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Abstract

Pd(0) is able to catalyze oxygen-involving reactions because of its capability to convert molecular oxygen to the very reactive
atomic form. Consequently, the embedding of a little amount of Pd(0) clusters in polymeric phases can be technologically
exploited to enhance the incineration kinetic of these polymers. The effect of nanostructuration on the Pd(0) catalytic activity
in the polymer incineration reaction has been studied using poly(N-vinyl-2-pyrrolidone) (Mw = 10,000 gmol−1) as polymeric
model system. A change in the PVP incineration kinetic mechanism with significant increase in the reaction rate was
experimentally found. The kinetic of the Pd(0)-catalyzed combustion has been studied by isothermal thermogravimetric
analysis. After a short induction time, the combustion in presence of Pd(0) clusters shifted to a zero-order kinetic from a
second-order kinetic control, which is operative in pure PVP combustion reaction. In addition, the activation energy resulted
much lowered compared to the pure PVP incineration case (from 300 to 260 kJ/mol).
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Background
On a nanoscopic scale, noble metals show abnormally
increased catalytic properties, known as “super-catalytic
effect” [1, 2]. Not only the number of catalytic sites in-
creases with the decreasing of the crystal diameter, due
to the surface/volume ratio increase (the surface/volume
ratio for a spherical particle is 3/R), but also the catalytic
site nature (that is, Lewis’ acidity) is strongly affected [1].
In particular, Lewis’ acidity of catalytic sites increases
with size decreasing because the relative abundance of
different catalytic sites changes. According to theoretical
models, like for example the “cubic model” [3], the
distribution of the different site types (i.e., basal plane,
edge, and corner sites) in a noble metal crystal is revolu-
tionized by decreasing the crystal diameter [1]. In fact,
in some micron powders, crystal basal planes are the
most abundant, while edge and/or corner sites prevail in
a nanoscopic crystal system [2]. Owing to the lower
coordination number of these sites, a different catalytic
activity follows. Moreover, as the activity also, selectivity
and specificity of catalytic sites are modified [4, 5].

Polymer incineration is a technologically relevant
chemical process, which involves oxygen and takes place
at relatively high temperatures [6, 7]. PVP is a common
polymer, industrially exploited in several fields (cosmetics,
biomedical, as excipient in drugs, etc.), and hence, it was
selected as the “model polymer” to be studied. In addition,
the PVP incineration is technologically relevant in ceramic
sintering [8], ceramic sensor fabrication [8, 9], battery
electrode fabrication [6], waste destruction [10, 11], solid
propellant development [12, 13], etc.
Here, we have found that the PVP incineration process

can benefit of the presence of a nano-sized noble metal
catalyst, probably because it is able to quantitatively
convert molecular oxygen (O2) to the more aggressive
oxygen atoms (O·) [14, 15]. All types of noble metal/
PVP combinations can be easily synthesized, in a high
homogeneous form, by using the very common polyol
process technique [16–22]. In this study, Pd has been
selected as a catalytic metal since it can be achieved in
an extremely small size by this simple reaction scheme
[21, 22].
Polymer incineration can be readily studied by using

thermogravimetric analysis (TGA) [7]. In particular,
isothermal TGA tests, performed at temperatures higher
than the PVP ignition temperature, have been used for
this kinetic analysis. The isothermal TGA tests were
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performed at four different temperatures slightly above
370 °C, which corresponds to the onset degradation
temperature in a dynamic TGA thermogram. Tempera-
tures higher than 440 °C were not investigated because
the reaction rate resulted too high for a satisfactory
TGA monitoring. In order to establish the involved
combustion mechanism, (i) the reaction order, (ii) kin-
etic constant, (iii) and activation energy values have been
valuated from the isothermal TGA data of pure PVP and
nano-Pd/PVP combustions.

