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ABSTRACT

This bachelor thesis deals with photodegradatiopabjolefins. The work consists
of two main parts. The first part comprises theibasformation about polyolefins, their
polymerization, morphology, properties and appiars. The second section is devoted to
the polyolefins photodegradation. The fundamentélphotophysics and photochemistry
are shortly described. Main attention is focusedtlom photodegradation of two most
important polyolefins, polyethylene and polypropde The effect of morphology on
photodegradation process is mentioned as well. llifinthe stabilization is briefly

discussed.

ANOTACE

Tato bakaléskd prace se énuje fotodegradaci polyolefin Sklada se ze dvou
hlavnich c¢asti. Prvni ¢ast obsahuje zakladni informace o polyolefinechjiche
polymerizaci, morfologii, vlastnostech a vyuzitiruDa ¢ast se jiz ¥nuje fotodegradaci
polyolefini. Struené jsou vys¥tleny zaklady fotofyziky a fotochemie. Hlavni porost je
vénovana fotodegradaci dvou nejvyznaijsiich polyolefini, polyetylenu a polypropylenu.
Zmirgn je také efekt morfologie na proces fotodegradaveneposledniact je kratce

diskutovana stabilizace polyolefin
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INTRODUCTION

Polymers are relatively new class of materials.yThave been developed to take
place of some natural materials for their spegifioperties. Initially the polymers were
produced without the exhaustive knowledge of thmioperties. The result was the
financial loss, which inspired distrust to this sradl. One of the causes of ineffectual
applications of polymeric materials was the badvwedge of their resistance in their
surrounding environment. The plastics are not bletafor the universal use. The
applicability depends on their chemical compositi@tructure, the amount and the
composition of the fillers, impurities and admi@ar The way of processing, chemical

composition and specifications of the environmeaento be also considered [33].

This bachelor thesis is addressed to photodegoadati polyolefins. Polyolefins
represent quantitatively the greatest group oftsstit polymers, especially due to great
production volume of polyethylene and polypropyl€giigerefore, the main attention is
devoted to them in this work). Reasons of theiraggion are their availability, low price
of raw materials for monomer production and thaod properties. These materials are
frequently used for outdoor applications. Howeviee, sunlight radiation, with connection
with other weather conditions like temperature omidity, strongly influences durability
of polyolefins and their useful properties. Thedof these properties is the reason of
lifetime decrease of polyolefin products. Therefothe study of degradation and

possibilities of its retardation are on a main iest.

This work summarizes main knowledge of polyolefarsl their photodegradation

behaviour. Main attention is devoted to photodegtiad of polyethylene and
polypropylene.
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1 POLYOLEFINS

Polyolefins are one of the most often used synthmilymers, especially due to their
good availability and low price. Moreover, polyolef are very well processed by various
technological processes and they have useful pieperBesides polyethylene and
polypropylene, which are the most important repnegeses of polyolefins, also
polybut-1-ene, polyisobutylene and poly-(4-methylpg-ene) represent interesting and

perspective materials [1].

1.1 Polyethylene

Polyethylene (PE) has the largest volume use ofadimgr plastic. Depending on the
mode of polymerization, three basic types of pdilykine are frequently used: linear
high-density polyethylene (HDPE), branched low-dlgnsolyethylene (LDPE), and linear
low-density polyethylene (LLDPE) (Fig. 1.1) [2].

@ — ——
(b)
(c) - ~_ /ﬂi r/‘-—u_f":_._

Figure 1. 1: Structure of polyethylene: a) HDPE;
b) LDPE; c) LLDPE [3]
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Polymerization and Structure

Polyethylene has the simplest basic structure pijahymer. Its molecule consists of

long chain of carbon atoms, with two hydrogen atoaitached to each carbon.

Commercially, it is produced from ethylene (Fig2)1.

He  H H H
R — J{HJT

Figure 1. 2: Polymerization of ethylene [4]

There are five distinct routes of PE preparation:

a) High-Pressure ProcessCommercial high polymers are generally produceden

b)

conditions of high pressure (100-300 MPa) and atptratures of 80-300°C. A
free-radical initiator such as benzoyle peroxidmdiisobutyronitrile or oxygen is
commonly used. By varying temperature, pressuigator type and composition
and by incorporating chain transfer agents it issgde to vary independently
polymer characteristics as branching and moleawkight without needing long
reaction times. By this process, the LDPE is pregar

Ziegler Process This polymerization is referred to as co-ordioatpolymerization

since the mechanism involves the catalyst-monomeordination complex

controlling the way in which the monomer approactiesgrowing chain. The co-
ordination catalysts are generally formed by theraction of the alkyls of groups
I-11l metals with halides and other derivatives tednsition metals in groups V-
VIII of the periodic table. The polymers produceg khis technology are
intermediate in density between LDPE and HDPE.

Phillips Process In this process ethylene, dissolved in a liguddocarbon such

as cyklohexane, is polymerized by a supported noetigle catalyst at about 130-
160°C and at about 1.4-3.5 MPa pressure. The dodermes to dissolve polymer
as it is formed and as a heat transfer medium otherwise inert. Commercial
products (HDPE) have a melt flow index of only 8.2- and have the highest

density of any commercial polyethylenes.
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d) Standard Oil Company (Indiana) ProcessThis process has many similarities to
the Phillips process. It is based on the use dipparted transition metal oxide
(Molybdenum oxide) in combination with a promoteodium or calcium as metals
or hydrides). Reaction temperatures are 230-270Wpaessures are 4.0-8.0 MPa.
The reaction is carried out in a hydrocarbon sdlvéhe products (HDPE) have a
density similar to the Phillips polymers.

e) Preparation of LLDPE and Metallocene Polyethylene:Over the years many
methods have been developed in order to produgeeiylenes with short chain
branches. One of them is a gas phase process. sasemomers and catalysts are
fed to a fluid bed reactor at pressures 0.7-2.1 Bifhat temperatures 100°C and
below. The short branches are produced by includmgll amounts of propene,
but-1-ene, hex-1-ene or oct-l-ene into the monoresd. Application of
metallocene catalysts is another way of LLDPE pragi@n. Such catalysts are
transition metal compounds, usually zirconium darium, incorporated into a

cyclopentadiene-based structure [2, 5].

