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ABSTRACT 
 

After flame retardant and enhancing treatment, fast-grown poplar face the problem of 
leaching of pharmacy, which affected the effective permanence of the retard and further use is 
limited. In this paper, we study the fixed effect of low molecule phenol-formaldehyde (PF) resin 
on nitrogen and phosphorus (N-P) inorganic flame retardant composite under the condition of 
high relative humidity. The change of lateral sizes and quality of the specimens were emphasized 
in the experiment. Results reveal that the greater the concentration of flame retardant was, the 
greater weight gain percentage of the samples was, and the more serious leach was in the test, 
after the specimen was modified with the flame retardant. When weight gain percentage of the 
specimens is same, the greater the concentration of PF resin test solution was, better effect of the 
leach resistant will be obtained with the concentration of PF test solution increased. The PF resin 
with 25% concentration had the best effect to reduce the leach of N-P inorganic composite 
retards. From the comparative analysis above, it was advisable to indicate the PF resin with 25% 
concentration had the best effect to reduce the leach of  N-P inorganic composite retards. 
 
KEYWORDS: Fast-grown poplar, flame retardant, leach resistance, modification. 
 

INTRODUCTION 
 

With the expansion of both domestic and international markets, China has become 
the largest furniture exporter in the world (Guo et al. 2021, Dong et al. 2021). Fast-growing 
poplar (Na et  al. 2011, Wang et  al. 2016, Gong et al. 2016) was rich and widely-cultivated in 
China. The advantages of short growth cycle, fast growth rate, straight texture and uniform 
structure were favored among researchers, is emerging as an alternative wood material source 
for furniture, flooring, and window. However, wood and wood-based materials exhibit different 
loss performance and display intensity-dependent behavior, whose mechanical performance and 
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leach resistance are limited many structural applications. These characteristics distinguishes 
different wooden structural materials. Besides, wooden materials  under varying humidity 
conditions tend to perform different properties, such as, different loss performance with different 
flame retardants. This should be paid attention to in wood related experiments and research on 
wood products, since excessive loss poses the effect of flame retardant durability and may lead to 
structural failure. 

Wood modification (Wang et al. 2001, Peng et al. 1997) and leach resistance studies have 
been sustained for several decades and are always well-documented. Various analytical 
experiments have also been proposed to describe the observed leach resistance behavior. 
However, it was not suitable for long-term use in some structural applications because of lower 
density (Fu et al. 2011, Liu et al. 2004), high moisture (Chen et al. 2014), and other defects. 
Possibilities to overcome these drawbacks were chemical modification (Li et al. 2000, Fang et al. 
1999, Zhou et al.2010), treatment with inorganic flame retardant (Chen et al. 2018, Wu et al. 
2020, Xu et al. 2012,2020, Li et al. 2005, Geng et al. 2004), strengthening and anti-corrosion 
treatment. Little leach resistance data regarding modified fast-growing wood were available. 
This test focuses on investigating long-term durability of  PF resin  modified (Cao et al. 2019, 
Li et al. 2005, 2006, Liu et al. 2014) fast-growing poplar wood and investigating the leach 
resistance response of the modified wood as influenced by inorganic flame retardant types. 

To precisely analyze the leach resistance behavior, the leach resistance tests are conducted 
in the specific conditions. In this paper, flame retardant properties are investigated after flame 
retardant treatments. Organic and inorganic flame retardants are commonly used in wood 
industry. Organic flame retardants are chosen after regarding their lower price, which means less 
cost in practical application. Besides, in the long-term use, the samples treated with inorganic 
flame retardants were faced with the problem of losing chemicals, thus, the durability of flame 
retardant was affected. Numerous studies have been conducting, the results showed after 
inorganic flame retardant treatment, the mechanical properties of wood treated with inorganic 
flame retardants tend to decline to a large extent, this affects the durability of the flame retardant 
effect. However, it’s hard to draw accurate conclusions because of different conditions. In view 
of this situation, we are conducting more experiments to seek the relationship between wood 
leach resistance and flame retardants types. 

 The objectives of this study were to evaluate the impact of PF on the hygroscopicity of 
fast-growing poplar wood; and to analyze the leach resistance of modified poplar wood under 
different concentration. According to the result of this test, modification would enhance leach 
resistance property, but to achieve both price and flame retardant concentration remains to be 
further studied. 
 

