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ABSTRACT: Liquefaction of southern pine wood in phe-
nol in 3040 : 70-60 weight ratios resulted in homogene-
ous liquefied materials, which were directly used to
synthesize phenol-formaldehyde (PF)-type resins. The
synthesized resins showed good physical and handling
properties: low viscosity, stability for storage and trans-
portation, and resin applicable by a common sprayer.
Particleboard panels bonded with the synthesized resins
showed promising physical properties and significantly
lower formaldehyde emission values than those bonded
with the urea—formaldehyde resin control. One deficiency

observed for the synthesized resins was lower internal
bond values, which might be overcome the use of a hot-
stacking procedure. Overall, the process of wood lique-
faction with limited amounts of phenol as a solvent was
shown to have the potential of providing practical, low-
cost PF-type resins with very low formaldehyde emission
potentials. © 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 112:
1436-1443, 2009
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INTRODUCTION

Phenol-formaldehyde (PF) resol resins are thermo-
setting resins and are widely used as binders for
exterior-grade wood composite boards, such as soft-
wood plywood, oriented strand board (OSB), and
other engineered wood composite products. PF res-
ins are also used in various other applications, such
as in the bonding of insulation materials and the
molding of electrical and automotive parts. Cured
PF resins have high strength properties, good ther-
mal stability, and high moisture resistance.! Further-
more, it has been accepted that wood composite
boards bonded with PF resins emit almost no form-
aldehyde gas.*?

Urea—formaldehyde (UF) resins are currently used
for bonding interior-grade wood composite boards,
such as particleboard, medium-density fiberboard,
and hardwood plywood. UF resins are low cost and
give adequate strength properties, but the boards
have a formaldehyde emission problem, which has
been proven to be difficult to resolve completely.*
The use of PF resins in place of UF resins could
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resolve the formaldehyde emission problem,” but
there are two major disadvantages. The first disad-
vantage is the high price of phenol, which is derived
from petroleum; a cheaper and readily available
replacement is highly desirable.® The other disad-
vantage is the slower curing speed of PF resins rela-
tive to UF resins; they require a significantly longer
hot-pressing time for current board manufacturers.
In this article, we present an approach using lique-
fied wood made in phenol to synthesized PF-type
resins for interior-grade particleboard bonding com-
posite applications. This approach will lower the
bonding cost in comparison to the use of common
PF resins.

Researchers have investigated the replacement of
phenol in PF resins with carbohydrates,7 tanr1ins,8'9
and lignins.'®'* Tannins are currently used as wood
adhesive components in some parts of the world,"
but these three materials have not been used much
as wood composite binder components in North
America for various technical reasons. In particular,
lignins are available in large quantities from wood
pulping processes and have been found to be useful
as partial replacement of phenol. Although the per-
formance of lignin-modified PF resins has been
reported to have slightly lower bonding performan-
ces,'""!? the limited availability of appropriate lignins
currently prevents their utilization. Kraft pulping
processes are the major source of large quantities of
lignins, but the isolated products can be relatively
expensive because of the extensive purification step
necessary.
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Wood has been liquefied in various organic sol-
vent systems with acid catalysts to give homogene-
ous liquid materials, which have been investigated
for chemical transformation into various useful
products.’*® The organic solvents are typically phe-
nol and polyhydric alcohols. Recently, liquefaction
with cyclic carbonates was conducted at relatively
mild temperatures and short reaction times.'” Wood
and bark were also shown to be readily liquefied in
a mixture of phenol with lower alcohols and polar
solvents."® These liquefied-wood materials are
composed of many carbohydrate- and lignin-derived
components, and therefore, the separation of certain
components or purification attempts would be very
expensive. Therefore, liquefied wood has been inves-
tigated to find useful applications without the need
to go through such procedures.

