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ABSTRACT: Effects of adding urea to the strand board
core-layer phenol–formaldehyde (PF) resin were investi-
gated in conjunction with cure-accelerating catalysts. Ten
percent urea based on the liquid resin weight was added
at the beginning, at three different middle stages of poly-
merization, and at the end of PF resin synthesis. No signif-
icant cocondensation between the urea and PF resin com-
ponents occurred as identified by 13C NMR analyses,
which corroborated well with the curing and strand board
bonding performance test results. The various urea addi-
tion methods resulted in resins that slightly differ in the
various tests due to the urea’s temporary holding capacity

of formaldehyde. The preferred method of urea addition
was found to do it in the later part of PF resin synthesis for
convenience, consistency, and slightly better overall per-
formance. Some cure-accelerating catalysts were shown to
reduce the thickness swelling of strand boards. This study
showed the usefulness of adding some urea to strand board
core-layer binder PF resins of replacing higher cost phenolic
components with lower cost urea. � 2007 Wiley Periodicals,
Inc. J Appl Polym Sci 105: 1144–1155, 2007
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INTRODUCTION

Phenol–formaldehyde (PF) resol resins are widely
used as thermosetting binders for exterior-grade ori-
ented strand board (OSB) and other wood compo-
sites and synthesized in the aqueous medium with
sodium hydroxide as catalyst up to 0.6 mol sodium
hydroxide per mol of phenol (Fig. 1).1–3 In particular,
OSB binder PF resins usually contain urea up to
about 10% based on liquid resin solids weights,4

where the lower cost urea reduces the overall binder
cost as diluent. Liquid PF resin components are
oligomeric poly(methylene-hydroxymethylphenol)3

[Fig. 1(a)] where the phenolic hydroxyl groups pres-
ent in the form of sodium phenolate anions are the
basis of activation of the o- and p-hydroxymethyl
groups in forming methylene groups in curing. The
fully cured PF resin structure has been considered to
be poly(methylene-phenol) with a 1.5 : 1.0 methylene :
phenol ring ratio [Fig. 1(b)].5 More recent solid-state
13C NMR studies of cured PF resins of F/P mol ratio
of 2.1 indicated a more complex chemistry with less
than 1.5 methylene groups incorporated per mole of
phenol.6

OSB binder PF resins are available as core- and
face-layer resins, the former being more advanced in

degree of condensation and having higher sodium
hydroxide contents to effect a short hot-press time
and minimal over-curing in the face layers. Since
both core-layer and face-layer resins need to have
viscosities at about 250 cP or less for atomizing oper-
ations, the core-layer resins have lower resin solids
contents than the latter. Core-layer resins determine
the hot-pressing time, often judged by the internal
bond strength of boards, and therefore the effects of
additives or catalysts are more clearly manifested in
the core-layer resins. This study is mainly concerned
with the core-layer resins.

OSB is commonly pressed at 200–2408C with PF
resin binders at resin solids loading levels of 3–4%
based on dry wood weight4,7 and OSB manufactur-
ing plants are bottlenecked at the hot press with the
core-layer binder resin’s curing speed determining
the production rate. Therefore, the core-layer resin’s
formulation is often pushed to the limit for fast cure,
mainly achieved by advancing the resin further in
synthesis using higher sodium hydroxide and higher
water contents. The advancement is limited by the
active solids level required, resin’s viscosity limit for
spraying, and moisture level of wood mat to be
achieved. Advancing of resin also increases the pre-
curing tendency of resin characterized by a ‘‘lack of
flow’’ of resin under the given hot-pressing tempera-
ture and time. A given core-layer PF resin can give
poor bond strengths either by under-curing due to
insufficient advancement or due to lack of flow from

Correspondence to: M. G. Kim (mkim@cfr.msstate.edu).

Journal of Applied Polymer Science, Vol. 105, 1144–1155 (2007)
VVC 2007 Wiley Periodicals, Inc.



an over-advancement. OSB core-layer binder PF resins
are currently formulated in the 45–50% resin solids
level including 4–6% sodium hydroxide catalyst and
5–10% levels of urea based on PF resin solids weight.4

The cost-lowering urea addition to OSB binder PF
resins has been practiced with minimal negative
effects on the resin manufacturing procedure, hot-
pressing time, and bond strength and thickness swell
values of boards in water-soak tests. Adding urea to
PF resins as inert diluent would slow down the resin
curing speed, but this possible negative effect has
been minimized by increasing the advancement of
resin in resin manufacturing, made possible by the
urea’s viscosity-reducing effect.8 Thus, Kim et al.
reported that the effects of urea added to the thus-
made PF core-layer resins up to 13% based on liquid
resin weights decreased the curing speed to a minor
extent and slightly lowered the OSB strengths,9

confirming the role of urea as a diluent.
The cocondensation of urea and PF resin compo-

nents has been investigated aiming at synthesizing
useful phenol–urea–formaldehyde (PUF) resins.
Tomita and Hse studied PUF resins made under the
acidic condition,10,11 identifying 13C NMR chemical
shift values of phenolic o-methylene group singly
bonded to one urea nitrogen at � 40.6 ppm, phenolic
p-methylene group singly bonded to one urea nitro-
gen at � 44.3, and two phenolic p-methylene groups
bonded to one urea nitrogen at � 49.1 ppm. Further,
Tomita et al. reacted phenol with a UF-concentrate
(F/U ¼ 2.5) under an acidic condition to obtain a
PUF resin with a cocondensation extent of about
20%.12 UF-concentrates are mixtures of various
hydroxymethylureas and free formaldehyde, a good
source of urea and free formaldehyde due to the re-
versibility of the hydroxymethyl groups.13 In the
acidic pH, however, PF resol resins or cocondensed
PUF resins easily separate into the resin-rich and
resin-poor phases making the resins unsuitable for

