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a b s t r a c t

In this study, the montmorillonite (MMT) reinforced phenol formaldehyde (PF) resin intercalated nano-
composite of PF–MMT was prepared from phenol, formaldehyde, and pristine MMT. We then introduced
this PF–MMT into the production of plywood from Simao Pine veneers. Matrix assisted laser desorption
ionization time of flight mass spectrometry (MALDI-TOF), wide-angle X-ray diffraction (XRD), differential
scanning calorimetry (DSC), thermal mechanical analysis (TMA), and bonding strength revealed the
related structure, curing, and mechanical properties. The thermoplastic PF with a linear structure entered
the MMT layers and then formed the network structure after cured. The wet bonding strength and
modulus of elasticity (MOE) of plywood were improved significantly. This preparation is simple and easy,
and can be applied in the production of wood industry.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Phenol formaldehyde (PF), because of its characteristics, such as
economical on resources, easily produced, low cost, easy to apply,
simple production technologies and equipment, and excellent
mechanical properties, heat resistance, cold resistance, electrical
insulation properties, dimensional stability, moldability, flame retar-
dancy, and smoke resistance, etc., has been widely used in many
industrial fields [1–3]. It can be divided as thermoplastic and
thermosetting resins according to the different synthesis conditions.
However, for the traditional, unmodified PF, a main weak link in the
configuration is that the phenolic hydroxyl and methylene groups
are easy to be oxidized which reduces the mechanical strength, heat
resistance, and toughness, and also limits the related applications.
Therefore, the modification or reinforcement of PF has been a hot
research topic all the time, for example, the improvement on
toughness [4–6], heat resistance [7–9], water resistance [10–12],
and the reinforcement by nano-particles [13–15].

For further improvement of the properties and performance of
PF, one of the most important technologies is the manufacture of

(nano) composites through intercalating, blending, exfoliating,
sol–gel, and molecular assembly with (organic) clay [16–19], but
few specially focused on the application in wood bonding, espe-
cially in the production of plywood, particleboard, and fiberboard
which are mainly used in wood industry. In our previous work, the
exfoliated nano-composites from polyvinyl acetate and (organic)
montmorillonite (MMT) were prepared and used in wood bonding
successfully [20–25], and some exfoliated MMT nano-particles
were obtained using a polyhedral oligomeric silsesquioxane sur-
factant and click chemistry [26]. On the basis of above research,
the MMT reinforced PF intercalated nano-composite of PF–MMT
was prepared from phenol, formaldehyde, and pristine MMT in
this study (Scheme 1), and then it was introduced into the
production of plywood from Simao Pine veneers. The structure,
curing, and mechanical properties were investigated using matrix
assisted laser desorption ionization time of flight mass spectro-
metry (MALDI-TOF), wide-angle X-ray diffraction (XRD), differen-
tial scanning calorimetry (DSC), thermal mechanical analysis
(TMA), and bonding strength.

2. Experiment

2.1. Preparation of PF–MMT

About 1 mol of phenol, 0.35 mol of NaOH as a 30% aqueous
solution, 1.2 mol of formaldehyde as a 37% formalin solution, and a
certain weight of MMT were mixed together for 12 h under strong
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mechanical stirring at room temperature. Then the temperature
rose slowly to reflux (94 1C) over a period of 30 min and under
continuous stirring and kept at reflux for further 30 min. Hereafter,
about 0.5 mol of formaldehyde as a 37% formalin solution was
added. The reaction mix was now at pH 11 and the reaction
continued at reflux until the resin achieved a specific viscosity
between 500 mPa s and 800 mPa s. The PF–MMT resin was then
cooled and stored. In the preparation, the MMT content was 1%, 2%,
3%, 4%, and 5% by the weight, and the corresponding PF–MMT was
marked as PF–MMT-1%, PF–MMT-2%, PF–MMT-3%, PF–MMT-4%, and
PF–MMT-5%, respectively. The PF resin was also prepared using the
same method without MMT. The resin characteristics were then
pH¼11 and solids content¼50%71%.

