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ABSTRACT: Wood liquefaction was conducted at a 2/1
phenol/wood ratio in two different reactors: (1) an atmos-
pheric three-necked flask reactor and (2) a sealed Parr
reactor. The liquefied wood mixture (liquefied wood,
unreacted phenol, and wood residue) was further con-
densed with formaldehyde under acidic conditions to
synthesize two novolac-type liquefied wood/phenol/form-
aldehyde (LWPF) resins: LWPF1 (the atmospheric reactor)
and LWPF2 (the sealed reactor). The LWPF1 resin had a
higher solid content and higher molecular weight than the
LWPF2 resin. The cure kinetic mechanisms of the LWPF
resins were investigated with dynamic and isothermal dif-
ferential scanning calorimetry (DSC). The isothermal DSC

data indicated that the cure reactions of both resins fol-
lowed an autocatalytic mechanism. The activation energies
of the liquefied wood resins were close to that of a
reported lignin—phenol-formaldehyde resin but were
higher than that of a typical phenol formaldehyde resin.
The two liquefied wood resins followed similar cure
kinetics; however, the LWPF1 resin had a higher activation
energy for rate constant k; and a lower activation energy
for rate constant k, than LWPF2. © 2008 Wiley Periodicals,
Inc. J Appl Polym Sci 108: 1837-1844, 2008
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INTRODUCTION

Interest in wood liquefaction as a novel technique of
biomass utilization has received increased attention
because of the constantly increasing demanding for
fossil fuels as well as the environmentally friendly
nature of liquefied wood products. Novolac-type
liquefied wood resins can be prepared from liquefied
wood and formaldehyde cocondensation with an
acid catalyst. Alma et al.'"? and Lin et al.>* investi-
gated the effects of several variables, such as the
phenol/formaldehyde molar ratio and catalyst con-
centration, on the physical properties of liquefied
wood and mechanical properties of molding prod-
ucts from liquefied wood resins. It was found that
the viscosity and flow temperature of the liquefied
wood resins were higher than those of the commer-
cial novolac resin. The mechanical properties of the
molded products were comparable to those of the
conventional novolac resin.

A comprehensive understanding of the cure
kinetics of a liquefied wood resin is crucial to opti-
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mizing the bond strength of the resin and the me-
chanical properties of the liquefied wood resin prod-
ucts. An accurate cure kinetic model helps to predict
the cure behavior of the resin for process design and
control and thus optimize the cure process. Differen-
tial scanning calorimetry (DSC) has been widely
used to elucidate key cure process parameters, such
as the extent and rate of chemical conversion of the
polymer cure reaction.” Two basic approaches are
used in DSC techniques. One is the isothermal
approach, in which a single cure temperature is
used at a given cure cycle, and the other is the
dynamic approach, in which the rate of heating is
kept constant for a given cure cycle.

Many studies have investigated the cure kinetics
of phenol-formaldehyde (PF) resins with dynamic
and/or isothermal DSC. The Kissinger equation has
been mostly used in the dynamic DSC method to
calculate the activation energy of the cure reaction of
PF resins.®® The advantage of the dynamic DSC
method is that it can provide extensive information
on the cure reaction from only a single dynamic
scan.” However, the method using the Kissinger
model assumes an nth-order mechanism of the cure
reaction. For the majority of thermoset cure reac-
tions, dynamic DSC usually overestimates the kinetic
parameters with respect to isothermal data.”'”

Lei et al.'' summarized a detailed isothermal DSC
method in their study of the cure kinetics of PF res-
ins used for oriented strand board. Wang et al."?
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compared the abilities of two model-free kinetic
methods to model and predict the cure kinetics of
commercial PF resoles. Because PF resins are the
most commonly used adhesives in the wood compos-
ite industry, the effects of wood and wood-resin
interactions on the cure kinetics of PF resins have
been previously studied by DSC."*" Lower cure tem-
peratures and activation energies of the cure reaction
of the PF resins were found in the presence of
wood.'>'® Some other factors, such as additives and
the NaOH/phenol ratio during the synthesis process,
also affected the cure kinetics of the PF resins.”'*"

Lignin has been studied as a substitute for phenol
in the synthesis of PF resins because its structure is
similar to that of phenol. In addition, lignin is the
wood component most susceptible to a liquefaction
reaction.'®"” The cure kinetics of lignin—phenol-
formaldehyde (LPF) resins have also been studied,
and the results show that LPF resins have higher
activation energy than a typical PF resin.'®***' How-
ever, no studies have been reported on the modeling
of the cure kinetics of liquefied wood resins. Our
previous study showed that wood liquefaction con-
ducted in two different reactors resulted in different
extents of reaction and might involve different lique-
faction mechanisms.'® As such, the objectives of this
study were to synthesize liquefied wood resins from
liquefied wood reacted in two different reactors,
build cure kinetic models for the resins based on
DSC analysis, and study the effect of liquefaction
methods on the cure kinetics of the resins.

