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Abstract: Wood is an increasingly demanded renewable resource and an important raw material for
construction and materials. In addition, new consumption habits are leading to the production of
ever greater volumes of waste wood, which constitutes a feedstock that can be mobilized for the
cascade production of new materials such as particleboard. However, current legislation and wood
waste recycling processes need to be improved in order to maximize the volumes that can be reused
and to upgrade the properties of the recycled wood. This review describes wood waste flows and
volumes available in Europe, the current French and European legislation, and the innovations under
development in this field: innovative automated sorting techniques, physical-chemical processes
for cleaning residual glue from the surface of wood particles, cleaning of MDF, and bioremediation
processes for cleaning hazardous wood contaminated by heavy metals or creosote.
Keywords: wood waste; urea-formaldehyde resin; cascade effect; medium density fiberboards;
recycling
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1. Introduction

Cascading Recycling of Wood Waste:

Wood has many advantages in relation to the concepts of the bio-economy and circular
economy. It is a material of natural and renewable origin, biodegradable, with remarkable
mechanical and thermal characteristics. The environmental impacts during the production
and end-of-life phases of the wood material are generally much lower than those of
equivalent materials produced from inorganic or fossil raw materials [1]. Moreover, unlike
resources of agricultural origin, wood does not compete with food. As a result, since
the beginning of the 21st century and in addition to traditional uses, there has been an
increase in the consumption of wood for new applications (energy production, building
materials, chemicals, etc.) [2]. A study shows that by 2030, the production of wood could
be insufficient to meet demand in Europe [1]. The increase in wood consumption is
accompanied by an increase in the production of waste wood from end-of-life wood-based
products. Recycling this large deposit could thus constitute a source of abundant and
inexpensive raw material for the production of new materials.
Although wood is a natural material, waste wood generally contains additives (glues,
varnishes, and paints), various pollutants (wood treatment products and heavy metals),
and contaminating materials (glass, plastics, metals, etc.). This heterogeneity greatly
complicates recycling processes. Consequently, current wood waste management strategies
are mainly based on (1) landfill, (2) energy recovery, and (3) material recovery [3]. Even
if it is more complex, the latter route of recovery is to be developed because it is based
on recycling through the production of new materials and consists of a “cascade” use.
According to [4] cascading use is “the efficient utilization of resources using residues and
recycled materials for material use to extend total biomass availability within a given
system”. As a result, the cascade effect makes it possible to prolong the storage of carbon
in the material, thus delaying its release in the form of CO2 during its end-of-life energy
recovery [5] (Figure 1).
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Figure 1. Cascading effect of wood waste.
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between, more or less contaminated waste represents one or two classes depending on the
country. These classes are mainly related to the uses and thus to the regulatory limits for
the recovery in panels or energy most often. For example, in France, the usual classification
shows 3 classes A, B, and C, defined as follows:
Class A: clean products (without additives)
Class B: lightly admixed products
Class C: heavily admixed products.
Class A refers to clean or very lightly treated wood such as pallets containing chipboard blocks, e.g., these are mainly packaging materials such as crates, pallets, etc. At the
other end of the spectrum, class C designates potentially dangerous woods that contain
substances classified as dangerous: these are mainly woods that contain heavy metals (e.g.,
CCA copper-chromium-arsenic treatments) or creosote. Class B is thus defined by difference as containing all the waste, which is neither wood A nor wood C. This class is thus
very broad and designates all wood containing additives such as glues, paints, finishing
products, veneers, etc. Therefore, in this class of wood, very little polluted wood that contain only a few traces of paints or varnishes as well as wood that is heavily contaminated
by glues, coatings, or even PVC edges is present.
To try to overcome this heterogeneity, most of the studies or projects in progress use
the regulations, standards, or thresholds of the most common recovery routes, i.e., recycling
into panels or energy recovery. For particleboard, the European Panel Federation [17,18]
imposes on its members to respect a specification with high limits of presence of some
compounds in recycled wood, as well as in the panels. These limits are given in Table 2
and are derived from the regulations related to the use of toys by children with mouth
contact [19] and the EN 71-3 standard (2019) [20]. These limitations mainly concern metals,
halogens, pentachlorophenol (PCP), and polycyclic aromatic hydrocarbon (PAH).
Table 2. Limit thresholds of contamination of recycled wood for panel production and of the panels
themselves [17,18].
Elements

