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ABSTRACT: Wood–polymer composites (WPCs) were
prepared from poplar wood (P. ussuriensis Komarov) in a
two-step procedure. Maleic anhydride (MAN) was first dis-
solved in acetone and impregnated into wood; this was fol-
lowed by a heat process; and then, glycidyl methacrylate
(GMA) and styrene (St) were further impregnated into the
MAN-treated wood, followed by a second thermal treat-
ment. Finally, the novel WPC was fabricated. The reactions
occurring in the WPC, the aggregation of the resulting poly-
mers, and their interaction with the wood substrate were
analyzed by scanning electron microscopy, Fourier trans-
form infrared spectroscopy, X-ray diffraction, and dynamic
mechanical analysis. The performance of WPC was also
evaluated in terms of the mechanical properties and dura-
bility, which were then correlated with the structural analy-

sis of the WPC. The test results show that MAN and GMA/
St chemically reacted with the wood cell walls in sequence,
and the quantity of hydroxyl groups in the wood cell walls
was evidently reduced. Meanwhile, St copolymerized with
GMA or MAN, and the resulting polymers mainly filled in
the wood cell lumen in an amorphous form, tightly contact-
ing the wood cell walls without noticeable gaps. As a result,
the mechanical properties, decay resistance, and dimen-
sional stability of the WPC were remarkably improved over
those of the untreated wood, and its glass-transition temper-
ature also increased. VC 2010 Wiley Periodicals, Inc. J Appl Polym
Sci 119: 3207–3216, 2011
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INTRODUCTION

Wood, as a natural material of biological origin, has
been an essential and important raw material for
human survival since their primitive state because of
its high strength-to-weight ratio, unique porous struc-
ture, wide abundance, renewability, environmentally
benign nature, relative ease of working, and good vis-
ual effect. Thus, wood is popular and widely used in
the fields of furniture, traffic, and construction. How-
ever, despite its useful properties, wood also possesses
some disadvantages, such as a variation in properties,
a liability to distort with the absorption of moisture, a
vulnerability to degradation by microorganisms, and a
susceptibility to damage by fire; these properties
greatly reduce its service life. Moreover, with the de-

velopment of society, the consumption of wood has
been increasing year by year, whereas the yield of
high-quality wood as a structural material has been
sharply decreasing. This prominent contradiction has
driven researchers to look for alternative, low-quality
resources for value-added applications. To achieve this
goal, suitable technologies are needed to improve spe-
cific wood quality attributes (e.g., mechanical proper-
ties, dimensional stability, decay resistance, and ther-
mal stability) to meet end-use requirements.
One of the techniques used to improve the mechani-

cal properties and durability of low-quality solid wood
that has received considerable attention in the past few
decades is the formation of wood–polymer composites
(WPCs). Such composites are often fabricated by the
impregnation of vinyl monomers or polymeric resins
with low molecular weights into void capillaries, fol-
lowed by in situ polymerization through a catalyst–
thermal treatment.1–4 Many types of vinyl monomers
and polymeric resins with low molecular weights have
been explored to prepare WPCs with improved proper-
ties. These monomers include methyl methacrylate,5

vinyl acetate,6 styrene (St),5 methacrylates and acryl-
ates,7–9 acrylonitrile,10 and acrylamide.11 Polymeric res-
ins with low molecular weights include urea–formalde-
hyde, phenol–formaldehyde, melamine–formaldehyde
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resins,12 and some unsaturated polyester resins.13 How-
ever, because wood substrates contain few functional
groups that are readily capable of reaction, most vinyl
monomers polymerized in wood cell lumina do not
fully graft with wood; this typically leads to a poor du-
rability in WPCs.4,14–18 Furthermore, many formalde-
hyde-based resins can release volatile formaldehyde
from the composites and cause environmental dam-
age.19,20 All of these concerns have a great impact on
the application and popularity of WPCs. Although
some studies have been done to address these prob-
lems, on the basis of the utilization of various coupling
agents and formaldehyde scavengers,21–26 the problems
have not been completely resolved, and further efforts
are still needed in this field.