MATERIAL AND METHODS 
 
Plant material and preparation 

The poplar wood specimens were cut from eight-years old fast-growing poplar trees, 
sapwood, originated from Taizhou, Jiangsu Province, China. phenol-formaldehyde resin was 
commercial products supplied by XinYeHao, company, China. The concentrations of  the wood 
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were 15, 25, and 40%. Specimens with dimensions of 20 (L) × 20 (T) × 10 (R) mm were sawn for 
the next experiments.  
 
Methods 

According to the test requirements, wood specimens were processed. Full-size wood 
specimens with dimensions 20 x 20 x 10 mm were  submerged in resin. The concentration of it 
was 15%, 25% and 40% respectively. The wood specimens were subjected to a 0.09 kPa 
vacuum for 3 h.  After that, they were immersed in the vacuum treatment at 4 kPa and 50°C for 
3 h. Then barometric pressure was increased 0.09 kPa and water was evaporated to the condition 
of air-dried and oven-dried. Next, the test pieces were stored for 72 h under the conditions of a 
temperature of 30°C and a relative humidity of 92 ± 2%, and the humidity dropped to 80% ± 2%, 
120 hours later, it was observed increased to 85 ± 2% and remained unchanged until the end of 
the test. After impregnation, the specimens were placed at in the air at room temperature for 7 
days. Afterwards, it was baked to absolute dryness at a temperature of 103 ± 2°C. All specimens 
selected were weighed and recorded. The quality differences between the specimens was 
controlled to less than 0.1% in the test.  Mass, chord and radial dimensions of the specimens were 
measured 6 times. The effect of flame retardant on wood hygroscopicity and dimensional 
stability, and the leach resistance of reagents were evaluated by the percentage of mass change, 
chord, radial and volume change before and after moisture absorption. 

  
RESULTS AND DISCUSSION 

 
We can read the values through the oxygen index test in the wood-based panel laboratory, 

As can be seen in Tab. 1, nitrogen and phosphorus were major factors that influence the leach 
resistance behavior of wood materials. The effect of different proportion on leach resistance 
behavior was regular and the tendency was clear. With the fifth inorganic flame retardant used, 
the best effect of the modified material was observed. 

 
Tab. 1: Oxygen index of wood treated by different combination inorganic retards. 

 
 Therefore, this method had been followed in following experiments. The thermal 

decomposition temperature and the flammable gases was reduced, the generation of carbon was 
increased because of the effect of phosphorus and phosphorus compounds on wood in thermal 
decomposition process. As (NH4)2HPO4, water and nitrogen was released and 
polymetaphosphoric acid was generated under the condition of flame. Polymetaphosphate has    a 

Test number 
Contains N 
element 1 

 (%) 

Contains N 
element 2  

(%) 

Contains P 
element 1  

(%) 

 Contains P 
element 2 

 (%) 

Oxygen  
index  
(%) 

1 (blank specimen) — — — — 21 
2 4 2 10 0 71.4 
3 4 0 10 0 63..4 
4 4 2 0 10 73.9 
5 4 0 0 10 77.1 
6 40% low molecular phenolic resin treated wood > 60 
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strong dehydration effect on wood,  so carbonization layer was formed on the surface of wood 
rapidly and stable compounds was engendered. Thus, the wood surface was covered by                 a 
protective layer. The released water and oxygen can also dilute the probable gas released by 
thermal decomposition and have cooling effect. P-O bonds was formed in any phosphorus 
containing compound during polymer combustion, In addition, it can also be combined with 
the hydrogen atom in the flame and inhibit the flame.  

The flame retardant used commonly was phosphorus compounds and nitrogen compounds. 
The mechanism was as follows. First, under the high temperature, expandable coke layer was 
generated in phosphorus compounds, heat was insulated and oxygen was isolated. Second, 
through the nucleophilic attack on phosphorus, the dehydration and carbonization reaction was 
promoted because of  numerous P-N bonds of nitrogen compounds were emerged. Third, 
phosphorus was preserved in the form of volatile amine salts because of the nucleophilic reaction 
between nitrogen-containing genes and R-O-P bonds in phosphorus compounds. 
 
Physical properties of poplar test material 

The leach resistance tests were carried out according to (GB 1932-1991). The dry shrinkage 
coefficient of specimens was tested. To evaluate the leach resistance, different solvents were 
applied. Testing was carried out as detailed in Tab. Radial swelling coefficient was 1.62 and 
chord swelling coefficient was 3.08. The coefficient of variation in radial was higher than chord, 
The values were 19.72 and 15.29 respectively. 

