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Foreword

Loss of knowledge is an acute threat to companies. The
crucial question is how existing knowledge and new
technologies can be harnessed as a corporate resource.
A major problem facing industry is retaining knowledge
within the company, in particular in times of acceleration
of innovation. Moreover, in industrial research there
is an unmistakable shift from generating knowledge
and solving problems by experimental work towards
detecting, selecting and absorbing knowledge from the
external knowledge infrastructure and adapting it to
specific situations. This book contributes a great deal
to preserving and critically evaluating knowledge in the
field of the analytics of polymer additives.

Additives play a leading role in the success of
commercial plastics, elastomers, rubbers, coatings and
adhesives. Without additives, many polymers would
simply be of limited use. Although polymer additive
analysis claims a history of use spanning at least half a
century it is, nevertheless, still a continuously evolving
research area with new and modified procedures related
to increasingly sophisticated products. In many ways,
this has led to a plethora of traditional and new
chemical, physico-chemical and physical techniques and
applications that are confusing to the specialist and
beginner alike. An overview of developments across
all areas of polymer additive analysis is lacking and
a unified approach should therefore be of considerable
assistance. This work shows that industrially relevant
polymer additive analysis has developed into a very
broad and complex field, in retrospect at the limit for
one single author and problem holder. Also, despite
the many advances direct polymer additive analysis has
not yet displaced conventional wet chemical routes.

In this respect, current state-of-the-art ends up in
a draw. This book makes a substantial contribution
to the current literature on the analytics of polymer
additives, follows up an earlier industrial tradition
and lays a foundation for the future. It will be of
great value to a broad readership comprising industrial
and academic (analytical) chemists, polymer scientists
and physicists, technologists and engineers, and other
professionals involved in R&D, production, use and re-
use of polymers and additives in all areas of application,
including manufacturers, formulators, compounders, end
users, government legislators and their staff, forensic
scientists, etc.

With a rapidly developing field as this one, this book
can only be considered as a work in progress. Hope-
fully, this monograph will help users to avoid reinvent-
ing the classical analytical wheel, and abandon obsolete,
old practices, to redirect their efforts eventually towards
more appropriate, though sometimes complicated equip-
ment, to become sufficiently proficient to solve real-life
analytical problems efficiently and with confidence, or
even to devise innovative and challenging new direc-
tions. Certainly, this book will save significant time and
effort for those analysts faced with cracking complex
polymer additive cocktails. As nothing holds true for
ever, it will be most appropriate to review the field again
within the next decade.

Jos Put

Vice President R&D Materials
DSM Research

Geleen

The Netherlands






Preface

Whenever textbooks on polymer chemistry deal with
polymer analytical aspects, macromolecular characteri-
sation is usually overemphasised giving the unsuspect-
ing reader the incorrect impression that polymers and
formulated polymeric materials are one and the same
thing. This treatise, which attempts to remedy such
an oversight, is concerned with the characterisation of
additives embedded in a broad variety of polymeric
matrices. The topic is particularly relevant in view of
the impressive growth in the use of synthetic poly-
meric materials and significant analytical advances in
terms of sample preparation, chromatography, detec-
tion systems, hyphenation and computation in the last
two decades. In every field of science and engineer-
ing, it is convenient to have at one’s disposal an up-
to-date handbook to provide specialists with a broad
collection of technical details about the individual ele-
ments of the field. This has now come true for poly-
mer/additive analysis.

The purpose of this monograph, the first to be ded-
icated exclusively to the analytics of additives in poly-
mers, is to evaluate critically the extensive problem-
solving experience in the polymer industry. Although
this book is not intended to be a treatise on modern ana-
lytical tools in general or on polymer analysis en large,
an outline of the principles and characteristics of rele-
vant instrumental techniques (without hands-on details)
was deemed necessary to clarify the current state-of-
the-art of the analysis of additives in polymers and
to accustom the reader to the unavoidable professional
nomenclature. The book, which provides an in-depth
overview of additive analysis by focusing on a wide
array of applications in R&D, production, quality control
and technical service, reflects the recent explosive devel-
opment of the field. Rather than being a compendium,
cookery book or laboratory manual for qualitative and/or
quantitative analysis of specific additives in a variety of
commercial polymers, with no limits to impractical aca-
demic exoticism (analysis for its own sake), the book
focuses on the fundamental characteristics of the arse-
nal of techniques utilised industrially in direct relation

to application in real-life polymer/additive analysis. The
analyst requires expert knowledge, i.e. understanding of
the strengths, weaknesses and limits of application of
each technique and how they relate to practical prob-
lems. Therefore, the chapters are replete with selected
and more common applications illustrating why partic-
ular additives are analysed by a specific method. By
understanding the underlying principles, the mystery of
the problem disappears. Expertise, of course, requires
more than understanding of the principles alone. Con-
sequently this book does not serve to become overnight
expert in the area of polymer/additive analysis. Rather,
it helps the emerging generation of polymer analysts to
obtain a rapid grasp of the material in minimal time but
is no substitute for personal experience.

Additives in Polymers: Industrial Analysis and Appli-
cations fulfils a need and provides information not cur-
rently available from another single literature source.
This book is different from other books on polymer
analysis in a number of ways. Instrumental methods
are categorised according to general deformulation prin-
ciples; there is more emphasis on effective problem
solving and promoting understanding than on factual
information or instrumental capabilities without focus on
any specific analyte or polymer class. The tools of the
trade are introduced when appropriate in the deformula-
tion strategy, not on the basis of their general properties
only. In particular, the author has tried to emphasise
the importance of employing rational methods to labo-
ratory, in situ and on-line polymer/additive analysis. The
present text is an appraisal of the literature and method-
ology currently available (tool description), from which
the inexperienced ‘deformulator’ can select those means
necessary to tackle his own problem and finally write
his own recipe and clear procedures in compliance with
local instrumental possibilities. The critical evaluation
of methods also indicates what still needs to be done.
From an industry perspective, it is clear that above all
there is a need to improve the quantitative aspects of
the methods.



Xii PREFACE

Although wide-ranging, the author does not claim
to present a collection of 10 comprehensive reviews.
Instead, illustrative examples, drawn from closely
related fields (polymers, rubbers, coatings, adhesives),
are given to outline the ranges of applicability. The
value of the book stays in the applications. No book
is perfect and no doubt equally deserving papers have
been omitted and some undeserving ones have been
included. However, with the number of techniques much
greater than originally planned the text should be kept
within reasonable bounds. The reader may keep in mind
the lines

For what there was none cared a jot.
But all were wroth with what was not.