wood composite binder applications. Ohyama et al.
studied this type PUF resins’ curing behavior with
acidic catalysts,13 but the details are lacking. This
type PUF resins would have varying proportions of
two different hydroxymethyl groups, one bonded to
phenolic rings and the other to urea amide groups.
The former will behave as those of acid-curing PF
resins and the latter as those of acid-curing UF
resins, but the acidity level needed for the former is
significantly greater than that for the latter.14 There-
fore, this type PUF resins will have a complicated
curing chemistry, making it difficult to optimize the
formulation/curing parameters in addition to the
phase separation problem. Acid-curing PUF resins
have not been used in the industry.

More recently, Zhao et al. claimed that urea addi-
tions made in the beginning of alkaline PF resin syn-
theses lead to cocondensation of urea and PF resin
components to give single phase resins with urea
levels up to 42 mol % of phenol,15 with faster curing
rates and better bond strengths of particleboard.
However, the details on resin and board preparation
parameters are lacking and the claims made for the
wide ranges of resin viscosity (0.5–0.8 Pa/s), resin
solids level, and F/P mol ratio were unusual. Also,
nonquantitative interpretations of 13C NMR spectra
of resins were used with no peaks shown for the
cocondensed phenolic methylene groups bonded to
urea nitrogens in the range of 40.6–49.1 ppm.10,11

Thus, a detailed investigation was made to probe the
alkaline cocondensation approach by synthesizing
PF resins with urea additions made at the beginning
as well as at various middle and end stages of PF
resin advancement. In addition, wood bonding per-
formances of PF resins can be improved by an addi-
tional catalyst such as sodium carbonate, potassium
carbonate, and triacetin, reported to accelerate the
curing speed of resins or improve the bond strength
for softwood plywood and laminated veneer lum-

Figure 1 Schematic representation of formation and curing reactions of phenol–formaldehyde resins.
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ber15–21 through a mechanism of an increased activa-
tion of ortho-hydroxymethyl groups of PF resins by a
carbonate group.22,23 Use of these potential catalysts
in the current OSB core-layer PF resin binders has
not been reported and, therefore, these catalysts
were investigated in conjunction with the urea addi-
tion effects.

EXPERIMENTAL METHODS

Materials

Reagent-grade phenol, urea, and sodium hydroxide
from Aldrich Chemical Company (Milwaukee, WI),
and 50% formaldehyde aqueous solution and a com-
mercial OSB core-layer PF resin donated by Georgia-
Pacific Resins, Louisville, MS, were used.

Resin preparation of core-layer resins

Core-layer resins were synthesized at a formalde-
hyde/phenol (F/P) mole ratio of 2.1 with 5.8% so-
dium hydroxide content and � (51.0 61.0)% nonvo-
latile content. Urea was added at 10% level based on
liquid resin weight at various points during the syn-
thesis of resins. First, the synthesis of Resin PZ was
carried out using the procedure of Zhao et al. with a
slightly higher sodium hydroxide level than their
NaOH/phenol ratio level of 0.3516 and in a 2-L reac-
tor equipped with a stirrer, thermometer, and con-
denser; 245.0 g of 90% phenol (2.35 mol), 100 g of
50% NaOH solution (1.25 mol; NaOH/P ¼ 0.53),
and 137.5 g of distilled water were charged in the
given order with stirring. Then, 296.3 g of 50% form-
aldehyde solution (4.94 mol) was added in drops to
the reaction mixture over 20 min (F/P ¼ 2.1), fol-
lowed by holding the temperature at � 458C for 10
min. Then, 88.9 g urea (1.48 mol; U/P ¼ 0.63) was
added and the temperature was raised stepwise to
908C over 30 min and held at that temperature until
the reaction mixture reached the viscosity ‘‘KL’’ by
the Gardner–Holdt (GH) scale. The product resin
was then cooled to room temperature to give a final
viscosity of MN by GH scale. The same procedure
and materials were used for other core-layer resins,
except that the urea additions were carried out later
after the reaction mixture of PF resin components
has reached to the target GH viscosity: B for Resin
PUB, E for Resin PUE, I for Resin PUI, and U for
Resin PFU. Resin PFH was synthesized the same
way but with an addition of 10% water as a control.
A commercial OSB core-layer PF resin from Georgia-
Pacific Resins, Resin COM, was also used as a con-
trol in board preparation. All resins were stored in a
refrigerator until use.

Face-layer resin

The face-layer resin was synthesized separately
using the same procedure used above for core-layer
resins at F/P mole ratio of 2.3, sodium hydroxide
level of 4.26% based on the liquid resin weight, and
the resin solids content of 62.0% including 3.2%
urea, which was added after the PF resin was
advanced to GH viscosity S. This face-layer resin
was used in bonding all strand boards with no addi-
tional catalyst.

Catalyst addition

The catalysts investigated were potassium carbonate,
sodium carbonate, and triacetin with loading levels
of 0, 2.5, 5.0, and 10.0% based on resin solids content
of core-layer resins for preliminary curing speed test
purposes and selected levels were used in board
preparations.

