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Abstract : Polyethylene terephthalate (PET} was symthesized using a homogeneous catalyst of 4 wi%
Sbe(O; solution dissolved in ethylene glycol (EG) with 2,2-bis{4-(2-hydroxyethoxy)phenyl propane}
(BHPP). The reaction behavior during the polymerization and the characteristics of polymerized PETs
were studied. Other properties depending on the amounts of catalyst (400, 300, and 200 ppm) without
thermal stabilizer were investigated. In the study of reaction kinetics, the polycondensation reaction rate
in the early state using homogeneous catalysts of 400 and 300 ppm was faster than that using Sb .0,
powder catalyst. In order to obtain the PET with inherent viscosity (LV.) of 0.65 dL/g, a considerably
shorter time is required using the homogeneous catalysts than using Sb0; powder catalyst.

Introduction

PET is generally synthesized from terephthalic
acid (TPA) and EG using St:0; powder or 2-4
wt% Sbp0s in glycol as a catalysts for PET poly-
merization.” These days, various catalysts are
usually added in the PET polymerization process,
which include not only Sb:0; powder or Sb,0a
dissolved in EG, but also metallic catalysts filled
with Pb, Co, 5n, Na, Ni, Mg, Zn, and Ti except
Sb.* On the other hand, it was reported that
Sb,0; as a catalyst which was not in particle size
but in molecular unit size showed an increased
effect on PET polymerization. Ventura and Raven-
seroft® studied antimony alkoxide [Sb,(OR);] as a
catalyst, and Loeffler’ investigated antimony gly-
colate. A catalyst of antimony triacetate[Sb{QAck]
was investigated by Thomas?

However, the catalysts described above are
problematic, as the cost of production is high, as
well as to have limits in their application. And the
PET polymerization process is still largely depend-
ent on many factors such as temperature, reaction
time, stabilizer pattern and time, and drying con-
ditions and so on. The examples of property
depression of PET are as follows: decline of vis-
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cosity, growth of carboxyl-group amount, rise of
ether compound, fixed color, reduction of heat
and hydrolytic stability, etc.

Therefore, this paper focused on the study of an
efficient polymerization method using homoge-
neous catalysts by dissolving 4 wt% SkO; glycol
in BHPP.

Experimental

Reagents. Bis(2-hydroxyethyl)terephthalate
{BHET) oligomer with a degree of polymerization
{DP) of 4.72 manufactured without catalyst by
Kolon Industries Inc. was used without further
purification. EG was treated by drying process at
70°C to eliminate moisture. Sb,0O; was used with-
out purification in this study. BHPP reagents were
supplied by Takemoto Qil & Fat. Co. without any
treatment.

Polycondensation Reaction. These polymer-
izations were carried out using a catalyst of 400
ppm under high temperature and vacuum in a
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Scheme 1. Structure of BHPP
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BHET oligomer. The polymerizations used two
methods; one is polymerization in which a BHET
oligomer was smashed finely, a polymerization
bath was then heated 260°C to dissolve the reac-
tion materials, a catalyst was then added, the
polymerization bath was made a vacuum 20 torr
while stitring, the other is polymerization that
polymerization bath rised 280°C in melting, was
then stirred in vacuum of less than 2 torr. The
PET sample used polymerized products with reac-
tion times of 30, 60, 90, 120, 150, and 180 min.

Inherent Viscosity(L.V.). L.V was measured
with 60/40 phenolitetrachloroethane at 30°C
using Cannon-Ubbelohde dilution viscometers. The
sample concentration was 0.5 ¢/100 mL.? Intrinsic
viscosity [n] of PET samples obtained was calcu-
lated by Solomon-Ciuta formula on a selected
concentration of 0.5 %."

[TI'] = [z(nsp_ln nre])]oj/c

Carboxyl Determination. Carboxyl end group
concentration was determinated for PET samples
dissolved in boiling benzyl alcohol (0.2 g/5 mL)
and diluted with chloroform. PET samples were
titrated by microburet (100 uL) with 0.1 N NaOH
benzyl alcohol solution in the presence of 2~3
drops of phenol red (0.1% benzy! alcohol solu-
tion) indicator,”

[COOH] eq./106 g=[net ul. of NaOH benzyl
alcohol)x(N of NaOH benzyl alcohol)xf }/[wt.PET
{a}]

where, net ul. NaOH benzyl alcohol for titration:
the total titer value for the sample titration minus
the blank titer value, f: 0.1 N NaOH benzyl alco-
haol factor.