Theory and practice of polymer/additive analysis are
not a regular part of analytical education, and usually
require on-the-job training. The intention in writing
this text was to appeal to as wide an audience as
possible. Using an instructional approach, this reference
book helps orienting chemists and technicians with
little or no background in polymer/additive analysis
who would like to gain rapidly a solid understanding
of its fundamentals and industrial practice. Seasoned
analysts of polymer formulations may use the text to
quickly understand terms and techniques which fall
outside of their immediate experience. The author has
attempted to bring together many recent developments
in the field in order to provide the reader with valuable
insight into current trends and thinking. Finally, this
book can also serve as a modern textbook for advanced
undergraduate and graduate courses in many disciplines
including analytical chemistry, polymer chemistry and
industrial chemistry.

In planning this book the author has chosen a
monograph in decathlon fashion. This allows critical
comparisons between methods and has the advantage
of a unified structure. The disadvantage is that no
individual can have specialist knowledge in all fields
equal to that of the sum of the experts. To overcome
this drawback extensive peer review has been built in.
For each individual technique more excellent textbooks
are available, properly referenced, albeit with less focus
on the analysis of additives in polymers. However, the
steep growth curve during the past two decades has
made reporting on this subject an almost elusive target.

Each chapter of this monograph is essentially self-
contained. The reader can consult any subchapter indi-
vidually. Together they should give a good grounding
of the basic tools for dealing with the subject matter.

The reader is well advised to read the two introductory
chapters first, which define the analytical problem area
and general deformulation schemes. The next chapters
tackle polymer/additive deformulation strategically in
an ever-increasing order of sophistication in analytical
ingenuity. Conventional, indirect, polymer/additive anal-
ysis methods, mainly involving wet chemistry routes,
are described in Chapters 3 to 9. The book is con-
cluded with prospects in Chapter 10. Extensive appen-
dices describe additive classes; a glossary of symbols,
and databases. To facilitate rapid consultation the text
has been provided with eye-catchers. Each chapter con-
cludes with up-to-date references to the primary litera-
ture (no patent literature). Contributions from many of
the top industrial research laboratories throughout the
world are included in this book, which represents the
most extensive compilation of polymer/additive analy-
sis ever. Once more it comes true that most research is
being carried out beyond one’s own R&D establishment.

The author has not tried to include a complete
ab-initio literature search in any particular area. The
majority of references in the text are from recent
publications (1980—2003). This is not because excellent
older references are no longer relevant. Rather, these are
frequently no longer used because: (i) more recent work
is a fine-tuned extension of prior work; (ii) the ‘classic’
texts list extensive work up to 1980; and (iii) older
methods are frequently based on inferior or obsolete
technology and thus direct transfer of methods may
be difficult or impossible. Readers familiar with the
‘classics’ in the field will find that almost everything
has changed considerably.

As most (industrial) practitioners have access to rapid
library search facilities, it is recommended that a liter-
ature search on the analysis of a specific additive in a
given polymer be carried out at the time, in order to
generate the most recent references. Consequently, the
author does not apologise for omitting references to spe-
cific analyses. However, every effort has been made to
keep the book up-to-date with the latest methodolog-
ical developments. Each chapter comprises a critical
list of recommended general reading (books, reviews)
for those who want to explore the subjects in greater
depth.

This book should convince even the most hardened of
the ‘doubting Thomases’ that polymer/additive analysis
has gone a long way. With a developing field such as
this one, any report represents only work in progress
and is not the last word.

Geleen
December 2003
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The successful use of plastic materials in many
applications, such as in the automotive industry, the
electronics sector, the packaging and manufacturing of
consumer goods, is substantially attributable to the incor-
poration of additives into virgin (and recycled) resins.
Polymer industry is impossible without additives. Addi-
tives in plastics provide the means whereby processing
problems, property performance limitations and restricted
environmental stability are overcome. In the continuous
quest for easier processing, enhanced physical properties,
better long-term performance and the need to respond to
new environmental health regulations, additive packages
continue to evolve and diversify.

Additives can mean ingredients for plastics but they
play a crucial role also in other materials, such as coat-
ings, lacquers and paints, printing inks, photographic
films and papers, and their processing. In this respect
there is a considerable overlap between the plastics
industry and the textiles, rubber, adhesives and food
technology industries. For example, pigments can be
used outside the plastics industry in synthetic fibres,
inks, coatings, and rubbers, while plasticisers are used
in energetic materials formulations (polymeric compos-
ite explosives and propellants). Additives for plastics are
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therefore to be seen in the larger context of specialty
chemicals. ‘Specialties’ are considered to be chemicals
with specific properties tailored to niche markets, special
segments or even individual companies. Customers pur-
chase these chemicals to achieve a desired performance.
Polymer and coatings additives are ideal specialty chem-
icals: very specific in their application and very effective
in their performance, usually with a good deal of price
inelasticity. The corresponding business is associated
with considerable innovation and technical application
knowledge. Research and development are essential and
global operation is vital in this area.

Plastics additives now constitute a highly successful
and essential sector of the chemical industry. Polymer
additives are a growing sector of the specialty chemical
industry. Some materials that have been sold for over
20 years are regarded today as commodity chemicals,
particularly when patents covering their use have
expired. Others, however, have a shorter life or have
even disappeared almost without trace, e.g. when the
production process cannot be made suitably economic,
when unforeseen toxicity problems occur or when a
new generation of additive renders them technically
obsolete.
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1.1 ADDITIVES

It is useful at this point to consider the definition of an
additive as given by the EC: an additive is a substance
which is incorporated into plastics to achieve a technical
effect in the finished product, and is intended to be an
essential part of the finished article. Some examples of
additives are antioxidants, antistatic agents, antifogging
agents, emulsifiers, fillers, impact modifiers, lubricants,
plasticisers, release agents, solvents, stabilisers, thicken-
ers and UV absorbers. Additives may be either organic
(e.g. alkyl phenols, hydroxybenzophenones), inorganic
(e.g. oxides, salts, fillers) or organometallic (e.g. metal-
locarboxylates, Ni complexes, Zn accelerators). Classes
of commercial plastic, rubber and coatings additives and
their functionalities are given in Appendices II and III.
Since the very early stages of the development
of the polymer industry it was realised that useful
materials could only be obtained if certain additives
were incorporated into the polymer matrix, in a process
normally known as ‘compounding’. Additives confer on
plastics significant extensions of properties in one or
more directions, such as general durability, stiffness and
strength, impact resistance, thermal resistance, resistance
to flexure and wear, acoustic isolation, etc. The steady
increase in demand for plastic products by industry and
consumers shows that plastic materials are becoming
more performing and are capturing the classical fields of
other materials. This evolution is also reflected in higher
service temperature, dynamic and mechanical strength,
stronger resistance against chemicals or radiation, and
odourless formulations. Consequently, a modern plastic
part often represents a high technology product of
material science with the material’s properties being not
in the least part attributable to additives. Additives (and
fillers), in the broadest sense, are essential ingredients
of a manufactured polymeric material. An additive can
be a primary ingredient that forms an integral part of
the end product’s basic characteristics, or a secondary
ingredient which functions to improve performance
and/or durability. Polypropylene is an outstanding
example showing how polymer additives can change
a vulnerable and unstable macromolecular material
into a high-volume market product. The expansion of
polyolefin applications into various areas of industrial
and every-day use was in most cases achieved due to
the employment of such speciality chemicals.
Additives may be monomeric, oligomeric or high
polymeric (typically: impact modifiers and processing
aids). They may be liquid-like or high-melting and
therefore show very different viscosity compared to the
polymer melt in which they are to be dispersed.

