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ABSTRACT:  Oligomer systems based on poly(lactic acid) (PLA), poly(glycolic acid) (PGA), poly(butylene succinate) 
(PBS) and poly(butylene adipate) (PBA) were impregnated in wood and polymerized in situ  to improve 
the dimensional stability of the treated wood. Dynamic mechanical thermal analysis (DMTA) was used 
to characterize the impact on the treated wood properties. Cell wall bulking treatments (PLA and PGA 
oligomers: OLA and OGA) induced softening and plasticization of wood components. Lumen fi lling 
treatments (PBS and PBA oligomers: OBS and OBA) led to minor decreases in treated wood stiffness with any 
softening dependent on the polymer melt temperature. Overall, no oligomer treatment induced any signifi cant 
wood reinforcement, but the Tg of wood components could be reduced signifi cantly. 
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1 INTRODUCTION

Chemical modifi cation of solid wood is one of the 
main approaches for improvement of wood dura-
bility, dimensional stability and mechanical proper-
ties. Primarily, this has been successfully achieved by 
substituting hydroxyl groups within wood by means 
of suitable chemicals such as isocyanates, aldehydes, 
acid or alkyd chlorides, anhydrides or methylation 
reactions [1–3]. Acetylation of wood is the most stud-
ied and advanced esterifi cation reaction, consisting of 
the grafting of acetic anhydride to wood hydroxyls, 
releasing acetic acid as co-product. While not a sys-
tematic approach for substituting hydroxyl groups, 
the impregnation and in situ polymerization of mono-
mers is another method for improving wood dimen-
sional stability if the monomers diffuse into wood cell 
walls. Furfurylation is the most developed example of 
a successful in situ polymerization treatment [4,5]. The 
combination of these approaches for both chemical 
grafting to wood hydroxyls and in situ polymerization 
within the wood cell wall with lactic acid oligomers 
has been recently reported [6,7]. This treatment has 

demonstrated a signifi cant anti-swelling effi ciency and 
improved biological resistance of the treated wood, 
together with greater surface hardness. 

Chemical modification of wood can also induce 
property changes within the treated wood such as 
wood plasticization achieved upon benzylation 
[8] or acetylation [9]. Benzylation has also been 
shown to reduce the glass transition of compo-
nents in wood fibers [8,10]. Furthermore, Backman 
and Lindberg [11] concluded that good adhesion of 
acrylate polymers within the cell wall also results in 
decreased Tg.

In the current study, chemical modification of 
wood with oligomer treatments was investigated 
for any impact on wood thermoplasticization. 
Oligomers of poly(lactic acid), poly(glycolic acid), 
poly(butylene succinate) and poly(butylene adi-
pate) (PLA, PGA, PBS and PBA respectively) were 
used to treat and polymerize within the wood struc-
ture. While the main objective of these treatments 
was to improve the dimensional stability of wood 
[12,13], the viscoelastic and thermal properties of 
these treatments were also investigated. The results 
of this study further contribute to the fundamental 
understanding of the association and interactions 
between the in situ polymers and wood components 
of the treated wood. 
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2 EXPERIMENTAL METHODS

2.1 Materials

Oven-dried beech wood samples (Fagus sylvatica) and 
radiata pine veneer samples (Pinus radiata) were used 
for impregnation and treatment. All chemicals were 
sourced from Sigma-Aldrich (Switzerland): L(+)-lactic 
acid solution (≥ 85%), glycolic acid solution (70% in 
water, technical grade), 1,4-butanediol (99%),  dimethyl 
succinate (98%), dimethyl adipate (98%) and titanium 
butoxide (97%). 

2.2 Polyester Oligomers Synthesis

As described by Noël et al. [12,13], oligomeric polyes-
ters were synthesized by their direct polymerization 
under vacuum, using a four-necked fl ask (500 mL or 
1 L) fi tted with magnetic stirrer and refl ux condenser 
linked to an inline cold trap and vacuum pump. 
Thermometers were used to observe the polymeriza-
tion, condenser head and heater temperatures.

