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ABSTRACT: Nuclear magnetic resonance of 13C in the liquid state and dynamic me-
chanical analysis were performed on composite materials obtained from a sample of
ashless filter paper immersed in aqueous solutions of a melamine formaldehyde resin
with a high NH ratio. The resin aqueous solution was studied at pH 6, 7, and 9. After
a cure performed at 85°C we showed that acid conditions improved the mechanical
properties of the composite because of self-condensation reactions of the amino resin
while for the other pH values the mechanical properties of the cellulose were not
changed because mainly hydrolysis reactions occurred. For a cure performed at
140°C and under acid conditions the degree of crosslinking of the resin increased
while for the other pH mainly cocondensation reactions appeared. Finally, from the
study of moisture sorption measurements performed on a composite material elabo-
rated at pH 7 and for different relative humidity values we showed that mainly the
Langmuir absorption mode was modified by the presence of the resin. This last result
allowed us to propose a complete scenario of the events that appeared during the
formation of the composite material. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78:
1884–1896, 2000

Key words: melamine formaldehyde resin; cellulose; composite; mechanical proper-
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INTRODUCTION

Melamine formaldehyde resins are incorporated
in many coating formulations to improve the me-
chanical properties or the resistance to humidity
or to modify the adhesion of other materials.1

They can also be used in the same field as curing
elements for other resins or as fire retardants.2

The basic melamine structure consists of an aro-
matic triazine ring with six substituent sites, two

on each terminal nitrogen (see Fig. 1). When con-
venient conditions of cure are performed, the mel-
amine formaldehyde resins mixed with a polyol as
a cellulose lead to the formation of a composite
material. The nature of the chemical reactions
concerning the self-condensation reactions of the
resin and the cocondensation reactions of the
resin with a polyol are difficult to study, because
as noted by Jones et al.,3,4 both components are
complex systems, a variety of different reactions
can occur, the water action is of prime impor-
tance, and most of the reactions are reversible. In
spite of this complexity, the crosslinking reactions
of melamine formaldehyde resins were exten-
sively studied by Blank and coworkers.5–8 These
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authors showed that the difference in cure mech-
anisms among fully alkylated, partially alky-
lated, and highly alkylated melamine formalde-
hyde resins with a high ONH ratio had signifi-
cant implications from a formulation standpoint.
They cataloged 11 reactions (Table I) that led to
volatile by-products,7 which could describe what
is expected for a highly methylated resin with a
high ONH ratio. The sites responsive to general
acid catalysis or a weak undissociated acid on a

melamine formaldehyde resin are mainly the
ONHCH2OCH3 groups or the ONCH2OH(CH2-
OCH3) functionality that can demethylolate in a
melamine formaldehyde resin and forms the
ONHCH2OCH3 group (reaction 1 in Table I). The
self-condensation reactions of amino resins dur-
ing the manufacturing process produces either
methylene (reactions 2, 5) or methylene ether
bridges (reactions 6, 7) between the amino com-
pounds. In melamine resins the methylene group
is favored if a lower formaldehyde charge is used
in processing, but this reaction is readily revers-
ible and the bridges are unstable.4 Jones et al.3

and Bauer9 go up to the point that transient acy-
clic methylene bridges can, through a sequence of
reversible reactions, form cyclic methylene bridge
structures exemplified by the trimer presented in
Figure 2. Formation of cyclic bridges exhibits a
slower kinetic than formation of acyclic bridges,
but when formed they are stable. In table I, we
note that reaction 3 is observed only at high tem-

Figure 1 (a) The chemical structure of a melamine
formaldehyde resin and (b) an example of an highly
methylated, high ONH melamine formaldehyde resin
with these reactive sites.

