PROCESS FOR THE CONTI NUOUS PRODUCTI ON OF POLYESTERS The present invention
pertains to a process for the continuous production of polyesters, in
parti cul avoabiopghatioc pol yesters, fromcyclic ester nonomerTEP20Wi0pdsas i C

pol yesters based on cyclic ester nononers such as |actide (L-1actide,
D-lactide, rac-lactide, also referred to as DL-lactide, neso-lactide) ,
glycolide, trinethylene carbonate (TMC) , epsilon-caprol actone, and

pdi oxanone, and conbi nations thereof have nany attractive properties. They
of ten have ni gh bioconpat ibility and attractive resorbability properties,
whi ch makes them suitable for the preparation of scaffolds and inplants for
use in human or animal bodies, such as for exanple for fixation elenents,
films, menbranes, suture thread or @Isgﬁfor\gbgrn&geutigaLﬂdryg delivery
systems. FUuPRREESS| ROBaF HF cufuF INYOY S| BRePder L&Y SOF rEteth< bRt as
polylactic acid, is a promsing material in the field of biobased polyners
for, e.g., packaging material. The fact that it can be derived from
renewabl e réseupcesenbkésventpantpeutaihy avt s agrdvesasiear sust ai nabl e
alternativeafo%.gglznen§ ggL&yed fEO”‘BLL- Pol ymeri sation processes for
preparing afPPhatie poPy8erers°8ueh BRIHOF TRzt i “dePat e Khicwn in the art.
They incl udgifbngt9pepinge POLYHEI FBahi Ofc PLOCESSEs ahithetycondensati on
processes. It has been found that the polylactic acid obtained through

pol ycondensati on processes is of limted val ue because pol ycondensati on
does ot i gl dohhesLeguived: ot gho aplgcyl at, uel ghls Pot yestsre: Aogandinaly.
(co) pol yesters are préeférably prepared by ring-opening polynerisation of
t he correspandiagtcgel it-lactide, D-lactide, rac-lactide, also

referred to as DL-lactide, meso-lactide}, glycolide,
trimethylene carbonate (TMC), epsilon-caprolactone, and p-
dioxanone, and combinations thereof have many attractive

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
polycondensation 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.



nmononers, such as L-lactide, D-lactide, DL~-|actide or raclactide,
neso- | actide, glycolide, trinethylene carbonate,, epsilon-caprol actone, and
p- di oxanome,20wvo1i7at ures thereof . Therefore, nost publ PCRIEPRINY/ 064306
processes for the production of polylagtide disclose a first step wherein
|l actic acid is polynerised to forma pre-polyner through condensati on,
whi ch pre-polyner is subsequently depol ynerised by neans of a catalyst to
formcrude lactide (i.e. the ring-closure reaction). The crude lactide is
purified, apd the. purified |actide is used as nononmer in the preparation of
bol yl act | denbyoF BT bpent 7y Fol SFErTeht Ton, DFor T He pUrpece o1 Thi o
descri ptionrihg-bgensnPobyl aed i fesansh pof yliast ier dedsbradingisetlic
i nt erchangeably. Al though the Ijterature on the productiqp_of(ggl esters
such as pol JPBEFFER: i Suabuhtiant | afoste publieatidns Qrel 3t e
specific equlpregL tQ.D0 *&@5§?§%L'?@@@&fi@é,Sﬁfﬁﬁ%tﬂ@ﬁ%&é“%iﬁbbﬁéﬁéﬁ on
| aboratory scale. {n nost™ publications, the preparation of iactide from
| act it aci depadlvhecspbskagueme puridigatioreofne heot actitdereg e described in
detail, while for_the ring-opening polynerisation of cyclic ester nononer
(e.g. lactide§*td " formthe corresponding polyester, e.g., polylactide, only
tenperature and catal yst are described. For instance, WD 94/06856 only
describes that the polynerisation process of lactide to polylactide can be
conducted i ARArBAPER; BeRt cORR T SO P Brok ont P ALBHIRS neier® The reaction
vessel ey beoggulppedow 1y & gonventional obeal exehangel, apdlarsanxin s
devi ce. Pol ynerisation processes for manufacturing polyesters can
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 1is

purified, and the purified lactide is used as monomer in

15 the preparation of polylactide by ring-openirg
poclymerisation. 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.



be divided into two groups, viz. polynerisation in the presence of a

wat er-free solvent, e.g., suspension or emnulsion polynerisation, and

pol yrer i swiDi2on/a1a770he subst antial absence of sol vent, ePGT/EPa@O059806

pol ynmeri sation, carried out at a tenpegature above the nelting tenperature

of the nmonomer and pol yner, or mass polynerisation, carried out - in batch

at a tenperature below the nelting tenperature of the polyner. In general

pol yesters are all made in the absence of solvent - bulk - by

pol ycondensation and in some special cases, when the cyclic ester nononer

is already dehydrated, by ring-opening polynerisation. Commonly used

processes apeipretossedobhat Ebevb s€s andr then conversinn bl faol doned:dy

moni toring increase of nelt viscosity and reduction of carboxylic acid end

group conceREratveAed THiso cHaR sYEC@DPr ohth: i RO LERRF ¥t Hethy hotYest er s,

fromrosi ”b@?sgeﬂ&é“&‘f@ K £ 88108, s¥i foROWE! o COBL NG POl oSt er resins to
or

pr epol yners PET yarn. The latter are subjected after
mel t - pol yneeirsédtion polgodidesthte, past podiyresissatiom (88Phén order to

increase the average nolecul ar weight to values thaf, are not achievable in
the mol ten §F§?§?n "?ﬂgﬁbﬁ“%ﬁﬁ’¥§ %@ifﬁ%ftdﬁ§%hiH%etﬁcﬁ%%%ﬁé€§§%E§Oéi
inevitably appltied broagh y= opeipedustuial aisead echA m@] orngrobhearahich is
often encountered in the polynerisation in the absence of solvent of cyclic
ester mononBfstBe PONYESE etsd ROGYTCE hePholGhRrReaXToOn BFt1etide to

pol yl acti de.,i5;the removal of - the heat, gengsated. duni g, henexot hermic
pol yneri sation reaction. Polyesters such as polylactide have a relatively

| ow t her mal medbndugt tempyraFore exinphe, pthgneher mal conductivity of
pol%k@ctic acid is 0.13 W(mK). For other
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
i5 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



pol ymers and rubbers, values of the sane order have been reported. This
nmeans that the heat generated by the reaction cannot always effectively be
renoved, woepewv@ki?y in |arge vessels, stirred tanks, an@CrmEP20008980dhi s can
|l ead to | ocal overheating of the resul§ing polynmer, causing chain
degradati on and di scol ouration of the polymer . In conventional processes
the process settings are chosen such that reaction rates are | ow and
residence tinmes are long. This |eads to vol um nous and expensive equi pnent.

