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To clarify how the fire performance of ultra-low density fiberboard (ULDF) 
can be improved by complex fire-retardants, the limiting oxygen index 
(LOI) and microstructure of ULDFs with different additive amounts of 
complex fire-retardants was analyzed. The char yield, chemical bonding, 
and thermostability of ULDFs treated by different temperatures were also 
tested. Results showed that the LOI values and compactness of ULDFs 
were increased with increased amounts of fire-retardants. Three steps of 
char yield curves in control fiberboard (CF) and mixed fiberboard (MF) 
were apparent. The preliminary degradation in lignin and cellulose of CF 
occurred at 300 °C. The cellulose had completely decomposed at 400 °C, 
but in the case of MF, the lignin and cellulose were not completely 
decomposed at 400 °C. It was shown that there are different ways to 
improve the fire resistance of ULDF using boron, nitrogen-phosphorus, 
silica, and halogen-based fire-retardants. The fiberboard with silicium 
compounds had the lowest mass loss in three stages and total mass loss. 
Compared with CF, MF had a lower mass loss. Furthermore, the 
exothermic peak for MF at around 400.0 °C was decreased, indicating 
that the fire resistance of ULDF was improved by the complex 
fire-retardants.  
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INTRODUCTION 

 

Ultra-low density fiberboard (ULDF), a combustible material, is made from plant 

fibers. It has many excellent properties, and it can serve as a substitute for 

petroleum-based polymers (Xie et al. 2004, 2008a,b, 2011; Chen et al. 2015c, 2016a). As 

a wood-based material, the inflammability of ULDF limits its applications. Therefore, 

many efforts have to be taken to improve the fire resistance of fiberboards. 

To improve the fire resistance of wood-based composites, modifying or impeding 

the burning pathway by chemical agents is a good method. Combustion is impeded by 

fire retardant treatment in the condensed and/or gaseous phases (Hornsby 2001; 

Genovese and Shanks 2008). For example, forming a protective layer with a low thermal 

conductivity covering the composites can reduce the heat transfer from the heat source. 

Cooling down the substrate and diluting the fuel in the solid and gaseous phases delays 

combustion (Gao et al. 2005; Bourbigot and Duquesne 2007; Hagen et al. 2009; Schartel 

2010).  

Many fire-retardants have been used to treat wood-based composites, such as 

phosphorus, nitrogen, boron, silica-based compounds, halogen type fire retardants, 

titanium oxide, and their combinations (Saka and Ueno 1997; Lewin 2005; Baysal et al. 

2007a,b; Branca and Blasi 2007; Genovese and Shanks 2008; Hagen et al. 2009; 

Sacristán et al. 2010; Schartel 2010; Fu et al. 2011; Mahr et al. 2012; Unger et al. 2012; 
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Xie and Liu 2012; Niu et al. 2014; Chen et al. 2015a). They can be used alone, together, 

or in association with other additives (Durin-France et al. 2000). For example, Wang and 

Li (2004) reported that the fire properties of wood were improved by the use of complex 

fire-retardants with guanylurea phosphate and boric acid. Moreover, there is more than 

one way in which fire-retardants improve the fire resistance of composites. Complex 

fire-retardants accelerate char-forming in wood, form a protective layer, and dilute the 

fuel. Ebdon et al. (1996) showed that silica compounds dilute the combustible organic 

gases and form a barrier to heat and mass transfer. 

Previous studies have shown that the fire resistance of ULDF is better improved 

by complex fire-retardants than a one-component fire-retardant (Chen et al. 2016a). The 

optimal preparation conditions of complex fire-retardant agents were obtained in Chen et 

al. (2016a). There is a synergistic effect in complex fire-retardants containing boron, 

nitrogen-phosphorus, silica, and halogen compounds. The goal of this study was to 

clarify how the fire performance of ULDF can be improved by the complex 

fire-retardants and their additive amount. In this study, the limiting oxygen index (LOI) 

and microstructure of ULDFs as a function of the additive amount of complex 

fire-retardants were tested. The char yield, chemical bonding, and thermostability of the 

ULDFs treated by different temperatures were examined also. 

 

 
EXPERIMENTAL 
 
Materials 

Kraft pulp (KP, spruce-pine-fir; Tembec Inc., Québec, Canada) was utilized as a 

raw material to manufacture ULDF. Sodium dodecylbenzene sulfonate, as a foaming 

agent, was purchased from Jiangsu Qingting Washing Products Co., Ltd. (Yancheng, 

China). Alkyl ketene dimmer (AKD) was purchased from Suzhou Tianma Chemicals Co., 

Ltd. (Suzhou, China). The boric acid and borax were purchased from Zhengzhou Deer 

Boron Industry Chemical Co., Ltd. (Zhengzhou, China). The diammonium hydrogen 

phosphate was purchased from Suzhou High-energy Chemical Technology Co., Ltd. 

(Suzhou, China). Sodium silicate was purchased from Tianjin Fuchen Chemical Reagents 

Factory (Tianjin, China). Chlorinated paraffin was purchased from Changzhou Fengshuo 

Chemical Co., Ltd. (Changzhou, China). 

