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Abstract In order to investigate the pyrolytic characteris-
tics of the burning residue of fire-retardant wood, a multi-
functional fire-resistance test oven aimed at simulating the
course of a fire was used to burn fire-retardant wood and
untreated wood. Samples at different distances from the
combustion surface were obtained and a thermogravimetric
analysis (TG) was applied to test the pyrolytic process of
the burning residue in an atmosphere of nitrogen. The results
showed that: 1) there was little difference between fire-
retardant wood and its residue in the initial temperature of
thermal degradation. The initial temperature of thermal
degradation of the combustion layer in untreated wood was
higher than that in the no burning wood sample; 2) the tem-
perature of the flame retardant in fire-retardant wood was
200°C in the differential thermogravimetry (DTG). The peak
belonging to the flame retardant tended to dissipate during the
time of burning; 3) for the burning residue of fire-retardant
wood, the peak belonging to hemicellulose near 230°C in the
DTG disappeared and there was a gentle shoulder from 210
to 240°C; 4) the temperature of the main peaks of the fire-
retardant wood and its burning residue in DTG was 100°C
lower than that of the untreated wood and its burning residue.
The rate of weight loss also decreased sharply; 5) the residual
weight of fire-retardant wood at 600°C clearly increased
compared with that of untreated wood. Residual weight
of the burning residue increased markedly as the heating
temperature increased when burning; 6) there was a
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considerable difference with respect to the thermal degrada-
tion temperature of the no burning sample and the burning
residue between fire-retardant wood and untreated wood.
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1 Introduction

When fire-retardant wood is burning, its carbonization rate
and the amount of exothermic heat decrease markedly, while
the amount of burning residue increases from the
effects of the pyrolytic products in the flame retardant
(McKay, 1968; Okamoto, 1973; Forestry Experiment Centre,
1982; Hirata, 1995). Research on the pyrolytic process and
the chemical changes that take place in wood and its main
components caused by the effect of the flame retardant is very
important for its use and the manufacture of fire-retardant
wood products. So far, a number of investigations have been
carried out on the fireproof mechanism of fire-retardant wood.
Thermogravimetric analysis (TG), which refers to continu-
ously measuring the change in sample weights during heat-
ing, is widely applied in research on the pyrolytic processes
of fire-retardant wood, wood, and its main components
(Kosik, 1968; McKay, 1968; Inchira and Kachiura, 1969,
1970; Ramaial, 1970; Uchifa, 1971; Ohuchi et al., 1972;
Hirata and Hiroshi, 1973a, b, ¢; Kumagai et al., 1973, 1974,
Okamoto, 1973; Kobe, 1981; Forestry Experiment Centre,
1982; Hirata, 1995). Hirata (1995) and Okamoto (1973) sum-
marized the weight change, the pyrolytic rate, the pyrolytic
mechanism, and the chemical changes that take place in
wood and its main components during thermal degradation.
After treatment with a fire retardant such as phosphoric acid
or ammonium dibasic phosphate, for wood and cellulose, the
initial temperature of thermal degradation, the temperature
corresponding to the peaks in differential thermogravimetry
(DTG), and the maximal rate of weight loss, decreased while
the rate of residual weight increased (McKay, 1968; Inehira
and Kachiura, 1969; Inehira and Kachiura, 1970; Ohuchi
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et al.,, 1972; Kumagai et al., 1974). What happens to fire-
retardant wood during the pyrolytic process of a fire,
compared with untreated wood, is of great importance for
investigating the fire-resistant mechanism of flame retar-
dants.

