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Abstract Several studies demonstrate that the addi-

tion of microfibrillated cellulose (MFC) to urea-

formaldehyde (UF) wood adhesive improves the

mechanical bond strength of wood particle board. In

order to elucidate potential underlying mechanisms,

the distribution of unmodified UF as well as MFC-

modified UF (UF-MFC) in particle board was studied

by means of light microscopy. The viscosity and cure

characteristic of the adhesive systems were also

characterised. UF-MFC showed high viscosity and

shear thinning compared to UF. Both chemical and

mechanical cure of adhesive were delayed in the

presence of MFC. In UF-MFC, the size distribution of

adhesive particles shifts towards larger particles

compared to UF. More adhesive is directly available

for adhesive bonding, and a larger part of the wood is

covered with adhesive. This may be the cause for the

better mechanical performance of particle board

bonded with UF-MFC compared to UF.

Keywords Adhesive distribution � Microfibrillated

cellulose � Particle board � Urea-formaldehyde wood

adhesive

Introduction

By volume, particleboard is the most important

product of the European wood-based panel industry.

The standard binders used for this wood composite are

aminoplastic adhesives on the basis of urea-formalde-

hyde (UF). The European production of amino resins

was estimated to be 5.5 9 106 metric tons, of which

about 95 % were used in particle board and MDF

production (Diem et al. 2010). Urea-formaldehyde

resins offer many advantages for industrial applica-

tions, such as high reactivity, ease of processing, and

moderate cost (Dunky and Niemz 2002). On the

downside, limited adhesive bond performance and

post-production emission of potentially harmful

formaldehyde require constant optimisation of this

well-established adhesive system. Adhesive properties

can be optimized in different ways depending on the

application. The most obvious way is the modification

of their chemistry. Another alternative approach to

adhesive modification is the addition of fillers. Filler

materials are non-volatile, non-gluing substances,

which are insoluble in the adhesive. Common fillers

are powders (cellulose, aluminium oxide, and silica),

fibres (glass fibre, mica), sheet like materials (talc),

and cubic materials (chalk, barytes) (Clauß et al.

E. Mahrdt (&) � S. Pinkl � H. W. G. van Herwijnen

Wood K Plus, Competence Centre for Wood Composites

and Wood Chemistry, Altenberger Str. 69, 4040 Linz,

Austria

e-mail: e.mahrdt@kplus-wood.at

C. Schmidberger � S. Veigel � W. Gindl-Altmutter

Department of Material Sciences and Process

Engineering, Institute of Wood Technology and

Renewable Materials, BOKU – University of Natural

Resources and Applied Life Sciences, Tulln, Austria

123

Cellulose (2016) 23:571–580

DOI 10.1007/s10570-015-0818-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-015-0818-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-015-0818-5&amp;domain=pdf


2011). Fillers enable to overcome limitations imposed

by polymer chemistry. Especially in high performance

adhesives nanoparticles or nanofibers from high

strength materials are used to strengthen the material.

For wood adhesives a number of studies exist in which

particulate or fibrous fillers were used. Nanoclay-filled

urea-formaldehyde showed positive results in a num-

ber of studies. In this case the addition of nanoclay

reveals improved thermal stability (Zahedsheijani

et al. 2012), increased water resistance and internal

bonding of panels (Lei et al. 2008).

Another filler, similar to nanoclay is nano-SiO2.

This filler revealed performance improvements in the

bonding of OSB-panels with urea-formaldehyde

(Salari et al. 2013). In a different experiment nano-

SiO2 was used as a filler for MUPF-adhesive in the

process of manufacturing water-resistant plywood. It

was possible to optimize the process of gluing the

sheets of veneer and to achieve a specific water-

resistant level with a reduced amount of adhesive by

30 % (Dukarska and Czarnecki 2015). These

improvements do not appear by using phenol-

formaldehyde instead (Lei et al. 2010). Beside these

rather new fillers the classic approach to improving

adhesive performance is the addition of organic flours

to urea-formaldehyde.

