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Three series of solid catalysts including SO42~/Zn0, SO42~/TiO; and SO42~/ZnO-TiO, were prepared
by precipitation or co-precipitation method with different calcination temperature. The textural
properties of the catalysts were studied by means of XRD, Raman, SEM, N, adsorption-desorption
and energy dispersive X-ray analysis. Acidity properties of the catalysts were tested by NH3;-TPD
and pyridine-FTIR methods. Glycolysis of Polyethylene terephthalate (PET) into monomer of bis(2-

Keywords: hydroxyethyl terephthalate) (BHET) over solid acid catalysts has been studied. Relationships between
Polyethylene terephthalate . .. . .. . .
Glycolysis the textural properties, the surface acidity and the catalytic activity have been investigated. Exper-

imental results showed that the surface area and the amount of middle strength acid sites on the
sulfated binary oxides of S042~/ZnO-Ti0,-200-300°C were higher than those on unitary oxide of
zinc or titanium. The FTIR study showed that the Lewis acid sites predominated over the SO42~/ZnO-
TiO,-300°C catalyst, while the peak corresponding to Bronsted acid sites was weak or absent. The
S042-/Zn0-Ti0,-200-300°C exhibited a catalytic activity with 100% conversion of PET and 72% selec-
tivity of BHET after 3h at 180°C under atmospheric pressure. The catalyst has been reused for
four times and the catalytic activity of recycled catalyst maintained the same as that of the fresh

Solid acid catalyst
Characterization

catalyst.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polyethylene terephthalate (PET) is a kind of semi-crystalline,
thermoplastic polyester with high strength and transparency prop-
erties. Because of these properties, PET is produced in considerable
amount and is used in textile industry, high strength fibers and
soft drink bottles [1]. With the widespread use and increasing con-
sumption of PET, the amount of discarded PET is growing rapidly,
and accompanied environmental problems are becoming more and
more serious [2,3]. Therefore recycling the discarded PET polymer
is an efficient approach to reduce the consumption of resources
and to protect the environment at the same time [4,5]. PET is a kind
of polyester with functional ester groups that can be cleaved by
reagents, such as water, acids or bases (hydrolysis) [6,7], alcohols
(alcoholysis) [8],amines (aminolysis)[9,10], ammonia (ammonoly-
sis)[9] and glycols (glycolysis) [5,11-13]. Particularly, the glycolysis
reaction is the molecular degradation of PET polymer by glycols,
typically ethylene glycol. The ester linkages of PET polymer are bro-
ken and replaced by hydroxyls terminals to give bis(2-hydroxyethyl
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terephthalate) (BHET), which is the raw material of producing PET
[12]. Glycolysis of PET is most frequent process by using metal
acetates (Zn, Co, Pb and Mn) as catalysts [3,11,14]. The catalytic
activity with these homogeneous catalysts is high. However, they
have several drawbacks, such as the catalyst cannot be easily sep-
arated from the reaction mixture, the existence of side reactions,
and the purity of products [15,16].

In recent decades, solid acids have attracted great attention
as environmentally benign catalysts in most chemical processes
[17,18]. The solid acids have many advantages over homogeneous
acids, such as non-corrosive, easy separation by filtration, and less
waste production through recycling [15,19,20]. Among them there
are sulfated oxides such as sulfated zirconia, titania and iron oxide,
which have exhibited high thermostability, superacid property and
high catalytic activity [21-23].

In this paper we report a study of three series of solid acid cat-
alysts (S042~/Zn0, SO42~[TiO, and SO42~/ZnO-TiO,) on glycolysis
of PET, which have not yet been extensively studied. The effect of
the calcination temperature on textural properties was obtained
by XRD, Raman spectrum and the adsorption of N, techniques. The
nature of acid sites of catalysts was revealed by the aid of NH3-TPD
and FTIR of adsorbed pyridine. The aim of this paper is to evaluate
the relationships between textural, acid properties and catalytic
activity.
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2. Experimental
2.1. Catalyst preparation