QO her conventional . processes do. not. provide. hi qual jty,, 1.8, hif
nol ecul ar mﬁfﬁﬁ??kbgfV%sfgr?“éybé?%%gl@TH‘t%ﬂe@hﬂﬁﬁ%}§“1%%7yé? 6%%%?% i ndex

Wi th | ow resbtyatrkaghd deqseat ent vi ubi ghr yied dsand $tddhetayps adem whi ch
is encountered in the solvent-free ring-opening polynerisation of cyclic
ester nonomBPBOFseEheT i §iueente PR nklt V%ot  Hetheen tiife nonomer nelt
and the pol yggL, MLt oo Ao WN0, 99/ 90348 1L+ | $e BYOgeSI &L $ 03 USEs @bl it f | oW
reactor or a series of p?ug flow reactors for the polynerisation process.
We hdve fouhd thagewhessess ngshipreg thokesr eant orhe f brkexdiipl® &1 | acti de
pol yneri sation %pe deLergncg jﬂ,nelth1590§[%g bet ween, t he mol ten cyclic
ester nonomefe{i hot hP S ex@hpl eethe™ ¥ aeti day Bnetthe'd WY TRy pol yester (in
this exanpl ezthengobyhact fidgraiist senhhgh dhato pbugsdlow sondidi ons cannot
be mai ntai ned and channelling occurs. Since no appropriate solutions to the
probl ens neRPiBHH- above have been disclosed, there remains a need for a

CONti NUOUS PYOLESS.f0f ARNULAGLULLDY P hy FRLecul abe WBl ghts POl YBE | N hi gh

quality fromcyclic ester nbnomers in an
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 yellowness 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 poelymerisation 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 quality from cyclic ester monomers in an

economically attractive manner on industrial scale.



econom cally attractive manner on industrial scale.Tn accordance with the
present invention, this nee a is addressed by the provision of a co nuo s
process WO 20t0@12770g- openi ng pol yneri sati on of cyclic ePCEEPAEIORSIG at a

t enperature between 100-?4QC which conprises the steps of: a ) continuously
provi ding cyclic ester nononmer and pol ynerisation catalyst to a continuous
m xi ng reactor, the reactor being operated at conditions effective for
polymer. isati on to forma pre pol ymensed reaction mxture, b))

conti nuously renmyi g%ﬁ%) respolyneri sed reaciion m xture from the continuous

mi xi ng reactdr*and” ntious | yh%r oV dT hg Prespot Yieri sed Teaction nixture

Lo a plug fhowreeasfiopy the progiflew seactosnbaing:operated: underthe
pol ynerisation conditions, wherein trie reaction mxture is epoI ynerised to
a degree of fbt)@y%??s%'iﬂ%ﬁl@f‘?‘éi“ﬂe‘é%t’ﬂo(@)éf“%b“f%rfrﬁlbdi‘%}m Bt a

continuousl y.reapyt b D@Jew@énf 19Mm 3 he= @l pigs L1l oV heact o - tJAwesﬂwmoer
average nol ar mass ( ) 0 the | nal produc j n graninmole is generally at

| east> 10 000fg/nD me :e mpartlcular at Ieast 30 000 g/mol, still nore in
particular at |east 50 g g The upper Egq:tw(grf Ne nmpiar mass is net
critical to®thg pi‘b%é‘é% tc TdYJn‘tj”fl% the |“ﬁve fon - CGanerally it is bel ow
500 000 g/ npbiy#eresspechfigablysbetows 300 0N @loonixThe rdang=cpeni ng
polymerisation is generally carried out at a tenperature o f at least 100
0C , in parfPeurapChdr Pehlt agoreed he %@F“&ﬁ%f?%%tl%%et‘eﬁﬁerﬁ%re i's

ge”efa"y a% @9§ér?49tgglft NepaRtL Ul &Ly, Eﬁvﬁ@@ibéxxleaéni${ OF8: 4,
particul ar t host . The terrperature in bcth
i0 by <o ::lnuuusly removing pre-polymerised reaction mixture

from the continuous 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 1is
15 polymerised to a degree of polymerisation cof at least

90%,to form polymer

¢} continuocusly removing polymer from the plug flow

reactor.

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 to the invention.

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
240°C, in particular at most 220°C, still more in
particular at most 200 °C., The temperature in both

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



readers may be t e sane or different, Tt should in bothcases be
sufficiently high for the nedium present in the reactor to be in the liquid
phase. Th&oppegEal70i nventi on pertains to pol ynmeri sati onPCamPR@d/002806 i n t he
substanti al absence of solvent, nanelygto neltpolynerisation. If so desired
m nor anounts of solvent may be present in the process, e.g. added as a
solvent for the catalyst or further reaction conponents. The process is

i ntended to enconpass situations where the reaction m xture contains |ess
than 5 wt .%of solvent.for the polymer, in particular |ess than.2 w.%
nore in par f"fi‘éﬁfag‘”l ‘E‘ééff‘ﬁéﬁng* S'Vghs”t‘?ﬂ ‘r}ﬁ%rnéecii'hu%a‘ﬁ‘i“%%rf%rlrf encs“se Chan 0,5
W . % Pressygpetts notrerihi €eat toqthe seaetéion. The pressure applied wll
be appropriate to ensure flow of the liquid reactor conponents through the
reactor, Tt is within the scope of the skilled person to determ ne suitable
reaction pr@ﬁé“ﬁ?eﬁeﬁQtbn%@ﬁt?&ﬁ'ﬁ@kyg?ﬂéséé'Q@l&ﬁb%ﬁ@agfgﬁ'5&%&@%&”X'ng
reactor and the further polynerisation in the plug flow reactor are

pref €rably petfonnedei subseatttahdibionse slicho hgewnderame by y-dmintelogen or
argon bl anket., 1t was, found %hgg \ﬁ\n th the gr ocess accor d% négof‘pe tthem_‘_

i nventi on r B8 YBREESEFMRE - of 1| BRsU T RARST HP e hotF S or @ i i part cutar | ess
than two homeSprs&bbht DBrenknppacésepl argl essdthans oneshowdnt ator the
tenperatures bel ow 200 OC with conventional amunts of catalyst sufficed to
obtain a deffeelBftcBAVEFETBAT of caf T @ASEOIRU SIS pabtf RFRFERT t2 east 93%
more in Par]{h%a%da&o'@ﬁé&mézg/g_éit&étmg dRe PAT L CUL QLA O thin 1% of
the chem cal equilibriumconversion. This 1s signitficantly faster than

t hepdl ymer i saktonei cendfivenvensi ohah preocesses whevenQ for the

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

oo

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



hours and nore are nmentioned. Reference is made, for exanple, to "Two step
process for continuous pol ynerisation of polylactic acid®" N . Ckanoto, T ,
Mat aso, wounmli2oh Chemi cal Engi neering o f Japan, Vol PCEEP200/0590¢ pp.
474- 484, 2008. The residence time is calculated fromthe entry of the
nmononer in the continuous m xing reactor to the renoval of polyner fromthe
plug flowreactor. 10 Tn the first step o f the process according to the
invention cyclic ester nononer and pol ynerisation catal yst are continuously
provided to_a, continugus m xing reactor. sSuitable continugus mxing
reactors i nEPUEETEORT I AOBUS 8 @ tTrPE A" ARk  rieattor s and Toop teactors,
both o f whhehre &gcknews khethendldned. Therdsenod Bslmeop:)emet or may
sonetimes be preferred. Loop reactors are_conventjonally used for

prepar at i onSBRPEEyoF &f I REC sEEHP AR POt §pr 6Py | eret BMeCst her addition /0
polyrrers I} poLystyt ghe,polyset byl - net haeryl N Styrene ;.
acrylonitri%égg@%B'yﬁgggg ™ %h%ygag%%lneh?é égli%% ?ﬁ%%ﬁég i?ghéga whi ch
conpri ses s¥atigain xfngheheoeht SngTiesrimd | ondapen goddl hohbgenei t§, of the
reaction nixturgpgggpnisL@ngolynerised products in ?5 conbination with
opti mal renBval of"FeActFOR  heat. In the | oop reactor, the added nononer
and cat al ysthar gebntitABt et Yndl xedoa &y PaEdi akdy Pod yaet i ses prraguct t hat

is already present mthe reactor. One beneficial result of this is tnat the
r heol ogi cal "PeHBGT otif BRet RN F AP ONMBOL MY xfef et oh. 1Y EHaNgRC Hadial | y
within the £9Qp35§9ﬁ&9rfrggi§hgeﬁp§gcgp$&o£ééggo£pe fluid floww thin the
reactor. B ’
10
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 gocd homogeneity 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



