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In order to investigate the applicability of ammonium pentaborate (APB) as additive
in wood-based composites, the effects of APB and wood together on cure kinetics of
phenol formaldehyde (PF) resin were analyzed by using both dynamic and 

isothermal differential scanning calorimetry (DSC). ASTM E698-79 and model free
technique were used to analyze dynamic DSC data, while the isothermal DSC curing
kinetic parameters were obtained via the nth-order model technique. The results
showed that both poplar and Masson pine had little influence on the apparent 
activation energy of PF resin, while APB slightly reduced it by increasing the pH value
of APB/wood mixtures. Both poplar and poplar/APB reduced the reaction enthalpy, 
dramatically. The activation energy dependence on the degree of conversion indicated
that poplar and APB together accelerate the addition reactions at the early stage of PF
resin curing process, but delay the condensation reactions at the later stage. The 
earlier acceleration is contributed to the phase change from continuous to dispersed,
and the latter is the result of a predominantly diffusion control. The isothermal DSC
analysis confirmed the dynamic DSC result that mixing of wood and/or APB 
accelerates the curing reaction rate at lower temperature range. In other words, it
improves the addition reaction of curing process and at the same time, the reaction
orders of all specimens are not changed either.

INTRODUCTION

Phenol formaldehyde (PF) resin is
widely used in manufacturing of
wood-based composites as ply-
wood, laminated veneer lumber,
oriented strand board (OSB), etc.
[1,2]. Some composites are applied
as outdoor construction materials
where they must be exposed to
serious climatic factors such as,
moisture, temperature, fungi,
mould, and insecticide attacks.
Thus, disclosing the effect of wood

preservatives on the curing process
of PF resin in the presence of wood
is essential to the bioresistant
wood-based composites manu-
facturing production.
The pioneer work by Chow [3] on

the influence of wood on curing
behaviour of PF resin via ultravio-
let spectrometry can be traced back
to 1969. In the presence of cellu-
losic materials, it was observed that
the activation energy of PF resin 
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was reduced [4-6]. Pizzi et al. [7] indicated that the
lower activation energy of PF resin in the presence
wood, compared with PF alone, primarily belonged
to the catalytic activation of the resin self-
condensation reaction which is induced particularly
by carbohydrates such as crystalline and amorphous
cellulose and hemicelluloses. The pH reduction
caused by wood was also ascribed to the decreasing
of activation energy during the curing process of PF
resin [4]. However, several researchers have found
opposite results that wood substrate leads to increase
in activation energy of liquid PF resin [8,9] and 
similar results have been reported for lignin [10] and
wood mixtures, as well [11].

Boron compounds (such as zinc borate, calcium
borate, copper borate, boric acid, and borax) have
been applied as fungicide, mouldicide, and 
insecticide for the treatment of wood-based 
composites. The previous investigations have shown
that the measured gel time of PF resin decreases as
the amount of zinc borate (ZB) increases [12].
Differential scanning calorimetry (DSC) analysis also
has indicated that ZB accelerates the addition reaction
of PF resin, however, it delays the entire curing 
reactions as the condensation reaction step is 
retarded [13].  

It has been reported that ammonium pentaborate
(APB) can be used as fire retardant for polymers [14].
Our previous work indicated that APB induces a 
second curing process in PF resin [15] and has 
positive effect on reducing the formaldehyde 
emission of PF resin bonded panels [16]. 
However, in most cases of wood-based composite
production, the system contains not only PF 
resin and additives but also the wood as well.
Therefore, it is of great significance to develop 
the reaction mechanism of PF resin along 
with wood and wood preservatives. Hitherto, the
investigations focused on either the influence of
wood preservatives or the influence of wood on PF
curing but seldom on the combined effects of wood
preservative and wood together on the cure kinetics
of PF resin. 

The specific objective of this study was to 
investigate the influence of APB on the cure kinetics
of PF resin in the presence of wood by both dynamic
and isothermal DSC techniques.

EXPERIMENTAL

Materials
Solid phenol, C6H6O (AR) and formaldehyde,
HCHO, (AR, 37.0 w/v%) were obtained from Xilong
Co., China. Sodium hydroxide, NaOH, (AR) was pur-
chased from Beijing Chemical Plant, China.
Ammonium pentaborate, NH4B5O8·4H2O (AR, with
molecular weight of 272.15) was obtained from
Sinopharm Chemical Reagent Co. Ltd., Shanghai,
China. The aqueous PF resin was synthesized in lab-
oratory which has total sodium hydroxide of 5.20
wt% with pH value of 11±0.5, and the molar ratio of
formaldehyde to phenol was 1.8/1.0. The solid con-
tent and viscosity were 46.4 wt%, and 154 mPa.s,
respectively. Poplar (Populus spp) and Masson Pine
(Pinus massoniana Lamb.) samples were air dried
and milled to sawdust with particle size of 65-80
mesh for this experiment. 