1.1.2 Morphology

Polyethylene is used as a model semicrystallingrpet for morphological studies
because it has the simplest chemical structurengfpmlymer. It has provided data and

ideas valuable in the study of other semicrystalpolymers.

The most thermodynamically stable crystal strucfréE at ambient temperature
and atmospheric pressure is the orthorhombic drggtametry. A monoclinic structure,
which is thermodynamically less stable, has alsenbeported for PE, but it is present

only in mechanically stressed samples, as in tle¢csiing and orientation of films.

When PE is crystallized from a super cooled sotuto the melt, the chains are
organized by folding to form lamellae. These rapidtanch to form more complicated,

filling space in 3 dimensions to form a structur®Wn as a spherulite (Fig. 1.3).
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1.1.3 Properties

Figure 1. 3: Polyethylene spherulites [15]

Generally PE is a wax-like thermoplastic softeregbout 80-130°C with a density

less than that of water. PE exhibits near-zero tmsabsorption, excellent chemical

resistance, excellent electrical insulating prapsrand easy processing. In the mass it is

opaque due to crystallization but thin films maytt@sparent [5]. Mechanical properties

strongly depend on the molecular weight and ondingree of branching of the polymer.

These properties are also dependent on the ré@stoig, the temperature of test etc.

Table 1. 1. Effect of molecular weight and dengiisanching) on some

thermal properties of PE [5].

mechanical and

% n 1%
2o 0 o m ¥ m 2 ™
§E EE = £ £
S g S5 S E S E Se
25 [S20re) o> U)%‘ SR
2 N o < 2 v g © 5 © =,
@ @ o o © 9 =
o [} o 5 o5 cg o g o
<) [ n o nae = T n e
o 29 20 2L 20 >
D5 25 25 2| £38
c c e c o cC = c
G < o 5, o © o = ©
[a)] = (a] = [aRN| [l [a)
Melt flow index
(/10 min) Bs2782| 03 | 2 7 20 | 70 |07 |002]02]|15]| O 0
Tensile strength (MPa) | BS903 | 153 | 125 | 102 | 89 0 |207]220|230|230| 275 | 345
Elongation at break (%) | BS903 | 620 | 600 | 500 | 300 | 150 | O |>800(380 | 20 | 500 500
Iz0d impact strength (3) | BS2782| 135 | 135 | 135 | 135 | 135 [ O [ 43 [27 | 20| 68 0
zlc'cc)at softening point | poo7es| 98 | 90 | 85 | 81 | 77 |116| 124 [122|121| O 0
(Stogte”'”g temperature 1pgi403| o | o | o | o | o | o [110 [104]154] 122 O
%;Sta"'ne melting point | 108 | 108 | 108 | 108 | 108 | 125 | 130 | 130 | 130 | 133 136
Number average
molecular weight 0 | 48000 | 32000 | 28000 | 24000 |20000| o | o | o | o | O 0
Cha groups per1000C | 20 | 23 | 28 | 31 | 33 | 0|57 57|57 <15 | unbranch.
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Table 1.1 shows clearly the general effects of dnary (density) and molecular
weight on some polymer properties but under diffetest conditions different results may

be obtained.

1.1.4 Applications

Polyethylene is the polymer which is seen mostaitydife. HDPEs major use is in
blow-moulded bottles, drums, automotive gasolingsa injection-moulded crates, trash
and garbage containers and extruded pipe produddPE/LLDPEs find major

applications in plastic bags, films, cable insulas and bottles [2].

1.2 Polypropylene

The worldwide consumption of polypropylene occupidgsrd place among
commodity plastics, after low-density polyethyleare polyvinylchloride but before high-
density polyethylene and polystyrene [6].

1.2.1 Polymerization

As early as 1869 propylene was polymerized by Béothby reaction with
concentrated sulphuric acid. The resulting visaalsat room temperature, did not exhibit
interesting properties for industrial applicatidts industrial importance results from the
appearance of crystalline high molecular weight ypapylene, which was first
polymerized in 1955 by Natta from organo-metalliatatysts based on titanium and
aluminium (Fig. 1.4). The resulting semi-crystadlirpolymer has strong mechanical

properties which explain its rapid industrial dephent.

\ / polymerization |
c=C » +Cc—Cc4-
r n
H \CH or metallocene | |
3 catalysis H CH;
propylene polypropylene

Figure 1. 4: Polymerization of propylene [7]
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1.2.2 Structure and Morphology

Polymerization of the non-symmetrical propylene @cole leads to three possible
sequences: head-to-head, head-to-tail and taditofhe steric effect of the methyl group
highly favours the head-to-tail sequence, whictegia high chemical regularity of the PP
chain [8].

