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Self-bonding bamboo particleboards were prepared via hot pressing of 
bamboo residue fermented by lactic acid bacteria. An orthogonal 
experiment was designed to investigate the effects of three factors (type 
of lactic acid bacteria used for fermentation, moisture content (MC) of the 
fermented residue, and hot-pressing temperature) on the resulting self-
bonding particleboards. The bending strength and internal bonding 
strength of the prepared self-bonding particleboards were tested. Fracture 
characterization was performed on the cross-section of the prepared self-
bonding particleboards after bending breakage. The hot-pressing 
temperature, moisture content (MC), and type of lactic acid bacteria of the 
fermented residue had a significant effect on the mechanical strength of 
self-bonding particleboards, and with increased hot-pressing temperature, 
the strength of self-bonding particleboards increased. Analysis of the 
cross-sectional morphology and porosity confirmed the significant effect of 
hot-pressing temperature on the density distribution of self-bonding 
particleboards. The self-bonding particleboard produced at the hot-
pressing temperature of 180 °C, MC of 30%, and that used Lactobacillus 
plantarum as a fermentation strain showed the best overall performance 
and reached Chinese standard requirements for common particleboards. 
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INTRODUCTION 
 

Bamboo is a fast-growing biomaterial that has many advantages, such as high 

strength, sustainability, substantial resource reserves, and robustness of mechanical 

properties (Shu et al. 2020). It is widely processed into engineered products such as 

bamboo flooring (Qiu et al. 2019), ply bamboo (Anwar et al. 2011), and laminated bamboo 

lumber (Correal and López 2008). During the processing of bamboo, a large amount of 

bamboo residue is produced; this bamboo residue may be utilized through the production 

of particleboards or fiberboards.  
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Particleboards are widely used in construction, decoration, and packaging because 

of their good mechanical properties and light weight. However, particleboards are typically 

produced using formaldehyde-based adhesives and thus emit formaldehyde (Zhang et al. 

2015). Free formaldehyde is harmful to human health and is considered carcinogenic in 

Europe and the USA (Cogliano et al. 2005). Additionally, some researchers link exposure 

to free formaldehyde with leukemia (Zhang et al. 2010). Therefore, self-bonding 

particleboards have attracted increasing attention because they do not require the use of 

additional adhesives. 

Most biomass-based self-bonding processes involve physical (Luo and Yang, 

2011), chemical (Lamaming et al. 2013), or biological pretreatment (Song et al. 2018) of 

biomaterial residues to degrade cellulose, lignin, and hemicellulose and further induce self-

bonding under hotpress (Nasir et al. 2019). It is suggested that mechanism of self-bonding 

contributes to inter-fiber bonds (Dominguez-Robles et al. 2020), based on Van der Waals 

forces and hydrogen bonding, as well as chemical reactions such as dehydration, hydrolysis 

and oxidation reaction, especially during hot pressing. As a potential means to improve 

such outcomes, fermentation is an important treatment method because it is not only 

environmentally friendly but also less damaging to the fibers of biomaterial residue than 

other methods (Guan et al. 2022). Lactic acid bacteria are bacteria whose main 

fermentation products are lactic acid and glucose. During fermentation, cellulose and 

hemicellulose in bamboo residue are decomposed into glucose, which not only strengthens 

the bonds between fibers but also promotes saccharification and further fermentation 

(Hendriks and Zeeman 2009). 

The hot-pressing temperature and moisture content (MC) of the biomass are 

important process parameters affecting the properties of self-bonding particleboards. Self-

bonding particleboards made from bagasse (Widyorini et al. 2005), oil palm (Hashim et al. 

2011), and coconut (Panyakaew and Fotios 2011) have been studied and shown to have 

good mechanical properties. The chemical composition of lignocellulosic biomass can be 

activated, and free radicals are created under hot pressing that contribute to bonding 

reactions (Okuda et al. 2006a). Self-bonding of fiberboards is typically explained by the 

thermal softening of lignin (Okuda et al. 2006b). Sufficient heat and pressure softens lignin 

and distributes it better (Bouajila et al. 2005). The softening of lignin is markedly 

dependent on the moisture content (MC) (Ye et al. 2005). Furthermore, at high 

temperatures, particleboards can blow and burst because of the buildup of water vapor 

caused by the high moisture content (Mo et al. 2001). However, the effects of hot-pressing 

temperature and moisture content of bamboo residue fermented by different lactic acid 

bacteria on the properties of self-bonding particleboards remain unknown, even though 

binderless particleboards have been previously produced from materials fermented by 

lactic acid bacteria (Guan et al. 2022). 

In this study, an orthogonal experimental design was used to optimize the 

production of self-bonding bamboo particleboards, including hot-pressing temperature, 

Lactobacillus species used for fermentation, and moisture content of bamboo residue after 

fermentation. Three types of Lactobacillus bacteria were used to ferment bamboo residue. 

The internal bonding (IB) and bending strength (refers to modulus of rupture (MOR)) of 

the fabricated self-bonding bamboo particleboards were tested, and the fracture 

morphology was observed after bending breakage to understand the vertical distribution of 

the bamboo particles and the bonding mechanism. 
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EXPERIMENTAL 
 

Preparation of the Fermented Bamboo Residue  
The bamboo residue with a moisture content of 18 to 25% was obtained from 

Jiangsu, China. The following three species of Lactobacillus bacteria were used in this 

study: Lactobacillus buchneri (LB), Lactobacillus plantarum (LPL), and Lactobacillus 

paracasei (LPA). All three were from the College of Biological Sciences, Nanjing Forestry 

University, China and were stored at −4 °C 

The bamboo residue was first screened through a 12-mesh sieve. Lactobacillus (0.5 

g) was dissolved in 250 g water, and the obtained solution was thoroughly mixed with 450 

g of sieved bamboo residue. The mixture was sealed in a blackout box and fermented for 

7 d in a thermostat maintained at 28 ± 2 °C. 

 

Orthogonal Experiment of Preparation of Self-bonding Bamboo Particle 
Board (SBPB) 

The L9 (33) orthogonal experiment was designed with the Lactobacillus species, 

hot-pressing temperature, and moisture content of the fermented bamboo particles as 

factors. The orthogonal experimental design is presented in Table 1. The fermented 

bamboo particles were dried to moisture contents of 20, 25, and 30%. 

A hot-pressing process was used to prepare 300 mm × 300 mm SBPB using a plate 

vulcanizer (900203, Shanghai No. 1 Rubber Machinery Factory, Shanghai, China) with a 

pressure setting of 4 MPa and a hot-pressing time of 20 min. The width, length, and 

thickness of the bamboo particleboards were set to 300 ± 0.2 mm, 300 ± 0.2 mm, and 3.5 

± 0.1 mm. The density was preset to be 1.00 ± 0.50 g/cm3. 

 
Table 1. Test Groups Formed Based on Orthogonal Tests of Self-bonding 
Bamboo Particleboard 

 A B C 
Test 

Number 
Lactobacillus 

Species 
Moisture Content 

(%) 
Hot-pressing 

Temperature (°C) 

LB-1 
LB 20 180 

LB-2 LB 25 160 

LB-3 LB 30 140 

LPL-1 LPL 20 160 

LPL-2 LPL 25 140 

LPL-3 LPL 30 180 

LPA-1 LPA 20 140 

LPA-2 LPA 25 180 

LPA-3 LPA 30 160 

 

SBPB Performance Test 
Before testing their mechanical properties, all fabricated SBPBs were maintained 

at standard condition of 20 °C, relative humidity (RH) 65% until equilibration. 
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Internal Bonding (IB) test 
The IB of SBPB was tested by a universal-mechanical tester (CMT/4304; Shenzhen 

XINSANSI Technology Co., Ltd., Shenzhen, China). The length and width of the samples 

were both 50 ± 1 mm. The IB of each SBPB was evaluated using five replicates, then IB 

of each SBPB was calculated according to Eq. 1, 

𝐼𝐵 =
𝐹𝑚𝑎𝑥

𝑙×𝑏
                                                                               (1) 

where 𝐼𝐵 (MPa); 𝐹𝑚𝑎𝑥 is the maximum force (N); 𝑙 is the length of each sample (mm); and 

b is the width of samples (mm). 

 

Modulus of Rupture (MOR) Test 
The MOR of ordinary particleboards is not specified in the Chinese standard; 

therefore, it is not discussed in the results. 

According to the Chinese standard “Particleboard “GB/T 4897 (2015), the MOR of 

the SBPB was measured. Three-point flexural tests of (150 ± 1) × (50 ± 1) mm2 specimens 

at a loading speed of 30 mm/min were performed by a universal mechanical tester 

(CMT/4304, Shenzhen XINSANSI Technology Co., Ltd.). The MOR was determined 

using six replicates. The MOR of SBPB was evaluated according to Eq. 2, 

𝑀𝑂𝑅 =
3×𝐹𝑚𝑎𝑥×𝑙

2×𝑏×𝑡2         (2) 

where MOR (MPa); Fmax is the maximum force (N); l is the length of samples (mm); b is 

the width of samples (mm); and t is the thickness of samples (mm). 

 

Surface Morphology and Section Porosity  
The surface morphology of the sawn specimens of SBPB obtained under optimal 

conditions was characterized by scanning electron microscopy (SEM) (Quanta 200, FEI 

Company, Hillsboro, OR, USA) to understand the effect of parameters of fermentation and 

hot-press process on the surface of the SBPB.  

Sections of each SBPB group were characterized using a stereo microscope (SMZ 

166, China Motic Group Co., Ltd., Xiamen, China). Then, 10 images of each sample were 

taken, and the cross-section in each image was divided into three parts: top, middle, and 

bottom. The porosity in each part was calculated using the image analysis method shown 

in Fig. 1.  

 
Fig. 1. Schematic diagram for calculating the porosity of the three parts of the cross-section of 
SBPB 
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RESULTS AND DISCUSSION 
 

Internal Bond Strength of Self-bonding Particleboard  
The IB is a critical item for evaluating binderless particleboards (Guan et al. 2022). 

The IB is related to hot-pressing temperature and the moisture content of the raw materials. 

The results of the orthogonal experiments were analyzed using an analysis of variance 

(ANOVA) (Table 2). The R-value for each factor indicates its magnitude of effect. 

According to Table 2, RC > RB > RA; therefore, the most significant factor affecting IB was 

the hot-pressing temperature, followed by the type of lactic acid bacteria, and moisture 

content. The k value represents the factor function, and the larger the k value, the higher 

the function. The maximum k values of each factor on IB were kA2 (0.55), kB3 (0.45), and 

kc1 (0.55). Therefore, the optimal parameter set for SBPB production is A2B3C1, which 

stands for the LPL bacteria species, moisture content of 30%, and hot-pressing temperature 

of 180 °C. This is because high temperatures and high moisture content should soften the 

degraded cellulose and lignin in the bamboo fibers more thoroughly so that it can be used 

as an adhesive for bonding (Zhou et al. 2010). Inter-fiber bonds of SBPB should be based 

on Van der Waals forces and hydrogen bonding; and chemical reactions such as 

dehydration, hydrolysis under high temperature, and moisture content (Dominguez-Robles 

et al. 2020). 

 

Table 2. IB of SBPB by Orthogonal Experiments 

 

Figure 2 shows the IB of nine groups of SBPBs and the IB of ordinary particleboard 

complying with the Chinese standard “Particleboard” GB/T 4897-(2015), which is 0.3 MPa. 

Evidently, the IB of LPL-fermented SBPB meets the standard value.  

Figure 3 shows the visual trend diagram of IB of SBPB fermented with different 

lactic acid bacteria at three levels. As shown, the hotpress temperature and moisture content 

of fermented bamboo particles were changed. The IB value of SBPB fermented with LB 

 A B C Result 

Test 
Number 

Lactobacillus 
Species (A) 

Moisture Content 
(%)(B) 

Hot-pressing 
Temperature 

(°C) 

IB (MPa) 

LB-1 LB(A1) 20(B1) 180(C1) 0.56 

LB-2 LB(A1) 25(B2) 160(C2) 0.26 

LB-3 LB(A1) 30(B3) 140(C3) 0.21 

LPL-1 LPL(A2) 20(B1) 160(C2) 0.58 

LPL-2 LPL(A2) 25(B2) 140(C3) 0.46 

LPL-3 LPL(A2) 30(B3) 180(C1) 0.60 

LPA-1 LPA(A3) 20(B1) 140(C3) 0.20 

LPA-2 LPA(A3) 25(B2) 180(C1) 0.49 

LPA-3 LPA(A3) 30(B3) 160(C2) 0.54 

K1 1.03  1.340  1.65   

K2 1.64  1.210  1.38   

K3 1.23  1.350  0.87   

k1 0.34  0.447  0.55   

k2 0.55  0.403  0.46   

k3 0.41  0.450  0.29   

R 0.20  0.047  0.26   

Relationship C > A > B 

Note: Ki =∑ i/3, (i means 1, 2, and 3); R is the max (K1, K2, and K3) - min (K1, K2, and 
K3) for each factor 
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and LPA in level three was significantly different (difference of maximum and minimum 

value). It can be seen from Fig. 3 that the LB was suitable for high hot-pressing temperature 

and low moisture content, while LPA was suitable for low hot-pressing temperature and 

high moisture content. The IB of SBPB fermented with LPL showed a small difference in 

three level, and its performance was stable under high hot-pressing temperature and high 

moisture content. Therefore, it is the best choice to ferment bamboo residue with LPL. 

 

 
Fig. 2. IB of 9 groups of the SBPB and comparison with standard 
 

 
 
Fig. 3. Trend diagram of the relationship between each factor and the IB of SBPB 
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Modulus of Rupture of SBPB 
The results of the orthogonal experiments were analyzed by ANOVA (Table 3), 

which shows that RC > RB > RA. Hence, for MOR, the effect of hot-pressing temperature 

was the most significant, followed by the moisture content of the residue, and finally the 

bacteria species. The maximum k values of each factor for MOR were kA2 (16.41), kB3 

(52.44), and kc1 (20.52). Therefore, the optimal parameter set was A2B3C1, which 

corresponds to lactic acid bacteria species LPL, 30% moisture content, and hot-pressing 

temperature of 180 °C. This parameter set is the same as for IB.  

 

Table 3. Results of MOR by Orthogonal Experiments of SBPB 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. MOR of 9 groups of the SBPB and comparison with standard 
 

 A B C Result 

Test 
Number 

Lactobacillus 
Species (A) 

Moisture Content 
(%; B) 

Hot-pressing 
Temperature 

(°C; C) 

MOR (MPa) 

LB-1 LB(A1) 20(B1) 180(C1) 21.91  
LB-2 LB(A1) 25(B2) 160(C2) 13.26  

LB-3 LB(A1) 30(B3) 140(C3) 13.85  

LPL-1 LPL(A2) 20(B1) 160(C2) 18.68  

LPL-2 LPL(A2) 25(B2) 140(C3) 10.60  

LPL-3 LPL(A2) 30(B3) 180(C1) 19.96  

LPA-1 LPA(A3) 20(B1) 140(C3) 8.05  
LPA-2 LPA(A3) 25(B2) 180(C2) 19.70  

LPA-3 LPA(A3) 30(B3) 160(C2) 18.63  

K1 49.03  48.64  61.56   

K2 49.23  43.55  50.57   

K3 46.38  52.44  32.50   
k1 16.34  16.21  20.52   

k2 16.41  14.52  16.86   

k3 15.46  17.48  10.83   

R 0.95  2.96  9.69   

Relationship C > B >A 

Note: Ki =∑ i/3, (i means 1, 2, and 3); R is the max (K1, K2, and K3)-min (K1, K2, and 
K3) for each factor 
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Figure 4 shows the MOR of nine groups of SBPB and the MOR of common 

particleboards complying with the Chinese standard “Particleboard” GB/T 4897 (2015), 

which is 11.5 MPa. As shown in Fig. 4, most particleboards fermented by LPL complied 

with the standard. The MOR shown in Fig. 5 exhibited the same trend as IB in Fig. 3. This 

indicates that the temperature of hot pressing also had a positive relationship with the MOR 

of the SBPB, confirming the temperature of hot pressing had a significant effect on the 

mechanical strength of SBPB. This result was demonstrated by Xie et al. (2012). That is, 

when the temperature of hot pressing was between 170 to 200 °C, the increase in 

temperature facilitated the plasticization between the fibers, resulting in a tighter 

connection between the fibers, which improved the IB and MOR. 