EXPERIMENTAL
Materials

Sawdust from the Chinese tallow tree (Triadica
sebifera syn. Sapium sebiferum) was collected and
oven-dried overnight at 80°C. The dried material
was then ground to pass through a 20-mesh sieve.
Industrial-grade phenol (90%) was used as the reagent
solvent in the liquefaction. Hexamethylenetetramine
(HMTA) and calcium hydroxide were used as a hard-
ener and an accelerator, respectively, in the curing
reaction. All other chemicals were reagent-grade.

Synthesis of the liquefied wood/phenol/
formaldehyde (LWPF) cocondensed resin

The procedures for the synthesis of the LWPF resin
are shown in Figure 1. Wood powder, phenol (phe-
nol/wood = 2/1 w/w), and oxalic acid (5% w/w
phenol) were premixed until a uniform mixture was
obtained. The mixture was then transferred to the re-
actor. Two different reactors were used in the lique-
faction stage: one was an atmospheric three-necked
flask reactor (Kimble Glass Inc., Vineland, NJ)
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Figure 1 Flowchart of the synthesis of the LWPF resin.

equipped with a condenser and a stirring stick, and
the other was a sealed Parr reactor (Parr Instrument
Co., Moline, IL). Both reactions were conducted at
180°C for 90 min.

The liquefied mixture was mixed with formalde-
hyde (36%) at a phenol/formaldehyde molar ratio of
1/0.8 (phenol was based on the initially charged
amount) and additional oxalic acid (7 wt % phenol)
and then refluxed in a 1-L Kimax reaction vessel
(Vineland, NJ) under continued stirring at 105°C for
80 min. The resins synthesized from the liquefied
wood reacted in the atmospheric flask and in the
sealed Parr reactor were labeled LWPF1 and LWPE2,
respectively. A small amount of the cocondensed
mixture was dried under 105°C for 12 h after the
synthesis and weighed to determine the solid con-
tent with the following equation:

Solid content(%) = % X 100 (1)

(¢}

where Wy, is the weight of the dried resin and Wo is
the weight of the original resin after synthesis. The
cocondensed mixture was then diluted with acetone
and vacuum-filtered to separate the wood residue
and the dissolved resin. The wood residue was dried
and weighed to determine the residue content with
the following equation:

W
Residue content(%) = =R %100 (2)
Wo
where Wy is the weight of the dried wood residue.
Finally, the LWPF resin was obtained by pressure-
reduced removal of the acetone.

Free phenol content measured by
high-performance liquid chromatography (HPLC)

The amount of free phenol (i.e., unreacted phenol) in
the liquefied wood mixture was measured on a Per-
kinElmer series 200 high-performance liquid chroma-
tograph (Waltham, MA) with an Alltima HP C18
ODS column (250 X 4.6 mm) (Deerfield, IL). A meth-
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TABLE 1
Properties of the LWPF Resins
Molecular weight
Solid Residue Free T,
content (%) content (%) M,? M,P phenol (%)° Q)4
LWPF1 55.62 17.96 1454.3 3476.6 63.02 64.02
LWPF2 37.69 11.22 1284.5 2692.9 51.12 50.15

? Number-average molecular weight.

" Weight-average molecular weight.

¢ Free phenol content in the liquefied wood.
4 Glass-transition temperature.

anol/water (2/1 v/v) mixture was used as the mo-
bile phase with the flow rate of 1.0 mL/min. The
wavelength of the ultraviolet-visible detector in the
HPLC series was set at 272 nm. A series of phenol
solutions of known concentrations (0.06, 0.1, 0.15,
0.3, 0.5, and 0.7%) were used as the standard to cal-
culate the amount of free phenol.

Gel permeation chromatography (GPC)

The molecular weight and molecular weight distri-
bution of the LWPF resins were measured on a
Waters Wyatt GPC system (Santa Barbara, CA)
equipped with a differential refraction index detec-
tor. Two Jordi flash gel mixed bed columns (250 X
10 mm) (Santa Barbara, CA) were used in series.
Tests were conducted at the ambient temperature
with a tetrahydrofuran/methanol (90/10) mixture as
the mobile phase at a flow rate of 1.0 mL/min.
LWPF resin samples were dissolved in the same sol-
vent as the mobile phase at a concentration of 5 mg/
mL in solution. The amount of each sample injection
was 100 pL. Polystyrene standards with a concentra-
tion of 1 mg/mL were used for calibration (the mo-
lecular weights were as follows: 393,400, 223,200,
111,400, 44,100, 31,600, 13,200, 3680, 2330, and 820).