Coupling agents are substances that are used in small
quantities to treat a surface so that bonding occurs
between it and other surfaces, for example, wood and
polymers.27 They play such a very important role in
improving the affinity, compatibility, and adhesion
between wood cell walls and polymers in wood cell
lumina that the use of a coupling agent has still been
one of the most successful methods, by far, for solving
these problems. The most successful coupling agents
are isocyanates, anhydrides, silanes, epoxides, b-pro-
piolactone, and methacrylates. Among these agents,
maleic anhydride (MAN) and glycidyl methacrylate
(GMA) are two of these most popular coupling agents;
they have been widely used in traditional wood–plastic
composites to bridge wood and plastics.27 MAN is an
a-, b-unsaturated carboxyl compound, containing one
carbon–carbon double bonds (C¼¼C) and two carboxy-
late groups (ACOOA). This conjugated structure,
which possesses a high activity, greatly increases
MAN’s reactivity with both wood and the polymer ma-
trix; this results in crosslinking or strong adhesion at
the interface. Similar to MAN, acrylic acids and metha-
crylates, such as methacrylic acid, epoxypropyl methac-
rylate, and GMA, also contain the a, b-unsaturated car-
bonyl structure, which may lead to crosslinking or
strong interfacial adhesion.27

Theoretically, MAN has an active anhydride
group that can react with the hydroxyl group on
wood cell walls through a nucleophilic substitution
reaction to create a new carboxyl-group grafting on
wood cell walls (Fig. 1). The newly formed carboxyl
group is not only capable of serving as a nucleo-
philic reagent but also capable of acting as a catalyst
to provide a certain level of acidity to promote the
nucleophilic substitution reaction for GMA with the
carboxyl group or even the hydroxyl groups on
the wood cell walls. Also, in theory, GMA can also
react with the hydroxyl groups in the modified
wood by its epoxy group and with St as a free-radi-
cal copolymerization through its double bond, which
may produce a solid and unleachable polymer.28,30

Moreover, some authors have reported that the

occurrence of a reaction of bifunctional reagents
with hydroxyl groups on wood cell walls and the
copolymerization of polymeric monomers may
render a crosslink between polymers in the wood
cell lumen that can further create three-dimensional
network structure of solid polymers grafting on
wood cell walls.28–30 Thus, WPCs with high mechan-
ical properties and good durability can be made
through a high-crosslinked polymer and its com-
pounding with wood cell walls.
In this study, the coupling agents MAN and GMA

were combined with a vinyl monomer in a two-step
procedure to prepare WPCs. MAN, after being dis-
solved in an acetone solution, was first used to react
with the hydroxyl group on the wood cell walls
under a certain temperature.21,22 GMA and St fol-
lowed by in situ copolymerization through their
double bonds, and the resulting polymers simultane-
ously reacted with wood modified by MAN after
they were impregnated into the wood cell lumina.
The objective of this study was to investigate the
morphology, reaction mechanisms, mechanical prop-
erties, and durability of the resultant WPCs.

EXPERIMENTAL

Raw materials and analytical techniques

Analytical-grade GMA, purchased from Nanjing Jiu-
long Chemical Industry Co., Ltd. (Nanjing, China),
was distilled for further purification before use. Ana-
lytical-grade St was also obtained from Nanjing Jiu-
long Chemical Industry; it was cleaned with sodium
hydroxide, dried with anhydrous CaCl2, and then
distilled under vacuum pressure for further purifica-
tion before use. Pyrimidine, purchased from Hubei
Xinjing New Material Co., Ltd., was directly used

Figure 1 Schematic of the chemical reactions.
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without any further treatment. MAN and 2,2-azobi-
sisobutyronitrile (AIBN) were received from Shang-
hai Chemical Reagent Factory (Shanghai, China),
and both chemicals were recrystallized before use.
The wood samples of poplar lumber (Populus ussur-
iensis Komarov) selected for this study were
obtained from original plantation areas in Maoer-
shan, located in northeast China. Boards 25 � 300 �
2000 mm3 (Radial � Tangential � Longitudinal)
were machined from poplar lumber and were dried
at room temperature. Test samples were then cut
from these boards. The prepared samples were
oven-dried at 105�C to a constant weight, and they
were stored for testing.

