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BASIC TERMS, HISTORY, NOMENCLATURE
Polymer- a compound formed from macromolecules in which such a large number of atoms or groups of
atoms (constitutional units) are repeated that there exist a number of properties that do not vary
significantly by an addition or a removal of one or several constitutional units.
Monomer- a compound formed by molecules containing at least one double bond or two functional
groups that form a polymer by mutual reaction, i.e. the monomer molecule is converted to constitutional
unit of the polymer.
Monomer unit (mer)– the largest constitutional unit formed from one monomer molecule during the
polymerization
Polymerization– a process, in which a monomer or a mixture of monomers is converted to polymer, e.g.
vinylchloride monomer is converted to polyvinylchloride (PVC) polymer:

n

vinylchloride

poly(vinylchloride)

Polymerization degree– number of monomer units in macromolecule
Polymer nomenclature:



Source based nomenclature: based on the name of source (monomer), e.g. polyethylene (A),
polystyrene (B), polymethylacrylate (C), polyvinylchloride (D)
Structure based nomenclature (IUPAC), e.g. poly(methylene) (A), poly(1-phenyl-ethylene) (B),
poly(1-methoxykarbonyl-ethylene) (C), poly(1-chlor-ethylene) (D)

A

B

C

D

History of polymer manufacture:
a) Firstly only modification of natural polymers : cellulose derivatives, galalith, natural rubbervulcanisation by Goodyear 1839
b) Later manufacture of fully synthetic polymers mainly based on oil as a source:
1907 Bakelite (founder Baekeland L.H., litos=stone)
1920 Staudinger H. –theoretical understanding of polymers structure, as a compound composed of large
molecules (macromolecules) (Nobel price for concept of macromolecules in 1953)
1930’s Carothers W.H.: synthesis of polyamides to confirm the Staudinger’s ideas
1933: ICI company-finding radical high pressure processes for low density polyethylene (LDPE)
preparation, first plant in 1939
1925 manufacture of polyvinylchloride (PVC), from 1935 manufacture in IG Farben company under trade
mark Igelit (IG Farben+litos)
1936-1938- manufacture of polystyrene (PS), acrylic polymers, polyvinylacetate

1941: manufacture of polyethylenetereftalate (PET)
1954: Ziegler K., Natta G.: catalyst for low pressure ethylene and propylene manufacture (Nobel price in
1963)
Excercises:
1. Name the polymer of the following structure:

2. Write a structure of polyvinylacetate.
3. Write a structure of polyethylenetereftalate (PET):
4. What is the polymerization degree of polystyrene with molar mass 15 000 g/mol.
5. Typical relative molar mass of synthetic polymers is in the order of magnitude:
a) 109
b) 103 - 106
c) 102 - 103

STRUCTURE, PHASE STATE AND BASIC PROPERTIES OF POLYMERS
Structure of polymers:
1. Chemical: constitution, configuration, conformation of macromolecules
2. Physical (supermolecular) - mutual arrangement of macromolecules

CHEMICAL STRUCTURE OF POLYMERS
Polymers constitution: type and arrangement of structural units, includes also molar mass of polymer.
Polymer constitution is given by chemical composition of monomer (monomers) and way how they are
connected in the polymer structure. It is fixed by covalent bonds.
Homopolymer-formed from one monomer
Copolymer-formed by two or more monomer, the basic types of copolymer include:

random/statistical
A A B A B B B A A

alternating
A B A B A B A B A

block
A A A A A B B B B B B A A

grafted
A A A A A A A A A A
B
B
B

B

B

B

B

B

Chemical structure of monomer predetermines the shape (architecture) of macromolecule .
The functionality of monomer is determined by the number of functional groups (hydroxy, amino,
carboxylic groups) in monomer molecule. For monomers containing double bond in the molecule (vinylic
monomers) this bond counts for functionality two.
Polymers with linear structure (A) are formed by polymerization of difunctional monomer (e.g. aminoacid,
diamine with dicarboxylic acid, monomers with one double bond).
The most of polymers has the linear structure and can be transformed into the solution or melt from which
they are shaped (processed) into the final product (tube, cup, fiber, foil etc.).

Polymerization of tri- or polyfunctional monomers leads, according to achieved conversion of functional
groups, first to branched polymer (B), later macromolecules become to be linked together forming a
three-dimensional network; in that moment the whole systems becomes to be formed by single
macromolecule. Crosslinked polymers (C) are insoluble and cannot be converted to the melt; typically
rubbers (tires, tubings, sealings) or resins (Bakelite, epoxy resins) are constituted from crosslinked
macromolecules.
Two-functional monomer  linear polymer (A)-soluble, can be melted, can crystallize
Multi-functional monomer  branched polymer (B) - soluble, can be melted, crystallization is restricted
crosslinked polymer (C) – insoluble (swells only), cannot be melted
Monomer units can be connected in the polymer structure with different regioregularity. Head to tail
connection of monomer units lead to regular polymers, head to head and tail to tail monomer
enchainments create irregularities in polymer structure and lead to the formation of irregular polymers.
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Some monomers can be connected by several possibilities in the polymer chain; they form so called
constitutional isomers, the example of polyisoprene:
4
1,4-addition
1

4

2

1

n
1

2

1,2-addition

3

2-methylbuta-1,3-diene
isoprene
3

3,4-addition
4

Polymers configuration – spatial arrangement of substituents along the polymer chain (tacticity) or
around the double bond (rotation is locked).
Cis and trans isomers: properties of polymers with different configuration can be very different as
demonstrated in the case of cis-1,4-polyisoprene (A, natural rubber) which is a rubbery compound at
room temperature, whereas trans-1,4-polyisoprene (B, gutta-percha) is a hard plastic.

A

B

Stereoregularity (tacticity) of polymers: spatial arrangement of substituents on chiral carbon atoms along
the polymer chain. Similarly to cis and trans regioisomers, stereoisomers differ significantly in their
properties. Typical example is the orientation of methyl groups in polypropylene (PP) chain:
a) All -CH3 groups go in one direction = isotactic PP - crystalline polymer with melting temperature
165°C, strong plastic
b) Alternating arrangement of -CH3 groups: syndiotactic PP - crystalline polymer with melting
temperature 130°C, strong plastic
c) Random arrangement of -CH3 groups: atactic PP-sticky or rubbery amorphous compound

Isotactic

Syndiotactic

Atactic
Polymers conformation-dynamic arrangement in the surrounding of single bonds in the main chain, the
macromolecule tries to reach to conformation with the lowest energy, conformational transitions are
allowed due to rotation of single bonds.
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Synperiplanar (sp, less stable) and antiperiplanar (ap, favoured) conformation of ethane molecule

Zig-zag structure of polyethylene chain segment is a result of synperiplanar conformation preference:

Linear macromolecules usually have the shape of statistical coil (not extended chains) as a
consequence of free rotations of polymer segments around single bonds in polymer main chain.