Experimental
Samples were prepared according to a literature method
[22]. In particular, poly(N-vinyl-2-pyrrolidone) (PVP,
Aldrich, Mw = 10,000 gmol−1) was dissolved in dry ethyl-
ene glycol (EG, Aldrich, 99.8%), and the solution was
placed in a thermostatic bath at 90 °C in air, up to
complete dissolution. In a typical preparation, 24 g of
PVP powder were dissolved into 70 ml of EG. Separ-
ately, a smaller volume (10 ml) of a concentrated solu-
tion of potassium tetrachloropalladate(II) (K2PdCl4,
Aldrich, 99.99%) in EG (0.35% by weight of salt) was
prepared, and it was rapidly injected into the vigorously
stirred hot PVP/EG solution. The PVP concentration in
EG was 30 mM and the Pd(II):PVP molar ratio was 1:10.
After heating for 120 min, the solution was cast into a
large amount of acetone to flocculate the nano-Pd/PVP
system. The product was dried in air and stored at room
temperature in a desiccator. A second type of nano-Pd/
PVP samples was also prepared by dispersing a commer-
cial micrometer-sized Pd(0) powder (Pd, Aldrich,
particles size < 1 μm, 99.9%) in PVP having the same
molecular weight. The dispersion concentration was
similar to that used for the nano-sized Pd in PVP
samples (0.3% by weight).
The morphology of Pd clusters was investigated in a

PVP-embedded form by using transmission electron

microscopy (TEM, FEI Tecnai G2 Spirit twin apparatus)
operated at 120 kV, and after the combustion process, the
residual product was imaged by using scanning electron
microscopy (SEM, FEI QUANTA 200 FEG apparatus).
According to the literature [23, 24], the combustion

properties of pure poly(N-vinyl-2-pyrrolidone) (PVP)
and nano-Pd/PVP samples were investigated by thermo-
gravimetric analysis (TGA, Q5000, TA Instruments) in
oxidative atmosphere (fluxing air) at standard pressure
conditions. The combustion process was investigated by
burning PVP and nano-Pd/PVP samples in both dy-
namic (from room temperature to 600 °C, at a heat-
ing rate of 10 °C min−1) and isothermal conditions,
under fluxing air (25 mL min−1). The temperature of
TGA isothermal tests was taken above the ignition
temperature (onset) determined by the TGA dynamic
scan. Isothermal data were recorded for all samples
up to a complete weight loss.

Results and Discussion
A representative TEM micrograph of nano-Pd/PVP
samples is shown in Fig. 1a. Contact-free Pd clusters,
having a size of 2.8 ± 0.2 nm (see Fig. 1b), appear to be
uniformly dispersed into the PVP matrix.
The SEM micrograph shown in Fig. 2 evidences as, in

presence of the Pd(0) catalyst, the PVP combustion
resulted complete. In fact, the combustion product con-
sisted of only aggregated Pd clusters, without traces of
any organic residue. In particular, this nano-Pd/PVP
sample was burned in a thermogravimetric balance,
under dynamic conditions (i.e., from room temperature
to 600 °C, at a heating rate of 10 °C min−1), using fluxing
air (25 ml min−1). The continuous metallic framework
has been generated by the sintering of adjacent Pd(0)
clusters after the PVP removal.
The combustion processes for pure PVP and nano-Pd/

PVP samples were studied by dynamic and isothermal
thermogravimetric analysis (TGA). Dynamic TGA allowed

Fig. 1 TEM micrograph of nano-Pd/PVP sample (a) and particle size distribution (b)
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to determine at which temperature the combustion starts
(i.e., the ignition temperature) and ends, and it provided
general information regarding reaction kinetics and other
parameters that characterize the combustion behavior. A
comparative analysis of the TGA (weight loss ratio) and
DTG (weight loss rate) curves is presented in Fig. 3 for
pure PVP and nano-Pd/PVP samples. The shape of the
curves indicates that the major weight loss occurs between
400 and 500 °C. Pure PVP and nano-Pd/PVP samples dif-
fer in reactivity as clearly exhibited by the deviations in
peak decomposition rate and by the trend of the weight
loss curve of nano-Pd/PVP which on the whole is faster
compared to that of pure PVP. In fact, the presence of a
very small amount of Pd catalyst affects the polymer ther-
mal degradation both before and after ignition (see Fig. 3a).
Further, a residual weight loss of ca. 0.3%, due to the Pd
catalyst content, is clearly visible in the nano-Pd/PVP
TGA. The DTG curves of pure PVP and nano-Pd/PVP
samples exhibit a maximum decomposition rate at ca.
420 °C (see Fig. 3b). In addition, the nano-Pd/PVP curve