S042-/Zn0-TiOy: Zn-Ti hydroxide gel was prepared by co-
precipitation method. Aqueous ammonia (28%) was added
dropwise with vigorously stirring into a mixture solution of
0.2 mol/LZn(Ac); and 0.2 mol/L Ti(SOg4); to obtain hydroxides until
pH reached 8 at room temperature. The solution including pre-
cipitation was kept in a water bath warmed at 70°C for 4 h, and
then filtered and washed with deionized water, and dried at 110°C
for 12 h. The powder was pulverized to 140-200 mesh, and then
impregnated with 0.5M (NH,4),SO,4 sulfate solution (15mLg-1)
under continuous stirring at room temperature for 4h and then
filtered and dried at 110°C for 12 h. The prepared precursor was
calcined at 200, 300, 400, 500 and 600°C for 3h, respectively.
Each catalyst is stored in a sealed glass ampoule for use. Cata-
lysts of SO42~/Zn0 and SO42/TiO, were prepared by the similar
process. Catalysts of SO4%~/Zn0, SO42~/TiO, and SO42~/Zn0O-TiO,
thus prepared are denoted as S/Zn-°C, S/Ti-°C and S/Zn-Ti-°C in the
following based on the calcination temperature.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns of catalysts were recorded by
X'Pert PRO MPD diffractometer operated at an accelerating voltage
of 40kV and an emission current of 40 mA with Cu Ko radiation.
The angle (20) was measured in steps of 0.41778° s~! between 5°
and 90°.

Raman spectroscopy was recorded by a LabRam HR 800 spec-
trometer (Jobin Yvon-Horiba) with 514.53 nm of an Ar-Kr 2018 RM
laser (Spectrum Physics) as the excitation source.

Weight loss and temperature associated with phase transfor-
mation were determined by thermogravimetry and differential
thermal analysis (TG/DTA) on a Seiko TG/DTA SSC 5000 analyzer.
The fresh samples of catalysts before calcination were heated from
room temperature to 600 °C at rate of 10°Cmin~! in nitrogen flow
(30mLmin—1).

The BET specific surface area and the pore size were obtained
from nitrogen absorption and desorptionisotherm method atliquid
nitrogen temperature on a Quanta Chrome Instrument NOVA 2000.
Prior to analysis, samples calcined above 300 °C were degassed at
300°C for 6 h and samples calcined below 300 °C were degassed at
150°C for 10 h, under 103 Torr.

TPD of ammonia was performed on an Autochem Il 2920 appa-
ratus from Micromeritics. In a typical experiment, 20 mg of catalyst
was pretreated in a helium flow at 150°C at a heating rate of
10°Cmin~! and the sample was kept at this temperature for 1h.
Subsequently the sample was treated with a 10% NH3—He flow for
30 min at room temperature, then the sample was purging in a
helium flow for 1 h at 100 °C, until the baseline was stable, the des-
orption profile was measured by the thermal conductivity detector
in flowing helium at a heating rate of 10°C min~! to 600 °C.

The surface acidity of the catalysts was investigated by means of
studying pyridine adsorption on a Fourier transform infrared (FTIR)
spectroscopy. Pyridine FTIR spectrum was recorded on a Nicolet
6700 spectrometer equipped with a cell in situ. The sample was
pressed into a self-supporting plate (10-15mg, 13 mm diameter),
placed in an IR cell and treated at 150 °C under vacuum (0.0013 Pa)
for 1 h. After the IR cell was cooled to room temperature, pyridine
vapor was introduced into the cell and adsorbed for 10 min and took
30 min for equilibrium. Then it was scanned after being vacuumed
for 15 min and recorded at room temperature, 100°C, 150°C, and
250°C under vacuum.

Scanning electron microscopy (SEM) was taken by using a FEI
MLA250 with an acceleration voltage of 20kV at high vacuum

operating mode. Catalyst samples were coated with carbon prior to
scanning. The element composition of the catalysts was analyzed
by energy dispersive X-ray spectroscopy (EDS).

2.3. Measurement of catalytic activity

PET pellets (2.0 mm x 2.5 mm x 2.7 mm)were pure and supplied
by Jindong Commercial Co. Ltd. Jiangsu Province, China. Analyti-
cal grade of zinc acetate (>99.0%), ethylene glycol, ammonia (25%),
ammonium sulfate (>99.0%) and chemical grade of titanium (IV)
sulfate (>96.0%) were obtained from Sinopharm Chemical Reagent
Beijing Co., Ltd., China. The materials were used without any further
treatment.

In a typical experiment, 5g of PET and 25 mL ethylene glycol
were loaded into a three-neck flask equipped with a thermome-
ter, a reflux condenser and a magnetic stirrer. When the reactant
system was heated to 180°C, 0.015g of catalyst was added into
the system and the reaction was carried out for 3 h. After reaction,
the reactor was cooled to room temperature and the undepoly-
merized PET pellets were quickly separated from the liquid phase
before the products precipitated. Then amount of distilled water
was used to wash the undepolymerized PET pellets, and the water
was then mixed with the product fraction. The undepolymerized
PET was collected, dried and weighed. Meanwhile, about 200 mL
distilled water was added to the product mixture with vigorously
agitated, which would dissolve the remaining EG and the BHET
monomer. After the mixture was filtered, the undissolved sub-
stance was oligomer, which dried and weighed. And the collected
filtrate was concentrated and stored in a refrigerator at 5°C for
overnight. White crystalline flakes of BHET monomers were formed
in the filtrate, then separated and dried in an oven at 60 °C.

