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Abstract 
The curing behavior of lignin-based phenol-formaldehyde (LPF) resin with different contents of 
nano-crystalline cellulose (NCC) was studied by differential scanning calorimetry (DSC) at differ-
ent heating rates (5, 10 and 20˚C/min) and the bonding property was evaluated by the wet shear 
strength and wood failure of two-ply plywood panels after soaking in water (48 hours at room 
temperature and followed by 1-hour boiling). The test results indicated that the NCC content had 
little influence on the peak temperature, activation energy and the total heat of reaction of LPF re-
sin at 5 and 10˚C/min. But at 20˚C/min, LPF0.00% (LPF resin without NCC) showed the highest to-
tal heat of reaction, while LPF0.25% (LPF resin containing 0.25% NCC content) and LPF0.50% 
(LPF resin containing 0.50% NCC content) gave the lowest value. The wet shear strength was af-
fected by the NCC content to a certain extent. With regard to the results of one-way analysis of va-
riance, the bonding quality could be improved by NCC and the optimum NCC content ranged from 
0.25% to 0.50%. The wood failure was also affected by the NCC content, but the trend with respect 
to NCC content was not clear. 
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1. Introduction 
Lignin is one of the three main components of wood, and its content in hardwoods is usually in the range of 18 
to 25%, whereas it varies between 25% and 35% in softwoods [1]. Lignin is a biopolymer composed of phenyl-
propane (C9) as a basic structural unit, which is connected by carbon-carbon and ether (R-O-R) bonds forming a 
high-molecular-weight and a three-dimensional highly branched network with a variety of functional groups [2]. 
Because lignin contains phenolic compounds, it has been used to partially substitute phenol in the manufacturing 
of phenol-formaldehyde resins for wood composites products. Because of the low reactivity of lignin with for-
maldehyde, several researchers tried to replace phenol with lignin for phenolic resin development in past few 
decades, but have not reached commercial applications yet. To produce more reactive phenolic precursors, lig-
nin can be modified prior to resin synthesis. Lignin-based phenolic resins were synthesized and investigated us-
ing various percentages of lignin replacement for phenol. Then, the bonding property was evaluated through 
mechanical testing of oriented strandboard (OSB) or plywood manufactured with lignin-based phenolic resins 
[3]-[18]. 

Cellulose, the main component of the cell walls of trees and other plants, is the most abundant material in the 
biosphere, and a long-chain polysaccharide composed of β-1,4-linked D-glucose rings [19]. In its almost-pure 
form, cellulose has a crystalline molecular structure. Known as nano-crystalline cellulose or NCC, this substance 
has intriguing properties and uses. Nano-crystalline cellulose is obtained by the acid hydrolysis of cellulose un-
der conditions where the amorphous regions are selectively hydrolyzed [20] [21]. The tensile modulus along the 
length of these NCC can reach 145 GPa, which is higher than that of Kevlar® (130 GPa) [22] [23]. NCC has a 
high aspect ratio, low density and a reactive surface that facilitates grafting chemical species to achieve different 
surface properties (surface functionalization) [20] [24]. These features are favorable for NCC use as a reinforc-
ing component in building materials to increase their mechanical strength, stiffness, toughness, thermal stability 
and durability [25]-[33]. Because of such advantages, NCC could be added into lignin-based phenol- formalde-
hyde adhesive (LPF) for improving bonding properties. But the literature available on the effects of NCC on the 
curing behavior and the bonding properties of LPF is limited. 

The purpose of this study was to add different amounts of nano-crystalline cellulose (NCC) into lignin-based 
phenol-formaldehyde (LPF) resins and investigate the effect of NCC addition and content on the curing behavior 
and bond quality of LPF resins. The curing behavior of the resins was characterized by differential scanning ca-
lorimetry (DSC) for the peak temperature and heat flow at different heating rates to get activation energies as 
well. Two-ply plywood panels were then prepared with the LPF resins containing different NCC contents and 
the effect of NCC on the properties of wood composites, in terms of lap-shear strength and wood failure, was 
evaluated under wet conditions. 