Maj or junps in viscosity over short distances are avoi ded and the heat

rel eased by the reaction is distributed uniformy in the reactor. Due to

t he i ncr es®eadioidiewor at eand t he m xi ng el enents that arePppraiPesalobsgopr esent ,
the rate of heat renoval fromthe reacgor is significantly enhanced,
further helping in the control of reaction conditions. Mre in particular,
the conbination of high flowrate and m xing elenents results in enhanced

t enperature honogeneity, and thus a nore even tenperature distribution in
the | oop reacgo& It.also results in a narrow residence fine distribution.
Hot spots afB aVBFdBd*s8Y% ieFa=T5%| 684" df §2oF bY AT T DR OFPTHE pol yAer. The
intimate m xkRg bA hbetl eepoteactosmi shal searesponsi blenfoOrcddel y educed
resi dence tinme necessary for this polynerisation reaction. Therefore this
reactor desPgharegtds £BTANSFgRFIPEAAt 1PrblessoPhtehs?F i 2dT ot As conpared
to other teegﬂhﬂegénsl nuihe €QNLLPUOUS: I Xi PG.T 84%E OF ot {18 Seactidion m xture
is pre-polynerised. The degree of polynerisation in the continuous m Xi ng
reactor is génerakky atdlmasind atlc¥nhorectnlparincehizanetd| east 10 wt. %

The degree gf pol ggpisggiqneqay_be asih{ghaa§ 40 gw:2% or_even 50 wt. %
The degree ?mb8F§ FEsHPTORST e éhetf Al VBRI DV 9B WiV ol Wore T h-parti cul ar
at nost 85 wts¥%-ifheidegieerpt pebyneehsadbkoniai aesefossin:4 hen conti nuous
m xi ng reactor will, int. al ,, depepd)on%the viscosity of the reaction
nixture._Pr@aﬁéPynéﬁﬁé@ﬁn?@aE%W%ndhﬁ&fﬁ?%”i%ﬁco%@?nﬁ@ﬁ $ya%ﬁt$ﬁﬁ%ﬁﬁﬁfron1
the continugys,fgLxENgsreactog; and; SN 1 HYoys! yrprovi ded:-t or@e pl ug flow
reactor, where it Is polynerised further to a degree of pol ynerisation of
at ldast 90%timate mixing in the loop reactor is also responsible

for the reduced residence time necessary for this

polymerisation reacticon. Therefore this reactor design

leads to a significant process intensification as compared

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 5

[}

=

ot

e
.l

The degree of polymerisation is generally below 9
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 nmixture 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



the p ucj flowreactor, which is preferably equipped with static m xing

el enents, the polynerisation can be conpleted up to high conversion rates.
The st at iwormoxiaigr7el ement s used here provide for furthePCImPei9A5I8I&KI NQ
andhonogeneous tenperature distribution. DUP to this, the nol ecul ar wei ght
distribution, degree o f conversion, and residence Line distribution can be
tightly controlled. Further nore, the tenperature profile of the reaction.
al ong the plug flow reactor can be controlled to a high degree, enabling
optinisatiog_of‘the Bolynerlsa ion @ esg (;ln o e@epbotkpentJhéhe | oop
reactor and/’6i"°FRE°PHag-FIoW 10 F 8actor "are - stati ¢'ni Xér-teactors. That is,

reactors equibppediwkt RestBti g1t xipgrebaentsreSubt abbevstat é€, nixd ng
el enents are described n US 4,314,606. The reactants provided . to the
continuous FERIAGFEatiBR 355FAEPUBeCRYERTCORSE P FrpRoRRY BRHL ST

pol ymeri sat ian. gatal ust,. '&eSQQHEébaﬁquadngkOaaLfC@npoggg L8;such as

co-catalyst, initiator for noléecular werg ht control and/or additives may
al so (he adaedso “@heheopﬁoaeﬁﬂswcaﬁ :becadded be thetrehttortdi2elkidly, either

I t th t ant b mbi ned
o adai {1 on"Fa7ERe CORPHALBLESRYR G-/ BActbr T GuPCRBIE: EYErT& oater o

nmononers ar gr-ABRERErs enconpassing 5-7 coval ently linked carbon atons in
the ring, at least ?.b one, generally one or two, oxygen atons in the ri g
ana a carbonyl oxygen atom substituted onto the carbon atom adjacent to the

oxygen at omrnoLiectjng; gener ahingobogeLhet ot he,gster chinkage) s1dher e

there are nore than one oxygén atons thé ring, oxygen atonms may be
subsltd t ut edr8@conrt hecadtatent mtaebonzatonssf ofhat | iexygencatons, or just

equipped with static mixing elements. Suitable static

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 components 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 a2 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

20
O

on the adjacent carbon atcems for all oxygen atoms, or Jjust
for one. The carbon atoms in the ring may be substituted
with C1-C4 alkyl groups. Suitable mconomers include
lactide, glycolide, trimethylene carbonate, epsilon-

caprolactone, p-dioxanone and mixntures therecof. Where more



for one. The carbon atons in the ring may be substituted with CL-C4 al kyl
groups. Suitable nononers include |actide, glycolide, trinethylenc
car bonat evoeprydigrieapr ol act one, p-di oxanone and m xt ur ePCThEPe@905980er e
nmor et han one type of nonoirer is used,;;a pol yester copolynmer will be
obt ai ned. Where mthe present specification nmention :s made ol pol yner,
copol yner is al so enconpassed, unless specifically excluded, Lactide s the
preferred cyclic ester nononer to be used as starting material, whether or
not in corrbitga;‘i on w.th one or nore of EL% oli ae trimethylene carbonate,
and epsi | on*EaPr 81'8ctdRe ST THe"PHgti 4é 038d i h ¥he’ present T HivENnti on nay be
L-lactide (denived treaiive. Lwhaeti ecnachd pptesmt espec¥lastisie (derived
fron two D-lactic acia nolecules) , nesolaotide {derived froman L-lactic
aci d nol eculenahdtal D radei ef aePHYHBF ectPRYLYBRT al fri Xt #F e BF OIR®S i mor e of
t he above, 70/ ] F e -l acLi..aesand D-lactide wth a neltin oi nt
of about 12“%%%%%%%6?‘1%%%&?@g&h’?%&lih the literature as D, L- Igc!toi de or
rac- Slact itlectida ometkebpdéfrentedf cvhbipreseat hovemtt ohy bheusadti de
used as startin ryggeri al _.is ;-I agtideww;th ap O 50%of ofher |actides.
For exanpl e®5t ﬁgaF CPP B2 hEENPhs ¥PEFEFhg hal@ri B PaY bR TP Ac e
contai ni ng bgtwsennbPeand 40%ebk agt| derihsrRrpoLher cembogh t@Ntandhe iactide
is substantially pure L-lactide, where the wording substantially pare neans
that it mye@éhzéﬁncﬁﬁr?ea%ow=.%@flé?héﬁiei%%?@d—b%,tlﬁ%rp%%%‘ﬁ% e, upto 5
w.% or up;to.1.W,., % n a_fur,.her di.oent .t he,l act |8 acid
subst anti al ﬁ%ggé}”%{a}gﬁﬁ{é&g‘?d‘é, i%ﬁ%?gét ﬁgggb‘rf%?nigrg%jggtgnt i %?I@;i%ur%l?mans
thatldt naymodataiasup belddtwie% 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
wt.%.