 

Preparation of Ultra-Low Density Fiberboard 
Ultra-low density fiberboards (200 mm × 200 mm × 50 mm) were made of 50.0 g 

dry kraft fiber, with a target bulk density of 50 to 90 kg·m-3. They were manufactured 

separately in a demonstration line as described in Fig. 1. The polyacrylamide resin, AKD, 

fire-retardants, and foaming agent (10 wt%) were added during different manufacturing 

stages in all specimens.  
 

 
 
Fig. 1. The preparation process of ultra-low density fiberboards 
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In this study, the related nomenclature used for the corresponding fiberboards 

were CF (control fiberboard, fiberboard without fire-retardant), BF (fiberboard with 

boron compounds), NPF (fiberboard with nitrogen-phosphorus compounds), SF 

(fiberboard with silicium compounds), HF (fiberboard with halogen compounds), and MF 

(mixed fiberboard, fiberboard with 100% complex fire-retardant), respectively. Here, the 

additive amount of complex fire-retardants was based on dry fiber mass. The detailed 

parameters for fiberboards are presented in Table 1. 

 

Table 1. Parameters for Fiberboards 

NO. 
Boron 

Compounds 
Nitrogen-Phospho
rus Compounds 

Silicium 
Compounds  

Halogen 
Compounds  

Polyacryla-
mide resin 

AKD 
Foaming 

Agent 

CF - 
- 
- 
- 

20 mL 50 mL 80 mL 

BF 80 g 
 

- - - 

NPF - 80 g - - 

SF - - 80 g - 

HF - - - 80 g 

MF 50 g Complex Fire-retardants* 

*Complex fire-retardants consisted of 34.0% boron compounds (boracic acid and borax), 27.0% 
nitrogen-phosphorus compounds (diammonium hydrogen phosphate), 15% silicium compounds 
(potassium silicate), and 29.0% halogen compounds (chlorinated paraffin) (Chen et al. 2016a). 
The mass of each composition was based on fire retardant contents. 

 

Limiting Oxygen Index (LOI) of Ultra-Low Density Fiberboard 
LOI was measured using a limiting oxygen index instrument (Jiang Ning county 

analysis instrument factory, Jiangning, China) according to GB/T2 406.2-2009 (2009). 

The size of the samples was 150 × 10 × 10 mm3 (L × W × H). All samples were placed in 

a sample holder covered by vertical glass column, and the gas flow (oxygen and nitrogen) 

was adjusted until the atmosphere in the glass was stabilized and uniform in order to meet 

the test criteria. Each sample was ignited with a flame and burned downward on the top 

surface of samples. The minimum oxygen concentrations supporting combustion for all 

samples were recorded as a percentage. The results reported are the average of 15 

replications. 

 

Char Yield of Ultra-Low Density Fiberboard 
The char yield of ULDF was obtained using a controlled electric resistance 

furnace with high temperature (model KDF-S70G, Denken Co., Jingdu, Japan). A 

1.000-g specimen encased in aluminum foil was heated in the furnace with different 

temperatures under nitrogen atmosphere. After 30 min, the specimens were cooled at 

room temperature in a closed container. The char yield of ULDF was tested when the 

temperature of the residue was below 30 °C. 

 

Characterization 
The micromorphology of ULDFs was characterized by scanning electron 

microscopy (SEM, Philips XL-30 TMP, Amsterdam, Netherlands) at an acceleration 

voltage of 10 kV. The surfaces of the specimens were coated with gold by an 

electro-deposition method to confer electrical conduction and reduce specimen charging 

before recording the SEM micrographs.  

Fourier transform infrared (FTIR) analysis was performed by a Nicolet 380 FTIR 

spectrometer (Thermo Electron Scientific, Madison, WI, USA), employing the KBr pellet 

method, taking 32 scans for each sample with a resolution of 4 cm-1, ranging from 4000 

cm-1 to 400 cm-1.  

The thermal curves of thermogravimetric analysis (TGA) were obtained using a 
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thermogravimetric analyzer (NETZSCH STA 449F3, Selby, Germany). The temperature 

range was from 30 C to 600 C with a heating rate of 10 C min-1 under air atmosphere. 

 

 
RESULTS AND DISCUSSION 
 
Effect of the Additive Amount of Complex Fire-Retardants on the LOI and 
Micromorphology of Ultra-Low Density Fiberboards  

The range of LOI as a function of the additive amount of complex fire-retardants 

(0%, 20%, 40%, 60%, 80%, 100%, 120%, and 140%) is presented in Fig. 2. The 

microstructures of ultra-low density fiberboards with different contents of complex 

fire-retardants (0%, 40%, 100%, and 140%) are presented in Fig. 3. 

 

 

Fig. 2. Effect of the additive amount of fire-retardants on the limiting oxygen index of ultra-low 
density fiberboards 

 

   

   

Fig. 3. SEM images of ultra-low density fiberboards with different contents of fire-retardants: (A) 
0%, (B) 40%, (C) 100%, and (D) 140% 
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As shown in Fig. 2, the LOI values of ULDFs increased with an increase in the 

additive amount of fire-retardants. The LOI value of fiberboard with 100% fire-retardants 

was 31.2%, which increased by 102.60% compared with the fiberboard without 

fire-retardant. When the contents of fire-retardants were more than 100%, the changes in 

LOI values of ULDFs were not obvious. This is because the internal structure of ULDF 

with porosity is affected by the increasing additive amount of fire-retardants. 