 
Tab. 2: Swelling property of fast-grown poplar by different solvent (Zhou et al. 2006). 

 
As shown in Tab. 2, the radial swelling coefficient was related to solvents types, distilled 

water, ammonia soluble quaternary ammonium copper and inorganic flame retardant had 
comparable levels of wettability impact on wood. In the same solution, the chord swelling 
coefficient is about 2-3 times than the radial swelling coefficient and concentration has little 
effect on the coefficient of solution. In terms of Nitrogen phosphorus Inorganic flame retardant, 
when the solution concentration is 8 %, the radial swelling coefficient was 4.24 and the chord 
swelling coefficient was 9.64. However, whether the solution concentration was 8% or 14%, 
the values in the radial swelling coefficient were 4.24 and 4.23. The chord swelling coefficient 
was the same change. Poor wettability was observed as compared with phenolic-formaldehyde 
resin. The radial and chord swelling coefficient specimens treated with UF were higher than those 

Type of treatment 
solution 

Solution 
concentration 

(%) 

Radial swelling 
coefficient 

 ( - ) 

Coefficient 
of variation 

(%) 

Chord 
swelling 

coefficient  
( - ) 

Coefficient 
of variation 

(%) 

Distilled water — 4.47 4.46 9.91 2.01 
Ammonia soluble quaternary 
Ammonium copper 

0.8 4.30 16.28 10.22 8.09 
1.6 4.27 14.06 10.66 9.24 

Nitrogen phosphorus 
Inorganic flame retardant 

8 4.24 17.06 9.64 10.18 
14 4.23 18.12 9.54 10.22 

Low molecular phenolic resin 
15 5.10 20.25 12.77 4.53 
25 5.63 22.35 12.64 6.34 
40 4.73 26.22 11.42 40.49 
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of the inorganic flame retardant. In addition, expansion and contraction in chord direction was 
much larger than that in radial direction because of  the anisotropic in wood height. 

The results also showed that modification significantly improved the leach resistance. 
The radial and chord swelling coefficient of the specimens treated with PF were significantly 
higher than those of the untreated specimens. The radial and chord swelling coefficient 
of the specimens treated with higher concentrations were also significantly higher than those of 
the specimens treated with lower concentrations. The radial and chord swelling coefficient 
of specimens treated with 40% UF were 0.26 and 1.51 higher than those of the untreated 
specimens, respectively. The radial and chord swelling coefficient of the specimens was 5.10, 
12.77 after modification with 15% PF, respectively, and the radial swelling coefficient further 
increased with PF concentration, However, the tendency in chord swelling coefficient was 
opposite. The effect of PF was more obvious than that of other solvent. The solubility parameter 
of phenolic resin was 32 (MPa) 1/2 (Tang et al 2003), Chemical modification is an effective 
approach implemented to increase wood’s mechanical properties (Mourant et al. 2008). 

During impregnation, PF resins enter the lumen and the low molecular weight resins 
gradually infiltrate the cell walls (Araya 1997, Furuno et al. 2004). At 40% PF, the resin 
adsorbed was 13.27% greater and was more than in the samples treated with 41.5% PF because 
of different structure of resin. The benzene ring structure of PF played an important role in 
increasing resin uptake (Tang et al. 2003). It was also noted that liquid with similar solubility 
parameter were usually compatible. The solubility parameter of cellulose was close to that of 
cellulose, resulting in the reaction between two liquid. Therefore, better impregnation effect will 
be displayed as the wood treated by low-molecular phenolic resin. 

 
Study on the loss of flame retardant by size change 

The loss of flame retardants can be reflected by size and weight. In general, the greater 
the size ( weight ) changes, the more serious the loss of flame retardants. 

                      
Fig. 1: Dimension variation of treated poplar with different concentration PF under 92% 
humidity.  
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Fig. 2: Dimension variation of treated poplar with different concentration PF under 92%  
humidity. 
 
       As shown in Figs.1 and 2 , Poor dimensional stability can be seen in poplar raw material, 
Under high humidity conditions, relatively higher dimensional change rate will be observed and 
dimensional stability of the wood treated by PF was relatively better either. Moreover, better 
dimensional stability of modified wood can be displayed with PF concentration increased. 
 

 
Fig. 3: Dimension variation of treated poplar with 8% retard  under 92%  humidity. 

