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Dehydration Behavior of Synthetic AlgsFeqsPO,4+2.5H,0
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The dehydration behavior of the experimentally produced AlysFeqsPO,4+2.5H,0 solid solution is assessed
from thermogravimetrical (TG, differential thermogravimetric, DTG, and differential thermal analysis, DTA)
and differential scanning calorimetry (DSC) analyses. The dehydration proceeded through a well-defined
step at low temperatures (< 300 °C), which corresponds to the loss of 2.5 water molecules. The fluctuating
dependence of the activation energies on fraction mass loss (o) for the dehydration reaction of
AlgsFeqsPO,+2.5H,0 calculated through isoconversional methods (Ozawa and the Kissinger—Akahira—Sunose)
indicates the existence of a complex multistep mechanism. The Avrami exponent value of 1.11 is indicative
of one-dimensional growth as a phase boundary mechanism. The thermodynamic functions (AH*, AG*,
and AS*) of the dehydration reaction calculated from the DSC technique are discussed for the first time.

1. Introduction

Iron phosphate FePO,-2H,0 and aluminum phosphate
AIPO,+2H,0 are minerals and synthesized phosphate materials
with similar structures (isostructural). The existence of several
crystalline FePO4-2H,0 and AIPO,4-2H,0 phases has been
reported in the literature.® 3 FePO,:2H,O phases include
strengite and metastrengite, whereas AIPO,-2H,0 phases
include variscite and metavariscite. Strengite and variscite are
orthorhombic systems, Pcab, whereas metastrengite and meta-
variscite are monoclinic systems, C2/m. They are interesting in
both environmental and technological fields such as catalysts,
wastewater purification systems, ferroelectrics, lithium batteries,
and the steel and glass industries.*”" With reference to the
former, the formation of Fe- and AI-PO, compounds helps
remove phosphate from wastewaters, or in other instances, their
dissolution helps regulate the release of phosphate and Fe in
acid soils.* 2 In terms of technological relevance, Fe- and Al-
PO, materials are important in the area of catalysis and
electrochemical cells, due to their surface acidity and thermal
and chemical stabilities.” 1 It is known that, to some extent,
Fe(l11) and Al(I1) cations can substitute for each other within
the structure of these materials. Moreover, there exists a
stoichiometric mineral known as AlgsFegsPO4+nH,0, in which
both cations are in a 1:1 proportion.** The Fe- and Al-phosphate
solid solution is of interest because the varying composition of
metal cations can change their useful properties such as a
catalyst for organic syntheses***2 and electrochemical cells for
lithium batteries.®”
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The miscibility in the Fe- and AIPO, system as well as the
dehydration behavior of both FePO,-2H,0 and AIPO,-2H,0
has been the subject of intense scientific research.*>'* The
thermal treatment of iron aluminum phosphate hydrate
(AlgsFeosPO4-nH,0; n = 1.8 to 2.5) relating to the dehydration
reaction at high temperatures has a great synthetic potential, as
it may turn a simple compound into an advanced material
(AlgsFeosPOy). The losses of constitutional and crystallization
water of a solid during thermal treatment influence dispersity,
layer thickness, specific area, porosity, shape, and size of the
material,"~* which are useful physical properties for specific
applications.**** Thermogravimetry is a universal technigque
widely used for the measurement of kinetic and thermodynamic
parameters of dehydration and/or decomposition reactions,
which involve physical changes and chemical reactions in
the fields of industrial and scientific research.*>*® However, the
mixing properties and the dehydration behavior of the
AlgsFeqsPO,-nH,0 solid solution have not been studied. Herein,
the present work includes the mechanism, Kinetics, and ther-
modynamics associated with the transition from AlgsFesPO4*
2.5H,0 to AlysFeosPO, phases using TG-DTG-DTA (thermo-
gravimetry, differential thermogravimetry, differential thermal
analysis) and DSC (differential scanning calorimetry). The
obtained data play an important role in the theoretical study,
application development, and industrial production of the
compound as a basis of theoretical analysis and will be important
for further studies of this compound.