Thus, liquefied wood has been investigated as a
partial raw material for novolac and resol PF res-
ins,”'* epoxy resins,” and polyurethane resins.***
In these potential applications, the solvent used in
the liquefaction step could be a roadblock. On the
other hand, liquefied wood made in phenol as a sol-
vent can be made into PF resol-type resins without
the need for solvent removal.**® However, some
bonding deficiencies of these PF-type resins are
apparent compared to unmodified PF resins, and it
was apparent that various PF resin synthesis param-
eters needed optimization to the target wood com-
posite products, such as for softwood plywood, OSB
face or core layers, and particleboard.

Furthermore, because most carbohydrate-derived
components in liquefied wood are expected to
become extraneous materials in cured resins or, at
best, a compatible filler, a more modest target of
obtaining interior-grade wood composite binder res-
ins, rather than exterior-grade ones, appears to be
more appropriate. The interior-grade wood compos-
ite industry is currently searching for non-formalde-
hyde-emitting binder resins. Therefore, in this study,
wood liquefaction was conducted with 60-70 wt %
phenol, and the resulting homogeneous liquefied-
wood products were used to directly synthesize PF-
type resins; we evaluated them by bonding (interior-
grade) particleboards and testing for free formalde-
hyde emission and other physical properties.

EXPERIMENTAL
Materials

Pine wood flour (100 mesh size) from American
Wood Fiber Co. was used as raw material. Phenol
(>99%, Sigma-Aldrich, Milwaukee, WI), sulfuric
acid (95%, Fisher Scientific, Pittsburgh, PA), formal-
dehyde solution (50%, Georgia-Pacific Corp., Louis-
ville, MS), sodium hydroxide (Aldrich Chemical),
and other reagent-grade chemicals were used.
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Liquefaction of wood

Liquefaction experiments were carried out with
three different weight charge ratios of phenol to
wood (70/30, 65/35, and 60/40) on the basis of the
oven-dried wood weights. Sulfuric acid was used as
a catalyst at three weight percentages on the basis of
the phenol weight in all of the experiments. First,
phenol was charged into a 2-L three-necked flask
equipped with a stirrer, thermometer, reflux con-
denser, and heating mantle and heated to 60°C. Sul-
furic acid was then added and thoroughly mixed;
then, wood flour was slowly added with continuous
stirring over a period of 30 min. After the comple-
tion of the wood flour addition, the reaction temper-
ature was raised to 160-165°C over a period of 1 h,
and this temperature was maintained for 45 min to
complete the liquefaction. The liquefied wood was
cooled to room temperature.

Determination of the formaldehyde reactivity
of the liquefied wood

The formaldehyde reactivity of the liquefied wood
was determined by a method described by Wooten
et al.” as follows: 20 g of 50% NaOH solution, 158 g
of water, and 158 g of 11.32% formaldehyde were
charged into a 1-L three-necked flask equipped with
a stirrer, thermometer, reflux condenser, and heating
mantle. The reaction mixture was initially cooled to
30°C, and 50 g of liquefied wood was added; then,
the temperature was increased to 60°C. This temper-
ature was maintained, and samples (3.0 g) of the
reaction mixture were taken at 30-min intervals for
5 h. The samples were transferred into a 150-mL
beaker and dissolved in 20 mL of methanol and 30
mL of water. The pH of the sample solution was
adjusted to 4.0 with 1.0N and 0.1N HCI solutions
over a 5-min period of time, and then, 15 mL of
1.0M hydroxylamine hydrochloride (with the pH
adjusted to 4.0 with 1N and 0.1N NaOH) was added
to the sample solution. The sample was allowed to
react for 8 min with stirring, and then, the generated
acid was titrated to a pH of 4.0. The amount of free
formaldehyde in the sample was calculated as
equivalents of formaldehyde reacted per 100 g of
liquefied wood.