The equipment used for the impregnation treat-
ment was available at Northeast Forestry University.
Environmental scanning electron microscopy (ESEM)
tests were done with a QUANTA 200 machine (FEI
Company, Hillsboro, Oregon). Fourier transform
infrared (FTIR) analysis was made with a Magna
IR560 spectrometer (Nicolet, Inc., Madison, WI). X-
ray diffraction (XRD) tests were made with a D/
max2200 instrument (Rigaku Corp., Tokyo, Japan).
The test parameters selected for XRD included a Cu
butt, 40 kV of voltage, 30 mA of current, a 4�/min
rotating speed, and a 0.02� step distance. Dynamic
mechanical analysis (DMA) was made with a DMA
242 analyzer (Netzsch, Selb, Germany), and the test
parameters for three-point bending test included
60 lm of amplitude, 0.6 N of dynamic force, a 10�C/
min heating rate, and 5 Hz of frequency.

Preparation of the MAN/poplar wood composites

MAN, with a few drops of pyrimidine as a catalyst,
was first dissolved in acetone to prepare a mixed so-
lution of 10% concentration. Poplar wood samples
with different sizes were then immersed in the
mixed solution under a vacuum of approximate
0.08 MPa for 20 min; they were then subjected to a
pressure of approximate 0.8 MPa for 20 min, which
was determined on the basis of previous studies.31,32

After the pressure was released and returned to the
normal atmospheric pressure, the impregnated sam-
ples were wrapped in aluminum foil and dried in
an oven at 120�C for 4 h. The drying condition was
found to be appropriate for the complete reaction of
the impregnated samples because there was almost
no obvious exothermic and/or endothermic peak in
the temperature range 25–160�C. After they were
unwrapped, the poplar wood samples were further
vacuumed under a pressure of 0.01 MPa at room
temperature to remove the residual acetone until a
constant weight was reached. After this vacuum
returned to normal atmospheric pressure and room
temperature, MAN/poplar wood was finally
obtained with a weight gain of about 8.5 6 0.7%

compared to the untreated poplar wood; this was
then stored in a vacuum desiccator containing phos-
phorus pentoxide for further use.

Preparation of the wood/in situ synthetic
polymer composites

AIBN, as an initiator, was first dissolved in St and
GMA/St (at a 1 : 5 molar ratio) solutions, respectively,
which gave a 0.5 wt % concentration of AIBN in each
solution. Then, the two mixed solutions, respectively,
were impregnated into the untreated poplar wood and
MAN/poplar wood, which was previously extracted
by acetone for 24 h under a vacuum of 0.08 MPa for
20 min and then subject to a pressure of 0.8 MPa for
20 min. After that, two types of treated wood samples
of poplar wood andMAN/poplar wood were wrapped
in aluminum foil and separately dried in an oven at 80
and 110�C, respectively, for 8–10 h. At last, the treated
wood samples were vacuumed under 0.01 MPa and
room temperature to obtain constant weights. Finally,
the wood/in situ synthetic polymer composites with
different sizes for performance evaluation, that is, poly-
styrene (PSt)/poplar wood and P[MAN–(GMA-co-St)]/
poplar wood, were obtained and then stored in a vac-
uum desiccator containing phosphorus pentoxide for
further use. The weight gain of PSt/poplar wood and
P[MAN–(GMA-co-St)]/poplar wood was 47 6 5.4 and
56 6 1.9%, respectively. The conversion rate (Cr) values
for the two composites were 43 6 3.6 and 83 6 2.7%,
respectively.
The weight gain rate (Wr) and Cr were calculated

with eqs. (1) and (2), respectively:

Cr ¼
wp � wd

wi � wd
� 100% (1)

Wr ¼
wp � wd

wd
� 100% (2)

where wp is the weight of the wood after the final
treatment, wd is the weight of the dry wood before
any treatment, and wi is the wet weight of the wood
after impregnation.

Microstructure characterization and analysis
of the composites

The samples for scanning electron microscopy (SEM)
analysis were obtained from both PSt/poplar wood
and P[MAN–(GMA-co-St)]/wood without acetone
extraction. The interior portions of the radial and
tangential planes were exposed by cutting with a
surgical blade, carbon-coated, gold-sputter-coated,
and then examined with the QUANTA 200 ESEM
instrument at different magnifications. To obtain
samples for FTIR (Magna IR560, Nicolet) and XRD
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(D/max2200, Rigaku) analysis, each type of WPC
sample and untreated poplar wood sample was sep-
arately ground into powder by a disintegrator and
passed through a 100-mesh screen; this was followed
by extraction with acetone for 24 h and toluene for
24 h and then subsequent drying to a constant
weight. The samples for DMA (DMA242, Netzsch)
analysis were measured with dimensions of 4 � 4 �
50 mm3 (Radial � Tangential � Longitudinal).

