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Abstract
Urea formaldehyde (UF) resins are important for wood industry due to their attractive properties at reasonable price. Par-
ticulate fillers added to UF are of interest with regard to improving the functionality of UF and also in terms of reduced 
UF consumption. To study their potential as filler, solid UF microspheres were synthesized and characterised respecting its 
morphology, chemical curing and thermal stability. Marigold flower structured spheres with diameters between 5 and 20 µm 
are presented and application trials demonstrated that high amounts of UF may be replaced by solid microspheres without 
impairing adhesive bond strength of solid wood bond lines. Fluorescence microscopy showed that microspheres greatly 
reduce adhesive penetration into the wood substrate, retaining the modified adhesive in the bondline. UF microspheres may 
thus be considered as viable filler for UF adhesives, particularly with regard to the possibility of endowing them with added 
functionality like self-healing properties.
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Introduction

Urea formaldehyde (UF) resins are widely used in wood 
industry because of their high reactivity, low cost and 
easy processing. Nearly all particleboards for indoor uses 
are bonded with UF resins despite ongoing concerns due 
to the critical discussion of formaldehyde emissions from 
this popular adhesive [1]. Hence, there is considerable pres-
sure towards either replacing formaldehyde-based resins 
completely or substantially reducing formaldehyde emis-
sions from adhesively bonded wood products. Modifica-
tions in the chemistry of UF, e.g., reductions in the molar 
ratio between urea and formaldehyde used in UF synthesis, 
have brought significant progress in emission reduction [2, 
3]. An alternative strategy consists in the incorporation of 
non-UF additives either as formaldehyde scavenger or as 
UF-replacement.

As an example, hydrolysed soy protein isolates were 
added to UF, which increased bonding strength, biodeg-
radability and reduced formaldehyde emissions [4]. Corn 
flour improved mechanical performance and reduced for-
maldehyde emissions if added to UF [5]. A substitution up 
to 20% UF resin was reported using liquefied wood without 
impairing the mechanical properties of particleboards [6]. 
The co-condensation of UF with furfural proved to be fea-
sible and resulted in reduced formaldehyde emissions at the 
expense of significantly increasing the necessary pressing 
temperatures [7].

Particulate additives may also reduce emissions from UF. 
Nanoclay was added to UF with the help of a coupling agent 
substituting up to 6% resin without negatively affecting its 
properties [8] or even improving its properties [9]. All these 
findings have shown that a substitute of a few percent of UF 
resin is possible without diminishing its properties. Silanised 
nanocellulose was also used successfully to reduce emis-
sions while at the same time providing improved mechanical 
performance [10].

Besides formaldehyde emission, also the brittleness of 
cured UF resin presents a rewarding target for improvement 
[11]. Inorganic particles such as nanoclay [8, 9, 12–15] and 
cellulose nanoparticles [16–18] were successfully used as 
modifiers improving adhesive toughness and bond strength. 
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Urea-modified scallop shell nanoparticles were added to 
plywood adhesives to reduce formaldehyde emissions [19].

In parallel to formaldehyde emission and adhesive 
mechanics, the addition of particulate fillers with high spe-
cific surface area, also significantly affected adhesive viscos-
ity and, in turn, adhesive penetration into the bulk wood dur-
ing application [18]. It is common sense in wood technology 
that adhesive penetration may be regarded as an indication of 
good wetting and that a certain penetration of adhesive into 
the wood bulk favours mechanical interlocking [20]. On the 
other hand, excessive penetration of adhesive is unwanted 
because this adhesive fraction does not directly contribute to 
the build-up of an adhesive bond line between neighbouring 
wood particles [18].

In summary, the addition of particulate fillers may be of 
interest towards improving bond performance and saving 
adhesive. Therefore, the present study focuses on expand-
ing the available portfolio of potential particulate fillers for 
wood adhesives. Ideally, particulate filler should show good 
surface-chemical compatibility with UF, and a high specific 
surface area. These prerequisites are fulfilled by UF-micro-
spheres [21], which are chemically identical with an UF 
wood adhesive and comprise of a high specific surface area. 
In the present study, UF-microspheres are synthesised and 
their suitability as an additive for improving UF adhesive 
bonds is elucidated.

