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ABSTRACT

In this paper we report a comparative study about the effect of several
additives and complexing agents on the synthesis and stability of
poly(butyleneterephthalate) (PBT) synthesized in the presence of the stan-
dard catalyst Ti(O-nBu),. Among the used additives, very surprisingly
acetylacetone showed a deep influence on the catalysis and the proper-
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ties of the final PBT. In particular the polymer was obtained in a shorter
reaction time and with higher thermo-oxidation stability. On the contrary
thesimple Ti(O-nBu),, thewell-known standard catalyst, resulted the more
deleterious for the properties of the polymer. Moreover, for auseful com-
parison, a stabilized PBT was synthesized in the presence of Ti(O-nBu),

with the addition of the stabilizer U626.
© 2008 Trade Sciencelnc. - INDIA

INTRODUCTION

Poly(butyleneterephthal ate) (PBT) isone of the
most important thermoplastic polyestersandislargely
used to producefibersaswell asin motor and electric
industry™, PBT synthesisisgenerdly performedintwo
steps: the transesterification of dimethyl terephthatate
with 1,4-butanediol, and thefollowing polycondensa
tion of theresulting oligomers under dynamic vacuum
(SCHEME 1). Boththe stepsare catalyzed by Ti(1V)
acolatesthat can beused for industrial and laboratory
scae.

Important aimsof the current research concernthe

development of more active catalytic systemsand the
improvement of the propertiesof thefina polymer. Both
the aspects are very important from an economical,
scientificandindustria point of view.

Ononehand poly(ethyleneterephthlate) (PET) has
been much more studied and severa efficient catalytic
systems have been developed“®; inthiscase, in order
to suppress undesired side reactions, phosphorous-
based compounds (phosphate salts, alkyl phosphates,
alkyl phosphonates) are added to stabilize both
transesteri fication and polycondensation catal yst*1Y,

Ontheother hand PBT hasreceived much lessat-
tention and only few dternativestothestandard Ti(IV)
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acolatescatdystsareavailabl €229, Very interestingly
Colonna et al. reported that the addition of a phos-
phateasco-catdyst to thetitanium dcolatesand hafnium
cataystsled to ahigher polymerizationratein PBT syn-
thesig*®l. Moreover, the use of phosphatesimproved
thetherma stability of thefind polymerg™.

Thestudy of degradation and stabilization of poly-
mershasagreat impact especially onthefind applica
tionsandthelifeof thematerias. Severa studiesonthe
thermal and thermo-oxidative degradation of polyes-
tersshowed that PBT islessstablethan PET. For this
reason stabilization, using aradica scavenger, isusudly
required for longlife PBT based materid 9619, In gen-
eral the thermo-oxidation of organic compoundsand
polymersisaradicd chain process. Onthebasisof the
reported thermo-oxi dati on degradati on mechanismg*®
11 theresidual of the catalyst can have an important
influence onthe stability of polyesters. For theserea
sonsinthe past years, apart from the use of commer-
cidly available stabilizers, we considered different ap-
proachesfor the stabilization of polyesters. Wefocused
our attention on the possibility to increasethe stability
of PBT polymerswith the modification of the catalyst
composition*2,

Onthebasisof theseconsderationsinthisarticle
wereport theresultson the effect of severd additives/
complexing agentsboth on the catalys sand onthermo-
oxidation stability of PBT. Theattention wasaddressed
to two types of compounds. complexing agentswith
theability to chd atemetd cationsand phosphonaetype
compounds, well-known additivesfor the stabilization
of PET catalystg®*Y.
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EXPERIMENTAL

Materials

Dimethyl terephthatate (DM T) was supplied and
used without further purificationfromNGPSp.A.; 1,4-
butanediol (1,4-BD) from BP; Ti(O-nBu),,
acetylacetone, ethylacetoacetate, Na,EDTA, triethyl
phosphoneacetate and triethyl phosphoneformiatewere
purchased fromAldrich; the stabilizer U626 was pur-
chased from generd electric.