Three stereo-configurations of polypropylene arevim isotactic, syndiotactic and
atactic (Fig 1.5). Isotactic PP (iPP) has the majhgups placed always on the one side of
main chain whereas methyl groups of syndiotacti@RPvarying regularly. Both previous
types are stereoregular and semicrystalline unikatactic PP. Its methyl groups are

placed randomly [10].

(a) BOTACTIC

(b) sTrNDIOTACTIC

(<) ATACTIC

Figure 1. 5: Stereo-configurations of propylene is=tges:
a) isotactic; b) syndiotactic; c) atactic [9]

Commercially, predominantly iPP is produced. Itslenales cannot crystallize in a
planar zigzag form because of the steric hindraricke methyl group, but crystallize in a
helix, with three molecules being required for daam of the helix [5]. The helix can be
either right- or left-handed, with a periodicity @65 nm. The position of the methyl group
with respect to the chain axis can be either ugoavn [12].
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On the crystal lattice level, iPP exhibits threffedent morphological formsa, 3
andy, distinguished by the arrangement of the chaimstAer form of iPP with a degree
of order between crystalline and amorphous phasassimectic form. Preparation of these
forms depends on the crystallization conditionshsas pressure, temperature, cooling rate

and addition of nucleators [11, 12].

The predominant crystal structure of pure isotapttypropylene at atmospheric
pressure is the monoclinic-structure.The equilibrium melting temperature of theform

of iPP crystals ") was reported between 1%€5and 209C [12, 16].

The B-form of iPP grows during melt-crystallization imlg a small amount as a
supplement ofx-phase. A higher content @fphase can be obtained via intensive-melt
cooling, shear-field crystallization, and particljjawith the aid of specific nucleation
[21, 22]. A number of nucleating agents, which alifin both nature and activity, is
described. Tha,’ was extrapolated by several research groups, ahgw varied from
170°C to 200C [9, 17].

They-form can be largely produced by crystallizatiorel#vated pressures. It can be
also produced at atmospheric pressure from low cotde weight fractions or from
polypropylene-derived copolymers. The melting pahthey-form is mostly reported in
the range of 125 to 18C for low molecular weight samples. In the casepadssure-

crystallized samples of high molecular weight iB#, melting occurs above 13D [12].

1.2.3 Properties

Mechanical properties of PP are strongly dependanits crystallinity. Increasing
crystallinity enhances stiffness, yield stress, dedural strength, however, decreases
toughness and impact strength [11]. Some propestiesmmercial PP are summarized in
Table 1.2.
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Table 1. 2: Some mechanical and thermal propedfesommercial polypropylenes

Property Test method Homopolymers Copolymers
Melt flow index (g/10 min) (a) 3.0 0.7 0.2 3.0 0.2
Tensile strength (MPa) (b) 34 30 29 29 25
Elongation at break (%) (b) 350 115 175 40 240
Flexural modulus (MPa) O 1310 1170 | 1100 1290 1030
. ICI/ASTM
Brittleness temperature () D.476 15 0 0 -15 -20
Vicat softening point (TC) BS 2782 145-150 148 148 148 147
Rockwell hardness (R-scale) O 95 90 90 95 88.5
Impact strength (J) (c)13.5 34 46 46 57.5 0

(a) Standard polyethylene grader: load 2.16 KBafC
(b ) Straining rate 18 in/min
( ¢) Falling weight test on 14 in diameter mouldbeavis at 20°C

PP indicates some similar properties to polyethgjleparticularly swelling and

solution behaviour, and electrical properties. Hesveit differs in following:

(1) It has a lower density (0.90g/&m

(2) It has a higher softening point and hencegadr maximum service
temperature.

(3) It has a higher brittle point.

(4) It is more susceptible to oxidatioihe tertiary carbon atom provides a site for

oxidation so that the polymer is less stable tarflaence of oxygen [5].

1.2.4 Applications

Polypropylene has enough high E-modulus, thereifooan be used for technical
application. PP is often used for blow moulded Ibsttand automotive parts;
injection-moulded closures, appliances, housewa@®motive parts, and toys. It can be

also extruded into fibres and filaments for producof carpets, rugs, and cordage [2].
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1.3 Poly-(4-methylpent-1-ene)

Of the numerous branched aliphatic polyolefins Barghthan the polybutenes
developed in research laboratories since the nfiigdj only poly(4-methylpent-1-ene)
(PMP), introduced in 1965 by ICI (England), hasfaoachieved commercial importance
[14].

1.3.1 Polymerization

PMP is produced using a Ziegler-Natta catalystsesy<f violet TiCk and diethyl

aluminium chloride. The molecule of PMP is shownrigure 1.6

fod,

CH,-CH
27 \CH,

Figure 1. 6: Molecule of
poly(4-methylpent-1-ene)

1.3.2 Structure and Morphology

PMP is a stereoregular polymer like polypropylefiere are three possibilities of
its stereochemical arrangement: isotactic, syndimtaand atactic. Isotactic and
syndiotactic PMP are semicrystalline polyolefinsorgbver, isotactic PMP (iPMP) is
polymorphic, i.e. it can crystallize in several nfmdtions depending on crystallization

conditions. Five crystal unit cells of PMP has bdescribed.

The stereochemical configuration can strongly aftee physical and mechanical

properties of the polymer.

The commercial PMP is usually an isotactic matesiaich shows 65% crystallinity

when annealed but under more common conditionstatii®a [2].
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1.3.3 Properties

PMP is linear a-polyolefin with isobutyl branches and with verytdaresting
properties. It has a high melting point of 240°Cl éow density. PMP presents relatively
high thermal stability and chemical resistance, addition to excellent dielectric
characteristic and microwave transparency. But RMRBIso a rather brittle, have poor
aging characteristic, show a high gas permealslity is a rather expensive (about 3-4
times more that LDPE). Comparison of selected mechhproperties of iPMP, HDPE,
and iPP is in Table 1.3.