Fire-retardants fill in fiberboards, which increases their compactness. As presented in Fig. 

3A, there was a relatively smooth surface and large pores. Compared with control 

fiberboard, the fire-retardants deposited on the fiber surfaces are found in the fiberboard 

with 40% fire-retardants (Fig. 3B). When the additive amount of fire-retardants was more 

than 100%, almost all fiber surfaces were covered (Figs. 3C and D). This result indicated 

that fire-retardants covering the fiber surfaces are important to improve the fire resistance 

of ULDFs. However, the porosity of fiberboard with 140% fire-retardants was decreased, 

but its LOI value was just 0.8% higher than fiberboard with 100% fire-retardants. Taking 

practical conditions into consideration, there findings imply that the optimal additive 

amount of complex fire-retardants for improving the fire resistance of ULDFs was 100% 

(based on dry fiber mass). 

 

Effect of Temperature on the Char Yield of Ultra-Low Density Fiberboards 

The char yield of control fiberboard and mixed fiberboard treated by different 

temperatures (50, 100, 150, 180, 200, 230, 250, 280, 300, 350, 400, 450, and 500 °C) is 

presented in Fig. 4. There were three thermal decomposition steps. The first stage (below 

250 °C) was assigned to the drying and pre-decomposition processing. Its mass loss was 

caused by the evaporation of imbibed water from the fibers, indicating that the native 

fiber is a non-hydrophobic composite (Vîlcu et al. 1985). The second rapid char yield 

loss around 250 to 400 °C was accompanied by the combustion and decomposition of 

cellulose, hemicellulose, and lignin. During the last stage (more than 400 °C), the char 

yield loss was not obvious, which was assigned to the calcining processing of charcoal. 

There were not any obvious differences between control fiberboard and mixed fiberboard 

in the first stage, but when the temperature was greater than 250 °C, the char yield of MF 

was remarkably increased. For example, the char yield of MF at 350 °C and 500 °C 

increased by 78.31% and 112.78%, respectively, compared with CF. These results 

indicated that the fire resistance of fiberboards is improved by complex fire-retardants, 

which improve the protection properties of the residues (Chen et al. 2015b, 2016a). 

 

 

 

Fig. 4. Char yield of control fiberboard and mixed fiberboard treated by different temperatures 
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Chemical Bonding in Combustion Residues of Ultra-low Density 
Fiberboards 

FTIR profiles of control fiberboard and mixed fiberboard treated by different 

temperatures (room temperature, 200, 300, 400, and 500 °C) are presented in Fig. 5. As 

shown in Fig. 5A, the infrared spectra of control fiberboard at room temperature 

exhibited the -OH peaks at around 3414 cm-1, which reflected the presence of 

intramolecular and intermolecular hydroxyls groups, respectively (Alemdar and Sain 

2008). The characteristic peaks at around 2920, 1458, and 1382 cm-1 are attributed to 

C-H bending of CH2 groups, C-H bending of CH3 groups, and CH2 stretch, respectively. 

The characteristic peaks of lignin show the peaks at 1735, 1650, 1598, 1504, 1244, and 

1160 cm-1. The peaks at around 1112, 1056, 896, and 612 cm-1 correspond to the 

characteristic peaks of cellulose. For control fiberboard, the peak at 3414 cm-1 was 

gradually weakened with an increase in temperature, reflecting the evaporation of 

imbibed water during heating. When the fiberboards were treated at 300 °C, the 

characteristic peaks of lignin and cellulose were obviously weakened, indicating the 

preliminary degradation in lignin and cellulose. This result agreed with the char yield 

analysis. Starting at 400 °C, the characteristic peaks of cellulose disappeared, but the 

characteristic peaks of lignin remained. So the peak at 1056 cm-1 corresponds to the 

characteristic peaks of cellulose, which weakened and even disappeared with the 

increasing of temperature. This result indicated that the cellulose had completely 

decomposed but lignin remained. Interestingly, the peaks at around 3413 and 1106 cm-1 

were observed again when the fiber composites were treated at 500 °C. This is because 

the fibers decomposed to form the charcoal with porosity and strong absorbability.  

 

 

  

 
Fig. 5. FTIR profiles (A) control fiberboard and (B) mixed fiberboard treated at different 
temperatures 

 

Compared with the CF at room temperature, the FTIR spectrum of MF shows 

most of the characteristic peaks of the CF (Fig. 5B). When the MF was treated at 400 °C, 

the peaks at 1735, 1382, 896, and 612 cm-1 were present, indicating that the lignin and 

cellulose were not completely decomposed (Cai et al. 2016). This result means the 

thermostability of ULDF is improved by the complex fire-retardants. 

 

Thermogravimetric Analysis of Ultra-Low Density Fiberboards 
To evaluate the thermostability of the ULDFs, the mass loss and differential 

scanning calorimetry (DSC) curves of CF, BF, NPF, SF, HF, and MF are presented in Figs. 

6 and 7. As shown in Fig. 6 and Table 1, there were three distinct stages of mass loss in 

A B 
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all specimens. The slight mass loss that occurred below 110 °C is caused by evaporation 

of imbibed water from the specimens (Vîlcu et al. 1985; Xiao et al. 2002; Yang et al. 

