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Abstract
An efficient method for chemical recycling of bio-based polymers Poly(3-hydroxybutyrate) (PHB) wastes was established 
from the perspective of biorefinery. This methanolysis reaction archived successfully transformation PHB into correspond-
ing monomer catalyzed by imidazolium-based Fe-containing ionic liquid, 1-butyl-3-methylimidazolium tetrachloroferrate 
 ([Bmim]FeCl4). Compared with  FeCl3 or ionic liquid [Bmim]Cl, this ionic liquid showed excellent catalytic performance. 
The obtained product methyl 3-hydroxybutyrate (M3HB) with high purity, as a chemical raw material, can be used in various 
fields. Investigation also indicated that the thermal stability of catalyst played an important role in this reaction, this ionic 
liquid could be reused for six times without apparent decrease in the conversion of PHB or yield of M3HB. Furthermore, the 
effects of experimental factors, such as temperature, time, catalyst dosage and methanol dosage on the methanolysis results 
of PHB were examined. Kinetic study indicated that this reaction was first-order kinetic reaction with activation energy of 
27.44 kJ/mol. Additionally, a possible mechanism of PHB methanolysis was proposed.
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Introduction

With the development of economy and technology, plas-
tic products have been widely used in all aspects, which 
makes our lives convenient, and at the same time leads to 
the serious social and environmental problems [1]. Poly(3-
hydroxybutyrate) (PHB) or poly(β-hydroxybutyrate) as a 
kind of biodegradable and biocompatible materials [2], can 

be used in food packages, biomedical, tissue engineering and 
many other fields [3–6]. In the near future, PHB will have 
great potential to replace the traditional plastics. With the 
rapid growth of PHB materials production and consump-
tion, PHB wastes will become more and more. Although 
PHB can be degraded naturally in the environment, its deg-
radation period is much longer. Therefore, the technology of 
chemical recycling PHB has attracted much more attention 
by researchers [7, 8].

Recently, various methods for recycling PHB, such as 
pyrolysis [8–10], hydrolysis [11–14] and alcoholysis [15–18], 
have been reported in many previous references. However, it 
was very difficult to recover the corresponding monomers or 
high value-added products in those reported methods. Such 
as thermal pyrolysis [8], the reaction temperature was carried 
out from 170 to 300 °C, the obtained products were mixtures, 
including crotonic acid (CA) and well-defined oligomers and 
cyclic oligomers. The hydrolysis of PHB does not need high 
temperature and high pressure, but a large amount of inorganic 
acid or alkali was used as catalyst. They need to be neutralized, 
washed and other operations, which leaded to process cumber-
some, equipment corrosion, environmental pollution and other 
issues [13]. Moreover, these catalysts cannot be reused for the 
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next time [14]. Enzyme was used as catalyst in degradation of 
PHB had been reported [19, 20], but the final products con-
taining a large of enzyme, which was very difficult to separate. 
Compared with the above mentioned methods, photocatalytic 
degradation of PHB could overcome those shortcomings [21, 
22], but its degradation period was too long and the composi-
tion of the obtained product was also complex.

Ionic liquids (ILs) as a new kind of medium and soft func-
tional materials, they are developed under the framework of 
“green chemistry”. Due to their unique properties [23–25], 
such as non-volatile, low flammability, excellent thermal sta-
bility, good solubility, adjustable physical and chemical prop-
erties, they have been widely used in many chemical reac-
tions, for instance organic synthesis [26, 27], catalysis [28], 
extraction [29, 30], electrochemistry [31, 32] and other fields. 
Recently, ILs have been used to catalyze the degradation of 
polymers, such as polyethylene (PE) [33], polyamide (PA) 
[34], poly(ethylene terephthalate) (PET) [35–37], polycarbon-
ate (PC) [38, 39] and poly(lactic acid) (PLA) [40, 41]. Science 
2010, metal-containing ILs have attracted much more attention 
by some researchers. Wang et al. [35] and Yue et al. [36] used 
Fe or Zn-containing ILs, Al-Sabagh et al. [37] reported Cu- 
and Zn-acetate containing ILs in the PET glycolysis, which 
also showed higher catalytic activity. In this study, a series of 
imidazolium-based Fe-containing magnetic ILs with different 
molar fraction were synthesized, and used as catalysts in the 
methanolysis of PHB, a higher conversion of PHB and yield 
of M3HB were obtained. Compared with the Brønsted acidic 
IL 1-methyl-3-(3-sulfopropyl)-imidazolium hydrogen sulfate 
 ([HSO3-pmim][HSO4]) [42], 1-butyl-3-methylimidazolium 
tetrachloroferrate  ([Bmim]FeCl4) showed better catalytic 
activity in the methanolysis of PHB. The influences of reac-
tion parameters on the conversion of PHB and the yield of 
M3HB were discussed in detail. Additional, the mechanism 
of methanolysis was proposed, and the reaction kinetics was 
also investigated.