2.2. Characterization

The MALDI-TOF spectra were recorded on a KRATOS Kompact
MALDI 4 instrument. The irradiation source was a pulsed nitrogen
laser with a wavelength of 337 nm. The length of one laser pulse
was 3 ns. The measurements were carried out using the following
conditions: polarity-positive, flight path-linear, mass-high (20 kV
acceleration voltage), 100–150 pulses per spectrum. The delayed
extraction technique was used applying delay times of 200–
800 ns. The samples were dissolved in acetone (4 mg ml�1). The
sample solutions were mixed with an acetone/water solution
(10 mg ml�1 acetone–water mix) of the matrix. 2,5-Dihydroxy
benzoic acid was used as the matrix. For the enhancement of ion
formation, NaCl was added to the matrix. The solutions of the
sample and the matrix were mixed in equal amounts and 0.5–1 μl
of the resulting solution were placed on the MALDI target. After
evaporation of the solvent, the MALDI target was introduced into
the spectrometer. Wide-angle X-ray diffraction data were collected
using a Phillips X-ray diffraction. A triangular bent Si (111) single
crystal was employed to obtain a monochromated beam having a
wavelength (λ) of 1.54056 Å. The value of d(001) was calculated
using Bragg's law, λ¼2d sin θ, where λ is the wavelength of the
X-rays, d is the distance between two MMT layers, and θ is the
diffraction angle. The curing of the samples was studied using a
Perkin-Elmer differential scanning calorimeter operated under an
atmosphere of pure N2. The sample (ca. 7 mg) was placed in a
sealed aluminum sample pan. The curing scans were conducted
from 25 1C to 250 1C at a rate of 10 1C min�1. The thermomecha-
nical properties of the samples were tested using a Mettler 40
apparatus. Triplicate samples of beech wood alone, and of two

beech wood plys each 0.6 mm thick bonded with each system, for
a total samples dimensions of 21 mm�6 mm�1.2 mm were
tested in nonisothermal mode between 40 1C and 220 1C at a rate
of 10 1C min�1 in three-point bending on a span of 18 mm
exercising a force cycle of 0.1/0.5 N on the specimens with each
force cycle of 12 s (6 s/6 s). The classical mechanics relation
between force and deflection E¼[L3/(4bh3)][ΔF/Δf] allows the
calculation of Young's modulus E for each case tested. The bonding
strength was tested using a SHIMADUZ universal mechanical
testing apparatus. The tested samples were plywood from Simao
Pine (Pinus kesiya Royle ex Gordon var. langbianensis (A. Chev)
Gaussen) veneers. The top, core, and bottom veneer all was
400 mm�400 mm�1.70 mm. The moisture content was about
10%. To produce the plywood, the PF and PF–MMT described above
each was brushed on the veneer surface. The adhesive used was
120–150 g m�2. Then these three brushed veneers were stacked
together one on one. Their wood grain was perpendicular to each
other. Lately, these stacked veneers were put into a Xinxieli
BY302�2/15 hot-pressing machine. The hot pressure was
1.20 MPa, the hot-pressing temperature was 120 1C. As shown in
Fig. 1, the pressure increased from 0 MPa to 1.20 MPa in 10 s from
➀ to ②; the pressure was kept stably at 1.20 MPa for 180 s from ②

to ③, this stage was very important that the plywood was mainly
produced in this stage; and in the next 25 s from ③ to ④, the
pressure slowly decreased to 0 MPa step by step. Finally, the
plywood was tested for dry bonding strength after cooled to room
temperature. The plywood was made into the specimens of
80 mm�25 mm�8 mm. The bonding area was 60 mm�25 mm.
The specimens were then tested for dry bonding strength. For the

Scheme 1. Structural changes of PF–MMT during curing: (a) linear structure, (b) branched structure, and (c) network structure.

Fig. 1. Hot-pressing curve for plywood production.
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wet bonding strength, these specimens were immersed in 30 1C
warm water for 3 h, and then in 20 1C cold water for 10 min. As
these immersing finished, these specimens were tested at once for
the wet bonding strength. The bonding strength was tested under
a tensile rate of 10 mm min�1 at room temperature. The test
should be finished in 10 min. 25 specimens were tested for
each value.

3. Results and discussion

The MALDI-TOF result of PF in Fig. 2 shows the oligomers formed
in a phenol–formaldehyde resin. It is noted that the predominant
repeating unit was 136 Da representing the network structure for
the thermosetting PF, and a few of repeating unit was 106 Da
representing the linear structure for the thermoplastic PF. During
the preparation of PF–MMT, only these a few of thermoplastic PF
with a linear structure could enter the MMT layers easily, as shown
in Scheme 1(a), while those thermosetting PF with a network
structure not [27]. The thermoplastic PF with a linear structure
entered, distracted, opened the MMT layers and formed the inter-
calated nano-composite of PF–MMT. As Fig. 3(a) shows, no diffrac-
tion peak appeared within the range 0.5–51 in the XRD patterns for
PF. The XRD pattern of pristine MMT featured a peak at 7.03 1,
corresponding to a basal space of 1.26 nm (Fig. 3(b)); that of the
PF–MMT exhibited a diffraction angle at 5.871, corresponding to a
basal space of 1.51 nm—larger than that of pristine MMT. This
observation implies that the thermoplastic PF with a linear structure
had entered and opened the MMT layer to form the thermosetting

PF with a network structure and a larger gallery distance after cured,
as shown in Fig. 3(c), and Scheme 1(a)–(c).

