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ABSTRACT: The catalytic oxidative degradation of poly-
ethylene in the solid phase was studied. Cobalt(Il), manga-
nese(Il), or iron(Ill) acetylacetonates were used as
catalysts. The influences of type and amount of catalyst,
temperature, and type of oxidizing agent on polyethylene
oxidation were investigated. The obtained products were

characterized by determination of acid and ester numbers
as well as by means of FTIR spectroscopy. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 1414-1420, 2010
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INTRODUCTION

Polyethylene (PE) is one of the most important poly-
mers produced on a large scale. In 2007, worldwide
production of PE was about 70 million tonnes." Poly-
ethylene has a wide variety of applications, includ-
ing use as a raw material in oxidation processes.
Surface modifications in oxidation processes are
combined with partial polymer degradation and
introduction of polar groups such as carboxyl,
hydroxyl, carbonyl, aldehyde, and ester groups. Oxi-
dized polyethylene with an acid number (AN) of
about 25-30 mg KOH/g, containing about 3-4% oxy-
gen, displays special hydrophilic properties resulting
in formation of stable aqueous emulsions widely
used as floor polishes, water-dispersible coatings,
inks, and as additives for textile applications. The
oxidized polyethylene is also used as a lubricant for
polymer and resin processing.”

It is known that polyethylene can be oxidized by a
variety of methods such as using fuming nitric
acid,®>* discharge plasma treatment in oxygen,”” UV
irradiation combined with ozone formation,'® and
using corona discharge in air.'"'*> However, in
industrial settings, oxidation with air or oxygen is
strongly preferred. The specific method of polymer
oxidation with air or oxygen depends on the type of
polyethylene used. Polyethgylene—waxes and LDPE
are oxidized in a melt.””"® HDPE and UHMWPE
are typically oxidized in an aqueous dispersion'®*’
or in the solid phase.'*
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The oxidation of polyethylene in the gas—solid
phase is the most environmentally friendly and eco-
nomically preferred method. The most important
advantages of the polyethylene oxidation in solid
phase are no necessity to use any solvents and rela-
tively uncomplicated reactor system. In comparison
to dispersion process, operations of water preheating
during the process, water evaporating from product
and his drying are unnecessary. As a result of these,
the amount of waste water is reduced, less energy is
needed, the running cost are decreased, and the
product can be used directly.”""**

Air, oxygen, and their mixtures (also with ozone) can
be used as the oxidizing agents. Reactions are per-
formed with polyethylene in powdered form, a few
degrees below the softening point, in the presence of
radical initiators. Because reactions are conducted at a
relatively low temperature (below 130°C), the oxidation
period is relatively long. To achieve a product with an
AN of about 25-30, 3040 h of reaction is required.

The polyethylene is oxidized®>° according to the
widely known free-radical chain mechanism.**®
Polyethylene is a semicrystalline polymer containing
crystalline and amorphous phases. The oxygen can
diffuse only in the amorphous phase, which is
where oxidation occurs.” Gugumus®*>® has dis-
cussed the probable mechanisms of hydroperoxide
formation and decomposition, as well as carbonyl,
hydroxyl, and carboxyl group formation in the poly-
ethylene oxidation process.

Transition metal complexes can be used as catalysts of
polyethylene oxidative degradation. They mainly oper-
ate by lowering the activation energy of the decomposi-
tion reaction of the formed hydroperoxide groups,
thereby resulting in significant increases in reaction
rate.***
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Metal ions can also participate in other free-radical
reactions such as free-radical formation in the initia-
tion step.”’

To date, the influence of transition metal com-
plexes on polyethylene oxidation has only been
partly investigated.*'™** Previous research was
concerned with oxidation of molten PE with met-
als salts (Cu, Pb, Au, Al, Zn, and Ag)41 as well
as solid-phase oxidation and crosslinking of PE in
the presence of Mn, Cu, and Al salts.*?** More-
over, the surface oxidation of polyethylene under
solid-state conditions with potassium permanga-
nate and microwave irradiation has been
investigated.**

Although the rate of oxidation in the presence of
transition metal catalysts is high, the large amount
of heat formed can cause unwanted local overheat-
ing and melting of product. These effects can be
intensified by exothermic crosslinking reactions of
alkyl radicals that proceed under conditions of oxy-
gen insufficiency. As a result, the obtained product
can have improper qualities (such as darker color).
The higher degree of crosslinking can also limit the
application of the product as a component of aque-
ous emulsions because of formation of insoluble
residue. For these reasons, efficient stirring and
heat removal, as well as process parameters selec-
tion (mainly temperature and type and amount of
catalyst), are important for the quality of the
product.