Measurements of physical properties of resins

As routine tests for confirming synthesis procedures
and charged materials, all resins were characterized
by measurements of viscosity, pH, specific gravity,
gel times (at 1008C), and hot-plate (at 1258C) stroke
cure times using the common laboratory methods.
Nonvolatile solids of resins were measured with
about 1.0 g of resin by heating in an oven at 1258C
for 2 h.

Dynamic mechanical analysis curing
measurements of resins

DMA measurements of resins were carried out on
TA Instruments DMA983 with a procedure designed
mainly to compare different PF resins under a condi-
tion closely similar to the fast temperature increasing
schedule used by OSB manufacturing plants.24 The
DMA data, therefore, may not be comparable with
data obtained under the more gradual heating-up
schedules commonly employed. Approximately 20 mg
of resin sample was uniformly spread on a fiberglass
braid (18.5 � 11.2 � 0.12-mm3 dimensions) and
clamped horizontally between the two sample holding
arms. Runs were carried out in the fixed displacement
mode with 0.8 mm amplitude and 1.0 Hz oscillation
frequency with the chamber temperature increasing
from 308C at a rate of 258C/min to 1808C and then
held isothermal for 20 min. The storage modulus (G0),
loss modulus (G00), and tan d (G00/G0) curves were
obtained. Although there are unsolved questions
regarding curing interpretations of DMA results,25–27

an earlier workers’ comparative definitions were used
to obtain the gel time as the time elapsed to the initial
increasing point of storage modulus curve, the cure

1146 LEE AND KIM

Journal of Applied Polymer Science DOI 10.1002/app



time as the elapsed time at the intersecting point of
the maximum storage modulus rise and the final pla-
teau line, and the cure rate as the maximum slope of
the storage modulus curve,28 as illustrated in Figure 1.

13C NMR spectroscopic analyses of resins

13C NMR spectra of resins were obtained using a
Bruker AMX-300 spectrometer at ambient tempera-
ture using a 12-ms pulse width and 5-s delay time
for maximum quantification results29 with about 400
scans accumulated. Samples were prepared by mix-
ing a liquid resin in deuterium oxide in 1 : 1 weight
ratio. The spectral intensities were integrated and
group concentration values were calculated.

Wood strands

A batch of wood strands prepared for OSB manufac-
ture was obtained from Norbord Corp., Guntown,
MS, consisting of � 90% southern yellow pine and
10% mixed hardwoods.

Strand board manufacturing procedure

The first set of boards were made for evaluating var-
ious synthesized core-layer resins against controls
and the second set of board made for evaluating var-
ious catalysts added to core-layer resins. For all
boards, the face-layer resin was the same with no
catalyst added. Emulsion-type paraffin wax was
sprayed at 1.0% level based on dry wood weights
for all boards. The board manufacturing procedure
was as follows: wood strands dried to a moisture
content below 4% based on oven-dried wood weight
were tumbled in a rotary blender and the emulsion-
type wax, using a compressed-air sprayer, and the
binder resin, using a spinning-disk type atomizer
(Coil Model EL-2) at � 10,000 rpm, were blended.
Core and surface layer strands were blended sepa-
rately. Three-layer mats were then made without ori-
entation of strands by felting the weighed amounts
of wood strands as bottom, core, and top layers in a

30 : 40 : 30 weight ratio in a 76 cm � 76 cm forming
box. The mat was then hot-pressed in a Dieffen-
bacher laboratory hot press using platen temperature
of 2048C with press times of 3.5 and 4.0 min for the
first set of boards. The second set of boards was
pressed at 2048C for 3.5 min with the core-layer
binder resins containing catalysts at indicated levels.

Testing of strand boards

Pressed boards were tested according to ASTM
D1037 (ASTM 2000) for internal bond (IB), modulus
of elasticity (MOE), and modulus of rupture (MOR)
values after cut specimens were equilibrated for 2
weeks in a conditioning room set at 7% EMC. The
test results were also compared to CSA 0437-93
(CSA 1993) industrial standards. Board densities
were measured with eight IB test specimens using
the weights and volumes. IB strength was tested on
an Instron testing machine and the average of eight
sample values of a board was recorded. Wet IB val-
ues of samples were obtained after boiling eight IB
specimens in water for 2 h and then drying in an
oven at 1038C for 6 h to about 8% moisture content.
Thickness swell (TS) and water absorption (WA) val-
ues were measured after soaking four specimens
(15.2 cm � 15.2 cm) in water at room temperature
for 2 and 24 h.

RESULTS AND DISCUSSION

Resin syntheses and resins’ physical properties

The resin materials parameters and extent of poly-
merization (by resin viscosity) were kept relatively
constant except Resin PFH, which differs due to the
water added in place of urea and therefore a lower
final viscosity. The various data obtained from syn-
thesized core-layer PF resins, therefore, can be
directly compared (Table I). The resin solids and
final viscosity values of synthesized core-layer resins
were close to the target value and to those of the
commercial PF resin control. All synthesized resins’
viscosity behaviors were normal and similar to those

TABLE I
Properties of Various Core-Layer and Face-Layer Resins Used in OSB Manufacture

Resinsa PZ PUB PUE PUI PFH PFU COM FACE

Urea content (%) 10 10 10 10 0 10 10b 3.40
GH viscosity MN N N MN I MN N OP
Specific gravity 1.200 1.192 1.217 1.194 1.200 1.212 1.220 1.220
pH 11.65 11.62 11.58 11.61 10.70 11.68 11.51 10.38
Stroke cure (min) 2.50 2.50 2.45 2.25 2.35 2.40 3.15 3.15
Gel time (min) 19.20 19.90 19.90 21.65 33.40 26.45 19.20 20.60
Resin solids (%) 50.4 51.8 52.0 52.1 43.3 52.2 51.2 62.4

a Resin codes are described in the text.
b A value based on secondary information.