Instrumental and analysis

Large sca e polymerisation was performedina20
L steel reactor heated with electric resistance and
equippedwithmechanicd dirrer (driven at varigdlerpm),
astrain-gauge sensor mounted on the stirrer shaftin
order to monitor the melt viscosity (and indirectly the
increaseof molecular wel ght) during the polymerisation,
adigtillation columnwith awater condenser, avacuum
oil pump (mod. EdwardsE2M-12) withaliquid nitrogen
trap. Thereaction temperaturewasincreased at afixed
heating rate according to standard procedures. All of
the processing parameterswere monitored by e ectronic
recorders.

Therma measurementswere performed by aDSC-
7 Perkin-Elmer calorimeter under nitrogen flow, at
10°C/min rate for both heating and cooling. The symbols
Tm, AHm, Tmc, AHmc, respectively refer to melting
temperature, melting enthalpy, temperature of
crystdlizationfrommdt, enthdpy of crystdlizationfrom
melt.

Theintringcviscosity (1.V.) wasdetermined mea:
suring thedropping timeat 30°C in an auto viscosim-
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eter Shotte-Gerate of solution of 0.600 gof PBT in
50.0 ml of o-chlorophenol. Thel.V.sweredetermined
with an accuracy of +/- 0.002(dL/qg).

Wide-angle X -ray diffraction patterns, with nickel
filtered Cu Karadiation, were obtained, in reflection,
with anautomatic Bruker D8 Advancediffractometer.
The spectraweredetected on 30 umfilm.

Color L and color b, according to Cielab scale,
weredetermined onthepdletsusngacolorimeter BYK
Gardner.

Accelerating thermo-oxidation tests were per-
formedinaforced circulating air oven model WTC
BINDER FD53 a 160°C. In the oven 5 identical
samples of 100g of pellets (pellet dimensions:
3x3x2mm) of PBT wereput inbakersof perfectly iden-
tical shape. Every samplewastaken out of theoven at
different times, and color and 1.V. were measured ac-
cording to the above procedures.

Typical experimental procedurefor thesynthesis
of the catalytic systems

Inan oven-dried two-necked round-bottom flask,
a solution of Ti(O-nBu), (20.2mmoal), in dry 1,4-
butanediol (50mL) washeated under nitrogenat 100°C,
for 1h. Then the additive (40.4mmol) was added and
thesolutionwasstirred at 80°C for 1h. The obtained
solution was used inthe synthesisof PBT without any
other treatment.

Pilot plant polymer synthesis
Inatypical synthesis

8000g (43.50 mol) of DM T and 48259 (53.61moal)
of 1,4-BD wereintroduced into thereactor. Themix-
turewashesated at 145°C under stirring at atmospheric
pressure and, at this temperature, the solution of
20.2mmol of thetitanium(lV) a colate and 40.4 mmol
of theadditivein 1,4-butanediol wereadded to themdit.
Then thetemperaturewasraised to 230°C. During this
period, transesterification proceeded till the complete
distillation of methanol. Thenthe pressurewasreduced
intherange0.5-1.0 mbar and thetemperatureincreased
to 255°C. These are the conditions for the polycon-
densation stage, inwhich themolecular weight incresses
and 1,4-BD wasdistilled off. The synthesiswasmoni-
tored with an el ectronic torque-meter and thereaction
was stopped at an 1.V. intherange of 0.83-0.89dL/g.
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Then thereactor waspressurized at 1.1 bar with nitro-
gen and the polymer was extruded and granulated. In
the synthesisof stabilized PBT 7, the stabilizer U626
was added to the reaction mixture at the end of the
transesterification stage asamixture of 8gin 80g of
1,4-BD.

RESULTSAND DISCUSSION

Library of Ti(1V) catalysts: evaluation of several
additives/'complexing agents

Thefirst aim of thisstudy wasthee aboration of a
reliablemethod to test the effectiveness of several ad-
ditivesin PBT synthesis. In the selection of the addi-
tives, we took into account well-known metal
complexing agentsor compoundsthat areusually used
asmetal stabilizersin polyester synthesig®. Every
compound wasintroduced in PBT synthes sassolution
in 1,4-BD together with Ti(IV) alcolate; the additive/
Ti(IV) molar ratio was 2(for the preparation of the cata-
Iytic solutions see experimental part). The used addi-
tivesaredescribedinfigure 1.