2 Materials and methods

2.1 Materials

Lacebark pine (Pinus bungeana) with a density of 0.41 g/cm?
was chosen as our study species. Sixty mm-thick-boards
through pith, were cut into specimens with dimensions
of 50 mm x 50 mm x 1,300 mm, after conventional vapor
drying. The flame retardant was composed of industrial grade
ammonium diacid phosphate (NH,H,PO,, 50%), ammonium
dibasic phosphate ((NH,),HPO,, 45%), and Dborax
(Na,B,0;- 10H,0, 5%), with a solid content of 22.0%. Speci-
mens L1 were treated with fire retardants under heating and
normal pressure condition, after which they were seasoned by
a conventional drying method. The amount of absorption of
the flame retardant for L1 was 69.2 kg/m®. Specimens L0
were used for comparison. Specimen were cut in the longitu-
dinal direction into two parts with a length of 600 mm each.
Half were used for the fire simulation experiment; the other
were taken as control.

2.2 Burning of the specimens

In order to measure temperature in the specimens, holes of
4 mm diameter and 10, 20, 30 and 40 mm deep, were bored
in the face opposite to the combustion surface. Thermocou-
ples, protected by a quartz tube, were inserted into the holes,
which were then sealed with silica gel (see Fig. 1). To avoid
interaction between specimens during burning, aluminum
silicate fibers were used to separate the specimens.

Thermocouples
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Fig. 1 Position of thermocouples

A multifunctional fire-resistant oven (Fig. 2), for simulat-
ing the course of a fire, was utilized to burn the fire-retardant
and untreated specimens with 30 min set as the burning time.
The expression for temperature in the oven is provided by
T = 345log(8t+ 1)+ T;, where T is the temperature in the
oven, T, is the atmospheric temperature and ¢ is the time.
This curve is a typical increasing temperature curve for fire
determined by the ISO. Light diesel oil was used as fuel and
temperature in the oven was controlled by a computer and
the temperature of the specimens and oven were recorded
automatically every 30 s.
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Fig. 2 Multifunctional fire-resistant oven for experiments

A: sample; B: aluminum silicate fiber; C: thermocouples; D:
computer control system; E: combustion valve; F: control valve;
G: air; H: light diesel oil

The dimension of the burning chamber is 1,500 mm x 1,500 mm
x 1,500 mm.

2.3 Sample preparation

Samples were collected from the following areas: 0—10 mm
as the back layer, 10-20 mm as the middle layer from the
surface opposite to combustion surface and 3045 mm from
the combustion surface for burning specimens. And 0—10 mm
as the outer layer, 10-20 mm as the middle layer and
20-30 mm as the inner layer, from either surface, for no
burning specimens, as shown in Fig. 3. The samples then
were ground into powder smaller than 60 mesh and dried at
(103 £+ 2)°C for 60 min. Table 1 presents the serial number of
the samples and the temperature at the end of the 30 min
burning time.

2.4 Pyrolytic analysis

A TGA2950 Thermogravimetric Analyzer, produced by the
TA Instruments Company, was used, with nitrogen as the
pyrolytic gas. The flow velocity was 100 mL/min, sample
weights were between 3.1 and 7.4 mg, temperature increased
at a rate of 5°C/min and pyrolytic temperatures ranged from
50 to 600°C.



Back side

Outer layer

Middle layer

Combustion layer

Combustion side

Fig.3 Position of samples

3 Results and analyses

3.1 Initial temperature of thermal degradation

Initial temperatures of thermal degradation and rates of weight
loss at this temperature are listed in Table 2. It can be seen
from this table that there was little difference between
fire-retardant wood and its residue in the initial temperature
of thermal degradation, i.e. 145-150°C. The burning residue
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also did not differ significantly with the no burning sample in
the rate of weight loss up to that temperature, ranging from
0.7% to 1.5%, which was caused by the release of adsorbed
water in wood and water obtained from adsorption during
filling.

The initial temperature of thermal degradation for untrea-
ted wood (P,) and the back layer (P,,), the middle layer (P,)
of its residue tended to be in the same range, between 190 and
195°C. The corresponding temperature for the combustion
layer (P,;) turned out to be 215°C, an increase of 20°C. At the
same time, the rate of weight loss at the initial temperature of
thermal degradation increased with the heating temperature.