Table I Self-Condensation and Cocondensation Reactions for Highly
Methylated, High ONH Melamine Formaldehyde Resin with Polyol

Reaction No. Reaction

1 ONCH2OH 3 ONH 1 H2CAO
2 ONCH2OCH3 1 ONH 3 ONCH2NO 1 CH3OH
3 2-NCH2OCH3 3 ONCH2NO 1 CH3OCH2OCH3

4 ONCH2OH 1 ONH 3 ONCH2NO 1 H2O
5 2-NCH2OH 3 ONCH2NO 1 H2CAO 1 H2O
6 ONCH2OCH3 1 ONCH2OH 3 ONCH2OCH2NO 1 CH3OH
7 2-NCH2OH 3 ONCH2OCH2NO 1 H2O
8 2-NCH2OCH3 1 H2O 3 ONCH2NO 11 2CH3OH
9 ONCH2OCH3 1 H2O 3 ONCH2OH 1 CH3OH

10 ONCH2OCH3 1 R9OH 3 ONCH2OR9 1 CH3OH
11 ONCH2OH 1 R9OH 3 ONCH2OR9 1 H2O

R9, an alkyl group.

Figure 2 The potential reaction mechanism to form
cyclic methylene bridges in amino compounds.
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peratures.10 Reactions 8 and 9 are obtained under
very humid conditions. Finally, by mixing with a
polyol, two further cocondensation reactions be-
tween the resin and the polyol can occur5 (reac-
tions 10 and 11, Table I).

Although in many studied systems the compos-
ite is obtained by dissolving the resin and the
polyol in an aqueous solution and thus the reac-
tions take place from dilute systems, in this work
the cellulose that acted as the polyol was not
dissolved but remained in the solid state and was
only immersed in the aqueous resin solution. The
aqueous resin solutions were studied at pH 6, 7,
and 9 and two curing temperatures of 85 and
140°C. The mechanical properties of the materi-
als obtained after these different treatments were
analyzed, as were the effects on the moisture ab-
sorption.

EXPERIMENTAL

Materials

The melamine resin used in this work (Urecoll
MK resin, BASF) was analyzed in a previous
work by thermogravimetry and Fourier trans-
form IR coupling investigations.11 We determined
the combined molar ratio of melamine formalde-
hyde and methane alcohol as MF$4.4 and Me4.4,
respectively. Methane alcohol was combined in
the form of methoxymethyl groups (.NCH2OCH3).
The cellulose sample used in this work was an
ashless number 111 paper supplied by Durieux.
The thermogravimetric measurements showed
that this cellulose is characteristic of a chemical
paper pulp product with a high degree of crystal-
linity (.80%).12 This cellulose was found to be
chemically stable for temperatures up to 280°C
under a nitrogen atmosphere.13

The dilution rate of the commercial resin is
about 37% by weight. Three pH values for the
aqueous resin solution were studied: the first one
was a resin with a buffer solution of isophthalate/
isophthalic acid (pH 6), the second one was an
aqueous resin solution (pH 7), and the third one
was a resin with a buffer solution of borate/boric
acid (pH 9). Samples obtained with these three
experimental conditions were called a, b, and c,
respectively. The duration of the immersion was
chosen in such a way that the absorption reached
its maximum. Then the sample was taken out of
the bath, wiped, and cured in an oven. Two curing
temperatures (Tc) were used: 85 and 140°C.

For the spectrometry analysis by 13C-NMR, the
samples after the cure period were washed with
hot water (100°C) and then dissolved in a lithium
chloride/N,N-dimethylacetamide (LiCl/DMAc)
solvent system as described in detail by Mc Cor-
mick et al.14

Nuclear Magnetic Resonance

All 13C-NMR spectra were measured with a
Bruker ARX 400 spectrometer. The spectrometer
had a C probe system operating at 22.5 MHz for
13C. The tube size was 10 mm (large band). The
spin-lattice relaxation time (10 s) was determined
through an inversion recovery technique with an
exponential fit to look for the relaxation of car-
bons in triazine cycles. Dimethyl sulfoxide was
used as a standard. Each sample studied was
submitted to the magnetic field for 19 h and two
temperatures were checked (20 and 70°C). Fi-
nally, composite solutions were prepared by sus-
pending composite materials or cellulose (; 5%
w/v) in LiCl/DMAc 8% (w/w).