Differential Scanning Calorimetry (DSC)

DSC measurements of the glass-transition tempera-
ture and the cure reaction of the LWPF resin were
performed on a TA DSC-Q100 calorimeter. To mea-
sure the glass-transition temperature, about 10-15 mg
of LWPF resin was put into an aluminum sample pan
and sealed with a lid by crimping around the edge.
An empty pan and a lid of the same type were used
as a reference. The DSC temperature was pro-
grammed first from the ambient temperature to 250°C
and back to 0°C at 20°C/min to eliminate the effect of
water that might exist in the sample. The sample was
then heated again to 250°C at the same rate.

To study the cure kinetics, the LWPF resin,
HMTA, and calcium hydroxide were homogeneously
mixed in a weight ratio of 1/0.2/0.25. A small

amount (10-15 mg) of the sample was placed in a
high-volume DSC sample pan that could withstand
vapor pressures up to 10 MPa.

Two empty sample pans were used at the cure
temperature to obtain a steady isothermal baseline.
Four cure temperatures (120, 125, 130, and 135°C)
were employed in the isothermal heating experi-
ments for each LWPF resin. A continuous curve was
obtained for each run, showing the rate of heat gen-
erated by the sample per gram as a function of time.
The reaction was considered complete when the rate
curve leveled off to the baseline. For each sample, af-
ter the first isothermal run, the sample was rapidly
cooled in the DSC cell to 25°C, and the same isother-
mal run was started again. The curve used to calcu-
late the heat of cure was obtained by subtraction of
the curve of the second isothermal run from the first
run. The total area under the exothermal curve,
based on the extrapolated baseline at the end of the
reaction, was considered the isothermal heat of cure
at a given temperature."’ Dynamic scans were also
conducted with four heating rates (5, 10, 15, and
20°C/min) in a scanning temperature range from 25
to 200°C.

RESULTS AND DISCUSSION
Resin synthesis and properties

Some properties of the LWPF resin are summarized
in Table I. Unlike a typical commercial phenolic
resin, the solid content of the LWPF resin consists of
the nonvolatile resin solid and the wood residue.
Therefore, the content of the nonvolatile resin of the
LWPF resin is the difference between the solid con-
tent and the residue content. It can be seen from Ta-
ble I that the LWPF1 resin had higher nonvolatile
resin and residue contents than the LWPF2 resin. An
explanation of this result might be that the wood
liquefaction conducted in a sealed system underwent
a more thorough liquefaction reaction than that in
the atmospheric system.'” Table T also shows that
liquefied wood which reacted in the sealed Parr re-
actor had a higher free phenol content than that in
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Figure 2 Dynamic DSC curves of (a) LWPF1 and (b)
LWPE2.

the atmospheric three-necked flask. That is, more
phenol reacted with the wood components, particu-
larly lignin, and left less unreacted phenol in the
sealed system than in the atmospheric system. Thus,
the polymerization of the LWPF resin was retarded
by either fewer functionality sites in the phenol or
the steric hindrance of the lignin fragment combined
onto the phenol.'* The molecular weights of the
LWPF resins also support this explanation to some
extent. The LWPF2 resin had lower number-average
and weight-average molecular weights than LWPF1.
The glass-transition temperatures of the LWPF resins
were consistent with the molecular weight results. In
other words, the resin that had a higher average mo-
lecular weight presented a higher glass-transition
temperature.

Dynamic DSC analysis

The dynamic DSC curves of the two LWPF resins at
different heating rates are shown in Figure 2, and
the results are listed in Table II. The onset and peak
temperatures of both resins shifted to higher temper-
atures with an increased heating rate. The actual
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cure temperatures are independent of the heating
rate; in other words, they are the temperatures at the
heating rate of zero.'! As listed in Table II, the cure
reaction of the LWPF1 resin started at about 116°C
and reached the highest cure rate around 129°C.
Compared to LWPF1, LWPF2 had a lower onset
temperature of 113°C and a little higher peak tem-
perature of 130°C. The results show that the two
LWPF resins had similar cure activities at the higher
temperature of 130°C, whereas the LWPF2 resin was
more active at lower temperatures than the LWPF1
resin.

