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Silicon catalysts have very low catalytic activity in polyester (PET). However, titanium catalysts have high catalytic activity in 
polyester. The simultaneous use of titanium and silicon catalysts is effective in reducing the activity of a single titanium catalytic 
base agent. In addition, the glycol salts of titanium and silicon (Ti-EG and Si-EG) prepared in the present invention for use in the 
polyester catalytic process can avoid the introduction of other groups of impurities during the polyester catalytic process, which would 
lead to premature capping of the polyester in the process of polycondensation and chain building and make it difficult to increase 
the molecular weight, and thus affect the quality of the polyester. It has been verified that the ratio of Ti:Si is 1:1 (mol), and total 
amount added to the catalyst is 0.15% of the raw material amount, and the polycondensation temperature was 260-280 °C for 60 min. 
Compared with the single Ti-EG catalyst, the b* value of the synthesized PET was significantly reduced, and the molecular weight 
and other indexes did not change too much. In addition, at the end of catalysis, the catalyst was uniformly dispersed in the reaction 
system, which could be used as a matting agent for PET.
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INTRODUCTION

Polyethylene terephthalate (PET) is currently the world’s largest-
produced product and the most widely used polyester material in food 
packaging, clothing, electrical products, electronics, automobiles, 
machinery, fast-moving consumer goods and other aspects of life.1-3 
In PET industrial production, the catalysts used can be divided into 
antimony,4 titanium,5-8 aluminum,9,10 and germanium.11 At present, 
more than 90% of the catalysts used in the industrial synthesis of 
polyester are antimony-based, but they are potentially toxic to the 
environment and organisms, so more and more research focuses 
on titanium-based catalysts, which are catalytically high active,12-15 
environmentally friendly, and inexpensive. It is used to replace 
traditional antimony-based polyester catalysts. However, studies 
have shown that Ti has a strong Lewis acidity due to its shell electron 
arrangement which makes it electron-deficient in its layer orbitals. 
This caused titanium catalysts to have very high catalytic activity, 
and a yellowish color of polyester production, which limits their 
large-scale application. Therefore, it is urgent to prepare titanium 
polyester catalysts with moderate catalytic activity, good dispersion, 
and stable catalytic performance.

In this paper, Si, which is abundant in nature, non-toxic, harmless, 
cheap, and easily available, was chosen to be used in combination 
with Ti.16-23 Glycol salts of titanium and silicon (Ti-EG, Si-EG) were 
prepared separately for use as catalysts in the synthesis of PET. 
Compared with the previous study,24 this study also investigated the 
catalytic performance of Ti-EG and Si-EG applied alone and mixed 
together, explored the optimal ratio of the two catalysts under the same 
application conditions, and analyzed the catalytic performance of the 
catalysts under different ratios. As glycol salts does not lead to the 
introduction of impurities at the polyester polycondensation stage and 
avoids the difficulties in the chain-building process due to impurities, 
this is favorable for polyester molecular weight increase.25-31 Due to 
the arrangement of the extra-nuclear electron cloud of Si, its catalytic 
activity is very weak when it is used alone, and using it together with 
Ti can play a role in decreasing the catalytic activity of Ti, and the 

deactivated catalyst is evenly dispersed in PET after the end of the 
catalytic process of Ti-EG, Si-EG, and it can be used as a matting 
agent which will not affect the quality of the product.32,33

EXPERIMENTAL

Materials and instruments

Materials 
Butyl titanate (Damao Chemical Reagent Factory, Tianjin, China); 

tetraethyl silicate (Aladdin Reagent Co., Shanghai, China); xylene 
(Damao Chemical Reagent Factory, Tianjin, China); anhydrous 
ethanol (Maclean’s Biochemical Technology Co., Shanghai, China); 
terephthalic acid (PTA) (Damao Chemical Reagent Factory, Tianjin, 
China); ethylene glycol (EG) (Maclean’s Biochemical Technology 
Co., Shanghai, China). The raw materials used in the experiments 
were all analytically pure reagents.

Instruments
A balance FA2204B (China Shanghai Precision Scientific 

Instruments, Shanghai, China); viscometer (Lianghe glass meter, 
China); field emission scanning electron microscope Regulus 
SU8230 (Hitachi, Japan); infrared spectrometer TENROR-II 
(Bruker, Germany); thermogravimetric analyzer STA 449 F3 
(Bruker, Germany); X-ray diffraction spectrometer D8 Advance 
(Bruker, Germany); differential scanning calorimeter 822e (Mettler 
Toledo, Switzerland); colorimeter ADCI-60-C (Cintec Instrument 
Technology Co., China); circulating water vacuum pump SHZ-D 
(Ruide Instrument & Equipment Co., China); laser particle size 
distribution meter BT‑800 (Baxter Instruments Co., China).

