A Kinetic Study of the Nonisothermal Decomposition
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The nonisothermal decomposition process of the powder sample of palladium acetylacetonate
[Pd(acac),] was investigated by thermogravimetric (TG) and X-ray diffraction (XRD) tech-
niques. The experimental TG and differential thermogravimetric (DTG) curves were obtained at
different heating rates (f = 2 °C min~', 5 °C min', 10 °C min', 20 °C min~"', and 30 °C
min~') under a pure nitrogen (N») atmosphere. The kinetic triplet (4, E,, and model function
f(a)) was determined using different kinetic methods. It was found that the apparent activation
energy was not really changed and was almost independent with respect to the level of con-
version (o). This result suggests that the nonisothermal decomposition process of palladium
acetylacetonate follows a single-step reaction. Practically constant E, values approximating
140.1 & 1.5 kJ mol ™" were found. It was concluded that the reaction model R3, for the integral
composite method I, is the model with the best regression and with kinetic parameters that are
both unique and very similar to those obtained by the Friedman isoconversional method. In
addition, it was found that the results obtained from both the Master-plot and Malek methods
confirm the results obtained from the multiple-rate isotemperature method, specifically, that the
R3 (contracting volume) reaction mechanism can best describe the investigated decomposition
process. By applying the Miura procedure, a distributed reactivity model (DRM) for the
investigated decomposition process was established. From the « = a(E,) dependence, the
experimental distribution curve of E, was estimated. Using the nonlinear (NL) least-squares
analysis, it was found that the Gaussian distribution model (with distribution parameters:
Ey = 1384 kJmol™! and ¢ = 0.71 kJ mol™!) represents the best reactivity model for
describing the investigated process. Also, it was concluded that the E, values calculated by the
Friedman isoconversional method and the estimated distribution curve (f(E,)), are correct, even
in the case in which the investigated decomposition process occurs through a single-step reaction

mechanism.
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I. INTRODUCTION

RECENT advances in solid-state electronics!!! and
catalysis® * have often been achieved through the use of
organometallic complexes as precursors of high-purity
metal phases with the desired composition and topol-
ogy. In this res[pect, acetylacetonate complexes have a
significant role,” ™ because they are easily synthesized
and purified; their volatility may also be finely tuned for
chemical vapor deposition (CVD) applications by the
controlled introduction of fluorine atoms. Moreover,
the supported metal phase is simply obtained by the
controlled thermal removal of acetylacetonate ligands.
However, the final properties of the metal phase,
particularly for catalytic purposes, are generally depen-
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dent on the nature of the chemical interactions between
the organometallic complex and the oxide support.> !

Thermochemical methods play a primary role in the
characterization of the kinetics of the decomposition
processes of the supported organometallics, to yield the
desired metal phase. Many different approaches have
been proposed, ranging from conventional differential
thermogravimetric (DTG) studies®® to more special-
ized flow techniques for catalyst characterization.!' '
A large amount of information about a catalytic system
can be obtained by using thermogravimetric (TG)
techniques gworking with an appropriate temperature
program).'*) From the thermal data, it is possible to
achieve information regarding the composition and
structure of the different phases of a given sample.
Mass changes as a function of the temperature regis-
tered through the TG analysis technique are caused by
the formation and rupture of chemical bonds at high
temperatures, either by processes that cause volatile
compounds or by reaction products that modify the
sample mass.
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The decomposition of organometallic compounds
that are in the solid state and that are components of
various viscous compositions, such as pastes and poly-
mers, can be regarded as separate techniques. Organo-
metallic compounds of the platinum group can
decompose to a metal or an oxide under the influence
of: heat, electric discharge, and electron beam and laser
radiation; these techniciues are employed for the vapor
phase decomposition.'¥ The decomposition of organo-
metallic compounds in solution is frequently performed
thermally, photochemically, electrochemically, or via
chemical reduction and hydrolysis."*'® Any organo-
metallic platinum group compound is potentially suit-
able for the formation of films from solution via thermal
decomposition. The determining factor is the availabil-
ity of the compound and its possible commercial
production.

Palladium is one of the less expensive platinum group
metals; the chemistry of its organometallic compounds
is well developed.[”’ 8 palladium, ruthenium, rhodium,
iridium, and platinum acetylacetonates have been used
as CVD precursors, to prepare asymmetric membranes
by coating a tubular y-Al,Os.

Our principal objective is the kinetic analysis of the
nonisothermal decomposition of palladium acetylaceto-
nate [Pd(acac),] (where acac denotes C,H-0,), that is,
the determination of the full kinetic triplet: pre-expo-
nential factor (A4), apparent activation energy (E), and
analytical form of reaction model function (f{«)).
Palladium acetylacetonate has been used to prepare
either Pd/MgO catalysts by the dry-mix method!"™ or Pd
catalytic monoliths by CVD.?"

In modern literature, there is no information about
the nonisothermal decomposition of palladium acetyl-
acetonate from the point of view of solid-state kinetics.

Cominos and Gavriilidis®!"! have investigated the
sublimation and deposition of [Pd(acac),] through TG
and X-ray diffraction (XRD) analysis. They concluded
that the temperature range for sublimation, avoiding the
thermal decomposition, lies in the range 100 °C to
160 °C and that sublimation is required to take place in
the presence of an inert gas such as helium. They also
found that the investigated complex is highly unstable in
the presence of hydrogen. In addition, the same authors
have established that the deposition of the complex on
monolithic substrates required the presence of adsorp-
tion sites and that the change in the apparent deposition
activation energy was found to take place within the
range 100 °C to 150 °C.

Poston and Reisman'®?! have investigated the relative
stabilities of palladium acetylacetonate and palladium
hexafluoroacetylacetonate using differential thermal
analysis (DTA) and weight loss analysis. In general,
the acetylacetonates decompose in solid state at rela-
tively low temperatures (100 °C to 200 °C); several of
them exhibit appreciable vapor pressures at tempera-
tures below which their decomposition rate is signifi-
cant. At the heating rates employed, <2 °C min ',
palladium acetylacetonate tends to decompose upon
heating in either an inert or oxidizing atmosphere before
significant quantities volatilize. Heating palladium ace-
tylacetonate in argon at <2 °C min~' shows the onset of
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an endotherm at approximately 196 °C, at the conclu-
sion of which a product containing 75 pct palladium
was found, with the remainder comprised of carbon,
hydrogen, and oxygen.”? These authors found that, in
an oxidizing atmosphere at the same heating rate,
[Pd(acac),] decomposes exothermically at 180 °C, yield-
ing essentially pure palladium. Continued heating in
oxygen to 800 °C results in pure PdO. At 900 °C, the
PdO decomposes, yicling pure palladium. From the
kinetic point of view, the authors do not give any
information about the mechanistic conclusions of the
investigated process or about the values of the Arrhe-
nius parameters (4 and E).