Most other studies of the cure kinetics of LPF
resins have used the dynamic DSC method. For com-
parison with LPF resins, the dynamic method devel-
oped by Kissinger*” was also used in this experiment.
The Kissinger equation is expressed as follows:

6\ E 1 RA

where ® is the heating rate (K/s), T, is the peak
temperature (K) at the given heating rate, A is the
pre-exponential factor, R is the gas constant, and E
is the activation energy. The activation energy can
be obtained by linear regression from eq. (3). On the
basis of this method, the activation energies of
LWPF1 and LWPF2 were 96.55 and 97.54 kJ/mol,
respectively. These values were higher than that of a
typical PF resin reported by other researchers;'%!
however, they were similar to that of an LPF resin.*
This result may be due to the lower reactivity of the
lignin fragments incorporated into the LWPF resin
compared with that of phenol in conventional phe-
nolic resins.'%*

Isothermal cure kinetics

In general, two kinetic models are used in the cure
of thermosetting materials in terms of the mecha-
nisms of their cure reaction: nth-order and autocata-

TABLE II
Cure Temperatures of Two Liquefied Wood Resins at
Different Heating Rates

Onset temperature Peak temperature

Heatin 5 o
e 0 Q)
(°C /min) LWPF1 LWPE2 LWPF1 LWPEF2
0? 115.8 113.3 128.7 129.9
5 121.0 118.6 134.2 135.2
10 127.1 125.6 142.5 143.8
15 133.5 131.2 148.8 150.0
20 137.6 136.4 153.5 154.4

# Extrapolated values from the intercepts of the plots of
the onset temperatures and peak temperatures versus the
heating rate.
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Figure 3 Conversion rate as a function of time at differ-
ent isothermal temperatures for (a) LWPF1 and (b)
LWPE2.

lytic. For thermosets that follow the nth-order
kinetics, the conversion rate (da/dt) is proportional
to the concentration of unreacted materials and can
be expressed as follows:

do
—=k(1-a)" 4
k(1) @
where o is the conversion of the reactant at time ¢
and n is the reaction order. k is the temperature-de-
pendent rate constant given by the Arrhenius equa-
tion:

k = Aexp(—E/RT) )

where T is the absolute temperature. Autocatalytic
thermoset cure reactions are the type in which one
of the reaction products is also a catalyst for further
reactions.” Thus, the reactions are characterized by
an accelerating isothermal conversion rate and typi-
cally reach the maximum rate between 20 and 40%
conversion.” The reaction rate is defined as follows:
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c;—(::kam(l —a) (6)
where m and n are the reaction orders and k' is the
rate constant, which is also given by the Arrhenius
equation [eq. (5)]. To take into account that in the
autocatalytic reactions the initial reaction rate is not
zero, a generalized expression was proposed by
Kamal® as follows:

% = (k1 + kz(xm)(l — OL)n (7)

where k; and k, are the rate constants. k; can be
determined as the reaction rate at t = 0:

da
= (dt) ®

The basic assumption of the application of DSC
for thermoset curing is that the measured heat flow
(dH/dt) is proportional to the conversion rate (do/
dt), and it has been proven to be a reasonably good

[ (a)

[<#=120"C
~8=128"C
=3
|~ 138 5T

Converslon o, %)

Convarson (g, %)

o 20 L L] L) 10l w20
Time [min)

Figure 4 Conversion as a function of time at different iso-
thermal temperatures for (a) LWPF1 and (b) LWPF2.
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Figure 5 Conversion rate versus the conversion for (a)
LWPF1 and (b) LWPF2.

assumption.” The rate of change in the conversion
can therefore be defined as follows:

do  dH/dt

dt  AH,

©)

where AH, is the total reaction heat associated with
the cure process.

A series of isothermal DSC curves of the reaction
rate as a function of time for the two liquefied wood
resins are shown in Figure 3. It can be seen that
with the increase in the cure temperature, the peak
values of the reaction rate increased and shifted to
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shorter reaction times. The maximum conversion
rate (do/dt) occurring at t # 0 suggests an autocata-
lytic cure kinetic mechanism for these two resins. By
partial integration of the areas under the curves in
Figure 3, the fractional conversion as a function of
time was obtained and is plotted in Figure 4. Both of
the liquefied wood resins reached about 70% conver-
sion within 20 min at the testing temperatures. Gen-
erally, the higher the isothermal cure temperature
was, the sooner the reaction reached the same per-
centage of conversion. However, the cure time was
prolonged after the conversion reached 80% at the
higher cure temperature of 135°C compared with
that at 125 and 130°C. This phenomenon was possi-
bly due to the onset of vitrification at higher cure
temperatures. The mobility of the reaction groups
could have been hindered, and the rate of conver-
sion would then have been controlled by diffusion
rather than chemical factors.***°

Figure 5 shows the curves of the conversion rate
as a function of conversion. It is clearly shown that
the cure reaction of both liquefied wood resins fol-
lows an autocatalytic kinetic mechanism, with the
maximum conversion rate in the 10-30% conversion
region.