Itisimportant to notethat commercidly available
complexes are reported of both acetylacetone and
ethylacetoacetate’??”; EDTA isawell-known chel at-
ing agent. A different approach was consdered for the
choice of TEPF and TEPA. TEPA as a phosphonate
type compound, is used as stabilizer for transesteri
ficationcatdystsin PET synthesig®. Itisusedtoavoid
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undesired sidereactionsthat affect the properties of
the obtained PET®. With the use of TEPA and TEPF
wewanted to test if these compounds have the same
effect onthestability of PBT polymers.

New Ti(l1V) catalytic systemsin the synthesis of
PBT

After the selection of the additivesand the prepa-
ration of the catalytic solutionsin 1,4-butanediol, the
effortsweredevoted to determinethelr effectivenessin
large scde synthesi sof representative PBTsinthesame
reaction conditions. Furthermoreastabilized PBT (en-
try 7) was synthesized inthe presence of Ti(O-nBu), as
catayst withtheaddition of thestabilizer U626 (Ultranox
626): in thiscasethe aim wasto comparethe proper-
ties of stabilized and not stabilized PBTs. The charac-
teristicsof thesynthesized polymersaresummarizedin
TABLE 1.

Evenif fromtheanalysisof the obtained data, all
the catal ysts showed acceptabl e activity and yielded
thepolymersin reasonabl ereaction timewith goodin-
trinsic viscosity (1.V.), significant differences can be
noted. In particular, the acetyl acetonate-titanium(lV)
system (entry 2) showed higher activity thandl theTi(1V)
based catal ytic systemsfor both transesterification (El)
and polycondensation (PC) stages. Infact, PBT 2was
obtained inashorter reaction timeand, accordingto
thedetermined intring c viscogties, with high molecular
weight. Only inentry 5, inthepresenceof Ti(IV)/TEPF
system, wereport apolymer with higher I.V. evenif the
reactiontimewaslonger.

To confirmthevaidity of theexperiments, thesyn-
thesisof therepresentative polymers (entries1-7) were
repeated inthesamereaction conditions. Indl the cases,
theresultswere comparableto thosereportedin TABLE
1.

In general the color and the appearance of poly-
mershasagreet importance from economica and prac-
tical point of view. The color of polymerscan be nu-
mericaly measuredintermsof L-vaueand b-vaduedi-
rectly onthepellets, accordingto Cie ab scale (TABLE
1). L-vaueisrdated to thedegree of whitenesswitha
greater numerical vaueshowing ahigher (desirable)
whiteness. Thewhitenessand consequently color L is
usudly rdatedtothelevd of cristdlinity of polyesters.
Theb-vaueisreated to thedegree of yellowness, and

TABLE 1: characteristicsof PBT synthesized in the pres-
enceof new catalytic systems

El sage PC Stage 1.V. Color Color

Entry — Catalyst 1 omin) Time(min) (dL/g) L b

1 Ti(OnBu), 86 87 085 89.9 2.77
% ;g]ﬁ)gn; 67 83 0851 795 3.20
3 T'(‘EB‘EX)“ 75 90 0843 839 3.90
g THOTBDT gy 91  0.828 898 182
58 T'Q‘EEE)“ 85 91 0875 89.0 4.11
6 T'(TOE'E/EUM 81 89  0.849 892 4.02
P QM g5 85 0829 906 551

aThe catalytic system was prepared according to the procedure
reported in the experimental section; °The stabilizer U626 was

added in the course of the synthesis.
TABLE 2: Thermal analysisof PBT 1and PBT 2

sample  Catalys T, fFn 7,0 JHng

1 Ti(OnBw, 223 475 178 -482

o TOMBU* 519 450 175 413
acetylacetone

aT . refers to melting temperature; PAH _ is the melting enthalpy;
°T,. refers to the temperature of crystallization from melt; ‘AH_
is the enthalpy of crystallization from melt.