2. Experimental Section

2.1. Sample Synthesis. AlgsFeqsPO4-2.5H,0 powder was
synthesized by mixing the solutions of 0.1 M FeCl;-6H,0, 0.1
M A|C|3'6H20, and 0.2 M NaH2PO4'H20 with 2.0 M NaOH,
following the coprecipitation method. Appropriate amounts of
0.1 M FeCl;3-6H,0 and 0.1 M AICI;-6H,0 were mixed in a
beaker followed by adding an equivalent amount of 0.2 M
NaH,PO,+H,0 with magnetic stirring at 90 °C. Finally, the gel
solution was obtained by adding 2.0 M NaOH until the solution
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Figure 1. TG-DTG-DTA curves of AlysFeqsPO,+2.5H,0 in dry air at
heating rates of (5, 10, 15, and 20) °C-min~2.

reaches pH 3.80. The precipitates were filtered by suction,
washed by hot deionized water, and dried in air. The resultant
solid was kept in a desiccator for further investigation.

2.2. Sample Characterization. Thermal analysis measure-
ments of about (8.0 £ 0.3) mg sample mass were carried out
by a Pyris1 Perkin-Elmer apparatus with an alumina crucible
at heating rates of (5, 10, 15, and 20) °C+-min~! in dynamic air
in the range of (30 to 900) °C. DSC was carried out for samples
((5 to 10) mg) in aluminum crucibles, over the temperature range
of (50 to 500) °C using DSC, a Perkin-Elmer DSC 204 F1
Phoenix apparatus. The heating rate employed was 10 °C+min~2.
The structures of the prepared sample and its decomposed
product were studied by X-ray powder diffraction using a D8
Advanced powder diffractometer (Bruker AXS, Karlsruhe,
Germany) with Cu Ka radiation (A = 0.1546 nm). The room
temperature Fourier transform infrared (FTIR) spectra were
recorded in the range of (4000 to 400) cm™! with eight scans
on a Perkin-Elmer Spectrum GX spectrometer with a resolution
of 4 cm™. The morphology was examined by scanning electron
microscopy (SEM) using Hitachi S4700 after gold coating.

3. Results and Discussion

3.1. Thermal Analysis. Figure 1 shows the TG-DTG-DTA
curves of the thermal decomposition of AlgsFeqsPO4+2.5H,0
at four heating rates. TG curves of AlysFeqsPO,4+2.5H,0 show
a single well-defined dehydration in the range of (30 to 300)
°C. The water eliminated below 100 °C is related to the physical
adsorbed water, whereas water eliminated at 100 °C and above
(200 °C) can be considered as crystal water and coordinated
water. The dehydration temperature obtained in this work
suggest that the water in hydrated binary aluminum iron
phosphate can be considered as physical adsorbed water and
crystal water.2°1718 The peaks in the DTG and DTA curves
closely correspond to the mass loss observed on the TG traces.
All TG-DTG-DTA curves are approximately the same shape.
However, the dehydration stage was shifted toward higher
temperatures when the heating rates increase, which indicate
that the mass loss is dependent on the heating rate. The average
observed mass losses of four TG curves are 26.22 % by mass,
which correspond to 2.51 mol of water, which is close to the
theoretical value for AlysFeqsPO,-2.5H,0 (26.11 %, 2.50 H,0).
An endothermic effect in the DTA curves is observed at about
100 °C that agrees with the respective DTG peak. Further, an
exothermic effect at 572 °C without appreciable weight loss is
observed in the DTA curve, which can be ascribed to a transition
phase from an amorphous to crystalline form of AlgsFeqsPO,. M
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Figure 2. DSC curve of AlysFeqsPO,-2.5H,0 at the heating rate of 10
K+min~ in a N, atmosphere.
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Figure 3. XRD patterns of AlysFeqsPO4+2.5H,0 (a) and its decomposed
product AlysFegsPOy (b).
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The retained mass of about 73.78 % is compatible with the value
expected for the formation of AlysFeqsPO,. The overall reaction
is:

AlyFeq PO, + 2.5H,0 — AlysFe,sPO, + 2.5H,0
1)

The binary iron aluminum phosphate, AlysFeqsPO,, is found
to be the final product of the thermal decomposition at T > 300
°C. The thermal stability, mechanism, and phase transition
temperature of the synthesized AlgsFeqsPO4+2.5H,0 are lower
than those of the dehydration reactions of individual metal
phosphates (AIPO,4+2H,0% and FePO,2H,0). On the basis
of these results, we can conclude that the different thermal
properties are caused by the incorporation of Fe and Al metals
in the skeleton.