Perhaps the most outstanding property of this nahtées the high degree of

transparency. This is due to:

a) both molecules and crystals show little opticakatropy
b) crystalline and amorphous zones have comparablgitaes the crystalline phase

has even lower density than that of amorphousl§219].

Table 1. 3: Comparison of selected mechanical pitegeeof iPMP,
HDPE, and iPP [18]

Property iPMP HDPE iPP
Tensile modulus (GPa) 0.8-1.2 0.4-1.1 1.0-1.7
Tensile strength at yield (MPa) 23-28 O O
Tensile strength at break (MPa) 17-20 18-33 29-30
Elongation at break (%) 10-25 12-700 500-900
Notched impact strength (kJ/m) 100-200 43-750 21-320

1.3.4 Applications

At the present time the major uses are in transpareemical plant, in electrical
equipment which can withstand soldering and endapsno processes, in transparent

sterilisable medical equipment and for lamp cowerd covers of a car interior light [2].
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1.4 Polybut-1-ene

Polybut-1-ene (PB) is the youngest member of thiggbefin family (1965) being
linear in structure (Fig. 1.6) [13].

CH,-CH
|
C2H5
n

Figure 1. 7: Polybut-1-ene

1.4.1 Polymerization

The monomer butylene is obtained from the petroétemindustry [13].
PB is produced by Ziegler-Natta system and the ceroi@ material have very high
molecular weight of 770 000 to 3 000 000, thathewt ten times higher than that of the
normal LDPE [5].

1.4.2 Structure and Morphology

PB is stereoregular polyolefin as well as PP andPPMommercially, PB is
manufactured via a stereospecific mechanism intasatactic structure, of 50%-55%
crystallinity. Isotactic polybut-1-ene is polymoiphthus, it exhibits three crystalline
forms. One form is produced on crystallization fréme melt but this is unstable and on
standing for 3-10 days this is replaced by a seaoystal form. A third modification may
be obtained by crystallizing from solution. Thesficrystalline form has a density of 0.89
g/cnt® and a melting point of 124°C but on reversionh® $econd form the density rises to
0.95 g/cni and the melting point to 135°C. During the cnjstal phase transformation the

crystallinity increases.

1.4.3 Properties

This polymer is typical of the aliphatic polyoledinn its good electrical insulations

and chemical resistance. It has a melting point atifiness intermediate between
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polyethylene and polypropylene, but it is lessgtsit to aliphatic hydrocarbons than PE
and PP. Because it has very high molecular wemgtymer has a very high resistance to
creep. One advantage of this is that the wall tiheskses of PB pipes may be much less

than for corresponding PE and PP pipes [5].

1.4.4 Applications

The main interest of PB is in its use as a pipiraganal. The principal application is

for small-bore cold and hot water piping (up to®@bfor domestic plumbing [5].

1.5 Polyisobutylene

In chronological terms polyisobutylene (PIB) was first of the polyolefins. Low
polymers were prepared as early as 1873. PIB ierfradh the monomer isobutylene by

cationic vinyl polymerization (see Fig. 1.8).

The pair of opposing methyl groups leads to a lgnofl about -73°C (-20°C for
polybut-1-ene).The methyl groups do, however, hindgation about the main chain
bonds so the resulting material is, at sufficiehilgh molecular weights, a rather sluggish

rubber.

cationic vinyl H
H\t KEH3 polymerization | ':|IH:3
o= - ek
H CH; H CH;
isohutylene polyisohuiylene

Figure 1. 8: Polymerization of PIB

The homopolymer finds uses as an adhesive compoaeat base for chewing gum,
in tank linings, as a motor oil additive to provigeitable viscosity characteristics and to

improve the environmental stress-cracking resigant polyethylene. It has been
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incorporated in quantifies of up to 30% in HDPEmgprove the impact strength of heavy
duty sacks [2].
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2 PHOTODEGRADATION

Polyolefins are often used for outdoor applicatioBy virtue of the weather
conditions, the material age and change its prigseEembrittiement, cracking of the
surface, color changes, decrease of the mechdeamtaires etc.) Weathering of polymers
may be caused by various factors as for examplehamécal stress, oxidation, heat- or
biodegradation. One of the most severe factorsriboning to degradation is ultraviolet

radiation.

2.1 Photophysics

Visible light, infrared, ultraviolet (UV), and-rays are each a distinct form of
electromagnetic radiation (Fig. 2.1). Each propaga@ space as waves of electronic and
magnetic fields. Electromagnetic waves carry ardiscamount of energy depending on

their frequency, as stated by Planck’s Law [20]:

E=h (1)

where E = energy of radiation [J]
v = frequency of radiation [1/s]

h = Planck’s constghs]

The frequency of radiation depends on the conditionwhich this radiation was
formed. With a temperature increase, the light spatis shifted to the left, meaning that

more UV and visible light is emitted [20].

It is evident that radiation with higher frequenargo with lower wavelength,
carries a greater amount of energy. At the eanhiface lies the most energetic solar

radiation in region of ultraviolet wavelength ireelromagnetic spectrum.
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Ultraviolet wavelengths from sunlight are an impott component in outdoor
degradation. The energy from sunlight is mainlyibles and infrared light; ultraviolet
makes up less than 5% of sunlight. However, thetquegradation of exterior plastic

materials is caused mainly by UV light.