Resin syntheses

The liquefied-wood solutions were used directly to
prepare resins in the reaction flask used for liquefac-
tion after the sulfuric acid used as a catalyst for
liquefaction was first neutralized by the addition of
a 50% sodium hydroxide solution. Three different
resins resulted from the three liquefied-wood prod-
ucts from three different phenol/wood ratios: resin

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
Preparation Conditions of Liquefied-Wood PF-Type Resins

Resin 1

Resin 2

Resin 3

100 g of liquefied wood (70/30) +
17 g of NaOH
Heat and hold at 70°C.

Add 104 g of formaldehyde
(1.73 mol).

18.5 g of NaOH

(1.59 mol).

100 g of liquefied wood (65/35) +

Add 96 g of formaldehyde

100 g of liquefied wood (60/40) +
20 g of NaOH

Add 88 g of formaldehyde
(1.46 mol).

Charge dropwise and hold for 20 min at 70°C and then raise the temperature to 80°C until the G-H viscosity reaches J.

Add 28 g of H,O + 6 g of NaOH.

Add 33 g of H;O + 6 g of NaOH.

Add 36 g of H;O + 6 g of NaOH.

Charge and heat and hold at 80°C until the G-H viscosity returns to J.

Add 48 g of HO + 15 g of NaOH.

Add 53 g of H,O + 15.5 g of NaOH.

Add 56 g of HO + 16 g of NaOH.

Charge and heat and hold at 80°C until the G-H viscosity returns to J and then cool the resin.

NaOH concentration = 50% aqueous solution. Formaldehyde concentration = 50%.

G-H, Gardner-Holdt scale.

1 came from a phenol/wood ratio of 70/30, resin 2
came from a phenol/wood ratio of 65/35, and resin
3 came from a phenol/wood ratio of 60/40. The res-
ins were prepared according to a previously
reported procedure;* the preparation conditions are
summarized in Table I, and the typical synthesis
procedure is described next for resin 1.

We started the preparation of resin 1 by adding
17.0 g of a 50% aqueous NaOH solution to 100 g of
the neutralized liquefied wood and heating it to
70°C; we then added 104 g of a 50% formaldehyde
solution (1.73 mol) over a period of 20 min. The tem-
perature was then raised to about 80°C and main-
tained, and the viscosity measurements were carried
out at 15-min intervals. When the viscosity reached ]
on the Gardner-Holdt scale, 28.0 g of H,O and 6.0 g
of 50% NaOH were added, and the temperature was
reestablished to 80°C. When the viscosity reached
again J, 48.0 g of H,O and 15.0 g of 50% NaOH
were added, and the temperature was reestablished
to 80°C. When the viscosity again reached J, the fin-
ished resin was cooled to room temperature and
kept in the refrigerator until use. Resin 2 and 3 were
prepared similarly to resin 1, except different
amounts of chemicals (formaldehyde, NaOH, and
water) were used, as indicated in Table I. About 4 L
of each resin was prepared. The viscosity, free form-
aldehyde content, resin solid content, and alkalinity
percentage of the prepared resins were determined
on the basis of standard analytical procedures.

Dynamic mechanical analysis (DMA) tests of the
synthesized resins

DMA tests were performed on a DMA instrument
(TA Instruments DMA model 983, New Castle, DE)
according to reported procedures’ to investigate the
curing behaviors of the synthesized resins. Approxi-
mately 25 mg of resin was evenly spread on a glass
fiber braid (dimensions = 16.15 x 10.95 x 0.12
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mm’), and the braid was clamped horizontally
between two DMA arms. A fixed displacement
mode with a 0.8-mm amplitude and a 1.0-Hz oscilla-
tion frequency was used with the chamber tempera-
ture ramped from ambient temperature to 180°C at a
heating rate of 25°C/min; the chamber temperature
was held for 20 min. The rigidity (G’), loss modulus
(G"), and tan 8 curves were obtained, and the resin
curing data were derived from the curves.

