PROCESS FORTHE CONTINUOUS PRODUCTION OF POLYESTERS The present invention
pertains to a process for the continuous production of polyesters, in particular aliphatic polyesters,
from cyclic d&2MHHNEAIBrs. Aliphatic polyesters based on cyclic ester montfeTe¥E2002480actide
(L-lactide, D-lactide, rac-lactide, also referred to as DL-lactide, meso-iactide), glycolide, trimethylene
carbonate (TMC), epsilon-caprolactone, and pdioxanbne, and combinations thereof have many
attractive 10properties. They often have high biocompatibility and attractive resorbability properties,
which makes them suitable for the preparation of scaffolds and implants for use in human or animal
bodies, such as for example for fixation elements, films, membranes, suture thread or also for
pharmaceutical drug delivery systems. Further, in particular, polylactide, also referred to as polylactic
acid, is a promising material in the field of biobased polymers for, e.g., packaging material. The fact
that it can be dBRVEE FENEfeneWEbIE FEE0UIEES akBS HBTpertic HAarly Qﬁﬁ‘a‘?,%i""v %% a sustainable
alternative for polymers derived from oil. Polymerisation processes for preparing aliphatic polyesters
such as polylactide are known in the art. They include ring-opening polymerisation processes and
polycondensatbRsrBEEssEat It HasBeerPbunathatthe golylacit 268 obtdined thiough
polycondensationrocesses is o limited valuerbeeausespelyeondensgtion degsyet yield the required
high molecular weight 30polyesters. Accordingly, (co) polyesters are preferably prepared by
ring-opening péiyiieridatisn BRthESEarfdshontiyeythic mohsmérs: stich @81 factide, D-lactide,
DL-lactide or raclactide, moso-lactide, glycoldde, trimethylene carbonate, epsilon-caprolactone, and
p-dioxanone, or mixtures, there%:‘% Th_erefprgi,_ most publications on %Jfrocesshes for the pgrgg%%ction of
polylactide disétose” 4 irststély whtein Olactit"adid & p&iyimetised To form a pre-polymer through
condensation, whichspreiptlymer isssubiseguently depalymerised-byameans pof alcatalyst to form crude
lactide (i. the fing:closure reagtion), The grude lacide is purified, and the purifiegjactide is used as
monomer in

trimethylene carbonate (TMC), epsilon-caprolactone, and p-

dioxanone, and combinations thereof have many altractive

10 properties. They often have high biocompatibility and

attractive resorbability properties, which makes them

suitable for the preparation of scaffolds and implants for

use in human or animal bodies, such as for example for

fixation elements, films, membranes, suture thread or also

15 for pharmaceutical drug delivery systems. Further, in
particular, polylactide, also referred to as polylactic

acid, 1s a promising material in the field of biobased
polymers for, e.g., packaging material. The fact that it
can be derived from renewable resources makes it

20 particularly attractive as a sustainable alternative for

polymers derived from oil.

Polymerisation processes for preparing aliphatic

polyesters such as polylactide are known in the art. They

25 include ring-opening polymerisation processes and
polyceondensation processes. It has been found that the

polylactic acid cobtained through polycondensation
processes is of limited value because polycondensation
does not yield the required high molecular weight

30 polyesters.



15the preparation of polylactide by ring-opening polymerisation. For the purpose of this description the
terms polylactide and polylactic acid are used interchangeably. 20,Although the literature on the
production OYBAREEEIE8uch as polylactide is abundant, most publicationsR{f&/ER2HOE1¥e specific
equipment to be used on industrial scale. They maigly focus on laboratory scale. In most publications,
the preparation of iactide from lactic acid 25and the subsequent purification of the lactide are
described in detail, while for the ring-opening polymerisation of cyclic ester monomer (e.g. lactide) to
form the corresponding polyester, e.g., polylactide, only temperature and catalyst are described. For
instance, WO 30940685661y deseribes it ithe pol/nterisation processoafasideitdpolylactide can

be conducted in g batgh, semisconfinyous, areqniinuods,manner, The teaction,vesse| may be

equipped with a conventional heat exchanger and/or mixing device. Polymerisation processes for
manufacturing pefyesters cafibe diviled iRt twe §roups, g Lpslgmerisatien i preséiéeof a

water-free solvent, ;& SUgRensian o emulsion pelymerisation; ard polymerisationdm thessubstantial
absence of solvent, e.g., melt polymerisation, carried out at a temperature above the melting

tempetature of tHE MGHEIREFAID PEIVATET; oRFfAsE PolITeRsaton, EarmetFdit=Sa batch - at a
temperature belpw the melting temperature of the polymer. 10 In general, polyesters are all made in
the absence of solvent - bulk - by polycondensation and in some special cases, when the cyclic ester
monomer is already dehydrated, by ring-opening polymerisation. Commonly used 15processes are
performed batcimwisgranekthereonversipn isations on processes for the

production of polylactide disclose a first step wherein

10 lactic acid is pelymerised to form a pre-polymer through
condensation, which pre-polymer is subsequently
depolymerised by means of a catalyst te form crude lactide
{i.e. the ring-closure reaction}. The crude lactide is
purified, and the purified lactide is used as monomer in

15 the preparation of polylactide by ring-openirg
polymerisation. For the purpose of this description the
terms polvlactide and polylactic acid are used

interchangeably.

20 Although the literature on the production of polyesters
such as polvlactide is abundant, most publications are
silent on the specific equipment to be used on industrial
scale. They mainly focus on laboratory scale. In most
publications, the preparation of lactide from lactic acid

25 and the subseguent purification of the lactide are
described in detail, while for the ring-opening

olymerisation of cyclic ester monomer {e.g. lactide) to
form the corresponding polyester, e.g., polylactide, only
temperature and catalyst are described. For instance, WO

30 94/06856 only describes that the polymerisation process of
lactide to polylactide can be conducted in a batch, semi-
continuous, or continuous manner. The reaction vessel may
be equipped with a conventional heat exchanger and/or

mixing device.



followed by monitoring increase of melt viscosity and reduction of carboxylic acid end group
concentration_ This classic approach is used for many polyesters, from rosin-based printing ink resins,
via powder ¥6AgAYP P ter 20,resins to prepolymers for PET yarn. The laReT/ AR« )ated after
melt-polymerisation to solid-state post-polymerisatich (SSP) in order to increase the average
molecular weight to values that are not achievable in the molten state. Although SSP is a
time-consuming process, it 25is inevitably applied broadly on industrial-scale. A major problem which
is often encountered in the polymerisation in the absence of solvent of cyclic ester monomers to
polyesters, e.g., the polymerisation of lactide to polylactide, is the removal of the heat generated

during the exotpesmignolymerisation reactionPolyesters such as polyladlide have.a selatively low

thermal conductivity. For example, the thermal conductivity of polylactic acid. is 0.13 WI(m.K). For
other polymerstandiaibbers! viltes Githe Same6rdet Haveltsider epbfted i Phisfieah§that the heat

generated by the.peagtion canngt glyvays effectively be.removed, especially #klarge yessels, stirred
tanks, and the like. This can lead to local overheating of the resulting polymer, causing chain

degradation anefiiscoI6tr ABHBIIAE PBIVHTET: IrFEEhRMIBHEEPriRedsss tHe froBess settings are
chosen 10suchsthat reaction ratessaredewandsiesigdence times aredong. fhisdeads ta:valuminous and
expensive equipment. Other conventional processes do not provide high guality, i.e. high molecular
weight, polyeste?&-§ < PoRjidctife, with I e S8 HEex With 16 tré§%ué?f§%ﬁé§ 18&Sntent in
high yields. A fyrtherprablershich isiencountered in theiselyent: egndng-spening polymerisation of
cyclic ester monomerys is the difference in melt viscosity _betweengh%én%réqmer melt and the polymer

melt, In WO 997503451t is"sUggestéd 16 26Use a Plug fiGw TBSELOF 6F & series of pilig flow reactors

melting temperature of the polymer.

10
In general, polyesters are all made in the absence of
solvent - bulk - by polycondensation and in some special
cases, when the cyclic ester monomer is already
dehydrated, by ring-opening polymerisation. Commonly used

15 processes are performed batch-wise and the conversion is
followed by monitoring increase of melt viscosity and
reduction of carboxylic acid end group concentration. This
classic approach is used for many polyesters, from rosin-
based printing ink resins, via powder cocating polyester

20 resins to prepolymers for PET yarn. The latter are
subjected after meltmpolymerisatian to solid-state post-
polymerisation (SSP) in order to increase the average
molecular weight to values that are not achievable in the
molten state. Although SS8P is a time-consuming process, it

25 is inevitably applied broadly on industrial-scale.
A major problem which is often encountered in the
polymerisation in the absence of solvent of cyclic ester
monomers to polyesters, e.g., the polymerisation of

30 lactide to polylactide, is the removal of the heat

generated during the exothermic polymerisation reaction.