Recently it was shown that the addition of nanocel-

lulose to wood adhesives may have significantly

beneficial effects on their bond performance (Veigel

et al. 2011, 2012; Kaboorani et al. 2012). In particular,

brittle adhesive may benefit from the addition of MFC

in terms of significantly improved toughness (Veigel

et al. 2011, 2012). Due to its versatility and perfor-

mance, offering a plethora of exciting application

routes, nanocellulose has established itself as a major

trend in cellulose research, as documented in recent

reviews of the literature (Eichhorn et al. 2010; Klemm

et al. 2011; Moon et al. 2011; Dufresne 2012; Liu et al.

2012; Kaboorani et al. 2012; Charreau et al. 2013;

Salas et al. 2014; Wei et al. 2014; Jorfi and Foster

2015). The term nanocellulose comprises two variants

of nano-scale cellulosic objects. i.e. microfibrillated

cellulose (MFC) and cellulose nanocrystals (CNC).

While MFC, cellulosic objects with typical diameters

between 10 and 50 nm and length in the micrometer

range, are usually obtained by purely mechanical

processing of pulp, CNC production involves an

additional acid hydrolysis step, where predominantly

non-crystalline cellulose is removed, resulting in

comparably short, highly crystalline cellulose whis-

kers. While CNC production is still on the pilot scale,

MFC availability will be greatly boosted by a recently

announced production site in Norway (http://www.

borregaard.com/News/Borregaard-invests-NOK-225-

million-in-a-production-facility-for-Exilva-microfibrillar-

cellulose). Therefore, also potential high-volume appli-

cations such as wood adhesive modification seem real-

istic using MFC.

Richter et al. (2009) used MFC for reinforcing one-

component polyurethane, but their results remained

not fully conclusive. In the case of polyurethane

adhesive, surface hydrophobisation of MFC is neces-

sary in order to provide surface chemical compatibility

with the adhesive whereas aqueous MFC suspensions

can be dispersed in aqueous adhesive systems such as

UF. In the adhesive bonding of solid wood, it was

demonstrated that an addition of 2 wt% MFC to UF

may improve the specific fracture energy of adhesive

bonds by up to 45 % compared to unmodified UF solid

wood bonds (Veigel et al. 2011). Also in the bonding

of wood composites, positive effects of MFC addition

to aminoplastic adhesives were observed (Veigel et al.

2012). For both particle board and oriented strand

board (OSB), significant positive effects of MFC

addition on industrially relevant board properties, in

particular internal bond strength, were observed. This

is of particular interest, because improved adhesive

performance could result in adhesive required, leading

to significant cost reduction. Furthermore, a reduced

amount of adhesive required—currently particleboard

is typically produced with an adhesive content of

9 %—also directly translates to reduced formaldehyde

emission.

Concerning the mechanism behind the positive

effect observed for MFC addition to UF, one obser-

vation is that the overall deformability (i.e. strain to

failure) and toughness of adhesive bonds increases

upon MFC addition, which may be one cause for

improved mechanical strength. Other potential effects,

such as reduced shrinkage of UF upon cure due to the

presence of MFC, analogous to a mechanism proposed

for various nanogel-reinforced resin systems (Liu et al.

2012), or reduced microcracking, remain subject of

speculation. Specifically in particle board, adhesive

distribution is one of the critical parameters with

regard to board performance (Riegler et al. 2012) and

efficient use of adhesive. In particleboard, roughly

only half of the adhesive used directly contributes to
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particle–particle bonding, whereas the remainder

penetrates into inner cavities of particle or forms

individualised agglomerates (Mahrdt et al. 2015). In

the present study, we investigate potential effects of

microfibrillated cellulose addition on the distribution

of UF adhesive in particleboard, in order to further

elucidate potential mechanisms behind the beneficial

effects on board strength observed for MFC addition

to UF. Furthermore, relevant adhesive properties such

as viscosity and cure characteristics were also

determined.