Limit Values (mg/Kg Wood)

Arsenic (As)
Cadmium (Cd)
Chromium (Cr)
Copper (Cu)
Lead (Pb)
Mercury (Hg)
Fluorine (F)
Chlorine (Cl)
Pentachlorophenol (PCP)
Creosote (Benzo(a)pyrene)

25
50
25
40
90
25
100
1000
5
0.5

For the energy recovery, the regulation exists for each country and is defined in the
environmental regulation code. For example, in France, the ICPE (Installations Classified
for the Environmental Protection) defines several headings according to the quality and
the nature of the fuel. Wood waste can thus correspond to 4 different headings:
-

-

-

Heading 2910-A: this is clean wood from forest resources or industrial by-products, or
even waste that has undergone an SSD (Exit from Waste Status) process. It corresponds
globally to the wood waste of class A;
Heading 2910-B: this involves the use of non-hazardous and very slightly contaminated waste, generally within the companies themselves. The fuels do not contain
any organo-halogen elements and no or only traces of metals. These installations
thus correspond to very slightly contaminated B-wood, with limits to be respected, in
particular, as regards the contents of metals, chlorine, PCP, and PCB;
Heading 2971: this heading is recent (2016) and concerns what is called RDF (Refused
Derived Fuels). These same RDF are regulated according to the EN 15,359 stan-
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-

dard [21], which proposes 5 classes according to their calorific value and their chlorine
and mercury content. It should also be noted that the sale of RDF must be accompanied by a form on which other elements are requested, such as the origin, the ash
content, the metal, nitrogen and sulfur content, etc. These installations are thus usable
for wood B contaminated in variable proportions but not by dangerous products;
Heading 2770: this heading concerns incineration, the wood wastes concerned being
hazardous wastes, therefore of class C.

Today, many works are in progress to improve the classification of wood waste in
order to facilitate its recovery in the different sectors while respecting both the hierarchy of
uses and the protection of health and the environment. The general idea is to establish 4
classes based on the previous quality elements (recycling or energy) and on what exists
in other European countries such as Finland, Germany, or the United Kingdom. Table 3
from [22], is the one we are moving towards.
Table 3. Classification under discussion at the French level for wood waste [22].
Class
(UK/Fin— Ger)

Chemical
Composition

Origin

Panels Recycling
Use

Energy Production

1 (A—AI)

Clean biomass

Packaging, solid wood
offcuts

Yes

Yes (2910-A)

2 (B—AII)

Organohalogen and heavy
metal thresholds

Building, waste from
furniture

Yes

Yes(2910-B)

3 (C—AIII)

Other wood without
hazardous substances

Waste from furniture,
mixed waste

Yes or no
depending on
composition

Yes (2971 or 2771
depending on type)

4 (D—AIV)

Hazardous wastes

Exterior fittings (creosote,
CCA, Cu-azole)

No

Yes (2770)