Dynamic Mechanical Analysis

Viscoelastic analysis was carried out using a Me-
travib instrument. Parallelepipedic samples (15
3 20 3 0.2 mm) were clamped in the jaws of the
instrument, placed under sufficient tension to
avoid flapping, and exposed to an oscillating ten-
sile deformation at a frequency of 5 Hz. The def-
initions of dynamic properties are given in Figure
3 in terms of maximum oscillatory stress («0), the
maximum resulting strain (s0), and the phase lag
(d). Data output included storage modulus (E9),
loss modulus (E0), and loss tangent (tan d). These
dynamic properties were determined at 1°C inter-
vals. The 2100 to 250°C temperature range was
scanned with a heating rate of 5°C/min under an
air atmosphere.

Moisture Sorption

Experimental measurements were performed on
composite material made from recycled cellulose
and a resin solution at pH 7 (actually 2.87 6 0.05
1022 cm thick). This recycled cellulose, called
sample e, contains a weight ratio of 70/30 for the
mechanical/chemical paper pulps with a filler
content of about 15.44%. The composite material
made this way is called sample f. The cure tem-
perature of 100°C was held for 3 h (More details
about the manufacturing of recycled cellulose can
be found in our previous work.13 For the gravim-

1886 DEVALLENCOURT, SAITER, AND CAPITAINE



etry study the original plate was cut into paral-
lelepipedic samples (8 3 4 cm). Dry specimens
were obtained by drying them in a vacuum dessi-
cator in the presence of P2O5 until constant
weight. Humidity conditioning was achieved by
storing samples at room temperature (25 6 1°C)

in dessicators with relative humidities (RHs) ad-
justed to 25, 73, and 95% by using aqueous sul-
furic acid solutions at different concentrations
(55, 30, and 10% w/w of H2SO4, respectively).
These humidity conditions were controlled by a
TTH.20 Snelco moisture/temperature sensor that
has a known accuracy of about 2%.

In the water sorption kinetic experiments the
dry samples were introduced in the dessicators or
in water, periodically removed, and weighed us-
ing an AE 240 Mettler analytical balance with an
accuracy of 0.01 mg. The samples were considered
as at moisture equilibrium when the moisture
regain remained constant.

RESULTS

Figures 4–6 present the 13C-NMR spectra in
LiCl/DMAc solvent performed on our cellulose
and on samples b and c after a cure at 85°C. The
chemical shifts and their assignments are given
in Table II. Note that no spectra are presented for
sample a cured at 85°C and for samples a, b, and
c cured at 140°C. Indeed, we found that these last
samples exhibited a high level of resistance to all
the solvents tested in this work.

Figure 3 Plots showing oscillating strain and stress
and equations that define dynamic properties. Maxi-
mum values of strain («0) and stress (s0) are indicated.

Figure 4 Proton decoupled 13C-NMR spectra of a 5% (w/w) solution of a pure cellulose
(sample d) in an 8% LiCl/DMAc solvent system and recorded at 70°C.
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Figure 4 contains the proton decoupled 13C-
NMR spectra of a 5% cellulose solution in 8%
LiCl/DMAc at 70°C. First of all we observe the
major resonance of four signals that identify the
LiCl/DMAc solvent system. The C91 carbon, the
most deshielded, is assigned to the peak at 171
ppm. Carbons C92–C94 are assigned in the opposite
direction: the signals of C92 [CH3O(NO) group],
C93, and C94 [CH2OCO(NO) group] are at 38, 35,
and 22 ppm, respectively. Then five minor peaks
between 50 and 110 ppm are readily identified for
the cellulose. The five cellulose peaks can be as-
signed by comparing them with other cellulose
solutions15 and to solid-state spectra15 and their
apparent sharpness indicates that the LiCl/DMAc
solution is indeed a real solvent system for cellu-
lose. The C1 carbon, the most deshielded, is as-
signed to the peak at 103.5 ppm. The other easily
assignable peak is the C6 carbon at 60.5 ppm. The
three interior peaks from the low to high field
(79.5, 76.3, and 74.5 ppm) are assigned to the C4,
the C3 and C5 overlap, and the C2 carbon, respec-
tively.