Performance evaluation

The samples for the physical and mechanical tests
were prepared according to the China National Stand-
ard Testing Methods for Wood Physical and Mechani-
cal Properties (GB1928-1929-91). End-matched sam-
ples with dimensions of 20 � 20 � 300 mm3 for the
modulus of rupture test, 20 � 20 � 30 mm3 for the
compression strength test, and 20 � 20 � 50 mm3

(Radial � Tangential � Longitudinal) for the hardness
test were prepared from a pair of control and treated
samples. Five specimens were used for each test. All
of the mechanical property tests were performed on
untreated and treated poplar wood samples with a
universal testing machine (AG-10TA, Shimadzu
Corp., Kyoto, Japan). During the hardness test, the in-
denter (a steel ball with a diameter of 11.3 mm),
attached to the loading platen of the test machine,
was lowered to the surface of the test specimen. A
preload of 1–2 N was applied to stabilize the test spec-
imen. The applied load was then increased to reach a
target load of 1000 N in 15 s and was maintained at
this force for 25 s. The actual contact area under in-
dentation was used to calculate the hardness of the
specimen. The load–deformation data were collected
at a sampling rate of 10 data points per second.

Wearability testing was conducted according to
the standard GB 1720-79(89). During the test, the
surface of the wood samples was abraded for 5,000
revolutions by a grinding wheel on an abrasimeter.
The abrasion quantities of the untreated and treated
samples were calculated in terms of their reduced
mass.

The impact toughness was tested on a Hatt–
Turner hammering machine (Jinan Chengjin Testing
Machine Co., Ltd., Jinan, China) with a drop ham-
mer weighing 22.5 kg. The initial angle of the drop
hammer and vertical position was about 60�. The
results were read through the screen of the machine.
End-matched samples with dimensions of 20 � 20 �
300 mm3 (Radial � Tangential � Longitudinal) for
impact toughness testing were collected to obtain a
pair of control and treated samples. A minimum of
15 specimens were used for the test.

The samples, which were 20 � 20 � 20 mm3 (Ra-
dial � Tangential � Longitudinal), for dimensional
stability were evaluated by measurement of the

mean volume swelling efficiency (Vm) of the 15
specimens after immersion in water for 720 h at
room temperature and under atmospheric pressure
according to eq. (3):

Vm ¼ V1 � V0

V0
� 100% (3)

where V1 is the sample volume after immersion in
water for 720 h and V0 is the sample volume before
immersion.
The decay resistance test was carried out accord-

ing to the Chinese Forest Industry Standard Labora-
tory Methods for the Toxicity Test of Wood Preser-
vatives to Decay Fungi. The fungus selected in this
study was a brown decay fungus, named Gloeophyl-
lum trabeum (Pers. ex Fr.) Murr. The test samples,
with dimensions of 20 � 20 � 20 mm3 (Radial �
Tangential � Longitudinal), were collected to obtain
a pair of control and treated samples. A minimum
of five specimens were used for the test. An incuba-
tor was filled with water to a depth of 50 mm. Test
samples, after being autoclaved for 30 min, were
randomly placed on two mesh racks in the incuba-
tor. The relative humidity inside the incubator was
83%, and the temperature was 28�C. The samples in
the incubator were evaluated according to mass loss
after exposure to fungus decay for 12 weeks.

RESULTS AND DISCUSSION

Microstructure of WPC characterized with SEM

SEM micrographs of PSt/poplar wood and P[MAN–
(GMA-co-St)]/wood are shown in Figure 2. Figure
2(a,b) clearly shows that the polymer in PSt/poplar
wood filled up the wood cell lumina well in a solid
form. However, the polymers did not seem to inti-
mately contact the wood cell walls, as evidenced by
obvious interface gaps between the solid polymer
and the wood cell walls. Also, the polymer itself
presented some clear cracks. From these observa-
tions, we deduced that St, as a single vinyl mono-
mer, did not chemically react with the wood cell
walls during polymerization; this implied poor inter-
action between the polymer and wood and brittle-
ness in the polymer itself.
In contrast, as clearly shown in Figure 2(c,d), the

polymers not only filled up the wood cell lumina
but also intimately contacted the wood cell walls
with no obvious lacunae in P[MAN–(GMA-co-St)]/
wood, in which the wood was treated by both MAN
and GMA/St. In addition, some microscratches or
marks left by a knife cut during specimen prepara-
tion were also present in the polymers. From these
observations, we concluded that there were strong
interactions between the polymers and wood cell
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walls, and the interactions were probably physical
or chemical or a combination of both. The strong
interactions could have resulted in a good complex
effect of wood and polymers in the P[MAN–(GMA-
co-St)]/wood. Moreover, the microscratches revealed
on the polymers in Figure 2(c,d), left by a knife cut,
may have been due to the high hardness33 and some
brittleness34 of the polymers, which were further
confirmed by the mechanical properties of P[MAN–
(GMA-co-St)]/wood.