Instruments. Differential scanning calorimet-
ric (DSC) measurement was carried out under Ne
atmosphere with a TA Instruments thermal ana-
lyzer. Values of lightness (L), redness or greenness
{a), vellowness or blueness {b} were calculated by
spectrophotometer (Macbeth Color-Eye 3100) using
PET films. "

Results and Discussion

Rate of Polycondensation Equation. In the
case of the polycondensation process of BHET

Korea Polym. J., Vol. 7, No. 3, 1999

@—cno —CHOH 0N + HOCICH, — och_@_

X
- .[. m@‘ Cﬂo_cﬂﬁm{‘_o_]n_ + HO CH,CH: OH (1}

L_,.._@_cm_cﬂ;cn: + HOOCO (2)

Scheme Il Polycondensation reaction rate of PET.

oligomers condensed into PET, the reaction rate
was significanily dependant on reactive condi-
tions, reactive composition, and catalysts. Nor-
mally, reaction kinetics could be observed by the
analysis of the reactive composition at different
times during the polymerization in the PET con-
densation reaction. Polymerized PET samples had
different mole numbers in the polycondensation
reaction as well as the degradation reaction of
PETY

Reaction {1} contributes to the polycondensa-
tion process. On the other hand, reaction {2) con-
tributes to the degradation process. By consider-
ing reactions (1) and (2), it may be reasonable to
regard both reactions as the change in number of
mole (the reciprocal of the degree of polymeriza-
tion) of the polymer.

n=[lUl+p - Bl+d-¢ (3)

where p is a rate of parameter for the polycon-
densation reaction and d is a rate parameter for
the degradation reaction.

We will call this kinetic expression a p-d analy-
sis. By means of equation (3) the time depend-
ence of n can be separated into two compo-
nents. One is for the polycondensation and the
other is for the degradation reaction. Here p and
d can be approximated by K; and Kz, respectively.
As stated above, n at =0 was fixed at 1, and in
the following calculation the molecular weight at
t=0 is fixed at one structural unit of PET. Accord-
ingly. n at arbitrary t may be calculated from
equation (4) :

n=192/(molecular weight of formed polymer) (4)

Effect of Homogeneous Catalyst. The pro-
gress of polymerization could be predicted by
analyzing parameters such as LV, n, molecular

weight (M,). LV. of PET samples plotted in Figure
1 at different reaction times and using different
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Figure 1. Plot of the inherent viscosities (1.V.) vs poly-
condensation reaction time. @ PET 1(Sby0; powder 400
ppm); B PET 2(Sbx03 powder 400 ppm); a PET 3(EG
(SboQ3 4%) 400 ppm); ¥ PET 3(EG-BHPP(SbyOs 4%)
400 ppm); ¢ PET 4(EG-BHPP{Sb:O3 4%) 300 ppm),

catalysis ,

The LV. of PET without thermal stabilizer
decreased for reaction time between 90 min and
120 min. The LV. value was 0.65 dL/g for the
PET products obtained from both the reaction
with the Sb,04(4%)/EG-BHPP catalyst system for
75~-90 min and the reaction with St:0:{4%)/EG
catalyst system for 90 min, Here, each catalyst
system was loaded with a concentration of 400
ppm.

Stabilization Effect of BHPP. Values of n
described in equation {4) illustrate that the num-
ber of molecular-chains continucusly declined in
accordance to the growth in polycondensation
reaction of PET molecules. Degradation reaction
rate did not increase in general with reaction time

of over 90 min in EG-BHPP(Sh.0; 4%) catalyst
400 ppm without thermal stabilizer, but n values
were increased. These results suggest BHPP cata-
lysts in BHET polymerization play an important
role in increasing the degree of polymerization.
The L.V values with EG-BHPP(Sb,0: 4%) catalyst
of 400 ppm and EG(Sk0; 4%) catalyst of 400
ppm were measured at (0.729 and 0.647 dL/g at
90 min, respectively.

At applications of p-d analysis, according to n
values obtained from polymerized PET, polycon-
densation rate {p) and degradation rate (d) were
investigated and presented in Table 1. The rela-
tionship between p and d by following n values at
different reaction times was shown in Figure 2
through Figure 5. The rate of polycondensation
and degradation reaction were equivalent at 180
min in Sby0; powder catalyst 400 ppm and at

3
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Figure 2. A p-d analysis for polycondensation of BHET

with SbsOa powder of 400 ppm catalyst from reaction
time,

Table L. L, a, b Value and Polycondensation Rate (p), Degradation Rate (d) of PET Using Homogeneous

Catalysis
Pet No. Catalyst Systemn L a b p (/mol - h)  gx10® {molh)
1 5b205 powder 400 ppm 43.60 -0.34 0.13 941 1.92
2 Sb0; powder 200 ppm 43.90 0.09 -2.43 8.93 212
3 EG (Sb203 4%) 400 ppm 43.50 -0.64 0.07 10.70 1.90
4 EG-BHPP (Sbz0s 4%) 400 ppm 44.70 -0.13 -2.16 12.33 1.73
5 EG-BHPP (Sb2O: 4%) 300 ppm 45.20 002 -1.72 11.85 1.74
6 EG-BHPP {Sb:03 4%) 200 ppm 44.30 -0.08 -1.91 11.16 1.79
158
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Figure 3. A p-d analysis for polycondensation of BHET
with EG-BHPP(StOs 4%) of 400 ppm catalyst from
reaction time.

number of mole (n)

d-term

p-ferm

0 T T T T T T T
0 30 60 S0 120 150 180 210

Time (min)

Figure 4. A p-d analysis for polycondensation of BHET
with EG-BHPP (Sb:03 4%) of 300 ppm catalyst from
reaction time.