The implementation of a more relevant classification on the scale of the European continent should make it possible to promote the recovery of this waste. The development of
sorting and recovery technologies is also a strong opportunity to support the development
of this sector.
4. Hydrolysis and Thermolysis of Residual Adhesives
The main contaminant of recycled wood is the glue used in particleboard, plywood,
fiberboard, etc. Urea-formaldehyde (UF) glue used alone or reinforced with small quantities of melamine is the most commonly used. The main advantages of UF glue are its low
cost, absence of color, and high chemical reactivity during polymerization. The more expensive phenol-formaldehyde or pMDI-based adhesives are used for specific applications,
particularly in wet environments. In fact, the main disadvantage of UF adhesives is their
low resistance to chemical hydrolysis, which limits their use in outdoor applications. In the
presence of moisture, the UF polymer chain can undergo a hydrolysis reaction described in
Figure 3, leading to shorter polymer fragments and a drop in the mechanical properties of
the wood-UF composite.
The presence of residual glue on the surface of the wood fibers or particles makes their
recycling more difficult, especially for the production of new wood panels. The cross-linked
glue particles do not react with a new adhesive to form a polymer network during a second
cross-linking step, resulting in a significant drop in the properties of the materials formed
from recycled panels. This negative impact of the residual UF on the fibers surface has
been confirmed by gel time measurements [24]. It has been shown that the presence of only
6% by weight of residual UF glue results in a reduction of up to 50% in the shear strength
of a plywood panel [25].
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also still
contain some
of the
additives originally
contained
inetc.)
the waste
(glues, paints,
fungicides,
as the reinforcement
of composites
(plastic,
concrete,
or thewood
production
of textiles
for etc.).
These
limitations
make
difficult
the
integration
of
wood
fibers
produced
clothing (Tencel© and Refibra©). However, there are two major concerns with recyclingfrom wood
waste
into the industrial
cycle.
On a small
scale,
the technical
feasibility of
wood through fiber
production.
(1) The manufacturing
lengths of fibers
obtained
from
waste
wood are
producing wood fiber-based insulation panels, wood/plastic composites, and MDF and
often shorter than those obtained from native wood. (2) The fibers produced retain debris
Kraft pulp from furniture waste has been demonstrated in research projects. However, the
such as plastics oreconomic
decorative
elements (e.g., melamine coating). They also still contain
viability of these different recovery routes needs to be demonstrated.
some of the additives The
originally
contained
inthe
themixture
waste wood
(glues,
presence
of MDF in
of waste
woodpaints,
poses afungicides,
problem for recycling
etc.).
in the form of chipboard. With the evolution of technology, MDF sorting is now possible
These limitations
difficult
thewhich
integration
of wood allow
fibersthe
produced
from wood
on anmake
industrial
scale,
will eventually
panel industry
to increase the
rate of manufacturing
waste integrationcycle.
and reduce
the constraints
on the MDF
content of
of incoming
waste into the industrial
On a small
scale, the technical
feasibility
waste,
which
is
currently
set
at
3%.
Fiber
production
from
waste
MDF
is
easier
producing wood fiber-based insulation panels, wood/plastic composites, and MDF and and less
energy intensive
the traditional
mechanical
wood defibration
Treatments of
Kraft pulp from furniture
waste than
has been
demonstrated
in research
projects. process.
However,
MDF by steaming or hydrolysis followed by mechanical defibration (refiner and hammer
the economic viability of these different recovery routes needs to be demonstrated.
mill) have been described for the production of recycled MDF boards. A recycled fiber
The presenceintegration
of MDF inrate
the >mixture
of waste wood poses a problem for recycling in
20% without a significant decrease in the mechanical properties of the
the form of chipboard.
the evolution
of technology,
MDF sorting
on produced
MDF With
produced
has been described
[36]. Recently,
Hongisetnow
al. possible
successfully
an industrial scale,three-layer
which will
eventually
allow
the
panel
industry
to
increase
the
rate
of showed
MDF panels from hammer-milled surface-laminated MDF. The authors
waste integration that
andthe
reduce
the constraints
on thefiber
MDF
content
of incoming
waste,
substitution
of >20% recycled
results
in panels
with improved
properties in
terms
of
formaldehyde
emission
and
thickness
swelling
[40].
MDF
Recovery©
is a patented
which is currently set at 3%. Fiber production from waste MDF is easier and less energy
and
commercial
process
based
on
a
gentle
hydrolysis
followed
by
spray
defibration.
intensive than the traditional mechanical wood defibration process. Treatments of MDF
by steaming or hydrolysis followed by mechanical defibration (refiner and hammer mill)
have been described for the production of recycled MDF boards. A recycled fiber integration rate > 20% without a significant decrease in the mechanical properties of the MDF
produced has been described [36]. Recently, Hong et al. successfully produced three-layer
MDF panels from hammer-milled surface-laminated MDF. The authors showed that the
substitution of >20% recycled fiber results in panels with improved properties in terms of

