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Kinetic studies for the non-isothermal decomposition of un-irradiated and y-irradiated ruthenium(IIT)
acetylacetonate in air were carried out. The results show that the decomposition proceeds in one major
step in the temperature range of 150-250°C with the formation of RuO; as a final solid residue for un-
irradiated Ru(acac)s. For y-irradiated Ru(acac)s with 10% KGy total y-ray dose, the decomposition goes
eventually to completion with almost 100% decomposition and proceeds in one major step, which contains
four overlapping decomposition stages in the temperature range of 200-320 °C. The kinetics is shown to
be non-isothermal, using both model-fitting and model-free approaches. Infrared (IR) spectroscopy and X-
ray powder diffraction techniques were employed to follow the chemical composition of the solid residue
obtained at different temperatures.
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1. Introduction

Thermal decomposition of solids 1s an important field of solid-state chemistry with wide technical
applications. Many recent studies on the thermal decomposition of inorganic solids have included
measurements on samples that were exposed to radiation prior to heating, with the view to inves-
tigate the effects of ionizing radiation on the thermal decomposition behaviour. For instance,
radiation can modify one or more properties of the material in an important way by creating
point defects or by increasing the number of nucleation forming sites. The kinetics of the thermal
decomposition of inorganic materials could be affected markedly by prior exposure (o ionizing
radiation, i.e., by the shortening of the induction period followed by an overall decrease in time
needed to complete the reaction.

*Corresponding author. Email: rmhfouz @ksu.edu.sa

ISSN 1042-0150 print/ISSN 1029-4953 online
© 2009 Taylor & Francis

DOI: 10.1080/10420150701414272

http:/ /www.informaworld.com



Radiation Effects & Defects in Solids 267

Ruthenium(IIT) acetylacetonate, Ru(acac),, is considered as a promising precursor for the syn-
thesis of heterogeneous ruthenium catalysts that are active in hydrogenolysis, isomerization and
hydrogenation of hydrocarbons (/—3). Ru(acac); is a suitable metallic organic compound for the
preparation of RuQ,, which plays an important role in many applications in catalysis, electro-
chemistry and electronic technology (4-5). Thermal decomposition of un-irradiated Ru(acac);
in air has been studied by Music et al. (6). Thermolysis of Ru(acac); supported on silica and
alumina has been investigated by Yuri. V et al. (7). The results of these studies indicated that
Ru0; 1s the solid product of the decomposition without giving any details for the kinetics of the
thermal decomposition of Ru(acac)s. No studies are reported for the mechanism controlling the
decomposition or the kinetic and thermodynamic parameters of the decomposition.

In the present work, the thermal decomposition behaviour of un-irradiated and y-irradiated
Ru(acac); was investigated in air in order to shed more light on the kinetics of thermal
decomposition of Ru(acac); and the role of ionizing radiation on the thermal behaviour of
Ru(acac)s.

2. Experimental

Ruthenium acetylacetonate was obtained commercially from Aldrich Ltd. and used without further
purification. Samples were dried 1 a disccator before analysis. For the thermal experiments, a
thermogravimetric analyser was used (TGA-7, Perkin—Elmer). The amount of the sample was
kept at 10 &= 0.1 mg. Under dynamic (non-isothermal) conditions four linear heating rates (5, 10,
15, 20°C/min) were applied.

For irradiation, samples were encapsulated under vacuum in glass vials and exposed to succes-
sively increasing doses of radiation at constant intensity using a Co-60 y-ray cell 220 (Nordion
INT — INC, Ontario, Canada) at a dose rate of 10* Gy/h. The source was calibrated against a
Fricke ferrous sulphate dosimeter and the dose rate in the irradiated samples was calculated by
applying appropriate corrections on the basis of both the photon mass attenuation and energy
absorption coefficient for the sample and dosimeter solutions (8).

The fraction decomposed or the extent of conversion of @ was calculated as

M,—-M
o= —-",

M — Mg
where M,, M, M; are the initial, actual and final sample masses, respectively.

The infrared (IR) spectra were recorded as KBr pellets using a Perkin—Elmer 1000 FT-1IR spec-
trophotometer. XRD measurements were carried out on a Siemens D5000 X-ray diffractometer
using a nickel filter (Cu Ko, A = 1.5418 A).

3. Theory

A single-step process for solid state decomposition has the following kinetic equation

@ K@ (1)
_— o s
dt
where « is the extent of conversion, K (1') 1s a temperature dependent reaction rate constant, and
f(a) 1s a kinetic dependent model function.
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Table 1. Set of reaction models applied to describe thermal decomposition in solids.