2.2.1  Lactic Acid and Glycolic Acid 
Oligomerizations

Lactic acid or glycolic acid (200–800 g as an aqueous 
solution) was poured into the fl ask. The solution was 
fi rst heated at 70°C under reduced pressure (150 mbar) 
as an initial distillation step for 75 min. The initial oli-
gomerization step involved gradually increasing the 
temperature to 100°C over 100 min, yielding the oli-
goester of lactic acid OLA1 (or glycolic acid OGA1). 
At the end of the oligomerization reaction, oligom-
ers were poured into bottles, sealed and cooled to 
room temperature. OLA1 is liquid product at ambient 
temperature. Glycolic acid oligomers OGA1 tend to 
solidify, giving a wax-like solid product when cooled 
[12,13].

2.2.2  Butylene Succinate and Butylene 
Adipate Oligomerizations

Oligoesters were synthesized by melt polymeriza-
tion of dimethyl succinate or dimethyl adipate and 
1,4-butanediol, according to literature procedures [14]. 
This was achieved by adding a 25% stoichiometric 
excess of 1,4-butanediol in the presence of titanium(IV) 
butoxide as esterifi cation catalyst (OBS2 and OBA2). A 
mixture of dimethylester, 1,4-butanediol and catalyst 
(200–800 g) was poured into the fl ask under a nitro-
gen purge. The mixture was gradually heated to 180°C 
over 130 min under reduced pressure (150 mbar). At 
the end of the oligomerization reaction, oligomers 
were poured into bottles, sealed and cooled. OBS2 and 

OBA2 solidify as a white block when cooled. The melt 
temperatures of OBS2 and OBA2 were rheologically 
measured at ca. 75°C and 50°C, respectively [12,13].

2.3 Wood Treatment

Wood samples were placed in a container and 
immersed in liquid oligomer, either at room tem-
perature (OLA1, OGA1) or at 90°C (OBS2, OBA2). 
Containers were then placed in a vacuum oven under 
reduced pressure (580 mmHg) for 1 to 2 hours, then at 
atmospheric pressure over 1 to 2 hours.

Impregnated samples were then wiped and set on 
aluminum foil in a ventilated oven at either 103°C for 
26 hours (low temperature procedure, LT) or 120°C for 
6 hours (high temperature procedure, HT). Anhydrous 
sample weight was measured before impregnation, 
after impregnation and after heat treatment. Weight 
uptakes have been calculated according to Equations 
1 and 2:
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where wi stands for the impregnated sample weight, 
wt for the sample weight after complete treatment, 
and w0 the oven-dried sample weight before treatment 
[12,13].

Impregnated samples are referred to as OLA1IW, 
OGA1IW, OBS2IW and OBA2IW. Treated samples, fol-
lowing LT or HT procedures, are referred to as OLA1 
IWLT/HT, OGA1 IWLT/HT, OBS2 IWLT/HT and 
OBS2 IWLT/HT.

To assist with GPC analysis, pure oligomers (OLA1, 
OGA1, OBS2 and OBA2) were also poured into con-
tainers and set in a ventilated oven at either 103°C 
for 26 hours or 120°C for 6 hours. These samples are 
referred to as OLA1LT/HT, OGA1LT/HT, OBS2LT/
HT and OBA2LT/HT.

2.4 Extractions

Water leaching consisted of soaking treated samples in 
distilled water at 20°C for 7 days. After leaching, sam-
ples were oven dried at 103°C until constant weight. 
Weight loss due to water leaching and weight loss of 
the polymer were calculated as follows:
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where wt stands for sample weight after complete 
treatment, and wwe for treated sample weight after 
water leaching.

Soxhlet extraction was carried out on small chips 
cut out of sample specimens in chloroform at 60°C for 
48 hours. After extraction, samples were oven dried at 
103°C until constant weight. Weight loss due to sol-
vent extraction has been calculated as:  

 0
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where wt stands for sample weight after complete 
treatment, and wse for treated sample weight after sol-
vent extraction [12,13].

2.5 Bending Resistance

Beech samples of dimensions 140 x 12 x 7 mm (L x T 
x R) have been tested according to four-point bending 
equipment using a Zwick universal testing machine 
(2.5 kN) and associated software. Samples were 
charged with linear force application in the elastic 
zone. Young’s modulus was obtained from the stress-
strain curve [13].

2.6  Gel Permeation Chromatography 
(GPC)

Gel permeation chromatography (GPC) was under-
taken on a Polymer Labs GPC system using a mixed-C 
column (Polymer Labs) and chloroform as eluent. All 
samples were dissolved in GPC solvent (40 mg/mL) 
and run on the GPC, employing both refractive index 
(RI) and UV detectors. Polystryrene calibration stand-
ards were used to calculate molecular weight profi les 
[12,13].