Paasonen et al®® have investigated the thermal
decomposition of palladium acetylacetonate intercalated
into a fluorocarbon matrix using mass spectrometry
(MS). It is demonstrated that thermal decomposition
occurs within a narrower temperature range at a higher
rate and comes to its completion at a lower temperature
(=200 °C) than for the case of individual [Pd(acac),].
Lashdaf et al® have investigated the thermal proper-
ties of volatile f-diketonato complexes of ruthenium,
palladium, and platinum. The thermal characterization
of the complexes mentioned were studied with TG,
DTA, DSC, and MS methods, but the kinetic aspects of
the considered decomposition processes were not pre-
sented.[**!

In this article, the complete kinetic investigation of
palladium acetylacetonate decomposition under noniso-
thermal conditions was realized using the isotempera-
ture method of multiple heating rates® and the
Bosewell, Augiszennett,[z(”m Master-plots,[28] differen-
tial isoconversional (model-free),*” and differential and
integral composite I methods,** 3% and the Malek
kinetic procedure.”* % In this article, the distributed
reactivity model (DRM) for the investigated decompo-
sition process was also established. For determining the
DRM for the considered process, the Miura proce-
13637 \was used.

II. EXPERIMENTAL
A. Materials and Methods

Palladium acetylacetonate was synthesized by precip-
itation from a solution of PdCl, and acetylacetone in
ethanol. The precipitate was washed with ethanol and
dried under a vacuum approximating 10 mbar at room
temperature. The Pd(acac), was synthesized using the
procedure published by Okeya et al.,”*® beginning with
PdCl, and acetylacetone. The purity of Pd(acac), was
determined by TG analysis in the hydrogen atmosphere,
at the point at which the main decomposition occurs at a
temperature of only 100 °C and a Pd residue, which was
found to amount to 34.5 pct, corresponding to a purity
of 98.8 pct (this is close to the 99 pct purity of the
commercial product by Aldrich, Catalog No. 20.901-5).

Thermal decomposition was studied by thermogravi-
metry, using a TA (TA Instruments Ltd., Crawley,
West Sussex, UK) SDT 2960 thermobalance. The
average mass of samples was approximately 4 mg.
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The purging gas was nitrogen (99.9995 vol pct) at a
flowing rate of 90 mL min~ . The flow of pure filtered
nitrogen carrier gas was supplied from a high-pressure
cylinder. The furnace temperature rose linearly at the
heating rates 2 °C min~', 5°C min~', 10 °C min~',
15 °C min~', and 30 °C min ', in the range of temper-
atures from ambient up to 350 °C.

The microphotograph of the samples upon decompo-
sition was taken by a JEOL* JSM-6460 scanning

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

electron microscope (SEM). The X-ray powder diffrac-
tion patterns were collected using a Philips** PW-1050

**PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

automatic diffractometer with a Cu K,;, line of
1.5418 nm.

III. KINETIC ANALYSIS

According to nonisothermal kinetic theory, the ther-
mal decomposition kinetic equation of solid-state mate-
rial is

where o is the extent of conversion (for a gravimetric
measurement, « is defined by a = (my — m,)/(my — my),
where my is the initial mass, m, is the mass at time ¢ (or
temperature T), and miis the final mass); f is the heating
rate; E, is the apparent activation energy; A4 is the pre-
exponential factor; R is the gas constant; and f(«) is the
differential expression of the kinetics model function.
Equation [2]®% is the integral form of Eq. [1]:

o T
do A E,
gle) = / fo) FT/ exp (_ RT)dT

T
7o (=)
~— [exp|— dT
B 0/ RT
AE, [exp(-x), AE,

where g(o) is the integral expression of the kinetics
model function and p(x) is the temperature integral for
x = E,/RT, which does not have an analytical solution.
To overcome this difficulty, the temperature integral has
been solved using series, expansions, and approximation
and numerical solution methods.”*” The basic analytical
expressions for the f(«) and g(«) model functions used in
this work for the kinetic analysis of the decomposition
process of [Pd(acac),] are presented in Table 1.

If T, is low, it may be reasonably assumed that

ﬂ — éexp (_ Eq )f(ac) 1] Ty — 0, so that at the lower limit of the integral on the
dr RT right side of Eq. [2], T, can be approximated as zero.
Table I. Expressions for f{a) and g(«) Model Functions for Some Common Mechanisms Operating in Solid-State Reactions
Differential Integral
Number Symbol Reaction Model Function, f(«) Function, g(«)
1 P1 power law 34 ol
2 P2 power law 30 %3 o'l
3 P3 power law 20 12 !/
4 P4 power law 2/3a "2 ol
5 R1 zero-order (Polany—Winger equation) 1 o
6 R2 phase-boundary-controlled reaction 2(1 — o)'? 1-01 -0
(contracting area, i.e., bidimensional shape)
7 R3 phase-boundary-controlled reaction 3(1 — )3 1 -1 -
(contracting volume, i.e., tridimensional
shape)
8 F1 first-order (Mampel) 1 - —In(1 —a
9 F3/2 three-halves order 1 —a)*? 200 — o)~ 2 = 1]
10 F2 second-order (1 —a)? A-at=1
11 F3 third-order 1 —a)? A2 — 02— 1]
12 A3)2 Avrami-Erofe’ev (r = 1.5) (3/2)(1 = o)[=In (1 — o)]"? [—In (1 — o))??
13 A2 Avrami-Erofe’ev (r = 2) 2(1 — )[—In (1 — a)]'? [—In (1 — o)]"/?
14 A3 Avrami-Erofe’ev (r = 3) 3(1 — o)[—In (1 — )]*? [—In (1 — o))"
15 A4 Avrami-Erofe’ev (r = 4) 41 — o)[—In (1 — a)** [—In (1 — o)]"*
16 Dl one-dimensional diffusion 1/2a o’
17 D2 two-dimensional diffusion (bidimensional [-In (1 — a)] Q—-—a)ln(l —a)+a
particle shape) Valensi equation
18 D3 three-dimensional diffusion (tridimensional 31— -0 -1 [1-0-afP
particle shape) Jander equation
19 D4 three-dimensional diffusion (tridimensional 3/2[1 — o)~ — 1] (1 —20/3) — (1 — a)*?

particle shape) Ginstling—Brounshtein
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The differential isoconversional method suggested
by Friedman® is based on Eq. [1] in the logarithmic
form:

In

#(%) ] A - )

The apparent activation energy (E,) is determined
from the slope of the plot of In [f{d«/dT), ] vs 1/T,, ata
constant o value. The subscript 7 is the ordinal number
of an experiment performed at a given heating rate. This
method is rather accurate, because it does not include
any mathematical approximations.

The isoconversional methods, which allow for model-
independent estimates of the apparent activation energy
at progressive degrees of conversion by conducting
multiple experiments at different constant heating rates,
are highly recommended for obtaining a reliable kinetic
description of the investigated process.[*"!