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

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

In a preferred embodiment high guality lactide is used.



of oLner lactides, for exanple, up to wt.% or upto 1l w .%. In a further
enbodi nent, D ,L lactide and/or D lacti ae are polynerised with L |actide
to form pabyosvE2wdt h an L/ D nononmer ration of at | east PCTEP2000/0508p6 ef err ed
enbodi ment high quality lactide is usgja.PLi gh quality lactide Is defined
here as lactide wii-h a low free acid content ar.d a | ow water content: the
free acid content should b e lower than 50 m. |1li-equival ents per kg
(meq/ ' kg) , preferably lower than 20 ineq/ kg and nost preferably |ower than

1C meq/ kg. The wat er , cont ent hoyl d.be lo ver than 2 00 m.. mef erably
| ower than 568" p%‘r‘rf‘[h‘m’e T)‘Fefgrabfyd‘?gwe t'han” 200 gﬁd Eéh Hord’

preferably keumerathancdfPeppmindhg use m.g.@r g&brﬂt@itl)/t}h@-cﬁﬂéi@ afsures the
econom cal production of polylactide with a |ow yellowness index with a

hi gh pol yrrepﬁéaﬁ’lbnqﬁ%’at{eda]ﬁ@ WYY %@rla@%r%g%lﬁ%qi‘eeﬁh?“‘%\%lw bntrol .
Depend| ng on we g 1 g gEQLa g?e DDRONE ﬁvgavdgqﬂlocthe cont i nuous
oflid 30

m Xi ng react or Tigquid form - ere t tinuous ni xi nq reactor
is adoop reaefetablj?le*meann‘ehsnsh@w‘ndqb}egpr’bh/e dseal‘ce:: tomuen: foranldther e

the continuous. m xin a isS a continuo setlrredtan eactor,
provi di ng tH8 ﬁﬁ?ﬁ%ﬂeggd? %ﬁ% EBf dp'f)‘ﬁg' HERDns e %ﬂ Rifior e t he

NDNONBrs argote PeepepyNhdedibPethensontomuess MXidgeheastor in he |iquid
state, they can be nolten,, for exanple, in a nelt tank or extruder, as i

known in t hBraferaphy aleierohben 1HQ eyel i Bhester Monbher Iyl ineri sati on
catal yst s aqgﬁgdas&ééﬁ@e CﬁLa{glé@lémiPi{ USPo&PﬂEP@n'@Y%J P& rknown m

the art. |In oné enbodi nen
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
continuous mixing reactor is a continuous stirred tank
reactor, providing the monomers in 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 monomer, 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



present invention, lactide is polynerised with a catalyst of the formula
(M (XI, X2 . . Xm n where Mis selected fromnetals of Goup 1, 2, 4 8
9 , 10, Mp208,011749 and 15 of the Periodic Table o f El ecEmP3009(0348p6 X 2 .

Xm are independently sel ected fromjthegroup of al kyls, aryls, oxides,
carboxyl ates, halides, alkoxides, alkylesters, in is an integer ranging
fromlto 6, and n is an integer ranging froml1l to 6 , wherein the val ues
for mand n depend on the oxi dation state of t he net al ion Wthin Goup 1
, the use of fprg V\r( n t.he use_ of si£referred
Wthin G oup" 91 ?h‘e us %fS’n ar¥ f)‘re?@r?%%l Wt%?}r{‘r"@%%p 8 The*Use of Fe is
preferred. M\ikbkna&puemgtwee%e ©f 1 £nah Siprefer reghg Wd hi ferGoup 13 t he
use of Al, Ga, In, and Tl be nentioned. Wthin Goup 14 the use of Sn
and Pb is p?ef%?‘rie’d Wt’f‘%r rrn BEp 1B FHRE UEEOBI L Sh° ahd B ¥ brigierred. In
general , SEe.0 20 U , 14 S rred. At is
preferred fgrﬁyﬁft o?be se gétéd%%)%ésﬁﬁ %%O %%dd%? éan%xﬂé CEI'he huse of a
Sn- based cahatystiomy be particularly preferred for cyclic ester nononers.
For halides, tin halides |like SnCl2, Sn3r2, SnCl4, and SnBr 4 may be
menti oned. For oxides, SnO and PbO nay be nentioned. Wthin the group of
al kyl est er syi gt atesup=2; ehbylsbexanoat £s)preséeasal afitlaid @oi@tes may
be nentioned, e.g., in the formof Sn- octoate, (also knovvn as Sn(ll) bis
2-ethyl hexahoatej Of ShesteapaeEcrBrBut el dF BRe? af et DB ULSA t3h i s
(2-ethyl he t D 1.hy ) (Rzel byl . hexanoate) , Sb
triacetate, 3?%2;9‘?{%%% ﬁgl’ ﬁ%l;(}gnlgagt:e e%(a@CaO@%(tgeasreaE?a 12@ ste%rr a%e and Zn

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
ik 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
menticoned, e.g., in the form of Sn-octoate, (also known as
Sn{Il) bis Z2-ethyl hexanoate), Sn-stearate, dibutyltin

25 diacetate, butyltin tris(Z-ethyl hexanocate) , Sb (2-ethyl
hexanoate), Bi {(Z2-ethyl hexanocate), Sb triacetate, Na (Z-
ethyl hexanoate), Ca stearate, Mg stearate, and Zn
stearate.
Other suitable compcunds include tetraphenyltin, Sb

30 tris{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 conventional amounts are used, the



stearate . O her suitable conpounds include tetraphenyltin, Sb tris

(ethyl ene glycoxide) , alum num al koxi des, and zi nc al koxi des. The cat al yst
concent r avpanio/e2yeneral |y at | east 5 ppm cal cul at ed a®CEEPad0INet8ght , nore
in particular at |least 10 ppm Were larger than conventional anounts are
used, thecatal yst concentration is at |east 30 ppm nore n particul ar at

| east 50 ppm The catal yst concentration is generally at nost 200 ppm in
particular at nost 150 ppm The use of Sn (li) -bis (2-ethyl hexanoate) ,

al so indicated gs tin octoate, . may, be re erre%Ej since this material is

conmer ci al | §°594Y F AbFEPFP QT ot 4t ?60%Ttenbéra r’Fand“t'eact’t on

t enper at ur egzangdesohubke ﬁ@aquy@dméﬁctr@@ cEus 1 her , cditerconpoisd has

recei ved FDA approval for conventional end-uses. |If so desired,

co- cat al yst gpagrheladabdmedtt %%”‘nfa@tu den aprir b heu bt adly J10st nat! iRP g
conpound that further increases the polynerisation rate. Suitable
co-catalysts are known in the art. Reference is made, for exanple, to US
6,1663169 Thesusef ef eAcel tpsict § b2se Cloy Ciad b yss e of aimpfiniﬁn%tidoa%Fﬂ, R2
.. Rg)p where Y is an elenent se ected from roup > or 16 of the

peri odi c syEf%n? “RETERomAY Do pRsterryd Su%s??tue%t WEtEct®d 1% om one of

the conpound.ghasees1of alkylsw: @r Yiﬁciuﬂcilé}@%o&m%%ﬁmr@w kyl's,
am noal kyl's, thioal kyl's, phenoxi des, am noaryls, thloaryls gis a whol e
nunber rangfAAcEiem 1eFpeBaantep 2R% aS WGP L nubet I¥ Ehgt 3 ¥99m 1 to 6