Polymer molar mass and its distribution
Quantity of crucial importance for polymeric materials is their molar mass. Molar mass influences all
properties (mechanical, thermal, rheological etc.) of polymer. Good material properties of polymers are
given by their high molar mass. Long chains have a lot of interactions between themselves and
intermolecular interactions are therefore stronger between macromolecules compared to small
molecules. Another effect of high molar mass is the formation of entanglements between the
macromolecules (like spaghetti) which further increase the resistance of polymers e.g. to be broken by
pulling.

Amount of polymer of
given molar mass

In contrast to low molar mass compound, polymers do not have a single value of molar mass. Polymers
are mixtures of macromolecules of different chain length, i.e. polymers display distribution molar mass.

Molar mass

Polymers molar mass is therefore always referred as an average value. Different types of molar mass
averages are recognized depending on the way of their calculation:
Number-averaged molar mass

M n , statistical weight of this average is a number of macromolecules ni

of given molar mass Mi:
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, where x i is molar mass of polymer of molar mass Mi
Weight-averaged molar mass

M w , weight of this average is a weight of macromolecules mi of given

molar mass Mi :
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, where w i is weight fraction of the polymer of molar mass Mi and mi=ni.Mi
The relationship Mw ≥ Mn is always valid.
The simplest expression of molar mass width is so called dispersity of molar mass, a single numeric value

Đ=Mw /Mn. For polymer composed of macromolecules all of the same length (polymer uniform from the
point of view of molar mass) the dispersity has the value one. For common synthetic polymers Đ is always
higher than one.
Molar mass determination. Molar mass of can be determined based on viscosity measurements of
polymer solutions or melts, by titration of polymer end-groups (gives Mn), by measurements of polymer
solution osmotic pressure (gives Mn) or light scattering (gives Mw ). Currently number one method for
polymer mass determination is size-exclusion chromatography (SEC), which can determine average
values of molar mass (Mw , Mn)and more most importantly also molar mass distribution.
Excercises:
1. Identify all the possible structural isomers that can result from the polymerization
of 1,3-butadiene.
2. Esters are products of reaction of alcohol with carboxylic acid. Suggest the possible
monomers for preparation of:
a) linear polyester
b) branched polyester
3. Block copolymer is
a) a copolymer composed by macromolecules formed by blocks of different types
b) synonym to term grafted copolymer
c) copolymer prepared by bulk polymerization
4. Why the most of polymers takes the shape of a random coil?
5. Name the examples of methods for polymer molar mass determination.
6. You have a mixture of 10 molecules with molar mass 100 g/mol and 10 molecules with molar
mass 10 000 g/mol. Calculate number and weight averaged molar mass of the mixture.

PHYSICAL STRUCTURE OF POLYMERS
Deals with arrangements and interactions of polymer chains.
Polymers can, depending on their structure, be composed of two phases:


Amorphous phase: mutual arrangement of macromolecules is disordered



Semi-crystalline (partially crystalline): part of macromolecules is arranged into ordered crystalline
structure

The ability of polymers to crystallize is given by:
a) the regularity and flexibility of polymer chain and its ability to arrange in a parallel direction with the
other chains in crystalline phase. Bulky substituents and their irregular spatial arrangement suppress the
crystallization.
c) forces between polymer chains, e.g. the ability to form hydrogen bonds
From these reasons easy crystallization occurs in case of e.g. polyethylene, isotactic polypropylene,
polytetrafluorethylene (Teflon), polyamides (hydrogen bonds).
On contrary, completely amorphous polymers are atactic polystyrene, PMMA, PVC, all rubbers.

Table of Tg and Tm values of selected polymers
Polymer
Polyethylene (PE)
Polypropylene (isotactic, PP)
cis-1,4-polyisoprene (natural rubber, NR)
cis-1,4-polybutadiene (BR)
Polyvinylchloride (PVC)
Polystyrene (PS)
Polymethylmethacrylate (PMMA)
Polyethylenetereftalate (PET)
Polyamid 6

Tg (°C)
-100
-10
-73
-100
80
100
100
67
50

Tm (°C)
110-135
165
265
220

Phase states and transitions of polymers
A typical characteristic of polymer materials is so called glass transition temperature Tg, which determines
the temperature window of polymer application.
Bellow Tg polymer is tough and relatively brittle material, similarly like mineral glass, it is in glassy state. In
this state only equilibrium vibrations of atoms and motions of few atoms in main chain or in side groups
are taking place. Tg is influenced by the polymer structure, mainly by the flexibility of the chain.
Increasing the steric bulk of the side substituents of the main chain causes increase of polymer Tg.
Above Tg movements of polymer chain segments is allowed and polymer passes to rubbery state.
Further heating above flow temperature Tf converts the polymer to a plastic state, in which the polymer
can be processed. Flow of polymer is caused by translational motion of entire macromolecules.
Tg concens only an amorphous part of the polymer. In case of a partially crystalline polymer the material
has both Tg and melting temperature Tm. Tm is always higher than Tg. Tf can lie above or below Tm in case
of semi-crystalline polymer.
Significant change in number of polymer properties, e.g. specific volume, viscosity, thermal capacity,
mechanical properties, is changed during its heating and transitions between the particular phase states.
Tg, Tm and Tf determine the thermal interval, in which the polymeric material can be applied or processed
in to the shape of final product.

glass
109

rubber

E (Pa)
106

liquid

103

Tg

Tm

Tf

T

Temperature dependence of flexural modulus of partially crystalline polymer
Phase state of polymers are most often determined by thermal analysis methods-differential scanning
calorimetry (DSC) or dynamical-mechanical thermoanalysis (DMTA) and rheological methods
(investigating the flow of polymers)
Exercises:
1. Which polymer will crystallize more easily and why: a) linear polyethylene (HDPE) b) branched
polyethylene (LDPE)?
2. In which transition states an amorphous polymer can occur?
3. Why is the common polystyrene100% amorphous plastics?
4. Why PE has lower Tg value than PP?