Polyesters such as polylactide have a relatively low

thermal conductivity. For example, the thermal



for the polymerisation process. We have found that when using a plug flow reactor, for example for
lactide polymerisation, the difference in melt viscosity between the molten cyclic ester monomer (in
this exampl&@a28/Efide), and the resulting polyester (in this example theBSEREH)SE LD high that
plug flow conditions cannot be maintained and chanhelling occurs. Since no appropriate solutions to
the problems mentioned 30above have been disclosed, there remains a need for a continuous process
for manufacturing high molecular weight polymers in high quality from cyclic ester monomers in an
economically attractive manner on industrial scale. WO 2010/012770PCT/EP2009/059806 5 In
accordance withthe présenttinventiang this aeed 4s addressed bylthe"provisioh -of Boéorminudlis
process for the,Jing;qpening polymerisation of £yGlic ester monamers afaemperalrggiween.

100-240C which comprises the steps or a) continuously providing cyclic ester monomer and
polymerisation £aksysta6 a dhtinubas MixingTeatler, thesbatoh Deingopératéd at conditions

effective for polymerisationde form apre-pplymerised rRACtion,Mixiure, JOID) eenfinuoushyremoving
pre-polymerised reaction mixture from the continuous mixing reactor and continuously providing
pre-polymerisediiteaéficiemiktifé to’a plifgifidifd tanks, and the like. This Can

lead to local overheating of the resulting polymer,

causing chain degradation and disceolouration of the

polymer.

In conventional processes the process settings are chosen
10 such that reaction rates are low and residence times are

long. This leads to volumincus and expensive eguipment.

Other conventional processes do not provide high guality,

i.e. high molecular weight, polyester, e.g., polylactide,

with a low vellowness index with low residual lactide

15 content in high yields.
A further problem which is encountered in the solvent-free
ring-opening polymerisation of cyclic ester monomers 1is
the difference in melt viscosity between the monomer melt
and the poelymer melt. In WO 95/50345 it is suggested to

20 use a plug flow reactor or a series of plug flow reactors
for the polymerisation process. We have found that when
using a plug flow reactor, for example for lactide
polymerisation, the difference in melt viscosity between
the molten cyclic ester monomer (in this example the

25 lactide), and the resulting polyester (in this example the
polylactide} is so high that plug flow conditions cannot

be maintained and channelling occurs.

Since no appropriate solutions to the problems mentioned
30 above have been disclosed, there remains a need for a

continuous process for manufacturing high molecular weight

polymers in high gquality from cyclic ester monomers in an

economically attractive manner on industrial scale.



reactor, the plug flow reactor being operated under polymerisation conditions, wherein the reaction
mixture is polymerised to a degree of polymerisation of at least 90%, to form polymer c) continuously
removing poXRi e} The plug flow reactor. 20The number average molaPAEELIMKPIBHee final
product in gram/mole is generally at least 10 000 g/ol, more in particular at least 30 000 g/mol, still
more in particular at least. 50 000 gimol- The upper limit of the molar mass is not critical to the process
according to the invention, 25Generally it is below 500 000 g/mol, more specifically below 300 000
glmol. The ring-opening polymerisation is generally carried out at a temperature of at least 100C, in
particular at lealst 3:0TB0G dF e polytierisatol erfipéfatdie’is yeherallytat rhostE240C S in particular at
most 220C, still. mere in.particylarat most 2001°G, The tempgrature in;both.reactors may badhe same
or different. It should in both cases be sufficiently high for the medium present in the reactor to be in
the liquid. phasel Thestesentdinyentiorepertains ¥ polynietisation takied BGTiINtRE Substdhtial
absence of solvent,namelyto melt;polymerisation Hso,desired-minor amoeunts of selveat may be
present in the process, e.g. added as a solvent for the catalyst or further reaction components. The
process ie intefided to encompass situations where the reaction 10mixture contains less than 5 wt..%
of solvent for the continuously providing cyclic ester monomer and

polvmerisation catalyst to a continuous mixing reactor,

the reactor being operated at conditions effective for

polymerisation to form a pre-polymerised reaction mixture,

i0 b} continuously removing pre-polymerised reaction mixture
from the continucus mixing reactor and continuously
providing pre-polymerised reaction mixture to a plug flow

reactor, the plug flow reactor beling operated under

<

polymerisation conditions, wherein the reaction mixture is
15 polvmerised to a degree of polymerisation cof at least

90%,to form polymer
¢} continuocusly removing polymer from the plug flow

tor.

[
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20 The number average molar mass (Mn) of the final product in
gram/mole is generally at least 10 000 g/mol, more in
particular at least 30 000 g/mol, still more in particular
at least 50 000 ¢g/mol. The upper limit of the molar mass

is not critical to the process according toe the invention.

o]

25 Generally it is below 500 000 g/mol, more specifically

below 300 000 g/mol.

The ring-opening polymerisation is generally carried cut

at a temperature of at least 100°C, in particular at least

30 150°C. The polymerisation temperature is generally at most

~ o~

240°C, in particular at most 220°C, still more in

-
Y

articular at most 200 °C. The temperature in both

reactors may be the same or different. It should in both



polymer, in particular less than 2 wt..96, more in particular less than 1 wt.%., still more in particular
less than 0.5 wt.%. Pressure is not critical to the reaction. The pressure applied will be appropriate to
ensure flowWPtR&Ik§Lid7feactor components through the reactor. It is withirPEERWIGPEAe skilled
person to determine suitable reaction pressure. Botk the--polymerisation in the continuous mixing
reactor and the further polymerisation in the plug flow reactor are preferably performed in inert
conditions, such as under a dry nitrogen or argon blanket. it was found that with the process according
to the invention residence times of less than three hours, more in particular less than two hours, still
more in particufar $€ss thansonefhoursat temperaturés beldve 200 iwith BsRvEitional afounts of
catalyst sufficed tg obtain a.degree of conversjon. of afilgast 90%, in particular at least 93%, more in
particular at least 97%, still more in particular to within. 1% of the chemical equilibrium. conversion_
This is significantly faster than the polymerisation time of conventional processes where 10 hours and

more are mentigned, Refergnce is,made for gxampie,d0 TWOSteR ProGessifon centinueus
polymerisation of poﬁ/lactic acid" N. Okamoto, T. Matuso, Journal of Chemical Engineering of Japan,

VOL 41, No. 6,Pp: 474-48% 20085 FA8 résitleABS fiffetis Taldtateatrom Hi& 8 hify 'of th mohomer in
the continuousgixingreastor 10 the remevalof the-palymerdrom;:the plug flow seacter t1Cdlithe first
step of the process according to the invention cyclic ester monomer and polymerisation ca?%IySt are

continuously pro¥idetFdH Eorlthuotis Mk rEactdt; Suitdbiecontinudus fiviRg readtord ihciude
continuous 15stisregitank reactarsranc:loopgeactorss, haihes wiveh-arerkrowir vthesart.sThe use of a
loop reactor may sometimes be preferred. Loop reactors are conventjonally used for preparation of
polyolefins sucﬁ%%%‘o%&op?lehéca(ﬁrép@t%%r Sé)di%%ﬁ‘%bﬁlyﬁ &5 ke polystyrene; polymethyl
methagrylate, orixture contains less than 5 wt.% of solvent for the

polymer, in particular less than 2 wt.%, more in
particular less than 1 wt.%, still more in particular less

......

i5 Pressure is not critical to the reacticon. The pressure
applied will be appropriate to ensure flow of the liguid
reactor components through the reactor. It is within the
scope of the skilled perscn to determine suitable reaction

pressure.

20
Both the pre-polymerisation in the continuous mixing
reactor and the further polymerisation in the plug flow
reactor are preferably performed in inert conditions, such
as under a dry nitrogen or argon blanket.