EXPERIMENTAL
Materials

The polymer used in this work was nonstabilized
high-molecular-weight polyethylene Braskem Idealis
500 with distinct properties such as: intrinsic viscos-
ity of 4.7 dL/g, 55 x 10° g/mol, density of 0.951 g
cm 2, melting point 136°C, and average particle size
of 170 pum.

Acetone 99.5% and catalysts were purchased from
Merck Schuchardt and used as received.

Methods
Preparation of polyethylene for oxidation

First, 50-170 g of powdered PE was introduced
into a ca. 750-cm® round-bottom flask with addi-
tives-like initiators or transition metal salts. To the
mixture, 70-250 cm?® of acetone was introduced as
a solvent. The contents of the flask were mixed
for 10 min to provide a homogeneous solution of
constituents. Next, the acetone was evaporated.
The resulting dry, powdered polyethylene with
additives was transferred into the oxidation
reactor.
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Catalytic solid-phase oxidation of polyethylene in
glass reactor

Dry, powdered polyethylene (50 g) with additives
was oxidized in a 500-cm® glass round-bottom flask
with a long neck. The flask was installed in a rotary
evaporator drive at an angle of about 30° to enable
flask rotation and mixing of PE. The flask was
immersed in an oil bath at the set temperature. Air
or oxygen from a gas cylinder was supplied over the
surface of PE through the flowmeter with a rate of
7.5 dm®/h.

Catalytic solid-phase oxidation of polyethylene in
metal reactor

Dry, powdered polyethylene (170 g) with additives
was oxidized in a metal stainless steel (acid-resist-
ant) reactor. The reactor was equipped with a slow-
speed paddle stirrer, cooling-heating jacket, and
temperature sensor, as well as an air (oxygen) inlet
and outgas outlet. The air or oxygen from the cylin-
der was supplied into the reactor at a rate of about
15 dm®/h.

Analytical methods

The reaction rate was controlled by determination of
the AN.* The final products were characterized by
AN and ester number (EN)* as well as by FTIR
spectroscopy.

The structural characterization was followed by
using a Philips PU9800 FTIR Spectrometer. Spectra
of oxidized PE were carried out using KBr pellets
and were taken as an average of 20 scans at a resolu-
tion of 2 cm ™" in the wavenumber range of 4000-400
cm~'. To minimize errors from sample amount, the
2020 cm ™' peak was selected as an internal reference
in this study.

RESULTS AND DISCUSSION

The catalytic oxidative degradation of high-molecu-
lar-weight polyethylene in the solid phase, at tem-
peratures below the melting point of raw material,
in the presence of transition metal compounds as
catalysts was studied. The possibility of reaction
time reduction without changes in product quality
was checked.

The effect of catalysts

The oxidation of polyethylene was performed with-
out additives as well as using dicumyl peroxide
(DCP) as radical initiator and transition metal com-
pounds as catalysts. The reactions were carried out
in glass reactors. It has been shown that among the
metal acetylacetonates of Mn(Il), Co(ll), Fe(Ill),

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 The effect of metal ions on the formation of car-
boxyl groups in PE oxidation catalyzed by metal acetyla-
cetonates: (1) without additives; (2) with DCP; with
acetylacetonates: (3) Fe(III); (4) Mn(II); (5) Co(II); (6) V(III);
(7) Cu(Il); (8) Ni(II); and (9) AI(III). PE: 50 g; DCP: 1 wt %;
metal acetylacetonate: 0.294 mmol (0.15 wt %); air: 7.5
dm®/h; 120°C.

V(III), Cul), Ni(Il), and AI(IIl), only the first three
have given positive results and have increased the
rate of oxidation processes. The courses of the PE
oxidation at 120°C are depicted in Figure 1 as a
dependence of AN versus time of reaction.

The oxidation without initiator demonstrated a
16-h induction period after which the oxidation reac-
tion occurred (after 62 h a product with AN = 28
was obtained). When oxidation was performed in
the presence of initiator (DCP) or catalysts, the
induction period was not observed. In the presence
of 0.294 mmol (about 0.15 wt %) of Co(Il), Mn(II), or
Fe(Ill) acetylacetonates at 120°C, a period of 4, 6, or
9 h, respectively, was required to obtain products
with AN = 28. When the DCP was used as initiator,
the process had to be carried out for 40 h. Acetyl-
acetonates of V(III), Cu(Il), Ni(Il), and AI(III) did not
catalyze the oxidation process, and after 12 h the
ANs of products were about zero.

