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Abstract
Most European hardwoods are nowadays under-utilized due to drawbacks such as low dimensional stability, durability and 
surface hardness. Seven hardwood species were thermally and/or chemically modified in order to improve these disad-
vantages. Heat treatment was carried out in air at atmospheric pressure at three temperatures, while two types of chemical 
modifications were tested, the first being based on furfuryl alcohol with tartaric acid, the second being based on succinic 
anhydride and glycerol. Then, modified woods were studied to determine weight loss due to thermal treatment, solution 
uptake, weight percent gain and swelling due to chemical modification processes. After that, main properties of chemically 
modified woods were characterized including density, equilibrium moisture content, dimensional stability and surface hard-
ness. Effect of thermal pretreatment on subsequent chemical modification and on properties of modified woods obtained 
have also been evaluated. Combination of thermal modification with chemical modification had led to better improvements 
than each separately. Furfurylation treatment appeared to be more efficient than polyester modification. Most of the modi-
fied samples were denser, more stable and harder than native wood. These modified woods might compete with imported 
tropical wood for applications requiring high stability and hardness, such as joinery, decking or flooring, music instruments, 
handles for tools or kitchen utensils.

1  Introduction

Climate change and the accompanying global warming rep-
resent a major challenge for the twenty-first century. The use 
of renewable materials can help to decrease CO2 emissions, 
which are acknowledged to be responsible for global warm-
ing. In this context, wood is a renewable material coming 
from trees, which consume CO2 for their growth and stock it 
into wood components, acting as a CO2 sink. Properties such 
as ease of machining and conversion with low energy com-
pared to other materials such as steel, concrete or plastic, 
makes wood a material for the future. In addition, long term 

use of wood allows carbon storage inside wood products, 
in varied applications such as construction (sawn timber 
and wood panels), wood frame, furniture, joinery, decking, 
which contributes to mitigating the effect of global warming 
(Cuadrado et al. 2015; Mehr et al. 2018; Parobek et al. 2019; 
Zhang et al. 2020).

Different wood species available over the world present 
specific properties, and their applications depend on these 
properties. European tree species include softwood and hard-
wood. Softwoods are already well utilized in wood frame 
and timber construction, while hardwoods can find variety 
of uses according to their properties, mainly for furniture or 
interior uses (Zauer et al. 2013; Silva et al. 2014; Nepal et al. 
2016). Nowadays, European hardwoods species are under-
used because of the wide diversity of species, with various 
physical properties, which complicates their use in standard 
applications. Moreover, heterogeneity of the resource makes 
it difficult to use at industrial scale. Indeed, despite their 
availability, European hardwoods may have some drawbacks 
such as lack of hardness or dimensional instability under 
variable air humidity level (Leboucher 2014). These are the 
reasons why tropical wood species, such as teak (Tectona 
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grandis), ipe (Tabebuia spp.) or massaranduba (Manilkara 
bidentata), are often chosen for outdoor uses (decking, join-
ery), due to their exceptional properties such as dimensional 
stability, hardness and natural durability (de Windt et al. 
2014; van Benthem et al. 2018; Haag et al. 2020). Accord-
ing to Németh (2020) and Ninane (2021), improvement of 
properties such as dimensional stability and hardness of 
underutilized European hardwood species might lead to new 
uses (Németh et al. 2020; Ninane et al. 2021).

Different treatments can be considered to improve wood 
properties (Gérardin 2016; Sandberg et al. 2017). On the one 
hand, it can be chemical modification using heat treatments, 
which consist in heating wood in order to modify part of its 
components, preferably in an oxygen reduced environment 
to avoid wood combustion. Oxygen reduction can be accom-
plished using inert atmosphere (N2 or CO2), vegetable oil 
or even vacuum, while steam can be used to inhibit thermal 
runaway (Srinivas and Pandey 2012; Todaro et al. 2015; 
Gérardin 2016; Salman et al. 2017; Sandberg et al. 2017). 
Heat treatment modifies the structure of wood polymers, 
especially hemicelluloses and amorphous cellulose regions, 
which can be depolymerized into organic acids such as ace-
tic, formic and levulinic acids, and sugar degradation prod-
ucts like furfural and hydroxymethylfurfural. Depending on 
the nature of the wood species, extractive's content can be 
modified due to evaporation and degradation of initially pre-
sent molecules or to the formation of new degradation prod-
ucts. Wood hygroscopicity decreases due to degradation of 
hemicelluloses, which are the most hygroscopic polymers in 
wood. Durability of heat-treated wood, as well as its dimen-
sional stability are increased (Gérardin 2016). Nano-porosity 
of wood cell wall may be increased due to degradation of 
some components, which might make it possible to better 
impregnate wood thereafter (Monteiro 2018; Jang and Kang 
2019), although a decrease of thermally modified poplar 
porosity was observed by Todaro et al. (2015). However, 
mechanical properties may be affected, which remains the 
main drawback of thermal treatment (Srinivas and Pandey 
2012; Xu et al. 2019). Ultimately, thermally modified wood 
properties modification depends mainly on temperature and 
duration of the thermal treatment. On the other hand, it can 
be chemical modification of wood involving impregnation of 
chemicals which react with wood components (acetylation) 
or polymerize inside wood porosity, for example thermo-
set resins like furfuryl alcohol, polyester or phenolic res-
ins (Deka and Saikia 2000; Herold et al. 2013; Ibach and 
Rowell 2013; Damay 2014; Gérardin 2016; Kurkowiak et al. 
2021). Physical properties of modified wood can be strongly 
improved depending on the modification level, notably 
dimensional stability, hardness, elastic modulus and resist-
ance to biodegradation (decay, insects, marine borers). Many 
chemicals have been tested to perform wood modification, 
and the current trend is to move towards renewable products, 