POLYMER SYNTHESIS
Types of polymerization reactions:
a) Chain polyreactions – mostly monomers with double bond are used (e.g. vinylchloride, styrene,
ethylene), typical features: necessary use of initiator of polymerization, high-molar mass polymer
(typically 104-105 g/mol) is formed already at low monomer conversions
b) Step-growth polyreaction- to initiate the polymerization no initiator is required, polymerization
proceeds by mutual reaction of functional groups presented in monomer, molar mass growth
gradually during the polymerization, rapidly increases at the end of the polymerization, to
achieve high molar mass product very high degree of functional groups conversion is needed.
Step-growth polyreaction can be further divided to:
Polycondensations – in each step low molar mass by-product (e.g. water, HCl) is released,
frequently it is necessary to remove the by-product to shift the reaction equilibria towards the side
of products and thus to achieve high molar mass polymer.
These reactions are mostly used for manufacture of polyesters, polyamides, phenol-formaldehyde
resins (Bakelite).
Example: Preparation of polyamide by polycondensation of diamine with dicarboxylic acid (side
product- water):

1,4-diaminobutane
n

- H2O

n
n
adipic acid

Polyamide 46 (PA 46)

Polyaddition –have all features of step-growth polymerization except of low molar mass byproduct formation, typical example is polyurethanes manufacture by reaction of diisocyantes
and diols:

urethane bond

Mechanisms of chain polymerizations:
According to the character of growing center, which is usually situated and the end of growing
polymer chain, following polymerization mechanisms can be distinguished:
a) Radical mechanism-growth center has the structure of radical
Used intiators: peroxides (e.g. dibenzoylperoxide) or azo-compounds (e.g. ABIN-azo-bisisobutyronitrile, decomposition to two radical, see the scheme below ), irradiation (e.g. UV irradiation)

dT or
UV irradiation
2

N2

initiating radicals

ABIN

Radical growing centers have low sensitivity to polar impurities (water, alcohols etc.) and are
therefore tolerant to large amount of monomers. PVC, PS, LDPE, polyakrylates, syntetic rubbers
are thus produced by radical mechanism on industrial scale.
b) Ionic mechanism-growing center is of cation or anion form
Initiators used for cationic polymerization: acids (mainly Lewis but also Brönsted acids), e.g. AlCl3,
BF3, HClO4 , industrially used for poly(isobutylene) polymerization
Initiators used or anionic polymerization: bases, e.g. hydroxides, alkoxides, hydrides of alkaline or
alkaline-earth metals, alkaline metals, industrially used for manufacture of special types of poy
polybutadiene and polyisoprene, or alkaline polyamide 6
c) Coordination (polyinsertion) mechanism-growing center is formed by transition metal complex
(catalyst)
Used catalysts: often bi-component systems (precatylst and co.catalyst) on the basis of transition
metal compounds and I-III main group metal compounds.
So called Ziegler catalysts based on TiCl4 (catalyst, more correctly catalyst precursor, pre-catalyst)
anf Al(CH3)3 (co-catalyst) are industrially used for large scale manufactures of linear polyethylene
(HDPE) and polypropylene (PP). Specific feature of these catalysts is their ability to afford
stereoregular polymers, most importantly isotactic PP produced on 50 Mtpy worldwide scale.
Mechanism of chain polymerizations usually includes the following elemental steps (typical for
radical polymerizations):
1. Iniciation =formation of growing center by reaction of initiating specie I* (e.g. primary radical
formed from initiator) and first monomer molecule:

I*

M

I-M*

2. Propagation (growth reaction)=repeated reaction of growing center with monomer molecules
leading to formation of polymer chain:

I-M*

nM

I-(M)n-M*

3. Termination=termination of polymer chain growth, growing center is canceled, termination can
occur spontaneously or by the addition of terminating agent, example of so called
recombination termination reaction (only in case of radical polymerization):

I-(M)n*

I-(M)m*

I-(M)n+m-I
one polymer molecule with m+n length
without active center

4. Polymerazation can be accompanied also by side reactions, typically transfer reactions.
Transfers=transfer of growing center from the end of the chain on another molecule
(intermolecular) or to another place of the same chain (intramolecular)
Growing center is usually transferred to monomer, solvent, polymer or transfer agent, added on
purpose to the system, most often to regulate (decrease) the molar mass of polymer

I-(M)n*
chain with active
growing center

I-(M)n

S
trnasfer agent

inactive
chain

S*
newly formed
growing center

The consequence of transfer is decrease of molar mass, which is sometimes used to regulate the
molar mass of resulting polymer. During the transfer the growing center does not decay, it is only
transferred to another place and the polymerization can further proceed .
Living polymerization-polymerization without transfer and termination reactions, growing center
remains active even after monomer consumption and addition of the fresh monomer the
propagation continues, this polymerization mostly occurs with ionic polymerizations and enables the
formation of block copolymers by sequential addition of different monomers.
Exercises:
1. What is the difference between polycondensation and polyaddition?
2. Which of the polymerization mechanisms is used least frequently in industry to produce
polymers?
3. Explain the differences between termination and transfer reactions.
4. List the basic features of chain and step-growth polymerizations.
5. What polymer will be formed by the reaction of 1,2-ethanediol (ethyleneglycol) with terephtalic
acid? Write the reaction equation.

BASIC POLYMERIZATION TECHNIQUES OF POLYMER MANUFACTURE
Most of polymerizations are exothermic reactions and good heat removal is therefore very important to
avoid the polymer degradation eventually uncontrolled increase of temperature in large systems that
could lead in limit case to explosion of the reactor. Viscosity of the reaction mixture is also increasing
during most of polymerizations, to ensure the homogeneity of the mixture efficient stirring must be
ensured which is also crucial to good heat transfer.
Polymers are manufacture by the following procedures (techniques)::
a) Bulk polymerization (polymerization in monomer phase)
Polymerization feed is formed by: monomer and initiator
It is the most simple polymerization procedure
Advantages: the purest polymer is obtained
Disadvantages: high viscosity of polymerization mixture (solution of polymer in monomer),
problems with efficient stirring and heat transfer.
b) Solution polymerization
Polymerization feed is formed by: monomer, initiator, diluent (solvent) for viscosity decreasing
Advantages: lower viscosity  better stirring  easier heat transfer
Disadvantages: use of solvents (regeneration, ecological issues), polymer has to be precipitated
from the solution (if not used in the form of the solution, e.g. as a glue or paninting binder)
c) Suspension polymerization
Polymerization feed is formed by: monomer, initiator soluble in monomer, suspension stabilizer,
dispersion media. Dispersion media is usually a liquid (often water), which is immiscible with both
monomer and formed polymer (often non-polar compounds immiscible with water), initiator is
also insoluble in dispersion media.
Suspension stabilizers: stabilize monomer droplets and polymer particles formed in suspension and
avoid their agglomeration, water-insoluble inorganic salts are used for this purpose (e.g.
Ca3(PO4)2) or water-soluble vpolymers (e.g. polyvinylalcohol)