25
It was found that with the process according to the
invention residence times of less than three hours, more
in particular less than two hours, still more in
particular less than one hour, at temperatures below Z00°C

30 with conventional amounts of catalyst sufficed to cobtain a

degree of conversion of at least 20%, in particular at
least 93%, more in particular at least 97%, still more in
particular to within 1% of the chemical eguilibrium

conversion. This is significantly faster than the



styrene acrylonitrile copolymers. In one embodiment, a loop reactor is used which comprises static
mixing elements. This will ensure good homogeneity of the reaction mixture comprising polymerised
products in ¥EINABAith optimal removal of reaction heat. In the loop r&4dtERAHE/BTREBE monomer
and catalyst are intimately mixed with partially polyrierised product that is already present in the
reactor. One beneficial result of this is that the rheological behaviour of the reaction 30mixture only
changes gradually within the loop reactor. This helps controlling the fluid flow within the reactor. Major
jumps in viscosity over short distances are avoided and the heat released by the reaction is distributed
uniformly in thecrelactor: Deeto 2he icreased fiowrate: andahe mikingslements:that ke preferably

present, the rate of heat removal from fhe reagtor is significantly,enhanced, further fielping in the

control of reaction conditions. More in particular, the combination of high Sflow rate and mixing
elements resul&XAEhhancé® termperatirRPherhegendity ahdIhus &meFeven temperature

distribution in the ioop.reactar ; it alsorresuits in anarroyy residence-fimg istribytion; Hofspots are
avoided so there is’less discoloration of the'polymer. The intimate mixing in the loop reactor is also
responsible fortfe f8ducetf resitféhtedimé neeassary #6r this ﬁ&?ﬁr"érisgﬁ)dn rédetioi°Thérefore this
reactor design jgads9 a significantprocess intensification as compared to other techniques. In the
continuous mixing reactor, the reaction mixture is pre-polymerised. The degree of__po_l%merisation in the
continuous mixiig résctord§ Yehefalfat 16adB-REeE M6r i pafidulsr 40164% TP wt%s The degree of
20polymerisatign Mmay:ke as high-as 480wk Y%o.0r eveniswkLocThe degree of pelymesisatian is
generally below 90 wt. %, more_in particular at most 85 wt. %. The degree of polymerisation aimed for
in the continuot8 Mikin Y@S&omfr?ﬁ inal® depéhd on the ViSosity of the reaction 25mixture.
Pre-fgalymerised reaction mixture is continuously withdrawn

In the first step of the process according to the
invention cyclic ester monomer and polymerisation catalyst
are continuocusly provided to a continuous mixing reactor.
Suitable continuous mixing reactors include continuous

15 stirred tank reactors and loop reactors, both of which are
kncwn in the art.
The use of a loop reactor may sometimes be preferred. Loop
reactors are conventionally used for preparation of
polyolefins such as polypropylene and other addition

20 polymers like polystyrene, polymethyl methacrylate, or
styrene acrylonitrile copolymers. In one embodiment, a
loop reactor is used which comprises static mixing
elements. This will ensure good homogenelty of the
reaction mixture comprising polymerised products in

25 combination with cptimal removal of reaction heat. In the
loop reactor, the added monomer and catalyst are
intimately mixed with partislly polymerised product that

is already present in the reactor. One beneficial result

of this is that the rheological behaviour of the reaction
30 mixture only changes gradually within the loop reactor.

This helps controlling the fluid flow within the reactor.
Maior jumps in viscosity over short distances are avoided
and the heat released by the reaction is distributed

uniformly in the reactor. Due to the increased flow rate



from the continuous mixing reactor and continuously provided to a plug flow reactor, where it is
polymerised 30further to a degree of polymerisation of at least 90%. In the plug flow reactor, which is
preferably ey@pEptHMWATROstatic mixing elements, the polymerisation can be RoMBREEH WY high
conversion rates. The static mixing elements used here provide for further intense mixing and
homogeneous temperature distribution. OUR to this, the molecular weight distribution, degree of
conversion, and residence time distribution can be tightly controlled. Further more, the temperature
profile of the reaction along the plug flow reactor can be controlled to a high degree, enabling
optimisation of #velpblymetisation process rf oné embodiment ke oo/ reaetsredrd/or-th@ plug flow

10reactor are stafic.mjxer feagtors. That is, feagtors.equipped withsfatig mixing glerperts. Suitable
static mixing elements are described in US 4,314,606. The reactants provided to the continuous

mixing reactor $MERIdECYclié esterTionsrhBlaAd bolyrmcrisatibh catalyst. Festrddsired, additional
components such;as;co-catalysiciniiator for molecuiarweight contreland/or.additives may also be
added. The components can be added to the reactor directly, either per se or in a solvent, or (some
200f) the reactartS'mabé conibified prisr fo-&aHRG to B ddrtinuBus MikigEréactor, Suitablecyclic
ester monomersa5e /MHARQINErseREANBRASSING Safheovalenti:linked-carben atemsdrthaskag, at least

distribution in the loop reactor. It also results in a

narrow residence time distribution. Hot spots are avoided

so there is less discoloration of the polymer. The

18 intimate mixing in the loop reactor is also responsible
for the reduced residence time necessary for this

polymerisation reacticon. Therefore this reactor design
to other technigues.

In the continuous mixing reactor, the reaction mixture 1is
pre-polymerised. The degree of polymerisation in the
continuous mixing reactcer 1s generally at least 5 wt.%,
more in particular at least 10 wt.%. The degree of

20 polymerisation may be as high as 40 wt.%, or even 50 wt.%.

£.%

The degree of polymerisation is generally below 90 wt.5%,

more in particular at most 85 wi.%. The degree of
polymerisation aimed for in the continuous mixing reactor
will, int. al., depend on the viscosity of the reaction
25 mixture,
Pre-polymerised reaction nixture is continuously withdrawn
from the continuous mixing reactor and continuously
provided to a plug flow reactor, where it is polymerised
30 further to a degree of polymerisation of at least 90%. In
the plug flow reactor, which is preferably eqguipped with
static mixing elements, the polymerisation can be
completed up to high conversion rates. The static mixing

elements used here provide for further intense mixing and



250ne, generally one or two, oxygen atoms in the ring, and a carbonyl oxygen atom substituted onto
the carbon atom adjacent to the oxygen atom in the ring (generating together the ester linkage).
Where theréVAl2HWMETRAN one oxygen atoms in the ring, oxygen atoms m&{ HERWLHAHIE on the
adjacent carbon atoms for all oxygen atoms, or just for one. The carbon atoms in the ring may be
substituted with CI--C4 alkyl groups_ Suitable monomers include lactide, glycolide, trimethylene
carbonate, epsiloncaprolactone, p-dioxanone and mixtures thereof, Where more WO
2010/012770PCT/EP2009/059806 1. 0 than one type of monomer is used, a polyester copolymer will
be obtained. Wherecinethepresénigpecification dieritionhis tmade oPpeélyier -Egpgolymeeis also
encompassed, ypless, specifically gxclyded. Liactide Js the; prsferred eyelic, gater manomer o be used

as starting material, whether or not in combination with one or more of glycolide, trimethylene
carbonate, andepsilgcaprolactonéi The dctideuseddn the préseHt invettiohinay e L-lactide

(derived from two, Lelagtic acid.molecules) Pactide(deriyed from two D-actic.acid molecules),
mesolactide (derived from an L-lactic acid molecule and a 0-lactic acid molecule), or a mixture of two

or moré of the 06V ALBE/5D HiktUTe Bt OREHdE And DLIRTide With & tnélfing pofnt 'of &Bout 126 Cis

often referred tginytheliterature as, 9, Q-lactide o raclactide. imong.cnbediment obthe present

invention, the lactide used as starting material is L-lactide with up to 50% of other lactides. For

example, the |actidé tséd as starting 20material may be L-lactide containing between 50 and 10% O-

lactide. In another embodiment, the lactide is substantially pure L-lactide, where the wording

substantially pure means that i ,maﬁontain up to 10 wt.% of other Iactide%, for exam@%byp to 5 wt.%,
e W

EPS . be loop. reas b= Vate MRS AN ol & N W
or up to 1 25wt 93, (A fuiither ment Ghe T58tide8 StbStantially pure D-actide, where the
wording substantialy-pureameans thatdt may<ontain upde<0 Whée of.ather tactides,sfor example, up
to 5wt.%, orup to 1 W'[.O/%, BOI{\ a furth\er embodiment, D,L Ia%tiae and/ rgiactide_ are polymerised.
: : EOUTODEC thh.%ta116 LS LIT glements, 2P alle sratid
with L lactide to form polymers with an /0 monomet ration of at least 1.1
mixing elements are described in US 4,314, 606.
The reactants provided to the continuocus mixing reactor
15 include cyclic ester monomer and polymerisation catalyst.
If so desired, additicnal conponents such as co-catalyst,
initiator for molecular weight control and/or additives
may also be added. The components can be added to the
reactor directly, either per se or in a solvent, or (some
20 of) the reactants may be combined prior to addition to the

continuous mixing reactor.