Figure 5 shows the proton decoupled 13C-NMR
spectra obtained on sample b (Tc 5 85°C, pH 7).

Note that no difference appears between the spec-
tra presented in Figures 4 and 5. In other words,
this indicates that after being washed in water no
resin remains in this sample.

Figure 6 shows the proton decoupled 13C-NMR
spectra obtained on sample c (Tc 5 85°C, pH 9).
No main difference appears between this spectra
and the previous one, except for some peaks of
small magnitude in the range of 160–170 ppm.
Thus, as for sample b, practically no resin re-
mains in this sample after being washed in water.

The viscoelastic measurements led to the de-
termination of the storage modulus values (E9)
and tan d values for each temperature scanned
during the heating program. Thus, for each cur-
ing temperature two curves were recorded: E9 5
f(T) and tan d 5 f(T). The results obtained for
the cellulose (sample d) and samples a, b, and c
and for the two temperatures of cure (85 and
140°C) are reported in Figures 7–10.

For a Tc of 85°C, we observe the same varia-
tions of the storage modulus versus the tempera-
ture (Fig. 7) for the cellulosic sample (sample d)
and samples b and c. Indeed, at low temperatures
and up to 100°C, the value of the storage modulus

Figure 5 Proton decoupled 13C-NMR spectra of a 5% (w/w) solution of composite
material in 8% LiCl/DMAc made from a resin solution at pH 7 and recorded at 70°C
(sample b).
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decreases slowly with the temperature; and for
the temperature range between 100 and 200°C,
the values of the storage modulus fall roughly
from 2 3 109–107 N m22. For sample a this vari-
ation is observed as a double step phenomenon,
and it appears between 130 and 220°C. Finally,
for high temperatures (.200°C) a new regime
with a small decreasing of E9 is observed except
for sample a. For the same curing temperature all
the associated tan d 5 f(T) curves (Fig. 8) exhibit
a peak of low magnitude at a low temperature
(255°C). This peak is due to local motions located
along the polymeric chains of the cellulose and
corresponds to the b relaxation.16–19 This relax-
ation is noncooperative. In the range of tempera-
tures located around the large decrease of the
storage modulus, the tan d 5 f(T) curves show a
peak of large magnitude, except for sample a.
This peak occurs in a range of temperatures lower
than those expected for the degradation process
that, as shown by Dollimore and Hoath20 and in
one of our previous works,13 occurs at . 250°C,
which is independent of the gas flow nature (air,
nitrogen). On the other hand, the amorphous part
of a cellulose can be separated into two large

species: the first one is a domain that exhibits
strong intra- and intermolecular hydrogen
bounds; the second one exhibits weak intra- and
intermolecular hydrogen bonds.21 Each domain
corresponds to an a relaxation. For strong intra-
and intermolecular hydrogen bond domains the a
relaxation (a1) occurs at ' 300°C, and for weak
intra- and intermolecular hydrogen bond domains
two a relaxations occur between ' 140 and 240°C
for a2-2 and between ' 215 and 290°C for a2-1

(depending on the measurement methods).21

Thus, we may attribute the peak of large magni-
tude observed on the tan d 5 f(T) curves at
' 150°C to the a2-2 relaxation process (which is
called a for simplicity). By definition, the a relax-
ation is the viscoelastic evidence of the glass tran-
sition and this transition is a cooperative one. If
these curves are analyzed in more detail, we ob-
serve that the a relaxation for sample a exhibits
two distinct peaks at 150°C (temperature taken
at the maximum of the peak) and at 175°C. We
may conclude that some differences among all the
samples exist in the glassy state while only sam-
ple a differs from the others at T . Ta. All data

Figure 6 Proton decoupled 13C-NMR spectra of a 5% (w/w) solution of composite
material in 8% LiCl/DMAc made from a resin solution at pH 9 and recorded at 70°C
(sample c).
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from these measurements are presented in Table
III.