Materials and methods

Adhesive formulation and board preparation

The adhesive used in the present study was a

commercially available UF adhesive (Primere, Meta-

dynea GmbH, Krems, Austria) with a solid resin

content of 65.5 %. This resin is a standard product

widely applied in the particle board producing indus-

try. MFC with the trade name Celish (grade KY100G)

was purchased from Daicel Finechem Ltd. The

product comes with a solid content of 10 %, has a

fiber thickness between 1 and 0.01 lm andwas used as

received. For viscosity, DSC, and DMA experiments,

MFC-modified UF was produced with a MFC content

of 5 % (by weight of solid resin) by mixing with an

Ultra-Turax device to achieve a homogeneous distri-

bution of MFC in the UF matrix. Due to necessity of

processing MFC in wet state, additional water was

added to the formulation, which results in a final solid

resin content of 53.5 %. In order to account for this

fact, also the solid content of the unmodified refer-

ence-UF was adjusted to 53.5 % by diluting it with

deionised water. Aqueous ammonium nitrate

(60 wt%) was added as a hardener in a concentration

of 3 wt% of solid UF-resin.

For the manufacture of one-layer particle boards,

coarse softwood particles typically utilised in the core

layer of industrial boards were provided by a parti-

cleboard mill. The particles, with typical length

between 1 and 6 mm and thickness of 0.1–0.5 mm,

were conditioned to a moisture content of 4.2 % and

put into a ploughshare mixer (Gebrüder Lödige

Maschinenbau GmbH, Paderborn), defined amounts

of adhesive and subsequently MFC were added

separately and mixed for 10 min in order to achieve

spreading of the adhesive onto the particle surfaces.

Parallel trials with spray-application of adhesive

yielded similar results. The target adhesive content

was 7 % of cured UF resin based on oven-dry wood.

The target MFC content was set to 5 % of the total

mass of cured adhesive. The adhesive-coated particles

were subsequently spread manually onto the press

plate. Thereafter the press (LZT-OK by Langzauner

GmbH, Lambrechten, Austria) was closed and the

adhesive was cured at 220 �C and maximum pressure

of 4 MPa for 140 s. During pressing, the final board

thickness was set by means of 14 mm thick steel

distance strips, i.e. pressing was done in distance-

controlled mode rather than pressure-controlled mode.

In total, 4 boards with a target density of 0.65 g cm-3

and dimensions of 500 9 430 9 14 mm were pro-

duced, i.e. two boards each with pure UF and MFC-

modified UF.

Adhesive viscosity

Viscosity measurements of the two adhesive formu-

lations used were performed on a Bohlin CVO

Rheometer (Bohlin Instruments GmbH, Pforzheim,

Germany) using the Bohlin Software. A cone/plate

measuring geometry CP4/40 was selected consisting

of a rotating upper cone with a diameter of 40 mm and

a fixed lower plate 60 mm in diameter. The cone angle

was 4� and the gap between cone and plate was

0.15 mm. A quantity of 1.3 mL of liquid adhesive was

used and the measurements were run over a 180 s time

span. The shear rates were between 0.1 and 200 s-1

recording a shear ramp. Three replicate measurements

each were performed at 20 �C.

Adhesive cure

In order to study potential effects of MFC on adhesive

cure, dynamic mechanical analysis (DMA) and dif-

ferential scanning calorimetry (DSC) experiments

mimicking cure conditions during hot-pressing were

carried out. For DMA, 220 gm-2 adhesive was spread

onto a strip of beech wood veneer with a length of

55 mm, a width of 10 mm, and a thickness of 1.1 mm

and covered with a second strip of veneer of identical

size. This sandwich was then mounted to the sample

holder of a Netzsch DMA 242 C (Netzsch-Gerätebau

GmbH, Germany). Three-point bending experiments

at a free sample length of 40 mm between the supports
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were performed with a constant heating rate of

10 K min-1 in the temperature range from 10 to

180 �C. Samples were loaded with a static load of

0.5 N and then tested at a target amplitude of 30 lm
with a frequency of 1 Hz. The oscillation amplitude

was 30 lm for all specimens. During the experiment,

the storage modulus E’ of the sandwich increases in

parallel to the progress of adhesive cure. Since E’ is a

measure of mechanical stability of the adhesive bond,

the degree of mechanical cure (b) can be derived from
such experiments by relating E’ at a given temperature

to the final maximum E’ attained after complete cure.