2. Materials and Methods 
2.1. Preparation of Lignin-Based Phenol-Formaldehyde (LPF) Resins 
LPF resins were synthesized in the laboratory with formaldehyde to phenol molar ratio of 2.5, 45% solid content 
(SC) and 33% phenol replacement with lignin donated by Tembec (Canada). Sodium hydroxide (NaOH), was 
used as a catalyst. The reactions were in two steps: 1) methylolation of phenol and lignin with formaldehyde at 
low temperature (around 70˚C for certain period of time), 2) condensation at higher temperature (over 80˚C). 
The viscosity of the resin was monitored and the reaction was terminated when the viscosity reached 150 to 200 
cps. Viscosities were measured by a Brookfield viscometer from Brookfield Engineering Laboratories (Middle-
boro, MA). The resulting adhesives was then stored at 4˚C and 80% relative humidity until used. 

The resin was then divided into 6 parts and the NCC, provided by FPInnovations—Pulp & Paper Division, 
was added with 0, 0.1, 0.25, 0.5, 1.0 and 1.5% content based on the liquid weight of the LPF resin, which cor-
responds to resin solid contents of: 0, 0.22, 0.56, 1.11, 2.22 and 3.33% wt These resins were labeled as the NCC 
content: LPF 0.00%, LPF 0.10%, LPF 0.25%, LPF 0.50%, LPF1.00% and LPF1.50%, respectively. Then, all the 
resins were stirred with a high speed mixer (Brook Crompton, Ragogna Custom Machinery LTD) at a rotating 
speed of 5000 rpm for 30 min to obtain homogeneous mixtures. 

2.2. Differential Scanning Calorimetry (DSC) Measurements 
All DSC measurements were conducted with a TA DSC 2910 from TA Instruments. About 5 mg of adhesive 
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sample was placed in an aluminum pan and sealed. The sealed aluminum pan was then placed in a heating 
chamber and a pressure of 4000 kPa was applied. Heating rates of 5, 10 and 20˚C/min were used and the scan-
ning temperature ranged from 25˚C to 250˚C under a nitrogen atmosphere. For each heating rate, two replicates 
were performed. The data were analyzed with the Universal Analysis software (TA Instruments). 

Based on the DSC curves, the activation energy and total heat of reaction were analyzed in this study. The ac-
tivation energy involved in the curing process was evaluated by Ozawa method and Kissinger method from the 
peak temperatures of the DSC scans at three different heating rates [34]-[36]. The Ozawa method is based on a 
linear relationship between the logarithm of the resin heating rate and the inverse of the peak temperature as 
follows [35]:  

( )log 0.4567 2.315 log loga a

p

E ZE
F

RT R
β α = − − + − 

 
                   (1) 

where, β is the heating rate (˚C/min), Ea is the activation energy (J/mol), R is the gas constant (8.314 J/mol·K), 
Tp is the peak temperature (K), Z is the pre-exponential factor of the curing kinetics, and F(α) is a function re-
lated to the conversion rate, but independent of β and Tp.  

The Kissinger method is similar to Ozawa. It relates the logarithm of ( )2
pTβ  with the inverse of the peak 

temperature (Tp) as follows [34]:  

2ln lna

p ap
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In order to better compare between different LPF resins, the total heat of reaction was evaluated from 60˚C to 
200˚C based on the DSC curves. 

2.3. Preparation of Two-Ply Plywood Panels 
Peeled yellow birch veneers with dimensions of 310 by 135 by 1.5 mm (length by width by thickness) were used 
in this study. The veneers were initially stored at 20˚C and 20% relative humidity (RH). The “tight” sides of the 
veneers were chosen for gluing. The resin spread rate was −80 g/m2 at a solid resin basis, which means that 
around 178 g of liquid resin (45% solid content) will be applied to one “tight” side of veneer to assemble two 
ply. The assembled panels were pressed in a steam heated press (Vickers Incorporated Troy, Michigan U.S.A.) 
at 150˚C and 340 psi for 5 min and two replicate panels were manufactured for each resin. Then, the plywood 
panels were stored at 20˚C and 50%RH for at least 10 days prior to cutting. The lap-shear strength specimens 
were cut from plywood panels with dimensions of 12.5 by 70 mm (width by length), as shown in Figure 1. 
Great care in producing the specimens was taken to ensure that the cutting saw extended to, but not went beyond 
the bond-line. Two wet conditions were used in the lap-shear strength test: 1) soaking in water at room temper-
ature for 48 hours and 2) boiling in water for 1 hour. After that, the specimens were tested while still wet at 
room temperature. Shear strength was measured using an Instron Model 1000 (Norwood, Massachusetts) with a 
loading rate of 1500 N/min. For each testing condition, 30 specimens were prepared and measured.  