Reaction model f(o) gla)
1 Power law 40374 o/t P,
2 Power law 323 ol/3 P,
3 Power law 20172 ol P3
4 Power law 2/3a" 12 o3/? Py
5 One-dimensional diffusion (172t o? D
6 Mampel (first-order) l—«o —In(1 — ) F,
7 Avrmi-Erpfeev 401 — a)[— In(1 — )% [— In(1 — a)]'/*
8 Avrmi-Erpfeev 31 — e)[—In(1 — a)]*3 [—In(1 — a)]'/3
9 Avrmi-Erpfee 2(1 — &)[— In(1 — e)]'/? [—In(l — a)]*?
10 Three-dimensional diffusion 2l =)} (1= (1 —e)/H~! [1—(1—-e)3)? Ds
11 Contracting sphere 3(1 — a)?/3 1— (1 -3 Rj
12 Contracting cylinder 201 — )2 g —_—Te R;
13 Second-order (1 —a)? (l—ay =1

The Arrhenius equation generally expresses the explicit temperature dependency of the rate
constant as

do _a -k, )
5 = Aexp (F) Sf). (2)

The A, E, and f(«a) are called the ‘kinetic triplet’ that can characterize a unique decomposition
reaction. Some of the reaction models for solid state reactions are listed in Table 1. Under non-
isothermal conditions in which a sample is heated at a constant rate, the explicit time dependence
in Equation (1) is eliminated through the trivial transformation

d_ot_é __EO‘ (@) (3)
dT_ﬁeXp(RT)f“’

where f = dT /dr is the heating rate.

3.1. Model-fitting approach (Coats and Redfern method)

Upon integration, Equation (3) gives
@) * du AfT“ ( Ea)dT
gl) = = —= expl ——
o fla) Bl RT

A [l E, AE, (% exp(—x)
R — exp| —— |dT = dx
ﬁ 0 RT Rﬂ 0 .x2
AE,

A
=% Px) = EI(EQ, T), 4)

where P(x) is the exponential integral for x = E,/RT. The temperature integral I (E,, T') has no
analytical solution but many approximations. One such approximation gives rise to the Coats—

Redfern equation, (9):
I |:gj(oz)] ln(AjI? [1 (2R7*):|) Ea;} )
T2 BEj Ea; RT

where 7 is the mean experimental temperature. Plotting the left-hand side, which includes the
model g(«) of Equation (5) vs. 1/ T gives E, and In A from the slope and intercept, respectively.
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The goodness of fit is customarily estimated by a coefficient of linear correction r ;. A single pair
of F, and In A is then commonly chosen as the one corresponding to a reaction model that gives
rise to the maximum absolute value of the correlation coefficient [#pax].

3.2. Model-free approach (Vyazovkin (Vyz) method)

A nonlinear iso-conversional method has been developed by Vyazovkin that avoids inaccura-
cies associated with analytical approximations of the temperature integral (/0). For a set of n
experiments carried out at different heating rates, the activation energy can be determined at any
particular value of « by finding the value of E, for which the objective function €2 is minimized,
where

I(Ey, T5,))B)
= 2; [(Ey, To;)fi (6a)

To[,i
I(EOU Tot,i) - [ CXp (_
0

The temperature integral can be evaluated by approximation of Cai et al. (/7), where

! E, RT; i [ (Eao/RTui) + 0.66091 ~ B
exp| — d7 = . . exp . @)
0 RT,; Ey | (Eao/RTy)+2.64943 RT,;
and by numerical integration.

Vyazovkin modified this method to account for variable heating rates and systematic errors in
the activation energy in an advanced 1so-conversional method based on the following Equation

and

Ea.o dr (6b)
RT '

(o, T (02)
o ZJZ; T B 1) ®
where
J(Ey, T() = f o e /RTO 4 ©)
to—Aw

for a linear heating function, 7'(¢) = Ty + B(¢) and Ao = (1/m) with m being the number of
a segments chosen for integration (18 in our work). The integral (J (E,, T (¢))) was solved by
numerical integration. The activation energy (E, ) is the value that minimizes €2 in Equation (8). All
objective function minimizations were performed using the numerical methods in Mathematica.
All kinds of integrations were solved using numerical methods with high accuracy.

4. Results

Figure 1 shows typical TG and DTA curves of un-irradiated Ru(acac); in static air. The TG curve
shows that the decomposition of Ru(acac); proceeds in one major step in the temperature range
of 150-250 °C with formation of RuQO» as solid residue according to the following Equation.

