.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Characterization of the crystalline regions of cured

i") Check for updates‘
urea formaldehyde resin

Cite this: RSC Adv, 2017, 7, 49536
Ming Liu, @2 Rooban Venkatesh K. G. Thirumalai,® Yigiang Wu® and Hui Wan*?

Urea formaldehyde (UF) resins are widely used thermosetting polymers in adhesives, finishes, molded
objects, etc. The existence of crystalline regions has been detected in UF resins. These crystalline regions
are believed to be beneficial for the hydrolytic stability or water resistance and advanced mechanical
properties of the resin. In this study, characterization was conducted on crystalline regions of a cured UF
resin with a formaldehyde to urea (F/U) molar ratio of 1.2. A slow scanned X-ray diffraction (XRD) pattern
was obtained to estimate the crystalline percentage, grain sizes, and interplanar spacing (d-spacing) of
the resin crystalline structures. The results showed that the crystalline regions accounted for nearly
14.48% of the resin. From the XRD pattern, the estimated grain size of 4.1 nm was accounted for the
peak (two theta degrees, 26) of 21.55°, 4.1 nm for 24.35°, 4.2 nm for 31.18°, and 4.8 nm for 40.43°,
respectively. Furthermore, a selected area electron diffraction (SAD) pattern of the resin was obtained to
confirm the results. The calculated d-spacing values were 2.2242 A for the peak (26) of 21.55°, 1.2833 A
for 24.35°, and 1.0978 A for 31.18°, respectively. The obtained SAD pattern matched the corresponding
XRD pattern of a UF resin. This work provides information for studying the mechanism of formation and
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1. Introduction

Urea formaldehyde (UF) resins are thermosetting polymers.
They are composed of non-reacted monomers and branched or
linear oligomeric and polymeric molecules. These polymers
have the advantages of high reactivity, fast curing time, rela-
tively low price, relatively strong bonding strength, and clear
color, which make them one of the major adhesives for the
wood industry. They are widely used in particleboard, medium
density fiber board, and interior plywood manufacturing. These
so-called aminoplastic resins, even though they are a chemical
product from the reaction of two simple monomers: urea and
formaldehyde, have a countless variety of condensed structures
under various reaction conditions." In spite of their advantages,
UF resins are limited in interior utilization due to their low
water or moisture resistance. Also, the resin utilization may
cause indoor air pollution and possible health problems due to
the formaldehyde emission from UF resin-bonded wood prod-
ucts.” The source of formaldehyde from UF resin-bonded wood
products is believed mainly to be from un-reacted formaldehyde
and the reversibility of aminomethylene links in the cured resin
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the application of crystalline regions of UF resins.

network. These reversible links are also the major reason for the
low water resistance of UF resins.?

The modification of UF resin for lowering formaldehyde
emission and enhancing water resistance has attracted
tremendous attention. The modification of the resin begins
with its selective synthesis parameters. Among them, the most
significant factor in resin synthesis is the formaldehyde to urea
(F/U) molar ratio. This ratio is vital for the formaldehyde
content, resin viscosity, curing time, shelf time, crosslinking
degree, and relative molecular weight distribution. To date, the
widespread method for reducing the formaldehyde emission of
a UF resin is to lower its F/U molar ratio.* The mechanical and
chemical properties of low and high F/U molar ratio UF resins
are different. For example, a dynamic mechanical analysis
illustrated that the rigidity of a UF resin decreased as the F/U
molar ratio decreased, but the gel time increased, which
partially explained the poor adhesion performance of the low F/
U molar ratio UF resin.” In addition, catalysts in UF resin
synthesis play an important role in the formation of functional
groups and ratio of condensed structures, which influence the
resin polymerization.® Interestingly, under the low F/U molar
ratios, crystalline structures have been found in the cured UF
resins in situations where catalyst were and were not used.”
Nowadays, an increasing number of research papers have re-
ported crystalline regions of UF resins.