In order to determine the apparent activation energy,
the Bosewell method®® uses the following equation:

In <T£p) =— RE ;p + const [4]

where T, is the DTG peak temperature at a given
heating rate . The slope of the graph In (8/T,) vs
1/T, gives the apparent activation energy (E,). How-
ever, Eq. [4] does not provide any information about
the pre-exponential factor (4), and a single E, value is
obtained.

According to the method suggested by Augis and
Bennett:?”)

p

In (Tp—To)l :lnA—R;p 5]

where T is the onset temperature. The values of E, and
A can be obtained from the plot of In [B/(T, — To)] vs
1T,.

Tlhe composite methods presuppose one single set of
activation parameters for all conversions and heating
rates. In this way, all the experimental data can be
superimposed in one single master curve.

The composite integral method IP%3! is based on the
Coats—Redfern equation,*” which is rewritten as

follows:
In <ﬁ%> =In (in) - lf;" [6]

For each form of g(«), the curve In (Bg(x)/T?) vs 1/T
was plotted for the experimental data obtained at
different heating rates. We then chose the kinetic model
that gives the best correlation coefficient for which the
data fall in a single master straight line. A single set of
activation parameters, F, and A4, can be obtained from
the slope and intercept of the straight line.

The composite differential method 1 is based on the
following equation:

612—VOLUME 40A, MARCH 2009

In [ﬁdl)] —in4 - La 7

(2) - RT

where du/dt is the rate of the considered process at a
given heating rate 5. The data for different heating rates
must be grouped together in a single relation from which
a single set of activation parameters, £, and A, is
obtained.

Equation [8] is derived from the logarithmic form of
Eq. [2]:

Ing(a) = [ln AII;:” + lnp(x)} —Inp (8]

If the considered mechanism conforms to a certain
g(a) when plotting In g(x) vs In f using a linear
regression of the least-squares method, the slope K
and the linear correlation coefficient r should both be
equal to —1.00000. The pre-exponential factor (4) can
be estimated from the intercept of the plot of In g(«) vs In
p. In addition, Eq. [8] can also be applied under
isothermal experimental conditions, with the supposi-
tion that p(x) — 1.

A. Determination of Most Probable Mechanism
Function

The conversions « corresponding to multiple rates at
the same temperature are inserted into the left side of
Eq. [8] and combined with the 19 types of mechanism
functions presented in Table I; the slope K and linear
correlation coefficient r are obtained from the plot of In
g(2) vs In . The probable model function is that for
which the value of the slope (K) is near —1.00000 and r is
better. If several g(o) answer for this requirement, the
conversions () that correspond to multiple rates at
several of the same temperatures were applied to
calculate the probable using by the same method. The
most probable mechanism (model function) is that for
which the value of K is closest to —1.00000, among the
results of K and r.

Using the reference point o = 0.5, the following
integral master equation is easily derived from Eq. [2]:

gle)  p(x)
£(05) o)

P(xo.5)
where g(0.5) and p(xos) represent the integral model
function and the temperature integral at o = 0.5,
respectively. Equation [9] is valid for the constant value
of the heating rate ().
The function p(x) can be expressed using the fourth
rational approximation by Senum and Yang:**!

- exp (—x) x° 4 18x? + 88x + 96
 x x4 420x3 4 120x2 + 240x + 120

plx (10]
Plotting g(x)/g(0.5) vs o corresponds to the theoretical
master plots of various g(«) functions. Both the conver-
sion-temperature («-7) profile and the value of E, for
the process should be known in advance, in order to
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draw the experimental master plots of p(x)/p(xos) vs o
from the experimental data obtained at a given heating
rate. To draw the experimental master plots obtained
under different fs, an approximate formula of p(x) given
by Eq. [10] was used. Thus, Eq. [9] indicates that, for a
given o, the experimental values of p(x)/p(xgs) and the
theoretically calculated values of g(«)/g(0.5) are equiv-
alent when an appropriate model function is used.

Once the apparent activation energy has been deter-
mined, it is possible to find the kinetic model that
corresponds more closely to the description of the
experimental data issued from the TG experiments. For
this purpose, it is possible to define two especial
functions proposed by Malek,* 3% which can easily
be obtained through the transformation of experimental
data. For dynamic conditions, these functions are
defined as

v = (%) ew (g) =0 111

2(0) ~ (G )7 = et 12

The value of « at the maximum of the z(x) function, o,
is characteristic of the kinetic model,”! the shape of the
(o) function is formally identical to the differential form
of the kinetic model functlon f(2),33% and its maximum
value is labeled as .

IV. DETERMINATION OF DRM FOR
DECOMPOSITION PROCESS OF [Pd(acac),]

For determining the DRM for the investigated
nonisothermal decom osition process of [Pd(acac),],
the Miura procedurel®®>"! is used.

In accordance with this procedure, the cumulative
mass loss can be expressed by the following equation:

,37]

[e'e] t
— E,
%:l—a—/exp —A/exp(—}{})dl
¢ 0 0
x f(E,)dE, [13]

where f(E,) is a distribution curve of the apparent acti-
vation energy and A is the pre-exponential (frequency)
factor corresponding to the E, value. The distribution
curve f(E,) is normalized to satisfy

/ AE)dE, = 1 [14]

0

The pre-exponential (frequency) factor (A4) is generally
assumed to be a constant for all reactions, to avoid the
complexity of the analysis. However, the assumption of
a constant A4 value may not be valid when f{(E,) spreads
over a wide range of E, values, because it is well known
that 4 and f(E,) are interrelated.* Specific mathemat-
ical forms of f(E,) appearing in the literature are the
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Gaussian, ™1 Weibull,*® and Gamma distribu-
tions.[* 2! The distribution can also be a finite, discrete
distribution of arbitrary form, in which case the inte 5%ral
in Eq. [13] would be replaced with a summation.!
Knowing f(E,) and A4, we can calculate the change in «
for any heating profile.

The procedure for determining both f(E,) and A(E,)
in at least three sets of experimental data can be
summarized as follows.[**7]

(a) Measure o-vs-T relationships at a mimimum of
three different heating rates.

(b) Calculate the values of du/dT at selected o values
from the a-vs-T relationships obtained at the dif-
ferent heating rates.

(c) Make the Friedman plots (In [S(do/dT)] vs 1/T) at
the same values of «, using the relationship in
Eq. [3].

(d) Determine the apparent activation energies from
the Friedman plots at different levels of «, then
plot o against the apparent activation energy (E,).

(e) Differentiate the o-vs-E, relationship by E, to give
f(E,), because the following relation holds approxi-
mately

E,

_ E/ NENE, = 0/ AENE, — [19]

a

(f) Calculate 4 corresponding to each E, value at all

heating rates f8; (i = 1, 2, 3, ...), using the following
equation:
0.545B,E, E,
ART? P ( RT [16]

and then employ the average value of 4 as a true A4
value.

Equation [16] was obtained when approximating
Eq. [13] by Eq. [15]. No a priori assumptions were
required for the functional forms of f(E,) and A(E,).
In other words, we could estimate 4 and E, at any level
of o by using the procedure discussed here.

