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In this paper, the effect of NaHCO3 as fire retardant additive during pyrolysis and combustion has been
investigated. Four different contents (5%, 10%, 15%, and 20% w/w) of NaHCO3 have been tested on Pinus
brutia, Laurus nobilis and Nerium oleander; forest species commonly dispersed in the Mediterranean
region. Pyrolysis experiments have been conducted using a thermogravimetric analyzer (TGA) employing
nitrogen (N2) flow of 50 ml/min, under a heating rate of 10 ◦C/min. Experiments for flaming combustion
have been conducted in a specially designed furnace, isothermally controlled, under an air flow supply

−1

odium bicarbonate (NaHCO3)
orest fires
ire retardants
ombustion
yrolysis
elf ignition

of 1.5 l min ; key parameters including time to self ignition and duration of flame combustion were
measured. Pyrolysis data revealed that the addition of NaHCO3 induces a shift towards lower thermal
degradation temperatures for each of the forest specie considered. Thus, sodium bicarbonate decreases
the threshold of initial temperature of pyrolysis of forest species (promotion effect). On the other hand
NaHCO3 increases the self ignition delay time and combustion duration of forest species (inhibition effect).
In addition the presence of NaHCO3 increases the pyrolysis mass residue of forest species, especially when

d on N
sodium carbonate applie

. Introduction

Forest fires have devastating effects on large areas every year
ausing heavy material damage, loss of animal and human lives.

ild land fires overload the ecosystem, degrade the fauna and
estroy the biodiversity [1] especially in dry climates such as in the
editerranean countries [2]. The protection of the forest regions

s becoming a high priority owing to progressive climate change
nd drought. Prevention is one of the best ways of combating for-
st fires by using various techniques such as firebreaks, minimum
eparation distances between housing and forest areas, collection
f residual forest biomass and controlled burning [3].

Natural cause fires start either by spontaneous or by piloted
gnition of dry fuel especially in hot and dry climates. Lighting is

possible common cause for self ignition Forest fires in remote
reas can burn for hours becoming severe and difficult to extinguish

efore being detected by fire fighting authorities. Fires detected in
arly stages are much easier to extinguish.

In fire fighting, fire retardants play an important role [4]. Fire
etardants are classified as long-term (chemical) or short-term

∗ Corresponding author. Tel.: +44 28 90368083; fax: +44 28 90368726.
E-mail addresses: d.bakirtzis@ulster.ac.uk, aseviros@hotmail.com (D. Bakirtzis).

040-6031/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.12.012
. oleander.
© 2009 Elsevier B.V. All rights reserved.

(suppressants) retardants. Long-term fire retardants are applied
ahead of a wide fire front to reduce the rate of fire spread or the
intensity.

Sodium bicarbonate (NaHCO3) is considered to be one the most
effective fire retardants producing carbon dioxide (CO2) and water
(H2O) when it is heated [5]. The thermal decomposition of sodium
bicarbonate can be represented by a multi step mechanisms [6,7].
The overall global decomposition is given by the following steps:

2NaHCO3(s) → Na2CO3(s) + CO2(g) + H2O(l) (a)

The sodium carbonate decomposes into sodium oxide and carbon
dioxide.

Na2CO3(s) → Na2O(s) + CO2(g) (b)

The sodium oxide reacts with water vapor to form an alkaline
sodium hydroxide which could interact with the homogeneous
chemistry of the flame.

Na2O(s) + H2O(g) → 2NaOH(s) (c)
Even though the exact mechanisms are not well established, the
NaOH formed may promote catalytic recombination of the radi-
cal species needed for flame propagation, causing the flames to
extinguish.

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:d.bakirtzis@ulster.ac.uk
mailto:aseviros@hotmail.com
dx.doi.org/10.1016/j.tca.2008.12.012
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NaHCO3 has been tested as an additive in forest species which
re composed of three primary components, namely hemicellu-
oses, cellulose and lignin in proportions related to the particular
pecie [8]. The pyrolysis of the forest species can be considered as
he pyrolysis of a composite fuel made out of these three compo-
ents. Simultaneous TGA and DTA for the thermal of degradation
f wood products is used very often [9].