Experimental

For the synthesis of UF microspheres according to the pro-
cedure described in reference [21], 0.1 g 2-hydroxyethyl cel-
lulose (CAS Nr. 9004-62-0, Sigma-Aldrich Chemie GmbH, 
Germany) was dissolved in 100 ml distilled water at 50 °C 
for 30 min under permanent stirring. Preliminary trials 
showed that hydroxyethyl cellulose with a molecular weight 
of 9 × 104 g/mol yielded ideal spherical particles, whereas 
higher molecular weight of 1.3 × 106 g/mol resulted in par-
ticles with heavily distorted geometry. Therefore, the low-
molecular weight variant was finally used. Subsequently, 
8.11 g formaldehyde solution (37%, CAS Nr. 50-00-0, Carl 
Roth GmbH & Co. KG, Germany) was added, followed by 
the addition of 3 g crystalline urea (> 99.5%, CAS Nr. 57-13-
6, Carl Roth GmbH & Co. KG, Germany). The pH of the 
formulation was adjusted to pH 4 with droplets of sodium 
hydroxide (0.1 mol/l, CAS Nr. 1310-73-2, Carl Roth GmbH 
& Co. KG, Germany). After the addition of all chemicals, 
stirring was stopped and the temperature was kept at 50 °C 
for 3 h. After a resting time of 24 h, the microspheres had 
settled at the bottom of the flask. As a last step the superna-
tant was decanted, the spheres were washed with distilled 
water and dried by slow evaporation at room temperature 
and ambient pressure.

For microscopic studies of spheres, the microspheres 
were spread on carbon adhesive tape and observed with 
a scanning electron microscope (SEM, Quanta FEG 250, 
FEI, Czech Republic), operated with 5 kV acceleration 
voltage. Before performing SEM studies, the microspheres 
were coated with gold using a sputter coater (Scancoat Six, 
HHV Ltd., United Kingdom) operated at 1 mbar, 20 mA 
and 3–4 kV for 240 s.

The adhesive bond strength of microsphere-modified 
UF was evaluated using an industrial UF resin (10F102, 
Metadynea, Austria) to glue flawless beech veneers (Fagus 
sylvatica L.) for tensile shear testing inspired by EN 302-1 
[22]. Strips of veneer (150 × 20 × 0.5  mm3) were glued 
with an overlapping area of 5 × 20  mm2 and an adhesive 
spread of 200 g/m2. UF microspheres were added to the 
adhesive at ratios of 0.0:1, 0.1:1, 0.5:1, and 1:1 with regard 
to the amount of solid UF present in the resin. Ammo-
nium nitrate solution (60%, CAS Nr. 6484-52-2, Carl Roth 
GmbH & Co. KG, Germany) was used as hardener and 
its content was kept constant at 3% to the amount of solid 
resin in the system. For all formulations, the water content 
was adjusted in a manner that it was constant in relation 
to the sum of UF-microparticles, solid hardener and solid 
UF resin in the system. Prior to bonding, the adhesive 
formulations were exposed to an ultrasonic treatment for 
3 min at 320 W and 35 kHz (DT 100 H, Bandelin elec-
tronic, Germany).

Viscosity of each formulation was measured 3 times at 
a constant shear rate of 10 s−1 with a cone-plate rheometer 
(Bohlin Instruments CVO, Cranbury, USA) at 20 °C, for 
240 s, with 10 interpolation steps from which the penulti-
mate values were used. To determine the pot life of adhesive 
formulations, the rheometer was adjusted to 40 °C and 3 
measurements were executed immediately after adding the 
hardener and after 1 and 2 h.

Both, specimen preparation (i.e., bonding of strips) and 
subsequent tensile testing were performed on a Zwick/Roell 
Z100 universal testing machine (Zwick GmbH & Co. KG, 
Germany) equipped with a 5 kN load cell and an electrically 
heated press. The glued strips were mounted to the testing 
machine and pressed together at 90 or 120 °C for 2 min at 
a pressure of 25 kPa. Afterwards, the pressure was released 
and the sample was immediately tested to failure at a speed 
of 1.5 mm/min. For each adhesive formulation, a minimum 
of six specimens were tested, resulting in 85 specimens in 
total.

To characterise the cure dynamics of UF adhesive in 
the presence of UF microspheres, simultaneous thermal 
analysis (STA) was performed using a Netzsch STA 409 
PG/1/G Luxx® (Netzsch Gerätebau GmbH, Germany). 4 mg 
of adhesive formulation (UF resin, hardener, UF micro-
spheres and water) were put in  Al2O3 crucibles, closed and 
pierced. Under nitrogen atmosphere (flow rate 50 ml/min) 
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the crucibles were heated from 25 to 300 °C at a heating 
rate of 10 K/min.