V. RESULTS AND DISCUSSION

The TG and DTG curves of the decomposition
process of palladium acetylacetonate samples obtained
at different heatmg rates (/3 2 °C min~', 5 °C min~',
10 °C min~", 20 °C min~', and 30 °C min~") are shown
in Figures 1 and 2.

The effect of the heating rate on the TG and DTG
behaviors of [Pd(acac),] samples in a nitrogen atmo-
sphere is presented in Figures 1 and 2.

Lowering the heating rate brings the reaction system
closer to the equilibrium conditions and minimizes the
effects of the heat transfer and thermal lag. As a result,
the reaction starts and ends at lower temperatures and
decomposition occurs over a narrower temperature
range.
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Fig. 1—TG curves for nonisothermal decomposition process of pal-
ladium acetylacetonate samples in nitrogen atmosphere, at different
heating rates (f = 2°C min~!, 5°C min~', 10 °C min~!, 20 °C
min~!, and 30 °C min~").
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Fig. 2—Differential TG curves for nonisothermal decomposition
process of palladium acetylacetonate samples in nitrogen atmo-
sphere, at different heating rates (f = 2°C min~!, 5°C min ',
10 °C min~"', 20 °C min~"', and 30 °C min~").

Figure 3 shows the relationships of o vs T at different
heating rates (2 °C min~!, 5°C min~!, 10 °C min
20 °C min~', and 30 °C min~ ).

Figure 3 shows the temperature range in which the
decomposition process occurs at the considered values
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Fig. 3—Experimental conversion (a-7) curves for decomposition
process of palladium acetylacetonate obtained at different heating
rates (f = 2 °C min~', 5 °C min~', 10 °C min~', 20 °C min~', and
30 °C min ™).

of the heating rates (135 °C £ T'< 300 °C). It can be
pointed out that the decomposition process does not
start until approximately 135 °C. The mass loss during
the thermal decomposition is the same at all heating
rates, which is somewhat more than 65.5 pct expected
on the basis of the real Pd content in the synthesized
sample. This difference may be a consequence of the
sublimation loss already considered in the litera-
ture.’>3% Namely, Zharkova er al.l’* stated that, in
vacuum, [Pd(sacac)z] starts to sublime at 135 °C, while
Guang er al.P® found by TG-DTA and gas chromatog-
raphy-MS techniques that, in an inert atmosphere of
argone, [Pd(acac),] sublimes at approximately 200 °C
and decomposes simultaneously, forming mainly
2,4-pentadione and 1-propen-2-ol acetate. The exact
estimation of the mass loss due to evaporation along the
temperature axis is a difficult task and depends on many
parameters. However, bearing in mind that, because
both decomposition and sublimation are rate processes
that follow similar exponential temperature dependen-
cies, an approximate correction of the experimental TG
curves may be obtained by multiplying the measured
data by the correction factor (1 — Aa), where A is the
difference between the measured and the theoretically
expected final mass loss, and o has the usual meaning.
We estimated that, after such a correction, the «-T
curves differ from the original ones by less than 1 pct;
thus, this correction was unnecessary.

The values of the peak temperature (7,) and the
extent of conversion at the maximum reaction rate ()
at the different heating rates are presented in Table II.

Increasing the rate leads to an increase in the peak
temperature value (7,) from 215 °C to 255 °C. On the
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Table II.

Values of 7, and «, for Decomposition Process of Palladium Acetylacetonate Determined by TG Analysis at Different

Heating Rates; Values of Arrhenius Parameters (4, E,) Calculated by Bosewell and Augis—Bennett Methods Are Also Presented

E, (kJ mol™") A (min™") E, (kJ mol™" A (min~ ")
B (°C min™") T, (°C) o,  (Bosewell Method) (Bosewell Method) (Augis—Bennett Method) (Augis-Bennett Method)
2 215 0.73 142.2 — 138.3 9.96 x 10"
5 235 0.73
10 240 0.69
20 250 0.70
30 255 0.72
1 & T T T T 40
0.05
04 0.10 1704
020
030
A o 040 160 - 35
050 g
4 7 060 1 —
- 070 /§~§—-—‘§\§ »
'E g 0.80 '.'_cl 150 4 f\i—i/i \ %
= 0.90 4 — L 30 =
g S - 095 £ __ A i i\ 5
™ CERLE AN P |
3 34 - i—i )
3 U 2
) %
a 1301 25 =
E 44
120 1
-5 T T T T T T T 2
0.0 0.2 0.4 0.6 0.8 1.0
L 1 i ] * I ¥ 1 ¥ ] o
0.0018 0.0019 0.0020 0.0021 0.0022 0.0023
T fK‘I Fig. 5—Dependence of apparent activation energy (E,) and apparent

Fig. 4—Typical Friedman isoconversional plots for determining the
apparent activation energy at different conversion levels, for investi-
gated decomposition process of palladium acetylacetonate under
dynamic conditions.

other hand, the values of o, vary in the range
0.69 < o, < 0.73. The values of «, at 2 °C min~' and
5°C min~' are equal (2, = 0.73), while the value of a,
at 10 °C min~', 20 °C min~!, and 30 °C min~! is
somewhat lower (Table II). It can be pointed out that
Lee and Dollimorel®” established the kinetic procedure
for choosing a reaction model function from the value of
the extent of conversion at the maximum reaction rate
(o).

pThis approach has not gained wide use. Therefore,
Vyazovkin and Wight®® have recommended using the
isoconversional methods instead of methods similar to
those mentioned here.

The nonisothermal decomposition process of
[Pd(acac),] was analyzed by the differential (Friedman)
isoconversional method.

Typical Friedman plots, constructed to evaluate the
slopes d(In fS(do/dT))/d(1/T), are presented in Figure 4.

If the conversion mechanisms are the same at all
conversion levels, all the isoconversion lines would have
the same slopes. From Figure 4, we can observe that
the presented isoconversional lines at all considered
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isoconversional intercepts (In [4f{«)]) as a function of extent of con-
version (o), for nonisothermal decomposition process of palladium
acetylacetonate, [Pd(acac),].

conversion levels (inset in Figure 4) have nearly the
same slopes.

The dependence of the apparent activation energy
(E,) on the extent of conversion () (E, — o plot) for the
nonisothermal decomposition process of [Pd(acac),]
obtained by the Friedman method is presented in
Figure 5. Figure 5 also shows the dependence of the
apparent isoconversional intercepts (Eq. [3]) on the
extent of conversion (x) (In [Af(a)] — o« plot) for
the investigated decomposition process.

It was observed from Figure 5 that the apparent
activation energy was not really changed and was almost
independent with respect to the level of a conversion.
This suggests that the nonisothermal decomposition
process of [Pd(acac),] follows a single-step reaction.
Practically constant E, values approximating
140.1 & 1.5 kJ mol™' were found (changes lie within
the associated uncertainties). It should be noticed that
this result was obtained without any knowledge of the
reaction model function, f{«).