Selection of additives is critical and often a
proprietary knowledge. Computer-aided design is used
for organic compounds as active additives for polymeric
compositions [1]. An advantage of virtual additives is
that they do not require any additive analysis!

Additives are normally present in plastics formula-
tions intentionally for a variety of purposes. There may
also be unintentional additives, such as water, contam-
inants, caprolactam monomer in recycled nylon, stearic
acid in calcium stearate, compounding process aids, etc.
Strictly speaking, substances which just provide a suit-
able medium in which polymerisation occurs or directly
influence polymer synthesis are not additives and are
called polymerisation aids. Some examples are accel-
erators, catalysts, catalyst supports, catalyst modifiers,
chain stoppers, cross-linking agents, initiators and pro-
moters, polymerisation inhibitors, etc. From an analyt-
ical point of view it is not relevant for which pur-
pose substances were added to a polymer (intention-
ally or not). Therefore, for the scope of this book an
extended definition of ‘additive’ will be used, namely
anything in a polymeric material that is not the polymer
itself. This therefore includes catalyst residues, contam-
inants, solvents, low molecular components (monomers,
oligomers), degradation and interaction products, etc. At
most, it is of interest to estimate on beforehand whether
the original substance added is intended to be trans-
formed (as most polymerisation aids).

Additives are needed not only to make resins
processable and to improve the properties of the
moulded product during use. As the scope of plastics
has increased, so has the range of additives: for better
mechanical properties, resistance to heat, light and
weathering, flame retardancy, electrical conductivity,
etc. The demands of packaging have produced additive
systems to aid the efficient production of film, and have
developed the general need for additives which are safe
for use in packaging and other applications where there
is direct contact with food or drink.

The number of additives in use today runs to many
thousands, their chemistry is often extremely complex
and the choice of materials can be bewildering. Most
commercial additives are single compounds, but some
are oligomeric or technical mixtures. Examples of poly-
mer additives containing various components are Irgafos
P-EPQ, Anchor DNPD [2], technical grade glyceryl-
monostearate [3] and various HAS oligomers [4]. Poly-
meric hindered amine light stabilisers are very important
constituents of many industrial formulations. In these
formulations, it is often not just one component that is
of interest. Rather, the overall identity, as determined
by the presence and distribution of the individual
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components, is critical. The processing stabiliser Irgafos
P-EPQ consists of a mixture of seven compounds
and the antistatic agent N,N-bis-(2-hydroxyethyl) alkyl-
amine contains five components [5]. Similarly, the anti-
stat Atmos 150 is composed of glycerol mono- and
distearate. Ethoxylated alcohols consist of polydisperse
mixtures. ‘Nonyl phenol’ is a mixture of monoalkyl phe-
nols with branched side-chains and an average molec-
ular weight of 215 [6]. Commercial calcium stearate is
composed of 70% stearate and 30 % palmitate. Also
dialkylphthalates are technical materials as well as the
high-molecular weight (MW) release agent pentaerythri-
toltetrastearate (PETS). Flame retardants are often also
mixtures, such as polybromodiphenyl ethers (PBDEs) or
brominated epoxy oligomers (BEOs). Surfactants rarely
occur as pure compounds.

It is also to be realised that many additives are
commercialised under a variety of product names.
Appendix III shows some examples for a selection
of stabilisers, namely a phenolic antioxidant (2,2'-
methylene-bis-(6-tert-butyl-4-methylphenol)), an aro-
matic amine (N-1,3-dimethyl-butyl-N’-phenyl-paraph-
enylene-diamine), a phosphite (trisnonylphenylphos-
phite), a thiosynergist (dilaurylthiodipropionate), a UV-
absorber (2-hydroxy-4-n-octoxybenzophenone), a nick-
el-quencher ((2,2'-thio-bis-(4-tert-octylphenolato)-n-
butylamine)-nickel), a low-MW hindered amine light sta-
biliser or HALS (di-(2,2,6,6-tetramethyl-4-piperidinyl)-
sebacate) and a polymeric HALS compound (Tinu-
vin 622). Various commercial additive products are
binary or ternary blends. Examples are Irganox B225
(Irganox 1010/Irgafos 168, 1:1), Ultranox 2840 (Ultra-
nox 276/Weston 619, 3:2), and Tinuvin B75 (Irganox
1135/Tinuvin 765/Tinuvin 571, 1:2:2).

It may be seen from Appendix II that the tertiary
literature about polymer additives is vast. Books on
the subject fall into one of two categories. Some
provide commercial information, in the form of data
about the multitude of additive grades, or about
changes in the market. Others are more concerned
with accounts of the scientific and technical principles
underlying current practice. This book gives higher
priority to promoting understanding of the principles of
polymer/additive deformulation than to just conveying
factual information.

1.1.1 Additive Functionality

Additives used in plastics materials are normally
classified according to their intended performance,
rather than on a chemical basis (cf. Appendix II). For
ease of survey it is convenient to classify them into

groups with similar functions. The main functions of
polymer additives are given in Table 1.1.

Generally, polymer modification by additives pro-
vides a cost-effective and flexible means to alter polymer
properties. Traditionally, however, the use of an addi-
tive is very property-specific in nature, with usually one
or two material enhancements being sought. An addi-
tive capable of enhancing one property often does so
at the cost of a separate trait. Today many additives
are multifunctional and combine different additive func-
tionalities such as melt and light stabilisation (e.g. in
Nylostab® S-EED) or metal deactivation and antiox-
idation (e.g. in Lowinox® MD24) (cf. Table 10.14).
Dimethyl methyl phosphonate (DMMP) is a multifunc-
tional molecular additive acting as an antiplasticiser,
processing aid and flame retardant in cross-linked epox-
ies. In a variety on the theme, some multifunctional
antioxidants, such as the high-MW Chimassorb 944,
combine multiple functions in one molecule. Adhikari
et al. [7] have presented a critical analysis of seven cate-
gories of multifunctional rubber additives having various
combinations of antidegradant, activator, processing aid,
accelerator, antioxidant, retarder, curing agent, disper-
sant, and mould release agent functions.

In analogy to plastics additives, paper coating
additives are distinguished in as many as twenty-one
functional property categories (for dispersion, foam and
air entrainment control, viscosity modification, levelling
and evening, water retention, lubricity, spoilage control,
optical brightness improvement, dry pick improvement,
dry nub improvement and abrasion resistance, wet pick
improvement, wet rub improvement, gloss-ink hold-out,
grease and oil resistance, water resistance, plasticity,
fold endurance, electroconductivity, gloss improvement,
organic solvent coating additives, colouring), even
excluding those materials whose primary function is as
a binder, pigment or vehicle [8].