Particleboard panel manufacturing and
performance tests

Test panels were bonded with the synthesized PF
resins, and control panels were bonded with a com-
mercial UF resin with the same hot-pressing param-
eters. The control UF resin and wood particles for
the face and core layers were supplied by Forintek
(Quebec, Canada) member particleboard mills. The
wood particles for the face and core layers were
dried and separately sprayed and blended with wax
and resin. The synthesized resins were used as sole
resins in the face layers but as 1 : 1 mixes with a
commercial powder PF resin in the core layers. The
powder PF resin was used to lower the mat mois-
ture content (MC) in the core layer, that is, to
improve the curing speed of the panel. The mat MC
reached 11-12% for the face layer and 5-6% for the
core layer. The resin-applied particles were format-
ted into mats with dimensions of 61 x 61 cm” and
hot-pressed into panels in a Dieffenbacker laboratory
press with a hot-press schedule developed at
Alberta Research Council (Alberta, Canada) with
Pressman software. The panel manufacturing pa-
rameters and hot-pressing conditions for the control
and test panels are listed in Table II. The prepared
panels were cut and conditioned for 7 days at 24 +
2°C and 50 + 5% relative humidity for the free
formaldehyde test according to the desiccator
method (ASTM D 5582-00). The other board test
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TABLE II

Particleboard Manufacturing Conditions for the UF Resin Control and Three PF

Resins

Parameter

Conditions

Panel dimension

Panel construction

Wood species

Mass distribution in layers
Support

Target mat MC

Wax content

Air pressure for wax
Resin content

NH,CI (catalyst)

Air pressure for the resin
Resin flow rate

Target density

Blender

Blender rotation speed
Blending time

Press temperature

Total press time

Press closing speed
Degas

12.7 mm (1/2 in.) x 610 mm (24 in.) x 610 mm (24 in.)

Three layers

Particles from mill

20/60/20

Caul plate at the bottom

11-12% in the face and 5-6% in the core

Slack wax: 0.5% in the face and 0.5% in the core

30 psi

UF resin: Hexion US 105, 8% (solid basis) in the face and 8%
(solid basis) in the core

Three PF resins: 8% (solid basis) in the face and 4% (solid ba-
sis) + 4% powder PF resin (Hexion)

UF resin: 0% in the face and 1.0% (solid basis) on liquid resin
in the core

Three PF resins: No catalyst

50 psi

150 mL/min

688 kg/ m? (43 b/ t>; oven dry basis)

3 ft (diameter) x 3 ft (depth) or 914 x 914 mm?

11 rpm

5 min

210°C

150 s (daylight to daylight)

Close hot press to target thickness in 20 s and hold for 100 s.

30s

samples were conditioned at 20°C and 65% relative
humidity for 3 weeks and tested for internal bond
(IB), modulus of elasticity (MOE), modulus of rup-
ture (MOR), and 24-h water-soak thickness swelling
(TS) and water absorption (WA) according to
ASTM D 1037.

RESULTS AND DISCUSSION

Formaldehyde reactivity tests of the
liquefied-wood samples

Lignins’ reactivity for formaldehyde is determined
to formulate resins in preparation of lignin-based PF
resins for wood composite binder applications. The
use of an optimum amount of formaldehyde can
maximize the number of hydroxymethyl groups
formed and improve the chance of lignin molecule
incorporation into the PF resin structures. Formalde-
hyde reactivity is also essential to formulate resins
with minimal amounts of free formaldehyde remain-
ing in the resulting resins.'”**> The formaldehyde
reactivity of the liquefied-wood samples as deter-
mined (Fig. 1) showed that about 1.9-2.0 mol of
formaldehyde reacted with 100 g of liquefied wood
in 2 h at 60°C. Because 60-70% of the liquefied-
wood samples was phenol added as the liquefaction
solvent, the amounts of formaldehyde consumed by
the reaction were accounted for by the phenol,
which had three reactive sites.

