nity of the polymer obtained in accelerated weathering.35

During 8 months of outdoor exposure, the percentage crystalli-
nity as measured by X-ray diffraction increased, from 36 to
42%. This increased level of crystallinity, along with possible
concurrent surface crosslinking, is likely responsible for the
observed increase in tensile strength of PE pipes exposed out-
doors.37 These changes in bulk properties are consistent with
the changes in crystallite composition and also suggest a non-
linear change in activation energy with the duration of weath-
ering for the plastic.

3.2 Weathering of wood

Like plastics, wood is susceptible to UV-mediated environ-
mental degradation when exposed outdoors. The cell wall poly-
mers (cellulose, hemicellulose, and lignin) and the low mole-
cular weight extractives in the wood are readily degraded by
weathering. Solar UV radiation is the primary cause of the
degradation of wood exposed outdoors.15–17 Among wood poly-
mers, lignin is a strong absorber of solar UV radiation due to
the presence of many chromophoric groups in its chemical
structure and hence is the most affected component by UV
radiation.16,38,39 Weathering decreases the mechanical integ-
rity and the aesthetics of wood products.40 The rate of degra-
dation is often measured by the degree of surface discolor-
ation, which is a critical property for sawn-wood products. The
hydrophilicity of the UV-degraded surface of wood increases

Fig. 4 Autocatalytic oxidation cycle and the main changes accompany-
ing UV-induced degradation of polyolefins.
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and facilitates biotic degradation by fungal action, limiting
their service lifetimes outdoors.41

Surface colour change from exposure of wood to UV radi-
ation decreases with increasing wavelength of radiation as
recently demonstrated for Asian white birch wood veneers.40

The wavelength dependence of the photodamage is described
by a wavelength sensitivity spectrum in the form of an action
spectrum. A novel laboratory methodology to conveniently
derive action spectra for materials exposed to UV-visible radi-
ation has been recently developed.42 Improved methodology
allows simultaneous exposure of different parts of a single
sample to different monochromatic wavelengths resolved with
a xenon light dispersed using a diffraction grating. While the
principle has been used previously, for instance in the Okazaki
Large Spectrograph facility in Japan, its adaptation into a
desktop instrument is a key innovation. The method was used
to study photo-yellowing of mechanical pulp where newsprint
samples were exposed to resolved xenon source radiation in
the wavelength range of 250–500 nm.42 Information on wave-
length-sensitivity does not include potential synergistic (or
compensatory) effects at different wavelengths in the full solar
spectrum. Activation spectra of degradation generated for solar
radiation includes such interactions and considers the entire
distribution of spectral irradiance of sunlight.

The main consequences of degradation of lignin in wood
are the rapid discoloration and loss in mechanical pro-
perties.17 Changes in surface chemistry are detectable by
ATR-FTIR spectroscopy† and indicate progressive loss of lignin
with the duration of exposure.17,25,40,43 Weathering is generally
localised to a surface layer of the wood17,44,45 and is rapid
enough to yield visible discoloration within the first few hours
of laboratory exposure to a xenon source. In natural weathering
of softwood (spruce and larch) and hardwood (beech and oak),
most of the lignin on the surface is degraded after only
2 months of laboratory exposure to simulated solar (xenon
source) radiation. In bamboo wood, the maximum colour
change was observed within 3 months of natural weathering
and was accompanied by the degradation of lignin and an
increase in crystallinity of the cellulose fraction of wood, as
determined by FTIR spectroscopy.44 The photo-oxidation of
lignin results primarily in the formation of (water soluble) car-
bonyl derivatives resulting in yellowing of the wood
surface.38,46,47 Spectral signatures of common oxidation pro-
ducts of lignin are generally detected on UV-exposed wood sur-
faces.17,25 It is the formation of singlet oxygen, a particularly
reactive radical species, that facilitates the degradation reac-
tions of lignin and results in formation of carbonyl moieties in
weathered wood.46 This, in turn, increases surface wettability,
making the carbohydrate-rich degraded wood more suscep-
tible to biological decay.41

Along with lignin, some cellulose is also degraded by solar
UV radiation, although at a relatively slower rate; however, it
is the amorphous cellulose fraction that is preferentially

degraded.44,48 The relative inertness of crystalline cellulose to
degradation by UV radiation was confirmed for spruce
wood,48 bamboo44 as well as wood–plastic composites49 in
recent studies. The surface layer of wood, therefore, becomes
progressively richer in crystalline cellulose as weathering con-
tinues.48,50 The cellulose-rich surface serves a UV-protective
function limiting further degradation as shown for several
types of wood.51 This suggests that preliminary pre-degra-
dation with UV radiation may help stabilise wood against dis-
coloration,51 but the relevant process conditions for large-
scale use and economic feasibility have not yet been
established.

The L* (lightness), a* (greenness-redness) and b* (yellow-
ness) coordinates uniquely specify single hues in the CIE Lab
colour space, allowing any colour change to be quantified.
Surface discoloration of wood typically results in a decrease in
L* and increase in b* indices.17,48 Yellowing rates for a variety
of wood species exposed to solar UV radiation have been
reported in the literature, including several recently-studied
wood species.39,48,52 The change in the ratio of lignin/carbo-
hydrate (as reflected in the spectral intensity ratio [I1507/I1377])
with the duration of exposure, revealed a loss of 50% of the
lignin content in chestnut wood within 48 h of accelerated lab-
oratory exposure.39 These changes are far more pronounced
during initial stages of exposure17,25,39 and are confined to a
thin surface layer of wood.17,44,45 A study on depth profiling of
photodegraded sugi wood (Cryptomeria japonica D. Don) by
confocal Raman microscopy indicated a degradation zone up
to about 500 μm in depth.45 The rates of these changes are
species-dependent but the largest changes occur within the
first few hours (even within 6 h),25 and the maximum effect is
reached after 24 h of laboratory exposure with different var-
ieties of wood.25,38,39,53,54