Table I presents the results of the oxidation of
polyethylene at 110°C in the presence of the chosen
catalysts. ANs and ENs of final products as well as
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standard electrode potentials of metals used are
given.

The obtained data showed that the catalytic activ-
ity of the studied metals on PE oxidative degrada-
tion can be placed in the following order: Co > Mn
> Fe > V =~ 0. The order of metal activities may be
a result of their different reduction potentials to-
gether with varying influences of the metals on the
rate of hydroperoxide group decomposition. Nota-
bly, the activities of the metals correlate with
increasing potential.

The effect of the amount of catalysts

The influence of the amount of Co(II), Mn(Il), and
Fe(Ill) acetylacetonates on the oxidation of PE with
air at 110°C has been investigated. In Table II, the
obtained results are shown.

According to the obtained results, it was found
that the application of larger amounts of catalysts
led to an increased rate of reaction and content of
oxygen-containing groups such as carboxyls and
esters. A threefold increase in the amount of Co(Il),
Mn(II), and Fe(IIl) acetylacetonates caused respective
increases in AN of ~1.7, 3.6, and 2.3 times and an
increase in EN of 1.1, 1.3, and 1.8 times.

The effect of temperature

The influence of temperature on the process of PE
oxidation in the presence of Fe(Ill), Mn(Il), and
Co(Il) acetylacetonates (0.196 mmol) was tested at
110, 115, and 120°C, respectively. The results
obtained after 7.5 h have been compiled in Table III

An increase in temperature from 110 to 120°C
induced—as might have been expected—an increase
in the reaction rate and content of oxygen-containing
groups such as carboxyl and ester groups. When the
manganese acetylacetonate was used at a tempera-
ture of 120°C, the product was partially melted. At
the same temperature, cobalt acetylacetonate caused
complete melting of the product, and the PE

TABLE I
Catalytic Oxidation of Polyethylene with Air in the Presence of Selected Transition
Metal Acetylacetonates

Standard electrode

The results of the oxidation potential®’
AN SN VOX
Catalysts (mg KOH/g) (mg KOH/g) (AN/h) Metals E° (V)
Co(II) acetylacetonate 20.6 19.8 2.75 Co*"/Co*" +1.84
Mn(II) acetylacetonate 6.9 13.8 0.92 Mn?"/Mn®* +1.51
Fe(Ill) acetylacetonate 47 5.8 0.63 Fe?" /Fe* +0.77
V(III) acetylacetonate 0.8 6.5 0.10 V2t ver —0.26

110°C, PE: 50 g; air: 7.5 dm?/h; acetylacetonates: Co(II), Mn(II), Fe(IIl), and V(III):

0.098 mmol; reaction time: 7.5 h.

Journal of Applied Polymer Science DOI 10.1002/app



CATALYTIC OXIDATION OF PE WITH OXYGEN

1417

TABLE II
The Effect of Catalyst Amount on the Oxidation of PE with Air Catalyzed by
Selected Transition Metal Acetylacetonates

Co(Il) acetylacetonate

Mn(II) acetylacetonate

Fe(IlI) acetylacetonate

Catalysts

amount AN SN Vox AN SN Vox AN EN Vox
(mmol)  (mg KOH/g) (mgKOH/g) (AN/h) (mgKOH/g) (mgKOH/g) (AN/h) (mgKOH/g) (mgKOH/g) (AN/h)
0.098 20.6 19.8 2.74 6.9 13.8 0.90 4.7 5.8 0.63
0.196 26.8 25.9 3.58 214 26.8 2.86 6.6 13.1 0.88
0.294 34.9 22.3 4.65 25.0 18.2 3.34 10.7 10.5 1.43

110°C, PE: 50 g; air: 7.5 dm®/h; reaction time: 7.5 h.

oxidation had to be stopped after 2 h. Consequently,
there are no results reported at 120°C for the cobalt
catalyst. The product melting may be an effect of
insufficient removal of the huge amount of heat of
the exothermic accelerated oxidation and crosslink-
ing reactions.