Suspension polymerization resembles polymerization in bulk as every monomer droplet represents
a small polymerization reactor in bulk
Advantages:


Good heat transfer, as the surface of small droplets (reactors) is much higher compared to
bulk and solution process



Low suspension viscosity, much lower than viscosity of polymer solution (in monomer in bulk
p. or solvent in solution polymerization)  good stirring



Product is a powdery polymer with particle size more than 100 m no need of isolation

Disadvantages: polymer is contaminated by suspension stabilizers and displays e.g. worse optical
properties
d) Emulsion polymerization
Polymerization feed is formed by: monomer, initiator soluble in dispersion media and insoluble in
monomer, emulgator, dispersion media.
Emulgator is a compound of amphiphilic nature (similarly like soap):

non-polar chain
(interaction with
non-polar monomer)

polar group
(interaction with water phase)

Molecules of emulgator form micelles into which monomer and initiator (e.g. radical R.) migrate,
the polymerization proceeds almost exclusively in micelles while forming very small particles (< 0,5
m). Large monomer droplets (stabilized by emulgator molecules on their surface) work as a
reservoir from which a monomer is transferred to micelles to compensate the amount of
monomer consumed by polymerization:

Product of emulsion polymerization is latex (dispersion of particles in water) which can be directly
used in paintings (so called waterborne paintings).
Advantages: good heart transfer, low viscosity, polymer is obtained in form of very fine particles
forming stable dispersions

Disadvantages: polymer is contaminated by emulgator and other auxiliary components and has
worse optical or electro-insulating properties
Exercises:
1. By with polymerization technique you can directly prepare polymer in the form of powder?
2. With polymerization procedures have the highest problems with heat-transfer?
3. How does soap work?

PLASTICS
POLYMER CLASSIFICATION
Polymers can be divided according to their mechanical properties into two groups of materials: plastics
and rubbers.
Plastics are hard materials at normal temperature, at higher temperature they can be transferred to
plastic state (melt) from which they can be formed in to the shape of a final product. Thermoplastics are
plastics with linear or branched structure that can be repeatedly converted to a plastic state.
Reactoplastics are plastics that undergo crosslinking during heating (either already during processing or
by further heating) and therefore cannot be repeatedly converted to melt. This complicates their
material recycling.
Elastomers are elastic polymers that can be highly deformed without breaking and that return to their
original shape after releasing the deformation force. Compared to plastics elastomers have by order
lower values of tensile modulus. The most important elastomers are formed by linear macromolecules
and are converted to by the vulcanization process to crosslinked form, i.e. rubber, which is further
impossible to melt.

THERMOPLASTICS
Basic groups of manufactured thermoplastics according to used monomers:


Polyolefins, esp. polyethylene (PE) and polypropylene (PP)



Vinyl polymers-polymerization of monomers of general structure CH 2=CHX, e.g. PS (X=fenyl), PVC
(X=Cl), polyacrylates (X= -CO-OR)



Thermoplastics formed by step-growth polymerizations (polyesters, polyamides, polyurethanes)



Fluoroplastics – esp. polytetrafluorethylene (PTFE, Teflon)

POLYOLEFINS
Polyethylene
The most produced synthetic polymer, annual production worldwide 80 Mt, from which about 1/3 is
produced by radical polymerization and 2/3 by catalytic polymerization of ethylene. Ethylene is
manufactured in pyrolysis ovens mostly from lighter crude-oil fractions.
Radical polymerizatation of ethylene. Proceeds at high temepratures (150-200°C) and high pressures
(100-300 MPa). It is initiated by molecular oxygen or peroxides. The product is a branched low-density
(high-pressure) PE (LDPE). LDPE contains short (mostly butyl) and long branches formed by intramolecular
and intermolecular transfer of growing center.

LDPE

HDPE

Catalytic polymerization of ethylene affords linear high-density (low pressure) PE (HDPE). It is
manufactured by Ziegler catalysts, i.e. often two component catalytic systems based mostly on
combination Ti complexes (precatalyst) and organoaluminium compounds (co-catalyst).
The catalysts enable the polymerization to proceeds at much milder condition compared to radical
process; typically the polymerization temperature is lower than 100°C and pressure lower than 15 MPa.
The structure of HDPE is therefore not influenced by side reaction (transfer) as in case of radical process
and is highly linear.
LDPE has higher elongation to break than HDPE, on contrary it has lower tensile strength and tensile
modulus. Melting temperature of LDPE is decreased due to branching to 100-110 °C compared to HDPE
with Tm=130-135°C. On the other hand the branching of LDPE causes increase of T g to -80°C compared to
HDPE with Tg below -100°C.
Main LDPE applications are foils and packaging materials. Beside packaging HDPE is used also for tubing
and thick desks manufacture. From a special type of HDPE, so called ultra-high molar mass PE
(UHMWPE) ultra-high modulus fibers are made for bullet-proof vests and joint implants manufacture.
Polypropylene
PP is manufactured solely by catalytic polymerization of propene using Ziegler catalysts used for PE
manufacture. The reason is the presence of allylic carbon atoms that are easy to stabilze cation or
radical and further transfer it rather than propagate to high molar mass polymer; cationic or radical
polymerization therefore leads only to oligomeric products-oils. PP production is about 50 Mtpy worwide
and represents the second mostly produced synthetic polymer. Propene molecules can be incorporated
into the polymer stereoregullarly in isotactic or syndiotactic fashion or irregularly leading to atactic PP.
The most desired product is isotactic PP which has higher tensile modulus than HDPE and melting
temperature 165°C. All semicrystaline polyolefins (LDPE, HDPE, iPP) are insoluble in any solvent at room
temperature.