Wood specimens tested for adhesive bond strength were 
examined after failure using fluorescence microscopy to 
quantify penetration depth of the adhesive into the wood 
structure. Specimens measuring 5 × 20  mm2 were cut from 
the middle of the veneers’ overlapping area with a sharp 
paring chisel. They were immersed in a 0.1% Brilliant Sul-
phaflavine solution (CAS Nr. 2391-30-2, Sigma-Aldrich 
Chemie GmbH, Germany), a yellow fluorescent dye which 
bonds selectively to basic amino-groups [23], to stain the 
adhesive, for 2 min. After a washing step with  H2O, a sec-
ond immersing step in a 0.1% Gentian Violet solution (CAS 
Nr. 548-62-9, Sigma-Aldrich Chemie GmbH, Germany) was 
added to stain the wood and create a good contrast between 
wood and adhesive [24]. Air-dried stained specimens were 
observed using a reflected-light microscope (Axioplan2, 
Carl Zeiss AG, Germany) with a 2.5 × EC Epiplan-Neofl-
uar objective mounted. A UV-lamp and the excitation filter 
Zeissset02 (365 nm) was used. Pictures were captured using 
a camera (Axiocam Hrc, Carl Zeiss AG, Germany) oper-
ated in RGB-mode. Digital image analysis was performed 
with ImageJ [25] creating one binary image of glue and one 
binary image of veneers bottom line.

The penetration depth was quantified in MATLAB 
(MathWorks Inc., USA), whereas both binary images (glue 
and bottom line) as well as the thickness measurements 
of veneers were imported. The resolution of the images 
(4.147 µm/pixel) was set as variable for the subsequent cal-
culations. The bottom line was then smoothed to remove 
artefacts from the thresholding, using a moving average 
with a window length of 70 pixels. In preliminary tests, 
this window length was found to represent the given bottom 
lines most precisely. Afterwards the Euclidean distance was 

calculated from each single adhesive pixel to all pixels of the 
bottom line. The shortest Euclidean distance was selected 
and the veneer thickness was subtracted. This value was con-
sidered to be the penetration depth of single adhesive pixels 
in relation to the glued wood surface.

Results and discussion

The synthesis of UF-microspheres according to refer-
ence [21] was straightforward and resulted in UF powder 
as shown in Fig. 1. As expected, the particles were nicely 
spherical and disposed of a laminar substructure providing 
high specific surface area. The diameter of the spheres typi-
cally varied between 5 and 20 µm.

Different molecular weights of hydroxyethyl cellulose 
resulted in different shapes and surfaces of microspheres 
as shown in Fig. 2. At lower molecular weight, all spheres 
showed structured surfaces and were spherical beside a small 
amount with distorted geometry. With increasing molecular 
weight this proportion increased and especially the globular 
microspheres featured flat, unstructured surfaces. Dry pow-
der as shown in Figs. 1 and 2 prepared with low molecular 
weight hydroxyethyl cellulose was used for all subsequent 
experiments without any further treatment.

Formulations of UF microspheres with an industrial 
adhesive prepared at different ratios exhibited different 
viscosities as shown in Table 1. The reference’s viscosity 
was around 300 mPa·s and decreased with the addition of 
microspheres to 200 mPa·s (− 33%). However, the viscos-
ity of the formulation containing 1 part microspheres and 1 
part resin was higher and comparable with the reference’s 
viscosity, measured immediately after adding the hardener. 
Remarkable was the high viscosity of the reference, 1 and 

Fig. 1  Scanning electron microscopy picture of UF-microspheres at different magnifications; a ×500, b ×1.2 × 104
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2 h after the hardener addition. High viscosities were also 
measured for the formulation 0.1:1 (microspheres:UF). After 
1 h the viscosities of the reference and the 0.1:1 formulation 
were 1 × 103 and 650 mPa·s, so still suitable for common 
industrial adhesive application systems. But after 2 h the 
viscosities increased to nearly 7 × 104 and 3 × 104 mPa·s, 
so they would not be applicable anymore. However, for the 
formulations 0.5:1 and 1:1, viscosities below 1 × 103 mPa·s 
were measured. This observation can be explained by the 
lower content of hardener when microspheres were added, 
because hardener content was set constant to solid UF-resin 
content (3%). By adding microspheres the content of reac-
tive UF is successively replaced by microspheres, simultane-
ously reducing the hardener content. After 3 h, all adhesive 
formulations were solid.