2002). The second rapid mass loss stage around 110 to 400 °C is mainly attributed to the 

pyrogenic decomposition of cellulose and hemicellulose. The last stage (400 to 600 °C) 

of slight mass loss in fiberboards is accompanied by the calcination of charcoal (Chen et 

al. 1993; Zeriouh and Belkbir 1995; Shen and Kawi 1999; Chen et al. 2005; Chiranjeevi 

et al. 2006; Unuabonah et al. 2013). These results are in agreement with char yield and 

FTIR analysis. In Table 1, the mass loss of fiberboards was decreased after treatment by 

fire-retardants. In particular, the fiberboard with silicium compounds had the lowest mass 

loss in three stages and total mass loss. 

 

  

  

Fig. 6. TG and DSC curves of (A) boron-based fiberboard (BF), (B) nitrogen-phosphorus-based 
fiberboard (NPF), (C) silicate-based fiberboard (SF), and (D) halogen-based fiberboard (HF) 

 

Table 1. Parameters and Mass Loss of the Fiberboards Obtained from the TG 
Curves 

No. 

Fire Retardant Mass Loss (%) 

Composition 
Additives 

(g) 

First Second Third 

Total 30 to 
110 °C 

110 to 
400 °C 

400 to 
600 °C 

CF - - 5.7 86.7 2.7 95.1 

BF Boron Compounds 80.0 2.5 45.8 10.6 58.9 

NPF 
Nitrogen-Phosphorus 

Compounds 
80.0 1.6 44.8 6.5 52.9 

SF Silicium Compounds 80.0 1.6 43.9 5.4 50.9 

HF Halogen Compounds 80.0 2.8 52.8 8.8 64.4 

MF 
Complex 

Fire-Retardant 
50.0 5.0 67.0 12.4 84.4 

A B 

C D 

http://pubs.acs.org/action/doSearch?ContribStored=Shen%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Kawi%2C+S
http://www.sciencedirect.com/science/article/pii/S0040603106000153
http://pubs.acs.org/action/doSearch?ContribStored=Unuabonah%2C+E+I
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For boron-based fiberboard, there were two endothermic peaks and one 

exothermic peak (Fig. 6A). The endothermic peak around 283.5 °C is caused by the 

thermal decomposition of boric acid (H3BO3). When the boric acid is heated, it can be 

changed into metaboric acid (HBO2), pyroboric acid (H2B4O7), and diboron trioxide 

(B2O3) (Eq. 1). The endothermic peak around 387.1 °C is attributed to the effects of 

refrigeration and heat absorption by water of crystallization obtained from sodium 

tetraborate decahydrate (Na2B4O7·10H2O). The exothermic peak at 329.6 °C is caused by 

the combustion of combustible volatiles during the pyrogenic decomposition of cellulose 

and hemicellulose. Boron oxide is produced from boron compounds. It improves the 

thermostability of cellulose; the exothermic peak is smooth without deflagration (Chen at 

al. 2016a). 
 

           (1) 

As presented in Fig. 6B and Eq. 2, the endothermic peak around 191.6 °C is 

caused by the endothermic reactions in metaphosphoric acid (HPO3) and noncombustible 

gas (NH3) obtained from diammonium hydrogen phosphate [(NH4)2HPO4]. The 

crystalline region is broken and releases combustible volatiles around 423.4 °C, where an 

exothermic peak is formed. The heat release is decreased when the temperature reached 

more than 500 °C. This is because HPO3 can be decomposed into water and sticky 

phosphorus pentoxide (P2O5), which restrains the flameless calcination of charcoal 

(Hagen et al. 2009).  
 

              (2) 

Potassium silicate (K2O·nSiO2·nH2O) generates polysilicic acid at around 400 °C, 

which reacts with wood to form an inorganic film on its surface by the covalent bonds of 

Si-O-C and Si-C. The inorganic film insulates wood against air during combustion 

(Unger et al. 2012; Chen et al. 2015b). Potassium carbonate (K2CO3), a component of Si 

compounds, releases noncombustible gas (CO2) at 400 °C. Therefore, there is an 

endothermic peak at around 414.0 °C (Fig. 6C). 

Halogen-based fire retardants (chlorinated paraffins) act in the vapor and 

condensed phases. The condensed phase mainly depends on the generation of hydrogen 

chloride gas (HCl), which accelerates hemicellulose and cellulose dehydration into 

charcoal in low temperatures. The vapor phase follows the principle of free radical chain 

reaction. The large number of hydroxyl radicals (HO·) can react with CO to form the CO2 

gas and hydrogen radical (H·), which reacts with oxygen to form hydroxyl radicals (Chen 

et al. 2015b, 2016a). The described processes interrupt the exothermic processes and 

suppress combustion. Additionally, the generation of HCl captures the hydroxyl radicals 

to form the water, which absorbs heat during evaporation (Lu and Hamerton 2002; Liu 

2013). An endothermic peak appears at around 288.6 °C. 

As shown in Fig. 7, the total mass loss of CF and MF were 95.1% and 84.4, 

respectively. The mass losses of CF and MF in the first stage were 5.7% and 5.0%, 

respectively, indicating the fiberboards with fire-retardants are more hydrophobic than 

control fiberboard (Chen et al. 2016b). The mass loss of MF in the second stage was 

decreased by 19.7% compared with CF. This result indicated that the decomposition of 

cellulose and hemicellulose were restrained by complex fire-retardants. The mass loss of 

MF in the third stage was 9.7% higher than the CF, indicating that the complex 

fire-retardants prompted the decomposition of polymer toward carbonaceous residues. 