ahigher numerica value showsahigher (undesirable)
degree of yellowness. A particular importanceisattrib-
uted to thesignificanceof color b: thisparameter isusu-
ally related to thelevel of degradation of macromol-
ecules. Infact many studiesdemonstratethat degrada
tion processes usually led to conjugated or oxidized
moietiesthat absorbsin near UV©2Y,

Inour work, al the samplescan beconsidered very
similar intermsof color b (thedegree of yellowness),
but surprisingly color L (thelevel of whiteness) issig-
nificantly lower for the polymerssynthes zed inthe pres-
enceof titanium(lV)-acetylacetonate catal ytic systems
(PBT 2). Thisphenomenon can berelated to alower
level of crystadlinity and apoor tendency to crystdlize,
as confirmed by lower valuesof Tm, AHmM, Tmcand
AHmc of PBT 2 withrespect to PBT 1 of thereported
thermal analysis(TABLE 2). Onthecontrary, X-ray
diffraction spectraon 30 um films(figure 2) have not
shown particular differencesbetween thetwo polymers.

Thermo-oxidation stability of thesynthesized PBT

Theevduation of thestability to thethermo-oxida
tion of the PBTswas carried out by means of the age-
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ing of great amount of pelletsinforced circulatingair
oven: thisisconsdered themorerediablemethod in or-
der totest the stability to thethermo-oxidation(*®?2, In
practice, we put aseriesof fiveidentical samplesfor
each polymer inthe oven at 160°C and we measured,
at different times, color-L (TABLE 3), color-b (TABLE
4), intrinsic viscosity (1.V.; TABLE5) for thetreated
samples.

In the comparison of the reported data, PBT 2,
synthesized with Ti(1V)/acetyl acetone system, shows
higher thermo-oxidation stability. It isworthy to note
that PBT 2 suffersavery dight discoloring with acon-
stant degree of whiteness(Color-L, TABLE 3), avery
reduced increase of yellowness (color-b, TABLE 4)
andsurprisingly adight increaseof 1.V.(see TABLED).

Thetrend of 1.V.in PBT 2, sinceit cannot bere-
lated to the accuracy of the method (0.002 dL/g, see
experimentd section), isvery interesting. If ononehand
the dlight decreasefrom 7to 47h can be easily attrib-
uted to adlight degradation, theincrease after thefirst
7h can berdated to avery small increase of molecular
weight. Usudly SSP(solid state polycondensation) re-
quiresdifferent reaction conditionsg? 2 but the possi-
bility of milder conditionsfor SSPisveryintriguing. This
agpect isstill under investigation.

Thebehavior of Color L inPBT 2isvery peculiar
and hasto be noted (TABLE 3). The significant im-
provement of color L (and of therelated leved of white-
ness), after thefirst 7 hoursof heating, can berelated to
theannealing that crystallizesthe otherwise crystdlin-
ity-retarded polymer.

Theuseof thestabilizer U626 hasapositive effect
onthestability of the polymer obtainedin the presence
of Ti(O-nBu),; infactin PBT 7 both the discoloring
and the decrease of the intrinsic viscosity (1.V.) are
smaller thanthoseobserved in PBT 1.

All theother catalytic systemsinfluence negatively
the propertiesof the polymers, but the behavior of the
Ti(IV)/ethylacetoacetate systemislessdel eterious on
thermo-oxidation stability. Very interestingly inthiscase
wecannotefor color L, 1.V. and color batrend smilar
to that shown by stabilized PBT 7.