Ru(acac)y; ——— — RuQO, + Volaties (10)

The acetylactonate ligand was found as the major gaseous product below 300 °C. At a temperature
higher than 400 °C the gaseous acetylacetonate ligand decomposes mainly to CO, CO, and H>O.
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Figure 1. Simultaneous TG and DTA curves of un-irradiated Ru(acac)s.
DTA
500
16.0
400
=
= o)
|<_t 300+ (_EIj
e -
44.0
2001
100
12.0
v

50

150

250
Temp Cel

Figure 2. Simultaneous TG and DTA curves of y-irradiated Ru(acac)s.
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The experimentally observed weight loss was found to exceed the predicted one as calculated
according to Equation (10). This disagreement between the experimentally and theoretically
calculated weight losses of the thermal decomposition of Ru(acac); is most likely due to the
sublimation of a small portion of Ru(acac)s in the thermal decomposition range of Ru(acac).
The DTA curve shows a superposition of several exothermic peaks in the temperature range from
~210°C to ~280 °C, associated with the crystallization of RuQO; and the decomposition of the
acetylacetonate ligand. Figure 2 shows typical TG and DTA curves of y-irradiated Ru(acac);
with 102 KGy total y-ray dose. The TG showed a shift in the decomposition temperature range to
higher values (200320 °C) and the decomposition eventually goes to completion (i.e., ~#100%
weight loss). In the major decomposition step, it is possible to recognize four overlapping decom-
position stages: I, II, III and IV. The decomposition stages I, II and III are associated with the
decomposition of the acetylacetonate ligands, probably in three steps. The step IV decompo-
sition exhibits a gain in the weight loss, attributed probably to the formation of a volatile Ru
compound.

The dynamic data shown in Figures 3 and 4 were analysed using the Coats—Redfern method,
Equation (5). Inserting various g;(a) into these Equation results in a set of Arrhenius parameters

1.2
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Figure 3. Thermogravimetric data showing the extent of un-irradiated Ru(acac)s; conversion during non-isothermal
decomposition. The heating rate of each experiment ( in °C min~!) is indicated by each curve.
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Figure 4. Thermogravimetric data showing the extent of y-irradiated Ru(acac); conversion during non-isothermal
decomposition. The heating rate of each experiment (in °C min—!) is indicated by each curve.
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(E,, In A), as determined from the slopes and intercepts of the plots of the left sides of Equation (5)
vs. 1/T,. The Arrhenius parameters for the non-isothermal decomposition of un-irradiated and
y-irradiated Ru(acac); with 10> KGy total y-ray dose are listed in Table 2.

The results of applying the model-free iso-conversional method, Equations (7) and (8), to the
non-isothermal decomposition data for both un-irradiated and y-irradiated Ru(acac); with total
10 KGy total y-ray dose permits a determination of E« as a function of «, are shown in Figures 5
and 6.

5. Discussion

An examination of Table 2 shows that the Arrhenius parameters obtained for non-isothermal
decomposition of Ru(acac); are highly variable, exhibiting a strong dependency on the reaction
model selected, with more than one reaction model showing that absolutely different mechanisms
can correctly fit the experimental data. The reason for the failure of the application of the model-
fitting method to the non-isothermal data 1s clear. Unlike in isothermal experiments, in which
the temperature is isolated as an experimental variable, the non-isothermal experiments allow fits
with simultaneously varying temperature sensitivity (£, In A) and reaction model f(«). The basic
assumption of the iso-conversional method 1s that the reaction model as defined in Equation (1)
is not dependent on the temperature or heating rate. In contrast to model-fitting methods which
provide a constant dependence of Eo on «, the iso-conversional free methods show a dependence
of Ewx on the extent of conversion as shown in Figures 5 and 6. The iso-conversional analysis
for non-isothermal data showed a decrease in the value of E« with the extent of conversion «,
with an average value centred at ~112 KImol !, in good agreement with the values obtained
using the model-fitting approach. The isoconversional curves obtained in this paper for non-
1sothermal decomposition of un-irradiated and y-irradiated Ru(acac); reveal a typical dependence
for reversible reactions according to Vyazovkin et al. (/2). Vyazovkin and Linert have shown that
the decreasing dependence of Ea on « corresponds to the kinetic scheme of an endothermic
reversible reaction followed by an irreversible one. For such a process, E, 1s limited by the sum
of the activation energy of the irreversible reaction and the enthalpy of the reversible reaction at
low conversions. At high values of conversion, «, £, is limited by the activation energy of the
irreversible reaction at high « (13).

The 1so-conversional analysis using a modified Vyazovkin approach at different arbitrary heat-
ing programs 7;(¢) affords a different behaviour for the dependency of E, , on « (see Figure 6),
and reflects the role of the heating rate in the non-isothermal decomposition of solids.

Table 2. Arrhenius parameters for non-isothermal decomposition of un-irradiated and y-irradiated
(10? KGy) Ru(acac)s at 10°C min~' by Coats and Redfern.