When heated to 155°C, the ammonium dibasic phosphate
emitted ammonia gas and turned into ammonium diacid
phosphate which began to release ammonia gas and created
pyrophosphate (NH,PO;), at 190.5°C (Committee of Chem-
istry Dictionary, 1997). The initial temperatures of thermal
degradation for fire-retardant wood (P, P,, P;) and its residue
(P, Pop, P3p) were 45-65°C lower than those for untreated
wood (P,) and its residue (P,,, Py, Py;) as a result of the
thermal degradation of the flame retardant. Furthermore, the
initial temperature of thermal degradation for the combustion
layer of burning residue of untreated wood clearly increased,
which can be explained by the entire thermal degradation of
hemicellulose and extractives during burning.

Table 1 Serial number of samples and temperature after 30 min of burning

Outer layer Middle layer Inner layer (combustion layer)
Untreated wood # for no burning sample P,
# for burning sample Py Py, Py
Temperature of burning residue 25-85 85-106 275-835
Fire-retardant wood # for no burning sample P, P, P,
# for burning sample P Py Py
Temperature of burning residue 25-52 25-102 266-825
Table 2 Dynamic thermogravimetric analyses
Samples Initial point Peak CY /% Weight loss /%
T/°C WL /% T/°C RWS /% WL /% 250°C 320°C 400°C 500°C 600°C
P, Peak 3 195 2.1 320 5.66 62.2 12 4.4 23.01 81.1 86.3 88
Py Peak 3 195 1.7 370 5.537 56.5 152 34 20.4 78.1 83.1 84.8
Py, Peak 3 190 1.3 370 5.098 51.7 233 33 17.7 68.0 74.2 76.7
Pys Peak 3 215 0.9 360 0.243 3.8 91.1 1.3 2.4 5.1 7.0 8.9
P, Peak 1 150 1.5 200 1.031 5.2 443 14.7 31.9 37.7 453 55.7
Peak 2 230 1.122 10.8
Peak 3 275 3.173 22.8
Peak 4 525 0.758 48.6
P Peak 1 50 1.2 210 2.071 6.9 43.6 16.6 35.0 41.0 48.7 56.4
Peak 3 270 3314 25.0
P, Peak 1 45 0.7 200 1.103 6 49 443 14.7 30.0 35.6 44.8 55.7
Peak 2 235 1.0327 11.8
Peak 3 270 2.6729 25.2
Peak 4 505 0.789 7 45.6
Py Peak 3 150 1.3 260 2.559 225 50.6 17.9 333 38.7 44.8 49.4
P, Peak 2 145 1.2 230 1.356 7 12.6 46.1 18.6 37.7 43.1 49.1 539
Peak 3 265 3.2905 26.4
Py Peak 3 145 1.2 265 0.779 9.0 72.1 6.9 14.1 17.9 23.1 27.9

T is the temperature, WL is the weight loss at temperature 7, RIS is the rate of weight loss at temperature 7, CY is carbon yield rate at 600°C.
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3.2 Thermal degradation of flame retarder

Curves of the TG and DTG for fire-retardant wood (P,, P,, P5)
and the back layer (P,;), middle layer (P,¢), and combustion
layer (P5;), as well as untreated wood (P,) and its residue
(Py1, Pya, Py3) are shown in Fig. 4.

There were four peaks in the DTG curves for both the
outer and the middle layer and two peaks for the inner layer,
at 215 and 265°C, respectively, in the case of the no burning
sample of fire-retardant wood. As for its burning residue, two
peaks at 210 and 270°C for the back layer, one peak at 260°C
for the middle layer and one peak at 265°C for the combustion
layer were found. Only one peak appeared for the untreated
wood and its residue, between 360 and 370°C.