formaldehyde emission and thickness swelling [40]. MDF Recovery© is a patented
commercial process based on a gentle hydrolysis followed by spray defibration.
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6. Biological
Wood
Decontamination
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and
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cost and
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and incineration ofpotential
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have
beenenvironmental
carried out impact
to explore
the bioremediation
of such
wood
wood
impregnated
with
Cu-based
preservative
or
fiber
based
panel
board
(MDF,
HDF)
teria and fungi in the contaminant’s removal from wood or water effluents [43–47]. S
are very high, and recycling or upcycling of these waste has great potential on global
eral
studies have shown that fungi and bacteria are tolerant to different constituent
warming and carbon sequestration in wood industry [41,42]. Considerable efforts of
preservatives
suchcarried
as copper
[48],
CCA,
creosote [49,50].
Theoflactic
bacteria
research have been
out to
explore
theand
bioremediation
potential
woodacid
decay
tobacillus
bulgaricus
andcontaminant’s
Streptococcusremoval
thermophilus
haveorbeen
to extract
bacteria and
fungi in the
from wood
waterused
effluents
[43–47]. up to 9
Several studies
shown that
and
are tolerant
different
constituents at lab
copper,
86.5% have
chromium,
andfungi
97.8%
ofbacteria
the arsenic
after 8todays
of fermentation
of preservatives
such asbelonging
copper [48],toCCA,
and creosote have
[49,50].
The lactic acid
bacteria wood
tory
scale [51]. Fungi
Basidiomycota
particularly
interesting
Lactobacillus bulgaricus and Streptococcus thermophilus have been used to extract up to
contamination capacities [43]. Because of their ability to degrade the aromatic nucle
93% copper, 86.5% chromium, and 97.8% of the arsenic after 8 days of fermentation at
lignin,
the fungi that cause white rot are also able to assimilate the cyclic molecules c
laboratory scale [51]. Fungi belonging to Basidiomycota have particularly interesting wood
tained
in preservatives
creosotes
[45].
Thetouse
of basidiomycetes
fungi caus
decontamination
capacitiessuch
[43]. as
Because
of their
ability
degrade
the aromatic nuclei
brown
rotthefor
the that
extraction
of heavy
wood has
good resu
of lignin,
fungi
cause white
rot are metals
also ablefrom
to assimilate
the also
cyclicshown
molecules
contained inwhen
preservatives
such as creosotes
[45]. with
The use
of basidiomycetes
fungi
causing
especially
this approach
is coupled
pre-extraction
with
a weak
acid such
brown
rot
for
the
extraction
of
heavy
metals
from
wood
has
also
shown
good
results,
citric acid [52,53]. The tolerance of brown rot fungi to copper fungi is due to their ab
especially when this approach is coupled with pre-extraction with a weak acid such as
to excrete significant amounts of oxalic acid [54,55]. Oxalic acid is a strong organic a
citric acid [52,53]. The tolerance of brown rot fungi to copper fungi is due to their ability to
and
a good
chelating
agent
capable
of forming
soluble
Cr-oxalate
excrete
significant
amounts
of oxalic
acid [54,55].
Oxalic acid
is a strong
organic Cr(
acid and )a and
3
−
oxalate
complexes
) forming
and facilitates
their extraction
wood [52,56,57]. H
good chelating
agentCu(
capable of
soluble Cr-oxalate
Cr(C2 O4 )from
3 and Cu-oxalate
2
−
ever,
all these
results
carried their
out at
the laboratory
scale
and the
physiological
me
complexes
Cu (C
and facilitates
extraction
from wood
[52,56,57].
However,
all
2 O4 )2 were
these results
were carried
the laboratory scale
and
thepoorly
physiological
mechanisms
anisms
implemented
byout
theatmicroorganisms
are
still
known
[43,58]. Despite s
implemented
by the microorganisms
are still
knownprocess
[43,58]. Despite
severalyet.
patents
eral
patents being
published [59–61],
nopoorly
industrial
is available
beingInpublished
no industrial
process ison
available
yet.
order to[59–61],
provide
new knowledge
the mechanisms
involved in the biolog
In order to provide new knowledge on the mechanisms involved in the biological
decontamination
of
adjuvanted
wood,
the
model
fungus
Phanerochaete
chrysosporium
decontamination of adjuvanted wood, the model fungus Phanerochaete chrysosporium was
incubated
inco-culture
co-culture
with
a bacterial
consortium
with industrially
treated
incubated in
with
a bacterial
consortium
with industrially
treated wood
with wood w
Cu/azole
products.Promising
Promising
results
a laboratory
scale
have
been (Figure
obtained
Cu/azole products.
results
on a on
laboratory
scale have
been
obtained
5). (Figure