2.7  Dynamic Mechanical Thermal 
Analysis (DMTA)

Dynamic mechanical analysis (DMA) was performed 
in three-point 40 mm fl exural mode using a Thermal 
Analysis Instruments G2RSA DMTA IV. Viscoelastic 
properties of samples were measured at a frequency 
of 1 Hz, strain rate of 0.05% and a heating rate of 3°C/
min over a temperature ranging from 25°C to 200°C. 

2.8  Differential Scanning Calorimetry 
(DSC)

Differential scanning calorimetry (DSC) experiments 
were carried out using a TA Instruments Q1000 
Differential Scanning Calorimeter. Samples (5–10 mg) 

were loaded into standard aluminum pans and were 
run using a heat/cool/heat cycle with a heating rate 
of 10°C/min and cooling rate of 5°C/min under a 
nitrogen atmosphere. The cooling and second heating 
cycles were reported, with the fi rst heating cycle given 
in Supporting Material (Figure A – Supplementary 
Materials).

2.9 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) measurements 
were performed using a Thermal Analysis Instruments 
Q500 Thermogravimetric Analyzer. Samples (8–14 
mg) were weighed out on platinum pans and heated 
to 600°C at 10°C/min under a nitrogen atmosphere. 
All thermal analysis employed duplicate runs for each 
sample [12].

2.10  Sample Preparation of Semithin 
Micro Slices

Wood cubes (3 x 3 x 5 mm) at ambient moisture con-
tent were fi rst dried using aqueous isopropanol 
with increasing concentrations: 50%, 70% and 100%. 
Samples were then infi ltrated with embedding solu-
tion in isopropanol (1:1), then fi nally placed in pure 
embedding solution. After embedding, samples were 
heated in an oven (60°C) for 24 h. After trimming to 
obtain a cutting surface, microsections were taken 
using a diamond blade or steel blade (profi le C). To 
stain microsections, they were fi rst hydrated using 
aqueous isopropanol solutions of 100%, 70%, 50%, 
30% and then pure water before dipping into a solu-
tion of Safranin and Acrifl anin for 6 hours. Sections 
were briefl y dried (60°C for 15 min) before being 
placed in Xylol and fi nally on glass slides with Malinol 
resin [15].

3 RESULTS AND DISCUSSION

3.1 Polymer Characterization

The polymer systems prepared for impregnation into 
wood structure show signifi cantly different proper-
ties. As evidenced in As evidenced in Figure 1a and 
Figure 1b the OLA1 and OGA1 DSC thermograms do 
not exhibit the polymeric properties for PLA and PGA, 
respectively [16–18]. There was no defi nitive glass tran-
sition (Tg) nor melt feature, only an exotherm at high 
temperature, which is suggestive of material degrada-
tion [12] (Figure B – Supplementary Materials). For 
the OBS2 and OBA2 thermograms, typical polymer 
thermal transitions were observed for these materials. 
A broad melting peak was observed for both systems, 
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Figure 1a DSC thermograms of pure OLA1, after heating step at 103°C/26h (OLA1LT) and 120°C/6h (OLA1HT), and extracted 
after impregnation and heating in wood (Beech) structure (extracted OLA1_LT and_HT).

Figure 1b DSC thermograms of pure OGA1, after heating step at 103°C/26h (OGA1LT) and 120°C/6h (OGA1HT), and extracted 
after impregnation and heating in wood (Beech) structure (extracted OGA1_LT and_HT).
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Figure 1c DSC thermograms of pure OBS2, after heating step at 103°C/26h (OBS2LT) and 120°C/6h (OBS2HT), and extracter 
after impregnation and heating in wood (Beech) structure (extracted OBS2_LT and_HT).

Figure 1d DSC thermograms of pure OBA2, after heating step at 103°C/26h (OBA2LT) and 120°C/6h (OBA2HT), and extracter 
after impregnation and heating in wood (Beech) structure (extracted OBA2_LT and_HT).
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consistent with the Mw profi le of each sample (Figure 
C – Supplementary Materials). Crystallization peaks 
were evident at 64°C and 21°C, for OBS2 and OBA2 
respectively, suggesting their preparation led to a 
semicrystalline material. Sub-ambient Tg values were 
observed between 4°C and 18°C for OBS2 and −15°C 
and −7°C for OBA2. 

