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Abstract
Wood-based panels are commonly used as building materials for interior and exterior purposes. Their
production and utilization have increased over the past decades due to the useful properties they present.
Adhesive-bonded products make up to 80% of the wood alternatives on the global market, and of that,
urea-formaldehyde (UF) makes up approximately 81% of the resins used. Formaldehyde-based resins are
used due to their effectiveness and low cost, as well as their ease of application and lack of color.
Nevertheless, their main disadvantages are the lack of tackiness and the emission of formaldehyde over
time. To improve UF performance, the utilization of micro brillated cellulose, has been demonstrated to
be effective. However, more understanding on the mechanisms of the interactions is of relevant
importance.
In this work, we studied interfacial interactions between UF with bleached (BCNF) and unbleached (LCNF)
cellulose nano brils using Quartz Crystal Microbalance with dissipation monitoring (QCM-D) technique
observing the superior performance of lignin-containing CNF. Additionally, the surface free energies were
investigated using Contact Angle Measurements (CA) showing a decrease of the values mainly when
utilizing LCNF, which was later correlated with the wettability properties of the particle boards (PBs). PBs
with different adhesive/CNF formulations were produced showing larger improvements when adding
LCNF in terms of modulus of elasticity (MOE), modulus of rupture (MOR), and internal bonding (IB).
To gain a better understanding on the interactions between CNF and UF, CNF was fully characterized in
terms of morphology, chemical composition, charge density, as well as thermal and colloidal stability.