ELECTROMAGNETIC SPECTRUM
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Figure 2. 1: Electromagnetic spectrum

Under normal conditions, most organic moleculesiarthe ground state {5 The
lowest energy state for these molecules is a distgge in which electrons with opposing
spins are paired in the molecular orbitals. Theuently-used Jablonski diagram shows

the possible outcomes when molecules absorb erfEigy2.2) [20]
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Figure 2. 2: Jablonski diagram
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At first electrons in molecule of polymer absorke tladiation energy. Depending on
the energy absorbed by the molecule, the electanaspromoted from ground state to
higher energy state levels. The absorbed energhes dissipated either in radiative
processes as fluorescence and phosphorescencenon-radiative processes. In them is
absorbed energy converted. This process, in depeadm the balance of energy available
in a particular molecule and in the chemical sutef the excited molecule, can lead to
cleavage into free radicals, abstraction of hydnogatom, photosensitization,
decomposition with formation of two or more molexsyl photodimerization or
crosslinking, intramolecular rearrangement or photmerization. Which reaction type
predominates partly depends on the environments& peimary photochemical reactions
are mostly followed by secondary reactions; préwagly with oxygen or ozone and

photooxidation is realized.

2.2 Photochemistry

Most commercial organic polymers undergo chemieattion upon irradiation with
ultraviolet light, because they posses chromophgiuips (as regular constituents or as
impurities) capable of absorbing UV light. Carbogybups play a prominent role among
these chromophoric groups [23]. Therefore, the @ttegmistry of ketone polymers was
selected to demonstrate how light-induced chemieattions proceed. As can be seen
from Fig. 2.3, light absorbed by carbonyl group® ¢aclude bond scission by either

Norrish type | or type Il processes.

o 0
S 4 \
\C—‘C a _-h\.r' ;C- -‘ ,ﬂ
() ()

- -
¥ 4 ¥ 4
H=Cvy H Cy
LY ri LAY

0 CP —» O ch
W 7 e /
C—Ca —Ca

Figure 2. 3: Norrish | and Il reactions [24]
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The fraction of absorbed photons, utilized for cheaintransformation, depends
significantly on polymer mobility. The importancé molecular mobility derives from the
fact that in type Il processes the close approdaxoited carbonyl groups to H atom at
y-carbons is a prerequisite for reaction. Moreowage recombinations of radical pair

(produced e.g., in type | processes) become ledmpte, as the mobility increases [23].

The most common photoreaction for all materialphetooxidation. Usually, free
radicals are generated as transient species irolghotprocesses. Since oxygen reacts
readily with most free radicals, peroxyl radicaldl we formed. Photolysis, therefore, can
give rise to autoxidative free radical chain reatti The primary reaction steps are

following (Fig. 2.4):

Initiation: RH (—)1- R. Hy O, H,04

H,0, —= 20H

OH+ RH — H,0 + g°

F ion: ® .

‘ropagation R+ 0, — ROC
ROO"+ RH —= ROOH *+ R
ROOH + pH ——= R=0 + H,0 + g
R=0 —» R,C=0 + CHR,

HO, + RH — HOOH + R

Chain branching: ROOH — RJ + ‘of

Termination: R+ R® — RR
ROO" + R® —= ROOR
2RO0 — R=0 + H,0 + 0,
2HO0; ——= HOOH + 0,
RO, + HO, —— ROOH *+ O,

Figure 2. 4: Photooxidation of polyolefins [20]
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Hydroperoxide groups are formed in the propagatéaction. At wavelengths below

300 nm hydroperoxides are photolytically decompd§egl 2.5).

ROOH + hv - RO:- +-OH

Figure 2. 5: Formation of
hydroperoxide groups

This reaction is considered to be very importanth@ photoinitiated oxidation of
many commercial polymers because of presence olkjoler groups as chemically bound
impurities, originating from processing at elevatemhperature in the presence of oxygen
[23].

Since polyethylene and polypropylene are the magportant polyolefins the
photooxidation process of such materials is desdriln next chapters. Nevertheless, the
photooxidation of PMP and PB is very similar tottbbPP. These three materials (e.g. PP,
PMP and PB) contain tertiary carbons in the chaing therefore are very sensitive to

oxidation.

Unlike PE or PP, the mechanism of photooxidatioRI& is complicated by the fact

that at temperatures above 50°C, depolymerisatiyoocur [31].

2.3 Photodegradation of Polyethylene

Information on polyethylene degradation is ava#alifom model studies done
because of the commercial interest in photodegtadadlyethylene for applications, such

as, garbage bags, agricultural films, etc [20].

In the absence of oxygen, pure polyethylene islatively stable material under

ultraviolet radiation. After long exposure to U\hit of short wavelength (254 nm) in a
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vacuum or in a nitrogen atmosphere, chain scisai@hhydrogen abstraction occur. Also

crosslinking and evolution of hydrogen are obserffag. 2.6) [25].

-CHCH,-CH,-CH,- - -CHp-CHy: +- CH2-CHo-

- -CHx-CH:-CH,-CH,- + H:

CHCH--CH,>-CH»- -CH-CH-CH»-CH»-
+ - |
-CHCH:--CH»-CH»- -CH-CH-CH »-CH»-
H+H - H>

Figure 2. 6: Chain scission and crosslinking of PE

Copolymerization of ethylene monomer with small amtoof carbon monoxide
forms an ethylene-carbon monoxide copolymer, knowtlegrade on sunlight exposure by
Norrish type | and Il reactions (Fig. 2.7). Bothsea are equivalently dangerous to the
durability of the polymer. If the polymer degradesording to Norrish | mechanism, two
free radicals are formed simultaneously. When tharish 1l mechanism controls

degradation, two molecules capable of absorbin@ighirare formed [20].