190 min in the same catalyst 200 ppm. A rate of
propagation reaction in EG (Sh:0; 4%) catalyst
400 ppm at 110 min was roughly equivalent to
the rate of degradation reaction. For the PET
using EG-BHPP (Sb:0; 4%) catalyst 400 ppm, its
rate of polycondensation reaction was equivalent
to that of degradation reaction at 120 min (400
ppm), 130 min (300 ppm), 150 min {200 ppm). It
was noted that the solubility rate of EG-BHPP
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Figure 5. A p-d analysis for polycondensation of BHET
with EG-BHPP (SbyO03 4%) of 200 ppm catalyst from
reaction time.

{8b:0; 4%) powder catalysts into BHET oligomer
was higher than that of St:0: powder catalysts.
For PET using EG-BHPP (Sb:0: 4%) catalyst of
400 ppm, LV value was measured 0.65 dl/g
between 65 and 70 min and reaction time
declined because of dispersion of the catalyst in
the polycondensation reaction. And p values were
found at 18.1/molh, 19.8/molh, 24.3/molh,
using Sb:0; powder 400 ppm, EG (5b,0; 4%)
400 ppm, EG-BHPP (St:(0; 4%) 400 ppm cata-
lysts, respectively, Therefore, PET polycondensa-
tion rate p using EG-BHPP {Sb,0; 4%) catalyst of
400 ppm was the highest and EG-BHPP {ShO;
4%) catalyst content 400, 300, and 200 ppm
were found at 24.3/mol.h, 23.4/mol.h, and 22.1/
mol.h, respectively. The d values in EG-BHPP
{Sb:0; 4%) catalyst content 400, 300, and 200
ppm were found at 2.4x10° mal/h, 2.4x10° mol/h
and 2.5x 10° mol/h, respectively.

This theory of the schematic systern makes use
of three pairs of colors which are antagonistic to
each other in order to investigate L, a, and b val-
ues. The values of L and b of the PET sample
using ShyOs powder catalyst of 400 ppm were
measured at 43.6 and 0.13, respectively. How-
ever, the values of L and b of the PET sample
using EG-BHPP (Sb,0O; 4%) catalyst of 400 ppm
were measured at 44.7 and -2.16, respectively,
showing different color alteration. Thus, EG-
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Figure 6. Plot of carboxyl end group content of PET sam-
ple with homogeneous catalysts. @ PET 1(Sb;0Os powder
400 ppm); MPET 2(EG(Sb:03 4%) 400 ppm); & PET
3(EG-BHPP(Sb:Oa 4%) 400 ppm).

BHPP (Sb,0; 4%) catalyst could give better ther-
mal stability to this polymerization than other cat-
alysts,

Carboxyl Determination, The content of car-
boxyl end group vs. reaction time and LV. were
shown in Figure 6. Carboxyl end group content of
PET polycondensation using ShO; powder cata-
lyst of 400 ppm was represented 42 eq./10° g at
30 min. After 30 min, it remained almost the
same, but for EG-BHPP (Sh(; 4%) catalyst of
400 ppm was represented 16 eq./10° g at 60 min
and after 60 min, it slowly increased. The reason
is that the degree of polycondensation of PET
using EG-BHPP (Sb:0;4%) catalyst of 400 ppm
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Figure 7. DSC thermal diagram of PET using different
homogeneous catalysts.

was higher at initial polycondensation and then
degree of reaction would be decreased later, which
may be due to thermal degradation reaction and
increased in carboxyl content.

Thermal Analysis. The first scans of all the
PET sample exhibited clear crystallization and
melting temperature due to quick solidification of
as-polymerized PET. In Figure 7, the melting tem-
perature (T} using EG-BHPP (St,Q: 4%} catalyst
of 400 ppm was 256°C while T, using Sty0;
powder catalyst of 400 ppm was 260°C. It seems
that the PET using EG-BHPP (St:0; 4%) catalyst
has more difficulty forming a crystal than that of
using Sb.0; powder as shown in partial orlented
PET by Min et al."* BHPP as a comonomer of diol
affects the melting and crystallization of PET
slightly,

Conclusions

In reaction kinetics of PET polycondensation,
EG-BHPP (St,O; 4%} catalyst had better reactiv-
ity in BHET than St0; powder catalyst, and the
amount of EG-BHPP (St:0; 4%) catalyst was
declined even though reaction kinetics were close
to each other. The polycondensation reaction
using EG-BHPP {Sb,0O; 4%) catalyst was proceed
faster in the range of 60 min to 120 min. The rea-
son for shorter reaction time was due to the rapid
reaction of the catalyst. The resultant meliing tem-
peratures, T,, of PET using EG-BHPP {Sb.0; 4%)
catalyst was measured from 256 to 259°C, and
T of PET using Sb;O,; powder catalyst of 400
ppm was 260°C. In the color difference analysis,

Korea Polym. J., Vol. 7, No. 3, 1999
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PET using EG-BHPP {St,0; 4%) catalysts had
better thermal stability than PET using Sb.O;
powder catalyst.
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