Preparation of PF/Wood Mixtures and
PF/Wood/APB Mixtures
The aqueous PF resin was frozen and dried under a
vacuum of 21 Pa and a cold trap temperature of -54°C
for 17 h, after which its solid content increased to
87.1%. Afterwards, it was grounded to powder.
PF/wood samples were prepared by mechanically
mixing PF resin and air dried wood powder 
homogeneously according to the target PF/Wood
weight ratios of 100/25 and 100/100, according to the
above order. All of PF/wood/APB samples were 
prepared by adding APB to PF/wood mixtures with
PF/wood/APB weight ratios of 100/100/3.20,
100/100/6.04, 100/100/8.88, and 100/100/15.00, as
separate samples. 

Dynamic Differential Scanning Calorimetry 
A Shimadzu DSC60 (Japan) equipped with a TA-60
thermal analysis system was used to analyze the cure
reactions of pure PF resin, PF/wood, and PF/wood/
APB. Before DSC scanning, the calorimeter was 
calibrated by using standard substances of indium,
tin, lead and zinc. Then 5-7 mg sample was taken and
placed in a hermetically sealed aluminium capsule
with vapour pressure limit of 4.9 MPa. The DSC
scanning started after the samples reached room 
temperature. The weight of the sealed samples was
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recorded before and after running to ensure that there
was no mass loss during the measurement. The 
samples were heated from 40°C to 250°C in the 
presence of nitrogen gas (10 mL/min) at heating rates
of 5, 10, and 20°C/min. Three replicates were scanned
for each condition.

The total area under the exothermal curve, based
on the extrapolated baseline was used to calculate the
heat of cure. The conversion of PF resin can be
defined as the transform of small molecules to large
molecules through the process of chain extension,
chain branching and cross-linking which finally result
in a three-dimensional network of infinite molecular
weight [17,18]. The degree of conversion (α) and
reaction rate (dα/dt) were calculated according to
eqns (1) and (2):

(1)

(2)

where, ΔH(t) is the partial heat of reaction at a specif-
ic curing time (t), dH/dt is the heat flow, and ΔHRXN
is the total heat of reaction.

For dynamic DSC test, both the standard method
ASTM E698-79 [19] and model free kinetic technique
were used to estimate the curing kinetic parameters.
Model free kinetic technique can reveal the relation-
ship between activation energy and conversion during
the whole curing process [20,21] and the activation
energy at each conversion point was calculated
according to the Kissinger-Akahira-Sunose algorithm
(KAS) [22,23] as follows:

(3)

where, Φ is the heating rate (K/min), Ti is the 
temperature at a given degree of conversion. A plot of
ln Φ/Ti2 versus 1/Ti is a straight line where the 
activation energy Eα and pre-exponential factor A can 
be obtained from the slope and the intercept, 
accordingly.

Isothermal Differential Scanning Calorimetry
The isothermal DSC tests were carried out at 65-

155°C as following procedure. First, a steady 
isothermal baseline was established at the cure 
temperature by using two empty sealed sample pans.
Then, the testing sample pan was placed inside the
system and the data acquisition system was initiated.
The reaction was considered complete when the rate
curve leveled off to the baseline. The sample was then
quickly removed from the DSC and quenched in 
liquid nitrogen. The residual heat of reaction of the
partially cured samples was obtained from a 
subsequent ramp scan from 40 to 250°C at a heating
rate of 10°C/min. The sum total of the earlier two
parts of exothermic heat was the total heat of reaction
(ΔHRXN).

The nth-order model proposed by Borchardt 
et al. [24] is the most popular method for 
estimating the kinetic parameters of PF resin curing
process from isothermal DSC technology [5,13,25]
where the overall reaction rate can be modeled 
as follows:

(4)

(5)

where, k is the reaction rate (s-1), n is the reaction
order, A is the pre-exponential factor (s-1), E is the
activation energy (J/mol), R is the universal gas 
constant (8.314 J/mol·K), and T is the absolute 
temperature (K).

