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ABSTRACT

Bamboo filaments were treated with boric acid and borax (the mass ratio of 1:1,  
the concentration of 20%) with four different treatment methods including atmospheric 
immersion, cold and hot bath immersion, vacuum impregnation and vacuum-pressure 
impregnation. The different treatment methods on the boron loading were analyzed and  
the corresponding flame resistance of bamboo filaments were evaluated by the cone analysis.  
The results showed that suitable treatment method with optimized processing indexes,  
such as hot and cold bath immersion in the condition of 100°C/2 h and 20°C/2 h with 3 cycles, 
was more credible to accelerate the percentages of boron loading in the bamboo filaments, 
and the lowest result was found in the samples with vacuum impregnation. Compared to the 
untreated samples, the heat and smoke release would be decreased significantly, especially for the 
samples with the promising hot and cold treatment, and promising pressure treatment, attributed  
to the more stable boron fixed in the bamboo filaments.

KEYWORDS: Bamboo, f lame resistance, boron loading, f lame-retardant treatment, 
combustibility. 

INTRODUCTION

As one of the most important substitutes for wood, bamboo has been widely used  
in the fields of decoration, furniture and building materials due to its excellent mechanical 
properties, short growth cycle, strong regeneration ability, longer fiber length, good elasticity 
and superior carbon fixation ability (Verma et al. 2012, Subekti et al. 2018, Zhu et al. 2019). 
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However, as one of the f lammable substances, the combustibility of bamboo has become  
the major obstacle for its utilization (Du et al. 2014, Zhou et al. 2018), for examples, once  
the bamboo was ignited, the f lame and toxic gases would fill in the whole room within  
5 to 10 minutes (Zheng et al. 2019). As the result, it is critical to perform suitable f lame-retardant 
treatment to guarantee the application safety of bamboo-based materials (Zheng et al. 2016, 
 Li et al. 2018, Fang et al. 2020). However, the permeability of bamboo is very poor, which 
is attributed to the vertical penetration mainly depending on the tube and screen (Kučerová 
2012, Yu et al. 2016), as the result, it is difficult to be treated with the f lame retardants to reach  
the suitable retention (Yong et al. 2013, Wen 2017). Many researches involving in the sample 
pre-treatments and the f lame-retardant treatment methods have been performed to improve  
the retention in bamboo. The pre-treatments such as reducing the thickness of the samples, 
selecting the suitable indexes of the f lame retardants including the active ingredients, pH, 
concentration, have obtained some promising results in some researches (Shu 2010, Li et al. 
2011). Additionally, some other researchers have paid more attentions to modify the permeability 
of bamboo by many physical and chemical measures, such as microwave treatment, pressure 
treatment, freeze-drying treatment, extraction, etc. (Guan et al. 2013, Haase et al. 2018).  
Xu et al. (2018) found that vacuum freeze-drying increased the porosity of bamboo to 73%, 
and it had no obvious effect on the mechanical properties of bamboo. The ultrasonic treatment  
of bleached and carbonized bamboo increased the surface free energy and improved the wettability 
and permeability of bamboo (Huang 2017). In addition, hydrochloric acid (2%) hydrolysis and 
ethanol extraction could also effectively improve the permeability of bamboo (Rao et al. 2013).

The direct and effective means to increase the f lame-retardant retention are to perform 
suitable f lame-retardant treatment methods with appropriate processing indexes. Recently,  
the widely used flame retardant treatment methods of bamboo in the industry could be 
summarized as immersion and surface coating. The most commonly used immersion methods 
include atmospheric immersion, hot and cold bath immersion and vacuum/and pressure 
impregnation (Du et al. 2016, Yu et al. 2017). Surface coating is another convenient method for 
bamboo flame retardant treatment. The flame retardant or f lame-retardant coating is directly 
sprayed or painted on the surface of bamboo materials or bamboo products to form a thinner 
film, which can effectively obstruct the heat and oxygen from bamboo. However, the coating 
film was so thin that the active f lame-retardant gradients were limited, and it was vulnerable  
to be damaged by mechanical force (Jin et al. 2015, Li et al. 2018). 

In order to clarify the difference in the f lame resistance of bamboo performed with 
different treatment methods, four frequently used f lame retardant treatment methods 
including atmospheric immersion, cold and hot bath immersion, vacuum impregnation and  
vacuum-pressure immersion were performed in this research, and based on the results, it was 
conducted to determine the correlation between boron loading and flame resistance with different 
treatment conditions as well as to obtain the suitable processing indexes with the promising 
treatment method.

