
First-Row Transition Metal-Containing Ionic Liquids as Highly Active
Catalysts for the Glycolysis of Poly(ethylene terephthalate) (PET)
Qian Wang,†,‡ Yanrong Geng,† Xingmei Lu,*,† and Suojiang Zhang*,†

†Beijing Key Laboratory of Ionic Liquids Clean Process, Key Laboratory of Green Process and Engineering, Institute of Process
Engineering, Chinese Academy of Sciences, Beijing 100190, P.R. China
‡College of Chemistry, Chemical Engineering and Materials Science, Shandong Normal University, Jinan, Shandong 250014, P.R.
China

*S Supporting Information

ABSTRACT: First-row transition metal-containing ionic liquids (ILs) were synthesized
and used to catalyze the degradation of poly(ethylene terephthalate) (PET) in ethylene
glycol (EG). One important feature of these IL catalysts is that they have good thermal
stability, and most of them, especially [bmim]2[CoCl4] (bmim = 1-butyl-3-methyl-
imidazolium) and [bmim]2[ZnCl4], exhibit higher catalytic activity, compared with
traditional catalysts, conventional IL catalysts, and some functional ILs. For example,
utilizing [bmim]2[CoCl4] as catalyst, the conversion of PET, selectivity of bis-
(hydroxyethyl) terephthalate (BHET), and mass fraction of BHET in products reach
up to 100%, 81.1%, and 95.7%, respectively, under atmospheric pressure at 175 °C for
only 1.5 h. Another important feature is that BHET can be easily separated from these IL
catalysts and has high purity. Moreover, recycling results show that [bmim]2[CoCl4]
worked efficiently after being used six times. These all show that [bmim]2[CoCl4] is an
excellent IL catalyst for the glycolysis of PET. Finally, based on in situ IR spectra and
experimental results, the possible mechanism of degradation with synthesized IL is proposed.
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■ INTRODUCTION

Poly(ethylene terephthalate) (PET) is one of the multifunc-
tional plastics that is widely used as mineral water bottles, soda
bottles, food packaging, synthetic fibers, and insulation
materials.1−5 The annual world global consumption of PET
packaging was almost 15.5 million tons in 2009, while it is
expected to reach 19.1 million tons by 2017, a 5.2% increase
per annum.6 With such a large consumption, the effective
recycling of PET wastes has become an important issue in the
polyester industry and is one of the most important ways of
changing “white pollution” into “green resources”. At present,
the recycling of PET wastes mainly depends on chemical and
physical methods. The quality of the product obtained by the
physical method is poor, while the corresponding monomers or
raw chemicals could be successfully obtained in chemical
recycling and reused for the production of plastic or other
advanced materials with good quality.7,8 So chemical recycling
is the most attractive method and has been widely studied.
Several chemical degradation methods such as methanolysis,
hydrolysis, and glycolysis have been reported. Glycolysis is
important because the method has the following advantages:
(1) Reaction conditions are milder. (2) The solvent is less
volatile. (3) The main product bis(hydroxyethyl) terephthalate
(BHET) can be used to make dimethyl terephthalate-based or
terephthalic acid-based PET production units, textile softener,
and unsaturated polyester resins.9 It was reported that metal
acetates, such as zinc acetate, manganese acetate, cobalt acetate,

and lead acetate10−12 can catalyze the degradation of PET
wastes, but higher temperature and pressure are usually needed.
Also, the product is difficult to separate from the catalysts. So
the development of new catalysts that can effectively degrade
PET wastes into BHET under milder conditions is important.
Ionic liquids (ILs) are endowed with environmentally

friendly solvents and catalysts and have been widely studied
due to their unique properties, such as nonflammability,
negligible volatility, high conductivity, and a wide electro-
chemical window.13−20 Among these, metal-containing ILs, as a
promising subclass of charged liquids, have a more promising
application potential and have been one of the current research
focuses because they combine the properties of ILs with
catalytic, photophysical/optical, or magnetic properties of the
incorporated metal salts.21−27 ILs that contain aluminum,
palladium, gold, ruthenium, and platinum (but also iron, zinc,
copper, or nickel) have been successfully used in catalysis.28,29

It has been reported that ILs could be used in the degradation
of PET, and metal-containing ILs showed good catalytic
activity. Troev et al. found that depolymerization of poly-
(ethylene terephthalate) fiber proceeds faster in the presence of
titanium(IV) phosphate compared with traditionally used
compounds like ZnAc2.