Methods

Catalyst preparation
Tetraethyl silicate and ethylene glycol were introduced into 

xylene, with the xylene amount being 0.8-1.5 times the total mass 
of the raw materials. The mixture was then mixed and stirred. As the 
temperature was increased, the reaction distillate was collected. The 
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reaction was carried out at temperatures ranging from 90-120 °C for 
a duration of 5-8 h. After the reaction was completed, the solvent 
xylene was evaporated. The resulting product was crushed, washed 
with anhydrous ethanol, and dried to synthesize Si-EG.

Butyl titanate and ethylene glycol were added to xylene, with 
the amount of xylene being 0.8-1.5 times the total mass of the raw 
materials. The mixture was mixed and stirred. As the temperature 
was increased, the reaction distillate was collected. The reaction 
conditions were set at temperatures ranging from 120-140 °C for a 
period of 3-5 h. Upon completion of the reaction, the solvent xylene 
was evaporated. The resultant product was crushed, washed with 
anhydrous ethanol, and dried to synthesize Ti-EG.

The synthesis of Si-EG and Ti-EG catalysts is shown in Figure 1. 
Si-EG: tetraethyl silicate undergoes an ester exchange reaction 

with ethylene glycol, in which the two hydroxyl groups at the ends 
of the ethylene glycol undergo an ester exchange reaction with ethyl 
(–CH2CH3) in tetraethyl silicate to form Si (–OCH2CH2O)2 (Si‐EG) 
and displace ethanol.

Ti-EG: butyl titanate undergoes an ester exchange reaction with 
ethylene glycol, in which the two hydroxyl groups at the ends of 
the ethylene glycol undergo an ester exchange reaction with the 
butyl group (–CH2CH2CH2CH3) in butyl titanate, generating Ti 
(OCH2CH2O)2 (Ti-EG) and displacing the butanol.

Synthesis of PET
The synthesis steps of PET are shown in Figure 2, and the synthesis 

is divided into an esterification stage and a polycondensation stage.
Esterification reaction: hydroxyl groups in terephthalic acid (PTA) 

form water with hydrogen removed from hydroxyl groups in ethylene 
glycol (EG), while esterification produces ethylene glycol terephthalate.

Polycondensation reaction: the polycondensation step begins with 
the removal of hydroxyl (–OH) and hydroxyethyl (–CH2CH2OH) 
groups from each end of polyethylene terephthalate, respectively, 
which combine to form EG. Then the monomers that have been 
removed from both ends are joined to each other to form polyethylene 

terephthalate with a low degree of polymerization (x = 1 ~ 4 or so), 
which is the pre-condensation stage. In the polycondensation stage, 
the chain-building reaction is repeated under reduced pressure and 
high temperature to produce large molecular weight PET.

The raw material terephthalic acid (PTA) and ethylene glycol 
were added to the reactor, and the total amount of catalyst added was 
0.015% of the raw material amount, and the catalyst was uniformly 
dispersed in the ethylene glycol before catalyst use. The esterification 
reaction was carried out under the conditions of atmospheric 
pressure, temperature between 185-195 °C, and stirring speed of 
about 100 r min-1. The polycondensation test was carried out under 
the conditions of temperature between 260-280 °C, stirring speed of 
100 r min-1, and pressure of –0.1 MPa. 

PET molecular weight testing
Tests for characteristic viscosity: the molecular weight 

parameters presented herein were obtained from a solvent mixture 
of phenol:tetrachloroethane of 1:1 (wt.%), tested in a constant 
temperature water tank at 25 °C using a Uhl’s viscometer.

	 	 (1)

	 	 (2)

	 	 (3)

According to Equations 1-3, ηr is the relative viscosity; t1 is 
the solution’s flow time through the capillary (s); t0 is the solvent’s 
flow time through the capillary (s); ηsp is the incremental viscosity; 
[η] is the characteristic viscosity (dL g-1); and c is the solution’s 
concentration (g dL-1). The average molecular weight of PET was 
deduced from the measured characteristic viscosity.

Figure 1. Preparation of Ti-EG and Si-EG catalysts

Figure 2. Preparation of PET
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RESULTS AND DISCUSSION

Catalyst characterization

As shown in Figures 3 and 4, the scanning electron microscope 
test results of Ti-EG catalysts showed that the particle size distribution 
of Ti-EG was in the range of 0-30 µm, with a cross-linked rhombic 
lamellar structure.

The scanning electron microscope test results of Si-EG catalysts 
showed that the particle size distribution of Si-EG was in the 
range of 0-400 µm, and the surface was lumpy with obvious porous 
structure.

The test results showed that Ti-EG could be uniformly dispersed in 
EG for more than 60 min, and Si-EG could be uniformly dispersed in EG 
for more than 30 min, and both of them had good dispersibility in EG.