Experimental

Materials and Instruments

Pure PHB pellets (3.0 mm × 2.8 mm × 3.0 mm) were obtained 
from Ningbo Tianan biological material Co. Ltd., China. The 
weight-average molecular weight, number-average molecu-
lar weight and PDI of PHB were 430,000 g/mol, 204,000 g/
mol and 2.11 respectively, which were measured by GPC 
(Waters-515) in chloroform solution at 25 °C. N-Methyl imi-
dazole (MIM), and anhydrous ferric chloride  (FeCl3) were 

purchased from Shanghai McLean Biochemical Science and 
Technology Co. Ltd., China. Methanol was purchased from 
Chinese Medicine Group Chemical Reagent Co. Ltd. All other 
materials (AR) were used without any further purification.

Varian CP-3800 gas chromatography (GC) with an ENX5 
capillary chromatography column (30 × 0.32 mm, 0.25 µm) 
and a FID hydrogen detector was used for GC analysis. All 
infrared spectroscopy measurements were performed on a 
Bruker Tensor-27 Fourier transforms infrared spectroscopy 
(FT-IR) spectrometer in the range of 4000–400 cm−1 using 
KBr optics and liquid film. Raman spectra were recorded 
using a Thermo Scientific DXR Raman Microscope. Mass 
spectrum was measured by Bruker Maxis Quadruple Ultra-
high Resolution Time-of-Flight mass instrument (Q-TOF 
MS). 1H NMR was recorded on a Bruker AV 500 Digital 
NMR Spectrometer using  D2O as solvent. Thermogravimet-
ric analysis (TGA) curves were recorded by Mettler-Tolede 
STAR System TGA/DSC 1SF thermogravimetric analyzer 
in an atmosphere of nitrogen over a temperature range from 
20 to 600 °C at a heating rate of 10 °C/min.

Synthesis of the Fe‑Containing Magnetic Ionic 
Liquid

The different molar fraction of Fe-containing magnetic ionic 
liquid  [Bmim]FeCl4 was synthesized according to the meth-
ods described in the previous literatures [36, 41] (Scheme 1). 
Firstly, the ionic liquid [Bmim]Cl was synthesized according 
to the following procedures:

In a three-necked flask equipped with a thermometer and 
a reflux condenser, a certain amount of N-methylimidazole 
(mim) was added, which was put into an ice-water bath. 
Under vigorous stirring, the equimolar 1-chlorobutane 
was slowly added to this flask in the nitrogen atmosphere. 
After the dropwise was over, the mixture was still stirred 
for 1.0 h at room temperature, then rapidly heated to 70 °C 
and refluxed for 72.0 h. When the reaction was completed, 
the colorless viscous liquid was obtained, using ethyl ace-
tate washed to remove the unreacted 1-chlorobutane. and 
then dried under vacuum conditions (40 °C, 10 mmHg) for 
6 h, the white solid [Bmim]Cl was produced with a yield of 
92.4%. The structure of [Bmim]Cl was verified by 1H NMR 
and FT-IR spectroscopy, and the data were as following:

1H NMR (Fig.  S1, 500  MHz,  D2O, ppm): 0.89(m, 
CH3CH2), 1.29(m,  CH3CH2), 1.83(m,  NCH2CH2), 3.98(s, 
NCH3), 4.18(m, NCH2CH2), 7.42(s, 1H), 7.47(s, 1H), 8.71(s, 
1H). IR (Fig. S2, KBr film): 3050 (υ, C–Hof imidazole ring), 
2970, 2870 (υ, –CH2*–CH3*), 3390 (υ, H–OH*), 1570 (υ, 

Scheme 1  Synthesis of ionic 
liquid  [Bmim]FeCl4
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–C=N and –C=C of imidazole ring), 1480, 1150 (β, C–H), 
1230–1172 (υas, –SOH3*), 853 (γ, –CH2*–CH3*), 748 (γ, C–H 
of imidazole ring).