1. Introduction
Wood-based panels are commonly used as building materials both for interior and exterior purposes.
Their production and utilization has been increasing over the past few decades due to the good and
useful properties and the environmental bene ts they present (Hansted et al. 2019). Among the woodpanel alternatives, particle board, ber board, and oriented strand board (OSB) are some of the most
frequently used (Ayrilmis et al. 2016; Hansted et al. 2019). Speci cally, for particle boards manufacturing,
three layers are normally formed where larger particles are used for the core layer, improving the
mechanical properties. Thinner particles are used for the two outer layers in order to obtain a smooth
surface (Hansted et al. 2019).
Adhesive-bonded products make up 80% of the wood products on the global market, and of that, UreaFormaldehyde (UF) makes up more than 81% of the resins used (Lei et al. 2008).
It was reported by the Food and Agriculture Organization Corporate Statistical Database (FAOSTAT) that
in 2019 United States produced 4,346,542 m3 of particles boards, being the main producer in North
America (FAOSTAT 2019).
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Urea formaldehyde resin (UF) is a commonly used resin that holds together the particles and confers the
required mechanical properties to the panel for its nal application. Along with UF, other formaldehydebased resins are primarily used due to the combination of their effectiveness and relatively low cost
(Amini et al. 2017), as well as their ease of application and lack of color (Salari et al. 2013). One of the
most important disadvantages of UF when used for interior particle board is that this adhesive is well
known as a carcinogen and its use poses a human health issue during both wood composite
manufacturing and use (Diop et al. 2017). The emission of formaldehyde is most often caused by
unreacted formaldehyde trapped as a gas in the structure, as well as formaldehyde dissolving in water
that enters the panel (Salari et al. 2013).
Despite the high toxicologic risks when using this adhesive, the global formaldehyde business is
expected to reach 36.6 million tons at the end of 2026, due to the construction market being the biggest
consumer of these resins (Transparency Market Research 2018).
Other than adjusting the urea to formaldehyde ratio, various llers can be utilized to reduce the amount of
resin needed. Common llers must be insoluble in UF, these include cellulose, silica, talc, and chalk (Claub
et al. 2011). Traditional llers are made of larger particles, limiting mobility and making homogenization
di cult (Dukarska and Czarnecki 2016). Thus, smaller particles, i.e. nano-sized, can induce effective
properties such as improved mechanical strength and thermal resistance (Dukarska and Czarnecki 2016),
as well as lower resin consumption, thus substantially reducing costs. (Lei et al. 2008). Among the nano
particles used as ller for wood adhesives, nanoclay and nano-SiO2 are some of the reported on the
literature (Lei et al. 2010; Zahedsheijani et al. 2012; Salari et al. 2013; Dukarska and Czarnecki 2016).
As the most abundant natural polymer in the world (Klemm et al. 2005), and due to the continuous
improvement of technology designed to isolate materials to the nanoscale, cellulose has been positioned
to be used in a number of high-performance applications. When reducing its size into the nanoscale,
cellulose bers can be separated into small particles generally known as nanocellulose (Klemm et al.
2011; Moon et al. 2011; Lavoine et al. 2012). These nanoparticles can be obtained by different
approaches; the most commonly used are chemical and mechanical treatments to obtain cellulose
nanocrystals (CNC) and cellulose nano brils (CNF), respectively. In recent years, nanocellulose has been
increasingly studied for its many intriguing properties and immense potential. On the side of wood
composites research, micro and nano brillated cellulose have been recently investigated as a ller for
wood adhesives in particle boards (Mahrdt et al. 2016; Hansted et al. 2019; Morais Júnior et al. 2020),
OSB (Veigel et al. 2011, 2012), and plywood (Kawalerczyk et al. 2020). Veigel et al. (2011) studied the
effect of the addition of CNF bers into UF for wood beams. As a result, they determined that by adding 2
wt.% of CNF, the adhesive toughness increased up to 45 %. Following the same approach, Veigel et al.
(2012) reported the effect of nanocellulose reinforced UF and melamine urea formaldehyde (MUF)
adhesives for particle boards and OSB manufacture. They demonstrated that by adding 1 wt.% of CNF,
the fracture energy and fracture toughness can be improved for both wood panels. In addition, Mahrdt et
al. (2016) described the addition of micro brillated cellulose (MFC) to UF for particle boards resulting in
better mechanical performance. These results were determined to be due to the larger particle size when
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adding MFC, improving the adhesive availability for bonding with other particles. Recently, Kawalerczyk et
al. 2020, studied the effect of CNC addition on plywood panels to react with phenol formaldehyde (PF)
resins. They found that 3 g of CNC to 100 g d.m. of resin, was the optimum ratio to help the effective
transference of stress along the bond line and they observed the better mechanical properties f the panels
at that ratio.
On the attempts to reduce the adhesive consumptions, some research groups have worked on the
production of wood panels using nanocellulose as a complete replacement for commercial adhesives.
Diop et al. (2017) demonstrated that using 20% unbleached CNF at 3 wt.% of consistency on ber board
panels improved the internal bonding and modulus of rupture when compared with 15 and 25 % CNF
addition. Recently, Kojima et al. (2018) did similar work on particle boards, showing that the higher the
amount of CNF added to the panel, the better the properties. As a negative aspect, when comparing
particles boards made only with UF or (PF), they concluded that the properties of the board with 20wt.%
CNF corresponded to those of the boards with 1 wt.% UF or PF.
Although several groups have studied the addition of CNF or MFC to wood panels showing how the
properties can be improved, the actual interactions between UF and CNF, which may help to improve the
nal properties of the boards, are unknown.
The objective of this work was to demonstrate how UF resins and CNF from bleached and unbleached
cellulose pulps interact in real time by using the Quartz Crystal Microbalance with Dissipation Monitoring
(QCM-D).

2. Materials And Methods

2.1. Chemicals
Commercial urea formaldehyde (UF) containing 65 % solid content was provided by Hexion. Ammonium
sulfate [(NH4)2SO4] with a molecular weight of 132.14 g/mol was purchased from MilliporeSigma Lot:
AM1256517 846, hydrochloric acid (HCl) was purchased from Macron® batch number: 0000162657, and
sodium hydroxide (NaOH) (50 % w/w) from J.T. Baker Lot: 642022 CAS 3727-03. The water used was
deionized and puri ed with a Thermo Scienti c Barnstead Nanopure (18.2 MΩ cm).
For charge density measurements, cationic polymer Polydimethyl diallyl ammonium chloride (pDADMAC) 0.001 N, sample number 920, and anionic polymer Polyvinyl sulfuric acid potassium salt
(PVSK) 0.001 N, sample number 919, were purchased from BTG.