The ability of all oligomers to increase their degree 
of polymerization with further heating was evidenced 
in analysis of the pure polymers. Heating oligomers 
OLA1 and OGA1 at 103°C (OLA1LT, OGA1LT) and 
120°C (OLA1HT, OGA1HT) gave materials which 
exhibited Tg and crystallization temperatures of 
higher molecular weight polyesters, but these were 
at lower temperatures than typical commercial PLA 
and PGA polymers [16,17]. Both OLA1LT/HT and 
OGA1LT/HT have similar Tg and Tc values consistent 
with their relatively low molecular weight (Figure D – 
Supplementary Materials). 

3.2  Mechanical Performance with 
Temperature

Analysis of in situ polymerization of the oligomer 
treatments within wood is diffi cult. However, the 
degree of polymerization has been assessed previ-
ously by polymer extraction and molecular weight 
analysis by GPC and indirectly by means of thermo-
gravimetric analysis profi les of treated wood [12,13]. 
Dynamic mechanical thermal analysis (DMTA) offers 
corroborating analysis to determine the extent of 
polymerization as well as any wood matrix reinforce-
ment provided by the polymer. DMTA was initially 
applied to determine the onset of in situ polymeriza-
tion within treated samples at 80°C, 100°C and 120°C 
(Figure 2a-d). Across all samples, there was an initial 
decrease in storage modulus (E’) likely due to sof-
tening and plasticization of wood components upon 
heating. Generally, with time and water loss the iso-
thermal treatments result in recovery of E’ values, but 
the extent of E’ values was dependent on oligomer 
treatment and temperature. For OLA1-impregnated 
samples (OLA1IW), isothermal heating at 80°C for 2 
hours led to a gradual increase in E’ to the initial value 
for this sample. This was likely due to water loss and 
reduced plasticization, but potentially to the polym-
erization of the OLA component. This was also the 
case for OLA1IW at 120°C, whereas isothermal heat-
ing this sample at 100°C gave a lower E’ value after 2 
hours. The distinction in E’ values after heating may 
refl ect sample reinforcement achieved due to in situ 
polymerization compared with wood component 
softening. However, this observation may be further 
complicated by oligomer penetration into wood cell 
wall (Table 1).

For the isothermal heating of the OBA2 and OBS2 
treatments, after an initial E’ loss, samples similarly 
showed the effect of reduced plasticization as water 
was lost on heating. Any effect of increasing polym-
erization due to temperature was not readily distin-
guished in these samples. Isothermal heating of the 
OGA1 treated sample showed no signifi cant increase 
in E’ values at 80–120°C. This was particularly evident 
at 120°C, with the sample having a relatively lower 
E’ value than at 80 or 100°C. Overall, across the four 
oligomer treatments, the above results suggest that the 
heat treatments at 103°C for 26 hours and 120°C for 6 
hours were likely to achieve suffi cient in situ polym-
erization within samples. However, these isothermal 
heating experiments using DMTA did not distin-
guish any impact of resulting polymer properties to 
observed E’ values, particularly those for OLA1 and 
OGA1 (Figure 2a and Figure 2b).

3.3  Polymer Association with Wood Cell 
Wall and Thermal Properties

Oligomer impregnation and polymerization in the 
wood cell wall were suggested by swelling measure-
ments (Table 1 [13]). For example, ca. 25% swelling of 
OLA1 and OGA1 treated samples was observed upon 
oligomer impregnation and heating (LT/HT). OGA1 
oligomer impregnation induces at least 10% swell-
ing even at room temperature. However, for OBS2 
and OBA2 treated samples, neither treatment led to 
any signifi cant wood swelling (≤ 2%), indicating both 
OBS2 and OBA2 treatments provide limited penetra-
tion of the cell wall.

In addition to the isothermal experiments above, 
DMTA temperature sweeps (Figure 3a-d) showed the 
relative sample stiffness with temperature for impreg-
nated (IW) and heat-treated samples (IWLT and IWHT). 
This revealed that the infl uence of OLA1 and OGA1 
treatments differed from OBS2 and OBA2. Impregnation 
with OLA1 and OGA1 induced signifi cant material soft-
ening evidenced by E’ decreases as observed in Figure 
2a and Figure 2b. For OLA1IW this was most appar-
ent between 70°C and 120°C compared to untreated 
wood and may explain the varying response of this 
sample at each isothermal temperature with respect 
to time. The heated OLA1 (LT/HT) samples show 
a relatively gradual decrease in E’, with this sample 
having greater softening than exhibited by untreated 
wood. This observation appeared independent of heat 
treatment temperature. A greater E’ decrease than in 
untreated wood was perhaps consistent with softening 
induced by the polymeric component in the cell wall, 
as reported by Jebrane et al. [9] for acetylated wood 
blocks. For the OGA1-impregnated sample in which 
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Figure 2a Relative storage modulus E’ and deformation under isothermal conditions of wood (Radiata pine) impregnated with 
OLA1 at 80°C, 100°C and 120°C.

