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Abstract: The authors present here the decomposition of
un-irradiated (pristine) as well as of gamma (γ) and electron
beam (EB) irradiated samples of europium (III) acetate hy-
drate (EuAc.xH2O) in the temperature range of 25–900 °C in
the air atmosphere. Two absorbed doses of 103 (γ-ray) and
102 kGy (EB) were examined. The profiles of the TG curves of
the dehydration process display noticeable changes in
induction periods and mass loss percentages by exposure to
irradiation. The kinetics of the dehydration process
were analyzed using both model-fitting and model-free
approaches. The dehydration process was controlled by the
phase boundary model (R2). The Ea −α plots indicate that the
dehydration is not a complex process and follows one
reaction mechanism. Powder X-ray diffraction displayed
that europium acetate hydrate crystallizes in a monoclinic
system (SG P2/m), and no phase transformationwas detected
by two sources of irradiation up to 103 (γ-ray) and 102 kGy
(EB). Thermodynamic parameters of the dehydration pro-
cess were calculated and assessed. A predicted thermogram
(TG) of the isothermal dehydration of EuAc.xH2O was con-
structed from non-isothermal data and used to determine
the reaction model and the kinetic parameters of the dehy-
dration process.

Keywords: gamma irradiation; electron beam irradiation;
non-isothermal dehydration; isoconversional approach;
europium acetate hydrate

1 Introduction

The thermal properties of inorganic materials are signifi-
cantly affected by ionizing radiation (X-rays or γ-rays).1

Previous investigations carried out by our research group
concerning the thermal decomposition of metal acetylacet-
onates and acetates demonstrated that substantial alter-
ations in the thermal decomposition characteristics could
result from pre-exposure to both indirect and direct ionizing
radiation. An increase in the absorbed dose by a substance
generally results inmodifications in the reactionmechanism
and thermodynamic parameters of the decomposition pro-
cess, as well as a reduction in the induction period.2–5 Rare
earth acetylacetonates and acetates exhibit considerable
potential as precursors to rare earth oxide nanoparticles,
which are utilized in industrial and technical applications.

It has been found that isoconversional methods offer
several advantages over model-fitting approaches and could
potentially account for the discrepancy in apparent activa-
tion energies that arise from the conversion degree, α, or the
dependence of Ea −α.6,7 Model-free approaches to calculate
the values of Ea are supported by nonlinear and linear iso-
conversional methods, which operate on the premise that
the rate of a solid-state reaction, α, is solely determined by
temperature. Thermally stimulated solid-state reactions are
an intrinsically multi-step process for which the apparent
activation energy, Ea, is variedwith the conversion degree, α.
Even if Ea shows a constant value, there is still a possibility
that many intrinsic reactions have nearly similar kinetic
barriers, and the overall kinetics is determined by a single
stage.8–10 Thermal investigations about lanthanide acetates
were primarily concerned with identifying the gaseous
byproducts and evaluating the characteristics and stability
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of the intermediates; the mechanisms and kinetics of the
thermal decomposition reactions were not further clari-
fied.11 We present in this work the initial phase of our
investigation on the thermal dehydration of Eu(CH3COO)3.
xH2O; our purpose was as follows:
a) Radiation-induced impacts on the thermal behaviour

and phase transformation of EuAc.xH2O.
b) Kinetics investigations of the thermal dehydration of

pristine EuAc.xH2O by using nonlinear and linear iso-
conversional methods.

2 Materials and methods

2.1 Materials

The formula for Europium (III) acetate hydrate (99.9 %) is as
follows:

(Or shortly EuAc.xH2O) was obtained commercially
from Alfa Aesar and was utilized without additional
purification.

2.2 Experimental methods

Thermogravimetry (TG) experiments were conducted on the
model TGA Q50 V20.13 Build 39 thermal analyzer (EGA/
U.S.A.). Every experiment is conducted in an air-filled
atmosphere. 40 mL/min was the rate of flow. The heating
rates utilized in this experiment were dynamic
(non-isothermal): 5, 10, and 12.5 °C/min. It was observed that
the data displayed overlaps when duplicate runs were per-
formed under identical conditions, which indicates that the
reproducibility was satisfactory. On a Philips Model PW1710
utilizing CuKα radiation (λ = 1.54 Å) and operating at 30 mA,
P-XRD patterns were recorded. The continuous speed of the
scan mode was 0.06 deg/min.