Suitable cyclic ester monomers are MONOMErs encompassing
5-7 covalently linked carbon atoms in the ring, at least
25 one, generally one or two, oxygen atoms in the ring, and a
carbonyl oxygen atom substituted onto the carbon atom
adiacent to the oxygen atom in the ring (generating
together the ester linkage). Where there are more than one

oxygen atoms in the ring, oxygen atoms may be substituted

9
O

on the adjacent carbon atcems for all oxygen atoms, or just
for one. The carbon atoms in the ring may be substituted
with Ci1-C4 alkyl groups. Suitable monomers include
lactide, glycolide, trimethylene carbonate, epsilon-

caprolactone, p-dioxanone and mixntures thereof. Where more



In a preferred embodiment high quality lactide is used. WO 2010/012770PCT/EP2009/059806 1 High
quality lactide is defined here as lactide with a low. free acid content and a low water content: the free
acid contenMP3l1/H& 18 wer than 50 milli-equivalents per kg (meg/kg), preP&rEBR2IGNETf9an 20
meq/kg and most preferably lower than 10 megikg.Tkhe water content should be lower than 2000 ppm,
preferably lower than 500 ppm, more preferably lower than 200 ppm and even more preferably lower
than 100 ppm. The use of high quality lactide ensures the economical production of polylactide 10with
a low yellowness index with a high polymerisation rate and with good average molecular weight
control. Dependingrorctive emmbedinfertctherrmondmersmay e provitied rthe Gopdiitieds mixing

reactor in solid or jiquid.form, Whete the, cantinuguis mixing reactor is,a.l00p feactor, the 15monomers

should be provided in liquid form. Where the continuous mixing reactor is a continuous stirred tank
reactor, providifigtid fonom&sds the soiid phiase nigHee gBRgidéred Wisere tRETRGITGIRErS are to

be provided to mﬂg}%rginéggé@g_@gj@gﬁrmrujgégg liquid state, they can be molten, for example, in
a melt tank or extruder, as in known in the art. In addition to the cyclic ester monomer, polymerisation

25catalyst is addeet SiftabRe CAtAIyRESOR L8 Th HEThVENtisH aFe KAGWRHT tHePartSin embodiment
of the present inwention, {agtide s polymerisad with a.catalyst of the fasmela 30 (X XB,Xm)n

one or more of glycolide, trimethylene carbonate, and
epsilon~-caprolactone. The lactide used in the present
invention may be L-lactide (derived from two L-lactic acid
10 molecules), D-lactide {derived from two D-lactic acid
molecules), mesclactide {(derived from an L-lactic acid
molecule and a D-lactic acid molecule), or a mixture of
two or more of the above. A 50/50 mixture of L-lactide and

D-lactide with a melting point of about 126 °C is often

15 referred to in the literature as D,L-lactide or rac-
lactide.
In one embodiment of the present invention, the lactide
used as starting material is L-lactide with up to 30% of
other lactides. For example, the lactide used as starting

20 material may be L-lactide containing between 50 and 10% D-
lactide. In another embodiment, the lactide is
substantially pure L-lactide, where the wording
substantially pure means that it may contain up to 10 wt.5%
of other lactides, for example, up to 5 wt.%, or up to 1

25 wt.%. In a further embodiment, the lactide is
substantially pure D-lactide, where the wording
substantially pure means that it may contain up to 10 wt.%
of other lactides, for example, up to 5 wt.%, or up to 1
wh.%.

30 In a further embodiment, D,L lactide and/or D lactide are

polymerised with L lactide to form polymers with an L/D
monomey ration of at least 1:1.

In a preferred embodiment high guality lactide is used.



where M is selected from metals of Group 1, 2, 4, 8, 9, 10, 12, 13, 14, and 15 of the Periodic Table of
Elements, (XI, X2 .. Xm) are independently selected from the WO 2010/012770PCT/EP2009/059806
12 group of WRAIUAHAZbxides, carboxylates, halides, alkoxides, alkylesteRCTAER28MEHer ranging
from 1 to 6, and n is an integer ranging from 1 to 6,)\herein the values for m and n depend on the
oxidation state of the metal ion. Within Group 1, the use of Na is preferred, Within Group 2 the use of
Ca is preferred. Within Group 4 the use of Ti is preferred. Within Group 8 the use of Fe is preferred. 10
Within Group 12 the use of Zn is preferred. Within Group 13 the use of Al, Ca, In, and Ti may be
mentioned. WithireGrow: 14 the Useof $n drd Phis prefelredeWithin &rdup 4 514hé use of'Sh and Bi

is preferred. in geperal, the yse-ofJpetals.af Graups 4,.14.and 1.5 prefegrgd. Iti3 d5pieferred for M to

be selected from Sn, Pb, Sh,"Si, and Ti. The use of a Sn-based catalyst may be particularly preferred
for cyclic ester mmﬁﬁérsqil@r{hﬁhéé% Hinvalidés dike Shaot2, SnBtauSHE14AAd 20BNB¥4 may be

mentioned. For gxides, 3nO.and R0 may be,mentioned. Within.the,group of alkylesters, octoates (=2-

ethyl hexanoates) stearates, and acetatés may be mentioned, e. a., in the form of Sn-octoate, (also
known®as Sn(lIyhisFz-edthi fﬁexﬁﬁ@étey@rﬁ‘—stjearﬁ‘l%qéi‘fﬁﬁylﬁﬁ?gd?a%@faté Bty itin tﬂg(iﬁléﬂl]yl

hexanoate)Sb (2:ethyl hexancate): &) (2-e] hexanaate), S iacetaterNa (2o ethybhexahoate), Ca

stearate, Mg stearate and Zn. stearate. Other suitable compounds include tetraphenyltin, Sb
re Drcfcragly lower than 200 ppm and even more

preferably lower than 100 ppm. The use of high quality
iactide ensures the economical production of polylactide
10 with a low yellowness index with a high polymerisation
rate and with good average molecular weight control.
Depending on the embodiment, the monomers may be provided
to the continuous mixing reactor in solid or liguid form.
Where the continuous mixing reactor is a loop reactor, the
15 monomers should be provided in liguid form. Where the
continuocus mixing reactor is a continuous stirred tank
reactor, providing the monomers 1in the sclid phase may be
considered.
Where the monomers are to be provided to the continuous
20 mixing reactor in the liquid state, they can be molten,
for example, in a melt tank or extruder, as in known in

the art.

In addition to the cyclic ester monomey, polymerisation
25 catalyst is added. Suitable catalysts for use in the

invention are known in the art. In one embodiment of the

present invention, lactide is polymerised with a catalyst

of the formula
30 (M) (X1, X2 , . . Xm)n
where M is selected from metals of Group 1, 2, 4, 8, 9,

10, 12, 13, 14, and 15 of the Periodic Table of Elements,

(X1, X2 . . . ¥Xm) are independently selected from the



30tris(ethylene glycoxide), aluminum alkoxides, and zinc alkoxides. The catalyst concentration is
generally at least 5 ppm, calculated as metal weight, more in particular at least 10 ppm. Where larger
than converWEPA&fHa3titts are used, the WO 2010/012770PCT/EP2009/0BO8(E 203% ¢iti¢t
concentration is at least 30 ppm, more in particulari least 50 ppm, The catalyst concentration is
generally at most 200 ppm, in particular at most 150 ppm. The use of Sn(ii)-bis(2-ethyihexanoate),
also indicated as tin octoate, may be preferred, since this material is commercially available, liquid at
room temperature and reaction. temperature, and soluble in liquid lactide. Further, the compound has
received FDA approvaldér many10conventional ehdassesc ifigocdesirets eo-catalysterhay be added to
the lactide and the Gatalyst, thay is, acorapaund thal frther,increases the palymerisation fafe. Suitable
co-catalysts are known 15in the art. Reference is made, for example, to US 6,166,169. This reference
describes co-cétalystslofthesforul (Y {RE R2ngiRg)gpen 1 to 6, wherein the

values for m and n depend on the oxidation state of the

]

metal ion.

Within Group 1, the use of Na is preferred. Within Group 2

the use of Ca is preferred. Within Group 4 the use of Ti
is preferred. Within Group 8 the use of Fe is preferred.

10 Within Group 12 the use of Zn is preferred. Within Group
13 the use of Al, Ga, In, and Tl may be mentiocned. Within
Group 14 the use of Sn and Pb is preferred. Within Group
15 the use of Sb and Bi is preferred. In general, the use
of metals of Groups 4, 14 and 15 is preferred. It is

15 preferred for M to be selected from Sn, Pb, Sb, Bi, and
Ti. The use of a Sn-based catalyst may be particularly

preferred for cyclic ester monomers.