2.2. Cellulose pulps
For the purpose of this work, two never dried samples from softwood, bleached and unbleached, were
used as raw material for nanocellulose production. Cellulose pulps were kindly provided by a US kraft
mill.
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2.3. Cellulose nano brils (CNF) production
Cellulose nano brils were produced at the Forest Products Development Center from Auburn University.
For this purpose, celluloses pulps were washed using a HCl they reached pH = 3 and left for 30 min at that
pH in order to eliminate possible metallic particles. Then, pulps were washed using DI water until a pH of
5 was reached. Afterwards, the pH was adjusted to 9 using NaOH and left for 30 min to convert the bers
into their sodium form (Elisabet Horvath et al. 2006). Finally, cellulose pulps were washed using DI until
the conductivity of the ltrate reached < 5µS/cm.
Once the pulps were properly washed, a suspension at 2 wt.% of consistency was prepared. They were
brillated until reaching the nanoscale using the Masuko Supermasscolloider (MKZA-10-15J) allowing
the materials to de brillate. After the mechanical process, a gel-like consistency was obtained. Sodium
azide was incorporated into the samples to avoid the microorganisms growing. Samples were stored in
the cold room at 5 ºC until further use.

2.4. Characterization of CNF suspensions
Zeta-potential and charge density
The colloidal stability of the suspensions was assessed by measuring charge density and zeta potential.
pH was measured using a SympHony Benchtop Multi Parameter Meter B30PCI (VWR®) equipped with pH
and conductivity electrodes. Measurements were repeated 15 times and averaged. Zeta potential was
measured using an Anton Paar Litesizer 500 (Graz, Austria). Samples were diluted at 0.01 %wt. and
sonicated for 2 min with a cold bath to avoid heating of the samples A Vibra Cell sonicator (Newtown,
CA) was utilized with 20 KW and 20 % of amplitude. To promote a better dispersion of the colloidal
suspension. Charge density of the bers was measured following the method described in Iglesias et al.
2020. Both, zeta potential and charge density were measured six times at the pH of the suspensions 6.5.
A statistical analysis ANOVA was performed and reported.

Thermal stability
The thermal behavior of the samples was measured by Thermogravimetric Analysis (TGA). Dry samples
were tested on aluminum pans in a TGA-50 from Shimadzu (Kyoto, Japan). Samples were heated from
room temperature to 600°C at a rate of 10°C/min under a nitrogen atmosphere and the data was
processed with ta60 software, version 2.11 from Shimadzu. The sample size was approximately 15 mg
for all CNF. Measurements were performed in duplicate.

Qualitative chemical composition
Chemical and structural composition of the samples was analyzed by Fourier-transform infrared
spectroscopy with attenuated total re ectance accessory (FTIR-ATR) using a PerkinElmer Spotlight 400
FT-IR Imaging System (Massachusetts, US) with an ATR accessory. Before the measurements, a
background spectrum was recorded for each unique sample. Afterwards, all spectra were collected from
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400 to 4000 cm-1 with a 4 cm-1 wavenumber resolution after 64 continuous scans. The baseline was
corrected, and the data was processed with Spectrum 6 Spectroscopy Software (PerkinElmer,
Massachusetts, US). Measurements were performed by duplicate.

Morphology
The morphology of the samples was studied utilizing Atomic Force Microscopy (AFM). For AFM imaging,
silicon surfaces were cleaned using UV ozone for 30 min and submerged for 15 min into 0.1 wt. %
polyethylenimine (PEI), which was used as an anchoring solution. CNF suspensions were diluted at 0.2
wt.% and sonicated for 2 min using a Vibra Cell sonicator (Newtown, CA) with 20 KW and 20 % of
amplitude to promote delamination and prevent their agglomeration, with a cold bath to avoid heating of
the samples. Suspensions were deposited onto a silica surface by spin coating technique. Images were
obtained in tapping mode using an Anton Paar TOSCATM 400 (Graz, Austria) with a silicon cantilever.
Image size was 5 µm x 5 µm. Images were processed with Gwyddion software 2.49 (SourceForge).