Analysis of the reaction with FTIR

The results of FTIR analysis of the four wood and
WPC samples are given in Table I and are illustrated
in Figure 3. These four samples, in order of decreas-
ing band intensity at 1733 cm�1 for carbonyl stretch-
ing vibrations, were P[MAN–(GMA-co-St)]/wood
with the highest peak, MAN/poplar wood with a
high peak, PSt/poplar wood with a smaller peak,
and poplar wood. This observation indicated that
quite a number of carbonyl groups from MAN mole-
cules grafted onto the wood cell walls of MAN/pop-
lar wood, from both MAN and GMA on the wood
cell walls of P[MAN–(GMA-co-St)]/wood as well. In
other words, the carbonyl groups showing the high-

est intensity from both MAN and GMA grafted onto
the wood cell walls of P[MAN–(GMA-co-St)]/wood
implied that MAN was first bonded to the wood cell
walls, and GMA was subsequently grafted onto the

Figure 2 SEM micrographs of two poplar WPC samples: (a) PSt/poplar wood cross section (2000�), (b) PSt/poplar
wood longitudinal section (2000�), (c) P[MAN–(GMA-co-St)]/wood cross section (1000�), and (d) P[MAN–(GMA-co-St)]/
wood cross section (1500�).

TABLE I
Comparison of the Characteristic Groups of Two Kinds

of WPCs and Their Corresponding Absorption
Frequencies

Wave number (cm�1)

Main characteristic
group

PSt/poplar
wood

P[MAN–
(GMA-co-St)]/

wood

OAH stretching
vibration (vOAH)

338937,38 334637,38

ArAH stretching
vibration (v¼¼CAH)

302238,39 302937,38

ACH2A asymmetrical
stretching vibration
(vasCAH)

290635–38 2938, 290035–38

A(C¼¼O)A stretching
vibration

– 173335–38

Phenyl skeletal vibration 159537,39 1597, 145637,39

CAOAC asymmetrical
stretching vibration

– 116436–38

Single and substitution
ArAH out-of-plane
bending wagging (dArAH)

70438,39 763, 70638,39
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wood cell walls by its epoxy group with a ring-
opening reaction.

The peak at 3346 cm�1 was assigned to the
stretching vibrations of hydroxyl groups for
P[MAN–(GMA-co-St)]/wood. This peak became
prominently weaker than that of PSt/poplar wood
and slightly weaker than that of MAN/poplar wood
and also shifted toward lower wave numbers as the
intensity decreased. All of these observations sug-
gested that the relative numbers of hydroxyl groups
in wood decreased and the form of hydroxyl groups
in P[MAN–(GMA-co-St)]/wood possibly changed to
some degree after the reaction of hydroxyl groups
on the wood cell walls with MAN and GMA in
sequence. According to the reaction principle shown
in Figure 1, we could reasonably assume that the
decrease in hydroxyl groups was likely due to the
nucleophilic substitution reaction of a large number
of hydroxyl groups on the wood cell walls with
MAN and GMA in sequence. The grafting of the
polymers on the wood cell walls resulted in
the decrease of the hydroxyl numbers in the whole
WPC. The corresponding peak shift to lower
wave numbers was probably due to the transfer of
some hydroxyl groups from the wood cell walls to
the polymer chains.