For halides, tin halides like SnCl2, SnBr2, SnCl4, and

20 SnBr4 may be mentioned. For oxides, 5nC and Pbl may be
mentioned. Within the group of alkylesters, octoates (=Z-
ethyl hexancates), stearates, and acetates may be
menticned, e.g., in the form of Sn-octoate, (also known as
Sn{Il) bis Z2-ethyl hexanocate), Sn-stearate, dibutyltin

25 diacetate, butyltin tris{(Z2-ethyl hexancate} , Sk (Z2-ethyl
hexanoate), Bi {(Z-ethyl hexanocate), Sb triacetate, Na (Z-
ethyl hexanoate), Ca stearate, Mg stearate, and Zn
stearate.
Other suitable compounds include tetraphenyltin, Sb

30 tris{ethylene glycoxide}, aluminum alkoxides, and zinc
alkoxides.
The catalyst concentration is generally at least 5 ppm,
calculated as metal welight, more in particular at least 10

ppm. Where larger than conventional amounts are used, the



where Y is an element selected from group 15 or 16 of the periodic system, (R1, R2 .. Rq.) is a
substituent, selected from one of the compound classes of alkyls, aryls, oxides, halogenides,
oxyalkyls, amifh3@IRYiE 726thioalkyls, phenoxides, aminoaryls, thioaryls, o isBC TWRHRARKIMA#T ranging
from 1 to 6, and p is a whole number ranging from 130 6. The co-catalyst is generally used in an
amount of the same order as the amount of catalyst, e.g., in a molar ratio of catalyst to co-catalyst of
30:1 30to 1:50. US 6,166,169 indicates that the co-catalyst preferably includes a phosphorous
compound, in particular P(R1, R2, R3)3 with R1, R.2, R3 being independently selected from aryl and
alkyl groups. P(RI)3lis iridicated¢o besparticulary preferedt Selecripm of aprappropriate WO

2010/012770P JJ{EE%%Q%95%§0§_4§&9-%%}%@&LJni%ﬁa@r-q%%ﬁefté@aéaq@g%?aw%@%s

anti-oxidants, phosphates, epoxidised vegetable oll, plasticisers €tcetera, is within the scope of the
person skilled iaehe a#tl Ity step B)oTithe Procass, according to the inventiol #5é polymetidation
reaction is carried out further until a conversion of at least 90% is obtained, calculated on the starting
lactide. More in particular, the polymerisation 1. Omay be carried out until a conversion of at least 93%
is obtained, mofen paricafar at ldaist 9796, Stinghspelinexanoate) , also indicated as

tin octoate, may be preferred, since this material is
commercially available, liquid at room temperature and
reaction temperature, and soluble in liquid lactide.
Further, the compound has received FDA approval for many

10 conventional end-uses.

If so desired, co-catalyst may be added to the lactide and
the catalyst, that is, a compound that further increases
the polymerisation rate. Suitable co-catalysts are known
15 in the art. Reference ls made, for example, to US
6,166,169, This reference describes co-catalysts of the

formula
(Y} {RL, R2Z . . . Rqglp

where Y is an element selected from group 15 or 16 of the
pericdic system, (R1, R2 . . . Rg) is a substituent,
selected from one of the compound classes of alkyls,
aryls, oxides, halogenides, oxyalkyls, aminoalkyls,

25 thioalkyls, phenoxides, amincaryls, thicaryls, g is a
whole number ranging from 1 to 6, and p is a whole number
ranging from 1 to 6. The co-catalyst is generally used in
an amount of the same order as the amount of catalyst,
e.g., in a molar ratio of catalyst to co-catalyst of 50:1

30 to 1:50. US 6,166,169 indicates that the co-catalyst
preferably includes a phosphorous compound, in particular
F{R1, R2, R3)3 with R1, RZ, R3 being independently
selected from aryl and alkyl groups. FP{Ph}3 is indicated

to be particularly preferred. Selection of an appropriate



particular to within. 1% of. the chemical equilibrium conversion. Complete conversion of lactide is not
possible for thermodynamic reasons. Maximum conversion will depend 15on reaction temperature and
residence tiM@.20dNW2Yésidual monomer content, corresponding to higher ESAVEPIWA%AR0be obtained
at lower polymerisation temperatures. The obtained €onversion will generally be at most 98%.
Conversion is to be determined directly after polymerisation. The second part of the polymerisatiox .
can suitably take place in a plug flow reactor because the difference in viscosity of the pre-polymerised
reaction product entering 25the plug flow reactor-from the loop reactor and the polymer being removed
from the plug flow-reactonis smalirdrioughato avoitd chanmelling. 3 Additions pferiduneéd radial mixing
will ensure a. maximum, drjving fores-for the, palymetisation reaction.aJse whete the conversion has 30

advanced to cause a reduced concentration of reactants. As mentioned above, short residence times
can be reached With'thisitivor step ipoiméasation. i bhé enibsdifenP the plig fowTEaEtdr is placed
vertically or tilted, ;Fhis is preferred 1g-decrease the WO 2010/012770PCT/EP2009/059806 15
chances of channelling or other type of flow maidistribution occurring. The flow ratio of the continuous
mixing’reactor and the plug flow reactor is generally set between 1,5 and 50, more preferably between

1,5 and 15, most, preferably betweat1,5anh12. accoThe polymerfoemed is sentinuiausly removed
from the ping 10flow reactor. In one embodiment the material thus obtained is subjected to a
devolatilisationFSteéy 15 fediite' the méAGHeP Congnfarred out further until 2
onversion of at least 90% 1s obtained, calculated on the
starting lactide. More in particular, the polymerisation
10 may be carried out until a conversion of at least 93% is
obtained, more in particular at least 97%, =till more in
particular to within 1% of the chemical equilibrium
conversion. Complete conversion of lactide 1s not possible
for thermodynamic reasons. Maximum conversion will depend
15 on reaction temperature and residence time. Lower residual
monomer content, corresponding toe higher conversion, will
be obtained at lower polymerisation temperatures. The
obtained conversion will generally be at most 98%.
£

Conversion is to be determined directly after

20 polymerisation.

The second part of the polymerisation can suitably take
place in a plug flow reactor because the difference in
viscosity of the pre-polymerised reaction product entering
25 the plug flow reactor from the lcop reactor and the
polymer being removed from the plug flow reactor is small
enough to avoid channelling. In addition, pronounced
radial mixing will ensure a maximum driving force for the
polymerisation reaction alsc where the conversion has
30 advanced to cause a reduced concentration of reactants. As
mentioned above, short residence times can be reached with
this two-step polymerisation.
In one embodiment, the plug flow reactor is placed

vertically or tilted. This is preferred to decrease the



of the polymer.. Prior to or simultaneously with the devolatilisation step the polymer may be subjected
to a 15stabilisation. step. Said stabilisation step comprises treatment of the polymer as obtained from
the plug floWfeagteP Wit compounds that increase the stability of the compuRERG8I$P306
depolymerisation, discolouring and degradation in géneral. Examples of suitable compounds for
20stabilisation are organic peroxides, anti-oxidants such as phosphite-containing compounds,
multi-functional carboxylic acids, hindered phenolic compounds, catalyst deactivating agents such as
hindered alkyl, aryl and phenolic hydrazides, amides of aliphatic and aromatic 25mono- and
dicarboxylic acitts; cyelic amidess hydrazonegs anddistyrdrazores-éf dliphiatic and aromatic aldehydes,

hydrazides of %iglﬂg&iggp%@ggg@tlic Q-.and dicarboxylic acids, his-acylated hydrazine derivatives,
heterocyclic compounds, endcapping with acetic anhydride, 30and mixtures thereof.. The polymer is
treated with the stabilisation compounds by admixing the stabilising compound with the polymer, e.g.,

at a temperaturg.of the same prder as the palymerisafigntemperaiiire. Lhis £anhesdene by means of
a static mixer, an extruder, or any other WO 2010/012770PCT/EP2009/059806 16 conventional way
of mixing mateFalsdf whith aefeast bné fs HiPRAviscous $eatalyéieare usedPiFichare based on

metal ions such,gs St R, SbERRLo(IN; andaHd).1itis prefarred-toruseanganic peroxides as

stabilising compound.. against depolymerisation and melt viscosity reduction. It is believed that the
combination of 3EAtaRt of thispartictitar type and a peroxide leads to a highly stable 10polymer
composition, in particular polylactide

The polymer formed is continuously removed from the plug
10 flow reactor.
In one embodiment the material thus obtained is subjected
te a devolatilisation step teo reduce the monomer content
of the polymer. Pricr to or simultaneously with the
devolatilisation step the polymer may be subjected to a
15 stabilisation step. Said stabilisation step comprises
treatment of the polymer as obtained from the plug flow
reactor with compounds that increase the stability of the
compound against depolymerisation, discolouring and
degradation in general. Examples of suitable compounds for
20 stabilisation are organic peroxides, anti-oxidants such as
phosphite-containing compounds, multi-functional
carboxylic acids, hindered phenclic compounds, catalyst
deactivating agents such as hindered alkyl, aryl and
phenolic hydrazides, amides of aliphatic and aromatic
25 mono- and dicarboxylic acids, cyclic amides, hydrazones
and bishydrazones of aliphatic and aromatic aldehydes,
hydrazides of aliphatic and aromatic mono- and
dicarboxylic acids, bis-acylated hydrazine derivatives,
heterocyclic compounds, endcapping with acetic anhydride,
30 and mixtures thereof. The polymer is treated with the
stabilisation compounds by admixing the stabilising
compound with the polymer, e.g., at a temperature of the
same order as the polymerisation temperature. This can be