The formaldehyde consumption levels generally
agreed with the phenol levels used in the liquefac-
tion. However, the liquefaction of wood breaks
down lignin and carbohydrates, and there is the pos-
sibility of some phenol reacting with lignin- and car-
bohydrate-derived carbocationic components. The
exposed lignin molecules that have the phenolic
structure with unreacted ortho carbons would react
with formaldehyde to form hydroxymethyl groups.
Thus, the formaldehyde reactivity of the wood-

22
=~ Phenol: Wood = 70:30
=i Phenol: Wood = 65:35

N

—&~ Phenol: Wood = 60:40

Moles CH20 reacted/100 g
Liquefied wood
- N
o =]
T T

Reaction time (hr.)

Figure 1 Results of the formaldehyde reactivity tests for
liquefied wood.
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TABLE III
Some Physical Properties of the Liquefied-Wood
Phenolic Resins

Resin 1 Resin 2 Resin 3
Solid content (%) 48.14 44.26 46.24
Free HCHO (%) 0.53 1.02 0.25
Alkalinity (%) 4.18 4.46 4.68
Viscosity (cP) 300 220 210

derived lignin components could not be differenti-
ated from the overall reactivity because of the excess
phenol present. Reaction times beyond 2 h showed
decreased formaldehyde consumption, which did not
agree with previous results observed from lignin
reactions,'”* but our results could be explained as
due to the formation of methylene bonds by conden-
sation reactions of the hydroxymethyl groups of phe-
nol and liquefied-wood intermediates.”** The
temperature used in the test, 60°C, is commonly
known to favor the formation of hydroxymethyl
groups, but methylene groups can also form at a low
rate when the reaction time is extended. In the syn-
theses of PF resol resins under the full substitution
conditions, two hydroxymethyl groups would react
to form one methylene bond with the expelling of one
formaldehyde molecule because there would be no
unreacted site.”” It is also apparent from Figure 1 that
the 60 : 40 phenol/wood liquefaction product had a
significantly lower formaldehyde reactivity than the
other two liquefaction products, with more wood and
less reactivity for the liquefaction products.

Physical property tests of the synthesized resins

The resin synthesis parameters selected in this study,
that is, the NaOH level, resin solids level, viscosity,
and extent of polymerization, were designed for par-
ticleboard binder-type resins, which are also similar
to PF resins used as core-layer binders in the manu-
facturing of OSB. In the preparation of the resins, the
total used alkalinity was higher than the titrated alka-
linity of the prepared resins. This phenomenon was
due to the generation of organic acidic groups from
the wood-derived liquefaction components, which
generated more acids in the resin synthesis proce-
dure. This acid generation could be troublesome in
large-scale resin manufacturing, but the extent of
acid formation appeared to be minimal. The physical
test values of the synthesized resins are reported in
Table III. All test values were in the acceptable range
for the particleboard binder application. The synthe-
sized resins showed low viscosities and good viscos-
ity stabilities, expected resin solids levels, and good
sprayability with a compressed-air sprayer.

Journal of Applied Polymer Science DOI 10.1002/app
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DMA curing tests of the synthesized resins

The DMA scans of the synthesized liquefied-wood
PF resins shown in Figure 2 are very similar to pre-
vious results reported for PF resol resins.*® The
DMA curing behavior of the liquefied-wood PF res-
ins exhibited the four stages of viscoelastic property
changes. In the first stage, up to 3.0 min of run time,
the sample’s G’ and G” curves did not change much
because of the low sensitivity of the instrument in
this near-zero G’ region. From 3.0 to 6.0 min of run
time, the sample’s G’ increased in small extents with
increasing temperature, and G" remained low; as a
result, a remarkable decrease in tan & occurred. This
second stage reflected the drying of the resin sample.
In the third stage, between 6.0 and 10.0 min, the resin
sample’s G’ increased to the maximum, which indi-
cated that the resin curing occurred by polymeriza-
tion, and the crosslinking reactions indicated the
completion. G” initially increased to the maximum,
which reflected the rapid increase in G', or the
extended polymer structures formed and helped
increase the energy dissipation through increased
contacts with the uncured portion of the resin. As
the uncured portion of resin started to decrease from
extended curing of resin, G” started to decrease from
the maximum value® and reached a low value.