The colour changes correspond to lignin degradation and
the formation of carbonyl groups produced during photo-
degradation of several softwood25 and hardwood
species.25,39,40,53 A similar correspondence was also reported
between the residual lignin content assessed by FTIR and the
change in tensile strength during natural weathering of fir-
wood.17 If generally applicable, such correlations may allow
the simpler, non-invasive measurements (particularly yellow-
ness index), to be used as a proxy for oxidative changes and
loss in surface mechanical properties of weathered wood.
Development of non-invasive methods to monitor surface
photodegradation is important for predicting service life and
developing protective coatings for wood.38,54

The chemical degradation of wood by UV radiation results
in the destruction of cell wall structure. Development of radial
micro-cracks in cell walls, complete deterioration and thinning
of the cell walls in young parenchyma tissue (non-vascular,
ground tissue), and degradation of pit membranes in vessels
as well as in parenchyma cells are generally observed.28,55 The
presence of spores and dust particles further affect the struc-
ture of wood under natural weathering conditions.51

Anatomical changes in the top surfaces of Cumaru wood
(Dipteryx odorata (Aubl.) Wild.) after natural (36 months) or†Attenuated total reflectance-Fourier transform infrared spectroscopy.
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artificial (12 weeks) weathering are compared to that before
weathering, in Fig. 5.55

3.3 Wood-plastics composite material

Composites of wood and plastics (WPC) are popularly used in
outdoor building applications, accounting for about 50% of
the volume of outdoor structures, especially in construction of
fences and decks in the USA. The fastest growing application,
however, is in automobile interiors. While the annual global
production of WPC is small (4.26 MMT in 2016), the market
sector is projected to grow at 12.3% annually until 2022.56

WPC typically use PE, PP and PVC and may include both virgin
and post-consumer recycled resin.57 In applications for auto-
mobile interiors and outdoor use, the material is routinely
exposed to solar UV radiation and as would be expected, the
success of WPC as an outdoor building material is invariably
related to its stability under exposure to solar UV radiation.49,58–60

Degradation of WPCs by weathering generally depends on the
UV wavelength, intensity, and exposure time.61

As with wood, exposure of WPC to solar radiation results in
surface colour change,62,63 increased carbonyl concentration
and loss in mechanical properties.62,64–66 The mechanism of
WPC degradation under solar radiation can be understood in
terms of chemical features observed in the degradation of the
wood and plastic components in the composite by UV radi-
ation. Weathering of PP-based WPC results in visual as well as
microscopic changes on the surface, cracking and weight loss
over 90–180 days outdoors, and damage from pulled-out wood
fibres at the surface.58 A recent study shows that micro-crack
development and surface bleaching67 are also important degra-
dation mechanisms of WPCs. Generally, their mechanical

strength decreases in parallel with these visual changes66 and
the sites of surface defects are typically the protrusions of
wood fibres. These changes are consistent with those antici-
pated by the present understanding of the photodegradation
of wood.

Given the limited product range of extruded WPCs available
commercially, the appropriate metrics to be used to assess
their weathering are unclear. Tensile tests,60 flexural tests68

and microscopic quantification of cracks58 have been used for
this purpose. A recent meta-analysis of 44 datasets on WPC
found that Young’s modulus and modulus at break were the
best parameters to assess their weatherability.60 Exposure to
solar UV radiation was found to increase rates of bio-
degradation (as measured by respirometry) in composites of
polypropylene-(ethylene vinyl acetate) copolymer (PP/EVA;
70 : 30 w/w) with wood-flour.41 In PP-wood fibre composites,
the loss in mass during subsequent biodegradation was
>300% higher for material weathered outdoors for 90 days than
for the control (reference material). A similar finding has been
reported for the degradation of rice straw.69 As the wood fraction
is likely to undergo faster UV-degradation relative to the plastic
and is relatively more hydrophilic, this is an expected result for
WPCs, based on established observations of photodamage facil-
itating biodegradation of wood (see ref. 19). As oxidation of the
plastic fraction does not facilitate significant biodegradation on
weathering of WPC, oxidation of the wood fraction is respon-
sible for the increased biodegradation.

4 Effects of temperature on the
weathering of plastics and wood

As degradation reactions are generally accelerated at higher
temperatures, any increase in ambient temperatures due to
climate change will aggravate the damaging effects of UV radi-
ation on materials. The temperature-dependence of degra-
dation reactions is described by the well-established Arrhenius
equation that is used to estimate the increased rates of degra-
dation obtained at higher temperatures.70,71

In outdoor exposure of materials, the dose of solar radi-
ation is usually the key determinant of the rate of photo-oxi-
dative degradation,72 for instance, as shown with PE20,22 and
PP23 in recent studies. However, recent comparative outdoor
weathering exposures of PP at multiple locations, found temp-
erature to be the dominant variable that determined the rates
of degradation.32,33 Where the variation in solar radiation dose
between sites is small, the differences in the temperature can
determine the relative rates of weathering.

In indoor exposures, materials are not exposed to direct
solar UV radiation. Under these conditions, diffuse UV radi-
ation, ambient temperature, and air pollutants are the princi-
pal agents of weathering. In a weathering study on 18 types of
plastics, where direct sunlight and precipitation were excluded,
the rate of yellowing discoloration was determined primarily
by the dose of diffuse light (including scattered UV radiation)
rather than temperature.73 These conditions pertain to weath-

Fig. 5 Anatomical changes in the top surfaces of Cumaru wood
(Dipteryx odorata (Aubl.) Wild.) after natural (36 months) and artificial (12
weeks) weathering. 1st row magnification 100×; 2nd row magnification
500×; and 3rd row magnification 1000× (reproduced with permission
from ref. 55). Xenotest weatherometer employs a filtered xenon source
to provide UV-visible radiation with a spectral distribution that closely
matches solar radiation. Reference image is for sample prior to
weathering.
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ering of books and documents as well as art and cultural heri-
tage items stored indoors in museums and libraries where
only diffuse solar radiation is present. The study also found
that NOx (from traffic exhaust), not generally included as a
parameter, was a significant agent of yellowing discoloration
of material. Depending on the exposure conditions, tempera-
ture, diffuse light, or even humidity can be the dominant
determinant of the rate of outdoor weathering.