EFFECTS OF UREA AND CURING CATALYSTS PF RESIN 1147

Journal of Applied Polymer Science DOI 10.1002/app



of the commercial control, not showing any abnor-
mal association tendency of resin molecules. Associa-
tion tendency of PF resin molecules often becomes
noticeable when PF resins were made with a low
F/P ratio at low sodium hydroxide content or at a
high extent of polymerization as well as when com-
mon PF resins were partially or fully acidified. These
resins often show non-Newtonian viscosity behav-
iors, broad NMR peaks, and handling and perform-
ance inconsistencies. Thus, all synthesized core-layer
resins were normal and expected to give reproduci-
ble analytical and bonding performance results as
with the commercial control resin.

Effects of urea addition methods on stroke cure
and gel times

Stroke cure times of synthesized core-layer resins
(Table I) varied little among the different urea addi-
tion methods and were in the same range with that
of Resin PFH that contains no urea. This result indi-
cates that in curing of resins at 1258C of stroke cure
tests the curing speeds of all synthesized core-layer
resins were about the same. The face-layer resin
with lower sodium hydroxide content and lower
extent of advancement showed a significantly longer
stroke time.

Gel times of PF resins often do not reflect the aver-
age advancements of resins, since it is affected much
by other factors such as resin solids levels due to the
fact that the measurement is done at 1008C with little
loss of content water. The gel times of Resins PZ,
PUB, and PUE varied only a little, while Resin PFH

showed a significantly longer gel time due to its
lower resin solids level. The face-layer resin, in spite
of lower advancement and lower sodium hydroxide
content, showed a similar gel time as the core layer
resins due to the high resin solids content. Resins
PUI and PFU showed slightly longer gel times than
the other core layer resins to indicate that the
method of adding urea in the later part of resin syn-
thesis affects the molecular weight distribution of PF
resin components. It is possible that the PF resin
components made with early urea additions would
make wider molecular weight distributions than
those made with late additions to result in slightly
shorter gel times. Overall, the various urea addition
methods appear to make minimal differential effects
on stroke cure and gel times of resultant resins.

Effects of urea addition methods on DMA curing
of resins

The DMA storage modulus curve (G0) of Resin PZ
obtained by increasing the chamber temperature
from 30 to 1808C at 258C/min and then keeping iso-
thermal for 20 min are shown in Figure 2. The stor-
age modulus starts at near zero and begins to
increase after about 3.5 min (gel time) at the cham-
ber temperature of 1178C. It is likely that the sample
at this point lost all water and the rigidity increase
resulted from the formation of an infinite molecular
network (gelation). The storage modulus then
increases somewhat gradually and then very rapidly
to reach the plateau value. The elapsed time to this
plateau point is defined as the cure time and the

Figure 2 DMA curing diagrams of Resin PZ obtained with a heating schedule of 258C/min increase to 1808C and then
isothermal for 20 min.
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slope of the fastest rising region as the cure rate of
the resin. The storage modulus then changes little
during the remainder of the run to indicate that the
resin is completely cured at the cure time point and
the cured resin is stable (not decomposing) at the
temperature during the run time. The vitrification of
the sample, i.e., the glass transition temperature of
sample rising to above the DMA temperature due to
the curing of resin, has occurred in the maximum ri-
gidity rising region. The DMA cure times for synthe-
sized core-layer and commercial control resins are
shown in Figure 3. DMA gel times ranged from 2.75
to 3.25 min and the resins made with earlier urea
additions showed slightly shorter gel times, but
since their cure rates were smaller, the cure times
differed little among all synthesized core-layer
resins. All synthesized resins showed longer cure
times than the commercial control, which might con-
tain an unpublicized catalyst. Overall, DMA results
indicate that although the different urea addition
methods resulted in resins with subtle differences,
no significant curing speed increases can be dis-
cerned such as that claimed by Zhao et al.,15

although their resins were made at somewhat lower
sodium hydroxide content.

Effects of catalysts on DMA curing of synthesized
core-layer resins

The DMA results indicate that potassium carbonate,
sodium carbonate, and triacetin at 5.0% addition lev-
els have some minor effects on DMA cure times for
synthesized core-layer resins in Figure 3. The com-
mercial control resin showed somewhat greater cure
time decreases with sodium carbonate and triacetin.