The shape and distribution of the crystalline structures on
the resin surface have been explored using an atomic force
microscopy. The related results showed that the crystalline

This journal is © The Royal Society of Chemistry 2017
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regions have increased the UF resin's hydrolytic degradation
behavior.® The relationship between F/U molar ratios and
hydrolytic stabilities of UF resins has been further explored.
Some results showed that the lower F/U molar ratio was found
the UF resin has, a higher ratio of crystalline regions occurs;
thus, a higher resistance to hydrolysis.’ In addition, crystalline
and domain sizes in various F/U molar ratio UF resins have also
been calculated from X-ray diffraction (XRD) patterns and X-ray
scattering techniques. The crystalline percentages in cure UF
resins was increased from 26% to 48% with the decrease of F/U
molar ratio from 1.6 to 1.0. The domain sizes also increased
from nearly 1 nm to 5 nm with this change.*®

To confirm the existence of crystalline regions in a UF resin
cured in contact with wood, an electron diffraction (ED) pattern
was obtained from the resin particles. This ED pattern con-
tained a big white halo in the middle and overlapped with thick
and blurry diffracted electron rings. It has been concluded that
the electron rings in their ED pattern confirmed the crystalline
regions of the UF resin.'* Liquid UF resins have also been
observed with a transmission electron microscope (TEM) to
further explore the mechanism and the development of crys-
talline regions in UF resins. Images were obtained from the
TEM. The results might not be appropriate to determine the
crystalline structures of the resin sample."” The clearest image
here showed a scale bar of 500 nm, which is impossible to
observe the atom level distances between the planes of a crystal.
To confirm the crystalline structure of an analyte, the most
reliable way is to obtain its electron diffraction pattern.

The existence of crystalline regions in a UF resin could act as
reinforced structure for the resin."® The right type of crystal
formations in the resin could reinforce the performance of the
resin substrate in different aspects, i.e. compact strength. The
dispersion of crystal domains in the resin could also influence
other functional modifications using the nanoparticles
concept.* UF resins were used as the shell of capsules for self-
healing polymers. Hence, the crystalline UF resin shell might be
used as functional fillers for self-healing polymers.'> However,
the mechanism for the formation of the crystalline regions in
UF resins is still unknown, including their chemical compo-
nents or molecular structures. In addition, the crystalline
region characterization for UF resins lacks information of grain
size, d-spacing, etc. The X-ray diffraction (XRD) pattern is ob-
tained from the diffracted X-ray beams when the incident
beams pass through crystals. Meanwhile, a selected area
diffraction (SAD) pattern is obtained from the diffracted elec-
trons in the same manner of the XRD pattern. The XRD pattern
of a material is the integration of the radius across the SAD
pattern of it. This means that the indexed plane of a peak in
a XRD pattern should match the indexed plane of a ring in its
SAD pattern." There was, however, no reported SAD pattern that
matched the related XRD pattern of UF resin's crystalline
regions. In this present work, a low F/U molar ratio (1.2) UF
resin was prepared for the resin crystalline region character-
ization. A slow scanned XRD pattern of the UF resin was ob-
tained and used for calculations of crystalline percentage, grain
size, and d-spacing values of crystalline structures. The corre-
sponding SAD pattern was obtained to confirm its crystalline
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features. To the best of our knowledge, this is the first time that
the matched XRD and SAD pattern of UF resin crystalline
regions were obtained.

2. Materials and methods
2.1 Materials

Paraformaldehyde (HO(CH,0),H), in its crystalline form and
reagent grade, was purchased from Sigma Aldrich, USA. Urea
(NH,CONH,), in its crystalline form, 98% pure, was purchased
from Alfa Aesar, USA. Sodium hydroxide beads (NaOH),
ammonium sulfate (NH,4),SO,), ammonium chloride (NH,Cl),
1 N sulfuric acid (H,SO,4), and 1 N hydrochloric acid (HCI),
certified ACS plus, were purchased from Fisher Scientific, USA.
All chemicals were used as received without further purification
except for dilution to achieve different desired concentrations.

