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Abstract

The ash properties of Pinus halepensis (Aleppo pine) needles before and after treatment with diammonium phosphate (NH,),HPO,4 (DAP) have
been investigated, using thermogravimetric analysis (TG), differential thermal analysis (DTA), titrimetry, inductively coupled plasma-emission
spectrometry (ICP-ES), X-ray diffraction (XRD) and scanning electron microscopy (SEM). DAP is extensively used as active component in
wildland fire retardants.

The following crystalline compounds have been identified in ashes prepared at 600 °C before treatment with DAP: KCI, Ca(OH),, MgO,
(CaMg)CO3, K,CO3-CaCO3, K,CO3, K,SO4, CaO and CaCOgz, whereas CaO, MgO, K,S0O4, K,CO3, CaCO3, KCI and Ca0, MgO, K,SO, and
K,COj3 at 800 and 1000 °C, respectively. The presence of DAP alters the composition of ashes converting, almost completely at high temperatures,
the metallic oxides into phosphate salts. Thus, decreasing their alkalinity. The micrographs obtained by SEM indicate that pine needles ashes
contain large porous particles of carbon compounds and several inorganic particles of irregular shape <1.0 mm, whereas after treating the needles
with DAP an amorphous rigid structure was formed.

To facilitate our investigation model mixtures of CaCOj3; + DAP, MgCOs; + DAP, K,CO;3 + DAP were heat treated under the same conditions used
for preparing the ashes. The chemical transformations taken place during heating were studied by analysing the reaction products using thermal
analysis and XRD.

The physical, mineralogical and chemical forest ash properties determined could be used to evaluate the environmental risk of the use of fire

retardants on soils, plants and aquatic systems as well as to investigate the mechanism of combustion of forest fuels in the presence of DAP.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The term “wood ash” refers to all inorganic constituents of
wood that remain after burning. During the combustion of wood,
organic compounds are mineralized and the basic cations are
transformed to oxides, which are slowly hydrated and subse-
quently carbonated under atmospheric conditions. The wood
ash is a highly alkaline matter (pH 9-13.5) and its disposal is
a growing problem, as environmental regulations become more
stringent. A number of studies has been carried out on the uti-
lization of wood ash in agriculture and forestry as an alternative
method for disposal [1]. Wood ash, as an excellent source of
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potash (potassium), lime and other plants nutrients, can been
used either as a soil amendment in agriculture [2] or to correct
forest nutrient deficiencies or unbalances due to acid deposition
and leaching [3]. Furthermore, it has been used as a binding
agent, a glazing agent in the ceramic industry, a road base,
an additive in cement industry and an alkaline material for the
neutralization of wastes [4].

Earlier studies [5-11] have shown that the dominant ele-
ments of wood ash are calcium, potassium, magnesium, silicon,
manganese, aluminium, phosphorous, sulphur, iron, sodium and
zinc.

Etiegni and Campbell [5] have found that the ash yield
and its chemical composition change with combustion tem-
perature. Thus, the ash yield is decreased by approximately
45%, potassium, sodium, zinc and carbonate content are also
decreased, silicon and aluminum are remained almost constant,
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and calcium, magnesium, manganese, iron and phosphorous are
increased as the combustion temperature is increased (i.e., from
538 to 1093°C). They have also suggested, based on X-ray
diffraction (XRD) patterns that calcium silicate may be respon-
sible for some of the swelling that occurs when ash and water
react together. Scanning electron microscopy (SEM) analysis
has indicated that ash has an average particle size of 230 um
and contains large porous particles and many irregularly shaped
inorganic particles.

Similarly, Misra et al. [6] have investigated the elemental
and molecular composition of ash of various wood species as
a function of combustion temperature, using thermogravimetric
analysis (TG), differential thermal analysis (DTA), inductively
coupled plasma emission spectroscopy (ICP-ES), and X-ray
diffraction (XRD). At 600 °C ash contained mainly CaCO3 and
K2Ca(CO03)2, whereas at 1300 °C CaO and MgO were the main
compounds. Olanders and Steenari [7] have characterized ashes
from wood and straw using XRD, TG and SEM analyses for
determining the main crystalline compounds formed. Erich and
Ohno [8] have applied a procedure suggested by the Associa-
tion of Official Analytical Chemists (AOAC) for the titrimetric
determination of calcium carbonate equivalence of wood ashes.