The effect of the type of oxidizing agent

The influence of the type of oxidizing agent (air or
oxygen) on the process of catalytic oxidation of PE
was tested at 110°C. Cobalt, manganese, and iron
acetylacetonates (in amounts of 0.098 and
0.294 mmol) were used as catalysts. The results
obtained after 7.5 h are listed in Table IV.

The obtained data showed that the application of
oxygen has led to an increase of PE oxidation rate.
When the cobalt acetylacetonate (0.294 mmol) was
used as catalyst and oxidation was carried out with
oxygen, the product was completely melted, and the
process was stopped. The product was also partially
melted when the manganese catalyst was used with
oxygen. To avoid PE melting, the amount of catalyst
was lowered by a factor of three. This decrease
allowed powdered product to be obtained and the
effect of type of oxidizing agent on the catalytic oxi-
dation process to be observed.

Despite the positive influence on the reaction
kinetics and reduction of the amount of catalyst
required, application of oxygen in PE oxidation has
some disadvantages, including the explosion hazard
of the powdered polyethylene-oxygen mixture as
well as the higher price of oxygen.

The effect of the amount of raw material

In another experiment, we studied the effect of
increasing the amount of raw material. The previ-
ously shown processes were carried out in glass
reactors with 50 g of PE. When the amounts of PE
and catalyst were doubled (PE = 100 g and Fe =
0.588 mmol), the obtained product had a similar
degree of oxidation. Unfortunately, it was melted,
especially in the inner part of the reactor. The reason
was probably poor mixing resulting in insufficient
removal of heat of exothermic reactions as well as a
deficiency of oxygen leading to an increase in the
extent of chain crosslinking reactions. These disad-
vantages have been eliminated by using a metal re-
actor equipped with a slow-speed paddle stirrer.
Even when the amount of raw material was
increased to 150 g (0.882 mmol of Fe(Ill) acetylaceto-
nate), the obtained product was in powder form and

TABLE III
The Effect of Temperature on the Oxidation of PE with Air Catalyzed by Selected
Transition Metal Acetylacetonates

Temperature AN EN Viox
Catalyst O (mg KOH/g) (mg KOH/g) (AN/h)
Fe(IlI) acetylacetonate 110 6.6 5.1 0.88
115 13.0 4.8 1.73
120 15.0 13.3 1.87
Mn(II) acetylacetonate 110 21.4 26.8 2.86
115 34.3 32.5 4.57
120 36.8 25.5 491
Co(Il) acetylacetonate 110 20.6 19.8 2.74
115 40.3 244 5.37
1207 - - -

PE: 50 g; air: 7.5 dm®/h; acetylacetonates: Fe(III), Mn(II), and Co(II): 0.196 mmol; reac-

tion time: 7.5 h.

@ Process was stopped after 2 h, because of PE melting.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
The Effect of Oxidizing Agents on the Catalytic Oxidation of PE with Air in the
Presence of Selected Transition Metal Acetylacetonates

Amount of  Oxidizing AN EN Vox
Catalyst catalyst agent (mg KOH/g) (mg KOH/g) (AN/h)
Co(Il) acetylacetonate 0.294 Oxygen® - - -
Air 34.9 22.3 4.65
0.098 Oxygen 38.3 24.0 511
Air 20.6 19.8 2.74
Mn(II) acetylacetonate 0.294 Oxygen 31.1 23.0 4.15
Air 25.0 18.2 3.34
0.098 Oxygen 8.8 49 1.17
Air 7.2 4.0 0.95
Fe(III) acetylacetonate 0.294 Oxygen 12.7 6.0 1.69
Air 10.7 3.2 1.43

110°C, PE: 50 g; air, oxygen: 7.5 dm®/h; reaction time: 7.5 h.
“ Process was stopped after 2 h, because of PE melting.

had a similar degree of oxidation after the same
reaction time.

FTIR analysis of oxidized polyethylene

To identify the presence of carbonyl groups in the
oxidation reaction product, FTIR analysis was per-
formed. The carbonyl group absorption intensity, as
well as the total band area (region of 1650-1800
cm '), was determined in the spectra of oxidized PE
samples. The peak at 2020 cm ' was used as the in-
ternal standard.

