
Abstract The economic success of feedstock recycling pro-
cedures for plastic wastes is increasingly demanding the
conversion of the starting residue into more valuable chem-
icals. Thermal cracking of polyethylenes leads to the prepa-
ration of equimolar mixtures of n-paraffins and 1-alkenes
within the C2–C100 range. These 1-olefins can be catalytically
upgraded by selective oxidation processes to more valuable
products (e.g., ketones and fatty acids) with different uses
such as polar waxes, cetane improvers, varnishes, and printer
inks. The results obtained on oxidation in a modified
Wacker system of a model 1-olefin (1-dodecene) as well as
of a distillate cut (C10–C25) of the product from the thermal
cracking of urban polyethylene waste are described.
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Introduction

Plastics have become essential materials in everyday life.As
a result, their consumption has been growing continuously
during the past decade, leading to a parallel increase in the
amount of plastic wastes generated, a figure that reached 37
million tonnes in the European Union in 2003. Despite the
significant advances of recent years, landfilling still remains
the preferred choice for plastic waste management in
Western Europe (72%).1 This situation is regarded as un-
acceptable under the premises of sustainable development
because it leads to a loss of potential raw materials and to
unwanted environmental pollution. Energy recovery is
another alternative of increasing implementation, although
it is unpopular with the public due to the possible emission

of toxic compounds to the atmosphere. Recycling is an envi-
ronmentally interesting alternative because it is aimed 
at once again generating plastic materials (mechanical 
recycling) or waste plastic can also generate fuels or 
raw chemicals (feedstock recycling).2 However mechanical
recycling is limited to thermoplastic materials. In addition,
the progressive loss of plastic properties and the low quality
of the recycled plastics generated from polymer mixtures
make it an intermediate treatment. In contrast, feedstock
recycling is becoming a more attractive alternative.3

The profitability of the different feedstock recycling pro-
cedures for plastic wastes requires the conversion of the
starting residue into more valuable chemicals. For example,
for polyolefins (polyethylene, polypropylene), catalytic
processes generating hydrocarbon mixtures have been 
proposed as a feasible feedstock recycling method,4,5 but
these are low-cost products with application as fuels or raw
chemicals.

The thermal cracking of polyethylenes at 400º–600ºC
leads to the generation of equimolar mixtures of n-paraffins
and 1-olefins within the C2–C100 range.6 These 1-olefins can
be catalytically upgraded by selective oxidation processes
to more valuable products (e.g., ketones and fatty acids)
with different uses such as polar waxes, cetane improvers,
varnishes, and printer inks. One of the most important prob-
lems of this system stems from the presence of impurities
in the waste, such as heteroatoms (N, S), which renders
many catalytic systems useless. However, palladium-based
systems have shown high tolerance to heteroatom func-
tional groups in cross-coupling reactions.7

The oxidation of terminal olefins with oxygen using
PdCl2/CuCl2 as a catalytic system (the Wacker process) is
extensively used for the preparation of the corresponding
methyl ketones. In the case of ethylene oxidation, this
process is used industrially to obtain 85% of the worldwide
production of acetaldehyde. However, this catalytic system
suffers from a number of disadvantages, mainly derived
from the use of CuCl2 as a palladium reoxidant, which leads
to a corrosive reaction medium and may cause the genera-
tion of liquid streams with a high level of contamination.
Moreover, the presence of CuCl2 is the reason for the for-
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mation of chlorinated by-products. Several attempts have
been carried out to apply the Wacker process to higher
olefins, although their oxidation was slow, and chlorination
of the olefins by copper chloride was also observed. In 
addition, double-bond isomerization takes place as a com-
petitive reaction whose extent depends strongly on tem-
perature, time, and solvent properties.8

In this work, a modified Wacker process was investi-
gated for the oxidation of long-chain terminal olefins (1-
dodecene), as well as a distillate cut (C10–C25) of the product
from the thermal cracking of urban polyethylene waste,
to produce the corresponding methyl ketones. Tert butyl
hydroperoxide was used as a reoxidizing agent instead of
CuCl2 to avoid the chlorination reaction and the corrosive
conditions in the reaction medium.