Figure 5.
copper
withwith
(Pyridyl-2-azo)-1-naphthol-2
(PAN) in milled
wood
sample before
Figure
5.Colorimetric
Colorimetric
copper
(Pyridyl-2-azo)-1-naphthol-2
(PAN)
in milled
wood sample
or
after
bioprocessing
treatment.
The
loss
of
wood
stain
shows
the
decontamination
of
copper from
before or after bioprocessing treatment. The loss of wood stain shows the decontamination
of c
wood
by microorganisms.
per
from
wood by microorganisms.

The biological decontamination process seems to involve fungal–bacterial interaction
The
biologicalIndecontamination
seems to involve
for its
completion.
order to improve process
the decontamination
yields,fungal–bacterial
the use of steam interac
for
its completion.
In orderphase
to improve
the decontamination
of steam
explosion
as a pre-treatment
is currently
being tested. Onceyields,
copper the
and use
other
adjuvant
have
been
removed,
wood
can
be
used
for
multiple
material
applications
(panels,
plosion as a pre-treatment phase is currently being tested. Once copper and other adjuv
composite
or synthesis
molecules
of synthons
biotransformation
have
beenwood)
removed,
wood of
can
be used(production
for multiple
materialby
applications
(panels, com
for polymers, energy, and agronomy.).

site wood) or synthesis of molecules (production of synthons by biotransformation
polymers, energy, and agronomy.).