11 Our previous work found that
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conventional ILs,9 Fe-containing magnetic IL,22 and metallic
acetate ILs25 all can be used to catalyze the degradation of PET.
Although both PET convention and BHET selectivity are not
high enough, the catalytic activity is constantly improved, which
explains that the catalytic efficiency can be enhanced by
appropriate functional design for ILs, especially the metal
functionalization of the ions of ILs.
In this study, first-row transition metal-containing ILs were

synthesized and characterized by TGA and element analysis
(Supporting Information), and these IL catalysts were used to
catalyze the glycolysis of PET. Higher conversion of PET,
selectivity of BHET, and mass fraction of BHET in products
can be obtained using most of this type of ILs under moderate
reaction conditions. The influences of experimental parameters
on the degradation of PET were investigated when
[bmim]2[CoCl4] was used as the catalyst. The recycling use
of the catalyst and residual solvent were carried out. Moreover,
the possible mechanism of the degradation process with the
new catalysts was proposed based on in situ IR and
experimental results.

■ MATERIALS AND METHODS
Experimental Materials. PET pellets (2.0 mm × 2.5 mm × 2.7

mm, ∼30 mesh) were supplied by Jindong Commercial Co., Ltd.,
Jiangsu Province, China. Their average molecular weight was measured
in a 60:40 (w/w) phenol/1,1,2,2-tetrachloroethane solution at 25 °C
and was found to be 2.63 × 104 g mol−1. 1-Butyl-3-methylimidazolium
chloride ([bmim]Cl) was purchased from Henan Lihua Pharmaceut-
ical Co., Ltd., China. The other reagents for synthesizing ILs and
degrading PET, such as manganese dichloride (MnCl2), anhydrous
ferric trichloride (FeCl3), cobalt dichloride (CoCl2), nickel chloride
(NiCl2), copper chloride (CuCl2), zinc chloride (ZnCl2), chromic
chloride (CrCl3), dichloromethane, EG, phenol, and 1,1,2,2-tetra-
chloroethane (99% purity), were obtained from Sinopharm Chemical
Reagent Beijing Co., Ltd., China. The materials were used without
further treatment. ILs were synthesized according to the synthesis
methods of the other metal-containing ILs.22−26

Synthesis of ILs. A series of first-row transition metal-containing
ILs were synthesized by mixing the crystal powder of [bmim]Cl with
MnCl2, CoCl2, NiCl2, CuCl2, or ZnCl2 with a molar ratio of [bmim]Cl
to metal chloride of 2:1 at 50−80 °C for 5−8 h ([bmim]Cl with FeCl3
and CrCl3 at 1:1 at 50 °C for 3 h) until the clear, transparent,
homogeneous target liquids appear. The obtained ILs were extracted
with small portions of dichloromethane and then water at least three
times. The residual dichloromethane and water in ILs were evaporated
by a vacuum rotary evaporator at 50 °C, and finally, the resulting clear
colorful ILs were dried in a vacuum oven at 60 °C for 24 h. These ILs
have been characterized by TGA and element analysis to confirm the
structures of the ILs, and one of them is shown in Figure S1 and Table
S1 of the Supporting Information. TGA curve of [bmim]Cl was
compared with that of Co-containing IL, which indicated that Co-
containing IL had a higher thermal stability than [bmim]Cl, and the IL
is not the physical mixture of [bmim]Cl and CoCl2. Table S1 shows
that the measured values of every elements in the Co-containing IL are
consistent with the theoretical values of [bmim]2[CoCl4], which
indicates that the synthesized IL is [bmim]2[CoCl4]. The character-
ations and analysis of the other ILs are similar to that of
[bmim]2[CoCl4]. The results show that the obtained ILs are
[bmim][CrCl4], [bmim][MnCl3], [bmim][FeCl4], [bmim]2[NiCl4],
[bmim]2[CuCl4], and [bmim]2[ZnCl4].
General Procedure for Catalytic Degradation of PET. In each

experiment, the PET pellets, ILs, and EG with a certain weight were
charged into a 50 mL round-bottomed three-necked flask equipped
with a thermometer and a reflux condenser. The degradation reactions
were carried out under atmospheric pressure at reaction temperatures
ranging from 130 to 190 °C for reaction times of 0.5−4 h. The flask
was immersed in an oil bath at a specific temperature for the required

time. When each reaction finished, the reaction mixture was cooled to
room temperature. Then an excess amount of distilled water was
added to separate the undepolymerized PET pellets from the products.
The undepolymerized PET was dried at 70 °C to constant weight and
weighted to calculate the conversion of PET, which is defined by eq 1