For a precise description of the method, the reader is

referred to Wang et al. (2011).

For DSC measurements performed on a Netzsch

DSC F3 Maia (NETZSCH-Gerätebau GmbH, Ger-

many), again a sandwich set-up was chosen. This was

deemed useful in order to account for a potential

influence of woody substrate on cure kinetics e.g. due

to pH of buffer capacity of wood. The adhesive was

placed between two beech wood disks with a diameter

of 3.5 mm and a thickness of 1.0 ± 0.05 mm prepared

from the same piece of wood as the respective DMA

sample, applying the same adhesive quantity. The

resulting 3-layered specimen was then placed into a

30 lL gold-plated high-pressure steel crucible, sealed,

and measured immediately. The same parameters for

temperature range and heating rate as used for DMA

were chosen. The progress of cure was evaluated from

ratio between the reaction enthalpy released at a given

temperature and the total reaction enthalpy released

during the experiment. Since cure in the context of

DSC relates to chemical reactions in the adhesive, it is

termed chemical cure (a). Again the reader is referred
to Wang et al. (2011) for more details.

Characterisation of boards

The density of the boards produced was determined

according to the European standard EN 323 (1993).

For each adhesive group 6–10 samples were tested.

Internal bond strength, which is the inner strength of a

board tested at an angle of 90�with respect to the plane
of the board, was determined according to EN

319 (1993). A Zwick/Roell Z100 universal testing

machine equipped with a 5 kN load cell was used for

this purpose. For each group of specimens, mean

values were calculated and compared by one-way

analysis of variance (ANOVA, p B 0.05).

Concerning the analysis of adhesive distribution,

the process from sample preparation to microscopy is

illustrated in Fig. 1.

Sample preparation starts with the cutting of 8

small prisms of each adhesive group with dimensions

between 1.5 and 2 mm from the core of the boards.

These blocks were then impregnated with epoxy resin

by means of repeated vacuum-pressure treatment.

Sinking of the blocks into the liquid epoxy was taken

as an indication of satisfying impregnation. After

curing of the epoxy at 60 �C, the blocks were trimmed

and sectioned with a diamond knife mounted to an

ultramicrotome. The thickness of the thin sections was

set to 2 lm. In order to provide contrast between cured

adhesive, cell wall substance, and empty cavities, the

sections were stained twice. Firstly, Brilliant Sul-

phaflavine, a yellow fluorescent dye which bonds

selectively to basic amino-groups (Leemann and Ruch

1972), was used to stain the adhesive. Secondly,

Gentian Violet was applied to stain cell wall material.

Between and after the staining steps, the specimens

were repeatedly washed with deionised water, and

finally mounted to glass slides. With a fluorescence

microscope (Zeiss Axioplan 2 Imaging) two images

were taken at each selected position. One image was

taken in incident light mode using an ultraviolet lamp

Fluo Arc HBO 100 in order to capture fluorescence

originating from stained adhesive. A 438 nm excita-

tion filter and a 520 nm emission filter were used. A

second image was then taken in transmitted light mode

using a halogen lamp HAL 100. In this mode, image

Fig. 1 Schematic process from sample preparation to light

microscopy
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contrast originates primarily from stained wood cell

walls. All images were taken with a magnification

factor of 1009 and a resolution of 0.943 lm/pixel. In

order to cover a large representative sample area

several overlapping images were taken. Prior to image

analysis, visible light and fluorescence images from

identical locations were matched and merged to one

new image with image processing software (Photo-

shop CS3). The merged images were then matched

with respective neighbouring images from the same

grid in order to represent the whole micro section

using the image processing software MosaicJ, a plug

in from ImageJ. Further analysis was then done with

Photoshop and ImageJ. Briefly, the sized and size

distribution of adhesive particles was evaluated as

well as the positioning of adhesive inside particles, at

the interface between particles, or in disconnected

agglomerations, respectively, was evaluated. The

whole process was recently described in more detail

by Mahrdt et al. (2015).

Results and discussion

Adhesive viscosity

As expected based on earlier studies (Veigel et al.

