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ABSTRACT: Methanolysis of polyethylene
terephthalate to dimethyl terephthalate is a sustainable
route for recycling of polyethylene terephthalate (PET)
plastic. Herein, we demonstrate that mesoporous Beta
zeolite supported zinc oxide (Zn-Beta-meso) is
efficient for methanolysis of polyethylene terephthalate
to dimethyl terephthalate, exhibiting ~ 99.9% dimethyl
terephthalate yield at 180 °C after reaction for 30 min.
Model reactions confirmed that the key step in PET
methanolysis was the methanolysis of 2-hydroxyethyl
methyl terephthalate to form dimethyl terephthalate,
where the highly dispersed zinc species are the active
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sites for this step. In addition, the Zn-Beta-meso catalyst was active for the methanolysis of various PET substrates. When
bottle with pigment, terylene, transparent adhesive tape, and soundproof cotton were applied as the substrates, full PET
conversion and higher than 99.0% dimethyl terephthalate yield were obtained.
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1 Introduction

Polyethylene terephthalate (PET), as a common plastic, has been
widely used in the production of vessels, textiles, film, and
engineering plastic'™'%. Worldwide annual PET production has
been reported to exceed 31 million metric tons in 20197, However,
it has been discovered that used PET plastic can be only
transformed into non-degradable microplastics under outdoor
conditions, which are harmful to humans and animals'’~%.
Therefore, the recycling of waste PET plastic is an urgent issue that
cannot be delayed® 2% Although various methods have been
developed for PET recycling, one of the most promising routes is
direct conversion of PET with methanol to produce dimethyl
terephthalate (DMT), which is known as the methanolysis of PET.
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This method exhibits effective decomposition, and the resulting
decomposition products can be directly used for synthesizing new
PETZ.

Great efforts have been devoted to the methanolysis of PET*-,
Yang and co-workers investigated the methanolysis of PET with
supercritical methanol under optimal conditions (9.0-11.0 MPa,
260-270 °C), which achieved a PET degradation efficiency of
> 99.9%2. However, high energy costs are needed because of the
lack of catalysts. Homogeneous catalysts such as metal acetates were
reported active in PET methanolysis®!. However, the homogeneous
nature of these metal salts hindered the wide application of the
above processes. Alternatively, various heterogeneous solid
acid/base catalysts such as metal oxides and zeolites have been
developed for this reaction®» %>, Among these catalysts, zeolites with
abundant acidic sites and rigid microporous channels are
promising for PET methanolysis. However, special reactor such as
microwave autoclave was necessary because the microporous
channels make some active sites unavailable for the large PET
molecule®. At the same time, heterogeneous zinc-containing
catalysts are quite efficient for PET alcoholysis*. Therefore, it is
reasonable to achieve high PET methanolysis activity through the
induction of mesoporous channels and Zn species in zeolites.
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Herein, we report the efficient methanolysis of PET by a
mesoporous Beta zeolite supported Zn catalyst (Zn-Beta-meso).
Due to the presence of abundant mesoporosity and highly
dispersed Zn species, the Zn-Beta-meso is quite efficient for PET
methanolysis, achieving a conversion rate of 99.9%, with a
corresponding yield of 99.9% at 180 °C. Model reactions conclude
that the rate-determining step in PET methanolysis is the
methanolysis of 2-hydroxyethyl methyl terephthalate (MHET) to
form dimethyl terephthalate (DMT) and the Zn species are the
active sites in the Zn-Beta-meso catalyst. Additionally, the Zn-Beta-
meso catalyst is active for the methanolysis of other kinds of PET
such as pigment, terylene, transparent adhesive tape, and
soundproof cotton. Full PET conversion and > 99.0% DMT yield
were achieved when these PET materials were applied as the
reaction substrates.