For a Tc of 140°C and for the variations of the
storage modulus with the temperature (Fig. 9),

the same relaxations as those observed previously
for a Tc of 85°C are obtained; but for the a relax-
ation the characteristic temperatures are differ-

Table II Literature Comparison of Chemical Shifts and Their Assignments
for Cellulose and LiCl/DMAc Samples

Sample Solvent

13C-NMR Chemical Shifts (ppm)

Ref.C1 C2 C3 C4 C5 C6

a. Cellulosic samples
Cellobiose a — 92.6 72.0 72.1 79.4 70.9 60.7 15
Cellulose DMAc/LiCl 103.9 74.9 76.6 79.8 76.6 60.6 13
Cellulose NAOH/D2O 104.5 74.7 76.1 79.8 76.3 61.5 15
Sample d DMAc/LiCl 103.5 74.5 76.3 79.5 76.3 60.5 This work
Samples b & c DMAc/LiCl 103.5 74.5 76.3 79.5 76.3 60.5 This work

b. Solvent systems C91 C92 C93 C94

DMAc/LiCl — 171.7 39.3 35.3 22.2 15
DMAc/LiCl — 171 38.3 35.1 21.7 This work

c. Melamine formaldehyde
resin

Triazine rings — Unsubstituted 167
Monosubstituted 166
Disubstituted 165

ON(CH2)CH2OCH2NH — 72 26
ON(CH2)CH2OH — 71
ONHCH2OCH2NHO — 68
ONHCH2OH — 65
ON(CH2)CH2N(CH2) — 61
ON(CH2)CH2NHO — 53
ONHCH2NHO — 47

Figure 7 Variations of the storage modulus E9 versus
temperature (Tcure 5 85°C for 3 h) for composite ma-
terials a–c obtained at pH 6, 7, and 9 and cellulosic
material d.

Figure 8 Variations of tan d versus temperature
(Tcure 5 85°C for 3 h) for composite materials a–c
obtained at pH 6, 7, and 9 and cellulosic material d.
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ent for each sample. Differences between the four
samples clearly appear for T . Ta. For sample a
the decrease of the storage modulus is not ob-
served for temperatures up to 250°C. For samples
b and c the storage modulus increases for T . Ta

and reaches a maximum for temperatures close to
230°C. The last point that we may notice is the
differences in the magnitude of the storage mod-
ulus variations at the a transition. For the vari-
ations of tan d with the temperature (Fig. 10), the
b relaxation is observed for all the samples in the
same temperature range and with the same mag-
nitude. No difference for the b relaxation between
samples cured at 85 and 140°C exists. A peak of
very small magnitude is observed at 180°C for
sample a. For samples b and c the magnitude of
the a relaxation is practically the same and is
higher than observed for samples cured at 85°C;
only the characteristic temperatures are differ-
ent: Ta 5 165 and 160°C for samples b and c,
respectively.

Moisture sorption experiments were carried
out for the various RH conditions defined above.
Measurements of moisture content w (grams of
moisture regained per 100 g of dry polymer) of
samples were made as a function of time t. Figure
11 shows the results obtained; we observe that all
studied samples exhibit the characteristic sigmoi-
dal shape. For each RH the regain of water in-
creases roughly to reach a maximum value (w`)
at the steady state (at an infinite time). We ob-
serve that this value w` (reported in Table IV)
increases rapidly with the RH value.

DISCUSSION

13C-NMR spectroscopy was widely used to char-
acterize the chemical structures of different mod-
ified melamine formaldehyde resins,22–25 but only
recent works such as those of Mercer and
Pizzi26,27 are devoted to the characterization of
resin/cellulose mixtures. These authors focused
their works on melamine formaldehyde/wood par-
ticleboard and melamine-urea-formaldehyde/
wood particleboard. That work shows the charac-
teristic chemical shifts and their assignments for
the melamine formaldehyde resin. They are also
reported in Table II. The comparison of our data
and those obtained by Mercer and Pizzi26 shows
that the peaks at 164.9 and 168.2 ppm observed
in Figure 6 for sample c can be attributed to the
presence of the resin. Nevertheless, the magni-
tude of these peaks is very small and a quantita-
tive analysis seems rather risky. In other words,
the amount of condensed or cocondensed resin,
which remains in sample c after washing, is very
small. These peaks are not observed for sample b
(Fig. 5). This lack of peaks indicates that no resin
remains in the product after washing the resin/
cellulose system. Thus, we may conclude that,
after a cure performed at 85°C for 3 h, and for
samples obtained from aqueous solution at pH 7
and 9, the resin is practically uncondensed and/or
not cocondensed with the cellulose. Consequently,
there are mainly hydrolysis reactions that are
involved with these experimental conditions. On
the other hand, the lack of a 13C-NMR spectrum
for sample a cured at 85°C and for all the samples