=
−

×
W W

W
Conversion of PET 100%0 1

0 (1)

where W0 represents the initial weight of PET, and W1 represents the
weight of undepolymerized PET. Meanwhile, the degradation products
were separated according to the separation method that is the same or
similar system in the literatures.5,9,22,23 The degradation products were
vigorously agitated after about 900 mL of cold distilled water was
added and then filtered (the distilled water would dissolve the
remaining EG, catalyst, and monomer). The collected filtrate in this
step was concentrated to about 70 mL by vacuum rotary evaporator at
about 50 °C. The concentrated filtrate was stored in a refrigerator at 0
°C for 12 h. White needle-like crystals were formed in the filtrate and
then filtered and dried. This was the main product, and character-
ization shows that it is a BHET monomer. The insoluble fraction in
water was dimers and oligomers. The selectivity of BHET and mass
fraction of BHET in products are calculated, respectively, using eqs 2
and 3

=

×

Selectivity of BHET
moles of BHET

moles of depolymerized PET units

100% (2)

= ×Mass fraction of BHET in products
weight of BHET

weight of all products
100%

(3)

Analytical Methods. Elementary analysis results of ILs and the
main product were performed by a Vario EL cube (Elementar,
Germany). The main product was analyzed by NMR (ECA-600,
JEOL, Japan) in a d6-DMSO solution. The GC-MS spectrum was
collected using a 6890N Network GC system and a 5975B intert MSD
(Agilent, U.S.A) with an Agilent 19091s-433 column under the
conditions of an oven temperature of 230 °C, injection temperature of
230 °C, and solvent acetonitrile. Mass spectra were performed on a
microTOF instrument (Bruker, Germany) with electrospray ionization
(ESI). The UPLC spectrum was measured using a ACQUITY UPLC
with TUV detector and BET C18 column (Waters, U.S.A.). FT-IR
spectra were obtained using a Nicolet 380 spectrometer (Thermo
Fisher Scientific, U.S.A.). XRD spectra of the main product and PET
material were tested by a D8 Focus (Bruker, Germany), and SEM
images were examined by A XL30S-FEG scanning electron
microscopy (Philips, Holand) operated at 40 kV and 10 mA with
nickel filtered Cu Kα radiation (λ = 1.54060 Å). The DSC scan of the
main product was obtained using DSC1 (Mettler-Toledo, Switzerland)
by heating from room temperature to 200 °C at a rate of 10 °C/min in
an atmosphere of nitrogen. DTG-60H (SHIMADZU, Japan) was used
to measure the weight loss of the ILs, product, and PET material in a
nitrogen atmosphere during a temperature range from room
temperature to 700 °C, also at a heating rate of 10 °C/min.

■ RESULTS AND DISCUSSION
Thermal Stability Analysis of ILs. The decomposition

temperatures of all the synthesized ILs have been summarized
in Table 1. These metal-containing ILs showed outstanding
thermal stability as inferred from thermogravimetric results.
The decomposition temperature of metal-free IL [bmim]Cl has
also been tested for comparison purposes to evaluate how the
connection of complexation anions affects the thermal stability.
As shown in the same table, the introduction of complexation
anions into ILs significantly enhanced their thermal stability.27

Qualitative Analysis of the Main Product. The main
product obtained in the degradation of PET in EG catalyzed by
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[bmim]2[CoCl4] was characterized by GC-MS, NMR, ESI-MS,
UPLC, and element analysis. The GC-MS spectrum (Figure 1)