2 Experimental details

2.1 Materials

Fumed silica (SiO,, 99.5%), petroleum ether (analytical reagent
(AR)), and ethyl acetate (CH;COOCH,CHj;, AR) were purchased
from Aladdin chemical Co., Ltd. Zinc nitrate hexahydrate
[Zn(NO3),6 H,0, AR], sodium aluminate (NaAlO,, commercially
pure (CP)), ammonium chloride (NH,Cl, AR), sodium hydroxide
(NaOH, AR), ethylene glycol (C,H,O,, AR), and ethanol (AR) were
purchased from Sinopharm Chemical Reagent Co., Ltd. O,0'-
(Ethane-1,2-diyl)dimethyl diterephthalate (DMT dimer, 98%) was
purchased from Shanghai Bide pharmaceutical technology Co., Ltd.
DMT (> 99%), terephthalic acid (TPA, > 99%), and bis(2-
hydroxyethyl) terephthalate (BHET, > 85%) were purchased from
TCI (Shanghai) development Co., Ltd. Methanol (CH;OH, high-
performance liquid chromatography (HPLC)) was purchased from
Honeywell (China) Co., Ltd. Hexane (C;H,, HPLC) and 2-
hydroxyethyl methyl terephthalate (MHET, > 97%) were purchased
from Shanghai Macklin biochemical Co., Ltd. Isopropanol (i-
C;H,OH, HPLC) was purchased from J&K scientific Ltd.
Polydimethyldiallylammonium chloride (PDADMAC, 20 wt.%)
was purchased from Sigma-Aldrich Shanghai trading Co., Ltd. H-
Beta-micro (Si/Al = 13), ZSM-5 (Si/Al = 13), and Y (Si/Al = 5)
zeolites were purchased from Nankai catalyst factory. SBA-15
(XFNANO XFF01, pore diameter: 7-9 nm, surface area: 550-
600 m?/g) was purchased from Jiangsu Xianfeng Nano Material
Technology Co., Ltd.

2.2 Synthesis of catalyst

The H-form mesoporous Beta zeolites (H-Beta-meso) sample was
synthesized from PDADMAC as a template reported by our group
with a little modification®. The synthesis procedures were as
follows: 0.080 g of NaAlO, and 0.278 g of NaOH were dissolved
into 12.500 g of water, followed by addition of 0.940 g of fumed
silica. After stirring for 24 h under ambient conditions, 2.400 g of
PDADMAC was added into the gel. After stirring for another 24 h,
the obtained gel was transferred into an autoclave and
hydrothermally treated at 180 °C for 10 days. The obtained zeolite
was separated by centrifugation, washed with a large amount of
water, dried at 80 °C, calcined at 550 °C for 5 h, ion-exchanged with
a 1 mol/L NH,CI solution at 80 °C for two times, and calcined at
500 °C for 3 h to finally obtain the H-Beta-meso sample.

The Zn-Beta-meso sample was synthesized from an
impregnation method. Typically, 0.100 g of H-Beta-meso was
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added into a solution containing 0.041 g of Zn(NO,),-6H,0 and
0.200 g of water. The obtained suspension was ultrasoundly treated
for 1 h and aged at ambient temperature overnight. Then, water
was evaporated by heating at 80 °C, and the obtained solid was
calcined at 550 °C for 5 h to obtain the Zn-Beta-meso catalyst. The
ratio of silicon to aluminum (Si/Al) was determined at 12.5 through
inductively coupled plasma (ICP) analysis.

The syntheses of the Zn-Beta-micro, Zn-ZSM-5, Zn-Y, and Zn-
SBA-15 catalysts were the same as that of the Zn-Beta-meso catalyst
except for the replacement of H-Beta-micro with H-Beta-meso.

2.3 Characterizations

Scanning transmission electron microscopy (STEM) images were
obtained using a TEM-2100F electron microscope (JEOL, Japan)
with an acceleration voltage of 200 kV. Meanwhile, the analysis of
elemental distribution was performed on an Oxford Instruments X-
Max 80T. X-ray diffraction (XRD) was performed using a Rigaku
D/MAX 2550 instrument equipped with a Cu K« radiation source
(A = 1.5418 A). ICP-optical emission spectroscopy (ICP-OES) was
utilized for determining elemental contents. Before tests, the
samples were dissolved with a mixed solution of hydrofluoric (HF)
acid and HNO;. Thermalgravimetric (TG) analysis was conducted
under air atmosphere with a heating rate of 10 °C/min. *C nuclear
magnetic resonance (NMR) spectra were acquired using a Bruker
Avance 400 spectrometer, with the sample dissolved in dimethyl
sulfoxide (DMSO)-d6. Scanning electron microscopy (SEM)
images were captured using a Zeiss Supra 55 at an accelerating
voltage of 10 kV. The experiments for MHET adsorption Fourier
transform infrared (FTIR) spectra were recorded using a VERTEX
70 BRUKER infrared spectrometer equipped with and a high-
temperature reaction cell. The 2,4,6-tritert-butylpyridine adsorption
FTIR (Py-FTIR) spectra were obtained on the same apparatus™®:
Prior to adsorption, the sample was pressured into wafers and
placed into the in-situ cell. The wafer was vacuum-treated at 400 °C
for 1 h and cooled to 200 °C to collect the background spectra.
Subsequently, a tetrahydrofuran solution of 2,4,6-tritert-
butylpyridine (80 L, 0.1 mol/L) was introduced and vacuum
treated at 200 °C until steady. All obtained FTIR spectra had been
automatically background-subtracted.