Figure 10 Variations of tan d versus temperature
(Tcure 5 85°C for 3 h) for composite materials a–c
obtained at pH 6, 7, and 9 and cellulosic material d.

Figure 9 Variations of the storage modulus a–c E9
versus temperature (Tcure 5 140°C for 3 h) for compos-
ite materials a–c obtained at pH 6, 7, and 9 and cellu-
losic material d.
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cured at 140°C, which is due to its inability to
dissolve the composite, shows that the degree of
transformation is so significant that the final
product exhibits a high resistance to the solvents.
Nevertheless, at this stage of the work it is not
possible to know the nature of the chemical reac-
tions engaged.

The curves obtained from the viscoelasticity
measurements show the variations of the storage
modulus and the loss tangent lead to the conclu-
sion that no difference between the sample a cel-
lulose and samples b and c cured at 85°C exists.
This means that the resin does not influence the
viscoelastic properties of the cellulose. Keeping in
mind the 13C-NMR results, it is clear that neither
self-condensation of the resin nor cocondensation
reactions of the resin with the cellulose occur with
these experimental conditions. On the other
hand, from a structural point of view, the cellu-
lose must be considered as a porous semicrystal-
line polymer. Absorption of water concerns the

vitreous phase of the sample, because this phase
exhibits a larger free volume than the crystalline
one. This leads to an inflation of the amorphous
domains and a decrease of the intra- and inter-
molecular hydrogen bonds that exist at the border
between the amorphous and the crystalline do-
mains. As a consequence, water molecules create
enough disorder to transform a part of the crys-
talline phase into a vitreous one. This phenome-
non is generally reversible; for instance, heating
the cellulose in such a way that water is evapo-
rated leads to an increase of the rate of crystal-
linity of the cellulose.28–30 Thus, the small varia-
tions of Ta observed for samples b and c on the
loss tangent curve (Fig. 8) can be attributed to a
small change of the intra- and intermolecular hy-
drogen bonds in the vitreous phase.

On the other hand, according to the works of
Hill and Kozlowski,31 dynamic mechanical anal-
ysis can be used as a powerful tool to determine
the crosslinking density of cured melamine form-
aldehyde resins mixed with a polyol. They showed
that, depending on the resin/polyol ratio, impor-
tant changes appear in the values of the storage
modulus in the rubberlike state and in the tan d

Table IV Values of Moisture Content at
Equilibrium (w`) Obtained for Samples e and f

Sample

w`/(g H2O/100 g)

25% RH 73% RH 95% RH

e 4.1 8.8 14.4
f 2.95 7.4 13.4

Samples e and f are a cellulosic sample and a resin/recycled
cellulosic composite, respectively.

Figure 11 Variations of W/W0 versus time performed
on recycled cellulosic sample e and for relative humid-
ities of 25% (curve a), 73% (curve b), and 95% (curve c).
(W0 is the initial weight of samples.)