Norrish 1
O O
Il hv e 2
—CH,—C—CH,— — —CH,—C CHy, —
—L‘:Hz—g' — —Cm, * €O
Norrish II
0 ’0 ------ H\
I h - —
—CH, —CH, —C—CH, —CH,—CH,— ——= —CH;—CH,-C FH
CHy—CH,
— > —cCH,—CH,—C? + CH=CH—CH,—
H

Figure 2. 7: Degradation of ethylene-carbon monexidpolymer [20]
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Photooxidation of polyethylene proceeds by a feaical chain mechanism outlined
in chapter 2.2First, primary initiation step may produce thresefradicals, then secondary
processes also give rise to compounds containimgolryl, carbonyl, and vinyl groups
which also absorb radiation and undergo furtheratagive processes. The structure of

polyethylene determines the probability of furthenversion [20].

High-density PE and low-density PE contain unsaiimma. The presence of these
unsaturations (vinylidene groups) leads to formmaté allylic hydroperoxides during the

thermooxidative processes, and this becomes thar megchanism of initiation (Fig. 2.8).

The hv, A i
v, .
: OOH

Figure 2. 8: Formation hydroperoxides in PE [20]

This structure can be further converted by heat, A\bther radicals to free radicals
and/or to structures containing UV-absorbing gro(gg., carbonyl). Unsaturations then
usually predominantly lead to chain scission remsj but crosslink formation also occurs
(Fig. 2.9) [20].

—CH,—(—Cl,— —CH, —C—CH,
; L
CH, - e
b 7t
—CH, = CH=CH, — —CH,—CH-CH,—
CH, T
—CH, —C—CH— —CH,—C—CH—
o} tli
i —CH, —C—CH, —

Figure 2. 9: Crosslinking vinilidene groups and
hydroperoxides in PE [20]
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In summary, three major functional groups are aedated during degradation:
ketones, carboxylic acids, and vinyl groups. Dunoigtolysis, ketones and vinyl groups
increase linearly with time of exposure, whereagba@eylic acids accumulate

exponentially.

2.3.1 Effect of Morphology on Photodegradation

Degradation of PE is influenced by a great extémtisccrystallinity. It has long been
known that branched polyethylene oxidizes fastantimear polyethylene, and it has been
discovered that its oxidation rate is roughly pmtjomal to the amount of amorphous
fraction present (Fig. 2.10). This suggests thag thxidation of semicrystalline
polyethylene is restricted to its amorphous reglbmas subsequently discovered that the
crystalline region absorbs practically no gas whietplies that oxygen is simply not
available in the crystalline regioBased upon these facts, polyethylene of low criysii

has a high rate of carbonyl formation and a lowcemrtration of radicals.

Carbonyl concentration, arbitrary units

0350 «42% +45%

100 200 300 400 500 600
Time. h

Figure 2. 10: Carbonyl formation during
Xenotest irradiation of LDPE samples
varying in degree of crystallinity [20]

Crystallinity changes during the course of degradatin the initial stages of
photodegradation, chain scission prevails whicluced molecular weight. Shorter chains
are more mobile and are thus able to crystallizeemeadily. Therefore, embrittiement of
PE is controlled by two associated processes: teaucf molecular weight and increased

crystallinity [20].
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2.3.2 Changes in Properties and Stabilization

If polyethylene is exposed for long periods outdoaris degraded by the concerted
action of atmospheric oxygen and radiation at thé éhd of the solar spectrum. The
degradation leads to a deterioration in impactstaece and ultimate elongation, and
possibly, to discoloration [32]. Elongation of HDREpecially is reduced to almost zero
(Fig. 2.11) [20].

Decrease, %
Cltensile strength
Oelongation

120

100

80

60

40

20

LDPE HDPE

Figure 2. 11: Percentage decrease of PE
tensile strength and elongation during
natural weathering in Queensland,
Australia for 1 year [20]

The outdoor stability can be increased by finishihg polyethylene with special
light stabilizers. Good results are obtained by HW®LS type (hindered amine light
stabilizers), in some cases in combinations withzb&iazone compounds [32]. Their
effectiveness is due to their transformation prdsiuthe corresponding nitroxyl radicals,
which is the real stabilizing species. Hinderedroxiyl radicals are effective chain
breaking-acceptor antioxidants which act by tragpthe macroalkyl radicals to give

hydroxylamines and / or alkylhydroxylamines [27].

Ultraviolet screening can be provided by pigmeiitse pigments have the abilty to
reflect or absorb the radiation and avoid the patienh of the radiation inside the material.
The efficiency depends on their concentration. €heme several kinds of pigments. For
instance the white (titanium dioxide and zinc o¥jdesllow (cadmium yellow), red, blue

and green pigments. These pigments may improvdight stability of polyethylene but
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can equally well impair it [30, 32].

Best outdoor performance is achieved by addingisbgcades of carbon black.
Mass fractions of 2-3% of carbon black uniformlgtdbuted in the matrix improves the

outdoor performance by a factor higher than 15.[32]

2.4 Photodegradation of Polypropylene

The degradation mechanism of polypropylene is wmyilar to polyethylene. The
primary events following irradiation of polypropyle with UV light in vacuum are bond
scission and crosslinking (Fig. 2.12) [20, 25].