In this study, the catalytic activity of catalysts on glycolysis of
PET was measured by testing the conversion of PET (%) and the
selectivity of BHET (%), which were calculated in Eqs. (1) and (2). In
Eq. (1), Wpgr; is initial weight of PET, Wpgr, is weight of unreacted
PET [24].

Conversion of PET (%) = (Wegr,i ~ Weeru) x 100% (1)
Wher,i
(moles of BHET) x 100%
(moles of depolymerized PET units)

Yield of BHET (%) = (2)

3. Results and discussion
3.1. Catalyst characterization

3.1.1. XRD results

Figs. 1,2 and 3 present the XRD patterns of S/Zn, S/Ti and S/Zn-Ti
at different calcination temperatures, respectively. The ZnO with
hexagonal phase (JCPD-ICDD 01-089-0510) was observed in all
the catalysts of S/Zn-200-600. It indicates that the S/Zn-200-600
catalysts exhibited high crystallinity of ZnO (Fig. 1). When the cal-
cination temperature is higher than 200°C, in addition to the lines
of ZnO, a few extra lines due to the formation of Zn30(S04), com-
pound with monoclinic phase (JCPD-ICDD 00-016-0821) could be
also noted.

In the case of the S/Ti catalysts, it can be observed from Fig. 2
that the structural changes occurred with increasing the calcination
temperature. The catalysts were kept in an amorphous state when
calcined below 300°C and the formation of anatase TiO, started
when calcined higher than 400 °C. When the calcination temper-
ature was up to 600°C all the diffraction peaks (260=25.3°, 37.9°,
48.0°, 55.0°) could be identified as anatase TiO, (JCPDS 01-084-
1286).

The XRD patterns of sulfated binary metal oxides S/Zn-Ti are
shown in Fig. 3. The catalysts calcined bellow 400°C were found
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Fig. 1. XRD patterns of S/Zn calcined at different temperatures: (*) Zn30(SO4)3,
monoclinic, (#) ZnO, hexagonal.
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Fig. 2. XRD patterns of S/Ti calcined at different temperatures: (#) TiO;, anatase.

to be in amorphous state. The formation of TiO, (JCPDS 01-084-
1286) with anatase phase and TiZn,04 (JCPD-ICDD 01-077-0014)
with cubic phase started at calcination temperature 500 °C and the
diffraction peaks increased with increasing the calcination tem-
perature from 500 to 600 °C. Compared with XRD patterns of S/Zn
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Fig. 3. XRD patterns of S/Zn-Ti calcined at different temperatures: (#) TiO,, anatase,
(*) TiZny 04, cubic.
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Fig. 4. Raman spectroscopy of S/Zn calcined at different temperatures: (#) ZnO,
hexagonal.
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Fig. 5. Raman spectroscopy of S/Ti calcined at different temperatures: (#) TiO,,
anatase.

(Fig. 1), the binary oxides of Zn and Ti inhibited the formation of
crystalline in S/Zn-Ti.

3.1.2. Raman spectroscopy

Raman spectrum can provide complementary structural infor-
mation of these catalysts. Figs. 4, 5 and 6 show the Raman spectra of
three series of S/Zn, S/Ti and S/Zn-Ti catalysts, respectively. For the

Intensity (a.u.)

T T T T T T T T T
0 200 400 600 800 1000
Raman shift (cm™)

Fig. 6. Raman spectroscopy of S/Zn-Ti calcined at different temperatures: (#) TiO2,
anatase, (*) ZnO, hexagonal.
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Fig. 7. TG/DTA curves of S/Zn.