In general we can say with no doubt that Thermal Analysis is a
ignificant method for studying the thermal decomposition of lig-
ocellulosic materials. Data derived from TA is important for wild

and fires modelling purposes [10]. Modelling required parameters
or forest species, such as specific heat and enthalpy of vaporization
an be calculated with the instantaneous weight loss to subtract the
eat flow corresponding to this component from the DSC baseline
11]. Also, the heating value of volatiles released from a forest fuel
uring pyrolysis can be determined as a function of time and it can
e calculated with the use of TA. The relation between tempera-
ure change and heat release value can be given by the convolution
ntegral of the DSC curve [12].

Self-ignition occurs when the sample temperature reaches a
ertain temperature – known as the ignition temperature – and
ombustion initiates flammable vapor air mixtures in the vicinity
f the surface. The flammable vapor-air gas mixture is the product of
he thermal degradation of hemicelluloses and cellulose. The time
o self-ignition temperature depends on many factors including the

aterial, the shape, the size, the sample mass and the density of the
amples [13].

Combustion is an exothermic process, self sustaining reaction,
nvolving a fuel in the form of a solid, liquid and/or gas. The propor-
ional composition of the three main components: hemi-cellulose,
ellulose and lignin, vary for each forest species. Higher cellulose
nd lignin content is leading to better thermal stability of the wood
n different temperature regimes [14]. In this paper the effects of
odium bicarbonate on fire retardancy during pyrolysis and com-
ustion on various forest species have been investigated. Three
orest species were tested using different concentrations of sodium
icarbonate. Pyrolysis study has been investigated using TGA under
itrogen flow, whereas self-ignition and combustion have been

nvestigated using a custom designed apparatus.

. Experimental

.1. Methods

.1.1. Thermogravimetric analysis
The pyrolysis experiments were carried out using a Mettler

oledo TGA/SDTA851e measuring module, with temperature accu-
acy of ±0.5 ◦C and temperature reproducibility of ±0.3 ◦C. The
amples were placed in an alumina (Al2O3) pan (with no lid)
f 70 �l volume capacity and heated under a dynamic linear
ate of 10 ◦C/min, in 50 ml/min nitrogen (N2) flow, from 25 ◦C
o 700 ◦C. All samples weighted approximately 10 mg (±1 mg).
wing to the small sample mass size the temperature of the

ample was uniform and the interpretation of results was less
nambiguous.

Lignocellulosic materials are natural polymers presenting a
omplex structure. Hence, it is difficult to separate the individual
omponents in an economic manner. Pyrolysis is important for the
nvestigation of the primary and secondary reactions, as it involves
he degradation of macromolecular material with heat alone in

he absence of oxygen. The solid residue product of the thermal
egradation derives by dehydration and condensation reactions.
hese are known as recondensed materials [15]. The chemical com-
osition of each type of wood or forest specie together with the
ompounds added for each application like fire retardancy, play a
Fig. 1. Diagrammatic presentation of the furnace for measuring self-ignition.

fundamental role in the kinetic behavior of their thermal decom-
position [16]. For the kinetic study of forest species, a two-stage
semi-global kinetic model consisting of four sequential steps is fre-
quently proposed to derive parameters [17].

For the experiments of pure NaHCO3, aluminum pan of 40 �l
volume capacity was used. The samples were heated using dynamic
linear heating ramp rate of 10 ◦C/min, in 50 ml/min nitrogen (N2)
flow, from 25 ◦C to 400 ◦C. TGA and DTA curves have been obtained,
in order to investigate the exothermic and endothermic reactions
of sodium hydrogen carbonate.

2.1.2. Self-ignition measurements furnace
For self-ignition measurements a specially modified furnace

has been used. The internal dimensions of the furnace (Ther-
molyne model 47900) were 12.7 cm × 10.2 cm × 15.2 cm (width,
height, depth). The temperature control accuracy was ±3 ◦C at
1000 ◦C. An air flow supply of 1.5 l min−1 of air (21% O2, 79% N2)
has been piped from the top of the furnace, providing and assur-
ing an oxidative atmosphere. Oxygen is the necessary component
to enable smoldering and ignition, both affecting the charring
rate [18].

Three thermocouples A, B, and C were placed into the oven in
order to measure the oven temperature, assuring accuracy bet-
ter than 0.3 ◦C. The apparatus (Fig. 1) has been fully described in
another publication [19].

Time to ignition has been considered as the time from the
moment the inserted pellet touched the porcelain pan – sited at
the bottom of the furnace – to the moment that the flame appeared
(visual detection). The duration of combustion has been consid-
ered as the time from the appearance of the flame until extinction.
Prior to each test, a period of 20 min was allowed from the previous
run, in order to stabilize temperature of the furnace and ensure
identical oxidative conditions. All samples were duplicated and
the mean values on each case have been used for producing the
graphs.