The temperature related to peak 1 in the DTG for the
outer layer and middle layer of the no burning sample of

fire-retardant wood was 200°C, with the corresponding rate
of weight loss being 1.03 and 1.10 %/min, respectively. At
that temperature, the ratio of weight loss for the outer layer,
the middle layer and the inner layer was 5.2%, 4.9% and
5.4%, respectively, from which the corresponding value at the
initial temperature of thermal degradation was subtracted and
arrived at 4.0%. The same subtraction was made for the no
burning sample of the untreated wood and left 0.1% as a
result, with the ratio of weight loss as 2.2% at 200°C. Hence,
peak 1 of the fire-retardant wood at 200°C belongs to the
thermal degradation of the flame retardant.

With regard to the burning residue of fire-retardant wood,
there was a sharp peak in the DTG for the back layer (P )
at 210°C which showed an increase of 10°C compared with
the no burning sample. The corresponding value in the ratio
of weight loss was 6.9% at that temperature. In contrast, the
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Fig. 4 Thermogravimetric analysis and differential thermogravimetry
A: back layer of fire-retardant wood; B: middle layer of fire-retardant wood; C: combustion layer of fire-retardant wood; D: untreated wood



peak belonging to the thermal degradation of the flame
retardant was not identified in the DTG for either the middle
layer or the combustion layer for which the ratio of weight
loss at 210°C was 7.3% and 4.0%, respectively. Therefore,
the thermal degradation of ammonium diacid phosphate and
ammonium dibasic phosphate was only partially completed at
260°C during burning.

3.3 Thermal degradation of hemicellulose

Peak 2 can be found, as indicated in Fig. 4 and Table 2, in
the DTG for the outer layer and the middle layer of the no
burning sample of fire-retardant wood, with the temperature
of 230 and 235°C, the rates of weight loss as 1.12 and
1.03 %/min, respectively. However, for the inner layer of the
no burning sample and the back layer, middle layer and com-
bustion layer of the burning residue, there were no peaks
near 230°C but gentle shoulders at 225-240°C, 215-240°C,
225-230°C and 210-230°C.

On the other hand, peaks belonging to hemicellulose did
not exist in the DTG for untreated wood and its residue and
there was a sharp shoulder on the left of the main peak. Stud-
ies conducted by Kumagai et al. (1972, 1973, 1974) clarified
that peaks of pyrolytic temperature of hemicellulose moved
to about 230°C after treatment with phosphoric acid on wood.
Therefore, thermal degradation of the flame retardant and
hemicellulose is responsible for peaks and gentle shoulders
at around 230°C for fire-retardant wood and its residue.
With fire-retardant treatment, the pyrolytic temperature of
hemicellulose changed considerably and decreased by 100°C.
When the heating temperature increased during burning, the
pyrolytic temperature of hemicellulose decreased while the
rate of weight loss increased for fire-retardant wood.

3.4 Thermal degradation of cellulose

It can be seen from Fig. 4 that the main peak in the DTG
belonged to the thermal degradation of cellulose. For fire-
retardant wood and its residue, the temperatures of the main
peaks in the DTG were between 260 and 275°C, 100°C
lower than that of untreated wood and its residue of which
the corresponding value was 360-370°C. Besides tempera-
ture, the rate of weight loss also decreased considerably,
which agrees with previous studies (McKay, 1968; Inechira
and Kachiura, 1969; Inehira and Kachiura, 1970; Ohuchi
et al., 1972; Kumagai et al., 1974).

For fire-retardant wood, as shown in Fig. 4 and Table 2,
the temperature of the main peak in DTG for the back layer
and middle layer of burning residue was 5-10°C lower than
that for the no burning sample of which the width of the main
peak was smaller. The ratio of weight loss for the main peak
was 14.8% and 13.1% for the outer and middle layers of
the no burning sample, 17.3% and 16.4% for the back and
middle layers of burning residue with an average increase of
2.9%. Moreover, peak 4 can be found at 525°C and 505°C,
respectively, for the outer layer and middle layer of the no
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burning sample, believed to belong to the partial burning of
cellulose, while the burning residue had accomplished
thermal degradation on the whole below 300°C. That is to
say, the heating during the burning process led to a great
change in the pyrolytic process of cellulose. Furthermore,
compared with the inner layer of the no burning sample, the
combustion layer of the burning sample took on a marked
decrease in the rate of weight loss corresponding to the main
peak (from 3.291 to 0.779 %/min) and an increase in the
pyrolytic temperature range.

