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The thermal and thermo-oxidative decompositions of NH4FePO4-H,O were studied by means of a com-
bination of classical thermal analysis techniques (TG and DSC) with MS and powder XRD analysis. The
experiment was run in two different (inert and oxidizing) atmospheres. In an inert (N,) atmosphere,
thermal decomposition occurs in three steps at 265, 350 and 420°C related to the evacuation of H,O
(steps 1 and 3) and NH3 (steps 1-3). In an oxidizing (O, ) atmosphere, thermal evacuation is coupled with
the oxidation from Fe(II) to Fe(IIl). In addition, application of Vyazovkin's model-free kinetic method to
three TG curves obtained at different heating rates (5, 10 and 20°C/min) allows the activation energy
to be calculated as a function of the extent of conversion. This helps to disclose the kinetic scheme that
facilitates understanding of the mechanism of these reactions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ammonium phosphates of the general formula NH4;M"PO4-H,0
were first obtained by Debray [1]. These compounds have been used
as pigments for protective paint finishes on metal and as fire retar-
dants in paints and plastics [2,3]. They can be also used as fertilizers
[4]. Moreover, as they are all only slightly soluble in water, they
constitute slow-release fertilizers. In this respect, NH4FePO4-H,0
(AIP) has been proven effective in correcting iron deficiency (iron
chlorosis) in plants grown in calcareous soils [5]. Plants need iron
to survive and there is usually a lot of iron in the soil. However, this
iron is in form of Fe(Ill) and is not available to plants [6,7]. So the
effectiveness of iron phosphates as Fe fertilizers depends on their
Fe(II) content, as has been demonstrated [8].

In recent years, kinetic investigations have constituted one of
the most important applications of thermal analysis [9-11]. Usu-
ally, the solid-state reactions are not simple one-step processes and
thus a combination of serial and parallel elementary steps should
result in an activation energy that changes during the course of the
reaction. The isoconversional (model-free) methods determine the
activation energy from the common analysis of the multiple curves
measured at different heating rates or at different isothermal tem-
peratures. Moreover, model-free methods calculate the activation
energy as a function of the extent of conversion. They thus help
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to disclose the complexity of a process and to identify its kinetic
scheme [12-18].

The aim of this study is to further our knowledge in the mecha-
nism of the NH4FePO,4-H, O thermo-oxidative degradation by using
thermal analysis techniques, namely TG and DSC. Furthermore, the
on-line study of evacuated gases in the TG experiment was car-
ried out by mass spectrometric analysis. In addition, the activation
energy as a function of the conversion is obtained by Vyazovkin’s
method by using TG data obtained at different heating rates.

2. Experimental
2.1. Synthesis and characterization

NH4FePO4-H,0 was obtained and characterized as described in
a previous paper [5].

2.2. Thermal analysis procedures

A Mettler-Toledo TGA/SDTA851¢ and a DSC822¢ were used for
the thermal analyses in nitrogen (or oxygen) dynamic atmosphere
(50 mL/min) at a heating rate of 10°C/min. For the kinetics mea-
surements, the TG experiments were carried at heating rates of
5, 10 and 20°C/min. In all cases, 10-12 mg of powder AIP sample
was thermally treated. In TG tests, a Pfeiffer Vacuum ThermoStar™
GSD301T mass spectrometer was used to determine the evacuated
vapours. The masses 18 (H,0) and 15 (NH3) were tested by using a
detector C-SEM, operating at 1200 V, with a time constant of 1 s. The
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powder XRD of the residual solid char (sample heated up to 1000 °C)
was performed on a Oxford Diffraction Geminis S diffractometer
between 25° and 45° (20) in steps of 0.01° at a rate of 3 sstep~!, by
using CuK,, radiation.

2.3. Kinetic parameters and modelling

The rate of heterogeneous solid-state reactions can generally be
described by:
do
— =K(T 1
& = K@) (1
where t is time, k(T) the temperature-dependent constant and flo)
a function called the reaction model, which describes the depen-
dence of the reaction rate on the extent of reaction, c.

The temperature dependence of the rate constant is described
by the Arrhenius equation. Thus, the rate of a solid-state reaction
can generally be described by:

da
3=
where A is the pre-exponential factor, E the activation energy and
R the gas constant.

The preceding rate expression can be transformed into non-
isothermal rate expressions describing reaction rates as a function
of temperature at a constant heating rate, 5:

& = e @ 3)

The use of several heating rates permits the application of
model-free (isoconversional) methods. These methods make the
assumption that the parameters of the model are identical for mea-
surements at all heating rates. It allows a direct fit of the model to
the experimental data without a transformation which would dis-
tort the error and hence the result [19]. An additional advantage lies
in the fact that there are no limitations with respect to the com-
plexity of the model; consequently, it is reliable in solving applied
kinetic problems [19-21].