Rheological behavior
Rheological properties of the cellulose nano brils were measured using a strain-controlled rotational
rheometer (Physica MCR302, Anton Paar). Rheological measurements were performed on a 25 mm
diameter parallel plate xture geometry. The sample was loaded on the rheometer and allowed to
equilibrate for 10 min before investigation of rheological properties. Tests were performed with a solvent
trap of deionized water to prevent water loss due to extensive testing. A preliminary shear protocol was
performed at a shear rate of 0.001 s− 1 for 20 min to prevent structure change before measuring
oscillatory dynamics. The dispersion microstructure was investigated with amplitude sweeps to
determine the linear viscoelastic region (LVR) without severe structure deformation and frequency sweeps
at 0.1 % strain within LVR to measure storage (G’) and loss (G”) moduli across a range of angular
frequencies. Finally, ow curve to investigate structure deformation under shear across a range of shear
rates were measured. Measurements were performed at a constant temperature of 25 ºC.

2.5. Interactions between UF and cellulose nano brils
Surface contact angle measurements (SCA)
Surface free energy was determined by contact angle measurements using a Dataphysics Instrument
OCA50 optical goniometer with DDE/3 (Filderstadt, Germany). Measurements were performed using three
liquids with different polarities, namely ethylene glycol, diiodomethane, and water. The dispense drop was
2 µl in volume, at a fast speed. Contact angle results were utilized for surface free energy calculations
utilizing the acid-based model.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
Interactions between UF, bleached and unbleached CNF were studied with a QSense Analyzer from Biolin
Scienti c (Västra Frölunda, Sweden). The basic principle of the QCM-D is the measurement of the
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changes in frequency (Hz) of a piezoelectric sensor that has a base resonance of 5 MHz and has
overtones of 15, 25, 35, 45, 55 and 75 MHz; changes in the frequency resonance are proportional to a
change in mass on the sensor, as only the surface is interacting with a ow of matter, and those changes
are likewise correlated to the mass adsorption on the sensors surface (Example 1991; KSV Instruments
Ltd 2002; Voinova et al. 2002).
All measurements were performed at 25°C with a constant ow of 100 µL/min. Gold crystals were
previously coated with the different types of nanocelluloses utilizing the same method explained in
Sect. 2.4.4. Once the sensors were coated, in situ experiments were performed inside the QCM-D
chambers.
In the particle board industry, a hardener is commonly used to improve the properties of the nal product.
For this purpose, ammonium sulfate [(NH4)2SO4] is commonly mixed with water and the adhesive for an
effective wood particle impregnation. In our study, we prepared a solution of adhesive and hardener and
analyzed the interactions between this mixture and the different nano bers. Only the changes of the third
overtone are presented.