Figure 5 shows the X-ray diffractometer (XRD) patterns of the 
catalysts under different drying temperature treatments, it can be 
seen that there is no obvious change in the XRD patterns of Si-EG 
under drying treatments at 80 and 200 °C, and both of them do not 
show obvious peak shapes of SiO2 crystals, which can demonstrate 
that they did not decompose into SiO2. Ti-EG exists with Ti2C2H2O8 
(PDF#48-1164) and TiO2 (PDF#76-1934) XRD crystal faces.

As can be seen in Figure 6, the peaks at 2798.1-2953.7 cm-1 in the 
Fourier transform infrared spectroscopy (FTIR) spectrum of Ti-EG 
correspond to the –CH2 telescopic vibration, the strong absorption 
peak at 1047.3 cm-1 corresponds to the telescopic vibration of the 
Ti–O–C bond, and the absorption peak at 590.1 cm-1 corresponds to 
the Ti–O telescopic vibration.

Si-EG was dried at 80 and 200 °C. It was observed that the –OH 
stretching vibration at 3303.2 cm-1 in the FTIR spectrum of Si-EG 
disappeared significantly at 200 °C, which could be attributed to the 
adsorption of incompletely reacted EG on the surface of the catalyst 
by the micropores. The absorption peaks at 792.1 cm-1 corresponding 
to the Si–O–C bond and 1031.6 cm-1 corresponding to the Si–O 
stretching vibration do not change much in the figure, which indicates 
that no thermal decomposition of Si-EG occurred.

As shown in Figure 7, the catalyst was hydrolyzed in deionized 
water at a constant temperature of 50 °C. The FTIR spectra of the 
catalyst were analyzed, and when the hydrolysis time of Ti-EG was 
0.5 h, the presence of the absorption peak of the Ti–O bond was 
obviously strengthened, and the Ti–O–C was weakened, and the 
catalyst was hydrolyzed to TiO2, and was poorly hydrolysis-resistant. 
The catalyst can only be used in the polycondensation stage.

The FTIR spectra of Si-EG hydrolyzed at different times showed 

Figure 3. SEM of Ti-EG (a) and Si-EG (b)

Figure 4. Particle size distribution of the catalyst
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that the structure of Si-EG did not change significantly, the catalyst 
was not hydrolyzed, and its hydrolysis resistance was strong.

The termogravimetric (TG) curve of Ti-EG shown in Figure 8 
indicates that its weight loss is mainly concentrated around 350 °C. 
The catalysts are mainly used in the PET production. It meets the 
catalyst application conditions of 260-280 °C and will not thermally 
decompose during use.

The TG curve of Si-EG is divided into two weight loss stages. The 
first weight loss occurs before 200 °C, attributed to the adsorption of 
partially reacted glycol or solvent by the catalyst’s porous structure. 
As the temperature increases, the second weight loss stage occurs near 
350 °C, corresponding to the thermal decomposition temperature of 
Si-EG. This second thermal decomposition stage of Si-EG meets the 
usage conditions for condensation catalysts, necessitating a pre-use 
drying at 200 °C. Figures 5 and 6 also verify this view.

Figure 6. FTIR of the catalyst

Figure 7. Hydrolytic stability test of catalyst

Figure 8. TG curves of Ti-EG and Si-EG

Figure 5. XRD spectra of catalysts
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Catalyst applications

Ti-EG and Si-EG were produced and used together. The molecular 
weight and color (b*) of PET were examined for Ti:Si at 1:0, 3:1, 
2:1, 1:1, 1:2, 1:3, and 1:4 (mol).

It was experimentally verified that when Si-EG catalysts were 
used alone for PET catalysis, the molecular weight of the products 
was very low and the reaction was incomplete, so they were not 
considered for individual application.

The analysis of Figure 9 shows that, with the increase of the 
Ti:Si (mol) ratio, it can be found that when the b* value of synthetic 
product PET gradually increases the yellow color tendency of PET 
is aggravated, and the molecular weight of synthetic PET also has a 
tendency to increase gradually but not significantly. However, as the 
proportion of Ti-EG is too high, the molecular weight of PET shows a 
decreasing trend, the b* value of PET also increases significantly, and 
the yellow color deepens significantly. Considering that the increase 
of side reactions in the polycondensation stage led to the yellowing 
of PET color, the excessive side reactions caused PET to be capped 
prematurely in the polycondensation stage, which made it difficult 
to increase the molecular weight of PET. The highest b* value of 
the synthesized PET was measured when all Ti-EG was used, and 
the molecular weight tended to decrease. As the ratio of Ti:Si (mol) 
decreases, a decreasing trend in both b* value and molecular weight 
of PET can be observed. When Ti:Si is 1:4, the molecular weight of 
PET shows a significant decrease, which is caused by the insufficient 
catalytic activity of Si-EG. When Ti:Si is 1:1, the indexes of PET are 
more moderate and the overall quality is most excellent.