Table III Dynamic Mechanical Analysis Data Collected from Experiments Performed on
Samples a–d

Tcure

(°C) Sample
E9 (2100°C)

(3109 N m22)
E9 (1200°C)

(3107 N m22) (tan d)max Ta (°C)

85 a 4.1 6.0 0.1–0.162 150–175
b 2.8 1.4 0.125 115
c 3.0 1.4 0.160 125
d 4.0 1.4 0.1 140

140 a 4.2 220 0.04 —
b 2.9 4.0 0.23 165
c 3.0 1.9 0.22 155
d 4.0 1.05 0.1 140

Samples a–c are composites obtained at pH 6, 7, and 9, respectively, and d is a cellulosic material.
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plots. Using the theory of network formation,32

which predicts that the degree of cocondensation
reactions is the highest for the stoichiometric ra-
tio of reactants, and the theory of rubber elastic-
ity, which predicts that the value of the storage
modulus is directly proportional to the crosslink-
ing density,32,33 these authors found that, de-
pending on the resin/polyol ratio, we may distin-
guish three kinds of curves. Figure 12 shows
these three situations schematically. If the resin
content is lower than the stoichiometric one (Fig.
12, curves A9 and B9), the value of the storage
modulus in the rubberlike state is low but in-
creases as the amount of resin increases. It fol-
lows for the loss tangent curve that a shift toward
the highest temperatures of the peak character-
izes the a relaxation. This is observed for sample
a cured at 85°C (Figs. 7, 8). If the resin content
corresponds to the stoichiometric one, the value of
the storage modulus must reach a maximum (Fig.
12, curve C9). Finally, if the resin content is
higher than the stoichiometric one (Fig. 12, curve
D9), the variations of the storage modulus at T
. Ta exhibits a small peak that is due to the
self-condensation reactions of the resin in excess.
This is observed for samples b and c cured at
140°C (Fig. 9). For sample a cured at 140°C the
variations of the storage modulus for T . Ta

follow any of the behaviors expected for a cocon-
densation mechanism, but the values obtained
show that the transformation exists.

To summarize the mechanical properties, all
these results show that under acid conditions,
whatever the temperature of cure, mainly self-
condensation reactions of the resin appear. Under

basic or neutral conditions and low curing tem-
perature mainly hydrolysis reactions occur
whereas at high temperatures mainly coconden-
sations of the resin with the cellulose occur.

The moisture sorption kinetics agree well with
a Fickian diffusion law as shown in Figure 13 for
which sorption data are plotted as w/w` versus
the square root of the dimensionless parameter
t/l2; w` is the moisture content at equilibrium, D
is the water apparent diffusion coefficient, and l is
the film thickness.

By adjusting the values of D, the water appar-
ent diffusion coefficients are 1026 and 4 3 1027

cm2 s21 for sample e and sample f, respectively.
The set of experimental data is fairly described by
theoretical curves calculated from Crank34:

w
w`

5 4S t

pD
1/2

for t $ 0.0492 (1)

w
w`

5 1 2
8
p2 O

0

` 1
~2n 1 1!2 exp@2~2n 1 1!2p2t#

for t $ 0.0492 (2)

where t 5 Dt/l2.
The D values obtained in this work are in good

agreement with those obtained for different cel-
lulosic samples or cellulosic composite materials
(see Table V). On the other hand, the variations of
w` with the RH lead to the experimental sorption
isotherm presented in Figure 14 for a pure cellu-
losic sample and for a resin/cellulose composite
material. On this curve we may distinguish for a
pure cellulosic sample three ranges of RH values

Figure 13 The water sorption kinetics of recycled
cellulosic sample e with the sorption rate (W/W`) as a
function of the dimensionless parameter (t/l2)1/ 2 with
RHs of 25% (curve a), 73% (curve b), and 95% (curve c).

Figure 12 The storage modulus of the dynamic prop-
erties of films of composite materials of acrylic polyol
(AC) and melamine formaldehyde resin (MF). The
AC/MF ratios (% w/w) are 92 : 8 (curve A9), 88 : 12
(curve B9), 84 : 16 (curve C9), and 60 : 40 (curve D9).
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for which the variations of w` with RH are differ-
ent. Up to about 20% RH we observe a drastic
increase of w`; from 20% , RH , 70% the w`

varies linearly with RH and for 70% , RH the w`

increases drastically with the RH. These varia-
tions are expected for a cellulosic material22 and
are characteristic of the water sorption by a po-
rous material. Up to 70% RH the water sorption is
described by a modified dual mode sorption.33–36

This model postulates that a gas dissolved in a
glassy polymer consists of the following two dis-
tinct molecular populations.