For untreated wood, the temperature for the main peak
of the combustion layer compared with no burning sample;
decreased by 10°C, the rate of weight loss decreased from
5.660 to 0.243 %/min, and the ratio of weight loss decreased
from 62.2% to 3.8%, which confirmed that thermal degrada-
tion for cellulose of the combustion layer had nearly been
completed.

3.5 Ratio of weight loss at different temperature ranges

It can be calculated from Table 2 that the rate of residual
weight for fire-retardant wood at 600°C was 3.74 times as
much as that for untreated wood. The residual weight for
burning residue increased markedly as the heating tempera-
ture increased during burning compared with the no burning
sample. The rate of residual weight for the combustion layer
of untreated wood at 600°C reached 91.1%, which demon-
strated that the main components in wood had generally
broken up.

Figure 5 shows the ratios of each weight loss in different
temperature ranges to the total weight loss. There was a con-
siderable difference with respect to the pyrolytic temperature
range for the no burning sample and the burning residue
between fire-retardant wood and untreated wood. The ratio of
weight loss tended to be the same in the temperature ranges
of 50-250°C, 250-320°C and 320-600°C for fire-retardant
wood and its residue, with the exception of the combustion
layer, while the ratio of weight loss in the range of 320-400°C
to the total weight loss was about 2/3 for untreated wood.

Compared with the no burning sample of fire-retardant
wood, the ratio of weight loss increased in the range of
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50-320°C and decreased in the range of 400—600°C for the
back layer and middle layer of the burning residue, while it
decreased in the range of 50-320°C and increased in the range
of 320-600°C for the combustion layer. From the effect of
temperature, compositions that can be pyrolyzed decrease in
the low temperature region while they increase in the high
temperature region for fire-retardant wood during burning.

There was little difference concerning the pyrolytic
temperature range among no burning sample, the back and
middle layers of the burning residue for untreated wood.
While the ratio of weight loss for the combustion layer
decreased in the range of 250—400°C, it was 4.4 times as
much as that for the no burning sample in the range of
50-250°C and 400-600°C.

After the fire-retardant treatment, the initial temperature
of thermal degradation and temperature corresponding to the
maximal rate of weight loss decreased and the remaining
amount of carbon increased for wood and cellulose (Inehira
and Kachiura, 1969; Inehira and Kachiura, 1970; Ohuchi
et al., 1972; Kumagai et al., 1974). The same tendency can be
found for the burning residue of fire-retardant wood, i.e. with
an increase in heating temperature during burning, the pyro-
lytic rate decreased, the remaining amount of carbon increased
and the pyrolytic temperature range became wider.

4 Conclusions

1) There was little difference between fire-retardant wood
and its residue in the initial temperature of thermal degrada-
tion which was about 150°C. The initial temperature of
thermal degradation of the combustion layer was 20°C higher
than that of the no burning sample for untreated wood.

2) The temperature of the flame retardant in fire-retardant
wood was 200°C in DTG. The peak belonging to the flame
retardant tended to dissipate over the time of burning.

3) For the burning residue of fire-retardant wood, the
peak belonging to hemicellulose disappeared and there was a
gentle shoulder from 210 to 240°C.

4) The temperature of the main peaks of the fire-retardant
wood and its burning residue in DTG was 100°C lower than
that of the untreated wood and its burning residue. The rate of
weight loss also decreased sharply.

5) The residual weight of the no burning sample of
fire-retardant wood at 600°C was 3.74 times as much as that
for untreated wood. The rate of residual weight increased

markedly as the heating temperature increased during
burning.

6) There was a considerable difference with respect to the
pyrolytic temperature range for the no burning sample and
burning residue between fire-retardant wood and untreated
wood.
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