13C-NMR spectra of various resins

Several urea-added PF resins in Zhao et al.’s report
showed 13C NMR spectra with some broadening
of peaks,15 indicating that molecular association

phenomenon is occurring.29 Quantitative data
derived from the spectra by integration would
involve inaccuracies. On the other hand, all synthe-
sized resins in this study showed no broadening and
gave normal, relatively sharp 13C NMR peaks and
reasonable integration values [Fig. 4(a–e)]. Chemical
shift values of PF resin components have been stud-
ied and they often change in small but significant
measures with NMR solvents, sodium hydroxide
contents, and internal standards used as spectral ref-
erence.30 Trying to rigorously match chemical shift
values with literature values for peak identification
is often meaningless for PF or UF resins; rather, the
overall matching of spectra by peak shapes and ap-
proximate chemical shift values is more useful.
Thus, for synthesized core-layer resins, assuming
formaldehyde losses during resin syntheses to be
negligible, the NMR spectral integration results
showed that o-hydroxymethyl groups (60.0–61.7
ppm), p-hydroxymethyl groups (64.2–64.8 ppm), and
small amounts of urea-hydroxymethyl groups (65.2
ppm) amounted to 57.8–70.2% of charged formalde-
hyde. Methylene-ether group, free formaldehyde,
and formaldehyde oligomers in the 68.0–95.0 ppm
region were negligible. op-Methylene group (34.8–
37.6 ppm), pp-methylene group (39.6–40.3 ppm),
and oo-methylene group (30.0–30.5 ppm)30 amounted
to 29.3–42.2% of charged formaldehyde. No methyl-
ene groups were found between urea and phenolic
ring (40.6–49.1 ppm),10 i.e., no cocondensation has
occurred. Also, little methylene bonds between two
urea molecules (47–60.2 ppm)31 were observed, i.e.,
no urea–formaldehyde type polymers were formed.
Only a sharp small peak of methanol was present
near at 50 ppm for all resins, including Resin PFH
made with no urea addition, in amounts of 1.0–2.0%
of charged formaldehyde. Industrial formaldehyde
usually contain a small amount of methanol and it
can also be formed during resin synthesis from
the Canizzaro reaction of formaldehyde.32 The
spectral features of PF resin components of all syn-
thesized core-layer resins are very similar to each
other and to the reported spectra for alkaline PF
resins.30,33 Overall, the various urea addition meth-
ods appear to have made no significant differences
in the polymer structure of PF resins with no
significant cocondensation occurring between urea
and phenolic rings, opposite to the claims of
Zhao et al.15

A quantitative chemical structure description of
synthesized core-layer resins is needed to discuss
the small differences of urea addition methods ob-
served. Data obtainable from 13C NMR spectra often
digress slightly from the charged materials ratios of
PF resins used in the absence of any material re-
moval during synthesis. Some formaldehyde is de-
stroyed by the Cannizzaro reaction but the loss from

Figure 3 DMA cure times of synthesized and commercial
control core-layer PF resins with and without 5.0% cata-
lysts with the same heating schedule of Figure 2.
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this route is commonly minimal. More often, the
digression of NMR data arises from the slower relax-
ation of the nonhydrogen-bearing carbon nuclear
spins in the pulse sequence in comparison to those
of the hydrogen-bearing carbons. As mentioned
above, also broadening of peaks due to restricted
molecular motions can change integration values sig-
nificantly often occurring in resins having a high vis-
cosity or phase-separation. The pulse-delay time
used in acquiring NMR spectra in this study was
made relatively long to allow the nonhydrogen-bear-
ing carbons fully recover to the equilibrium value
before the subsequent pulse. Also, all spectra of PF

resins in this study were obtained after diluting the
resin with water to further lower the viscosity. Fur-
ther, the F/P mole ratio and sodium hydroxide con-
tent of all synthesized core resins were relatively
high, so the resins and their NMR solutions were all
clear and the resultant NMR spectral peaks are rela-
tively sharp. The small broadening of methylene car-
bon peaks is apparent, ascribed to chemical shift
value dispersions; similarly phenolic C1 carbon
peaks dispersed more widely due to partial ioniza-
tion and different substitution patterns on the o/p-
carbons.30 This type chemical shift dispersion effects
would not affect integration results.

Figure 4 13C NMR spectra of Resins PZ (a), PUE (c), PUI (d), and PUH (f). 13C NMR spectrum of Resin PUB (b) and
PFU (e).

1150 LEE AND KIM

Journal of Applied Polymer Science DOI 10.1002/app



Firstly, the combined integrals of hydroxymethyl
and methylene groups are compared to those of
combined phenolic C2–6 carbons to obtain the F/P
ratio values (Table II). The NMR results are only
slightly higher than the materials charge F/P ratio to
indicate a satisfactory spectral integration data
obtained. Approximately 30–40% of charged formal-
dehyde was transformed to op- and pp-methylene

groups and the rest to o- and p-hydroxymethyl
groups. These values translate into a number–aver-
age 5–6-mer of poly(methylene)hydroxymethylphe-
nols for the synthesized core-layer resins.33,34 On the
other hand, minor differences are apparent in NMR
for Resins PZ and PUB in comparison to other resins
made with later urea addition, although no cocon-
densation between urea and phenolic components

Figure 4 (Continued)

TABLE II
Carbon Group Contents of Synthesized Core-Layer Resins from 13C NMR Spectra

Resins
% Methylene

(��CH2��)
% Methanol
(CH3OH)a

% Hydroxymethyl
(��CH2OH)

F/P molar
ratiob

% Unreacted
C2,4,6

c

PZ 29.8 D 70.2 2.32 26.0
PUB 42.2 D 57.8 2.31 15.0
PUE 34.6 D 65.4 2.36 13.0
PUI 36..1 D 63.9 2.38 14.0
PFU 35.3 D 64.7 2.30 19.0
PFH 36.5 D 63.5 2.32 17.0

a Resins showed a small peak at � 50 ppm assigned to methanol.
b (Methylene þ hydroxymethyl)/phenolic carbons.
c Phenolic unsubstituted C2,4,6/phenolic carbons.
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was observed. These small NMR differences indicate
that the urea added in the early part of synthesis
appears to have affected the reaction path and rate
of resin-forming processes. These small differences
would make the small differences in gel time, curing
speed, and wood bonding performance as observed.