samples of S/Zn at different calcination temperatures (Fig. 4), the
Raman spectra exhibited lines at 435, 577 and 1041 cm~!, which
corresponded to ZnO hexagonal structure. Peak located at 435 cm™!
is due to E, (high frequency) mode. The peak at about 577 cm™!
is attributed to the E; (LO) mode. The peak at 1041 cm™! is gen-
erally assigned to be the second-order vibrational mode [25-27].
The peaks increased with increasing the calcination temperature,
which due to the amount of crystalline of ZnO increased. The Raman
spectra of S/Ti calcined at 400-600 °C (Fig. 4) exhibited four peaks
at 143,396, 514, and 636 cm~! assigned as Eg, Big, A1g +B1g, and Eg
modes, respectively [28,29]. The intensity of peaks increased with
increasing the calcination temperature. This indicates the increase
of amount of anatase TiO, with increasing the calcination temper-
ature, which coincidence with the XRD results. The Raman spectra
of S/Zn-Ti at different calcination temperatures are shown in Fig. 5.
The Raman spectra of S/Zn-Ti exhibited four peaks at 143, 396, 514,
and 636cm~!, which are associated to TiO, anatase structure. A
broad peak at 1077 cm~! was discovered on samples of S/Zn-Ti-
200-400, which assigned to ZnO species. The peaks were broad
and weak on the samples S/Zn-Ti-200-500. This may be due to the
high dispersion and/or low crystalline nature (amorphous) of the
metal oxides on the S/Zn-Ti-200-500. Furthermore, there were no
ZnO related peaks observed on the samples of S/Zn-Ti-500-600,
which indicates that the most of the ZnO was actually fixed in the
framework of TiO, to form the cubic structure of TiZn, Q4. Thus, the
Raman results supported the conclusion made by XRD study.

3.1.3. Thermal analysis (TG/DTA)

The thermostability of synthesized catalysts was investigated
by TG/DTA method. For the sample of S/Zn (Fig. 7), the first
weight loss below 160°C was 14% accompanied with the first
big endothermic DTA peak at 85 °C, which mainly ascribed to the
loss of physical adsorbed water molecules. The second weight loss
was 10.7% between 160 and 400 °C accompanied with the second
big endothermic DTA peak at 238°C and a relatively small peak
at 338°C, which were attributed to decomposition of interlayer
acetate and ammonium and dehydroxylation of the hydrate lay-
ers [30]. The weight loss between 400 and 600°C was 0.7% and
no visible endothermic DTA peak was observed. This indicates no
further decomposition of compounds in the catalyst. For the sam-
ple of S/Ti (Fig. 8), the weight loss between 100 and 400 °C was
10.4% and had a broad endothermic DTA peak at 125 °C, which was
attributed to loss of water molecules and decomposition of ammo-
nium. The weight loss between 400 and 500°C was 1.3% with no
visible endothermic DTA peak. The second broad endothermic DTA
peak appeared at 586 °C with the weight loss 12% between 500
and 600 °C, which was attributed to the dehydroxylation and the
decomposition of surface sulfate groups. This is confirmed by XRF
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Fig. 8. TG/DTA curves of S/Ti.
Table 1
Sulfur content of the catalysts.
S/Zn-C S (Wt%) S/Ti-=C S (Wt%) S/Zn-Ti-*C S (Wt%)
200 11.5 200 6.5 200 3.6
300 10.2 300 6.1 300 33
400 9.9 400 4.5 400 3.1
500 9.8 500 43 500 3.1
600 8.5 600 1.6 600 29

analysis in Table 1 that the content of sulfur had a big decrease on
the catalyst of S/Ti-600.

For the sample of S/Zn-Ti (Fig. 9), the weight loss below 200°C
was 13.6% accompanied with the big endothermic DTA peak at 86 °C
which due to the loss of physical absorbed water. The weight loss
was about 3.9% between 200 and 400°C, and was 2.1% between
400 and 600°C, accompanied with the two minor peaks around
300 and 600 °C, which were due to the dehydration of water from
micro pores, decomposition of acetate and ammonium and subse-
quently dehydroxylation of the sample. Incorporating of ZnO into
TiO, increased the thermal stability of the impregnated surface sul-
fate species when compared to that of TiO, alone. It is also reported
in the literature that the thermal stability of the sulfated materi-
als would be influenced when zirconia is mixed with other metal
oxides [31]. Thus, the thermogravimetry studies revealed that the
mixed metal oxides Zn and Ti enhanced the thermal stability of the
S/Zn-Ti catalyst.