In the fourth stage of the test, after about 10 min,
the G’ curve leveled off, and the G” curve decreased
to a low very value, which indicated the completion
of cure or the formation of a highly rigid material.
In this final stage of postcuring, the two synthesized
resins made from higher wood contents showed
some small decreases in G/, which indicated the
cured resins’ tendency to weaken or degrade. This
could have arisen from the wood-derived compo-
nents that were not incorporated into the cured resin
structure or some weaker bonds that broke down
under the prolonged high-temperature heating con-
dition. This type of degradation in the postcure pe-
riod is more common for urea formaldehyde resins
and is not very common at all for PF and phenol-
resorcinol-formaldehyde exterior-grade wood adhe-
sive resins.®® The DMA curing rate of PF resins is
commonly defined as the time taken to reach the
maximum G’ value under a controlled heating
schedule. The curing rates of the three synthesized
resins were similar to each other and comparable
with those of common PF resins.

Manufacturing of the panels and performance
tests of the manufactured panels

The panel manufacturing experiments went smoothly;
particularly, the resin distribution by direct inspection
appeared adequate. The viscosity values of the
synthesized resins did not change much during
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Figure 2 DMA analysis results of the (a) commercial PF resin, (b) resin 1 (70/30), (c) resin 2 (65/35), and (d) resin 3 (60/40).

(P-P) = Amplitude (peak to peak).

the transportation and waiting period of about
2 months. The physical test performance panels
bonded with the control and synthesized resins
(Table 1V) generally showed quite low panel density
variations of about 2.3%, which indicated an adequate
panel mat forming operation. Uniform mats are essen-
tial the comparison of the bonding performance of
similar but different binder resins. Nevertheless, there
were some density variations in the IB, MOE/MOR,
and TS/WA measurement samples. To make the com-
parisons at equal densities, the IB, TS, and WA test
values were normalized at a 750 kg/ m> (47 Ib/ ft3)
density, whereas the MOE and MOR values were
extrapolated to 750 kg/m? (47 1b/ft’) density.

IB strength values of the panels

Generally, panels bonded with the synthesized PF
resins had lower IB values than the panels bonded
with the UF resin control. The IB of the UF resin-
bonded control panels was similar to the commonly
observed values of particleboard made in the labora-
tory.* The IB values of panels bonded with the syn-
thesized resins at resin loading levels of 8% were
significantly lower than the those of the control and
similar to the IB values of OSB bonded with PF res-
ins at lower resin loading levels of about 4.0% and
at a somewhat lower board density of 670 kg/m? (42
Ib/ft?). Also, because current OSB binder PF resins

TABLE IV
Panel Performance Test Results

Control (UF resin) Resin 1 Resin 2 Resin 3
Density (kg/m?) 724 712 707 709
1B (MPa) 0.703 0.475 0.512 0.486
MOR (MPa) 14.81 15.47 17.24 15.94
MOE (MPa) 2392 2308 2558 2342
TS (%) 23.3 16.7 14.0 17.7
WA (%) 49.8 41.8 34.6 39.8
Free formaldehyde (ppm) 0.16 0.09 0.09 0.06

Journal of Applied Polymer Science DOI 10.1002/app
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contain 5-10% urea as diluent solids,® the observed
IB values for the synthesized resins can be consid-
ered that much lower.

The lower IB values indicated that the synthesized
PF resins had not fully cured in the hot-pressing
step in the core layers of the panels; that is, the hot-
press time was too short for the synthesized resins.
Also, the fact that the three different synthesized res-
ins showed somewhat different IB values did not
have much significance because of the incomplete
curing of the resins attained in the panels. The IB
values for the synthesized resins would probably be
improved by the hot stacking of the panels, a
method used in the OSB industry, and further opti-
mization of the resin synthesis formulation, espe-
cially an increase in the sodium hydroxide content
for the core-layer resin. Ideally, hot-stacking experi-
ments in the future might show the expected differ-
ences in IB, that is, in relation to the wood use levels
and the formaldehyde reactivity.