Additionally, the exothermic peak around 400.0 °C was obviously decreased, indicating 

the deflagration process in fiberboards was restrained by complex fire-retardants, which 
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produce a synergistic effect between different compositions (Chen et al. 2016a). In sum, 

the thermostability of the ULDFs was improved by complex fire-retardants. 

 

 

Fig. 7. TG and DSC curves of control fiberboard (CF, fiberboard without fire-retardant) and mixed 
fiberboard (MF, fiberboard with 100% complex fire-retardant) 

 

 

CONCLUSIONS 
 

1. The LOI values and compactness of ULDFs were increased with the increase in 

amount of fire-retardants. The LOI value of fiberboard with 100% fire-retardants 

increased by 102.60% compared with fiberboard without fire-retardant.  

2. Three-step char yield curves were apparent in CF and MF. When the temperature was 

more than 250 °C, the char yield of MF was improved. The char yield of MF at 

350 °C and 500 °C increased by 78.31% and 112.78%, respectively, compared with 

CF. 

3. For control fiberboard, the preliminary degradation in lignin and cellulose occurred at 

300 °C. When the temperature was greater than 400 °C, the cellulose had completely 

decomposed, but lignin still existed. In MF, the lignin and cellulose were not 

completely decomposed at 400 °C, indicating the thermostability of ULDF was 

improved by the complex fire-retardants. 

4. The mass losses of fiberboards were decreased after treatment with fire-retardants. 

The fiberboard with silicium compounds had the lowest mass loss in three stages and 

total mass loss. Compared with CF, MF had a lower mass loss, and its exothermic 

peak around 400.0 °C was decreased. 

 

ACKNOWLEDGEMENTS 
 

This paper was supported by the Education and Scientific Research Foundation 

for Middle-age and Young Teachers of Fujian Province Education Department (JB13040) 

and the Natural Science Foundation of Fujian Province (2015J01604). The authors are 

also grateful for the Scientific Research Foundation of Graduate School of Fujian 

Agriculture and Forestry University (1122YB020), the National Science and Technology 

Support Program (2008BADA9B01), and the National Natural Science Foundation of 

China (NSFC) (30781982). 



 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liu et al. (2016). “Fire performance of ULDF,” BioResources 11(4), 10261-10272.  10270 

REFERENCES CITED 
 

Alemdar, A., and Sain, M. (2008). “Isolation and characterization of nanofibers from 

agricultural residues: Wheat straw and soy hulls,” Bioresource Technology 99(6), 

1664-1671. DOI: 10.1016/j.biortech.2007.04.029 

Baysal, E., Altinok, M., and Mehmet, C. (2007a). “Fire resistance of Douglas fir 

(Pseudotsuga menzieesi) treated with borates and natural extractives,” Bioresource 

Technology 98(5), 1101-1105. DOI: 10.1016/j.biortech.2006.04.023 

Baysal, E., Yalinkilic, M. K., and Mustafa, A. (2007b). “Some physical, biological, 

mechanical, and fire properties of wood polymer composite (WPC) pretreated with 

boric acid and borax mixture,” Construction and Building Materials 21(9), 

1879-1885. DOI: 10.1016/j.conbuildmat.2006.05.026 

Bourbigot, S., and Duquesne, S. (2007). “Fire retardant polymers: Recent developments 

and opportunities,” Journal of Materials Chemistry 17(1), 2283-2300. DOI: 

10.1039/B702511D 

Branca, C., and Blasi, C. D. (2007). “Oxidation characteristics of chars generated from 

wood impregnated with (NH4)2HPO4 and (NH4)2SO4,” Thermochimica Acta 456(2), 

120-127. DOI: 10.1016/j.tca.2007.02.009 

Cai, L., Zhuang, B., Huang, D., Wang, W., Niu, M., Xie, Y. Q., Chen, T. J., and Wang, X. 

D. (2016). “Ultra-low density fibreboard with improved fire retardance and thermal 

stability using a novel fire-resistant adhesive,” BioResources 11(2), 5215-5229. DOI: 

10.15376/biores.11.2.5215-5229 

Chen, C. Y., Li, H. X., and Davis, M. E. (1993). “Studies on mesoporous materials: I. 

Synthesis and characterization of MCM-41,” Microporous Materials 2(1), 17-26. 

DOI: 10.1016/0927-6513(93)80058-3 

Chen, J. Z., Deng, T. S., and Jiang, B. B. (2005). “Investigation on kinetics of bamboo 

pyrolysis,” Chemistry and Industry of Forest Products 25(2), 11-15. DOI: 

10.3321/j.issn:0253-2417.2005.02.003 

Chen, T. J., Niu, M., Wu, Z. Z., and Xie, Y. Q. (2015a). “Effect of silica sol content on 

thermostability and mechanical properties of ultra-low density fiberboards,” 

BioResources 10(1), 1519-1527. DOI: 10.15376/biores.10.1.1519-1527 

Chen, T. J., Niu, M., Wu, Z. Z., Cai, L. L., and Xie, Y. Q. (2015b). “Fire performance of 

Si-Al ultra-low density fiberboards evaluated by cone calorimetry,” BioResources 

10(2), 3254-3264. DOI: 10.15376/biores.10.2.3254-3264 

Chen, T. J., Niu, M., Xie, Y. Q., Wu, Z. Z., Liu, X. Z., Cai, L. L., and Zhuang, B. R. 