Figure 2b Relative storage modulus E’ and deformation under isothermal conditions of wood (Radiata pine) impregnated with 
OGA1 at 80°C, 100°C and 120°C.

oligomers partially penetrate wood cell walls (Table 1) 
the E’ decreases were similar to OLA1, however above 
120°C the sample further softens, with all specimens 
observed to break at > 150°C. This result was likely due 
to the heating rate exceeding any in situ polymerization 

achieved within the sample during this experiment. 
However, heat treatment of OGA1-impregnated sam-
ples (OGA1 IWLT/HT) gave similar E’ profi les, which 
were intermediate to the OGA1 IW and OLA1 LT/HT 
samples. 
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Figure 2c Relative storage modulus E’ and deformation under isothermal conditions of wood (Radiata pine) impregnated with 
OBS2 at 80°C, 100°C and 120°C.

Figure 2d Relative storage modulus E’ and deformation under isothermal conditions of wood (Radiata pine) impregnated with 
OBA2 at 80°C, 100°C and 120°C.

The relatively low penetration of OBS2/OBA2 
oligomers into wood cell walls (Table 1) was refl ected 
in DMTA for both impregnated and heat-treated 
samples (Figure 3c and Figure 3d). Sample stiffness 

decreased slowly upon heating, but at ca. 95°C and 
50°C, the E’ of samples decreased, perhaps refl ective 
of the melting of OBS2/OBA2 polymers, respectively 
(Figure 1c; Figure 1d; Figure B - Supplementary 
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Figure 3a Relative storage modulus E’ and deformation along temperature ramp of wood (Radiata pine) impregnated with 
OLA1 (IW), impregnated and heated (IWLT, IWHT) and impregnated, heated and water leached (water leached IWHT), in 
comparison to untreated wood (W).

Ref.
Weight uptake Weight loss Volume swelling

WUi (%) WUt (%) WLPwl (%) WLPse (%) Si (%) St (%)

OLA1LT
OLA1HT

76
81

54
56

31
29

37
39

3
0.9

23
24

OGA1LT
OGA1HT

118
150

84
92

15
19

11
14

24
9

28
26

OBS2LT
OBS2HT

68
64

65
64

7
13

37
51

2
0.6

1.0
1.7

OBA2LT
OBA2HT

64
68

61
67

5
10

51
56

1.2
0.1

0.3
1.3

Table 1 physical properties of impregnated and treated wood samples according to weight uptake with impregna-
tion and treatment, weight loss with water leaching or solvent extraction, and volume swelling due to impregna-
tion and treatment .

Materials). However, above 150°C there were no dif-
ferences in E’ values across the heat-treated samples 
and untreated wood. The relatively lower melting 
temperature of OBA2 oligomer (50°C) confi rmed the 
effect exhibited in DMTA profi les, with treated sam-
ples initially softening at this temperature. This feature 
appeared independent of any heat treatment tempera-
ture. Given that both OBS2 and OBA2 treatments were 
likely lumen-fi lling only, sample softening upon melt-
ing contrasts the gradual softening and plasticization 
of wood cell wall components exhibited by the OLA1 
and OGA1 treated samples.

Treatment impact on resulting cell wall properties 
was further evident in Figure 4B and 4C, where thick-
ening of the cell wall, cracks, lumen shape and irregu-
lar dye absorption were observed with OBA2 IWHT 
(Figure 4B) and OLA1 IWHT (Figure 4C) samples. 
Transverse sections of an untreated sample (Figure 4A) 
show regular lumen and pits with homogeneous cell 
wall dying. However, with the OBA2 IWHT sample 
(Figure 4B) the cell walls appear with two colors and 
multiple cracks. With the OLA1 IWHT treated sample 
(Figure 4C) the cell wall coloration was more heteroge-
neous with partial delamination of cell wall layers. The 
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Figure 3b Relative storage modulus E’ and deformation along temperature ramp of wood (Radiata pine) impregnated with 
OGA1 (IW), impregnated and heated (IWLT, IWHT) and impregnated, heated and water leached (water leached IWHT), in 
comparison to untreated wood (W).