Irradiations by gamma rays and electron beams were
conducted at the Egyptian Atomic Energy Authority (EAEA),
National Centre for Radiation Research and Technology
(NCRRT), located in Cairo, Egypt. To irradiate the sample
with electron beams, a 25 kW electron accelerator with a
magnitude of 1.5 MeV was utilized. The speed of the
conveyor was modified by 20 mm/min. The dose rate was
determined by employing the FWT-60-00 dosimeter, which
had undergone calibration using the Ceric/Cerous

dosimeter. To subject the samples to γ-ray irradiation, they
were vacuum-encapsulated in glass vials and subjected to
continuous radiation exposure via a Co-60 γ-ray source. A
dosage rate of 1.3 kGy/h was utilized in all irradiation ex-
periments conducted at a temperature of 25 °C. Precise
adjustments were achieved to the absorbed doses in the
irradiated samples by utilizing the mass attenuation and
energy absorption coefficients for both the sample and the
dosimeter solutions. This was done after the absorbed dose
had been attenuated and the source had been calibrated
against a Fricke ferrous sulfate dosimeter by ASTM stan-
dard practice E 1026-13.12 KBr pellets were subjected to
transmission mode FT-IR analysis within the wavenumber
of 4,000–400 cm−1.

2.3 Mathematical methods

2.3.1 Kinetic calculations

Incongruent dissociative vaporization results in the forma-
tion of a gaseous product C(g) and a solid product B(s), which
describes the non-isothermal dehydration of EuAc.xH2O.

A(s)→ B(s) + C(g)
The solid product that results from a solid reactant

transformation exhibits significant differences in both
crystal structure and morphology. This is evident in the
formation of conglomerates consisting of separated nano-
particles of product, which are nearly “transparent” in the
case of an exhaust flow containing different gas products
generated during thermal decomposition reactions.13

Equation (1) was utilized for calculating the conversion
degree, α.

a = mo −mT

mo −mf
(1)

Where mf, mT, and m0 are the final, current, and initial
sample mass at the temperature T, respectively.

The basic equations of the isoconversional model used
in this work were reported in our previous publication.5

The following linear isoconversional methods, namely,
Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose (KAS),
Tang, and Iterative equations (equations (2)–(5), respec-
tively),14–23 were applied in this work.

ln β = ln
AEa

Rg(α) − 5.3305 − 1.052
Ea

RT
(2)

where Ea denotes the apparent activation energy, Jmol−1, A
denotes the pre-exponential factor, s−1, T is absolute tem-
perature, K, β is the heating rate, Ks−1, g(α) is the integral
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function of conversion, and R is the gas constant,
8.314 J mol−1 K−1.

ln( β

T2) = ln
AR

Ea g(α) −
Ea

RT
(3)

ln
β

T 1.894661 = (ln AEaα

Rg(α) + 3.63504095

− 1.89466100 ln Eaα) − 1.00145033
Eaα

RT
(4)

ln( β

h(x)T2) = ln
AR

Ea g(α) −
Ea

RT
(5)

where h(x) is expressed by the fourth Senum and Yang
approximation formulae24

h(x) = x4 + 18x3 + 88x2 + 96x
x4 + 20x3 + 120x2 + 240x + 120

(6)

The temperature integral (Px) was approximated based
onDolyʹs and the Coats-Redfern approximations25,26 for FWO
and KAS methods. Tang et al. method utilizes the following
approximation.

P(x) = exp(−x)
x

·
1

1.00198882x + 1.87391198
(7)

For a constant conversion, the data acquired at different
heating rates should be employed in the generation of linear
trends that depict the correlation between the left-hand side
of each equation and 1/T. The slope of these lines should be
proportional in a direct manner to the respective values of
1.052 Ea R, Ea/R, 1.00145033 Ea/R, and Ea/R. The Ea values were
determined through the experimental data numerical fitting
utilizing the least-square fitting procedure integrated into
the MATLAB 2015 software.