All catalysts were analyzed by XRF spectrometry for quantita-
tive determination of sulfur content, which is listed in Table 1. A
comparison between the sulfur content in catalysts calcined at dif-
ferent temperatures shows that the sulfur content of S/Zn has been
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Fig. 9. TG/DTA curves of S/Zn-Ti.
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Table 2

Textural and acid properties of S/Zn catalysts calcined at different temperatures.
S/Zn-°C Sger (M2/g) Pore volume Mean pore Total acid

(cm?/g) diameter (nm) amount
(mmolg)

200 6.1 0.032 9.9 3.48
300 6.7 0.046 13.6 0.81
400 6.9 0.030 8.7 0.26
500 6.7 0.026 7.9 0.23
600 6.4 0.025 7.7 0.14

Table 3

Textural and acid properties of S/Ti catalysts calcined at different temperatures.
S/Ti-°C Sper (M?/g) Pore volume Mean pore Total acid

(cm3/g) diameter (nm) amount
(mmolg1)

200 13.9 0.013 3.6 3.91
300 222 0.016 2.9 2.16
400 33.0 0.023 2.7 1.72
500 68.0 0.059 3.5 0.54
600 55.6 0.120 8.6 0.13

decreased gradually during increasing the calcination temperature.
For the samples of S/Ti, the sulfur content has a sharp decrease on
S/Ti-600. However, the sulfur content in the mix oxides of Zn-Ti has
been maintained stable.

3.1.4. BET specific surface area analysis

The BET specific surface area, pore volume and mean pore diam-
eter of the catalysts S/Zn, S/Ti and S/Zn-Ti are summarized in
Tables 2, 3 and 4, respectively. Primarily, catalysts with mesopore
were preferred. For samples of S/Zn (Table 2), the specific sur-
face area was relatively low (6.1-7.0m?2/g) and changed slightly
with increasing the calcination temperature. This can be explained
by XRD and Thermal results that the structure of compounds
was stable and had little changes with increasing the calcina-
tion temperature. For the samples of S/Ti catalysts (Table 3), the
specific surface area firstly increased and had a peak at 500°C,
then decreased when the calcination temperature was higher than
500°C. Take the thermal analysis of S/Ti into consideration that
there was decomposition of sample between 400 and 600 °C. This
indicates that more pores were produced when the catalyst cal-
cined higher than 400°C. As a result the specific surface area of
S/Ti increased and had a peak at 500 °C. The slightly decreased sur-
face area at higher calcination temperature may be primarily due
to agglomeration of catalyst.

For the binary oxides S/Zn-Ti (Table 4), S/Zn-Ti-200 exhib-
ited a high specific surface area 192 m2/g. The high dispersion of
binary oxides and/or the amorphous phase may contribute to the
large specific surface area. The specific surface area decreased with
increasing the calcination temperature and had a sharp decrease on
the samples of S/Zn-Ti-400-500. From XRD analysis this may be due
to the increase of the amount of cubic TiZn, 4. And the aggregation
of particles may also decrease the specific surface area.

Table 4

Textural and acid properties of S/Zn-Ti catalysts calcined at different temperatures.
S/Zn-Ti-°C  Sger (m?/g)  Pore volume Mean pore Total acid

(cm3/g) diameter (nm) amount
(mmolg)

200 192.3 0.128 1.3 434
300 165.0 0.116 14 2.94
400 67.7 0.084 2.5 2.76
500 15.3 0.057 7.4 1.8
600 9.4 0.064 14 1.5
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Fig. 10. NH;-TPD curves for S/Zn calcined at different temperatures.

3.1.5. Acid analysis

The strength of acid and the total amount of acid sites on the
surface of catalysts were determined by temperature-programmed
desorption of adsorbed ammonia. From the thermogravimetry
studies, there was the decomposition of sulfate or acetate which
was also detected by conductivity detector (TCD). In order to dis-
tinguish the desorbed NHs3, blank experiments for each catalyst
have been performed without ammonia admission under the same
experimental conditions. The final NH3-TPD signals were on the
bases of blank signals.

The NH3-TPD profiles of the series of S/Zn, S/Ti and S/Zn-Ti cat-
alysts are shown in Figs. 7, 8 and 9, respectively. The peaks shown
in each of the profiles correspond to desorption of NH; bound to
the acid sites of oxide surface. The desorption temperature indi-
cates the acid strength of the catalyst. The higher temperature of
desorption, the stronger the acid strength. The NH3;-TPD profiles
(Figs. 10-12) showed that all the catalysts mainly had two broad
desorption peaks. One was between 150 and 400 °C, which corre-
sponded to the weak and middle strength acid sites. The other was
between 400 and 600 °C, which corresponded to the strong acid
sites. For the series of S/Zn (Fig. 10), the intensity of peaks between
150 and 300°C decreased distinctly with increasing the calcination
temperature. It indicates that the weak acid sites predominated
over the S/Zn catalysts. For the samples of S/Ti (Fig. 11), the NH3
desorption peaks revealed continuous NH3 desorption peaks in the
range of 150-400°C and intensive peaks between 450 and 600 °C.
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Fig. 11. NH5-TPD curves for S/Ti calcined at different temperatures.
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Fig. 12. NH;-TPD curves for S/Zn-Ti calcined at different temperatures.