For discussion of one of these small differential
effects of resins made with early urea additions,
firstly referencing the chemical shifts of phenolic
ring carbons is in order. Phenolic o- and p-carbons’
chemical shifts vary by sodium hydroxide contents
of resin due to ionization of phenoxy group as well
as by the kind of substituent groups over narrow
ranges, while m-carbons are little affected.30 In the
synthesized core-layer resins, meta-phenolic carbons
and substituted o/p-phenolic ring carbons are all
bunched up in 126–134 ppm range, from which little
detailed information can be extracted. Phenoxy car-
bon (C1) is spread in 150–163 ppm range and
detailed interpretation is similarly difficult. On the
other hand, unsubstituted o/p-phenolic carbons are
bunched up in 116.2–119.2 ppm range, standing out
from the rest of phenolic carbons, and give measures
on the extent of substitution on o/p-phenolic car-
bons. The integral values of unsubstituted o/p-phe-
nolic carbons varied depending on the urea addition
methods with the highest value observed for Resins
PZ (Table II). This result is interesting.

An idealized PF resol resin structure would be
one in which all phenolic o/p-carbons are bonded ei-
ther to a hydroxymethyl or a methylene group, the
structure of which can be represented by the follow-
ing equation with respect to the degree of polymer-
ization (n):33

F=P ¼ 2:0 þ 1:0=n

ðF ¼ methylene þ hydroxymethyl groupsÞ: ð1Þ

for n ¼ 1, F/P ¼ 3 and for n ¼ 4, F/P ¼ 2.25, etc. In
sodium hydroxide-catalyzed PF resins, p,p-methylene
bonds (39.3–41.2 ppm) and o,p-methylene bonds
(34.8–35.4 ppm) are more and o,o-methylene bonds
(29.6–34.0 ppm) are small. Wood adhesive PF resins
are commonly synthesized to have the maximum hy-
droxymethyl group content at the target degree of
condensation and at the given sodium hydroxide
content, i.e., a minimal content of unreacted phenolic
o/p-carbons and minimal amount of free formalde-
hyde remaining, for the best curing speed and odor
control. Alkaline PF resol resins have been assumed
to cure through the formation of the quinonoid
structure that is equivalent to the benzylic cationic
species.35 Therefore, if the extent of condensation
and the sodium hydroxide content are kept constant
among the resins, those resins with lower unsubsti-
tuted phenolic o/p-carbon contents, i.e., higher hy-
droxymethyl group content, would have a higher

reactivity than resins with higher unsubstituted phe-
nolic o/p-carbons. One important criterion of resin
selection in OSB industry is the curing speed attain-
able in the hot press, bottle neck of the plant.

In alkaline PF resin synthesis, formaldehyde reacts
with phenol to form hydroxymethyl phenols, which
then react with each other to form methylene bonds.
The hydroxymethylation reaction proceeds preferen-
tially at 60–708C commonly in the beginning of syn-
thesis, but if the temperature is kept higher in this
stage, the methylene bond-forming condensation
reaction also proceeds. Therefore, depending on the
temperature and also on the base catalyst level and
other factors, unreacted o/p-carbons and free formal-
dehyde can remain in the resin when the condensa-
tion reaction has progressed to give the target viscos-
ity value. Although the F/P mole ratio value (2.1)
and average degree of polymerization values (5–6)
of the synthesized core-layer resins predict the pres-
ence of some unreacted o/p-carbons by eq. (1), resin
PZ showed the highest unreacted o/p-carbon value.
This result can be explained that the urea added in
the beginning of resin synthesis inhibits the hydrox-
ymethylation reaction, probably by limiting the
availability of formaldehyde. Part of formaldehyde
in this stage would be tied up in the form of various
hydroxymethylureas, from which free formaldehyde
is released to determine the rate of the reaction.
The small but significantly different amounts of
unreacted phenolic o/p-carbon contents for synthe-
sized core-layer resins would have made the differ-
ences in curing characteristics and strand board
bonding performances.

The urea and urea derivatives of synthesized core-
layer PF resins can be estimated by the urea car-
bonyl peaks. In common urea–formaldehyde (UF)
resins, the unreacted urea occurs at � 164.0 ppm,
monosubstituted ureas at � 162.2 ppm, and di- and
trisubstituted ureas at � 160.7 ppm in nearly neutral
water medium.31,36 For all synthesized core-layer res-
ins in alkaline water medium, the major peak at
163.5 ppm, accounting for about 90% of total urea
added, is sharp and has no reason to be assigned for
other than free urea. This result indicates that most
urea remained as free urea in the end (no reaction).
The small amounts of monosubstituted ureas,
accounting for the rest of urea, occur at 162.5 ppm,
most likely of monohydroxymethylurea with the hy-
droxymethyl groups occurring close to the right
hand side of the phenolic p-hydroxymethyl groups
at about 65.0 ppm. No (urea-)methylene-phenol
peaks were observed in the aliphatic region as dis-
cussed above. Di- and trisubstituted urea carbonyl
groups are almost none, again indicating that no
urea molecules would be present as structural units
of the supposed urea–phenol–formaldehyde conden-
sation polymers. The small carbonyl peaks observed