CH CHs CH CHs;

I I I I
-CB+CH -CHz- CH-  —  -CHy-CH: +-CH,-CH-

Figure 2. 12: Chain scission of PP

Another probable reaction is the dissociation ofboa-hydrogen bonds at the

tertiary carbon (Fig 2.13).

GH CHs CH CHs;

| I I |
-CHCH -CHy- CH- - -CH,-C' - CHy-CH- + H-

Figure 2. 13: Dissociation of carbon-hydrogen bonds

This may lead to chain scission by a disproportiomareaction (Fig 2.14) [25].

Hz CHs CH CHs

| | | |
-CHC' -CHz- CH- — -CH=CH +-CHx-CH-

Figure 2. 14: Chain scission of PP by a
disproportionation reaction
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When two polypropylene radicals react, crosslinforsned (Fig. 2.15).

CHy  CH,
2—CH,—C*—CH,—CH— —CH,—C—CH,—CH— o
' | - [ recombination
CH3 CH3 _CHZ_(|:_CH2—C|?H——
CH; CH,
CH, CH,
2—CH,—C*—CH,—CH—  —CH,—C=CH—CH— o
| | - + disproportionation
CH, CH, —CH,—CH—CH,—CH—
CH, CH,

Figure 2. 15: Crosslinking of polypropylene radis§26]

Degradation reactions during outdoor exposure #rers then during irradiation in
vacuum. Saturated hydrocarbon polymers (e.g. 'BiRrpare intrinsically transparent to the
incident sun spectrum and should not be affectethbysolar radiation. Commercial PP,
however, absorbs weakly at wavelengths above 28umiits sensitivity to sunlight is a
consequence of light absorbing impurities, paréidyl oxygen-containing species and
other species present arising from production E®e® i.e. polymer manufacture, melt
processing and fabrication. These impurities seeséind accelerate PP photooxidative
degradation under service conditions involving expe to light (outdoors and indoors)

resulting in changes of properties [27].

Hydroperoxides formed during melt processing ame iost important impurities
(photoinitiators). They play a major initiating eolduring the early stages of PP
photooxidation, while the derived carbonyl-contagiproducts exert deleterious effects
during later stages of photooxidation (e.g. by Mtrrtypes | and Il reactions), see
Fig. 2.16. Hydroperoxides and their decompositiondpcts are responsible for the
changes in molecular structure and overall molassmaf PP which are manifested in
practice by the loss of mechanical properties andhanges in the physical properties of

the polymer surface [27].
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Polypropylene
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Figure 2. 16: Polymer hydroperoxidation during pessing and further
photoinitiation by the hydroperoxides and the dedicarbonyl compounds [27].

A higher temperature of oxidation speeds both tbemétion rate and the
decomposition rate of hydroperoxides. When carbaayicentration is high, the rate of
formation of hydroperoxides is dependent on th&ainthermooxidative processes. As a
result of photodegradation, more ester groups @madd and an aldehyde group is also
generated. Carbonyl groups and hydroxyl groupgeeterentially formed on the exposed

surface, and their concentrations increase alnmasarly with time of exposure.

2.4.1 Effect of Morphology on Photodegradation

The process of degradation of PP depends on theigahystructure, as well as for
other semicrystalline polymers. Accordingly to REBe degree of crystallinity strongly
influences the degradation kinetics. The highehéscrystallinity, the lower is the oxygen

permeability and thus the lower is the rate of akimh.
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The effect of PP polymorphism on the degradatiorpalypropylene (especially
induced by UV irradiation) is also observed. Ifasind, that the3-nucleation specifically
affect the processes of UV degradation of isotaptitypropylene [29]. The molecular
degradability off-nucleated polypropylene3{iPP) is lower as compared to common
a-polypropylene ¢-iPP). Figure 2.17 shows the micrographs of sudasfedegradea-
iPP andp-iPP. Deep and relatively distant macroscopic aok the surface af-iPP
specimen are seen while the surfaceBoPP is damaged by a dense network of fine

cracks, only microscopically observable [29].

alpha-PP 0.1 min beta-PP 0.1 mm

Figure 2. 17: Surface cracks anPP and/PP specimens after
240 h UV exposure [29]

2.4.2 Changes in Properties and Stabilization

In the natural atmospheric conditions insolating BP generally causes
embrittlement of the material, cracking of the aud (during the exposition the number of
the crack increases), color changes (PP gets ya@tdwown, over the further ageing the
color gets darker), contractions of the materiad decrease of the mechanical features
(Fig 2.18, 2.19) [30].
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Figure 2. 18: Tensile strength as a Figure 2. 19: The maximum elongation of
function of exposure time for injection PP exposed to ultraviolet radiation. The
moulded PP produced using different values of elongation for 20PP and 40PP
mould temperatures [28] were 310 and 520%, respectively [28].

Commercial polypropylene is highly sensitive to light and its photostabilization
is essential for outdoor and indoor end-use apidics. Photostabilizers are incorporated

in PP during its melt processing and are genetedgd at higher concentration levels than
that of thermal antioxidants [9].

Three different classes of compounds form the major most important commercial
categories of photostabilizers for PP. These argedaon nickel complexes (those
containing sulfur ligands function primarily as peide decomposers), UV-absorbers, e.g.

based on 2-hydroxybenzophenone and 2-hydroxyphengtbhazole, and sterically
hindered amine light stabilizers (HALS) [9].
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CONCLUSION

This Bachelor thesis is focused on the photodegi@adeof polyolefins, their

stabilization and influence of its morphology oe #xtent of the degradation.