The DSC curve of AlgsFeqsPO4-2.5H,0 (Figure 2) shows
an endothermic peak at 144 °C (onset peak at 61 °C) and an
exothermic peak at 520 °C (onset peak at 506 °C) due to the
dehydration and the transition phase from an amorphous to
crystalline form of this compound, respectively. The tempera-
tures of the DSC peaks are well in accordance with that of the
DTG and DTA peaks (Figure 1), so results of the TG/DTG/
DTA and DSC methods are credible.

3.2. XRD Analysis. The XRD studies of AlgsFeqsPOq4*
2.5H,0 and its dehydrated product AlysFeqsPO,4 revealed that
the structures remained in the amorphous or poor crystallization
phases as well as nanoparticles of these compounds (Figure 3).
The problem here is that the XRD data show poorly crystalline
patterns, which are no indication of AlpsFeqsPO,4+2.5H,0 and
AlosFeosPO, as separated phases. The studied compounds
synthesized by the precipitation route in this work were poor
crystalline phases, which differ from crystallization phases of
those synthesized by a hydrothermal method.>*° These results
are in agreement with the results reported in the literature.> *°
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Figure 4. FTIR spectra of AlysFeqsPO4+2.5H,0 (a) and its decomposed
pl’OduCt A|0_5F90_5PO4 (b)

3.3. FTIR Analysis. Figure 4 shows FTIR spectra of
AlysFegsPO,4+2.5H,0 and its dehydrated product AlgsFeqsPO,.
The vibrational motions of AlysFeqsP0O,+2.5H,0 are divided
into two block units of the water molecule H,O and phosphate
anion PO,®~, whereas AlysFeqsPOy is divided into a block unit
of the only phosphate anion PO,*". It is worth mentioning that
the antisymmetric stretching (voy), the symmetric stretching
(vom), and the bending (don) Vibrations of water molecules are
solely observed at (3440, 3220, and 1637) cm™2, respectively.
These bands disappear in the FTIR spectrum of AlgsFeqsPOy
(Figure 4b), implying the presence of anhydrous crystal. For
the intramolecular vibrations of the PO,%~ anion, we identify
the symmetric stretching mode at v; = 990 cm™, the doublet
at v, = (447 to 485) cm™?, the triplets v3 at (1000 to 1085)
cm™1, and the triplet v, in the region (570 to 640) cm™. For
condensed phosphates, the intensity of the P—O stretching IR
bands near 1000 cm™! are always greater than those near 880
cm™, assigned to the stretching vibration vp_o_p of P—O—P
bridges. These phosphate band positions of AlgsFeqsPO,e
2.5H,0 and AlysFeosPO, are in excellent agreement with
published data.*®2°

3.4. SEM Analysis. The scanning electron micrographs of
AlgsFeqsPO4-2.5H,0 (Figure 5a) and AlgsFeqsPO, (Figure 5b)
powders showed different uniform morphological features due
to the loss of crystallization waters. It can be seen that
the AlysFeosPO, powders were clearly coarser than the
AlgsFeqsPO4-2.5H,0 powders. The AlgsFeosPO, powders
consisted of round particles near 100 nm in size along with a
narrow size distribution Additionally, the SEM photographs
show that both crystals have grown through a combination of
surface deposition and agglomeration.

3.5. Kinetics Analysis. In the rate equation for the isothermal
decomposition of a solid-state process,?* A (solid) — B (solid)
+ C (gas) is often written from:

do/dt = Aexp(—E,/RT) f(o) (2)

In most thermal analysis experiments, the heating rate g =
dT/dt is a constant value, so eq 2 may also lead to the
corresponding equations of Ozawa? and Kissinger—Akahira—
Sunose (KAS)?® methods after integration.