1152 LEE AND KIM

Journal of Applied Polymer Science DOI 10.1002/app



in 165–189 ppm range of all synthesized core-layer
resins appear to indicate that some urea is broken by
the sodium hydroxide catalyst during resin synthesis
as well as of forming of formate and keto-group-con-
taining species from PF resin components.6

Board performance and different
urea addition methods

All boards showed density values in the narrow
range of 0.73–0.77 g/cm3 (Table III), indicating that
the strength values of boards measured could be
compared with respect to different urea addition
methods. Dry internal bond (IB) strength values of
boards ranged from 0.53 to 0.72 MPa and were gener-
ally higher for 4.0 min press times than 3.5 min press
times as expected and they compared well with the
IB values of commercial control resin. The dry IB val-
ues were not much affected by the different urea
addition methods for both press times. All IB values
exceeded the minimum industrial standard values of
0.345 MPa (50 psi). Two-hour boil IB values of boards
were also higher for 4.0 min press time than for 3.5
min press times reaching to 20–30% of dry IB values
and they were slightly higher for the resins made
with late urea additions than resins made early
urea additions. The faster curing resin characteristics

claimed by Zhao et al.15 were not apparent especially
at 3.5 min press times. A faster curing resin would
have manifested itself to give higher dry or higher
wet IB strength values. Water absorption (WA) and
thickness swell (TS) values of boards in 2 and 24 h
water soak tests (Table IV) showed only minor differ-
ences for the different urea addition methods. On the
other hand, Resin PFH showed slightly lower WA
and TS values than synthesized urea-added resins
and also commercial control resin, probably a result
of resin PFH not having the hygroscopic urea. This
observation agrees with the conclusion of an earlier
report.9 MOR strength values of boards ranged 28.1–
38.0 MPa and the variations due to resin kind and
press times were minor and the values were above
the minimum industrial MOR standard values of 17.2
MPa (data not reported). MOE strength values of
boards ranged 3710–4430 MPa with no significant dif-
ferences from the different urea addition methods or
different press times and values are above the mini-
mum industrial MOE standard of 3100 MPa (data not
reported). MOR and MOE values of boards depend
much on the quality of the face-layer binder resins
and the relatively good MOR/MOE values indicate
that the face-layer resin used in this study was
adequate for the press temperature and times used,
allowing an adequate evaluation of the core-layer res-

TABLE IV
Water-Soak (2 h/24 h) Water Absorption (WA) and Thickness Swell (TS) Values (%)

of Strand Boards for Which Internal Bond Strengths Were Tested in Table III

Press
time
(min) WA tests

Core-layer resins

PZ PUB PUE PUI PFU AVE PFH COM

3.5 2 h WA 15.8 14.0 12.5 14.3 14.3 14.2 14.3 18.0
TS 17.0 15.5 16.8 16.1 16.4 16.4 14.6 18.6

24 h WA 60.0 55.5 52.3 52.0 53.2 54.6 45.3 61.2
TS 36.6 35.3 37.8 43.9 33.7 37.5 32.1 37.7

4.0 2 h WA 17.5 15.1 16.3 16.3 17.5 16.6 13.5 16.9
TS 17.1 15.7 17.4 21.5 16.2 17.6 14.8 18.5

24 h WA 59.5 56.7 61.3 63.3 52.9 58.7 52.6 55.3
TS 35.7 34.3 34.9 40.1 33.9 35.8 33.6 35.9

AVE: average values of five urea-containing resins.

TABLE III
Dry and 2-h Boil Internal Bond Strengths of Strand Boards Pressed at 2048C with

Indicated Press Timesa

Press
time
(min) IB tests

Core-layer resins (MPa)

PZ PUB PUE PUI PFU AVE PFH COM

3.5 Dry 0.59 0.63 0.60 0.53 0.63 0.60 0.69 0.55
2-h boil 0.12 0.13 0.16 0.18 0.15 0.15 0.14 0.16

4.0 Dry 0.65 0.69 0.68 0.60 0.71 0.67 0.65 0.64
2-h boil 0.12 0.19 0.22 0.18 0.19 0.18 0.21 0.17

AVE: average values of five urea-containing resins.
a Dry board densities ranged from 0.73 to 0.77 g/cm3.
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ins. Overall, the different urea addition methods used
for resin synthesis resulted in only minor differences
in board performance values, indicating that urea
added either early or late in resin synthesis does not
lead to resins having accelerated curing speed nor
bring any significant performance improvement/de-
teriorations. The board test results indicate that little
chemical interactions have occurred between urea and
phenolic components, i.e., urea acted as a diluent.