2.2. Materials

The forest species that have been tested as forest fuels, under the
affect of NaHCO3 were: Pinus brutia, Laurus nobilis and Nerium ole-

ander. The selection was based on their frequent appearance in the
Mediterranean flora. Pyrolysis and combustion samples were pre-
pared from the same primary mass for each of the forest specie. The
NaHCO3 used as fire retardant was provided from Sigma–Aldrich
Chemie Gmbh.
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Table 1
Samples preparation protocol.

Forest species NaHCO3

Pinus brutia, Laurus nobilis, Nerium oleander 20% (w/v) NaHCO3 aqua solution Supplementary added water NaHCO3 concentration in the sample

Mass (mg) Volume (ml) Volume (ml) w/w (%)

0.95 25 75 5
0.90 50 50 10
0.85 75 25 15
0.80 100 – 20

f NaH

2

a
r
w
t
s
0
1
t
a

Fig. 2. TGA and DTG o

.2.1. Sample treatment
Upon sample selection from outdoors, the brushes were dried

t 60 ◦C in a furnace under a vacuum pressure of 100 mmHg, until
elatively constant weight of 1 mg was reached. The procedure took
as about 48 h. Afterwards, only the pine needles or the leaves from

he brushes of the forest species were carefully collected and sub-

equently they were ground into a seed mill. Grain sizes between
.3 mm and 0.5 mm were chosen. Four different w/w % of 5%, 10%,
5% and 20% of NaHCO3 were tested on each forest specie. In order
o achieve homogeneous samples, the sodium bicarbonate has been
dded as an aqua solution of 20 w/v. Extra water was added to

Fig. 3. DTA of N
CO3 in nitrogen (N2).

make up a volume of 100 ml in order to attain uniform dispersion
of NaHCO3.

The procedure employed in this study is summarized in Table 1.
After stirring, the samples were left to dry at 60 ◦C for 48 h under

a vacuum pressure of 100 mmHg.
a. Pyrolysis experiments (TGA): the samples for pyrolysis came
from the mass of the treated forest specie mass (describe above),
as dry powder.

b. Self-ignition experiments (tested at the furnace; Fig. 1): for self-
ignition measurements, mass of 1 g treated powder (Table 1) was

aHCO3.
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Fig. 4. The effect of NaHCO3 on Pinus brutia (TGA).

CO3 o

o
m

Fig. 5. The effect of NaH

pressed under a pressure of 155 atm (15.7 MPa) in order to form
cylindrical and well compact mass pellet of 1.3 cm diameter. The
height of each pellet was approximately 6 mm (±1 mm). Height

variation was due to the bulk density of forest specie.

As humidity is very important and it is influencing the duration
f carbonization [20] all the samples were stored in a desiccator to
aintain the same humidity until ignition test.

Fig. 6. The effect of NaHCO3 on
n Laurus nobilis (TGA).

3. Results and discussion

3.1. Thermal degradation of NaHCO
3

In order to investigate the effect of NaHCO3 on the mass residue
and interpret the TGA results, the thermal degradation of NaHCO3
have been studied (Fig. 2).

Nerium oleander (TGA).
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Fig. 7. The effect of NaHCO3 on P. brutia (DTG).

aHCO

d
l

c
b

Fig. 8. The effect of N

The weight is constant up to a temperature of 120 ◦C and then
◦
rops rapidly until a temperature of about 190 C is reached and the

evels off.
Using the TGA curves of the pure NaHCO3 (Fig. 2) and the TGA

urves of the pure forest specie (Figs. 4–6) new TGA curves have
een calculated for NaHCO3 concentration 15% (w/w). Compar-

Fig. 9. The effect of NaHCO3
3 on L. nobilis (DTG).

isons of the new curves have been made with the TGA results

of the tested samples (Table 1), in order to investigate if the
effect of NaHCO3 on mass residue is additive or synergistic
(Fig. 10a–c).