MOR and MOE values

The MOE and MOR values of the panels bonded
with the synthesized PF resins were at least compa-
rable with or slightly better than those of the panels
bonded with the UF resin control. Because the MOE/
MOR values of panels greatly depend on the quality
of the face layers of the panels, this result indicates
that the synthesized resins cured adequately when
they were used in the face layers. Among the panels,
somewhat better MOE/MOR values were obtained
for the synthesized resins made with 35% wood sub-
stitution, which was in line with the formaldehyde
reactivity test results. This result appears to indicate
that, by adjusting the resin formulation, we can
improve the panel strength values to some extents.

TS and WA values in the 24-h water-soak tests

Panels bonded with the synthesized resins generally
showed lower TS and WA values than the panels
bonded with the UF resin control. This result is
encouraging because the values appeared to be
improvable further when the core-layer bond
strength can be improved in the future, as discussed
previously. Among the manufactured panels, those
bonded with the synthesized resin with 35% wood
substitution resulted in the lowest TS and WA val-
ues. This result is in agreement with MOE/MOR
values and indicated again that the more solid
panel, especially in the face layers, showed lower TS
and WA values. On the other hand, the TS/WA val-
ues for the UF control resin were somewhat higher
than the values commonly obtainable for UF resin-
bonded industrial particleboard. It appears that the
lay-up procedure used in the laboratory was not as

Journal of Applied Polymer Science DOI 10.1002/app
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efficient as that used in industry. Better TS/WA per-
formance was found in the synthesized resins than
in the UF resin control.

Free formaldehyde emission values

The free formaldehyde emission of all the panels
met the ANSI A208.2 standard value of 0.30 ppm
(Table IV). Panels bonded with the synthesized res-
ins showed lower formaldehyde emission values
than panels bonded with the UF resin control by 40—
60%. This extent of formaldehyde emission reduc-
tion appears to be significant, and this was achieved,
despite the sizable amounts of free formaldehyde
present in the synthesized resins before use in board
manufacturing. Because the free formaldehyde con-
tent in the PF resins could be reduced to very low
levels by the adjustment of the amount of formalde-
hyde used in resin synthesis and also by the addi-
tion of a low level of urea,® a further reduction in
formaldehyde emission would be possible for PF-
type synthesized resins. The low formaldehyde
emission values observed for synthesized resins
were expected, similarly to common PF resol resins.

CONCLUSIONS

Liquefaction of southern pine wood in phenol in 30—
40 : 70-60 weight ratios with a sulfuric acid catalyst
and at a mildly elevated temperature gave homoge-
neous liquefied materials, which were directly used
for the synthesis of PF-type resins. Neither distilla-
tion of the solvent nor generation of wastes was
involved. The synthesized resins showed good phys-
ical and handling properties, which were compara-
ble with common PF resins made without the
substitution of part of the phenol, including low vis-
cosity, good stability for storage and transportation,
and possible resin application with a common spray-
ing mechanism. Furthermore, particleboard bonded
with the synthesized resins showed promising
strength properties and significantly low formalde-
hyde emission values compared to the UF resin
control.

One deficiency observed was the lower IB values
from the slower curing of the synthesized resins in
the core layers, which would be overcome with the
application of a hot-stacking procedure. Overall, the
process of wood liquefaction by the use of limited
amounts of phenol as a solvent appears to offer an
avenue for fruitful research toward the production
of PFE-type resins that are low cost and have a very
low formaldehyde emission potential. The current
price of PF resins is about two to three times higher
than UF resins, and the need for such low-cost PF
resins is very high in the industry. Further research
on overcoming the slower curing speed of resins,
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using lower resin loading levels in panel manufac-
turing, and using other resin cost-lowering additives
such as urea® needs to be carried out toward this
goal in the future.
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