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ABSTRACT: The influence of phosphoric acid on the activity of Sb(III) catalyst was studied in 
the catalytic polycondensation of bis(2-hydroxyethyl) terephthalate (BHET). Although the rate of 
polycondensation in the initial stage was depressed by the addition of phosphoric acid to the Sb(III) 
catalyst, subsequent polycondensation was accelerated to give a higher-molecular-weight 
poly( ethylene terephthalate) as compared with that obtained in the absence of phosphoric acid. The 
yield of by-products in the polycondensation was also affected by the addition of phosphoric acid; the 
formation of acetaldehyde decreased, and that of the diethylene glycol unit increased. It was made 
clear from studies of 31 P NMR that the phosphoric acid was converted into phosphate 
(0= P(OC2H4 0R)3) in the early stage of the polycondensation by reaction with BHET or ethylene 
glycol which was generated in the polycondensation ofBHET. It is assumed that the modification of 
the polycondensation reaction caused by the addition of phosphoric acid is due to the complexation 
of Sb(III) catalyst with the phosphate. The mechanism for the polycondensation of BHET catalyzed 
by Sb(III) compounds in the presence of phosphoric acid was proposed on the basis of these findings. 
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It has been known that several side reactions such 
as etherification1 •2 and thermal degradation3 are 
observed in the polycondensation of bis(2-
hydroxyethyl) terepththalate (BHET) or its oligo
mer. The side reactions sometimes lead to the 
deterioration of the physical and chemical properties 
of poly( ethylene terephthalate) (PET) obtained.2 .4 In 
order to suppress fhese side reactions, phosphorus 
compounds such as phosphoric acid,5 phosphorous 
acid6 and esters of these acids 7 are usually used as 
modifiers of polycondensation catalysts. Actually, 
the thermal stability and whiteness of PET increase 
by the addition of phosphorus compounds. 
However, the role of phosphorus compounds in the 
catalytic polycondensation have scarcely been 
clarified. 

of the polycondensation and on side reactions cata
lyzed by antimony acetate was studied and the 
mechanisms for these reactions are discussed. 

The present authors previously reported the effect 
of phosphorus compounds on the polycondensation 
in the presence of Zn(II), Co(II), or Mn(II) catalyst. 8 

In this paper, the effect of phosphoric acid on the rate 

EXPERIMENTAL 

Materials 
BHET was prepared by the reaction of tere

phthalic acid with ethylene oxide as described 
previously.9 

Catalysts and phosphoric acid were commercial 
products used without further purification. 

Polycondensation of BHET10 

In a 1.0 I stainless steel autoclave, equipped with a 
stirrer, a distilling column and a thermometer, were 
placed 1.5 mol of BHET, 0.3mmol of antimony 
triacetate and a given amount of phosphoric acid. 
The polycondensation of BHET was carried out at 
273°C under reduced pressure, ethylene glycol 
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formed being continuously removed by distillation 
and collected in a trap cooled at the liquid nitro
gen temperature. 

Analysis 
Determination of the Degree of Polycondensation. 

The intrinsic viscosity ([ry]) of PET was determined in 
a phenol-1,1,2,2-tetrachloroethane (6:4 w/w) mix
ture at 30°C. The degree of polymerization (P) was 
calculated from eq 1Y Ia. 

[11] = 7.55 x w- 4 (192P+ 62)0 ·685 (l) 

Determination of the Carboxyl End Group. The 
carboxyl end group in PET was determined accord
ing to Pohl's method.12 After 0.1 g of PET was 
rapidly dissolved in 10 ml of benzyl alcohol at 203°C, 
the solution was then quickly mixed with chloroform 
and titrated with a 0.1 N solution of sodium hy
droxide in benzyl alcohol using phenol phthalene as 
the indicator. 

Determination of Diethylene Glycol. Diethylene 
glycol, obtained by the ethanolysis of PET, was 
determined by gas chromatography as described 
previously.13 

Determination of Acetaldehyde. Acetaldehyde, 
generated by the side reaction in the polycondensa
tion, was collected in a cold trap together with 
ethylene glycol. Acetaldehyde was determined using a 
Yanagimoto Model G-80 gas chromatography with 
a flame ionization detector. A 2m x 3 mm column 
packed with 10% Porapack Q was used. The tem
perature was programed from 60°C to 200°C at 6°C 
min- 1. 