Typical technology questions raised by plastic pro-
ducers and manufacturers and directed at the addi-
tive supplier are given in Table 1.2, as exemplified in
the application of injection moulding of polyamides.
These problems may be tackled with appropriate addi-
tion of chain extenders and cross-linking agents, nucle-
ating agents and lubricants, release agents, reinforce-
ments, etc.

There are now far more categories of additives
than a few decades ago. The corresponding changes in
additive technology are driven partly by the desire to
produce plastics which are ever more closely specified
for particular purposes. The benefits of plastics additives
are not marginal. As outlined before, they are not simply
optional extras but essential ingredients, which make all
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Table 1.1 Main functions of polymer additives

Polymerisation/chemical modification aids
Accelerators
Chain growth regulators
Compatibilisers

Cross-linking agents
Promoters

Improvement in processability and productivity (transformation aids)

Defoaming and blowing agents
Flow promoters

Plasticisers

Processing aids

Release agents

Surfactants

Thixotropic agents, thickening agents
Wetting agents

Slip agents and lubricants (internal and external)

Increased resistance to degradation during processing or application

Acid scavengers
Biostabilisers
Light/UV stabilisers

Metal deactivators
Processing/thermal stabilisers

Improvement/modification of mechanical properties

Compatibilisers

Cross-linking agents

Fibrous reinforcements (glass, carbon)
Fillers and particle reinforcements

Improvement of product performance

Antistatic agents
Blowing agents

EMI shielding agents
Flame retardants

Improvement of surface properties

Adhesion promoters
Antifogging agents
Antistatic agents
Antiwear additives
Coupling agents
Improvement of optical properties
Nucleating agents
Optical brighteners
Reduction of formulation cost

Diluents and extenders

Impact modifiers (elastomers)
Nucleating agents
Plasticisers or flexibilisers

Friction agents
Odour modifiers
Plasticisers

Smoke suppressants

Lubricants

Slip and antiblocking agents
Surfactants

Wetting agents

Pigments and colorants

Particulate fillers

Table 1.2 Technology questions related to injection moulding
of polyamides

Short cycle times

Better mould release

Plate-out and deposits on moulds and plastics surfaces
Feeding problems

Increased dimensional stability, less shrinkage
Processing protection against depolymerisation and
yellowing

Better melt flow

Improved surface of glass-reinforced parts

Better strength of flow lines in moulded parts
Higher molecular weight

Rise of impact strength and elongation at break

the difference between success and failure in plastics
technology. Typically, PVC is a material whose utility

is greatly determined by plasticisers and other additives.
The bottom line on the use of any additive is a desired
level of performance. The additive package formulation
needs to achieve cost effectively the performance
required for a given application. In this respect we
recall that early plastics were often unsatisfactory,
partly because of inadequate additive packages. In the
past, complaints about plastics articles were common.
Use of additives brings along also some potential
disadvantages. Many people have been influenced by
a widespread public suspicion of chemicals in general
(and additives in particular, whether in foods or
plastics). Technological actions must take place within
an increasingly (and understandably) strict environment
which regulates the potential hazards of chemicals in
the workplace, the use of plastics materials in contact
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with foodstuffs, the possible side-effects of additives as
well as the long-term influence of the additives on the
environment when the product is recycled or otherwise
comes to final disposal.

Concerns are expressed by legislation and regula-
tions, such as:

e General Health &
Safety

Fitness for purpose (food/water
contact materials, toys,
medical)

Blowing agents for foams

Food contact

Disposal, recycling

Realistic evaluation of product
use (flame retardants,
volatiles, etc.).

e Montreal Protocol
e EU Directives

e Landfill Directives
o Life Cycle Analysis

All additives are subject to some form of regulatory
control through general health and safety at work
legislation. From an environmental and legislative point
of view three additive types in particular experience
pressures, namely halogen-containing flame retardants
(actions pending), heavy metals (as used in pigments
and PVC stabiliser systems), and plasticisers. The trend
towards the incineration of plastics, which recovers
considerable energy for further use, leads to concern
and thought about the effects of any additives on
the emissions produced. Environmental issues often
have beneficial consequences. The toxicity of certain
pigments, both in plastics and in paints, has been
a driving force for the development of new, safer
pigments with applications in wider areas than those
originally envisaged. Where food contacts are the issue,
the additives used must be rigorously tested to avoid any
tainting of the contents of the packaging. On the whole,
the benefits of additives far outweigh the disadvantages.

1.2 PLASTICS FORMULATIONS

Plastic additives are a diverse group of specialty
chemicals that are either incorporated into the plastic
product prior to or during processing, or applied
to the surface of the product when processing has
been completed. To a great extent, the selection of
the appropriate additive is the responsibility of the
plastic processor or the compounder carrying out the
modification. Scheme 1.1 illustrates the use of typical
additives in the process from polymerisation to product
manufacturing.

Figure 1.1 describes the interrelationships between
the players in plastic materials manufacturing, which
is considerably more complex than for the coating
industry. The product performance specifications are
defined by the end-users. Specialty additives demand
is nowadays migrating to compounders, converters and
distributors.

The rubber industry was the original user of
additives. Rubber is a thermosetting polymer, which
classically requires curing (peroxides), in a reaction
which must be controlled by initiators (e.g. sulfur
compounds), accelerators (e.g. aniline), retarders, etc.
The whole compounding and moulding process is to
be controlled by antioxidants and antiscorch agents to
prevent decomposition. Plasticisers are added to improve
processability, and adhesion promoters may be added
to improve the bonding with reinforcement. To protect
cured rubber products during lifetime, other additives
are introduced into the compound to confer resistance to
ozone, ultraviolet and internal heat build-up (hysteresis)
as the compound is stressed. Other vital components of
a final rubber compound are fillers as reinforcing agents,
pigments, and extenders (essentially low-cost fillers).

Polymerisation ——  Finishing [—{ Compounding Fabrication
Inhibitors Initiators Slip agents Foaming agents Foaming agents

Catalysts Antioxidants Antioxidants Slip agents

Co-catalysts Lubricants Coupling agents Lubricants

Stereo modifiers

Mineral oil Antistats

(catalyst carriers) Plasticisers

Mould releases

Impact modifiers Mould releases

Lubricants Curing agents
Antistats

Flame retardants

Scheme 1.1 Exemplified application of additives in various stages of the production process of a polymeric material
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Figure 1.1 Methods of manufacturing plastic materials. After Titzschkau [9]. Reproduced by permission of Intertech

Corporation, Portland, MN

The compounded rubber is therefore a highly complex
chemical system, difficult to analyse (cf. Section 2.2).

Table 1.3 shows the build-up of a typical recipe for
PP grades. It is important to take into account possi-
ble incompatibilities, such as co-additive interactions
leading to undesired effects.