Figure 3 shows a slightly enhanced peak for aro-
matic skeletal vibrations observed at 1597 cm�1, a
small peak for ArAH stretching vibrations (v¼¼CAH)
at 3029 cm�1, and two increased peaks for single
and substituted ArAH out-of-plane bending wag-
ging (dArAH) at 763 and 706 cm�1. All of these obser-
vations of the FTIR spectra for P[MAN–(GMA-co-
St)]/wood suggested that the polymers grafting on
the wood cell walls contained some phenyl groups,
which resulted from the copolymerization of St with

the other two monomers by their double bonds.
However, the content of phenyl groups in the poly-
mers seemed to be quite low. A slightly enhanced
peak at 1164 cm�1 for CAOAC asymmetrical stretch-
ing vibrations may have been evidence for the reac-
tion of wood hydroxyl groups with MAN and GMA
in sequence, which resulted in polyethers.40

On the basis of the previous analyses, we con-
cluded that under the experimental conditions that
we used, MAN and GMA in sequence reacted with
the hydroxyl groups of the wood cell walls, which
greatly reduced the number of hydroxyl groups.
Meanwhile, GMA polymerized by itself and also
copolymerized with St to a certain degree. The
resulting polymers were finally bonded to the wood
cell walls through the polyethers resulting from the
reaction of GMA with the wood hydroxyl groups
and the carboxyl groups from MAN grafted on the
wood cell walls as well; thus, the polymers and the
wood cell walls achieved a sufficient chemical
complex.

XRD analysis

The XRD curves of the unmodified poplar wood and
two types of modified poplar wood are shown in Fig-
ure 4. As shown in the XRD pattern, the maximum
peak values of the poplar wood, MAN/poplar wood,
and P[MAN–(GMA-co-St)]/wood for the 002 side at 2y
¼ 22.5� were degressive in sequence, whereas the mini-
mum wave trough values of them for the 101 side at 2y
¼ 18.5� increased in sequence. Moreover, the relative
crystallinity values of the three kinds of wood samples
calculated according to the Segal method [eq. (4)]
decreased in sequence as well. In general, the 2y dif-
fraction patterns were similar for all samples, although

Figure 3 FTIR spectra of the four types of wood compo-
sites: (a) poplar wood, (b) PSt/poplar wood, (c) MAN/
poplar wood, and (d) P[MAN–(GMA-co-St)]/wood.

Figure 4 XRD patterns of unmodified and modified pop-
lar wood: (a) poplar wood, (b) MAN/poplar wood, and
(c) P[MAN–(GMA-co-St)]/wood.
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there was some difference in the intensity among the
samples, which represented the difference in the rela-
tive crystallinity. Compared to poplar wood, the rela-
tive crystallinity of the two treated poplar wood sam-
ples decreased; this indicated that the resulting
polymers grafted onto the wood cell walls mainly
remained as an amorphous form. This enhanced the
proportion of amorphous components for the treated
wood samples. However, the difference in the relative
crystallinity for the twoWPCs were probably due to ei-
ther the difference in the content of the grafting amor-
phous components or the structural difference in their
aggregation morphologies:

CrI ¼ I002 � Iam
I002

� 100% (4)

where CrI is the percentage of the relative crystallinity
degree, I002 is the maximum intensity of the diffraction
angle for the 002 side at approximately 2y ¼ 22�, and
Iam is the dispersion intensity of the noncrystalline
background for the 101 side at approximately 2y ¼ 18�.

Among the three wood and modified wood sam-
ples, the relative crystallinity of P[MAN–(GMA-co-
St)]/wood was only 19.64%, which was much lower
than that of MAN/poplar wood. This suggested that
more amorphous polymers in P[MAN–(GMA-co-St)]
grafted onto the wood cell walls, and thus, the poly-
mers mainly bonded to the wood cell walls. This
result was consistent with those from SEM and FTIR
analyses for the WPCs.

DMA

The DMA curves of wood and modified wood mate-
rials are shown in Figure 5. In general, the storage

modulus (E0) of the wood and modified wood mate-
rials decreased with increasing temperature within
the testing range. This was because the temperature
promoted the mobility of the molecular units of each
component; thus, the absorbed heat energy con-
sumed by the resulting friction resistance caused E0

to decrease. However, E0 of P[MAN–(GMA-co-St)]/
wood was the highest at the normal temperature,
which demonstrated that the interaction of the pro-
duced polymers and wood cell walls was enhanced
after the two-step reaction of MAN and GMA with
the wood cell walls in sequence.
Figure 5 also shows that E0 of MAN/poplar wood

was almost the lowest in the whole temperature
range and that of P[MAN–(GMA-co-St)]/wood
sharply descended as the temperature increased.
This result was probably due to the acidity of car-
boxyl groups produced by the grafting reaction of
MAN and the wood cell walls, which degraded the
wood components and resulted in more small mole-
cules moving more freely.
Figure 6 shows the glass-transition temperatures