24 Catalytic methanolysis of PET

The reaction was conducted in a 100 mL stainless steel reactor
equipped with a magnetic stirrer and a heating jacket. Before
reaction, various forms of PET such as tape, soundproofing
material, polyester, and colored plastic bottles were cut into 1 cm x
1 cm squares. These samples were subjected to two rounds of 10-
min ultrasonic treatment in anhydrous ethanol and then dried at
room temperature before being used in reactions. Typically, 0.150 g
of PET, 0.030 g of catalyst, and 20 g of methanol were added into
the reactor. The reactor was then charged with 3 MPa of N,, sealed,
and heated to desired reaction temperature. After a certain period
of time, the reactor was allowed to rapid cooling by cold water. The
solution was then removed by centrifugation to separate the
catalyst, reactants, and product solution. PET conversion was
calculated by weighting. The filtrate was analyzed using HPLC
equipped with a reverse-phase silica gel chromatography column
(GL Sciences, INERSTIL SIL-100A 5UM 2.6 x 250 mm) and an
ultraviolet (UV) detector (254 nm). A gradient elution method was
employed with a mobile phase composed of hexane and
isopropanol. The initial flow rate of isopropanol was set at
0.2 mL/min, increased to 0.8 mL/min after 5 min, maintained until
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15 min, and then decreased to 0.2 mL/min by 20 min. For hexane,
the initial flow rate was 0.6 mL/min, reduced to 0 mL/min after

5 min, maintained for 15 min, and increased back to 0.6 mL/min by

weight of DMT x relative molecular mass of PET

Future

20 min. DMT, MHET, and DMT dimer were quantified using an
external standard method. The equations for calculating DMT,
MHET, and DMT dimer yields were in the following Eqgs. (1)-(3)

Yield of DMT = (

weight of PET x relative molecular mass of DMT

weight of MHET x relative molecular mass of PET

)x 100% (1)

Yield of MHET = (

weight of PET X relative molecular mass of MHET

2 x weight of DMT dimer x relative molecular mass of PET

) %100% )

Yield of DMT dimer = (

For the calculation of PET conversion, the dried solids obtained
by centrifugation were weighed, and the amount of added catalyst
was subtracted to determine the recovered PET after the reaction.
The equation for calculating conversion of PET was in the
following Eq. (4)

weight of recovered PET
weight of feeding PET

PET conversion = (1 - ) x100%

(4)

The recyclability of the catalyst was studied by separating the
catalyst after reaction, washing with ethanol, drying under 80 °C,
and used for the next run. After recycling for 4 times, the used
catalyst was calcined at 550 °C for 5 h in flowing O, (25 mL/min) to
remove the coke species and used for the next run.

3 Results and discussion

3.1 Catalyst characterization and methanolysis of PET to
DMT

For the preparation of Zn-Beta-meso catalyst, mesoporous Beta
zeolite (Beta-meso) was firstly synthesized using PDADMAC as a
dual-function template®. After ion-exchange with NH,CI solution
and calcination, H-Beta-meso was obtained. By loading Zn species
on H-Beta-meso from an impregnation method, Zn-Beta-meso was
finally prepared (see Section 2.2 for detailed information). Fig. 1a
displays representative XRD patterns of ZnO and H-Beta-meso
before and after Zn loading. Both H-Beta-meso and Zn-Beta-meso
showed characteristic peaks associated with *BEA zeolite
structure®™ ¥, while the peaks (31.7°, 34.4° and 36.2°) related to
ZnO phase completely disappeared. These results suggest that the

weight of PET X relative molecular mass of DMT dimer

> x100% (3)

Zn species are highly dispersed on the Zn-Beta-meso sample (Fig.
la). As shown in Supplementary Fig. S1, the Zn-Beta-meso
exhibited peaks at 1045.0 and 1022.2 eV on the Zn 2p X-ray
photoelectron spectroscopy (XPS) spectrum, which are associated
with Zn?* species*® ¥. This result confirms that the Zn species in
the Zn-Beta-meso should be zinc oxide. Fig. 1b shows N,-sorption
isotherms of various catalysts. The H-Beta-meso and Zn-Beta-meso
samples exhibited steep steps in the P/P, ranges of both less than
0.05 and 04-0.8 (Fig. 1b), indicating the presence of both
microporosity and mesoporosity™ %°. After loading the Zn species,
the Zn-Beta-meso had lower surface area and pore volume than
those of H-Beta-meso (Supplementary Table S1), suggesting that
these Zn species might be highly dispersed into these pores, which
is in good agreement with those obtained from the XRD patterns.
Supplementary Fig. S2 gives SEM images of Zn-Beta-meso and H-
Beta-meso samples, exhibiting similar spherical particles with
particle sizes of 600-700 nm. Fig. 2 shows the STEM image and
elemental mappings of Zn-meso-Beta, indicating that Zn species
are highly dispersed on the zeolite support, which is well consistent
with the XRD results (Fig. 1a).

