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Laccase, an enzyme capable of degrading lignin, has become an effective 
agent for green processing and has great significance for the protection of 
the environment and the development of a low-carbon economy. In this 
work, wood fibers were selected as the raw material, and with activation 
by a laccase-mediator system, lignin was changed to a natural adhesive 
material, and the high temperature/high pressure method was used to 
prepare medium density fiberboard (MDF). The bonding mechanism was 
explored with measurements of Fourier transform infrared spectroscopy 
(FTIR), X-ray photoelectron spectroscopy (XPS), environmental scanning 
electron microscope (ESEM), and X-ray diffraction (XRD). It was found 
that the self-adhesive effect was realized through esterification, hydrogen 
bonding, polycondensation, coupling, and a Schiff base reaction, among 
which coupling and polycondensation were the primary reactions. The 
chemical bonds between the MDF interior and surface varied because of 
the mobility of the lignin during the reaction. 
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INTRODUCTION 
 

The traditional use of formaldehyde-type adhesives for preparing MDF involves 

not only biohazard issues associated with free formaldehyde, but also issues involved in 

the use of non-renewable resources such as oil (Kurt et al. 2011; Zhang et al. 2014). Yet 

the biggest issue facing the petroleum-based adhesives would likely be attributable to the 

adhesives themselves when they are being recycled or discarded. Due to the action of 

laccase, great changes can take place in the bonding system, and such changes can make a 

significant contribution to environmental protection (Barsberg and Thygesen 1999; Felby 

et al. 2004; Duan et al. 2007; González-García et al. 2011). Meanwhile, based on the 

preliminary experiments, the MDF prepared from natural lignin activated through laccase-

mediator system may have better prospects for carbon sequestration. 

However, the growth process of lignocellulosic material shows that lignin, 

hemicellulose, and some carbohydrates serve as the plant's own natural crosslinking agents 

(Altaner et al. 2007). Lignin is a complex net-like polymer containing many active 

functional groups, such as phenolic hydroxyls, alcoholic hydroxyls, carboxyls, and esters 

(Nord and Schubert 1959; Kilpelainen et al. 2007). Under certain conditions, crosslinking 

reactions can proceed between lignin and cellulose or hemicellulose, where lignin plays a 

role similar to that of cement in reinforced concrete. In general, wood with relatively high 
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tangential and radial direction mechanical strength has relatively high lignin content. 

Currently, the preparation of lignin-based adhesives, such as the well-known lignin 

sulfonate adhesive from modified natural lignin, has become a research focus (Simon and 

Pizzi 2003). The hemicellulose cross-linking effect, in which hemicellulose behaves 

similarly to hot gel, can be achieved by the production of aldehydes, ketones, and phenolic 

and other substances during the hot-pressing of lignocellulosic material (Azhar et al. 2015; 

Kacik et al. 2015). Therefore, increasing the active functional groups of lignin and reducing 

the loss of hemicellulose during the lignin modification process can be expected to 

effectively increase the MDF crosslink density.  

As an oxidoreductase, laccase can intensify catalytic oxidation of phenols, 

polyamines, lignin, etc. (Burton 2003; Galli and Gentili 2004; Madhavi and Lele 2009; 

Witayakran and Ragauskas 2009). The catalytic oxidation of phenolic lignin primarily 

results in the formation of phenoxy radicals, which can change into quinone compounds 

through a disproportionation reaction under different conditions. Meanwhile, Cα oxidation, 

aromatic ring cleavage, alkyl-aryl group bond cleavage, and Cα-Cβ bond cleavage also 

occur during the reaction (Baldrian 2006; Kalliola et al. 2014). The oxidation-reduction 

potential of laccase is between 450 and 790 mV, and the active site (Cu1) determines the 

catalytic efficiency of laccase. Considering the steric hindrance in the reaction between the 

active site and lignin, a natural mediator (vanillin) and artificial mediators (2,2'-azino-

bis(3-ethylbenzothiazoline-6-sulphonic acid), abbreviated  ABTS) were used in this study. 

With the radical displacement reaction, these small-molecule compounds oxidize non-

phenolic lignin, but do not occupy the active site of laccase (Camarero et al. 2005; Lahtinen 

et al. 2009; Nousiainen et al. 2009). Thus, the catalytic efficiency of laccase can be 

enhanced and the physical and chemical properties of MDF can be improved. The 

preparation of MDF from wood fibers activated by a laccase-mediator system was studied 

based on the physical and mechanical properties, cellulose crystallinity, and functional 

groups. 

 

  

EXPERIMENTAL 
 

Preparation of MDF 
Specimen 

Myceliophthora thermophila laccase solution (60 U/mL) supplied by Wuhan 

Yuancheng Technology Development Co., Ltd and mediator solution made of ABTS 

(Sigma-Aldrich Co.) and vanillin (Adamas Reagent Co.) were prepared first. Then, 50 mL 

of an acetic acid/sodium acetate buffer solution (0.2 M, pH=5) was added to the laccase 

solution. The molar concentrations of ABTS and vanillin in the mediator solution were 

0.28 and 1.66 mM, respectively. The laccase solution and mediator solution were mixed, 

and then weighed wood fiber was also added and mixed. The fiber was a miscellaneous 

blend with poplar and birth, and the volume fraction of wood fiber was 4.0%. Oxygen was 

continuously fed to the mixture during the reaction process, and the reaction time was set 

at 55 min at 50 °C. The moisture content of wood fiber was set at 20% ± 3%. A total of 

1.2% chitosan as waterproof agent was mixed with the wood fiber. After preloading for   

60 s, the mixture was hot-pressed. The pressure, temperature, and time of the hot-press 

were set at 10 MPa, 160 °C, and 512 s, respectively. The experiment was repeated 20 times. 

The samples of approximately 200 mm×200 mm×3.2 mm (length × width ×height) 

with 0.8 g/cm3 was suitable for furniture grade under dry condition. 
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Control sample 

Control samples were fabricated using the same process, only using deionized 

water as the solvent without adding laccase or mediator during the system treatment. 

Chitosan was not added before the hot-pressing. The same tests were repeated 20 times. 

  

Mechanical Properties 

The specimen and control samples were kept for 48 h in an environment with 

constant temperature and humidity. The thickness expansion rate during water absorption 

was measured according to the People's Republic of China National Standard GB/T 11718-

2009 (2009). Then, static bending strength, elastic modulus, and internal bond strength 

were measured using a universal testing machine (Kunshan Creator Testing Instrument Co., 

Ltd, Jiangsu Province). 

 

Fourier Transform Infrared Spectroscopy 

The pressed MDF specimen and control sample were made into small samples with 

dimensions of 10 mm × 10 mm × 3.2 mm. FTIR spectra were obtained using a gas 

chromatograph - Fourier transform infrared spectrometer (GC-FTIR, MAGNA-IR560 

E.S.P). The baseline correction was conducted on the obtained spectral line using OMNIC 

ESP software. Wavenumbers of 1800 to 2000 cm-1 and 1506 cm-1 were set as the baseline 

and the standard for qualitative analysis of the changes in the functional groups. 
 
Cellulose Crystallinity 

The specimen and control sample were made into small samples with dimensions 

of 10 mm × 10 mm × 3.2 mm. The relative crystallinities of the MDF surface or interior 

were measured using an X-ray diffractometer (D/MAX2200X Rigaku Corporation, 

Tokyo). 

 

Morphology 

The specimen and control samples were made into small samples with dimensions 

of 5 mm × 5 mm × 3.2 mm. The morphologies were determined using an environmental 

scanning electron microscope (QUANTA200, FEI, Shanghai). For the morphology 

scanning, the samples were prepared by two methods, cutting for cross-section and peeling 

for plane-section. 

 
X-Ray Photoelectron Spectroscopy 

The specimen and control sample were made into small samples with dimensions 

of 10 mm × 10 mm × 3.2 mm. X-ray photoelectron spectroscopy measurements were 

conducted on the surface/interior of the specimen or control sample using an X-ray 

photoelectron spectrometer (ESCALABMK, VG, England). In this study, changes in the 

MDF chemical structure were analyzed qualitatively by measuring the bond energy of the 

C element. The C1 signal peak at 285 eV, which was set as the energy standard, was 

characterized as C-C, C-H, or C = C bonds. Corresponding to C1, the C2 signal peak, with 

a chemical shift of 1.7 ± 0.2 eV, was characterized as C-O bonds. The C3 signal peak, with 

a chemical shift of 3.1 ± 0.2 eV, was characterized as C=O or O-C-O bonds. Finally, the 

C4 signal peak, with a chemical shift of 4.3 ± 0.2 eV, was characterized as O-C=O bonds. 
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RESULTS AND DISCUSSION 
 
Mechanical Properties 

The modulus of rupture (MOR), modulus of elasticity (MOE), and internal bonding 

strength (IB) of the specimen were apparently higher than those of the control sample, 

which are below the minimum requirements for the national standard (Table 1). One 

possible reason for this is that hydrogen bonding is the main bonding mechanism in the 

control sample. This needs to be further verified by other measuring techniques. 

The 24 h thickness swelling (TS) of the control sample was four times higher than 

that of the specimen. Many hydrogen bonds and few chemical bonds were present on the 

surface of the control sample, while the hydrogen bonds were damaged, and the entry of 

water molecules was accelerated by the swelling of fibers during the dipping process. 

However, the MDF control sample could keep the basic form, which indicated that a certain 

amount of chemical bonds maintained their basic form inside the control sample. 

 

Table 1. Mechanical Properties of the Specimen and Control Sample 

            Index Mean Variance Variation coefficient Minimum Maximum 

MOR 

(MPa) 

Specimen 34.42 0.490 2.03 33.15 35.17 

Control sample 21.38 2.067 6.73 19.42 23.64 

MOE 

(MPa) 

Specimen 2888.5 605.2 0.85 2842.0 2924.1 

Control sample 2310.2 7644.9 3.78 2157.4 2452.0 

IB (MPa) 
Specimen 0.89 0.00045 2.39 0.86 0.92 

Control sample 0.25 0.00040 8.01 0.22 0.28 

TS(%) 
Specimen 24.63 1.311 4.65 22.63 25.70 

Control sample 110.91 51.15 6.45 101.83 122.34 

Density 

(g/cm3) 

Specimen 0.805 0.0004 2.47 0.784 0.827 

Control sample 0.826 0.0001 1.35 0.817 0.842 

 

FTIR Analysis 
The FTIR spectra of the specimen and the control sample are shown in Fig. 1. It 

can be seen that the two samples had quite different characteristic absorption peaks. The 

absorption frequencies in the range of 3400 to 3200 cm-1 are the O-H stretching vibrations. 

The absorption peak at 3423 cm-1 for the control sample represents not only intermolecular 

O-H stretching vibrations, but also O(2)H…O(6) stretching vibrations inside the cellulose 

molecule. The absorption peak at 3423 cm-1 for the specimen also represents O(3)H…O(5) 

stretching vibrations inside the cellulose molecule, and the intensity of the absorption of 

the characteristic peak of the specimen was significantly reduced compared to that of the 

control sample. This indicates that the number of hydroxyls in the specimen was reduced. 

The reduction of O(2)H…O(6) hydrogen bond inside the cellulose molecule shows that the 

hydroxyl in C(3) and C(6) may react with lignin. 

Absorption frequencies of 1738 to 1709 cm-1 represent C=O stretching vibrations 

for non-conjugated ketones, carbonyls, and esters. The relative intensity of the absorption 

peak of the specimen was greater than that of the control sample. The reason for this may 

be that the C=O of the control sample was primarily from the ester group, and such groups 

were formed by the esterification reaction between the carboxyls of lignin and the 

hydroxyls of cellulose. The C=O of the specimen was also primarily from the ester group, 
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but the alcoholic hydroxyls of lignin were partially changed to carboxyls by the catalytic 

oxidation of the laccase mediator system. Consequently, the number of carboxyls and the 

content of C=O increased. 

Absorption frequencies of 1690 to 1630 cm-1 represent the C=N stretching 

vibrations of imines. The characteristic absorption peak 1657 cm-1 was observed in the 

specimen, but not in the control sample. The reason for this is that the Schiff base reaction 

occurred between the aldehyde group of lignin and the amino group of chitosan. Aljawish 

et al. (2012) also observed a novel absorbance peak of Schiff base bond as a function of 

the bound covalently to the free amino of chitosan. 

Absorption frequencies near 1630 cm-1 represent the C=C characteristic absorption 

peak. The characteristic absorption peaks for the specimen and control samples were 

located at 1620 and 1630 cm-1, respectively. The absorption peak intensity of the treated 

specimen was significantly reduced compared to that of the control sample. The reason for 

this is that C=C was primarily from an aromatic ring, which can undergo a hydrogen atom 

rearrangement reaction with activation by the laccase-mediator system on the specimen. 

Consequently, the aromatic ring structure changed and the C=C number decreased. 
Absorption frequencies of 1162 to 1125, 1120  to 1115, and 1060 to 1015 cm-1 

represent C-O-C asymmetric valence vibrations, C-C or C-O stretching vibrations, and the 

C-O valence vibrations of C(3)-O(3)H, respectively. The wavenumbers of characteristic 

absorption peaks in these three absorption frequencies of the specimen were 1156, 1102, 

and 1027 cm-1, respectively, which were increased from the 1160, 1114, and 1055 cm-1 of 

the control sample. This is because the content of aldehyde groups in the lignin in the 

specimen increased as a result of the catalytic oxidation of the laccase-mediator system. 

The polycondensation and coupling reaction were then enhanced, and the contents of C-C 

and C-O-C in the structure were increased.  

The characteristic absorption peaks in the absorption frequency range of 800 to   

750 cm-1 indicate the existence of three adjacent hydrogen atoms on the aromatic ring. 

There was a weak absorption peak at the frequency 780 cm-1 in the specimen spectra, but 

it was not observed in the specimen spectra. This indicates that a substitution reaction 

occurred on the aromatic ring. The bonds among the functional groups were closer and the 

formed network structure was more complex in the specimen.  
Based on the infrared spectrum analysis, it can be seen that the self-adhesive 

reaction of the control sample was primarily by means of esterification between hydroxyls 

and carboxyls, hydrogen bonding between hydroxyls, and condensation between aldehyde 

groups and hydroxyls. Another study also verified the same bonding mechanism (Felby et 

al. 2004).  The reaction depended on the numbers of the functional groups, which means 

that hydrogen bonding was the main reaction, followed by polycondensation, and then 

esterification. In addition to the former three reactions, the self-adhesive reaction of the 

specimen also contained a coupling reaction of free radicals, in which C-O-C was the 

primary chemical bond formed. It is difficult to determine which was the primary reaction 

between the coupling and the polycondensation reactions because the C-O-C chemical 

bond was produced in both reactions. In addition, the Schiff base reaction also occurred 

between aldehydes and amino groups. From the relative absorption peak intensity, it can 

be seen that coupling and polycondensation were the main reactions, followed by hydrogen 

bonding, the Schiff base reaction, and then esterification. The self-adhesive in MDF was 

very complex. In general, the new chemical bonds decreased the distance between the 

hydroxyl groups, making it easier to form hydrogen bonds to improve the mechanical 

strength of the MDF. Therefore, water can be prevented from penetrating into MDF. 
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Fig. 1. FTIR of specimen and control sample 

 

 
Relative Crystallinity Analysis 

The relative crystallinity of the cellulose located in the specimen interior was 

calculated using the Turley formula with the maximum diffraction intensity (peak 002) and 

the minimum diffraction intensity (around 2θ = 18°) (Fig. 2). 

Variation characteristics of relative crystallinity can be summarized based on two 

aspects. One is that the relative crystallinity of the surface was higher than that of the 

surface, because the cellulose molecular chains were rearranged, and some were formed in 

to new crystallization regions. In addition, the hemicelluloses and lignin on the upper and 

lower surfaces of MDF became degraded more than in the interior because the surface 

temperature was higher than the interior temperature, so the relative crystallinity of the 

surface increased.  
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Fig. 2. Relative crystallinities of the MDF specimen/control sample: (a) specimen interior,  
(b) specimen surface, (c) control sample interior, and (d) control sample surface  

 

Another aspect is that the relative crystallinity of the specimen was higher than that 

of the control sample because the hydroxyls of lignin were oxidized to aldehydes or ketones 

by the laccase-mediator system, thus reducing the possibility of hydrogen bonding between 

the hydroxyls of lignin and the hydroxyls of cellulose. Meanwhile, high pressure brought 

the hydroxyl groups of cellulose into closer proximity and increased the possibility of 

intramolecular bonding and intermolecular bonding of cellulose, thus increasing the 

crystallinity.  

 

Morphology 

The plane-section morphologies of the peeled specimen and control sample are 

shown in Figs. 3 and 5, from which it can be seen that fibers peeled from the interior of the 

control sample maintained their original morphology. The small folds were formed because 

of the broken hydrogen bonds. The wood fibers of the specimen broke and lost their 

original morphology under the action of external forces. This indicates that the forces 

between the fibers of the specimen were larger than those of the control sample.  

The cross-section morphologies (Figs. 4 and 6) show that all the fibers from the 

specimen and the control sample were flattened. For the specimen, the fibers were stacked 

closely and the interfaces were difficult to distinguish, but some gaps were still observed, 

which were the flow channels for moisture. Both the size and number of gaps in the 
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specimen were smaller than those in the control sample. The temperatures and pressures 

for preparing the specimen and the control sample were the same. As the temperature of 

the fiberboard dropped, the energy absorbed by hydrogen bonds was still lower than the 

energy needed to break the hydrogen bonds, so the hydroxyls on the wood fibers reacted 

with the surrounding hydroxyls to form the strong hydrogen bonds. However, in the 

cooling process, the flowing moisture inside the board broke some hydrogen bonds without 

breaking the chemical bonds. Based on the FTIR analysis, hydrogen bonding was the main 

bonding mechanism in the control sample; therefore, its porosity was greater than that of 

the specimen. 

 
 
XPS 

X-ray photoelectron spectra and results of data analysis are shown in Fig. 7 and 

Table 2, respectively. The ability of the laccase-mediator system to modify the chemical 

properties of wood fiber was characterized as the O/C ratio. The higher O/C ratio of the 

specimen surface than that of the control sample surface indicates cross-linking with lignin. 

Fig. 3. The plane-section morphology of 
specimen 

Fig. 4. The cross-section morphology 
of specimen  

Fig. 5. The plane-section morphology 
of control sample  

Fig. 6. The cross-section morphology of 
control sample  
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The reason for this may be that the laccase-mediator system degraded some lignin and 

lowered its degree of polymerization. Lignin was then easier to move to the MDF surface 

with the assistance of moisture during the hot-press process. The increase in lignin content 

resulted in a decrease in the surficial O/C ratio of the MDF. Additionally, alcoholic 

hydroxyls were catalytically oxidized to aldehyde groups by the laccase-mediator system. 

The polycondensation between the aldehyde groups and hydroxyls, which generated a 

water molecule, also further increased the surficial O/C ratio of the MDF. Two reasons 

account for the higher O/C ratio of the specimen interior than that of the control sample: 

one is that some lignin was transferred to the MDF surface; the other reason is the addition 

of chitosan. Table 2 shows that the difference between the superficial and the interior O/C 

ratios of the control sample was small, but it was large for the specimen. This is also 

because the laccase-mediator system degraded some lignin, making it easier for lignin to 

move to the MDF surface. 

 

Table 2. Interior/Surface O/C Ratio of MDF Specimen and Control Sample 

MDF O/% C/% O/C/% 

Interior 
Control sample 19.36 75.51 25.64 

Specimen 21.46 72.27 29.69 

Surface 
Control sample 18.71 76.51 24.54 

Specimen 17.21 77.60 22.18 

 

Further analysis was carried out on the C sub-peak spectra. The bond energies of 

C2, C3, and C4 increased, but C1 decreased for the specimen interior relative to the control 

sample. The reason for this is that, with the catalysis of the laccase-mediator system, 

alcoholic hydroxyls on the lignin were oxidized to aldehyde groups, which then proceeded 

to a condensation reaction with hydroxyls to increase the number of carbonyls; 

consequently, the bond energy of C2 increased. The increase of C3 was due to the 

increasing number of carbonyls with the oxidation of non-phenolic lignin promoted by the 

mediator. Additionally, the degraded lignin and the vanillin with low molecular weight 

entered into cellulose to form cross-linking polymerization with cellulose or adjacent 

cellulose, and the generated glycosidic bond also greatly increased the content of C3. The 

increase of C4 was due to the further oxidation of aldehydes promoted by the laccase-

mediator system. C1 directly reflects the content of lignin, and the decrease of C1 suggests 

the movement of lignin to the MDF surface. 
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Fig. 7. XPS of the specimen and control sample: (a) specimen interior, (b) specimen surface, (c) 
control sample interior, and (d) control sample surface 
 

Furthermore, the bond energies of C1 and C4 increased, but C2 and C3 decreased 

for the specimen surface relative to the control sample. The reason for this is that the 

degradation of lignin increased the content of superficial lignin and increased the C1 bond 

energy. The reduction of C2 was due to the esterification reaction between hydroxyls and 

carboxyl groups. Subsequently, the number of C-O bonds decreased, but the increase in 

ester bonds increased the C4 bond energy. The decrease of C3 resulted from the rapid 

pyrolysis of hemicellulose at high temperature, and the pyrolysis product increased the C4 

bond energy. 

 
 
CONCLUSIONS 
 
1. The prepared MDF specimen in this study met the performance requirements of the 

national standard GB/T11718-2009.  

2. The self-adhesive process was realized through esterification, hydrogen bonding, 

polycondensation, coupling, and Schiff base reaction, among which coupling and 

polycondensation were the main reactions.  
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3. During the reaction process, the new generated crystalline region in the cellulose 

enhanced the MDF mechanical strength. During the hot-press process, the degraded 

lignin moved to the MDF surface and increased the content of carboxyls, which 

resulted in the high content of aldehyde groups in the MDF interior. Consequently, the 

chemical bonds in the MDF interior and surface were different. 
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