showed that the main product at 14.1 min in the GC
chromatogram is BHET, and the product has high purity
because there is no extra peak except the one for the solvent at
1.163 min (acetonitrile). 1H NMR and 13C NMR spectra are
reproduced in Figure 2. The signal at δ 8.1 ppm indicates the
presence of the four aromatic protons of the benzene ring.
Signals at 4.3 and 3.7 ppm represent the methylene protons of
COO−CH2 and CH2−OH, respectively. The peak at δ 4.9 ppm
is characteristic of the protons of the hydroxyl. Moreover, the
information on 13C NMR is in accordance with those predicted
in 1H NMR, which also shown in Figure 2. It is clear from the
ESI-MS in Figure 3 that the peak up to m/e 277 with intensity
almost 100% was obtained. This peak is related to the main
product ionized by Na+ (in electrospray ionization, the fraction
could be ionized by H+, Na+, or K+). Thus, the molecular
weight of the main product is 254 g/mol, which is the same as
the molecular weight of BHET. At the same time, the only peak
in the UPLC spectrum from Figure 4 indicates that purity of
the main product obtained in our research is high. Element
analysis results of the main product were compared with
theoretical values of BHET in Table 2. It is clearly shown that
the measured values of every elements in the main product are
consistent with theoretical values of BHET and that the main
product is chlorine free, which indicates that the main product
is easily separated from the catalysts. Therefore, it can be

concluded from these characterizations that BHET with high
purity can be effectively obtained by this method.
Physical properties of BHET were studied by XRD, SEM,

DSC, and TGA. Figure 5 shows the XRD pattern of BHET in
comparison with that of the PET material. PET exhibits a
typical diffraction pattern due to the crystalline structure of this
polyester, with broader diffraction peaks at 2θ = 16.4°, 17.7°,
and 23.0°. Obviously, the diffraction peaks of BHET become
narrower and are of higher relative intensity, which illustrates
that BHET has high crystallinity and that its crystalline
structure is different from that of PET. The diffraction angle,

Table 1. Decomposition Temperature of the Synthesized ILs

ILs decomposition temperature (°C)

[bmim][CrCl4] 333.28
[bmim][MnCl3] 310.81
[bmim][FeCl4] 361.26
[bmim]2[CoCl4] 270.55
[bmim]2[NiCl4] 331.89
[bmim]2[CuCl4] 269.92
[bmim]2[ZnCl4] 327.77

[bmim]Cl 244.49

Figure 1. GC-MS spectra of the main product: (a) GC spectrum of
the main product and (b) MS spectrum of the main product.

Figure 2. NMR patterns of the main product: (a) 1HNMR patterns of
the main product and (b) 13CNMR patterns of the main product.

Figure 3. ESI-MS spectrum of the main product.

Figure 4. UPLC spectrum of the main product.

Table 2. Element Analysis Results of BHET

BHET C (%) H (%) O (%) Cl (%)

measured value 56.76 5.73 37.84 0
theoretical value 56.69 5.51 37.80 −
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crystal spacing, and relative intensity of BHET are shown in
Table S2 of the Supporting Information. SEM images in Figure
6 clearly show that BHET has a columnar structure, which is

different from that of the PET material. In the DSC curve in
Figure 7, there is a sharp endothermic peak, and the melting

onset temperature and peak temperature of BHET are 108.30
and 109.81 °C, respectively. The TGA curve of PET in Figure 8
shows significant weight loss at 410 °C. This weight loss is
attributed to the thermal decomposition of the PET material.
The TGA curve of BHET exhibits two clear weight loss
processes. The first weight loss is about 32% with an onset
temperature at 240 °C because of the thermal decomposition of
BHET. The other weight loss is about 60% with an onset
temperature at 409 °C because of the thermal decomposition of
PET polymerized by BHET. These are both consistent with the
literature.11

Influences of Reaction Conditions on PET Degrada-
tion. The synthesized first-row transition metal-containing ILs

were used in the catalytic degradation of PET, and the results
are summarized in Table 3. The results show that most of the

first-row transition metal-containing ILs exhibit higher catalytic
activity for degradation of PET than conventional ILs reported
in the literature, such as [bmim]Cl, [bmim][H2PO4], [bmim]-
[HSO4], and [bmim]Br,9 and [bmim]2[CoCl4] and
[bmim]2[ZnCl4] show much higher depolymerization ability.
However, PET did not dissolve in EG when [bmim][CrCl4]
and [bmim]2[CuCl4] were used as the catalysts. In the
following study, we select [bmim]2[CoCl4] as the catalyst.
The effect of PET particle size on degradation of PET is

shown in Table 4. It shows that the time needed for complete
degradation PET is gradually shortened with the decrease in
PET particle size. When the PET particle size was 40−60 mesh,
it only took 1.5 h for the complete degradation of PET, but the
selectivity and mass fraction of BHET in products decreased
slightly. This is because the smaller the particle size is, the more
bumpy the particle surface and the greater the specific surface
area that PET could interact with EG and catalyst; thus the
complete degradation could be achieved in a shorter time.
However, there is an equilibrium reaction between BHET and

Figure 5. XRD patterns of PET and BHET.