2.6. Particle boards production and characterization
Particles board (PB) manufacturing
Particle boards with 8.4% of adhesive loading, with respect to the total weight of the panel, were
manufactured. Only 1% of UF was replaced using BCNF or LCNF, the two different types of
nanocelluloses previously characterized. Additionally, 0.6% of wax and 3% of hardener were used based
on the wood particles and the adhesive, respectively. The components conforming the liquid phase on the
PBs production were mixed all together and then sprayed on the wood particles. The initial moisture
content (MC) of the wood particles was 3% while at the end of the spraying process and before pressing,
the MC was ~ 8.9 ± 0.6% for all the samples. The target density was 0.6 g/cm3 in order to produce high
density panels.
Wood particles were placed inside a concrete mixer and covered with a vinyl plastic to avoid losing
material while mixing. Then, the liquid phase was sprayed using a spray gun while the wood particles
were continuously rotated in the concrete mixer.
After the mixing process, wood panels were hand-formed using a mold with dimensions 40 cm x 40 cm
on top of a metal sheet. After forming the wood mat, a second metal sheet was placed on top of the mat.
Two metallic stoppers with 1.1 cm of thickness were used during the pressing at each side of the wood
mat, maintaining the thickness of the panels constant. Finally, wood mat was pressed using a Wabash
hydraulic press (model 50-24-2TM) for 3 min at 2.5 MPa and 200 ºC. Finally, wood panels were storage in
a conditioning room at a temperature of 22.5 ºC and 55.2 % of relative humidity, until characterization.
For practical purposes, panels were denoted as (i) UF, for PB containing only UF, (ii) UF/BCNF for PB
containing 1% of bleached CNF, and (iii) UF/LCNF for PB containing 1% of unbleached CNF.
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PBs characterization
For water absorption (WA), thickness swelling (TS), modulus of elasticity (MOE) and modulus of rupture
(MOR) samples of 30.5 cm of length and 8 cm on width were used.
WA and TS were measured following Standard ASTM D1037-12. Samples were pre-labeled in eight points
which were equally spaced at the edge of each side and 2.5 cm from the edge to the center of the panel.
Samples were fully submerged into tap water and properly secured using extra weight to keep them
always underneath water. After 2 hours, the samples were removed, and the excess of water was drained.
Additionally, a paper towel was used to carefully eliminate the remaining water on the surface of the
panels. PBs were weighted and the thickness was measured in the same eight points as at the beginning.
WA was calculated using the weight of the panels before and after seeing submerged on water (Eq. 1).
Regarding TS, it was calculated utilizing the thickness before and after the panels were introduced into
the water (Eq. 2).

To measure the mechanical performance of the panels, a Zwick/Roell Z010 equipped with different
heads was utilized to measure MOE, MOR, and internal bonding (IB). Samples with dimensions of 5 cm x
5 cm were utilized for IB measurements. Tests were performed by quadruplicate for MOE, MOR TS, and
WA, and eight times for IB; the average and standard deviations were calculated and reported.

3. Results And Discussion

3.1. CNF characterization
Zeta-potential and charge density
Table 1 summarizes solid content, pH, zeta potential, and charge density of the two different CNFs. For
samples containing lignin, the charge density value was larger than for the bleached CNF. This could be
explained due to the presence of lignin, where more carboxylic and OH groups are present within the
surface of the bers (Crestini et al. 2017). Regarding zeta potential, BCNF present a slightly higher value
than LCNF. Zeta potential is related not only to the solid particles but also to the liquid of the media,
describing the charging behavior at the solid-liquid interface. Two main mechanisms affect the charge
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between electrochemical double layer charge; (i) acid-based reactions between the liquid media and the
functional groups present on the solid, and (ii) the absorption of water ions. Although sample containing
lignin present higher number of functional groups, this excess can inhibit the complete dissociation of
acid-based groups or their protonation, thus, reducing their zeta potential as we observed in Table 1. This
inhibition occurs due to due to the repulsions between the functional charged groups on the surface of
the bers (Thomas Luxbacher 2014).
Table 1
Dry content, pH, Zeta potential, and charge density for
bleached and unbleached CNFs.
Property

Unit

BCNF

LCNF

Dry Content

wt.%

2.0 ± 0.0

2.0 ± 0.1

6.5 ± 0.0

6.5 ± 0.1

pH
Z-Potential

mV

-30.3 ± 0.8

-27.1 ± 1.1

Charge density

µeq/g

258.9 ± 14.9

302.2 ± 15.0

The statistical analysis ANOVA (α = 0.05) reveals a signi cative difference between zeta potential and
charge density of bleached and unbleached samples.

Thermogravimetric Analysis (TGA)
The thermal decomposition and the derivative of the CNFs are presented on Fig. 1. Similar behavior can
be observed for both samples. Tmax can be related with the velocity at which the sample decomposed,
which can be observed as the maximum temperature value of the derivative (dm/dT). In this study, Tmax
(BCNF) = 340.5

ºC and Tmax (LCNF) = 334.1 ºC. Additionally, Tonset of both samples was similar, being this

the temperature at which the loss mass on the sample becomes more apparent (Nair and Yan 2015).
Tonset (BCNF) = 291.4 ºC and Tonset (LCNF) = 293.5 ºC. These results are in agreement to the ones reported on
the literature for samples containing different amount of lignin (Herrera et al. 2018; Iglesias et al. 2020).
Observing the derivatives curves, LCNF shows a small jump at 270°C. It has been described on the
literature that lignin has a broad range of decomposition temperature due to the presence of different
groups on its structure (Yang et al. 2007; Brebu and Vasile 2010). Thus, this small peak may correspond
to the presence of lignin.