For the evaluation of bonding strength, the different 
adhesive formulations were applied to wood specimens. 
Unlike the reference, formulations containing microspheres 
appeared to be too dry and solidify very quickly after appli-
cation, although pot life increases. This could be an indica-
tion that the liquid part of the formulation was soaked up by 
the wood bulk very quickly and only the solid microspheres 

were visible on the veneer’s top. However, the overall pro-
cessing and cure-behaviour was unaffected and comparable 
to the unmodified adhesive.

The adhesive bond strength of veneer specimens bonded 
with unmodified and microsphere-modified UF showed 
some effects of microsphere addition, which were, how-
ever, not significant in a statistical sense due to high vari-
ability within groups (Fig. 3). Overall, the bond strength 
of specimens cured at higher temperature was higher, as 
expected from UF cure-kinetics [2]. The lowest average 
values of bond strength were observed for the two variants 
bonded with unmodified adhesive, with 3.1 MPa at 90 °C 
and 3.5 MPa at 120 °C. Consistently, for both temperatures 
a slight but consistent increase in bond strength with increas-
ing microsphere content was observed (Fig. 3). In fact, the 
highest values for adhesive strength were measured using 

Fig. 2  Scanning electron microscopy picture of UF-microspheres at different molecular weights of hydroxyethyl cellulose; a 9 × 104 g/mol, b 
1.3 × 106 g/mol

Table 1  Viscosities of different resin-microsphere formulations meas-
ured with a cone/plate rheometer at a constant shear rate of 10 s−1, at 
20 and 40 °C, immediately after hardener addition, as well as 1 and 
2 h afterwards, to determine pot life

Ratio of 
microspheres:resin

Viscosity [mPa·s]

0 h 1 h 2 h

20 °C 40 °C

0.0:1 312 348 1.02 × 103 6.81 × 104

0.1:1 245 284 665 2.91 × 104

0.5:1 191 232 331 1.34 × 103

1.0:1 298 375 397 1.07 × 103

Fig. 3  Adhesive bond strength of wood specimens bonded with UF 
resin modified with different amounts of UF-microspheres cured at 
two different temperatures (t-bars: 1.5 × height of box or, if no value 
in that range, minimum or maximum values)
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an adhesive formulation containing 1 part resin (dry mass 
basis) and 1 part microspheres cured at 120 °C. With an 
average value of 4.2 MPa, an increase of 20% was achieved. 
While these results do not demonstrate substantial improve-
ments in bond strength, they provide clear proof that a high 
fraction of dry cured UF microsphere powder can be added 
to UF adhesive without impairing bond performance.

A comparison of the cure-kinetics of the two most 
extreme adhesive variants used, i.e., unmodified UF adhe-
sive and adhesive containing equal amounts of resin and 
solid UF microspheres is shown in Fig. 4. While at lower 
temperatures the signal of differential scanning calorimetry 
(DSC) was primarily due to evaporating humidity, exother-
mal curing of the unmodified adhesive started at around 
70 °C and reached a maximum at 90 °C, which is in good 
agreement with literature [26–29].

In comparison to the unmodified adhesive, the formula-
tion containing microspheres showed similar cure-behav-
iour, with the notable difference of a less intense maximum 
at 90 °C. This difference can be explained with the fact that 
the amount of reactive material was reduced by 50% in the 
modified adhesive. At 130 °C both formulations showed a 

sharp and intense endothermal peak related to endothermic 
formaldehyde elimination [26] creating ethylene bonds out 
of ether bonds, while releasing formaldehyde. Endothermal 
resin decomposition started at 215 °C for the unmodified 
adhesive and at 220 °C for the modified one. In good agree-
ment with literature [28], the strong endothermal peak cor-
responds to a distinct mass-drop in the signal of thermo-
gravimetric analysis.

In summary, the addition of UF-microspheres to UF-resin 
did not affect its curing behaviour. Differences in peak inten-
sity could be explained by reaction kinetics known from 
literature. The finding that adhesive strength remained unaf-
fected or even improved slightly when 50% of reactive UF 
resin was replaced with largely inert UF-microspheres (ratio 
1:1), remained to be explained. To do so, adhesive bond 
lines and, in particular, adhesive penetration, was examined. 
Excellent contrast between the adhesive and the bulk wood 
was obtained with the double-staining method applied seen 
in Fig. 5. Already upon optical inspection, clear differences 
between specimens bonded with unmodified adhesive and 
formulations modified with UF-microspheres were clearly 
visible. Unmodified UF penetrated deeper into the wood 