Determination of 31P NMR. The 31 P NMR 
measurements were made using a Japan Electron 
Optics Model JNM-FX-100. C6D6 and 85% H3P04 

were used as a rock-signal and as an external 
standard, respectively. PET was dissolved in a p

chlorophenol-1, 1 ,2,2-tetrachloroethane ( 6: 4) mix
ture. 

Determination of the P Content of PET. The P 
content of PET was determined by a Rigaku Denki 
X-ray fluorescence spectrometer. 

RESULTS AND DISCUSSION 

Polycondensation of BHET in the Presence of the 
Sb (III) Catalyst 
The polycondensation rate of BHET in the pre

sence of antimony acetate was compared in Figure 1 
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Figure I. Effect of catalyst on the polycondensation 
rate ofBHET: reaction temp, 273oC; BHET, 1.5 mol; (a) 
0, Sb(OCOCH3) 3 , 0.3 mmol; (b) e, Sb(OCOCH3h, 
0.3mmol +H3P04 , 0.3mmol; (c)(), Sb(OCOCH3h, 0.3 
mmol +H3 P04 , 0.9 mmol; (d) e, SbP04 , 0.3 mmol; (e) 
(J, without catalyst. 

with that determined without a catalyst. The rate of 
polycondensation was very slow in the absence of the 
catalyst and the degree of polymerization (P) was as 
low as 40, even by 6 hours of following of the 
polycondensation. The P of PET obtained in the 
presence of antimony acetate increased linearly with 
the reaction time after an induction period to give a 
higher-molecular-weight PET than that obtained in 
the absense of this compound. It is clear, therefore, 
that antimony acetate is an active catalyst for 
polycondensation. However, the rate ofpolyconden
sation began to slow down after 4 hours and even a 
decrease in P could be observed after 5 hours. These 
facts suggest that side reactions such as etherifica
tion and thermal degradation of PET occurred 
along with the polycondensation.10 The side re
actions were confirmed by the formation of di
ethylene glycol and of acetaldehyde as shown later in 
detail. 

Effect of Phosphoric Acid on the Activity of the 
Sb (III) Catalyst 
The polycondensation of BHET was catalyzed by 
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antimony triacetate in the presence of an equimo
lecular amount of phosphoric acid as shown in Figure 
l(b). A longer induction period was observed in 
comparison with the case in which only antimony 
triacetate was present (Figure l(a)). After the 
induction period, the rate of polycondensation was 
accelerated to give a higher-molecular-weight PET 
than the PET obtained in the absence of phosphoric 
acid as shown in Figure 1. This accelerating effect of 
phosphoric acid may be due to the generation of a 
cross-linked polymer by the reaction of BHET with 
trifunctional phosphoric acid, resulting in an ap
parent acceleration. 

For the identification of phosphoric acid de
rivatives, the 31 P NMR spectrum of the polymer was 
measured and the result is shown in Figure 2(a). PET 
obtained in the presence of phosphoric acid has a 
singlet peak at 2.2 ppm upfield from H3P04 . The 31 P 
NMR spectra of tris(2-methoxyethyl) phosphate 
(0=P(OC2H40CH3h) and tris(2-hydroxyethyl) 
phosphate (0=P(OC2H4 0Hh) appeared at 2.2 and 
2.1 ppm, respectively. Therefore the 31 P resonance 
in PET may be assigned to phosphates 
(0=P(OC2H40Rh, R= -CO-C6 H4C02- or H), 
produced by the reaction of phosphoric acid with 
BHET or ethylene glycol: that is, the alcohol groups 

I 
<:P 

0 0 
;,_, 

-150 

attached to phosphate are either 2-hydroxyethyl end 
groups of the polymer or ethylene glycol. 