Effects of catalysts added to synthesized core-layer
resins on board performance

Boards bonded with synthesized core-layer resins
having 2.5% potassium carbonate, sodium carbonate,
or triacetin based on the resin solids content showed
density values ranging from 0.68 to 0.76 g/cm3

(Table V). The board density values were slightly
lower for boards made with catalysts (0.71 g/cm3)

than for boards made without catalyst (0.75 g/cm3),
indicating that the core-layers of all boards made
with catalysts may have been less well consolidated.
Dry IB strength values of boards made with potas-
sium carbonate and triacetin catalysts were only
slightly better for core layer resins made with early
urea additions. Sodium carbonate did not show any
significant effect on dry IB strength values. Two-
hour-boil IB strength values of boards bonded with
and without catalyst additions were similar and also
no significant differences were observed from the
different urea addition methods of resin synthesis.
On the other hand, 2- and 24-h water absorption
(WA) and thickness swell (TS) values were lower for
boards bonded with catalyst additions than without
catalysts (Table VI) regardless of the different urea
addition methods. The reasons for this improved
performance are obscure at this time, but the result
appears useful for OSB industry, deserving a re-

TABLE VI
Water-Soak (2 h/24 h) Water Absorption (WA) and Thickness Swell (TS) Values (%)

of Strand Boards for Which Internal Bond Strengths Were Tested in Table IV

Catalysts WA test

Core-layer resins

PZ PUB PUE PUI PFU AVE PFH COM

None 2 h WA 16.0 14.0 13.0 14.0 14.0 14.2 12.0 14.0
TS 17.0 16.0 17.0 17.0 17.0 16.8 14.0 18.0

24 h WA 60.0 55.0 52.0 52.0 63.0 56.4 45.0 60.0
TS 37.0 37.0 42.0 42.0 36.0 38.8 36.0 41.0

K2CO3 2 h WA 6.1 6.2 7.5 7.2 7.0 6.8 6.7 6.9
TS 8.0 9.0 8.5 11.0 9.5 9.2 11.5 9.5

24 h WA 35.0 36.0 43.0 46.0 37.0 39.4 39.0 41.0
TS 28.0 32.0 33.0 35.0 32.0 32.0 33.0 32.0

Na2CO3 2 h WA 7.2 7.4 8.3 8.2 8.0 7.8 7.5 8.0
TS 9.5 9.0 11.0 10.0 10.0 9.9 11.0 10.0

24 h WA 39.0 39.0 40.0 40.0 39.0 39.4 39.0 40.0
TS 35.0 34.0 36.0 34.0 36.0 35.0 38.0 36.0

Triacetin 2 h WA 5.8 5.8 6.3 6.0 6.1 6.0 6.0 5.8
TS 8.0 8.5 9.0 9.5 8.5 8.7 9.0 8.0

24 h WA 37.0 39.0 40.0 40.0 40.0 39.2 41.0 38.0
TS 29.0 32.0 31.0 35.0 32.0 31.8 36.0 33.0

AVE: average values of five urea-containing resins.

TABLE V
Dry and 2 h Boil Internal Bond Strengths of Strand Boards Pressed at 2048C for 3.5
min with Core-Layer Resins Having 2.5% Catalysts Based on Resin Solids Weighta

Catalysts IB tests

Binder resins

PZ PUB PUE PUI PFU AVE PFH COM

None Dry 0.59 0.63 0.60 0.53 0.63 0.60 0.69 0.55
2 h boil 0.12 0.13 0.16 0.18 0.15 0.15 0.14 0.16

K2CO3 Dry 0.62 0.72 0.64 0.66 0.61 0.65 0.67 0.69
2 h boil 0.12 0.14 0.13 0.16 0.15 0.14 0.13 0.18

Na2CO3 Dry 0.61 0.60 0.57 0.65 0.57 0.60 0.60 0.58
2 h boil 0.12 0.13 0.12 0.12 0.14 0.13 0.11 0.11

Triacetin Dry 0.66 0.70 0.67 0.53 0.58 0.63 0.52 0.59
2 h boil 0.14 0.15 0.13 0.12 0.09 0.13 0.12 0.12

a Dry board densities ranged 0.68 to 0.76 g/cm3.
AVE: average values of five urea-containing resins.
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examination. MOR values of boards bonded with
catalysts, ranging from 23.50 to 36.24 MPa, were
higher than the minimum industrial MOR standard
of 17.2 MPa and no significant differences were
observed from different urea addition methods (data
not reported). MOE values of boards bonded with
catalysts were similarly higher than the industry
standard values and no significant differences were
observed from different urea addition methods.

CONCLUSIONS

Effects of adding 10% urea based on liquid resin
weight to strand board core-layer PF resins in the
early, middle, and later part of a typical resin syn-
thesis procedure were investigated to see if any
cocondensation occurs between the urea and pheno-
lic components with improved bonding performan-
ces. The different urea addition methods did not
show any cocondensation products by 13C NMR
spectra, corroborating well with DMA curing and
strand board bonding results in contrast to the litera-
ture claims of cocondensation. However, the various
urea addition methods did result in slightly ‘‘dif-
ferent’’ resins in each case showing slightly different
test results, which was explainable as arising from
the urea acting as a temporary holding reservoir of
formaldehyde during resin synthesis. Overall, this
research showed that the optimum method of add-
ing urea to strand board binder PF resins is to add it
in the later part of resin synthesis for consistency
and convenience of resin manufacture. Use of auxil-
iary catalysts improves the 2-h TS value considerably
and 24-h TS value to a small but useful extent for
OSB industry. Overall, this study shows the useful-
ness of adding some urea to PF resins in strand
board binder applications with little negative effects
on bond strength performance, while the lower cost
urea (� $0.15/lb) replaces the phenolic resin solids
(� $0.45/lb) up to about 10% by liquid resin weight.
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