MATERIAL AND METHODS

Samples
Moso bamboo (Phyllostachys edulis (Carr.) H.de Lehaie) was taken from Hubei Province, 

China. After air-drying, the moso bamboo was cut along the direction of the fiber to obtain the 
bamboo splits, then to cut into the bamboo filaments. The filaments were stuck together with 
non-woven fabric by a polyvinyl acetate adhesive and cut into small pieces with dimensions of 
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100 mm (tangential) × 100 mm (longitudinal) × 1.5 mm (radial). Bamboo filaments with similar 
weights were selected as the test samples. The mass fraction of boric acid and borax fire retardant 
was 20%, and the ratio between boric acid and borax was 1:1.

Flame retardant treatments
Bamboo filaments were dried to constant weight in a drying oven at 60°C. Then bamboo 

filaments were taken out and cooled to weight and recorded. Bamboo filaments were treated 
with four different f lame-retardant treatments including atmospheric immersion, cold and 
hot bath immersion, vacuum impregnation and vacuum-pressure impregnation with different 
processing indexes as showed in Tab. 1, and six repeated specimens were set in each treatment. 
In the atmospheric immersion treatments, the bamboo filaments were immersed into the f lame 
retardant at 20, 60, and 100°C, respectively. In the cold and hot bath immersion treatments, 
the bamboo filaments were first immersed in hot f lame retardant at 100°C for 0.5, 1, and 
2 h, respectively, and then replaced them into the cold f lame retardant for 0.5, 1, and 2 h, 
respectively. In the vacuum impregnation, the bamboo filaments were put into a beaker and  
the f lame retardant was introduced into the beaker to immerse the samples at room temperature 
by the vacuum pressure (-0.1 MPa). In the vacuum-pressure impregnation, the bamboo filaments 
were put in a closed vacuum pressurized tank, which was vacuumed to -0.1 MPa for 30 min, and 
introduced the f lame retardant to the tank, then pressurized to 0.8 MPa for 1 h. After different 
f lame-retardant treatments, then bamboo filaments were dried to constant weight in a drying 
oven at 60°C. The specimens would be treated with the same recycle for 1 to 4 cycles. 

Tab. 1: Fire retardant immersion conditions for bamboo filament.

Treatment method Temperature
(°C)

Treatment
duration (h)

Vacuum
(MPa)

Pressure
(MPa)

Treatment
cycles

Atmospheric immersion 20, 60, 100 2

1, 2, 3, 4
Cold and hot bath immersion 20, 100 0.5, 1, 2

Vacuum impregnation 20 1 -0.1

Vacuum-pressure impregnation 20 1 -0.1 0.8
 

Percentages of boron loading (BL) in the samples were calculated using Eq. 1:

                                                                                                                                                     (1) 
                                                       

where: W1 and W2 are the weights of each specimen before and after the f lame-retardant 
treatment.

Combustibility by cone calorimeter
After different f lame-retardant treatments, the bamboo filaments were dried to constant 

weight in a drying oven at 60°C. The combustibility of the samples with the highest boron 
loading in each flame-retardant treatment method were selected and evaluated by a cone 
calorimeter according to ISO 5660 (2002). Six specimens with the same treatment condition were 
prepared with dimensions of 100 × 100 × 1.5 mm, and placed horizontally under a cone heater 
with a heat f lux of 50 kW.m-2. A stainless-steel cover with an opening of 0.0088 m2 on the upper 
part was attached. The data was recorded by a computer on a second basis.
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RESULTS AND DISCUSSION

Effects of different treatment methods on boron loading
 Atmospheric immersion

As showed in Fig. 1, the immersion temperature played a significant effect on the percentages 
of boron loading in the bamboo filament. At ambient temperature (about 20°C), the percentages 
of boron loading were less than 8%, however, when the temperature was up to 100°C, it could 
reach more than 14% in all the samples with different treatment cycles.

Fig. 1: Effect of different atmospheric immersion treatments on the boron loading of bamboo filaments.

Additionally, the treatment cycles of the f lame-retardant treatments also had a certain effect 
on the boron loading. However, it was not the more, the better, and the maximum boron loading 
was observed in the samples with 2 cycles of immersion treatments, which was attributed to that 
too many treatments would increase the leaching risk of the f lame retardants during treatment. 
In the atmospheric immersion, the maximum percentage of boron loading was observed in  
the samples treated at 100°C for 2 h with 2 cycles of treatments, and it could reach 15.72%.