By substituting eqn (5) into eqn (4), eqn (6) can be
given as follows:

(6)

(7)

where ln is natural logarithm, from one isothermal
DSC scanning, the values of α, dα/dt and the 
corresponding temperature are used to solve eqn (5).
Thus, the kinetic parameters, A, E and n for the 
nth-order model are determined.
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RESULTS AND DISCUSSION

Effect of Wood and APB on the Dynamic DSC
Curves of PF Resin 
Dynamic DSC is a common technique to analyze the
curing kinetics of thermosetting resins [26]. Figure 1
shows the dynamic DSC curves for pure PF resin,
PF/wood, and PF/poplar/APB. There is only one
exothermal peak at 139.7°C for PF resin alone at a
heating rate of 10°C/min, and its onset curing 
temperature is 110.5°C. PF/Wood mixtures also show
one cure peak. This clearly suggests that the addition
of wood has not changed the peak temperature, onset
temperature and cure time of PF resin; where it is 
different from the previous report [5] which showed 

Figure 1. Dynamic DSC curves of: (a) PF/wood, (b)
PF/poplar/APB samples and pure PF resin at a heating rate
of 10°C/min.

that the cure temperature range for PF/maple and
PF/pine was broader, and the onset cure temperature
was significantly lower. The difference may be 
related to different PF formulations, sample 
preparation method, wood species and the size of
wood particles. However, wood does substantially
reduce the maximum heat flow rate which is
observed in the exothermic area of PF resin, 
especially for PF/pine mixture at weight ratio of
100/100.

As shown in Figure 1b, APB reduces the 
exothermic peak height of PF/poplar, which is sharp-
er by higher APB loading. The onset temperature of
PF/poplar/APB is decreased slightly from 111.02°C
to 107.95°C while APB content is increased from
3.20% to 15.00%. It has been reported that beyond
170°C, as in Figure 1b, there is another small and yet
significant exothermic peak obtained where APB
content, based on PF resin content, was above 3.20%
[15]. This is reasonable since wood in PF/wood/APB
systems begin to degrade around this temperature,
thus the endothermic effect of wood may counteract
the exothermic peak observed in PF/APB system. 

Curing Kinetic Analysis from Dynamic DSC 
Activation Energy 
The curing kinetic analysis of pure PF resin,
PF/wood, and PF/poplar/APB starts with the activa-
tion energy (E698) calculated in accordance with
ASTM E698-79 [19]. In this method, the activation
energy at the exothermic peak of DSC curves is used
and defined as the apparent activation energy, which
represents the chemical reactivity of different cure
reactions. The apparent activation energy of PF resin,
PF/wood and PF/poplar/APB are summarized in
Table 1.

It is clear from Table 1 that both poplar and pine
have little influence on the E698 value of PF resin,
while APB causes a slight reduction of E698. The
results of previous investigations about the effect of
wood on activation energy of PF resin are still 
disputable, since both increasing and decreasing
trends have been reported. As it was stated above, the
curing of PF/wood system is influenced by many 
factors such as PF resin formulation, sample 
preparation method, wood species, etc. In this study,
the PF/wood samples were prepared by mechanically
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mixing of high solid content of PF resin with wood,
which may be responsible for the unchanged E698
value. 

In addition, the slight reduction of E698 caused by
APB is considered to be related to the change of 
wood pH as shown in Table 2, which was tested in
accordance with a Chinese Standard [27]. APB acted
as a pH buffer for wood and increased pH value 
from 5.9 to 8.5 for poplar, and from 4.5 to 8.4 for
Masson pine as they were added from 3.20% to
15.00%. This had a positive effect on the curing of PF
resin as reaction conditions changed from acidic to
alkaline.

Reaction Enthalpy
The effect of the addition of APB and wood on 
reaction enthalpy of PF resin, demonstrated in 
Table 1, was tested by evaluating the differences

between treatments and the control groups using 
one-way ANOVA analysis at 95% confidence level
with SPSS 16.0 (SPSS Inc., Chicago, Illinois, USA).
It indicates that the reaction enthalpy reduced signifi-
cantly as poplar, Masson pine, or poplar/APB was
added. The curing reactions of PF resin are typically
exothermic; thus, it can be assumed that the enthalpy
(exothermic heat) of the curing reaction is a sign for
completion of the same reaction. More wood and APB
addition leads to lower enthalpy of the mixtures, and
the most extensive enthalpy reduction was obtained
by the sample of PF/poplar/APB:100/100/15.00
which decreased from 208.29 to 55.92 J/g. This
means that the curing of PF resin was not completed
when poplar or APB was added. 