Vyazovkin and Sbirrazzuoli developed an isoconversional
method [22]. Integrating up to conversion, «, Eq. (3), gives:

A e E/RTf(q) (2)
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As E[2RT > 1, the temperature integral can be approximated by:
! R
e—E/RT dT ~ =T2 e—E/RT (5)
To E

Substituting the temperature integral and taking the logarithm
gives:
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To apply the method, it is necessary to obtain at least three
different heating rates (), the respective conversion curves being
subsequently evaluated from the measured TG curves [22,23]. For
each conversion (), In(8/T2) plotted against 1/Ty, gives a straight
line with slope —E,/R. Thus, the activation energy is obtained as a
function of the conversion.

In

(6)

3. Results and discussion

The TG/DTG curves of AIP obtained in an inert (N, ) atmosphere
are shown in Fig. 1a. TG curve consist of two continuous stage
mass loss processes. The total mass loss up to 1000°C is 22.0% (cal.
23.5%).The DTG curve shows two minima (265 and 420 °C) at higher
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Fig. 1. TG (—) and DTG (- - -) curves of NH4FePO4-H, 0 obtained in a N; (a) or O; (b)
atmosphere.

temperatures that the previously described for NH4FePO4-H,0
nano-plates thermal decomposition (105 and 218 °C, respectively)
[24], probably as a consequence of the very different particle size of
both samples. The powder XRD of the residual solid char correspond
to B—F62P207 [25]

The associated mass spectrometric analysis is reported in Fig. 2a.
The mass spectrometric m/z 18 curve (associated with water evacu-
ation) has two maxima, while the mass spectrometric m/z 15 curve
has three (associated with ammonia evacuation). This fact reveals a
small band in the DTG curve with a minimum at 350 °C associated
with the second step of elimination of ammonia molecules. Integra-
tion of the bands into the ion current curve permits the mass loss
associated with each step to be calculated. Results indicate that the
process commences with the loss of 12% of water and 6% of ammo-
nia (265 °C). It then proceeds (350 °C) with the loss of 1% ammonia.
Finally, thermal evacuation is completed with the loss of the rest of
the water (3%) and ammonia (5%). As the mass spectrometer was
not calibrated for quantitative analysis, these calculations are semi-
quantitative. Nonetheless, the TG/DTG and masses analyses are in
good agreement.

Fig. 3a shows the conversion curves of the thermal decom-
positions of AIP at three different heating as a function of the
temperature. It can be observed that the heating rate does not
affect the mass loss, although it does have an effect on the shape
of the two TG and conversion curves, which moves to higher tem-
peratures as the heating rate increases. Application of Vyazovkin’s
model-free method to these curves leads to the calculation of the
variation in activation energy (E) as a function of the conversion
degree (see Fig. 4). E is approximately constant in the conversion
range of 10-35% (E=80kJ/mol), and increases until ~130k]J/mol
(conversion=55-60%). Later on, it diminishes until ~100 kJ/mol
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Fig. 2. m/z 18 (H,0 (—)) and m/z 15 (NH3 (---)) MS signals of evacuated vapours by
NH4FePO4-H,0 in a N, (a) or O, (b) atmosphere.
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Fig. 3. Conversion curves of NH4FePO4-H,0 in a N; (a) or O, (b) atmosphere as a
function of heating rate: 5°C/min (- - -), 10°C/min (=) and 20°C/min (- - -).
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Fig. 4. Dependence of the activation energy on the extent of conversion in the
NH4FePO4-H, 0 thermal decomposition: N, (O) or O, () atmosphere.

(conversion = 70-75%) before increasing again. In general, constant
E-values can be expected in the case of a single reaction. How-
ever, in our experiment, the E, curve sinusoidal profile indicates
that the decomposition mechanism is a function of the conver-
sion degree. This fact should be related to the difference in both
water and ammonia desorption steps. Finally, from 75% of con-
version on, the E-values continually increase probably due to the
liberation of water and ammonia trapped inside the [3-Fe;P,07
3D-structure.

The TG/DTG curves of AIP obtained in a reactive (O, ) atmosphere
are presented in Fig. 1b and show that the mass loss up to 1000°C
is 17.6% (cal. 19.3%). The product of reaction is a-FePOy4 [26].