2.4. Data Analysis 
Tukey’s test was applied, which is also known as Tukey’s HSD (Honestly Significant Difference) test [37] or  

 
 

Note: All dimensions given are in millimeters. 
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Figure 1. Geometry and dimensions of the lap-shear specimens.      
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the Tukey-Kramer method. It is a single-step multiple comparison procedure and the statistical test is generally 
used in conjunction with an ANOVA to find which parameters are significantly different from one another. 
Named after John Tukey, it compares all possible pairs of means. It is based on a studentized range distribution 
q (distribution similar to the t distribution from the t-test). 

3. Result and Discussion 
3.1. NCC Content and Viscosity 
The viscosity results are presented in Table 1. The viscosity of LPF resin without NCC was 340 cps. Table 1 
shows that the viscosity increases slowly with increasing NCC content in the range of 0% to 1.0%, but increases 
more importantly with further increasing NCC content. The highest resin viscosity was 4050 cps, which was 
observed for LPF 1.50%. 

3.2. Curing Behavior and Kinetic Analysis 
DSC curves with three heating rates (5, 10 and 20˚C/min) for LPF resins containing different NCC contents are 
presented in Figures 2-4, respectively. Figure 3 and Figure 4 show that DSC curves for all resins have only one  

 
Table 1. Viscosity of LPF resins with different NCC contents.                                            

Sample 
NCC Content (%) 

Viscosity (cps) 
Based on liquid Based on SC 

LPF0.00% 0.00 0.00 340 

LPF0.10% 0.10 0.22 870 

LPF0.25% 0.25 0.56 1160 

LPF0.50% 0.50 1.11 1370 

LPF1.00% 1.00 2.50 1870 

LPF1.50% 1.50 3.33 4050 

SC: non-volatile content in phenolic resin. 
 

 
Figure 2. DSC curves of lignin-based phenolic resins with different NCC contents scanned at 5˚C/min.            
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Figure 3. DSC curves of lignin-based phenolic resins with different NCC contents scanned at 10˚C/min.            

 

 
Figure 4. DSC curves of lignin-based phenolic resins with different NCC contents scanned at 20˚C/min.            

 
peak, and the peak temperatures of all resins are similar. The peak temperatures shown in Table 2 were in the 
ranges of 138.8˚C - 140.5˚C, 146.5˚C - 150.2˚C and 157.7˚C - 159.3˚C for the heating rates of 5˚C, 10˚C and 
20˚C/min, respectively. The DSC curve shapes of all resins are also similar. This may indicate that there was no 
reaction between NCC and LPF resin. 

In this study, the activation energy of the curing process was evaluated by the methods of Ozawa and Kissin-
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shown in Table 2. 
Both methods were consistent with each other. The activation energies varied between 92 and 112 kJ/mol and 

changed slightly among all resins with different NCC contents. Comparison with the Ea value of the control re-
sin (without NCC addition), the variations of Ea are from the lower end −9.2% (Kissinger method) or −8.6% 
(Ozawa method) for the LPF resin with 1.5% NCC, to the higher end 8.9% (Kissinger method) or 8.4% (Ozawa 
method) for the LPF resin with 0.5% NCC. This indicates that the addition of NCC to lignin based phenolic re-
sin does not have a significant impact on the activated energy of the curing reaction of lignin based phenolic re-
sin. The total heat of reaction of PF curing was also calculated and the results are shown in Table 2. The varia-
tion of ∆H between resins with and without NCC are −4.2% to 3.4% at a heating rate of 5˚C/min, −5.5% to 13.7% 
at a heating rate of 10˚C/min, and −20.5% to −10.9% at a heating rate of 20˚C/min. At the highest heating rate 
(20˚C/min), it is possible that NCC might absorb some reaction energy to heat up which resulted in lower ∆H.  
Based on the Ea and ∆H of LPF with and without NCC, it can be seen that NCC addition does not significantly 
affect the curing behavior of lignin based phenolic resin. 

3.3. Plywood Properties 
Wet shear strength and wood failure of plywood panels after 48 hours soaking in water at room temperature and 
after 1 hour in boiling water were evaluated in this study. Wood failure is usually expressed as a percentage of 
the total bonding area. The results are shown in Table 3. 