The co- Cata%¥$1hé$ 9ener abhYoYsedni D AD-AMPURtrOL 1he SAE QLdef. 35 the

amount of catalyst!
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 amcount of the same order as the amount of catalyst,
e.g., in a molar ratioc 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 i1s indicated

to be particularly preferred. Selection of an appropriate



e.g., in anolar ratio of catalyst to co-catalyst of 50:1 to 1:50. US

6, 166, 169 i ndi cates that the co-catalyst preferably includes a phosphorous
conmpound,wpreopameizeul ar P(RI, R2, R3)3 with R, R2, R3 permpoémasgsendent |y
selected fromaryl and al kyl groups. R4(Ph) 3 is indicated to be
particularly preferred. Selection of an appropriateco-catal yst, initiator
and optional additives such as anti-oxi dants, phosphates, epoxidised
vegetable oil, plasticisers etcetera, is within the scope o f the person
skilled in the a t he process a @gding to}the i nvention

SO '%tl”ln Stgﬁtbﬂg of _ the broces ceRralng £ o N&

the pol ynerf<afton ¥eactoh™ 18" Cardied out®tur ther until & Corver si on of at
| east 90% i snobtaknedht Al el apiedc o, theosiardddordpotdides NMire in
particular, the polynerisation may b e carried out until a conversion of at
| east 93% i 8l dbtafhedrs e iarparts culdiia the HEIPD 00t 6t 997 516t e
particular tpo,WMLhin, 1% 0 f.the chenmical equilibriumconversion. Conplete
conversion of Tactide is not possible for thernodynam c reasons. Maxi num
conveérsion w Il depend on reaction tenperature and residence tirr.e. Lower
resi dual nmoponer caonten corresponding to hhg@gr conversiaon, w.Jll b e

The bt Al et Vel

obt ai ned at T oWef¥ pdl yer F&atF on~T Ehperat (it 842 Sht A weth ‘Shversi on wil |
general |y bog1fhe FDSE O8%0 rL0AVESSI O dSrited udeteriidtedudiiect |y after
pol ymeri sation. The second part o 5 he polymerisation can suitably take
pl ace m a pFEEvErow s caktdr betause0t hes diffetfte $-SH e 139 e the
pre-pol ymer i sed. ﬁciégﬂi&é pq\gﬁ:e ent el ng: Lhe, pl ug, £ low reactor: f4,0m the
| oop reactor and the polyner being renoved fromthe plug fliow reactor is
snmalild enoughat obavoidr oddnmet |imgl 1 Tm aoddidioign promouncedt 23% 1s
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 alsco 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



radial mxing will ensure a maxinumdriving force for the polynerisation
reaction al so where the conversion has advanced to cause a reduced
concent r avpanio1B770eact ants. A s nenti oned above, short PCcegipd@®s9sDé nes can
b e reached with this two-step pol ynerissation. In one enbodi nent, the plug
flow reactor is placed vertically or tilted. This is preferred to decrease
t hechances of channelling or other type of flow maldistribution occurring
The flow ratio of the conti nuous m'xi ng reactor and the plug flow reactor
i s general Ix. set between 1,5 a prefer between 1,5 and 15,
nost pref er abfyc %Et?\eeﬁ”aﬁ%@‘a’nd iz"*‘ 1Ef:ff)lSﬁf"ﬁéer i r%n/led“’ i s continuously
renmoved fromyihesplug.flow seacto©ingl n one enbodi nent the material thus
obtained is subjected to a devol atl?l sation step to reduce the nononer
content of the polyner. Prior to or sinultaneously with the
devolati|isaiiop,step,ihe oI WIEr-oRY; fosubleched to.asiabid isalion step
Said stabilisation s ep conprises treatnent of 't he pol ynmer as obtained from
the gl ug flphugeattor reddtoconpoywmisrdhap $mr1&as&=¢rhe St abid 38, of the
conpound agai nst _depol ynerisation, discolourin d adatl on in general.
Exanpl es of ™St t 8bfe® ‘E%kﬁpé Rl o tab??‘?sagh g?ﬁ n‘?@or Jari & Yer oxi des, ant
i -oxidants ghehe@gs Ph9sphitez containing conpounds, nulti-functional
carboxylic acids, hi nder ed phenolic conpounds, catalyst deactivating agents
such as hindered al kyl, aryl and phenolic hydrazi des, am des of aliphatic
and aronati n d boxyl Al hy s and
bi shydr azonrgsggzrgl“l]ﬁ%%afJlnclq%nd%(%r%%ét ?%‘9‘3‘1* df%%ddrf?o?éﬁ eom A B0

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

-
3]

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

icarboxylic 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



hydrazi des of aliphatic and aromati c nono- and di carboxylic acids,

bi s-acyl at ed hydrazi ne derivatives, heterocyclic conpounds, endcapping with
aceti c arwganioda277and m xtures thereof. The pol yner is PCE&Pe@INsShe t he
stabi |l i sation conpounds by adm xi ng tRe stabilising conpound with the
polymer, e.g., at a tenperature of the sanme order as the polynerisation
tenperature. This can be done by neans of a static m xer, an extruder, or
any ot herconventi onal vvay of mxing materials o f which at Ieast one is

hi ghly viscous. |f catf ysts are. asoci_which are based ely frrelt Jons such
as Sn(IT), BBLYFYEIptt 179y B TrTH)Y Bhf T e ?I% T S pr Sterred 1o use
organi c per9oxidegnas $iabbhdsing conpound agai nst depol ymerisatior. and
melt viscosity reduction. It is believed that the conbination of a catal yst
of this particular type and a peroxide leads to a highly stable polyner
conposi tiony i LL POl vk act ol in odi nment
the use of gfsﬁ"(‘{?ﬁ g %%egﬁya‘%ei%gr%?%&?%ﬁ%/ E)Lrerv\/(%%ir}ed é%tgo%h?gtr)t her
spec & ca taensof: };u; takb[EibﬁtSlH)S/SIB wEBhl nLIhi,s enbddi heht, rief elrfence |s

made to what has been stated above. r al \ni C. per oxi des

fol | owi ng gPB%‘p%rEa‘g e &%’%a‘”%‘?%%ofé ‘%Fﬁa T H ﬁ%éﬁ% - r%q"ﬁ?r?poﬁ*rﬁ s
above: i al kyk: per oxddenyal- Lher (04 Tuha o0 G Rcos hygioperoxigies xf the
formula RO peroxyesters o f the formula R (CO-O O RS

di acyl per oxme@ema‘f% ?—Mﬁ:ruﬂaf’ e nag on (T0)2 Ratperdkyearbohat es of the
fornmul a P- R o y n t sta
RO (CO) - %%7 - ﬁ%r%ﬁ?e‘?%@é g?e&%e %gra( g@ﬂcﬁy( CER 2R R