2.2 Experimental methods

2.2.1 UF resin preparation. A liquid urea formaldehyde
resin with a 1.2 F/U molar ratio was prepared by following two
steps of urea addition." Typically, paraformaldehyde (93 g) was
dissolved in distilled water (93 g) at a base condition (pH = 8.0).
The solution was heated to 70 °C. Then, the first part of urea (96
g) was added in the formaldehyde solution for the methyl-
olation reaction to occur. 1 N hydrochloric acid (HCI) or sulfuric
acid (H,SO,4) and 1 N sodium hydroxide (NaOH) were used to
adjust pH values. Later, the reaction was followed by a poly-
condensation or polymerization reaction under an acid condi-
tion (pH = 4.8) until the reactant reached a target viscosity of
QR (Gardner Holdt Bubble). Then, the second urea (59 g) was
added. The UF resin obtained was finally adjusted to a base
condition (pH = 8.0) to stop polymerization. For each pH value
control acid type (HCl and H,SO,), three replicates of UF resin
were prepared. The measured average viscosity for all the resins
was 300 mPa s (Viscosity meter DV-I Prime, Brookfield, USA)
with an average solid content of 64.8% (Moisture balance, CSC
Scientific, Inc. USA).

2.2.2 Cured UF resin particle preparation. For sulfuric acid
controlled UF resin, ammonium sulfate (20 wt% water solution)
was used as a hardener for the resin curing (this resin was
assigned as type “a”). Ammonium chloride (20 wt% water
solution) was used for hydrochloric acid controlled UF resin
(assigned as type “b”). One wt% of hardener was added into
liquid UF resins based on resin solid content. All the resins were
cured at 120 °C for 2 h. Then, the cured UF resins were ground
to particles (=28 mesh) with a ceramic mortar and pestle for
further experiments. The reason to prepare two types of cured
UF resin is to explore the potential influences of acid and
hardener types on crystalline characteristics of the resin.

2.2.3 Chemical compositions. The percentages of elements
in UF resin particles were obtained from an energy dispersive
spectroscopy (EDS, Oxford instruments, UK). The attenuated
total reflection Fourier transform infrared spectroscopy (ATR-
FTIR, Spectra two, PerkinElmer INC. USA) was used to collect
the data of chemical bonds. The ground resin particles (120
mesh) were applied on the instrument crystal surface; and
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a gauge force of 100 (from the manual of the instrument) was
applied on the particles. The set resolution was 1 cm ™', data
interval was 0.25 cm ™', and 4 scans were accumulated for the
spectra.

2.2.4 Xray diffraction (XRD) pattern. The normal XRD
patterns of UF resins were collected on an X-ray diffractometer
(Ultima III, Rigaku Corporation, Japan) using CuKa (A = 1.5418
A) radiation, operated at 40 kV and 44 mA at a rate of 3° min !
and 26 from 10-60°. A glass sample holder was used for the
resin powder. For the slow scan XRD patterns, the rate was
adjusted to 0.25° min~ " and 26 from 0-90°. A zero-background
sample holder (ZBH, silicon crystal, with a center cavity of
10 mm diameter and 0.1 mm depth) was used. The data analysis
was conducted by MDI Jade 2010 software (MDI, Materials Data,
Inc.).

2.2.5 Selected area electron diffraction (SAD) pattern. UF
resin particles were first dispersed in distilled water (2 wt%). A
droplet of the stirred suspension was immediately dropped on
the grid (Lacey carbon coated 300 mesh copper grid). Then, the
grid was vacuum dried for 6 h prior to further observation. And
the resin particles were observed using a JEOL-2100 trans-
mission electron microscopy (TEM) (JEOL, Ltd. Japan), operated
at 200 kv.

3. Results and discussion
3.1 UF resin chemical composition

The element composition of the UF resin was detected using an
EDS. The typical TEM image and the elements mapping of UF
resin particles are shown in Fig. 1. UF resins were prepared from
urea and formaldehyde, which only contained the elements of

Fig. 1 EDS spectra and compositional mapping images of a typical
cured UF resin particle: (a) TEM image of the resin particle; (b) mapping
of the element C (49.8%), (c) N (32.1%), and (d) O (18.0%), respectively.
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Fig. 2 ATR-FTIR spectra of cured UF resin powders: (a) type “a" resin
powder; (b) type “b" resin powder.

carbon (C), nitrogen (N), and oxygen (O). Hence, the major
elements of the resin were C (49.8%), N (32.1%), and O (18.0%).
The existence of trace elements was introduced by hardeners or
other impurities. Because of this, it is assumed that the possible
crystalline structures in the UF resin could only be formed
through these three major elements.