Figure 3c Relative storage modulus E’ and deformation along temperature ramp of wood (Radiata pine) impregnated with 
OBS2 (IW), impregnated and heated (IWLT, IWHT) and impregnated, heated and water leached (water leached IWHT), in 
comparison to untreated wood (W).
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Figure 3d Relative storage modulus E’ and deformation along temperature ramp of wood (Radiata pine) impregnated with 
OBA2 (IW), impregnated and heated (IWLT, IWHT) and impregnated, heated and water leached (water leached IWHT), in 
comparison to untreated wood (W).

Figure 4 Micro-slices of untreated wood (Beech) (A), wood treated with OBA2 (IWHT) (B) and wood treated with OLA1 
(IWHT) (C).

variation in dye intensities for this sample may be due 
to the presence of oligomers in the cell wall or lumens, 
with the extent of cell wall degradation explained by 
in situ polymerization. However, across these samples, 
no cell delamination was observed, indicating that the 
middle lamella remained intact after treatments. 

3.4  Modifi cation of Wood Properties on 
Water Soaking 

Given that some in situ polymerized material can be 
extracted from the treated wood [12,13], the 120°C 
treated samples were extracted by water leaching 

(water leached IWHT). Water leaching removed up 
to 30% of the oligomer uptake (Table 1), typically 
removing residual monomeric and short-chain oli-
gomers, but this leaching can also hydrolyze and 
remove higher Mw polymeric fractions [13] (Figure C 
and Figure D, Supplementary Materials). Analysis by 
DMTA (Figure 3a) suggests that the extracted OLA1 
IWHT sample has relatively similar properties to the 
original treated sample despite water leaching and 
removal of polymeric components. Potentially, the 
remaining in situ polymerized material could be hydro-
lyzed by water and could also act as a plasticizer, but 
to a lower extent than observed by oligomers in OLA1 
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IW. Furthermore, the removal of leached OLA1 com-
ponents gave a greater ambient storage modulus at 
25°C (4.5 GPa) compared to treated samples (3.8 GPa; 
Table 2). As already reported [13], with such treat-
ments oligomers and polymers are most likely entan-
gled around cellulosic fi bers and and fi brils within the 
wood structure. This interlocking of OLA1 polymers 
within the lignocellulosic matrix likely increases the 
free volume contributing to wood reinforcement.

In the case of OGA1 oligomers, this treatment had a 
greater impact on wood properties (Figure 3b; Table 2). 
Oligomers penetrate the cell wall, inducing a lower stiff-
ness of the treated wood at ambient temperature (ca. 
35/45% E’ decrease compared to untreated samples), 
as well as contributing to sample failure > 150°C. A 
weaker wood structure was also manifested in macro-
scopic samples after HT treatment with an approximate 
80% decrease in MOE (Table 2). The very high weight 
uptakes and the higher residual acidity of the OGA1 
treatment may explain this observation. However, as 
with the OLA1 treated samples, water leaching led to a 
recovery of ambient E’ and MOE values, with the latter 

being higher than for untreated samples. In contrast, 
wood samples impregnated or heat-treated with OBS2 
or OBA2 do not have any signifi cant water leaching, 
nor do they undergo any resulting change in MOE 
(Figure 3c; Figure 3d; Table 1; Table 2).

The glass transition temperature of wood compo-
nents lies in wide intervals due to degree of crystal-
linity or extraction procedure of components [19]. 
The Tg was reported to lie between 200°C and 250°C 
for cellulose, between 150°C and 220°C for hemicel-
luloses, and between 140°C and 210°C for lignin [19]. 
A  thermal transition seen between 80°C and 150°C in 
Figures 5a-d for untreated wood could be assigned to 
Tg values for hemicelluloses or lignin. This thermal 
transition appeared to be reduced upon the impregna-
tion of oligomers and was signifi cantly decreased by 
OLA1/OGA1 treatments (−15/5°C, 0/30°C for OLA1, 
OGA1 respectively). Both water leaching and solvent 
extraction led to intermediate Tg values for these 
wood components (30/70°C). OBS2/OBA2 treatments 
did not signifi cantly affect the thermal transitions of 
wood properties, as observed with DSC thermograms 
of solvent extracted samples (Figures 5a-d).