7. Spectroscopic Methods for Waste Wood Sorting
After collection, recoverable wood waste must be sorted to separate it from other
types of waste such as plastics or metals. Density and flotation sorting methods separates
materials according to their density, and metals are separated by magnetic methods. HowPolymers 2021, 13, 1752
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ever, these classical methods have limitations and cannot discard MDF and heavily polluted wood. The wood treated with preservatives products containing heavy metals can
be efficiently detected
and sorted out, thanks to X-ray fluorescence spectroscopy (XRF)
7. Spectroscopic Methods for Waste Wood Sorting
[62–64].
After collection, recoverable wood waste must be sorted to separate it from other
To recycle wood
waste
properly,
itemsand
must
be sorted
remove
types
of waste
such as waste
plasticsfurnishings
or metals. Density
flotation
sortingto
methods
separates materialsmaterials.
according toThe
their most
density,advanced
and metals are
separated by
methods.
pollutants and contaminating
technology
formagnetic
automated
these classical
methods
have limitations
and cannot
discard
MDFcoupled
and heavily
sorting is based on However,
a spectroscopic
technique
using
a near infrared
(NIR)
sensor
polluted wood. The wood treated with preservatives products containing heavy metwith blowing nozzles
to separate elements according to their composition [65].
als can be efficiently detected and sorted out, thanks to X-ray fluorescence spectroscopy
Wastes are subjected
to radiations with wavelengths between 0.7 and 2.5 µm. De(XRF) [62–64].
To recycle
wood waste
properly,absorb
waste furnishings
items must bewhile
sorted others
to remove
pending on their chemical
composition,
materials
some wavelengths,
pollutants
and
contaminating
materials.
The
most
advanced
technology
for
automated
are captured and transmitted to a spectrometer, and these residual wavelengths are anasorting is based on a spectroscopic technique using a near infrared (NIR) sensor coupled
lyzed spectrally and
spatially
by a computer.
The second
derivatives
of the spectra
are
with
blowing nozzles
to separate elements
according
to their composition
[65].
calculated to perform aWastes
principal
component
analysis
(PCA). This
statistical
reare subjected
to radiations
with wavelengths
between
0.7 andanalysis
2.5 µm. Depending
on
their
chemical
composition,
materials
absorb
some
wavelengths,
while
others
duces the set of raw data to a limited set of significant and independent variables. Theare
captured
transmitted
to a spectrometer,
these
wavelengths
are analyzed
synthesized information
is and
then
represented
as a scatterand
plot
onresidual
a graph.
One component
spectrally and spatially by a computer. The second derivatives of the spectra are calculated
is a combination oftoall
the loadings
ofcomponent
the different
variables.
Tostatistical
know the
relationships
perform
a principal
analysis
(PCA). This
analysis
reduces the set
between the variables,
the
principal
components
loadings
are displayed
a synthesized
plot. Based
of raw
data
to a limited
set of significant
and independent
variables.on
The
information
is
then
represented
as
a
scatter
plot
on
a
graph.
One
component
is
a
combination
of
on those values, the meaning and contribution of each variable can be determined.
all
the
loadings
of
the
different
variables.
To
know
the
relationships
between
the
variables,
Near infrared spectroscopy can be used to optimize the removal of pollutants in rethe principal components loadings are displayed on a plot. Based on those values, the
cycled wood. Thanks
to near
spectroscopy,
the
components of wood were
meaning
andinfrared
contribution
of each variable
canmain
be determined.
characterized. The signals
each spectroscopy
characteristic
group of
components
Nearof
infrared
canfunctional
be used to optimize
thewood
removal
of pollutants in
near
infrared spectroscopy,
the main
components
wood
were
have been assignedrecycled
by [66]wood.
and Thanks
allow to
the
identification
of wood
compounds
in of
the
near
characterized. The signals of each characteristic functional group of wood components have
infrared.
been assigned by [66] and allow the identification of wood compounds in the near infrared.
NIR spectroscopy can
be a solution
polluted polluted
wood from
NIR spectroscopy
canto
bedistinguish
a solution to distinguish
woodnon-polluted
from non-polluted
wood. A principal component
analysis
wasanalysis
performed
on fouronwood
products
difwood. A principal
component
was performed
four wood
productswith
with different
composition.
Figure
6A
shows
the
result.
ferent composition. Figure 6A shows the result.

Figure
6. 6.
Principal
component
analysisanalysis
performed
on four wood
composites (A) andcomposites
loadings analysis
Figure
Principal
component
performed
onproducts-plastic
four wood products-plastic
(B)
(non-published
data).
(A) and loadings analysis (B) (non-published data).

The principal component analysis yields four well-separated scatterplots, each repre-

The principal component
yields
fourcomponent
well-separated
scatterplots,
eachmaterials:
repsenting a woodanalysis
product. The
principal
analysis separates
the different
the wood The
waste,principal
the MDF, and
the gluelessanalysis
fibers. Theseparates
treated MDF
is also
separated
from
resenting a wood product.
component
the
different
mathe untreated MDF. The wood waste scatterplot is the largest due to its the variability. To
terials: the wood waste, the MDF, and the glueless fibers. The treated MDF is also sepaexplain the observed separations, the average NIR spectra of the wood products are shown
rated from the untreated
The wood waste scatterplot is the largest due to its the
in FigureMDF.
6B.
variability. To explain Each
the spectrum
observed
theThe
average
NIR
spectraofof
the the
wood
hasseparations,
a different profile.
greater the
amplitude
a peak,
greater
between the samples. Each peak corresponds to a range of wavelengths that
products are shownthe
indifference
Figure 6B.
is attributed to a chemical bond. The differences between the peaks explain the differences
Each spectrum has a different profile. The greater the amplitude of a peak, the greater
the difference between the samples. Each peak corresponds to a range of wavelengths that
is attributed to a chemical bond. The differences between the peaks explain the differences

in composition between the composites. NIR analysis can thus separate different wood
products thanks to the differences in their compositions.
This
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NIR to differentiate wood–plastic composites (WPC). However, this promising technique
for the identification of certain plastics is limited for the detection of black plastics in recycled wood. In order
to eliminate
this gray
area, authors
of [67]can
studied
the interest
ofwood
in composition
between
the composites.
NIR analysis
thus separate
different
products
thanks
to
the
differences
in
their
compositions.
mid-infrared for the detection of black plastics. In mid-infrared, black plastics have charThis analysis can go further. The work carried out by [65] has shown the potential of
acteristic and identifiable
spectra.