2012), the addition of MFC significantly changes the

viscosity of UF adhesive (Fig. 2). While UF adjusted

to the same water content as UF-MFC shows

essentially Newtonian behaviour, with a viscosity of

56 mPa s-1 independently of the shear rate applied,

UF-MFC exhibits very clear shear thinning. Starting

with values up to 20 Pa s, viscosity rapidly decreases

below 1 Pa s at a shear rate[80 s-1. This behaviour is

in good agreement with similar studies (Iotti et al.

2011; Puisto et al. 2012; Dimić-Mišić et al. 2013,

Grüneberger et al. 2014). The high initial viscosity of

UF-MFC is caused by the presence of a fibrillary

network with substantial interfibrillar interaction.

According to (Iotti et al. 2011), long and thin MFC

fibrils are covered by hydroxyl groups that can take

part in formation of temporary bonds between the

fibrils. With increasing shear rate, shear thinning is

observed as fibrils align in a reaction to the acting

shear forces. For MFC suspensions in water, Iotti et al.

2011 also report a region of increasing viscosity,

which was not observed in our experiment. Shear

thinning may be beneficial to the processing of UF-

MFC, as it can be pumped and sprayed onto wood

particles without any adaptations to existing

equipment.

Adhesive cure

The results of DMA and DSC experiments with wood-

adhesive-wood sandwich specimens are summarised

in Fig. 3.

As observed in literature (Wang et al. 2011), the

formation of a polymer network (DSC signal termed

chemical cure) precedes the build-up of mechanical

adhesive strength (DMA signal termed mechanical

Fig. 2 Shear rate-viscosity curves with MFC-modified UF and

diluted UF
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cure). An effect of MFC-addition to UF is clearly

visible both with regard to the progress of the

exothermal polycondensation reaction as measured

by DSC, and also with regard to the increase in shear

stiffness of the adhesive as measured by DMA. In both

cases, UF-MFC lags behind UF (Fig. 3). One may

speculate that the presence of MFC has a certain effect

on cure kinetics. Adsorption onto the large surface that

nanocellulose presents is related to highly localized

intermolecular forces (Gardner et al. 2008). These

forces could lead to temporary bonding of methylo-

lated urea and UF oligomers at various stages of the

polycondensation reaction. The reduced mobility of

these molecules would then result in a lower reaction

speed. Furthermore, as hydrophilic MFC prevents

water from evaporating, the equilibrium reaction,

generating water, may shift slower towards comple-

tion. However, such considerations are beyond the

scope of the present study.

Technologically, any delay in adhesive cure is

considered disadvantageous from a viewpoint

focussed on productivity, as press cycles should be

as short as possible in order to guarantee maximum

throughput.

Mechanical board properties

In good agreement with the target density set to

0.65 g cm-3, the average density of all boards

prepared is 0.64 ± 0.02 g cm-3. Statistical analysis

by means of one-way Anova indicates no difference in

board density between reference boards bonded with

pure UF and boards bonded with MFC-modified UF

(Fig. 4).

Because of the strong effect of density on many

board properties, particularly internal bond strength, it

is an essential prerequisite for further analysis that

there is no statistical difference in density between the

two groups of boards studied. Internal bond strength

(Fig. 4) of the MFC-modified boards shows about

30 % higher average values (0.63 ± 0.07 MPa) than

the reference boards (0.47 ± 0.1 MPa). These results

are in good agreement with already published results

for wood composites (Veigel et al. 2012), which also

revealed an improvement of internal bond strength

when MFC-modified UF was used. Since density of

the two groups of boards is not significantly different,

other effects than variations in density must be

investigated in order to reveal the cause behind the

observed clear difference in board mechanics. The

following analysis of adhesive distribution may con-

tribute to elucidating these causes.

Adhesive distribution

Figure 5 shows typical microscope images of adhesive

distribution in boards bonded with reference UF

compared to boards bonded with MFC-modified UF.

These images were obtained by merging two pictures

taken in visible light and fluorescent mode, respec-

tively. The yellowish background in all images

originates from the epoxy resin used for embedding

prior to thin-sectioning. UF adhesive shows bright

greenish-light blue fluorescence and can thus be easily

discerned from the intensely violet stained cell wall

material.