Figure 6 shows the comparison between the directly
calculated values of the apparent activation energy
(diamond symbol ¢) using the Friedman equation
(Eq. [3]) and the simulated trend values of E, (dotted
line) with the extent of conversion (o).
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Fig. 6—Comparison of directly calculated values of apparent activa-
tion energy (symbol ¢) using Friedman isoconversional method and
simulated trend values of E, (dotted line) with the extent of conver-
sion (2), for investigated decomposition process of [Pd(acac),].

The simulated trend of E, on o can be described by
the predicted equation in the form of a simple third-
degree polynomial regression function:

E, = 139.291 — 38.3020 4 150.7740% — 120.311c> [17]

The significant difference (AE,) between the actual and
predicted values of E, can be observed only at the
beginning of the investigated process, i.e., in the range
0.05 <2 <0.10. For . = 0.05 and 0.10, these differences
are AE,; = 3.4kImol ' and AE,, = 4.2 kJ mol,
while for the remainder o, i.e., for o> 0.10, this
difference does not exceed 2.0 kJ mol~'. Accordingly,
the numerically evaluated Eq. [17] describes very well the
dependence of the effective activation energy values (E,)
on the extent of conversion («) for the decomposition
process of palladium acetylacetonate under nonisother-
mal conditions.

The values of E, calculated using the Bosewell and
Augis—Bennett peak temperature methods for the inves-
tigated decomposition process are presented in Table 11
(fourth and sixrth columns). It can be observed that the
value of E, calculated by the Bosewell method
(142.2 kJ mol ") is somewhat higher than the value of
E, calculated by the Augis—Bennett method
(138.3 kJ mol™!). It can also be seen that the value of
E, calculated from the Friedman isoconversional
method (140.1 kJ mol™") represents the intermediate
value between the values of E, evaluated from the
Bosewell and Augis—Bennett methods (Table II).

We chose the corresponding conversions at the
experimental temperature 7 = 220 °C, for example, to
put into 19 types of model functions (Table I); the slope
K, the linear correlation coefficient r, and the intercept B
of the linear regression of In g(«) vs In f are obtained
(as shown in Table III).
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Table ITII. Ln g(«) vs In  Dependences of 19 Types of Model
Functions at T = 220 °C (for § = 2 °C min~', 5 °C min~’,
10 °C min™!, 20 °C min™", and 30 °C min™'),
for Decomposition Process of [Pd(acac),|

Number Model B -K —r

1 P1 0.12942 0.22945 0.9957
2 P2 0.17255 0.30593 0.9957
3 P3 0.25880 0.45890 0.9957
4 P4 0.77649 1.37669 0.9957
5 R1 0.53200 0.92157 0.9965
6 R2 0.33713 1.07782 0.9984
7 R3 0.13958 1.14287 0.9989
8 F1 1.49013 1.23292 0.9852
9 F3/2 2.13758 1.44709 0.9733
10 F2 2.88776 1.69733 0.9595
11 F3 4.62393 2.28036 0.9330
12 A3/2 0.99343 0.82195 0.9852
13 A2 0.74507 0.61646 0.9852
14 A3 0.49671 0.41097 0.9852
15 A4 0.37253 0.30823 0.9852
16 D1 1.03533 1.83559 0.9957
17 D2 0.86751 2.00254 0.9947
18 D3 0.04213 2.22326 0.9910
19 D4 —0.41435 2.07468 0.9937

Table IV. Ln g(«) vs In f Dependences for the Three Types
of Probable Reaction Mechanism Functions (R1, R2, and R3)
in the Range Approximating 0.05 < « < 0.95 (for f = 2 °C
min~", 5 °C min~", 10 °C min~", 20 °C min~", and 30 °C
min~"), for Decomposition Process of [Pd(acac),]

Temperature (°C)  Model B -K —r
190 R1 —1.41881  0.99866  0.9958
R2 —2.07626  0.99872  0.9978
R3 —2.46975  1.00344  0.9995
200 R1 —0.73464  0.93822  0.9871
R2 —1.34459  0.96416  0.9859
R3 —1.72182  0.98310  0.9976
210 R1 0.03022  0.97826  0.9932
R2 —0.47005  1.07941  0.9989
R3 —0.80819  1.01085  0.9991
230 R1 0.51692  0.66157  0.9898
R2 0.41929  0.84171  0.9967
R3 0.33615  1.00021  0.9998

The parameters in Table III show that the slopes of
the number 5, 6, and 7 models are closer to —1.00000
than the others and have a better linear correlation
coefficient r; although this type of reaction mechanism is
the most probable one, it requires additional research.

For further investigation, we chose several tempera-
tures that correspond to conversions in the range
0.05 <2 <0.95, in order to calculate the slope K, the
linear correlation coefficient r, and the intercept B of
model functions 5, 6, and 7. The obtained results are
listed in Table IV; they show that the slope of model 7 is
the closest to —1.00000 and that the linear correlation
coefficient r is much better. From the results obtained,
we can determine that the reaction mechanism function
7 is the most probable one for the decomposition
process of [Pd(acac),], with the integral form

METALLURGICAL AND MATERIALS TRANSACTIONS A



ge) = [1 — (1 —o)'*] and the differential form
fle) = 3(1 — o)*3, which belongs to the mechanism of
the phase-boundary reaction Rn with the accommoda-
tion parameter n = 3.

In order to confirm the established values of £, and 4
(see the results discussed earlier) and the evaluated
reaction mechanism (model R3, Table IV), we have
applied the integral/differential I composite methods
and also the Master-plot and Malek methods.

To confirm these results, we used the composite
integral method and the differential method 1.
Figures 7(a) and (b) show our results for the R3 model.
Once again, it can be seen that, in both cases, the Rn
model with n = 3 best fits the decomposition process,
because all the different heating rate data are in only one
master curve.

From Table V, we can see that the differential version
of the composite method (Eq. [7]) produces results
similar to those produced using the integral method, but
with less accuracy. Furthermore, model R3 for the
integral composite method I is the model with the best
regression and with parameters that are both unique and
very similar to those obtained by the Friedman isocon-
versional method (Figure 5).

8- 1-
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Fig. 7—(a) Composite integral and (b) composite differential meth-
ods 1 of nonisothermal TG data (2 °C min~', 5°C min!, 10 °C
min~", 20 °C min~"', and 30 °C min~") based on Egs. [6] and [7], for
investigated decomposition process of [Pd(acac),]. Empty square
symbols correspond to integral data; empty circle symbols corre-
spond to differential data.

Furthermore, the variations in the y(o) and z(o)
functions with the extent of conversion are indicated in
Figures 8 and 9; these are calculated using Egs. [11] and
[12], respectively. We normalized the values of both the

y(o) and z(x) functions within (0,1) interval under

nonisothermal conditions for the decomposition process
of palladium acetylacetonate.