of the treated and untreated wood materials in terms
of the ratio of E0 and loss modulus (E00), that is, the
mechanical loss factor (tan d), for a glass-transition
temperature approximately equal to the temperature
when tan d reached maximum on the tan d/temper-
ature curve. The glass-transition temperature for
poplar wood was 90�C, whereas higher glass-transi-
tion temperatures of 110 and 124�C were observed
for P[MAN–(GMA-co-St)]/poplar and MAN/poplar
wood, respectively. The increased glass-transition
temperatures of the two WPCs indicated that the
reaction of MAN and GMA/St with the wood cell
walls in sequence occurred, and the interaction of

Figure 5 E0 values of treated and untreated poplar wood
materials as a function of temperature (T): (a) poplar
wood, (b) MAN/poplar wood, and (c) P[MAN–(GMA-co-
St)]/wood.

Figure 6 Tan d values of treated and untreated poplar
wood materials as a function of temperature (T): (a) poplar
wood, (b) MAN/poplar wood, and (c) P[MAN–(GMA-co-
St)]/wood.
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the polymers and wood cell walls was strongly
enhanced; this, in turn, resulted in an improved
thermal stability of the wood.

On the basis of the DMA analysis, we concluded
that the interaction of the polymers and wood cell
walls was highly improved after the two-step reac-
tion of MAN and GMA/St with the wood cell walls
in sequence, which increased both the glass-transi-
tion temperature and E0 at normal temperature of
P[MAN–(GMA-co-St)]/wood.

Mechanical properties

The mechanical properties of the poplar wood, PSt/
poplar wood, and P[MAN–(GMA-co-St)]/wood are
summarized in Table II. The modulus of rupture,
wearability, compressive strength, and hardness were
improved by 51, 79, 131, and 153%, respectively, for
P[MAN–(GMA-co-St)]/wood and by 38, 59, 21, and
97%, respectively, for PSt/poplar wood compared to
the untreated poplar wood, whereas the impact
toughnesses of PSt/poplar wood and P[MAN–(GMA-
co-St)]/wood were reduced by 55 and 34%, respec-
tively. It was obvious that except for the impact
toughness, the other mechanical properties of the
poplar wood were greatly improved after the addi-
tion of MAN and GMA/St in sequence in the two-
step reaction. Most of the mechanical properties of
P[MAN–(GMA-co-St)]/wood remarkably surpassed
those of the poplar wood, and all of the mechanical
properties surpassed those of PSt/poplar wood.

The evidently improved mechanical properties of the
treated wood were attributed to the formation of poly-

mers with excellent performance and the good complex
effect of the resulting polymers with the wood cell walls.
The formation of the resulting polymers in the wood cell
lumina improved the mechanical properties of the wood.
The satisfactory compounding of the resulting polymers
with the wood cell walls allowed the load transfer from
the wood to the polymers and, thus, the part of forces
passing on to the polymers, which also contributed to
the improvement in the mechanical properties.
However, the impact toughnesses of both of the

two treated woods decreased compared to that of
the untreated poplar wood. This implied that the
resulting polymers were quite brittle; this was con-
sistent with the analysis results of SEM, and the
crosslinked network may have further enhanced the
brittleness. Furthermore, the microscratches
observed in the SEM micrographs also confirmed
the high hardness of P[MAN–(GMA-co-St)]/wood
compared to the untreated poplar wood.

Fungal decay resistance

The test results of weight percent loss for the
untreated poplar wood and three treated poplar
wood samples after exposure to a brown fungus, G.
trabeum (Pers. ex Fr.) Murr., for a period of 12 weeks
are given in Table III. As illustrated by the test
results, the decay resistance, in terms of weight loss
for P[MAN–(GMA-co-St)]/wood without acetone
extraction, improved by 97% compared to the
untreated poplar wood, whereas it improved 54%
for PSt/poplar wood compared to the untreated
poplar wood and 92% for the poplar wood directly

TABLE II
Mechanical Properties of the Treated and Untreated Poplar Wood Materials

Sample

Modulus of rupture:
Tangential section

(MPa)

Enhanced time
versus poplar
wood (%)

Compressive strength:
Crossing section (MPa)

Enhanced time
versus poplar
wood (%)