The Friedmanmethod, which permits the determination
of the activation energy without any information or as-
sumptions concerning the reaction model or temperature
integral, is the most frequently employed isoconversional
differential method.

ln(dα
dt
) = ln f (α) + lnAα − Ea

RT
(8)

where t is the time (min), α is the conversion degree, and f(α)
is the conversion function dependent on the reaction
mechanism. Table 1 contains a compilation of reaction
models utilized in solid-state reactions.

By plotting the left-hand side of equation (8), ln(dα/dt),
against 1/T, it is possible to derive linear fittings for points
undergoing the same conversion degree. Determining the
activation energy at a certain conversion is possible by
examining the corresponding line slope.27–29

Due to the inherent complexity of solid state reaction
processes as a whole,30 this study utilized two kinetic
methods in tandem to process the DTG data and compute
the Arrhenius parameters, including the pre-exponential
factor (A) for the dehydration step and the activation energy
(Ea). The following describe these methods:

Kissinger equation:16

ln( β

T2
m
) = ln

AR
Ea

− Ea

RTm
(9)

where Tm is the maximum peak temperature
Ozawa–Flynn–Wall equation:31

ln β = ln( AEa

Rg(α)) − 2.315 − 0.4567
Ea

RTm
(10)

2.3.2 Study of the thermal dehydration mechanism

2.3.2.1 Master plots based on the integral form of the
kinetic data
To evaluate the reaction mechanism, the kinetic data were
analyzed employing the master plots method with the
equation provided below.32

P(x)
P(x0.5) =

g(α)
g(0.5) (11)

where x0.5 = Ea/(RT0.5), T0.5 is the temperature required to
obtain a 0.5 conversion degree (α = 0.5).

Table : Reaction models used in this work.

Symbol Reaction model f(α) g(α)

D One dimensional diffusion /α α

D Two-dimensional diffusion
(bidimentional particle shape)
Valensi equation

/[-ln(-α)] (-α)
ln(-α)+α

D Three-dimensional diffusion (tridi-
mentional particle shape) Jander
equation

(-α)//
[(-α)−/-]

[-(-α)/]

A Avrami-Eroféev(n = ) (–α)[–
ln(–α)]/

[–ln(–α)]/

A Avrami-Eroféev(n = ) (–α)[–
ln(–α)]/

[–ln(–α)]/

A Avrami-Eroféev(n = ) (–α)[–
ln(–α)]/

[–ln(–α)]/

F First-order (Mampel) (–α) –ln(–α)
R Phase-boundary controlled

reaction(contracting area,
i.e., bidimensional shape)

(–α)/ [–(–α)/]

R Phase-boundary controlled
reaction(contracting volume,
i.e.,tridimensional shape)

(–α)/ [–(–α)/]
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Equation (11) consists of the experimental data on its left
side and different equations representing theoreticalmodels
on its right side.5

2.3.2.2 Málek’s equations
The Málek equations were utilized in the current study to
determine themost suitable kinetic model. Equation (13) can
be derived from the rearrangement of equation (12) to
facilitate further evaluation of the special function y(α).33–35

dα
dt

= A exp(−Ea

RT
)f (α) (12)

y(α) = dα
dt
e
Ea
RT = Af (α) (13)

The z(α) function is introduced to formulate as

z(α) = f (α)g(α) = P(x) dα
dt*

T
β

(14)

Equations (13) and (14) demonstrate that theEa valuemust be
known under non-isothermal conditions. By plotting the
dependence of y(α) and z(α), normalized with the values 0−1,
the reaction model type can be identified by calculating the
maximal values, including αp, αm, and α∞P observed from the
plots between dα/dt, y(α), and z(α) functions versus α,
respectively.