Table 3 shows that the wet shear strength is affected by NCC content to a certain extent. The shear strength 
increases with increasing NCC content in the range of 0% to 0.25%, and decreases in the range of 0.25% to 1.5%. 
With Tukey group analysis, the lap-shear strength is in same group for plywood bonded with LPF adhesive with 
NCC content between 0.25% and 0.50%, which is equivalent to adding 0.56% - 1.11% NCC based on resin solid 
content. Further increase of NCC content decreased the strength. Since the surface area of NCC is quite high and 
the lignin based phenolic resin may not cover the whole surface area, it is difficult to prevent NCC particles 
contacting each other after curing when the NCC loading is higher than 0.5% (1.11% SC). If NCC aggregates 
are present, this will definitely reduce the bonding strength with the resin. This may explain why the strength  

 
Table 2. DSC results of LPF with different NCC contents.                                                        

Samples 
Tp (˚C) Kissinger Method Ozawa Method Heat of Reaction (J/g)* 

5˚C/min 10˚C/min 20˚C/min Eak (kJ/mol) r2 Eao (kJ/mol) r2 5˚C/min 10˚C/min 20˚C/min 

LPF0.00% 140.2 150.2 159.2 101.7 0.998 103.4 0.998 115.2 139.4 143.4 

LPF0.10% 140.1 147.7 157.9 106.1 0.997 107.6 0.997 113.8 131.7 127.7 

LPF0.25% 140.3 148.3 158.4 108.0 0.995 109.4 0.995 116.6 158.5 114.5 

LPF0.50% 140.5 147.7 157.8 110.8 0.992 112.1 0.993 118.5 147.8 114.0 

LPF1.00% 138.8 147.7 157.9 100.1 0.999 101.9 0.999 110.4 149.5 123.6 

LPF1.50% 138.8 146.5 159.2 92.3 0.981 94.5 0.984 119.1 153.3 122.0 
*The heat of reaction was calculated based on the weight of liquid resin. 

 
Table 3. Result of wet shear strength of plywood and wood failure.                                                   

Sample 
48-hour Soaking 1-hour Boiling 

Mean Strength  
(kPa) 

Tukey  
Grouping* 

Wood Failure 
(%) 

Tukey 
Grouping* 

Mean Strength 
(kPa) 

Tukey 
Grouping* 

Wood Failure 
(%) 

Tukey 
Grouping* 

LPF0.00% 5307 C 9 C 4948 C 8 D 

LPF0.10% 5460 B C 57 A B 5280 A B C 52 A B 

LPF0.25% 6057 A 47 A B 5625 A 41 B C 

LPF0.50% 5777 A B 45 B 5499 A B 47 A B 

LPF1.00% 5348 C 40 B 5102 B C 18 C D 

LPF1.50% 5334 C 72 A 5163 A B C 69 A 
*At the 0.05 level. 



Z. B. Liu et al. 
 

 
573 

increased and then decreased with increasing NCC content. 
Table 3 also shows that wood failure is affected by NCC content. The resin without NCC (LPF0.00%) has the 

lowest wood failure and the one with 1.5% NCC has the highest wood failure. However, the general trend of 
wood failure with NCC content is not clear due to high scatter. More work will be needed to explain this beha-
vior which can again be related to NCC dispersion in the resin. 

4. Conclusions 
The curing behavior of lignin-based PF resin with different NCC contents was studied by a high-pressure DSC 
at heating rates of 5, 10 and 20˚C/min. Then, two-ply plywood panels were made and the wet shear strength was 
evaluated. 

The results indicated that DSC curves for all resins had only one peak, and the values of the peak tempera-
tures were close. The activation energy of the resin was less influenced by NCC addition, so was the total heat 
of reaction for the heating rates of 5˚C and 10˚C/min. On the other hand, at 20˚C/min, LPF0.00% had the high-
est total heat of reaction, while LPF0.25% and LPF0.50% had the lowest value. On the other hand, the wet shear 
strength was more affected by NCC content. The shear strength increased with increasing NCC content in the 
range between 0% and 0.25% and then decreased in the range of 0.25 to 1.5%. Considering the results of the 
one-way analysis of variance, the bonding quality could be improved by adding NCC and the optimum NCC 
content was in the range of 0.25% to 0.5%. The wood failure was also affected by the NCC content, but the 
general trend was not clear due to high scatter. As a general conclusion, the results indicated that the optimum 
NCC content for addition into lignin-based PF is between 0.25% and 0.50% with regard to improved bond qual-
ity of plywood panel. 
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