done by means of a static mixer, an extruder, or any other



composition. Within this embodiment the use of a Sn(TI) catalyst may be particularly preferred. For
further specification of suitable catalysts within this embodiment. reference is made to what has been
stated. aboWEO281H0dEHEral, organic peroxides of the following groups can HellE&#0%p6%%8ed that they
meet the requirements above: dialkvi peroxides of fhe formula R-0-0-R’, hydroperoxides of the formula
R-0-10-H, peroxyesters of the formula P- 20diacylperoxides of the formula R-(00)-0-0- (00)-R’,
peroxycarbonates of the formula. R-0-(00)-0-0-R’, peroxydicarbonates of the formula
R-0-(C0)-0-0-(30)-0-R', and peroxyketals of the formula C(0-0-R)2RIR". In all of the above, R, R', and
R" are organic atkyy enanybgedups:25 withl-20warbor: atohs, strafght'or Granched: substituted or
non-substituted, gqggr%qf}%owg%&gted, and whether or not provided with heteroatoms. Suitable
peroxides are known in the art, and with the guidelines given above it is within the scope of the skilled
person to select a 30suitable material. Suitable peroxides include benzoyl peroxide, dilauroyl peroxide,

tert-butylperoxydiethylagetate  tert-hutylperoxy:2:ethyl hexanoate, erthutylperaxysisobutvrate,

tert-butylperoxy-acetate, tertbutylperoxy-benzoate, and dibenzoyi peroxide. Wp S
2010/G12770PET/EP2669/058806 17 THe perokide i8lgehktally: add¥dl ih'ahf amount of-4t least 0.01
wt.%, in particylar.inan-amount gtat Isast: 0:05 Wt % The amount of peroxide gddeghis-gererally at
most 3 wt.%, in particular at most 2 wt.%. If peroxides are used for the stabilisation of thefolymer, the
art against depolymerisaticn and melt viscosity resduction. It
is believed that the combination of a catalyst of this
particular type and a peroxide leads to a highly stable
10 polymer composition, in particular polylactide
composition. Within this embodiment the use of a Sn(II)
catalyst may be particularly preferred. For further
specification of suitable catalysts within this embodiment

reference is made to what has been stated above.

s...\
€3]

In general, organic peroxides of the following groups can
be used, provided that they meet the requirements above:

dialkyl peroxides of the formula R-0-0-Rf, hydroperoxides

20 (CO}~0~0-R’, diacvlperoxides of the formula R-(C0O)-0-0-

(CO}~R’, peroxycarbonates of the formula R-0-(C0O)-0-0-R’,

]

peroxydicarbonates of the formula R0~ (CCO) -0~-0—-{CO) ~0~-R",
and peroxvketals of the formula C{0O-~O~R)2Z2R'R”. In all of
the above, R, R, and R” are organic alkyl or aryl groups

25 with 1-20 carbon atoms, straight cor branched, substituted
or non-substituted, saturated or unsaturated, and whether
or not provided with heterocatoms. Suitable peroxides are
known in the art, and with the guidelines given above it
is within the scope of the skilled person to select a

30 suitable material. Suitable peroxides include benzoyl
peroxide, dilauroyl peroxide, tert-butylperoxy-
diethylacetate, tert-butyiperoxy-2-ethyl hexancate, tert-
butylperoxy-iscbutyrate, tert-butylpercxy-acetate, tert-

butylperoxy-benzoate, and dibenzoyl peroxide.



o create long-chain branched PLA, as known in er amounts of catalyst may be used than
conventionally, to increase the reaction rate even more. These higher amounts are mentioned above.
10 As the pNESeHd&/YR3Tbstantial amounts of monomer in the polymer mayPddviREAAN Hfect the
mechanical properties and processing behaviour of.the polymer, the polymer is Generally also
subjected to a devolatilisation step. The 15devolatilisation step is carried out to remove volatiles, in
particular unreacted monomer from molten or solid polymer. The volatiles are removed at increased
temperature under reduced pressure, e.g. under vacuum. In the product that is obtained after the
devolatilisation20step, mencmer,sn ¢he ease of pelytaetide rlastidermonomerf issgenaraly present in

an amount of leps a2 wi. %pore In Baticylardn an amewntofessihand. et %, stll more in

particular in an amount of 1éss than 0.5 wt.%. Examples of devolatilisers include extruders,

25especially twilt serew btradersniwiped filfrevapbrators cfallihg filinrevapotators, riafy

devolatilisers, rofary disk devglatjlisers, centrifugal.devalatilisers, flat plate devolatilisers, and static
expansion chambers involving special distributors, e.g., Sulzer 30devolatilisation technology as
described in EZ1800724 Theuserst :éatlc Expansien Thafibet 5 Edrdidered préferred.

Devolatilisation.ig:\afiops stages,apd/or accamhination of varigus hesrafappasatisds alsorpossible.

Stripping gas such as nitrogen can be applied to one or several stages

the art, higher amcunts of catalyst may be used than
conventionally, to increase the reaction rate even more.
These higher amounts are mentioned above.
10
As the presence of substantial amounts of monomer in the
polymer may detrimentally affect the mechanical properties
and processing behaviour of the polymer, the polymer is
generally also subjected to a devolatilisation step. The
15 devolatilisation step is carried out to remcove volatiles,
in particular unreacted moncomer from molten or scolid
peclymer. The volatiles are removed at increased
temperature under reduced pressure, e.g. under vacuum. In
the product that is obtained after the devolatilisation
20 step, monomer, in the case of polylactide, lactide
monomer, is generally present in an amount of less than 2
wt.%, more in particular in an amount of less than 1 wt.$%,
still more in particular in an amount of less than 0.5
wt.%. Examples of devolatilisers include extruders,

25 especially twin screw extruders, wiped film evaporators,
falling film evaporators, rotary devolatilisers, rotary
disk devolatilisers, centrifugal devolatilisers, flat
plate devolatilisers, and static expansion chambers
involving special distributors, e.g., Sulzer

30 devolatilisation technology as described in EP1B00724. The
use of a static expansion chamber is considered preferred.
Devolatilisation in various stages and/or a combination of
various types of apparatus is also possible. Stripping gas

such as nitrogen can be applied to one or several stages



WO 2010/012770PCT/EP2009/059806 18 in order to facilitate devolatilisation. Devolatilisation may
also be conducted in solid-state post-polymerisation equipment or by drying- of solid pelletised product
under vaculhP3P1A&i2dgds flow, e.g., in a tumble dryer. Optionally, a crystaf§atErPePAEY be
performed before the drying step. After the devolatilisation step the polymer may be directly further
processed to end-use by extrusion, blow- 10molding, film casting, film blowing, thermoforming,
foaming, or fiber-spinning at elevated temperatures to form useful articles. If so desired, the polymer
may be compounded with additives such as anti-oxidants nucleating agents, mineral fillers, glass or
natural fibers, processig aids, Eatsthbilisees, & otherpolymer additiveés knowh itd the skiled person.

tis also possitje {0 glaw the pelymEr 10 S04 to form.a sqliintermediate product, Fos example, i

may be converted to particles such as beads, chips or other 20_pe'llet|se§i or powdered products in
mariners knows inithHargrt Bng théry sefebtorendziisersl THe ringlspening pblyaietsation Piécess
according to the inyerntion proyides polyesters,,in particulas polyesiers, 125 meye.in particular
iactide-baeed polymers or copolymers, of controllable, consistent, and high quality in terms of
molecilar weighe pelyiér-chaif afénitseidrel EalbuPand FE8IdBAMBRoMEF EORTEFE Hhe tase that
only optically pg@geiagg_igéq% resysgd as cyclic ester mono= also a very 30high optical purity is
obtained. WO 2010/012770PCT/EP2009/059806 19

After the devolatilisation step the polymer may be

directly further processed to end-use by extrusion, blow-

10 molding, film casting, film blowing, thermcforming,

foaming, or fiber-spinning at elevated temperatures to

form useful articles. If so desired, the polymer may be

compounded with additives such as anti-oxidants nucleating

agents, mineral fillers, glass or natural fibers,

st
]

processing aids, UV-stabilisers, or other polymer
additives known to the skilled person.

It is also possible to allow the polymer to solidify to
form a solid intermediate product. For example, it may be
converted to particles such as beads, chips or other

20 elletised or powdered products in manners known in the

art and then sold to end-users.

The ring-opening polymerisation process according to the
invention provides polyesters, in particular polyesters,
25 more in particular lactide-based polymers or copolymers,
of controllable, consistent, and high guality in terms of
molecular weight, polymer chain architecture, colour and
residual monomer content. In the case that only optically
pure lactides are used as cyclic ester monomer also a very

30 high optical purity is obtained.

The present invention will be elucidated by the following

Examples, without being limited thereto or thereby.