The mathematical properties of the y(α) and z(α) func-
tions of fundamental kinetic models are succinctly outlined
in Table 2.36,37

2.3.2.3 Determination of the most probable mechanism
function
The estimation of the most correct reaction mechanism was
performed utilizing the subsequent equation, i.e., the g(α)
function :22

ln g(α) = [ln AEa

R
+ ln

e−x

x2
+ lnh(x)] − ln(β) (15)

Through the application of a linear regression of the
least squares method and the plotting of ln g(α) against ln β,
it is possible to ascertain that the slope of the straight line
is −1.00000 and that the linear correlation coefficient R2 is
equivalent to unity. These results are contingent upon the
investigated mechanism conforming to a particular g(α)
function. Ascertained Ea and lnA values do not influence the
shape of the most accurate reaction mechanism functions.

2.3.3 Thermodynamic calculations

The values of the thermodynamic parameters ΔS#, ΔH#, and
ΔG# required to determine the formation of the activated
complex from the reactants were calculated using the
equations reported elsewhere.5,38

3 Results and discussion

3.1 Thermal decomposition of EuAc.xH2O

Figure 1 compares the TG curves obtained by subjecting
pristine and irradiated EuAc.xH2O in an air atmosphere to a
temperature increase from room temperature to 900 °C.

Overall, the TG curve of EuAc.xH2O distinguished the
following three principal decomposition steps I, II, and III:

3.1.1 Event-I (dehydration step)

This process occurs between 80 and 180 °C and is associated
with the sequential depletion of water content. This step was
accompanied by a single endothermic peak at 138 °C. The

Table : Summary of kinetic mechanism determinations.

Symbol Reaction model y(α) z(α)

D One dimensional diffusion – –

D Two-dimensional diffusion (bidimentional particle shape) Valensi equation Concave .
D Three-dimensional diffusion (tridimentional particle shape) Jander equation Concave .
JMA Johnson Mehl Avram general equation (growth of nuclei) n(–α)[–ln(–α)]-/n .

n < : Concave
n = :linear
n > :< αm< αp

R Phase-boundary controlled reaction (contracting area, i.e., bidimensional shape) Convex .
R Phase-boundary controlled reaction (contracting volume, i.e.,tridimensional shape) Convex .
SB(m,n) Sestak-Berggren (Autocatalytic model) αm(-α)n

< αm< αp

Depending on exponents
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observed mass loss (ML) of 5.78 % is close to the theoretical
value of 5.67 %.

In contrast to the irradiated samples of EuAc.xH2O, the
TG/DTG curves illustrate a nearly identical decomposition
behavior. The endothermic peak associated with the dehy-
dration step moves toward higher temperature ranges in
γ-irradiated samples.

3.1.2 Event-II (release of acetate moieties)

The temperature range of 270–521 °C was determined to be
conducive to the decomposition process, which was accom-
panied by the formation of an intermediate compound
composed of Eu2O2(CO3) oxycarbonate and the liberation of
three acetate moieties. The step was followed by two
exothermic peaks with centers at 367.73 °C and 394.57 °C.

3.1.3 Event-III (formation of europium oxide)

A wide-ranging endothermic peak, with its center at 630 °C,
was detected throughout this process, which transpired
between 590 and 680 °C. The procedure entails the decom-
position of Eu2O2(CO3) into a non-stoichiometric intermedi-
ate compound [Eu2O3.xO]. As calcination proceeds at 880 °C,
this compound transforms into the pure phase of Eu2O3. The
sum of the total mass losses (WL) is approximately 48.70 %,
which is consistent with the 50.45 % of Eu2O3 residue
remaining after decomposition. Compared with pristine
sample, irradiated samples of EuAc.xH2O, the TG/DTG curves
display an increase in the decomposition percentage and a
reduction in the induction period in the case of γ and EB,
respectively.

Thermal events associated with the dehydration of pris-
tine and irradiated samples of EuAc.xH2O are listed in Table 3.

The conversion degree, α, versus T for EuAc.xH2O at
various heating rates (β), is illustrated in Figure 2. The results
indicate that the α is contingent upon the particular heating
rate chosen at a given temperature.

3.2 Analysis of the non-isothermal data

The activation energy values were computed using the FWO,
KAS, Tang, Friedman, Iterative, and Vyazovkin methods and
are presented in Table 4.