The shapes of the y(«) and z(«) plots are practically
unchanged with respect to the heating rate. For the
calculations of these functions, the apparent activation
energy value of E, = 140.1 kJ mol~" evaluated from
the isoconversional (model free) method was used.

The conversions, in which the y(x) and z(o) functions
exhibit the maximum values (oc‘ and o, respectlvely) for
the different heating rates (f3), are listed in Table VI.

It is clear from the data in Table V and from
Figures 8 and 9 that the values of oc: and o« are nearly
independent of the heating rate. The rnax1ma of the z(x)
plots fall into the narrow range 0.69 < o, < 0.73. The
y(o) functions show a convex behavior for o > 0.02, at
all  heating rates. However, for the range
0.00 £ 2 <£0.02, the yp(x) deviates from the convex
behavior; this is chdracterlstlc of the phase-boundary
group of reaction models.**! It should be stressed that
the shape of the y(«) function is strongly influenced by
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Fig. 8—Normalized y(«) function obtained by simple transformation
of TG data for decomposition process of [Pd(acac),], at different
heating rates (f = 2°C min~!, 5°C min~!, 10 °C min~!, 20 °C
min~!, and 30 °C min™}).

Table V. Values of Arrhenius Parameters ((Ln A) 4, E,) Calculated by Integral and Differential Composite Methods I
for Decomposition Process of [Pd(acac),]

Integral Composite Method |

Differential Composite Method I

Method Ln 4 A (min~") E, (kJ mol™ ")

Ln A A (min~") E, (kJ mol™ ") r

R3 31.04 3.02 x 10" 138.7

—0.9945 30.80

2.38 x 10" 137.8 —0.9925
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Fig. 9—Normalized z() function obtained by simple transformation
of TG data for decomposition process of [Pd(acac),], at different
heating rates (f = 2°C min~', 5°C min~', 10 °C min~', 20 °C
min~!, and 30 °C min~").

Table VI. Conversions, in Which tl*le () *and z(a) Functions
Exhibit the Maximum Values (o, and «,, Respectively)
for Different Heating Rates (f)

B (°C min™" oy o,

2 0 0.73
5 0 0.73
10 0 0.69
20 0 0.70
30 0 0.72

the E, value. The results obtained from the isoconver-
sional method in the range 0.05 <o <0.95 and the
shapes of the y(x) functions indicate that there is a high
probability of the presence of a single-step reaction.>”
This fact was confirmed by the positions of the maxima
of the z(a) functions, which are found in the range of «
from 0.69 to 0.73. The values of parameter o. presented
in Table VI for the investigated decomposition process
of [Pd(acac),] corresponds to the intermediate case
between the contracting volume and the contracting
area model functions (R3 and R2).

In order to determine unambiguously the most likely
mechanism for the decomposition process of [Pd(acac),],
the theoretical master plots of g(«)/g(0.5) vs o (for the
R2 and R3 models) and the experimental master plots of
p(x)/p(xo.5) vs o are obtained, as shown in Figure 10.
For construction of the experimental master plots, the
value of the apparent activation energy (E,) obtained by
the isoconversional (Friedman) method is used.

The superposition of the experiment master plotted at
different heating rates indicated that the kinetics of the
nonisothermal decomposition process of palladium
acetylacetonate could be described by a single model
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Fig. 10—Master plots of theoretical g(«)/g(0.5) against o« for R2 and
R3 model functions (phase-boundary models) and experimental mas-
ter plots p(x)/p(xos) against o at different heating rates: (W) 2 °C
min~'; () 5°C min~'; () 10 °C min~'; (O) 20 °C min~", and (A)
30 °C min~', for decomposition process of palladium acetylaceto-
nate, [Pd(acac),].

function. It can be easily seen from Figure 10 that the
investigated decomposition process is most probably
described by the R3 reaction model:

glo)=1-(1-a)'f [18]

The phase-boundary model R3 also represents the two-
thirds-order kinetic model (F2/3) with an apparent
reaction order n = 2/3, which reflects the influence of
the degree of concentration on the reaction. The higher
the n, the deeper the influence of the concentration. In
our case, n is less than unity and, because of that, this
influence is less expressive.

As mentioned in Section I, the extent of conversion
() is related to f(E,) by Eq. [15]. Therefore, f(E,) is
given by differentiating Eq. [15] by the E, as

B do
"~ dE,

NEq) (19]
This equation shows that f(E,) can be obtained by
differentiating the «-vs-E, relationship, which may be
deduced from Figure 5. The graphically estimated
distribution curve f(E,) for the investigated decomposi-
tion process of [Pd(acac),] is presented in Figure 11.
From Figure 11, it can be observed that the estimated
curve (Eq. [19]) for the investigated process represents a
sharp and somewhat “‘right-tailed”” asymmetrical distri-
bution curve. The obtained distribution curve does not
show a broad peak and the apparent activation energy
does not spread in the large E, interval. The peak
position is placed in a single point, at E,, = 138.4
kJ mol~'. These results indicate that f(E,) can be
presented by a single Gaussian distribution. By apply-
ing the nonlinecar (NL) least-squares analysis (using
the Levenberg—Marquardt algorithm) the Gaussian
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Fig. 11—Estimated distribution curve, f(E,), from functional depen-
dence o vs E,, for decomposition process of palladium acetylaceto-
nate, [Pd(acac),].

reactivity model is established for the considered system,
and can be presented in form of Eq. [20]:

(Ea — EO)Z

— ()2
AE,) =(2n) /70~ exp 5.

[20]

where Ey and o represent the mean apparent activation
energy and the standard deviation, respectively. Using
the NL least-squares analysis, the following values of
the Gaussian distribution parameters are obtained:
Ey = 1384 kI mol™" and ¢ = 0.71 kJ mol™". It can
be pointed out that the obtained value of E, is very
similar to the value of E, calculated by the isoconver-
sional (Friedman) method (140.1 kJ mol ™).

Figure 12 shows the comparison between the esti-
mated distribution and calculated distribution curves,
assuming the Gaussian reactivity model (Eq. [20]).

It can be seen from Figure 12 that there is good
agreement between the estimated distribution curve and
the calculated distribution curve with the Gaussian
function (Eq. [20]). The only deviations between these
two distribution curves can be observed at the beginning
and the end of the left and right tails of the considered
distributions.

After this analysis, the 4 values were estimated using
Eq. [16] at the five heating rates, and the average values
of A4 are plotted against o in Figure 13 as distribution
bars.

From Figure 13, we can see that obtained average
values of A calculated by the Miura method follow the
same trend as the values of E, obtained by the
isoconversional (Friedman) method on the extent of
conversion (o) (Figure 5). In the same figure, the
simulated trend values of A4 (dashed-dotted line) with
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Fig. 12—Comparison of estimated (Eq. [19]) and calculated (Eq.
[20]) A(E,) curves, for nonisothermal decomposition process of palla-
dium acetylacetonate under dynamic conditions.
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Fig. 13—Dependence of average values of pre-exponential factors
(A) calculated by Miura procedure against o for decomposition pro-
cess of palladium acetylacetonate, [Pd(acac),]. Simulated trend values
of A on extent of conversion (o) are presented with a dashed-dotted
line.

the extent of conversion (z) are presented. It can be seen
that the predicted behavior of the pre-exponential values
(A) follows the same trend as the predicted behavior of
the E, values on o, expressed through Eq. [17] and
shown in Figure 6.