In ad of thﬁlﬁb@yecuﬁiosﬁioﬁndlﬂ'pmiej orbani oy kyttode aryl groups with

1- 20 carbon atons trai ght or branched, substituted .
fumpoombfon L{Ehga thfg enl oufment the use of a Sn{li)
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
of the formula R-0-0-H, peroxyesters of the formula R-

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

'0)~R’, peroxycarbonates of the formula R-0-{(C0O)-0-0-R’,

L]

peroxydicarbonates of the formula R-C-{CCO)-0-0-{(C0O}-C-R",
and peroxvketals of the formula C{0-~O~R)2R'R”. In all of
the above, R, R, and R” are organic alkyl or aryl groups

25 with 1-20 carbon atoms, straight or 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-butyiperoxzy-2-ethyl hexancate, tert-
butylperoxy-iscbutyrate, tert-butylpercxy-acetate, tert-

butylperoxy-benzoate, and dibenzoyl peroxide.



or non-subs tit uted, saturated or unsaturated, and whether or not provided
with heteroatoros . Suitable peroxides are known i the art, and with the
gui del i nesogowan2above it ie within the scope of the skiPCraE®2@ensmsne t o
select a suitable material. Suitable geroxides include benzoyl peroxide,
di I aur oyl peroxide, ter t-butyl peroxydi ethyl acet at e,
tert-butyperoxy-2-ethyl hexanoate, tertbutyl peroxy- isobutyrate,
tert-butyl peroxy-acetate, tertbutyl peroxy- benzoate, and di benzoyl
peroxi de. The peroxide is.gener a\lﬂ_l\i/ added in an ampunt of at | east ,0.01 wt.
%, in partictl BFEFHIGH BTotRte ot TR TEEEE O 0B it Fheé famsunt’ of
peroxi de added:istgeneral by-af-ADst Sy WMn Houdth Pardd cldast af. gwst 2 wt . %
. Tf peroxides are used for the stabilisation of the polymer, or to create
| ong- chai n B ahehBlde PRROUBE RACWAL P dheadied Iy (e Erotintat dtosdathl yst
may be used .t han ¢ i 9% ~to 1ln ase, che reaction rate even nore.
Thgse hi ghe‘#éﬁbuﬁl?gg%%i?r‘gn %g%éd&%%b\c/éééﬂﬂso‘the presence of substanti al
anourt s o fIfiopenezidastdee potydefomyhdetrament sdt yomafdlectna he mechani cal
properties ang rocessing behavi our of the polymer, the polyner is.
general Iy aP$ YE%’Bj et eﬁ‘gt%"%‘id‘év PRI TFREE T oSt eD. Piove %%v%?oa"’f*} Ii'sat i on
step is carfheda Ul hOsHENDY ROt AT eSatd Ny Pardd cubaru s egedred mononer
fromnolten or solid polyner. The volatiles are renoved at increased
t enper at ur econdenrt fegubbd, pkesbufesase gt hemaac VarRuum U ¢ e Hiicttuct t hat
| s obtainedyaffer, | he. deyol ghilisali,on sf&pq mooper, in the case of
pol yl actide, Tactide nononer, is generally present In an anount of |ess
than® w.% nore in particular in an amount of less than 1 w.% still
nore in particular in an anount of |less than 0.5 i .
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

devolatilisation step is carried out to remcove volatiles,

[
Ut

in particular unreacted moncmer 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



wt. % Exanples of devolatilisers include extruders, especially twin screw
extruders, w ped filmevaporators, falling filmevaporators, rotary

devol ati Iweepwnyjo1evary di sk devol atilisers, centrifugal PdEEPR@vioFIsser s,
flat plate devolatilisers, and static igxpansi on chanbers involving speci al
di stributors, e.g., Sulzer devolatilisation technology as described in
EP1800724. The use of a static expansion chanber is considered preferred,
Devol atilisation in various stages and/or a conbination of various types of

apparatus is_alsq possihle.. Stripping gas.such as nifrogen can be applied
to one or séUePégegtéaegﬁﬁ*6?%ﬁLgt86?33?}fféf%tﬁﬁgblE?Ygf%%&1%ﬁﬁ“fﬁgolati
lisation maysal s0shereondHatied=bnia0kbU; 8t at gr PosbspobyIRhE SsSB4 OILIEQUI pent
or by drying of solid pelletised product under vacuum or inert gas flow,
e.g., in a earbPecaEyer. Poptrgnadl 9f actiyspal FPshsPOnPEeEp” ey Ber

perfor med belare.!Be dnylLeggatepsopfiel the;deyoatblesation. step the

pol ymer may be directly ur t her pro&ess%d’to end- use by extrusion,

bl owndl di ngpptiibmetasti agerietai bl eat gy shepmoéy oral pgy £ 6 oaed ngs fore
fiber-spinnip at elevated tenperatures to formuseful articles. If so
desired, th§1%09§ﬁé9gnﬁ§eBe conpounded with additives such as anti-oxidants
nucl eating agents, mneral fillers, glass or natural fibers, processing
aids, UV-stabilisers, or other polyneradditives known to the skilled

person. It REtarsbhpossiblettdliarFoant AECPoFyREPOLE 8BITAVI9to forma
solid Intergggéggﬁ D%BQHBEﬁ 950.%§g8|€0 LEqDRY.bg copvertedht o paflicles
such as beads, 'C |Bs or other pelletised or pomderéd products i n manners
know i n t hecadtngpdfthancsetdntp Entlmuséesing, 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,

st
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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.



The ring-opening pol ynerisation process according to the invention provides
pol yesters, in particular polyesters, nore in particular |actide-based

pol ymer s WO 20pakymers, of controllable, consistent, an#ChiEp2oogosdsvéy in
terms of nolecul ar wei ght, polynmer chaign architecture, colour and residual
nononer content, In the case that only optically pure lactides are used as
cyclic ester nononer also a very high optical purity is obtained. The
present invention will be elucidated by the foll ow ng Exanpl es, w thout
being limted thereto or thereby. Conparative Exanple 1 L-Lactide (Purasorb
L, ex PURA€9E23nﬁ£éﬁﬁa£§?~ﬁé§~¥DIten batch-wise in a 50 liter tank under a
nitrogen atnosphere, The nolten lactide with a tenperature of 110-125 0C

was punped contlnuously into an oil-heated, straight tubular polynerisation
reactor by hehastéfea Bﬂ§ﬁ§ﬁrbuhp ok BURROWPF aretoFials) ki h NFHeET nt er nal

vol une of the sfr agggt oLyggr ﬁ@%wﬁlaﬁ Eaﬁméir"‘@%?ﬂy&cg%dawééb}%é@& ic

m Xi ng el ement's deS|gne o provide rntimate mxing and plug flow behavior.
Tenpet at ur eTandmpiessui ecietle wetbrdedempméaduféeﬂént polht’ equmd | y

di stributed glopg the |inear g nerlsatl reg%é The}nDIL“jiactide was
heated to t RE™PBHcEPBAPERAPEL4t UF boofnléb beaped) n*tHety F}s&q%a T of the
pol yneri sat ,gnyheackaks oIlBeQ@i@@tBTpﬁéaﬁBr*ﬁaélpnqﬁaﬁapms@ ands doteeanol

initiator were added to the nolten lactide as a concentrated solution in
t ol uene by mehAsobdf 3ah HPLE péhﬁ ispeupponvebRERnt f athonsahd 9% ow rate were

o o e BAUYE 2 2oV BLERLopot al ek paBeRTL Ll on. ofc a00eRm SnCut s and

a dodecanol - entration o rrespondi ng with a theoretlca
average M efed22kg/ todigned to provide intimate mixing and plug flow

behavior. Temperature and pressure were recorded on 4

different point egually distributed along the linear

polymerisation reactor.