1. molecules dissolved in a limited number of
fixed, preexisting microcavities or at fixed
sites in the polymer matrix. The concentra-
tion of molecules dissolved in microcavities
is related to the penetrant equilibrium

pressure by the Langmuir mode (Fig. 15)
and can engage hydrogen bonds with the
polar group of the cellulose.

2. molecules dissolved in the polymer by an
ordinary diffusion process. This is the clas-
sic Henry law that characterizes the water
sorption for a dense polymer (Fig. 15).

For .70% RH we have now to take into account
a modified Henry law, the Flory–Huggins law,
which indicates that water forms local clusters
leading to a sweeping effect.

The main difference that appears between a
pure cellulosic sample and a resin/cellulose sam-
ple appears at low RH values. Thus, mainly the
Langmuir mode is modified by the presence of the
resin and the variations tend toward what it is
expected for a dense polymer: the resin is mainly
located in the cavities.

From these observations we may now propose a
complete scenario of the different phenomena (re-
actions) that occur when a cellulosic sample is

Table V Values of Diffusion Coefficient of Water Through Cellulosic and Composite Materials

Sample Author
T

(°C) RH (%)

Diffusion
Coefficient
(cm2 s21) Ref.

Regenerated cellulose Hauser and Mc Laren 25 20 , 1029 38
Ethyl cellulose Wellons and Stannett 25 21–84 180 3 1026 39
Melamine formaldehyde resin Smith and Fisher 100 100 1.97 3 1027 40
Poly(ethylene terephthalate) Langevin et al. 25 20.5–59 4.5 3 1029 41
Cellulose acetate Thomas 30 50 1.7 3 1029 42
Sample e (recycled cellulose) Devallencourt et al. 25 25–95 10 3 1027 This work
Sample f (composite material) Devallencourt et al. 25 25–95 4 3 1027 This work

Figure 14 The experimental isotherm curves of wa-
ter sorption obtained on recycled cellulosic sample e
and resin/recycled cellulosic composite sample f. The
composites were obtained at pH 7 and a Tcure of 100°C
for 3 h. Reference 35 concerns a cellulosic sample with
an 85% vitreous phase.

Figure 15 Typical dual mode sorption isotherms and
their components, where the P/P0 ratio indicates the
activity of the penetrant molecules.
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immersed in aqueous solutions of melamine form-
aldehyde resin (pH 7) cured at 100°C (Fig. 16).
First, when water is adsorbed by a cellulose, wa-
ter molecules, which act as a vector for the resin,
swept the resin that will stay in the microcavities.
Then, depending on the cure temperatures and
the pH values, hydrolysis, self-condensation, or
cocondensation reactions will occur. For greater
RH values, only water molecules will practically
diffuse through the dense cellulosic part of the
matrix. This is confirmed by the fact that the
same modified Henry law describes the variations
of w` with RH for a pure or modified cellulosic
sample and also by the fact that the same Flory–
Huggins law describes the behavior for a pure or
a modified cellulosic sample at a high RH. Finally,
the formation of clusters at high RH values re-
mains valid even for resin/cellulosic composite
materials.

CONCLUSION

The introduction of a melamine formaldehyde
resin in a cellulosic matrix causes different reac-
tions, depending on the value of the pH and the
cure temperature. We show that mainly self-con-

densation reactions of the resin occur for Tcure
5 140°C and pH 6. Mainly cocondensation reac-
tions occur for same cure temperature and pH
$ 7. Mainly hydrolysis reactions exist for T
# 80°C.

The study of the moisture sorption by the com-
posite material elaborated at pH 7 and a cure
temperature of 100°C shows the presence of a
dual mode sorption (the Langmuir and the Flory–
Huggins modes) that depends upon the RH. The
main difference between a pure cellulosic sample
and a composite material appears at low RH val-
ues in the Langmuir mode and confirms that mel-
amine formaldehyde resin is mainly located in the
microcavities of the cellulosic matrix.
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