displays a second peak which is visibly anticipated
compared to the pure PVP (470 °C instead of 540 °C).
TGA isothermal analysis was used to study the com-

bustion kinetic of the PVP catalyzed by Pd(0). Figure 4
shows the isothermal weight loss fraction, X(t), as a
function of time during the combustion process for pure
PVP and nano-Pd/PVP samples at temperatures slightly
above the ignition temperature. The weight loss fraction
is defined as X(t) =w(t)/w0, where w0 and w(t) refer to
the initial weight and weight at time t, respectively.
Isothermal thermogravimetric analysis was carried out at
four different temperatures: 400, 420, 430, and 440 °C.
Two combustion stages are visible in the thermograms

(see Fig. 4): in the first stage, a similar weight loss behav-
ior, characterized by perfect curves that overlap, is found
for both pure PVP and nano-Pd/PVP samples. This stage
tends to become shorter with temperature increasing. In
the second stage, the nano-Pd/PVP weight loss curve
decreases very rapidly and then level off to become
asymptotic to the residual Pd content. These two stages
are linked together through a short time interval in
which the weight loss keeps almost constant.
Such behavior can probably be ascribed to the time

needed to saturate the Pd surface by molecular oxygen
[9]. Pd catalyst is able to quantitatively convert the low-
reactive molecular oxygen (O2) to a very reactive atomic
oxygen species. Therefore, in the first stage, common to
both PVP and nano-Pd/PVP combustion, only the
molecular oxygen plays the dominant role in the reac-
tion while atomic oxygen plays a major role in the
second stage of nano-Pd/PVP combustion.
The weight loss curve of pure PVP reaches its asymp-

totic value only after a very long time, and according to
the applied regression analysis, it follows a second-order
kinetic behavior. Differently, the nano-Pd/PVP curves
quickly drop to their asymptotic values (see Fig. 4) fol-
lowing a linear behavior, thus suggesting a zero-order
kinetic control for this second stage of combustion. In
particular, a correlation factor of R2 = 0.98 was found for

Fig. 2 SEM micrograph of the residual TGA product (palladium powder)

Fig. 3 Weight loss (a) and weight loss rate (b) corresponding to the combustion of pure PVP (black) and nano-Pd/PVP (red), performed at a heating
rate of 10 °C min−1
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all curves. The estimated values of kinetic constants
both in presence and absence of the Pd(0) catalyst are
given in Table 1 for each combustion temperature.
In order to determine the activation energy for the fast

stage of the nano-Pd/PVP combustion process, the k =
A·exp(−Ea/RT) Arrhenius equation has been used to fit
the kinetic constants at different temperatures. The

constant A is the frequency factor, Ea is the activation
energy, and R is the gas constant. The Arrhenius plot
(ln(k) vs. 1/T) is given in Fig. 5. The solid line is the
linear fit of the experimental kinetic constants, and its
slope depends on the activation energy (Ea). The calcu-
lated pre-exponential factor, A, was 1.7 × 1019 min−1

(ln(A) = 44.3), and the activation energy (Ea) was ca.
260 kJ/mol. For comparison, Fig. 5 shows also the
Arrhenius plot of the kinetic constants for pure PVP
combustion. The calculated pre-exponential factor A
was 7.7 × 1021 min−1 (ln(A) = 50.4), and the activation
energy (Ea) was ca. 300 kJ/mol, determined from the
slope of the linear fit to the kinetic constants (black
dots) of the PVP combustion.
According to Fig. 5 and to the data shown in Table 1,

the presence of the palladium catalyst has the global
effect of lowering the activation energy of the polymer

Fig. 4 Isothermal weight loss ratio as a function of time during combustion of pure PVP (black curves) and nano-Pd/PVP (red curves) at 400 °C
(a), 420 °C (c), 430 °C (e), and 440 °C (g) and corresponding derivative curves (b, d, f, h)