The molten lactide was heated to the reaction temperature
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

,

SnOct. and a dodecanol concentration of 0.15 wt.-%,
corresponding with a theoretical average Mn of 122kg/mol

of the PLLA at 100% conversion.

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 )
P T

reactor. The temperature increased slightly Jjust after th



of the PLLA at 100% conversion, Ri ng-opening polynerisation started and
melt viscosity increased accordingly while the m xture progressed through
t he | i neawotofwliarior eactor. The reaction mxture |eft tireTERPRAMASISDEACT OF
through a die plate with 1 circular halge nounted to the end of the reactor.
The viscous strand was cooled in a water bath and pelletised by neans of a
strand pelletiser. During |actide polynerisation, a varying pressure drop
wi th a maxi num val ue of 80 bars devel oped over the reactor. The tenperature
i ncreased sILgh%Lanuggkgf;g; %he osi ipn%M@oggrcggggygédgguj nitiator were
added, indi EACiNg°ThE"BhEet®-dfY Pol Yrerisatidn’” The T nttease of tenperature
of the neltihy:appreyi MRtetysSOG nasotadsedsby: she Tmabiddtyaof dhe oil
circuit encasing the tubular reactor to aosorb the heat generated hy the
exot her mal pBIYRERFSEELI R Foach?bh. PExpRrT AEHES Yefonst rated 1~ th s
linear, tubular,palymerisation.reactof, sgte up i tyinternalystatic mixers
could not be operated Ih a steady-state condition. re mparticular, the
recorded a setenperaturesand phessase féuctwatedonnpreddzctiabingl The out put
of the reac;o;‘chapgeg.jrog1$og¥ger to nelted | actide and back, and |actide
sprayed out ¥8fYI'Rg dfer"Metaf “andl'ysis of the lacti ae that came out of the
die revealed that it contained the expecte a anount of tin polyner ipati on
catalyst, so i t should polynerise. The observation that nolten |actide
(Wi th catal §8Bpriseetenderpes hpahedt et t hels ebiwente tiRl®dF the I actide
monomer mthe:react oL Was 100 SHOr L f ok, POl YRl saLA. 0N L0: POl hactide.
Apparently,*?o&WV|scous actide found apsna I channel through the high
10 could not be coperated in a steady-state condition. More in
particular, the recorded mass temperature and pressurs
fluctuated unpredictably. The output of the reactor
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 priocr toe polymerisation.

le 1 according to the invention
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I~-lactide {(Puralact L, ex. PURAC) was molten batch-wise in

a 100 liter stirred tank with external oil heating under a

nitrogen atmosphere. The meolten lactide with a temperature

<

of 110-125°C was transferred under gravity and nitrogen

(O

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

of a micro annular gear pump at a flow rate of Z5kg/h. A



vi scous reaction m xture and escaped fron the |linear reactor prior to

pol ynerisation. Exanpl e 1 acc ording to the Invent ion L-lactide fPural act
L ex. PURMQ20wz82170l t en batch-wise in a 100 |iter stirr ®@dTERONSISHG
external oil heating under a nitrogen-atnosphere. The nolten lactide with a
tenperature of 110-125 OC was transferred under gravity and nitrogen
pressure to a 200 liter feed tank. The |l actide nononer in the feed tank was
punped continuously into a first oil heated static m xer of tne

pol ynerisation_reactor by means_of a mcro_annular_ r..punp a flowrate
of 25k: s/ n. ARt REGr ég of %1 PC bt bat %%%Wﬂb??’%h\f*f o(ﬁ“t%e‘?bé“f ys%**%ﬁgaﬁ%‘er%’alnol
initiator wagi€oRtbAURYS| Yordded>te1{ hesadd ten tractmsecdy Mpansiofpba HPLC
punp. The flow rate of the m xture was_adjusted to arrive at a typical

catal yst coWeenérafi an'BEC 2001300ppE Bhott TRl @f h‘%*k%rfmx%lbfh%ew&g ation
correspondi ng-wi.t hya.thepretical average, Mh.of . { Ok e Of p3hend at
100@6conver§?6ﬁ%”$ﬁi%”f?$§?$%t§%ic §g§ niiedat%%k?é%?idggzétf?iﬁéfA

cat alyyst angd0inBObator Sabdt-heated: itextandl7 BclQGr@CatiThe resi dence tine in

this first static mxer was 1-2 mnutes, which is tap short,to build up
significantCﬁEF?SE?Eéb%?tV%t%m%sg%ﬁéﬁ?§§fwfh%v?%ﬁ$Vi%%dﬁé T%aﬁ?ﬁ%ﬁ“nixture
was provi dedstena purfhet 1obul asnpolynexi sation reactor with a | oop
configuration, The internal volune of the | oop reactor was equi pped with an

array of interhafisshtpeatixinbxer gibnes, Land acskfarat'd gedf punp. The
nass {1 ow rate Dot hisql a0p: 12861 0L ¥as.Lypl cal | ¥, Sefoalog0katk, In the
| oop-reactor, the viscosity of the nelt 1ncreases and conversion devel ops
t 0 dgpr oxi natelyeB0=86%¢ nim sheadystat essiatiatmborer 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/initiatecr 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 connected 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



The | oop reactor was operated at fairly constant polynerisation tenperature
chosen between 180 and 200 OC . No significant tenperature increase was
recor ded wipanisadeli7ni on of the catalyst/initiator to thePCamrReo/ofsnoNer. At
t he opposite side of the feeding zoneysa |linear, tubular plug flow reactor
equi pped with internal static m xing elenents was connected to the | oop
reactor. Prepolynerised nmaterial was continuously withdrawn fromthe | oop
reactor and provided to the plug flow reactor by nmeans of a gear punp. A
die plate with two g%rculgr hol es s, mounted to the end ?f the plug fl ow
reactor. H §RIYT stbhe Pol YieF FePTeEhe’ r2ator” th oligh' T he dies, and
thepol ymer stihasgsemer¢ €60ledikddacpateindbadh ang: sabsesprenitd ysqel | eti sed
by nmeans of a strand pelletiser. The obtained pellets were transparent,
virtual |y céPerpPesalandrpRoUSEPLYRAL® DuF #ReP3ERET dev pot Ykt seRiOn-§5° t he
cascade of Qgg¥$ggggagiggyreactors equi pped with internal static mxers, a
constant pressure érop over the reactor devel oped, with a maxi num val ue of
up td: 60 bars in the |loop reactor, a maximum pressure of 40 bars at the
punp side of the plug flow reactor and a constantly decreasing pressure

t owar ds theggﬁﬁn%fl?%é*?%a@?gymeth??h@O%o}Vn€$?s%ﬁ%%ﬁﬁ%rT |'s, tenperature
and pressurgoWernérstablenf ez at ol eastu seved al i filwul st ane Thatwel ¢ ng of

| acti de was never observed. Thus, polynerisation of lactide could be
perforned cBASFEEent | GOWFERNE PESBF R BRGER RNt OB L pol§ P <t T on reactors
equi pped wi LBk 1becaal LAl Crlk XS, o INie N gy Teld | g poly (h-diact | de)
collected froma Stable operation of the process fypically exhibited a
D- i sigher loop 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 pelymerisaticon 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.