Typical additive packages for engineering ther-
moplastics have been described by Titzschkau [9],
such as processing aids for PA, PP, or PET/PBT,
three-component additive packages for polyamides and
polyesters (nucleating agent, lubricant and process heat
stabiliser) and coated copper stabilisers for polyamides.
Additive packages or combinations of up to five or
more additives are quite common. A typical white
window PVC profile formulation comprises an acrylic
impact modifier, TiO,, CaCO;, calcium stearate, a

Table 1.3 Basic additive formulation for polypropylene

e Long-term stabiliser (always for Z/N PP, usually
phenolic AOs)

Melt stabiliser (phosphite or phosphonite)

Acid scavenger (always for Z/N PP)

Slip and antiblocking agents (for film)

Nucleators, clarifiers, antistatics (for specific injection
moulding applications)

Specific antioxidants (for fibres; nonvolatiles,
gas-fading)

UV absorbers (for automotive)

processing aid, polyethylene wax, oxidised polyethylene
wax, an external/internal lubricant and lead stabilis-
ers. Not surprisingly, the additives largely determine
the cost price of PVC. Typical fibre formulations
comprise primary and secondary process stabilisers, a
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neutraliser, UV additive, pigment, optical brighteners
and a flame retardant.

1.2.1 Supply Forms

Various physical supply forms for product formula-
tion exist: powders, irregular flakes, beads/prills, gran-
ulate (highly extruded or compacted), lenses, pastilles,
spheres, emulsions and liquids. The majority of the addi-
tives are solids. Product shape is strongly influenced by
the production method of the additive, typically extru-
sion, (strand) pelletising, grinding, spraying, flaking, or
pastillating. The main concern of the additive producer
is always to have a defined throughput (kg/h) of pellets
with a specific average diameter (mm) from a given
material. A current trend is the re-working of tradi-
tional workhorse grades of some additive classes into
environmentally more acceptable product forms, which
offer greater safety and are easier to handle and to
mix. Traditional additives in powder form emit dust
and tend to flow erratically in feeder equipment causing
worker hygiene and handling problems [10,11]. Priority
challenges in the field of product form performance of
additives are dust reduction, dosing optimisation and dis-
persion improvement. Conventional approaches to meet
these goals are based on mechanical compaction or
mechanical treatments, using large compression forces
and significant amounts (approximately 20-60 %) of
processing aids causing secondary deterioration effects.
Additives in the ideal physical form have a spherical
product shape (dsop = 500—1500 pwm), exhibit the same
performance as the original powder, ensure high homo-
geneity and dispersibility rate, are mechanically resis-
tant, show no segregation in the polymer and are more
suitable for feeding, dosing and blending. Some relevant
milestones in additive development in the past 25 years
have been the introduction of dust-free formulations of
light stabilisers (1979), free-flowing antioxidants, light
stabilisers and compounds (1983), free-flowing beads
of oligomer light stabilisers (1989), free-flowing/dust-
free oligomer light stabilisers and antioxidants (1991),
durable dust-free antioxidants and compounds (1995)
and customised additives (one-packs, in powder form, as
dust-free compacted granules or as masterbatches). Free-
flowing silica fillers have been created by dispersion
of siloxane gums [12]. Additive concentrates are also
available in granulate form (e.g. Morstille 18, a pastille
form of DSTDP from Morton Performance Chemicals).
Compared to masterbatches, these formulations have the
advantage that they can be prepared at very low temper-
atures and the additives are thus likely to be virtually
intact. Some innovative spherical particle systems with

narrow size distribution have recently been introduced,
such as drop process pelletising with industrial applica-
tions for waxes, saponified fatty acids, metal stearates,
metal soaps, stabilisers and colour concentrates [13],
and continuous fluidised bed (FB) spray granulation, as
demonstrated for carbon-black (CB), TiO,, flame retar-
dants (FR), colour pigments, organic based stabilisers
(OBS) and light stabilisers [14]. Drop process pelletis-
ing of low-viscosity plastics and additives is applicable
to materials available as liquids or melts with viscosities
below 500 cP.

The last 15 years have witnessed a constantly increas-
ing impact of additive masterbatches (concentrates con-
taining a higher level of additives dispersed in the par-
ent polymer), e.g. for antistatics [15], foaming agents,
flame retardants, impact modifiers, antimicrobials, mod-
ifier masterbatches for surface improvement and shear
reduction, colour masterbatches [16], etc. The use of
concentrated additive masterbatches and sophisticated
material delivery systems gives high confidence in poly-
mer compounding. Other important reasons for choosing
additive masterbatches instead of pure additives are the
physical form, dosability, ease of handling, homoge-
neous mixing, safety, additive protection and improve-
ment of performance, influence of carrier system, sup-
plier experience and cost. Porous polyolefin carriers
offer masterbatch suppliers an inexpensive and simple
way of producing high concentrates without having to
use an extruder. Pure additives usually require specific
handling. In fact, some additives have to be dispersed
like pigments to avoid agglomeration; some others need
to be intensively kneaded. It is difficult to choose pro-
cessing conditions that offer simultaneously an optimum
on mixing/dispersing/kneading/dissolving efficiency as
required for processing of additives with very differ-
ent properties. Masterbatches go some way to overcome
these problems. An additive producer or a masterbatch
supplier may carry out additive selection and production
of the mixture.

Blending and/or custom blending is another current
trend. One-pack systems may offer antioxidant activity,
processing aid and lubrication or anticorrosive activity
in one package, usually in a low- or nondusting prod-
uct form. A proprietary database [17] mentions already
some 140 commercial binary and ternary phenol-
phosphite blends, HALS-containing blends and miscel-
laneous blends. As most polymer processing requires
both primary and secondary antioxidant addition, ‘one-
pack’ blends containing these components are another
obvious development. Antioxidant blends are combi-
nations of primary hindered phenolic and secondary
organophosphite antioxidants, which synergistically act
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together to provide excellent performance in the
prevention of thermo-oxidative degradation of the poly-
mer. Examples are Ciba Specialty Chemicals Irganox B
series additive blends (e.g. Irganox B561 is Irganox 1010
and Irgafos 168 in 1:4 parts) and Great Lakes Chemical
No Dust Blends (NDB) [18-20]. The move to mul-
ticomponent packages takes away the risk of operator
error, leads to productivity benefits, aids ISO proto-
cols and good housekeeping. Other advantages are ease
of dosage, reduction in concentration variability during
polymer production (quality control, less off-spec prod-
uct), in logistics and in analytical costs (analysis only
of the easiest detectable component). By controlling the
composition of the NDB with analytical instruments the
precision has been found to be of the same order of mag-
nitude as the tolerance of the used analytical methods.
However, because the weighing operation is carried out
by an electronic balance, the achieved precision level
is always higher than the one detectable with common
analyses. Dosing/homogeneity accuracy affecting sta-
biliser additivation has been addressed by Sasselli [18].