The simulated trend of 4 on o can be described by the
predicted equation in the form of a third-degree
polynomial regression function as
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A=6.292x 10" —5.906 x 10"+ 1.990 x 10'%s>
— 1.498 x 1055 [21]

Equation [21] is very similar to Eq. [17]; sole difference
between these equations lies in the different values of the
numerical coefficients. It can be pointed out that the 4
value varies from an order of 10'* to an order of
10" min~" (Figure 13); this result shows that 4 cannot
be strictly assumed to be a constant for the investigated
decomposition process. However, we may see from
Figure 13 that a large number of 4 values were grouped
about the order of 10", which corresponds to a very
narrow range of E, (E, = 137.0-139.7 kJ mol~"). This
result is in agreement with the order of A calculated by
the integral and differential composite methods I
(Table V).

Figure 14 show the comparison between the experi-
mental o-7 curves and the conversion curves obtained
by the model-free prediction (using Eq. [3] and the
R3/F2/3 reaction model in differential form) at all
considered heating rates (ff), for the nonisothermal
decomposition process of palladium acetylacetonate.

The deviations in the predicted results from the
experimental data can be calculated by the following
expression:

N

S= Z [ai,calc - o‘i,exp]2 [22]
i=1

where o, is the predicted data, o; ¢y, is the experi-
mental data, and N is the number of data items.
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Fig. 14—Comparison of experimental data with model-free predicted
results from geometrical contraction model (contracting volume, R3
reaction model), for all considered experimental heating rates
( =2°C min~', 5°C min~', 10°C min~', 20 °C min~', and
30 °C min ™).

620—VOLUME 40A, MARCH 2009

The deviations (S) of the predicted results from the
experimental ones are shown in Table VII.

From Figure 14 and Table VII, we can see that the
model-free prediction yields the best agreement at the
heating rate of f = 10 °C min~'; at other heating rate
values, the obtained predictions give satisfactory results
(Table VII).

These results confirm that the evaluated values of the
Arrhenius parameters; the established mechanism
(phase-boundary-controlled reaction with contracting
volume or the two-thirds-order kinetics (R3, F2/3))
describes the real process of the thermal decomposition
of [Pd(acac),] under nonisothermal experimental condi-
tions, which is characterized with a Gaussian reactivity
model.

It can be pointed out that Egs. [15] and [16] implicitly
assume that the E, values differ for different o values.
The f(E,) distribution curve used in the model calcula-
tions (Eq. [20] and Figure 12) satisfy this assumption,
but nearly the same E, value was obtained for the
considered range of o when we applied the calculation
method discussed earlier. In that case, a single-step
reaction covers the considered o range; the 4 value can
be estimated directly from the Friedman equation
(Eq. [3]), asuming the reaction model is known (deter-
mined using the analytical form of f{o) model function).

The extreme, when absolutely the same E, value is
obtained for all considered o« values, is not observed in
the present case. In addition, if we look at Figure 5
carefully, it is observed that the obtained E, values do
not lie along a straight line. This observation can be
better seen in Figure 6.

In addition, it was shown that the Friedman method
can be applied to reactions that can be described by a
narrow distribution of the apparent activation energies
(where o < 4 pct of the E, value).*”) From the results
given here, we can conclude that the Friedman method
represents the appropriate kinetic method for the
isoconversional (model-free) analysis of the investigated
decomposition process. In fact, from the results
obtained by applying the Friedman method, we have
established the narrow distribution curve of the appar-
ent activation energies, f(E,), which corresponds to the
Gaussian distribution of reactivity with ¢ < 4 pct of the
E, value (¢ = 0.5 pct of Ey; the values of o and Ej).
Accordingly, these results confirm the statement that the
isoconversional Friedman method can be applied for the
reactions that can be described with a narrow distribu-
tion of the apparent activation energies.

Table VII. Deviations in Predicted Results Compared to
Nonisothermal Experimental TG Data for Different Heating
Rates (f = 2 °C min~!, 5 °C min~!, 10 °C min™’, 20 °C
min~!, and 30 °C min~!)

B (°C min™") S

2 3.07 x 1072
5 7.83 x 1073
10 8.17 x 107*
20 275 x 1073
30 3.54 x 1073
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From the established results discussed here, we can
conclude that the E, values calculated by the Friedman
model-free method and the estimated distribution curve
f(E,) are correct in the case in which the investigated
decomposition process occurs through a single-step
reaction mechanism.

For the nonisothermal decomposition process of
palladium acetylacetonate in a nitrogen atmosphere,
the following kinetic triplet (E,, 4, and function f(x)) is
obtained: £, = 138.7 kI mol™', 4 = 3.02 x 10" min ',
and the geometrical contraction model (contracting
volume) is flo) = 3(1—a)*>.

The R group of models assumes that nucleation
occurs rapidly on the surface of the crystal. The rate of
decomposition is controlled by the resulting reaction
interface progress toward the center of the crystal. For
any crystal particle, the following relation is applicable:

r=ry—kt [23]

where r is the radius at time ¢, r( is the radius at time ¢,
and k is the reaction rate constant. It should be
emphasized that the particle size is incorporated into
the rate constant (k) for the R group of models and for
other models in which the geometry of the solid crystal
is part of the mathematical derivation (e.g., diffusion
models). Therefore, a sample of the varying particle sizes
will have variable reaction rate constants; this will cause
the o-T curves to shift greatly.[*>*"! This would produce
a curved isoconversional plot, assuming an isoconver-
sional (model-free) method is used for the kinetic
analysis. In our case, the corresponding isoconversional
plots at considered levels of « do not show any curvature
behavior (Figure 4). From this point of view, the
particle-size effects do not have any influence on the
shape of the «-T plots for the investigated decomposi-
tion process.

The contracting geometry models are based on an
initial rapid (instantaneous) dense nucleation across all,
or across some specific, crystal faces. The close spacing
of the nuclei results in the rapid (low-o) generation of a
coherent reaction zone that advances inward at a
constant rate in the absence of diffusion effects. This
topic has been discussed for a variety of crystal shapes
by Delmon.'*” In Eq. [18], n = 3 represents the number
of dimensions in which the interface advances.

On the basis of the shape of the established TG
curves, one can conclude that the decomposition of
[Pd(acac),] is a single-step process that can be presented
simply by the following formula:

Pd(acac), — Pd + 2acac [24]

An accompanying destruction of the ligand, if it does
occur, does not play a significant role in the kinetics of
the overall investigated process. According to the SEM
microphotographs (Figure 15), the thermal decomposi-
tion commences at the outer crystal surface, yielding the
ragged Pd film, which surrounds the remainder of the
Pd(acac), crystal.