The photodegradation proceeds mainly by phototeitiaoxidation reactions.
Although photooxidation mechanisms of polyolefinge avery similar, their weather
resistance is different. Unlike polyethylene potypylene, poly(4-methylpent-1-ene) and
polybut-1-ene contains tertiary carbons in the pay chain, which are very susceptible to
formation of radicals leading to faster degradatibnerefore, these materials have to be

protected by addition of stabilizers.

The photodegradation of polyolefins is stronglyluehced by their morphology.
Oxidation rate is roughly proportional to the ambohamorphous fraction present, which
suggests that the oxidation of more crystallineyp@r is slower than that of lower
crystallinity. The effect of polymorphism on thegdadation is also observed. Regarding
isotactic polypropyleneth@-nucleation affect the processes of its UV degiadatThe
molecular degradability oB-nucleated isotactic polypropylene is lower as careg to

commona-isotactic polypropylene.

Finally, it should be overall noted, that the resbhaof ageing of polyolefins,
favourable polymeric materials due to their lowtcasd good mechanical properties, is
still in progress. The improving of its photost#lilhas to lead to enlargement of its use

outdoor.
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PE
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REVIEW OF SYMBOLS

Polyethylene

Low-density polyethylene

High-density polyethylene

Linear low-density polyethylene
Polypropylene

Isotactic polypropylene

Monoclinic crystalline form of polypropylene
Trigonal crystalline form of polypropylene
Orthorhombic crystalline form of polypropylene
Equilibrium melting temperature [°C]
Poly(4-methylpent-1-ene)

Isotactic poly(4-methylpent-1-ene)
Polybut-1-ene

Polyisobutylene

Glass transition temperature [°C]

Energy of radiation [J]

Frequency of radiation [1/s]

Planck’s constant [J.s]

Ultraviolet

Hindered amine light stabilizers
Polypropylene containing mainty-phase

Polypropylene containing mainf}phase



TBU in Zlin, Faculty of Technology 41

Figure 1.
Figure 1.
Figure 1.
Figure 1.
Figure 1.

Figure 1.
Figure 1.
Figure 1.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.

Figure 2.

Figure 2.
Figure 2.
Figure 2.
Figure 2.
Figure 2.

Figure 2.

REVIEW OF FIGURES

1: Structure of polyethylene: a) HDRE;LDPE; c) LLDPE ...............cccevvveene 9
2: Polymerization of ethylene ... 10
3: Polyethylene SPherulites ..o oo e, 12
4: Polymerization of Propylene ... e 13
5. Stereo-configurations of propylseguences: a) isotactic; b) sindio-

L €= Tox 1[0 o) = = Lo £ o OO 14
6: Molecule of poly(4-methylpent-1-ene)............ccevvvvviiiiiiiiiiiie e, 17
7. POIYDUE-1-BNE ...t 19
8: Polymerization Of PIB.........ccccciiiiiiiiiieeeeeeerrs e eeena e 20
1: ElectromagnetiC SPECIIUM ......ccuuuuuiiiiiiieeee e 23
2:  JablonsKi diagram............ceceoeeeeeeeeeieieiee e a e 23
3: Norrish [ and Il FEACIONS ...ccammmiiiieiiiieeeeee e 24
4: Photooxidation of polyolefins ..ccce..cooeveeeeeec e, 25
5: Formation of hydroperoxXide groUpS.c.....cooorieeeeeieiiiiieeeiiiiiiiiireee 26
6: Chain scission and crosslinkingBfP...........ccooovvviiiiiiii e, 27
7: Degradation of ethylene-carbon maf®xopolymer...........ccccooeeveiiiiin. 27
8: Formation hydroperoXides in PE..cccoooo oo 28
9: Crosslinking vinilidene groups anditoperoxides in PE...........cccccceeeeeennn. 28
10: Carbonyl formation during Xenot@sadiation of LDPE samples

varying in degree of crystallinity ...........cccceuiueiiiiii s 29.

11: Percentage decrease of PE tensgllegitr and elongation during

natural weathering in Queensland, Australia foeary............cccccceeiiinennnn. 30
12: Chain SCISSION OF PP ....uiiiii et 31
13: Dissociation of carbon-hydrogen bonds...........cccoovvviiiiiiiiiiiiiiiiiiiieeee. 31
14: Chain scission of PP by a dispropoetiion reaction.............cccccceeeeenn... 31.
15: Crosslinking of polypropylene radscal............ccoooooiiiiiiiiiiiiiiiiiiii s 32

16: Polymer hydroperoxidation during @s&ing and further
photoinitiation by the hydroperoxides and the dedicarbonyl
(o] 14107181 Vo U 33

17: Surface cracks arPP and3-PP specimens after 240 h UV exposure. 34



TBU in Zlin, Faculty of Technology 42

Figure 2. 18: Tensile strength as a function ofosxjpe time for injection moulded

PP produced using different mould temperatures............ccccceeeveeeeeennnnnnn. 35
Figure 2. 19: The maximum elongation of PP egdoto ultraviolet radiation.

The values of elongation for 20PP and 40PP werea®ti(620%,

=S 0 1=Tod 1LY/ 35



TBU in Zlin, Faculty of Technology 43

REVIEW OF TABLES

Table 1. 1: Effect of molecular weight and dgngiitranching) on some mechanical

and thermal properties of PE [5]......ccuuvimmiiiiiiiiie e 2.1
Table 1. 2: Some mechanical and thermal pragsedi commercial polypropylenes..... 16
Table 1. 3: Comparison of selected mechaniacggmnties of iPMP, HDPE, and iPP..... 18