. AE, E,
Ozawa equation: In 8 = In — 5.3305 — 1.0516 RT

Rg(o) o
KAS equation: In(%) = In(%) - (E—f’l‘_) (4)

where A (the pre-exponential factor) and E, (the activation
energy) are the Arrhenius parameters and R is the gas constant.
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Figure 5. SEM photographs of AlysFeysPO,+2.5H,0 (a) and its decomposed
prOdUCt AlgsFegsPO, (b)

The g(a) = s§(do/f(cr)) is the integral form of f(a), which
is the reaction model that depends on the reaction mechanism.
The reaction can be expressed through the temperatures corre-
sponding to fixed values of the extent of conversion (o. = (my
— my)/(my — my), where my, m,, and my are the initial, actual,
and final sample mass at time t) from experiments at different
heating rates (53).

Hence, the dependences of In B and In B/T? on 1000/T,
calculated for the same a values (0.10 to 0.90) at different
heating rates 8 ((5, 10, 15, and 20) °C-min~') can be used to
calculate the activation energy, so we can obtain the activation
energies through the experimental data for the dehydration of
AlgsFegsPO42.5H,0 as shown in Table 1. The activation
energies E, can be calculated from the slopes of the straight
lines with a good coefficient of determination (R? > 0.99). The
activation energies worked out through the Ozawa and the KAS
methods vary slightly, so the results are credible. If E, values
are independent of a, the decomposition may be a simple
reaction, while the dependence of E, on a should be interpreted
in terms of multistep reaction mechanisms.?*2° From Table 1
it can be seen that the activation energies decrease first and
increase at o higher than 0.6. A decreasing dependence of E,
on o is found for consecutive reactions, while an increasing
dependence of E, on a is found for competitive reactions.
According to the decreasing E, at o < 0.6, the kinetics scheme
of which corresponds to a reversible reaction followed by an
irreversible one. In addition, the increasing E, at o > 0.6
corresponds to a two-pathway competitive reaction model.?*%
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Table 1. Activation Energies (E,) Versus the Coefficient of
Detemination (R?) Calculated by Ozawa and KAS Methods for the
Dehydration of AlysFegsPO4°2.5H,0

Ozawa method KAS method
o E,/kJ-mol ! R? E,/kJ-mol~* R
0.1 231.14 0.9985 237.50 0.9985
0.2 158.58 0.9937 160.99 0.9933
0.3 136.83 0.9968 137.98 0.9965
0.4 129.85 0.9984 130.54 0.9983
0.5 126.05 0.9972 126.44 0.9970
0.6 125.90 0.9970 126.16 0.9966
0.7 136.37 0.9976 137.02 0.9974
0.8 167.18 0.9989 169.21 0.9988
0.9 275.09 0.9959 323.93 0.9957

So it is concluded that there is a fourth reaction for the
dehydration reaction. Additionally, the obtained activation
energy values of the dehydration reaction of the studied
compound are higher than those of individual metal phosphates
(69.68 + 7 ki-mol~* (Kissinger method) for AIPO4+2H,0""
and 68.48 + 1 kJ-mol~! (Flynn—wall—Ozawa method) and
65.55 & 1 kJ-mol~* (KAS method) for FePO,*2H,0*® reported
in our previous works. As can be clearly seen, there is a direct
relationship between the cation radius of Al(111) and Fe(lI1) and
its thermal stability and activation energy of the dehydration
reaction. A common conclusion is that the reason for this is
the different interaction of iron and aluminum with water
molecules in the structure, which supports the incorporation of
Fe and Al metals in the skeleton and forms the AlysFeqsPO4¢
2.5H,0 solid solution.