Hot and cold bath immersion
As showed in Fig. 2, hot and cold bath immersion was more favorable to increase the boron 

loading of bamboo filaments than atmospheric immersion, and the percentages of boron loading 
of all the samples were above 14%. In the hot and cold bath immersion, the processing duration 
and the cycles of cold and hot bath immersion played significant effects on the boron loading  
of bamboo filaments. The similar results could be observed that the increase of treatment cycles 
was not always conducive to improve the boron loading of bamboo filament, and the boron 
loading in all the samples with four cycles of treatments began to decrease. In cold and hot bath 
treatment, the better results were observed in the samples treated with twice or three cycles  
of treatments. The maximum percentages of boron loading in the same treatment condition with 
different treatment cycles were showed in Tab. 2. It could be seen that the duration of hot bath 
immersion was not as obvious as cold bath immersion on the boron loading of bamboo filaments, 
and the percentages of boron loading changed slightly as the hot bath immersion increased in 
the same cold bath immersion. The results indicated that the extension of cold bath immersion 
was the key factor to increase the boron loading of bamboo filaments in the cold and hot bath 
immersion, because during the hot bath immersion, the thinner bamboo filaments could remove 
the internal air in a very short time to achieve the vacuum state, as the result, the samples could 
quickly become saturated with the f lame retardant. The boron loading of bamboo filament 
increased obviously with the extension of the cold bath immersion, which was due to the slow 
absorption rate of the cold f lame-retardant immersion.
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Fig. 2: Effect of different cold and hot bath immersion treatments on the boron loading of bamboo 
filaments.

The maximum percentages of boron loading in the same treatment condition with different 
treatment cycles were showed in Tab. 2. It could be seen that the duration of hot bath immersion 
was not as obvious as cold bath immersion on the boron loading of bamboo filaments, and  
the percentages of boron loading changed slightly as the hot bath immersion increased  
in the same cold bath immersion. The results indicated that the extension of cold bath immersion 
was the key factor to increase the boron loading of bamboo filaments in the cold and hot bath 
immersion, because during the hot bath immersion, the thinner bamboo filaments could remove 
the internal air in a very short time to achieve the vacuum state, as the result, the samples could 
quickly become saturated with the f lame retardant. The boron loading of bamboo filament 
increased obviously with the extension of the cold bath immersion, which was due to the slow 
absorption rate of the cold f lame-retardant immersion.

Tab. 2: Effects of different cold and hot bath immersion treatments on the maximum boron loading of the 
bamboo filaments.

Treatment conditions
20°C

0.5 h 1 h 2 h

100°C

0.5h 16.21 (0.95) 17.35 (0.72) 18.55 (1.29)

1h 15.45 (1.02) 17.45 (1.99) 17.36 (1.27)

2h 16.73 (1.53) 17.37 (1.27) 19.16 (0.78)

Vacuum impregnation
Percentages of boron loading in the bamboo filaments with vacuum impregnation were 

showed in Fig. 3. It can be seen that the treatment cycles played an obvious role in the vacuum 
impregnation. The percentage of boron loading of bamboo filaments with two cycles were  
the highest and it could reach 10.54%, which was significantly lower than those with cold and 
hot bath immersions. The reason was mainly caused by the lower negative pressure generated  
by the vacuum.
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Fig. 3: Effect of different vacuum impregnation cycles on the boron loading of bamboo filaments.

Pressure impregnation
Due to the limitation of pressure equipment, only the effect of different f lame-retardant 

impregnation cycles on the boron loading of bamboo filaments were investigated in this study. As 
shown in Fig. 4, the percentages of boron loading were increased insignificantly with the f lame-
retardant cycles increased, and it could be up to 15.52% in the samples with 4 cycles of pressure 
impregnation. The result demonstrated that the f lame retardant could have more opportunities 
to penetrated into bamboo filaments with the favor of higher pressure.

Fig. 4: Effect of different pressure impregnation cycles on the boron loading of bamboo filaments.

Combustibility analysis
Heat release analysis

The heat release rates (HRR) and the total amounts of heat release (THR) for the bamboo 
filaments with different f lame-retardant treatments are shown in Figs. 5a,b.

Compared with untreated samples, different f lame-retardant treatments could effectively 
reduce the HRR during the whole combustion process, which indicated that boric acid/borax 
could effectively block heat and oxygen by the thin layer of melting primevally to reduce  
the rate of heat release during combustion process, which was similar with other research that 
boron based complexes had excellent f lame retardant performance (Li et al. 2018). However,  
the difference in the samples treated with these four f lame retardant treatment methods 
respectively were very obvious. At 0-35 s, the HRR of bamboo filaments treated by cold and hot 
bath were the lowest among all the samples, while at 35-45 s, the HRR of bamboo filaments 
treated by pressure decreased sharply. The results that the samples with higher boron loading  
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or/and suitable treatment were both important to reduce the heat release during combustion 
process, which was also proved by the results observed in the whole process of combustion 
that the samples with the vacuum treatment had the worst f lame retardance, while the HRR 
in the samples with hot and cold bath immersion and pressure impregnation were decreased 
significantly.

                        (a) Heat release rate.                            (b) Total heat release.

Fig. 5: HRR curves of bamboo filaments with different treatments.