As degradation reactions of materials are oxidative, the con-
centration of available oxygen will also affect the rate of the
process. A novel form of the Arrhenius equation that also
includes the oxygen partial pressure as a variable has been pro-
posed for weathering of PP36 (eqn (1)).

Lnk ¼ pLnðIÞ þ qLnðOÞ � ðΔE=RTÞ ð1Þ
where k is the rate constant, (O) is the partial pressure of
oxygen, ΔE is the activation energy, T is the absolute tempera-
ture and R is the gas constant (J mol−1 K−1). The usefulness of
this extended form of the equation for modelling the weather-
ing process in common plastics requires further verification.
For exposures at high-altitude locations this new eqn (1) might
be useful.

The findings for wood generally parallel those for
plastics, and the extent of degradation, especially surface yel-
lowing is accelerated at higher temperature.16,50,74 However,
interpreting data on light-induced discoloration of wood is
complicated by the different components of wood (cellulose,
hemicellulose, lignin, and extractives) undergoing weathering
independently, and at different rates, on exposure to solar UV
radiation. With wood products, such as those of Norway
spruce and beech, humidity can also determine the service
lifetimes because of biodegradation subsequent to surface
photo-damage.16 Discoloration of these wood species after
only 20–60 h of outdoor solar radiation can be ∼17% higher at
100 °C compared to 30 °C.16 The rate of photodegradation of
both hardwood (beech, Fagus sylvatica L.) and softwood (Scots
pine and spruce) species depends on ambient temperature,
with softwood being relatively more sensitive to exposure to
UV radiation at elevated temperatures.26 This is attributable to
the relatively higher lignin fractions in softwood and the
higher photo-susceptibility of the lignin.

5 Stabilisation of materials against
weathering

With the predicted recovery of the stratospheric ozone layer,
solar UV radiation received at the Earth’s surface is not
expected to increase in the future (see ref. 3). However, the
intensity of UV-B and UV-A radiation can still increase locally
because of climatic factors such as clearer skies in the tropics
that may also experience high ambient temperatures. Available
and emerging stabiliser technologies are expected to maintain
the service lifetimes of wood unchanged under such
exposures.75 These are based on covering the surface with a

UV-opaque layer, using a UV-absorbing additive in the
material, or using a stabiliser that interferes with the basic oxi-
dation reactions as shown in Fig. 4. Stabilisation and insights
on stabilisation mechanisms for wood material are assessed
under three broad categories.

(a) Surface treatment and modifications
(b) Thermal modification
(c) Use of nanoscale fillers in surface coatings.

5.1 Surface treatments and modification of wood

Surface treatment is a cost-effective means for solar UV stabil-
isation of wood.76 Conventional approaches such as copper-
treatment, acetylation, and reaction with epoxidising reagents
have been reported for this purpose.77 Copper ethanolamine
or copper azole, for instance, is well known to impart both UV
stability and fungicidal activity to Japanese Larchwood.78

Copper ethanolamine reacts with the –OH groups in lignin,
converting them to carboxylates, retarding the degradation of
lignins by UV radiation. However, sustainability concerns
regarding leaching of copper compounds from the wood may
limit its use in the future.79

Acetylation of wood provides multiple functionalities, such
as increasing resistance to fungal decay, dimensional stability,
and resistance to UV radiation.80,81 However, the use of con-
ventional anhydride reagents to acetylate wood yields acid by-
products that may damage the material. The acetylating
agent, isopropenyl acetate, avoids this disadvantage and stabil-
ises wood against UV-induced degradation while also enhan-
cing its hydrophobicity and resistance to fungal attack.82–84

Acetylated wood underwent bleaching as opposed to yellowing
on exposure to simulated solar UV radiation in the laboratory.
Alternatively, treating beech wood with thermosetting
N-methylol melamine and phenol-formaldehyde resin also
improved its weathering performance.76 The treated wood
coated with an acrylic coating showed improved UV-stability
compared to acrylic-coated and uncoated controls. Despite the
effectiveness of the chemical modification in stabilising wood
against solar UV radiation, the cost-effectiveness of the process
needs to be improved to encourage its high-volume use.

Organic surface coatings or paints that screen out solar UV
radiation can also be an effective approach to stabilising wood.
Epoxidised soybean oil effectively protected the surfaces of
silver fir (Abies alba L.) wood against photooxidation under
solar UV radiation.85 With Scots pine wood (Pinus sylvestris L.),
treating the surface with 2-hydroxy-4(2,3-epoxypropoxy)-benzo-
phenone or an epoxy functionalised soybean oil also effectively
enhanced UV-protection of clear-coated wood under both
accelerated (up to 4000 h under xenon radiation) and natural
exposure outdoors (up to 14 months).86 However, using epoxi-
dised linseed oil was ineffective in arresting discoloration and
delignification of Scots pine wood.87 The reason for this dis-
parity is not clear and the organic surface coating may have to
be matched with different varieties of wood for effective stabil-
isation. The process is again not cost-effective for high-volume
use.
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Paints containing inorganic pigment or organic UV-stabil-
iser compounds can shield the wood from exposure to UV radi-
ation. Conventional light stabilisers typically used in plastics,
such as UV absorbers and hindered amine light stabilisers
(HALS), compounded into paints and varnishes used on wood,
are effective in controlling discoloration and mechanical
damage of both softwood and bright hardwood.88 However,
these stabilisers do not prevent bleaching of dark woods (rose-
wood, ebony, mahogany, or black walnut) or heat-treated wood
exposed to UV radiation.89 There is a need to develop alterna-
tives for use with this class of wood. The most recent work has
used nanoscale fillers in wood coatings to obtain efficient pro-
tection from UV radiation (see section 5.3 below).