(2015c). “Modification of ultra-low density fiberboards by an inorganic film formed 

by Si/Al deposition and their mechanical properties,” BioResources 10(1), 538-547. 

DOI: 10.15376/biores.10.1.538-547 

Chen, T. J., Liu, J. H., Wu, Z. Z., Wang, W., Niu, M., Wang, X. D., and Xie, Y. Q. (2016a). 

“Evaluating the effectiveness of complex fire-retardants on the fire properties of 

ultra-low density fiberboard (ULDF),” BioResources 11(1), 1796-1807. DOI: 

10.15376/biores.11.1.1796-1807 

Chen, T. J., Xie, Y. Q., Cai, L. L., Zhuang, B. R., Wang, X. D., Wu, Z. Z., Niu, M., and 

Lin, M. (2016b). “Mesoporous aluminosilicate material with hierarchical porosity for 

ultra-low density wood fiber composite (ULD_WFC),” ACS Sustainable Chemistry & 

Engineering 4(7), 3888-3896. DOI: 10.1021/acssuschemeng.6b00691 

Chiranjeevi, T., Muthu Kumaran, G., Gupta, J. K., and Murali Dhar, G. (2006). 

“Synthesis and characterization of acidic properties of Al-HMS materials of varying 

Si/Al ratios,” Thermochimica Acta 443(1), 87-92. DOI: 10.1016/j.tca.2006.01.004 

Durin-France, A., Ferry, L., Lopez, C. J. M., and Crespy, A. (2000). “Magnesium 

hydroxide/zinc borate/talc compositions as flame-retardants in EVA copolymer,” 

http://dx.doi.org/10.1016/j.biortech.2007.04.029
http://dx.doi.org/10.1016/j.biortech.2006.04.023
http://dx.doi.org/10.1016/j.conbuildmat.2006.05.026
javascript:popupOBO('CHEBI:60027','B702511D','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=60027')
http://dx.doi.org/10.1039/1364-5501/1991
http://c.wanfangdata.com.cn/periodical/xblxyxb/2014-1.aspx
http://dx.doi.org/10.1039/B702511D
http://dx.doi.org/10.1016/j.tca.2007.02.009
http://www.sciencedirect.com/science/article/pii/0927651393800583
http://www.sciencedirect.com/science/article/pii/0927651393800583
http://www.sciencedirect.com/science/article/pii/0927651393800583
http://www.sciencedirect.com/science/journal/09276513
http://dx.doi.org/10.1016/j.cej.2012.07.123
http://dx.doi.org/10.1016/j.cej.2012.07.123
http://c.wanfangdata.com.cn/Periodical-lchxygy.aspx
http://dx.chinadoi.cn/10.3321%2fj.issn%3a0253-2417.2005.02.003
http://www.sciencedirect.com/science/article/pii/S0040603106000153
http://www.sciencedirect.com/science/article/pii/S0040603106000153
http://www.sciencedirect.com/science/article/pii/S0040603106000153
http://www.sciencedirect.com/science/article/pii/S0040603106000153
http://www.sciencedirect.com/science/journal/00406031
http://dx.doi.org/10.1016/j.cej.2012.07.123
http://dx.doi.org/10.1016/j.cej.2012.07.123


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liu et al. (2016). “Fire performance of ULDF,” BioResources 11(4), 10261-10272.  10271 

Polymer International 49(10), 1101-1105. DOI: 

10.1002/1097-0126(200010)49:10<1101::AID-PI523>3.0.CO;2-5 

Ebdon, J. R., Hunt, B. J., Jones, M. S., and Thorpe, F. G. (1996). “Chemical modification 

of polymers to improve flame retardance-II. The influence of silicon-containing 

groups,” Polymer Degradation and Stability 54(2-3), 395-400. DOI: 

10.1016/S0141-3910(96)00068-7 

Fu, Y. L., Mo, Y. Y., Liu, Y. X., Qiao, M. J., and Chen, W. J. (2011). “Application of 

nanometer silicon dioxide in coating and idea of strengthening wood surface 

properties with nanometer silicon dioxide,” Journal of Zhejiang Forestry College 

28(4), 644-652. DOI: 10.3969/j.issn.2095-0756.2011.04.020 

Gao, M., Ling, B. C., and Yang, S. S. (2005). “Flame retardance of wood treated with 

guanidine compounds characterized by thermal degradation behavior,” Journal of 

Analytical and Applied Pyrolysis 73(1), 151-156. DOI: 10.1016/j.jaap.2005.01.006 

GB/T 2406.2-2009 (2009). “Plastics – Determination of burning behaviour by oxygen 

index – Part 2: Ambient-temperature test,” Standardization Administration of the 

People’s Republic of China, Beijing, China. 

Genovese, A., and Shanks, R. A. (2008). “Fire performance of poly(dimethyl siloxane) 

composites evaluated by cone calorimetry,” Composites Part A: Applied Science and 

Manufacturing 39(2), 398-405. DOI: 10.1016/j.compositesa.2007.09.009 

Hagen, M., Hereid, J., Delichatsios, M. A., Zhang, J., and Bakirtzis, D. (2009). 