Figures 2 and 3 present the FTIR spectra of poly-
ethylene oxidized at 110°C with air in the presence
of iron(Ill) acetylacetonate. The region of 1700-1800
cm ™! shows the carbonyl group absorption intensity.
The peaks of functional groups containing C=0O
groups such as peroxycarboxyl, ester, carboxyl, and
ketones can be observed by extension of this region
as shown in Figure 3.
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Figure 2 FTIR spectra of: raw PE (S) and oxidized PE cat-
alyzed by Fe(Ill) acetylacetonate (0.098 mmol) after 3.5 h
(P1); 14.5 h (P2); 20.5 h (P3); and 37 h (P4). PE: 50 g; air:
7.5 dm®/h; 110°C.
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The application of mathematical separation of the
carbonyl group band allowed calculation of the rela-
tive contents of peroxycarboxyl, ester, and carboxyl
as well as ketone groups in oxidized polyethylene.
The peak at 2020 cm ' was used as the internal
standard. Based on the calculations, the increased
amounts of groups containing C=O groups are
depicted in Figure 4 as dependence of relative
peaks areas (functional group peak area/peak area
at 2020 cm ') versus time of reaction.

Based on the obtained results (Fig. 4), it has been
found that the greatest increase in the carbonyl
groups belongs to the ester groups. The lower
increase in carboxyl groups can be caused by their
reaction with low-molecular-weight alcohols leading
to esters.

Similar FTIR tests have been performed for prod-
ucts of polyethylene oxidation in the presence of dif-
ferent amounts of iron(Ill) acetylacetonate. Figures 5
and 6 present spectra of raw PE and oxidation prod-
ucts having similar ANs (about 26 mg KOH/g). The
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Figure 3 FTIR spectra, expanded region of 1600-1850
cm%; (S) raw PE and oxidized PE catalyzed by Fe(III) ace-
tylacetonate (0.098 mmol) after 3.5 h (P1); 14.5 h (P2); 20.5
h (P3); and 37 h (P4). PE: 50 g; air: 7.5 dm>/h; 110°C.
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Figure 4 The effect of metal ions on the formation of dif-
ferent groups in the PE oxidation catalyzed by Fe(IIl) ace-
tylacetonate: (1) peroxycarboxyl groups; (2) associate
carboxyl groups; (3) ketone and carboxyl groups; (4) ester
groups. PE: 50 g; metal acetylacetonate: 0.098 mmol; air:
7.5 dm®/h; 120°C.

region of 1700-1800 cm ' representing the carbonyl
group absorption intensity is almost identical for
both products. This similarity can be clearly seen in
Figure 6, where the FTIR expanded region of the
peaks of peroxycarboxyl, ester, carboxyl, and ketone
group peaks are shown.

The obtained data showed that threefold increase
of the catalyst amount led to an increase of the reac-
tion rate but does not influence the relative func-
tional group content.

CONCLUSIONS

The catalytic oxidative degradation of high-molecu-
lar-weight polyethylene in the solid phase was stud-
ied. It has been shown that use of cobalt, manga-
nese, and iron acetylacetonates as catalysts leads to
increase of the oxidation rate. As predicted, an
increase in the catalyst amount, temperature, or oxy-
gen concentration in the oxidizing agent also acceler-
ates the oxidation rate.
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Figure 5 FTIR spectra of samples: raw PE (S) and after
oxidation catalyzed by Fe(Ill) acetylacetonate: (P1) 0.098
mmol (AN = 26.3;10 h); (P2) 0.294 mmol (AN = 26.9; 7.5
h). PE: 50 g; air: 7.5 dm>/h; 120°C.
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Figure 6 FTIR spectra of samples; expanded region of
1600-1850 cm ™ '; raw PE (S) and after oxidation catalyzed
by Fe(Ill) acetylacetonate: (P1) 0.098 mmol (10 h); (P2)
0.294 mmol (7.5 h). PE: 50 g; air: 7.5 dm?®/h; 120°C.

The relative activities of the metals in PE oxidative
degradation correlate with their redox potential and
can be placed in the following order: Co > Mn > Fe
> V. However, the use of transition metal com-
plexes in higher contents has some disadvantages.
Unfortunately, the catalysts also accelerate side reac-
tions, such as crosslinking reactions, and the prod-
ucts may contain traces of metal impurities and may
have a dark color. All of these can limit their appli-
cations as components of aqueous emulsions.

This work showed that using the catalysts in
adequate amounts and oxidation of polyethylene at
lower temperature led to products with good prop-
erties, without crosslinking, and after a shorter
amount of time than performing oxidation with
initiators.

The FTIR spectroscopy showed that products with
similar degrees of oxidation obtained under different
conditions have similar amounts of carbonyl groups.
The FTIR results confirmed also that ester groups
are formed from carboxyl groups in secondary
reactions.
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