The primary reason for the above observation may
be attributed to the phase change of PF resin induced
by poplar and APB. As it is evident in Figure 2, the PF 
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Sample ΔH
(J/g)

E698

(kJ/mol)
TP (°C)

5 (°C/min) 10 (°C/min) 20 (°C/min)

PF control
PF/Poplar (100/25)
PF/Poplar (100/100)
PF/Pine (100/25)
PF/Pine (100/100)
PF/Poplar/APB (100/100/3.20)
PF/Poplar/APB (100/100/6.04)
PF/Poplar/APB (100/100/8.88)
PF/Poplar/APB (100/100/15.00)

208.29 (8.78)* a
161.49 (18.91) ab
105.87 (5.72) bcd
189.95 (22.76) a
115.81 (11.10) bc
87.44 (7.92) cd
86.87 (9.52) cd
70.82 (3.15) cd
55.92 (0.97) d

75.35
76.00
72.36
75.45
74.26
71.93
69.15
72.31
70.88

127.59
128.66
128.60
128.73
128.73
128.88
125.51
128.13
128.46

139.67
139.87
139.59
139.61
139.72
140.30
140.61
139.71
139.61

151.42
152.41
153.45
152.35
153.02
153.96
150.68
153.01
153.75

Table 1. DSC Parameters of pure PF resin (PF control), PF/ wood, and PF/poplar/APB samples.

(*) Values represent means of 3 replicates per treatment, while figures in parentheses are the standard deviations. Means with a
column followed by the same letter are not significantly different using Tukey's Studentized Range Test (α = 0.05)

Sample
pH

Sample
pH

Poplar
(g)

APB
(g)

De-ionized water
(g)

Pine
(g)

APB
(g)

De-ionized water
(g)

10
10
10
10
10

0.000
0.320
0.604
0.888
1.500

100
100
100
100
100

5.9
8.5
8.5
8.5
8.5

10
10
10
10
10

0.000
0.320
0.604
0.888
1.500

100
100
100
100
100

4.5
7.6
8.1
8.3
8.4

Table 2. Effect of APB on the pH values of poplar and Masson pine.



Figure 2. Theoretical distribution model of PF/poplar/APB
mixture.

reactants are physically separated by wood and APB
molecules. For PF resin alone, the PF reactants are in
a continuous phase, thus, the curing reactions such as
polymerization and cross-linking are easier to take
place and proceed closer to completion. While after
adding wood and APB, the network formation
between PF molecules at later stage of curing process
was hindered because of the heterogeneous presence
of reactants, which results in an incomplete curing
state. APB can react with PF resin and create a second
curing activation, as well [15] but this effect may be
retarded in PF/poplar/APB systems due to the lower
extent of polymerization and cross-linking of PF
resin.

Activation Energy from Model Free Kinetic
Technique
It is widely accepted that the curing process of PF
resin is a complex process, because the various 
functional groups of phenolic oligomers show 
different degrees of reactivity and the addition and
condensation reactions occur simultaneously [1]
which cannot be expressed clearly just by single 
activation energy constant. This means that the 
activation energy of reaction depends on the degree of
conversion during the overall reaction process
[9,20,28]. The presence of wood and APB makes the
curing process of PF resin more complicated because
of the phase change of PF resin and the interactions
among wood, APB and PF resin species. 

In order to explore more details on the effect of
wood and APB on curing process of PF resin, the 
activation energy dependence on the degree of 
conversion are investigated by using model free 
kinetic technique and the results are shown in 

Figure 3. The dependence of activation energy on the
degree of conversion for pure PF resin and PF/poplar/APB
composites from model free kinetic technique.

Figure 3. For pure PF resin, the activation energy
starts from about 80 kJ/mol and remains the same
until 55% degree of conversion before it decreases.
However, after adding the same amount of poplar, the
curve becomes convex, namely the activation energy
increases dramatically from 46 kJ/mol to around 80
kJ/mol within conversion range of 0-20%; it keeps
unchanged and then decreases rapidly after 80% 
conversion. Similar trend was observed at the addition
of 3.20% APB, with the only difference in that the
rapid decrease in the reaction rate starts later. 