Experimental

A modified Wacker process was studied using different sol-
vents, with 1-dodecene chosen as a model olefin to be oxi-
dized to the corresponding methyl ketone (2-dodecanone).
In addition, the oxidation of a fraction of the product
obtained from the thermal cracking of urban polyethylene
waste was also carried out. The interest in obtaining oxi-
dized compounds, mainly methyl ketones (2-dodecanone)
from 1-dodecene oxidation, stems from their high added
value and numerous applications.

Oxidation reactions

Catalytic oxidation reactions were carried out in a stirred
glass batch reactor (Fig. 1), the reaction mixture being con-
tinuously stirred at 300rpm, with a reaction temperature of
80ºC. Tert butyl hydroperoxide (TBHP) was used as the 
palladium reoxidizing agent because it has been demon-
strated to be a good substitute for CuCl2 (the reoxidant in
the Wacker process). Acetonitrile, tetrahydrofuran, cyclo-
hexane, sulfolane, and dimethylformamide were selected as
the reaction medium solvents, because of their different
polarities, in an effort to establish the effect of this para-
meter on the reaction selectivity.

The reaction medium comprised 0.056 moles of 1-
dodecene as substrate, the necessary stoichiometric amount
of TBHP, and a solvent (acetonitrile, tetrahydrofuran, cy-
clohexane, sulfolane, or dimethylformamide). The mixture
was placed in the batch reactor, and after 5min of homog-
enization by stirring, the PdCl2 was added. The molar ratios
used in the reaction medium were: solvent/substrate 10 :1,
oxidant/substrate 6 :1, substrate/catalyst 50 :1.

The liquid reaction mixtures can be biphasic, depending
on the solvent used: an organic phase containing the sub-
strate to be oxidized and an aqueous phase containing
mainly TBHP. In these cases, when the experiment finishes,
a fixed amount of tetrahydrofuran must be added to the
reaction mixture to convert the biphasic mixture to a single-
phase solution, this homogenization being necessary for the

correct analysis of the reaction products. In these cases,
PdCl2 is principally located in the interphase, but a small
amount of the catalyst is partially dissolved in the TBHP.
The 1-olefin and oxidizing agent are only in contact in the
presence of the catalyst when the reaction mixture is stirred,
promoting, under these conditions, the selectivity of methyl
ketone.

Experiments with 1-dodecene were carried out using dif-
ferent reaction times to study the progress of the conver-
sion and the selectivity of the modified Wacker process with
this model olefin. The oxidation of the liquid distillate of a
real waxy product was done using acetonitrile as the
solvent, with the same molar ratios of solvent, oxidizing
agent, and catalyst as in the oxidation of 1-dodecene, with
a 6h reaction time at 80°C.

Analysis

The composition of the reaction mixture was determined by
gas chromatography (GC) (Varian 3900 GC, Oxford, UK)
and Fourier transform infrared (FT-IR) analysis (ATI
Mattson Infinity Series, Medison, USA). For the quantita-
tive analysis of the reaction mixture, it was necessary to cal-
ibrate the analytical equipment using the following
procedure.The GC calibration was done with standard solu-
tions prepared by mixing the principal compounds with
tetraline (internal pattern) and tetrahydrofuran as solvent
in different proportions. In addition, the FT-IR calibration
was done using similar mixtures with different concentra-
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Fig. 1. Experimental batch reactor
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tions of the main compounds using a liquid cell. Figure 2
shows a typical chromatogram from a partially converted
reaction.

Results and discussion

Study of the solvent effect

Before studying the solvent effect, we demonstrated that
PdCl2 is necessary for the selective oxidation of 1-dodecene
under our experimental conditions. When the reaction was
carried out without a catalyst, 1-dodecene was converted to
a lesser extent and the selectivity of 2-dodecanone was close
to zero, with dodecene isomers obtained as the principal
products. Next, we studied the evolution with the reaction
time of the most important parameters (the conversion and
the selectivity) of the oxidation process using experimental
times from 0.5–18h. For this study, acetonitrile was chosen
as the solvent. Figure 3 illustrates the evolution of the 
conversion of 1-dodecene (XC12=), the selectivity of 2-
dodecanone (SC12=O), the selectivity of dodecene isomers
(SC12=*), and the selectivity of oxygenated isomers (SC12=O*).