It is clearly evident from NaHCO3 DTA (Fig. 3) that the ther-
mal degradation of NaHCO3 requires energy in order to decompose

on N. oleander (DTG).
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. olean

a
b
e
C

Fig. 10. The effect of NaHCO3 on (a) P. brutia, (b) L. nobilis and (c) N
nd form Na2CO2(s), CO2(g) and H2O(l). Hence, sodium bicar-
onate acts as fire retardant in three ways. Firstly, it drains
nergy in order to decompose the material, secondly it emits
O2(g), which is commonly used to put out fires because it
der on the mass residue showing calculated and measured values.
deprives the ignition process of oxygen required for combus-
tion and thirdly it emits H2O(l) which converts from liquid to
vapor consuming energy, that would otherwise be used to initiate
ignition.
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Fig. 11. Time to ignition of P. brutia trea

.2. Pyrolysis of forest species with NaHCO3

.2.1. TGA P. brutia, L. nobilis and N. oleander treated with
aHCO3

TGA was used to investigate the effects of sodium bicarbonate
n the pyrolysis of the various forest species. Figs. 4–6 demonstrate
hat the NaHCO3 seems to increase the relative formation of char
esidue of P. brutia, L. nobilis and N. oleander. As discussed later this
ncrease has proved to be misleading for P. brutia and L. nobilis and
t was not due to the effect of NaHCO3 but because of the decrease
rom 100% to 80% in the mass of the forest specie contained by the
ample thus having an additive effect.

To the only forest specie in which NaHCO3 seemed to have a
ynergistic instead of additive effect was N. oleander. In particular,
. oleander was the only one among the three forest specie in which

he main thermal degradation comprises of two steps rather than
ne.

.2.2. (DTG) Thermal degradation of P. brutia, L. nobilis, N.
leander treated with NaHCO3

In order to examine the thermal degradation steps of the for-
st species, DTG curves were used. Figs. 7 and 8 show that NaHCO3
nduces a shift towards lower thermal degradation temperatures for
. brutia and L. nobilis. The maximum shift occurred for the samples
ontaining 20% (w/w) NaHCO3 in both cases and it was approxi-
ately 70 ◦C lower compared to the pure P. brutia and 65 ◦C lower

ompared to the pure L. nobilis.
The DTG curves reveal several peaks for each of the three con-

idered forest species. It is highly likely that the peaks are related
o kinetic steps during the thermal degradation process. Detailed
tudies are required to attribute the peaks to individual steps in
he decomposition process. However, it is evident that as NaHCO3
s added, in all cases investigated, there are two effects. Firstly,
here is a shift in all of the peaks toward a lower temperature and
econdly the peaks become less pronounced; both supported the
remise that the NaHCO3 is an effective fire retardant. The differ-
nce in the curves is more pronounced with N. oleander compared
o the other two species. This is due to the variation in the com-
osition of the species in terms of the presence of hemicellulose,

ellulose and lignin. N. oleander is the only among the three for-
st species which shows two major steps (peaks) between 200 ◦C
nd 360 ◦C (Fig. 9). Notably, the first peak may be attributed to the
ncreased contain of hemicelluloses compared with P. brutia and
. oleander.
ith different concentrations of NaHCO3.

3.2.3. Effect of NaHCO3 on the mass residue
As has already mentioned (Section 3.1), the effects of the

NaHCO3 on the mass residue were also investigated using calcu-
lated TGA curves in comparison with curves obtained from TGA
runs.

The results are depicted in Fig. 10a–c.
In general the mass residue decreased along with temperature

increase. The trends were similar in all the species investigated.
The calculated values were determined by measuring the mass
residue individually, firstly of the specie and then of the additive.
These values were then added together to formulate the calculated
curves, that have been plotted on the graph shown in Fig. 10. A mass
residue difference (0.96% and 1.12% at 600 ◦C, respectively) occurred
between the measured and the calculated values for P. brutia and L.
nobilis, evoking an additive effect.

However for N. oleander measured and calculated curves showed
a bigger mass residue difference of 4.68% at 600 ◦C (Fig. 10c). This
may be due to a synergistic effect, where the combined effect of
the additive and the pure specie were greater than the sum of the
two, measured individually. This may be due to additional interac-
tion between the additive and the natural ingredients of the specie
and particular of the hemicelluloses (Fig. 9). This merits further
investigation in order to obtain a better understanding of these
phenomena.

3.3. Combustion

3.3.1. Time for self ignition
The times to self ignition were measured as discussed in Section

2.1.2 and the results for the three different forest specie treated with
NaHCO3 are presented in Figs. 11–13.