Un-irradiated y-irradiated (10°> KGY)

Model Ea In Aj r; Ea In Aj R]'

R2 128.127 13.77168 0.9983 95.787 20.44391 0.9943
R3 136.723 15.50166 0.995 103.792 21.75681 0.9971
A2 155.962 19.82585 0.9822 119.0399 2598113 0.9962
A3 155.962 18.51462 0.9822 119.0399 25.57513 0.9962
D1 220.5288 33.57618 0.9964 167.3691 36.96855 0.9765
D2 246.983 55.80501 0.9964 188.3869 41.5108 0.9893

D3 281.94 62.89396 0.9953 216.1557 46.87215 0.9974
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Figure 5. Dependence of the activation energy on the extent of conversion as determined by iso-conversional methods.
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Figure 6. Dependencies of the activation energy on the extent of conversion as determined using a modified Vyazovkin
iso-conversional method.

5.1. IR and XRD measuremerts

The physical and chemical changes induced by y-irradiation in Ru(acac)s were followed by
recording the IR spectra of the material before and after y-irradiation. Figure 7 shows IR spectra
of both un-irradiated and y-irradiated Ru(acac);. Both spectra display the characteristic bands
assigned to various vibration modes of acetylacetonate functional groups. Neither disappearance
nor appearance of new bands was recorded in the IR spectrum of y-irradiated Ru(acac); with 10?
total y-ray dose, but a decrease was recorded in most characteristic bands. The band assigned to the
v Ru—0 bond at 660 Cm~! was more affected by irradiation than any other band in the spectrum.
The decrease in intensity of this band could be attributed to bond scission and degradation caused
by y-irradiation. IR-bands for Ru(acac); and their assignments are listed in Table 3.

It should be mentioned that the formation of the solid residue was initially started by formation
of Ru metal. The Ru metal oxidizes into RuQ, with the increase of the heating temperature as
well as with prolonged heating at the same temperature. This prospect has been demonstrated
by recording XRD patterns and IR spectra of the solid residue after calcinations of un-irradiated
Ru(acac); at different calcination temperatures for different time intervals. The sample calcined
at 200 °C exhibits a non-crystalline behaviour, due to formation of Ru metal nanoparticles (/4).
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Figure 7. IR spectra of un-irradiated and y-irradiated Ru(acac)s.

Table 3. IR bands of Ru(acac); and their assignments.

Band position Assignment
Ru(acac); Ru(acac)s
y-irradiated un-irradiated
2920.81 29029.66 v(CH) v(CH3)
1518.33 151833 y(C===C) + 1 (C==C)
1425.92 1424.60 84 (CH3)
1377.81 1364.73 5:(CH3)
1269.75 1296.49 v(C—CHz) + (C—C)
1019.91 1018.98 pr (CH3)
935.83 935.38 p(C==C) + {C==0)
781.41 780.97 7 (CH)
633.38 683.52 v(C-CHj3) + ring def.
664.19 660.17 v RuO
C
v
T CH3—C\
o
640.68 640.46
455.02 455.01 v(C - CH3) + vRuO

The Bragg angle of 26 = 43.4° is consistent with the Ru(0) diffraction (d = 0.208 nm). The par-
ticle size calculated from the Deby-Scherrer formula using the information from this peak was
~ 1.7nm. The sample calcined at 300 °C exhibits crystalline peaks ascribed to Ru and RuO,
crystallization (/5). The XRD pattern of the sample heated at 600 °C showed diffraction lines
attributed to the rutile-type RuO; as a single phase. The I'T-IR spectrum for the sample heated at
600 °C exhibits a band at 967 cm ™! attributed to Ru=0, which is a metal-like conductor. The pow-
der X-ray diffraction pattern of the y-irradiated Ru(acac)s shows that new diffraction features are
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not present in the XRD pattern of un-irradiated Ru(acac);. By heating the y-irradiated Ru(acac);
sample with 107 and 10° KGy total y-ray doses under the same experimental conditions as for the
un-irradiated sample, one obtains a different set of XRD patterns. The result of these measure-
ments will be published in a separate publication. Further studies concerning the formation of Ru
and RuO; nanoparticles by thermal decomposition of un-irradiated and y-irradiated Ru(acac)s
are in progress in our laboratory.

6. Conclusions

The thermal decomposition behaviour of Ru(acac)s proceeds in one major decomposition step,
with the formation of RuQ, as solid residue. y-irradiation up to a dose of 10> KGy appears to
have no significant effect on the thermal behaviour of Ru(accac)s. The Arrhenius parameters, the
kinetic model and the dependence of £, on « during the progress of the decomposition appear not
to be largely affected by the y-irradiation. The use of single-heating rate data for the determination
of kinetic parameters should be avoided; free methods that use multi-heating rate data and assume
a multi-step nature of the process can describe the course of a solid reaction sufficiently well.
The single-heating rate technique and model-fitting mechanism are of limited help to deduce
the correct and adequate kinetic parameters. The multi-step process using the multi-heating rate
technique and model-free methods are rather typical for reactions of solids.
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