A large number of strong acid sites were presented on the samples
of S/Ti-200-500. The NH3 desorption peaks of the series of S/Zn-
Ti (Fig. 12) were distributed between 150-400°C and 400-600°C
with broad and over lapped desorption peaks. It indicates that the
catalysts of S/Zn-Ti mainly signified a broad distribution of weak
and middle strength acid sites on the surface of catalysts.

The acid amount corresponding to the amount of adsorbed NH3
was estimated by integrating the area under the desorption peaks of
NH3-TPD. The total amount of acid for each series of S/Zn, S/Ti and
S/Zn-Ti catalysts was listed in Tables 2, 3 and 4, respectively. The
total amount of acid of these catalysts decreased with increasing
the calcination temperature. The total amount of acid of S/Zn-Ti is
more than that of S/Ti or S/Zn at each calcination temperature. It is
supposed that the interaction between the different metal oxides
could improve the generation of acid sites [32-34]. Therefore more
surface acid sites could be expected on the binary oxides than Zn
or Ti single metal oxide.

Infrared spectrum studies of pyridine adsorbed on solid sur-
face have made it possible to distinguish between Brénsted and
Lewis acid sites. Figs. 13, 14 and 15 show the FTIR spectra of the
pyridine adsorbed at room temperature, 100°C, 150°C, and 250°C
on S/Zn-300, S/Ti-300 and S/Zn-Ti-300, respectively. Several bands
were observed at around 1654cm~1, 1605cm~1, 1540cm~! and
1490cm~! as well as 1450cm™! in the region from 1700cm™!
to 1300cm~!. The IR bands at 1654cm~! and 1540cm™! are
assigned to the pyridine adsorbed on Brénsted acid sites and that at
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Fig. 13. FTIR spectra of pyridine adsorbed on S/Zn-300.
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Fig. 14. FTIR spectra of pyridine adsorbed on S/Ti-300.

1605cm™! is assigned to pyridine adsorbed with hydrogen bond-
ing, the band at 1450cm™! is attributed to pyridine adsorbed on
Lewis acid sites, and the IR band at 1490 cm! is attributed to both
Bronsted and Lewis acid sites [35,36].

For the sample of S/Zn-300 (Fig. 13) the intensity of the band at
1453 cm~! was distinctly strong, which ascribed to Lewis acid sites.
However, with increasing the desorption temperature, the inten-
sity of the band decreased a lot at desorption temperature 250°C
under vacuum. Generally, pyridine adsorbed on the weak acid sites
desorbed at low temperature, and it adsorbed on strong acid sites
desorbed at high temperature. This indicates that the Lewis acid
was weak acid on the surface of S/Zn-300, which coincided with
the result of NH3-TPD. There were no distinct bands at 1654 and
1540 cm~1, which indicated that there were few number of Bron-
sted acid sites on the surface of S/Zn-300. For the sample of S/Ti-300
(Fig. 14), the bands at 1654, 1540 and 1450 cm~! were all observed.
This indicates that there were both Bronsted and Lewis acid sites
presented on the surface of S/Ti-300. For the sample of S/Zn-Ti-300
(Fig. 15), the band at 1450 cm~! ascribed to Lewis acid sites was dis-
tinctly strong. However there were no obvious bands at 1654 and
1540 cm~1. This indicates that there were few Bronsted acid sites
and the Lewis acid sites predominated over S/Zn-Ti-300 catalyst.
The intensity of acid features slightly decreased with increasing
the desorption temperature. This indicates that the Lewis acid sites
were strong on the S/Zn-Ti-300 catalysts. This is also confirmed by
the NH3-TPD results.
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Fig. 15. FTIR spectra of pyridine adsorbed on S/Zn-Ti-300.
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3.1.6. SEM and EDS characterization

Fig. 16 showed SEM image and quantitative energy dispersive
X-ray spectroscopy of the catalyst of SO42~/Zn-Ti-300. It can be
seen from Fig. 16(a) that the surface of SO42~/Zn-Ti is smooth and
some ultrafine crystallites have been also found. Quantitative anal-
ysis (Fig. 16(b)) shows the element mass ratios of Zn, Ti, O and S
in the S/Zn-Ti-300°C are 29.9%, 31.5%, 37.2 and 1.4%, respectively.
Fig. 16(c-f) showed the density and distribution of the Zn, Ti,O and S
elements on the catalyst evaluated by EDS mapping. As can be seen
in Fig. 16, the elements of Zn, Ti, O and S are found to be homoge-
neously distributed on the whole surface. This indicates that the Zn
and Ti species were highly dispersed in each other.