The PF and PF–MMT had similar curing behaviors, but not
exactly the same. As Fig. 4(a) shows, PF had a large, wide
exothermic peak on the DSC curve representing the variation of
PF from a linear structure to a branched structure and then to a
network structure eventually. PF–MMT also had this variation.
During the curing, the thermoplastic PF with a linear structure in
MMT layers (Scheme 1(a)) firstly became the branched structure
(Scheme 1(b)), and then the network structure eventually
(Scheme 1(c)). However, it can be seen that PF–MMT had three
exothermic peaks: one large, wide exothermic peak, and two small
followed, as shown in Fig. 4(b). This is because the MMT sheets or
layers in PF–MMT blocked the mass and heat transfer, delayed the
curing [28–30], and some related different active energy reactions
caused by this delaying effect appeared in the curing also [31].

As for the bonding strength, the plywood from Simao Pine
veneers, PF, and PF–MMT was tested, and all the tested specimens
were fractured at the bonding interface or in the wood veneers
themselves. As Table 1 shows, the dry bonding strength was
1.97 MPa for PF, 1.86 MPa for PF–MMT-1%, 1.81 MPa for PF–MMT-
3%, and 1.79 MPa for PF–MMT-5%. Apparently, MMT had no positive
effect on the dry bonding strength. On the contrary, the wet bonding
strength was improved significantly by MMT. They were 1.33 MPa,
1.61 MPa, 1.54 MPa, and 1.49 MPa respectively for PF, PF–MMT-1%,
PF–MMT-3%, and PF–MMT-5%, as shown in Table 1. For PF–MMT,
the bonding strength, including the dry and wet bonding strength,
decreased with the MMT content increasing. Both reached the

Fig. 2. MALDI-TOF spectrum of PF.

Fig. 3. XRD patterns of (a) PF, (b) MMT, and (c) PF–MMT.

Fig. 4. DSC curves of (a) PF and (b) PF–MMT.
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maximum value at PF–MMT-1% as 1.86 MPa for the dry bonding
strength and 1.61 MPa for the wet bonding strength. The increment
on the wet bonding strength was up to about 20% at PF–MMT-1%
compared to that of PF.

Moreover, the MMT also reinforced the cohesion strength of PF,
like the modulus of elasticity (MOE). As Fig. 5 shows, the MOE
increased with the MMT content increasing, reached the maximum
value at PF–MMT-4% (Fig. 5(e)), and then displayed little variation as
the MMT increased continuously. The MOE of PF–MMT-5% (Fig. 5(f))
was almost the same as that of PF–MMT-4% (Fig. 5(e)). In PF–MMT,
the MMT sheets or layers comprised some elementary particles
(also called “structural units”), which were constituted by some thin
solid layers. The MMT nanoparticles and the PF chains underwent
an assembly process during the strong stirring used in the prepara-
tion of PF–MMT. The different charges of the components led to the
formation of ionic bonds between them; this assembly process
anchored these MMT sheets or layers with PF chains through
physical crosslinking. The better the dispersion, the greater the
number of physical crosslinking points and, therefore, the stronger
the anchoring effect. In addition, because of the block effect on the
mass and heat transfer from MMT, the PF molecules would have to
move significantly to change the MOE by several orders of magni-
tude to show a significant variation. In other words, the structure of
MMT, the assembly process, the anchoring effect, and the block
effect all combined so that the PF–MMT systems possessed high wet
bonding strength and MOE.

4. Conclusions

In this study, the MMT reinforced PF intercalated nano-
composite of PF–MMT was prepared from phenol, formaldehyde,
and pristine MMT. We then introduced this PF–MMT into the
production of plywood from Simao Pine veneers. The thermoplastic

PF with a linear structure entered the MMT layers and then formed
the network structure after cured. The wet bonding strength and
MOE of plywood were improved significantly. The increment on the
wet bonding strength was up to about 20% at PF–MMT-1%. This
preparation is simple and easy, and can be applied in the production
of wood industry.
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