Syndiotactic PP
Tm=130°C

Isotactic PP
Tm=170°C

Ataktic PP
No crystalline phase
Tg of basic type of polypropylene is around -10°C which restricts its use in outside environment. To
overcome this drawback high-impact PP (HI PP) is produced, in which the particles of ethylenepropylene rubber (random copolymer) are distributed in iPP matrix, these particles increase the impact
strength of HI PP at low temperatures:

EPR rubber particles ,
~50 m 5-20%

i-PP matrix
iPP finds application as a construction material in automotive industry (dashboard, bumpers), household
(furniture, vessels pipes), packaging material and also as fibers forming material (thermo clothing,
carpets, nonwoven textile).
FLUOROPOLYMERS
The most important fluoropolymer is polytetrafulorothylene (PTFE, Teflon) which is made by radical
polymerization of tetrafluorethylene. Polymerization is highly exothermic and is performed always in
dispersion.

PTFE is highly chemically resistant, has very low friction coefficient and high melting temperature above
which it starts to decompose significantly. Moreover the viscosity of PTFE melt is very high not allowing it to
be processed by common technologies. PTFE processing is done by sintering, i.e. high-pressure forming
above Tm. Processing of PTFE is improved by copolymerization with other monomers which leads to
polymers with lower Tm and that are possible to be processed by common technologies. PTFE is used for
anti-adhesion surfaces, chemically resistant parts of reactor, bearings and lubricants, isolations,
membranes.
By copolymerization of tetrafuloroethylene with alkenes or partially fluorinated monomers fluorinated
elastomers with high chemical resistance and resistance to aging are produced.

Exercises:
1. What is the difference between thermoplastics and reactoplastics?
2. What is the difference between plastics and elastomer?
3. What is the difference in structure, properties an way of manufacture of LDPE and HDPE?
4. What mechanism can be used to prepare PE and PP?
5. What are Ziegler’s catalysts? Write the example of compounds that forms them.
6. Which outstanding properties does PTFE display?

VINYL POLYMERS
Vinyl polymers-are formed by polymerization of monomers with general structure CH2=CHX. The most
often manufactured are polystyrene, polyvinylchloride or acrylic polymers. In all cases radical
polymerization in bulk, suspension or emulsion is used for their manufacture.

Polystyrene (PS) a styrene plastics
Basic type of PS is so called crystal (standard) polystyrene which is pure styrene homopolymer. As it is
completely amorphous it is transparent but also brittle.
Brittleness of PS is overcome by the addition of styrene-butadiene rubber into styrene. Following radical
polymerization leads to the formation of two-phase system-high-impact polystyrene, in which rubbery
particles behave like barrier for spreading of crack formed by impact (the same principle as in HI PP):

Expanded (foamed) polystyrene (EPS) is made by a two-step process. First fine spherical particles (pearls)
of hard PS are formed by suspension polymerization. At the end of the polymerization foaming agent
(low boiling gasoline) is pushed to particles at increased pressure and temperature. After cooling the
particles are pre-foamed at higher temperature due to gasoline expansion, and then the most of
gasoline is replaced by air diffusion. Finally particles are placed into forms where they expand upon
further heating while connecting into the compact blocks of EPS.
Resulting EPS product contains prevailingly air and density of this material is 10-15 times lower than of
standard PS. Air closed in EPS spheres ensures good heat insulation properties of EPS which is used
especially for building insulation and also as a packaging material.
Polyvinylchloride (PVC)
Amorphous polymer with Tg around 80°C, which is produced by radical polymerization of vinylchloride
in suspension, emulsion or bulk.
Chlorine atoms in PVC molecule ensure its high resistance to ageing and low flammability.
PVC has low thermal stability and decomposes to HCl already above 100°C and much faster at
processing temperature above 190°C. To protect PVC from thermal degradation it must be stabilized by
the addition of thermal stabilizers - Pb, Sn, Zn, Ca salts of higher fatty acids.
High Tg of PVC causes its brittleness at normal temperatures. Therefore, PVC is softened by addition of
softening agents like phthalates or other organic esters for part of applications. Softeners decrease Tg,
brittleness, strength and increase elongation, resistance to freeze and improve the processability of PVC.
PVC is the third most produced polymer, and belong to the cheapest polymers. PVC has a large variety
of applications: hoses, boards, foils, window and door frames, floor materials, hydroinsulation, fibres, wire
insulation.
One of PVC applications are plastysols, i.e. PVC solutions (paste) in softener in form of paste, by heating
sol is formed which changes to gel after cooling. PVC pastes are applied as a part of anti-corrosive
paintings by brush or dipping.
Acrylic polymers
They are produced by radical polymerization of acrylic and methacrylic acids and their derivatives
(esters, nitriles, amides):

acrylic acid

methacrylic acid

acrylamide

acrylonitrile

Polymethacrylates have generally higher Tg than their acrylate analogues. Therefore, polymethacrylates
are usually plastics whereas polyacrylates are rubbers mostly applied as a binder of paintings.
Polymethylmethacrylate (PMMA, Plexiglass) is an amorphous polymer with Tg = 100 °C. It is produced by
radical polymerization in bulk affording an organic glass. PMMA has an excellent resistance against
aging and high optical transparency for visible light. PMMA can be depolymerized with high yield to
monomer by heating.
One of the important acrylate polymers is represented by polyacrylate hydrogel based on
polymerization of 2-hydroxyethyl-methacrylate (HEMA) with diacrylate crosslinker, developed by prof.
Wichterle and dr. Lím in Czechoslovakia at the end of 1950’s. HEMA polymer became a base for the
world unique manufacture of soft contact lenses in 1960’s. Later it was used also in other medical
applications like hydrogel implants for replacement of soft tissues.

monomer HEMA
Polymers formed from acrylic or methacrylic acid are water-soluble polymers. Usually they are
crosslinked using diacrylate (4-functional monomer) and –COOH are neutralized to sodium salt –COONa
leading to insoluble structure which can only swollen. Such a material has high sorption ability and
superabsorption gels for e.g. baby diapers are made of if, capable to absorb 102-103 g of water per gram
of the gel. Another water-soluble polymer is polyacrylamide utilized for water viscosity adjusting e.g. in
paper industry or ore treatment. Polyacrylonitrile (PAN) is a base for manufacture of some synthetic
fibres.
Exercises:
1. Draw the structure of polystyrene and polyvinylchloride.
2. Draw the structure of polymer formed by homopolymerization of HEMA monomer.
3. Why do methacrylates have higher Tg than the corresponding acrylates?
4. What are the most important applications of PVC in civil engineering?
5. Describe the principle and function of high-impact polymers.
6. Which water-soluble polymers do you know?