Figure 6. SEM images of PET material and the BHET: (a) SEM image
of PET material and (b) SEM image of BHET.

Figure 7. DSC curve of BHET.

Figure 8. TGA curves of the PET material and BHET.

Table 3. Degradation of PET by Different IL Catalysts

source cat.
conversion
of PET (%)

selectivity
of BHET

(%)

mass fraction of
BHET in

products (wt %)

this
worka

− 1.2 2.7 1.6
[bmim][CrCl4]

c 1.7 4.2 2.3
[bmim][MnCl3] 86.7 72.1 84.7
[bmim][FeCl4] 94.7 58.9 76.4
[bmim]2[CoCl4] 100 77.8 89.7
[bmim]2[NiCl4] 45.0 64.3 74.7
[bmim]2[CuCl4] 6.7 9.8 93.4
[bmim]2[ZnCl4] 99.6 77.4 89.5

ref 9b [bmim][H2PO4]
c 6.9 − −

[bmim][HSO4]
c 0.5 − −

[bmim]Cl 44.7 − −
[bmim]Br 98.7 − −

aReacion conditions: PET size, 2.0 mm × 2.5 mm × 2.7 mm; PET, 5
g; EG, 20 g; cat., 1 g; 1 atm; 170 °C; and 4 h. bReacion conditions:
PET size, 2.0 mm × 2.5 mm × 2.7 mm; PET, 5 g; EG, 20 g; cat., 1 g; 1
atm; 180 °C; and 8 h. cReaction temperature: dependent on the
azeotropic temperatures of [bmim][CrCl4] and EG, 160 °C;
[bmim][H2PO4] and EG, 175 °C; and [bmim][HSO4] and EG, 170
°C.
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oligomers. The degraded BHET can polymerize into oligomers,
resuting in decreased monomer selectivity.
Figure 9 presents the influence of the amount of the catalyst

on the degradation of PET. It is observed that when the catalyst

was added, the conversion of PET, selectivity of BHET, and
mass fraction of BHET in products increased rapidly, much
higher than the values obtained without catalyst. When the
amount of catalyst was 1.0 g, the conversion of PET was 100%,
and the mass fraction of BHET in products can reach more
than 85% when the catalyst was added, a significant increase
compared to 4.74% when no catalyst was added. Therefore, the
catalyst significantly improves the glycolysis rate of PET. The
selectivity of BHET first increases and then decreases slightly
with an increase in the amount of catalyst. It may be that when
a certain amount of catalyst was added, the initial degradation
rate is faster, a large of monomer was accumulated rapidly in a
short time, and part of the monomer was polymerized to
dimers or oligomers in the heating process as the reaction
further progresses.
The effect of reaction temperature on the degradation of

PET is shown in Figure 10. It shows that the reaction
temperature obviously influences the degradation of PET. The
conversion of PET increases as the reaction temperature rises,
which reaches 100% when the temperature is 175 °C or higher.
The selectivity of BHET reaches a maximum value (77.8%)
when the temperature is set at 170 °C with 92.8% PET
conversion, and the variation trend of the mass fraction of
BHET in the products is consistent with that of the selectivity
of BHET, which may be that the high temperature is good for
the PET chain being broken up into monomer units. However,
higher temperature can make part of the BHET monomer
polymerize into dimers or oligomers as the reaction progresses.
In addition, the degradation of PET catalyzed by
[bmim]2[CoCl4] starts from 130 °C, lower than that catalyzed

by [bmim][FeCl4] (140 °C) and traditional catalysts, such as
zinc acetate (150 °C).26,30 Therefore, [bmim]2[CoCl4] has the
best low-temperature catalytic activity for the degradation of
PET in EG, and this catalytic glycolysis process is more energy
efficient.
Figure 11 presents the influence of reaction time on the

degradation of PET. It is observed that with an increase in

reaction time from 0.5 to 3.0 h, the conversion of PET
increases sharply. When the reaction time was extended to 3 h,
the conversion of PET could reach 100% at a reaction
temperature of 170 °C. The selectivity and mass fraction of
BHET in products reach maximum values (77.8% and 88.7%)
when the reaction time was 1.5 h. This is because there is an
equilibrium reaction between BHET and oligomers. With the
reaction time extending, the BHET will polymerize into
oligomers.