As observed from Fig. 5b, the process of bamboo filament combustion can be divided 
into three stages according to the change of heat release: early stage of combustion (0-25 s), 
middle stage of combustion (25-45 s) and final stage of combustion (45-75 s). In the early stage,  
the THR of all the treated samples were lower than those in the untreated samples, but the difference 
in THR among different f lame-retardant treatments could be negligible. In the middle stage,  
the f lame-retardant treatments had a significant different effect on the THR of bamboo 
filaments, which seemed that the best f lame resistance were observed in the samples with hot 
and cold immersion, followed by pressure impregnation. At the final stage, the THR of all  
the bamboo filaments increased gently. From the whole combustion process, the bamboo 
filament treated by immersion, cold and hot bath, vacuum and pressure f lame retardant decreased  
by 36.94%, 44.01%, 31.67% and 40.65%, respectively, which also demonstrated that cold and 
hot bath immersion and pressure impregnation were suitable treatment methods for bamboo 
filaments.

Smoke release analysis
The total smoke release (TSP) of bamboo filaments treated with different f lame-retardant 

treatments was showed in Fig. 6. It can be seen that the TSP in all the treated bamboo 
filaments was significantly reduced. Compared to the untreated samples, TSP in the bamboo 
filaments treated with immersion, cold and hot bath, vacuum and pressure f lame retardant 
could decreased by 91.30%, 89.49%, 83.93% and 89.67%, respectively. Except for the slightly 
higher smoke emission of vacuum treated bamboo filaments, the other f lame-retardant treated 
bamboo filaments had excellent smoke inhibition, while the difference among different treatment 
methods were very slight. This result further proved that the reasonable f lame retardant was 
essential to reduce the smoke emission caused by the combustion of bamboo.
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Fig. 6: TSP-time curves of bamboo filament with different treatments.

The average amount of smoke release from per mass (ASEA) and the toxic gases of 
CO and CO2 yield in the bamboo filaments during the combustion process were showed in  
Tab. 3. As observed, compared to the untreated samples, different f lame-retardant treatments 
could significantly reduce the ASEA value of all the treated samples. Bamboo filaments 
treated by immersion, cold and hot bath, vacuum and pressure f lame retardant would decrease 
by 86.90%, 73.66%, 65.68% and 77.21%, respectively. The results indicated different f lame 
retardants would change the thermal decomposition process of bamboo filaments and affect  
the visible smoke production of bamboo filaments, and just as other researchers showed the smoke 
release were changed to some flame-retardant gases such as NH3 and CO2 (Wang et al. 2004, 
Zhang et al. 2018).

Tab. 3: Smoke production parameters with different flame-retardant treatments.

Smoke emission parameter Untreated
Atmospheric 
immersion

Cold and hot 
bath

Vacuum 
impregnation

Pressure 
immersion

ASEA/ m2•kg-1 85.84 11.25 22.61 29.46 19.57

Average CO yield   / kg•kg-1 0.1455 0.0527 0.0715 0.0667 0.0669

Average CO2 yield  / kg•kg-1) 3.6101 2.0914 1.9516 1.6827 2.2654

As Tab. 3 showed, compared to the untreated samples, bamboo filaments treated with 
different f lame-retardant treatments had significantly reduced the CO and CO2 production 
rates, which was mainly due to the fact that during the dehydration reaction, the volatile products 
during the combustion contained less CO2 and more water. It seemed that different f lame-
retardant treatment methods had slight effect on the CO and CO2 yield compared with the value 
of ASEA.

CONCLUSIONS

Because of the poor permeability of bamboo, it is essential to perform some modifications 
to improve the f lame retardant of bamboo. Different f lame-retardant treatments including 
atmospheric immersion, cold and hot bath immersion, vacuum impregnation and vacuum-
pressure impregnation had obvious difference in the boron loading of bamboo filaments 
attributed to the permeability modification difference. Suitable treatment method with 
optimized processing indexes including treatment duration, temperature and cycles was more 
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propitious to increase the percentages of boron loading in the bamboo filaments, which was also 
demonstrated the reasonable conditions for improving the permeability of bamboo. Compared 
to the untreated samples, the indexes of heat and smoke were reduced dramatically in all the 
boron-treated bamboo filaments during the combustion process, and would be affected by the 
f lame treatment methods. These improvements were attributed to the permeability of the f lame 
retardants into bamboo. Generally, the samples with the vacuum treatment had the worst heat 
suppressibility, while the samples with hot and cold bath immersion and pressure impregnation 
had better performance, which was also attributed to the significant permeability difference 
of f lame retardants into bamboo. The similar results were also observed in the ASEA values, 
however the effects of different treatment methods on the CO and CO2 yield were not obvious.
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