If phosphoric acid is incorporated into the 
polymer, the PET having the cross-linked structure 
through the phosphoric acid unit is obtained, and 
hence, a higher-molecular-weight PET may be ex
pected at higher concentrations of phosphoric acid. 
Further, the gelation of PET may occur in an 
extreme case. The possibility of the crosslinking, 
however, was ruled out because the polymer was 
soluble in a phenol-!, 1 ,2,2-tetrachloroethane mix
ture, and P and the polycondensation rate did not 
depend on the concentration of phosphoric acid as 
shown in Figure l(b, c). We consider, therefore, that 
phosphoric acid is converted into the phosphate of 
ethylene glycol. If so, low-molecular-weight phos
phates will distill out from the system, the P content of 
PET will decrease with time, and the P content in the 
distillate will increase. The variation of the P content 
of PET with reaction time is shown in Figure 3. The P 
content hardly decreased during the polyconden
sation in the absence of the Sb(III) catalyst but 
markedly decreased with reaction time in the presence 
of this catalyst. The 31 P NMR spectra of the distillate 
during the polymerization with the catalyst show a 
major resonance at 1.1 ppm and smaller resonance at 

(a) 

+ 
:_, 

(b) 

b (ppm) 

Figure 2. 31P NMR spectra of PET (a), and distillate (b) in the polycondensation of BHET; catalyst, 
Sb(OCOCH3) 3 + H3P04 . 
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Figure 3. Time-conversion curves of P in the polycon
densation of BHET: reaction temp, 273oC; BHET, 1.5 
mol; phosphoric acid, 0.3 mmol; Q, Sb(OCOCH3h, 0.3 
mmol; (), without catalyst. 

-18.1, -80.2 and -131.0 ppm as shown in Figure 
2(b). The resonance at 1.1 ppm was in accord with that 
of bis(2-hydroxyethyl) phosphate 

(0= P(OH)(OC2H40H)z). 
The resonances at - 18.1 and - 131.0 ppm were 
assigned to 2-hydroxyethyl ethylene phosphate 

(
CH 0 
I 2 ::P(O)OC2H40H) 

CH20 

and 2-hydroxyethyl ethylene phosphite 

(
CH20-...._ 
. I ----P-OCH2 H4 0H), 
CH20 

respectively.14 

The fact that the P content of PET decreased only 
when the polycondensation was carried out in the 
presence of the Sb(III) catalyst suggests t)le presence 
of a reaction between the Sb(III) catalyst and 
phosphorus compound. If the Sb(III) catalyst is 
modified by the reaction with phosphorus com
pounds, the yield of by-products would also be 
affected in the presence of phosphoric acid, since by
products are known to be generated by the reaction 
of BHET with catalysts.10 

The effect of phosphoric acid on the yield of the 
main by-products, diethylene glycol and acetal
dehyde, is shown in Figures 4 and 5, respectively. The 
addition of phosphoric acid leads to an increase in 
the diethylene glycol unit in the early stage of the 
polycondensation and to the decrease in acetal-
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Figure 4. Effect of phosphoric acid on the formation of 
diethylene glycol unit (DEG) in the polycondensation of 
BHET: reaction temp, 273°C; BHET, 1.5 mol; Q, 

Sb(OCOCH3 ) 3 , 0.3 mmol; e, Sb(OCOCH3h, 0.3mmol 
+H3P04 , 0.3mmol. 
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Figure 5. Effect of phosphoric acid on the formation of 
acetaldehyde (AA) in the polycondensation of BHET: 
reaction temp, 273oC; 3.5h; BHET, 31.5 mmol; 
Sb(OCOCH3h, 0.05 mmol. 

dehyde. These results indicate that phosphoric acid 
affects not only the apparent rate of polyconden
sation, but also the side reactions. 

Mechanism of Catalytic Polycondensation 
We reported previously10 that the polyconden

sation of BHET in the presence of a catalyst such as 
Zn(II), Co(ll), or Mn(II) proceeded by way of the 
complex I, where the hydroxyl end groups of the 
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polymer were activated by complexation with the 
metal of the catalyst. The polycondensation of 
BHET proceeds by the attack of this activated 
hydroxyl group on the carbon of the carbonyl group 
coordinated to the metal as shown in eq 2. The 
formation of the diethylene glycol unit and of 
acetaldehyde is caused by the attack of the activated 
hydroxyl end group on the methylene carbon ad
jacent to the carboxyl group as shown in eq 3 and 4. 

(a) ........-..c 6H4 C 0 2 c 2H4 o 2cc 6H4......-

CWCf2o..._ _...OC2 H40H + , 2 ...-M--.. 
0:;;-c""O 

....-...c6H4 

(2) 

{ll) 

(b) 

+ o, Ml_o"" c-c H 
o_ '0...- 6 "__....._ 

....-...c H" ..... c I (3) 
6 4 H 

(fi) 

(4) 

M = Zn(II), Co(II), or Mn(II). 