For the purpose of cost reduction, it is sometimes
dangerous practice to limit analysis of the components
of dry-blends or other mixtures to the determination
of one ‘critical’ component only. As shown by Pahl
and Grosse-Aschhoff [21] various degrees of dispersion
may easily invalidate such conventional assumptions.
Techniques do exist (e.g. near-infrared spectroscopy)
which simultaneously determine all components and can
therefore cope with problems of heterogeneity. Main
disadvantages of one-pack systems are loss of flexibility
and price. A trend towards uniformity and streamlining
of the product range nowadays applies especially
to producers of polyolefins and PVC; however, the
situation is different for engineering thermoplastics
where it is virtually impossible to avoid producing tailor-
made product modifications.

Only a few additives are liquids (e.g. Vitamin E),
which require different handling. A recent develop-
ment is incorporation of the (viscous) liquid and low-
melting additives in high concentration in high-porosity
carriers, such as LDPE (Stamypor®, d = 925kg/m?)
[22]. Such nonhygroscopic holey beads can success-
fully be used for the production of polyolefin concen-
trates with liquid and low-melting polar and nonpo-
lar additives, such as antistats, anticondensation agents,
slip agents, mould-release agents, lubricants, antioxi-
dants, UV stabilisers, pigments, polyisobutylene, pastes
and fragrances; temperature-sensitive reactants such as
silanes, peroxides and chain extenders offer safety and
efficiency improvements. Due to its spherical shape,
Stamypor® remains a free-flowing product even after

high liquid loading (exceeding 50 %), allowing good
dispersion. The loading process just requires a low-
speed mixer. Similarly, AKZO’s microporous carriers
(Accurel), based on PP, HDPE, LDPE, EVA, PC, ABS,
SAN and nylon, have a load capacity of up to 70 %.
The concentration of additives in a polymer depends
on the intended function. Each additive has specific
concentration ranges in which it does not affect the
properties of the matrix. Additive levels amount to at
least some 100 ppm (e.g. Vitamin E as a melt processing
stabiliser), although catalyst residues and unintentional
contaminants may show lower levels. Typical antioxi-
dant levels to inhibit thermal oxidation in polyolefins
are of the order of 0.1 wt%. However, in applications
of LDPE, LLDPE, HDPE and PP calling for very good
toughness or high deformability of the material the filler
content easily amounts to 30-40wt% [23]. There are
many nominally organic plastics articles which actually
consist of considerably less than 50 % organic poly-
mer, the remainder being largely inorganic additives. For
example, in general spumific flame retardant additives
are less efficient in polyamides than either halogenated
or intumescent additives and much higher loading lev-
els, typically 50-60wt%, are then required in order
to prevent dripping and to obtain the same levels of
flame retardancy that can be achieved with typically
10-25wt% of a halogenated or an intumescent addi-
tive. Some other highly filled compounds are cross-
linked PMMA/72 wt% SiO, (Silgranit), PMMA/62 wt%
Si (Silacron), PMMA/62wt% AI(OH); (Corian). The
Japanese manufacturer Kanebo Gosen has developed
a heavily metal-filled PA resin for production of elec-
tronic and automotive components with a specific grav-
ity of 13 g/cm® (compared with 11.3 of lead). Compos-
ite polymeric materials containing high percentages of
nonpolymeric materials are used extensively in the fab-
rication and engineering industries. Twin-screw systems
are configured to continuously mix very high levels of
metal fillers (90 wt% +) with various polymer binders.
Obviously, at such high loading levels a distortion of
the balance of mechanical properties of the base poly-
mer results, but this may be acceptable (e.g. 70 wt% of
fused silica properly balances the coefficient of thermal
expansion in an epoxy moulding resin) [24]. Similarly,
a large proportion of automotive dashboard skins has
a high plasticiser content (ca. 70 phr). PVC is almost
unique in its ability to accept addition of very high
plasticiser levels (up to 100 phr and above) while still
retaining useful mechanical properties. Also for process-
ing of cellulose acetate it is necessary to incorporate
relatively high levels of a polar plasticiser (typically
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50phr) to lower the softening temperature below the
decomposition temperature.

1.2.2 Additive Delivery

Additives can be incorporated into the polymer at
several stages: (i) during the polymerisation stage
(directly during production of the plastic in the reac-
tor); (ii) addition to the finished granulate in a sub-
sequent processing (compounding/mixing) stage, or in
the processing machine itself. Finally, additives may
be applied to the finished part surface. Much depends
on the type of additive and polymer. Automated pow-
der sampling systems have been described [25] and
handling of solid additives has been reviewed [26].
A crucial aspect is to obtain a completely homo-
geneous mixture of polymer and additive —a diffi-
cult technological target, as shown by microscopy and
chemiluminescence studies. Additives such as stabilis-
ers can be introduced at the raw material manufactur-
ing stage, whereas performance-critical additives (such
as flame retardants) are introduced at the compound-
ing stage. Additives to confer special technical proper-
ties are usually introduced in a secondary compound-
ing stage.

To facilitate in-plant compounding, most suppliers
have developed systems which efficiently and repro-
ducibly deliver a controlled additive ‘package’ to a
compound, using either a specialised concentrate or a
masterbatch formulation. Some of the polymer manufac-
turers have also made available advanced additive deliv-
ery systems, which they have often developed originally
for their own use (e.g. Eastman, Montell).

In the most sophisticated operations, there are
facilities for reactive compounding, in which reactive
additives are chemically bound as an integral part of
the polymeric structure. Thus it is possible to produce
hundreds of very differentiated modified plastics from
very few basic plastic types and the range of recipes
and possible varieties is virtually inexhaustible.

1.3 ECONOMIC IMPACT
OF POLYMER ADDITIVES

Plastic and rubber additives are both commodity chem-
icals and specialties. The Handbook of Plastic and
Rubber Additives [27] mentions over 13000 products;
antioxidants and antiozonants amount to more than 1500
trade name products and chemicals [28], flame retardants
to some 1000 chemicals [29] and antimicrobials to over
1200 products [30].

In the past decades, polymer materials have been
continuously replacing more traditional materials such
as paper, metal, glass, stone, wood, natural fibres and
natural rubber in the fields of clothing industry, E&E
components, automotive materials, aeronautics, leisure,
food packaging, sports goods, etc. Without the existence
of suitable polymer materials progress in many of these
areas would have been limited. Polymer materials are
appreciated for their chemical, physical and economical
qualities including low production cost, safety aspects
and low environmental impact (cf. life-cycle analysis).

Plastic additives account for 15-20wt% of the
total volume of plastic products marketed. Estimates
of the size of the world additives market vary con-
siderably according to classification. Table 1.4 shows

Table 1.4 The global additives business (various estimates and forecasts)

Global USA Western Europe
1996 1996 1996 1996" 1995° 1996° 20017 2000¢

(%) (kt) (US$m) (kt) (US$m) (US$m) (US$m) (kt)
Fillers n/a 1020 1060
Plasticisers 1930 1960
Colorants 1200 1370
Flame retardants 31 843 718 580 670 375
Heat/light stabilisers 17 462 295 530 620
Impact modifiers 17 462
Lubricants 16 435
Antioxidants 7 190 88 370 480
Others 12 326 1000 1190
Europe 26 4100
North America 23 3700
Asia/Pacific 39 6200
Rest of world 12 1900
Total 2720 15900 6630 7350

Source: ¢ Phillip Townsend Associates; b Business Communications Co.; ¢ Schmidt [31].
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some marked differences in the estimates of the global
additives business volume (depending upon definition of
‘additive’). According to Phillip Townsend Associates
Inc. [32] the world market for performance additives
(modifiers, property extenders and processing agents),
thus excluding commodity materials such as fillers and
pigments but including plasticisers, was worth nearly
US$15.9 billion or 7.9 mt/yr in 1996. Recent figures for
2001 are 14.6 billion (by region: US 28 %, EU 26 %, AP
38 %, ROW 10 %) or 8.0 mt/yr [33] denoting a reduc-
tion in the growth rate, shrinking value (Asian crisis,
WTC effect), and margin compression for material sup-
pliers and compounders. Plastics additives are a highly
competitive business.

Table 1.5 is a breakdown of the consumption by addi-
tive class. Total EU additive consumption is reported
as 6989kt (1997) growing up to 9031kt (2002), with
fillers 4346 kt, plasticisers 940kt and colourants 728 kt
(in 1997) being the main classes. Additive consump-
tion by polymer classification for Europe is given in
Table 1.6.

Worldwide consumption of performance additives
(excluding plasticisers) grew from just over 2.7 mt in
1996 to 3.6mt in 2001. Flame retardants make up
31 % of the volume and stabilisers, impact modifiers
and lubricants each account for around 16-17 %.
Flame retardant markets (construction, E&E devices,
automotive) are headed for unprecedented development
and change, being threatened by environmental, health

Table 1.5 Consumption of plastic additives by type (1998)

Plasticisers 32% Organic 6 %
peroxides

Flame retardants 14 Lubricants/mould 6
release agents

Heat stabilisers 12 Light stabilisers 3

Impact modifiers/ 10 Others 8

processing aids
Antioxidants 9 Total US$14.9
billion

Source: Townsend’s Polymer Services & Information (T-PSI). Repro-
duced by permission.

Table 1.6 Additive consumption by polymer classification in
Europe

Class 1997 2002 1997 2002

Commodity 4500kt 5500kt  622% 59.5%
thermoplastics

Engineering 1050 1900 15.3 20.7
plastics

Thermosets 1500 1600 22.5 19.8

After Dufton [34]. Reproduced by permission of Rapra Technology Ltd.

and safety issues. The global demand for mineral-based
FR compounds will increase dramatically.

The total bulk volume of additives derives from
modifiers, while the value comes from relatively small
volumes of increasing high-performance chemicals, for
stabilising, curing/cross-linking, colouring and flame-
retarding various types of plastics, both thermoplastics
and thermosets. More precisely, a breakdown of the
1999 world market (totalling 7.6 mt and US$15.0 bil-
lion) shows modifiers (coupling agents, impact mod-
ifiers, nucleating agents, organic peroxides, chemical
blowing agents, plasticisers) at 69 % of total volume and
51 % of total value, property extenders (antioxidants,
preservatives, light and heat stabilisers, antistatic agents,
flame retardants) at 23 % of total volume and 41 % of
total value, processing aids (mould release agents, lubri-
cants, antiblocking agents, slip agents) at 8 % of total
volume and 8 % of total value [35].

The plastic additive market is characterised by a
highly fragmented global market. Nevertheless, global
customers, a maturing technology and expiring patents
are fuelling the field. Each of the additive classes
is favoured by a different customer group. Modifiers
are largely purchased by fabricators, who account for
69 % of the modifier consumption (volume). Resin
manufacturers or captive compounders capture 16 % and
merchant compounders purchased the remaining 15 % of
the modifiers. In 1994, resin manufacturers consumed
1.9 billion pounds of property extenders, merchant
compounders 28 %, and fabricators the remaining 7 %.
The processing aids are the most evenly consumed class
of polymer additives. Fabricators lead with 44 % of
total volume, followed by resin manufacturers with 33 %
and merchant compounders consuming the remaining
23 %. The average cost of the polymer additive classes
varies widely.

Demand for the different classes of polymer additives
varies by resin. Modifiers and processing aids rely
heavily on PVC while the property extenders are
primarily used in non-PVC resins. PVC is by far the
largest consuming resin for polymer additives (excluding
fillers), accounting for some 80 % of the world-wide
volume or 60 % in total value. Polyolefins are a distant
second accounting for 8 % and 17 %, respectively [36].

The European consumption of plasticisers (as the
main modifier) is gradually increasing, as shown in
Table 1.7, with an expected growth of 2.7% for
2001-2006. The total European market for flame-
retardant chemicals (percent of revenues by prod-
uct type — forecast for the year 2003) is as follows:
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Table 1.7 European consumption of plasticisers (kt)

Table 1.9 Factors affecting plastic additives growth

Plasticiser type 1993 1997 2000
DOP 484 522 562
DINP/DIDP 371 454 490
Other phthalates 78 91 100
Other plasticisers 147 171 184
Total 1080 1239 1336
Source: CDC.

Table 1.8 Plastic additives — expected global growth rates
1999-2004¢

Highest growth (6-7 %)
Coupling agents
Light stabilisers”

Medium growth (4—5 %)
Antiblocking agents”
Antioxidants”

Nucleating/clarifying Antistatic agents
agents Chemical blowing agents
Lowest growth (3 % or Flame retardants”
less) Heat stabilisers”
Biocides Impact modifiers/processing aids”
Plasticisers” Lubricants/mould release agents”

Organic peroxides
Slip agents

“ Not corrected for WTC effect.

b Additives most affected by environmental.

After Galvanek efal. [35]. Reproduced by permission of Rapra
Technology Ltd.

phosphorous-based chemicals (38.2 %), inorganic com-
pounds and melamine (36.2 %), halogen-based chemi-
cals (25.6 %). The volume of halogenated flame retar-
dants in Europe has not declined. The European market
for additives (plasticisers, light and heat stabilisers,
flame retardants and antioxidants) is expected to grow
from US$2.2 billion (1998) to 2.6 billion (2005) [37].
Global growth rates for plastics additives are given in
Table 1.8, with some performance additives showing
‘above-average’ potential.

Light stabilisers are the fastest-growing sector of
the US additives market. Large amounts of stabilisers
are also used for the protection of various petroleum
products, foods, sanitary goods, cosmetics, and phar-
maceuticals. The most extensive development, how-
ever, is addressed to the field of polymer stabilisation.
The global consumption of light stabilisers in plastics
in 1996 amounted to 24.8kt world-wide, namely PP
45 %, PE 29 %, styrenics 5%, EP 7%, PVC 9% and
other polymers 5 %. Similar figures for antioxidants are
206.5kt world-wide with PP 40%, PE 25 %, styren-
ics 15%, EP 10 %, PVC 5% and other polymers 5 %
(source: Phillip Townsend Associates Inc.). More than
200 users worldwide consume over US$400 million of
light stabilisers. Much lower growth is predicted for

e Resin demand/mix e Lifetime shortening
changes
e End use demand and e Miniaturisation
requirements
e New technologies e Drive for shareholder
value
e Interpolymer competition e Focus on the customer
(‘one stop shopping’)
e Regional growth patterns e Environmental

regulatory issues
o Substitution of traditional
materials

plasticisers [38]. For the seven main types of plasti-
ciser — phthalates, aliphatics, epoxidised vegetable oils
(EPOs), phosphates, trimellitates, citrates and polymer-
ics — the predicted growth rate is 2.8 % for the period
1999-2004 for a global demand of 4.6mt in 1999.
Factors affecting plastic additive growth are given in
Table 1.9.

On the whole, the amount of additive per pound
weight of resin is decreasing as more efficient mate-
rials are developed, cost reduction is attempted and, in
some cases the concentration of potentially toxic sub-
stances is cut. Excluding the filler market (largest in
size: 50 vol%; 15 % of total value), there are over 400
suppliers of performance polymer additives (antiblock-
ing/slip agents, antioxidants, antistatics, coupling agents,
chemical blowing agents, flame retardants, heat sta-
bilisers, impact modifiers, light stabilisers, lubricants,
mould-release agents, nucleating agents, organic perox-
ides, plasticisers and preservatives) worldwide, includ-
ing already over 200 producers of colour masterbatches
only in Europe [32].

Figure 1.1 shows that the methods of manufactur-
ing (semi-)finished plastic parts involve various players:
equipment manufacturers, polymer producers, additive
suppliers, compounders and final processors. It can be
safely assumed that the compounder will continue to be
the main customer for additives and additive concen-
trates also in the future. Finally, the recently established
Plastics Additive Museum (Lingen, Bavaria), by a pio-
neer in PVC additives (Birlocher GmbH), shows that
the business is coming to age.

1.4 ANALYSIS OF PLASTICS

In contrast to low-MW substances, which are com-
posed of identical molecules (eventually apart from iso-
mers), macromolecules constitute a statistical assembly
of molecules of different molecular weight, composition,
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chain architecture, branching, stereoregularities (tactic-
ity), geometric isomerism, etc. Examination of polymer
systems requires determination of several types of poly-
dispersity, such as molecular weights (M,), (My),
molecular weight distribution (MWD), compositional
homogeneity, functionality distribution, etc. Various
chromatographies, such as size-exclusion chromatog-
raphy (SEC), high-performance liquid chromatography
(HPLC) and thin-layer chromatography (TLC), are help-
ful in these analyses. Yet, even with this much of effort
a polymer is not fully characterised as other ‘details’
are of great practical importance, such as rest monomer
(e.g. styrene in PS), oligomers, or volatiles (such as
water in nylons). Catalyst residues are another inher-
ent, and important, impurity in a polymer, especially in
relation to stability. Consequently, full characterisation
of an unknown polymer is a challenging task. How-
ever, this is more child’s play in comparison to the
requirements of extensive chemical analysis of a poly-
meric material, constituted of a formulation of the afore-
mentioned statistical assembly of macromolecules with
organic and/or inorganic additives, fillers, etc. Textbooks
on various aspects of the determination of the com-
plex structure of polymers (in particular macromolecular
characterisation in terms of molar mass, chemical com-
position, functionality and architecture) [39-57] out-
number those covering analysis of additives in polymers
[41,50,54,55,58-63] or textbooks dealing with the in-
service aspects of the materials [58,60]. Actually, in
industrial practice these problems are usually treated
separately as different interests are addressed. This does
not mean to say that no polymer/additive sample will
ever be examined both to characterise the polymer
and the additive composition. However, frequently the
chemical nature of the polymeric matrix of a formu-
lated polymeric material is already known (but usually
not for rubbers). Eventually, for additive analysis only
the nature of the polymer needs to be assessed (mainly
for solvent choice), but not its polydispersity or other
structural details. Consequently, and in view of the con-
siderable spread of the analytical topics, it is not surpris-
ing that few authors dare deal in depth with molecular
characterisation of polymers and polymer/additive anal-
ysis in one monograph [41,50,52,54,55]; the latter are
also fairly dated. The required level of analysis is often
not merely that of the identification of the additives of
Appendix II (relatively simple), but a full analysis of all
active ingredients present in a polymeric matrix, both
qualitatively (not straightforward) and quantitatively
(difficult), and sometimes even in a spatially resolved
fashion (very difficult). Representative sampling is

Table 1.10 Basic needs in polymer/additive analysis

e Qualitative identification of a particular additive in a
sample

e Quantitative determination of the additive concentration

e Reliability, accuracy

e Sensitivity (down to 0.01 wt% or less)

e Short analysis time (e.g. simultaneous analyses,
automation)

obviously of immediate concern. Basic needs in poly-
mer/additive analysis are given in Table 1.10.

Industrial analytical laboratories search for method-
ologies that allow high quality analysis with enhanced
sensitivity, short overall analysis times through signifi-
cant reductions in sample preparation, reduced cost per
analysis through fewer man-hours per sample, reduced
solvent usage and disposal costs, and minimisation of
errors due to analyte loss and contamination during
evaporation. The experience and criticism of analysts
influence the economical aspects of analysis methods
very substantially.

The ability to reproducibly determine the additive
package present in polymers is of major concern to resin
manufacturers, converters (compounders), end-users,
regulators and others. Qualitative and/or quantitative
knowledge of compounding ingredients, to be obtained
by additive analysis, may be needed in various stages of
a product lifecycle (Table 1.11).

Analytical support is required throughout for base
polymers, compounds, additives, polymer-based prod-
ucts and manufacturing sector products and components.
Product development (e.g. surface active additives, such
as antistatics, slip and antiblocking additives) leading to
better performing products requires an in-depth under-
standing of the mechanism of action. Polymer/additive
analysis contributes to this understanding. Apart from
polymer microstructural analysis, polymer/additive anal-
ysis is the only way to investigate the effects of process-
ing conditions on a polymer at the molecular level. The
determination of factors affecting additive consumption
can lead to an improved understanding of how to process
polymers both cost effectively and with maintenance of
final product properties as a goal. However, in order to
determine additive consumption and draw valid conclu-
sions, the technologist requires reliable and reproducible
methods for additive level determination.

It is equally important for the manufacturer and reg-
ulator to know the level of additives in a polymer mate-
rial to ensure that the product is fit for its intended
purpose. Additive analysis marks sources of supply,
provides a (total) process signature and may actually
be used as a fingerprint of a polymeric material, in
particular as molecular characterisation of the polymer