 

 
Fig. 5. Trend diagram of the relationship between each factor and the MOR 

 

Surface Morphology and Section Porosity 
Figures 6(a) through (d) show the surface morphology of the SBPB, obtained using 

SEM. Figure 6(a) shows that the surface of the bamboo fibers of SBPB is unfolded and flat 

after fermentation, and separate fibers were observed. In Fig. 6(b), the surface of the 

bamboo fibers was covered by a cement-like substance and there is dispersion of the fiber 

bundles. In Fig. 6(c), separated and bent fibers were observed because of the degradation 

of macromolecular lignin in vascular bundles in bamboo particles. Lignin was partly 

degraded at high temperatures (Wang et al. 2017), which softens the fibers, thereby 

facilitating their interweaving. Figure 6(d) shows grains. Biodegradation at high 

temperatures and pressures causes fibers to form tissues and self-bonding. 

In the cross-section of the SBPB after bending breakage, a distribution of voids was 

observed because of the degradation of a part of bamboo fibers during fermentation. The 

distribution of pores determines the distribution of density; therefore, porosity can reflect 

the performance of SBPB. Figures 7(a), 7(b), and 7(c) show the porosity and cross-

sectional morphology of SBPB at the same temperature. The higher the temperature and 

the smaller the porosity, the better the performance of SBPB, and the more reasonable 

structure in the vertical direction. This indicates that the temperature of hot pressing had a 
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significant effect on the performance and density of SBPB. Thus, better mechanical 

properties of SBPB can be obtained when the hot-pressing temperature is higher. As shown 

in Fig. 7(a), 7(b), and 7(c), the overall porosity of the LPL-fermented SBPB was small, 

which indicates that the LPL-fermented SBPB had a high density, small pores, dense 

structure, and superior mechanical properties. 

 

 
Fig. 6. Morphology of surface of SBPB under SEM 

 

Fig. 7(a). Porosity and cross-sectional images of SBPB at (a) 140 °C, (b) 160 °C, and (c) 180 °C 
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Fig. 7(b & c). Porosity and cross-sectional images of SBPB under (a) 140 °C, (b) 160 °C, and (c) 
180 °C 

 
 

CONCLUSIONS 
 

In this study, self-bonding bamboo particleboards (SBPB) were prepared from 

bamboo residue fermented with lactic acid bacteria (including three species, i.e., 

Lactobacillus brucei, Lactobacillus plantarum, or Lactobacillus paracasei) at 28 ± 2 °C 

for 7 d. An L9 (33) orthogonal experiment was designed to determine optimal hot-pressing 
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temperature, fiber moisture content, and type of lactic acid bacteria for the fabrication of 

SBPBs. The IB and MOR of the prepared SBPB were evaluated and compared with the 

standard values, and the fracture morphology was characterized, and the results were 

concluded as follows. 

1) The ANOVA of the experimental data yielded the following optimal process 

parameters based on IB and MOR: The hot pressing temperature of 180 °C, fiber 

MC of 30%, and LPL bacteria species.  

2) The performance of SBPB obtained at a temperature of hot pressing of 180 °C and 

fiber MC of 30% were significantly higher than those under other conditions and 

met the Chinese standards for particleboards.  

3) The fracture morphology showed obvious degradation of bamboo fiber and 

rebonding on the surface of SBPB. The cross-section porosity demonstrated that 

the SBPB obtained under optimal parameters had the smallest porosity, gradient 

distribution of porosity, and good mechanical properties. 
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