The associated mass spectrometric analysis is reported in Fig. 2b.
As in an inert atmosphere (see Fig. 2a), the mass spectrometric
m/z 18 (H,0) curve has two maximums, but the two MS-curve
profiles are very different. Hence, the mechanism of thermal evac-
uation is different in both atmospheres: N, and O,. Fig. 4 shows the
variation in activation energy with the conversion of the decom-
position/oxidation reaction obtained through the application of
Vyazovkin’s model-free method to three TG curves at different heat-
ing rates (Fig. 3b). Until 90% conversion, E has a value of ~150 kJ/mol,
while from 90% of conversion to the end the E-value diminishes
abruptly. This drop in E-values leads to acceleration of the process,
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Fig. 5. DSC curves of NH4FePO4-H,0 obtained in a N, (—) or O, (---) atmosphere
and their difference (---).
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which can be seen in the TG curve as an instantaneous 2% mass loss
at 457 °C (heating rate 10 °C/min).

Fig. 5 shows the DSC curves obtained for AIP. Up until 160 °C, both
curves run together. Subsequently, in a N, (inert) atmosphere, there
are three endothermic peaks at 260, 370 and 410 °C associated with
the three steps of evacuation of ammonia and water molecules. In
an O, (oxidizing) atmosphere, the endothermic desorption process
is coupled with the Fe(Il) — Fe(IIl) oxidation, which is an exother-
mic phenomenon. Consequently, the shape of the DSC curve is very
different and shows a number of diverse exothermic signals in the
temperature range between 160 and 460 °C. Furthermore, the DSC
curve in an O, atmosphere presents a very complex exothermic sig-
nal between 460 and 500 °C. This is related to the loss of the last

(a) L

fraction of water and ammonia, to the Fe(Il) — Fe(IIl) oxidation and
also to the crystallisation of the polymorph a-FePO4 [27]. Finally,
there is a small exothermic signal around 560 °C that is probably
related to the thermo-oxidative decomposition of a small fraction
of remaining AIP. This can be seen in the DTG curve (see Fig. 1b)as a
very small band at 560 °C which is not considered in the previously
proposed mechanism.

The preceding results lead to the following observations: (i)
In our synthesis conditions, AIP is stable until 160°C. Above this
temperature, evacuation of water and ammonia begins. This fact
is independent of the atmosphere type. (ii) In an O, atmosphere,
oxidation from Fe(Il) to Fe(Ill) commences at 160 °C, as water and
ammonia evacuation. (iii) The evacuation process is different in

Fig. 6. Coordination environment about Fe atom in NH4FePO4-H, 0 (a), B-FeP,0 (b), and a-FePOy (c). Fe: magenta, P: yellow, O: red. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of the article.)
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both atmospheres, N, or O,, with formation of 3-Fe;P,07 or a-
FePQy, respectively.

Layered NH4FePO4-H, O crystallizes in the orthorhombic space
group Pmm21 [28]. The structure consists of approximately
square-planar sheets of iron(Il) ions, coordinated in a severely
distorted octahedron by five phosphate oxygen molecules and
one water molecule (see Fig. 6a). The negatively charged layers
are bound by hydrogen bonds, with participation of interlayer
ammonium cations. When AIP is heated up to 160°C, thermal
decomposition begins regardless of the atmosphere employed. In
an inert (N, ) atmosphere, the evacuation of water and ammonia
molecules leads to the formation of [3-Fe,P,07, where the Fe-
octahedral coordination is preserved (see Fig. 6b). In the presence
of 0Oy, the iron(Il) oxidation occurs in parallel with the evacu-
ation process. A qualitative visualization can be made through
the DSC curve obtained by the difference between both (N, and
0,) DSC curves, presented in Fig. 5. This curve shows that most
of the oxidation occurs between 200 and 320°C. Integration of
the curve in this temperature range allows an exothermic sig-
nal of 120kJ/mol to be calculated. Probably, a pseudolayered
habit is maintained until 475°C and, at this temperature, o-
FePOy4 is crystallized and the quick structural reorganization is
detected by DSC (in opposition, the 3-Fe,P,07 formation takes
place simultaneously to the AIP decomposition, what explains the
absence of an isolated exothermic signal in the N,-DSC curve). In
the thermo-oxidative decomposition of AIP, the environment of
iron is drastically modified, going from six- to four-coordination
(see Fig. 6¢). This “structurequake” should be responsible of the
high E-values for the AIP thermal decomposition in O, atmo-
sphere.

4. Conclusions

The thermal and thermo-oxidative decompositions of
NH4FePO4-H,O were studied by means of a combination of
classical thermal analysis techniques (TG and DSC) with MS and
powder XRD analysis. In an inert atmosphere, thermal decomposi-
tion appears to have a three-step mechanism with the evacuation
of water and ammonia and the formation of -Fe,P,07. In an
oxidizing atmosphere, oxidation of iron(Il) takes places in parallel
to the evacuation process. Thermo-oxidative decomposition ceases
with the crystallization of a-FePOy.

Application of Vyazovkin’s model-free kinetic method allows
the activation energy to be calculated as a function of the extent of
conversion. This helps to identify the kinetic scheme that facilitate
understanding of the mechanism of these reactions.
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