The reaction shows fast kinetics, achieving a conversion
of 1-dodecene of 84% after 0.5h. Increasing the reaction
time in the range 0.5–18h, the oxidation rate decreases,
leading to a final conversion of 1-dodecene of 96% after 18
h of reaction. The selectivity of 2-dodecanone follows a
similar evolution, after 0.5h the value achieved is 35% and
finally after 18h the selectivity of 2-dodecanone is 52%.

Double bond isomerization takes place as a competitive
reaction whose extent depends strongly on temperature,
time, and the solvent. This isomerization is a fast and
reversible reaction; thus, some olefin isomers revert to the
initial 1-olefin and the rest are oxidized yielding oxygenated
isomers (Fig. 4).

In Fig. 3, it can be observed that the significance of the
double bond isomerization reaction is higher at the begin-
ning of the reaction (65% after 0.5h) but decreases for
longer reaction times due to the reversibility of the reaction
(11% after 18h). The reason for this is that part of the
double bond isomers revert to the initial 1-dodecene, and

thus the selectivity of 2-dodecanone increases. The rest of
the compounds are oxidized, increasing the selectivity of
oxygenated isomers as the reaction time increases.

Double bond isomerization depends strongly on the
solvent being used, and this is one of the reasons for using
different solvents (acetonitrile, tetrahydrofuran, cyclo-
hexane, sulfolane, and dimethylformamide). The results
obtained in experiments after 2h of reaction are summa-
rized in Fig. 5.

Along with the irreversible oxidation, competitive
reversible isomerization by double bond shifting also occurs
in all cases.The conversion of 1-dodecene was always above
70%, except for the reaction with dimethylformamide
(40%). However, the yields of 2-dodecanone and oxy-
genated by-products varied markedly among the solvents.
Using acetonitrile, the highest yield of 2-dodecanone (32%)
was attained, whereas with sulfolane, the highest yield of
dodecene isomers was attained (87%). The polarity of 
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the solvents studied decreases in the order: cyclohexane 
> tetrahydrofuran > acetonitrile > dimethylformamide >
sulfolane; a clear relation was not found between the polar-
ity and the results obtained. The most effective solvent was
acetonitrile, but for the other solvents the efficiency does
not follow any order corresponding to the polarity.

Thus, the choice of a suitable solvent is a key parameter
for substrate oxidation, likely due to a certain specific inter-
action of the solvent with the palladium complex.

Oxidation of a real waxy product

The waxy product from the thermal cracking of urban 
polyethylene waste was distilled into two cuts, one liquid
(∼C10–C25) and the other solid. In general, for this kind of
thermally treated waste the olefin/paraffin molar ratio is
approximately one.

The liquid distillate was subjected to oxidation experi-
ments obtaining promising results with our catalytic system.
CG analysis and FT-IR spectra of the starting and treated
samples were obtained to analyze the evolution of the 
oxidation reaction. Figure 6 shows two spectra, one before
and one after the reaction. The first shows a broad signal at
1640cm−1 typical of samples with double bonds. After the
reaction, this band has decreased and a new signal appears
at 1720cm−1, corresponding to a carbonyl carbon.This result
indicates that oxidation of the double bond has taken place,
leading to oxygenated compounds (methyl ketones and
internal ketones). In these experiments, the oxidation of the
waxy product from the thermal cracking of urban polyeth-
ylene waste was oxidized with a yield of total oxygenated
compounds close to 30%, as measured by GC.

Conclusions

The oxidation of long-chain 1-olefins to 2-methyl ketones
with high conversions and selectivity were performed at
80ºC using a modified Wacker process with TBHP as the
reoxidizing agent and different solvents. The modified
Wacker oxidation of 1-dodecene using acetonitrile as the
solvent yielded good conversion and selectivity of 2-
dodecanone. The extent of the competitive isomerization
reaction was substantially decreased when using acetoni-
trile compared with the other solvents studied, probably a
result of the biphasic nature of the system.The use of longer
reaction times gave rise to higher conversions and improved
selectivity. It was also demonstrated that the polarity of the
solvent does not have a direct influence on the reaction
selectivity. Finally, the C10–C25 cut of a wax from the thermal
cracking of urban polyethylene waste was oxidized by the
modified Wacker process, using the optimum conditions
obtained in the 1-dodecene studies. This oxidation took
place with a interesting yield of oxygenated compounds.
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