According to He et al. [21,29], the fast increase at
low conversion indicates that the addition reactions
are few and almost completed, while the rapid
decrease at high conversion can be explained by the
reactions changing from chemically controlled to 
diffusion control. Therefore, comparing PF/poplar
mixture with PF control, the significant difference in
activation energy at low degree of conversion 
indicates that the addition reactions in PF/poplar 
mixtures are few and can be finished instantly.
However, as conversion degree reaches 60%, the
decreasing rate of activation energy for PF/poplar
mixture is slower than PF control sample, which 
suggests that poplar delays the condensation reactions
at later curing stage characterized by the dispersed
reactants and this effect has been strengthened by
addition of 3.20% APB.

For PF/poplar/APB at APB loading of 8.88%, the
curve decreasing with concave shape at the onset of
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the curing process suggests that the addition reactions
accelerate at this stage. It is probably the result 
of two aspects, one is the phase change of PF 
resin from continuous to dispersed phase as described
in Figure 2, and the other is the pH buffer action of
APB as illustrated in Table 2. However, the curve
stops decreasing at about 5% conversion before it is
leveled off. This demonstrates that the addition 
reactions are few and nearly completed within a short
time, as they are followed by condensation reactions.
At high conversions, the activation energy of the 
mixture with 8.88% APB is higher than other 
mixtures which are considered to be due to the 
predominant diffusion control mechanism at this
stage.

Curing Kinetic Analysis from Isothermal DSC
Scanning
The isothermal DSC data were applied to calculate
the kinetic parameters based on eqn (6) and the
results are demonstrated in Table 3. 

The mean reaction orders of PF resin at all tested
temperatures are not influenced by addition of poplar
and APB and remain between 0.69 and 0.74, 
indicating that the curing mechanism of PF resin has
not been changed. The reaction rate (K) of PF resin
with poplar and APB is higher than that of PF control

at temperatures below 125°C, which is consistent
with the dynamic DSC results that wood and APB
accelerate the addition reactions at early stage of PF
resin curing process. However, at temperatures of
125°C and higher, an opposite trend can be observed.
Therefore, the cure reaction process should be
described by two kinetic equations with 125°C as the
critical temperature. The mean reaction order for PF
resin as control sample is 0.60 at temperature below
125°C, while it increases to 0.70 and 0.71 for
PF/poplar (100/100) and PF/poplar/APB (100/100/
8.88) corresponding order. Further linear regressions
with eqn (7) showed that the activation energy
decreases from 33.34 to 27.86 and 16.81 kJ/mol. The
corresponding kinetic equations for the PF resin and
its mixture samples are summarized as follows: 

(8)

(9)

(10)

when, T<125°C
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Temp.
(°C)

Kinetic parametersa

PF Control PF/Poplar
(100/100)

PF/Poplar/APB 
(100/100/3.20)

PF/Poplar/APB 
(100/100/6.04)

PF/Poplar/APB
(100/100/8.88)

PF/Poplar/APB 
(100/100/15.00)

n K rb n K r n K r n K r n K r n K r

65
75
85
95

125
135
145
155

n'c

0.65
0.27
0.61
0.68
0.80
1.01
0.95
0.78

0.72 
(0.22)a

0.17
0.21
0.27
0.52
0.92
2.69
3.21
3.50

0.72
0.90
0.99
0.99
0.94
0.97
0.98
0.97

0.54
0.66
0.54
0.79
0.96
0.75
0.76
0.76

0.72
(0.13)a

0.17
0.42
0.45
0.69
0.85
0.91
1.35
1.52

0.79
0.93
0.96
0.92
0.99
0.94
0.95
0.97

0.64
0.50
0.56
0.61
0.91
0.87
1.02
0.81

0.74
(0.18)a

0.28
0.32
0.51
0.72
0.80
1.86
1.92
2.14

0.87
0.96
0.96
0.99
0.97
0.95
0.90
0.96

0.62
0.51
0.59
0.71
0.92
0.53
1.08
0.83

0.72
(0.20)a

0.30
0.39
0.56
0.88
0.83
1.43
2.11
2.28

0.91
0.93
0.87
0.90
0.92
0.91
0.94
0.95

0.75
0.58
0.61
0.91
0.75
0.74
0.75
0.74

0.73
(0.10)a

0.40
0.48
0.68
1.53
1.03
1.32
1.50
1.67

0.98
0.96
0.97
0.98
0.96
0.95
0.96
0.98

1.01
0.88
0.59
0.45
0.52
0.90
0.72
0.52

0.69
(0.20)a

0.50
0.51
0.58
0.62
0.69
1.30
1.47
1.56

0.98
0.98
0.93
0.91
0.89
0.96
0.95
0.93

Table 3. Isothermal curing kinetic parameters of the pure PF resin, PF/poplar and PF/poplar/APB.