3.2. PET glycolysis reaction

3.2.1. Effect of calcination temperature

Calcination temperature is the key factor in synthesizing solid
acid catalyst since it largely affects the structure and catalytic prop-
erties of catalyst. The effect of calcination temperature on catalytic
activity of the series of S/Zn catalysts is shown in Fig. 17. The

100 100

—a— Conversion of PET

—e— Selectivity of BHET
~ 80+ 180 ~
§ ./.\./I\. é
= =
= 4 i =
e 60 60 =
s o
= S
S 40 140 2
5 >
S =
o 204 120 2

0 T T T T T T T T T 0
200 300 400 500 600

Calcination temperature °c

Fig. 17. Effect of calcination temperature of S/Zn on the conversion of PET and
selectivity of BHET.
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Fig. 18. Effect of calcination temperature of S/Ti on the conversion of PET and selec-
tivity of BHET.

conversion of PET on the S/Zn catalysts at different calcination
temperatures (200-600 °C) changed silghtly at around 70-80% but
the selectivity of BHET were only at around 35%. There were no
distinct changes between different calcination temperauture sam-
ples. From the textural analysis, the phase composition, crystalline
structure and the specific surface area were changed slightly on the
samples S/Zn-200-600. From the acid analysis, the amount of acid
sites decreased distinctly with increasing the calcination tempera-
ture, and the acid strength was weak. The weak acid could not help
to improve the catalytic activity. It also indicates that hexagonal
ZnO might have weak interaction with sulfate ion, therefore few
Lewis acid sites produced. Small surface area and few acid sites
with weak strength might be the factors to inhibite its catalytic
activity on the conversion of PET and the selectivity of BHET.

The catalytic activity of S/Ti catalysts is shown in Fig. 18. The
results showed that the conversion of PET decreased from 80% to
20% with increasing the calcination temperature from 200 to 600 °C.
There was a distinct decrease on the catalyst of S/Ti-500. From the
textural analysis, the samples of S/Ti-200-400 mainly presented
the amorphous and poor crystalline structure which showed higher
activity than high crystalline of anatase TiO, presented on S/Ti-
500-600. Further, the catalytic activity of S/Ti-200-600 followed
the same sequence of the amount of surface acid sites on the cat-
alysts. It showed that the acid amount made some contribution to
the activity of catalyst. The largest specific surface area appeared
on the S/Ti-500, however, the amount of acid sites were decreased,
in this case the surface area could not help to improve the catalytic
activity. The selectivity of monomer BHET had a slightly increase
on the S/Ti-300 and then decreased with increasing the calcination
temperature. Compared with catalysts of S/Zn, the catalysts of S/Ti
calcined at low temperature improved the selectivity of BHET.

The effect of calcination temperature on the catalytic activity of
the series of S/Zn-Ti catalysts is shown in Fig. 19. The conversion
of PET was 100% on the catalysts S/Zn-Ti-200-300. The conver-
sion of PET decreased with increasing the calcination temperature.
And it had an obvious decrease on the catalyst of S/Zn-Ti-500.
From the textural analysis, the catalysts of S/Zn-Ti-200-400 pre-
sented mainly the amorphous phase, which showed higher activity
than high crystalline of anatase TiO, and cubic TiZn,0O4 on S/Zn-
Ti-500-600 in glycolysis of PET. Further, the catalytic activity of
S/Zn-Ti-200-600 followed the same sequence of the total amount
of surface acid and the specific surface area on the catalysts. It
showed that the total amount of surface acid sites and the specific
surface area might enhance the activity of catalyst. The selectiv-
ity of monomer BHET on the series of S/Zn-Ti was in the range
of 65-71%, which changed slightly with increasing the calcination
temperature.
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Fig. 19. Effect of calcination temperature of S/Zn-Ti on the conversion of PET and
selectivity of BHET.