Table 1 Kinetic constants of pure PVP and nano-Pd/PVP com-
bustion at different temperatures

Temperature (°C) k (min−1) for nano-Pd/PVP
combustion

k (min−1) for pure
PVP combustion

400 0.113 0.041

420 0.409 0.152

430 0.711 0.324

440 1.632 0.886
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combustion, allowing the reaction to speed up (higher
kinetic constant values).
The knowledge of the activation energy, Ea, helps to

develop hypothesis on the reaction mechanism. In fact,
by comparing Ea with the tabulated values of bond ener-
gies, one can determine which is the rate-limiting step
in the combustion reaction under investigation. The
calculated activation energy, Ea = 260 kJ/mol, is about
one half the molecular oxygen double bond energy
(498.36 ± 0.17 kJ/mol) [25]. Since the single-bond energy
of oxygen is quite close to the measured activation
energy, it can be concluded that atomic oxygen forma-
tion (O2 → 2O) takes place on the palladium cluster sur-
face and it is the rate-limiting step of the nano-Pd/PVP
combustion. In fact, under fluxing oxygen condition
(constant oxygen concentration), the kinetic order of this
elementary process is just like zero. Other elementary
processes involved in the catalyzed combustion mechan-
ism, which can be schematically indicated as PVP + O→
gaseous products, should take place on a time scale
much faster than the atomic oxygen formation step.

The nanostructuration of the palladium phase plays an
important role in this catalytic combustion process. In
fact, the embedding of a micronic Pd(0) powder in the
PVP phase, using the same amount of the synthesized
nano-Pd/PVP samples (0.3% by weight), does not affect
the reaction kinetic (see Fig. 6). In such figure, the
weight loss fraction of the pure PVP, of the Pd/PVP
sample prepared by using a micronic powder, and of the
synthesized nano-Pd/PVP sample are compared. Com-
parisons are at temperatures of 420 °C (Fig. 6a) and
440 °C (Fig. 6b), respectively. The enhanced catalytic ef-
fect of nano-sized Pd compared to the micrometric Pd
powder is visually evident. The catalytic activity of the
nano-sized Pd increases; thanks to its high specific sur-
face and enhanced catalytic site reactivity.
As a consequence of such a kinetic mechanism

(atomic oxygen formation as a rate-limiting step), an
effect of the nano-sized Pd catalyst on other polymer
combustion could be expected too. Therefore, nano-
sized Pd catalyst could be industrially exploited in poly-
mer incineration.

Conclusions
In this paper, we have investigated the catalytic effect of
palladium clusters in the PVP incineration reaction. PVP
was selected as the “model polymer” to study the incin-
eration in presence of a catalytic amount (0.3% by
weight) of nano-sized Pd(0) clusters (diameter of ca.
2.8 nm). We have found that the polymer incineration
performed in presence of nano-sized Pd clusters is pro-
moted by the oxygen atom action, which are more react-
ive than the molecular form. After a short induction
time, it was shown that the presence of nanoscopic
Pd(0) catalyst determined an almost instantaneous com-
bustion of the PVP. The isothermal TGA data of the
nano-Pd/PVP combustion reaction have been elaborated
in order to determine the combustion mechanism, the
kinetic constants, the reaction order, and the activation
energy. According to the kinetic analysis, a reaction

Fig. 5 Arrhenius plot for pure PVP (black points) and nano-Pd/PVP
samples (red points)

Fig. 6 Isothermal weight loss ratio as a function of the time during the combustion of pure PVP (black curves), μ-Pd/PVP (green curves), and
nano-Pd/PVP (red curves) at 420 °C (a) and 440 °C (b)
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mechanism involving the catalytic formation of atomic
oxygen as a zero-order rate-limiting step has been pro-
posed. Nano-sized Pd clusters have shown to exhibit a
super-catalytic effect compared to micrometric Pd
powder in the PVP incineration. This catalytic effect of
nano-sized Pd could be of interest for the incineration of
other polymers.
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