The first parameter evaluated quantitatively from

such images is the size distribution of adhesive

particles. This parameter implies that a high number

of very small resin particles enable a more homoge-

neous distribution of adhesive throughout the board

volume than few large resin particles.

As shown in Fig. 6, the size distribution is clearly

different for the two groups of boards investigated. In

the reference boards, the distribution of particle sizes

is rather even across all size classes defined. In

comparison, a clear trend towards larger particles is

evident for MFC-modified UF. Notably, small size

Fig. 4 Mechanical properties: internal bond and density
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classes of 250 lm2 and smaller decrease, whereas

larger size classes increase in frequency, which

contradicts our assumption that a more homogeneous

adhesive distribution in terms of numerous small

particles instead of a smaller number of bigger

particles may be favourable to internal bond strength.

On the contrary, an increase in the frequency of large

particles correlates with an increase in bond strength in

the present set of specimens.

However, not only the frequency of resin spots but

also their location is of importance. Therefore we also

investigated the coverage, i.e. the average percentage

Fig. 5 Microscope images of adhesive distribution in boards bonded with reference UF (a, b) and with MFC-modified UF (c, d)

Fig. 6 Resin area classes of one-layer lab scale particleboards (12 microscope images were evaluated)

Cellulose (2016) 23:571–580 577

123



of the circumference of all wood particles covered by

adhesive (Fig. 7). In case of MFC-modified UF, a

significantly larger part of the wood surface is covered

by adhesive.

This is supported by the third parameter evaluated

from 12 microscope images acquired, which refers to

the assignment of adhesive to defined areas inside

particles, at the interface between particles (i.e. actual

adhesive bond line), or in disconnected agglomera-

tions (Fig. 8).

In the reference boards bonded with unmodified

UF, roughly 40 % of the adhesive is directly located in

adhesive bond lines between neighbouring wood

particles and thus provides mechanical strength to

the composite. A surprisingly large fraction of 35 % of

the adhesive is found within inner cavities of wood

particles and thus does not directly contribute to

adhesive bonding. However, this fraction of adhesive

is probably not without use in the whole composite,

since it somewhat stabilises the particles with regard to

dimensional changes due to hygroexpansion (Frihart

2009). Finally, more than 20 % of the adhesive was

found in disconnected agglomerations which appar-

ently do not contribute to adhesive bonding. By

comparison, UF-modification with MFC significantly

changes the distribution of adhesive. Significant

differences exist between the two groups regarding

agglomerations (p value 0.008) and bond line adhesive

(p value 0.034) in T Test. The fraction of adhesive

directly contributing to particle–particle bonds

increases to more than 50 % at the expense of

disconnected agglomerations of adhesive, which are

reduced to half the value found in the reference. With

35 % the fraction of adhesive penetrated into wood

particle cavities remains unchanged.

Thus the change in adhesive distribution observed

upon MFC addition is most probably attributed to a

change in viscosity and the ability of MFC to bond

water to its high specific surface. Increased adhesive

viscosity may well explain the higher fraction of

adhesive in the bondline and the trend towards larger

adhesive particle size upon MFC addition. However,

we have no explanation for the reduced fraction in

agglomeration of UF-MFC. With regard to the

improvement in board mechanics, it is proposed that

this change in adhesive distribution exerts a positive

influence and reinforces the already known effect of

toughness improvement of UF modified with MFC

(Veigel et al. 2011, 2012).

Conclusions

In summary, the results presented above show that

MFC-modified UF is more viscous than unmodified

UF, and adhesive cure is delayed by the presence of

MFC. We conclude from the results of adhesive

distribution characterisation that the interaction of UF

with MFC leads to a shift in the size distribution of

adhesive particles towards larger particles in UF-MFC

compared to UF. A higher fraction of adhesive is

available for bond-line formation and a larger part of

the wooden particles is covered with adhesive.

Changed adhesive distribution together with improved

adhesive toughness are proposed to contribute to

improved board strength.Fig. 7 Part of wooden particles covered with adhesive

Fig. 8 UF resin distribution within one-layer lab scale parti-

cleboards (average values and standard deviations are given)
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