The Ea–α plot for the different linear isoconversional
methods and the nonlinear Vyazovkinmethod are shown in
Figure 3(a). The data illustrate a consistent pattern in the
behavior between Ea and α, although different values are
obtained when the Friedman equation is applied due to the
linear and nonlinear methods used to approximate the
temperature integral. It should bementioned that the values
of Ea obtained by nonlinear Vyazovkin are best fitted to KAS
values, as indicated in Figure 3(a). The systematic decrease in

Figure 1: TG curves for the thermal decomposition of pristine as well as
of gamma and electron-beam irradiated EuAc.xH2O.

Table : Thermal events for the dehydration of EuAc.xHO.

Sample type Initial
temperature

Ti (°C)

Final
temperature

Tf (°C)

Max mass loss
DTGmax (°C)

Pristine   

γ-Irradiated   

EB-irradiated   

Figure 2: Variation of conversion degree, α, with temperature during
non-isothermal dehydration of EuAc.xH2O at the heating rates inserted in
the figure.
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the values of Ea by an increase in the conversion degree
indicates that the dehydration process is controlled by one
reaction mechanism.39 The same trend was observed for the
lnA – α plot as shown in Figure 3(b).

A correlation between lnA and Ea is not expected to exist
in general; however, it does so in this specific case. The
kinetics model is mathematically simplified by this correla-
tion. As shown in Figure 4, we therefore plotted the lnA and

Ea obtained from each method and observed a linear rela-
tionship between them.40

Application of Kissinger and Ozawa–Flynn–Wall using
the values of Tmax at different heating rates (equations (9)
and (10)) are presented in Figure 5. Ea and lnA values ob-
tained by these two methods gave comparable results with
those obtained by isoconversional methods and the results
are listed in Table 5.

Figure 3: Dependencies of the activation
energy, (a) Ea (kJ/mol) and (b) ln A (s−1) on
conversion degree, α, for non-isothermal
dehydration of EuAc.xH2O according to
isoconversional methods.
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3.3 Study of the thermal dehydration
mechanism

Utilizing equation (11), analyzing non-isothermal data by the
master plots method model R2 served as an appropriate
model for describing the reaction mechanism of the dehy-
dration process with minimum values of the standard
deviation as determined by equation (20). The findings are
illustrated in Figure 6.

The introduction of the reaction model R2 into equation
(16) yields the equation (17):

g(α) = AEa

βR
∫
∞

x

e−x

x2
dx = AEa

βR
P(x) (16)

1 − [(1 − α)]1/2 = AEa

βR
P(x) (17)

The Arrhenius frequency factor (A) can be calculated by
plotting the left-hand side of equation (17) against EaP(x)/βR.
The outcome is displayed in Figure 7, and the corresponding
value of lnA is added to Table 4.

The variations of α versus T and dα/dt versus T for the
thermal dehydration of EuAc.xH2O are illustrated in
Figure 8.

Málek equations (13) and (14) generated the experimental
plots between normalized y(α) and α and normalized z(α) and
α by utilizing the two plots. A summary of the mathematical
properties of the y(α) and z(α) functions as they pertain to the
fundamental kinetic models is presented in Table 2.

Figure 9 illustrates the variations of the normalized y(α)
and z(α) functions on the conversion degree. The average Ea

value of 35.66 kJ/mol, which was determined utilizing the
Friedman method, was utilized in the calculation of the
aforementioned functions (y(α) and z(α)). The variations of
dα/dt versus α, y(α) versus α, and z(α) versus α are illustrated
in Figure 9, where the heating rate is 5 °C/min. There are no
significant differences observed in the experimental plots
for the remaining two heating rates of 10 and 12.5 °C/min.
Following this, the function of the most likely reaction
mechanism for the dehydration process is established. The
experimental data were described by the reaction mecha-
nism function, which was calculated using the isoconver-
sional Málek equations. The shape of z (α) is substantially
identical for all heating rates and displays an average
maximum of conversion at α∞P ≈ 0.750 which coincides with
the Masterplots R2 model. The convex y (α) function of the R2
model is also shown as inserted in Figure 9.