However, the data published on the composition of forest
species ashes were not as detailed as for the ashes of coal.
According to several authors [12,13], the composition of for-
est ashes depends on various factors: type of forest species,
part of plant combusted (bark, wood, leaves), plant age, type of
soil, climate, conditions of combustion, etc. As a consequence
available data on the properties of forest species ashes are very
variable and generalizations are therefore difficult to be made.
Furthermore, the application of fire retardants during forest fires
is expected to alter the physical and chemical characteristics of
ash formed.

The use of long-term fire retardants is very important to for-
est fire management. These are applied ahead of a wildfire front
for reducing the rate of fire spread or combustion intensity. In
most cases the active ingredients of forest fire retardants are
ammonium salts of phosphoric (or sulphuric) acid, i.e. diammo-
nium phosphate (DAP). The above compounds alter the thermal
decomposition (pyrolysis) mechanism of forest species, usually
by acid catalyzed dehydration reactions. Thus, promoting the
formation of H,O, CO» and char, at the expense of flammable
gases [14]. In particular the high effectiveness of ammonium
phosphates is attributed to the synergistic effects of nitrogen
and phosphorus [15].

In this paper, the physical and chemical properties of Pinus
halepensis needles ash prepared at 600, 800 and 1000 °C,
before and after treatment with DAP have been examined using
thermogravimetric analysis (TG), differential thermal analysis
(DTA), inductively coupled plasma emission spectrometry (ICP-
ES), X-ray diffraction (XRD), titrimetry and scanning electron
microscopy (SEM). The objectives of this research were to eval-
uate the yield, chemical composition and mineralogy of wood
ash produced by intense burning during forest fires in the pres-
ence of fire retardants and to predict its effects on soil properties,
on the availability of nutrient elements, as well as its impact on
the environment.

2. Experimental
2.1. Thermal analysis

Thermal analysis was carried out using a Mettler TGA/SDTA
851 module supported with a PC and software for control and
data handling. The pine needles ash samples, approximately
10mg in weight, were introduced into an open 0.07 ml plat-
inum sample pan and were heated from 25 to 600 °C, with
a linear heating rate of 50°Cmin—1, and then up to 1300°C
with a linear heating rate of 10°C min—1. To avoid sticking of
sample pan on the sample holder we inserted between them
a sapphire disk of 7mm diameter, according to the manu-
facturer’s instructions. All runs were carried out in nitrogen
atmosphere at a flow rate of 50 ml min—1. Heat-up temperatures
were limited to a maximum of 1300 °C according to the TG
instructions. The same conditions were employed for the thermal
analysis of the selected model mixtures: CaCO3/DAP 3.15/10.0
(w/w), MgCO3/DAP 1.26/10.0 (w/w), KoCO3/DAP 1.08/10.0
(wWiw).

2.2. Elemental analysis

Analysis samples were prepared by dissolving approximately
50mg of the dried ash (or heat treated model mixtures) in
10.0 ml hydrochloric acid 20% (w/w). The solution was heated,
filtered and the precipitate was washed with deionised water.
The filtrate was diluted to 100.0ml and analyzed using a
Jobin Yvon inductively coupled plasma emission spectrometer
(ICP-ES).

2.3. Titration for measuring the alkalinity (or acidity) of
ash leachate

0.10g of ash, formed before or after treating the pine nee-
dles with DAP, were mixed with 50.0ml of distilled water
and agitated for 48h. The mixture was centrifuged, filtered
through a 0.2 um membrane filter, and the soluble frac-
tion was titrated either with 0.01M HCI (samples before
DAP treatment) or with 0.01M NaOH (samples after DAP
treatment) [5]. The titration was carried out with an Orion,
model 950 Ross FASTQC, automatic potentiometric titrator.
The sensor was a pH electrode, type Orion-72 BN. Based
on the titration curves (pH versus V) the soluble alkalinity,
due to the hydroxides and carbonates ions content (or the
soluble acidity due to the phosphoric acid content), was deter-
mined.

2.3.1. X-ray diffraction analysis (XRD)

The samples (ashes or heat treated model mixtures) were ana-
lyzed in a Siemens D-5000 X-ray diffractometer using a copper
target to generate the X-rays (wavelength = 1.5405 x 10~10m).
The samples were first finely ground and then mounted on the
sample holder. The powder was ground fine to ensure random
orientation of the crystals so that there are sufficient amount of
crystals to generate detectable signals of all angles and minimum
background noise.
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2.4. Scanning electron microscopy (SEM)—energy
dispersive X-ray fluorescence spectrometer (ED-XRF)
analysis

The samples were examined by a FEI Quanta 200 scanning
electron microscope (SEM) combined with an EDAX energy
dispersive X-ray fluorescence spectrometer, giving the elemen-
tal composition at chosen points on the sample surface.

The instrument was operated at low vacuum mode at a
pressure of 90 Pa with a high voltage of 10 kV. Samples were
deposited on a sample holder and were secured with a conduc-
tive carbon tape. No pretreatment or coating of the samples was
required.

A number of 15-20 analyses were performed for each “class”
of samples covering different magnifications and surface areas
to improve the credibility of the reported data.

2.5. Samples

Tests were conducted on P. halepensis needles before
and after treatment with diammonium phosphate (DAP). The
selected forest species is very common in the Mediterranean
region and DAP is one of the most often used retardant in forest
fires.

The sample collection site was the mountainside Kalopoula
of Imitos, near Athens, located W-NW with dominated
rock limestone, with geographic coordinates 37°58'13”N and
23°48'20"E, height 487 m and average slope 70%. The sampling
date was the 26 August 2005. All samples were mature foliage,
collected after a long drought period in order to avoid mois-
ture effects. The pine needles were washed twice with deionised
water, dried at 60 °C for 48 h under vacuum of 100 mmHg. Then,
the samples were ground and a fraction between 100 and 200 pm
was separated and used for the tests. The preparation of DAP
treated samples was performed by well mixing a certain quan-
tity (5 or 10%, w/w) of Merck laboratory reagent DAP with the
forest material powder. The concentration level chosen (5% or
10%, w/w) was similar to that applied by Hellenic Fire Service
in real forest fires.

The forest species samples were dry ashed at 600, 800 and
1000 °C for 24 h, according to standard methods [16,17].

The model mixtures were artificially prepared by mixing
the necessary pure components, purchased from Merck, and
grinding them in a mortar. They had composition (CaCO3/DAP
3.15/10.0, w/w; MgCO3/DAP 1.26/10.0, wiw; K,CO3/DAP
1.08/10.0, w/w) similar to the one of ash samples treated by
DAP. The model compounds were heat treated under the same
conditions which were used for dry ashing the forest species.
The composition chosen for the model mixtures was similar to
that found in ashes of pine needles treated with DAP.

3. Results and discussion
3.1. Thermal analysis

The TG, DTG (differential thermogravimetric analysis) and
SDTA (simultaneous differential thermal analysis) graphs of P.

halepensis needles ash prepared at 600 °C before and after treat-
ment with 5% and 10% (w/w) DAP are presented in Fig. 1,
under the operating conditions described in section 2.1. Simi-
larly, the TG/DTG/SDTA graphs of the model substances (DAP,
Ca3(POg4)2, MgCO3 + DAP, CaCO3 + DAP and K,CO3 + DAP),
are presented in Fig. 2. The peaks shown in Figs. 1 and 2 are
numerated using the same numbers with those indicated in the
following chemical equations. To note that variables such as
sample mass, heating rate and gas flow rate have a marked effect
on the profile of TG and DTG curves [18,19].

The mass loss observed in the temperature range 380-500 °C
(peak 1, Fig. 1) is attributed to the decomposition of Ca(OH);
and Mg(OH),, according to the following equations with the
respective TG peak temperatures (7p) given in the literature
[20,21]:

Mg(OH); > MgO + H,O 390-420°C (1a)
Ca(OH); - CaO + H,0 420-520°C (1b)

The above hydroxides were formed, after the thermal treat-
ment of forest species, by the reaction of the respective oxides
with the ambient moisture.

The mass loss observed at the temperature range 560-650 °C
(peak 2, Fig. 1) is attributed to the decomposition of MgCOs3,
according to the following equation with the respective TG peak
temperatures (7p) given in the literature [19]:

MgCO3 — MgO + CO, 580-630°C )

The mass loss observed in the temperature range 650-710°C
(peak 3, Fig. 1a) is attributed to the decomposition of dolomite
[22], according to the equation:

CaMg(CO3), — CaO + MgO + 2CO, 3)

The mass loss observed in the temperature of 740-850°C
(peak 4, Fig. 1) is due to the decomposition of CaCOs, according
to the equation and the respective TG peak temperature (7p)
given in the literature [18,21,23-25]:

CaCO; — CaO + CO, 720-840°C 4)

Finally, the mass loss recorded above 1100 °C (peak 5, Fig. 1)
is mainly due to the decomposition of K,COs, according to the
equation with the respective decomposition temperature range
(Ti—Tx) reported in literature [26]:

K>,CO3 — KO + CO, 1100-1400°C (5)

Similar results were obtained by TG/DTG analysis of P,
halepensis ashes prepared at 800 and 1000 °C.

The presence of DAP alters the thermal degradation route of
ash samples, because of the decomposition of DAP according
to the equations [27]:

(N H4)2HPO4 — NH4H2PO4 + NHg(g) 150°C (63.)
2NH4H2PO4 — (NHa)2H2P,07 +H,0(g) 170°C (6b)
(NH4)2H2P207 — 2NH4PO3 + HZO(g) 280°C (GC)

2NH4PO3 — P20s(g) + 2NH3(g) + H20(g) 660°C  (7)
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Fig. 1. TG, DTG and SDTA curves of Pinus halepensis needles ash prepared at 600 °C, before and after treatment with 5% and 10% (w/w) DAP, under nitrogen
atmosphere with flow rate 50 ml min— and heating rate 50 °C min—? from 25 to 600 °C and 10 °C min~? from 600 to 1300 °C. Decomposition reactions: 1. Ca(OH),
and Mg(OH);; 2. MgCOg; 3. CaMg(CO3)32; 4. CaCOs3, 5. K,CO3 and phosphate salts to P,0s5(g); 6. NH4PO3.
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Fig. 2. TG, DTG and SDTA curves of model substances, under nitrogen atmosphere with flow rate 50 ml min—1 and heating rate 50 °C min—1 from 25 to 600°C

and 10°C min —1 from 600 to 1300 °C. Decomposition reactions: 1. Mg(OH),; 2. MgCOs; 4. CaCOs; 5. K,COj3 and phosphate salts to P20s(g); 6. NH4PO3; 7.
(NH4)2HPO4 and NH4H2PO4.
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In addition, the metallic oxides MgO and CaO, formed in
the temperature range of 400-850°C, are almost completely
converted to phosphates, according to the following equations:

3Ca0 + P205 — Caz(POg4)2
2Ca0 + P»,05 — CaoP,07
3MgO + P205 — Mg3(PO4)2

2MgO + P205 — MgoP207

Also, Ca7Mgz(PO4)s is formed on heating to the temperature
range 900-1000 °C [28], whilst at higher temperatures (above
1100 °C) the phosphate salts start decomposing to P,05(g).

The above findings were confirmed by thermal analysis of
model substances (pure components: DAP; calcium phosphate
and mixtures: CaCO3 + DAP; MgCO3 + DAP; K>COj3 + DAP.
The model mixtures (CaCO3 + DAP; MgCO3 + DAP; K,CO3 +
DAP) were first heated at 800 and 1000°C for 24h. The
TG/DTG/SDTA graphs of the model substances were taken
under the same operating conditions used for the analysis of
ashes (Fig. 2). Some short comments on the analysis data of
model substances are given below:

1. DAP (Fig. 2a). Diammonium phosphate follows the ther-
mal decomposition route described earlier to NH3(g) and
P20s5(g).

2. Caz(POy4)2 (Fig. 2b). In the region of 20-680 °C the phos-
phate ions (PO43~) are partially converted to pyrophosphates
(P207%7), in the range of 680-1000°C crystallization
of phosphates takes place as well as the formation of
CagP207(P0O4)4 and above 1000 °C starts the decomposition
of phosphates and pyrophosphates to P2O5(g) [29].

3. MgCO3 +DAP (Fig. 2c and d). The reaction 3MgO + P,
Os — Mg3(POg); is almost completed after heating the mix-
tures at 1000 °C. Mg3(PQOy); starts decompaosing to P,Os(g)
at 1200 °C (Fig. 2c). On the contrary, by treating the mixture
at 800°C, the reaction between MgCO3 + DAP is incom-
plete (Fig. 2d). As is shown in Fig. 2d, the mass loss in the
temperature range 350-450 °C represents the decomposition
of Mg(OH)2 which is formed after the thermal treatment of
model mixture through the reaction between MgO and ambi-
ent moisture [11]. The mass loss in the temperature range
600-640 °C represents the decomposition of MgCO3s which
is also formed by reacting MgO with ambient CO».

4, CaCO3+DAP (Fig. 2e and f). The reaction 3CaO+P,
Os — Cag(POg); is almost completed after heating the mix-
tures at 1000 °C. Caz(PO4), starts decomposing to P,0s5(g)
at temperatures above 1100°C (Fig. 2e). On the contrary,
by treating the mixture at 800°C, the reaction between
CaCO3 + DAP is incomplete (Fig. 2f). As it is shown in
Fig. 2f the mass loss in the temperature range 550-650 °C
represents the decomposition of Ca(OH),, which is formed
after thermal treating the samples via the reaction of CaO
with ambient moisture. Also the mass loss in the temperature
range 720-840 °C represents the decomposition of CaCOs,

Table 1

Ash content, elemental and titrimetric analysis data of Pinus halepensis needles ash prepared at 600, 800 and 1000 °C before and after treatment with DAP

S.A.

Al Zn Cu Mn Pb S.A.

Si Fe

Ca Mg Na

Ash content
(%, wiw)

(mmol NaOH/g ash)

(mmol HCl/g ash)

(%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw) (%, wiw)
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5. KoCO3 +DAP (Fig. 2g). No reaction between K>,CO3 and
DAP has taken place. KoCOj3 starts decomposing at temper-
atures higher than 1100 °C.

3.2. Elemental analysis

Table 1 lists the concentrations of the major elements (K,
Na, Ca, Mg) and minor elements (Si, P, Fe, Al, Zn, Cu, Mn,
Pb), determined by ICP-ES. The measurements recorded are the
average values of four replicate tests and have a relative standard
deviation below 10%. In Table 1 is also shown the influence of
temperature and DAP treatment on the elemental composition
of pine needles ashes.

The increase of 13.21% in calcium, 14.81% in magnesium
and 63.93% in sodium content of ashes with temperature, from
600 to 800°C, is primarily due to the decomposition of cal-
cium and magnesium carbonates (peaks 2 and 4 in Fig. 1,
Fig. 2). Contrary the % w/w content of potassium decreased
by 45.67% when increasing the ash preparation temperature
from 600 to 800°C and by 76.8% from 800 to 1000 °C,

Pi-ha ash 600 °C - 0% DAP

Pi-ha ash 600 °C - §% DAP

due to the partial volatilization of potassium oxide formed
after the decomposition of K;CO3 (peak 5 in Figs. 1 and
2). Similarly, the minor compounds (Si, Fe, P, Cu) content is
increased with temperature, whereas Zn and Al is decreased
with increasing temperature and Pb, Mn is remained constant.
The above results are in good agreement with previous works
[5,6].

In general, the presence of DAP decreases the content of Ca,
Mg, Na, Si, Fe, Al and Mn in all ash samples examined due
to the formation of phosphate salts which are decomposed to
P,0s at temperatures above 1100°C (peak 5 in Figs. 1 and
2), whereas the content of Cu and Pb remains almost con-
stant.

3.3. Titration for measuring the alkalinity (or acidity) of
ash leachate

The titration curves of ash leachates with 0.01M HCI

or 0.01M NaOH were prepared according to the procedure
described in Section 2.3 and are shown in Fig. 3.

Pi-ha ash 600 °C - 10% DAP
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Fig. 3. Titration curves of P. halepensis needles ash leachate with 0.01 M HCI or 0.01 M NaOH. Ashes were prepared at 600, 800 and 1000 °C before and after

treating pine needles with 5% and 10% (w/w) DAP.
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The soluble alkalinity was determined by measuring the num-
ber of mmoles of HCl or NaOH required to neutralize 1.0 g of ash
leachate to pH =7 and the results are presented in Table 1. The
data reported in Table 1 are the average values of three replicate
titrations, with a relative standard deviation below 5%.

The ash temperature preparation affects its alkalinity prop-
erties, with the soluble alkalinity increasing (188.10%) from
600 to 800°C (Table 1) due to the decomposition of CaCOs3
and MgCOg; to oxides (peaks 2 and 4 in Figs. 1 and 2) and
faintly decreasing (2.48%) from 800 to 1000 °C due to the partial
volatilization of KO (peak 5 in Figs. 1 and 2).

As it shown in Table 1, the presence of DAP increases dra-
matically the acidity of ashes, especially at high temperatures,
because P,Os is formed via decomposition of phosphate salts,
especially DAP, according to the thermal analysis data exhibited
in Section 3.1 (Fig. 2a).
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3.4. X-ray diffraction analysis (XRD)

The crystalline compounds in all ash samples examined,
were identified by X-ray diffraction analysis and can be seen
in Table 2.