Fig. 3a shows possible reaction route and performances in the
methanolysis of PET over the Zn-Beta-meso. As expected, the Zn-
Beta-meso was efficient for this reaction, giving > 99% PET
conversion and > 99% DMT yield (Fig. 3b) under optimized
conditions (Supplementary Figs. S3 and S4 and Table S2). This
value is comparable to the previously-reported excellent PET
methanolysis catalysts (Supplementary Table S3). In contrast, the
DMT yields of H-Beta-meso and ZnO samples were < 1% and 72%,
respectively (Fig. 3b). In addition, Zn species on conventional Beta
(Zn-Beta-micro), ZSM-5 (Zn-ZSM-5), and Y (Zn-Y) zeolites had
the DMT yields at 61%, 81%, and 86%, respectively (Fig. 3b and
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Fig. 1. Crystallinity and surface areas of ZnO, H-Beta-meso, and Zn-Beta-meso. a, XRD patterns of ZnO and H-Beta-meso before and after loading Zn species. b, N,-
sorption isotherms of ZnO, Zn-Beta-micro, and H-Beta-meso before and after loading Zn species.
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Fig.2. SEM characterization of Zn-Beta-meso sample. a-d, STEM image (a)
and corresponding elemental mappings of Zn (b), Al (c), and Si (d) of the Zn-
Beta-meso sample.

Supplementary Fig. S6). These results suggest that both Zn species
and mesoporosity (Supplementary Table S4) are critical for the
contribution of DMT yields. Furthermore, Zn-Beta-meso is also
active for other kinds of PET materials. Full PET conversion and
high DMT yield at 99%, > 99%, 99%, > 99% were achieved when
bottle with pigment, terylene, transparent adhesive tape, and
soundproof cotton were applied as the reaction substrates,
respectively (Supplementary Fig. S7). These results also showed that
the Zn-Beta-meso was highly efficient for the PET methanolysis
(Supplementary Fig. S7).

The Zn-Beta-meso catalyst is recyclable. After reaction, the
catalyst can be separated by filtration, washed with methanol, and
used for the next run (Fig. 3c and Supplementary Fig. S8). The Zn-
Beta-meso exhibited DMT yields at 99% and 99% in the second
and third run, respectively, which are comparable to the fresh one
(Fig. 3c). However, the DMT yield of the fourth run was decreased
to 91% (Fig. 3c). As observed from STEM image and elemental
mappings of the used Zn-Beta-meso, it was shown that the particle
sizes and elemental distribution of the catalyst were well remained
(Supplementary Fig. S9). Therefore, the reduction of the DMT yield
might be related to the coke formation, as evidenced by TG curve
of the Zn-Beta-meso after used for 4 times. It can be clearly
observed that there was a mass loss of 8.4 wt.% in the temperature
higher than 300 °C (Supplementary Fig. $10)*'. After calcination at
550 °C for 5 h in air to remove the coke of the catalyst, the DMT
yield of the fifth run was back to ~ 99% (Fig. 3c), supporting the
coke formation of the catalyst in the fourth run. Additionally, Zn
species might leach during reaction. As shown in Supplementary
Table S1, the spent Zn-Beta-meso exhibited Zn loading amount at
8.6 wt.%, which is lower than that (9.0 wt.%) of the fresh one. These
results support leaching of Zn species during reaction. In addition,
we performed hot filtration to remove the Zn-Beta-meso catalyst to
test if the leached Zn species is active for PET methanolysis. As
shown in Supplementary Fig. S11, a DMT yield of 85% was
achieved after reaction for 5 min. After hot filtration and reaction
for another 25 min, a comparable DMT yield of 85% was obtained,
showing that the possible leached Zn species was inactive for PET
methanolysis or that the leached Zn species was little.