Fig. 4  Differential scanning calorimetry (a) and thermogravimetric analysis (b) of unmodified UF and adhesive containing equal amounts of 
resin and solid UF microspheres

Fig. 5  Cross sections of wood specimens after adhesive bond strength 
testing stained with Brilliant Sulphaflavin and Gentian Violet. Refer-
ence specimen (0.0:1) in pseudo colour (a) and as binary picture (b) 

where glue and the veneer’s bottom line are black. Same ratio micro-
spheres and UF-resin (1.0:1) in pseudo colour (c) and as binary pic-
ture (d)
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(Fig. 5a, b) than the modified UF, which was concentrated 
close to the specimen surface (Fig. 5c, d). In quantitative 
terms, the average penetration was around 0.15 mm for 
unmodified UF and 0.08 mm for modified UF (Fig. 6).

Viscosity is a characterizing factor for the penetration 
behaviour of liquids. Rheological behaviour changed with 
the addition of microspheres. The observed initial decrease 
followed by a later increase in viscosity (Table 1) could be 
because of the microspheres’ morphology. Balls enable an 
easy scrolling within the UF matrix, but at certain levels the 
loading is too high staunching the flow of UF and micro-
spheres. This speculation is in good comparison with a study 
suggesting an explanation for comparable rheological behav-
iour in dispersions of silica nanospheres and montmorillon-
ite platelets and their interaction [30].

Penetration was measured at unmodified adhesives and 
with maximum addition of microspheres, whereas both 
formulations exhibited comparable viscosities. Thus, the 
viscosity can be excluded to explain decreased penetration 
and the microsphere addition led to a decrease of resin’s 
penetration depth to the half value measured at unmodified 
adhesive.

In addition to penetration depth, also the variability of 
penetration depth was significantly reduced at the modified 
variant, indicating a distinct concentration of adhesive close 
to the specimen surface. One explanation could be that the 
microspheres remain on the specimen surface, being solid 
bodies unable to penetrate the solid wood structure due to 
the above-micron size. It is proposed that due to the large 
specific surface area, substantial amounts of liquid adhe-
sive adsorb to the surface of microspheres and consequently 
remain immobilised at the wood surface, reducing overall 

penetration. In good agreement with a recent study on UF-
adhesive modified with microfibrillated cellulose [18] it is 
proposed that the concentration of adhesive at the speci-
men surface, provided by UF-microsphere addition, enables 
the formation of bonds with strength similar to unmodified 
adhesive. There only a fraction of adhesive contributes to 
bond formation while a substantial amount of resin pen-
etrates deeply into the bulk and does not contribute to 
bonding.

While interesting and unexpected effects were found in 
the present study, its practical significance remains unclear. 
It is intriguing that substantial amounts of inert additive can 
be added to an adhesive without impairing its bond strength. 
This finding may provide a basis for further studies, where 
UF microspheres provided with added functionality such as, 
e.g., free methylol groups immobilizing enzymes [31], or 
microencapsulated fragrances compensating unwanted ter-
pene smells from wood [32], are incorporated into the bond-
line. Furthermore, aminoplastics are a major polymer used in 
microencapsulation [33, 34]. Microencapsulation is widely 
discussed in terms of providing additional functionality to 
coatings [35] or polymers in general [36]. Since the pre-
sent study has shown that the addition of UF microspheres 
is feasible without degrading bond strength, it should also 
be feasible to incorporate aminoplastic microcapsules with, 
e.g., self-healing functionality into wood adhesive bond 
lines. Especially interesting for particleboard manufacturers 
using UF as adhesive with its high brittleness, self-healing 
is of high importance to enhance service life of furniture for 
example. Some studies already report a microencapsulation 
of polymerizable fluids as healing agent like dicyclopenta-
diene, styrene, or epoxy [37–39].

Conclusions

To conclude, a substitution of 50% UF resin by solid micro-
spheres (ratio 1:1) is possible, without impairing the bond-
ing quality of solid wood joints. This opens the option of 
adding a huge amount of spherical particles directly into a 
bond line as carrier for, e.g., formaldehyde catchers or self-
healing substances. Lap shear strength indicates the qual-
ity of a wood joint and was tested at different substitution 
degrees and temperatures, where it did not underperform 
against the unmodified adhesive. The spheres did not influ-
ence the chemical curing of UF but if added, the penetration 
of liquid adhesive into wood was decreased by 50%. The 
finding that adhesive stays closer to the bond line could be 
preferable if self-healing substances are added to repair dam-
aged glue joints, but this is topic of further research.
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