Fig. 4 presents the XRD patterns for P. halepensis needles
ash prepared at 600 °C before and after treatment with DAP.

The main type of compounds identified in the ash samples
before treatment with DAP were oxides of Caand Mg, hydroxide
of Ca (peak 1in Fig. 1), carbonates of Ca, Mg and K (peaks 2,3,4
in Fig. 1), sulphates and chlorides of K. Ashing at high temper-
atures (7> 600 °C) promotes the decomposition of carbonates,
i.e. (CaMg)CO3 (dolomite), KoCO3:CaCOs3 (fairchildite) and
the sublimation of chlorides, i.e. KCI. The only salts identified at
high temperatures (7= 1000 °C) were K2SO4 and K>CO3 (peak
5in Fig. 1a and Table 2).
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Fig. 4. X-ray diffraction patterns of P. halepensis needles ash prepared at 600 °C before and after treatment with 5% and 10% (w/w) DAP: (1) CaO; (2) K»,COs; (3)
KCI; (4) K2CO3-CaCOsg; (5) MgCOs; (6) CaCOs; (7) Ca(OH)2; (8) MgO; (9) (Ca,Mg)COs; (10) CasMgs(PO4)s; (11) CazP207; (12) Mg2P207; (13) Caz(POs)z;

(14) Ca7Mg2Ps024; (15) P20s, (16) K3POy, (17) K4P207.
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Table 2
Crystalline compounds in P. halepensis needles ash identified by X-ray diffraction analysis
Ash samples DAP content Compounds in ashes
(%, wiw)
P. halepensis at 600°C 0 K,CO;3 CaCOj (fairchildite), Ca0, MgO, MgCO3, KCI, Ca(OH),, KCO3, K2S04, (CaMg)CO3, CaCOs3
5 CagMgs(POy)g, CazP207, Mg, P207, Caz(POy)2, CazMg2Pg024, P20s, K3PO4, K4P207
10 Ca7Mg,Ps024, CagMgs(POy)g, CazP207, Caz(POy)2, Mg2P207,P205, K3PO4, K4P207
P. halepensis at 800°C 0 CaO, MgO, K,CO3, CaCOs3, K2SO4, KCI
5 (CaMg)P,07, CagMgs(POy)s, CarP207, MgaP207, P20s, Caz(PO4)2, CaO, Mgz (PO4)2, K3PO4s, K4P207
10 (CaMg)P207, Ca4Mg5(PO4)6, Ca2P207, Mg2P207, P205, Cag(PO4)2, CaO, Mgg(PO4)2, K3PO4, K4P207
P. halepensis at 1000 °C 0 Ca0, MgO, K»S04, K,CO3
5 CasMg;Ps024, (CaMg)P207, Ca;P207, Caz(PO4)2, Mg3(PO4)2, Mg2P207, CaO, MO, P20s, K3PO4,K4P207
10 CasMg,P024, (CaMg)P,07, CayP,07, Ca3(POy)2, Mg3(POy4)2, CaO, MgO, P20s, K3PO4, K4P207

Ashes were prepared at 600, 800 and 1000 °C before and after treating pine needles with 5% and 10% (w/w) DAP. Compounds in bold are the main constituents of
the corresponding ash.

(7) B

Fig. 5. Morphological features of P. halepensis needles ash. Ash prepared at 600, 800 and 1000 °C and before and after treating pine needles with 5% and 10% (w/w)
DAP.
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Calcium, magnesium and in a lesser extend potassium, were
the main elements in all ash samples studied. Calcium and mag-
nesium were found mainly as oxides and potassium as potassium
carbonate or calcium—potassium carbonate (fairchildite). The
above results are consistent with those obtained by TG and ICP
analysis (Sections 3.1 and 3.2).

The oxides MgO and CaO detected at 600 °C were probably
formed via the combustion of magnesium and calcium organic
matter rather than via the decomposition of MgCO3z and CaCOs,
which takes place at higher temperatures. Also, the Ca(OH)»
(portlandite) detected at 600 °C is probably formed after the
thermal treatment via the reaction between CaO and ambient
moisture.