 
Fig. 4: Dimension variation of treated poplar with 8% retard under 92% humidity. 
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Fig. 5: Dimension variation of treated poplar with 14% retard under high humidity. 

 
As we can see from Figs. 3 and 4, the size change rate of the specimens treated with PF were 

significantly higher as compared to those of the untreated specimens. It was obvious that PF has 
a certain fixed effect on the flame retardant. However, serious loss of flame retardant will be seen 
with the change of size increased. Flame retardant with a concentration of 8% can be well fixed 
by three concentrations of PF. Considering the cost of raw materials, concentration of 40% was 
the best. 
 

 
Fig. 6: Dimension variation of treated poplar with 14% retard under high humidity. 

 
It can be seen from Figs. 5 and 6 that under high humidity conditions, the hygroscopicity of 

nitrogen phosphorus inorganic flame retardant enhanced with the flame retardant concentration 
increased, thus, serious loss of flame retardant was observed. The best effect will be presented as 
high concentration PF was used to fix relatively high concentration flame retardant. 

From Fig. 7, It was seen that relatively lower change of mass as the concentration of PF was 
25%, better effect will be displayed with more PF remained in the specimen. One point that needs 
to be explained was that the loss rate of materials, however, was not significantly different under 
different test times, about 0.12%, which can be ignored. Mass change, specimen size and the test 
final result will not be affected by the loss of material derived from raw material. In Figs. 8 and 9, 
as seen, the mass change rate, however, was not significantly different when the concentration of 
PF was 25% and 45%, thus, similar loss rate in flame retardant will be observed. Considering the 
cost of raw materials, it was reasonable that 20% PF was selected. The mass change rate of the 
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specimens treated with PF were significantly higher as compared to those of the untreated 
specimens. With mass change rate increased, poor loss of flame retardant without PF will be 
observed. Therefore, the flame retardant can be fixed by PF. 

 

 
Fig. 7: Weight variation of treated poplar with different concentration PF resin under 
Dimension variation of treated poplar with 8% retard under 92% humidity. 

 

 
Fig. 8:  Weight variation of treated poplar with 8% retard under high humidity. 
 

 
Fig. 9:  Weight variation of treated poplar with 14% retard under high humidity. 
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Result analysis 
Under high humidity condition, larger dimensional change rate will be seen because of 

a large number of water molecules were combined with free hygroscopic groups from 
the environment, thus, the spacing of cellulose molecular chain was extended. Well dimensional 
stability was displayed in the wood treated by low molecular phenolic resin. Low molecular 
weight phenolic resin has high permeability to wood and contains a lot of active groups, the 
hygroscopic groups were significantly reduced because of the reaction between these groups and 
free hydroxyl groups, thus, wood dimensional stability was changed fundamentally. The loss of 
flame retardants was serious when only used the fast-growing poplar was treated with inorganic 
flame retardant, Inorganic flame retardant did not react with wood components or active groups, 
but filled wood interior in physical state after impregnated into wood. The flame retardant 
impregnated into wood exhibit obvious increase with flame retardant concentration increased, 
more water molecules can be combined under high humidity conditions, Therefore, more serious 
loss rate will be illustrated with concentration decreased. Before treated with phenolic resin, the 
test material was treated with inorganic flame retardant. The loss of the flame retardants was well 
inhibited after the phenolic resin treated the flame retardant specimens because of the fix effect of 
PF on inorganic flame retardants. With the measurement time extended, relative high size and 
quality change of the test material will be observed. Phenolic resin was used in the test, Urea was 
not involved in the hydroxymethylation but only free in the resin in the form of urea. it was not 
completely participated in the reaction during later curing process, Urea was also an inorganic 
substance with strong hygroscopicity, with the moisture content of treated wood increased, 
inorganic flame retardant will be dissolved. Flame retardant will still be lost after treated with PF, 
with the flame retardant was added, thus, the environment of phenolic resin was changed,  
therefore, the flame retardant will still be loss. 
 