The ATR-FTIR spectra of the cured UF resins are shown in
Fig. 2. The broad band at 3300-3350 cm™ " was assigned to the
N-H stretching of secondary amides. Urea contains primary
amines, which indicates that the urea might be fully reacted
during the resin preparation and curing process. The peaks at
1632 cm ' and 1550 cm ™" were attributed to the stretching of
carbonyl group (C=0) and C-N stretching of secondary amines,
respectively. The peak at 1378 cm™ " was assigned to -CH,OH,
this illustrates the typical reaction between urea and formal-
dehyde." The peak of 1238 cm ' was attributed to the stretch-
ing of C-N and N-H of tertiary amines. The other observed
peaks of 1130 cm™' and 1035 cm™ ' were assigned to C-O
aliphatic ether and methylene bridge (-NCH,N-), respectively."”
The occurrences of the bands confirmed the polymerization of
UF resins during a curing process. The obtained results were
similar to the other FTIR spectra of cured UF resins with the
addition of hardeners." These results indicate that the acid type
for pH value control and hardener type for UF resin curing had
no significant influence on resin chemical compositions.

3.2 XRD pattern of cured UF resin

The normal XRD patterns of two UF resins are shown in Fig. 3.
The occurrences of the peaks confirmed the existence of crys-
talline regions in cured UF resins. The 26 degrees for the peaks
were 21.55°,24.35°,31.18°, and 40.43°, respectively. Once again,
there was no significant difference between these two resin
types, concerning XRD spectra. The results indicate that acid
and hardener types for pH value control during resin prepara-
tion and resin curing, respectively, did not influence the
formation and the development of the crystalline structures in
cured UF resins.” The higher intensity in type “b” resin at 26
degrees of 21.55° and 24.35° might be attributed to a higher

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Normal XRD pattern of UF resins: (a) type "a” resin powder; (b)
type “b" resin powder.

population of the related crystalline regions. This indicates that
the types of hardener and acid could control the percentage of
crystalline regions in cured UF resins even at the same F/U
molar ratio.

3.3 Slow scan XRD pattern

A better signal to noise ratio of XRD pattern was obtained from
a slow scan experiment; that is, the peaks of the XRD pattern
obtain more counts and grow out far more from the back-
ground. In addition, minor components in the resin were
detected. To do quantitative analysis of the cured UF resin
particles, a zero-background sample holder was used, and the
slow scanned XRD pattern is shown in Fig. 4. Data analysis was
conducted using the MDI jade 2010 software. After the auto-
matic simulation and curve fitting process were completed in
the software, the percentage of crystalline in the resin particles,
grain sizes, and d-spacing values of the related crystalline were
obtained (Table 1). The crystalline percentage was 14.48% in
this analysis. Considering the curve fitting process, this value
was the maximum crystalline percentage in the UF resin. The
actual percentage was not greater than this value since the
background broadening is nearly impossible to eliminate.

41 —— XRD pattern

’g --- Fitting curve
o —-—- Baseline
™

S 2

X

2

K7

c

Q9

£ 0f

20 40 60 80

26 (°)

Fig. 4 Slow scanned XRD pattern of type “a" resin powder.
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Table 1 Obtained data from MDI Jade software

Angle (°) d-Spacing (A) Grain size (nm)
21.55 4.12 4.1
24.35 3.65 4.1
31.18 2.86 4.2
40.43 2.23 4.3

However, a crystalline percentage of nearly 45% was reported
with the same 1.2 F/U molar ratio UF resin." The difference
between the XRD patterns in this study and the reported data is
not significantly different. It indicates that the calculated crys-
talline percentages should be close to each other. Hence, this
discrepancy is mainly attributed to the used computational
program and simulation process. The reported high crystalline
percentage value was obtained from the method published in
1971, which is based on a program in 1964.*® It might not be
appropriate to compare these percentage values under the
circumstance. In addition, the d-spacing values for the corre-
sponding peaks were obtained, 4.12 A for 26 degree of 21.55°,
3.65 A for 24.35°, 2.86 A for 31.18°, and 2.23 A for 40.43°,
respectively. The grain sizes for all the crystalline regions were
close to each other, and the average size was approximately
4.1 nm. For further confirmation of d-spacing values, the related
SAD patterns are needed.