After treating P. halepensis needles with DAP, the ash sam-
ples were found in a glassy state due to the conversion of metal
oxides and carbonates to phosphates (Fig. 1). The ash samples
prepared at 600 °C after treatment with 5% DAP have similar
mineral composition with those treated with 10% DAP. Also, as
is shown in Table 2, no significant variation in mineral compo-
sition was recorded for the DAP treated ash samples prepared at
higher temperatures (800 and 1000 °C).

The main compounds identified in the DAP treated ash sam-
ples were: (CaMg)P207, CayMgs5(PO4)s, CazP207, Mg,P207,
P205, Cag(PO4)2, Mg3(PO4)2, Ca7Mg2P6024 (Fig. 4). Also,
peaks of XRD patterns of the ash samples treated with 10%
(w/w) DAP are lower than the ash samples treated with 5%
(w/w) DAP (Fig. 4). It seems that the addition of DAP favours
the partial vitrification of the ashes.

3.5. Scanning electron microscopy analysis (SEM-EDX)

P. halepensis needles ash samples were examined with
SEM/EDX in order to determine the influence of temperature
and DAP concentration on their morphology and chemical com-
position. The results are presented in Fig. 5.

Prior to the DAP treatment, the morphological analysis of the
samples prepared at 600 °C shows large porous fibrous particles
with holes and voids (Photo 1). The EDX elemental analysis
reveals that the main elements are Ca, Mg, K, P, Cand O. Almost
the same surface morphology was observed for the ash samples
prepared at 800 °C (Photo 4). In both cases the particles have
a fibrous texture, a diameter smaller than 10 um and seem to
be loosely bonded. These particles do not fuse or sinter together
after having been heated up to 800 °C. On the contrary, for the ash
samples prepared at 1000 °C, sintering becomes apparent (Photo
7). The surface of this sample’s particles starts to soften and con-
tact. The EDX analysis of all ash samples prior to DAP treatment
suggests that Mg, Na and Si content tends to increase as the tem-
perature increases, whereas the K content shows a decreasing
tendency. That is in accordance with the results obtained by ICP
analysis and reported in Table 1.

The SEM/EDX analyses of the ash samples after DAP treat-
ment, revealed a significant change in the morphology and
composition. The particles appear to be attached to each other
forming large aggregates with smooth glassy surface. This
process starts with 5% (w/w) DAP at 600 °C (Photo 2) and com-
pletes at 1000 °C (Photo 8). By raising the percentage of DAP

added, up to 10% (w/w), amorphous glassy shards are devel-
oped at all temperatures (Photo 3). The EDX analyses of the
DAP treated samples suggest the decrement of Ca, Mg and K
concentration as the DAP concentration increases.

4. Conclusions

The mineralogical and chemical properties of ash prepared
from pine needles, before and after treatment with a fire retardant
(DAP), have been determined by thermal analysis, ICP, XRD,
SEM and titrimetric analytical techniques.

The main conclusions drawn by this study are:

1. The ash temperature preparation affects significantly its
chemical composition. The content of Ca, Mg, Na, Si, Fe,
P, Cu, tends to increase, K, Zn, Al to decrease and Pb,
Mn to retain constant as ash preparation temperature rises.
The soluble alkalinity first increases, as the temperature
increases from 600 to 800°C and then faintly decreases
from 800t01000 °C. Ashing at low temperatures (7=600 °C)
promotes the formation of metal carbonates, whereas at
high temperatures (7=800 and 1000 °C) oxides are mainly
formed. The only salts identified by XRD at high temper-
atures (T=1000°C) were K,SO4 and K,CO3. The above
results were confirmed by thermal analysis. SEM analysis of
ash samples has shown large porous fibrous particles with
holes and voids with sintering taking place at high tempera-
tures (7=1000°C).

2. The presence of DAP decreases the ash content in Ca, Mg,
Na, Si, Fe, Al and Mn because of the formation of phos-
phate salts and P,Os, whereas K content increases since the
volatilization of K5O is avoided. Also the presence of DAP
reduces dramatically the soluble alkalinity of ashes due to the
excess of PoO5 formed in ashes. XRD and thermal analysis
confirmed the conversion of metal oxides and carbonates to
phosphates into a glassy state form.

3. The reported data can be used to evaluate the yield, chemi-
cal composition and mineralogy of ash produced by intense
burning during forest fires in the presence of fire retardants
and to predict its effects on soil properties, on the availability
of nutrient elements, as well as its impact on the environment.
Furthermore, to investigate the mechanism of combustion of
forest species in the presence of fire retardants.
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