4 SUMMARY

The oligomer treatments used to treat wood were pre-
pared as liquid impregnation materials and were able 
to further polymerize, as either pure polymers or in 
situ within wood. Treatment and in situ polymeriza-
tion contributed different properties to the treated 
wood. DMTA revealed that impregnation with cell 
wall bulking OLA1/OGA1 treatments led to sample 
softening and plasticization, most likely facilitated 
by weakened cohesive forces and mobility of ligno-
cellulosic matrix constituents [9]. Heating and in situ 
polymerization of the OLA1/OGA1 treatments gave 
increased E’ values. In contrast to OLA1/OGA1 treat-
ments, impregnation with OBS2/OBA2 gave a lumen 
fi lling treatment. DMTA indicated that this treatment 
gave only a small decrease in sample stiffness, which 
was attributed to the onset of the polymer melt. No 
treatment contributed to any signifi cant wood rein-
forcement at ambient temperature, but the OLA1/
OGA1 treatments do confer greater softening upon 
heating, as demonstrated by DMTA. However, water 
leaching of lower Mw OLA/OGA components can 
reduce this softening effect in treated samples. These 
treatments also impacted wood softening with a sig-
nifi cant decrease in Tg values observed for wood 
components.

Ref. E’ (GPa) MOE (GPa)

W 5.89 ± 0.16 22.96 ± 1.05

OLA1

IW
IWLT
IWHT
Water leached 

IWHT

5.50 ± 0.41
4.09 ± 0.55
3.80 ± 0.36
4.54 ± 0.46

16.41 ± 0.84
24.22 ± 0.12

OGA1

IW
IWLT
IWHT
Water leached 

IWHT

3.85 ± 1.26
3.79 ± 0.17
3.27 ± 0.11
4.63 ± 1.32

4.28 ± 1.33
23.61 ± 1.24

OBS2

IW
IWLT
IWHT
Water leached 

IWHT

5.46 ± 0.17
6.37 ± 0.44
5.30 ± 0.39
4.49 ± 0.95

22.52 ± 1.29
23.47 ± 0.49

OBA2

IW
IWLT
IWHT
Water leached 

IWHT

4.59 ± 0.35
5.39 ± 0.10
5.26 ± 0.91
4.91 ± 0.05

25.40 ± 3.01
21.67 ± 1.93

Table 2 storage modulus at 25°C of DMTA samples 
(E’) and Young modulus of macro-samples tested in 
4-point bending (MOE).
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Figure 5a DSC thermograms of untreated wood (Beech), wood impregnated with OLA1 (IW), treated (IWHT), treated and 
water leached (leached IWHT) and treated and solvent extracted (extracted IWHT).

Figure 5b DSC thermograms of untreated wood (Beech), wood impregnated with OGA1 (IW), treated (IWHT), treated and 
water leached (leached IWHT) and treated and solvent extracted (extracted IWHT).
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Figure 5c DSC thermograms of untreated wood (Beech), wood impregnated with OBS2 (IW), treated (IWHT), treated and water 
leached (leached IWHT) and treated and solvent extracted (extracted IWHT).

Figure 5d DSC thermograms of untreated wood (Beech), wood impregnated with OBA2 (IW), treated (IWHT), treated and 
water leached (leached IWHT) and treated and solvent extracted (extracted IWHT).



10.7569/JRM.2014.634118 Marion Noël et al.: Investigating the Viscoelastic Properties and Mechanical Performance of Wood Modifi ed

J. Renew. Mater., Vol. 2, No. 4, December 2014  © 2014 Scrivener Publishing LLC  305

ACKNOWLEDGEMENTS

The authors would like to thank the COST Action 
FP1006 for fi nancing this research project (funded pro-
ject number C11.0129) and the COST Offi ce for STSM 
funding (COSTS-STSM-RA – New Zealand-06400), 
Scion (& Dr. Elizabeth Dunningham) for availabil-
ity of personnel and equipment resourcing, Armin 
Thumm for GPC measurements, Solène Barbotin for 
acquisition of microscopic images and the Institute of 
Forest Botany, University of Freiburg, for availability 
of microscopy equipment. 

REFERENCES

 1. R.M. Rowell, Chemical modifi cation of wood, in 
Handbook of Wood Chemistry and Wood Composites, p. 14, 
Taylor and Francis, Boca Raton, FL, (2005).