Fourier-transform infrared spectroscopy with attenuated total re ectance accessory (ATR-FTIR)
Figure 2 shows the FT-IR spectra for BCNF and LCNF nano bers in the range of 400–4000 cm− 1. The
peak at 1029 cm− 1 was utilized as parameter to normalize the spectra. Such a peak corresponds to the CO stretching vibrations of lignin and polysaccharides (Huang et al. 2016) and showed a higher intensity
for the bleached sample which could be attributed to better mobility of the C-O to the absence of lignin.
As can be observed when comparing the graphs, both samples present a FT-IR spectrum that is very
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similar, since no chemical treatment was used. Similar results are reported on the literature for samples
with different lignin contents (Iglesias et al. 2020).
In the ngerprint region the main differences between the samples can be observed at 1160 cm-1 due to
the C-O-C stretching of the pyranose ring, corresponding to the cellulose structure, showing a larger
intensity for the BCNF samples. Additionally, at 1104 and 897 cm-1 there are stretching vibrations
corresponding to C-OH and C-C, respectively (Yang et al. 2007).

Microscopy
The morphology of the bers observed in Fig. 3 was measured by Atomic Force Microscopy (AFM). It can
be observed that the de brillation of the samples; in general, are long bers with only a few nanometers
present in the diameter dimension. Both samples present an entangled structure.

Rheology
Rheological measurements assessed the viscous behavior of the samples. Figure 4 shows the ow
curves for each sample. At lower shear rates, LCNF containing lignin shows a viscosity almost four orders
of magnitude larger than BCNF. This could be due to lignin's presence, which inhibits the movement of the
bers, and thus, its viscosity increase. At high shear rates, both samples show similar viscous behavior
which may be due to the alignment of the bers as the shear rate increases. Similar rheological behaviors
have been reported in the literature for samples with different lignin contents (Iglesias et al. 2020). The
reduction of the viscosity as the shear rate increase, is bene cial when spraying the samples into the
wood particles during the PBs manufacturing process.

3.2. Interactions studies between UF and cellulose
nano brils
Surface contact angle measurements (SCA)
Initially, the surface free energy of the UF and the two different nanocelluloses, BCNF and LCNF, was
measured showing values of 43.4, 44.7, and 42.3 mN/m, respectively. In order to observe how the
interaction between UF/BCNF and UF/LCNF affect the surface free energy, silicon surfaces were coated
with layers of both components and measured. The obtained data showed that there is a decrease of the
surface free energy when incorporating CNF to the UF. Surface free energy of UF/BCNF and UF/LCNF
were 43.2 and 42.8 mN/m, respectively. Results in Table 2 were performed by duplicate and averaged.
From Table 2 we can observe how the addition of nanocellulose to the UF, decrease its surface free
energy. LCNF shows a higher decrease of the surface free energy of the adhesive compared with the
BCNF sample. This could be related to the hydrophobic characteristics of lignin (Solala I. et al. 2019)
present on the LCNF sample.