Equation (15) on the left-hand side was updated with the
conversion degree (α) values corresponding tomultiple rates
measured at the same temperature after evaluating each of
the mechanism functions listed in Table 1. Slope and corre-
lation coefficient were calculated using the relationship
between ln g(α) and ln β as the plot. Themechanism function
with the highest correlation coefficient and the straight line
slope value closest to −1.00000was considered to be themost
probable. Using the same methodology, the probable
mechanism was determined using the values of conversion
degree (α) that corresponded to multiple rates at the same
temperature, provided that multiple g(α) functions met this
criterion. Hence, the mechanism function was considered to
be the most probable when the linear correlation coefficient
R2 approached unity and the slope of the straight line
approached 1.00000.23

As shown in Table 6, the slope derived from the function
of R2 for the dehydration of pristine EuAc.xH2O was the
closest to −1.0000, and the correlation coefficient R2 was
superior. Therefore, it can be concluded that the function
g(α) = [1–(1–α)1/2] in integral form and f(α) = 2(1–α)1/2 in dif-
ferential form are both components of the mechanism of
phase boundary reaction. This function is highly likely to
characterize the EuAc.xH2O dehydration step.

3.4 Thermodynamic parameters

The thermodynamic parameters for the dehydration stage
were computed utilizing the average activation energy and
the pre-exponential factor. The results are given in Table 7.
Based on the negative entropy value of the dehydration
process, the reactant in the transition state, the activated
compound, is more systematically arranged and possesses a
reduced number of degrees of freedom concerning rotation

Figure 4: The relationship between ln A(s−1) and Ea (kJ/mol) in the
dehydration process of EuAc.xH2O using isoconversional methods.
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and vibration compared to the non-activated compound at
the commencement of the dehydration process.41 The posi-
tive values of ΔH# and ΔG# indicated that the dehydration
process is non-spontaneous and is associated with heat
absorption.

Figure 5: Kinetic parameters for thermal
dehydration of EuAc.xH2O (a) plot of ln (β/ T2m)
versus1/Tm (Kissinger) and (b) plot of ln β
versus 1/Tm (Ozawa).

Table : Kinetic parameters for thermal dehydration of EuAc.xHO.

Method Ea (kJ mol−) ln A (S−) R

Kissinger . . .
Ozawa . . .
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To assess the reliability of the estimated kinetic pa-
rameters derived from the employed techniques, the DTG
curves utilizing the calculated kinetic parameters were
plotted in Figure 10 and compared with experimental data
collected at a heating rate of 5 °C/min−1 under non-
isothermal conditions. The inability of the Tang, FWO, and
KAS methods to produce a satisfactory match with the
experimental DTG curve at a rate of 5 °C/min−1 is illustrated
in Figure 10. On the contrary, the Friedman method pro-
duced reliable kinetic parameters for the dehydration step
by exhibiting good agreements.

Figure 6: Theoretical and experimental master plots for the thermal
dehydration of EuAc.xH2O at the heating rates selected in this work. (See
Table 1 for the abbreviations of the reactionmodels inserted in the figure).

Figure 7: Determination of A value by plotting the selected reaction
model against EaP(x)/βR for the thermal dehydration of EuAc.xH2O at the
heating rates applied in this work.

Figure 8: α versus T and dα/dT versus T for the thermal dehydration of
EuAc.xH2O at heating rate of 5 °C/min.

Figure 9: dα/dt versus α, y(α) versus α, and z(α) versus α plots for the
thermal dehydration of EuAc.xH2O at heating rate of 5 °C/min.

Table : The most probable mechanism function g(α), slope and the
correlation coefficient of linear regression R for different reaction
models.

Reaction model Slope R

A −. .
A −. .
A −. .
D −. .
D −. .
D −. .
R −. .
R −. .
F −. .
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Figure 11 illustrates that the experimental and
computed data were nearly identical, indicating that the
kinetic triplets can reproduce and predict the thermal
dehydration process of EuAc.xH2O with high accuracy.