“Flammability assessment of fire-retarded Nordic Spruce wood using 

thermogravimetric analyses and cone calorimetry,” Fire Safety Journal 44(8), 

1053-1066. DOI: 10.1016/j.firesaf.2009.07.004 

Hornsby, P. R. (2001). “Fire retardant fillers for polymers,” International Materials 

Reviews 46(4), 199-210. DOI: 10.1179/095066001771048763 

Lewin, M. (2005). “Unsolved problems and unanswered questions in flame retardance of 

polymers,” Polymer Degradation Stability 88(1), 13-19. DOI: 

10.1016/j.polymdegradstab.2003.12.011 

Liu, J. H. (2013). Fire Retardant Properties and Mechanism of Ultra-low Density Wood 

Fiber-based Material Ph.D. Dissertation, Fujian Agriculture and Forestry University, 

Fuzhou, China. 

Lu, S. Y., and Hamerton, I. (2002). “Recent developments in the chemistry of 

halogen-free flame retardant polymers,” Progress in Polymer Science 27(8), 

1661-1712. DOI: 10.1016/S0079-6700(02)00018-7 

Mahr, M. S., Hübert, T., Schartel, B., Bahr, H., Sabel, M., and Militz, H. (2012). “Fire 

retardancy effects in single and double layered sol-gel derived TiO2 and SiO2-wood 

composites,” Journal of Sol-Gel Science and Technology 64(2), 452-464. DOI: 

10.1007/s10971-012-2877-5 

Niu, M., Hagman, O., Wang, X. D., Xie, Y. Q., Karlsson, O., and Cai, L. L. (2014). 

“Effect of Si/Al compounds on fire properties of ultra-low densities fiberboard,” 

BioResources 9(2), 2415-2430. DOI: 10.15376/biores.9.2.2415-2430 

Sacristán, M., Hull, T. R., Stec, A. A., Ronda, J. C., Galià, M., and Cádiz, V. (2010). 

“Cone calorimetry studies of fire retardant soybean-oil-based copolymers containing 

silicon or boron: Comparison of additive and reactive approaches,” Polymer 

Degradation and Stability 95(7), 1269-1274. DOI: 

10.1016/j.polymdegradstab.2010.03.015 

Saka, S., and Ueno, T. (1997). “Several SiO2 wood-inorganic composites and their 

fire-resisting properties,” Wood Science and Technology 31(6), 457-466. DOI: 

10.1007/BF00702568 

Schartel, B. (2010). “Phosphorus-based flame retardancy mechanisms-old hat or a 

starting point for future development,” Materials 3(10), 4710-4745. DOI: 

http://www.sciencedirect.com/science/journal/01413910
http://dx.doi.org/10.1016/S0141-3910(96)00068-7
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22FU+Yun-lin%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22MO+Yin-you%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22LIU+Yi-xing%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22QIAO+Meng-ji%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22CHEN+Wen-jun%22++DBID%3aWF_QK
http://210.34.85.55/C/periodical-zjlxyxb.aspx
http://doi.wanfangdata.com.cn/10.3969/j.issn.2095-0756.2011.04.020
http://dx.doi.org/10.1016/j.jaap.2005.01.006
http://dx.doi.org/10.1016/j.firesaf.2009.07.004
http://dx.doi.org/10.1016/j.polymdegradstab.2003.12.011
http://www.sciencedirect.com/science/journal/00796700
http://c.wanfangdata.com.cn/periodical/xblxyxb/2014-1.aspx
http://dx.doi.org/10.1016/S0079-6700(02)00018-7
http://link.springer.com/search?facet-author=%22M.+Shabir+Mahr%22
http://link.springer.com/search?facet-author=%22T.+H%C3%BCbert%22
http://link.springer.com/search?facet-author=%22B.+Schartel%22
http://link.springer.com/search?facet-author=%22H.+Bahr%22
http://link.springer.com/search?facet-author=%22M.+Sabel%22
http://link.springer.com/search?facet-author=%22H.+Militz%22
http://dx.doi.org/10.1016/j.polymdegradstab.2010.03.015
http://dx.doi.org/10.1016/j.polymdegradstab.2010.03.015


 

PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Liu et al. (2016). “Fire performance of ULDF,” BioResources 11(4), 10261-10272.  10272 

10.3390/ma3104710 

Shen, S. C. and Kawi, S. (1999). “Understanding of the effect of Al substitution on the 

hydrothermal stability of MCM-41,” Journal of Physical Chemistry 103(42), 

8870-8876. DOI: 10.1021/jp991831y 

Unger, B., Bücker, M., Reinsch, S., and Hübert, T. (2012). “Chemical aspects of wood 

modification by sol-gel-derived silica,” Wood Science and Technology 47(1), 83-104. 