STEP-GROWTH FORMED POLYMERS
The most used mechanism of step-growth polymerizations is polycondensation of monomers with
mutually reactive groups(e.g. A and B).
It is possible to combine monomers of AA and BB structure (heteropolycondensation) or monomers with
AB structure having both mutually reactive groups in one molecule (homopolycondensation).
For achieving high molar mass product it is necessary to reach very high conversion of functional groups
and to keep their equimolar ratio. Dependence of polymerization degree (DP) on functional groups
conversion (p) is expressed by following equation:

𝐷𝑃 =

1
1−p

The equation shows that for reaching rather moderate DP=100 (molar mass ~10 000 g/mol) the
conversion of functional groups must be at least 99%. Therefore, the reaction equilibria has to be shifted
to the side of products by removal of low molar mass byproduct in case of less reactive monomers.
Another step-growth mechanism is polyaddition which is characteristic by all features of
polycondensation with exception of releasing low molar mass by-product. It is mostly used in
polyurethane synthesis.
Polyesters
They are mostly formed by polycondensation of diols and dicarboxylic acids.
The most important polyester thermoplastic is polyethyleneterephtalate (PET) which belongs to first fifth of
most produced polymers. 1/3 of PET production is used for packaging manufacture (e.g. PET bottles), 2/3
of PET are used for fiber fabrication (woven and non-woven fabrics). PET can be recycled, however
degradation connected with repeated melting causes the decrease of molar mass and such a ryccled
PET is often unsuitable for bottle manufacture and is used for making fibers.
PET manufacture is based on two-step polycondensation
dimethylterephtalate or terephtalic acid with ethyleneglycol:

(reesterification+polyesterification)of

-2 H20
+2

bis(2-hydroxyethyl)terephtalate

O

O

OH

dT
O

n

O

decreased pressure
O

OH
O

O

+
n

n

PET
HO
OH

O

Special type of polyester is ester of carbonate acid -polycarbonate. It is produced most frequently by
reaction of Bisphenol A with fosgene (=dichloride of carbonate acid):

-2 HCl
Bisphenol A

polycarbonate

Polyamides
Mostly produced by polycondensation of diamines with diacids, e.g. PA 66 (first number gives the
number of C atoms in diamine molecule, the second one number of carbon atoms in diacid molecule) is
prepared by reaction of 1,6-diaminohexane (hexamethylenediamine) with adipic acid (hexan-1,6-dioic):

- n H2O

n
n

Polyamide 66 (Nylon)
Another way to produce polyamides is ring opening polymerization of cyklic amides-lactams by so
called hydrolytic or anionic mechanism. These polymerizations were developed in Czechoslovakia from
1940’s by prof. Otto Wichterle and became first polyamides based on cyclic monomers (contrary to
Carothers developed polyamides (Nylons) based on linear monomers polycondensation). One of the first
industrially manufacture polymer in Czechoslovakia was polyamide 6 (Silon) made by hydrolytic
polymerization of -caprolactam:

n

-caprolactam

polyamide 6 (Silon)

Polyamides properties are strongly dependent by existence of hydrogen bonds in them. Polyamides
belong to engineering plastics which, compared to commodity plastics, have higher tensile modulus and
are suitable for manufacture of products exposed to high strain. However, most of polyamides is used for
manufacture of fibers.
Polyurethanes (PUR)
PUR are manufactured by in various modifications with very different properties from hard plastics to soft
elastomers including foamed materials. Their properties are given by the structure of used monomersusually diisocaynetes and bi- or polyfunctional alcohols. Reaction has all features of step-growth
polymerization but no by-product is released, it is typical example of polyaddition. Isocyanates generally
react with any compound containing acidic protons. The reaction is based on transfer of proton to
nitrogen atom of isocyanate group and addition of the rest of protic molecule to the carbonyl group of
isocynate leading to the formation of urethane bond:

polyether precursor
with M=2000-10000 g/mol
TDI

urethane bond

Typical PUR precursors: toluenediisocyanate (TDI), hexamethylenediisocyanate (HDI) and diols on
polyether or polyester basis, low molar mass bi- and polyfunctional alcohols (chain extenders, branching
points). Isocyanates are highly toxic compounds, therefore less volatile (higher molar mass) derivatives
like methylene diphenyl diisocyanate (MDI) are preferred in use:

MDI
Exercises:
1. Calculate what conversion of functional groups must be reached to achieve polyester with
degree of polymerization 400 by reaction of diaol and diacid.
2. Write the scheme of reaction of ethanol with methylisocyante.
3. Write the structure of PA 46.
4. For which PET product do we need higher molar mass polymer: a) for bottles or b) fibers?
5. Why it is necessary to decrease a pressure during PET manufacture?

REACTOPLASTICS
Phenol-formaldehyde resins
One of the first synthetic polymers were phenol-formaldehyde resins (fenoplastics, Bakelite). They are
formed by the reaction of phenol with fromaldehyde. According to pH of the reaction media and ration
of phenol to formaldehyde it is possible to prepare either novolaks or rezols.
Rezols are formed in basic environment by the reaction of phenol (three-functional monomer) with
excess of formaldehyde (two-functional monomer). Rezol is a mixture of mono-, di- and trimethylol
derivatives of phenol and short oligomers resulting from their condensation):

pH>7
formaldehyde
phenol

EXCESS

........
rezol

Phenol is added to ortho and para positions to phenolic hydroxyl, these positions are activated for HCHO
addition. It is possible to use the other phenol derivatives in which some of o- and p- positions is blocked
e.g. by methyl or hydroxyl groups, this changes the functionality of the phenol component.
Rezols are stable only in basic environment, by acidifying or increase of temperature they condensate
immediately forming either ether or methylene bridges which leads in the formation of crosslinked
structure - rezit (reactoplacstics).

pH < 7
or T

ether bridge

-H20

crosslinked structure - rezit

methylene
bridge
Ether bridges are instable at higher temperatures and transform to methylene bridges by releasing of
formaldehyde molecule. Crosslinked structure causes resit being insoluble and unmeltable.
Novolaks are formed at acidic environment and phenol must be in excess. Addition of formaldehyde to
phenol leads to formation of methylol groups that immediately condensate under acidic conditions
forming ether and methylene bridges. As the phenol is in excess linear (not crosslinked) structure is
formed:

For the formation of three-dimensional network the addition of crosslinking agent is necessary, typically
urotropine is used for this purpose serving as a source of “bounded” formaldehyde:

6

4

In case of novolak and resitol synthesis plenty of side reactions occur leading to intensively color products
(conjugated double bond systems). As a consequence phenol-formaldehyde resins are always of dark
brown-black color and it is possible to use them only is selected application which are not limited by this
fact.
The most frequent applications of these resins are: binders for particle board manufacture, part of
binding systems for paintings, binders for laminated boards, in electrotechnique and household (e.g.
handles of cooking pots or pans).
Often the resins are mixed with fillers (e.g. wood flour), formed into final shape in press and thereafter
crosslinked by heat.
Aminoplastics
Similarly to phenol-formaldehyde resins aminoplastics are formed by condensation of formaldehyde with
urea (urea-formaldehyde resins) or melamine (melamino-formaldehyde resins):

urea
melamine
Urea and melamine behave as 4-functional or 6-functinal monomers, respectively. Reaction of
formaldehyde with urea and melamine leads to formation of methylol intermediates (bearing -CH2-OH
groups) which upon heating form a 3-D network like in the case of phenoplastics.:

The advantage of aminoplastics is their lower coloring caused by side reactions allowing them to be
colored in final application to light shadows. Aminoplastics are applied as binders for particle and
laminated boards, decoration upper layers of laminated products (boards, trays), impregnation of paper
for its strengthening in wet (maps).
Exercises:
1. Draw the possible structures of rezol formed by the reaction of ortho-cresol with formaldehyde.
What is the functionality of resorcinol (1,3-benzenediol) as a monomer?
2. What causes the toxicity low-quality particle boards?
3. What do you expect by mixing of phenol and formaldehyde in 1:3 ratio in acidic
environment?
4. Which resins (on basis of phenol, urea or melamine) will be the most densely crosslinked at
equity of functionality of formaldehyde to other monomers?

Epoxy resins
Epoxy resins are formed by polyadditon reaction (no low molar mass byproduct is realeased) of epoxides
with phenolic compounds. The most frequently used system combines Bisphenol A with epichlorohydrine
that reacts (addition of OH group on epoxy ring) repeatedly by the following set of reactions:

Epichlorehydrine

Bisphenol A

dehydrochloration by
NaOH
-NaCl, -H20

Bisphenol A

Further reaction with epichlorohydrine leads to epoxide groups regeneration that are used in next step
for resin crosslinking. The most often used crosslinkers are polyfunctional amines. The reaction is based od
addition of amine to epoxy ring; every proton of amine can react with one epoxy group, primary
diamine is therefore 4-functional monomer/crosslinker.

Epoxy resins are used mostly as bi-component high-quality glues or binder of paintings.

Polyester resins
Polyester resins are based on branched unsaturated (containing double bonds in chains) or saturated
branched polyesters (alkydes) that can be converted to network structures by the addition of crosslinker.
Branched structure of polyesters is achieved by use of monomer with average functionality higher than 2.

These polyesters are manufactures by the reaction of dicarboxylic acids, e.g. adipic acid (A), phtalic
anhydride (B) maleic anhydride (C) with polyfunctional alcohols e.g. glycerol (D) or diethyleneglycol (E):

A

C

B

E
D

Crosslinking of saturated resins (alkydes) can be achieved by condensation or addition reactions of –OH
end-groups with anhydrides of dicarboxylic acids, by reaction with polyfunctional isocyanates (see
chapter on polyurethanes) o by reacting –COOH groups with epoxy resins (see the paragraph on epoxy
resins).

Schematic structure of –COOH terminated (excess of diacid during the synthesis) polyester resin before
crosslinking.
Crosslinking of unsaturated polyester (UP) resins, based most often on maleinanhydride, is achieved by
dissolving them in reactive solvent, i.e. monomer like styrene or methylmethacrylate, followed by radical
polymerization using classical initiator (e.g. peroxide).Double bonds in UP resins thus copolymerize with
molecules of styrene forming polystyrene linkage. Styrene homopolymerization cannot be avoided and
PS homopolymer is always formed too:
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Polyester resins are mostly used as binder of painting systems or matrices in fiber composite materials
(laminates).
Exercises:
1. Draw schematically crosslinking reaction between OH end-groups of alkydes with isocyanate
group.
2. For which polymers preparation Bisphenol A was already used?
3. Dou you know what is currently the largest source of glycerol?
4. Show the addition of COOH end-group on epoxy ring?

RUBBERS
As defined above rubber are soft elastomeric materials that are capable of high reversible deformation.
To avoid translational movement of the whole macromolecules under stress, rubbers are mostly
crosslinked.
The principle of the rubbers elasticity lies in natural behavior of linear polymer chain to occur in
energetically most preferred conformation - random coil. Elastomers have always flexible chains resulting
in low Tg values (bellow -50°C). The other important aspect is high molar mass of rubbers that causes the
existence of entanglements between rubber chains. Deformational force therefore causes straightening
of coiled segments between branching points or entanglements of rubber chains, thus decreasing the
entropy of the system. Releasing of the force leads to the regeneration of coiled conformation and is
therefore entropically driven. The effect is therefore referred as rubber or entropic elasticity. On
macroscopic scale it is demonstrated by shrinking the object to initial dimensions before the deformation
after realizing the deformation force:

The oldest rubber is based on natural rubber, i.e. cis-1,4-polyisoprene, crosslinked by polysulfidic bridges
formed during its heating with elemental sulfur. The process of formation of 3-D structure from linear
molecules of natural rubber is called vulcanization.
Natural rubber is collected as a natural product in the form of latex from rubber trees (Hevea brasiliensis,
originating from Brasil) that are grown on purpose in plantation nowadays located mainly is south-eastern
Asia.
As the capacity of plantations is limited man started to make rubbery materials based on synthetic
polymers. Current production of both natural and synthetic rubbers does not exceed 30 Mtpy worldwide.
The most important synthetic rubbers are: styrene-butadiene rubber (SBR), nitrile-butadiene rubber (NBR),
chloroprene (CR), polybutadiene (BR), synthetic alternative of natural rubber –highly cis-1,4-polyisoprene
(IR), butyl rubber, ethylene-propylene rubber (EPM, EPDM), silicon rubbers. Other types of rubbers are
special grades produced only on small scales for specific application, e.g. fluororubbers, sulfidic rubber
(Thiocols) etc.
The most important products made from rubbers are tires of cars, tracks and agriculture machines, elastic
tubing, hoses, sealing, silent block, and transportation belts.

Thermoplastic elastomers: have properties of elastomers but can be processed like plastics, often formed
by immiscible block copolymers that form two-phase system: soft matrix (above Tg) with hard dispersed
phase (bellow Tg), hard phase works as a physical crosslinking but can easily be broken by heating:

Example of thermoplastic elastomer based on poly(styrene-b-butadiene-b-styrene) triblock copolymer:
PS hard domain

Polybutadiene
chains

Exercises:
1. Explain the principle of rubbery elasticity.
2. Define the structural requirements on the elastomeric material.
3. Explain the principle of thermoplastic elastomer.
4. What is the structure of natural rubber?