5.2 Thermal modification of wood

Heating wood (at 180–240 °C) in the absence of air is an envir-
onmentally sustainable means of improving properties of
wood for outdoor applications. The treatment yields a stable
hydrophobic surface with improved resistance to decay.90 The
success of the treatment depends on the species of wood and
the temperatures employed. The process is effective in control-
ling discoloration of certain hard- and soft-wood species
exposed to UV radiation as summarised in Table 2.

The presence of chemically different extractives in different
wood species may perhaps explain the unexpected variability
of results shown in Table 2.89,91 Different extractives can act as
UV stabilisers or themselves photooxidise into coloured pro-
ducts at different rates. There is insufficient information avail-
able to predict how a given variety of wood will respond under
UV irradiation after thermal treatment. Furthermore, the treat-
ment conditions, temperature and duration, can be key vari-
ables that determine the result. However, heat treatment can
be a cost-effective and environmentally sustainable treatment
that deserves further investigation.

5.3 Nanoscale fillers for UV stabilisation

Theoretically, using nanoscale fillers (≲100 nm), in place of
conventional mineral fillers with a larger average particle size,
makes good sense as the specific surface area of pigment
particle increases exponentially as the particle size is reduced.

Fillers that absorb solar UV radiation impinging on them
protect the underlying wood or plastic. With a larger specific
surface area available to absorb solar UV radiation, a smaller
volume fraction of a UV-absorbing nanofiller can economically
substitute for a large fraction of a conventional filler. On the
basis of the initial test results, at the nanoscale, common
metal oxides, especially zinc oxide (ZnO), titanium dioxide
(TiO2), and cerium oxide (CeO2) appear to be excellent absor-
bers of UV radiation, as long as these do not also catalyse
photodegradation. However, some of these metal oxides can
indeed act as photocatalysts or pro-oxidants, a property
exploited in the design of self-cleaning coatings. Grades of
oxides used as stabilisers are usually coated with an inert shell
of a material such as silica. A key advantage of inorganic fillers
is that, unlike organic UV stabilisers, they do not degrade
under exposure to UV radiation.

The efficacy of nanofillers as UV stabilisers; however,
appears to vary with the specific plastic-filler combination in
question. They appear to be particularly efficient in some com-
binations as shown in Table 3.99,100 However, in other plastics,
the nanofillers unexpectedly accelerate photodegradation, as
measured by changes in carbonyl index, chemiluminescence,
and crystallinity of the plastic. The relative efficacy of two com-
peting mechanisms, i.e., light-shielding by the nanofiller and
their potential pro-oxidant characteristics, yields the net stabil-
isation effect observed. Further studies into their mechanisms
of action in the specific plastics of interest will be needed
prior to broader application of nanofillers as stabilisers in
plastics. Another important drawback to their full exploitation
is the difficulty in obtaining good dispersions of the nano-
fillers in plastics.101 Some of the disparity in the performance
of nanofillers as UV stabilisers of plastics may be a result of
poor dispersion of nanofiller in the plastic matrix.

5.3.1 Nanofillers in wood coatings. Nanofillers can also act
as UV stabilisers in wood49,107 and in textile fibres.108

Nanomaterials, including graphene,109 zirconium dioxide,110

iron oxide,111 TiO2,
112 and CeO2

113 have been either deposited
or synthesised on wood surfaces. In laboratory-accelerated
tests, all these formulations effectively controlled UV-induced
discoloration of wood. Two approaches are used to treat wood

Table 2 Effectiveness of thermal treatment on different species of wood against weathering

Type of weathering (species of wood) Property testeda
Effectiveness against photo-
degradation Ref.

Accelerated weathering (Turkey oak wood) Colour changes, FTIR, SEM Yes 92
Natural weathering (Ash, Iroko, Scots pine,
Spruce wood)

Colour changes, mechanical properties, surface
roughness

Yes 93

Accelerated weathering (Scots pine, Norway
spruce)

FTIR spectroscopy, micro-tensile strength testing Yes 94

Natural weathering (Aspen wood) Colour changes, FTIR No 95
Accelerated weathering (Black locust, Poplar) Colour changes No 43
Accelerated weathering (Poplar, Black locust) Colour changes No 96
Accelerated weathering (Larix spp.) Colour changes, SEM, FTIR No 97
Accelerated weathering – CO2 laser irradiation
(Lime wood)

Colour changes, FTIR No 98

a FTIR, Fourier transform infrared spectroscopy; SEM, scanning electron microscopy.
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surfaces with nanofillers: (a) the nanofiller can be generated
in situ on the surface layer of wood; or (b) the filler can be
directly deposited on the surface or dispersed in a clear coat.

There is considerable research interest on in situ generation
of inorganic nanoparticles on wood. For instance, with spruce
wood, ZnO nanoplates were generated in situ using a precursor
absorbed onto the wood surface. The treated spruce wood
showed >75% less discoloration compared to untreated wood
in laboratory accelerated weathering with simulated solar
(xenon source) radiation for 102 h.114 Arrays of ZnO nanorods
(typically <100 nm in length) generated directly on the wood
surface by a different process, were similarly effective in redu-
cing the discoloration by 80% compared to untreated Chinese
white pine wood exposed to 200 h of simulated solar UV radi-
ation in the laboratory.115 Despite these impressive successes
in the laboratory, in situ generation of nanoparticles on wood
surfaces is complicated and not cost-effective for commercial
use at the present time. Innovative simpler methods of proces-
sing, coupled with low-cost reagents, would make this
approach practical for volume application.