3.4 TEM images and SAD pattern of the cured UF resin

The TEM images and SAD patterns of UF resin particles are
shown in Fig. 5. The observed UF resin particles were randomly
distributed with irregular shapes. Fig. 5(a) and (b) were exam-
ples of typical UF resin particles. The observed morphology and
shape were not like the UF resin particles in a previous study.**
This was attributed to the sample preparation process. In the
present work, bulk UF resins were ground to particles. While in
the previous study, the resin particles were observed on wood
substrate. Fig. 5(c) shows the image of the area of the UF resin
particle that was used for the SAD pattern. The location is also
described in Fig. 5(b), within the circled area. Fig. 5(d) is the
SAD pattern of the resin particle in Fig. 5(c). In this SAD pattern,
it is obvious that crystalline regions existed in the cured UF
resin. However, the crystalline percentage was quite low, as
indicated in the slow scanned XRD pattern, as only 14.48%. Due
to the dominated area of amorphous regions, the diffracted
electron rings were blurry. This was the most common SAD
pattern for the resin particles. The obtained SAD pattern in
Fig. 5(d) shows three diffracted electron rings, which matches
their XRD pattern, while in other reported data, the SAD pattern
didn't not match their XRD pattern. The XRD pattern only
presented one broad peak and no clear diffracted electron rings
was shown in the related ED pattern.'* In this SAD pattern, each
ring had a certain thickness. This might be induced by the
electron diffraction of multiple overlapped crystalline regions.
To our surprise, for the observed area of UF resin particles in
Fig. 5(e), a much clearer SAD pattern was obtained, as showed in

Fig. 5(f).

RSC Aadv., 2017, 7, 49536-49541 | 49539
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Fig. 5 TEM images and SAD patterns of UF resin particles: (a) and (b)
are UF resin particles; (d) is the SAD pattern of (c); and (f) is the SAD
pattern of (e).

Table 2 Calculated d-spacing values from the SAD pattern

Rings (numbered from inside) 26 degree d-Spacing (A)
1 21.55° 2.2242
2 24.35° 1.2833
3 31.18° 1.0978

Once again, there are three clear rings in the image. To the
best of our knowledge, this is the first clear SAD pattern of UF
resin crystalline regions. The subsequent d-spacing values
calculation was conducted using the Image ] software. The
calculated data are shown in Table 2. From the clear SAD pattern,
the d-spacing values were calculated as 2.2242 A, 1.2833 A, and
1.0978 A, respectively. These d-spacing values were corresponded
to the 26 degrees of 21.55°, 24.35°, and 31.18°, respectively. The
obtained data are different from the data in the simulated slow
scanned XRD pattern. This might be attributed to the lack of data
in the MDI Jade database for these specific crystalline regions.
Further research is needed to verify this.

4. Conclusions

UF resin applications are ubiquitous in adhesives and other
polymer based products. The existence of crystalline regions in
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low F/U molar ratio UF resins has attracted a new desire to
understand this thermosetting polymer. In this work, the crys-
talline regions of a pure UF resin particles with the F/U molar
ratio of 1.2 have been characterized. The obtained SAD pattern
matched the resin's XRD pattern, which confirmed the exis-
tence of crystalline regions in the resin. Furthermore, an esti-
mated crystalline percentage of 14.48% was obtained based on
the simulation of a slow scanned XRD pattern. A clear SAD
pattern of the resin was obtained. The calculated d-spacing
values were 2.2242 A for the peak (26) of 21.55°, 1.2833 A for
24.35°, and 1.0978 A for 31.18°, respectively. These are the first
obtained d-spacing values on UF resin crystalline regions. The
knowledge presented in this work provides information for the
resin's practical application and future theoretical studies.
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