Table 4. Influence of PET Particle Size on Degradation of PETa

PET particle size time (h) conversion of PET (%) selectivity of BHET (%) mass fraction of BHET in products (wt %)

2.0 mm × 2.5 mm × 2.7 mm 4 100 77.8 89.7
2.0 mm × 2.5 mm × 2.7 mm, ∼12 mesh 3.5 100 74.2 89.3

12−14 mesh 3 100 74.1 89.0
14−20 mesh 2.2 100 73.8 88.7
20−30 mesh 1.8 100 73.5 88.6
40−60 mesh 1.5 100 73.4 88.3

aReaction conditions: PET, 5 g; EG, 20 g; cat., 1 g; 1 atm; and 170 °C.

Figure 9. Effect of the amount of the catalyst on the degradation of
PET. Reaction conditions: PET size, 40−60 mesh; PET, 5 g; EG, 20 g;
1 atm; 170 °C; and 1.5 h.

Figure 10. Effect of reaction temperature on the degradation of PET.
Reaction conditions: PET size, 40−60 mesh; PET, 5 g; EG, 20 g; cat.,
0.5 g; 1 atm; and 1.5 h.

Figure 11. Effect of reaction time on the degradation of PET. Reaction
conditions: PET size, 40−60 mesh; PET, 5 g; EG, 20 g; cat., 0.5 g; 1
atm; and 170 °C.
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Figure 12 presents the influence of the amount of EG on the
degradation of PET. It shows that PET conversion stays at

100% with an increase in the amount of EG from 20 to 40 g,
while BHET selectivity and mass fraction of BHET in products
both have maximum values at 35 g. The maximum values are
79.6% and 93.6%, respectively. This may be attributed to the
concentration change of the catalyst, which will affect the
contact area among catalyst, EG, and PET.
Figure 13 presents the influence of the amount of PET on

the degradation of PET. It shows that PET can be competely

degraded with an increase in the amount of PET from 2 to 7 g,
while the selectivity and mass fraction of BHET in products
have maximum values (81.1% and 95.7%, respectively) when
the amount of PET is 3 g because the mass ratio of PET, EG,
and catalyst can infulence the equilibrium shift between BHET
and oligomers.
PET particle size, reaction temperature, and reaction time

play key roles in the degradation of PET, and the optimization
conditions were obtained by the study on the effects of reaction
conditions. Under the optimization conditions (EG, 35 g;
[bmim]2[CoCl4], 0.5 g; PET, 3 g; PET size, 40−60 mesh; 175
°C; and 1.5 h), the conversion of PET, selectivity of BHET, and
mass fraction of BHET in products are 100%, 81.1%, and
95.7%, respectively.
Recycling of Residual EG and Catalyst. From the

viewpoint of environmental conservation and the economics of

the process, recycling of the residual EG and the catalyst is
absolutely required after the degradation of PET. After BHET
was filtered from the liquid phase, the residual EG and catalyst
in the filtrate were recovered by vacuum evaporation at 65 °C,
stored in a vacuum oven at 60 °C for 12 h, and then supplied a
certain amount of EG until the weight is equal to the initial
weight of fresh EG and catalyst. The conversion of PET in
recycled EG and [bmim]2[CoCl4] was detected, and the result
is listed in Table 5. It shows that recycled [bmim]2[CoCl4] still
kept high catalytic activity and worked efficiently in the sixth
recycling.

The recovered [bmim]2[CoCl4] after recycling six times was
characterized by FT-IR and Raman spectra in comparison with
the fresh one. The results are shown in Figures 14 and 15. It is

shown in Figure 14 that the characteristic peaks in the IR
spectrum of the recovered [bmim]2[CoCl4] are consistent with
that of the fresh one, and the Raman spectra in Figure 15 show
the same results, which explain that the structure of the
recovered catalyst after recycling six times has not been
changed.

Degradation Mechanism of PET. The reaction process
showed a beautiful color change. It changed gradually from
pink to blue with the temperature increasing from 20 to 120 °C
and then kept blue from 120 °C to the reaction temperature.
The color comes back to pink from blue when the temperature
decreased from reaction temperature to 120 °C and kept pink
from 120 to 20 °C. This maybe results from the interaction
between EG and the catalyst.32 In-situ IR spectra of the
reactants are given in Figure 16. It is shown that the hydroxyl
vibration shows an obvious 70 cm−1 red shift from 3376 to

Figure 12. Effect of the amount of EG on the degradation of PET.
Reaction conditions: PET size, 40−60 mesh; PET, 5 g; cat., 0.5 g; 1
atm; 175 °C; and 1.5 h.