Poplar wood 57.47 (3.31) – 51.43 (2.77) –
PSt/poplar wood 79.59 (2.98) 38 61.98 (2.05) 21
P[MAN–(GMA-co-St)]/
wood

86.61 (1.77) 51 118.37 (3.16) 131

Sample Wearability:
Tangential section
(mm)

Enhanced time
versus poplar
wood (%)

Hardness: Tangential
section (N)

Enhanced time
versus poplar
wood (%)

Poplar wood 0.101 (0.009) – 893 (47.62) –
PSt/poplar wood 0.041 (0.003) 59 1755 (69.14) 97
P[MAN–(GMA-co-St)]/
wood

0.021 (0.002) 79 2260 (84.37) 153

Sample Impact toughness:
Tangential section
(kJ/m2)

Enhanced time
versus poplar
wood (%)

Poplar wood 35.23 (1.66) –
PSt/poplar wood 15.73 (0.82) �55
P[MAN–(GMA-co-St)]/
wood

23.21 (1.11) �34

The data in parentheses are standard deviations.
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treated with a water-soluble boric compound for 1%
weight gain (Boric acid : Borax = 5 : 1 w/w)41 com-
pared to the untreated poplar wood. These results
indicate that P[MAN–(GMA-co-St)]/wood had much
better decay resistance than the untreated poplar
wood and the other two treated poplar wood
materials.

The improved decay resistance of P[MAN–(GMA-
co-St)]/wood was likely attributed to the reduced
water contents in the wood cell walls due to the
reduction of numbers of hydroxyl groups in the
wood cell walls42,43 and the changes in the wood
components due to the formation of sufficient chem-
ical bonds between the wood cell walls and the
resulting polymers,44,45 both of which greatly
destroyed the necessary environment for the exis-
tence of the brown decay fungus in wood. In addi-
tion, the chemically favorable complex of polymers
and wood cell walls blocked passage of the microor-
ganism and moisture to the wood cell walls. This
also contributed to the improvement in the decay re-
sistance for P[MAN–(GMA-co-St)]/wood. These test
results were also supported by the FTIR analysis
results: the polymers chemically bonded to the
wood cell walls after the two-step reaction of MAN
and GMA/St with the wood cell walls in sequence.

Dimensional stability

The results of volume swelling efficiency are also
given in Table III. The volume swelling efficiency of
P[MAN–(GMA-co-St)]/wood without acetone extrac-
tion was reduced by 70% compared to the untreated
poplar wood after it was soaked in water for 720 h
and by 15% for PSt/poplar wood compared to the
untreated poplar wood. The improvement in the vol-

ume swelling efficiency for P[MAN–(GMA-co-St)]/
wood was probably due to the replacement of the
hydroxyl groups on the wood cell walls by the rela-
tively hydrophobic polymers of P[MAN–(GMA-co-
St)]; this resulted in a large reduction in hygroscopic
sites (hydroxyl groups), and thus, the penetration of
water into the wood cell walls was markedly
reduced. Furthermore, the resulting polymers, with
obvious hydrophobic characteristics, also reduced
the water content in the wood cell lumina. All of
these improvements resulted in a higher dimen-
sional stability for P[MAN–(GMA-co-St)]/wood com-
pared to PSt/poplar wood and the untreated poplar
wood.

CONCLUSIONS

On the basis of the characterization and analysis of
novel wood/in situ synthetic polymer composites
and their performance tests, we drew the following
conclusions:
The structure of P[MAN–(GMA-co-St)]/wood,

characterized by SEM, FTIR spectroscopy, XRD, and
DMA, showed that polymers mainly existed in the
wood cell lumina as an amorphous form and were
chemically bonded to the wood cell walls. Thus, the
polymers tightly contacted the wood cell walls; this
resulted in a higher glass-transition temperature for
the WPCs compared with the untreated poplar wood.
Most of the mechanical and physical properties of

P[MAN–(GMA-co-St)]/wood, including the modulus
of rupture, wearability, compressive strength, and
hardness, were significantly improved compared to
the untreated poplar wood. The durability of the
WPCs, involving the dimensional stability and decay
resistance, was also evidently improved.
In general, the performance of the low-grade pop-

lar wood was significantly improved to a large
extent with the new two-step process, which appears
to be a promising method for the chemical modifica-
tion of wood.

The authors extend special thanks to Dr. Zhang Yaolin (For-
intek Division, FP Innovations) for helpful comments.
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