The film thickens by sampling the Pd atoms delib-
erated during the decomposition of the remainder of
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Fig. 15—SEM microphotograph of palladium (Pd) obtained by ther-
mal decomposition process of palladium acetylacetonate in nitrogen
atmosphere, [Pd(acac),].

the Pd(acac),, primarily at the places of close contact.
It is possible that the film %rows partly via Pd(acac),
evaporation decomposition;** ! however, this way
may not predominate, because the mass loss caused by
the sample evaporation has not been registered by the
TG curves. It can be pointed out that the vapor
nucleation in the system occurs at very high supersat-
urations (more than 10°); it may be assumed that the
beginnings of the new phase always exist in the system.
The crystalline phase of the particles is determined only
by the processes that occur on the surface of the
growing particles.

The XRD pattern of the decomposition product
(Figure 16) essentially corresponds to the metallic Pd,
with a somewhat enlarged elementary cell. The width of
the diffraction lines indicates the low degree of crystal-
linity. Accordingly, the mean crystal diameter calculated
by means of the Scherer formula amounts to a value of
18 nm.

The additional small peaks appearing in Figure 16 at
approximately 260 = 34 and 42 deg correspond to
reflections from the PdO planes (101) and (110),
respectively (JCPDS Card No. 60515).1°07) Because
the Pd sample was held in air before it was subjected to
X-ray diffractometry, due to its nanocrystalline nature,
surface oxide obviously formed in an amount able to
manifest itself in the XRD pattern.

Generally, the decomposition process starts with the
initial nucleation, which was characterized by the rapid
onset of an acceleratory reaction behavior without the
presence of an induction period (up to approximately
o = 0.10, in Figure 3). Furthermore, the considered
process was characterized by the growth of Pd particles
in three dimensions and spherical particle shapes
(the center areas in Figure 3). Finally, in processes
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Fig. 16— XRD pattern of palladium (Pd) obtained by thermal
decomposition process of palladium acetylacetonate [Pd(acac)].
Dashed lines represent ASTM data for palladium.

involving the advance of an interface, product forma-
tion will cease when the migrating interfaces have
swept throughout the reactant volume; termination of
the reaction may be relatively abrupt (this behavior can
be seen in Figure 3 for the values of o« > 0.95, at all 8
values).

The investigated decomposition process of [Pd(acac),]
can be well described by a single Gaussian reactivity
model with the following distribution parameters:
Ey = 1384 kI mol™' and ¢ = 0.71 kJ mol™". It was
established that the value of the mean apparent activa-
tion energy (Ey) is in good agreement with the value of
E, calculated by the Friedman isoconversional method
(140.1 kJ mol "), which corresponds approximately to
the middle of the conversion values (for o =~ 0.40 to
0.50). The value of E, corresponds to the mean apparent
activation energy for the Pd spherical particle growth in
the crystalline phase, for the investigated nonisothermal
decomposition process.

VI. SUMMARY

The kinetics of the nonisothermal decomposition of
palladium acetylacetonate [Pd(acac),] was accurately
determined from a series of thermoanalytical experi-
ments at different constant heating rates. The physical
characterization of the decomposition product of the
investigated process was analyzed by SEM and XRD
experiments. The apparent activation energy (E,) was
calculated by the differential isoconversional (Friedman)
method without a previous assumption regarding the
model function fulfilled by the reaction. It was found
that the apparent activation energy was not really
changed and was nearly independent with respect to the
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level of conversion (). This result suggests that the
nonisothermal decomposition process of palladium
acetylacetonate follows a single-step reaction. Practi-
cally constant E, values approximating 140.1 + 1.5
kJ mol~!' were found. It was found that value of E,
calculated from the Friedman isoconversional method
(140.1 kJ mol™') represents the intermediate value
between the values of E, evaluated from the Bosewell
and Augis-Bennett methods (142.2 and 138.3 kJ mol ',
respectively). The multiple-rate isotemperature method
is used to define the most probable mechanism, g(«), for
the investigated decomposition process. From the
obtained results, it was found that the most probable
reaction mechanism belongs to the mechanism of the
phase-boundary reaction, Rn, with the accommodation
parameter n = 3.

In order to confirm the established Arrhenius param-
eters and reaction mechanism, the integral/differential |
composite methods, and the Master-plot and Malek
methods, were applied. It was concluded that the
differential version of the composite method I produces
results similar to those produced using the integral
method, but with less accuracy. Also, it was concluded
that the reaction model R3, for the integral composite
method I, is the model with the best regression and with
kinetic parameters that are both unique and very similar
to those obtained by the Friedman isoconversional
method.

In addition, it was found that the results obtained
from both the Master-plot and Malek methods confirm
the results obtained from the multiple-rate isotempera-
ture method, in which the R3 (contracting volume)
reaction mechanism can best describe the investigated
decomposition process.

By applying the Miura procedure, the DRM for the
investigated decomposition process was established.
From the dependence of « vs E, the experimental
distribution curve of the apparent activation energies,

f(E,), was estimated. From the basic characteristics of

the estimated f(E,), it was concluded that the investi-
gated nonisothermal decomposition process of [Pd(a-
cac),)] in a nitrogen atmosphere can be represented by a
single Gaussian distribution. By applying the NL least-
squares analysis, the Gaussian reactivity model is
established for the considered system with the following
distribution parameters: E, = 138.4 kI mol™! (the
mean apparent activation energy) and ¢ = 0.71
kJ mol~! (the standard deviation). It was established
that the value of E; is similar to the value of E,
calculated by the differential (Friedman) isoconversional
method. By applying the Miura procedure, the 4 values
were estimated at different heating rates and the average
A values are plotted against E,. The order of magnitude
for 4 obtained using this method is in good agreement
with the order of magnitude for A calculated b;/ the
integral and differential composite methods I (10'°).

It was also established that the E, values calculated by
the Friedman method and the estimated distribution
curve f(E,) are correct, even in the case in which the
investigated decomposition process occurs through a
single-step reaction mechanism.

METALLURGICAL AND MATERIALS TRANSACTIONS A



In accordance with the SEM analysis, the thermal
decomposition commences at the outer crystal surface,
yielding the ragged Pd film that surrounds the remainder
of the Pd(acac), crystal. The results of the X-ray analysis
show that the decomposition product corresponds to the
metallic Pd particles with a somewhat enlarged elemen-
tary cell. The width of the obtained diffraction lines
indicates the low degree of crystallinity. From applying
the Scherer formula, the mean crystal diameter was
calculated and a value equal to 18 nm is found.

In general, the decomposition process of [Pd(acac),]
starts with an initial nucleation characterized by the
rapid onset of an acceleratory reaction behavior without
the presence of an induction period. In addition, the
considered process was characterized by the growth of
Pd particles in three dimensions with spherical shapes.
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