Comparative Example 1 L-Lactide (Purasorb L, ex PURAC Biomaterials) was molten batch-wise in a
50 liter tank under a nitrogen atmosphere. The molten lactide with a temperature of 110-125C was
pumped coriRPOLUERI3AT8 an oil-heated, straight tubular polymerisation rea@©F/BYH{E4138386 a piston
pump at a flow rate of 3-6 kg/h. The internal volumé &f the straight polymerisation reactor was
equipped with static mixing elements designed to provide intimate mixing and plug flow behavior.
Temperature and pressure were recorded on 4 different point equally distributed along the linear
polymerisation reactor. The molten lactide was heated to the reaction temperature of 180-220C in the
first part of the Polyprerisation réaetop Fn bctoate polymerisation catalyst and dodecanol initiator were
added to the molten lactide as a concentrated solution in toluene by means of an HPLC pump.
Solution concentration and flow rate were adjusted to arrive at a typical catalyst concentration of
500ppm SnOctR-dri & tededdnot zontentraticrkof G ABGVEY6 EorfashdhEling With Bthe6fetical
average Mn of ]22kg/mo] of the, PLL At 1006 cpnversian, Ringroperingpolymerisation started and
melt viscosity increased accordingly while the mixture progressed through the linear tubular reactor.
The refction mbégreteft the tusutaréactor throughe BRI RItR 1 circtitdrdblé midthted to the end
of the reactor. The,visgous strand wasicpoled in awaten bathand-palletised hy-means of.a strand
pelletiser. During lactide polymerisation, a var)é:ng pressure drop with a maximum value of 80 bars

[

developed ovePtheF8atfof SThE feripéfatire inerdasasIghty Ut ahere ot & tiow
2010/012770P&T #2P2009/059806 B0 position-where-Catalystand iitiataewere added, indicating the
onset of polymerisation. The increase of temperature of the melt by approximately 5C, was caused by
the inability of the oiFErchit Bnta8inG e tiBulbF fedtior 84S o '%‘hré Eé&tééhgféféﬁb“y the
exotheymal polymetisation reaction cExperimenptsidemansitated thatithislineandtubiilay pdlymerisation
reactor set-up Wit% internal static mixers 10could not be operated in a steady-state cogdition. More in
particular, the rec8ftiet thass termperatire and’} re%gﬁFesﬁﬁc?ugt%ﬁ‘Unxper‘e”gilc}{la' v.“Fhe output of the
reactor changedifrom petymerctormelted: tactide dinerhack, and lactidessprayed butefthe die. Metal
analysis of the 15lactide that.came out of the die revealed that it contained the expected amount of tin
polymerisation 2atalyst, $6 it should polymerise. The observation that molten lactide (with catalyst) left
the die means tHat the tesidencectime of #e |actidé aorioméhia theaeddton wagnperature

15 of 180-220°C in the first part of the polymerisation

reactor. Tin octoate polymerisation catalyst and dodecanol
initiator were added to the molten lactide as a
concentrated solution in toluene by means of an HPLC pump.
Solution concentraticn and flow rate were adjusted to

20 arrive at a typical catalyst concentration of 500ppm
3n0Oct. and a dodecanol concentration of 0.15 wt.-%,
corresponding with a theoretical average Mn of 122kg/mol

of the PLLA at 100% conversion.

25 Ring-opening polymerisation started and melt viscosity
increased accordingly while the mixture progressed through
the linear ftubular reactor.

The reaction mixture left the tubular reactor through a
die plate with 1 circular hole mounted to the end of the

30 reactor. The viscous strand was cooled in a water bath and

pelletised by means of a strand pelletiser,
During lactide polymerisation, a varying pressure drop
with a maximum value of 80 bars developed over the

e
+

reactor. The temperature increased slightly just after the



20too short for polymerisation to polylactide. Apparently, low viscous lactide found a small channel
through the high viscous reaction mixture and escaped from the linear reactor prior to polymerisation.
25Example WAEHHIRG 1 the invention. L-lactide (Puralact L, ex. PURAC) MaERYIEAI9EHeN-wise in a
100 liter stirred tank with external oil heating under @’nitrogen atmosphere. The molten lactide with a
temperature 300f 110-125C was transferred under gravity and nitrogen pressure to a. 200 liter feed
tank. The lactide monomer in the feed tank was pumped continuously into a first oil-heated static mixer
of the polymerisation reactor by means of a micro annular gear pump at a flow rate of 25kg/h. A WO
2010/012770PCTERP2009/059866 24 aikiure oftifl octdatépolymersation catdlyst and hexanol

intiator was continuoLsly added to the moltep lafide by, means of a HRLC purap. The fiow rata of the

mixture was adjusted to arrive at a typical catalyst concentration of 200- -300ppm SnOct.2. and a
hexancl concentfatighrcoirespondirg withalthebietRBPAGSTHHe A Bf 200kgiffol SRUFEPLEA at 100%

conversion. Thisfirst;static mixer mixed.the lagtide;with the catalyst apdiipiiatonand:heated it to
170-190C. The 10residence time in this first static mixer was 1-2 minutes, which is too short to build up
SgnMCantmehkﬁﬁﬁﬁﬂy to absorb the heat generated by the exothe

golymerisation reaction.

Experiments demonstrated that this linear, tubular
polymerisation reactor set-up with internal static mixers

10 could not be coperated in a steady-state condition. More in
particular, the recorded mass TLemperature and pressurs
fluctuated unpredictably. The output of the reactox
changed from polymer to melted lactide and back, and
lactide sprayed out of the die. Metal analysis of the

15 lactide that came out of the die revealed that it
contained the expected amount of tin polymerisation
catalyst, so it should polymerise. The observation that
molten lactide (with catalyst) left the die means that the
residence time of the lactide monomer in the reactor was

20 too short for polymerisation to polylactide. Apparently,
low viscous lactide found a small channel through the high
vigcous reaction mixture and escaped from the linear

reactor priocy toe polymerisation.

25 Example 1 according to the invention
I~lactide {(Puralact L, ex. PURAC) was molten batch-wise in
a 100 liter stirred tank with external oil heating under a
nitrogen atmeosphere. The molten lactide with a temperature
38 of 110-125°C was transferred under gravity and nitrogen

pressure to a 200 liter feed tank. The lactide monomer in
the feed tank was pumped continuously into a first oil-
heated static mizer of the polymerisation reactor by means

of a micro annular gear pump at a flow rate of Zbkg/h. A



Subsequently, the low viscous reaction mixture was provided to a further tubular polymerisation
reactor with 15a loop configuration. The internal volume of the loop reactor was equipped with an array
of internal s¥fiZdiig’&dlements, and a separate gear pump. The mass floRGEEPAHIS8HD reactor
was typically set at 250kg/h. In the loop-reactor, the Viscosity of the melt increases and 20conversion
develops to approximately 80-85% in a steady- state situation. The loop reactor was operated at fairly
constant polymerisation temperature chosen between. 180 and 200C. No significant temperature
increase was recorded upon 25addition of the catalyst/initiator to the lactide monomer. At the opposite
side of the feeding zome, a fingar: tabtlaeplagilowyreacioradguippatt with isterral Statfciiang

elements was qqnnected fo theJoap reactar, Pro: 30polymerisedimatgsjal was soniinuously, withdrawn

from the loop reactor and provided to the plug flow reactor by means of a gear pump. A die plate with
two circular holesatids mbuntetf io-thetahth ofthe plug Howareactor. MMy visEouspal§fer left the
reactor through, the dies. and,the, WQ-2010/Q12770PCT/EP2009(059806,22- pelyener siranes were

cooled in a Watgtbagh and subsequently pelletiseéd by means of a strand pelletiser. The obtained
pelletSwere traréparctiPiuai Eslorfesd andiphstis PLEA Bitinga 88 polymerisa,_ion in the

cascade of polyperisation reactors eauipped-with intemal stafiemixers;a eanstantipyessure drop over
the reactor developed, with a maximum value of up to 60 bars in the 10loop reactor, a maximum

pressure of 40 Bard&ftheigdimpt 100% conversion.
This first static mixer mixed the lactide with the

catalyst and initiator and heated it to 170-190°C. The
10 regidence time in this first static mixer was 1-2 minutes,

which is too short to build up significant melt viscosity.

Subsequently, the low viscous reaction mixture was
provided to a further tubular polymerisation reactor with

15 a loop configuration. The internal volume of the loop
reactor was equipped with an array of internal static
mixing elements, and a separate gear pump. The mass flow
rate in this loop reactor was typically set at 250kg/h. In
the loop-reactor, the viscosity of the melt increases and

20 conversion develops to approximately 80-85% in a steady-
state situation.

The loop reactor was operated at fairly constant

No significant temperature increase was recorded upon

25 addition of the catalyst/initiater to the lactide monomer.