Figure 13. Effect of the amount of PET on the degradation of PET.
Reaction conditions: PET size, 40−60 mesh; cat., 0.5 g; 1 atm; 175 °C;
and 1.5 h.

Table 5. Recycling and Reuse of Residual EG and
[bmim]2[CoCl4]

a

recycle
times

conversion of
PET (%)

selectivity of
BHET (%)

mass fraction of BHET in
products (wt %)

0 100 81.1 95.7
1 100 83.9 97.1
2 100 83.2 96.8
3 100 81.8 95.9
4 100 82.5 95.4
5 100 81.7 95.6
6 100 81.0 95.1

aReaction conditions: PET size, 40−60 mesh; PET, 3 g; EG, 35 g; cat.,
0.5 g; 1 atm; 175 °C; and 1.5 h.

Figure 14. IR spectra of fresh [bmim]2[CoCl4] and recovered
[bmim]2[CoCl4].
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3448 cm−1 with the temperature increasing from 20 to 170 °C
using [bmim]2[CoCl4] as the catalyst, as shown in Figure
16(a). But the red shift of the hydroxyl vibration is only 34
cm−1 when the reactant is only EG, shown in Figure 16(b).
This indicates that the interaction between EG and catalyst can
activate the hydroxy in EG and then enhance its ability to
interact with the ester group in PET. To further understand the
effect of the interaction between EG and catalysts on the PET
degradation, the in situ IR spectra using [bmim][CrCl4] and
[bmim][FeCl4] as the catalysts were also measured. The red
shifts of the hydroxyl vibration also happened and are 37 and
42 cm−1, respectively. So the intensity of the red shifts follows
the order: [bmim]2[CoCl4] > [bmim][FeCl4] > [bmim]-
[CrCl4] > without catalyst. The order is consistent with the
catalytic activity of these catalysts in the glycolysis process of
PET, which further explains that the interaction between EG
and catalyst can promote PET glycolysis and plays an
important role in the PET glycolysis process.
Therefore, a mechanism of PET degradation catalyzed by

[bmim]2[CoCl4] is proposed based on the in situ IR and
experimental results and is illustrated in Scheme 1. [CoCl4]

2−

first interacts with the hydrogen of the hydroxyl in EG and
[bmim]+ interacts with the oxygen in the ester of PET. Then
the oxygen in the ester of PET attacks the carbon cation of the
ester group in PET more easily and finally results in the
disconnection of the long molecule chain of PET. The higher
catalytic activity might be attributed to the synergic effect
between cation and anion of the catalysts.

■ CONCLUSIONS
First-row transition metal-containing ILs have good thermal
stability and can catalyze the degradation of PET in EG.
[Bmim]2[CoCl4] and [bmim]2[ZnCl4] exhibit higher catalytic
activity under mild reaction conditions. The influences of
experimental parameters on the degradation of PET were
investigated when [bmim]2[CoCl4] was used as the catalyst.
PET particle size, reaction temperature, and reaction time play
key roles in the degradation of PET. The recycled experiments
show that [bmim]2[CoCl4] worked efficiently, although it had
been used six times, which overcame the drawback that
conventional catalysts are difficult to recycle. Moreover, based
on in situ IR spectra and experimental phenomenon, the
mechanism of this degradation process was proposed and
showed that the high catalytic activity was attributed to
[CoCl4]

2− interacting with the hydrogen of the hydroxyl in EG
and the [bmim]+ interacting with the oxygen in the ester of

Figure 15. Raman spectra of fresh [bmim]2[CoCl4] and recovered
[bmim]2[CoCl4].

Figure 16. In-situ IR spectra: (a) The color changes during reaction
process and in situ IR spectra of reactants catalyzed by
[bmim]2[CoCl4]. (b) In situ IR spectra of EG. (c) In situ IR spectra
of EG catalyzed by [bmim][CrCl4]. (d) In situ IR spectra of EG
catalyzed by [bmim][FeCl4].
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PET. It is believed that this study provides much important
information for the efficient recycling of PET wastes, and those
ILs with metal complex anions can be used for many purposes,
not just catalysts, due to their good thermal stability and
magnetic, catalytic, and optical properties.
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