CONCLUSIONS 
 

(1) Under high humidity conditions, the loss rate of fast-growing poplar modified wood was 
higher as inorganic flame retardant was used, Moreover, higher loss rate will be obtained with the 
flame retardant weight gain rate elevated. Flame retardant effect was inhibited as 
the concentration of flame retardant solution increased, the loss rate of 14% flame retardant 
solution reach more than 7%. (2) Modification with low molecular weight PF was an effective 
method to increase the leach resistance of poplar wood. The leach resistance of modified, 
fast-growing poplar wood were significantly improved when it was impregnated with PF. Flame 
retardant can be commendably wrapped with the PF concentration increased. Therefore, 
significantly improvement in the flame retardant effect with the loss of flame retardant  
decreased. (3) The effect of over 15% PF resin on  leaching resistance was equal to or more than 
that of adding 25% UF. There was a positive correlation between the radial swelling coefficient 
of the specimens and the concentration of  PF between 15 and 25%.  However, the tendency on 
chord swelling coefficient was opposite.  The radial swelling coefficient of 40% PF-specimen 
was 4.73,  less than those of 0, 15, and 25 PF- specimen, and the chord swelling coefficient  of 
40% PF-specimen was 11.42, less than those of 0, 15, and 25% PF-specimen, respectively.   
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(4) For fixing flame retardant, PF concentration will be elevated with the concentration 
increased. Under the same condition, the low concentration PF should be selected if it can fix the 
inorganic flame retardant well. In the test, when the 25% phenolic resin used, the best effect on 
reducing the loss rate of the nitrogen-phosphorus inorganic composite flame retardant will be 
displayed. (5) After being treated with inorganic flame retardants, Performance of treated 
substrate will be affected with the wood hygroscopicity increased. In this test, flame retardant 
was fixed by phenolic resin. Not only flame retardant effect of modified wood improved, but also 
the wood physical, mechanical and aesthetic properties  increased. 
 

ACKNOWLEDGEMENTS 
 

This study is funded by National Natural Science Foundation (31070502) and Public 
Farewell Project of National Forestry Bureau (201004006-6). The authors would also like to 
thank the support of the Priority Academic Program Development of Jiangsu Higher Education 
Institutions and Co-Innovation Center of Efficient Processing and Utilization of Forest 
Resources, Nanjing Forestry University, Nanjing 210037, China. 

 
REFERENCES 

 
1. Guo, X.L., Wang, J.X., Buck, D., 2021: Machinability of wood fiber/polyethylene 

composite during orthogonal cutting. Wood Science and Technology 55(2): 521-534. 
2. Dong, W.H., Guo, X.L., Hu, Y., 2021: Discrete wavelet transformation and genetic 

algorithm-back propagation neural network applied in monitoring woodworking tool wear 
conditions in the milling operation spindle power signals. BioResources 16(2): 2369-2384. 

3. Na, B., Wang,  Z.P., Wang, W., 2011: Dimensional stability improvement of fast-growing 
poplar by using two methods. Journal of Central South University of forestry & technology 
Social Science 31(8): 183-186. 

4. Wang, X.Q., Yu, Z.M., Zhang, Y., 2016: Dyeing and flame retardant properties of poplar 
veneer. Journal of Northwest Forestry University 31(5): 276-280. 

5. Gong, Y.C., Ren, H.Q., 2016: Characteristics and development prospect of cross-laminated 
timber. World Forestry Research 29(3): 71-74. 

6. Wang, X.A.,  Zhu, W., Wang, Y.X., 2001: Recent developments in chemical modification 
techniques of poplar wood. Journal of Northwest Forestry University l6(1): 76-81. 

7. Peng, W.M., Qiu, G.F., Li, Z.Q., 1997: Wood polymer composites prepared from fast 
growing species with urea-formaldehyde resin. Forestry Science & Technology 
22(4): 46-47. 

8. Fu, Y.L., Huang, S.D., We, P.L., 2011: Research on bark percentage, heartwood 
percentage and wood density of Shorea chinensis. Journal of Anhui Agricultural Sciences 
39(9): 5274-5277. 

9. Liu, J.L., Wang, Y.Q., 2004: Dimensional stability of surface-compressed wood by PF resin 
treatment. China Wood Industry 18(6): 5-8. 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 

278 
 

10. Chen, W.G., Liu, D.C., Liang, Z.B., 2014: Bark percentage, moisture content and wood 
density of Castanopsis kawakamii Hay. Forestry of GuangXi 2: 179-183. 

11.  Li, S.J., Jin, Z.Y.,  Fang, G.Z., 2000: Study on low mole weight PF resin composed with 
flame retardant modified wood. China Wood Industry 14(6): 15-17. 

12. Fang, G.Z.,  Li, S.J., Liu, J.W., 1999: Study of modifying Populus ussuriensis wood with PF 
resin of low molecular weight. China Wood Industry 13(5): 17-19. 