3.5 Prediction of isothermal kinetics

Equation (18) can be utilized to calculate the time at which
the specified conversion will occur at an arbitrary temper-
ature T0, enabling the application of the model-free iso-
conversional approach developed by Friedman to forecast
the isothermal conversion as a function of time beginning at
any given temperature T0.42,43

tα =
∫
Tα

0
exp(−Ea

RT) dT

β exp(−Ea
RT0

)
(18)

Where Tα is the temperature of the non-isothermal
process at a given conversion degree (α), with constant
heating rate β and at a fixed temperature T0. Equation (18)
was applied to the dehydration decomposition to predict the
isothermal conversion as a function of reaction time at four
different temperatures, and the results are shown in
Figure 12.

gj(α) = ∫
α

0

dα
f (α) = kj(Ti)t (19)

The subscript j represents the selected reaction model.
Substituting gj(α) = R2 for the pristine sample and plotting
gj(α) versus t at the selected temperatures 360, 370, 380, and
390 K gave four straight lines, the slopes ofwhich correspond
to the rate constants (kj). The findings are illustrated in
Figure 13.

The rate constants at various temperatures Ti are
calculated for a given reaction model, and the Arrhenius
parameters are determined using equation (21).

Table : Values of thermodynamic parameters for the thermal dehy-
dration of EuAc.xHO.

ΔS# (kJ mol- K−) ΔH# (kJ mol−) ΔG# (kJ mol−)

−. (-.)a . (.) . (.)

aThe thermodynamic data in parentheses are computed from predicted
isothermal data.

Figure 10: Non-isothermal DTG curves from the Friedman, Tang, FWO,
KAS methods against the experimental data (β = 5 οC min−1).

Figure 11: Computed and experimental α for the thermal dehydration of
EuAc.xH2O.

Figure 12: Predicted isothermal data (α vs. t) for the decomposition of
EuAc.xH2O at the temperature range of (360–390 °C).
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ln(kj(Ti)) = ln(k0j) − Eαj

RTi
(20)

ln kj = lnAj − Ea, j

RT
(21)

Plotting the left-hand side, which includes ln k versus 1/T, gives
Ea and lnA from the slope and intercept, respectively. The
computed Ea and lnA parameters obtained from isothermal
data were found to be in good agreement with those obtained
from experimental non-isothermal data using the Friedman
method (see Table 4). Once again, it could be emphasized that
the Friedmanmethod is themost reliablemethod to bestfit the
kinetic characteristic of the thermal dehydration process of
EuAc.xH2O.For the predicted isothermal decomposition, en-
tropy and enthalpy values of the dehydration process were
calculated using the following equation.

ln
k
T
= − ΔH

#

RT
+ ln

R
Nh

+ ΔS#

R
(22)

The slope and intercept of the function ln k/T versus 1/T
are denoted as ΔH# and ΔS#, respectively, when k represents
the rate constant, R signifies the gas constant, T represents
the absolute temperature, N signifies Avogadroʳs number,
and h signifies Planckʹs constant. The calculated values are in
good agreement with the values obtained from the non-
isothermal experiments .44,45 The calculated thermodynamic
parameters are also recorded in Table 7.

3.6 Further investigation of the dehydration
process

The X-ray powder diffraction (P-XRD) technique was
employed to evaluate the crystal structure of pristine as

well as of gamma and electron beam (EB) irradiated sam-
ples of EuAc.xH2O. XRD patterns of the three samples with
different kinds of treatment display almost the same
diffraction profiles. No changes in the position of the
diffraction lines were detected by irradiation. Neither the
disappearance of the diffraction lines nor the appearance
of new diffraction lines were detected upon irradiation. A
fullprof program was used to determine the crystallo-
graphic data of EuAc.xH2O.46 All the diffraction lines of the
three investigated samples were indexes to the monoclinic
system (SG P2/m).