Presently, the use of fillers in surface coatings is likely to be
the more cost-effective approach.107 Nanoscale oxides that
absorb UV radiation can be used at low weight fractions to
efficiently shield the wood surface from solar UV radiation.
Coatings of wood surfaces with 0.36–0.46 kg m−3 of either
nano-ZnO or nano-TiO2,

116 those with 1–3% of either ZnO,
TiO2 or CeO2,

117,118 or coating compounded with 1–1.5 wt% of
any of these fillers,119 were all recently investigated for their
UV-stabilising effectiveness. All treatments reduced the dis-
coloration of wood species by up to 57% in natural and/or
simulated exposure to solar UV radiation. A similar effect was
found with nano-ZnO in poplar wood (Populus tomentosa
Carr.),120 composites of beach wood-polyethylene62 and with
nanotitania on a bamboo–polyethylene composite.121 An
organic nanofiller that was found to be effective in improving
colour stability of wood is crystalline nanocellulose. At only
0.5–2.0 wt%, the nanofiller improved both mechanical integ-
rity as well as colour stability of the wood in laboratory
exposures of up to 1200 h to simulated solar radiation.122

5.3.2 Nanofiller as UV-protectants in textile fibres.
Nanofillers are used in the textile fibre industry as “nano-fin-
ishing” material where nanofiller particles are applied to the

fibre surface to impart UV-blocking or other properties, such
as biocidal activity. Compared to conventional organic UV
stabilisers incorporated into fibres, the nanoparticles are more
durable under UV irradiation. Nano-finishing cotton fibres123

and nylon124 with ZnO and carbon nanotubes (CNTs) show
promise in this regard. For instance, cotton fibres functiona-
lised with ZnO and CNT nanocomposites at a level of ∼22% by
weight, increased the UV protection factor (UPF) of cotton
from 6 to 40.125 Recent studies on nano-ZnO126 in polyester or
cerium-doped nano-ZnO on cotton fibres127 confirmed their
superior UV-blocking properties. Nanoparticles of
TiO2,

108,128,129 graphene,130 and gold131 have also been
explored for UV stabilisation of fibres. More work is needed to
assess the commercial potential of this emerging technology
especially because of the high cost of nanofillers used in these
initial studies. Furthermore, surface-applied fillers on fabric
can be released into the environment during laundering.
Releasing nanoparticles into the environment is generally
undesirable as their fate and impacts on the ecology are
largely unknown.

There is emerging interest in using plant-derived dyes as
UV stablisers with some yielding as high as a ≥50 protection
factor in natural fibres such as cotton.132 Even where ZnO is
used as a UV-protectant, adding an Aloe gel to cap the filler
allowed for UPF values of untreated linen fabric to improve
from 7 to 61.133 Treatments used in these laboratory studies
need further investigation and development prior to pro-
duction in commercial processes. The approaches, however,
show considerable potential as replacements for synthetic dyes
if the natural dyes do not undergo rapid fading, which would
then limit the service life of the fabric.

5.3.3 UV-shielding glazing. Glazing in both residential
buildings, greenhouses, and vehicles effectively screens solar
UV-B and some of the UV-A radiation, protecting people and
crops in these enclosures. Nanoparticles such as CeO2 created
in situ within the glazing134 or generated on multilayers on the
glass surface,135,136 do perform well but these approaches do
not appear to be cost-effective at this stage of development.
Protective plastic films carrying UV-absorbing nanofillers filter
out most of the solar UV radiation, when applied to the
surface of glazing.137,138 Polypyrrole nanoparticles com-
pounded into poly(acrylic acid) films, for instance, filter out

Table 3 Effectiveness of nanofillers in stabilising plastics under laboratory-accelerated weathering conditions

Plastic typea Nanofiller concentrationa (wt%) Property tested Effectiveness Ref.

HDPE Wood powder and ZnO (1–4%) Tensile strength, colour, carbonyl index Yes 62
PP ZnO (1%) Tensile strength, carbonyl index, and crystallinity Yes 102
PS Nanoclay (2%) Carbonyl index No 101
PLA Nanoclay (1%) Tensile properties Yes 103
PLA Rutile TiO2 (1%) Tensile properties Yes 104
PMMA Rutile TiO2 (2%) Weight loss Yes 105
PP TiO2 nanotube (5–7%) Chemiluminescence, carbonyl index, and crystallinity No 106
HDPE Bamboo fibre and TiO2 Colour, cracking, and tensile properties Yes 99

aHDPE, high-density polyethylene; PP, polypropylene; PLA, poly(lactic acid); PS, polystyrene; PMMA, polymethyl methacrylate. TiO2, titanium
dioxide; ZnO, zinc oxide.
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47% of solar UV radiation when applied as a 0.34 mm film
that contains only 0.05 wt% of the nanoparticles.139 These
films are beginning to be commercially available.

5.3.4 Risk of release of micro- and nano-particles from
nanocomposites. An emerging issue with production and use
of nanocomposites is the potential release of nano- or micro-
fragments from these products as weathering proceeds.140–142

This occurs because the embrittled surface layer of a degraded
nanocomposite can release fragments143 that are micro-sized
(2–10 μm), or even individual nanofiller particles, by mild
abrasion during handling. For instance, in LDPE food packa-
ging films filled with nanoclay, the filler improves the mechan-
ical properties as well as UV-stability of the product but
increases its propensity to release nanoparticles when the
weathered material is agitated or sonicated in water.144 With
food-contact products the potential human exposure of consu-
mers to these fragments is a particular concern. As some nano-
fillers such as ZnO145 and carbon nanotubes146 are potentially
toxic and may present a risk to humans and the environment,
this can be a serious concern.147,148 It is critical to select non-
toxic nanofillers for composites intended for food-contact
applications.

Thermoset polymers such as epoxy composites, especially
the glass-reinforced polyesters (GRP), are engineering
materials used in outdoor applications. Recent observations
on the cyclic exposure of vinyl-ester epoxy-based GRP compo-
sites to simulated solar (xenon source) radiation (at 80 °C, in a
fluorescent UV weathering tester) for a total of 1000 h resulted
in the generation of microparticles on the surface of the
composite.149

Carbon nanotubes are used as a reinforcing nanofiller in
common plastics to increase their stiffness and strength150

and to increase their electrical conductivity.151 With CNT-con-
taining nanocomposites, however, photodegradation results in
the surface layer being oxidised, leaving behind a concentrated
consolidated mat of CNT on the surface.147,152,153 This mat of
entangled CNT is held together by van der Waals forces and is
an efficient light absorber, protecting the underlying plastic
matrix. Consequently, the release of nanoparticles into the
environment even after prolonged exposure is retarded. In a
study on CNT-reinforced with epoxy, the surface layer mat of
CNT obtained was 2.5 microns thick and the release of micro-
and nanoparticles decreased with duration of weathering.146

However, these observations are based on initial laboratory
studies on selected nanocomposites and needs further vali-
dation. For example, the integrity of the surface mat of CNT
formed on the embrittled surface layer exposed to the
elements, particularly rain, may still result in release of micro-
and nano-particles.

5.4 Naturally-derived UV stabilisers

The plastic and wood industries continually strive to improve
their UV-stabilisation technology to further extend the service
lifetimes of materials used outdoors. However, these improve-
ments must also explore sustainable choices consistent with
worldwide public interest in improving environmental defensi-

ble plastic materials. A particular outcome of this trend is
reflected in the general preference for stabilisers that are not
only effective but are also environmentally sustainable. Most
UV stabilisers used today are toxic154 and can migrate from
bulk to the material surface and then be released to the
environment.155 With several legacy plastic additives such as
lead compounds being phased out because of their adverse
environmental impact, the focus is now on the search for a
better technology.

5.4.1 Wood-derived lignin as UV stabilisers for plastics. In
the search for environmentally sustainable natural stabilisers,
wood-derived stabilisers are attracting attention. Lignin consti-
tutes about 16–25 wt% of hardwood and 23–35% of softwood
and is a natural, complex amorphous organic polymer. Native
lignin has a highly-branched structure consisting mainly of
p-coumaryl, coniferyl, and sinapyl phenolic moieties (Fig. 6)
and can be readily extracted with solvents such as dioxane or
via acid digestion. Depending on how it is extracted, different
grades of soluble lignins (such as Kraft lignin, milled-wood
lignin and alkali lignin) are obtained. These grades may differ
somewhat structurally, but all of these are generally rich in
substituted phenols.

Synthetic hindered phenols are well-established as effective
commercial UV stabilisers for use in polyolefins, where they
act via radical scavenging. The structural similarities between
the two groups of compounds are apparent (Fig. 6) and the
phenolic functionalities in lignin also make it a good UV and
oxidation stabiliser.

Powdered wood itself contains enough lignin to impart
UV-stability to plastics.11 Lignin filler is generally known to
act as a UV stabiliser in PP.156 While the modulus of elasticity
of PP composites filled with wood powder was reduced by ca.
30% when exposed to laboratory-accelerated weathering for
960 h, no such decrease (instead even a slight increase) was
obtained with lignin-filled PP under the same exposure con-
ditions.156 However, powdered wood fillers in plastics poten-
tially introduce weather-related damage at the sites of protru-
sion of individual wood fibres at the surface. Compared to
powdered wood, native lignin and extracted lignin are
superior stabilisers in PP.157 At 2 wt%, in the plastic,
extracted lignin was found to be a very good radical scavenger
in PP, stabilising the plastic against solar UV radiation over
2000 h of laboratory exposure.67 At comparable concen-
trations, Kraft lignin extracted from Eucalyptus sp. performed
even better than a conventional hindered-amine light stabil-

Fig. 6 Chemical structures of phenolic precursors in hydrolysed lignin
(a), and the hindered-amine stabilisers, Irganox 1010 (b), and di-tertiary
butyl toluene (c).
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iser as the primary UV stabiliser in PP.156 This study involved
simulated solar UV exposure with a xenon source and
assessed degradation in terms of changes in the Young’s
modulus of the plastic. While the economics of their high-
volume use as stabilisers are not available, this bio-derived,
environmentally sustainable class of UV stabilisers for com-
modity plastics shows promise.

Depolymerised lignin is a mixture of its constituent substi-
tuted phenols that has at least the same stabiliser effectiveness
as native lignin when used as a stabiliser in PE and PP.158

Lower molecular weights of these phenolics allow for better
solubility and dispersion in the plastic matrix. PP exposed to
simulated solar UV radiation could be stabilised against loss
in stiffness by depolymerised lignin. A 2.5 wt%, depolymerised
Kraft lignin was as effective as 0.5 wt% of a conventional stabil-
iser when tested over a duration of 200 h of accelerated labora-
tory exposure. Similarly, the addition of these lignins to bio-
degradable poly(lactic acid) (PLA) increased its impact strength
as well as resistance to UV-induced photodegradation under
accelerated laboratory exposure.159

In wood, where 16–35% of the bulk is lignin, it is the main
chromophore that absorbs solar UV radiation and initiates
photo-oxidative degradation. However, the 1–2 wt% of lignin
used as a stabiliser in plastics does not significantly increase
the absorption of solar UV radiation by the composite but pro-
vides a high enough concentration of phenolic functionalities
to ensure exceptional stabiliser activity. The use of derivatives
of lignin such as butylated lignin as UV stabilisers in plastics
also show particular promise.160 While likely to be a cost-
effective practical technology, the lignin-derived stabilisers
must evolve into well-defined standardised additives to be able
to compete with synthetic alternatives.

5.4.2 Wood extractives as UV stabilisers for wood.
Extractives are compounds that give wood its colour; they con-
stitute generally ∼1–5 wt% of the wood and are typically mix-
tures of terpenes, terpenoids, simple phenolics, polyphenols,
and aliphatic compounds. Some of these compounds can act
as radical scavengers and therefore as UV stabilisers for plas-
tics154,161 and wood.27,46

The catechol flavonoids in Acacia confusa wood-extrac-
tives, for instance, function via multiple mechanisms to
photostabilise several wood species against discoloration
and degradation of lignin on exposure of the wood to simu-
lated solar radiation.46 In laboratory exposures, extractives
were as effective as synthetic UV stabilisers in controlling
discoloration of wood exposed to simulated solar radiation.
Tannins (proanthocyanidins) extracted from the bark of
Pinus radiata also show a similar stabilising effect.162,163

Incorporating either native or modified tannins at concen-
trations of <0.5 wt% in acrylic coatings controlled the dis-
coloration of timber in outdoor weathering studies, again
outperforming conventional synthetic UV stabilisers at
similar concentrations.162,163 Extractive-derived UV stabil-
isers, along with lignin-derived compounds, show particular
promise as potential environmentally-sustainable stabiliser
additives in plastics.

6 Useful lifetimes of photovoltaic
modules

The global capacity of installed solar photovoltaic (PV)
modules is 234 gigawatts and 85% of the panels have been in
use for less than 5 years.164 While they are expected (and often
warranted) to perform for a period of at least 25 years, the
actual outdoor lifetimes of PV modules cannot be practically
assessed for at least another two decades of use. Only labora-
tory-accelerated weathering tests can be relied upon to predict
their service lifetimes and modes of failure. These laboratory
tests need to be designed carefully, considering all the stresses
encountered by the modules under field conditions and rely
on identifying early signs of module failure. Recent studies
have employed advanced analytical techniques (AFM, confocal
microscopy and depth profiling)165 in addition to conventional
mechanical tests166 to detect early signs of failure and to
understand the mechanisms involved. Arrhenius-type models
have been investigated for the purpose of predicting their
service life.121,167

The components of a 6-layered solar PV module (Fig. 7)
typically include several plastic components and the useful
lifetime of the modules is determined by their individual dura-
bility.168 Failure in the field and in laboratory weathering
studies are generally the result of degradation by solar UV radi-
ation and micro-cracking of the plastic components, the
encapsulants,168,169 back sheet,165 and the polymer-based
adhesives holding the module components together.165,170,171

Back sheets serve to electrically insulate the cell and to protect
other components from weathering by solar UV radiation.
Encapsulants provide optical coupling of components and
protect them from weathering and are commonly made of
ethylene-vinyl acetate (EVA) co-polymer. In field observations,
the back sheet and encapsulant were found to fail 9 and 4% of
the time, respectively.164 Back sheets made of poly(vinylidene
difluoride), (PVDF) and poly(ethylene terephthalate) (PET)
plastics were particularly susceptible to failure due to weather-
ing, and accounted for 58 and 30% of the failed component in
solar PV fields in China.172 For instance, ∼50% of the PVDF
back sheets underwent yellowing within the first 5 years of
use. Based on data available to date, poly(vinyl fluoride) [PVF]
plastic appears to show some promise as a durable back sheet

Fig. 7 Exploded view of a solar PV module. Courtesy of Dow Chemical
Company.
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material but still needs long-term validation in the field.173

Even better plastic formulations for the component appli-
cations need to be developed to ensure that modules survive
their full functional lifetime.

With the new-generation organic PV devices, the light-sensi-
tive layer itself is composed of polymers. The mechanisms of
photodegradation of these photo-active polymer layers174–178

as well as the durability of their plastic encapsulants in
organic PV devices179,180 have been investigated. The residual
additives in the light-sensitive polymer sandwiched between
plastic laminates, were shown to promote accelerated degra-
dation of these polymers.181 Efforts at complete removal of
trace additives prior to sealing the laminates during fabrica-
tion may help avoid this complication and extend their service
life. Novel self-healing plastics have also been investigated
recently to address the same problem of weather-induced
cracking of encapsulants.182 These smart-polymers are able to
detect and correct cracking thereby ‘healing’ the damage
autonomously. The healing agent, such as a cyanoacrylate
glue, is microencapsulated and dispersed in the plastic matrix.
Microcracking of the matrix invariably ruptures microcapsules,
releasing the healing agent that repairs the crack and prevents
its further propagation. Modules with self-healing polymers
performed well in laboratory weathering tests, losing only 15%
of their power conversion efficiency under exposure con-
ditions, whereas the untreated modules suffered a 90%
deterioration of their efficiency in initial laboratory-accelerated
weathering tests. An alternative strategy to stabilise the encap-
sulants in PV modules is the use of inorganic UV-absorbers in
the formulation.183 These need to be further developed and
evaluated in field studies before they can be used in large-scale
photovoltaic modules.

7 UV radiation and microplastics

Microplastics are loosely defined as plastic litter that is <5 mm
in size and includes primary and secondary microplastics.
Primary microplastics are products that are manufactured as
micro- or nano-scale materials. Facial creams and toothpaste
contain microbeads in their formulations184 and these routi-
nely enter the wastewater stream and potentially end up in
rivers and in oceans.185,186 More frequently encountered in the
marine environment are the secondary microplastics; these are
the meso- and micro-scale particles that are formed by frag-
mentation of larger plastic litter items during outdoor weather-
ing.187 Exposure of plastic litter to solar UV radiation is the
critical first step that generates secondary microplastics from
plastic debris. Macrofragmentation of weathered, embrittled
plastics is commonly observed; however, recent data suggest
that most of these microplastics are formed via the fracture of
a highly-degraded surface layer of the plastics as opposed to
progressive fractionation of plastic debris into daughter frag-
ments187 (Fig. 8). Surface embrittlement of plastic debris items
following extensive oxidative degradation on exposure to solar
radiation creates micro- and nanoparticles that are released to

the environment by mild abrasion of the surface due to wave
or wind action.187

Bodies of freshwater185,188 and the oceans189–192 are well-
known to be contaminated with microplastics. Plastic
materials absorb hydrophobic pollutants present in trace
amounts in sea water and accumulate these at high concen-
trations. The ratio of the concentration of sorbed chemical in
plastic suspended in water to its concentration in the water, is
quantified by an equilibrium distribution constant K. Values
of K are dependent on the properties of the plastic as well as
the chemical of interest but generally lie in the range of K ∼
103–105 for most persistent organic pollutants (POPs) found in
seawater. Marine organisms,193,194 especially fish195–198 routi-
nely ingest the POP-contaminated microplastics. This creates a
possible pathway for these chemicals to enter the marine food
web.199,200 However, these organisms are also exposed to POPs
via ingestion of lipid-rich prey. What fraction of the absorbed
POPs in the microplastic might be bioavailable to the ingesting
organism depends on the species and factors such as the
stomach contents and residence time. The smaller the particle
size of the plastic debris, the larger will be the group of
marine animals able to ingest the particle (see ref. 201). Data
on adverse physiological impacts of such ingestion on a range
of marine organisms are becoming increasingly avail-
able.202,203 While data on the physiological impact of ingesting
organisms are size- and species-dependent,204 laboratory
exposure of fish larvae to micro- and nanoplastics show
adverse effects at the behavioural and tissue/organelle level.205

However, the dosages used in most studies appear to be much
higher than those that might be reasonably expected in the
environment. Nanoscale plastic particles are very likely also
produced through the weathering degradation of microplas-
tics. Although not observed as yet in either marine or fresh-
water environments, there is a growing consensus that nano-
plastics do occur in the oceans and that they are relatively
more hazardous compared to microplastics.206,207

Three key studies on the generation of microplastics that
support the surface-ablation model (Fig. 8) were recently pub-
lished. In one of these, the onset of fragmentation for HDPE
plastic shopping bags exposed outdoors to solar radiation was
established.208 Although the fragmentation model in Fig. 8
has been proposed as the main route to secondary microplas-
tics, based on theoretical considerations,187 this is the first

Fig. 8 An artist’s rendition of the surface ablation of fragmentation
leading to microplastics and nanoplastics by weathering: (a) plastic
bead, (b) surface embrittlement of the bead due to solar UV-facilitated
degradation, (c) ablation of the surface into microplastics and
nanoplastics.
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instance where outdoor exposure of a plastic laminate was
demonstrated to show such fragmentation. HDPE film
samples of 0.1 mm thick exposed for 6 months on sand out-
doors, completely disintegrated into microplastics (<100 μm),
while those exposed floating in seawater showed no significant
fragmentation (but it is difficult to assess fragmentation in
samples covered with foulants after exposure to seawater). The
study208 shows the critical role played by solar UV radiation in
combination with high temperature in the generation of
microplastics. It also underlines the importance of beach
clean-up in controlling the generation of microplastics.

In a second study, nanoparticle-tracking analysis was used
to measure nanoparticle formation when a polystyrene (PS) lid
(used with coffee cups) was immersed in water and exposed to
UV-visible radiation for 56 days at 32 °C. It yielded 1.26 par-
ticles per mL compared to only 0.41 particles per mL for the
control, unexposed samples. Particle sizes were in the range of
0 to 2 μm.209 Brine shrimp exposed to nanoscale PS particles
show reduced feeding and abnormal multiple molting,206 indi-
cating leaching of toxic compounds by the weathered plastic.
Nanoplastics that enter zebrafish larvae are known to relocate
to specific organs in high concentrations.205 The rapid frag-
mentation process occurs in coastal sediment as well. In a
third study, polymer ropes made of PE, PP, and nylon exposed
to coastal marine sediment at a depth of 10 m lost 0.39–1.02%
of their mass per month.210 However, loss of weight is gener-
ally an unreliable measure of degradation, especially in field
studies.

8 Conclusions and gaps in
knowledge

This assessment has highlighted recent advances in knowl-
edge of solar UV-induced degradation of materials that allows
for a better appreciation of the chemistry involved that would
support the development of more effective stabilisers for
materials. However, there are some clear gaps in knowledge
that need to be addressed for a better understanding of the
issues discussed. These gaps are identified below.

• While activation and action spectra for yellowing and loss
of strength are reported in the literature for base resins of
common polymers, those for practical formulations of these
plastics that contain additives and UV stabiliser are scarce.
There is a need to generate wavelength sensitivity information
for photo-damage of these materials.

• Material degradation, induced by solar UV-B radiation, is
enhanced by the presence of other climate change factors,
such as moisture, temperature, and air pollutants. Studies are
needed to understand and quantify the synergetic effect of
these parameters acting in concert on materials.

• Plastics used in packaging and building were hitherto
selected and optimised based on durability and performance.
The present focus on increased sustainability, especially the
trend towards environmentally-sustainable buildings, requires
such choices to be environmentally acceptable as well. A reas-

sessment to develop novel, safer, effective and sustainable
additives (colorants, plasticisers, and stabilisers) for plastic
materials and wood coatings is needed. For instance, some of
the plant-based additives (e.g., wood-derived lignin and heart-
wood extractives) appear to be effective UV stabilisers as well
as environmentally sustainable. Particularly, in the current
climate change scenarios, the utility of these as replacements
for conventional synthetic stabilisers needs to be explored.

• Several nanoscale fillers have shown promise as stabil-
isers against solar UV-induced degradation of wood and plas-
tics. However, their UV stabilisation properties appear to be
limited to specific nanofiller–polymer combinations; the tech-
nical criteria to identify these combinations needs to be
worked out. Also, the economic feasibility of using these
together with environmental concerns associated with poten-
tial leaching of nanomaterials from nanocomposite products
during their use, needs to be clarified.

• Heat treatment of wood is an environmentally sustainable
method to enhance its dimensional stability and decay resis-
tance. However, there are contradictory reports about the
wood’s resistance to UV radiation. The presence of heartwood
extractives may influence the process. Therefore, more
research is needed to clarify this (species dependence and/or
extractives dependence).

• Solar energy is expected to fulfil a significant part of the
future energy demand. The present solar modules have active-
layer technologies that should last for 20 years or more in the
field. The plastic envelope and other plastic components of
the solar module fail prematurely in the field, because of solar
UV-facilitated degradation. Increased UV radiation will contrib-
ute to an even shorter service of these modules. Research
efforts on better stabilisation of these components using UV
stabilisers and material substitution requires more attention.
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