R
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The 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 chlorcform as the eluent and PS calibration

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



content of less than 0.4% Ml ecul ar weight analysis of the PLLA by neans
of size-exclusion chromat ography (SEC) using chloroformas the eluent and
PS cal i brwibi2orv/aeandar ds, reveal ed Vnh val ues of 130- 150 Pkg/EPR009/0KA80& al ues
of 190-210kg/ nol and a polydi spersity»f 1.4-1.5. Residual |actide content
in the PLLA was 4-5%if the plug flow reactor was operated at a tenperature
of approx. 190 OC . This exanple shows that the use of a conbination of a
| oop reactor with internal static mxing elenent to effect

prepol ynerisation and a plug flow reactor with internal static m xing
elements to finalize the polynerisation results in a stable polynerisation
process.1 . Continuous process for theLrEME-openi ng polynerisation o f
cyclic ester nononmers to fcrir. aliphatic polyesters at a tenperature

bet ween 100-24C O C which conprises the steps of: 5 a } continuously
providing cyclic estgr:IRHoues ands polyrerisation-gatalyst to a continuous
m xi ng reactor, the reactor being operated at. conditions effective for

pol yneri sat pohyrerfeahianppé- pytyheressed neaetréda hbxfoure, abiyhatic

conti nuousl emovin e-pplymer Lsed reaction, mxture-~0 froir the

conti nuous é?i?ﬁg“?ﬁgcg raaﬁﬁ%gﬁh %hﬁ%ug?yw%?%v% |n%gbré-%%Tyﬁerised
reaction m xbupeitesacpbugrébewereactor, the plug flow reactor being
oper at ed under polynerisation conditions, wherein the reaction m xture is
pol yrer i sed®t oCa HegreBsdy BoPyhELNSat¥onl of At e4SPo8°90%%4“t o forir

pol ymer ¢ ) o600kLLPYOUSE ¥nT APYL DG POLYHBEC AL ORLLRE R UGnG| pusEeaef OF . 2
Process according to claim1 wherein the flowratio C o f the continuous
m xi ng reactbe anmdcthe peugyf bpwretadt ot conditions effective for

pelymerisaticon to form a pre-polymerised reaction mixture,
b) continuously removing pre-polymerised reaction mizture

10 from the continuous mixing reactor and continuously
providing pre-polymerised reaction mixture te a plug flow
reactor, the plug flow reactor being operated under
polymerisation conditions, wherein the reaction mixture is
polymerised to a degree of polymerisation of at least

i5 90%,to form polymer

o} continucusly 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 between 1,5 and 12.

3. Process according to claim 1 wherein the continuous
25 mixing reactor is a loop reactor.
4, Process according to any one of the preceding

claims, wherein the continuocus mixing reactor and/or the
plug flow reactor is a static mixer reactor comprising

30 static mixing elements.



is between |, b and 50, nore preferably between 1,5 and 15, nost preferably
between 1 5 and 12. 3 Process according to claim1l wherein the continuous 5
m Xi ng r exsiot2010/418778 | oop reactor. . Process accordi ng t @Camp2a@nessoé t he
precedi ng clains, wherein the continuauws m xing reactor and/or the plug
flowreactor is a static m xer reactor conprising sta tic mx! ng elernent
s .5 . Process according to any one of the preceding clains, wherein the
plug flow reactor is placed vertically or z1 1 Led, 6 Process according Lo

any one o fcthe precedi alL s wher ei he cyclkic, oner .is. sel ected
fron1Iactidg‘(L-Iaé%?géggt§%é%?§6%§ Ef-?%%t?%%,8#r7é§g§T§§%?Eég :

gl ycol i de, theimethyheneivakbenateg(TM, repstbontaprdkaet onert pedibxanone,
and conbinagions %Qgreof. 7 . Process according to any one of the preceding
claims, wheP&i nith&“degree of polymerisation in the continuous mxing
reactor is between 5 and 90 wt,, nore in particular between 10 and 8 wt . %
. 8 . Process according to any one of the preceding clainms wherein the
react?on nmi %ture iBrperyierreerdindthe prugeRe oW reaetoreteindegr ee of

p0|ynerisatE9§iﬂE @Eekggﬁttgéwfygﬁégpﬁgngﬁégi%glgélg&té'a§£o£7?%¢€ide

Process according to any one o receding cl arns, erein thecyclic

ester nonongfL-ctenpidsesDlasttdées, sal.dleacitide havbnagaatidep, aci d cont ent
preferably | ower than 20

| ower than 50 m szeq_giva+ nts per kg (nmeg/kgi ., f _
nmeq/ kg and | gfogrg?érﬁbf§e‘gﬁé?n'héﬁriﬁ“ggﬁqig%Yfio??F$ 8ss according to
any one of thegrpreeedhsg p-dioxanone, and combinations thereof.
1a
7. Process according te any one of the preceding
claims, wherein the degree of polymerisation in the
continuous mixing reactor is between 5 and 20 wt.%, more
in particular between 10 and 85 wt.$.
15
g, Process according to any one of the preceding
claims wherein the reaction mixture i1s polymeriged in the
plug flow reactor to a degree of polymerisation of at
least 93%, more in particular at least 97%.
20
9. Process according to any one of the preceding
claims, wherein the c¢yclic ester monomer comprises
lactide, said lactide having a free acid content lower
than 50 milli-equivalents per kg (meg/kqg), preferably

25 lower than 20 meqg/kg and most preferably lower than 10

meq/ kg,

10. Frocess according to any one of the preceding
claims wherein the polyvmer removed from the plug flow

reactor is subjected to a develatilisation step to reduce

ik
<

the monomer content of the polymer.



clainms wherein the polynmer renoved fr omthe plug flow reactor is s b ected
to a devolati lisation step o reduce the nononer content of the polyner. 11.
Process awoandvmg/7wo cl ai m 10, wherein devol at i | isaPCra®2000/06%06i ed out
in a static expansion chanber. 12. Praggess according to claim 10 or 11,
wherein devolati | i ation takes place mnore than one stage. 13. Process
according to any one of clains 10 through 12, wherein after the devo atil

i sation step the nononmer content of the polyner is less than 2 wt.% nore
in particular less,than 1 w. % .stiil more in particular less than 0 .5 w
% . 14. Process according tolany one of i me 10 ThiSugh 3 where. m pri or
to or SlIFJietaneoustyamith thecdevodatibt sationssiepctheppodyasrer i s
subjected to a stabilisation step wherein the polyner is subjected to a
catal yse de@B&FHafion treatnment. 15. Process according to any one of the
precedi ng clains wherein the cyclic ester nonomer, the polynerisation
catal yst, and optionally co-catalyst, initiator and/or additives are
conbifned pridr to Feetiedy tocthedimontd nuoisn nikieg Feactiprnelin

devolatiliation takes place in more than one stage.

13 Process according to any one of claims 10 through
12, wherein after the devolatilisation step the monomer
10 content of the polymer is less than 2 wt.%, more in

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

-1 s + 9
than ¢.5 wt.%.

14. Frocess according to any one of claims 10 through
15 13 wherein prior to or simultaneously with the

-

deveolatilisation step the polymer is subiected to a
stabilisation step wherein the polymer is subiected to a

catalyst deactivation treatment.

20 15, Process according to any cne of the preceding
claims wherein the cyclic ester monomer, the
polymerisation catalyst, and optionally co-catalyst,
initiator and/or additives are combined prior to feeding

to the continucous mixing resactor.