 2. C.A.S. Hill, Wood Modifi cation: Chemical, Thermal and 
Other Processes, p. 260, John Wiley and sons, Chichester, 
West Sussex, (2006).

 3. M.N. Belgacem and A. Gandini, Chemical modifi ca-
tion of wood, in Monomers, Polymers and Composites from 
Renewable Resources, p. 20, Elsevier, Oxford, UK, (2008).

 4. M. Choura, N.M. Belgacem and A. Gandini, The acid-
catalyzed polycondensation of furfuryl alcohol: Old 
puzzles unraveled. Macromol. Symp. 122, 263 (1997).

 5. S. Lande, M. Westin and M.H. Schneider, Eco-effi cient 
wood protection: Furfurylated wood as alternative to 
traditional wood preservation. Manag. Environ. Qual. Int. 
J. 15, 529 (2004).

 6. M. Noël, E. Fredon, E. Mougel, D. Masson, E. Masson 
and L. Delmotte, Lactic acid/wood based compos-
ite material. Part 1: Synthesis and characterization. 
Bioresour. Technol. 100, 4711 (2009a).

 7. M. Noël, E. Mougel, E. Fredon, D. Masson and E. 
Masson, Lactic acid/wood based composite material. 
Part 2: Physical and mechanical performance. Bioresour. 
Technol. 100, 4717 (2009b).

 8. D.N.S. Hon and N.-H. Ou, Thermoplastization of wood: 
Benzylation of wood. J. Appl. Polym. Sci. Part A 27, 2457 
(1989).

 9. M. Jebrane, D. Harper, N. Labbé and G. Sèbe, 
Comparative determination of the grafting distribution 

and viscoelastic properties of wood blocks acetylated by 
vinyl acetate or acetic anhydride. Carbohydr. Polym. 84, 
1314 (2011).

10. L. Ma, Plasticization of wood by benzylation. Master of 
Science Thesis, University of Idaho (2007).

11. C. Backman and K.A.H. Lindberg, Interaction between 
wood and polyvinyl acetate glue studied with dynamic 
mechanical analysis and scanning electron microscopy. J. 
Appl. Polym. Sci. 91, 3009 (2004).

12. M. Noël, W. Grigsby and T. Volkmer, Evaluating the 
extent of bio-polyester polymerization in solid wood by 
thermogravimetric analysis. Manuscript submitted for 
publication in J. Wood Chem. Technol, DOI: 10.1080/02773
813.2014.962154 (2014a).

13. M. Noël, W. Grigsby, I. Vitkeviciute and T. Volkmer, 
Modifying wood with bio-polyesters: Analysis and per-
formance. Manuscript submitted for publication in Int. 
Wood Prod. J. ECWM7 special issue DOI: 10.1179/204264
5314Y.0000000086 (2014b).

14. M.S. Nikolic and J. Djonlagic, Synthesis and charac-
terization of biodegradable poly(butylene succinate-co-
butylene adipate)s. Polym. Degrad. Stab. 74, 263 (2001).

15. S. Barbotin, Micro-preparation of wooden samples 
to study the distribution of natural glue systems in 
wood. Master Thesis supervised by T. Volkmer and C. 
Plummer, Bern University of Applied Sciences—École 
Polytechnique Fédérale de Lausanne (2014).

16. A. Gregorova, Application of differential scanning 
calorimetry to the characterization of biopolymers, In 
Applications of Calorimetry in a Wide Context—Differential 
Scanning Calorimetry, Isothermal Titration Calorimetry and 
Microcalorimetry, Dr. A.A. Elkordy (Ed.), InTech, Rijeka, 
Croatia, DOI: 10.5772/53822 (2013).

17. J.C. Middleton and A.J. Tipton, Synthetic biodegradable 
polymers as orthopedic devices. Biomaterials 21, 2335 
(2000).

18. C. D’Avila Carvalho Erbetta, R.J. Alves, J.M. Resende, 
R.F. de Souza Freitas and R.G. de Sousa, Synthesis and 
characterization of poly(D,L-Lactide-co-Glycolide) 
copolymer. J. Biomater. Nanobiotechnol. 3, 208 (2012).

19. P. Navi and D. Sandberg, Thermo-Hydro-Mechanical 
Processing of Wood. EPFL CRC Press, Taylor and Francis 
Group (Ed.), Boca Raton, FL, (2012).