(a) n: Reaction order; K: reaction rate constant (s-1×10-3); (b) correlation coefficient; (c) means of n, while figures in parentheses are the standard
deviations. Means with a column followed by the same letter are not significantly different using Tukey's Studentized Range Test (α = 0.05).

( )0.60

PF

4009.922.80exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

( )0.70

PF+Poplar

3351.54.82exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

( )0.71

PF+Poplar+APB

20220.21exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠



Then, as the heat temperature increases further than
125°C, the activation energy increases and the 
reaction order decreases, and the modified equations
can be expressed as follows:

(11)

(12)

(13)
when, T≥125°C

Figure 4 shows the comparison between the 
experimental and predicted cure conversion rates at
temperatures 85°C and 135°C. The result at 85°C
shows a good agreement between the experimental
and predicted data. However, as the heat temperature
increases to 135°C, the experimental data are 
relatively higher than the predicted data. The exact
reason for such observation is not clear. 

The reaction enthalpy of pure PF resin, PF/poplar
and PF/poplar/APB at several isothermal tempera-
tures is shown in Table 4. When the heat temperature
is lower than 85°C, the enthalpy of PF/poplar and
PF/poplar/APB mixtures is higher than PF resin
alone. As the major curing reaction at low heat 
temperature involves addition reaction, this 

Figure 4. Comparison of experimental (symbols) and 
predicted (lines) conversion rates as a function of 
conversion degree for the pure PF resin, PF/poplar and
PF/poplar/APB samples at (a) 85°C and (b) 135°C.

966 Iranian Polymer Journal / Volume 19 Number 12 (2010)

Effect of Ammonium Pentaborate on Cure Kinetics ... Gao W et al.

 

Temperature
(°C)

Enthalpy (J/g)

PF 
control

PF/Poplar
(100/100)

PF/Poplar/APB 
(100/100/3.20)

PF/Poplar/APB 
(100/100/6.04)

PF/Poplar/APB 
(100/100/8.88)

PF/Poplar/APB 
(100/100/15.00)

65
75
85
95

125
135
145
155

4.50
13.97
38.30
98.93

246.41
170.83
132.75

94.48

8.93
15.33
25.65
64.81

169.00
150.62
113.44
90.32

14.28
16.26
26.61
58.15

132.28
89.23
64.95
61.56

14.45
15.89
25.76
56.81

127.63
81.62
62.77
57.43

12.48
15.40
24.82
48.01

119.92
70.46
61.74
43.97

10.80
14.33
23.51
41.25
97.55
64.00
45.81
40.75

Table 4. Reaction enthalpy of the pure PF resin, PF/poplar and PF/poplar/APB at several isothermal heat temperatures.

 
(a)

(b)

( )0.91

PF

2304.10.77exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

( )0.76

PF+Poplar

4497.458.20exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

( )0.74

PF+Poplar+APB

4374.972.80exp 1d
dt T
α α⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠



corroborates the result from model free analysis that
poplar and/or APB accelerates the addition reactions
of PF resin during curing process, showing that the
reaction enthalpy decreases with addition of poplar
and APB as the heat temperature is raised above 85°C,
which is consistent with the results presented in 
Table 1 and also it is an evidence for the phase change
of PF resin caused by both poplar and APB, leading to
less cross-linking and relatively lower degree of 
polymerization. As the heat temperatures increase
continuously, the reaction enthalpy falls due to fast
vitrification mechanism [5] and as a result the 
mobility of the reacting groups is hindered and the
cure reaction is controlled by diffusion. 

CONCLUSION

Wood substrate itself has little influence on the 
apparent activation energy of PF resin calculated by
ASTM E698-79. APB slightly decreases the apparent
activation energy which is considered to be due to the
increased pH value. The reaction enthalpy of PF resin
is decreased with the addition of poplar and APB
which must be due to the phase change of PF resin
from a continuous phase to a dispersive phase. Both
dynamic and isothermal DSC results indicate that
poplar and APB accelerate the addition reactions at
the early state of PF resin curing process, however,
the condensation reactions at later stage are delayed
because of the predominant diffusion control.

The isothermal DSC analysis is a confirmation of
dynamic DSC results that the curing reaction rates of
PF resin at lower temperature range are accelerated
when mixed with wood and/or APB. In other words,
the addition reaction of curing process is improved. At
the same time, the reaction orders of all specimens
have not changed. This suggests that APB meets 
the necessary requirement to be an additive in wood-
based composites.
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