According to eq. (7) and with nonlinear regres-
sion,'"* the kinetic parameters of these two lique-
fied wood resins were calculated, and they are sum-
marized in Table IIl. The average overall orders (m
+ n) of the cure reactions of LWPF1 and LWPF2
were 4.22 and 3.57, respectively. Rate constants k;
and k, both obey the Arrhenius form [eq. (5)]. From
linear regression, the associated activation energies
(E; and E») and the pre-exponential factors were cal-
culated, and they are listed in Table IV. The LWPF1
resin had a higher activation energy for k; and a
lower activation energy for k,. As shown in eq. (7),
the term ko represents the influence of the reaction
products on the conversion rate, and k; governs the
early stage autocatalytic reaction.”*?® As shown in
Table I, LWPF1 had a higher average molecular
weight than LWPF2. Because of the molecular mobil-
ity, the reactions between function groups on the
molecules with low molecular weight seem easier
than those on high-molecular-weight molecules. This
might explain why LWPF1 had a higher initial acti-
vation energy than LWPF2 (Table IV). However, the

TABLE III
Isothermal Cure Kinetic Parameters of Two Liquefied Wood Resins
LWPF1 LWPF2
Temperature (°C) Ky (107%s7h ky (1072571 n m ky (107%s7h ky (1072571 n m
120 6.62 1.15 3.03 1.20 8.54 0.59 2.53 1.01
125 10.93 1.71 3.19 1.14 12.69 0.86 242 0.90
130 17.99 1.78 3.09 0.95 17.81 0.87 2.87 0.74
135 29.84 1.81 3.49 0.81 29.36 1.13 3.04 0.74

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Activation Energies and Pre-Exponential Factors of Two
Liquefied Wood Resins

Resin Eq (kJ/mol) In A; E> (kJ/mol) In A,
LWPF1 133.76 33.61 37.61 7.15
LWPF2 107.70 25.87 52.82 11.08

LWPF1 resin had a lower activation energy for the
subsequent reaction than LWPF2. This might result
from more incorporated lignin fragment on LWPE2
than LWPF1, which might retard further polymeriza-
tion (or condensation) of LWPE2,'02°

Thus, the kinetic equation for the liquefied wood
resin LWPF1 is as follows:

do
dt
16087 4523
3.94x10" exp (— T) + 1278 exp (— T) 0(1‘02}
X (1—a)** (10)
(a)
+ " E": |
é |
B o
i
i L= 1
E
:

(b)

L] o1 0% a3 24 LL o8 07 oE 0% i
Conversion (o)

Figure 6 Comparison of the theoretical (lines) and experi-
mental (symbols) conversion rates versus the conversion
for (a) LWPF1 and (b) LWPE2.
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The kinetic equation for the LWPF?2 resin is
do

=
1.73x10" exp (_12;53) +65190exp (-631?2) a°'85]

X (1—a)*? (11

Figure 6 presents a comparison of the experimental
data with the conversion rates obtained from the ki-
netic models [egs. (10) and (11)]. It is clear that most
predicted values agree with the experimental data.

CONCLUSIONS

Two LWPF resins were synthesized from liquefied
wood reacted in atmospheric (LWPF1) and sealed
(LWPE2) systems, and their cure kinetics were ana-
lyzed with DSC. The activation energies of LWPF1
and LWPE2 from the dynamic DSC method were
96.55 and 97.54 kJ/mol, respectively. These values
were close to that of the LPF resin but higher than that
of a typical PF resin. The onset cure temperatures of
LWPF1 and LWPF2 were 115.81 and 128.66°C, respec-
tively. The isothermal DSC results revealed autocata-
lytic cure mechanisms for both resins. The overall reac-
tion orders for LWPF1 and LWPF2 were 4.22 and 3.57,
respectively. The activation energies (E,/E;) for
LWPF1 and LWPE2 were 133.76/37.61 and 107.70/
52.82 k] /mol, respectively. The kinetic results indicated
that the two LWPF resins followed the same cure
mechanism. However, the LWPF1 resin had a higher
E; value but lower E, value than the LWPF2 resin.

The authors gratefully acknowledge Qinglin Wu for kindly
providing the differential scanning calorimetry equipment
and Yong Lei for his valuable discussion.
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