It is evident from the figures mentioned above, that as the tem-
perature increased reaching 580 ◦C, the difference in ignition times
of the samples treated with different content of sodium bicarbonate
became less pronounced. An explanation of this behavior follows:

Firstly, the delay in ignition times at a given furnace temperature
is due to the early decomposition of NaHCO3 (as evidenced from the
TGA results at Fig. 2) into CO2 and H2O which both contribute to the
delay of ignition. This delay increases with higher levels of NaHCO3

for a given temperature in the furnace as more CO2 and H2O are
released. Thus, the composition of the emitted gases, issuing from
the pyrolysis of the fuel is becoming less flammable.

The delay of self ignition can be also explained as the result of the
increase of an effective ignition temperature or a critical heat flux
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Fig. 12. Time to ignition of L. nobilis treated with different concentrations of NaHCO3.
Fig. 13. Time to ignition of N. oleander treated w

Fig. 14. Duration of combustion of P. brutia treated wi
ith different concentrations of NaHCO3.

th different concentrations of NaHCO3 at 580 ◦C.
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s the mass concentration of NaHCO3 increases [21]. It is difficult to
ompletely quantify the ignition process in this experiment because
he heat flux imposed to the sample is not well defined. This heat
ux consists of radiative, convective and conductive (to the base
f the furnace see Fig. 1) components. The time to ignition will
ncrease as the net heat flux, i.e. the difference between the imposed
eat flux and the critical heat flux decreases.

Secondly, following, the previous observations, we note that the
elative decrease in the time to self ignition as the temperature
ncreases (see Figs. 11–13) can be explained by noting that the rel-
tive magnitude of the net heat flux decreases as the temperature
and hence the imposed heat flux) increases.

In this paper, only time to self ignition have been recorded;
hich is totally different from the time to piloted ignition. Piloted

gnition occurs in less time than the time to self ignition and at
uch lower fuel temperatures (300 ◦C instead of 500–600 ◦C) and

o it could be influenced by the fire retardant in a different way.

.3.2. Duration of combustion
The duration of combustion increased with the addition of

aHCO3 as Fig. 14 and the associated table show for a furnace
emperature of 580 ◦C. That means also that the heat released
ate decreased if we assume that the total heat released remains
he same for all fire retardant concentrations. Similar results were
btained for the other furnace temperatures tested in this study.

However, the difference in the time of combustion for the specie
onsidered is pronounced. The increase of the burning time of the
olatiles is attributed to a heat of pyrolysis of P. brutia higher than
he heat of pyrolysis of the other two species. This higher heat of
yrolysis decreases the mass burning rate (and so increases the
urning time) because the imposed heat flux is the same at a given
emperature of the furnace. The differences observed in the vari-
us forest specie studied are due to the composition of the specie
egarding the amount of hemicellulose, cellulose and lignin.

. Conclusions

For all three forest species, the thermal degradation profile
as shifted towards lower temperatures. This means that NaHCO3

nduced an early emission of the volatile gases by influencing the
inetics of hemicelluloses and cellulose.

As far it concerns the effect of NaHCO3 on the mass residue, on
. brutia, L. nobilis was additive and synergistic to N. oleander as
xplained.
Time to ignition increased by adding NaHCO3. That was due of
he alteration of the composition of the emitted flammable gases
t the vicinity of the sample, due to the release of water (H2O) and
arbon dioxide (CO2) produced by the decomposition of sodium
icarbonate. On top, additional energy was needed for the system

[

[
[
[
[

ca Acta 486 (2009) 11–19 19

to reach ignition conditions due to the thermal decomposition of
the sodium bicarbonate.

The duration of combustion increased slightly with the addition
of NaHCO3 as Fig. 14 and the associated table show, for a furnace
temperature of 580 ◦C. Similar results were obtained for the other
furnace tested temperatures in this study. The difference in the
duration of combustion was, however, significantly greater for P.
brutia compared to the two other species. Thus, sodium bicarbonate
decreases the threshold of initial temperature of pyrolysis of forest
species (promotion effect). On the other hand NaHCO3 increases the
self ignition delay time and combustion duration of forest species
(inhibition effect). In addition the presence of NaHCO3 increases the
pyrolysis mass residue of forest species, especially when sodium
carbonate applied on N. oleander.

Overall, NaHCO3 exhibits a satisfactory fire retardant perfor-
mance on lignocellulosic materials, in terms of reducing time to
self ignition, mass residue and should be considered important long
term fire retardant additive for the suppression of wild land fires.
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