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)
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Figures 5a) and b) show the interaction between BCNF and LCNF and a mixture of UF with hardener,
respectively. We can observe in both graphs the irreversible mass absorption on the surface after rinsing
the system with water.
BCNF and LCNF surfaces prepared by spin coating were rst stabilized in Mili-Q water, allowing the
surface to hydrate. Once the systems were stable, a solution of UF, hardener, and water was owed
through the equipment channels and an apparent decrease of the frequency was observed. To model the
surfaces, Broad t mathematical model was applied, and the mass absorbed onto the surface was
calculated.
For BCNF, the change on frequency was Δf = -311.1 Hz which was converted to 5.6 µg/cm2. Additionally,
after rinsing with water, LCNF present a Δf = -332.2 Hz, meaning that 5.9 µg/cm2 of mass remained
irreversible absorbed on the surface of the sensor.
As we can observed LCNF showed a slightly higher interaction with the adhesive solution, compared with
BCNF sample. By analyzing the chemical groups present on each type of ber, LCNFs are composed of
not only cellulose and hemicelluloses, but also lignin. It is well known that kraft lignin possesses on its
structure OH, COOH, and epoxy groups (Crestini et al. 2017) which may help to have strong interactions
with the amide, carbonyl and OH groups present on the UF resin (Akinterinwa et al. 2020).

3.3. PBs characterization
Mechanical and physical testing of PBs were measured by quadruplicated, and the results were averaged.
As can be observed in Table 2, particleboard properties improved with the addition of 1% CNF. Mainly, the
utilization of LCNF shows the best properties of the panels. TS and WA decrease after 2 and 24hs. This
could be explained due to the hydrophobic nature of the lignin present on the LCNF bers.
Complementary with these results, we observed a decrease of the UF's surface free energy with the
addition of LCNF, which could be related to a reduction of the sample's wettability as probed with WA and
TS results.
Regarding the mechanical properties of the panels, MOE, and MOR, improved with the addition of LCNF in
18, 25%, respectively. In addition, IB also increased a 33%, when adding LCNF. As we observed on the
QCM-D analysis, the interactions between the nano bers and the adhesive mixture are favored due to the
higher charge density and functional groups present on the lignin.
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Table 2
Experimental data for mechanical and physical properties of PBs with CNFs addition.
Thickness swelling

Water absorption

IB

MOE

MOR

2 hours

24 hours

2 hours

24 hours

PBs

%

%

%

%

N/mm2

MPa

MPa

UF

37.4 ± 1.5

45.8 ± 1.4

72.9 ± 2.3

91.2 ± 2.4

0.3 ± 0.1

752.2 ± 75.0

4.1 ± 0.4

UF/BCNF

41.5 ± 1.5

47.0 ± 1.4

64.7 ± 2.3

86.0 ± 2.3

0.3 ± 0.0

842.2 ± 70.4

4.5 ± 0.4

UF/LCNF

33.6 ± 1.4

43.3 ± 1.3

46.5 ± 2.4

77.3 ± 2.3

0.4 ± 0.0

889.0 ± 73.8

5.1 ± 0.4

4. Conclusions
In this work we have extensively analyzed the interactions between UF and cellulose nano brils with
different chemical composition. As a general effect, we observed an improvement of the properties of the
wood panels by replacing 1% of UF with BCNF and LCNF. The better properties when adding
nanocellulose can be attribute to the ability of the nanoparticles to transfer the stress trough the bond
line, thus, enhancing the bonding between the wood particles.
The larger interactions at the interfaces between LCNF and UF obtained by QCM-D analysis were
con rmed when measuring the properties of the nal particle boards. Additionally, the larger reduction of
the surface free energy when using lignin-containing CNF, was also observed in the wettability properties
of the panels, increasing the hydrophobic character and allowing lower thickness swelling and water
absorption after 2 and 24 hours. The improved performance of the PBs when using LCNF, could be also
attributed to the higher charge density of this sample, which may allow better interactions between the
adhesive, nanocellulose, and wood particles.
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Figure 1
TGA spectra and weight derivative on BCNF (grey) and LCNF (black) measured in nitrogen atmosphere.
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Figure 2
FT-IR spectra for BCNF (grey) and LCNF (black).

Figure 3
AFM topography images of a) BCNF and b) LCNF.
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Figure 4
Flow curve of BCNF (grey square), and LCNF (black circles).

Page 18/19

Figure 5
QCM-D spectra interactions between model surfaces of a) BCNF and b) LCNF, with a mixture of UF and
hardener (UF+H*) both irreversible absorbed after rinsing with Mili-Q water.
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