DOI: 10.1007/s00226-012-0486-7 

Unuabonah, E. I., Günter, C., Weber, J., Lubahn, S., and Taubert, A. (2013). “Hybrid clay: 

A new highly efficient adsorbent for water treatment,” ACS Sustainable Chemistry & 

Engineering 1(8), 966-973. DOI: 10.1021/sc400051y 

Vîlcu, R., Irinei, F., Ionescu-Bujor, J., Olteanu, M., and Demetrescu, I. (1985). “Kinetic 

parameters obtained from TG and DTG curves of acrylamide-maleic anhydride 

copolymers,” Journal of Thermal Analysis 30(2), 495-502. DOI: 

10.1007/BF02156514 

Wang, Q. W., and Li, J. (2004). “Study on fire-retardation mechanism of fire-retardant 

FRW by cone calorimetry” Chemistry and Industry of Forest Products 24(2), 29-34. 

DOI: 10.3321/j.issn:0253-2417.2004.02.007 

Xiao, Z. P., Lu, J. S., Ma, S. C., and Yang, W. B. (2002). “Study on chemical kinetics of 

fire retardant Chinese fir thinning by thermogravimetric analysis,” Journal of Fujian 

College of Forestry 22(2), 113-116. DOI: 10.3969/j.issn.1001-389X.2002.02.005 

Xie, Y. Q., Chen, Y., and Zhang, B. G. (2004). “Study on a foamed material from plant 

fibers,” China Wood Industry 18(2), 30-32. DOI: 

10.3969/j.issn.1001-8654.2004.02.009 

Xie, Y. Q., and Liu, J. H. (2012). “Reinforcement of plant fiber-based ultra low density 

material with sodium silicate,” Journal of Beijing Forestry University 34(1), 4-5.  

Xie, Y. Q., Tong, Q. J., and Chen, Y. (2008a). “Construction mechanism of reticular 

structure of plant fiber,” Journal of Korea Furniture Society 19(2), 106-110.  

Xie, Y. Q., Chen, Y., Wei, Q. H., and Zhang, D. Z. (2008b). “Study on forming a 

truss-like reticular structure made from nature fiber under the effect of liquid frothing,” 

Journal of Fujian College of Forestry 28(3), 203-207. DOI: 

10.3969/j.issn.1001-389X.2008.03.003 

Xie, Y. Q., Tong, Q. J., Chen, Y., Liu, J., and Lin, M. (2011). “Manufacture and properties 

of a novel ultra-low density fiberboard from wood fibre,” BioResources 6(4), 

4055-4066. DOI: 10.15376/biores.6.4.4055-4066 

Yang, W. B., Ma, S. C., and Gu, L. B. (2002).“Thermodynamics analysis of pyrolyzing 

fire-retardant treated Castanopsis carlesii,” China Forest Products Industry 29(6), 

26-28. DOI: 10.3969/j.issn.1001-5299.2002.06.008 

Zeriouh, A., and Belkbir, L. (1995). “Thermal decomposition of a Moroccan wood under 

a nitrogen atmosphere,” Thermochimica Acta 258, 243-248. DOI: 

10.1016/0040-6031(94)02246-K 

 

Article submitted: August 12, 2016; Peer review completed: September 24, 2016; 

Revised version received and accepted: October 9, 2016; Published: October 18, 2016. 

DOI: 10.15376/biores.11.4.10261-10272 

 

http://pubs.acs.org/action/doSearch?ContribStored=Shen%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Kawi%2C+S
http://dx.doi.org/10.1016/j.cej.2012.07.123
http://pubs.acs.org/action/doSearch?ContribStored=G%C3%BCnter%2C+C
http://pubs.acs.org/action/doSearch?ContribStored=Weber%2C+J
http://pubs.acs.org/action/doSearch?ContribStored=Lubahn%2C+S
http://pubs.acs.org/action/doSearch?ContribStored=Taubert%2C+A
http://c.wanfangdata.com.cn/periodical/lchxygy/2004-2.aspx
http://dx.chinadoi.cn/10.3321%2fj.issn%3a0253-2417.2004.02.007
http://c.wanfangdata.com.cn/Periodical-fjlxyxb.aspx
http://c.wanfangdata.com.cn/Periodical-fjlxyxb.aspx
http://dx.chinadoi.cn/10.3969%2fj.issn.1001-389X.2002.02.005
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22%e8%b0%a2%e6%8b%a5%e7%be%a4%22++DBID%3aWF_QK
http://210.34.85.158/kns55/loginid.aspx?uid=&p=Navi%2FBridge.aspx%3FLinkType%3DBaseLink%26DBCode%3Dcjfq%26TableName%3DCJFQbaseinfo%26Field%3DBaseID%26Value%3DMCGY
http://dx.chinadoi.cn/10.3969%2fj.issn.1001-8654.2004.02.009
http://210.34.85.55/C/periodical-bjlydxxb.aspx
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22%e8%b0%a2%e6%8b%a5%e7%be%a4%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22WEI+Qi-hua%22++DBID%3aWF_QK
http://210.34.85.55/S/paper.aspx?f=detail&n=10&q=%e4%bd%9c%e8%80%85+%3a+%22ZHANG+De-zhi%22++DBID%3aWF_QK
http://210.34.85.55/C/periodical-fjlxyxb.aspx
http://dx.chinadoi.cn/10.3969%2fj.issn.1001-389X.2008.03.003
http://c.wanfangdata.com.cn/Periodical-lcgy.aspx
http://dx.chinadoi.cn/10.3969%2fj.issn.1001-5299.2002.06.008
http://dx.doi.org/10.1016/0040-6031(94)02246-K