3.2 Key step in PET methanolysis

It has been reported that the PET methanolysis generally involves
several steps (Supplementary Fig. S12)*. Initially, long-chain PET
molecules undergo methanol-mediated reactions, forming short-
chain PET molecules (methanolysis of terminal and internal ester
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groups). Subsequently, these short-chain PET molecules were
further transformed into DMT dimers, which then gradually
formed DMT products through an equilibrium with MHET*~*.
To compare the methanolysis of ester bonds at different positions,
BHET dimer with both terminal and internal ester groups was
synthesized and its *C NMR spectrum is shown in Supplementary
Fig. S13. Methanolysis of BHET dimer over the Zn-Beta-meso was
performed as a model reaction to simulate reaction mechanism for
PET methanolysis (Fig. 4a). Fig. 4b shows the product distribution
as a function of reaction time. After reaction for 15 min, the Zn-
Beta-meso exhibited MHET and DMT dimer yields at 22.2% and
2.7%, respectively (Fig. 4b). This phenomenon suggests that the
methanolysis of terminal and internal ester groups proceeds
simultaneously. With prolonging reaction time, the MHET first
increased and then decreased. The MHET yields were 29.4%,
34.5%, and 21.0% after reaction for 30, 60, and 90 min, respectively
(Fig. 4b). Interestingly, the DMT vyield significantly increased when
MHET yield decreased with prolonging reaction time. The DMT
yields were 6.4%, 27.2%, and 82.9% after reaction for 30, 60, and 90
min, respectively (Fig. 4b). These results suggest that DMT was
mainly resulted from the methanolysis of MHET. Furthermore, the
reaction rate constants for the methanolysis of BHET dimer, DMT
dimer, and MHET were tested to determine the rates for the
methanolysis of terminal, internal, and MHET ester groups. As
shown in Fig. 4c, the reaction rate constants for BHET dimer, DMT
dimer, and MHET were 0.028, 0.037, and 0.018 min™!, respectively.
The slowest reaction rate for conversion of MHET to DMT
indicates that the methanolysis of MHET is a key step for PET
methanolysis™.

3.3 Insights into the catalytic active sites

Based on the aforementioned results and previous studies, it is
suggested the mechanism of PET methanolysis over the Zn-Beta-

Future

meso catalysts, as shown in Supplementary Fig. S12. At first, the
long-chain PET molecules were attacked by methanol from the end
of chain, then conducting stepwise ester-exchange reactions inward,
resulting in the formation of numerous PET short chains, which
were then transformed into MHET. Subsequently, further ester-
exchange reactions lead to the production of the final product of
DMT from MHET. Due to relatively low concentration, the
generated ethylene glycol does not undergo ester exchange to form
BHET. Consequently, this substance remains undetectable during
the reaction process (Fig. 3b).

Then, the catalytic active sites for MHET methanolysis were
detected. It has been reported that acidic sites might be active for
the methanolysis*. Considering the bulky molecules of the long
PET chain, the reaction should occur on the external acidic sites of
the Zn-Beta-meso samples. To quantify the relationship between
catalytic activity and external acidic concentration, we performed in-
situ FTIR spectra of 2,4,6-tritert-butylpyridine on Zn-Beta-meso
catalysts with different Zn loadings®. Notably, these Zn-Beta-meso
catalysts exhibited comparable acidic sites on the external surface
(Supplementary Fig. S14). Because of quite different catalytic
performances in the methanolysis of MHET, similar acidic sites on
the external surface of these catalysts should not be a major factor
for the PET methanolysis. As Zn specie is active for the
methanolysis of PET, the reaction rate as a function of Zn loading
amounts over Zn-Beta-meso with different Zn loading amounts
was studied (Fig. 5). Interestingly, dependence of the activities in
methanolysis of PET on Zn loading in the Zn-Beta-meso catalysts
exhibited a linear relationship (Fig. 5), meaning that the Zn species
should be major active sites for the PET methanolysis.

4 Conclusions

In this work, we reported preparation of zinc species supported on
mesoporous Beta zeolite from a simple impregnation. The resulting
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Zn-Beta-meso catalyst was efficient for the methanolysis of PET,
achieving about 99.9% DMT yield at 180 °C after reaction for
30 min, outperforming other Zn-containing catalysts. By employing
the methanolysis of BHET dimer as a model, it was observed that
the key step in PET methanolysis was the methanolysis of MHET
to form DMT, where the Zn species are major active sites. In
addition, the Zn-Beta-meso catalyst was active for the methanolysis
of various PET substrates. When bottle with pigment, terylene,
transparent adhesive tape, and soundproof cotton were applied as
the substrates, full PET conversion and DMT yield higher than
99.0% were obtained. This work might be helpful for the
development of efficient heterogeneous catalysts for PET
methanolysis in the future.
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