13. Fang, G.Z., Li, S.J., Jin, Z.L., 1999: Low molecular weight and light color 
phenol-formaldehyde resin for impregnation. China Wood Industry 13(4): 14-16. 

14. Zhou, Q., Wei, X., 2010: Modification of poplar wood properties by impregnation. Hunan 
Forestry Science & Technology 37(1): 17-19. 

15. Chen, L., Yi, Z.K., Liu, B., 2018: Further study on a kind of UF resinous type flame 
retardant. Forestry Machinery & Woodworking Equipment 46(8): 37-40. 

16. Wu, Y.H., Zhang, S.D., Ren, Z.Z., 2020: Flame retardant properties of phytic acid and 
melamine treated wood. Journal of Beijing Forestry University 42(4): 155-161. 

17. Xu, F.C., Zhang, H.Y., Li, Y.J., 2020: Synergistic flame retardancy of wood treated with 
zirconium phosphate/ammonium polyphosphate. Journal of Forestry Engineering 
3(4): 79-86. 

18. Li, X.D., 2005: Research soaking methods of wood treated with flame retardants. Forestry 
Machinery & Woodworking Equipment 33(12): 7-11,14. 

19. Geng, L.N., Xiang, M.H., Li, N., 2004: Advances of layered zirconium phosphate 
application. Progress in Chemistry 16(5): 717-727. 

20. Xu, H.J., 2012: Study on combustibility of different wood and efficiency of flame-retardant 
treatment. Journal of Central South University Forestry and Technology  32(8): 141-144. 

21. Cao, J.Z., 2019: A review on wood protectant dispersion systems and their liquid 
penetration. Journal of Forestry Engineering 4(3): 1-9. 

22. Li, X.D., 2005: Introducing microwave and ultrasonic technology to soaking wood with 
flame retardants. Chemical Industry and Engineering Progress 24(12): 1422-1425. 

23. Li, X.D., Hao, W.X., Qi, X.Y., 2006: Application of ultrasonic wave in soaking methods of 
wood treated with flame retardants. Journal of Fujian Forestry Science and Technology 
33(1): 64-66,79. 

24. Liu,  L., Wang, J.L., 2014: Study on preparation of aluminum magnesium hydroxide 
composite flame retardant. Bulletin of the Chinese Ceramic Society 33(1): 225-230. 

25. Pan, FQ., Feng, X.H., Wu, Z.H., 2020: Evaluation of physical and mechanical properties of 
Canadian aspen. China Wood Industry 34(4): 9-12. 

26. Wu, Y.H., Sun, H.Y., Ren, H.Q., 2019: Physical and mechanical properties of imported 
Swietenia macrophylla wood. China Wood Industry 33(2): 44-47. 

27. Luo,  H., Qi, J.Q., Xie, J.L., 2016: Physical-mechanical properties of Eucalyptus globulus 
juvenile wood from Sichuan. Journal of Northwest A & F University (Natural Science 
Edition) 44(2): 90-96. 

28. Zhang, H.J., Zhu, L., Sun, Y.L., 2011: Determining main mechanical properties of ancient 
architectural timber. Journal of Beijing Forestry University 33(5): 126-129. 



WOOD RESEARCH 
___________________________________________________________________________________________________ 
 

279 
 

29. Gu, L.B., Ding, T., Jiang, N., 2019: Development of wood heat treatment research and 
industrialization.  China Forestry Science and Technology 4(4): 1-11. 

30. Tang, Q.H., Chen, H.T., Wang, G., 2019: Effect of combination forms of bamboo fiber on 
properties of bamboo fiber/polypropylene composites. Acta Materiae Compositae Sinica 
36(11): 2561-2567. 

31. Tan, S.X,. Zhou, D.G., 2006: Wood industry manual. Chinese Forestry Publishing House. 
 

 
KANG ZHOU*, LI LUO, BIN NA 

NANJING FORESTRY UNIVERSITY 
COLLEGE OF MATERIALS SCIENCE AND ENGINEERING 

CO-INNOVATION  CENTER OF EFFICIENT PROCESSING AND UTILIZATION 
FOREST RESOURCES 

INTERNATIONAL RESEARCH LABORATORY OF BIOMASS ENERGY AND 
MATERIALS 

NANJING 210037 
CHINA 

*Corresponding authors: nabin8691@126.com 