Since the Sb(III) catalyst produces a complex 
coordinated by six oxygen atoms/ 5 the polyconden
sation with the Sb(III) catalyst should also proceed 
by way of a complex16 similar to that of the Zn(II), 
Co(II), or Mn(II) catalyst. 

The presence of the induction period in the initial 
stage of the polycondensation catalyzed by anti
mony triacetate may be explained as follows. The 
coordination of the C = 0 groups to Sb(III) in 
complex I is suppressed in the early stage of the 
polycondensation, because the hydroxyl end groups 
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of the polymer can more easily coordinate to the 
Sb(III) catalyst than the C = 0 groups. 17 As the 
polycondensation proceeds, the concentration of 
hydroxyl end groups in the polymer decreases and 
the coordination of the C = 0 groups to the Sb(III) 
catalyst become possible. In complex I (M = Sb(III)), 
the activated hydroxyl end group easily attacks the 
coordinated carbonyl carbon (eq 2). 16 

The coordination of phosphoric acid to the Sb(III) 
catalyst may also be difficult in the early stage of the 
polycondensation, since the concentration of hy
droxyl groups is high. It is known that phosphoric 
acid performs the dehydration reaction shown in 
eq 5,2 •8 and thus the yield of the diethylene glycol unit 
increases on addition of phosphoric acid, when 
phosphoric acid is not coordinated to the Sb(III) 
catalyst. This is shown in Figure 4. 

H+ 
2 ..........-..c 6 H4C02C2H40H 

..........-.. C6H4C02C2H4oc 2 H4o 2cc6H4 ,.--......- + H20 (5) 

Phosphoric acid not only performs the dehy
dration ofBHET (eq 5) but also reacts with BHET to 
give a phosphate of BHET (0=P(OC2H40Rh, 
R=COC6 H4 C02C2H4 0H), which in turn reacts 
with ethylene glycol to give another tris(2-
hydroxyethyl) phosphate (0 =P(OC2H40Hh). 
Since the 2-hydroxyethyl phosphate unit 
(P(O)OC2 H4 0H) has a structure similar to that of 
the 2-hydroxyethyl ester unit (C(O)OC2H40H), it is 
reasonable to assume that the phosphate unit reacts 
with the Sb(III) catalyst to give complex IV. 

!IV) 

The catalytic activity of antimony phosphate 
(SbP04 ) was compared in Figure I with that of 
antimony triacetate, the former showing no cata
lysis. Similarly, the reactivity of the Sb(III) catalyst 
in complex IV should be lower than that in complex I 
(M = Sb(III)). If so, the polycondensation reaction 
and the side reactions (eq 3 and 4), all being due to 
complex I, may be suppressed by the addition of 
phosphoric acid. Figure l(b, c) shows the sup
pression ofpolycondensation in the initial stage, and 
Figures 5 and 6 indicate the decrease of acetaldehyde 
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Figure 6. Effect of phosphoric acid on the formation of 
carboxyl groups in the polycondensation of BHET: 
reaction temp, 273oC; BHET, 1.5 mol; 0, 
Sb(OCOCH3h, 0.3 mmol; e, Sb(OCOCH3) 3 , 0.3 mmol 
+H3 P04 , 0.3 mmol. 

and the carboxyl end groups, respectively. 
It is known10•18 that the reaction of the complexed 

carboxyl group with the 2-hydroxyethyl ester group 
(eq 6) is much slower than the polycondensation of 
BHET (eq 2). Since phosphoric acid suppress the 
formation of carboxyl end groups, it prevents the 
reduction of the polycondensation due to reaction 6. 
Therefore the rate of the polycondensation in the 
presence of phosphoric acid is larger than that in the 
absence of this acid as shown in Figure I. 

C6H4 co2c2H4oH-\ 
..... 0"'" .....- I 'O.....-c-csH4-----

C6H4............-

+ >M-OH (6) 

rm1 

In summary, phosphoric acid reacts with the 
Sb(III) catalyst to give catalytic complex IV, where 
side reactions, occurring by way of complex I, are 
suppressed. The result is the acceleration of the rate 
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of polycondensation. The increase in the diethylene 
glycol unit in the early stage of the polycondensation 
is due to the catalytic action of free phosphoric acid, 
which is present only in the early stage of the 
polycondensation. 
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