In conclusion, there ationshi p between the catalyst
composition and the stability of the obtained polymer is
very peculiar. On onehand thesimple Ti(O-nBu), is
moredeleterious, ontheother it isvery interesting to
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Figure?2: X-ray diffraction spectraof PBT 1and PBT 2

TABLE 3: Color-L of thePBT polymer safter theoven ageing
at 160°C at different time

Color L at different

Entry Catalytic systems ageing Time (h)

0 7 23 31 47
1 Ti(O-nBu), 89.9 88.4 85.2 85.4 83.6
2 Ti(O-nBu)s+acetylacetone  79.5 86.7 86.3 86.1 86.0
3 Ti(O-nBu)4+ EDTA 88.9 88.0 86.6 85.5 84.8
4 Ti(O-nBu), + EAA 89.8 89.9 89.6 89.1 88.1
5 Ti(O-nBu),4 + TEPF 89.0 87.8 85.3 86.7 84.0
6 Ti(O-nBu)4 + TEPA 89.2 88.2 87.3 86.4 84.3
7 Ti(O-nBu), + U626 90.6 89.4 86.7 86.2 84.9

aT , refers to melting temperature; "AH_ is the melting enthalpy;
°T .. refers to the temperature of crystallization from melt; ‘AH
is the enthalpy of crystallization from melt.

TABLE 4: Color-b of the PBT polymer safter theoven ageing
at 160°C at different time

Color b at different

Entry Catalytic systems ageing time (h)
0 7 23 3 47
1 Ti(O-nBu)4 277 1250 17.9 19.8 219
2 Ti(O-nBu)s+acetylacetone 3.20 5.00 590 6.69 7.47
3 Ti(O-nBu), + EDTA  3.90 5.90 11.12 1531 17.90
4 Ti(O-nBu)4 + EAA 1.82 6.67 11.48 12.81 14.66
5 Ti(O-nBu), + TEPF 4.11 13.4617.60 18.00 19.50
6 Ti(O-nBu), + TEPA 4.02 12.4015.55 17.34 18.72
7 Ti(O-nBu)4 + U626 5.51 8.80 12.70 13.41 14.63

TABLE5: 1.V. of the PBT polymer safter theoven ageing at
160°C at different time

[.V. (dL/qg) at different

Entry Catalytic systems ageing time (h)
0 7 47
1 Ti(O-nBu), 0.855 0.827 0.753
2  Ti(O-nBu),t+acetylacetone 0.851 0.860 0.855
3  Ti(O-nBu)s + NaEDTA 0.843 0.823 0.768
4 Ti(O-nBu), + EAA 0.828 0.819 0.783
5 Ti(O-nBu), + TEPF 0.875 0.852 0.785
6 Ti(O-nBu), + TEPA 0.849 0.821 0.777
7 Ti(O-nBu), + U626 0.829 0.806 0.790

notethat theleve of influenceonthecataysisandthe
propertiesof the polymer depends on thetype of the
additive. The greater stability of PBT 2 can be prob-
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ably attributed to the deactivation of Ti(IV) dueto the
complexation of the acetyl acetone that suppresses
the degradation reactions. The devel opment of area
sonable model of the degradation pathway is under
investigation and will bethe subject of the next paper.

CONCLUSIONS

In this paper wereport acomparative study about
theinfluenceof several additivesonthe synthessand
stability of poly(butyleneterephthalate) (PBT) synthe-
sized in the presence of the standard catalyst Ti(O-
nBu),. Among thetested additives, very surprisingly
acetylacetone showed adeep influenceonthecatdysis
and the propertiesof the PBT. In particul ar the poly-
mer was obtained in ashorter reactiontimeand witha
higher thermo-oxidation stability with respect tothestan-
dard PBT without any additive. Both theseresultsare
very important from scientific and economical point of
view. In fact amore active catal ytic system meansa
reduction of thecost of production of thepolymer; while
higher thermo-oxidation stability improvesthedurabil -
ity of the manufactures and alowsto avoid the use of
gabilizers. Onthebas sof thiswork, further sudiesare
in courseto eval uate the effectiveness of other addi-
tivesonthecatdyssand thestability of PBT polymers.
Weare dsoinvestigating about the hypothesisof area-
sonable mechanism on the rel ationship between the
catalyst composition and PBT properties.
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