NIR to differentiate wood–plastic composites (WPC). However, this promising technique
for the identification of certain plastics is limited for the detection of black plastics in
8. Microscopic Methods
forwood.
Waste
recycled
In Wood
order toCharacterization
eliminate this gray area, authors of [67] studied the interest
of
mid-infrared
for
the
detection
black plastics.
mid-infrared,
black plastics
Developments in the fields of imaging andof control
of theInconditions
under
which have
characteristic and identifiable spectra.

microorganisms are cultivated in fermenters open up the possibility of characterizing
changes in the wood8. material
and
better for
deciphering
processes involved in recycling
Microscopic
Methods
Waste Woodthe
Characterization
processes.
Developments in the fields of imaging and control of the conditions under which microorganisms
cultivatedprocess,
in fermenters
the possibility
characterizing
changes
Indeed, when developing aare
recycling
it is open
oftenupessential
to beofable
to observe
in the wood material and better deciphering the processes involved in recycling processes.
changes in the material.
In addition to conventional transmission photon microscopy,
Indeed, when developing a recycling process, it is often essential to be able to observe
more advanced methods
such
as material.
confocalIn
laser
scanning
microscopy
(CLSM) photon
or scanning
changes
in the
addition
to conventional
transmission
microscopy,
electron microscopymore
coupled
to microanalysis
(EDS/WDS-SEM)
allow
in situ investigation
advanced
methods such as
confocal laser scanning
microscopy
(CLSM) or scanning
electron
microscopy
coupled
microanalysis
(EDS/WDS-SEM)
situ investigation
of wood waste during
processing.
As
thesetotechniques
are
widely used allow
in thein literature,
of
wood
waste
during
processing.
As
these
techniques
are
widely
used
in the literature,
we will give here some examples of results obtained during laboratory-scale processes.
we will give here some examples of results obtained during laboratory-scale processes.
The monitoring of The
copper
detoxification by a filamentous fungus involves the sammonitoring of copper detoxification by a filamentous fungus involves the sampling of wood particles
could
be analyzed
types
of imaging
techniques
pling that
of wood
particles
that couldby
be different
analyzed by
different
types of imaging
techniques
(Figure 7).
(Figure 7).

(A)

(B)

Figure
7. Microscopic
monitoring
of filamentous
fungus growth
during
a bioremediation
process: episcopy process:
microscopy
Figure
7. Microscopic
monitoring
of filamentous
fungus
growth
during a bioremediation
(A)
and scanning
electron microscopy
(B), non-published
episcopy
microscopy
(A) and scanning
electrondata.
microscopy (B), non-published data.

In bio-remediation processes of wood containing heavy metals such as copper, scan-

In bio-remediation
processes
of wood
containing
heavy
metals such X-ray
as copper,
scan- (EDS)
ning electron
microscopy
(SEM)
coupled with
energy-dispersive
spectroscopy
ning electron microscopy
(SEM)
coupled
withonenergy-dispersive
X-ray spectroscopy
can provide
valuable
information
the relocation of contaminants
mediated by the fungus. Industrial
wood impregnated
with commercial
formulated preservative
product
(EDS) can provide valuable
information
on the relocation
of contaminants
mediated
by was
ground in particles of 2–5 mm. After treatment, wood particles containing 2700 ppm of
the fungus. Industrial wood impregnated with commercial formulated preservative prodcopper (XRF quantification) were incubated with the fungus/bacteria consortium.
uct was ground in particles
2–5
After
treatment,
particles
containing
2700
In theof
case
of mm.
organic
contaminants
suchwood
as urea
formaldehyde
resin, fluorescence
ppm of copper (XRFmicroscopy,
quantification)
were
incubated
with laser
the fungus/bacteria
consortium.
and more
specifically
confocal
scanning microscopy
(CLSM), can be
used
to
visualize
the
constituents
of
interest
in
situ
if
they
are
fluorescent
or if they can be
In the case of organic contaminants such as urea formaldehyde resin, fluorescence
stained
by fluorescent
dyes [68–70].
(UF) resin
removal
from
microscopy, and more
specifically
confocal
laser Urea-formaldehyde
scanning microscopy
(CLSM),
can
bewood
fibers in MDF panels waste after steam explosion can be visualized by CLSM using spectral
used to visualize the constituents of interest in situ if they are fluorescent or if they can be
stained by fluorescent dyes [68–70]. Urea-formaldehyde (UF) resin removal from wood
fibers in MDF panels waste after steam explosion can be visualized by CLSM using spectral deconvolution. This imaging technology is widely used in botanical sciences [71,72].
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possible.
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a process can be evaluated (Figure 8). Microscopic inspection of the sample provides
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Figure
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The
useuse
of microscopy
in thein
monitoring
and analysis
the mechanisms
involved in involv
The
of microscopy
the monitoring
and of
analysis
of the mechanisms
a wood waste treatment process, in combination with other analytical methods, makes it
a wood waste treatment process, in combination with other analytical methods, ma
possible to visualize and better understand the various transformations of the material as
possible
to visualize and
better understand
transformations of the mater
well
as the physiological
mechanisms
developed bythe
the various
microorganisms.

well as the physiological mechanisms developed by the microorganisms.

9. Conclusions and Recommendations
The current waste
wood recycling processes need to be improved in order to (1)
9. Conclusions
and Recommendations

prioritize material recovery over energy recovery by cascading and (2) to limit as much as
The current waste wood recycling processes need to be improved in order to (1
possible the non-recyclable batches, which may contain at least partly highly contaminated
oritize
material
recovery
over this
energy
recovery
cascading
and
to limit as mu
class
C wood
and/or
MDF. From
study
and on aby
European
scale,
the(2)
following
possible the
which may contain at least partly highly con
conclusions
andnon-recyclable
recommendationsbatches,
can be drawn:
Firstclass
of all,Cthe
implementation
of a From
more relevant
harmonized
classification
nated
wood
and/or MDF.
this study
and onEuropean
a European
scale, the follo
for
a
cascade
utilization
of
waste
wood
is
needed.
conclusions and recommendations can be drawn:
A better knowledge of wood waste composition and quality and an improvement
First of all, the implementation of a more relevant harmonized European class
of the current sorting techniques are essential. Automated sorting techniques based on
tion
for
a cascade
utilization
of waste wood
is needed.
spectrometric
detectors,
using, in particular,
medium
and near infrared radiation, could
A betterseparation
knowledge
of wood
waste
composition
and
quality
allow efficient
according
to the
chemical
composition
of the
waste.and an improveme
the An
current
sorting techniques
are essential.
Automated
sorting
techniques
based on
improvement
in recycling routes
can be achieved
through
a purification
stage
oftrometric
the wooddetectors,
particles orusing,
fibers. in
This
purification
can
be
carried
out
by
physicochemical
particular, medium and near infrared radiation, could
methods.
approaches
using
are also very
promising. of the waste.
efficientBiological
separation
according
to fungi
the chemical
composition
The points discussed above required the development of the advanced techniques
An improvement in recycling routes can be achieved through a purification sta
such as microscopy or diffraction techniques for a suitable characterization of contamithe wood
nated
wood.particles or fibers. This purification can be carried out by physicochemical m
ods.Progress
Biological
using
fungi are
also
very
in allapproaches
these fields will
be required
in the
next
fewpromising.
years to enable an effective
cascading
of wood.
Theuse
points
discussed above required the development of the advanced techn

such as microscopy or diffraction techniques for a suitable characterization of con
nated wood.
Progress in all these fields will be required in the next few years to enable an effe
cascading use of wood.
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