It is worthmentioning that the intensities of diffraction
lines of γ-irradiated and EB- irradiated samples were
higher than those reported for EuAc.xH2O before radiation
treatments. These results were in good agreement with the
higher activation energy values of 120 and 113 kJ/mol re-
ported for γ-irradiated and EB- irradiated samples,
respectively, compared with the calculated activation en-
ergy value of the pristine sample (the results of the kinetic
analysis of γ-irradiated and EB-irradiated samples will be
published separately). Table 8 lists the obtained crystallo-
graphic data.

Figure 14 illustrates the IR spectra of pristine and
irradiated EuAc.xH2O. Irradiation did not induce the
appearance of a new band or the disappearance of an
existing one.

It should be mentioned that the decrease in the
intensities of FT-IR bands assigned to water molecules for
γ-irradiated and EB-irradiated samples was found to have
lower intensities than the pristine sample. These results
indicate that the samples’ pre-irradiation led to the sym-
metrical orientation of the water molecules. This finding is
in fair agreement with the data obtained from X-ray and
kinetic calculations .47

Table 9 provides a list of the most major characteristic
bands along with their respective assignments.

It is important to mention that the separation Δv
between the symmetric and asymmetric frequencies of the
COO− group provides insight into the coordination charac-
teristics of the COO− anion with the lanthanide metal. The
observed separations (Δv) in the EuAc.xH2O samples under
investigation fall within the range of 107–117 cm−1, This
result suggests the presence of the acetate anion as an
unidentified ligand.48

4 Role of irradiation

The passage of charged particles EB and gamma ray (γ)
through the sample may cause extensive ionization and
electronic excitation, which in turn lead to bond rupture,

Figure 13: Kinetic analysis of the predicted isothermal data for the
dehydration of EuAc.xH2O at the temperature range of (360–390 °C).
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free radicals production, vacancies formation, and intersti-
tial atoms. Compton scattering is the principal mode by
which γ-rays interact with samples. Compton scattering has
no significant effect on the lattice position of the Eu atomdue
to the high mass number of Eu (151.97). The formation of
oxygen vacancies and the ionization process could lead to
the observed increase in decomposition percentage and the
reduction in the induction period in the case of gamma
(γ) and EB interaction with the investigated sample,
respectively.49

5 Conclusions

Through the use of both linear and nonlinear isoconver-
sional techniques, europium (III) acetate hydrate was non-
isothermal dehydrated in the air atmosphere. One step of
dehydration produced 1.1 mol of crystalline water. When
the non-isothermal dehydration data were analyzed using
theMaster plotsmethod, it was determined that the phase
boundary (R2) controlled the kinetics of non-isothermal
dehydration of pristine EuAc.xH2O. TG/DTG curves of a
pristine sample of EuAc.xH2O were detectably altered by
exposure to irradiation. The crystal system of pristine
EuAc.xH2O is monoclinic, and no change in the crystal
system was detected upon irradiation. FTIR spectra
showed a reduction in the functional bands’ intensities,
but neither the appearance of new bands nor the disap-
pearance of old bands could be identified through irradi-
ation. The dehydration processes are non-spontaneous
and involve heat absorption, as indicated by the calculated
thermodynamic parameters. A predicted thermogram
(TG) of the isothermal decomposition of EuAc.xH2O was
constructed from non-isothermal data and used to
discover the reaction model and the dehydration process
kinetic parameters.
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Table : Crystallographic data of EuAc.xHO.

Sample Space group a (Å) b c α(�) β γ System

Pristine P/m . . . . . . Monoclinic
γ- irradiated P/m . . . . . . Monoclinic
EB-irradiated P/m . . . . . . Monoclinic

Figure 14: I.R. spectra of pristine as well as of gamma, and electron-
beam irradiated EuAc.xH2O.

Table : Some of the characteristic bands (cm−) recorded in the IR
spectra of EuAc.xHO.

Pristine
sample

γ- irradiated
sample

EB- irradiated
sample

Assignment

, , , νOH asy.
, , , νOH sy.
, , , νCOO¯ asy.
, , , νCOO¯ sy.
, , , δOH bending
   νEu-O

δ, Bending vibration; ν, Stretching; ν sy, Symmetric stretching; ν asy,
Asymmetric stretching.
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