The Arvami exponent, n, can be evaluated by the Ozawa
equation. First, the volume fraction of phase transition X, at the
same temperature, T, from four crystallization steps under
different heating rates is calculated by the ratio of partial area
at T to the total area of crystallization. After plotting In[—In(1
— X))t versus In(8) and if the data can be fitted to the linear
function, then the slope of the function is —n,?® which is really
the combined process of nucleation and growth. The most
common approach used to describe the overall nonisothermal
crystallization is given below:

_dIn[=In(1 — X)]
N d In(B) ®)

The volumetric function of the growth mechanism directly
affects the transformation rate, and the dimensionality of the
transformation is reflected in the value of the Avrami expo-
nent.?®2” Higher dimensionality leads to a higher value of the
exponent. Therefore, determination of the Avrami exponent
allows one to determine which geometric model of the phase
transformation is the best fit: one-, two-, or three-dimensional
growth. For the dehydration step of AlysFeqsPO4-2.5H,0, the
Avrami exponent, n, has a value of 1.11 (R? = 0.991), indicating
a one-dimensional growth mechanism. The Avrami exponent,
in addition to giving information regarding the dimensionality
of the growth, can also yield insight into the rate-determining
step (phase boundary control or diffusion control). An analysis
of the Avrami exponent suggests a phase boundary mechanism.

3.6. Thermodynamic Analysis. Thermodynamic parameters,
that is, enthalpy change (AH*/J-mol™t), heat capacity (C,/
J-mol~1-K™1), entropy change (AS*/J-mol~t-K™1), and Gibbs
energy change (AG*/J-mol~') were calculated from the DSC
experiment. The enthalpy change was calculated directly from
the amount of heat change involved in each step per unit mass
of the test sample. AH*, AS*, and AG* were calculated using
the following equations:*>*®

_ AH
G = AT ©)
T2
AS = 2.303C, log —- @)
1
AG* = AH* — TAS (8)

where AT = T, — Ty, Ty is the temperature at which the DSC
peak begins to depart the baseline, and T, is the temperature at
which the peak lands. T, is the DSC peak temperature at the
corresponding stage.

The values of AH*, AS*, C,, and AG* were calculated and
found to be 104.64 kJ-mol™!, 72.40 J-K'-mol~%, 290.75
J*K~t-mol %, and 744.57 kJ-mol~* for the dehydration reaction
and —852.61 kJ-mol™!, —10.74 J-Kl-mol™!, —968.21
J-Ktmol™, and 5.77 J-mol~* for a transition form, respec-
tively. The transition phase can be considered as the transforma-
tion of an amorphous to a crystalline form of this compound.”®
It is well-known that AS* can be less than, equal to, or higher
than zero. In the case when AS* < 0, the reactions are classified
as “slow” and when AS* > 0 as “fast”.?® 3 The positive value
of AS* indicates a malleable activated complex that leads to a
large number of degrees of freedom of rotation and vibration,
whereas the negative value of AS* indicates a highly ordered
activated complex, and the degrees of freedom of rotation as
well as of vibration are less than they are in the nonactivated
complex. Therefore, the dehydration reaction and a transition
form of AlysFeqsPO,-2.5H,0 may be interpreted as “fast” and
“slow” stages, respectively.?® 3° The positive and negative
values of the enthalpy AH* for the dehydration reaction and a
transition form are in good agreement with an endothermic and
an exothermic effect in DTA and DSC data, respectively. The
positive and negative values of AG* indicate that nonsponta-
neous and spontaneous processes for dehydration and a transition
form stages, respectively. The thermodynamic parameters
obtained indicate that the dehydration reaction is softer than
the transition phase reaction. The results obtained in this work
are different from those of the individual metal phosphates
(AIPO,+2H,0% and FePO,+2H,0)*® reported in our previous
work.

4. Conclusions

The results obtained in this study show that the dehydration
behavior of an AlgsFeqsPO4-2.5H,0 solid solution varies with
the function of their cations (AI(I1l) and Fe(lll)). The feature
of great interest here is that AlysFeqsPO,+2.5H,0 decomposes
at a relatively low temperature (< 300 °C). A fluctuating value
of E for different o can be assigned to a complex multistep
reaction process, which corresponds to the different interactions
of iron and aluminum with water molecules in the skeleton.
The thermal behavior and kinetic and thermodynamic parameters
of the dehydration reaction of AlysFeqsPO,+2.5H,0 are different
from those of individual metal phosphates (AIPO4+2H,0 and
FePO,4-2H,0), which result from the perturbation of the
molecular orbitals of the anion and cations occurring during
the formation of the studied compound. The Kkinetic and
thermodynamic data obtained from such studies can be directly
applied in material science for the synthesis of various composite
compounds.
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