which includes furfuryl alcohol, tartaric acid, glycerol and 
succinic anhydride, corresponding to chemicals used in this 
study. Furfuryl alcohol combined with tartaric acid as cata-
lyst has been used successfully to improve beech wood prop-
erties by Sejati et al. (2017), and teak sapwood properties by 
Martha et al. (2021). In these papers, high improvements of 
wood properties due to furfurylation were reported, notably 
dimensional stability, hydrophobicity, mechanical proper-
ties and decay resistance (Sejati et al. 2017; Martha et al. 
2021). Then, polyester made from organic acids combined 
with polyols have been tested by impregnation and in-situ 
polymerization by L’Hostis et al. (2018) and Mubarok et al. 
(2020) to improve beech wood properties. Kurkowiak et al. 
(2021, 2022) reported the use of organic acid and polyols 
to improve softwood properties. Acids previously used to 
form polyesters in wood were citric acid, tartaric acid and 
succinic anhydride, while polyols were mainly glycerol and 
sorbitol, and also, to a lesser extent, glucose or maltodextrin. 
After curing, polyesters were resistant to water leaching. In 
addition, the formation of polyester inside wood can imply 
improvement of dimensional stability and decay resistance 
(L’Hostis 2017; L’Hostis et al. 2018; Mubarok et al. 2020; 
Kurkowiak et al. 2021, 2022).

In this study, the combination of thermal pretreatment 
and chemical modification are investigated to evaluate if a 
better impregnation of chemicals in wood can be achieved 
after initial thermal treatment. Indeed, as seen previously, 
thermal treatment can increase wood porosity, which might 
be helpful for subsequent chemical impregnation, leading 
to higher level of modification with higher polymer charge 
inside wood (higher WPG). Synergies between both ther-
mal and chemical treatments are also expected in order to 
improve wood properties, the combination of the two treat-
ments being able to lead to better overall properties than 
each separately. Such synergistic effects have already been 
observed by Mubarok et al. (2019) using light chemical 
modifications prior to thermal modification, which resulted 
in an improvement of dimensional stability and biodegrada-
tion resistance, while mechanical properties were affected 
(Mubarok et al. 2019). Other synergy between chemical 
pretreatment combined with hot pressing has been demon-
strated by Shi et al. (2020) in the case of NaOH/Na2SO3 
wood pretreatment followed by compression in a heating 
press. This combination resulted in wood presenting higher 
densities, more than doubled, and markedly enhanced 
mechanical properties (Shi et al. 2020). Synergistic effects 
are expected between thermal and chemical modification, 
which might allow hardwood utilization in new areas, under 
variable moisture conditions, or in case high hardness is nec-
essary, for decking as an example.

To our knowledge, this is the first time in the field of 
wood modification that three thermal treatment levels were 
combined with two different chemical modification methods 
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in order to modify different hardwood species—alder (Alnus 
glutinosa), beech (Fagus sylvatica), birch (Betula pendula), 
cherry (Prunus avium), hornbeam (Carpinus betulus), 
maple (Acer pseudoplatanus) and wild service tree (Sorbus 
torminalis). These seven species have been chosen for their 
local availability and because they are likely to be easily 
impregnated. Furthermore, properties of modified woods are 
compared to control, notably density, dimensional stability 
and equilibrium moisture content after water immersion, and 
surface hardness.

2 � Materials and methods

2.1 � Wood material

Seven different hardwood species have been studied: alder 
(Alnus glutinosa), beech (Fagus sylvatica), birch (Betula 
pendula), cherry (Prunus avium), hornbeam (Carpinus bet-
ulus), maple (Acer pseudoplatanus) and wild service tree 
(Sorbus torminalis). Wood samples used in this study were 
wood blocks of 40 × 40 × 280 mm3 (rad.  ×  tan.  ×  long.), 
from mature heartwood free of any defect. Wood blocks 
were purchased from a German company LOGEMANN 
& WAIBEL (Spitzäcker 2, 74931 Lobbach). Ten replicates 
were tested for each wood species and thermal modification 
level. Air dry wood specimens were oven dried at 103 °C 
for 48 h and weighed to record oven dried mass (m0) before 
modification. Densities of studied species are presented in 
Table 1 below, and compared to literature data from Centre 
Technique du Bois (1972).

2.2 � Thermal modification

Thermal modification of wood was performed immediately 
after drying in an open system laboratory plant of HNEE 
following conditions detailed in Table 2 in atmospheric oxy-
gen atmosphere (Xu et al. 2019). The process includes a 

first heating phase at the rate of 10 K h−1 until the targeted 
temperature inside the oven, followed by a holding phase. 
Then, heating was stopped and wood material was allowed 
to cool down. Specimens were weighed after the thermal 
modification to record the mass of thermally modified sam-
ples (mTM).

Weight loss (WL) of each sample was calculated accord-
ing to the following equation in order to evaluate the thermal 
modification level.

 where m0 is the oven dried mass before modification (g) and 
mTM is the oven dried mass after thermal modification (g).

2.3 � Chemical modification

Wood specimens from previous thermal modification were 
used in the two chemical modification processes. For this, 
samples from groups A, B, C, and untreated samples were 
cut in half so that they could be introduced into the auto-
clave. For each sample, one half was reserved for furfuryla-
tion and the other for polyester modification. Wood sam-
ple dimensions used chemical modification process were 
approximately 140 × 40 × 40 mm3 (long.  ×  rad.  ×  tan.). 
Samples were dried at 103 °C for 48 h before modification 
and anhydrous mass (mAnh) and dimensions (length. width 
and thickness—LAnh. WAnh. TAnh) were recorded.

2.3.1 � Furfuryl alcohol modification process—impregnation 
and polymerization

The impregnation solution was prepared by mixing tartaric 
acid (TA), a reactive catalyst, with furfuryl alcohol (FA) 
and water. Tartaric acid (5% w/w) was first solubilized in 
distilled water (45% w/w). Thereafter, furfuryl alcohol (50% 
w/w) was added and the mixture was mixed thoroughly 
(± 15 min) till a homogenous FA solution was obtained.

Impregnation was carried out in a 3.5 L laboratory vac-
uum pressure reactor. Wood samples (10 replicates) were 
introduced in the autoclave reactor, the reactor was closed 
and subjected to a vacuum of 10 mbars for 15 min followed 
by introduction of the aqueous FA solution, followed by 
a 15 min waiting period under partial vacuum. After this 

(1)WL (%) =
m0 − mTM

m0

× 100,

Table 1   Densities of studied species compared to literature data

Measured dry densities (g/
cm3)

Densities from 
literature (g/
cm3)

Species Mean value S.D Mean value

Alder 0.51 0.01 0.50–0.55
Beech 0.69 0.02 0.60–0.75
Birch 0.55 0.02 0.65–0.70
Cherry 0.62 0.02 0.60–0.70
Hornbeam 0.74 0.03 0.72–0.78
Maple 0.62 0.02 0.55–0.75
Wild service tree 0.62 0.02 0.66–0.99

Table 2   Thermal modification process parameters

TMT—process Group A Group B Group C

Heating rate [K/h] 10 10 10
Max. temp. [°C] 160 180 200
Holding phase [h] 3 2 1
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vacuum step, the reactor was subjected to a pressure of 12 
bars and maintained for 40 min at this pressure. The auto-
clave was finally opened to remove samples, which were 
then wiped with absorbent paper to remove the solution 
excess and weighed to record the impregnated sample mass 
(mImp) in order to check the solution uptake of the speci-
mens. The solution uptake (SU) was calculated according 
to Eq. (2).

where mImp is the mass after solution impregnation (g) and 
mAnh is the anhydrous mass before impregnation (g).

The impregnated samples were then air-dried at room 
temperature for 48 h to evaporate the excess of water avoid-
ing the appearance of cracks during the polymerization step. 
Samples were wrapped in aluminum foil to avoid furfuryl 
alcohol evaporation during curing and placed in a venti-
lated oven for polymerization. The oven temperature was 
set at 40 °C and maintained for 12 h. After this period. the 
oven temperature was increased by 0.5 °C min−1 from 40 to 
120 °C and the temperature was maintained at 120 °C for 
18 h. Heating process was then stopped and wood samples 
were allowed to cool down to room temperature. Samples 
were then unwrapped from foil and put back in the oven at 
103 °C for 48 h to evaporate residual water. After cooling in 
a desiccator, samples were weighed (mPol) and their dimen-
sions were measured (LPol. WPol. TPol).

Finally, weight percent gain (WPG) and swelling (ΔV) 
due to chemical modification were calculated using  Eqs. (3) 
and (4) below:

where mPol is the mass after polymerization (g) and mAnh is 
the anhydrous mass before impregnation (g).

where VPol is the volume after polymerization (cm3). VAnh 
is the anhydrous volume before impregnation (cm3) and 
V = L  ×  W  ×  T (cm3).

(2)SU (w∕w%) =
mImp − mAnh

mAnh

× 100,

(3)WPG (w∕w%) =
mPol − mAnh

mAnh

× 100,

(4)ΔV (%) =
VPol − VAnh

VAnh

× 100,

2.3.2 � Polyester modification process—impregnation 
and polymerization

The impregnation solution was prepared by mixing thor-
oughly succinic anhydride (26% w/w) with glycerol (17% 
w/w) on a heating plate to form a water-soluble ester 
(Fig. 1), which was dissolved in distilled water after cool-
ing (57% w/w).

Wood samples impregnation was performed following 
the same cycle as that for furfurylation (see 2.3.1). The 
solution uptake (SU) was calculated to check the quantity 
of solution having penetrated the specimens according to 
Eq. (2). The impregnated samples were then placed in a 
ventilated oven at 140 °C for 24 h. After this curing period, 
oven temperature was set at 103 °C for 48 h in order to sta-
bilize samples and evaporate residual water. The samples 
were weighed to obtain the polymerized mass of chemicals 
after treatment (mPol) and their dimensions were measured 
(LPol. WPol. TPol). Weight percent gain (WPG) and swelling 
(ΔV) were calculated using Eqs. (3) and (4).

2.4 � Characterization

2.4.1 � Equilibrium moisture content

Control and modified wood samples (10 replicates) with 
a sample size of 10 × 20 × 20 mm3 (long.  ×  rad.  ×  tan.) 
cut from the 140 × 40 × 40 mm3 specimens were first dried 
at 80 °C until they reached constant mass (m0), which 
means less than 0.5% mass difference between two weight 
measurements carried out 8 h apart. They were then con-
ditioned at 20 °C and 80% relative humidity (RH) until 
they have reached constant mass (m80%RH). Equilibrium 
moisture content (EMC) was calculated according to the 
following Eq. (5):

where m80%RH is the specimen mass after conditioning at 
80% RH and m0 is specimen mass after drying at 80 °C.

(5)EMC (%) =
m80%RH − m0

m0

× 100,

Fig. 1   Reaction between succinic anhydride and glycerol to form a water-soluble adduct
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2.4.2 � Sample swelling/anti‑swelling efficiency

Dimensional stability was determined by immersion of wood 
specimens in water. Samples (10 replicates) with a size of 
10 × 20 × 20 mm3 (long.  ×  rad.  ×  tan.) selected randomly per 
treatment or combination of treatments were put in a beaker 
with weight above to prevent them from floating. Then, dis-
tilled water was added to submerge the wood blocks and the 
beaker was placed in a desiccator. In order to achieve a high 
degree of water saturation, the desiccator was placed under 
vacuum for two 30 min phases spaced by 1 h at atmospheric 
pressure. Samples were then left submerged in water at 
atmospheric pressure for 24 h. After the immersion, samples 
were wiped with absorbent paper and their dimensions were 
measured (LSat. WSat. TSat). Swelling due to water immersion 
(ΔVSat) was calculated as follows (Eq. (6)):

where VSat is the water saturated volume after water immer-
sion (cm3). VPol is the volume after polymerization (cm3), 
and the volume V (cm3) = L (cm) * W (cm) * T (cm).

Anti-swelling efficiency (ASE) was then used in order to 
evaluate the dimensional stability of modified wood. ASE was 
calculated according to the following formula (Eq. (7)):

where ΔVControl is the volumetric swelling of untreated wood 
(controls), and ΔVTreated wood is the volumetric swelling of 
treated wood.

2.4.3 � Brinell hardness

Surface hardness according to Brinell has been measured fol-
lowing DIN EN ISO 6506-1 (2014) using a TIRA test 28025 
E22 (International Organization for Standardization (ISO) 
2014). Control and modified specimens (10 replicates for 
each specimens) were conditioned at 20 °C and 65% relative 
humidity until constant mass before being tested. The steel ball 
diameter was 10 mm. According to Schwab (1990), a nominal 
force (F) of 500 N was applied to the specimens in the radial 
and tangential directions (Schwab 1990). Presented values 
are the average of radial and tangential measurements. The 
nominal force was achieved after 15 s and was held for 30 s 
before being released in 15 s. The deepness (h) of the ball was 
determined from the deformation path and Brinell hardness 
(HB) was calculated by the following equation (Eq. (8)):

(6)ΔVSat(%) =
VSat − VPol

VPol

× 100,

(7)ASE (%) =
ΔVControl − ΔVTreatedwood

ΔVControl

× 100,

(8)HB

(

N

mm2

)

=
F

π × D × h
,

where F (N) is the target force, D (mm) is the diameter of the 
steel ball and h (mm) is the deepness of the impact.

3 � Results

3.1 � Weight loss due to thermal modification

Three thermal treatment levels—160 °C (group A), 180 °C 
(group B) and 200 °C (group C)—were tested on samples 
from seven different wood species. Weight loss (WL) due 
to thermal modification was recorded for each sample as an 
indicator of efficiency of thermal modification (Hill 2006; 
Čermák et al. 2021). 

Figure 2 shows weight loss for the different wood species/
treatment level combinations.

First observation is that thermal treatment temperature 
is the most influential factor on weight loss, while wood 
species do not impact a lot. Indeed. For all wood species, 
increase of weight losses is directly linked to increase in 
treatment temperature. Regardless of the wood species, 
samples treated at 160 °C (group A) have average weight 
losses between 1 and 3%, which correspond more to inten-
sive drying than to thermal degradation due to heat treatment 
involving degradation of wood’s extractives and of the most 
sensitive wood components like hemicelluloses and lignin. 
For samples treated at 180 °C (group B), average weight 
losses reach 5 to 7% for all species except for birch whose 
average weight loss is below 2%. Birch samples appear to be 
more resistant to heat treatment and more thermally stable 
than other tested wood species at this temperature (180 °C). 
Weight loss between 5 and 7% corresponds to degradation of 
more sensitive hemicelluloses (Sivonen et al. 2002). Horn-
beam shows a higher variability than other species, which 
might be explained by natural variability of wood. Treatment 
at 200 °C (group C) leads to average weight losses between 
15 and 24% depending on wood species. Birch and horn-
beam are less affected by thermal treatment (WL < 16%), 
while wild service tree, beech and cherry are the most 
affected (WL > 22%).

3.2 � Chemical modification: solution uptake, weight 
percent gain, swelling and impact of thermal 
pretreatment on chemical modification

Two chemical modification methods employing aqueous 
solution were tested on native wood and heat- treated wood: 
on the one hand furfurylation using furfuryl alcohol (FA) 
and tartaric acid, on the other hand polyester modification 
(PE) involving succinic anhydride with glycerol. Impregna-
tion of the solution inside wood samples was performed in 
an autoclave following a vacuum-pressure cycle. Impreg-
nated samples were then cured in an oven to polymerize 
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the chemical inside wood while evaporating water. Solu-
tion uptake (SU) was recorded to check the success of 
the impregnation, while weight percent gain (WPG) was 
recorded after the polymerization step to know the quantity 
of polymer impregnated in the wood at the end of the pro-
cess. Swelling of the samples was also measured, because 
it indicates whether the polymer is located in the vessels or 
in the cell walls.

As  can be seen in Fig. 3, solution uptakes (SU) were rela-
tively high for all species. These are higher than 100 w/w %, 
except for cherry impregnated with the polyester oligomers 
solution, for which SU was below 70% for control and the 
two lower thermal modification levels. Alder had the highest 
solution uptake (over 178%) compared to other wood species 
regardless of prior thermal modification and type of impreg-
nation solution. This might be explained by the low den-
sity of alder wood, which had the lowest anhydrous density 
among the seven studied species, below 0.51 g cm−3 before 
chemical modification (see Fig. 4). In the same way, birch 
is the second lightest species (initial density = 0.56 g cm−3) 
and has the second highest SU after alder (SU ≥ 140%). On 
the contrary, hornbeam is the species presenting the highest 
initial density (0.75 g cm−3) and the lower solution uptake 
below 122%. Thermal modification does not change a lot the 
impregnability of the studied wood species. In the case of 
furfurylation, the increase of thermal pretreatment severity 
appears to have some effects on impregnability (for alder, 
beech, hornbeam, maple, wild service tree), but no effect 
on birch. For polyester modification, the different thermal 
pretreatments do not improve the SU for alder, birch and 
maple. For cherry and hornbeam, increasing thermal pre-
treatment severity leads to improvement in the SU, while 
on the contrary, it leads to decrease in the SU for beech 
and wild service tree. Cherry wood does not behave like 

other wood species, which might be related to its particular 
anatomy. Indeed, cherry wood is the only semi-ring-porous 
wood among the seven studied species, while the six other 
hardwood species being diffuse porous wood.

Figure 3b shows the weight percent gain (WPG) after 
the whole process, i.e. after polymerization and post-drying. 
WPG value takes into account all the phenomena occur-
ring during the treatment and thus depends on the quantity 
of impregnated reactants and their polymerization degree 
(polyfurfuryl alcohol and polyester formation occurring 
by polycondensation, a molecule of water being released 
for each bond). WPG results follow closely the same trend 
as SU results. Thus, alder had the highest WPG, between 
65 and 70 w/w % for polyester modification and over 72% 
for furfurylation. Birch and maple WPG come after (WPG 
between 50 and 66% whatever the treatment), followed by 
wild service tree (41 to 58% WPG) and beech (42 to 50% 
WPG). Cherry and hornbeam, which have the two lowest 
SU, also show the lowest WPG, between 21 and 52%. The 
initial thermal modifications do not seem to influence the 
WPG. In some cases, the increase of thermal treatment 
severity leads to higher WPG (alder and hornbeam with 
furfurylation. cherry and hornbeam with polyester modifi-
cation), while for wild service tree, treatment with polyester 
leads to decrease in WPG. For the other combinations of 
species and chemical modifications, the impact of thermal 
modification on WPG is not really significant.

Figure 3 shows the swelling or volume change (ΔV) due 
to chemical modification processes. Swelling represents 
the percentage volume change between anhydrous state 
before impregnation step and anhydrous state after polym-
erization and post-drying. In most cases, volume change 
is positive showing that samples have swollen after the 
chemical modification process. Overall, modification with 
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polyester leads to higher swelling than furfurylation. For 
native wood, i.e. not thermally modified before chemical 
modification, swelling for polyester modification ranges 
from 11 to 22%, while it is limited to – 2 to 12% for fur-
furylation. This indicates that polyester might have more 
affinity for cell wall polysaccharides than furfuryl alcohol, 
leading to higher swelling. Polymers are probably rather 
more located in the vessels and presented less affinity for 
wood polymers in case of furfurylation than with polyester 
modification, reason why swelling is lower for furfurylated 
samples. Highest swellings are observed with polyester 
modification for native beech (22%) followed by native 
hornbeam and native maple (18% for both). On the con-
trary, in the case of furfurylation, swelling in thermally 
modified birch and cherry is negative (− 3 to − 4%) except 
for the highest heat treatment temperature (200 °C). Ther-
mal modification prior to chemical modification induces a 
decrease in swelling due to thermal degradation reaction. 
With polyester, the higher the thermal treatment tempera-
ture,  the lower the swelling  for all tested wood species. 
The same trend is observed for furfurylation with horn-
beam and wild service tree. Note that values for hornbeam 
and wild service tree heat-treated at 200 °C are not avail-
able (loss of specimens due to excessive heat treatment). 
For furfurylation with beech, birch, cherry and maple, 
increasing the thermal treatment temperature induces a 
decrease in swelling except at 200 °C. Indeed, specimens 
treated at 200 °C swell more than others (native or heat-
treated at 160 °C or 180 °C) for these four species. It might 
be possible that for these species, the cell-wall polymers 
structure was broken due to higher thermal modification 
level leading to more swelling at the chemical modifica-
tion step. Swelling in furfurylated alder is  between 2 and 

7% and unlike other species, increasing thermal treatment 
temperature leads to higher swelling.

3.3 � Density

Wood density reflects the effects of wood modification. 
Wood densities are shown in Fig. 4 for native, thermally 
treated and chemically modified woods.

Thermal modification leads to lower densities due to 
degradation of the most sensitive wood components. Thus, 
as treatment temperature increases, decrease in density is 
observed in the thermally modified samples. Conversely, 
chemical modifications imply adding polymer into wood 
porosity (instead of air), which leads to increased densities 
compared to native wood. Before any modification, initial 
density varies from 0.50 g cm−3 for alder to 0.75 g cm−3 
for hornbeam. Without thermal pretreatment, furfurylation 
gave the highest densities between 0.85 g cm−3 (alder and 
maple) and 0.97 g cm−3 (hornbeam) in best cases, while 
polyester modifications resulted in moderate increase in 
density, which reaches 0.68 g cm−3 (cherry) to 0.87 g cm−3 
(hornbeam). Effect of combination of thermal pretreatment 
with chemical modification on density is more important in 
the case of furfurylation compared to esterification. Ther-
mal pretreatment has no effect on final density for wood 
modified with polyester, while for furfurylation, increase 
in treatment temperature induces a decrease in density after 
chemical modification, especially at 200 °C temperature 
for alder, beech, birch, cherry and maple (no material for 
hornbeam and wild service tree pretreated at 200 °C). Con-
cerning density variations after furfurylation, highest den-
sity increases are observed for furfurylated alder and birch 
reaching 68–78% and 58–69% respectively, depending on 
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thermal pretreatment temperature. These two species have 
the lowest initial densities, which explains such an increase 
in density. On the contrary, hornbeam and beech, which are 
the densest woods, display the lowest density change after 
furfurylation: 31–42% for hornbeam and 30–34% for beech. 
Looking at the polyester modification, the highest density 
increase is obtained for alder (lightest species) reaching 
49–55%, while it is only 9–32% for cherry, probably due 
to a lower impregnation of polyester oligomer solution in 
cherry leading to a lower WPG. The increase in density for 
the densest species (hornbeam) reaches 13–24% depending 
on thermal pretreatment temperature.

3.4 � Equilibrium moisture content

Specimens from the three processes, i.e. thermal modifica-
tion, combination of thermal modification with furfuryla-
tion or with polyester modifications, were conditioned at 
20 °C/80% relative humidity (RH) in order to determine the 
equilibrium moisture content (EMC) knowing anhydrous 
mass. This experiment was done to evaluate the decrease in 
the hydrophilicity of the material resulting from the different 
modification processes. EMC results after conditioning at 
20 °C/80% RH are shown in Fig. 5.

For control samples, EMC is approximately 16% inde-
pendently of the wood species. Thermal modification leads 
to decreased EMC for all species, which implies that as 
treatment temperature increases, EMC decreases. Com-
pared to native wood, hydrophilicity of thermally modified 
wood at 200 °C decreases more or less according to the 
wood species: 55% (from 16.1 to 7.3% EMC) for cherry 
and 66% (from 16.4 to 5.7% EMC) for wild service tree, 

other species being in this range. Chemical modifications 
also allow decreasing wood EMC. For not thermally modi-
fied wood, EMC decrease is 7% (from 15.6 to 14.5% EMC) 
for hornbeam and varies from 45% (from 16.1 to 8.8% EMC) 
for cherry to 58% (from 16.1 to 6.8%) for alder, other species 
being in this range after furfurylation (no data for birch). For 
polyester treatment, the decrease in EMC ranges from 29.9 
(from 16.1 to 11.3% EMC) for cherry to 52.3% (from 16.1 to 
7.7% EMC) for alder. For combinations of thermal pretreat-
ment with chemical modifications, hydrophilicity of modi-
fied wood can be further decreased compared to only heat-
treated wood, especially for low heat treatment temperature 
(160 and 180 °C). However, chemical modifications do not 
significantly improve EMC compared to thermal modifica-
tion at 200 °C. Finally, higher EMC decreases are obtained 
for thermal modification at 200 °C or combination of lower 
temperature heat treatment (160 or 180 °C) with chemical 
modification. Overall, for the same heat treatment tempera-
ture and species, improvement with furfurylation seems to 
be slightly better than with polyester.

3.5 � Dimensional stability: swelling in water 
and anti‑swelling efficiency

Dimensional instability is one of the drawbacks of wood. 
Dimensional stability test was performed to evaluate the 
swelling decrease resulting from the modifications pro-
cesses. After drying, specimens (control, heat-treated, chem-
ically modified) were impregnated by immersion in distilled 
water under vacuum to reach their maximum swelling. 
Swelling values were then used to calculate anti-swelling 
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efficiency (ASE). Swelling and ASE results are presented 
in Fig. 6a and b, respectively.

Swelling in control samples due to water uptake ranges 
from 15% (alder) to 26% (beech), which agrees with bib-
liographic data (Benoit 2008; Gérard et al. 2016). Ther-
mal modification leads to a strong decrease in swelling. 
Moreover, swelling decreases as the treatment temperature 
increases and this is valid for all tested species. Decrease 
in swelling is expected since thermal modification is a pro-
cess known to improve dimensional stability. Chemical 
modifications, either furfurylation or polyester modifica-
tion, also induce a strong decrease of swelling except for 
cherry. Without thermal pretreatment, modification with 
polyester confers a higher reduction of water swelling than 

furfurylation. Combination of thermal and chemical modi-
fication leads to even higher decrease of swelling in most 
cases. Thus, increasing thermal pretreatment severity, i.e. 
the temperature, allows decreasing swelling for furfurylated 
alder, beech, cherry at each temperature level and for fur-
furylated birch and maple at 200 °C. Data are not available 
for hornbeam and wild service tree pretreated at 200 °C. 
Thermal pretreatment at lower temperature seems to have no 
effect on these two furfurylated species. Effect of prior ther-
mal modification appears less significant in case of polyester 
modification at least for alder, beech, birch, hornbeam and 
maple. It seems significant for cherry and for wild service 
tree pretreated at 200 °C, for which highest pretreatment 
temperature leads to lowest swelling.
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ASE indicates the reduction percentage of swelling in 
water due to a treatment compared to untreated control 
samples. Since thermal modification leads to decrease of 
swelling, it is logical that thermal treatment has an anti-
swelling effect by itself. Depending on thermal treatment 
temperature, ASE ranges from 12% (cherry) to 34% (maple) 
at 160 °C and from 16% (hornbeam) to 47% (maple) at 
180 °C. The highest ASE is obtained with the 200 °C tem-
perature for the seven tested species and varies from 63% 
(alder) to 68% (beech and maple). Considering only chemi-
cal modifications (applied to native wood), ASE ranges from 
46% (alder) to 70% (maple) for furfurylated specimens and 
from 39% (cherry) and 77% (birch) for polyester modified 
specimens. Highest ASE values were obtained with 200 °C 
thermal modification combined with furfurylation for alder 
(80%), beech (79%), cherry (78%) and maple (80%) and 
with polyester modification for non-thermally treated birch 
(76%), hornbeam pretreated at 180 °C (70%), no data for 
hornbeam pretreated at 200 °C and wild service tree pre-
treated at 200  °C (73%). Overall, thermal pretreatment 
allows a gradual increase of ASE values obtained after furfu-
rylation for alder and beech and higher ASE values for birch, 
cherry and maple at 200 °C, but does not seem significant for 
hornbeam and wild service tree (no data at 200 °C for these 
two species). Except for cherry, thermal pretreatment does 
not impact anti-swelling efficiency.

3.6 � Hardness improvement

After conditioning, surface hardness of wood specimens 
(control, thermally modified and chemically modified) was 

tested according to Brinell in order to evaluate puncture 
resistance. Brinell hardness results are shown in Fig. 7.

Brinell hardness of untreated specimens varies from 20 
N mm−2 (alder) to 34 N mm−2 (hornbeam). Thermal modi-
fication leads to slightly reduce surface hardness of wood, 
especially at the 200 °C temperature. This is probably due 
to degradation of wood component occurring during the 
thermal treatment. Beech and maple are the most affected 
species, their hardness decreased proportionally from 30 and 
28%, respectively, due to thermal modification at 200 °C. 
Hornbeam hardness is not affected by thermal modification 
at 200 °C (only − 0.3%), while for other species, hardness 
decreases due to treatment at 200 °C and ranges between 
18% (birch and cherry) and 25% (alder). Interestingly, 
thermally modified hornbeam at 180 °C presents a higher 
hardness than native wood (45 N mm−2 + 32%), which was 
not expected and difficult to explain based on the data of 
the current study. Regarding chemical modification, furfu-
rylation and polyester do not confer the same increase in 
hardness. Indeed, furfurylation leads to increase in surface 
hardness, while polyester modification barely improved 
it. Without thermal modification, for all species hardness 
ranges between 61 N mm−2 (beech) and 85 N mm−2 (birch) 
after furfurylation. Furfurylation allows increasing Brinell 
hardness with over 97% (furfurylated beech, 61 N mm−2) to 
over 316% (furfurylated cherry, 85 N mm−2). As for control 
specimens, furfurylated hornbeam hardness values are the 
highest and are between 83 and 86 N mm−2 independently 
of the thermal pretreatment temperature. Only hardness of 
furfurylated birch without pretreatment also reached 85 N 
mm−2. When combined with furfurylation, thermal pretreat-
ment does not significantly affect resulting surface hardness 
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even at 200 °C temperature, this latter one being lower for 
most wood species (except hornbeam). Without thermal 
pretreatment, hardness of polyester modified wood varies 
from 23 N mm−2 (alder) to 49 N mm−2 (hornbeam) and 
increase in hardness ranged between + 7% (beech) and + 43% 
(hornbeam). Overall, thermal modification prior to polyes-
ter modification seems insignificant for alder, beech, birch, 
hornbeam and maple. For cherry and wild service tree, ther-
mal pretreatment leads to lower hardness. This decrease in 
hardness is consistent for cherry, while for wild service 
tree, only the 200 °C pretreatment seems to induce a lower 
hardness.

4 � Conclusion

Seven European hardwood species have been modified using 
thermal modification, chemical modification (furfurylation 
or polyester modification) or combination of both thermal 
and chemical modifications. Different properties of modi-
fied woods like solution uptake, weight percent gain, den-
sity, equilibrium moisture content, swelling, dimensional 
stability and surface hardness were characterized to evalu-
ate the interest of the thermal pretreatment before chemical 
modification.

Thermal modification and chemical modification car-
ried out separately behave as expected. Weight losses due 
to thermal pretreatment depended on the wood species used 
and on the treatment temperature;  the higher  the treatment 
temperature, the higher is the weight loss recorded. Weight 
percent gain due to impregnation into the wood is coherent 
with what can be expected and is also, as for thermal modi-
fication, dependent on the wood species used but also on the 
impregnation solution.

Effect of the thermal pretreatment on wood impregnation 
during chemical modification is more difficult to evaluate 
an interpret even if differences may be observed depending 
on the wood species and on the temperature of thermal pre-
treatment. Indeed, solution uptake and weight percent gain 
remain stable, slightly increase or decrease according to the 
treatment and the wood species. Except for one case, density 
of all species subjected to thermal pretreatment followed 
by chemical modification decreased as the temperature of 
pretreatment increased, whatever the chemical modification 
carried out. Wood equilibrium moisture is also more reduced 
after thermal pretreatment at higher temperature followed by 
chemical modification. This reduction in EMC depends on 
the nature of the chemical modification envisaged, treatment 
with polyester presenting higher EMC values compared 
to furfurylation. In all cases, the EMC obtained for com-
bined treatment are very close to EMC obtained for thermal 
modification alone. Combination of thermal pretreatment 
and chemical modification allows to reduce swelling and 

increase ASE of all species tested comparatively to treat-
ments carried out alone. Brinell hardness was more impor-
tant in the case of furfurylated samples, while modification 
with polyester resulted in a lower increase of surface hard-
ness. Pretreatment at 200 °C before chemical modification 
resulted in a decrease of Brinell hardness comparatively to 
samples pretreated at lower temperature showing the impact 
of thermal degradations on wood surface hardness.

Combination of thermal modification pretreatment to sub-
sequent chemical modification treatment allows to obtain 
materials presenting higher Brinell hardness, lower equi-
librium moisture content and higher dimensional stability, 
especially in the case of furfurylation treatment. Further 
investigations implying thermal modification resulting in 
5–10% weight loss, combined with furfurylation using a 
more concentrated furfuryl alcohol impregnation solution 
would lead to even greater improvements in terms of density, 
dimensional stability and surface hardness, which would 
allow the use of modified hardwood in applications such as 
joinery, decking or flooring, music instruments, and handles 
for tools or kitchen utensils.
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