At the opposite side of the feeding zone, a linear,
tubular plug flow reactor equipped with internal static

mixing elements was connectad to the loop reactor. Pre-

30 polymerised material was continuously withdrawn from the
loop reactor and provided to the plug flow reactor by

means of a gear pump. A die plate with two circular holes
was mounted to the end of the plug flow reactor. Highly

viscous polymer left the reactor through the dies, and the



side of the plug flow reactor and a constantly decreasing pressure towards the end of the reactor.
During polymerisation trials, temperature and pressure were stable for at least several hours and
channeling 8¥Q 84¢/4idéWas never observed. Thus, polymerisation of lactidCdotr319&/¢5effsrmed
consistently with this arrangement of polymerisatiof Zeactors equipped with internal static mixers.
20The high-melting poly(L-lactide) collected from a stable operation of the process typically exhibited a
D-isomer content of less than 0.4%. Molecular weight analysis of the PLLA by means of size-exclusion
chromatography (SEC) using chloroform as the eluent and PS calibration standards, revealed Mn
values of 130-I50lkglaiol sMuavalges o £90-210kg/mMal ahda pelydispersitnof 1.4-1.5. Residual

lactide content in, the.BLLA W3S 4:504 fidhe plug,llowteactor was aperated ala temperagure of approx.

190C. 30This example showsthat the use of a combination of a loop reactor with internal static mixing
element to effeERprecpdlyiietBaiien Rl Sa PRI GW FEAEBF With intéfial StdtymBang Eléhiénts to
finalize the polymerisationsresults, in a stable polymerisation process. 23 CLAIMS 1.Continuous
process for the ring-opening polymerisation of cyclic ester monomers to form aliphatic polyesters
which €omprises the steps of: a) continuously providing cyclic ester monomer and 5 polymerisation

catalyst to a coptinuaus mixing Jeoprepgtr: theskeastoribeing operated at ademperature between
100-240C to form_a pre-polymerised reaction mixture with a polﬁmeri,zation degree ofcat least 40%, b)

continuously réfiovifg bré-polyifericedTeatof filkRed with internal stat

mixers, a constant pressure drop over the reactor
developed, with a maximum value of up to €0 bars in the
10 locp reactor, a maximum pressure of 40 bars at the pump
side of the plug flow reactor and a constantly decreasing
pressure towards the end of the reactor.
Puring peolymerisaticon trials, temperature and pressure
were stable for at least several hours and channeling of
i5 lactide was never observed. Thus, polymerisation of
lactide could be performed consistently with this
arrangement of polymerisation reactors equipped with
internal static mixers.

The high-melting poly(L~lactide) collected from a stable

R
<

operation of the process typically exhibited a D-isomer
content of less than 0.4%. Molecular weight analysis of
the PLLA by means of size-exclusion chromatography (SEC)
using chlorcform as the eluent and PS calibration

""" revealed Mn values of 130-150 kg/mol, Mw values

Ny
{ J‘}
G
@
@
~
3
0.
&
m
Oy
-
03]
a

of 180-210kg/mol and a polydispersity of 1.4-1.5. Residual
lactide content in the PLLA was 4-5% if the plug flow

reactor was operated at a temperature of approx. 19%0°C.

30 This example shows that the use c¢f a combination of a loop
reactor with internal static mizing element to effect pre-
polymerisation and a plug flow reactor with internal
static mixing elements to finalize the polymerisation

results in a stable polymerisation process.



10from the continuous mixing reactor and continuously providing pre-polymerised reaction mixture to a
plug flow reactor, the plug flow reactor being ope?%,ted at a temperature between 100-240C, wherein
the reaction mixture is polymerised to a degree of polymerisation of at 15least 90%,to form polymer c)
continuously removing polymer from the plug flow reactor. 2.Process according to claim 1 wherein the
flow ratio 20 of the continuous mixing reactor and the plug flow reactor is between 1,5 and 50, more
preferably between 1,5 and 15, most preferably Eﬁx\yq\?@ 1,5 and 12. 3.Process according to any one
of the preceding 25claims, wherein the continuous mixing reactor and/or the plug flow reactor is a
static mixer reactor comprising static mixing elements. 4.Process according to any one of the

preceding 30glaims, @/&%ﬂEbh@g}lbl@eg%vyorreﬁgqmg__g?gmderticalIy or tilted. 24 5. Process
ec

according to any one of the preceding claims wherein yclic monomer is selected from lactide

(L-lactide, D-RedyinerisatiaptRicCyeis ettt gRetdide fefmalhylene carbonate (IM@jicepsilon-
polyesters which comprises the steps of:

a) continuously providing cyclic ester monomer and

5 polymerisation catalyst to a continuous mixing loop
reactor, the reactor being operated at a temperatur e
between 100-240°C to form a pre-polymerised reactio n
mixture with a polymerization degree of at least 40 %,
b) continuously removing pre-polymerised reaction m ixture
10 from the continuous mixing reactor and continuously
providing pre-polymerised reaction mixture to a plu g flow

reactor, the plug flow reactor being operated at a

temperature between 100-240°C, wherein the reaction

mixture is polymerised to a degree of polymerisatio n of at
15 least 90%,to form polymer

c) continuously removing polymer from the plug flow

reactor.

2. Process according to claim 1 wherein the flow ra tio
20 of the continuous mixing reactor and the plug flow reactor

is between 1,5 and 50, more preferably between 1,5 and 15,

most preferably between 1,5 and 12.

3. Process according to any one of the preceding
25 claims, wherein the continuous mixing reactor and/o r the
plug flow reactor is a static mixer reactor compris ing

static mixing elements.

4. Process according to any one of the preceding
30 claims, wherein the plug flow reactor is placed ver tically
or tilted.



5caprolactone, p-dioxanone, and combinations thereof. 6. Process according to any one of the
preceding claims, wherein the degree of polymer'bsj\tion in the continuous mixing reactor is between 40
and 90 wt.%. 10 7. Process according to any oné€ of the preceding claims wherein the reaction mixture
is polymerised in the plug flow reactor to a degree of polymerisation of at least 93%, more in particular
at least 97%. 15 8. Process according to any one of the preceding claims, wherein the cyclic ester

monomer cogprisesgﬁﬁgg?s %gﬁﬁﬂggﬁ%}é};\k%ﬁef@qﬁéjﬁﬁg?ﬁgé"Ower than 50 milli-equivalents per

kg (meg/kg), p'refera Jlower than and mos y lower than 10 meg/kg. 9.
Process accétdingtohergiondecyrliproosdingciaiaaiestestdionhe polymer removéatiiden the plug flow

25reactor is ?H-l?_h‘%ﬁfﬁg,tB_—?a@ﬁM@'?\B'II?%Mﬂét?ﬂégor%ié{f@esr,‘e monomer content of the polymer. 10.

Process according to ¢laim 9, wherein devolatilisation is carried out in a static expansion 30chamber.
11. Process 8By tonaeiitionst abpRateifTdudI SRR takes place in more than one stage. 25

12. Brocess @gﬁ%qgeg)%g?y%%ﬁ@j@ﬁ@é@;ﬁgﬂl&tﬁng\{lﬁ%@gfafter the devolatilisation step the

monomer content of the polymer is less than 2 wt.%, more in particular less than 1 wt.%, still more in
particular less

6. Process according to any one of the preceding
claims, wherein the degree of polymerisation in the
continuous mixing reactor is between 40 and 90 wt.%
10
7. Process according to any one of the preceding
claims wherein the reaction mixture is polymerised in the
plug flow reactor to a degree of polymerisation of at
least 93%, more in particular at least 97%.
15
8. Process according to any one of the preceding
claims, wherein the cyclic ester monomer comprises
lactide, said lactide having a free acid content lo wer
than 50 milli-equivalents per kg (meq/kg), preferab ly
20 lower than 20 meqg/kg and most preferably lower than 10
meqg/kg.

9. Process according to any one of the preceding
claims wherein the polymer removed from the plug fl ow

25 reactor is subjected to a devolatilisation step to reduce
the monomer content of the polymer.

10. Process according to claim 9, wherein
devolatilisation is carried out in a static expansi on
30 chamber.

11. Process according to claim 9 or 10, wherein

devolatiliation takes place in more than one stage.



5than 0.5 wt.%. 13. Process according to any one of claims 9 through 12 wherein prior to or

simultaneously with the devolatilisation step the

ymer is subjected to a 10stabilisation step wherein

the polymer is subjected to a catalyst deactivation tTreatment. 14. Process according to any one of the
preceding claims wherein the cyclic ester monomer, the 15polymerisation catalyst, and optionally
co-catalyst, initiator and/or additives are combined prior to feeding to the continuous mixing reactor.

10

15

12. Process according to any one of claims 9 throug
11, wherein after the devolatilisation step the mon
content of the polymer is less than 2 wt.%, more in
particular less than 1 wt.%, still more in particul

than 0.5 wt.%.

13. Process according to any one of claims 9 throug
wherein prior to or simultaneously with the
devolatilisation step the polymer is subjected to a
stabilisation step wherein the polymer is subjected

catalyst deactivation treatment.

14. Process according to any one of the preceding
claims wherein the cyclic ester monomer, the
polymerisation catalyst, and optionally co-catalyst
initiator and/or additives are combined prior to fe

to the continuous mixing reactor.
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