In these three series catalysts S/Zn, S/Ti and S/Zn-Ti, S/Zn-Ti
obviously improved the catalytic activity on the conversion of PET
and the selectivity of BHET. The conversion of PET over S/Zn-Ti-
200-300 was found to be 30% higher than that over S/Zn-200-300.
And the selectivity of BHET over S/Zn-Ti was about one time higher
than that over S/Zn at a wide range of calcination temperatures. On
the S/Zn-Ti-200-400 the conversion of PET increased about 20-30%
more than on the S/Ti-200-400 and on the S/Zn-Ti-500-600 about
40-50% more than on the S/Ti-500-600. Further, the selectivity
of BHET over S/Zn-Ti-500-600 increased about three times higher
than that over S/Ti-500-600. Take the catalysts’ structure into con-
sideration, the catalysts S/Zn-Ti-200-400 presented amorphous
phase and the high dispersion of Zn and Ti species. Compared with
XRD analysis of S/Zn and S/Ti, the binary oxides Zn-Ti inhibited the
formation of crystalline structure until the calcination temperature
reached the 500 °C. Further, the S/Zn-Ti calcined at low temperature
presented high specific surface area and large amount of middle
strength acid sites, therefore more active sites exposed, which is
the main reason to improve the catalytic activity. The S/Zn-Ti cal-
cined at high temperature presented the ZnTi, 04 compound which
was due to the solid-solid reaction between ZnO and TiO,. There-
fore, more acid sites are expected to be produced on binary oxides
(S/Zn-Ti) than that on single sulfated metal oxide (S/Zn or S/Ti). In
conclusion, the large surface area, the amount of acid sites and the
middle strength acid are the main factors to influence the glycolysis
of PET and selectivity of BHET.

3.2.2. Catalyst stability and reusability

The reusability of S/Zn-Ti-300 was investigated and the exper-
iment was followed by the procedure of Section 2.3. In order to
determine whether the catalyst lost activity or not, the reaction
time of 100% conversion of PET was recorded. The catalyst was recy-
cled for four times. After the reaction, the catalyst was separated
by centrifugation and reused without any further purification. The
results of the recycling study are given in Table 5. For the fresh
and recycled catalysts, it took about 180 min to achieve 100% con-
version. Therefore, the catalytic activity of the recycled catalysts
kept the same as that of the fresh catalyst and the selectivity of
BHET maintained around 70-80%, which showed high stability of
the catalyst in the reaction environment. Due to the high activity,
selectivity and good reusability as well as low cost, the S/Zn-Ti-
300 catalyst can be considered to be a promising catalyst for the
glycolysis of PET.

3.2.3. Effect of particle size
The particle size has a key influence on heat and mass transfer
phenomena and the effect of particle size on the conversion of PET
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Table 5
Effect of the reused time of S/Zn-Ti-300 °C on the glycolysis of PET.

Cycle Time of 100% PET conversion (%) BHET selectivity (%) Production distributing (wt%)
conversion (min)
BHET Oligomers
Fresh 185 100 72.8 91.3 8.7
1st 181 100 74.1 91.6 8.4
2nd 175 100 77.5 91.9 8.1
3rd 168 100 774 91.8 8.2
4th 175 100 77.6 91.9 8.1
100 F 3 100 References
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Fig. 20. Effect of particle size on the conversion of PET and selectivity of BHET.

and the selectivity of BHET is shown in Fig. 20. The reaction con-
ditions were the same as that depicted in Section 2.3, except for
reaction time, which was 2 h. The particle size of PET was varied
from 0.35 to 2.5 mm. When the particle size was 0.35 mm and the
reaction time was 2 h for 100% conversion of PET. With the particle
size increased to 2.5 mm, the conversion of PET decreased gradu-
ally to 70.5%. The selectivity of BHET was kept stable around 70%
with varying the particle size of PET.

4. Conclusion

Three series of catalysts S/Zn, S/Ti and S/Zn-Ti with different cal-
cination temperatures had been tested for the glycolysis of PET. The
characterization results suggest that the calcination temperature
was a key factor to influence the textural properties, surface acid-
ity and catalytic activity of the catalysts. Binary oxides of Zn and
Ti inhibited the formation of crystalline in S/Zn-Ti until the cata-
lysts calcined at 500 °C. The sulfated binary metal oxides (S/Zn-Ti)
could develop more middle strength acid sites than single metal
oxides (S/Zn or S/Ti). The amorphous structure, the high surface
area and a large amount of middle strength acid sites are respon-
sible for the excellent catalytic performance. Catalysts of S/Zn-Ti
have dramatically improved the catalytic activity on conversion of
PET and the selectivity of BHET. Under the conditions of 180°C,
atmospheric pressure, reaction time of 3 h, the conversion of PET
was 100% and the selectivity of BHET was 72% on the catalysts of
S/Zn-Ti-200-300 °C. The catalysts of S/Zn-Ti-200-300 °C are simple
to prepare, have high reusability and are environmentally friendly.
Therefore, S/Zn-Ti-200-300 °C are promising catalysts for the gly-
colysis of PET to BHET.
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