POLYMER PROCESSING
Polymers are processed mostly from plastic state-melt. The basic processing techniques are
demonstrated in following youtube.com animations or movies:


Injection molding- the most effective polymer processing technology, expensive molds, large
product series manufacture



Blow Molding manufacture of hollow object (bottles) or of films



Coating – production of multi-layered materials



Extrusion – production of simple profile products



Thermoforming – productive and simple procedure of making open hollow objects



Fiber and fabrics manufacture

The most effective polymer processing technology is injection molding:

To enlarge the application window of some polymers, so called plasticizers are added to them causing a
decrease of Tg. Plasticizers are low molar mass compounds which interacts with polymer chains (similarly
to solvent) and increase their mobility due to increase of their free volume. Typically plasticizers are used
for making softened PVC suitable for flexible foil or sheets manufacture (e.g. for floor covering). Another
example of plasticizing effect is the plasticizing effect of water on cellulose advantageously achieved by
water steam during cotton ironing.
Exercises:
1. Which processing method/s would you use for yogurt cup manufacture?
2.

Describe the phase state of the polymer processed by thermoforming.

3.

How would you recognize a product made by injection molding?

POLYMER DEGRADATION AND STABILITY
Polymers as the other materials undergo the degradation-ageing. Virgin polymers can be used only for
short-term applications (packaging). Most polymers contain additives (in amounts of tenths of %) helping
to protect them against the degradation by action of oxygen, ozone, moisture, heat, sun irradiation and
microorganisms.
The most important degradation process of polymers is photo-oxidation which is further promoted by UV
irradiation. It leads to decrease of polymer molar mass resulting in decrease of all the mechanical
properties of the polymer material. During the photo-oxidation carbonyl derivatives are formed along or
at the end of polymer chains.
The mechanism of photo-oxidation reactions includes several elemental steps:


Initial step: Free radicals are formed by irradiation.



Propagation step: free radical reacts with oxygen to produce a polymer peroxy radical (POO•)
which reacts with another polymer molecule to generate polymer hydroperoxide (POOH) and a
new polymer alkyl radical (P•).



Chain Branching: Polymer oxy radicals (PO•) and hydroxy radicals (HO•) are formed by photolysis
of hydroperoxides followed by chain scission and formation of carbonyl derivatives



Termination step: the recombination of different free radicals, may results into crosslinking
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Example of chain scission and carbonyl formation from polymer oxy radical (PO•) formed by
oxidation of polypropylene:

h
O2

To protect polymers from photo-oxidation degradation various antioxidants are used that terminates
radicals and prevent photo-oxidation propagation, sterically hindered amines (HALS) and phenols
belong among the most favorite ones:

Due to C-Cl bonds in PVC chain it is the most stable commodity polymer which can be used for long
term application like floor covering and windows and door frames. The main problem of PVC stability is at
processing period when PVC starts to decompose very fast above 190°C. Perfect stabilization is therefore
necessary to protect it. Pb, Sn, Zn and Ca fatty acid salts and other organic compounds are used as
thermal stabilizers of PVC.
Exercises:
1. What is a synergic effect between two additives?
2. What kind of degradation reaction is most serious with PVC?
3. What polymer is less stable towards an oxidation reaction: HDPE or PP?

POLYMER RECYCLING AND ECOLOGICAL ASPECTS OF POLYMER
MANUFACTURE
The exponential increase of synthetic polymers manufacture after WWII is unprecedented with the other
types of materials. From 1950 to 2012 the production of polymers was increased from less than 2 Mtpy to
almost 300 Mtpy:

Utilization of plastics is very diverse and we could hardly imagine our lives without their daily service:

Thermoplastics can be easily recycled due to the remelting if they are collected in pure form (usually
directly at production company). The problem comes with mixed polymer waste that is the usual case.
Physical methods like flotation, separation base on density as well as robotic separation by action of
sensors or workers are methods how the mixture can be separated to individual components (or groups
of similar plastics) that can be utilized further as a material=material recycling. The properties of recycled
polymers are usually worse compared to virgin polymers due to extra thermal treatment and they can be
used in low demanding applications. The only method which can bring the same properties of recycled
material compared to the virgin one is chemical recycling utilized e.g. depolymerization to monomer
which polymerization affords new polymer material.
Another way how to recycle polymers is their burning in proper units ensuring low emission. Typical
composition of communal waste is based on packaging materials, mostly polyolefins, which composition
-(CHn)- is almost identical to gasoline we use in cars and therefore emissions from burning plastics are of
low impact on environment (see below to compare the amount of burned oil and polymer produced).
This kind of plastics recycling is referred to energy recovery. As the most of plastic is oil based, this
represents the way how oil can serve us as a material before being burned to obtain energy.
Despite the most of synthetic polymer is on oil basis, the most of oil consumption is not due to plastics
manufacture but due to its utilization as energy source (fuels). Only 1/10 of oil is used as a source in
chemical industry and approximately half of that amount is used for polymer manufacture. However, in
last three decades it can be seen that the fraction of crude oil consumed on plastic production is
continuously increasing from 2% in 1980 to 6 % in 2012:
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The use of polymers saves more oil (energy) than needed for their manufacture. This fact is due two three
main material advantages of polymers:


low density which saves the oil when metallic parts of e.g. cars are replaced by plastics



insulation properties: EPS used in building insulation save large amount of oil otherwise used fot
their heating



low energy demands connected for polymer materials processing: compared to other materials
like glass or steel, polymers are manufactured and processed at much lower temperature thus
with much lower energy (oil) demand

Most of common synthetic polymers are highly resistant towards microbiological and hydrolytic
degradation. Therefore they can pertain untouched in nature for very large period (10 1-102 years). Due to
this resistance polymers are in fact bio-inactive and non-toxic. However, small polymer particles
cumulating in ocean can cause serious problems of organisms that consume them accidently.
Careful plastics waste management is therefore important to minimize the harmful effect of
polymers. The differences in waste management can be seen from the following Eurostat statistics
showing a different approach of EU countries to polymer waste disposal. While developed countries
recycle almost 100% of polymer waste including its energy recovery, the other countries still accumulate
the most of polymer waste at landfills; in first nine countries landfilling of waste is prohibited:

