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Das Bundesministerium flir Umwelt, Naturschutz und Reaktorsicherheit und die
16 Bundeslander haben eine Verwaltungsvereinbarung geschlossen, um gemeinsam
eine auszugsweise Ubersetzung der BVT-Merkblatter ins Deutsche zu organisieren
und zu finanzieren, die im Rahmen des Informationsaustausches nach Artikel 16 Ab-
satz 2 der Richtlinie 96/61/EG Uber die integrierte Vermeidung und Verminderung der
Umweltverschmutzung (IVU-Richtlinie) (Sevilla-Prozess) erarbeitet werden. Die Ver-
einbarung ist am 10.1.2003 in Kraft getreten. Von den BVT-Merkblattern sollen die fur
die Genehmigungsbehorden wesentlichen Kapitel ibersetzt werden. Auch Osterreich
unterstiitzt dieses Ubersetzungsprojekt durch finanzielle Beitrage.

Als Nationale Koordinierungsstelle fiir die BVT-Arbeiten wurde das Umweltbundesamt
(UBA) mit der Organisation und fachlichen Begleitung dieser Ubersetzungsarbeiten
beauftragt.

Die Kapitel des von der Europaischen Kommission verdffentlichten BVT-Merkblattes
-Polymere”, in denen die Besten Verfugbaren Techniken beschrieben sind (Kapitel 12
und 13), sind im Rahmen dieser Verwaltungsvereinbarung in Auftrag des Umweltbun-
desamtes Ubersetzt worden.

Die nicht Ubersetzen Kapitel liegen in diesem Dokument in der englischsprachigen Ori-
ginalfassung vor. Diese englischsprachigen Teile des Dokumentes enthalten weitere
Informationen (u.a. Emissionssituation der Branche, Technikbeschreibungen etc.), die
nicht Gibersetzt worden sind. In Ausnahmefallen gibt es in der deutschen Ubersetzung
Verweise auf nicht tibersetzten Textpassagen. Die deutsche Ubersetzung sollte daher
immer in Verbindung mit dem englischen Text verwendet werden.

Das Kapitel ,Zusammenfassung“ basiert auf der offiziellen Ubersetzu_ng der Europai-
schen Kommission in einer zwischen Deutschland, Luxemburg und Osterreich abge-
stimmten korrigierten Fassung.

Die Ubersetzungen der weiteren Kapitel sind ebenfalls sorgfaltig erstellt und fachlich
durch das Umweltbundesamt und Fachleute der Bundeslander geprift worden. Diese
deutschen Ubersetzungen stellen keine rechtsverbindliche Ubersetzung des engli-
schen Originaltextes dar. Bei Zweifelsfragen muss deshalb immer auf die von der
Kommission verdoffentlichte englischsprachige Version zuriickgegriffen werden.

Dieses Dokument ist auf der Homepage des Umweltbundesamtes
(http://www.bvt.umweltbundesamt.de/kurzue.htm) abrufbar.

Durchfiihrung der Ubersetzung in die deutsche Sprache:

Heino Falcke

Weyerstralie 4

D-45131 Essen

Tel.: +49 (201) 773836

E-Mail: heino.falcke@alice-dsl.net
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This document is one of a series of foreseen documents as below (at the time of writing, not all

documents have been finalised):

Reference Document on Best Available Techniques. . . Code
Large Combustion Plants LCP
Mineral Oil and Gas Refineries REF
Production of Iron and Steel 1&S
Ferrous Metals Processing Industry FMP
Non Ferrous Metals Industries NFM
Smitheries and Foundries Industry SF
Surface Treatment of Metals and Plastics STM
Cement and Lime Manufacturing Industries CL
Glass Manufacturing Industry GLS
Ceramic Manufacturing Industry CER
Large Volume Organic Chemical Industry LVOC
Manufacture of Organic Fine Chemicals OFC
Production of Polymers POL
Chlor — Alkali Manufacturing Industry CAK
Large Volume Inorganic Chemicals - Ammonia, Acids and Fertilisers Industries LVIC-AAF
Large Volume Inorganic Chemicals - Solid and Others industry LVIC-S
Production of Speciality Inorganic Chemicals SIC
Common Waste Water and Waste Gas Treatment/Management Systems in the Chemical Sector CWwW
Waste Treatments Industries WT
Waste Incineration WI
Management of Tailings and Waste-Rock in Mining Activities MTWR
Pulp and Paper Industry PP
Textiles Industry TXT
Tanning of Hides and Skins TAN
Slaughterhouses and Animals By-products Industries SA
Food, Drink and Milk Industries FDM
Intensive Rearing of Poultry and Pigs ILF
Surface Treatment Using Organic Solvents STS
Industrial Cooling Systems Cv
Emissions from Storage ESB
Reference Document . . .

General Principles of Monitoring MON
Economics and Cross-Media Effects ECM
Energy Efficiency Techniques ENE







Zusammenfassung

ZUSAMMENFASSUNG

1) Einleitung

Das vorliegende BVT-Merkblatt (Referenzdokument iiber die besten verfiigbaren Techniken)
fiir die Polymerherstellung beruht auf einem Informationsaustausch nach Artikel 16 Absatz 2
der Richtlinie 96/61/EG des Rates (IVU-Richtlinie). Diese Zusammenfassung beschreibt die
wesentlichen Ergebnisse und bietet einen Uberblick iiber die grundlegenden Schlussfolgerungen
zu den BVT und die BVT-assoziierten Verbrauchs- und Emissionswerte. Sie sollte im Zusam-
menhang mit dem Vorwort gelesen werden, in dem die Ziele dieses Dokuments sowie die beab-
sichtigte Verwendung und der rechtliche Rahmen erldutert werden. Die Zusammenfassung kann
als eigenstéindiges Dokument betrachtet werden, das jedoch nicht die Vielschichtigkeit der voll-
stindigen  Textfassung des Referenzdokuments widerspiegelt. Bei der BVT-
Entscheidungsfindung ist die Zusammenfassung daher nicht als Ersatz fiir die vollstindige
Textversion des Dokuments anzusehen.

2) Anwendungsbereich des Dokuments

Im Mittelpunkt dieses Dokuments stehen Produktionszahlen und Umweltauswirkungen der
wichtigsten Erzeugnisse der europédischen Polymerindustrie, die groftenteils in speziellen Anla-
gen flir ein bestimmtes Polymer entstehen. Die Liste der Produkte ist nicht erschdpfend, umfasst
aber Polyolefine, Polystyrol, Polyvinylchlorid, ungesittigte Polyester, Emulsions-Styrol-
Butadien-Kautschuke, 16sungspolymerisierte, butadienhaltige Kautschuke, Polyamide, Polye-
thylenterephthalatfasern und Viscosefasern.

Fiir die Unterscheidung von IVU-Anlagen und Nicht-IVU-Anlagen zur Polymerherstellung
wurde kein Schwellenwert festgelegt, da dies in der IVU-Richtlinie nicht vorgesehen ist.

3) Polymerindustrie und Umweltprobleme

Die Polymerindustrie stellt eine Vielzahl von Basiserzeugnissen her, die von Massenware bis zu
hochwertigen Materialien reichen. Anlagen mit einer Jahreskapazitit von um die 10 000 bis an
die 300 000 Tonnen produzieren in diskontinuierlichen und kontinuierlichen Verfahren.

Abnehmer fiir die Basispolymere sind verarbeitende Unternehmen, die fiir die unterschiedlichs-
ten Endverbrauchermérkte produzieren.

Die Chemie der Polymerherstellung besteht aus drei grundlegenden Reaktionstypen - Polymeri-
sation, Polykondensation und Polyaddition — und es gibt auch nur wenige Vorgéinge/Prozesse:
die Aufbereitung, die Reaktion selbst und die Abtrennung von Produkten. In vielen Féllen sind
Kilte, Warme, Vakuum oder Druck erforderlich. Fiir die unvermeidlichen Abfille werden
Riickgewinnungs- oder Minderungssysteme eingesetzt; der verbleibende Abfall wird entsorgt.

Die Polymerindustrie belastet die Umwelt im Wesentlichen durch die Emissionen fliichtiger
organischer Verbindungen, teilweise durch Abwisser, die stark mit organischen Verbindungen
belastet sein konnen, oder durch einen relativ hohen Losemittelverbrauch, den hohen Anteil
nicht riickfithrbarer Abfille sowie den Energiebedarf. Wegen der Vielfiltigkeit des Sektors und
des breiten Spektrums an produzierten Polymeren, gibt dieses Dokument keinen vollstdndigen
Uberblick iiber die Emissionen des Polymer-Sektors. .Es werden jedoch Emissions- und
Verbrauchsdaten fiir ein breites Spektrum von derzeit betriebenen Anlagen aufgefiihrt.
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Zusammenfassung

4) Techniken, die bei der Bestimmung der BVT zu ber ticksichtigen sind

Die Techniken, die bei der Bestimmung der BVT zu beriicksichtigen sind, werden in einem
allgemeinen Abschnitt und in produktspezifischen Abschnitten zu bestimmten Polymeren zu-
sammengefasst. Im allgemeinen Teil geht es um Instrumente fiir das Umweltmanagement, um
die Konzeption und Instandhaltung von Anlagen, die Uberwachung und einige allgemeine
Techniken im Zusammenhang mit Energie und nachgeschalteten Behandlungsmafinahmen.

5) Besteverfligbare Techniken

In der nachstehenden Zusammenfassung fehlen Hintergrundinformationen und Querverweise,
die im Volltext zu finden sind. Der Volltext enthélt zudem BVT fiir das Umweltmanagement,
auf die in der Zusammenfassung nicht eingegangen wird.

Im BVT-Merkblatt ,,Abwasser- und Abgasbehandlung/-management in der chemischen Indust-
rie® werden Techniken beschrieben, die iiberall in der chemischen Industrie Anwendung finden.
Detaillierte Beschreibungen von Techniken zur Riickgewinnung oder Minderung finden sich im
Merkblatt zur CWW.

Die BVT-assoziierten Emissionswerte der nachgeschalteten Behandlungsverfahren, die im
BVT-Merkblatt zur CWW beschrieben werden, gelten gleichermallen fiir die Polymerindustrie.

Massenstrom und Konzentrationswerte

In diesem Dokument geht es vorwiegend um produktionsbezogene BVT-assoziierte Emissions-
und Verbrauchswerte sowie um nachgeschaltete Techniken, deren konzentrationsbezogene
Leistung im BVT-Merkblatt zur CWW zu finden ist. Alle BVT-assoziierten Emissionswerte
beziehen sich auf die Gesamtemissionen aus Punktquellen und diffusen VOC-Emissionen.

Erlduterung der Anwendung von BVT

Die aufgefiihrten BVT umfassen allgemeine BVT und spezifische BVT fiir die verschiedenen,
in diesem Dokument behandelten Polymere. Die allgemeinen BVT sind auf alle Arten von Po-
lymeranlagen anwendbar. Die polymerspezifischen BVT sind auf die Polymeranlagen anwend-
bar, in denen ausschlielich oder iiberwiegend mit bestimmten Polymertypen gearbeitet wird.

Allgemeine BVT:

e Reduzierung diffuser VOC-Emissionen durch moderne Anlagen mit:

0 Federbalgventilen oder Ventilen mit Doppeldichtung oder gleich wirksamen Vorrich-
tungen; Federbalgventile werden vor allem fiir hoch toxische Anwendungen empfoh-
len;

0 magnetgetriebenen Pumpen oder Spaltrohrpumpen oder Pumpen mit Doppeldichtun-
gen und Fliissigkeitsbarriere;

0 magnetgetriebenen oder gekapselten Kompressoren oder Kompressoren mit Doppel-

dichtungen und Fliissigkeitsbarriere;

magnetgetriebenen oder gekapselten Rithrwerken oder Rithrwerken mit Doppeldich-

tungen und Fliissigkeitsbarriere;

Minimierung der Anzahl an Flanschen (Verbindungsstiicke);

wirksamen Dichtungen;

geschlossenen Probenahmesystemen,;

Ableitung kontaminierter Abfliisse in geschlossenen Systemen;

Erfassung von Entliiftungen;

o

OO0OO0OO0O0
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Zusammenfassung

Bewertung und Messung der Verluste durch Leckagen zur Klassifizierung der Komponen-
ten nach Typ, Wartungs- und Prozessbedingungen, um die Elemente mit dem hochsten Po-
tenzial fiir Verluste ausfindig zu machen;

Einrichtung und Betrieb eines Programms zur Anlageniiberwachung und -instandhaltung
und/oder zum Aufspiiren und zur Reparatur von Leckagen auf der Grundlage einer Kom-
ponenten- und Wartungsdatenbank in Verbindung mit der Bewertung und Messung der
Verluste durch Leckagen;

Reduzierung von Staubemissionen mit einer Kombination der folgenden Techniken:

0 Dichtstromforderung ist effizienter zur Vermeidung von Staubemissionen als Diinn-
stromforderung,

0 grofBtmogliche Reduzierung der Geschwindigkeiten in Diinnstromfordersystemen,

0 Reduktion der Staubbildung in Forderleitungen durch Oberflichenbehandlung und
richtige Anordnung der Rohre,

0 Zyklone und/oder Filter in den Luftabziigen von Entstaubungseinheiten; vor allem bei
Feinstaub ist die Verwendung von Gewebefiltersystemen effektiver,

O Nasswischer;

Reduzierung der An- und Abschaltungen der Anlage auf ein Minimum, um Emissionsspit-
zen zu vermeiden und den Gesamtverbrauch (Energie, Monomere pro Produkttonne usw.)
zu senken;

Sicherung des Reaktorinhalts bei Schnellabschaltungen (z. B. durch Riickhaltesysteme);
Verwertung des gekapselten Materials oder Verwendung als Brennstoff;

Vermeidung von Wasserverschmutzung durch entsprechende Bauweise und Materialien
der Rohrsysteme; zur leichteren Wartung und Reparatur werden bei Abwasserleitungssys-
temen fiir neue Anlagen und bei der Nachriistung vorhandener Systeme z. B.:

0 Rohre und Pumpen iiberirdisch verlegt,
0 Rohre in fiir Wartung und Reparatur zugénglichen Rohrkanélen verlegt;

getrennte Abwasserleitungssysteme fiir:

0 verunreinigtes Prozessabwasser,

0 potenziell verunreinigtes Wasser aus Leckagen und anderen Quellen einschlieBlich
Kiihlwasser und Ablaufwasser von Anlagenfldchen usw.,

0 nicht verunreinigtes Wasser;

Behandlung der Spiilluft aus Entgasungskessel und der Reaktorentliiftungen mit einer oder
mehreren der folgenden Techniken:

Recycling,

thermische Oxidation,

katalytische Oxidation,

Adsorption,

Fackeln (nur diskontinuierliche Strome);

©Oo0O0O0Oo
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Zusammenfassung

Fackelsysteme fiir diskontinuierliche Emissionen aus dem Reaktorsystem; Abfackeln dis-
kontinuierlicher Emissionen aus Reaktoren ist nur dann BVT, wenn diese Emissionen nicht
wieder in den Prozess riickgefiihrt oder als Brennstoff eingesetzt werden kénnen;
Moglichst Nutzung von Strom und Dampf aus Kombikraftwerken; Kraft-Warme-Kopplung
wird normalerweise eingesetzt, wenn die Anlage den erzeugten Dampf nutzt oder eine Ab-
satzmoglichkeit fiir den erzeugten Dampf vorhanden ist; der produzierte Strom kann in der
Anlage genutzt oder abgegeben werden;

Nutzung der Reaktionswiarme durch die Erzeugung von Niederdruckdampf in Prozessen
oder Anlagen, wenn interne oder externe Abnehmer fiir Niederdruckdampf vorhanden sind;
Wiederverwendung der potenziellen Abfille einer Polymeranlage;

Molchsysteme in Mehrproduktanlagen mit fliissigen Rohmaterialien und Produkten;
Abwasserpufferbehilter vor der Abwasserbehandlungsanlage, um eine konstante Beschaf-
fenheit des Abwassers zu erzielen; das gilt fiir alle Prozesse, bei denen Abwasser anfillt,
z. B. bei der Produktion von PVC oder ESBR;

effiziente Abwasserbehandlung; die Abwasserbehandlung kann zentral oder in einer ge-
sonderten, der Tétigkeit entsprechenden Anlage erfolgen; je nach Beschaffenheit des Ab-
wassers sind zusitzliche gesonderte Teilstrombehandlungen erforderlich.

BVT fur Polyethylen:

Riickgewinnung von Monomeren aus Kolbenkompressoren in LDPE-Prozessen, um sie

0 in den Prozess zuriickzufiihren und/oder
O einer Verbrennung zuzufiihren;

Erfassen der Abgase aus den Extrudern; Abgase aus der Extrusionsstufe (hintere Extruder-
dichtung) in der LDPE-Produktion enthalten viele VOC; durch Absaugen der Ddmpfe aus
der Extrusionsstufe werden die Emissionen von Monomeren verringert;

Verringern der Emissionen aus der Aufarbeitung und Lagerung durch Reinigung der Beliif-
tungsabluft;

Betreiben des Reaktors bei hochstmoglicher Polymerkonzentration; durch Erhéhung der
Polymerkonzentration im Reaktor wird die Energieeffizienz des Produktionsprozesses ins-
gesamt optimiert;

geschlossene Kiihlsysteme.

BVT fur LDPE:

Betrieb des Niederdruckabscheiderkessels mit Mindestdruck und/oder
Wahl des Losemittels und

Entgasungsextrusion oder

Behandlung der Spiilluft aus Entgasungskessel.
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Zusammenfassung

BVT fir Suspensionsprozesse:

Geschlossene Systeme zur Stickstoffspiilung und
Optimierung des Stripprozesses und

Recycling von Monomeren aus dem Stripprozess und
Kondensation des Losemittels und

Wabhl des Losemittels.

BVT fir Gasphasenprozesse:

Geschlossene Systeme zur Stickstoffspiilung und
Wabhl der Losemittel und Comonomere.

BVT fir LLDPE-Verfahren in L8sung:

Kondensation des Losemittels und/oder

Wabhl des Losemittels und
Entgasungsextrusion oder

Behandlung der Spiilluft aus Entgasungskessel.

BVT fir Polystyrol:

Minderung und Uberwachung der Emissionen aus der Lagerung mit einer oder mehreren
der folgenden Techniken:

Minimierung der Niveauunterschiede,

Gasausgleichsleitungen,

Schwimmdicher (nur Grofitanks),

installierte Kondensatoren,

Erfassung von Entliiftungsluft zur Behandlung.

Erfassen aller Spiilstrome und der Reaktorentliiftungen;

Erfassen und Behandlung der Abluft aus der Pelletisierung; normalerweise wird die aus der
Pelletisierung abgesaugte Luft zusammen mit der Reaktorabluft und der Spiilluft behandelt;
das gilt jedoch nur fiir GPPS- und HIPS-Verfahren;

Minderung der Emissionen aus der Aufbereitung bei EPS-Verfahren durch eine oder meh-
rere der folgenden oder gleichwertige Techniken:

(ol el olNelNo]

0 Dampfausgleichsleitungen,
0 Kondensatoren,
0 Erfassung von Entliiftungsluft zur weiteren Behandlung;

Minderung der Emissionen aus dem Losesystem in HIPS-Verfahren durch eine oder meh-
rere der folgenden Techniken:

Zyklone zur Abtrennung von Forderluft,

Pumpsysteme fiir hohe Konzentration,

kontinuierliche Loseanlagen,
Dampfausgleichsleitungen,

Erfassung von Entliiftungsluft zur weiteren Behandlung,
Kondensatoren.

O O0OO0O0O0O0
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Zusammenfassung

BVT fur Polyvinylchlorid:

e  Geeignete Lagereinrichtungen fiir das Ausgangsmaterial VCM, die so gestaltet sind und
gewartet werden, dass Leckagen und somit die Verunreinigung von Luft, Boden und Was-
ser verhindert werden:

0 Lagern von VCM in Kiihltanks unter atmosphérischem Druck oder

0 Lagern von VCM in Drucktanks bei Umgebungstemperatur und

0 Vermeidung von VCM-Emissionen durch Tanks mit gekiihlten Riickflusskiihlern
und/oder

0 Vermeidung von VCM-Emissionen durch Tanks mit Anschluss an eine VCM-
Riickgewinnung oder eine geeignete Abluftbehandlung;

e Vermeidung von Emissionen aus Verbindungsleitungen bzw. -stiicken beim Entladen von
VCM durch

0 Dampfausgleichsleitungen und/oder
0 Evakuieren und Behandlung von VCM aus Verbindungsleitungen vor dem Entkup-
peln;

e  Emissionsminderung von VCM-Riickstinden aus Reaktoren durch eine geeignete Kombi-
nation der folgenden Techniken:

weniger hiufiges Offnen des Reaktors,

Entspannen des Reaktors durch Entliiftung zur VCM-Riickgewinnung,

Ableitung von Fliissigkeiten in geschlossene Behilter,

Spiilen und Reinigen des Reaktors mit Wasser,

Ableitung des Spiilwassers in das Strippsystem,

Dampfreinigen und/oder Spiilen des Reaktors mit Inertgas zur Entfernung von VCM-
Riickstinden und Uberfiihrung der Gase zur VCM-Riickgewinnung;

OO0OO0OO0OO0Oo

e  Strippen der Suspension oder des Latex, um niedrige VCM-Gehalte im Produkt zu erhal-
ten;
e  Abwasserbehandlung mit einer Kombination aus:

0  Strippen,
0 Flockung,
0 biologischer Abwasserbehandlung;

e Vermeidung von Staubemissionen beim Trocknungsprozess mit Zyklonen fiir Suspensions-
PVC, Schlauchfilter fir Mikrosuspensions- und Mehrfachschlauchfilter fiir Emulsions-
PVC;

e Behandlung von VCM-Emissionen aus der Riickgewinnung mit einer oder mehreren der

folgenden Techniken:

0 Absorption,

0 Adsorption,

o0 katalytische Nachverbrennung,
0 Verbrennung;

e  Vermeidung und Uberwachung von diffusen VCM-Emissionen aus Verbindungen und
Dichtungen in der Anlage;

e Vermeidung unbeabsichtigter VCM-Emissionen aus Polymerisationsreaktoren durch eine
oder mehrere der folgenden Techniken:
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Zusammenfassung

0 spezifische Uberwachungsinstrumente fiir die Reaktorbeschickung und die Betriebs-
bedingungen,

chemische Inhibitoren zur Unterbrechung der Reaktion,

Notkiihlsystem fiir den Reaktor,

Notstrom fiir das Rithrwerk (nur wasserunlosliche Katalysatoren),

gesteuerte Notentliiftung zum VCM-Riickgewinnungssystem.

©o0oo0o

BVT fur ungeséttigte Polyester:

e  Abgasbehandlung mit einer oder mehreren der folgenden Techniken:

0  Thermische Nachverbrennung,
0  Aktivkohle,

0 Glykolwéscher,

0 Sublimationsboxen;

e  Verbrennung von Abwasser, vor allem aus der Reaktion (meistens zusammen mit Abgas).

BVT fur ESBR:

e  Gestalten und warten der Lagertanks der Anlage in der Weise, dass Leckagen und somit
die Verunreinigung von Luft, Boden und Wasser verhindert werden, und die Lagerung mit
einer oder mehrerer der folgenden Techniken erfolgt:

Minimierung der Niveaudnderungen(nur integrierte Anlagen),
Gasausgleichsleitungen (nur benachbarte Tanks),

Schwimmdacher (nur Grofitanks),

Kondensatoren fiir Entliiftung,

verfeinertes Styrol-Strippen,

Erfassung der Entliiftung zur externen Behandlung (normalerweise Verbrennung);

©Oo0OO0O0O0O0

e Uberwachung und Minimierung von diffusen Emissionen (fliichtiger Verbindungen) mit
folgenden oder gleichwertigen Techniken:

Uberwachung von Flanschen, Pumpen, Dichtungen usw.,

Wartung,

Probenahme im geschlossenen System,

Anlagenerneuerung: mechanische Tandemdichtungen, Dichtungsventile, verbesserte
Dichtungen;

©Oo0oO0oOo

e Erfassung der Abluft aus Prozessanlagen zur weiteren Behandlung (normalerweise
Verbrennung);

e  Wasserkreislauffiihrung;

e  Abwasserbehandlung durch biologische oder gleichwertige Verfahren ;

e  Minimierung des Volumens geféhrlicher Abfille durch gute Trennung und Sammlung zur
externen Abfallbehandlung;

e  Minimierung des Volumens nicht gefahrlicher Abfille durch gutes Management und exter-
nes Recycling.
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Zusammenfassung

BVT fur I6sungspolymerisierte butadienhaltige Kautschuke:

e Entfernung von Ldsemitteln aus dem Produkt durch eine oder beide der folgenden oder
durch gleichwertige Techniken:

0 Entgasungsextrusion,
0 Dampfstrippen.

BVT fur Polyamide:

e  Behandlung der Abgase aus der Polyamidproduktion durch Nasswiasche.

BVT fur Polyethylenter ephthalatfasern:

e Anlage zur Vorbehandlung von Abwasser mit einer oder mehreren der folgenden Techni-
ken:

0  Strippen,
0 Recycling,
0 oder gleichwertige Technik

und anschlieBende Behandlung der Prozessabwésser in einer Kldranlage;

e Behandlung der Abgasstrome aus der PET-Produktion durch katalytische Nachverbren-
nung oder gleichwertige Techniken.

BVT fir Viscosefasern:

e  Einhausung der Spinnmaschinen;

e Kondensation der Abluft aus Spinnstralen zur Riickgewinnung von CS, und dessen Riick-
fithrung in den Prozess;

e Riickgewinnung von CS, aus Abluftstromen durch Adsorption an Aktivkohle; je nach
Konzentration von H,S in der Abluft stehen verschiedene Technologien fiir die Riickge-
winnung von CS, durch Adsorption zur Verfiigung;

e  Abluftentschwefelungsverfahren basierend auf katalytischer Oxidation mit H,SOs-
Gewinnung; je nach Massestromen und -konzentrationen stehen verschiedene Verfahren
zur Oxidation schwefelhaltiger Abluft zur Verfiigung;

e Riickgewinnung von Sulfat aus Spinnbddern. BVT ist die Entfernung von Sulfat in Form
von Na,SO, aus dem Abwasser; das Nebenprodukt ist wirtschaftlich verwertbar und kann
verkauft werden;

e Minderung von Zn im Abwasser durch alkalische Féllung mit anschlieBender Sulfidfal-
lung;

e anaerobe Sulfatminderungstechniken bei sensiblen Wasserkorpern;

e  Wirbelschichtofen zur Verbrennung nicht geféhrlicher Abfille und Warmeriickgewinnung
zur Dampf- oder Energicerzeugung.
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6) BVT-assoziierte Emissions- und Verbrauchswerte

Unter Beriicksichtigung der allgemeinen und spezifischen BVT werden folgende Emissions-
und Verbrauchswerte mit BVT assoziiert (siche Tabelle):

Suspendierte | Direkte Geféahrliche
é(/?)c gft“)‘b (c;/sg Feststoffe | Energie Abfalle
(g/t) (GJh) (kglt)
Neue Anla-
gen: Rohr: .
700 - 1100 2,88 —3,24
L DPE Bestehende 17 19-30 Autoklav: 18-30
Anlagen: 3,24 - 3,60
1100 - 2100
L DPE- 2000 20 4,50 5,0
Copolymere
Neue Anla- Neue Anla-
gen: gen:
300 - 500 2,05
HDPE Bestehende >6 17 Bestehende 3.1
Anlagen: : Anlagen: :
500 - 1800 2,05-2,52
Neue Anla- Neue Anla-
gen: gen:
200 - 500 2,08
LLDPE Bestehende 1 39 Bestehende 0.8
Anlagen: : Anlagen: :
500 - 700 2,08 — 2,45
GPPS 85 20 30 10 1,08 0,5
HIPS 85 20 30 10 1,48 0,5
EPS 450 - 700 30 1,80 3,0
VCM:
SPVC 18 - 43 1040 50 — 480 107 0,01 —0,055
Abw. Mng.: ’ ’
18-72
100 - 500
E-PVC Abw.Mng.: | 50—200 50 — 480 107 0,025 - 0,075
160 - 700
UP 40 - 100 5-30 2-3,50 7
ESBR 170 - 370 150 — 200
" Beriicksichtigt nicht eine potenzielle Gutschrift von 0 bis 0,72 GJ/t fiir Niederdruckdampf (je nach Ab-
satzmoglichkeiten fiir Niederdruckdampf).
™ Alternativ werden 1-12 g/t AOX fiir reine PVC-Produktionsstandorte oder Standorte mit Herstellung von
PVC inklusive Vorprodukten erreicht.
Sin Luft SO0~ in|CSB Zn in Was | Direkte Gefahrliche
(kg/t) W asser (g/t) ser Energie Abfélle
(kgft) (g/t) (GJhY) (kgft)
Viskose- 12 -20 200-300 |3000-5000 | 10-50 20-30 0,2-2,0
Stapelfasern

Drei Mitgliedstaaten bestanden auf einer von den BVT-assoziierten Werten (BVT-AEL) fiir
VCM-Luftemissionen bei der PVC-Produktion abweichenden Meinung (Abw. Mng.). Die von
diesen Mitgliedstaaten vorgeschlagenen BVT-AEL sind in der Tabelle angegeben. Sie begriin-
den ihre abweichende Meinung wie folgt: Der obere Wert gilt flr kleine Produktionsstatten. Die
grofe Bandbreite der BVT-AEL ist nicht durch unterschiedliche BVT-Leistungen, sondern
durch ver schiedene Produktmischungen bei der Herstellung bedingt. Jeder dieser BVT-AEL gilt
fur Anlagen, die BVT in ihren Verfahren anwenden.
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7) Abschlie3ende Bemerkungen

Der Informationsaustausch zu den besten verfiigbaren Techniken fiir die Polymerherstellung
fand zwischen 2003 und 2005 statt. Er war erfolgreich, und auf der Abschlusssitzung der techni-
schen Arbeitsgruppe und danach wurde ein hohes MaB an Ubereinstimmung erzielt. Nur eine
abweichende Meinung wurde verzeichnet. Diese betraf die BVT-assoziierten Emissionswerte
der PVC-Herstellung.

Die Europdische Gemeinschaft initiiert und fordert durch ihre FTE-Programme eine Reihe von
Vorhaben, die saubere Technologien, in Entwicklung befindliche Abwasserbehandlungs- und
-recyclingtechnologien und Managementstrategien betreffen. Diese Vorhaben koénnen einen
wertvollen Beitrag zu kiinftigen Uberarbeitungen des BVT-Merkblatts leisten. Die Leser wer-
den daher gebeten, das Europiische Biiro fiir integrierte Vermeidung und Verminderung der
Umweltverschmutzung EIPPCB iiber jegliche Forschungsergebnisse zu unterrichten, die im
Hinblick auf dieses Dokument relevant sind (siehe auch Vorwort dieses Merkblatts).
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VORWORT
1. Status dieses Dokuments

Sofern nicht anders angegeben, beziehen sich alle Hinweise auf ,,die Richtlinie* im vor-
liegenden Dokument auf die Richtlinie 96/61/EG des Rates tiber die integrierte Vermei-
dung und Verminderung der Umweltverschmutzung. Wie die Richtlinie beriihrt auch
dieses Dokument nicht die Vorschriften der Gemeinschaft iiber die Gesundheit und Si-
cherheit am Arbeitsplatz.

Dieses Dokument ist Teil einer Reihe, in der die Ergebnisse eines Informations-
austauschs zwischen den EU-Mitgliedstaaten und der betroffenen Industrie {iber beste
verfiigbare Techniken (BVT), die damit verbundenen UberwachungsmaBnahmen und
die Entwicklungen auf diesem Gebiet vorgestellt werden. Es wird von der Européischen
Kommission gemdll Artikel 16 Absatz 2 der Richtlinie veroffentlicht und muss daher
gemil Anhang IV der Richtlinie bei der Festlegung der ,besten verfiigbaren Techni-
ken” beriicksichtigt werden.

2. Rechtliche Pflichten und Definition der BVT gemal3 der Richtlinie Uber die
integrierte Vermeidung und Verminderung der Umweltver schmutzung

Um dem Leser das Verstindnis des rechtlichen Rahmens zu erleichtern, in dem das vor-
liegende Dokument ausgearbeitet wurde, werden im Vorwort die wichtigsten Bestim-
mungen der Richtlinie iiber die integrierte Vermeidung und Verminderung der Umwelt-
verschmutzung beschrieben und eine Definition des Begriffs ,,beste verfligbare Techni-
ken” gegeben. Diese Beschreibung muss zwangslidufig unvollstindig sein und dient
ausschlieflich der Information. Sie hat keine rechtlichen Konsequenzen und dndert oder
beriihrt in keiner Weise die Bestimmungen der Richtlinie.

Die Richtlinie dient der integrierten Vermeidung und Verminderung der Umweltver-
schmutzung, die durch die im Anhang I aufgefiihrten Tatigkeiten verursacht wird, damit
insgesamt ein hoher Umweltschutz erreicht wird. Die Rechtsgrundlage der Richtlinie
bezieht sich auf den Umweltschutz. Bei ihrer Anwendung sollten auch die anderen Ziele
der Gemeinschaft, wie die Wettbewerbsfdhigkeit der europdischen Industrie, bertick-
sichtigt werden, so dass sie zu einer nachhaltigen Entwicklung beitragt.

Im Einzelnen sieht sie ein Genehmigungsverfahren fiir bestimmte Kategorien industriel-
ler Anlagen vor und verlangt sowohl von den Betreibern als auch von den Durchfiih-
rungsbehorden und sonstigen Einrichtungen eine integrierte, ganzheitliche Betrachtung
des Umweltverschmutzungs- und Verbrauchspotenzials der Anlage. Das Gesamtziel
dieses integrierten Konzepts muss darin bestehen, das Management und die Kontrolle
der industriellen Prozesse so zu verbessern, dass ein hoher Schutz der gesamten Umwelt
gewihrleistet ist. Von zentraler Bedeutung fiir dieses Konzept ist das in Artikel 3 veran-
kerte allgemeine Prinzip, nach dem die Betreiber alle geeigneten VorsorgemalBnahmen
gegen Umweltverschmutzungen zu treffen haben, insbesondere durch den Einsatz der
besten verfiigbaren Techniken, mit deren Hilfe sie ihre Umweltschutzleistungen verbes-
sern konnen.

Der Begriff ,,beste verfligbare Techniken® ist in Artikel 2 Absatz 11 der Richtlinie defi-
niert als ,,der effizienteste und fortschrittlichste Entwicklungsstand der Téatigkeiten und
entsprechenden Betriebsmethoden, der spezielle Techniken als praktisch geeignet er-
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scheinen lasst, grundsétzlich als Grundlage fiir die Emissionsgrenzwerte zu dienen, um
Emissionen in und Auswirkungen auf die gesamte Umwelt allgemein zu vermeiden
oder, wenn dies nicht mdglich ist, zu vermindern.” Weiter heillt es in der Begriffsbe-
stimmung in Artikel 2 Absatz 11:

,»Lechniken* beinhalten sowohl die angewandte Technologie als auch die Art und Wei-
se, wie die Anlage geplant, gebaut, gewartet, betrieben und stillgelegt wird.

Als ,,verfligbar werden jene Techniken bezeichnet, die in einem Maf3stab entwickelt
sind, der unter Beriicksichtigung des Kosten/Nutzen-Verhéltnisses die Anwendung un-
ter in dem betreffenden industriellen Sektor wirtschaftlich und technisch vertretbaren
Verhiltnissen ermdoglicht, gleich, ob diese Techniken innerhalb des betreffenden Mit-
gliedstaats verwendet oder hergestellt werden, sofern sie zu vertretbaren Bedingungen
fiir den Betreiber zugéinglich sind.

Als ,,beste gelten jene Techniken, die am wirksamsten zur Erreichung eines allgemein
hohen Schutzes fiir die Umwelt als Ganzes sind.

Anhang IV der Richtlinie enthilt eine Liste von ,,Punkten, die bei Festlegung der besten
verfligbaren Techniken im Allgemeinen wie auch im Einzelfall zu beriicksichtigen sind
... unter Beriicksichtigung der sich aus einer Mafinahme ergebenden Kosten und ihres
Nutzens sowie des Grundsatzes der Vorsorge und Vermeidung*. Diese Punkte schlielen
jene Informationen ein, die von der Kommission gemél Artikel 16 Absatz 2 veroffent-
licht werden.

Die fiir die Erteilung von Genehmigungen zustédndigen Behorden haben bei der Festle-
gung der Genehmigungsauflagen die in Artikel 3 verankerten allgemeinen Prinzipien zu
berticksichtigen. Diese Genehmigungsauflagen miissen Emissionsgrenzwerte enthalten,
die gegebenenfalls durch dquivalente Parameter oder technische MaBBnahmen erweitert
oder ersetzt werden. Entsprechend Artikel 9 Absatz 4 der Richtlinie miissen sich diese
Emissionsgrenzwerte, dquivalenten Parameter und technischen Maflnahmen unbescha-
det der Einhaltung der Umweltqualitidtsnormen auf die besten verfiigbaren Techniken
stiitzen, ohne dass die Anwendung einer bestimmten Technik oder Technologie vorge-
schrieben wird. Hierbei sind die technische Beschaffenheit der betreffenden Anlage, ihr
Standort und die jeweiligen ortlichen Umweltbedingungen zu beriicksichtigen. In jedem
Fall haben die Genehmigungsauflagen Vorkehrungen zur weitestgehenden Verminde-
rung weitrdumiger oder grenziiberschreitender Umweltverschmutzungen vorzusehen
und einen hohen Schutz fiir die Umwelt als Ganzes sicherzustellen.

Gemaill Artikel 11 der Richtlinie haben die Mitgliedstaaten dafiir zu sorgen, dass die
zustandigen Behorden die Entwicklungen bei den besten verfligbaren Techniken verfol-
gen oder dariiber informiert sind.

3. Ziel des Dokuments

Entsprechend Artikel 16 Absatz 2 der Richtlinie hat die Kommission ,,einen Informati-
onsaustausch zwischen den Mitgliedstaaten und der betroffenen Industrie iiber die bes-
ten verfiigbaren Techniken, die damit verbundenen UberwachungsmaBnahmen und die
Entwicklungen auf diesem Gebiet* durchzufiihren und die Ergebnisse des Informations-
austausches zu verdftentlichen.
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Der Zweck des Informationsaustausches ist unter der Erwédgung 25 der Richtlinie erldu-
tert, in der es heif}t: ,,Die Entwicklung und der Austausch von Informationen auf Ge-
meinschaftsebene iiber die besten verfiigbaren Techniken werden dazu beitragen, das
Ungleichgewicht auf technologischer Ebene in der Gemeinschaft auszugleichen, die
weltweite Verbreitung der in der Gemeinschaft festgesetzten Grenzwerte und der ange-
wandten Techniken zu fordern und die Mitgliedstaaten bei der wirksamen Durchfiih-
rung dieser Richtlinien zu unterstiitzen.*

Zur Unterstlitzung der unter Artikel 16 Absatz 2 vorgesehenen Maflnahmen hat die
Kommission (GD Umwelt) ein Informationsaustauschforum (IEF) geschaffen, unter
dessen Schirmherrschaft mehrere technische Arbeitsgruppen eingesetzt wurden. Bei
diesem Forum und in den technischen Arbeitsgruppen sind, wie in Artikel 16 Absatz 2
verlangt, sowohl die Mitgliedstaaten als auch die Industrie vertreten.

In dieser Dokumentenreihe werden der Informationsaustausch, wie er gemaf3 Artikel 16
Absatz 2 stattgefunden hat, genau wiedergegeben und der Genehmigungsbehorde Refe-
renzinformationen fiir die Genehmigungsauflagen zur Verfiigung gestellt. Mit ihren
Informationen iiber die besten verfiigbaren Techniken sollen diese Dokumente als ein
wertvolles Mittel zur Verbesserung der Umweltschutzleistung dienen.

4. I nformationsquellen

Dieses Dokument enthilt eine Zusammenfassung von Informationen, die aus verschie-
denen Quellen, einschlieflich sachkundiger Angaben der zur Unterstiitzung der Kom-
mission geschaffenen Arbeitsgruppen, stammen und von den Dienststellen der Kom-
mission gepriift wurden. Alle Beitrdge werden dankbar anerkannt.

5. Anleitung zum Verstdndnisund zur Benutzung des Dokuments

Die im vorliegenden Dokument enthaltenen Informationen sind als Unterstiitzung bei
der Bestimmung der BVT in speziellen Fillen gedacht. Bei der Bestimmung der BVT
und bei den auf BVT basierenden Genehmigungsauflagen ist stets vom Gesamtziel,
d. h. einem hohen Schutz fiir die Umwelt als Ganzes, auszugehen.

Der verbleibende Teil dieses Abschnitts beschreibt, welche Art von Informationen die
einzelnen Kapitel des Dokuments enthalten.

Kapitel 1 und 2 geben allgemeine Informationen iiber die Branche und {iber die in der
Branche angewandten industriellen Verfahren. Kapitel 3 enthélt Daten und Angaben
tiber die Emissions- und Verbrauchswerte bestehender Anlagen. Sie zeigen den Stand
zum Zeitpunkt der Erarbeitung des Dokuments.

In Kapitel 4 werden eingehender die Verfahren zur Emissionsverminderung und andere
Methoden beschrieben, die als die wichtigsten fiir die Bestimmung der BVT wie auch
fiir die auf BVT basierenden Genehmigungsauflagen betrachtet werden. Diese Informa-
tionen schlieBen die Verbrauchs- und Emissionswerte ein, die sich mit dem jeweiligen
Verfahren erreichen lassen, einige Vorstellungen iiber die mit der jeweiligen Technik
verbundenen Kosten und die medieniibergreifenden Aspekte sowie Angaben iiber die
Anwendbarkeit der Technik in Anlagen, die der IVU-Genehmigung unterliegen, z. B.
neue, bestehende, grofle oder kleine Anlagen. Verfahren, die allgemein als veraltet gel-
ten, wurden nicht beriicksichtigt.
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In Kapitel 5 werden die Verfahren und die Emissions- und Verbrauchswerte aufgefiihrt,
die allgemein den Anforderungen an die besten verfiigbaren Techniken entsprechen.
Dabei geht es darum, allgemeine Angaben iiber die Emissions- und Verbrauchswerte
bereitzustellen, die fiir die auf BVT basierenden Genehmigungsauflagen oder fiir allge-
mein verbindliche Vorschriften gemal3 Artikel 9 Absatz 8 als Bezug gelten konnen. Je-
doch muss darauf hingewiesen werden, dass es sich in diesem Dokument nicht um Vor-
schlidge fiir Emissionsgrenzwerte handelt. Bei den Genehmigungsauflagen sind lokale,
standortspezifische Faktoren wie die technische Beschaffenheit der betreffenden Anla-
ge, ihr Standort und die ortlichen Umweltbedingungen zu beriicksichtigen. Ferner ist bei
bestehenden Anlagen die wirtschaftliche und technische Vertretbarkeit einer Moderni-
sierung zu beachten. Allein die angestrebte Sicherung eines hohen Schutzes fiir die
Umwelt als Ganzes erfordert nicht selten ein Abwidgen der einzelnen Umwelt-
auswirkungen, das wiederum oft von lokalen Erwidgungen beeinflusst wird.

Obgleich im vorliegenden Dokument der Versuch unternommen wird, einige dieser
Aspekte aufzugreifen, ist eine umfassende Behandlung in diesem Rahmen nicht mog-
lich. Somit sind die in Kapitel 5 aufgefiihrten Verfahren und Zahlenwerte nicht notwen-
digerweise auf alle Anlagen anwendbar. Andererseits verlangt die Pflicht zur Sicherung
eines hohen Umweltschutzes einschlieflich einer weitestgehenden Verminderung der
weitrdumigen oder grenziiberschreitenden Umweltverschmutzung, dass Genehmigungs-
auflagen nicht aus rein lokalen Erwidgungen festgesetzt werden. Daher ist die vollstéin-
dige Beriicksichtigung der im vorliegenden Dokument enthaltenen Informationen durch
die Genehmigungsbehorden von gréfiter Bedeutung.

Da sich die besten verfiigbaren Techniken mit der Zeit dndern, wird dieses Dokument
bei Bedarf iiberpriift und aktualisiert. Stellungnahmen und Vorschldge sind an das Eu-
ropdische IPPC-Biiro beim Institut fiir technologische Zukunftsforschung zu senden:

Edificio Expo, ¢/ Inca Garcilaso s/n, E-41092 Sevilla, Spanien
Telefon: +34 95 4488 284

Fax: +34 95 4488 426

E-Mail: eippcb@jrc.es

Internet: http://eippcb.jrc.es
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UMFANG

In Artikel 1 der IVU-Richtlinie wird auf industrielle Aktivitdten Bezug genommen, die in Anhang
I der Richtlinie definiert werden. Die chemische Industrie wird durch Kategorie 4 des Anhangs |
erfasst. Dieses Werk konzentriert sich auf die Herstellung von Kunststoffen in industriellen Anla-
gen. Es umfasst insbesondere Teilmengen der folgenden Unterkategorien des Anhangs I der IVU-
Richtlinie:

4.1. Chemieanlagen zur Herstellung von organischen Grundchemikalien wie

(a) Basiskunststoffen (Polymeren, Chemiefasern, Fasern auf Zellstoftbasis)

(b) synthetischen Kautschuken

(c) sauerstoffhaltigen Kohlenwasserstoffen, insbesondere Alkohole, Aldehyde, Ketone, Carbon-
sduren, Ester, Acetate, Ether, Peroxide, Epoxidharze

Mit diesem Rahmen wird eine enorme Vielfalt an produzierten Stoffen abgedeckt. Deswegen
beschreibt dieses Werk die Herstellung bei ausgewéhlten Polymeren, wobei sich die Auswahl
nach der Produktionsmenge und der potenziellen Umweltauswirkungen der Produktion sowie
der verfligbaren Datengrundlage richtet, und befasst sich mit umweltrelevanten Grundprozessen
und —operationen sowie der bei gewohnlichen Standorten vorzufindenden Infrastruktur. Das
Werk kann und soll in seiner aktuellen Fassung chemische Fachbiicher iiber ,,griine Chemie*
nicht ersetzen und gibt tatséchlich nur allgemeine Hinweise fiir die frithen Phasen der Verfah-
rensplanung; vielmehr befasst es sich hauptsichlich mit Verfahrenséinderungen, mit Anlagenbe-
trieb und —instandhaltung und insbesondere mit dem Umgang mit nicht vermeidbaren Abfall-
stromen.

Der thematische Rahmen dieses Werkes umfasst nicht die weitere Verarbeitung von Kunststof-
fen zu Endprodukten. Dagegen werden Weiterverarbeitungsverfahren wie die Faserherstellung
oder die Konfektionierung einbezogen, wenn sie technisch an die Polymerherstellung angebun-
den sind und am gleichen Standort durchgefiihrt werden und die Umweltauswirkungen der An-
lage beeinflussen.

Die Abgas- und Abwasserbehandlung wird in diesem Werk auch thematisiert, wenn die produk-
tionssektorspezifischen Gegebenheiten dies erfordern — jedoch eher in Hinblick auf die An-
wendbarkeit und Leistungsfédhigkeit bei den verschiedenen Polymerprozessen und weniger zur
technischen Beschreibung der verschiedenen Behandlungstechniken. Zu dem letzteren Thema
findet der Leser niitzliche Informationen im BREF ,,Abwasser-/Abgasbehandlung/-management
in der chemischen Industrie”.
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Chapter 1

1 GENERAL INFORMATION ON THE PRODUCTION OF
POLYMERS

[1, APME, 2002, 16, Stuttgart-University, 2000]

The most important specific terms and abbreviations used in this document can be found in the
glossary at the end.

1.1 Definition

Polymers — from Greek ‘poly’ (many) and ‘meros’ (parts) — are a group of chemical products
which have a common building principle. They consist of so-called macromolecules which are
long chain molecules, containing large numbers of smaller constitutional repeating units. Mole-
cules consisting of a small number of monomers often are called ‘oligomers’ which means ‘some
parts’.

There are different types of polymers: natural polymers (for example wool, silk, wood, cotton),
half synthetic polymers (natural polymers which are chemically modified, for example casein plas-
tics, cellulose plastics) and synthetic polymers [27, TWGComments, 2004].

Monomers which mostly belong to the group of large volume organic products are nowadays usu-
ally produced from petrochemical feedstock (crude oil or gas). Exemptions are the cellulosic mate-
rials which are produced from cotton or wood fibres or biodegradable products produced from
renewable raw materials.

1.2 Structure

Macromolecules can be linear or branched (containing sidechains) and may be cross-linked, link-
ing one chain with another. Examples of these three types of macromolecules are shown in Figure
1.1.

Figure 1.1: Basic structuresof polymers

A) linear polymer
B) branched polymer
0O) cross-linked polymer
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Polymers can be composed from just one type of monomer (homopolymer) or from different types
(copolymer). In the case of a linear copolymer consisting of two different monomers (e.g. A and
B), the different monomers can basically be arranged in three different ways:

e random copolymer: there is no regularity in the arrangement of the two different monomers in
the polymer
block copolymer: blocks of pure A oligomer alternate with blocks of pure B oligomer

e alternating copolymer: the monomers A and B alternate within the composition of the poly-
mer.

The composition and arrangement of the different monomers in a copolymer strongly influences
its physico-chemical properties. Figure 1.2 shows the structure of a linear homopolymer and the
three types of linear copolymer mentioned above.

) A A P ) ) A A A ) A

,-*B -~ 4

Figure 1.2: Chemical composition of linear AB copolymers.

1) homopolymer

2) random copolymer

3) block copolymer

4) alternating copolymer

Apart from the linear copolymers, branched coploymers can be produced by grafting sidechains
(consisting of monomer B) onto an existing homopolymeric mainchain (consisting of monomer A)
(Figure 1.3).

- :A/ '-»A/ KA‘/ A/ HA/ “\-A/ RA/ *:A/ '-»A/ e
B E B
. A *
B B B
£ / /
B B B
* A A
B B B
A 7 /
B E B
]
B
£
B

Figure 1.3: Composition of a graft copolymer
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The polymerisation reactions are statistically driven processes. Therefore, unlike some natural
polymers such as DNA, synthetic polymers always show, due to the reaction mechanisms involved
in the production processes, a certain distribution of molar mass and not a distinct molecular
weight. The molar mass of synthetic polymers can range from some thousand g/mol up to some
million g/mol. As an example, Figure 1.4 shows the normalised molar mass distribution (MMD)
curves of two different polyethylene samples.

1.0 —

0.8 -

0.0

5.0 5.5 6.0 6.5 7.0 75 2.0
log M

Figure 1.4: Normalised molar massdistribution curves of two different polyethylene samples
[29, M. Parth, et al., 2003]

Apart from molar mass and chemical composition, the properties of a polymeric material can be
influenced by the shape of the MMD. The samples shown in Figure 1.4 both show a unimodal
MMD, but to achieve some special mechanical properties, in some cases it is necessary to produce
polymers with bimodal or multimodal MMD, as in natural polymers such as natural rubber (NR).
This can be achieved by two subsequent polymerisation steps.
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1.3 Properties
131 General properties

The underlying building principle is very flexible so that polymers with an extensive range of
properties and property combinations can be produced. Polymers in the shape of objects, fibres or
films may be:

rigid or flexible

transparent, translucent or opaque

hard or soft

weather resistant or degradable

resistant to either high or low temperature.

In addition, they may be compounded with fillers, blended with other products (e.g. glass fibres)
forming so-called composites or with other polymers yielding polymer blends.

A certain polymer is usually not the only material which can be used in any given field of applica-
tion. Alternative materials exist and polymers have to be successful in a competitive market. Po-
lymers often bring advantages to numerous applications, for example:

e weight reductions and consequent transport and fuel savings

electrical insulating properties suitable for wiring, switches, plugs, power tools and electron-
ics

optical transparency suitable for packaging, lighting and lens applications

corrosion resistance which is important for plumbing, irrigation, rainwear and sports articles
resistance to chemicals, fungi and mildew

ease of processing making complicated shapes possible

cost savings over alternative solutions.

1.3.2 Thermal properties
Usually, substances can exist in three possible physical states: solid, liquid and gas. In polymeric
materials, things are not so straightforward. For example, most polymers will decompose before

they boil, and cross-linked polymers decompose before they melt.

According to their basic thermal properties, four different types of polymers are distinguished.

1.3.2.1 Thermoplastics

Thermoplastics are polymeric materials, which are more or less rigid at room temperature and can
be melted by heat.

1.3.2.2 Thermosets

Thermosets are also rigid at room temperature, but due to the cross-links in their molecular struc-
ture, they cannot be melted.
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1.3.2.3 Rubbers or elastomers

Rubbers are flexible at room temperature. Most of them are amorphous materials and do not show
a melting point. They have a glass transition point instead which is well below room temperature.
Below this glass transition temperature they are rigid.

1.3.24 Thermoplastic elastomers

Thermoplastic elastomers are block copolymers or polymer blends that are flexible and show
properties similar to vulcanised rubbers at room temperature, but which can be softened or melted
by heat. This process is reversible, so the products can be reprocessed and remoulded.

1.4 Main uses
14.1 Fields of application

Polymeric materials are used in simple household items like plastic bags as well as in advanced
optical or electronic components or in medical applications. The main fields of application for
Western Europe are shown in Figure 1.5. which does not include data about elastomers and cellu-
losic fibres. For 2003, the total amount of consumed thermoplastics and thermosets in Western
Europe was 48788 kilotonnes.

Large industry; 5 80%

Otherhougehold f
dormestic; 20,10%
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Figure 1.5: Main usesfor polymersin 2003
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1.4.2 Processing technologies

A range of processing technologies are used to convert raw polymers into the required shape of the
final product. This conversion step is normally entirely separate from the manufacturing site of
polymer pellets. The processing step itself is mainly a physical transformation step using different
technologies such as:

extrusion for pipes, profiles, sheets and cable insulation

injection moulding for products of different, often very complex shapes like
machine parts, electrical plugs and medical equipment
such as syringes; thermoplastics and thermosets

blow moulding for bottles, containers and films
calendering for films and sheeting
rotomoulding for large shapes

pultrusion for rods, tubes, etc.

blown film for thermoplastics

cast film for thermoplastics

coating for thin layers on different substrates
pressing for resins

spinning for fibres

transfer mouldin for thermosets

compression moulding for thermosets

vulcanisation for rubbers

blending generally applicable technique.

Usually, chemical reactions do not occur during these processing steps, except during the vulcani-
sation of rubber, during the in-process cross-linking of certain types of cable insulations made
from polyethylene and when processing certain resins with in-situ polymerisations. Such special
processing steps are described in literature [14, Winnacker-Kuechler, 1982].

1.5 Main products

151 Polymers based on crude oil

Different market requirements have resulted in a wide range of polymeric materials which are
grouped into:

structural materials where the polymer is the main and most visible structural component with
the subgroups:

commodity polymers (polyethylene, polypropylene, polystyrene, polyvinyl chloride, ESBR,
etc.). Such polymers are used in large quantities at relatively low costs for major applications
like tubes, films, profiles, containers, bottles, sheets, tyres, etc.

engineering polymers and speciality rubbers (ABS, polyamides, polyesters, polyacetals, po-
lymethyl methacrylates, EPDM, NBR, etc.). Such polymers are used for special requirements
at an intermediate cost level often for very small parts (clips, valves, special machine parts,
etc.)

high performance products (polyimide, polytetrafluoroethylene, polysulfone, polyetherketone,
fluorinated and silicone rubbers, etc.). Such low volume, high priced materials are used to
meet extreme requirements like high temperature, weather or solvent resistance, special wear
or optical properties, extreme purity for critical medical applications, etc.)
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e thermosetting polymers (polyesters, epoxies, phenolics and alkyd resins) often used as coating
resins and binders for fibrous reinforcements in a range of applications from boats to brake
linings.

and functional materials where polymers are used as an aid to achieve a special function. They
mostly constitute a small and often invisible part of the total system only with the following sub-
groups:

e commodity applications like dispersants, detergents, flocculants, thickeners, superabsorbers
or adhesives and glues. Here, large volume polymers based on polyvinyl acetate, polyacrylic
acid and its derivatives, and polyvinyl alcohol are used

e  special technical applications like membranes, optical fibres, products with electrical conduc-
tivity, and light emitting products. Here, high priced materials are used in small amounts
where the functionality, and not predominantly the mechanical properties, is important.

A classification of thermoplastic products (not including elastomers and thermosetting resins) is
shown in Figure 1.6.
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Figure 1.6: Classification of thermoplastic polymers

Generally, amorphous polymers have a disordered structure, have a softening point and are very
often transparent, while crystalline polymers have an ordered structure, have a softening and a
melting point and are mostly opaque.

Amongst the polymers based on crude oil, seven groups of polymers — polyolefins (PE and PP),
polystyrene (PS), polyvinyl chloride (PVC), polyethylene terephthalate (PET), emulsion polymer-
ised styrene butadiene rubber (ESBR), polyamides (PA) and unsaturated polyester resins (UP)
constitute approximately 80 % of the total consumption of polymers.

Within each product group, there exists a wide variety of individual product grades optimised for
the specific application (tailor-made).

MP/EIPPCB/POL_BREF FINAL Oktober 2006 7



Chapter 1

For example:

e  PE with good flow properties for injection moulding or, for instance, boxes or containers
e PE with excellent long-term stability for pipes
o PE with good blow moulding properties for petrol tanks in automobiles.

They are not interchangeable for these specific applications. Some have a low molecular weight;
some have a high molecular weight, and while some have a narrow molecular weight distribution,
others offer an extremely wide molecular weight distribution. The final mechanical, rheological
and other physical properties depend on these parameters.

152 Polymers based on renewable resources
Historically, the first polymers were produced from renewable resources:
fibres from cellulose (cotton) or derivatives (cellulose acetate)
fibres from polypeptides (wool)

plastics from cellulose acetate
rubber from tree resin (polyisoprene).

While some of these products stayed competitive (rubbers, viscose fibres), others — especially in
the field of thermoplastic material applications — did not, mainly for economic reasons or insuffi-
cient properties but sometimes also due to high environmental costs.

Newer attempts to develop wood-based plastics (‘synthetic wood”) remained limited to niche ap-
plications (laminates for flooring, boats, musical instruments).

Corn derived products (e.g. polylactic acid) and blend systems of starch and petrochemically pro-
duced polymers present new opportunities to use renewable resources as raw materials for plastics.

Generally, renewable raw materials can be used to produce either long-term living products like
construction materials for automobiles, ships and for the building and construction sector, or short-
term living products like compostable packaging or biodegradable mulch films.

1.5.3 Biodegradable polymers

The market for biodegradable materials is limited to niche applications. General politically moti-
vated goals in the past, like substituting commodity products for environmental reasons, provoked
several costly industrial developments over many years. Finally, some of them proved unrealistic
since the alternatives failed in properties as well as in processability and economics and sometimes
also due to an undefined environmental outcome.

This class of polymers is not described in this document because their production in the European
Union currently does not represent a significant environmental impact.

Today, biodegradable products are developed for markets where biodegradability is considered a
technical advantage like for instance:

e  mulch film in agriculture

e garbage bags for composting which can provide easier handling and eco-efficient benefits for
waste management

e  paper coating

e  hygiene films including funeral applications, sanitary towels.
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Biodegradability does not depend on the origin of the raw materials but on the chemical structure.
Thus, materials from renewable as well as from synthetic resources are on the market. While cel-
lophane, starch and polyhydroxybutyrate have existed on the market for many years, newer devel-
opments include poly (L-lactide) as well as numerous fossil based biodegradable polymers, e.g.
copolyesters.

A legal situation recognising organised composting as one means of recycling and a standardised
testing of the degradation behaviour are important preconditions for their successful development.

The total market segment requiring biodegradability is currently estimated to be about

50 - 200 kt/yr in Western Europe. The actual consumption is around 8 kt/yr according to CEH
Marketing Research Report in the Chemical Economics Handbook — SRI International 2000.

1.6 Production and market

1.6.1 General

In 2003, approximately 169 million tonnes of plastics are produced worldwide.
Figure 1.7 shows the growth of plastic versus steel and aluminium.
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Figure 1.7: Growth of polymer production compared with steel and aluminium

The regional differences of structural polymers consumption within Western Europe (EU-15) are
still quite high if the consumption/capita/year total is taken as a yardstick, and this is shown in
Figure 1.8.
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Figure 1.8: Yearly polymer consumption per capitain the EU-15
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Generally, the polymer industry consists of polymer manufacturers, converters and machine
manufacturers. Around 71200 people in EU-15 are employed in polymer manufacturing while
the wider industry chain including machine manufacturers and converters, employs approxi-
mately 1.4 million people (2003).

Around 45 companies in EU-15 — mainly multinationals — produce the large volume thermo-
plastic materials which are sold to around 30000 small and medium sized companies which
process the polymers into products for end use.

Table 1.1 shows the EU-15 consumption data for thermoplastics and thermosets and their
relative share. The products discussed in this document cover about 80 % of the overall con-
sumption of thermoplastics and thermosets.

Product/kilotonnes 2001 2002 2003 | Share2003
per year

LDPE/LLDPE 7758 7996 8062 16.5 %
HDPE 5047 5348 5430 11.1 %
Subtotal PE 12805 13344 13492 27.6 %
PP 7247 7707 7879 16.1 %
PVC 5725 5748 5832 11.9%
PET 3424 3678 3802 7.8 %
PS/EPS 3083 3118 3136 6.4 %
Polyamides 1305 1330 1328 2.7 %
Other thermoplastics 530 556 594 1.2 %
ABS/SAN 792 788 803 1.6 %
Acrylics 368 363 298 0.6 %
PMMA 302 317 327 0.7 %
Polycarbonates 411 446 471 1.0 %
Acetals 176 181 186 0.4 %
Subtotal ther moplastics 36168 37576 38148 78.2 %
Amino 2664 2615 2630 5.4 %
Polyurethanes 2493 2575 2672 5.5%
Phenolics 1001 976 980 2.0 %
Unsaturated polyester 484 480 490 1.0 %
Alkyd 357 360 370 0.8 %
Epoxy 400 397 398 0.8 %
Other thermosets 3120 3100 3100 6.3 %
Subtotal ther mosets 10519 10503 10640 21.8%
Total 46648 48079 48788 100 %

Table 1.1: Thermoplastics and thermosets consumption for Western Europe for 2001, 2002 and 2003
[38, Plastics_Europe, 2004]
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Table 1.2 shows the consumption data for new the Member States and the new accession countries
for thermoplastics and thermosets in 2003.

Country Consur_nption in 2003
(kilotonnes)
Cyprus 40
Czech Republic 710
Estonia 70
Hungary 580
Latvia 50
Lithuania 90
Malta 20
Poland 1730
Slovakia 250
Slovenia 180
Bulgaria 260
Romania 280
Total 4260

Table 1.2: Plastic processors consumption by country, new Member States and new accession coun-
tries, 2003
[38, Plastics_Europe, 2004].

Table 1.3 shows the share of the total European consumption of new Member States and accession
countries by the type of plastic:

Product | Amount) Share
HDPE 550 13 %
LDPE 760 18 %

PP 780 18 %
PVC 800 19 %
EPS 140 3%
PET 300 7 %

PS 390 9 %

Others 540 13 %

Table 1.3: Polymer consumption in New Member States and accession countries by type of plastic
[38, Plastics_Europe, 2004]

The growth of polymers is expected to continue, albeit at slower rates than in the past in Europe,
with stronger growth in other areas, especially in Asia. Driving forces are the growth of population
and the increase in the standard of living in these regions. New applications and further substitu-
tion of other materials will contribute to further growth in Europe.

The following trends for commodity polymer s are observed:

e the increased quality and availability of commodity plastics widens the field of applications
resulting in larger markets and also increased market shares. Thus, special plastics or special
grades may often no longer be necessary. This opens the way for standardisation. Products
from different producers become exchangeable with a corresponding effect on the price

e the unit margins from polymer manufacture are decreasing due to the continuing availability
(over-supply) and an increasing scale of operation (average plant size). The situation for a
typical commodity plastic (polypropylene) is shown in Figure 1.9.
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Variation in margins for polypropylene in Western Europe
hlargin = sales revenues - raw material costs in € per tonne
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Figure 1.9: Development and tendency of marginsfor commodity polymers (e.g. polypropylene)

e raw material costs are the major share of the total cost. Their price is international. The prices
for feedstock are highly cyclical. Table 1.4 gives price information for the period 1993 — 1999
for lowest, highest and 3rd quarter of 1999 cost figures.

Highest 93/99 L owest 93/99 3 quarter 1999
EUR/t/date EUR/t/date EUR/t/date

Naphtha 182 /1% quarter 97 | 94 /1" quarter 99 | 178 /3" quarter 99
Ethylene [ 521 /2™ quarter 97 | 321 /2™ quarter 93 | 360 /3" quarter 99
Propylene | 453 /2™ quarter 95 | 222 /1% quarter 93 | 320 /3" quarter 99
Benzene | 289 /4™ quarter 94 | 186 /1* quarter 99 | 240 /3" quarter 99

Table 1.4: Raw material costs 1993 - 1999

Prices EUR/t

e the decrease in unit margins is partially compensated by an increase in plant size leading to
the so-called ‘world scale capacities’ of between 100000 — 450000 t/yr for commodity plas-
tics depending on the product and 50000 — 100000 t/yr for engineering resins. These large
units essentially allow a very significant reduction of fixed costs, while the variable costs are
unchanged or only slightly modified. This is the driving force for producers to co-operate, to
form joint ventures or to sell their business. Therefore, the numbers of producers has de-
creased significantly in Western Europe in recent years while the overall capacity has grown

e the increased competitive pressure on plants located in Western Europe can only be compen-
sated by rationalisation, building of highly efficient world scale plants and the continuing de-
velopment of high quality products and innovative new applications.

The situation for the years 2001, 2002, and 2003 for these commodity plastics, which represent
75 % of the total amount of polymers sold, is shown in Table 1.5.

Commodity
plastic/kilotonnes 2001 2002 2003
per year
LDPE 4681 4727 4681
LLDPE 2236 2187 2493
HDPE 4570 4685 4845
PP 7526 8113 8638
PVC 5681 6531 6694
PET 1770 1760 1854
PS 2410 2550 2540

Table 1.5: Commodity production for EU-25 + Norway + Switzerland
[39, APME, 2003]
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Compared to the production data shown in Table 1.5, there is a significant overcapacity available
in Europe. Table 1.6 shows the capacity figures for Western European commodity production in
2003.

Capacity in kilotonnes
LDPE 5900
LLDPE 3400
HDPE 7300
PP 9300
PVC 600
PS 2800
EPS 1000
PET 2300

Table 1.6: Production capacity for commodity plasticsin 2003 for Western Europe

In principle, engineering plastics and high performance polymer s are affected by these trends in
the same way, as the margin development for polyesters and polyacetal shows (see Figure 1.10.)

Variation in margins for engineering plastics

Margin = sales revenues - raw rmaterial costs, index 1986 = 100
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Figure 1.10: Development of marginsfor engineering plastics (e.g. PBT, POM, and PA)

However, certain technical services and new product developments, for instance product modifica-
tion, blends, composites, etc. still have a higher influence in this market sector.

Engineering resins very often are used to start a new application and later when the development
seems secure, ‘over-engineering’ will be reduced. This sometimes causes a change to more eco-
nomic commodity plastics.
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1.6.2 Germany
[16, Stuttgart-University, 2000]

The German plastics industry has an important place in the world market. In 1998, 7.9 % of the
world’s plastic production came from Germany. This makes Germany the world’s third largest
producer of plastics after the US (27.2 %) and Japan (8.9 %).

The importance of the plastics industry in Germany for the national economy is also significant. In
1998, the plastics industry accounted for 6.4 % of total industrial production; the chemical industry
8.1 %.

The plastics industry includes production, processing and mechanical engineering for plastics.
However, only the plastics producing industry can be seen as part of the chemical industry. The
share of industrial production (chemical industry including plastics) is thus 14.5 %. The chemical
industry takes third place behind mechanical engineering (19.6 %) and automotive construction
(17 %).

The overall branch can be split into three parts; plastics production, plastics processing and me-
chanical engineering for plastics. The structure of these three partial sectors differs significantly.
Whereas plastics production is dominated by only a few firms with high turnovers, plastics proc-
essing and mechanical engineering for plastics are characterised by a large number of smaller and
very small companies (see Table 1.7).

Number of Employees Turnover
companies (EUR million)
Production 55 60600 16100
Processing 6000 280000 36400
Mech. Engineering 180 27500 5600

Table 1.7: Structure of the German polymer industry in 1998

The plastics production industry is export oriented, like the majority of the German economy. A
foreign-trade surplus of EUR 3360 million was made in 1998, which is around 20 % of the total
turnover of the sector. The EU-15 is the largest trading partner in the plastics field; 72 % of ex-
ports and 82 % of imports are to or from EU-15 countries.

Although a wide variety of products are manufactured in the plastics sector, the majority of the
market is accounted for by only a few commodities or ‘bulk plastics’. The thermoplastics group is
the largest plastics group and the bulk plastics amongst thermoplastics are PE, PP, PVC, PS and
PA. These five materials alone account for 54.5 % of total plastics production. Table 1.8 shows
production related data concerning the polymers mentioned above for 1998.

Product Production (million tonnes) | Share (%)
PE 2.875 30
PVC 1.915 20
PP 1.785 18.6
PA 0.565 5.9
Diverse (including PS/EPS) 2.420 25.5
Total production 9.560 100

Table 1.8: German commodity polymer production in 2003

The commodity plastics are only manufactured by a few producers in plants with a high product
output. Table 1.9, showing the number of manufacturers for some plastics, is based on a VKE
survey, though only 40 % of the companies were included.
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duct per of producers
PE 3
PE 4
P 5
EPS 2
(C 4
A 9
SAN 2

Table 1.9: Number of German producersfor commodity polymers
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1.6.3 France
[21, G. Verrhiest, 2003]

France produces 15 % of total European plastics, and ranks second in the European scale behind
Germany. On the world scale, France ranks in fourth position, behind the US, Japan, and Ger-
many.

With a production of 6.56 million tonnes in 2001, the French production of plastics has increased
by 0.9 % from 2000 to 2001. However, regarding the turnover, there has been a downturn in the
plastics production sector in France, of 3 % between 2000 and 2001, representing EUR 7700 mil-
lion. This downturn was partly caused by the decrease in oil prices during this period.

The increasing globalisation of markets and the diminishing importance of tariff walls have led to
an intensification of worldwide competition on which the companies responded with a consolida-
tion strategy.

In 2001, the French national consumption of plastics was 5.35 million tonnes. The plasturgy is
responsible for 85 % of the consumption, with 40 % being absorbed by the packaging industry,
25 % by construction activities, and 13 % for the automotive industry. The key economic figures
from the plastics production sector in France in 2000 are given in Table 1.10".

Number of companies 46
Number of employees 9300
Turnover tax-free (TO) EUR 62700 million
Investments and leasing EUR 235 million
Added value per person EUR 94000
Personal expenses per person EUR 52000
Exports/TO 62.7 %
Added value (tax-free)/TO 13.8 %
EBITDA*/TO 35.6 %
Net income/added value (tax-free) 6.9 %
*Earnings before interests, taxes, depreciation and amortisation

Table 1.10: Key economic figures of the French polymer production industry in 2000

The French situation concerning production, imports, exports and consumption of polymers is
summarised in Table 1.11 (all data are from 2001).

Service des Etudes et des Statistiques Industrielles, Ministére de I’Economie, des Finances, et de I’Industrie.
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Polymer Production Imports | Exports | Consumption
(ktlyr) (kt/yr) (kt/yr) (ktlyr)
PP 1388 274 646 840
PVC 1213 312 851 745
PUR (capacity = 320)
Phenoplasts 75 49 55 70
Aminoplasts 220 163 27 380
Alkyds resins 35 22 11 48
Unsaturated polyesters 154 27 97 83
LDPE 788 358 450 549
LLDPE 504 130 55 314
HDPE 500 432 352 614
Polyethylene terephtalate 96 347 18 345
Polystyrene 387 118 293 274
Expandable polystyrene 180 68 102 119
Vinyl polymers (others than 37 55 29 66
PVC)
Acrylic based polymers 200 193 350 118
PMMA 30

Table 1.11: Basic data from the French polymer industry in 2000

In 2001, the mean price of plastic materials was about EUR 1270 per tonne for import, and
EUR 1110 per tonne for export. The production of plastic materials varies with time and with dif-
ferent patterns from one plastic to another. In 2001, the development in French production, com-
pared to 2000, was for some basic plastic materials as follows:

e polyethylene (PE) +6.2%
e  polypropylene (PP) -0.1%
e  polyvinyl chloride (PVC) -37%
e  styrene polymers (PS-PSE) -1.0%
e polyethylene terephtalate (PET) + 6.7 %
e  coatings polymers -04%
e performance polymers +2.6%
e  unsaturated polyesters -23%.
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1.6.4 Spain
[22, Ministerio de Medio Ambiente, 2003 ]
In 2002, the chemical industry contributed about 4.5 % to the Spanish gross domestic product

(GDP). About 47 % of the turnover of the whole chemical industry was achieved by the polymer
producing industry (not including elastomers) as is shown in Figure 1.11.

Cther chemical industry,
’___-‘ 24%

Palymer industry, 2.1%
Other, 95 5%

Figure 1.11: Sharefrom the GDP of the Spanish chemical industry

In 2002, the capacity of the Spanish polymer industry was 4800 kilotonnes of which
3780 kilotonnes were actually produced. This gives a capacity utilisation of 85 %. Table 1.12
summarises the production data and the annual development.
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Lo % difference
Product Production in kilo- to previous
tonnes
year
Polyethylene LD 390 +3.6
Polyethylene HD 345 -35
Polypropylene 680 +3.6
Polystyrene 240 +13.1
PVC 415 +4.8
PET 348 +6.3
Subtotal commodities 2418 +4.0
Alkydic resins(1) 39 +3.7
Aminoplastics:
Urea resins (2) 264 -123
Moulding powder/liquid resins 46 +26.3
Phenoplastics:
Moulding powder + 42.7 5 +42.7
Liquid and solid resins + 8.4 60 +8.4
Unsaturated polyesters 86 +8.5
Subtotal ther mosets 500 -25
ABS/SAN 128 +32.0
PMMA (3) 17 -1.7
Epoxy resins 19 +0.3
Polycarbonate (4) - -
Polyamide 5 -32.7
Subtotal engineering plastics 169
Vinyls (5) 87 +3.3
Polyurethanes 206 +12.3
Regenerated cellulose - -
Others (6) 412 +9.3
Subtotal other plastics 705 +9.1
Total 3792 +4.6

(1) not including self consumption of large paint manufacturers
(2) 100 % solid

(3) estimated figures
(4) production included in others, production started in 1999
(5) polyvinyl acetate and polyvinyl alcohol

(6) including PC, LLDPE and others.

Table 1.12: Production data from the Spanish polymer industry in 2002
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1.6.5 Belgium
[40, Fechiplast Belgian Plastics Converters' Association]

Belgium has an unusually high concentration of plants manufacturing plastics. In addition, the port
of Antwerp has attracted a large number of petrochemical industries.

In 2003, Belgium produced over 8070 kilotonnes of plastics worth EUR 6883 million.

Table 1.13 shows the production capacity data for major types of plastics in Belgium in 2003.

Product kilotonnes
PP 2000
HPDE 1485
LDPE 905
PUR 700
PS & EPS 705
PVC 645
PC 200

Table 1.13; Belgian main polymer production data (capacitiesin 2003)
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2 GENERAL PROCESSES AND TECHNIQUES APPLIED IN
THE PRODUCTION OF POLYMERS

[1, APME, 2002, 15, Ullmann, 2001, 16, Stuttgart-University, 2000]
The production of polymers follows the scheme given in Figure 2.1 with monomers, comono-

mers, catalysts, solvents as well as energy and water on the input side and the product, oft-
gases, waste water and wastes on the output side.

Monometer
Co-monometer
Catalyst
Solvent...

~ _—

Feedstock

Energy {}

Polymerisation

Off-gas

Waste water

= =
Finishing
e

Processing

- =

Polymer

Water

Polymer production

IR U

Waste

Figure 2.1: General production scheme

2.1 Raw materials and raw material requirements

The actual polymer production process needs — due to the nature of the process — extremely pure
raw materials. Thus, side products from monomer synthesis, impurities from storage containers,
oxygen, degradation products or stabilisers added for transport, have to be removed before use.
A general purity of 99.99 % is often not sufficient if extremely high molecular weight products
should be obtained. In these cases, a purity of 99.9999 % is required, as it is in the case of
polytetrafluoroethylene. Special precautions are taken for impurities which interfere in the proc-
ess and for oxygen due to safety concerns. Inerts, like nitrogen or nonreactive gases, are some-
times permissible up to a certain ppm level.

General purification units like distillation, extraction or fractionated crystallisation are usually
part of the monomer supply; the most common monomers are described in the BREF Document
dealing with large volume organic chemicals (LVOC). If the polymerisation unit needs a special
monomer quality and the required additional purification is part of the polymer plant, it is in-
cluded in this document.
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Important monomer groups are:

e cthylene, propylene, butadiene, isoprene, styrene

e  vinyl chloride, vinyl esters, vinyl ethers, chloroprene
e acrylic and methacrylic esters, -amides and -nitriles
e adipic acid, hexamethylene diamine, caprolactam

e terephthalic acid, ethylene glycol

e formaldehyde

e  aromatics, like phenol, cresol, bisphenol A

e maleic anhydride.

2.2 Energy

Energy is needed for the production of polymers, even in the case of polymerisation systems
where the process itself is exothermic, i.e. generates energy. The demand for energy also de-
pends on the local situation if the polymerisation unit is integrated into a larger complex with,
for example, the need for low pressure steam or not. Thus, the swap of energy between different
plant sites has to be taken into account.

2.3 Chemical reactions
[1, APME, 2002, 15, Ullmann, 2001, 16, Stuttgart-University, 2000, 23, Roempp, 1992, 25, J.
Brandrup and E. Immergut, 1998]

The production of polymers consists essentially of three parts:

e  preparation
e  reaction step
e  separation of products.

Preparation means — starting with monomers of a specified quality — usually the mixing of the
individual required components. It may mean homogenisation, emulsification or mixing gases
and liquids. This may occur before entering the reactor or just inside the reactor. Sometimes, an
additional distillation of the delivered monomer prior to the preparation is required.

The actual reaction step may be a polymerisation, a polycondensation or a polyaddition step
which are of fundamentally different natures.

After the actual reaction, a separation process to obtain a polymer of a certain purity and state
follows. Usually, thermal and mechanical unit operations are applied. Polymers may include
residual monomer and solvents which are often difficult to remove. Special consideration has to
be given to this subject in the polymers industry in a perspective of life-cycle impact of the
products. In the context of the IPPC Directive, the focus is on the minimisation of the emissions
of monomers at the industrial site [27, TWGComments, 2004]. Separated monomers, mostly as
gases, can be directly returned to the process, returned to the monomer unit to be prepared for
purification, transmitted to a special purification unit, or flared off. Other separated liquids and
solids are sent to a centralised clean-up or recycling unit. Additives needed for processing or for
protection may be added to the polymer at this point.

In most cases, polymers need stabilisation or additives in order to meet the requirements of the
intended application. Thus, antioxidants, UV-stabilisers, processing aids, etc. may be added
after the actual reaction but before forming the pellets.
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Polymerisation (chain growth reaction)

23.11 General reactions

[27, TWGComments, 2004]

Polymerisation is the most important reaction process and produces amongst others the plastics
polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC) and polystyrene (PS). The
reaction principle includes the opening of the double bond of a monomer (Figure 2.2) and link-

ing many monomeric molecules together forming a saturated long chain macromolecule.

These reactions are usually exothermic, thus producing energy.

H H

n .«"G;C\ —*™ n ;Ci L
H H J,G\

H H

Figure 2.2: Polymerisation by the opening of a double bond (e.g. ethylene)

The number of molecules combined, n, may vary at the low end between 10 — 20. The products
are then called telomers or oligomers. For polymers, n is between 1000 and 100000 or more.
The polymer growth occurs very rapidly, in seconds or minutes. Thus, fully formed macromole-
cules exist almost from the beginning of the reaction. However, the overall time required for a
high conversion of monomer to polymer is often several hours.

Depending on the activation (type of reaction initiation), a differentiation is made between radi-
cal and ionic polymerisation:

e radical initiators may be oxygen, or for higher process temperatures, organic peroxides or
azocompounds or simply heat as in the case of polystyrene, and for lower processing tem-
peratures redox systems such as persulphate/bisulphite

e ionic (including organo-metallic) catalysts are mostly of a very complex nature and often
require a separate production process within the plant. Modern ionic catalysts are so effec-
tive that removal of the catalyst after polymerisation is not required for most of the applica-
tions. Only one gram of transition metal, for instance, produces more than 200 tonnes of fi-
nal products. Thus, the residual concentration of the transition metal is no more than a few
parts per million.

Initiators very often need special care since they are either potentially explosive like peroxides
or react vigorously with water and are flammable such as metal alkyls. Usually, initiator con-
centrations vary and are between 0.1 — 0.5 wt-%. Dissociation products of the radical initiator
are removed from the polymer or built-in, while decomposed metal alkyl residues of the initia-
tor remain in the product and sometimes have an influence on end use properties.

Since the concentration of the active growing chain is very low (10™ mol/l) utmost purity of the
monomer is required to avoid termination of the catalyst. This effect is used to modify the mo-
lecular weight by adding a defined amount of a specified ‘impurity’ called a chain transfer
agent. Hydrogen is an example often used for such chain transfer reactions. Oxygen needs to be
kept at very low levels since it acts as a poison for transition metal catalysts. Oxygen can act as
an inhibitor at low temperatures in free radical polymerisation, while at high temperatures it will
accelerate the reaction. Therefore, polymerisations are carried out in inert atmospheres.

The actual polymerisation may be carried out in bulk, in water or in organic solvents or dispers-
ants.

MP/EIPPCB/POL_BREF FINAL Oktober 2006 23



Chapter 2

The course of the reaction process can be generally described as:

e  start reaction
e  growth reaction
e termination reaction.

Figure 2.3 shows the energy curve over the reaction time of homopolymerisation from ethylene
to polyethylene.

A Energy [ 1
o - (e
I 1 Activation energy

Released
energy

Reaction time

Y

Figure 2.3: Energy curve of homopolymerisation

2.3.1.2 Typical features

The main concern for safety is the control of the reaction temperature and of oxygen due to the
exothermic nature of the process and the resulting danger of a runaway reaction. The rate of
polymerisation increases with temperature while the rate of heat transfer decreases with increas-
ing conversion due to increased viscosity. An effective process control is essential for keeping
the reaction under control.

Residual monomers constitute one of the major by-products at the end of the reaction. They are
usually not emitted but either separated or returned into the process in a closed loop or sent to a
separate treatment unit or burnt, if possible with energy recovery. Residual monomers may also
be dissolved in the final product. The reduction to legally specified or lower levels requires ad-
ditional treatment during the work-up phase.

Aucxiliaries such as initiators, chain transfer agents or sometimes emulsifiers or colloidal stabi-
lisers either become part of the product or are separated.

Some of the monomers, dispersants and additives used can be dangerous for human health
and/or the environment, and available information on the reduction of their emissions or their
substitution has to be taken into account when selecting BAT [27, TWGComments, 2004].

Polymerisation reactors tend to build up solid layers of product along the inside walls of the
reactor or the heat exchangers after extended periods of running. The exact conditions for this
unwanted side-effect are different for each monomer and each process. This layer will interfere
with the necessary removal of heat and may cause product impurities resulting, for instance, in
so-called ‘fish eyes’ in film applications. Therefore, it is removed from time to time. The neces-
sary opening of the reactor may cause emissions of unreacted monomers and/or solvents.
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2.3.2 Polycondensation (step growth reaction)
2321 General reactions

The reaction principle includes the reaction of a monomer with two distinctive reactive func-
tional groups or the combining of two bifunctional monomers forming a polymer and generating
a by-product which is, in many cases, water. A schematic view of the reaction is shown in
Figure 2.4.

HE F + HoO
\(A/ \/VIE:IH # Hz

Figure 2.4; Schematic view of a polycondensation reaction

The reactive groups may be for instance:

e alcohol plus acid for polyesters
e amine plus acid for polyamides.

This process is, like most of the chemical reactions, an equilibrium process; it may be shifted in
either direction depending on the conditions. High yields are achieved only by careful removal
of the by-products (water or alcohols) which are formed. Otherwise, the by-product would inter-
fere and reduce the molecular chain length. The by-product is removed by heat and by high
vacuum towards the end of the reaction. This gets increasingly problematic as the viscosity of
the reaction medium increases. Sometimes, a thermal after-treatment in the solid phase is used
to increase the molecular weight even further. In any case, a special reactor design is needed for
the last phase of the reaction.

Polycondensation is considered to be a ‘step growth reaction’. The process often (but not al-
ways) needs a catalyst which is usually a metal salt or a combination of metal salts.

The degree of polymerisation is generally lower than in the case of chain polymerisation (be-
tween 1000 and 10000) due to inherent process characteristics. The molecule grows step by step
at a relatively slow rate. The growth proceeds slowly from monomer to dimer, trimer, etc. until
full sized macromolecules are formed only at very high conversion rates towards the end of the
reaction time as illustrated by the Table 2.1:

Degr ee of polymerisation | Conversion needed
2 50 %
10 90 %
100 99 %
1000 99.9 %
10000 99.99 %

Table 2.1: Dependency of the degree of polymerisation on the conversion ratein a step growth reac-
tion

Generally, polycondensation reactions are carried out either in bulk or in organic solvents.
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2.3.2.2 Typical features

The control of oxygen is important not only for safety reasons, but also for product quality.
Oxygen causes side reactions resulting in products which discolour the end-product and in-
crease the concentration of low molecular weight products. These parts either remain in the
product or have to be removed and sent for waste treatment, for instance incineration. The high
reaction temperature at the end of the reaction may also lead to degradation products, which also
cause discoloration. Localised heat spots have to be avoided.

The build-up of solid layers in the inside of the reactors or heat exchangers also occurs in these
reactions (see Section 2.3.2.1).

2.3.3 Polyaddition

The reaction principle includes the opening of a reactive ring, or a reactive group forming a
polymer (see Figure 2.5).

A L
X R — —G|—|—A9;

Figure 2.5: Schematic view of a polyaddition reaction

If A is an oxygen atom, polyepoxides are obtained; if the ring reacts with another bifunc-
tional group like diols, diamines or carbonic acid anhydrides, epoxy resins are formed.

The characteristic of these processes closely follows those of polycondensation reactions;
thus, a stepwise growth with all the limitations as described in Section 2.3.2 can be ob-
served. An advantage — also from an environmental point of view — is that there are no low
molecular weight products formed.

2.4  Production processes

Generally, the reaction of monomers to polymers may be carried out discontinously or conti-
nously by one of the following processes:

suspension polymerisation
bulk polymerisation
emulsion polymerisation
gas phase polymerisation
solution polymerisation.

241 Suspension polymerisation

In suspension polymerisation, the chemical reaction takes places in droplets that are in suspen-
sion in a solvent. Suspension polymerisation is characterised by a good transfer of the reaction
heat, a low dispersion viscosity and low separation costs on the one side but also by the fact that
it is a discontinuous process, and there are relatively high amounts of waste water, significant
reactor wall fouling and suspension agents remaining in the final product and in the waste
streams.
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Typical products made by suspension processes are:

polyvinyl chloride

polymethyl methacrylate

polystyrene (HIPS and EPS)
polytetrafluoroethylene

polyolefins as slurry in mineral oil fractions.

Suspension polymerisation produces latex particles in the size range from 1 to 1000 pm. This
process comprises monomer + initiator + solvent (usually water) + surfactant. The monomer
and the initiator are both insoluble in the solvent (water), e.g. styrene and benzoyl peroxide;
hence the monomer is dispersed as droplets (as in emulsion polymerisation), but the initiator is
present in these droplets (and not in the aqueous phase). The role of the surfactant is purely to
stabilise these droplets.

There are no micelles in the aqueous phase. The focus of polymerisation is now totally inside
the monomer droplets. Hence, the polymerisation resembles a (micro-) bulk polymerisation, but
confined to each monomer droplet separately.

Heat transfer problems are greatly diminished, compared to an actual bulk polymerisation, be-
cause the aqueous phase can conduct away most of the heat generated. The size distribution of
the final particles should closely follow that of the initial monomer emulsion droplets (provided
coalescence is avoided).

24.2 Bulk polymerisation

In bulk polymerisation, the polymer is produced in a reactor where only the monomer and a
small amount of an initiator are present. Bulk polymerisation processes are characterised by
high product purity, high reactor performances and low separation costs, but also by high vis-
cosities in the reactors. Bulk processes cause reactor fouling, and in the case of polycondensa-
tion products, a high vacuum is required.

Typical products made by bulk processes are:

polyolefins

polystyrene

polyvinyl chloride
polymethyl methacrylate
polyamides

polyesters.

This is the usual method for step-growth (condensation) polymerisation. The reaction is often
carried out at a high temperature, but there are no real problems with heat transfer out of the
reaction vessel (i.e. temperature build-up). The degree of polymerisation increases linearly with
time, so that the viscosity of the reaction mixture only increases relatively slowly; this allows
for efficient gas (e.g. water vapour) bubble transfer out of the system as well.

This method can be used for chain-growth polymerisation, but only on a small scale, preferably
at low temperature. Heat and bubble transfer may give problems, since the degree of polymeri-
sation (and hence, also the viscosity of the reaction mixture) increases very rapidly from the
beginning of the reaction.
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For certain monomers (e.g. vinyl chloride), the polymer is insoluble in its own monomer (above
some critical molar mass). Hence, in these cases, the polymer precipitates (as aggregated, swol-
len particles) from the monomer after a while. Eventually all the monomer is converted to po-
lymer.

2.4.3 Emulsion polymerisation

In emulsion polymerisation, the chemical reaction takes places in droplets that are in suspension
in a solvent — like in the case of suspension polymerisation — but also in emulsion structures
called micelles, and in the solvent. Emulsion processes typically show a low dispersion viscos-
ity, good heat transfer, high conversion rates and are suitable for the production of high molar
mass polymers. They are also characterised by high separation costs, reactor wall fouling and
emulsifiers remaining in the product and in the waste streams.

Typical products made by emulsion processes are:

ABS

polyvinyl chloride
PTFE

SBR

NBR

PVA

PMMA

polyacrylates for paints.

Emulsion polymerisation produces latex particles in the size range from 0.03 to 0.1 um. The
process comprises monomer + initiator + solvent (usually water) + surfactant (usually anionic,
e.g. sodium dodecyl sulphate).

The monomer has only a very limited (but finite) solubility in the solvent (e.g. styrene in water).
Most of it is present initially in dispersed droplets (hence the term emulsion polymerisation);
one role of the (anionic) surfactant is to help stabilise these droplets, by adsorbing at the drop-
let/water interface. However, some of the monomer is present in the water phase.

Most of the surfactant is present as micelles, again in the water phase, and some of the monomer
will be solubilised in the micelles.

Thus, the monomer is actually distributed in three locations: droplets, aqueous solution (small
amount) and micelles. The initiator is soluble (and therefore present) in the water phase. The
initial locus of polymerisation is, therefore, again in the aqueous solution (as in dispersion po-
lymerisation), i.e. that is the first monomer to polymerise.

The growing, oligomeric free-radical chains will co-micellise in with the existing micelles from
the added anionic surfactant. The primary locus of polymerisation now switches to the micelles,
where the solubilised monomer can now begin to polymerise. As polymerisation (in the mi-
celles) continues, particles form, as in dispersion polymerisation, and the distribution of mono-
mer, is gradually pulled to the right. Polymerisation continues in the growing particles until all
the monomer in the droplets and free solution is exhausted. The size of the final particles is con-
trolled by the number of micelles present (i.e. the initial surfactant concentration).
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244 Gas phase polymerisation

In gas phase polymerisation, the monomer is introduced in the gaseous phase and put in contact
with a catalyst deposited on a solid structure. Gas phase processes allow an easy removal of the
reaction heat, they are low in emissions and waste and no additional solvents are needed. Gas
phase processes are not applicable for all end-products and the investment costs are relatively
high, partially caused by the high pressure equipment needed for most of the processes.

Currently, gas phase processes are only applied to the polyolefins:

e polyethylene
e polypropylene.

This process is often used, e.g. in Ziegler-Natta type polymerisations of ethylene and propylene
where the catalyst is supported on inert silica particles so the reaction therefore takes place at
the surface. This helps control the stereochemistry (especially for isotactic polypropylene).

245 Solution polymerisation

In solution polymerisation, the chemical reaction takes place in a solution of the monomer in a
solvent. Solution polymerisation processes are characterised by a good transfer of the reaction
heat, a low dispersion viscosity and little reactor wall fouling, but also by the low reactor ca-
pacities, high separation costs, often the use of inflammable and/or toxic solvents and traces of
solvent contaminating the final product.

Typical products made by solution processes are:

polyacrylonitrile
polyvinyl alcohol
SBR

BR

EPDM
polyethylene.

Solution polymerisation comprises monomer + initiator + solvent. This is the preferred method
to use for chain-growth polymerisation. The solvent helps heat dispersal and reduces the rapid
build-up in viscosity in the reaction mixture.

The polymer may or may not be soluble in the solvent; in the latter case (e.g. styrene + metha-
nol) the polymer precipitates from solution (above some critical molar mass).
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2.4.6 Summary of processes

Most of the commercial polymers are produced by the processes described in Sections
2.4.1to 2.4.5 in one way or another, as some have to be produced by different processes in or-
der to achieve products with different properties for different applications. Table 2.2 summa-
rises the possible ways of production for some important polymers.

PE PP | PVC | PET PS PA
Suspension X X X X
Bulk X X X) X X X
Emulsion X
Gas phase X X
Solution X

Table 2.2: Product — process matrix for some polymers
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3 POLYOLEFINS

3.1 General information
[1, APME, 2002, 2, APME, 2002, 15, Ullmann, 2001]

3.1.1 Polyethylene

Polyethylene is the most widely produced polymer worldwide and everyone comes into contact
with it daily. Right from the start, PE was seen as an addition to the world of materials, although
initially, its value was established as insulation for electricity cables. Nowadays, the strength of
polyethylene lies in its intrinsic properties, its broadly accepted usefulness, and its large applica-
tion potential.

Polyethylene can be made into soft and flexible, as well as tough, hard and sturdy products. It is
found in objects of all dimensions with simple and complicated designs. Among others, it can
also be turned into everyday objects, packaging, pipes and toys.

The world consumption of polyethylene is growing at above the average economic growth fig-
ures. Total use in the world was estimated at 62 million tonnes in 2001; that gives an average of
nearly 10 kg/person worldwide. In Western Europe, the volume of polyethylene used in 2001
was close to 11 million tonnes (about 35 kg/person). Table 3.1 shows the growth of polyethyl-
ene consumption over the years 1987 to 2001.

1987 1996 2001

Western Europe (kt/yr) 6873 9755 11330
Eastern Europe (kt/yr) 2177 1720 3110

Rest of the world (kt/yr) | 24713 38500 49100

Table 3.1: Growth of polyethylene consumption

Polyethylene products are still replacing traditional materials such as paper or metals. Three
main types of polyethylene can be distinguished. The total of these types is used in more
than 90 % of all polyethylene applications.

Polyethylene is produced all over Europe; the plants are usually in the vicinity of refineries
which support them with the raw materials. The main production sites (in Western Europe) for
polyethylene are shown in Table 3.2. Due to mergers and joint venture formations, the number
of European producers has decreased over the last few years. Some of the European producers
are part of worldwide polyethylene producing companies; others only focus on Europe. The
largest PE producers in the world are Dow, ExxonMobil and Equistar, followed by Borealis and
Basell. Equistar does not produce in Europe, but all the others do. Besides these four companies,
Polimeri Europa, DSM, BP, Repsol, Atofina and Solvay, who formed a joint venture with BP,
are the other important producers in Europe.
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Country Number of production sites Products
Austria 1 LDPE, HDPE
Belgium 8 LDPE, HDPE
Finland 1 LDPE, LLDPE, HDPE
France LDPE, LLDPE, HDPE

— | —
— | —

Germany LDPE, LLDPE, HDPE
Italy 7 LDPE, LLDPE, HDPE
Netherlands 2 LDPE, LLDPE, HDPE
Norway 1 LDPE, HDPE
Portugal 1 LDPE, HDPE
Spain 5 LDPE, LLDPE, HDPE
Sweden 1 LDPE, LLDPE, HDPE
United Kingdom 3 LDPE, LLDPE, HDPE

Table 3.2: Main Western European polyethylene production sitesin 2001

Depending on the physico-chemical properties of the product, different types of polyethylene
are distinguished. The different product types require different production processes where the
main distinction is the density of the final product.

3.1.1.1 Low density polyethylene (LDPE)

Low density polyethylene is the oldest type of polyethylene. It is produced in a high pressure
process. It is a soft, tough and flexible kind of polyethylene due to its highly branched molecu-
lar structure. The typical density of LDPE lies between 915 and 935 kg/m’. When it is de-
formed, it can recover its original shape due to its natural elasticity. The ‘high pressure’ poly-
ethylene shows a higher melt flow index (MFI) and therefore, processes easier than most other
types of polyethylene.

It is used for strong, supple items like lids. It has been used as an insulation material for a long
time. Nowadays, the most popular application is film, some examples being carrier bags, pack-

aging material and agricultural film covers.

Figure 3.1 shows the highly branched molecular structure of low density polyethylene.

Figure 3.1: Molecular structure of LDPE
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3.1.1.2 High density polyethylene (HDPE)

Caused by its high crystallinity, high density polyethylene is the most rigid and least bendable
amongst the different types of polyethylene. HDPE has hardly any side branches. Therefore, the
density is always higher than 940 kg/m’. The rigid and somewhat hard character is useful for a
wide range of applications.

Figure 3.2 shows the almost linear molecular structure of high density polyethylene.

Figure 3.2: Molecular structure of HDPE

According to their molecular mass distribution, two main types of HDPE can be distinguished
as shown in Figure 3.3. Type 1, which has a narrow molecular mass distribution, is used to
make, for example, the crates for fruits, vegetables or drinks. Type 2, which has a broader mo-
lecular mass distribution, can be found in non transparent bottles, containers and pipes. Al-
though HDPE is quite rigid, it also can be used to make very thin films from type 2, which are
very light and can crackle.

—Type 1
- - -Type2

log (M)

Figure 3.3: Molar massdistributions of HDPE

3.1.1.3 Linear low density polyethylene (LLDPE)

This is the youngest of all the PE types. It looks similar to HDPE but has lower crystallinity due
to a larger number of short chain branches. Therefore, it also has a lower density (normally
lower than 940 kg/m®). However, PE with densities between 930 and 940 kg/m’ is often called
MDPE or medium density polyethylene.

LLDPE is used to make flexible as well as rigid products. LLDPE is often used in mixtures with
one of the materials mentioned previously in order to make thinner films. It is also used in
packaging made up of multilayer films. LLDPE is very tough and keeps its shape. These proper-
ties are useful for the manufacture of larger objects like lids.
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Figure 3.4 shows the molecular structure of LLDPE with the typical short chain branches
caused by specific comonomers.

Figure 3.4: Molecular structure of LLDPE

3.1.2 Polypropylene (PP)
[15, Ullmann, 2001, 16, Stuttgart-University, 2000]

Polypropylene (PP) is one of the economically most important thermoplastic materials. The
Western European production in 2002 reached approximately 8000 kt. The development of
Western European polypropylene production for the years 2000 — 2002 is shown in Table 3.3.
Polypropylene is found in an extremely wide range of applications whether transparent or pig-
mented, such as food packaging, textiles, automotive components, medical devices and con-
sumer goods.

Y ear 2000 2001 2002
Production volume 7004 kt 7230 kt 7805 kt

Table 3.3: Western European polypropylene production 2000 — 2002

Similar to polyethylene, polypropylene is produced all over Europe; in many cases even on the
same sites and by the same companies.

Polypropylene’s properties are decisively determined by the applied polymerisation process and
the catalysts used. As shown in Figure 3.5, the base unit of PP consists of three carbon and six
hydrogen atoms.

H CHg
_(|£_(|5_
H H

Figure 3.5: Base unit of polypropylene

PP is a linear polymer and is classified as a polyolefin. The methyl (CH;) group is characteristic.
Depending on the spatial arrangement of these groups to the main -CC-chain, one differentiates
between atactic PP (aPP) with an irregular CH; arrangement, isotactic PP (iPP) with CH; groups
on one side of the carbon chain and syndiotactic PP (sPP) with an alternating CH; arrangement
as shown in Figure 3.6. Increasing the tacticity (regularity of the CH; arrangement) leads to an
increase in the degree of crystallinity, fluxing temperature, tensile strength, rigidity and hard-
ness.
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Figure 3.6: Molecular structuresof polypropylene

A) atactic polypropylene
B) isotactic polypropylene
0) syndiotactic polypropylene

Isotactic polypropylene is currently of great industrial interest (the degree of crystallisation is
40 to 60 %). Non-crystalline atactic PP is used as elastomer components in PP copolymers. The
production of syndiotactic PP has only recently become possible through the progress made in
catalyst research. It is characterised by a high flexibility, though it crystallises slower and to the
same extent as iPP.

PP shows hardly any stress cracking, is brittle as a homopolymer (though it is impact resistant in
polymer blends), has a higher dimensional stability under heat than PE and is not as resistant to
oxidation. Parameters such as degree of crystallisation, melting range, tensile strength, rigidity
and hardness rise with an increasing isotactic share. PP has a complex structure, and four differ-
ent superstructures can be determined. Exposure to oxygen and high energy radiation lead to
brittleness and the decomposition of PP. Natural PP is quite translucent (PP films, for example,
are very transparent), is not resistant to UV without stabilisation, water-repellent, chemically
resistant to acids (apart from oxidising acids), lyes, saline solutions, solvent, alcohol, water, fruit
juices, milk as well as oils, greases and detergents. PP is not resistant to aromatic and chlorin-
ated hydrocarbons, benzene, gasoline and strong oxidants.

Polypropylene has a rather high melting point, low density, good stiffness and toughness. These
properties depend upon the degree of crystallinity and type and level of comonomer incorpo-
rated within the product. Polypropylene products may be compounded with rubber to modify
their low temperature properties or with mineral fillers or glass fibres to increase stiffness and
dimensional stability.
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3.2 Applied processes and techniques in the production of
polyolefins

[2, APME, 2002, 16, Stuttgart-University, 2000]
3.2.1 Alternative processes
3.2.1.1 Low density polyethylene processes

The high pressure LDPE process is very generic and the basic design does not change from
company to company. The major variation is in reactor type, tubular versus autoclave. The
choice between tubular or autoclave reactor is mainly dictated by the desired product. In princi-
ple, the tubular process is preferred to make resins with good optical properties, while only the
autoclave process can make good extrusion coating resins and more homogeneous copolymer
products. General purpose products can be manufactured from both technologies. The ethylene
conversion level achieved in the tubular process is typically higher than for the autoclave proc-
ess, however, due to the typical lower operating pressure level in the autoclave process, the final
energy consumption per tonne polyethylene produced can be the same for both processes. Im-
portant factors which influence the conversion level and also the consumption of energy are:

e the molecular weight distribution (MWD) of the polyethylene resin to be produced: broader
MWD products are produced at higher ethylene conversion levels than narrow MWD
products

e heat transfer: for the tubular process, ethylene conversion can be further increased while
maintaining the desired product quality (5 to 15 % conversion increase), through extending
the heat transfer capability (increasing the heat exchange area through lengthening the reac-
tor and/or improving the heat transfer coefficient)

e initiation system: optimisation of the initiation system can lead to a higher conversion level
for the same product properties. The autoclave process is typically operated with organic
initiators. The tubular plants can be operated with oxygen only, peroxides/oxygen or perox-
ide only as the initiation system. Tubular reactors operating with peroxides as the initiator
typically reach a higher conversion level than reactors using an oxygen only initiation sys-
tem. The introduction of an organic initiator will require the usage of hydrocarbon solvents
as the peroxide carrier for the injection of the initiator.

Thus, reactor selection (tubular or autoclave) and the state of technology applied will influence
the conversion level, the required operating pressure and also the energy consumption; however,
product design and quality requirements for the application can have an even stronger impact on
these parameters. The difference in target applications and MWD quality requirements could
easily lead to a difference of 20 % in conversion level and also in energy requirements among
produced resins. Differences in product mix and quality targets could easily explain a 10 %
deviation in energy consumption for plants using the same technology and hardware.
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3.21.2 Linear low density polyethylene processes

The main processes for manufacturing LLDPE are the gas phase and the solution processes. In
Europe, the ratio between the gas phase and the solution processes for producing LLDPE is
about 60 to 40. The process selection is based on the following factors:

desired product properties

a-olefin choice

product density

unimodal or bimodal molecular weight distribution
access to technology

overall economics.

The gas phase process is the preferred process to produce polymers made with butene-1 as the
comonomer, while the solution process is preferred for manufacturing of products based on
octene-1 as the comonomer. Hexene-1 can be easily applied in both processes. Hexene-1 and
octene-1 resins have better mechanical properties than butene-1 based resins.

In the gas phase process, the polymer is kept in the solid phase, while the monomer and co-
monomer are used as a gaseous carrier to maintain the fluidised bed and to remove heat. The
solid state requirement imposes a limit to the maximum operating temperature and lower poly-
mer density capability. The newest generation of gas phase processes can be operated in the
condensing mode, which greatly improves heat removal and reactor productivity. For this pur-
pose, a comonomer (hexene-1) and/or a ‘condensable’ solvent (for instance hexane) is added to
the process. By condensing these components in the recycling loop, the heat removal capacity is
greatly enhanced. Gas phase LLDPE processes can also produce HDPE (Section 3.2.3.2).

In the solution process, the polymer is dissolved in the solvent/comonomer phase. Higher a-
olefins form a good blend with the hydrocarbon solvent (typically in the range from C6 to C9);
while the application of butene-1 as a comonomer might require a higher operating pressure to
ensure single-phase conditions. The solution process is very versatile in polymer density capa-
bility. Typically, solution reactors are run adiabatically, although it is possible to include circu-
lation coolers in the reactor system. The use of coolers will improve the polymer to solvent ratio
in the reactor effluent and so will reduce the energy required for evaporating the solvent frac-
tion. The achievable polymer to solvent ratio can be limited by a maximum operation tempera-
ture of the catalyst system, heat removal capability and maximum allowable process viscosity.
The process viscosity should not negatively affect reactor mixing and/or heat transfer removal
capability.

The required physical state of the polymer in the reactor system, solid or dissolved in solvent,
imposes two completely different operating temperature regimes for the reactor systems; either
below the polymer melting point for the gas phase process or above it for the solution process.
This difference in reactor operating temperature translates to differences in reactor productivity,
required volume and product change over time. The solution process has smaller reactor vol-
umes and shorter product change over times.

Both processes can produce unimodal and bimodal molecular weight distributions. Currently,
bimodal MWDs may have to be produced in dual reactor systems. They are energy intensive
and require more capital and increase the control complexity. Some licensors claim now to
achieve similar product quality with a single reactor by using a dual site catalyst with bimodal
capability.

Gas phase process technology is widely available and is offered by several technology provid-
ers, namely Univation, BP, Basell, etc. The set up of gas phase processes is, in principle, generic
and proprietary information on condensing mode, dual reactor operation, catalyst systems, etc.
is protected through patents.
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The solution process is less generic. The companies having a strong technology foothold in the
solution process technology include Mitsui, Nova Chemicals (Sclairtech process), Dow and
DSM (Stamicarbon Compact process). Differences in process set-up and operating conditions
are considered as proprietary information.

3.2.1.3 High density polyethylene processes

The slurry suspension and the gas phase processes are the two main categories of processes to
produce high density polyethylene. HDPE processes can be further sub-categorised into:

a suspension process with stirred tank reactor(s) and C5 to C9 hydrocarbon as the diluent

a suspension process with loop reactor(s) and hexane as the diluent

a suspension process with loop reactor(s) and isobutane as the diluent

a gas phase process with a fluidised bed reactor

a suspension/gas phase process combination consisting of a loop reactor with propane as
the diluent in series with a fluidised bed reactor.

The main differences between processes and products produced by these processes are related
to:

e the cooling mode applied. Evaporation and condensation of solvent, external cooling of the
loop, cooling of the gaseous recycle flow, the latter potentially combined with a condens-
able solvent

mono or dual reactor systems

the blend ratio of polymers produced in the primary and secondary reactor

the capability of removing polymer waxes

the catalyst systems applied: Ziegler-Natta, chromium or metallocene catalysts

the type of solvent applied: ranges from supercritical propane to C9 solvent.

The choice of process for a new large-scale plant will depend on the best combination of proc-
ess efficiency and product mix capability. This might vary from producer to producer.

There is an extensive choice of HDPE process technologies and include companies like Asahi,
Basell, Borealis, BP, Chevron/Phillips, Solvay, Univation and others.

3.2.2 Low density polyethylene

Two types of reactors are used for the production of LDPE: either a stirred vessel (autoclave) or
a tubular reactor. The autoclave reactor operates adiabatically. The tubular reactor is cooled
with a jacket. The autoclave reactor has a length to diameter ratio (L/D) between 4 and 16. Tu-
bular reactors have L/D ratios above 10000. The inner diameter of the high pressure tubes used
for the tubular reactors range between 25 and 100 mm. The operating pressure ranges between
100 and 250 MPa (1000 — 2500 bars) for the autoclave reactor and between 200 - 350 MPa
(2000 - 3500 bar) for the tubular reactor. A basic flow diagram for LDPE processes is shown in
Figure 3.7.

Apart from the different types of reactors used, the autoclave and tubular reactor processes are
very similar. The two types of reactors produce, however, products which have a different mo-
lecular structure and are, therefore, used in different product applications.

Modern crackers produce ethylene of sufficient purity to be used in the high pressure process
without the need for additional purification. The fresh ethylene is normally delivered to the high
pressure plant by a pipeline grid. If the high pressure plant is located on the same site as the
cracker, the ethylene can be delivered directly from the cracker.
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The supply pressure can range between 1 and 10 MPa. A first compressor (primary or medium
pressure compressor) increases the ethylene pressure to 20 — 30 MPa. The number of compres-
sion steps depends on the pressure of the ethylene which is supplied to the plant. If this pressure
is above 3 MPa, the primary compressor typically has two compression stages. Because the
ethylene gas is used as a heat sink for the heat generated by the exothermic reaction, the ethyl-
ene gas is not totally converted to a polymer in the reactor. The unreacted gas is recycled back
into the process. This recycled ethylene is combined with the fresh ethylene at the outlet dis-
charge of the primary compressor. The combined gas streams are fed to the suction of the high
pressure compressor. This compressor increases the pressure of the reactor up to 150 — 350 MPa
in two steps. The process gas is cooled with cooling water and/or chilled water between the two
compression steps.

To tailor the application properties of the polymer, different initiation systems and chain trans-
fer agents (modifier) are used. Typical initiators are oxygen or organic peroxides. To control the
molecular weight distribution of the polymer produced, polar modifiers (aldehydes, ketones or
alcohols) or aliphatic hydrocarbons are fed into the monomer stream.

The reactor is protected by pressure relief devices which guarantee an immediate release of the
reactor content in case a runaway reaction occurs. The runaway reaction of ethylene causes a
sharp increase in pressure and temperature. These sharp increases cause the activation of the
emergency relief system. Because of the fast response required, the emergency relief systems of
the reactor vent the content of the reactor to the air.

The operating pressure is controlled by a valve at the reactor outlet. The pressure is reduced by
this high pressure valve from the reactor pressure down to 15 - 30 MPa. Because the ethylene
polymer mixture heats up due to the pressure reduction (the so-called Reverse Joule Thomson
effect), the reaction mixture is cooled in a heat exchanger at the exit of the reactor. The polymer
and unreacted gas are separated in a first separator (HPS or high pressure separator) operating at
15 — 30 MPa. The unreacted gas stream from the HPS is then cooled in a series of cooling water
coolers. Part of the exothermic reaction heat can be recuperated in this section to generate low
pressure steam. This steam can be consumed internally, thereby significantly improving the
energy efficiency of the process. Typically, each cooler is followed by a smaller separator in
which the waxy oligomers are removed from the recycled gas. Although most of the unreacted
gas is removed from the polymer in the HPS, at least one additional separation step is necessary
to remove the dissolved gas almost completely (<1 wt-%) from the melted polymer. This sepa-
ration step is carried out in a low pressure separator (LPS, also called an extrusion hopper) at
operating pressures down to 0.15 MPa. The pressure at this separation step is a compromise
between a low level of residual ethylene monomer in the final product and compression energy
savings. The gas separated from the polymer in this second separation step is also recycled back
into the process. It is compressed in several stages up to the supply pressure of the fresh ethyl-
ene. A small side-stream is sent back to the cracker or to a dedicated purification unit to limit
the build-up of impurities in the process.

The low pressure separator (LPS) is, in most cases, mounted directly onto a hot melt extruder.
The polymer is fed directly into this hot melt extruder and pelletised in an underwater pelletiser.
If required by the application of the product, additives can be added to the melted polymer in the
extruder. After pelletising, the product is dried, temporarily stored and tested for quality. If re-
quired, the product is blended in specially designed silos to smoothen small quality variations
which occurred during the polymerisation. During the intermediate storage, the product is de-
gassed by air to remove the last residual ethylene from the product. If higher pressures are used
in the LPS, degassing hot melt extruders can be used to remove the residual ethylene from the
product. After quality control, degassing and blending, the product is pneumatically conveyed
into storage silos or directly sent to the packaging or bulk loading areas.
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Special equipment and technology is required because of the high operating pressure used. Key
operating characteristics and design details are mostly treated as proprietary information. The
design rules for the reactors are those of thick-walled vessels and tubes. The high pressure re-
quires the use of reciprocating compressors and pumps. The most typical and important com-
pressor used in the high pressure process is the high pressure compressor, sometimes also called
the hyper compressor. The losses which occur in these compact machines by leaking gas across
the piston rings in the cylinders, are normally recycled internally within the LDPE process.
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Figure 3.7: Flow diagram showing L DPE production

3.221 Autoclave reactor

The autoclave reactor has an agitator to obtain good quality mixing and performs as an adiabatic
CSTR (continuous stirred tank reactor). The volumes of the autoclave reactors can vary between
250 litres (reactors of the 1960s) up to 1500 litres for the more recent reactors. The residence
time can vary between 30 - 60 seconds depending upon the technology used. In most technolo-
gies, the electric motor driving the agitator is built inside the top zone of the reactor. The ethyl-
ene entering the reactor is used to cool the motor.

The elongated form of the reactor is due to the manufacturing requirements (it is fabricated from
thick-walled forging). The length/diameter ratio (L/D) of the autoclave is also set by the product
properties required. Longer autoclaves allow developing temperature profiles along the reactor
length by dividing the reactor into multiple zones. The use of different temperature profiles
allows tailoring of the product properties. The reaction temperature is controlled in each tem-
perature zone by the injection of controlled amounts of organic peroxides which act as initiators.
These initiators decompose under the influence of the temperature and generate the free radicals
which start the polymerisation reaction. To maintain the temperature at a given set point, differ-
ent types of initiators are used. It is important that the initiators are completely consumed before
they exit the reactor with the gas stream. If an excessive amount of free radicals exit the reactor,
the polymerisation reaction can continue outside the reactor. This causes upsets in the process
and poor quality products. The initiators are dissolved into a hydrocarbon solvent. This solution
is injected through side holes in the wall of the vessel. Some technologies also use these side
holes to inject a controlled amount of ethylene gas. The cooling action of this gas is used to
control the temperatures in the reactor. The operating temperatures of autoclave reactors vary
between 180 and 300 °C. The reactor walls also have holes for the installation of thermo-
elements and pressure relief devices.
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In the high pressure polymerisation of ethylene, the fresh ethylene is used as the heat sink for
the heat generated by the exothermic polymerisation reaction. The conversion to polymer, at
adiabatic conditions, is calculated with the following formula:

Conversion (%) = 0.075*(reaction temperature — ethylene inlet temperature).

3.2.2.2 Tubular reactor

The commercial tubular reactors are typically between 1000 and 2500 metres long. They are
built up of high pressure tubes each 10 to 15 metres long in a serpentine like structure within a
concrete bay. In the 1960s, the internal diameter of the high pressure tubes was limited to
25 mm. Recent progress in the metallurgy of high strength materials has allowed the manufac-
ture of high pressure tubes of up to 100 mm of internal diameter (ID). These high pressure tubes
have D,ue/Dinse ratios of 2.1 to 2.5. Thermo-elements are installed along the length of the reac-
tor to follow the progress of the polymerisation reaction. As for the autoclave reactor, inlets for
an initiator, fresh ethylene gas and pressure relief devices are installed at selected locations
along the reactor.

The first section of the reactor is used as preheater. The ethylene temperature must be suffi-
ciently high to start the reaction. While only organic peroxides are used as an initiator for the
autoclave reactor, oxygen (air) is also used to generate the free radicals needed to initiate the
polymerisation reaction in the tubular reactor. The initiation temperature can, therefore, range
from 140 °C (peroxides) to 180 °C (oxygen). When oxygen is used as the initiator, the air is
added to the ethylene gas in the lower pressure zones of the process. In the case of peroxide
initiators, the amount added is controlled by adjusting the speed of high pressure pumps. The
control of the polymer chain length by temperature does not give enough freedom to tailor the
polymer properties. Therefore, a chain transfer agent (modifier) is necessary. Typically, polar
modifiers (aldehydes, ketones or alcohols) are used. While at high polymerisation temperatures,
even normally less active aliphatic hydrocarbons can be used.

The injection of an initiator or a mixture of ethylene/air at different points in the reactor gener-
ates a number of zones with higher temperatures (so-called peaks) followed by cooling zones in
which the reaction heat is removed from the ethylene/polymer mixture. These temperature
peaks/cooling cycles can be repeated several times along the length of the reactor. Because of
the heat transfer through the walls of the reactor, the tubular reactor has a higher conversion rate
to polymer than the autoclave. Conversion rates of up to 36 % are achieved (autoclave reactors
achieve approximately 20 %). The conversion to polymer influences the properties of the prod-
uct. At higher conversion rates, the degree of branching increases.

The exothermic heat can be recuperated from the reactor via the cooling jackets. In this way,
low pressure steam can be produced. The generation of steam can make the tubular reactor a net
producer of low pressure steam. Modern high pressure plants use closed cooling water systems
to minimise the intake of fresh water for cooling purposes. At the same time, proper condition-
ing of the cooling water allows maximum protection of the high strength materials used in the
process against corrosion.
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3.2.2.3 Technical parameters
Product type LDPE LDPE
Reactor type tubular reactor autoclave reactor
inner diameter pipe: volume:
M echanical dimensions 25 - 100 mm 250 - 1500 litres
L/D ~ 10000 - 50000
Operating pressure 200 - 350 MPa 100 - 250 MPa
Operating temperature 140 - 340 °C 180 - 300 °C
oxygen and/or organic peroxides
Initiators organic peroxides 0.2-1g/kg PE
0.2 - 0.5 g/kg PE
Conversion to polymer up to 36 % up to 20 %
Current maximum 300000 t/yr 200000 t/yr
plant capacity
Table 3.4: Technical parametersof LDPE
3.224 Other ethylene based polymers made by the high pressure proc-

ess

Besides LDPE, there are some more plastics produced using the same high pressure technology,
such as:

ethylene-vinyl acetate copolymers (EVA)
ethylene-acrylic acid copolymers (EAA)

ethylene methacrylic acid copolymers (EMA)

most grades of linear low density polyethylene (LLDPE)
very low density polyethylene (VLDPE)

ultra low density polyethylene (ULDPE).

These families of resin are produced in commercial scale high pressure processes. To produce
these types of polymers, additional investment is needed, e.g. in corrosion protection, refrigera-
tion capacity, extrusion equipment and process units to recycle the comonomers after purifica-
tion back into the process.

EVA copolymers are the most important on a volume basis. The total LDPE copolymer market
for Europe is estimated at 720 kt/yr. The EVA copolymers volume is 655 kt/yr of which
450 kilotonnes are above 10 wt-% VA).

More information on copolymers can be found in Section 3.3.2
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3.2.3 High density polyethylene

There are two main types of processes used for the production of high density polyethylene
(HDPE) and both type 1 (narrow molecular weight distribution) and type 2 (broad molecular
weight distribution) HDPE can be produced by these processes:

e the suspension (slurry) process
e the gas phase process.

Besides these two processes, HDPE type 1 can also be produced by a solution process.

The HDPE processes normally use either a Ziegler type (titanium-based) or a Philips type
(chromium-based) supported catalyst. Recently, metallocene catalysts have also been intro-
duced. In general, the Ziegler catalyst can be used in all these processes to produce type
1 HDPE. The loop reactor which uses isobutane as a diluent, and the gas phase reactor can be
operated at higher temperatures than STR suspension processes using a higher boiling solvent
and the first two processes are, therefore, more suitable for the production of type 2 HDPE by
using chromium catalysts.

The loop reactor processes and the gas phase reactor processes normally have only one reactor,
while the STR processes typically have two or more reactors to reach a reasonable plant capac-
ity and to have the flexibility to produce type 2 HDPE (broad molecular weight distribution)
using a Ziegler catalyst.

A comonomer (butene-1, hexene-1) is used to control the polymer density and hydrogen is used
for molecular weight control. Compared to the gas phase process, the slurry processes are lim-
ited in their capability of producing lower density polyethylene, because the solubility of the
polyethylene in the diluent increases with decreasing density of the polymer. Dissolved polymer
in the diluent causes high viscosity and an increased risk of fouling of the reactor and down-
stream equipment. The solubility in hexane is higher than in isobutane. The gas phase process
does not have the problem with dissolved polymers and can, therefore, produce both HDPE and
LLDPE by applying different types of catalysts.

An overview of HDPE processes and parameters is shown in Table 3.5.

Process Reactor Number of . HDPE HDPE
Diluent Catalyst
type type reactors type 1l type 2
Suspension STR Single C5-C8 Ziegler Yes No
Cascade C5-C8 Ziegler (Yes) Yes
Loop Single C5-C8 Ziegler Yes No
Single Isobutane Philips No Yes
Single Isobutane Ziegler Yes No
Cascade Isobutane Ziegler (Yes) Yes
Single Isobutane | Metallocene Yes No
Gas phase FBR Single — Ziegler Yes No
Single — Philips No Yes
Cascade — Ziegler (Yes) (Yes)
Combined | Loop/FBR Cascade Propane Ziegler (Yes) Yes
suspension/
gas phase
Solution STR C6 - C9 Yes No

Table 3.5: Process overview HDPE

Traditionally, chromium catalysts have been used in single loop and gas phase reactor processes
to produce type 2 HDPE products (broad molecular weight distribution), while Ziegler catalysts
have been used for products with a narrow molecular weight distribution (type 1 HDPE).
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However, in processes with at least two reactors in cascade, it is possible to control (broaden)
the molecular weight distribution and the comonomer distribution of the final product by operat-
ing each reactor under different conditions. The products produced in this way are normally
referred to as bimodal and are generally considered to have a better performance than unimodal
products of the same density and molecular weight. Especially stirred tank reactors, but also
loop reactors, are used for production of bimodal HDPE.

A dual reactor process consisting of a loop operated in supercritical propane followed by a
fluidised bed gas phase reactor has been developed especially for the production of bimodal
polyethylene. This reactor combination gives the flexibility to both broaden the molecular
weight distribution and to produce low density PE thus expanding the feasible operating win-
dow in terms of density of the final bimodal product to cover the whole range from LLDPE to
HDPE.

A disadvantage with the slurry processes is that the diluent contained in the slurry from the re-
actor has to be separated from the polymer powder and purified before it is recycled back into
the reactor. This process step is more complicated and more expensive than the corresponding
recycling system for the gas phase process. Using a light diluent (isobutane, propane) makes it
possible to separate most of the diluent by a direct flash of the slurry from the reactor, which is
not feasible with heavier diluents due to the higher boiling point.

3.2.3.1 Suspension processes
3.23.1.1 Stirred tank reactors

Over the years, several suspension process variants have been developed based on the use of
Ziegler catalysts. In early plants, a cleaning stage was needed to remove the residues of the cata-
lyst from the product. Owing to the increased activity of catalysts, it has, for quite a few years
now, been possible to dispense with this. The modern stirred tank slurry plants usually use hex-
ane as the diluent. Some old plants use heavier hydrocarbons, which often require steam strip-
ping for removal of the diluent from the polymer.

Figure 3.8 shows a process flow diagram of a typical modern STR suspension process. Only one
reactor is shown in the flow diagram, although a series connection of several reactors is possi-
ble. The pressure in the reactors is between 0.5 and 1 MPa, permitting the construction of large
reactors with up to 100 m® volume. The reaction temperature is between 80 and 90 °C, and hex-
ane is used as the diluent.

The main feed to the reactor consists of recycled diluent. The ethylene and comonomer feed
streams are run through purification beds to remove traces of catalyst poisons. A controlled
amount of ethylene monomer, a comonomer and hydrogen as well as a suspension of a cata-
lyst/cocatalyst (alkyl aluminium) mixture is fed to the reactor. In the subsequent ‘run-down’
reactor, the dissolved ethylene is almost completely consumed. The remaining ethylene can be
recovered and sent back to a nearby cracker or used as fuel gas.

The polymer concentration in the slurry is an important process parameter. A high concentration
permits a high production rate for a given reactor volume, but the heat transfer to the reactor
cooling jacket and the operation of the stirrer in the reactor become more difficult. The maxi-
mum polymer slurry concentration is dependent on many factors, for example the type of sol-
vent, grain size and shape, but basically on the cluster density of the polymer particles. The
concentration of the polymer slurry may range between 15 and 45 % by weight, but is mostly
between 30 and 35 % by weight.
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After leaving the reactor, the polymer slurry is passed to a centrifuge which removes most of the
solvent. The separated solvent is returned to the reactor. In a fluidised bed dryer, the polymer is
dried in a stream of hot nitrogen and freed of the remaining solvent. The solvent can be con-
densed out of the outlet gas from the fluidised bed dryer for recycling. A small purge stream
containing mainly nitrogen is taken out of the fluidised bed recycling stream to control the ac-
cumulation of light inert material and catalyst poisons. This purge gas is normally sent to a fla-
re.
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Figure 3.8: Flow diagram of an HDPE STR

3.2.3.1.2 Loop reactor processes

The loop reactor consists of a long pipe equipped with a cooling water jacket and arranged into
a closed loop, in which the slurry is pumped around at a high velocity (6 - 10 m/s) with an in-
line axial pump. The loop reactor was originally developed to avoid deposits which had proven
troublesome in the stirred tank reactor. The reactor has a high surface to volume ratio, which
facilitates heat transfer and permits short residence times. The loop reactor usually consists of
four or six vertical pipes with a height of up to 50 metres. Some producers have chosen to ar-
range the loop pipe in a horizontal position.

Typical reaction conditions are 90 — 110 °C and 3 — 4.5 MPa. The diluent used is normally iso-
butane, which facilitates the separation by vaporisation in a low pressure flash tank and permits
higher operating temperatures than longer chained organic solvents. After treatment in purifica-
tion beds to remove catalyst poisons, the ethylene monomer, comonomer and recycled diluent
are fed to the loop reactor. The catalyst is flushed out of the feed container into the loop reactor
by the diluent. The polymer concentration in the reactor slurry may range from 30 to 50 wt-%.
The slurry from the reactor is passed through a sedimentation zone, where the polymer concen-
tration increases up to 55 — 65 wt-%, and the slurry is then fed to the flash tank, where the hy-
drocarbons evaporate at a low pressure of about 0.15 MPa.

The evaporated gases from the flash tank are filtered, compressed and fed to a distillation col-
umn, where the unreacted ethylene is separated from the diluent and comonomer. Due to the
high conversion of ethylene in the loop reactor (96 — 98 %) the amount of separated ethylene
rich stream is quite small and can be partly recycled back into the loop reactor, but a small
purge stream is needed to control the accumulation of light inert material. The diluent and the
comonomer from the distillation are recycled back into the reactor after having poisons such as
water in an alumina or molecular sieve bed removed.
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The polymer powder from the flash tank bottom falls by gravity into a heated rotary dryer and
then to a purge column to remove a maximum amount of hydrocarbons in the polymer powder.
After that, the powder can be sent either by gravity to a purge bin with nitrogen sweeping or
directly transferred by a conveying system to a fluff silo. This pneumatic conveying system can
be either a positive conveying system with nitrogen or a vacuum conveying system with air. In
the purge column and in the purge bin, residual hydrocarbons are reduced to a very low level by
nitrogen sweeping. The small amounts of hydrocarbons in the nitrogen rich purge gas can be
recovered or the stream is sent to a flare.

From the purge bin, the powder, with a low residual hydrocarbon level, is fed to the extruder
feed bins, from where the powder is fed to the extruder together with necessary stabilisers and
additives. The powder is melted and homogenised and cut to pellets in an underwater pelletiser.
The pelletiser water is recycled and a small side-stream has to be discharged. This waste water
contains small amounts of hydrocarbons due to the direct contact with the pellets.

The wet pellets are then dried in an air dryer and pneumatically conveyed to intermediate stor-
age silos. During the intermediate storage, the product can be further degassed by air to remove
the last residual hydrocarbons. The air from the dryer, the air from the silos and the pneumatic
conveying system are discharged directly to the air. After final degassing, quality control and
blending, the product is pneumatically conveyed into storage silos or directly sent to the packag-
ing or bulk loading areas.

In addition to the general type of slurry loop process described above, slightly different loop
reactor processes also exist. A short summary of two of these processes is shown below.

3.2.3.1.21 Slurry process with horizontal loop reactors

A small number of producers in the world operate a suspension process with a horizontal loop
reactor, instead of a vertical loop reactor, for the production of HDPE. The choice of a horizon-
tal reactor has a historical reason and gives no specific advantages or disadvantages. The diluent
is isobutane and both type 1 as well as type 2 HDPE can be produced. The reactor temperature
is typically 100 °C and the pressure is 4 — 5 MPa. The reactor outlet is flashed removing most of
the diluent. The PE product is transferred from isobutane to a water phase. The PE powder is
recovered from this water phase through centrifuging and drying. The dry powder is fed to an
extruder.

3.23.1.2.2 Slurry process with loop reactors using hexane as the diluent

The diluent used is hexane and the catalyst is of the Ziegler type. The pressure in the reactor is
3 -4 MPa and the temperature is 80 — 90 °C. After leaving the polymerisation reactor, the
polymer slurry is passed to a stripper where steam and hot water are injected for removing the
solvent. The separated solvent still contains catalyst residues and water. The solvent is returned
to a recovery unit where it is purified and dried before being reinjected into the reactor. The wet
polymer is passed to a centrifuge which removes most of the water. In a fluidised bed dryer, the
polymer is dried in a stream of hot air. The polymer is then passed to a rotating valve and sent to
the extruder by pneumatic conveying transport (see Figure 3.9).
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Figure 3.9: Flow diagram of an HDPE loop

3.2.3.2 Gas phase processes

The fluidised bed reactor is a vertical pressure vessel with a total height of up to 40 m. A fluid-
ised bed of polymer particles in gaseous ethylene is maintained by a recycle compressor. The
ethylene recycling gas enters the reactor through a distributor plate at the bottom to achieve an
even gas flow over the entire cross-section and to hold the particles when the gas flow is turned
off. In the characteristically conical upper part of the reactor, the gas velocity decreases with the
increasing diameter of the reactor to keep the particles in the fluidised bed. The gas leaves the
reactor at the top. It is cleaned from entrained particles by a cyclone, the reaction heat is re-
moved by a recycle gas cooler and the gas is then routed back to the bottom reactor inlet.

Feed ethylene is normally delivered to the plant by a pipeline grid or directly from a cracker on
the same site. As the process is highly sensitive to impurities, sulphur compounds, acetylene and
other impurities are removed from the feed ethylene by purification beds. The cleaned feed eth-
ylene is then compressed to the required reaction pressure and enters the reactor loop at the bot-
tom of the reactor. A metal oxide catalyst, aluminium alkyl in hydrocarbon as a cocatalyst,
lower olefins as comonomers and other auxiliary chemicals are fed directly into the reactor
loop. Typically, different product types can be produced by selecting the catalyst system, the
comonomers and the reaction conditions.

The reaction temperature is 80 to 105 °C and the reaction pressure of 0.7 to 2 MPa is controlled
by the ethylene feed compressor. Polymer and gas are extracted from the fluidised bed by valves
at the bottom section of the reactor and expanded to a lower pressure of approx. 0.15 MPa in a
degassing vessel to separate polymer particles from monomers.

The gaseous monomers from the degassing vessel are filtered, cooled and recompressed by the
monomer recovery compressor to the reaction pressure. The recovery gas is cooled by a series
of heat exchangers and finally by a cooling medium from a cold box. Condensing liquid hydro-
carbons are delivered back to the solvent supply system; the remaining gas is recycled to the
reactor loop. A small side gas stream has to be separated from the recycling gas to limit the
build-up of impurities. It mainly contains ethylene and can be used as fuel gas or can be fed
back to a cracker. The technology is in continuous development with a number of processes
cooling the recycling gas stream sufficiently to condense some of the comonomers (known as
super condensing). The comonomer is recycled back into the reactor as combined feed and
coolant. The latest development is the introduction of a solvent in the circulating stream to im-
prove heat transfer through condensation.
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The product granules are pneumatically conveyed to a purge hopper. By purging with a nitrogen
steam mixture, monomers are further removed from the granules. The purge and conveyor gas
streams are recycled. To limit the build-up of impurities, a side-stream is sent to a dedicated
treatment unit to reduce its VOC content before being discharged into the air.

The degassed polymer granules are fed to a melting extruder and pelletised in an underwater
pelletiser. If required, additives can be added to the melted polymer. The pelletiser water is re-
cycled; a small side-stream has to be discharged. The resulting waste water contains a small
amount of hydrocarbons due to the direct contact with the pellets.

The wet pellets are sent to an air dryer and pneumatically conveyed to intermediate storage si-
los. During intermediate storage, the product can be further conditioned by air to remove the last
residual ethylene. The air from the dryer and the air from the silos and the pneumatic conveying
system are discharged directly into the air. After final degassing, quality control and blending,
the product is pneumatically conveyed into storage silos or directly sent to the packaging or
bulk loading areas (see Figure 3.10).
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Figure 3.10: Flow diagram showing the HDPE gas phase process

3.2.3.3 Combined suspension/gas phase process

Borealis has developed a dual reactor polyethylene process (Borstar) consisting of a loop reactor
operating in series with a gas phase reactor which needs a flash separation of the polymer pow-
der between the reactors. The Borstar process is especially suited for bimodal HDPE and
LLDPE but can also produce unimodal polyethylene. Special features of this dual reactor proc-
ess are the use of supercritical propane as the diluent in the loop reactor and an independent
control of the reactor conditions due to the flash step. The solubility of polyethylene in super-
critical propane is lower than in traditional subcritical diluents. When producing bimodal poly-
ethylene, this allows the loop to produce low molecular weight polyethylene with a lower den-
sity than in other slurry processes. In the gas phase reactor, the polymerisation is continued by
producing a high molecular weight copolymer. By adjusting the polymerisation conditions in
both reactors, it is possible to control the molecular weight distribution, comonomer distribution
and density to give the desired properties to the final products.
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The process, set up with a loop reactor part and a gas phase reactor part, is similar to corre-
sponding single reactor processes. The catalyst is mixed with propane diluent and fed into a pre-
polymerisation reactor. Cocatalyst, ethylene, comonomer and hydrogen are also fed into this
reactor. The pre-polymerised slurry, together with the main feeds, is then fed into the slurry
loop reactor, designed for supercritical conditions and typically operated at 85 — 100° C and
5.5 — 6.5 MPa. This reactor produces a low molecular weight, high density product. The reactor
content is sent to a flash tank where diluent and unreacted components are separated from the
polymer produced in the loop reactor. The diluent is condensed and recycled back into the loop
reactor.

The polymer from the flash tank is fed to a fluidised bed reactor for further polymerisation. No
additional new catalyst is needed; the polymer continues to grow on the same catalyst particles,
resulting in a homogeneous polymer structure. The gas phase reactor operates at 75 — 100 °C
and 2 MPa. Fresh ethylene, comonomer and hydrogen are fed into the reactor. In this step, a
high molecular weight copolymer is produced.

Polymer and gas are extracted by a valve at the bottom section of the reactor and expanded at
lower pressure in a degassing vessel to separate polymer particles from monomers. The gaseous
monomers are recompressed by the monomer recovery compressor and routed back to the reac-
tor cycle. The product granules are further degassed with nitrogen sweeping in a purge hopper.
The degassed polymer granules are fed to an extruder. The product pellets are dried and trans-
ferred to blending silos. Finally, the product is conveyed into a storage silo or directly sent to
packaging or bulk loading areas (see Figure 3.11).
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Figure 3.11: Flow diagram showing the HDPE suspension/gas phase process
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3.2.34 Technical parameters
Reactor type Fluidised bed Stirred tank L oop

Reactor volume 200 - 400 m’ 15 - 100 m’ 15— 100 m’

Polymerisation pressu- 0.7 - 2 MPa 0.5-1MPa 3-6.5 MPa

re

Polymerisation tempe- 80 - 105 °C 70 -90 °C 80-110°C

rature

Suspending agent None C5 — C8 hydrocarbons | Isobutane, hexane, propane
Organometallic Organometallic com- | Organometallic compound,

Catalyst/cocatalyst compound, pound, Aluminium Aluminium alkyl

Aluminium alkyl alkyl
Max. plant capacity 450 kt/yr 320 kt/yr 350 kt/yr

Table 3.6: Technical parameters of HDPE

3.24 Linear low density polyethylene
3.24.1 Solution process

In the solution reactor, the polymer is dissolved in a solvent/comonomer system. Typically, the
polymer content in a solution reactor is controlled at between 10 and 30 wt-%. A hydrocarbon
solvent in the range of C6 to C9 is typically used as the diluent in the solution process.

a-olefins in the range from propylene to decene-1 can be used as a comonomer. The solution
process is very suitable for making copolymers based on higher a-olefins such as hexene-1 and
octene-1, as these comonomers are very compatible with the solvent system. Furthermore, the
solution process is the only process suitable to make copolymers with higher a-olefins such as
octene-1. Companies having a technology foothold in the polyethylene solution process include
Dow, DSM (Stamicarbon Compact process), Nova Chemicals (Sclairtech process) and Mitsui.
Both Ziegler-Natta and metallocene coordination catalysts can be applied in the solution proc-
ess.

Due to the fact that polar components will act as catalyst poison, all feed streams to the reactor,
including recycling streams, have to pass purification through beds. After cleaning, all feed
streams are pressurised to reactor pressure. Typically, the solution reactor pressure is controlled
at between 3 and 20 MPa, while the reactor temperature is typically maintained above 100 °C.
However, they can differentiate in respect of single and dual reactor configuration and whether
the reactors are run adiabatically or with external cooling. Single or dual reactor systems are
dictated by product mix requirements. The use of external cooling can increase the polymer
content in the reactor. This is favourable for the consumption of energy as less solvent has to be
evaporated, but will add to the construction cost of the reactor. The reactor effluent is sent to
heaters and solvent evaporators.

The product is processed and granulated by means of an extruder and/or gear pump system.
Additives are typically added by means of a side arm extruder. At this stage, the solution proc-
ess has an energy advantage because it does not require a polymer melt step compared to the gas
phase and slurry processes. The finishing and storage stages are identical to other polyethylene
processes. The solvent evaporator overhead is condensed and sent forward for purification and
mixing with other feed streams.

MP/EIPPCB/POL_BREF FINAL Oktober 2006 50



Chapter 3

In the recycling stage, the following purge flows are taken away from the process:

e small liquid purge stream to remove excess solvent and inert impurities from the process.
Typically, this stream is used as fuel for a steam boiler or sold as naphtha feedstock
e small gaseous purge stream to remove residual volatile inerts from the process. This stream

is typically recycled back into a cracker or used as fuel in a furnace.

Figure 3.12 depicts a general flow diagram for the solution processes applied by the various
producers. Although the process steps shown are generic, the actual design and operation condi-
tions of unit operations in these process steps might differ significantly from producer to pro-

ducer and are considered as proprietary knowledge.
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recycle condenser
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reactor
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solution
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evaporator
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=)

blending storage
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Figure 3.12: Flow diagram showing the LL DPE solution process

3.24.2

Fluidised bed reactor

The fluidised bed reactor used for the production of LLDPE is the same as for the production of
HDPE described above in Section 3.2.3.2 and is not described again. A number of fluidised bed
reactor plants are designed to produce both HDPE and LLDPE according to market require-
ments but, in general, plants tend to operate and produce one type only.

3.24.3

Technical parameters
Process Gas phase Solution
Reactor temperature 80 -105 °C >100 °C
Reactor pressure 0.7 - 2 MPa 2 -20 MPa
Polymer content in reactor Not applicable 10 - 30 wt-%
Residence time in reactor 1 - 3 hours 5 - 30 minutes

Solvent C5 - C7 hydrocarbons C6 - C9 hydrocarbons
Comonomer butene-1, hexene-1 propylene, decene-1
Catalyst Ziegler or metallocene | Ziegler-Natta or metallocene
Max. capacity 450 kt/yr 300 kt/yr
Table 3.7: Technical parametersof LL DPE
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3.25 Polypropylene

Most of the processes applied for the production of polypropylene are very similar to the ones
used to produce high density polyethylene. Nevertheless, this section describes the most impor-
tant and most widely used processes for the production of polypropylene. Generally, two differ-
ent types of processes are applied in the production of polypropylene:

e  gas phase processes
e  suspension processes.

The traditional suspension processes using an organic diluent, are known within the PP nomen-
clature as ‘slurry’ processes. Modern suspension processes use a liquid monomer instead of a
solvent. And they are known in the PP world as ‘bulk’ processes.

3.25.1 Catalysts used for the production of polypropylene

The further development of the catalysts used for polypropylene synthesis had far-reaching con-
sequences for process development. Due to the development of new processes based on the
possibilities offered by the new catalysts and the changing range of properties of polymers, the
development of catalysts for polypropylene synthesis will be briefly described:

3.25.1.1 1°' generation catalysts

These catalysts were first introduced in the 1960s in slurry processes. The active centres of these
catalysts are located at points of missing chlorine atoms in TiCl; crystals. These catalysts have
low yields (1 t/kg catalyst), produce 5 to 10 % atactic polypropylene and require de-ashing and
atactic removal from the final product

3.25.1.2 2" generation catalysts

These have been in use since the 1970s in suspension and gas phase processes, and their yields
are around 10 t/kg catalyst. De-ashing is still required and the content of atactic product
1s3-5%.

Solvay catalysts:

These catalysts were developed from the 1* generation. At low temperatures (below 100 °C) the
active violet y or & form of the brown B-TiCl; is formed. Through the smaller size of the primary
crystallites, the surface area and activity of the catalyst was increased. The 1 and 2™ generation
catalysts (unsupported catalysts) were used in suspension processes with hexane as a solvent, in
mass polymerisation processes (Rexene, Phillips), in the BASF gas phase process (vertical agi-
tation) and in the solution process (Eastman).

First supported catalysts:

TiCl; was still used as active catalyst species. Solvay started using MgO and Mg(OH), as sup-
port (carrier) for the titanium components. Later on milled (activated) MgCl, with a special ran-
dom crystal structure was used. Further improvement was achieved through Lewis bases (elec-
tron donors) by which the isotacticity of the product was increased with no significant reduction
in the activity of the catalyst. All 1* and 2" generation catalysts had to be removed from the
polymer.
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3.25.1.3 3" generation catalysts

These have been in use since the 1980s in both suspension and gas phase technology, and their
yields are 15 - 25 t/kg with a content of atactic product of around 5 %.

These catalysts consist of milled catalytic components on a support material (synthesis proce-
dure: mill MgCl, with internal donor, titanate at a high temperature with TiCl,, wash with boil-
ing heptanes, dry, polymerised with AI(C,Hs)s). A great increase in activity for 3™ generation
catalysts was achieved through separate titanation. No removal of catalyst residues is needed.
Still, the atactic polymer has to be removed. Thus, the production processes with 3™ generation
catalysts do not differ too much from older processes. Only the 'simplified slurry' process of
Montedison and Mitsui made cleaning of the polymer from the catalyst and atactic PP obsolete.

3.25.1.4 4™ generation catalysts

4™ generation catalysts are the current industry standard. Their yield is 30 — 50 t/kg and the con-
tent of atactic product is 2 — 5 %.

4™ generation catalysts consists of phthalate/silicon donors and a spherical support which is
used for a fluid monomer in a homopolymer reactor. This generation of catalysts made a clean-
ing of the polymer form catalyst and atactic shares obsolete. A wealth of processes and process
variants were developed. The processes described in Sections 3.2.5.2 and 3.2.5.3 were intro-
duced in this development phase.

3.25.15 5" generation catalysts

These catalysts extend the performance of 4™ generation PP catalysts. They are based on, e.g.
new diether and succinate donor technology leading to an increased activity and improved
product performance. Higher yields result in lower catalyst residues and lower specific catalyst
consumption per tonne of polymer. Furthermore, these catalysts extend the production capabil-
ity and product range of single reactor plants.

3.25.1.6 Metallocene catalysts

Today, less than 5 % of polypropylene is produced using metallocene catalysts. Metallocene
catalysts are mainly ZrCl, catalysts supported on silica in combination with co-catalysts like
methylaluminoxane (MAOQO). These catalysts show very specific characteristics and may also be
combined with Ziegler-Natta catalysts. These catalysts are mainly used to produce specific
product ranges and they influence plant configurations.

3.2.5.2 Suspension processes

A flow diagram of the traditional polypropylene suspension (‘slurry') process is shown in Figure
3.13. Propylene, diluent (Cs to C,, saturated hydrocarbons), hydrogen, a catalyst and a cocata-
lyst are continuously fed to the polymerisation section, which normally consists of one or more
stirred tank reactors in series. Polymerisation is carried out at 60 — 80 °C and at pressures below
2 MPa. The polymerised polypropylene forms small powder particles suspended in the diluent.
A small amount of atactic polypropylene is formed as a by-product in the polymerisation step
and is partly dissolved in the diluent. The slurry is continuously withdrawn from the last reactor
after which unreacted propylene is removed from the slurry and recycled to the reactor.
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Next the polymer slurry is either treated in an alcohol and water wash system or fed directly to a
slurry concentrating device (centrifuges) from where the wet polymer powder is fed to a dryer.
After the dryer, the polymer powder is transferred to the extruder, where additives are mixed in,
the powder is melted, homogenised and cut into pellets in a similar way as in other polyolefin
processes.

The treatment of the polymer slurry from the reactor depends on the type of catalyst used in the
polymerisation. Originally the slurry PP processes were designed for use of low activity and low
stereospecific catalysts (2" generation). This meant that both catalyst residues and atactic PP
had to be removed to get an acceptable final product. The polymer slurry was put in contact
with alcohol and water in a sequence of washing steps to decompose and extract the catalyst
residues from the polymer. The polymer powder was then removed from the liquid phase by,
e.g. centrifuges, washed and dried. The alcohol/water solution, containing catalyst residues and
the diluent/atactic PP solution, was purified in an extensive distillation unit to recover alcohol
and diluent for re-use in the process. The catalyst residues were discharged from the process
with the waste water stream. The atactic PP was separated and recovered as a by-product from
the recycled diluent. Both the alcohol and diluent recovery systems were energy intensive (typi-
cal steam consumption > 1 t steam/t PP).

Today this traditional slurry PP process, including alcohol/water wash, is used only for produc-
tion of speciality products like capacitor films and medical applications, where it is necessary to
remove all traces of the catalyst from the final product.

Some producers have converted their slurry plants to use high yield catalysts. In these plants the
alcohol/water wash is by-passed or removed, which reduces the energy consumption and waste
streams.

Some PP plants originally designed to use low activity/low stereospecific catalysts in bulk reac-
tors (loop or CSTR reactors) have been converted to use 4™ generation catalysts. These proc-
esses are similar to the ones described in Sections 3.2.5.2.1 and 3.2.5.2.2.
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Figure 3.13: Generic flow diagram showing the traditional suspension (‘slurry’) process
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The individual suspension PP processes of various manufacturers differ with respect to process
conditions and equipment employed. In modern PP suspension processes the polymerisation of
homopolymers and random copolymers takes place in liquid propylene (bulk polymerisation).
The polymerisation can be continued in one or several gas phase reactors, especially when im-
pact copolymer is produced. Examples of these types of processes are:

e the Spheripol process
e the Hypol process
e the Borstar process

These processes will be described in more detail in the following sections.

3.25.21 Spheripol process

Figure 3.14 shows the process flow diagram for a plant according to the Spheripol process. It
can be used to produce homopolymers and impact resistant copolymers, depending on the cata-
lyst used. The activity of the catalyst systems is high enough so that they do not need to be re-
moved from the product. The concentration of the remaining catalyst is less than 100 g/t includ-
ing all inert supporting material and depends on the process used. The high stereospecificity of
the catalyst prevents the formation of atactic PP and thus, atactic PP does not have to be re-
moved from the polymer.
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Figure 3.14: Flow diagram of the Spheripol polypropylene process
[15, Ullmann, 2001]
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Polymerisation is carried out at temperatures of approximately 70 °C and pressures of around
4 MPa in liquid propylene which circulates in one or more loop reactors. A single axial agitator
in each loop ensures high volume flowrates and thus a good exchange of heat to the water-
cooled reactor walls. This also prevents particles from precipitating out of the suspension. The
typical polypropylene concentration is approximately 40 wt-%. The catalyst, cocatalyst and a
stereoregulator on the basis of a Lewis base are continuously fed into the reactor. The first sec-
onds of polymerisation with the fresh, highly active catalyst are decisive for the course of the
reaction. This is why some plants have a pre-polymerisation stage in which the catalyst compo-
nents react at a lower temperature and monomer concentration. This can take place in a stirred
tank or loop reactor. The pre-polymerised material is then put into the loop reactor as normal.
The mean residence time for a single reactor is one to two hours. Two loop reactors can be op-
erated in series to even out the dwell time, modify the polymer and increase production.

A continuous flow of suspension runs through the heated zone into a cyclone. This cyclone is
directly connected to the cyclone of the deactivation/stripping step during homopolymer pro-
duction; the copolymerisation stage is hereby bypassed. Any propylene which does not react, is
evaporated in the first cyclone, is condensed with cooling water and recycled back into the reac-
tor. A compressor is required for the second cyclone. The polymer is then conveyed into tanks
and the catalyst deactivated with steam. Residual moisture and volatile substances are removed
with a flow of hot nitrogen before the polymer is conveyed to the storage tank and stabilised or
extruded into granulate.

3.25.2.2 Hypol process

Mitsui developed an analogue suspension process using their own catalyst system. The process
differs from the Spheripol process in a way that a pre-polymerisation takes place in a CSTR in
connection with a washing step. Two autoclave reactors are used in series; the heat is dissipated
to the reactors by evaporating liquid propylene. The suspension is then forwarded to a heated
and agitated evaporation reactor in which polypropylene is removed from the polymer and re-
turned to the production process, similar to the Spheripol process. The two processes thus only
differ with respect to the reactors and catalysts used, allowing a common consideration of the
data for emission and consumption values.

3.25.2.3 Borstar process

The Borstar PP process is based on the Borstar PE process described in Section 3.2.3.3. When
homopolymers and random copolymers are produced, the reactor configuration consists of a
propylene bulk loop reactor and a fluidised bed gas phase reactor operated in series. During
heterophasic copolymer production, the polymer from the first gas phase reactor is transferred
into a second smaller gas phase reactor where the rubbery copolymer is made.

The catalyst is continuously pre-polymerised before entering the main loop reactor, which is
designed for supercritical conditions and typically operated in the temperature range of 80 to
100 °C and 5 to 6 MPa pressure with propylene as the diluent (bulk polymerisation). The slurry
from the loop reactor is fed directly into the gas phase reactor without any flash separation step.
The gas phase reactor is typically operated at 80 to 100 °C and 2.2 to 3 MPa.

The powder withdrawn from the gas phase reactor is separated from the associated gas and
purged with nitrogen to remove residual hydrocarbon before it is transferred to extrusion. The
recovered gas is compressed and returned to the gas phase reactor. Because most of the propyl-
ene from the loop reactor is consumed in the gas phase reactor, the recycle stream to the loop
reactor is very small.
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A second gas phase reactor is used to produce the rubber phase of a heterophasic copolymer.
The powder is withdrawn, purged with nitrogen and sent to extrusion like in the homopolymer
case. The gas associated with the powder is recovered and recycled back to the gas phase reac-
tor.

The Borstar PP process concept combined with a special nucleation technology broadens the
product flexibility in terms of MFI, molecular weight distribution, comonomer distribution,
softness and rigidity. Due to the high operating temperature, the catalyst activity is typically
60 - 80 kg PP/g catalyst.

3.2.5.3 Gas phase processes

In gas phase processes, gaseous propylene comes into contact with the solid catalyst which is
intimately dispersed in dry polymer powder. Industry uses two different methods of carrying out
this reaction depending on the chosen method of heat removal. The Unipol PP process uses a
modification of the Unipol polyethylene fluidised bed system. The Novolen PP process and
Innovene PP process use mechanically agitated dry powder beds with evaporative cooling in
vertical and horizontal reactors, respectively. Unipol PP was originally developed by Union
Carbide and Shell, the Novolen PP process by BASF and the Innovene PP process by Amoco.

3.25.3.1 Gas phase process in a fluidised bed reactor

The typical feature of this process is the fluidised bed reactor which widens at its top to reduce
the gas velocity and entrainment of particles. Continuously fed flows of catalyst, monomer and
hydrogen are mixed thoroughly in the fluidised bed. A large cooler in the loop for gas recircula-
tion draws off the reaction heat from the considerable gas volume flows. In this system, the
fluidised bed reactor acts like a back-mixing autoclave reactor; there is no excessive separation
of coarse particles. For copolymerisation, a second fluidised bed reactor is added (as shown in
Figure 3.15). The reaction conditions are below 88 °C and 4 MPa.

The polymer and associated gases are discharged from the reactor directly above the distributor
plate with time-controlled valves passing through a cyclone into a tank filled with nitrogen to
remove residual monomers from the polymer. With modern catalysts, neither the catalysts nor
the atactic polymers have to be extracted.
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3.25.3.2 Gas phase process in a vertical reactor

Figure 3.16 shows the continuous process for making homopolymers, impact copolymers, and
random ethylene-propylene copolymers using high activity, highly stereospecific catalysts. The
reactor vessels with capacities of 25, 50, or 75 m’, are equipped with proprietary helical agita-
tors, which give excellent agitation. Homopolymerisation only needs the primary reactor, into
which the catalyst components are fed. These must be very well dispersed in the powder bed to
avoid build-up. The reaction conditions of 70 — 80 °C and 3 —4 MPa ensure that the monomer
phase is gaseous in the reactor. Low concentrations of hydrogen are used to control the molecu-
lar mass over wide ranges. The temperature is controlled by removing gaseous propylene from
the reactor head space, condensing it with cooling water, and then recycling it back into the
reactor, where its evaporation provides the required cooling, as well as further aeration of the
stirred powder bed. Each tonne of polymer made requires approximately six tonnes of liquid
propylene to be evaporated as coolant.

Powder and associated gas discharge continuously from the primary reactor dip tube directly
into a low pressure cyclone. Propylene carrier gas from this cyclone is recycled to the reactor
after compression, liquefaction, and sometimes, distillation. The powder then passes to a purge
vessel where a deactivator quenches all residual catalyst activity, and nitrogen strips out traces
of propylene from the hot powder. From here, powder is conveyed into silos for stabilisation
and extrusion into granules. This process also offers a post-granulation steam-stripping package
to remove any oligomers and oxidised residues from the granules for demanding applications.

BASF pioneered their gas phase process with commercial production in 1969. The products
made were based on high molecular mass polymers (i.e. containing atactic PP and catalyst resi-
dues) having reduced stereoregularity. At the beginning of the 21 century, such grades still find
niche markets, although they are vulnerable to competition from random copolymers. Produc-
tion is to be phased out shortly. This process is also carried out with cheaper 2™ generation cata-
lysts like TiCl3/Al(C,Hs),Cl, which then requires an additional dry powder dechlorination stage.
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Figure 3.16: Flow diagram of the polypropylene vertical reactor gas phase process
[15, Ullmann, 2001]
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3.2.5.3.3 Gas phase process in a horizontal reactor

This process uses a horizontally stirred reactor instead of the vertical helical agitator of the
process described in Section 3.2.5.3.2. The condensed recycled monomers are sprayed into the
top of the reactor provide cooling, while uncondensed monomers and hydrogen injected into the
base maintain the gas composition. Figure 3.17 also includes a deactivation and purge step (b)
similar to the previously described processes (Spheripol, Hypol, vertical reactor gas phase). All
these processes, including the horizontal reactor gas phase, use 4™ generation catalysts.

The inventors claim that their reactor achieves some degree of plug flow, roughly equivalent to
that of two to three stirred tank reactors in series.

As with the vertical gas phase process, this process was also developed with a second reactor in
series for impact copolymer production. In this case, ethylene is added to the second reactor.
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Figure 3.17: Flow diagram of the polypropylene horizontal reactor gas phase process
[15, Ullmann, 2001]

A) horizontal reactor
B) fluidised bed deactivation
O] compressor
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E) hold/separator tank
3.25.34 Technical parameters
Process Suspension Gas phase
Reactor temperature 60 - 80 °C 70 -90 °C
Reactor pressure 2 -5 MPa 2 -4 MPa
Residence time in reactor | 2 h (Spheripol) -
Diluent Liquid monomer -
Max. capacity 300 kt/yr 300 kt/yr
Table 3.8: Technical parameters of PP
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3.3 Aktuelle Emissions- und Verbrauchswerte
[2, APME, 2002]

In diesem Abschnitt zeigen die Emissions- und Verbrauchswerte fiir Polyolefinanlagen den
Gesamtdurchschnitt, den Durchschnitt der besten Anlagen (Top 50%) sowie das dritte und vier-
te Quartil fiir die Anlagen, fiir die Angaben geliefert wurden, und folgen dem in Figure 3.18
dargestellten Schema.

Emissionen

o 4. Quartil

* +
¢ e 3. Quartil
Top 50%

..
PSP A

Anlagen

Figure 3.18: Interpretationsschema fir die Emissions- und Verbrauchsangaben in diesem Ab-
schnitt

3.3.1 Polyethylen geringer Dichte (LDPE)

Die in Table 3.9 wiedergegebenen Emissions- und Verbrauchswerte beziehen sich auf 27 Anla-
gen, fir die Daten angegeben wurden. Das Durchschnittsalter dieser Anlagen betrdgt 25 Jahre
und die durchschnittliche Kapazitét betrug 1999 166 kt pro Jahr.

Die Angaben zu VOC-Emissionen umfassen sowohl Punktquellen wie diffuse Emissionen, wel-
che nach der US EPA-21-Methode berechnet wurden [48, EPA, 1989]. Andere standardisierte
Berechnungsansitze wie die des VDI fiithren zu abweichenden Ergebnissen und sind somit nicht
vergleichbar.
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LDPE Européischer | Mittelwert Mittelwert Mittelwert
Leistungsvergleich 1999 | Durchschnitt | Top 50% | Drittes Quartil Viertes Quartil
Monomerverbrauch ' 1018 1005 1018 1044
Direkter Energiebedarf 2 1075 720 1225 1650
Primirenergiebedarf ® 2600 2070 2750 3500
Wasserbedarf * 2.9 1.7 2.8 5.2
Staubemission 31 17 29 61
VOC-Emission ° 2400 1270 2570 4530
CSB-Emission ’ 62 19 60 150
Inerte Abfille ® 1.1 0.5 1 22
Gefihrliche Abfille ° 4.6 1.8 5 9.8

Monomerverbrauch in Kilogramm pro Tonne Produkt (kg/t).

Direkte Energie in kWh pro Tonne Produkt (kWh/t). Die direkte Energie bezeichnet die bezogene,

gespeiste Energie.

3. Primédrenergieverbrauch in kWh pro Tonne Produkt (kWh/t). Der Priméirnergieverbrauch bezeichnet den
auf fossilen Brennstoff zuriickgerechneten Verbrauch. Fiir die Berechnung des Primérenergieverbrauchs
wurden folgende Wirkungsgrade angesetzt: 40 %, fiir elektrischen Strom und 90 %. fiir Dampf. Die
grof3e Differenz zwischen dem direkten Energieverbrauch und dem Primérenergieverbrauch ist auf den
groflen Anteil elektrischer Energie bei LDPE-Prozessen zuriickzufiihren.

4. Wasserverbrauch in m’ pro Tonne Produkt (m/t)

5. Staubemissionen in Gramm pro Tonne Produkt (g/t). Beriicksichtigt sédmtliche Staubwerte wie von den
Betreibern angegeben.

6. VOC-Emissionen in Gramm pro Tonne Produkt (g/t). VOC umfasst alle Kohlenwasserstoffe und andere
organische Verbndungen einschlieBlich diffuser Emissionen.

7. CSB-Emissionen ins Gewésser in Gramm pro Tonne Produkt (g/t)

8. Inerte Abfille (zur Deponierung) in Kilogramm pro Tonne Produkt (kg/t)

9

1

o =

ein-

. Gefiahrliche Abfille (zur Behandlung oder Verbrennung) ) in Kilogramm pro Tonne Produkt (kg/t)
0.

Table 3.9: Emissions- und Verbrauchswerte von LDPE-Anlagen

3.3.2 LDPE-Copolymere (Ethylen-Vinylacetat-Copolymer (EVA))

Die EVA-Copolymere sind wegen der hohen Konzentration an Vinylacetat (VA), die im Pro-
zessgas fiir die Herstellung der Zielprodukte bendtigt wird, abluftseitig von besonderer Bedeu-
tung.

Die EVA-Copolymere werden im allgemeinen in Hochdruckprozesslinien niedriger Kapazitit,
gewohnlich circa 20 — 100 kt pro Jahr, produziert, um die im Vergleich zu den LDPE-
Homopolymeren kleineren und stiarker unterteilten Absatzrmérkte zu bedienen.

Die VOC-Emissionen von EVA-Copolymer-Produktionslinien sind gewohnlich héher als von
Reaktorlinien fiir Homopolymere, da das VA-Monomer eine héhere Loslichkeit im Polymer
aufweist. Die Entfernung des VA-Monomer aus dem Polymer wird durch die langsamere Diffu-
sion im Copolymer behindert. Bei Ethylen-Homopolymeren wird wéhrend der gewohnlichen
Entgasungsdauer (8 - 10 Stunden) mehr als 90 % des Ethylens aus dem Polymer entfernt. Bei
dhnlichen Entgasungszeiten werden nur 60 % des restlichen VA entfernt, womit ein betréchtli-
cher Anteil des VA im Polymer verbleibt, der vergleichbar ist mit der Anfangskonzentration des
Ethylens im Produkt unmittelbar nach Pelletierung Die groflere Anfangskonzentration von VA
im Polymer und die wesentlich langsamere Diffusion aus dem Polymer erfordern betrichtlich
(drei- bis vierfach) ldngere Entgasungszeiten. Dies bewirkt letztendlich eine niedrige VA-
Konzentration im Abgas des Entgasungstanks, womit die Behandlung durch thermische Nach-
verbrennung wegen des niedrigen Brennwertes und der damit notwendigen Zugabe von Brenn-
stoff in die Verbrennung unattraktiv wird. Copolymere, die auf hoch reaktiven Comonomeren
(z.B Acrylsdure, Acrylate) aufbauen, weisen im Allgemeinen keine hohen Comonomer-
Restkonzentrationen im Produkt auf.
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Der Strom- und Monomerverbrauch fallt wegen der begrenzten maximalen Umsetzung zum
Polymer und dem beschrinktem Temperaturbereich im Copolymerisationsverfahren im
Vergleich zu den Werten bei LDPE-Homopolymeren hdher aus. Die sonstigen Leistungsdaten
fiir die EVA-Coplymerproduktion sowie Wasser, Abwasser und feste Abfille sind vergleichbar
mit denen des Homopolymer-Prozesses. Table 3.10 zeigt Emissions- und Verbrauchswerte pro
Tonne EVA-Copolymer.

Einheit Emission/Verbrauch
Monomerverbrauch kg 1020
Direkter Stromverbrauch kWh 1250
Wasserbedarf m’ 2,8
Staubemission g 29
VOC-Emission g 4470
CSB-Emission g 70
Inerte Abfille kg 1,3
Gefidhrliche Abfille kg 5
(*) abhingig von der VA-Konzentration. Der angegebene Wert bezieht sich auf
ein Copolymer, das 18 Gew.-% VA enthilt.

Table 3.10: Emissions- und Verbrauchswerte pro Tonne EVA-Copolymer

3.3.3 Polyethylen hoher Dichte (HDPE)

Die in 3.11 angegebenen Werte beriicksichtigen nicht abweichende Produkteigenschaften wie
z.B. beim bimodalen Polyethylen oder bei extrem hochmolekularen Polymeren, die zu starken
Abweichungen beim Energie- und Wasserbedarf fiihren kdnnen.
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Ldstulr;lgl]j;eErgleich Européjschgr Durchschnitt D_urchschnitt_ Viert%.Quar—
1999 Dur schschnitt Top 50 % Drittes Quartil til
Monomerverbrauch' 1027 1008 1024 1066
Direler Bnergie- 700 570 720 940
Primirenergiebedarf * 1420 1180 1490 1840
Wasserbedarf * 2.3 1,9 2.3 3,1
Staubemission 97 56 101 175
VOC-Emission ° 2300 650 2160 5750
CSB-Emission ’ 67 17 66 168
Inerte Abflle ® 2,8 0,5 2,3 8,1
Gefihrliche Abfille ° 3.9 3,1 3,9 5,6

1. Monomerverbrauch in Kilogramm pro Tonne Produkt (kg/t). Der hohe Durchschenittswert wird
durch wenige Anlagen im 4™ Quartil verursacht.

2. Direkte Energie in kWh pro Tonnne Produkt (kWh/t). Die direkte Energie bezeichnet die bezogene,
eingespeiste Energie.

3. Primédrenergie in kWh pro Tonne Produkt (kWh/t). Die Primérenergie ist der auf den Einsatz fossi-
ler Brennstoffe riickbezogene Energiebedarf. Fiir die Berechnung der Primérenergie wurden fol-
gende Wirkungsgrade zu Grunde gelegt: Elektrischer Strom: 40 % und Dampf: 90 %

4. Wasserverbrauch in m’ pro Tonne Produkt (m/t)

5. Staubemission in Gramm pro Tonne Produkt (g/t). Beriicksichtigt sdmtliche Staubwerte wie von
den Betreibern angegeben. Die Staubemissionen stammen hauptséchlich aus der Pulvertrocknung
vor Extrusion.

6.  VOC-Emission in Gramm pro Tonne Produkt (g/t). VOC umfasst alle Kohlenwasserstoffe und
andere organische Verbindungen einschlieBlich diffuser Emissionen.

7. CSB-Emissionen ins Gewésser in Gramm pro Tonne Produkt (g/t)

Inerte Abfille (zur Deponierung) in Kilogramm pro Tonne Produkt (kg/t)

9.  Gefahrliche Abfille (zur Behandlung oder Verbrennung) ) in Kilogramm pro Tonne Produkt (kg/t)

*®

3.11: Emissions- und Verbrauchswerte von HDPE-Anlagen

Zusitzlich wurden von einem Mitgliedstaat folgende Werte berichtet (3.12):

Einheit Emission
VOC g/t 640 - 670
Staub g/t | 16-30
Abfille kg/t 5

Table 3.12. Emissionswerte von HDPE-Anlagen in Deutschland
[27, TWGComments, 2004]
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3.34 Lineares Polyethylen niedriger Dichte (LLDPE)

Die in Table 3.13 wiedergegebenen Emissions- und Verbrauchswerte beziehen sich auf 8 Anla-
gen, fiir die Daten angegeben wurden. Das Durchschnittsalter dieser Anlagen betriagt 10 Jahre
und die durchschnittliche Kapazitét betrug 1999 200 kt pro Jahr.

LLDPE Europaischer | Durchschnitt | Durchschnitt Dur chschnitt
Leistungsvergleich 1999 | Durchschnitt Top 50 % DrittesQuartil | ViertesQuartil
Monomerverbrauch ' 1026 1015 1031 1043
Direkter Energiebedarf > 680 580 655 890
Primirenergiebedarf 1150 810 1250 1720
Wasserbedarf * 1,8 1,1 1,9 33
Staubemission ° 27 11 28 58
VOC-Emission ° 730 180 - 500 970 1580
CSB-Emission ’ 68 39 69 125
Inerte Abfille ® 1,3 1,1 1,3 1,7
Gefihrliche Abfille ° 2,7 0,8 2,2 6,9

Monomerverbrauch in Kilogramm pro Tonne Produkt (kg/t).

Direkte Energie in kWh pro Tonnne Produkt (kWh/t). Die direkte Energie bezeichnet die bezogene,

eingespeiste Energie.

3. Primérenergie in kWh pro Tonne Produkt (kWh/t). Die Primérenergie ist der auf den Einsatz fossiler
Brennstoffe riickberechnete Energieverbrauch. Fiir die Berechnung der Primérenergie wurden folgende
Wirkungsgrade zu Grunde gelegt: Elektrischer Strom: 40 % und Dampf: 90 %

4. Wasserverbrauch in m’ pro Tonne Produkt (m*/)

5. Staubemissionen in Gramm pro Tonne Produkt (g/t). Beriicksichtigt sdmtliche Staubwerte wie von den
Betreibern angegeben.

6.  VOC-Emission in Gramm pro Tonne Produkt (g/t). VOC umfasst alle Kohlenwasserstoffe und andere
organische Verbndungen einschlieBlich diffuser Emissionen. Die VOC-Emission ist abhéngig von der
Art des Comonomers (180 ppm bei C4 und 500 ppm bei C8).

7. CSB-Emissionen ins Gewésser in Gramm pro Tonne Produkt (g/t)

Inerte Abfille (zur Deponierung) in Kilogramm pro Tonne Produkt (kg/t)

9. Gefihrliche Abfille (zur Behandlung oder Verbrennung) in Kilogramm pro Tonne Produkt (kg/t)

N —

*

Table 3.13: Emissions- und Verbrauchswerte von LL DPE-Anlagen
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3.35 Polypropylen (PP)

Fiir die Herstellung von PP wurden keine Emissions- und Verbrauchswerte berichtet. Grund-
satzlich kann davon ausgegangen werden, dass sie denen vergleichbarer PE-Prozesse entspre-
chen.

Vergleichbare PP-Verfahren sind:

e  Der herkémmliche PP-Suspensions(Slurry)-Prozess mit dem HDPE-Slurry-Prozess
e  Der PP-Gasphasenprozess mit der Herstellung von LLDPE
e  Der PP-Suspensions-(in Masse)- Prozess mit einem modernen PE-Gasphasenprozess.

In Bezug auf die Energieeffizienz der PP- und PE-Prozesse ist zu beachten, dass der Energie-
verbrauch in starkem Mafle mit der Art der hergestellten Polymere verbunden ist. Beispielswei-
se braucht man fiir schlagzihe PP-Copolymere genauso wie filir bimodales PE zwei oder mehr
Reaktoren, die zu einem hoheren Verbrauch in Bezug auf die gesamte Reaktoreinheit fiihren.
Ebenso braucht man bei extrem hochmolekularen Polymeren wesentlich mehr Energie in der
Extrusionseinheit. Fiir einen vorgegebenen Prozess konnen typbedingte Unterschiede der Poly-
mereigenschaften zu einer Differenz von bis zu 20 % bei dem Energieverbrauch der einzelnen
Anlagen fiihren. Der Energiebedarf von Suspensions-PP-Prozessen (Slurry (Losemittel) oder
Masse (verfliissigtes Monomer)) ist vergleichbar mit dem HDPE-Slurry-Prozess.

In Abhéngigkeit von der jeweiligen Art des Prozesses und der Produktanforderungen fallen die
Energie- und VOC-Werte bei der Filmkondensatorherstellung héher aus.

Die Angaben zum Monomerverbrauch beim HDPE-Prozess und beim Polypropylenprozess
unterscheiden sich geringfiigig wegen der wechselnden Reinheit des in den Polypropylenanla-
gen eingesetzten Monomermaterials.

Zusitzlich werden die Emissions- und Verbrauchswerte eines vorgegebenen Prozesses durch
die Herstellung von Spezialprodukten beeinflusst.
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3.3.6

Okonomische Parameter bei der Polyethylenherstellung

Table 3.14 vermittelt einen Uberblick iiber die Produktionskosten fiir Polyethylen bei den be-
schriebenen Produktionsprozessen. Alle Angaben wurden fiir die unterschiedlichen Prozesse
standardisiert, indem fiir das Ausgangsmatrial gleichermal3en sowohl bei Ethylen als auch bei
Buten-1 600 US-$/t angesetzt wurden. Wie zu sehen, betrdgt der Anteil des Ausgangsmaterials
an den Kosten bei allen Verfahren ungefihr 80 %. Alle verwendeten Angaben basieren auf
ChemSystem-Werten (1996/97 bei LDPE und LLDPE, 1999/2000 bei HDPE) fiir neue GroBan-

lagen.
Produkt LDPE LLDPE | LLDPE HDPE HDPE HDPE
Slurry Slurr
Technologie Rohrenreaktor | Gasphase | Losung | Gasphase | Schleifen- M
Kessel
reaktor
Buten-1 Buten-1 Buten-1 Buten-1 Buten-1
Comonomer Ohne
o . Ziegler - | Ziegler- | Ziegler- Ziegler- Ziegler-
Katalysator/Initiator Peroxid Natta Natta Natta Natta Natta
Kapazitit (kt/a) 300 250 250 200 200 200
Gesamtinvestition
(Mio US-$) 141 105-114 154 90 - 97 108 121-138
Produktionskosten (US-$/t)
Monomer + Como- 597 603 600 603 600 600
nomer
Andere Einsatzstoffe 18 36 36 30 30 30
Betriebsmittel 25 20 28 22 30 28
Variable Kosten | 640 659 664 655 660 658
Direkte Kosten 17 17 21 20 21 23
Gemeinkosten 17 17 22 19 21 24
Gesamtkosten | 674 693 707 694 702 705
Abschreibung | 59 55 77 59 68 81
Gesamte Produkti- 733 748 784 753 770 786
onskosten

Table 3.14: Wirtschaftliche Parameter bei der Polyethylenproduktion
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4 POLYSTYRENE

[3, APME, 2002, 15, Ullmann, 2001]

4.1 General information

Polystyrene belongs to the group of standard thermoplastics that also includes polyethylene,
polypropylene, and polyvinyl chloride. Because of its special properties, polystyrene can be
used in an extremely wide range of applications.

Styrene was first isolated in 1831 by Bonastre from the resin of the amber tree. In 1839, E.
Simon, who also first described the polymer, gave the monomer its name. Around 1925, the
development of an industrial production process for polystyrene (the molecular structure shown
in Figure 4.1) began; this work achieved success in Germany in 1930. In the United States,
polystyrene was first produced on a commercial scale in 1938.

sjejejsle[eele]e]e

Figure4.1: Molecular structure of polystyrene

Polystyrene is consumed at a rate of 16.7 Mt/yr worldwide, out of which 4.2 Mt/yr is used in
Europe. The average growth rate of polystyrene consumption is 4 % worldwide and only 2.4 %
in Europe. The annual polystyrene usage including the export demand of world regions in 2000
is listed in Table 4.1.

Region/year 1980 | 1990 | 2000
Western Europe 1.6 2.5 3.7
Eastern Europe 0.1 0.2 0.5

NAFTA 1.3 2.3 4.1
Asia Pacific 1.7 3.5 6.8
South America 0.5 0.5 0.6
Africa and Western and
Middle Asia 0.1 0.3 !
World 53 9.3 16.7

Table 4.1: Development of worldwide polystyrene usagein Mt/yr

In practice, three different types of polystyrene are distinguished. The transparent and brittle
polymer is called general purpose polystyrene (GPPS), the white, non-shiny but relatively flexi-
ble, rubber modified polystyrene is called (high) impact polystyrene (IPS or HIPS). Expandable
or foam polystyrene (EPS) is the third group to distinguish here due to its different production
techniques.
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411 General purpose polystyrene (GPPS)

GPPS is a hard, transparent material with a high gloss. It is most commonly described as gen-
eral purpose (GP) polystyrene but terms such as standard polystyrene, normal polystyrene, clear
polystyrene, or styrene homopolymer are also in use. In this section, the definition polystyrene
(PS) moulding material is used according to ISO 1622-2. Below 100 °C PS moulding materials
solidify to give a glasslike material with adequate mechanical strength, good dielectric proper-
ties, and resistance towards a large number of chemicals for many areas of application. Above
its softening point, clear polystyrene softens and allows the resin to be readily processed by
common industrial techniques such as injection moulding or extrusion.

PS moulding material may contain small quantities of lubricants (internally or externally) to
help process the resin for end usage. The addition of antistatic agents, UV stabilisers, glass fi-
bres, or colourants via compounding is also common.

GPPS offers excellent transparency, mouldability and heat stability with low specific gravity —
which allows the injection moulding or extruding of very economic specimens. There are varie-
ties of grades available with a wide range of choices to match the needs of the consumers. The
main application areas are disposable cups, small containers, disposable kitchen utensils, cos-
metic cases, dust covers for electronic equipment, coatings for gloss papers, refrigeration trays,
CD and jewel boxes, medical pipettes, petri dishes and meat trays.

4.1.2 High impact polystyrene (HIPS)

The mechanical properties of the relatively brittle PS moulding materials can be considerably
improved by adding rubbers, i.e. polybutadiene. High impact polystyrene is also known as
toughened PS or rubber-modified PS; ISO 2897-2 defines it as impact resistant polystyrene
(IPS). Early production processes for HIPS were based on mixing PS moulding materials with a
rubber component. Polymerisation of styrene in the presence of polybutadiene is, however,
much more effective. A two-phase system is formed due to the immiscibility of polystyrene and
polybutadiene. Polystyrene forms the continuous phase (matrix) and polybutadiene does the
disperse phase (rubber particle). The rubber particles contain small inclusions of polystyrene.
The rubber particles in HIPS generally have a diameter of 0.5 — 10 um. They, therefore, scatter
visible light and the transparency of the PS moulding materials is lost. Figure 4.2 shows the
structure of HIPS containing the polystyrene and polybutadiene chains. The additives com-
monly used with moulding PS grades can also be compounded into HIPS. In addition, antioxi-
dants are used for rubber stabilisation and flame-retardants are added for special PS applica-
tions.

Figure4.2: Molecular structure of high impact polystyrene
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High impact polystyrene (HIPS) has many uses and applications because of its ease of process-
ing, low cost and high performance. It is converted to products by injection moulding, extrusion
and thermoforming. Major end uses include packaging, disposable containers and cups, con-
sumer electronics, razors, audio and video cassettes, TV cabinets, refrigeration liners, computer
housings, and toys. HIPS is also used to make engineering resin blends with polyphenylene
oxide for the automotive industry.

Table 4.2 shows the main polystyrene production (GPPS and HIPS) in the EU-15 in 2000.

/yr tions
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Table4.2: PS (GPPS + HIPS) producersin EU-15 in 2000

4.1.3 Expandable polystyrene (EPS)

The techniques used for the production of expandable polystyrene (EPS) beads and their proc-
essing to expanded polystyrene foams were developed at the end of the 1940s by BASF who
marketed the new raw material under the trade name Styropor. Due to licensing and the expiry
of patents, other raw material manufacturers and trade names have appeared. Expandable poly-
styrene is produced by suspension polymerisation of styrene with the addition of blowing
agents; the resulting polymer beads are then sieved into various bead sizes. Depending on the
end use, different coatings may be applied.

In their final form, EPS foams contain about 95 % air by volume. The most important product
properties of EPS foams are their excellent thermal insulation, good strength and shock absorp-
tion even at low densities. The major applications of lightweight rigid EPS foam in Europe are
in the construction industry, as thermal insulation for walls, cavities, roofs, floors, cellars and
foundations. Boards, either cut to shape from blocks or contour-moulded at densities typically
ranging from 10 — 50 kg/m’, are used either as such or in combinations with other building ma-
terials, to manufacture laminated elements, sandwich panels, etc. The success of EPS foam as a
packaging material is based upon overall properties as well as its cost-effectiveness. Moulded
boxes are equally suitable for packing highly sensitive instruments, fragile glass, ceramic prod-
ucts and heavy machine parts, as well as for perishable food such as fish, fruit and vegetables.
EPS packaging has contributed to outstanding savings by reducing damage, shipping weight and
labour costs.

Table 4.3 shows the main EPS producers in the EU-15 in 2000.
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Table 4.3: EPS producersin the EU-15 in 2000
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4.2 Applied processes and techniques in the production of
polystyrene

42.1 Process overview

The process of producing polystyrene requires one reactor or a series of reactors controlled by a
set of parameters such as temperature, pressure, and conversion rate. The process requires the
addition of several raw materials, i.e. solvent, initiator (optional), and chain transfer agents, into
the reactors under well-defined conditions. The reaction heat is removed by transfer to the new
incoming feed and/or by the evaporation of solvent and/or by heat transfer medium, i.e. circulat-
ing oil.

The crude product coming out of the reactor train has a solid content of between 60 and 90 %.
To remove the unconverted monomer and solvent from the crude product, it is heated to about
220 -260 °C and led through a high vacuum. This is called the devolatilisation step and can
have one or two stages. Finally, the cleaned, high purity polymer is granulated. The monomer
and solvent are stripped in the devolatilisation section and recycled within the process.

4211 Chemistry of polystyrene production

When styrene is polymerised, polystyrene is formed. The polymerisation of styrene is a chain
growth reaction and it is induced by any known initiation techniques such as heat, free radical,
anionic or cationic addition. The product polystyrene is a white polymer with high clarity and
good physical and electrical properties.

During polymerisation, the vinyl bond of the styrene molecule disappears and ~ 710 kJ/kg heat
is released (equivalent to the heat of hydrogenation of the double bond). The density increases
from 0.905 g/cm’ of the pure monomer to 1.045 g/cm® of the pure polymer and is a linear func-
tion to the conversion. The molecular weight increases from 104 g/mole of the monomer to
values between 200000 and 300000 g/mole of the polymer.

Five different chemical reactions are responsible for converting a monomer to a polymer. These
steps are:

initiation to form radicals

initiation of chains

propagation or chain growth

chain transfer

termination of the active chain ends.

4211.1 Initiation

Styrene is able to undergo spontaneous polymerisation by heat. Styrene can generate enough
free radicals when ample heat is applied. These radicals then participate in the propagation steps
with an excess amount of styrene monomers to form high molecular weight polymers at high
conversion rates.

An alternative method of initiating styrene polymerisation depends on the addition of free radi-
cal generators. Various catalysts are used at different temperatures depending on their rates of
decomposition, but only peroxides are used extensively in industrial production processes.
Other classes of initiators are usually either not readily available or not stable enough under the
conditions of styrene polymerisation.
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421.1.2 Propagation

Figure 4.3 shows the mechanism of propagation in a radical polystyrene polymerisation. When
there is an excess of monomer, the addition of styrene to the chain ends is repeated and polymer
chains are formed. The composition of the polymer chain mostly depends on temperature and
time.

* —_ I *

+ G

Figure 4.3: Chain propagation in the polystyrene process

42.1.1.3 Chain transfer

During the chain transfer, active radicals are exchanged between the growing chain and the
chain transfer agent. This results in the deactivation of the growing chain. The radical is then
carried forward by the now decomposed chain transfer agent and will start another polymer
chain. Chain transfer agents are widely used in the production of polystyrene to regulate the
length of the polymer chain and consequently the melt flow of the finished product. The most
commonly used chain transfer agents are various mercaptan derivatives.

421.1.4 Termination

During termination, the active free radicals disappear by reacting with another radical and,
therefore, they form either inactive entities or unsaturated bonds at the end of the chain. The
termination of radicals is an extremely rapid reaction and requires little or no activation energy.

42.1.2 Raw materials
4.21.2.1 Styrene

Pure styrene is clear and any colour formation is normally caused by contamination, such as
metal rust. Styrene has the outstanding capacities in order for it to be polymerised readily
through a variety of methods and to be copolymerised with a large variety of other monomers
(acrylates, methacrylates, acrylonitrile, butadiene and maleic anhydride). Therefore, the greatest
concern during storage of styrene is the prevention of self-polymerisation which is a runaway
reaction. The most important factors in maintaining a long shelf life for styrene are: low tem-
peratures, adequate inhibitor levels, correct construction materials for storage and handling
equipment, and good basic housekeeping.

To inhibit polymer formation and oxidative degradation during shipment and subsequent stor-
age, an inhibitor TBC (4-tert-butylcatechol), is added. TBC prevents polymerisation by reacting
with oxidation products (peroxides forming free radicals) in the presence of a small amount of
oxygen. The inhibitor level must be maintained above a minimum concentration at all times
which is 4 to 5 ppm. The standard level of TBC is 10 to 15 ppm.

4.2.1.2.2 Free radical initiators
Free radical initiators are used to either improve line productivity, by creation of radicals at a

lower temperature than thermal initiation and/or to improve the quality of HIPS. During styrene
polymerisation, organic peroxides are usually used at less than 1000 ppm of concentration.
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42.1.2.3 Chain transfer agents

The chain transfer process is defined as one in which ‘the active centre is transferred from one
polymer molecule to another molecule, leaving the former inactive and endowing the latter with
the ability to add monomers successively’. The molecule to which the activity is transferred is
the chain transfer agent. The function of the chain transfer is to reduce (‘regulate’) the molecular
weight of the polymer. The most common chain transfer agents are TDM (t-dodecyl mercaptan)
or NDM (n-dodecyl mercaptan).

421.2.4 Stabilisers

Antioxidants are generally used to protect polymers against degradation (chain breakage)
caused by a reaction with atmospheric oxygen. At continuous bulk polymerisation conditions,
when rubber is not present, the use of stabilisers in GPPS synthesis is not necessary. When
HIPS is produced, the lifetime of the incorporated rubber particles is extended by adding anti-
oxidants.

4.2.1.2.5 Internal lubricants and mould release agents

Due to the high molecular weight of the polystyrene matrix, the flowability and processability
of PS require the addition of either external or internal lubricants. The most commonly used
internal lubricants, mineral oils, are added either during polymerisation or at the later phase of
the finishing section of the production lines. The concentration of mineral oils is between
0—-8% in PS.

Mould release agents, up to 0.2 %, can also be added into the polymerisation process. Zinc
stearate is the most widely used mould release agent. External lubricants can be added during or
after the finishing process during PS production. The most common external lubricants are N-N'
ethylene bis stearamide and polyethylene glycol 400.

4.2.1.2.6 Dyes

A few ppm of blue dye are added to GPPS to control the colour of the polymer. Dyes are gener-
ally dissolved in styrene during the feeding preparation and fed to the polymerisation train.

4.2.1.2.7 Rubber

The main difference between the GPPS and HIPS process is the addition of rubber to the feed
system. Rubbers are solid like materials with colourless or with white/transparent colour. Most
commonly, two different grades of polybutadiene-based rubbers are applied: low/medium and
high cis rubbers. The dissolved rubber is added at the beginning of the polymerisation process.
The final concentration of the rubber in finished HIPS is up to 15 %.
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422 General purpose polystyrene (GPPS) process
4221 Process description

Raw materials like styrene (potentially purified), and processing aid are fed into the reactor(s).
The reactor train usually includes continuous stirred tank reactors (CSTR) and/or plug flow
reactors (PFR).

Styrene itself acts as the solvent of the reaction. Moreover, up to 10 % ethyl benzene may be
added to ensure better reaction control. The reactors’ temperatures are controlled at between
110 and 180 °C. The reaction pressure is up to 1 MPa in the case of a PFR and at atmospheric or
sub-atmospheric pressure in the case of a CSTR.

Additional chemicals are added into the feed stream or into the reactors. At the end of the reac-
tor train, the styrene monomer conversion reaches 60 — 90 % of solid polystyrene product. The
process flow then goes through a devolatilisation section where it faces one or two flashes (one
or two devolatilisation vessels) to separate the polymer from the unreacted species. The devola-
tilisers are operated at high temperatures (220 — 260 °C) and under high vacuums (<40 mbar).

Between the two devolatilisation steps, an injection of water (stripping) can be added to im-
prove monomer removal. After condensation, unreacted styrene and ethyl benzene are recycled
to the feed line, either directly using a recycle loop or through a storage tank. A purge of unde-
sirable components is carried out on this stream.

The melted polymer is then transferred through a dye head to obtain strands that are cut (dry or
underwater) by pelletisers. After drying, the pellets are discharged in a pneumatic conveyor and
then stored in silos for packaging and/or shipping in bulk.

A tabulated summary of the GPPS process is shown in Table 4.5.

A flow diagram of the GPPS process is shown in Figure 4.4.

. Purge to recovery

] Storage silo
Raw materials ¥ Reactors

storage I

Pelletiser GPPS

Figure 4.4: Flow diagram showing the GPPS process
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42272 Technical parameters
Product type General purpose polystyrene
Reactor type Continuous stirred tank reactors and/or plug flow reactors
Reactor dimensions 5-120m’
Polymerisation type Radical polymerisation
Polymerisation pressure Up to 1 MPa
Polymerisation temperature 110 - 180 °C

Diluents Styrene, ethylbenzene
Catalyst None or organic peroxides
Additives White oil, chain-transfer agents, lubrication agents
Conversion 60 - 90 %
Table 4.4: Technical parameters of GPPS
MP/EIPPCB/POL BREF FINAL Oktober 2006 76



Chapter 4

Preparation Step Reaction Step Final step
Storage Purification (optional) Reactors Devolatilisation Pelletiser Storage Packaging
Purpose Raw materials storage | Removal of impurities | Polymerisation of styrene Recovery of unreacted | Formation of po- Storage of bulk PS Packaging of PS
styrene and solvent lystyrene pellets pellets
Inlet Raw material Styrene Process feed solution PS + unreacted species Final PS PS pellets PS pellets

Outlet Raw material Styrene PS + unreacted species SM and diluent + PS PS pellets PS pellets Packed PS pellets
Working - Continuous Continuous Continuous Continuous Batch/continuous | Batch/continuous
Capacity From litres to tonnes 2-5m’ Up to 120 m® NR NR NR NR

Exhausted absorbent CSTR and/or PFR in se- Sgrr)laer?)trl(:ilv(l)l I\IiZZeVlzCl[l}er *pelletisers + dryers
Moredetails NA ries. Possible addition of . ) + classifiers + NA NA
removed or regenerated . reacted species are recyc-
chemicals led conveyors
Temperature and pressure
Key Temperature Colour of styrene Temperature and/or pres- control. Water flow if Pellet size Level control Weight
parameters sure control o
stripping
Abbreviations
GPPS general purpose po- PFR plug flow reactor NR not relevant
lystyrene
CSTR continuous stirred SM styrene monomer NA not applicable
reactor
PS polystyrene
Table 4.5: Summary of the GPPS process
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423 High impact polystyrene (HIPS) process
4231 Process description

Generally, the process is very similar to the GPPS process. The main difference is the addition
of the rubber component. Polybutadiene rubber received in the form of 35 kg bales is ground
into small chips. These rubber chips are added to the dissolving tank by gravity or pneumatic
conveyor. There, with strong agitation, the chips are dissolved in styrene to obtain a rubber so-
lution that can contain up to 15 % of rubber.

The antioxidant is usually also added in the dissolving tank. In addition, other chemicals can be
added there such as white oil, peroxides, recycled styrene, ethylbenzene or chain transfer agents.
The dissolved mixture is then fed continuously to the reactor train where bulk polymerisation
occurs. Chemicals not added in the dissolving tank are added into the feed stream or directly
into the reactors.

The reactor train usually includes continuous stirred tank reactors (CSTR) and/or plug flow
reactors (PFR). The styrene itself acts as the solvent of the reaction. Moreover, up to 10 % of
ethylbenzene is added to ensure a better reaction control. The reactors’ temperatures are be-
tween 110 and 180 °C. The pressure is up to 1 MPa in a PFR, whereas reactions in CSTR are
carried out under atmospheric or sub-atmospheric pressure. At the end of the reactor train, the
styrene monomer conversion reaches 60 - 90 % solid.

The process flow then goes through a devolatilisation section where it faces one or two flashes
(one or two devolatilisation vessels) to separate the polymer from the unreacted monomers. The
devolatilisers are operated at high temperature (220 —260 °C) and under high vacuum
(<40 mbar).

Between the two devolatilisation steps, an injection of water (stripping) can be added to im-
prove monomer removal. After condensation, unreacted styrene and ethylbenzene are recycled
to the feed line, either directly using a recycle loop or through a storage tank. A purge of unde-
sirable components is carried out on this stream.

The melted polymer is then transferred through a dye head to obtain strands that are cut (dry or
underwater) by pelletisers. After drying, the pellets are discharged in a pneumatic conveyor and
afterwards stored in silos for packaging and/or shipping in bulk.

A tabulated summary of the HIPS process is shown in Table 4.7.

A flow diagram of the HIPS process is shown in Figure 4.5.
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Recovered styrene and diluents ﬁ

> Purge

Devolatilizer

Raw materials_
storage 4

PBU —
rubber Dissolving Tanks

h

Pelletiser

Reactors

Storage

HIPS
Figure 4.5: Flow diagram showing the HIPS process
4232 Technical parameters
Product type M edium and high impact polystyrene
Reactor type Continuous stirred tank reactors and/or plug flow reactors
Reactor dimensions 3-50m’
Polymerisation type Radical polymerisation
Polymerisation pressure Up to 1 MPa
Polymerisation temperature 110 - 180 °C
Diluents Styrene, ethylbenzene
Catalyst None or organic peroxides
Additives Polybutadiene, white oil, chain transfer agents, lubrication agents
Conversion 60 - 90 %

Table 4.6: Technical parametersof HIPS
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Preparation Step Reaction Step Final Step
Storage Grinder Dissolving system Reactors Devolatilisation Pelletiser Storage Packaging
PUrDOSE Raw materials storace PBu grinding for| Dissolve PBuin | Polymerisation of |Recovery of unreacted Foorlm :tl(r):nzf Storage of bulk [ Packaging of
P €° | arps production styrene styrene styrene and solvent p p};lz s PS PS pellets
Inlet Raw material Up to 35 kg Raw ma.lt.e rials + | Process feed soluti- PS + unreacted species Final PS PS pellets PS pellets
bales additives on
Outlet Raw material lor2 om s1ze Process feed soluti- |- PS + unr.eacted SM and diluent + PS PS pellets PS pellets Packed PS
chips on species pellets
Working - Bgtch/ Batch/continuous Continuous Continuous Continuous BatCh/ Bgtch/
continuous continuous continuous
3
Capacity From litres to tonnes NR Up to 120 tonnes Up t(r)ez(c) t$ per NR NR NR NR
More details NA grinder + con- | styrene; addition of . o ’ e NA NA
. Possible addition of]sels. Unreacted species| fiers + convey-
veyor some chemicals .
chemicals are recycled. ors
. Temperature and pres-
Key Parame- Temperature Size of chips Temp erature, time, Temperature and/or sure control. Water Pellet size Level control Weight
ters agitation pressure control . ..
flow if stripping
Abbreviations
PBu polybutadiene rubber PFR plug flow reactor NR not relevant
HIPS high 1mpa;:1';polystyre- SM styrene, monomer NA not applicable
continuous stirred
CSTR reactor PS polystyrene
Table4.7: Summary of the HIPS process
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424 Expandable polystyrene (EPS) process
4241 Process description

Suspension polymerisation is still the mostly used process for large volume production of ex-
pandable polystyrene. It is a batch process that allows the conversion of styrene monomer into
expandable polystyrene beads through radically initiated polymerisation. Typically, styrene is
dispersed under agitation in the aqueous phase containing some suspension agents and/or pro-
tective colloids and some secondary ingredients such as electrolytes. Both organic and mineral
suspension agent systems can be used. Organic peroxides are added to styrene prior to its dis-
persion into the water phase.

The polymerisation then follows a schedule that raises the temperature of the reaction mixture
stepwise towards nearly total conversion of the monomer into the polymer. Pentane, a mixture
of normal and isopentane, is added as a blowing agent during the course of the polymerisation.

The type and the quality of the suspension agent system and the reaction temperature profile are
critical to ensure good suspension stability, bead size distribution and a high conversion rate.
These parameters also influence the properties of the final product. An aliphatic brominated
compound is specifically added for the production of flame-retardant grades.

At the end of the polymerisation, the suspension is cooled; the expandable polystyrene beads are
separated by centrifugation, washed and then dried at a relatively low temperature of 35 °C.

Following this, the beads are then screened into several bead size fractions corresponding to the
various commercial needs and applications. They are then coated to improve both processing
characteristics and final performance of the product. Finally, these expandable polystyrene
beads are packaged in containers or silos for shipment.

A tabulated summary of the EPS process is shown in Table 4.9.

A flow diagram of the EPS process is shown in Figure 4.6.

Raw materials
storage

Hold tank Centrifuge

Heactors

EPS

Figure 4.6: Flow diagram showing the EPS process
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4242 Technical parameters

Product type

Expandable polystyrene

Reactor type

Batch reactors

Reactor dimensions

20 - 100 m®

Polymerisation type

Radical polymerisation in aqueous suspension

Polymerisation pressure

1-2MPa

Polymerisation temperature | 65 - 140 °C
Diluents Styrene
Catalyst Organic peroxides
Additives Suspension agents, coating additives, brominated
compounds
Conversion >99 %
Table 4.8: Technical paramtersof EPS
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Reaction Step Final Step
Storage Reactor Centrifuge Drying Sieving Coating Storage Packaging
Raw materials storg Polymerisation o . . Size Separation of EPS |Coating surface d Storage of bul] Packaging o
Purpose g styrene Separation of slurry Drying of beads beads beads EPS EPS beads
Inlet Raw material Process .feed solyf EPS + water T unreacted Moist EPS beads Dry EPS beads Dry and separate EPS beads | EPS beads
tion species EPS beads

Dry, separated d
Outlet Raw material EPS + water | Moist EPS beads + wate| Dry EPS beads Dry and separated EPS and coated EPS| EPS beads Packed EP§

beads beads beads

Working Batch/continuous Batch Continuous Continuous Continuous BE}tCh/ BE}tCh/ Be.ltCh/
continuous continuous | continuous

3
Capacity |From litres to tonne Up tore};)c(ionrl pe] 1 to 30 m*/h NR NR NR NR NR
. .CSTR’ Separates water from | Flash dryer, fluid .
Moredetails NA possible addition ’ Several layers of sieves CSTR NA NA
. slurry dryer
of chemicals
Temperature Temperature, capac Temperature
Key Paramet Temperature p Capacity, speed ity, and residence Mesh size . Smp . | Level control] Weight
e’l and/or pressure time mixing efficienc
Abbreviationg
SM Styrene monomer
EPS Expandable polysty NR not relevant
rene
CSTR Continuous stirred NA not applicable
reactor
Table 4.9: Summary of the EPS process
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4.
[3,

431

3

APME, 2002]

Polystyrol fur allgemeine Zwecke (GPPS)

Aktuelle Emissions- und Verbrauchswerte

Die in Tabelle 4.10 angegebenen Werte beziehen sich nicht auf eine bestimmte Technologie. Sie
stehen fiir die unterschiedlichen Technologien, die in Europa zur Herstellung von GPPS einge-
setzt werden. Die Differenzen zwischen den einzelnen Anlagen sind auf Unterschiede bei der
eingesetzten Technologie, der technischen Ausstattung und der Betriebsweise zuriickzufiihren.
Die angegebenen Werte beziehen sich auf die Emissions- und Verbrauchswerte bei der Herstel-
lung von einer Tonne Produkt.

. ..|  Mittelwert der | Européischer Durch- .
Einheit Top 50 % P <hnitt Hochstwert
L uftseitige Emissionen
Staub g 2 4 7
VOC, gesamt g 85 120 300
W asser seitige Emissionen
. ..|  Mittelwert der | Europdaischer Durch- .
Einheit Top 50 % P <hnitt Hochstwert
L uftseitige Emissionen
Staub g 2 4 7
VOC, gesamt g 85 120 300
W asser seitige Emissionen
CSB' g 30 40 100
BSB' g 20 40
Abfiltrierbare Stoffe' g 10 20
Kohllenwasserstoffe, gel g 15 4 7
samt
Abwasser” t 0,8 11 6
Abschlammwasser auf t
Kiihltiirmen 0.5 0.6
Feste Abfélle
Gefahrlich kg 0,5 0,6 1,3
Nicht geféhrlich kg 2 4 5
I nput
Gesamtenergie GJ 1,08 1,80
Styrol t 0,985 1,020
Ethylbenzol t - 0,102
Mineralol t 0,02 0,06
Kiihlwasser t
(geschlossener Kreislauf) >0 100
Prozesswasser t 0,596 0,600
Stickstoff t 0,022 0,050
Verdiinnungsmittel t 0,001 0,001
Additive t 0,005 0,010
1) Die wasserseitigen Emissionswerte beziehen sich auf die Messung nach Behandlung. Die Abwasserbehand
lung kann bei der Produktionsanlage oder zentral stattfinden. Die Werte stehen nicht notwendigerweise i
Korrelation zueinander, da sie alle gemittelte Werte darstellen. Bei jeder Anlage entsprechen die Emissione:
der jeweiligen ortlichen Genehmigung und den standortspezifischen Vorgaben
fiir die Abwasserbehandlungsanlage. Die Abwasserbehandlung kann aufgrund lokaler Regelungen
erforderlich sein.
2) Ohne Abschlimmwasser aus Kiihltirmen.

4.10: Emissions- und Verbrauchswerte pro Tonne Produkt bei GPPS-Anlagen
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Tabelle 4.11 zeigt die Quellen von Emissionen und Abfille bei der Herstellung von GPPS.

Vorbereitungsstufe Reaktionsstufe Endstufe
Lagerung Reinigung (optional) Reaktoren Entgasung Pelletierung Lagerung Versand Abp
ckung
N Stickstoff mit . . Stickstoff mit VO( S .. Staubformiges o
Gasférmig VOC-Belastung Stickstoff mit VOC-Belastun Belastung Undichtigkeiten Dampfe PS Staubformiges PS
Wasser in Spurenkonzen
. rationen.  Ausschleusun .
Flissig - Styrol und Abwasser Wasser n Spurer aus Kreisldufen Abschlammwasser an. -
konzentrationen . der Pelletierung
(Styrol + unerwiinschi
Verbindungen)
Staube und Verp; Verbrauchtes Absorbens Ausschus§ , Staubay Staub" aus g Verluste bei d
Fester Abfall [ckungen (von (falls nicht regeneriert) Proben der Luftférderung Luftférderung Abpackun
Chemikalien) & und PS und PS packung

Table 4.11: Emissionsquellen beim GPPS-Prozess
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4.3.2

Schlagzahes Polystyrol (HIPS)

Die in 4.10 angegebenen Werte beziehen sich nicht auf eine bestimmte Technologie. Sie stehen
fiir die unterschiedlichen Technologien, die in Europa zur Herstellung von HIPS eingesetzt wer-
den. Die Differenzen zwischen den einzelnen Anlagen sind auf Unterschiede bei der eingesetzten
Technologie, der technischen Ausstattung und der Betriebsweise zuriickzufiihren. Die angegebe-
nen Werte beziehen sich auf die Emissions- und Verbrauchswerte bei der Herstellung von einer
Tonne Produkt.

Ein- | Mittelwert der Européischer ;
heit Top 50 % Dur chachnitt Hochstwert
L uftseitige Emissionen
Staub g 2 4 7
VOC, gesamt g 85 120 1000
Wasser seitige Emissionen
CSB' g 30 40 100
BSB' g 20 40
Abfiltrierbare Stoffe' | g 10 20
Abwasser’ g 1,5 4 7
Abwasser” t 0,8 1,1 6
Abschlimmwasser aus t 0,6 0,6
Kiihltiirmen
Feste Abfélle
Gefahrlich kg 0,5 0,6 1,3
Nicht gefdhrlich kg 3 4 10
Input
Gesamtenergie GJ 1,48 1,80
Styrol t 0,915 1,020
Ethylbenzol t - 0,102
Mineral6l t 0,02 0,06
Kautschuk t 0,07 0,12
Kiihlwasser t 50 100
(geschlossener Kreis-
lauf)
Prozesswasser t 0,519 0,600
Stickstoff t 0,010 0,050
Verdiinnungsmittel t 0,001 0,001
Additive t 0,005 0,006
1) Die wasserseitigen Emissionswerte beziehen sich auf die Messung nach Behandlung. Die Abwag
serbehandlung kann bei der Produktionsanlage oder zentral stattfinden. Die Werte stehen nich
notwendigerweise in Korrelation zueinander, da sie gemittelte Werte darstellen. Bei jeder Anlag
entsprechen die Emissionen der jeweiligen ortlichen Genehmigung und den standortspezifische
Vorgaben fiir die Abwasserbehandlungsanlage. Die Abwasserbehandlung kann wegen ortlicher Vo
gaben erforderlich sein.
2) Ohne Abschlimmwasser aus Kiihltiirmen.

Table 4.12: Emissions- und Verbrauchswerte pro Tonne Produkt bel HIPS-Anlagen

4.11 zeigt die Quellen fiir die Emissionen und Abfille bei der Herstellung von HIPS.
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Vorbereitungsstufe Reaktionsstufe Endstufe
Lagerung Zerkleinerungsan- Losestufe Reaktoren Entgasung Pelletierung Lagerung Versand Abpa-
lage ckung
T Stickstoff mit Stickstoff mit Stickstoff mit Stickstoff mit S . Staubformi- | Staubférmiges
Gasformig VOC-Belastung | VOC-Belastung | VOC-Belastung | VOC-Belastung Undichtigkeiten Dampfe ges PS PS
Wasser in Spu-
renkonzentratio-
Wasser in Spu- | nen. Ausschleu- .
L . . Abschlammwasser
Flissig - - - renkonzentrati- | sung aus Kreis- . - -
o aus der Pelletierung
onen laufen (Styrol +
unerwiinschte
Verbindungen)
Stdube und Ver- Verpackuneen Ausschuss, Staub |Staub aus der Verluste bei der
Fester Abfall | packungen (von PBuU urlig Chemgikalien Proben aus der Luftforde- | Luftforde- Abpackun
Chemikalien) rung und PS rung und PS p &
Table 4.13: Emissionsquellen beim HIPS-Prozess
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4.3.3

Schaumbares Polystyrol (EPS)

Die in Table 4.14 angegebenen Werte beziehen sich nicht auf eine bestimmte Technologie. Sie
stehen fiir die unterschiedlichen Technologien, die in Europa zur Herstellung von HIPS eingesetzt
werden. Die Differenzen zwischen den einzelnen Anlagen sind auf Unterschiede bei der einge-
setzten Technologie, der technischen Ausstattung und der Betriebsweise zuriickzufiihren. Die
angegebenen Werte beziehen sich auf die Emissions- und Verbrauchswerte bei der Herstellung
von einer Tonne Produkt.

.| Mittelwert der Européischer .
Einheit Top 50 % Durcﬁschnitt Hochstwert
L uftseitige Emissionen
Staub g 30 30 125
Pentane g 1000 2500 8000
vOoC' g 600 700 3500
W asser seitige Emissionen
CSB? g 4600
Feststoffe, gesamt’ g 8000
Kohlenwasserstoffe, g 40
gesamt2
Geloste Feststoffe g 0.3 0.4
Abwasser’ t 5 6 9
Abschlammwasser au| t 1.7 2.5
Kiihltiirmen
Phosphate als P,O5’ g 20
Feste Abfélle
Gefahrlich kg 3 3 12
Nicht geféhrlich kg 6 8 17
Input
Gesamtenergie GJ 1.8 2.5
Styrol t 0.939 0.960
Ethylbenzol t - 0.096
Pentane t 0.065 0.070
Kiihlwasser t 17 70
(geschlossener Kreis-
lauf)

Prozesswasser t 2.1 6.0
Stickstoff t 0.01 0.3
Additive t 0.03 0.03

1) VOC-Emissionen aus Punktquellen, jedoch ohne Pentan

2) Die wasserseitigen Emissionswerte beziehen sich auf die Messung nach Behandlung. Die Abwasserbd
handlung kann bei der Produktionsanlage oder zentral stattfinden. Die Werte stehen nicht notwendiger
weise in Korrelation zueinander, da sie Emissionsmittelwerte wiedergeben. Bei jeder Anlage entspreche
die Emissionen der jeweiligen ortlichen Genehmigung und den standortspezifischen Vorgaben fiir di
Abwasserbehandlungsanlage. Die Abwasserbehandlung kann wegen ortlicher Vorgaben erforderlich sein|

Table 4.14: Emissions- und Verbrauchswerte pro Tonne Produkt bel EPS-Anlagen

Table 4.15 zeigt die Anfallorte fiir Emissionen und Abfille bei der Herstellung von EPS.
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Reaktionsstufe |Endstufe

Lagerung Reaktor Zentrifuge Trocknung Sieben Beschichtung |Lagerung Zigrsl;nd Abpa-
Gasformig Styrol Pentan Pentan Pentan, Staub Pentan, Staub Pentan, Staub l;f;l:{a)n, Pentan, Staub
Flilss i i Abwasser, ent- i i i B

9 hilt Additive

Stiub 4V Staub und Staub
Fester Abfall aube und verpa- - Staub Staub Staub Staub aus der Luftforde-

ckungen rung
Table 4.15; Emissionsquellen beim EPS-Prozess
MP/EIPPCB/POL_BREF FINAL October 2006 89







Chapter 5

5 POLYVINYL CHLORIDE

[11, EVCM, 2002, 15, Ullmann, 2001, 16, Stuttgart-University, 2000, 26, Italy, 2004]

51 General information

PVC, polyvinyl chloride, is one of the three highest volume polymers, slightly behind polyethyl-
ene and polypropylene. It is used in most industrial sectors (e.g. packaging, automotive, building,
agriculture, medical care). The typical intrinsic properties of PVC are:

strength/stiffness per unit cost when unplasticised
lightness

impermeability

chemical and biological inertness

ease of maintenance

durability

low natural flammability

cost/performance ratio.

Generally, there are three different processes used in the manufacture of PVC:

e  suspension process
e emulsion process
e mass (bulk) process.

The co-existence of the suspension and emulsion processes is mainly due to the very different
morphological characteristics of the PVC particles. On the one hand, the specific characteristics
of emulsion-PVC (E-PVC) are required for a number of specific applications and give an advan-
tage in some others. On the other hand, the suspension process is better suited to the large volume
production of a limited number of grades. It is, therefore, necessary to produce a significant pro-
portion of PVC via the emulsion process in order to supply specific markets for which suspension
PVC is technically unsuitable.

The mass (or bulk) process lost importance over the past years and will, therefore, not be dis-
cussed in this document.

In 1999, the total manufacturing capacity for polyvinyl chloride in Western Europe was
6.1 million tonnes. Of this, 800000 tonnes of capacity is for the emulsion process, the rest for the
suspension or mass process; the suspension process is by far the most dominant.

These West European figures compare, for example, with the total production capacity for poly-
vinyl chloride in North America which is 7.9 million tonnes, but of this capacity, only 300000
tonnes of capacity is for emulsion-PVC. The reasons for this lower proportion are essentially
historic, as the first manufacturing capacity in the world for PVC was established in Europe rather
than North America, and was almost exclusively based on the emulsion process.

PVC is mainly produced as a homopolymer. In the PVC copolymers, the largest volumes are
grafted copolymers for high impact applications and they are included in the scope of this docu-
ment. The other PVC copolymers are low volume specialities and are, therefore, not discussed in
this document.
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The other main areas of PVC production are Asia (10.1 million tonnes, of which 2.6 are produced
in Japan and 2.5 in mainland China), Eastern Europe (2.2 million), South America (1.3), the Mid-
dle East (0.9) and Aftica (0.4). The total estimated world capacity in 1999 was 28.7 million ton-
nes.

Western European production data are shown in Table 5.1.

2000
5569 kt

2001
5704 kt

2002
5792 kt

Y ear
Production

Table5.1: Western European PV C production

In Western Europe, the main manufacturing facilities for E-PVC are located in France, Germany,
Italy, Norway, Portugal, Spain, Sweden and the United Kingdom. In addition, suspension poly-
mer (S-PVC) is also made in Belgium, Finland, Greece and the Netherlands.

In the new EU Member States the main production facilities for S-PVC are located in the Czech
Republic, Poland, Hungary and Slovakia [27, TWGComments, 2004].

Table 5.2 shows European production sites for PVC including their production capacities for
1999. All values shown are in kt/yr.

Country Site SPVC| E-PVC| MassPVC| Copolymer
Belgium Antwerp 120
Jemeppe 300
Finland Porvoo 95
France St Auban 40 55 30
Balan 180
Brignoud 90 30
St-Fons 200
Mazingarbe 220
Berre 220
Tavaux 230 60
Germany Ludwigshafen 170 15
Schkopau 90 45
Wilhelmshaven 330
Rheinberg 140 40
Marl 140 110 50
Burghausen 96 59 25
Gendorf 10 88 25
Hurth 114
Merkenich 110 43
Italy Porto Marghera 180
Porto Torres 55
Ravenna 205
Netherlands Beek 215
Pernis 300
Norway Porsgrunn 85 20
Portugal Estarreja 135 10
Spain Vilaseca + Monzon|  199* 199*
Hernani 35% 35*
Martorell 240* 240*
Sweden Stenungsund 120 50
UK Barry 125
Hillhouse 40
Runcorn 105
Aycliffe 175
Czech. Rep. Neratovice 130
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Country Site SPVC| E-PVC| MassPVC| Copolymer
Hungary Kazincbarcika 330
Poland Wioclavek 300
Oswiecim 37
Slovakia Novaky 30 55
Total 5604 1286 250 80
Note: Production of PVC in Antwerp was stopped in 2001
* total production, E-PVC + S-PVC

Table5.2; European production sites and capcitiesin kilotonnesfor the year 1999

The overwhelming majority of suspension polymers are used in melt processing applications,
where the polymer is melted and then formed, for example by extrusion or injection moulding, to
produce items such as pipes, rainwater goods, window frames and cable coverings. General pur-
pose emulsion polymers are used in these same melt processes, in particular in rigid profiles
where high surface gloss and smoothness are required, for example for window roller blinds and
staircase hand rails. In contrast, paste polymers are dispersed before use in a plasticiser such as
di-ethylhexylphthalate to produce a spreadable, sprayable mix known as a plastisol. This plastisol
is spread or sprayed cold, before being heat cured. Typical applications are cushion flooring, wall
coverings and car under-body sealants. A very small volume of speciality emulsion polymers are
used for sintering into battery separators for lead cell batteries.
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5.2 Applied processes and techniques in the production of
polyvinyl chloride

5.2.1 Raw materials
5.2.1.1 Vinyl chloride monomer (VCM)

PVC is produced by the polymerisation of vinyl chloride monomer (VCM), which in turn is pro-
duced by the thermal cracking of ethylene dichloride (EDC). The chlorine used in the manufac-
ture of EDC 1is derived from common salt (NaCl) by electrolysis, so 43 % by weight of PVC
originates from crude oil.

Various trace impurities do occur in the vinyl chloride, a number of these such as 1.3 butadiene
and monovinyl acetylene can have adverse effects upon the polymerisation kinetics even at very
low levels (mg per kg) and thus must be stringently controlled. Any unreactive liquid having a
significantly higher boiling point than vinyl chloride, such as EDC, and remaining in the VCM
will be found in the aqueous effluent, as measures designed to remove VCM will fail to remove
them.

5.2.1.2 Utilities in contact with the process fluids

e nitrogen: used for flushing and inerting
e steam: for water and latex/suspension stripping, for reaction preheating and for purging

equipment
e  air used for drying
. water.
5.2.1.3 Process chemicals

e  process water used to disperse the VCM during polymerisation, to dilute the suspension or
latex and to flush equipment where necessary

e surfactants, emulsifiers and protective colloids used to prepare and stabilise the dispersion of
the monomer and PVC in process water, typically around 1 kg/t in suspension and around 10
kg/t in emulsion [27, TWGComments, 2004].

e polymerisation initiators such as organic peroxides or peresters, typically below 1 kg/tonne
VCM

e chemicals to stop the reaction such as hindered phenols, typically below 1 kg/tonne VCM

e antifouling agents used to minimise polymer formation on reactor walls

e chemicals used to modify the characteristics of the final product, for example copolymers to
improve impact performance.

5.2.2 VCM supply, storage and unloading

To supply standalone PVC plants, VCM gas can be transported by dedicated pipes when the dis-
tance is short. Ships, rail or road trucks are used over longer distances. Most PVC plants have
storage and unloading facilities for VCM. VCM storage can either be under pressure or refriger-
ated at approximately atmospheric pressure. For unloading facilities, back balance arrangements
will generally be provided between storage and transport, allowing the emissions to be reduced.
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5.2.3 Polymerisation
5.2.3.1 Common features
For both emulsion and suspension processes, the VCM gas is polymerised in an aqueous medium.

At the beginning of any polymerisation, the reactor is charged with water and some other addi-
tives. If the gaseous phase contains atmospheric air, this has to be vented to the air. The need of
venting can be reduced using certain technologies such as closed lid [27, TWGComments, 2004].
A vacuum pump is often used to ensure residual oxygen levels are low. The gas head space may
also be purged with an inert gas (nitrogen). Thereafter the monomer is added to the reactor.

Polymerisation reactions are exothermic, thus the reactors must be equipped with cooling facili-
ties. The pressure in the reactor is usually in the range of 0.4 — 1.2 MPa and the reaction tempera-
ture is in the range of 35 — 70 °C. At the end of the reaction, 85 — 95 % of the VCM is converted
into PVC.

The unconverted VCM is vented-off to a gas-holder or straight to a VCM recovery unit, before
stripping operations. The objective is to reduce the pressure close to atmospheric. Because of the
surfactants or emulsifiers present in PVC water mixture, the reactor contents are liable to foam
during this venting process, especially in the emulsion process. This removal of unconverted
monomer can be performed either in the polymerisation vessel itself, or in a blow-down tank.
Some types of vessel will be equipped to catch any carry over, should it occur.

5.2.3.2 Suspension PVC process

In the suspension PVC (S-PVC) process, a suspension of PVC particles having a mean particle
size of between 50 and 200 um is produced. Besides particle size, the essential differences be-
tween S-PVC grades result from the average length of polymer chains and from the porosity of
the particles. Suspension PVC is always produced batch wise in a stirred vessel.

The monomer is dispersed in demineralised water by the combination of mechanical stirring and
surfactants. Partially hydrolysed polyvinyl acetates are the most widely used type of suspension
agent. The polymerisation takes place inside the VCM droplets under the influence of VCM solu-
ble initiators such as peresters, percarbonates or peroxides. A phase of solid PVC primary parti-
cles builds up. The PVC particles present at the end of the polymerisation process, result from the
complex aggregation of such primary particles, giving S-PVC its characteristic ‘cauliflower’ as-
pect under an optical microscope.

During polymerisation some polymer also tends to form on the reactor wall. Technological im-
provements now limit this formation, so that it is no longer necessary to open the reactor after
every batch for visual inspection and mechanical cleaning if necessary. In this so-called ‘closed
reactor’ technology, the frequency of reactor opening can be reduced down to levels below once
in 100 batches, depending on the grade.

In the older ‘open reactor’ technology reactors are opened after every batch for inspection, clean-
ing if necessary, and also for loading additives.

A flow diagram of a suspension PVC process is shown in Figure 5.1.
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Suspension PVC process
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Figureb5.1: Flow diagram of an S-PVC process

5.2.3.3 Emulsion PVC process

In emulsion processes, aqueous latex with the PVC having a mean particle size (by weight) of
between 0.1 and 3 micrometres is produced. For paste or plastisol polymer applications, the exact
latex particle size distribution achieved during the polymerisation process will largely determine
the rheology of the plastisol, when the polymer is redispersed in plasticiser. Very narrow distribu-
tions will give rise to pseudoplastic plastisols (viscosity reduces with shear rate), other distribu-
tions can give rheology profiles which range from dilatant (viscosity rises with shear) to Newto-
nian (viscosity is unaffected by shear).

E-PVC is manufactured essentially by three polymerisation processes: batch emulsion, continu-
ous emulsion and microsuspension. All these processes are used to produce a range of latex parti-
cle size distributions and thus plastisol rheologies. Different paste applications demand different
rheology profiles. The microsuspension process intentionally produces latexes with a significant
content of coarser particles.

In the batch emulsion process, the VCM is dispersed using an emulsifier, usually a sodium alkyl
or aryl sulphonate or alkyl sulphate. The polymerisation takes place at the VCM water interface
using a water soluble initiator, such as an alkali metal persulphate. A redox system involving
copper and a reducing agent is often used. This type of process produces narrow width unimodal
latex of a small size (approximately 0.2 um). Such latex, if dried close to its glass transition tem-
perature to produce a hard free flowing powder, is excellent for general purpose use and battery
separator polymers. However, when dried at lower temperatures to produce paste polymers, the
resulting plastisols are high in viscosity and sharply pseudoplastic in nature, suitable notably for
the spray coating of car underbodies and for fabric coating, but unsuitable for the majority of
plastisol applications. These require low viscosity plastisols with Newtonian, or only mildly
pseudoplastic, rheology. In batch emulsion polymerisation, these latter types of polymers are
produced by charging seed latex produced in a previous batch to the reactor at the start of the
process. During a second polymerisation process, this seed latex is allowed to grow, and new
particles are also allowed to form, resulting in a bimodal particle size distribution. The rheology
can be controlled by adjusting the relative quantity and sizes of the two families.
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In a variation of emulsion polymerisation, the process can be operated continuously, in which
fresh VCM, emulsifiers and an initiator are fed into the reactor and PVC latex is withdrawn con-
tinuously. Such processes tend to require greater quantities of emulsifiers than the batch process.
They produce latexes with a wide particle size distribution and thus low plastisol viscosities suit-
able for a wide range of applications, but the higher levels of emulsifier will preclude them from
applications where water absorption or clarity of the final coating is important.

An alternative approach for producing latex with a wide particle size distribution is microsuspen-
sion polymerisation. In this process, an initiator such as lauroyl peroxide is used, which is highly
soluble in the VCM, but is essentially insoluble in water. Thus, polymerisation takes place within
the dispersed VCM droplets. The water insolubility of the initiator also helps to stabilise the
VCM droplet, and it may be possible to use lower levels of emulsifier compared with the batch
emulsion and continuous emulsion processes. Lower levels of emulsifier can be advantageous, for
example for applications coming into contact with food, where water absorption or clarity is im-
portant, and also for the environmental impact of the proccess. Such latexes produce polymers
which give very low plastisol viscosities, but tend to be dilatant in nature. This can be overcome
by modifying the process to have a secondary particle size distribution alongside the primary one.

The microsuspension process is not suitable for the production of polymers giving sharply pseu-
doplastic plastisols.

A flow diagram of an emulsion PVC process is shown in Figure 5.2.

Emulsion PVC process
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storage dryer sieving  grinding bagging bulle

Figure5.2: Flow diagram of an E-PVC process

MP/EIPPCB/POL_BREF FINAL October 2006 97



Chapter 5

Table 5.3 shows typical features of the different emulsion PVC processes.

Process Advantages Disadvantages

Ability to produce polymers giving higll Residual emulsifier levels too high
Batch emulsion pseudoplasticity. Ability to give a range o] to give coatings with very low
other rheologies. Simplicity and flexibility. water absorption and clarity.
Coatings with poor water absorp
Ability to produce polymers giving low plas{ tion and clarity (high residual emul
tisol viscosities. Product consistency. Higl| sifier). Cannot produce pseu

Continuous emul

ston productivity. doplastic polymers. Inflexibility
Emulsifier costs.
Ability to produce polymers giving very low
plastisol viscosities. Polymers can give coat
nes with very low water abgorptlon apd clar Inability to produce pseudoplastid
. . ity and excellent organoleptic properties (low
Microsuspension polymers.

emulsifier levels). Product consistency. A
lower consumption of emulsifier can also bg
an advantage regarding the environmenta
impact of the process.

Table5.3: Typical featuresof E-PVC processes

Greater complexity.

5.24 Stripping

Residual VCM is removed by stripping the polymer suspension or latex. This section includes
unstripped suspension/latex storage tank(s). Usually the stripping uses the effects of steam, nitro-
gen, vacuum (alone or in combination), and temperature. The process can be performed in diffe-
rent ways:

e  batch wise — either inside the reactor itself or in a separate vessel
e  continuously — outside the reactor.

The stripping of latex must be operated in such a way that the latex remains stable, and neither
coagulates nor flocculates. The latex is sensitive to temperature, to agitation and to time.

The VCM content of PVC suspension after stripping is normally very low. In the case of latex,
stripping is more difficult and the residual VCM content depends on a variety of parameters, for
instance: emulsifier content and type, latex particle size, latex stability, the recipe and the re-
quirements of resin end properties. When steam is used for stripping, the overhead steam contain-
ing recovered VCM is condensed. The condensate can be returned to the stripping system, or can
be transferred to the water stripper of the effluent treatment or other sections of the process, in
order to recover contained VCM and thus to prevent VCM emissions from this effluent. In all
cases, the non-condensed overhead gas containing stripped VCM is collected in a recovery unit.

The stripped suspension or latex is usually stored in buffer vessels that provide a continuous feed
to the drying section. At this stage, it is possible to carry out latex management operations such as
sieving of the latex, and storage of seeds. This section includes sieves, to remove coarse particles,
filters pumps, etc. Many latexes will sediment if the tanks are not continually agitated or circu-
lated through a pump. Although PVC latexes, once stripped, are much more stable than before
stripping, care must be taken to ensure that flocculation does not occur.
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Before drying, suspension or latexes can be concentrated. For suspension, this is usually carried
out by dewatering in a centrifuge. For latex, it will depend on its stability and concentration on
leaving the reactors. Concentration can be achieved by using a membrane or an evaporator. When
using membranes, it can be necessary to add extra emulsifier to maintain both latex stability and
resin properties, thus increasing the potential COD of the plant effluent. If the VCM concentra-
tion of the effluent from the centrifuge or membrane is below 1 mg/l, it does not need to be fed
into the VCM waste water stripper.

5.25 Drying

Drying is achieved by a combination of temperature and airflow in dryers of various designs. The
first drying for suspension PVC is often dewatering by centrifugation, yielding a wet cake. Final
drying for suspension PVC is achieved by various methods such as using a fluidised bed dryer,
cyclon dryer and flash dryer [27, TWGComments, 2004]. Regarding emulsion PVC, the small
particle sizes of the latex, and the impossibility for most particles to be separated from the water
phase, makes it necessary to evaporate the water, except in a few special processes where the
latexes are coagulated and centrifuged. Thus latex is usually dried in a spray dryer. During the
spray drying, water is evaporated and removed.

The spray drying causes the agglomeration of the latex particles into secondary particles with a
mean particle size of approximately 30 micrometres. These may be subsequently broken down by
the use of a mechanical grinding process, to recover some or all of the original latex particle size
distribution.

Drying conditions have a profound impact on particle morphology and can be used to produce
either paste or general emulsion polymers from the same reactor product. In the spray dryer, the
latex particles of approximately 0.5 um in size stick together into secondary particles with a mean
diameter of approximately 30 pum.

5.2.6 Sieving and grinding

After drying, suspension PVC is usually sieved to remove coarse particles which could cause
problems during transformation. Emulsion PVC is classified and ground if required for the end
application. Polymers for ‘paste applications’ are normally ground; those for ‘general emulsion’
applications are not. The fracturing of the secondary particles formed in the dryer enables them to
break down more easily in the plastisol and return to their original latex particle size distribution.

The grinding/powder mills may be of a hammer type, or consist of a classifier and rotating rotor
fitted with pins or bars. The classifier may be separate or an integral part of the mill itself.

The end-product from suspension or emulsion PVC is bagged or transferred to storage silos for
packaging or bulk transportation.
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5.2.7 VCM recovery

The flows containing VCM vented from the autoclaves after the reaction, released during suspen-
sion or latex stripping, vented from unstripped suspension or latex stock tanks and released from
the waste water stripper are transferred to the condensing section of a VCM recovery system. Any
water reaching the recovery plant must be removed first. It is also important that the flows are
kept free of oxygen to limit the formation of polyperoxides. The pH and the temperature of the
recovered VCM are also controlled in order to prevent polyperoxide formation. The condensers in
the recovery system can be cooled by a multistage combination of normal plant cooling water and
refrigeration. The efficiency of VCM recovery is determined by the correct combination of low
temperature and increased pressure. In batch polymerisation processes, the gas flow to the VCM
recovery plant will fluctuate and a gas-holder to buffer these flows is often used.

To limit emissions, vents leaving the recovery plant pass through a VCM chemical absorption or
adsorption unit, a molecular sieve, an incinerator or a catalytic treatment unit. In the case when an
incinerator is used, it must be designed and operated so as to ensure that any dioxins formed in
the incineration process are destroyed and do not reform.

After recovery, the VCM is held in a holding tank under pressure or refrigeration. A chemical
inhibitor, such as a hindered phenol, is sometimes added to prevent polyperoxide formation.
Normally any polyperoxide formed is kept dissolved in the VCM, where it will react slowly and
safely to form PVC. However, if liquid VCM containing polyperoxides is evaporated, polyperox-
ides may precipitate. Such precipitated polyperoxides can decompose exothermically with the
risk of explosion.

The recovered VCM is either returned to the plant from which it arose, or to a neighbouring plant,
to be used in the polymerisation process together with virgin VCM. Where facilities for E-PVC
and S-PVC polymerisation processes are located side by side, it is common for the recovered
monomer to be used exclusively at the S-PVC plant, as this process is less sensitive to the quality
of the VCM.

5.2.8 Water treatment

Where manufacturing plants for the polymerisation of E-PVC and S-PVC are located side by
side, it is common for them to share the same water treatment facilities.

Any water which may be contaminated with VCM, for example water used for the cleaning of
reactors containing VCM, transfer lines and suspension or latex stock tanks, must be passed
through a water stripper to remove VCM. This may be either continuous, consisting of a packed
column or a column equipped with trays, or be a batch process. The VCM removal is optimised
by the correct combination of residence time and temperature. The removed VCM is sent to the
recovery plant and the aqueous effluent to a water treatment facility.

The effluent containing solid PVC is sent to a water treatment plant for excessive solids removal.
Such plants often use two step processes. In the first, the PVC in the water is flocculated by the
use of proprietary coagulating agents. The clear water either goes to drain or for re-use at the
plant, the coagulated solids are removed either by thickening and sedimentation in the second
chamber, or by dissolved air flotation. The clear water leaving the second chamber is frequently
returned to the first chamber for additional treatment. Such processes also have the effect of re-
ducing the overall organic content (COD) of the effluent. Sedimentation of fine particles can be
more difficult.

Some sites also use membrane filtration to recover the product and to recycle water. PVC sepa-
rated from waste water is mostly sold, maybe as a lower quality product [27, TWGComments,
2004].
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5.3 Aktuelle Emissions- und Verbrauchswerte
[11, EVCM, 2002]

Die Angaben in diesem Abschnitt zur luftseitigen VC-Gesamtemission schlieBen die diffusen
Emissionen mit ein; diese wurden gemill den ECVM-Referenzmethoden berechnet:

e  Nachweis, Messung und Verminderung von Leckverlusten [9, ECVM, 2004]

Erfassung der Emissionen aus Gasbehéltern bei Umgebungsdruck (Neubearbeitung 2) [10,
ECVM, 2001].

53.1 Industrie-Standards

[9, EVCM, 2000, 10, EVCM, 2001]

Der Europiische Verband der Vinylhersteller (ECVM) hat zwei industrielle Selbstverpflichtun-
gen verabschiedet:

e Die ECVM-Charta fiir die Herstellung von Vinylchloridmonomer (VCM) und PVC (Suspen-
sionsprozess), herausgegeben 1994

e Die ECVM-Charta fiir die Herstellung von Emulsions-PVC, herausgegeben 1998.

Die Oslo- und Paris-Kommission (OSPAR) hat eine “Empfehlung zu Emissions- und Einlei-
tungsgrenzwerten fiir E-PVC (2000/3)” und einen “Beschluss zu Emissions- und Einleitungs-
grenzwerten fiir S-PVC (98/5)” herausgegeben. Sie hat dariiber hinaus eine “Empfehlung zu den

BVT bei der Herstellung von E-PVC (99/1)” herausgegeben.

Mit den genannten Chartas wurden die folgenden Anforderungen verdffentlicht:

Kriterium

Emulsions-PVC mit gemein-

(Hochstwert) Suspensions-PVC Nur Emulsions- PVC]  samer Beh;t{l/(gung mit S

80 g/t PVC (OSPAR) 11600 o/t PVC: einschl. diffuse Emissionen (ECVM)

Gesamt-VCM- 100 g/t PVC; einschl y C fiir bestehend 1 oS

Emission in dieLuft | diffuse Emissioner 200 g/t PVC ﬁir este enl ¢ An g%en( PAR)
(ECVM) 500 g/t PVC fiir neue Anlagen (OSPAR)

o 1 g/m’ and 3u 3
VCI\/I"-EmISS|0n durch 5 g/t PVC (OSPAR) 1 g/m” "und 1 g/m’ oder
Abwasser 10 g/t PVC (OSPAR) | 5 g/t E+S-PVC (OSPAR)

1 g/m’ (ECVM)

VCM-Konzentration
im normalen Endpro
dukt

5 g/t PVC fiir allgemeing
Einsatzbereiche und

1 g/t PVC fiir den Einsats
im Nahrungsmittelbereich
und medizinischen Bereicl]
(ECVM)

1 g/t PVC (EVCM)

Bei Einzelanlagen:
125 mg COD per litre

Chemischer Sauer Bei integrierten Anlagen: |250 mg CSB pro Liter Wasser (OSPAR)
stoffbedar f .

250 mg CSB pro Litel

(OSPAR)
Abfiltrierbare  Fest{ 30 mg abfiltrierbare Stofft

stoffe

pro Liter (OSPAR)

30 mg abfiltrierbare Stoffe pro Liter (OSPAR)

Zu beachten: Die wasserseitigen OSPAR-VCM-Emissionswerte beziechen sich auf den Stripperablauf, vo)

Kldranlage

Table5.4: VCM-Emissionen nach OSPAR und ECVM
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5.3.2 Emissionen
5.3.2.1 Suspensions-PVC
. Produktions-
0, -
Emissionen in g/t Top 25 % Median gewichtetes
der Anlagen wert ;
Mittel
Gesamt-VCM-
Emissionen einschl 18 43 45
diffuse Emissionen
PVC-Staub 40 82
VCM wasserseitig** 3,5 2,3
CSB™ 480 770
Gefihrliche Abfille * 55 120

E3

Gefahrliche Abfalle sind feste Abfille, die mehr als 0,1 % VCM enthal
ten. Die Angaben beziehen sich auf gefdhrliche Abfille, die die Anlage
verlassen

Nach Strippen, vor Kléranlage

**** Nach Endbehandlung

Hk

Table5.5: Von ECVM eingebrachte Emissionswerte fiir SSPVC in g/t

Nach Angaben der deutschen Delegation betrdgt die Abwassermenge bei deutschen S-PVC-
Anlagen 1 - 4 m*/t, die Kithlwassermenge liegt im Bereich 100 — 200 m’/t und die CSB-Werte
nach Vorbehandlung 150 - 750 g/t PVC. Der letztgenannte Wert kann bei leistungsschwécherer
Vorbehandlung héher ausfallen.

Auch die nachfolgenden luftseitigen Emissionswerte (siche Table 5.6) wurden von der deutschen
Delegation berichtet:

Gesamt-VCM (g/t) Staub (g/t)
Referenzanlage 1 6 0,01
Referenzanlage 2 4 15

Table5.6: Staub- und VCM-Emissionen bei deutschen S-PVC-Referenzanlagen

5.3.2.2 Emulsions-PVC
Top 25 % . .
Emissionen in g/t derpAnIa- M edianwert Produkt|&nf?gm|chtete
gen '
Qesamt-V(?M-Emmsmnen einschl 245 313 1178
diffuse Emissionen
PVC-Staub 200 250
VCM wasserseitig 10 80
CSB*** 340 1000
Gefihrliche Abfille " 74 1200
Gefahrliche Abfille sind Abfille, die mehr als 0,1 % VC enthalten. Die Angaben beziechen sicl
auf gefdhrliche Abfille, die die Anlage verlassen
Nach Strippen, vor Kldranlage
*** Nach Endbehandlung

Table5.7: Von ECVM eingebrachte Emissionswerte fiir E-PVC in g/t

Die Differenz zwischen den luftseitigen VC-Emissionswerten bei den Suspensions- und Emulsi-
ons-PVC-Anlagen ergibt sich aus dem Strippen der Suspension im Vergleich zur Emulsion be-
ziehungsweise aus den unterschiedlichen physikalischen Eigenschaften der zu strippenden Mi-
schungen.
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Von der deutschen Delegation wurden die folgenden luftseitigen Emissionswerte berichtet (siche
Table 5.8):

Gesamt-VC (g/t) Staub (g/t)
Referenzanlage 3 300 11
Referenzanlage 4 170 5
(Mikrosuspensions-PVC)

Table 5.8: Staub- und VC-Emissionen bel deutschen E-PV C-Refer enzanlagen

5.3.3 Energieverbrauch

Energie wird hauptsichlich in der Form von Dampf (fiir die Beheizung von Trocknern und Re-
aktoren, zum Strippen usw.) und Strom (fiir den Antrieb von Kiihlanlagen, Pumpen, Riihrer und
Kompressoren) benétigt. Bei einigen Verfahren wird Erdgas zur Beheizung von Trocknern ein-
gesetzt, aber die unten angegebenen iiblichen Verbrauchswerte (Angaben 1999) gehen davon
aus, dass kein Erdgas eingesetzt wird. In Table 5.9. wird der iibliche Energiebedarf sowohl fiir
S- wie auch fiir E-PVC angegeben.

C C
Thermische Energie 3 o
(GJ/tPVO)
Elektrische Energie
(GJ/t PVC) L1 2.2

Table5.9: Ublicher Energieverbrauch bei PVC-Verfahren

5.34 Emissionsangaben fiir eine S-PVC-Beispielanlage

Fiir das Jahr 2003 wurden die nachfolgenden Verbrauchswerte angegeben (see Table 5.10):

tat
») VC)

Anmerkung: Die Angaben zur Elektrizitdt umfassen
nicht Neben- und Versorgungsanlagen

Table5.10: Verbrauchswerteder S-PVC-Anlage

Die VOC-Emissionen wurden durch die Optimierung des Strippsystems und Einsatz einer Olde-
cke beim Gasbehilter (VCM-Tank) wesentlich vermindert. Fiir das Jahr 2003 wurde eine VOC-
Gesamtemission von 51 Gramm pro Tonne PVC angegeben, wovon, wie in Table 5.11 darge-
stellt, 37 g/t beim Strippprozess, 8 g/t beim Gasspeicher und 6 g/t als diffuse Leckverluste anfie-
len.

Gesamt | Strippen Gas L eckverluste
(git) (gt speicher (gt PVC)
PVC) (g/t PVC)
51 37 8 6

Table5.11: VCM-Emissionen von ver schiedenen Quellen
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Durch den Austausch von alten Filtern durch neue bei den Speichersilos und den Trocknern wur-
den die durchschnittlichen Staubemissionen vermindert auf

Staub <1 mg/Nm’.

Die Behandlung des Abwassers aus der Anlage erfolgt in einem Klérteich, es gibt keine biologi-
sche Kliranlage. Fiir das Jahr 2003 wurden die folgenden Emissionswerte angegeben (siche
Table 5.12). Die Emissionswerte entsprechen den (OSPAR)-Standards fiir die Herstellung von S-
PVC.

CSB Abfiltrierbare VCM VCM
(mg/l) Stoffe (mg/l) (mg/l (gt PVC)
222 23 0,66 0,15

Table5.12: Wasser seitige Emissionen der S-PVC-Anlage
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6 UNSATURATED POLYESTER

[5, CEFIC, 2003]

6.1 General information

Unsaturated polyester resins are classified as thermosets. The producer supplies a reactive, liquid
intermediate to the customer. This is different from the market for thermoplastics where a ready
made polymer is delivered. The liquid intermediate is transferred into the final product at the
customer site by curing it with hardeners or catalysts.

Unsaturated polyester (UP) is the generic name for a variety of thermoset products, mainly pre-
pared by polycondensation of an anhydride or a diacid (the monomer) with a diol (the reactant).
Figure 6.1 shows, in principle, the reaction of a glycol with a dicarboxylic acid. These condensa-
tion products are dissolved in a reactive monomer which is usually styrene. When this mixture is
cured by the customer, a three-dimensional network is formed. Curing of the resin is to be cov-
ered by the scope of the IPPC Directive whenever it fits into the criteria for inclusion as an asso-
ciated activity.

o “OH
2 HO—CHo—CHo-OH  + “C—CH=CH—C]
OH O

0 0
HO—CHp—CHy-0— L CH=CH—C—0—CHy—C Hy-0H

+2 Hs0

Figure6.1: Basic condensation reaction schemefor producing unsaturated polyester resins

The properties of the cured UP resins can be varied within wide limits to meet specific require-
ments, by the choice of specific dicarboxylic (both unsaturated and saturated) acids and diols and
by dissolving them in different reactive monomers. Using the appropriate combination of starting
materials, it is possible to influence many properties of the resin, such as:

heat resistance

hydrolysis resistance

impact strength

flexibility

electrical properties
self-extinguishing properties.

Within the unsaturated polyester consumer market, a variety of formulations are used. The back-
ground to this is the large variety in end-use markets and the use of many different conversion
technologies at the converter. Overall, hundreds of different formulations are brought to the mar-
ket. Apart from differing in formulation (raw material composition), processes may differ to tar-
get desired specifications and product performance.
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The Western European production of unsaturated polyester resins in 2002 was 471 kilotonnes. A
summary of the production data for the years 2000 - 2002 is given in Table 6.1.

2000

2001

2002

484 kilotonnes

484 kilotonnes

471 kilotonnes

Table 6.1: Western European UP production 2000 - 2002

Overall, 43 installations were reported to produce UP all over Europe. Countries with the most
unsaturated polyester plants are UK (8), Spain (6), Italy (5) and France (5). A summary of the
plants is given in Table 6.2.

Producer Num_ber _of production L ocation(s)
sitesin Europe
Company A 1 Valdarno, Italy
Benicarlo, Spain
Company B 3 Porvoo, Finland
Sauveterre, France
Company C 1 Tarragona, Spain
Company D 1 Barcelona, Spain
Company E 1 Vathi, Greece
Drocourt, France
Stallingborough, UK
Company F 4 Sant geloni,gSpain
Miranda de Ebro, Spain
Company G 1 Belvedere, UK
Schoonebeek, the Nether
lands
Company H 4 Ellesmere Port, UK
Compiegne, France
Filago, Italy
Company | 1 Harlow, UK
Company J 1 Zagreb, Croatia
Company K 1 Attikis, Greece
Company L 1 Rubezhnoye, Ukraine
Company M 1 Grodno, Belarus
Company N 1 Arezzo, Italy
Company O 1 Copenhagen, Denmark
Company P 1 Barreiro, Portugal
Fredrikstad, Norway
Micham, UK
Company Q 6 Etain, France
Parma, Italy
Vienna, Austria
Company R 1 Burgos, Spain
Company S 1 Lisbon, Portugal
Company T 1 Dunstan, UK
Company U 1 Como, Italy
Company V 1 Wellingborough, UK
Company W 1 Macherio, Italy
Company X 1 Neratovice, Czech Re-
public
Company Y 1 Brabant, the Netherlands
Company Z 1 Drogenbos, Belgium
Table 6.2: UP producing sitesin Europe
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6.2

6.2.1

Applied processes and techniques in the production of

unsaturated polyesters

Raw materials

As there are a huge number of different products summarised under the name of unsaturated
polyesters which are produced with a variety of different raw materials, an overview of the most
important raw materials in UP production is given in Table 6.3.

Name Functionality CAS
1,1,1-Trimethylolpropane glycol/alcohol 77-99-6
2-Ethylhexanol glycol/alcohol 104-76-7
Diethylene glycol glycol/alcohol 111-46-6
Dipropylene glycol glycol/alcohol 110-98-5
Monoethylene glycol glycol/alcohol 107-21-1
Isobutyl alcohol glycol/alcohol 78-83-1
Propylene glycol glycol/alcohol 57-55-6
Neopentyl glycol glycol/alcohol 126-30-7
Adipic acid anhydride/diacid 124-01-9
Fumaric acid anhydride/diacid 110-17-8
Chlorendic acid anhydride/diacid 115-28-6
Isophthalic acid anhydride/diacid 121-91-5
Maleic anhydride melted/solid anhydride/diacid 108-31-6
Phthalic anhydride anhydride/diacid 85-44-9
Tetrahydrophthalic anhydride anhydride/diacid 85-43-8
Tetrabromo phthalic anhydride anhydride/diacid 632-79-1
2.4'/4.4' MDI reactant 26447-40-5
Toluene diisocyanate reactant 26471-62-5
Bisphenol epoxy novolac reactant 1321-74-0/7525-62-
Methacrylic acid reactant 97-41-4
Dicyclopentadiene reactant 77-73-6
Divinyl Benzene reactive monomer 1321-74-0
a-methyl styrene reactive monomer 98-83-9
Styrene reactive monomer 100-42-05
Diallyl phthalate reactive monomer 131-17-9
Methyl methacrylate reactive monomer 80-62-6
Di butyl tin-oxide catalyst 818-08-6
N,N dimethyl p-toluidine additive/promotor 99-97-8
N,N-diethylaniline additive/promotor 91-66-7
N,N-Bis-(2 hydroxypropyl)-p-toluidine additive/promotor 38668-48-3
N,N-dimethylaniline additive/promotor 121-69-70
Unsaturated polyester raw material/intermediat| 100-42-5
Epoxy resin raw material/intermediat 25068-38-6
Orthoxylene solvent 95-47-6
Acetone solvent 67-64-1
Isododecane (2,2,4,6,6-pentamethylheptane solvent 13475-82-6
Methanol solvent 67-56-1
p-Benzoquinone inhibitor 106-51-4
2,6-di-terbutyl paracresol inhibitor 128-37-0
Hydroquinone inhibitor 123-31-9
Mono-tertbutyl hydroquinone inhibitor 1948-33-0/88-58-4
4-terbutyl pyrocatechol inhibitor 98-29-3
Tri-methyl hydroquinone inhibitor 700-13-00
Potassium nitrate additive 7757-79-1
Aerosil/fumed silica additive 7631-86-9

Table 6.3: Raw material overview of UP production processes
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6.2.1.1 Monomers

The most commonly used unsaturated dicarboxylic acids are maleic anhydride and fumaric acid.
The most commonly used saturated carboxylic acids are phthalic anhydride, orthophthalic acid,
isophthalic acid and terephthalic acid. Commonly used types of diols are ethylene glycol, diethyl-
ene glycol, propylene glycol, butanediol, hexanediol, dipropylene glycol and neopentyl glycol.

Dicyclopentadiene is another important monomer used for unsaturated polyesters.

A special group of unsaturated resins are the vinyl esters, which are based on bisphenol A and
methacrylic acid.

6.2.1.2 Reactive monomers

Most unsaturated polyesters are dissolved in a reactive monomer. The most widely used is sty-
rene, for special applications monomers such as methyl methacrylate, tertiary butyl acetate or
diallyl phthalate may be used.

6.2.1.3 Hardeners and accelerators

Resins need hardeners to cure. These hardeners (peroxides) start off the copolymerisation of the
monomer and polyester or vinyl ester. This curing may occur at ambient temperature (cold cur-
ing), at elevated temperatures (heat curing) or by light. Depending on the curing mechanism, the
resin formulation will be extended with accelerators such as cobalt salts, and amines for room
temperature peroxide decomposition, or it may contain a light initiator.

6.2.1.4 Inhibitors

Polyesters dissolved in monomers must be protected against premature polymerisation. For this
purpose inhibitors, such as hydroquinones or benzoquinones, are contained in the resins.

6.2.1.5 Additives and fillers

Additives and fillers can be incorporated into the resins prior to curing, to make them easier to
process and to achieve specific end-product properties. By choosing the right combination of
resins, reinforcing fibres, fillers and additives, a composite material can be formulated to suit
practically any type of application.

The most important additives and fillers are:

UV stabilisers, to delay yellowing

skinning agents, e.g. to reduce the emission of uncured monomer during curing

silica for influencing the processing behaviour (thixotropy)

thickening agents (such as magnesium oxide), giving a leather-like consistency to the resin
dyes or pigments

self-extinguishing agents

other fillers such as chalk and silicates to prevent shrinkage during curing.
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6.2.2 Process safety hazard issues

In the resin industry, much attention has to be paid to process safety issues due to hazards related
to the used raw materials. The most important potential hazardous scenarios are related to:

e flammable mixtures in storage and process vessels (like styrene and DCPD)

e  dust explosions of raw materials (solid anhydrides, acids, bisphenol A, some inhibitors)

e decomposition reactions and runaway reactions of pure raw materials (DCPD) and reactive
mixtures

e hazards of eye contact, skin contact or inhalation of raw materials (like acids), intermediates
or finished products

e  pressure, although pressure levels used are low (process) to moderate (steam).

6.2.3 Plant layout and operation

Resin production is performed in production plants that may be integrated in larger facilities or
that are completely standalone units. In some cases, UPES resins are produced in multipurpose
plants where other resins, like alkyds and saturated polyesters, are also produced. The market
demands a large variety of resins in order to suit the wide variety of end market applications and
conversion technologies applied. This is reflected in the resin production facilities being able to
produce a variety of products on the basis of different raw materials (recipes), process conditions
and to target final specifications. Order size and packaging demand (bulk, container, and drum)
add to the complexity of the production facility.

Typically the core of a resin plant will consist of a number of batch reactors varying in size from
10 —40 m’. Largely depending on the degree of specialisation of such a facility, a mix of
100 - 200 products based on 100 — 150 different raw materials may be produced. Bulk delivery
versus drum/container may vary from 40:60 to 60:40 with order sizes ranging between less than
1 tonne and full tank truck loads.

Resin production shows a trend towards a higher level of automation, but still requires a lot of
operator intervention. Apart from control of the process, this includes raw material weighing and
preparation, metering of small raw materials, sampling and sample analyses, product filtration
and then filling of drums, containers and tank trucks.

Figure 6.2 shows a schematic flow chart of the UP production process.

. Finished
Raw material Intermediate roduct
storage and Reaction Blending Finishing P
f storage storage and
handling .
handling
l A 4 i y i i v
Bulk Reactor % Blender Storage ¥ Flrlgnhklng —» Storage
—— | Y
l A
Non-bulk * Tank
> Truck
| I *IBC
* Drums

Figure 6.2: Flow diagram of the UP production process
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6.2.4 Storage

The main raw materials are usually stored in bulk storage tanks or silos and automatically trans-
ferred and metered to the process vessels. Other raw materials, packed into bags, big bags (super-
sacks), drums and IBCs are stored on site in dedicated storage areas or warehouses. If necessary,
conditioned storage facilities or specially designed facilities (peroxide storage) are available.

Prior to use in the process, certain raw materials need to be melted and preheated in ovens. Some
installations have heated silos to keep raw materials liquid and ready to use and to avoid the
emission of dust from the storage area.

6.2.5 Polycondensation

The polycondensation process is carried out in a batch reactor, which usually has a volume of
between 15 and 50 m’, applying predetermined heating, cooling, and pressure (vacuum) profiles,
water is split off during this reaction. This condensation water is separated from the reactive mix-
ture through distillation and is collected as reaction water. This water-rich stream is treated prior
to disposal to the environment, with possible energy or material recovery. Although production of
reaction water is inherent to the process, technology can influence the composition (concentration
of organic material).

After the reaction product meets the required specifications (viscosity and functionality), it is
cooled and blended in a reactive monomer, usually styrene. This step is generally performed in
dilution tanks, equipped with agitation. The base resin is finished, directly or after intermediate
storage, to the end formulation and specification requirements, in finishing tanks.

Depending on the plant layout, storage facilities are available for intermediate storage and for
finished product storage. Products will be filtered to specification using self cleaning filters
and/or disposable cartridge and bag filters.

Although this generic process description is used for all UP, the process will show certain differ-
ences depending on the main chemistry applied. This is illustrated in the brief process descrip-
tions relating to the main product groups ortho- and isophthalic polyester, dicyclopentadiene
(DCPD) polyesters and vinyl esters.

6.2.5.1 Ortho- and isophthalic polyester production
6.2.5.1.1 Reaction

Glycols and diacids or anhydrides are dosed into a batch reactor at an ambient temperature and
under inert atmosphere. When heated, an esterification reaction will take place:

Anhydrides/diacids + glycols <> polyester + water

The reaction requires an initial heat-up. Typical heat-up rates are 70 — 90 °C per hour initially
followed by a phase where water distillation starts and further heats up at rates of around
15 - 25 °C per hour. Heating is continued until a predetermined batch temperature above 200 °C
is reached. The equilibrium is shifted to the right by reaction water removal. For this purpose, the
reactor is equipped with a distillation column (for the purpose of separating glycols and reaction
water), a condenser and a receiver to collect the reaction water. Water removal is facilitated by
applying nitrogen as the inert gas or a vacuum. Alternatively, an azeotropic distillation process
may be applied. A solvent is used for water removal, e.g. xylene. In a separator, the xylene-water
mixture is separated, the xylene is recirculated back into the reactor and the reaction water is col-
lected in the receiver.
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The esterification process is controlled by monitoring the viscosity and the acid values. Usually
these values are measured through sampling and the performing of laboratory analyses. If neces-
sary, process conditions may be adapted to make sure the reaction can be stopped at the correct
target values of viscosity and acid value. As soon as the product meets the required target specifi-
cation, it is cooled and transferred to a blender. Typical batch times vary between 15 and 25
hours.

In the case of isophthalic polyesters, the esterification is carried out in two stages. In the first
stage, the slow reacting isophthalic acid is heated and polycondensated in the presence of excess
glycols. This is followed by a second stage where the other acids/anhydrides (maleic anhydride
and phthalic anhydride) are metered to the reactor.

6.2.5.1.2 Blending

The polyester is cooled down below 200 °C and then discharged into a reactive monomer (usually
styrene). During the blending, the temperature needs to be controlled at + 70 °C to prevent a pre-
mature reaction. Adequate levels of inhibitors (also to prevent further polymerisation) and other
additives are dosed in this stage of the process. Typical styrene levels in the finished product are
30 — 50 %. After filtration, the clear solution containing the polyester and the styrene monomer is
ready for delivery to the customer or it is used for further finishing purposes.

The product may be stored in intermediate storage facilities.

6.2.5.1.3 Finishing

In this process step, the polyester is finished to meet the specific application requirements. The
mixing steps are carried out at ambient temperatures. Typical operations at this stage are:

mixing of various intermediate polyesters

addition of silica to produce thixotropic resins
addition of titanium dioxide for pigmented resins
addition of mineral fillers for so-called filled resins.

A variety of test methods are used to finish the product to the desired specifications such as solid
content, viscosity, reactivity, gel time.

6.2.5.2 Dicyclopentadiene (DCPD) polyester production process

DCPD is used as a raw material in the manufacture of the so-called DCPD-based unsaturated
polyester (UP) resins, where both high purity grades and resin grades are used. This class of
products shows special characteristics compared to standard UP resins based on orthophthalic
anhydride, isophthalic acid, etc. and these include:

lower molecular weight/reduced viscosity

increased reactivity (increased state of cure after a given time)
improved wetting properties

increased heat resistance

reduced shrinkage

increased solvent resistance.
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The process only differs from the ortho- and isophthalic polyester process as far as the production
itself is concerned; blending and finishing are carried out in the same way for both processes.

6.2.5.2.1 Reaction

The production of DCPD-based UP resins follows various different routes using different recipes
and process conditions. There are two main routes for the manufacture of DCPD resins. The first
and most important route is end-capping of the polymer backbone with DCPD. This chemistry is
based upon hydrolysis of maleic anhydride into maleic acid, and the addition of DCPD to maleic
acid. This end-capping reaction results in lower molecular weight and lower viscosity resins.

The second method is based on the formation of nadic anhydride and a chain extension of the
molecules. This reacts via a Diels-Alder reaction. The DCPD is split into two cyclopentadiene
molecules which react with maleic anhydride to form nadic anhydride. The nadic anhydride re-
acts further in a condensation reaction as described for orthophthalic polyesters (see Section
6.2.5.1).

As strong acids react with DCPD much faster than weak ones, the conditions must favour the use
of the strong acid from maleic anhydride or acid prior to the reaction in an esterification mode.
The first step is to charge the reactor with maleic anhydride and water, into which the DCPD is
gradually charged.

This in situ addition reaction step is exothermic. If the temperature exceeds 140 — 160 °C, the
liquid DCPD molecule decomposes into two gaseous cyclopentadiene molecules, which subse-
quently lead to an increase of the pressure in the reaction vessel and if uncontrolled, to an explo-
sion.

It is, therefore, essential to keep the temperature well below this maximum during production.
Consequently, all involved parameters included in DCPD resin production (resin formulation,
resin processing, reactor and processing systems) must be carefully designed, controlled and
maintained to prevent ‘runaway reaction’ risks during production. This can be achieved through
designing resin formulations and processing parameters to allow control of the exothermic reac-
tion.

It is also essential that good safety systems are designed and installed, with:

e high integrity levels as to raw material charging and metering
e  ahigh integrity level of temperature controls, both concerning reactor heating and cooling
e ample reactor cooling capacity, as well as a cooling capacity back-up.

When this first reaction step is terminated, the dicyclopentadiene maleate formed is esterified,
blended and finished in the normal way, as described for orthophthalic polyesters. Inherent to a
well managed and controlled process, polycondensation will generate reaction water containing
unreacted raw materials and impurities from the used DCPD raw material. These are by-products
with hazardous characteristics and have a very strong smell. The production of DCPD resins,
therefore, normally takes place in a closed system and includes treatment of all gaseous and liquid
emissions. To treat the off-gases, the following techniques are currently used:

e regenerative thermal oxidation (thermal oxidation with energy recovery)
e active carbon adsorption, in particular at smaller production sites.
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Apart from the smell, the main environmental issues when producing DCPD resins are:

e correct and safe storage and handling of the raw material to maintain chemical stability
(storage temperature <30 °C), and avoiding acids and oxidising agents coming into contact
with the raw materials

e the DCPD concentrate is considered harmful to the environment, and has low solubility in
water. Storage must consequently be carried out in a safe way to prevent emissions to water,
air and soil

e primarily due to the strong smell, but also due to the higher amount of organics in the reac-
tion water, all gaseous products and reaction water from the reactors must be safely collected
and treated, for example by means of a regenerative thermal oxidation unit.

A typical DCPD base resin consumes 20 — 35 wt-% DCPD raw material (the rest is normally
maleic, glycols and styrene), creating 6 — 10 % reaction water and other by-products, which are
collected and treated.

6.2.5.3 Vinyl ester resin production process

Vinyl ester resins are based on the reaction product of an epoxy resin and an ethylenically unsatu-
rated carboxylic acid which results in a terminal unsaturation. Various epoxy resins are used, such
as the diglycidyl ether of bisphenol A or higher homologues and epoxylated phenol-formaldehyde
novolac. The most commonly used acids are acrylic and methacrylic acid.

The acid-epoxide reaction is straightforward and is catalysed by tertiary amines, phosphines or
ammonium salts. Vinyl ester resins are diluted with a reactive monomer such as styrene, vinyl
toluene or dicyclopentadiene acrylate. Similar to other unsaturated polyesters, the production of
vinyl esters is carried out in batch reactors. The basic steps of the process are:

e  reaction, epoxy groups saturation
e Dblending, dissolving in a reactive monomer.

6.2.5.3.1 Saturation of epoxy groups

The saturation of the epoxy groups takes place in a stirred batch reactor by the addition of
methacrylic acid to the epoxy resin. Epoxy resin is fed into the reactor and the temperature is
raised up to 115 °C. The catalyst and the inhibitor are added to the reaction mixture.

The methacrylic acid is progressively fed into the reactor. The reaction is exothermic and, during
this phase, the temperature of the mass has to be maintained below 120 °C. The reaction heat is
continuously removed by means of a cooling water circulation through the coils of the reactor
vessel.

The process is controlled by monitoring the acid value of the reactive mixture. Unlike the UP
processes discussed above, the vinyl ester process is an addition, not a condensation reaction.
Therefore, no contaminated reaction water is formed as a by-product.

Lack of control may lead to excessive polyaddition and gel formation with process downtime
with raw material losses being a consequence. With respect to the control of undesired exother-
mic reactions, the polymerisation of methacrylic acid is a particular risk.
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6.2.5.3.2 Blending

After the reaction between the epoxy resin and the acid has been completed, styrene and additives
are added to obtain the required characteristics of the finished product. After the dissolution in the
styrene, the temperature of the mass has to be quickly lowered to below 30 °C to prevent the
product curing.

6.2.5.4 Finishing

The finished product is a reactive intermediate which has a shelf life of normally around six
months. Storage times and conditions at the production factory, during transportation and at the
customer warehouse have to be controlled to avoid unwanted curing.

6.2.6 Curing

Curing of the resin is be covered by the scope of the IPPC Directive whenever it fits into the cri-
teria for inclusion as an associated activity.
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6.3 Aktuelle Emissions- und Verbrauchswerte
[5, CEFIC, 2003]

Die aktuellen maximalen Emissions- und Verbrauchswerte werden in Table 6.4 zusammenge-
fasst.

Parameter Einheil Derzeitiger Definition
Hdochstwert]
Energie GJ/i 5,80 Energie in Gigajoule pro Tonne Verkaufsprodukt.

Schliefdt den unmittelbaren Stromverbrauch mit ein.
Exter ne Verluste beim Wirkungsgrad sind nicht be-
ricksichtigt.

Wasser m’/t 13 Wasser in Kubikmeter pro Tonne Verkaufsprodukt.
Der Wasserverbrauch ist nahezu 100 %ig auf Kiihl-
wasser zurtickzufuihren.

VOC luftseitig g/t 1000 Fliichtige organische Verbindungen in Gramm pro
Tonne Verkaufsprodukt. Schlief3t diffuse Emissionen
mit ein.

CO luftseitig g/t 120 CO in Gramm pro Tonne Ver kaufsprodukt.
CO, luftseitig kg/t 180 CO, in Kilogramm pro Tonne Verkaufsprodukt. Aus-

schliefdlich CO, , das mit externer Stromerzeugung in
Zusammenhang steht.

NOx luftseitig g/t 250 NOy in Gramm pro Tonne Verkaufsprodukt.
SO, luftseitig gt 100 S0, in Gramm pro Tonne Verkaufsprodukt.
Abhéangig vom Schwefelgehalt des Brennstoffs.
Stiube g/t 40 Saub in Gramm pro Tonne Verkaufsprodukt.
Quellen sind Brennstoffe und trockene Mischprozes-
se/handhabung von Feststoffen.
Abwasser (CSB)| g/t 140
(nach Abwasser-
behandlung)
Gefahrliche feste| kg/t 13
Abfille zur De-
ponierung
Gefahrliche Ab-|  kg/t 20 Gefahrliche Abfélle in Kilogramm pro Tonne Ver-
falle zur externen kaufsprodukt. Der Wert umfasst die routineméfiige
Behandlung Produktion und berticksichtigt nicht unvorhergesehe-

ne besondere Vorfalle, die zu Bedienungsfehlern und
Ausschussmaterial fuhrten.

Table 6.4: Derzeitige maximale Emissions- und Verbrauchswerte

Emissions- und Verbrauchswerte, die der Guten industriellen Praxis entsprechen, werden in
Table 6.5 zusammengefasst. Fiir einige Parameter wird zusdtzlich der niedrigste und hdochste
Wert genannt, um den Wertebereich der Daten zu zeigen.
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Par ameter Einheit| Niedrigste Héchstwerd Definition and background
Wert

Energie G 3,5 Energiein Gigajoule pro Tonne Verkaufspro-
dukt. Der Hochstwert ist kennzeichnend flr
Einzelanlagen, die selbst mit Primérbrennstof-
fen (Erdgas oder Erdol) Dampf/Thermodl er-
zeugen. Schliefdt den unmittelbaren Strom-
verbrauch mit ein. Externe Verluste beim Wir-
kungsgrad sind nicht berlcksichtigt.

Wasser m’/t 1 5 Wasser in Kubikmeter pro Tonne Verkaufspro-
dukt. Der Wasserverbrauch ist zu nahezu 100 %
auf Kiihlwasser zurtickzufiihren.

Stickstoff Nm’/t 30 60 Nutzung zur Inertisierung und Entfernung von
Wasser.

VOC luftseitig g/t 40 100 Fliichtige organische Verbindungen in Gramm
pro Tonne Verkaufsprodukt. Umfasst auch
diffuse Leckverluste.

Bei Einsatz einer thermischen Nachverbren-
nung.

CO luftseitig g/t 50 CO in Gramm pro Tonne Verkaufsprodukt. Sehr
niedrige CO-Emissionswerte kénnen nur er-
reicht werden, wenn betriebsintern keine ther-
mische Nachver brennung eingesetzt wird und
nur Erdgas als Energiequelle genutzt wird.

CO;, luftseitig kg/t 50 150 CO,in Kilogramm pro Tonne Verkaufsprodukt.
Bericksichtigt keine CO,-Emissionen durch
externe Elektrizitatsgewinnung

NOxy luftseitig g/t 60 150 NOy in Gramm pro Tonne Verkaufsprodukt

SO, luftseitig g/t ~0 100 0O, in Gramm pro Tonne Verkaufsprodukt. Der
Wert héngt wesentlich von den vor Ort verfiig-
baren Brennstoffen ab.

Stidube g/t 5 30 Staub in Gramm pro Tonne Verkaufsprodukt.
Emissionsquellen sind Brennstoffe und trockene
Mischprozesse/Handhabung von Feststoffen

Abwasser (CSB) g/t Die Anlagen haben durchgehend den értlichen
(nach Abwasserbe- Anforderungen zu entsprechen.
handlung)
Feste gefahrliche kg/t 0
Abfille zur Deponie-
rung
Gefahrliche Abfélle | kg/t 7 Gefahrliche Abfélle in Kilogramm pro Tonne

zur externen Behand-
lung

Verkaufsprodukt. Der Wert umfasst die routine-
mélige Produktion und berticksichtigt nicht
unvor hergesehene besondere Vorfélle, die zu
Bedienungsfehlern und Ausschussmaterial
fuhrten.

Table 6.5: Emissions- und Verbrauchswerte bei guter industrieller Praxis
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6.3.1 Emissions- und Verbrauchswerte von Beispielanlagen

Fiir drei Anlagen wurden die nachfolgenden Verbrauchswerte angegeben (Table 6.6):

Parametery Einheit Anlage 1 Anlage 2 Anlage 3
Energie Gl 2,19 432 40*
Wasser m’/t 1 1 -

* Summierter Energieverbrauch fur den Betrieb zur Herstellung von Harzen und einer
zusétzlichen Gelcoatproduktion. Der Energieverbrauch der Harzproduktion allein
betragt wahrscheinlich 3,2 - 3,6 GJ/t.

Table 6.6: Angaben zum Energie- und Wasser ver brauch von UP-Anlagen

In Table 6.7 werden die Angaben zu Emissionen in die Luft wiedergegeben.

Parameter Einheit Anlage 1 Anlage 2 Anlage 3
VOC luftseitig g/t JHHk 144 ** <100
CO luftseitig g/t 27 45 22
CO2 luftseitig kg/t 80 55 76
NOX luftseitig g/t 105 20 *** 80
SO2 luftseitig g/t 12 29 80
Particles luftseitig g/t 30-35 150%** 30-35

*% Umfasst auch Leckverluste aus Pumpen, Ventilen und Probenahmestellen. Die Emission aug
Punktquellen betrug nur 40 g/t.

*xk Diese Anlage verfugt nicht Uber Dampfkessel; der Dampf wird von einem benachbarten Indust-
riebetrieb bereit gestellt. Die einzige Emissionsquelle ist eine katalytische Nachverbrennungsar
lage, die kirziich aufgertstet wurde, um ausschliefflich Abgase (zuvor Wasser und Abgase) zy
verbrennen Gas — so dass inzwischen der Energieverbrauch wesentlich niedriger ausfallt

*x*%  Die tatséchlichen Werte fallen aufgrund eines gednderten Produktspektrums wahrscheinlich hohet
aus. .

Table 6.7: Emissionsangaben fiir UP-Anlagen

6.3.2 Quellen fur Umweltbelastungen

Bei den Herstellungsprozessen fiir Polyester wurden die nachfolgenden Quellen fiir Umweltbelas-
tungen ermittelt:

e  Schiittverluste und andere Verluste an (umweltgefdhrlichen) Rohstoffen, Zwischen- und
Endprodukten aus geschlossenen Systemen und Sicherheitsbehiltern
Verschmutztes Reaktionswasser sowie die zugehdrige Behandlung (vor Ort oder extern)
Abgase und Abgasbehandlung
Diffuse Emissionen (Dichtungselemente, Abdichtungen, Ventile)
Abwasser aus Reinigungs- und Spiilvorgéngen sowie die zugehorige Behandlung
Feste Abfille sowie ihre Behandlung. Ein gewisser Prozentsatz der produzierten Stoffe ent-
spricht gegebenfalls nicht den Qualitdtsanforderungen und ist nicht geeignet fiir die Anwen-
dungszwecke der Abnehmer; die Hauptmenge hiervon wird intern in den Produktionsprozess
zurlickgefiihrt, manche kleinere Mengen miissen jedoch als geféhrliche Abfille entsorgt
werden. Andere gefdhrliche Abfille fallen als Verpackungsmaterial, Filterpatronen und -
sdcke und durch Proben an.

e  Energieverbrauch. Die fiir die Herstellung von Polyestern benétigte Energie ist abhingig
vom Produktmix und der AnlagengrofBe (sowohl der einzelnen apparativen Verfahrensschrit-
te als auch der Gesamtgrofe der Anlage). Die Energie wird hauptséchlich als thermische
Energie fiir die Konditionierung von Rohprodukten und die Klimatisierung von Gebdu-
den/Einrichtungen, fiir den Produktionsprozess (Erhitzen, Abkiihlen, Destillation) und gege-
benenfalls fiir die Behandlung des Reaktionswassers gebraucht; ein weiterer Hauptanwen-
dungsbereich fiir elektrische Energie ist der Antrieb zahlreicher Pumpen, Rithrwerke, Kom-
pressoren und anderen elektrischen Einrichtungen.
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7 EMULSION POLYMERISED STYRENE BUTADIENE RUBBER

[13, International Institute of Synthetic Rubber Producers, 2002]

7.1 General information

Styrene butadiene rubber (SBR) was developed in Germany in the 1930s and later in the 1940s in
the US, as an alternative to natural rubber. Emulsion styrene butadiene rubber (ESBR) has advan-
tages and disadvantages when compared with natural rubber and directly competes with it. How-
ever, in many applications the two are complementary, being used in blends to give superior
properties. ESBR is often referred to as a general purpose synthetic rubber.

ESBR production plants rely on readily available monomers, styrene and butadiene, hence plants
are often located as part of integrated refineries or chemical complexes, or as adjuncts to such
complexes. A wide range of other chemicals such as emulsifiers, catalysts, modifiers, shortstops,
antioxidants and extender oils, are also required.

ESBR is the largest volume synthetic rubber accounting for about 30 % of the overall total.
Figure 7.1 indicates a value of 43 % for SBR. It should be noted that this is the combined share
for both emulsion (ESBR) and solution polymerised (SSBR) types. Solution SBR is produced via
a distinctly different process and has different technological properties and fields of application.

IR, 10%

SER, 43%

EFDM, 11%

BR, 26%

Figure7.1: Production share of synthetic rubbers

With:

SBR Styrene butadiene rubber

BR Butadiene rubber

EPDM Ethylene propylene diene monomer
IIR Isobutylene-isoprene rubber

NBR Acrylonitrile-butadiene rubber

CR Chloroprene rubber

IR Isoprene rubber
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In total, there are ten plants that produce ESBR in Europe (excluding Russia) with a combined
nameplate capacity of 820000 tonnes per year. Of these, five are located in the EU-15, with a
combined nameplate capacity of 466000 tonnes per year. An overview of the European ESBR
producers is given in Table 7.1. In the context of the European polymer industry, this amounts to
1.3 % of the total production of polymers.

Russia has a nameplate capacity of over 600000 tonnes, but it is not known how much of this is
operational at present. Thus, with an overall consumption of approximately 470000 tonnes per
year, or 610000 if Central Europe is included, there is a net over-capacity in Europe.

L ocation Nameplate capacity tonnes/year
Ravenna, Italy 120000
Southampton, UK 90000
La Wantzenau, France 80000
Schkopau, Germany 91000
Pernis, Netherlands 85000
Oswiecim, Poland 104000
Kralupy, Czech Republic 90000
Zrenjanin, Serbia and Mon- 40000
tenegro

Burgas, Bulgaria 20000 *

Onesti, Romania 100000 *
Total 820000

* Estimated by IISRP, the International Institute of Synthetic Rubber Producers

Table 7.1: European ESBR producers, locations and capacity

The ESBR industry in Europe has a turnover of approximately EUR 460 million. It is part of a
worldwide industry with production plants in most industrialised and many developing countries.
ESBR is a mature product with five major types being produced which are often traded as com-
modities.

The major cost in ESBR manufacture is the purchase of the monomers. The monomer price is
dependent on the crude oil price, but can fluctuate quite widely due to other reasons. ESBR is a
raw material (a raw rubber) which is sold to the rubber goods producers. There it is mixed with
reinforcing fillers, oil and vulcanising chemicals to produce rubber compounds. The rubber com-
pound is then shaped and vulcanised under heat and pressure to produce the finished rubber arti-
cle. Often, the ESBR is blended with other types of raw rubber, such as natural rubber or polybu-
tadiene, to modify the properties of the finished article.

About 70 % of ESBR is used for the manufacture of car tyres, in particular in the tread where it
confers a good balance between wear resistance and wet grip. ESBR is also used to manufacture
conveyor belts, flooring and carpet underlay, hoses, seals, sheeting, footwear and a large num-
ber of other rubber goods. The main applications of ESBR are shown in Figure 7.2.
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Mechanical goods, 9 %

( Othet automotive goods, 8 %

[

N

Footwear,d %

“-\.]

Building, 5 %

Cable and wire, 1 %

— T

Tyres, 68 % Adhesives, 0.5 %

Others,3 %

Figure 7.2: Main applications of ESBR

Despite being referred to as a commodity, ESBR is a high performance product. It is manufac-
tured to a high quality level because of its principal application in safety critical products. In other
application areas, such as conveyor belts, the products are expected to perform well for many
years under demanding conditions. In order to achieve the required performance and to work with
easy and consistent manufacturing processes, very tight specifications are applied by rubber
goods manufacturers.

The production of ESBR is highly capital intensive, hence the industry in Europe only employs
about 1200 people; however, a further 300000 are involved in the manufacture of tyres and indus-
trial rubber goods.
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7.2

Applied processes and techniques in the production of
emulsion styrene butadiene rubber

An overview of the production process is given in the flow chart in Figure 7.3.
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Figure 7.3: Flow diagram of the ESBR production process

Above a critical concentration, surfactant molecules form aggregates called micelles. One exam-
ple of this phenomenon is a solution of the potassium or sodium salts of fatty or rosin acids.
These are usually known as soaps. The addition of monomers which are insoluble in water, such
as styrene or butadiene, to the stirred soap solution results in droplets of monomer stabilised by

soap molecules being formed. These droplets are approximately 1000 nm in diameter.
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Despite being highly insoluble, the monomer is able to diffuse through the water to the soap mi-
celles where it enters the hydrocarbon rich interior of the micelle. The addition of a free radical
catalyst results in a polymerisation reaction occurring within the micelle. A high molecular
weight polymer is rapidly formed and terminated. The polymerisation is fuelled by more mono-
mer diffusing from the droplets to, what now is called, the growing latex particle.

The latex particle is stabilised by soap molecules adsorbed on the surface. As the particle grows,
more soap is required and this is taken from inactivated micelles. At between 10 and 20 % of
conversion from monomer to polymer, no micelles are left, as the soap concentration has dropped
below the critical micelle concentration. At about 60 % conversion, the monomer droplets disap-
pear.

Polymerisation is terminated before total conversion in order to avoid unwanted effects such as
long chain branching and the formation of gel. Termination is effected by the addition of chemi-
cal substances known as a short stop, which immediately kills all free radicals.

About ten years ago, all ESBR plants modified their processes to eliminate the presence of vola-
tile nitrosamines. These potentially carcinogenic chemicals were present at concentrations in parts
per billion. The changes made eliminated the use of sodium nitrite and one component of the
short stop system, sodium dimethyl dithiocarbamate.

The molecular weight of the polymer molecules is regulated by the addition of a chain transfer
agent or modifier. This has the effect of terminating one growing molecule and initiating another.
The more modifier that is added, the lower the molecular weight of the final product.

The reaction is carried out continuously in a series of continuously stirred tank reactors (CSTR)
under moderate pressure. The latex is then stripped of unreacted monomers. Butadiene is re-
moved in flash tanks, the first at atmospheric pressure and an optional second under vacuum. The
latex then passes to steam stripping columns, where styrene is removed.

The resultant latex contains about 10" particles/cm’® and each particle is about 60 nm in diameter.
The content of solids is typically between 20 and 25 %. The basic technology of emulsion polym-
erisation has remained more or less unchanged since the 1940s, when the introduction of the re-
dox catalyst system saw the production of the so-called ‘cold SBR’. The redox system allows the
production of free radicals at a low temperature of 5 °C instead of 50 °C (hot SBR), resulting in a
better controlled reaction and a rubber with improved mixing characteristics and better final
properties.

7.2.1 Preparation of rubber bales

The stripped latex is blended with an antioxidant emulsion prior to coagulation. By changing the
pH of the latex from alkaline to acidic, the soap is converted to organic acid whereupon the latex
immediately coagulates. The organic acid remains in the rubber. The typical concentration of
organic acid in the final product is about 5.5 %. The coagulation is caused by the addition of sul-
phuric acid and coagulation aids, and the rubber appears as small crumbs suspended in water.

After leaching to remove the acid, the rubber crumb suspension passes over screens where most
of the water is removed and recycled back into the coagulation process. The wet crumbs pass to a
dewaterer which reduces the water content to about 10 %. Then it is conveyed to a dryer where
the water content is further reduced to <1.0 %. The dry crumbs are pressed into bales which are
wrapped in polyethylene or ethylene vinyl acetate (EVA) film and packed automatically into
crates.
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The antioxidant is added to protect the rubber during the drying and baling process and to give it
an adequate storage life. The typical antioxidant concentration lies in the range of 0.5 to 2.0 %.
Under normal storage conditions (dry, mild temperature and indirect sunlight), ESBR will have a
storage life of at least one year, providing that the packaging remains undisturbed.

7.2.2 Oil extension

Another important development was made in 1951 with the discovery of oil extension, where a
very high molecular weight rubber has its viscosity significantly reduced by the addition of ap-
proximately 28 % of compatible oil. An oil emulsion is prepared which is coagulated with the
rubber latex. At the moment the emulsion is broken, the oil transfers quantitatively to the rubber —
no free oil being observed at any time. Oil extended rubber allows highly filled compounds to be
mixed easily whilst maintaining final properties at a high level.

7.2.3 ESBR latex

Some ESBR plants also produce latex as a finished product. The polymerisation plants are used to
produce basic latex which has a low solids content and a small particle size. For practical and
economic reasons, it is necessary to increase the solids content of the latex. Straightforward
evaporation of the base latex only allows a solids content of around 50 % to be reached before the
viscosity becomes too high. This problem can be overcome by increasing the particle size in an
agglomeration process. Subsequent evaporation of the agglomerated latex enables solids contents
of more than 60 % to be achieved whilst maintaining a practical viscosity. These high solids lati-
ces are principally used to produce foam mattresses and pillows, foam-backed carpets, adhesives
and sealants.

In the case of plants that produce ESBR latex as a finished product, it could be possible use dif-
ferent technical parameters and different processes in addition to those described in Table 7.2 and
Figure 7.3 [27, TWGComments, 2004].
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7.2.4

Technical parameters

Product type ESBR
Reactor type Continuously stirred tank reactors in series
Reactor size 10-40 m’
Number of reactors in use up to 15
Polymerisation pressure up to 0.5 MPa
Polymerisation temperature 5—10°C (50 °C is used to produce the so-called
‘hot SBR”)

Emulsifying agent

Various anionic surfactants, usually fatty or rosin
acid soaps. Nonylphenols are used at some sites
(see footnote)

Modifier Tertiary dodecyl mercaptan
Shortstops Sodium polysulphide
Isopropyl hydroxylamine, diethyl hydroxylamine
Catalyst/initiators Hydroperoxides/iron
peroxide salts for hot SBR
% solids at end of reaction 15-30%
Conversion of monomer to polymer 50-70%
Antioxidant p-phenylenediamine der.ivatives, phenolic types,
phosphite types

Extender oil

Highly aromatic, naphthenic, treated distillate
aromatic extract (TDAE), mild extract solvate
(MES)

Capacity per reactor line

Typically 30000 - 60000 t/yr.

Note: Nonylphenol is harmful for aquatic ecosystems, and it has been declared as a ‘hazardous
priority substance’ under the Water Framework Directive, meaning that discharge to all watei

bodies should be stopped by 2015.

Table 7.2: Technical parameters of the ESBR process
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7.3 Aktuelle Emissions- und Verbrauchswerte

Die inTable 7.3 angegebenen Werte stammen von sechs Anlagen in Europa. Jeder Emissions-
und Verbrauchsbereich ist als Spanne wiedergegeben, die durch Streichung des jeweils angege-
benen niedrigsten und hochsten Wertes erhalten wurde. Alle Werte beziehen sich auf die emittier-

te oder verbrauchte Menge pro Tonne Produkt.

Parameter Einheil Niedrigster Wert Hdochstwert
Energie- und Wasserverbrauch:
Dampf GJ 3 8
Elektrizitit GJ 1 2
Wasser m’ 5 50
Emissionen luftseitig:
VOC, gesamt g 170 540
Ablauf der Abwasserbehandlung:
Abwassermenge m’ 3 5
CSB-Genehmigungswert fiir den Standor g/t 150 200
Industrielle Abfille:
Gefahrlich kg 3,0 5,0
Nicht geféhrlich kg 0,24 3,6
Kautschukabfille kg 1,5 5,2

Table 7.3: Emissions- und Verbrauchsangaben bei ESBR-Anlagen (pro Tonne Produkt)
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8 SOLUTION POLYMERISED RUBBER CONTAINING BUTADI-
ENE

[42, International Institute of Synthetic Rubber producers, 2004]

8.1 General Information

Solution polymerised rubbers are usually homopolymers of butadiene or copolymers of styrene
and butadiene. They can have a variety of behaviours and properties depending on the molecu-
lar structure. However, they are classed as one family because of one common feature of the
polymerisation process, i.e. the monomers, catalyst and other ingredients are all dissolved in an
organic solvent

The family consists of, in order of market volume, polybutadiene (or butadiene rubber, BR),
solution styrene butadiene rubber (SSBR) and styrenic block copolymers (SBC). A further sub-
division may be made into those polymers that require vulcanisation (BR, SSBR) and those that
do not (SBC). The latter are also known as thermoplastic rubbers as they have rubbery proper-
ties below a certain temperature when they soften and may be processed like thermoplastics.

Table 8.1 shows the production volume share of the major types of synthetic rubber, including
ESBR.

ESBR Emulsion styrene butadiene rubber 28 %
SSBR Solution styrene butadiene rubber 12%
BR Butadienerubber (polybutadiene) 24 %
SBC Styrenic block copolymer 5%
EPDM Ethylene-propylene diene monomer 9%
IIR | sobutylene-isoprenerubber (butyl/halobutyl) 7%

IR I soprenerubber (polyisoprene) 7%
NBR Acrylonitrile-butadiene rubber 5%
CR Chloroprenerubber (polychloroprene) 3%

Source: Worldwide Rubber Statistics 2002, IISRP Houston

Table 8.1: production volume shar e of the major types of synthetic rubber

These rubbers are used as follows:

e the principal use of BR is in the manufacture of car tyres, where it is used in blends with
other synthetic rubbers to enhance abrasion resistance and to improve dynamic properties. It
also finds use in conveyor belting, flooring, sheeting, hoses, seals and many other goods. BR
has another large scale application outside the rubber manufacturing industry namely as an
impact improver in thermoplastics such as polystyrene, to give the high impact types (HIPS),
and ABS

e SSBR is used in tyre manufacture, particularly in the tread compound where it gives a good
combination of grip, wear and low rolling resistance. It is also widely used in flooring, sheet-
ing and shoe soles. Some types find application in the manufacture of adhesives

e  SBC is a thermoplastic rubber and does not need to be vulcanised. It finds widespread use in
footwear, adhesives, bitumen modification and sealants. Its thermoplastic nature allows it to
be recycled. The modified bitumens have elastic properties and are used for roofing mem-
branes and for roads.

Solution rubbers account for approximately 42 % of all synthetic rubber production. Worldwide
about 5 million tonnes are produced yearly.
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There are 15 plants in Europe (including Russia) producing solution rubber with a combined
nameplate capacity of 1.3 million tonnes/year. Of these, 12 are located within the EU-15 pro-
ducing nearly 1 million tonnes/year. In the context of the European polymer industry this pro-
duction represents 2.3 % of the total production. An overview of the European producers is
given in Table 8.2.

Nameplate
Company L ocation Country capacity
kilotonnes/year

Company A Ravenna Italy 150
Company A | Grangemouth UK 110
Company B Dormagen Germany 55
Company B Port Jerome France 120
Company C Schkopau Germany 110
Company C Berre France 65
Company D Santander Spain 110
Company E Antwerp Belgium 80
Company F Berre France 65
Company F Wesseling Germany 60
Company F Pernis the Netherlands 20
Company G Bassens France 750
Company H Romania 60
Company I Russia 126
Company J Russia 120

Total 1326

(1) estimated by IISRP
Source: Worldwide Rubber Statistics 2002, IISRP Houston

Table 8.2. Companies and capacities of the 15 plantsin Europe producing solution rubber

Solution polymerisation plants rely on the ready availability of butadiene and styrene and the
reaction solvent, hence plants are often located as part of integrated refineries/chemical com-
plexes, or as adjuncts to such complexes. A wide range of other chemicals such as catalysts,
modifiers, shortstops, antioxidants and extender oils are also required.

Two types of catalyst systems are used, the so-called Ziegler-Natta types and those based on
alkyl lithium. Plants using the latter are often multipurpose producing polybutadiene, solution
SBR and styrenic block copolymers in quantities depending on market demands. This makes it
difficult to estimate the capacities for each type with any accuracy. For this reason, the plant
capacities are expressed in terms of solution rubber in general.

8.1.1 Polybutadiene (butadiene rubber, BR)

BR was first polymerised in Russia in 1910. It is the second largest volume synthetic rubber
accounting for about 24 % of the total of all types. The consumption within the EU is approxi-
mately 340000 tonnes/year.

BR is a raw material (a raw rubber) which has two main markets: the rubber goods industry and
the plastics producers. The former blend it with other types of rubber and mix it with reinforcing
fillers, oil and vulcanising chemicals to produce rubber compounds. The rubber compound is
then shaped and vulcanised under heat and pressure to produce the finished rubber article. The
latter incorporate a small amount (5 to 8 %) during their polymerisation processes to enhance
the impact strength of the finished plastic. The most widely produced material is high impact
polystyrene, HIPS.
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About 70 % of BR is used in the manufacture of car tyres, particularly in the sidewall where it
improves flex and fatigue resistance and in the tread where it improves wear resistance, 10 % of
BR is used to manufacture industrial goods such as conveyor belts, mill linings, flooring, hoses,
seals, sheeting, footwear, golf balls and a large number of other rubber goods.

About 20 % is used by the plastics industry.

BR is a high performance product. It must be manufactured to the highest quality level because
of its principal application in safety critical products. In other application areas, such as con-
veyor belts, the products are expected to perform well for many years under demanding condi-
tions. In order to achieve the required performance and to give easy and consistent manufactur-
ing processes, very tight specifications are applied by rubber goods manufacturers and the plas-
tics industry.

The production of BR is highly capital intensive, hence the industry in Europe only employs
about 650 people, however, a further 300000 are involved in the manufacture of tyres, industrial
rubber goods and high impact plastics.

8.1.2 Solution styrene butadiene rubber (SSBR)

SSBR was first produced in the 1960s following the discovery of the alkyl lithium polymerisa-
tion catalyst. It is the third largest volume synthetic rubber accounting for about 12 % of the
total of all types (see Table 8.1). Consumption within the EU is approximately 190000 ton-
nes/year.

SSBR may be divided into two categories:

e random copolymers (80 %) The market for the random copolymers is completely dominated
by the tyre industry (95 %). These types are usually extended with compatible oil. They are
blended with other types of rubber, including natural rubber, and mixed with reinforcing fill-
ers (carbon black and/or silica), oil and vulcanising chemicals to produce the tread com-
pound where they improve wet grip and decrease rolling resistance thus improving in fuel
consumption

e partial block types (20 %). The partial block types are used in rubber flooring, carpet under-
lay, footwear and in many other applications. They also find widespread use in bitumen
modification and in adhesives.

SSBR is a high performance product. It must be manufactured to the highest quality level be-
cause of its principal application in safety critical products. In order to achieve the required per-
formance and to give easy and consistent manufacturing processes, very tight specifications are
applied by rubber goods manufacturers and the other industries supplied.

The production of SSBR is highly capital intensive, hence the industry in Europe only employs
about 500 people; however, a further 300000 are involved in the manufacture of goods contain-
ing SSBR.
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8.1.3 Styrenic block copolymers (SBC)

SBCs were developed in the US in the mid sixties. They are the largest volume thermoplastic
elastomers, being polymers with rubberlike properties but able to be processed as thermoplastics.
As a result of these properties, they present two advantages over conventional types: vulcanisa-
tion is unnecessary and the scrap can be reprocessed. SBCs account for about 5 % of the total
synthetic rubber production (see Table 8.1). The consumption within the EU is approximately
280000 tonnes/year.

SBCs are made using anionically catalysed polymerisation techniques. They are composed of
well defined polystyrene and poly-diolefin blocks. Two basic types of configurations, linear and
branched (or star) can be produced. The polystyrene and polydiene blocks are chemically incom-
patible and so a two phase system is formed. The hard polystyrene domains are linked to the rub-
bery polydiene phase and act as multifunctional cross-links. Below the glass transition tempera-
ture of polystyrene, SBCs act like vulcanised rubber whilst above it they act like thermoplastics.

There are three major types of SBC:

e  styrene butadiene styrene (SBS) block copolymers (80 %)

e  styrene isoprene styrene (SIS) block copolymers (11 %)

e hydrogenated versions of SBS and SIS (9 %), being styrene ethylene butylenes styrene
(SEBS) or styrene ethylene propylene styrene (SEPS).

Usually the compounds of SBCs are mixed continuously in a single or twin screw extruder. The
SBCs are delivered in pellet or crumb form. The dry compound is premixed and then introduced
into the extruder where the complete mixing and homogenisation of the ingredients takes place.
SBCs are blended with thermoplastics such as polystyrene and inorganic fillers like clays and
whiting. If required, the compounds may be plasticised with paraffinic or naphthenic oils. Some
SBC types are supplied in the oil extended form. The hydrogenated types are ozone resistant and
more resistant to the environment in general.

SBCs are used to produce modified bitumen for roofing and roads (43 %), footwear (43 %), adhe-
sives (11 %) and a wide variety of technical goods (3 %).

Thermoplastic elastomers, in general, cannot compete with vulcanised rubber compounds where
the highest level of physical properties are required. SBC also suffers from having a relatively
low maximum operating temperature of about 70 °C. Despite this, it has achieved considerable
market penetration.
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8.2 Applied processes and techniques

Solution rubber plants are generally integrated into larger production sites, which deliver the re-
quired feedstocks (solvent and monomers), electricity, steam, treated water, and take back the
solvents for purification or combustion. However, some plants generate their own steam and
treated water and import the monomers and solvent.

Typically, a solution diene rubber process can be subdivided into the following process steps:

polymerisation

blending section

packaging.

The chemicals used are:

purification of monomers and solvent
hydrogenation (if applicable)

solvent removal and product isolation

the monomers (styrene, butadiene and isoprene)
the catalyst (usually n- or s-butyl lithium or Ziegler-Natta catalysts based on transition met-

als such as neodymium, titanium and cobalt)

mixtures thereof)

the solvent (commonly cyclohexane, hexane, heptane, toluene, cyclopentane, isopentane or

e process additives like coupling agents, structure modifiers, extender oil, killing agents and

product stabilisers.

Figure 8.1 shows the general flow scheme of a solution rubber plant. A general description of
each process step is also presented below.

Butadiene

I

A 4

Make up solvent Isoprene Ingredients
Styrene
v J v A 4
—»Solvent purification Mo.n.omc.ers Ingredle_nts
purification preparation

.| Polymerisation |,
reaction

A 4
Blending and

A

stripping

v 3

to drain

Water and Hydroc.

A 4

Finishing

!

Finished product

Figure8.1. Principal flow scheme — solution polymerisation
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The principle emission of VOC is from the finishing stage, but diffuse (fugitive) emissions can
occur from all stages of the process. If applicable, hydrogenation would occur in a separate stage
between polymerisation and blending.

8.2.1 Purification section

Solution processes often comprise an anionically catalysed polymerisation process. The catalyst
is highly sensitive to the presence of polar impurities in the feedstream, particularly water. There-
fore, it is essential that the solvent and monomers are free of such catalyst poisoning species.
Even less sensitive catalysts, such as the Ziegler-Natta types, require a purification step on the
feedstock prior to the reaction stage.

Purification is generally operated in a continuous mode. Recycled and make-up solvent are
passed through a bed containing molecular sieves. Alternatively, packed alumina columns or
distillation columns may be used.

Monomers are generally purified continuously to remove chain terminators such as water, oxy-
gen, stabilisers like p-tert butyl catechol and polar compounds. This is generally done using alu-
mina beds, or by using distillation columns.

8.2.2 Polymerisation section

The polymerisation reaction is carried out in a batch or in a continuous mode depending on the
specific process (details in Section 8.2). The reactor is charged with solvent and catalyst. Depend-
ing on the targeted polymer, monomers are added simultaneously or sequentially. Where a ran-
dom copolymer is required, a structure modifier, usually an ether, is added. These chemicals have
the additional benefit of increasing the amount of 1.2 polymerisation of the butadiene, i.e. they
increase the vinyl content.

The heat of reaction is partially removed via cooling coils or jackets, heat exchangers in a pump
around loop or via overhead cooling by means of condensing the evaporated solvent. If heat re-
moval is not applicable, the reaction is adiabatic. The reaction can be carried out in one reactor
but mostly a series of reactors are used. Depending on the targeted molecule, a coupling agent is
added. In the absence of a coupling agent, a polar compound is added to destroy any living spe-
cies.

In order to produce the targeted polymer chain and for process safety reasons, it is essential to
keep the monomer dosage (the ratio of monomer to solvent) in combination with temperature and
pressure in a well controlled range. Very often polymerisation reactors are equipped with a so-
called ‘killing system’ to prevent runaway situations. This constitutes the addition of a polar
component, able to react with the active species, thereby stopping the reaction. In some cases,
stabilisers are added during the reactor unloading to the blend tanks (not for hydrogenated grades
of SBC).

8.2.3 Hydrogenation section

For the production of hydrogenated solution rubbers, the polymer solution is introduced into a
reactor. The reactor is able to be operated at elevated temperatures and pressures in order to allow
fast hydrogenation. Reactions are generally operated in a batch, semi-continuous or continuous
mode. Commonly used catalysts are Ti and Ni species, sometimes in combination with alumin-
ium alkyls.
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8.24 Blending section

The polymeric solution subsequently goes to a blending section comprising storage vessels of
different sizes. Batches are blended following plant specific blending rules. Obviously product
analyses are essential in this process in order to check whether the batches are on specification.
Product additives like stabilisers and extender oils can also be added in this section.

8.2.5 Solvent removal and recovery
There are two main techniques for removal of the solvent from the rubber solution:

e  steam stripping
e devolatilising extrusion.

The criteria used for choosing either a steam stripping technique for solvent removal, or devolatil-
ising extrusion, depends primarily on the properties of the rubber and the customer’s process
requirements. For example, some end applications require a porous expanded crumb form rubber
particle (only produced via steam stripping and mechanical drying), while others request a solid
pellet, or a baled product.

8.25.1 Steam stripping

On transferring the rubber solution from the blending tanks to the strippers, in some cases ex-
tender oil is added and mixed using in-line mixers. The stripping units usually consist of two to
three steam distillation contacting vessels, equipped with mixers, operating in series. In the first
stripper, the rubber solution is pumped in the agitated vessel through several nozzles, this is for
generating small crumbs allowing for a good solvent removal. In order to control the size of the
crumbs, and to prevent them from sticking to the vessel walls and to each other, an anionic sur-
factant may be added to the stripper water together with a soluble inorganic salt. For improving
the drying ability in the rubber drying lines downstream, sometimes the pH is controlled by the
injection of an acid (e.g. sulphuric acid) and/or a base (e.g. caustic soda).

In the first stripper, the solvent amount is reduced from typically 85 -70 % weight down
to <10 % weight. In order to optimise the energy consumption, the temperature in the first strip-
per is chosen in such a way that the solvent is boiling off with minimal entrainment of water. The
steam injected in the first stripper is usually a mix of fresh steam and steam plus solvent vapours
originating from the downstream stripper(s). The solvent evaporation process in the first stripper
is thermodynamically controlled.

The vapour mixture of steam and solvent leaving the first stripper is condensed and recovered in
decanter vessels, where water and solvent separate. The solvent is recycled into the wet solvent
storage tanks for re-use and the water phase is recycled into the strippers. Decantation is con-
trolled by an interface detector system based on the density difference between the water and the
solvent.

In the second stripper, fresh steam is injected, thereby reducing the solvent content of the rubber
crumbs further down to typically 0.3 - 0.5 % by weight. Solvent removal is diffusion controlled.
The temperature in the second stripper is usually 20 °C higher than in the first stripper, for speed-
ing up the diffusion process.

In some cases, a third stripper is operated in series of the two upstream stripper vessels, for fur-
ther reduction of the residual solvent contents.
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After the strippers, a crumb slurry tank is used as a buffer between the upstream (continuous)
stripping operation, and the drying/packaging equipment, this for avoiding stripper shutdowns
caused by short (<30 minutes) stops on the drying lines downstream. Crumb concentration in the
crumb slurry tanks is typically 5 - 10 % by weight. The vapours generated in the crumb tanks by
flashing of the crumb slurry coming from the second (or third) stripper is either condensed and
recycled to the decanters, or ejected by means of a steam jet to the second (or third) stripper.

8.2.5.2 Devolatilising extrusion

An alternative technique to steam stripping is solvent removal by devolatilising extrusion. This
technique is used for those rubber types which have a high melt index, with a high tendency to
stick, or which can be easily pelletised. Pelletised products offer the advantage of being easily
processed by pneumatic and/or automated solid materials handling systems, since they tend to be
free flowing without effects like bridging in the client’s process equipment.

After leaving the blend tanks, the rubber solution is first pre-concentrated from typically
15-30% by weight to typically 50 — 85 % by weight using a pre-concentrator. This can be
achieved by either preheating followed by flashing in a flash vessel, thereby condensing the
flashed solvent vapours, or by using mechanical pre-concentrators (e.g. wiped film evaporators).

The concentrated rubber solution is then further processed by an extruder, equipped with vents,
for eliminating the residual solvent. The extruder barrels are heated by means of hot oil or steam
jackets. Some of the energy needed for evaporating the solvent is generated in so-called ‘heating
zones’ in the extruder. These zones are equipped with counter rotating screw elements, creating
additional friction locally. These zones are also used to separate the different extruder vents by
means of a polymer seal, thereby facilitating a progressive decrease in vapour pressure. As the
rubber moves down the extruder screw(s), pressure decreases, and solvent is removed gradually.

Some additives are added to the rubber melt in the extruder for avoiding the pellets to stick down-
stream during pelletisation, or storage (e.g. a wax).

At the end of the extruder, the rubber is extruded through a dieplate and pelletised. The pellets are
cooled down by means of spray water, or by using underwater pelletisers. In this way, sticking of
the pellets is avoided.

Typical residual solvent levels of the rubber pellets is <0.3 % by weight. The solvent vapours
coming from the vent domes of the extruder are compressed and condensed. The vent domes
operate between almost atmospheric (first vent) down to 60 mbar (last vent).

The pellets are dried using a spinaway dryer, and then either packaged, or temporarily stored in
silos.

8.2.5.3 Elimination of water for steam stripped rubbers

After leaving the crumb slurry tanks, a variety of techniques are used for separating the water
from the rubber crumbs. In general, a first treatment consists of press drying of the rubber slurry,
using extruders with perforated barrels, followed by mechanical heating and flash drying in a
second extruder, and finally hot air drying and cooling on a vibrating belt, or a spiral elevator.

Typical volatile matter content after the drying process is <1 % by weight. An antiblocking agent
is added to the crumbs and pelletised products before packaging, to prevent the rubber from stick-
ing on storage. This is achieved by means of mechanical blending. Baled rubbers are wrapped in
a polyethylene film before packaging.
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8.25.4

Packaging

The packaging options used depend on the final rubber product form and the handling facilities at
the customer’s site: some of those can be bales in boxes, crumbs in boxes, crumbs in paper bags
on pallets, crumbs in big bags, pellets in boxes, pellets in bulk.

For this part of the process, again no single ‘best’ production technique can be identified — they
are adapted to the specific rubber end application combination.

8.2.6

Technical parameters for typical solution plants

Table 8.3 shows technical parameters for typical solution plants:

low cis polybutadiene

Plant type Polybutadiene plant Solution SBR plant Styrenic block copo-
lymer plant
Product type High cis polybutadiene, | SSBR, batch or continuous| Styrene butadiene ang

depending on required char
acteristics

styrene isoprene
thermoplastic rubbers|

Reactor type and size

Continuously stirred tank
reactors in series, 10 - 100

Continuously stirred tank
reactors in series or batch

Batch or continuously
stirred tank reactors ir

tureand temperature

evaporators, cooling coils,

m’ reactors, 10 - 100 m’ series, 10 - 50 m’
Monomer addition Butadiene Simultaneous addition of Sequential
styrene and butadiene
Number of reactorsin Upto 10 Up to 10 depending on the Upto5
use processes
Polymerisation pressure Up to 5 bar Up to 5 bar Up to 5 bar
Polymeristaion temper a- 30 - 100 °C; external 30 - 100 °C; control system 30-120 °C,

based on external evapora-

40 - 90 °C external

process, Ziegler-Natta

catalysts based on tita-
nium, neodymium, cobalt
or anionic catalysts such ag
n-butyl lithium

control system adiabatic tors, cooling coils, adiabaticf evaporators, cooling
coils, adiabatic
Catalystg/initiators Depending on different Various anionic initiators | Usually anionic initia

(usually n-butyl lithium)

tors such as n-butyl
lithium or s-butyl
lithium

Structure modifiers

No modifiers are used

Various ethers, e.g. THF,
TMEDA

Various ethers such ag
THF, TMEDA

distillate aromatic extract
(TDAE), mild extract

Shortstops Water and/or fatty acids Water and/or fatty acids Water, fatty acids,
alcohols, phenols

Conversion of monomer 95-99 % 95-99% 95-99 %

to polymer

Antioxidant p-phenylenediamine de- | p-phenylenediamine derivaq Phenolic types, phos-
rivatives, phenolic types, tives, phenolic types, phite types

phosphite types phosphite types
Extender oil Highly aromatic, treated Highly aromatic, treated Paraffinic and

distillate aromatic extract
(TDAE), mild extract sol-

naphthenic oils

solvate (MES) vate (MES)
Capacity per reactor line Typically 30000 t/yr Typically 30000 t/yr Typically 30000 t/yr
Table 8.3 Technical parametersfor typical solution plants
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8.3 Aktuelle Emissions- und Verbrauchswerte

Die in Table 8.4 angegebenen Werte stammen von 16 Anlagen in der EU und geben die derzeitig
emittierten Mengen wieder. Jede betriebene Anlage unterliegt ortlichen Genehmigungsbedingun-
gen.

Angaben pro Tonne hergestellten Kau Min Max
tschuk

Energie- und Wasserverbrauch:

Dampf (GJ) 9,0 21,6
Strom (GJ) 1,3 2,7
Abwasser gesamt (m°) 5,8 21,3
Prozesswasser (m’) 0,05 7,0
Luftseitige Emissionen:

VOC gesamt (kg) 0,31 30,3
Abwasser nach Behandlung:

CSB (kg/t Produkt) 0,43 1,25
Abfall:

Kautschukabfélle (kg) 1,2 58

Table 8.4. Emissionsangaben von 16 Anlagen innerhalb der EU
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9 POLYAMIDES

[4, APME, 2004, 16, Stuttgart-University, 2000]

9.1 General information

Polyamides are chemically characterised by a macromolecular structure having the amide group
(-NH-CO-) which is formed by the reaction of a carboxylic group with an amino group as a recur-
ring functional unit that gives the specific chemical properties to the final products. Linear poly-
amides, widely known as ‘nylons’, from the original DuPont trademark name, are the most com-
mon category of the family.

Generally, there are two different chemical ways to form the amide group. Therefore, linear poly-
amides are divided in two groups:

e AB type.

These are produced by polymerisation of lactams or m-amino acids, where A indicates the amino
group and B the carboxylic group and both are part of the same monomer molecule. The most
important product of this group is polyamide 6 (PA 6) where ‘6’ indicates the number of carbon
atoms in the original monomer; in this case g-caprolactam. Other polyamides of this group are
polyamide 11 and polyamide 12. The basic reaction, ring opening and polyaddition of e-
caprolactam is shown in Figure 9.1.

o]
O
N Hz0 HQN\/\/\)J\
— OH

-~
-
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-
-

*
o

HQNM OH
[\Hw
H

Figure9.1: Basic reaction of AB type polyamides

e AA-BB type.

Polyamides of the AA-BB type are produced by the polymerisation of a diamine, indicated by
AA, and dicarboxylic acid, indicated by BB. Polyamide 66 is the mostly produced product of this
type. ‘66’ in this case indicates 6 carbon atoms between the two amino groups of the diamine and
6 carbon atoms of the dicarboxylic acid. The basic reaction 1.6 - hexanediamine and adipic acid is
shown in Figure 9.2.
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Figure 9.2: Basic reaction of AA-BB type polyamides

Nylons were the first synthetic semi-crystalline plastics, the first synthetic fibres and the first
engineering plastics. Today, polyamides are used for various different applications; an overview
of the most important ones is given in Figure 9.3.

Furniture + household, 5%
Others, 6%

Building, 6%
Transport, 32%

Machinery, 8%

Elactrical + electronics,
20%

Extrusion, 23%

Figure 9.3: Main applicationsfor polyamides

Polyamides can be easily moulded. They are hard and brittle and resistant to abrasion, shrinkage
and heat. Certain polyamides are especially flexible and impervious to impact. Polyamides are
resistant to deterioration by alkalis, petroleum products, and organic solvents. Hot phenol, form-
aldehydes, ultraviolet light and mineral acids destroy polyamides. Most polyamides are self-
extinguishing in the event of fire.

Polyamide is reported to be produced by seven companies in Western Europe. Overall, the West-
ern European polyamide industry produced 1399 kilotonnes in 2002. A summary of the produc-
tion data for the years 2000 — 2002 is given in Table 9.1.

Y ear 2000 2001 2002
Production volume 1369 kt | 1307 kt| 1399 kt

Table 9.1: Western European polyamide production 2000 - 2002
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9.2 Applied processes and techniques in the production of
polyamides

9.2.1 Polyamide 6

Polyamide 6 is among the most used polyamides, due to the good availability of the raw material
(caprolactam), to the wide range of applications and to the production, transformation and recy-
cling of polyamide 6 being easy and economically viable.

9.2.1.1 General processes

Polyamide 6 can be produced both by batch or continuous polymerisation. Batch polymerisation
is preferably used for changing polymer formulations with a wide range of molecular weight,
mostly compounding grades. Continuous polymerisation reactors — VK columns (Vereinfacht
Kontinuierlich) — have a lower range of product mix but higher productivity and are, i.e. used for
the production of textile or industrial fibres. Continuous processes can be operated with one or
two reactors in series.

The main process steps used for the production of polyamide 6 are the following:

9.2.1.1.1 Polymerisation

The caprolactam ring is opened in the presence of water (hydrolysis); the linear molecules join
together (polyaddition) producing a macromolecular chain, whose length is determined by the
presence of a chain terminator (e.g. acetic acid).

9.2.1.1.2 Cutting

The polymer melt is extruded through a plate with holes (spinneret), yielding cylindrical granules
(chips).

9.2.1.1.3 Extraction

Due to the equilibrium situation of the polyaddition reaction, the conversion of the caprolactam to
PA 6 is 89 — 90 %, the rest being monomer and cyclic oligomers. These oligomers must be re-
moved by hot water extraction, in other words ‘washing’ the chips in a countercurrent demineral-
ised water flow.

9.21.14 Drying

The moisture present in the chips at the end of the extraction (12 — 13 % of water) is removed by
means of a hot nitrogen flow; the purity of the nitrogen has to be very high, as PA 6 is very sensi-
tive to oxygen.

9.2.1.1.5 Extract water processing

The caprolactam and oligomers stripped by the washing water are usually re-used in the process,
being concentrated by the evaporation of water in adequate heat exchangers (concentrating col-
umns). The extract water can also be treated with the classical depolymerisation and lactam distil-
lation technologies.
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9.21.2 Continuous polymerisation of PA 6

The raw materials (caprolactam, demineralised water, viscosity regulator and opacifier) are mixed
together and continuously fed into the top of a reactor, the polymerisation column.

The reaction takes 15 — 20 hours and is carried out at a temperature lower than 300 °C and kept
constant using diathermic oil (heat transfer medium) to warm the reactor. Going downwards
through the reactor to the lower parts and meeting zones at different temperatures, the caprolac-
tam solution is heated and it polymerises to polyamide 6. The polyamide is taken out from the
bottom of the column through a spinneret; it is immediately cooled and cut into granules with a
cutting machine. The smoke generated during the cooling is collected and sent to a treatment
plant.

As not all the caprolactam is polymerised to polyamide, the granules are washed countercurrently
to demineralised water in an extractor. After washing, the demineralised water contains high con-
centrations of caprolactam and is, therefore, sent to a concentration line to recover both caprolac-
tam and demineralised water to be re-used in the process.

The washed granules enter into a last reactor where they are dried in a flow of warm nitrogen.
Finally, the dry granules are sent to the storage silos by pneumatic conveying.

Figure 9.4 shows a simplified flow diagram of the process.

POLYMERISATION EXTRACTION DRYING
Caprolactam,
demi water,
additives =
|
: o ¥ Water and
. caprolactam To water treatment
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- . | |
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Emissions I | d
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a1 | | Lo 3|
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water ‘ | N, i, i
Cips
P Storage

Figure 9.4: Flow diagram of the continuous PA 6 process
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9.2.1.3

The raw materials (caprolactam, demineralised water, etc.) are mixed in a homogeniser. The
mixed batch is then transferred to an autoclave reactor where the temperature (250 - 270 °C) and

Discontinuous polymerisation of PA 6

the pressure are regulated to obtain a polymer with the required specifications.

When the product meets the required specification, the reaction is stopped, letting nitrogen into
the reactor, and the polymer is transferred into an extrusion tank. The melted polymer is extruded

in cords through a spinneret, cooled in a water bath and cut in chips.

The smoke generated at this stage is collected and sent to an adequate treatment plant.

As not all the caprolactam is polymerised to polyamide, the granules are washed in a countercur-
rent of demineralised water in an extractor. After washing, the demineralised water contains high
concentrations of caprolactam and is, therefore, sent to a concentration line to recover both

caprolactam and demineralised water to be re-used in the process.

The washed granules enter into a last reactor where they are dried in a flow of warm nitrogen.

Finally, the dry granules are sent to the storage silos by pneumatic conveying.

Figure 9.5 shows a simplified flow diagram of the process.

Caprolactan

Additives
T TR

Hormogeni sation

Filter Treatmert plant

- ﬂ Extrusion bead
L b . Cocling wat
~J%&; A
Cutting rmachine T M.
“ibrator

Tank
storage
chips |

1 1
|Extractor|

'\\ j{.‘

D i vt o —

i\_.-" \'\ )f

Sepamtor__ l P

f | * l\__z:
Fan with M,
Oryer
Fan with N
_J""\_ HR

Tank i , Comp!’essor
chips \“,' chips

Chips*f 1{ f:.: ]

Figure 9.5: Flow diagram of discontinuous PA 6 process
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9.2.2 Polyamide 66
9.2.2.1 General processes

Even if other types of polyamides have also gained