The FTIR spectrum of the synthesized PET is shown in Figure 10. 
The strong absorption peaks at 1650-1770 cm-1 correspond to the 

telescopic vibration of ester C=O, the aromatic –C–H vibration peaks 
at 1390-1450 cm-1, the –C–O vibration peaks at 1160-1300 cm-1 and 
1050-1150 cm-1, and the –C–O vibration peaks at 850-890 cm-1. The 
–C–H vibration of the methylene group in the EG chain was observed 
at 2850-2980 cm-1. The infrared spectra of the catalytic synthesized 
products were consistent with those of PET, which confirmed that 
the catalytic products were all PET.

It can be seen from the IR plot that the C=O and –C–O absorption 
peaks in PET weakened with the increase of Ti ratio in the catalyst. 
This predicts that increasing the Ti ratio leads to very high catalyst 
activity, intensification of side reactions, and poor PET chain 
formation; the C=O and –C–O bond absorption peaks are the strongest 
when the Ti:Si in the catalyst is 1 (mol), which predicts better PET 
molecular chain formation and moderate catalyst activity; and with the 
increase of Si ratio in the catalyst, it can be seen that C=O and –C–O 
absorption peaks in PET are weakened again, which may predict that 
the activity of the catalyst is too low and the catalytic effect of the 
catalyst is incomplete, PET chain formation is weak.

The mass of the synthesized PET sample was weighed at 
about 8-10 mg, the flow rate of nitrogen was 40 mL min-1, and the 
programmed temperature started from –10 °C at a rate of 10 °C min-1 
to 280 °C, kept warm for 10 min, and then reduced the temperature 
to –10 °C at a rate of 10 °C min-1, then kept warm for 10 min.

The differential scanning calorimetry (DSC) curves of the 
measured PET samples are shown in Figure 11. The melting 
and crystallization temperatures of the synthesized PET showed 
a decreasing trend as the Ti:Si (mol) ratio decreased. However, 
when all Ti-EG was used for PET catalysis, it can be seen that 
the melting and crystallization temperatures of PET were not the Figure 9. Effect of Ti:Si (mol) ratio on PET color (b*) and molecular weight

Figure 10. FTIR spectrum of PET

Figure 11. DSC curves of synthesized PET with different Ti:Si ratio
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highest, which is considered to be due to the accumulation of side-
reaction products caused by the catalytic process, thus leading to 
the deterioration of the molecular chain regularity and crystalline 
properties of the samples.

Reaction mechanisms

As shown in Figure 12, the mechanism of catalyst action is that 
the catalysts Ti, Si, and O synergistically activate the hydroxyl groups 
at the ends of the ethylene glycol and attack the two ester groups at 
the ends of the ethylene terephthalate, so that the hydroxyl group 
(–OH) and the hydroxyethyl group (–CH2CH2OH) at the ends of the 
ethylene terephthalate are bond-breakingly removed and bonded to 
form a new EG.

The polycondensation stage is the process of repeating the above 
process to finally synthesize large molecular weight PET.

CONCLUSIONS

In this study, the performance of Ti and Si catalysts with different 
ratios was compared and analyzed under the same conditions of use, 
and the optimum ratio of Ti and Si glycol salt catalysts when used 
together was investigated. The study clearly shows the effect of Ti, and 
Si on the catalytic activity at different ratios. The polycondensation 
temperature was 260-280 °C, the polycondensation pressure was 
–0.1  MPa, the polycondensation time was 60 min, and the total 
amount of catalyst added was 0.015% of the raw material. By testing 
the thermal properties, molecular weight, and color (b*) value of the 
prepared PET, it can be concluded that the color (b*) of the product 
PET was significantly reduced when Ti-EG was combined with Si‑EG 
compared with a single Ti-EG. The performance of PET prepared 
with titanium:silicon ratio of 1:1 (mol) is moderate. This proves that 
the simultaneous use of Si-EG and Ti-EG can effectively reduce 
the catalytic activity of Ti-EG catalysts, the catalytic activity of the 
catalyst is moderate and the quality of PET produced is better under 
the joint action of the two catalysts. Both Si-EG and Ti-EG can be 
uniformly dispersed into ethylene glycol, and since Si-EG has a stable 
inert porous structure and a physical adsorption effect on Ti-EG, it 
makes the catalyst have a good color (b*). Physical adsorption, which 
makes the catalyst show better catalytic performance and catalytic 
stability under the joint action of the two catalysts, can effectively 
reduce the Lewis acidity of titanium and regulate its catalytic activity 
for PET. This study provides a reference for adjusting and changing 
the catalyst activity by adjusting the combination ratio of titanium 
and silicon elements to produce environmentally friendly and efficient 
PET polycondensation catalysts.

Figure 12. Reaction mechanisms
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