Under  N2 atmosphere, different molar fraction of [Bmim]
Cl and anhydrous  FeCl3 were mixed at 30 °C and stirred con-
stantly until  FeCl3 solid particles disappear. A dark brown liq-
uid was obtained, which was extracted with dichloromethane. 
The dichloromethane was removed by rotating evaporation and 
the dark brown liquid was gotten. After drying in a vacuum 
oven 60 °C (10 mmHg) for 6 h to obtain the different molar 
fraction of ionic liquid  [Bmim]FeCl4.

General Procedure for the Methanolysis of PHB

A 50 mL autoclave with a thermometer was loaded with PHB 
(w1), catalyst (w2) and a certain amount of methanol. Under 
the magnetic stirring, the methanolysis of PHB was heated 
up to the reaction temperature from 110 to 140 °C for the 
prescribed of 1.0–3.0 h under autogenous pressure. When the 
reaction was finished, the mixture was cooled to room tem-
perature rapidly. Then the mixture was distilled to recover the 
unreacted methanol at atmospheric pressure, and obtained the 
main product M3HB (w3) by vacuum distillation. The residue 
(w4) after distillation was mainly undepolymerized PHB and 
catalyst, which was reused directly as a catalyst for the next 
cycle reaction without any treatment. The conversion of PHB 
and yield of main product were calculated by Eqs. (1, 2) as 
follows.

(1)Conversion of PHB =
w
1
− (w

4
− w

2
)

w
1

× 100%

(2)Yield of M3HB =
w
3

w
1

×
M

1

M
2

× 100%

M1 and M2 are the molar masses of the repeating unit of PHB 
and the M3HB, respectively.

Results and Discussion

Characterizations of ILs

The synthesized ionic liquid was characterized by MS and 
Raman spectroscopy. From Fig. 1, it was seen that the peaks 
up to m/z 139 and 197.8 were ascribed to the positive ion 
 [Bmim]+ and negative ion  [FeCl4]− in the ionic liquid. The 
Raman spectra of different molar fraction ionic liquids were 
shown in Fig. 2, it was clear from the spectra that there was a 
strong absorption peak at 330 cm−1 in the each curve, which 
was belong to the totally symmetric Fe–Cl stretch vibra-
tion of  [FeCl4]− [35, 42]. The medium absorption peak at 
370 cm−1 in the ionic liquid (x = 0.67), which was related to 
the presence of  [Fe2Cl7]−. Other parts of absorption peaks 
were almost exactly the same in the two spectra, which were 
assigned to the vibrations of the cation  [Bmim]+. Then, 
results of MS and Raman spectra confirmed the structures 
of the synthesized ionic liquid.

The acidity determination of ionic liquid by pyridine 
IR probe method was shown in Fig. 3. As we all known, 
pyridine has been extensively used as a molecular probe 
for determination the Lewis acid sites by monitoring the 
bands in the range of 1700–1400 cm−1 arising from its 
ring vibration modes [43]. It can coordinate with Lewis 
acidic substances to form Py-L, their absorption peaks near 
1445–1460 cm−1 and 1600–1640 cm−1. In Fig. 3b–d, the 
presence of a band near 1558 cm−1, 1636 cm−1 showed 
that Py-L acid sites. When  FeCl3 x = 0.33, these absorption 
peaks were quite weak. With increasing the molar fraction 
of  FeCl3, the peaks at these acid sites became more and 
more strong.
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Fig. 1  Q-TOF mass spectra of  [Bmim]FeCl4 a positive ion  [Bmim]+, b negative ion  FeCl4−
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Analysis of the Main Product

The purity and structure of the obtained product were char-
acterized by GC, IR and 1H NMR and the results were 
shown in Fig. S3 and Fig. 4. From Fig. S3, the only peak 
was ascribed as the main product, at the retention time is 
about 1.48 min. From the peak area, the product purity is 
over 98%. From Fig. 4A, the spectra of the obtained products 
at different conversion are almost identical, indicating that 
they were the same compound. The spectra contained a –OH 
band at 3435 cm−1, a C=O stretching at 1740 cm−1, and 
C–O bending at 1132 cm−1, which indicated the existence 
of an ester group. And alkyl bonds of C–H at 2990 cm−1 
and 2953 cm−1, a –CH3 bending at 1380 cm−1. In Fig. 4B, 
the double signal at δ 1.00–1.19 ppm was belonged to the 

methyl protons of –CH3, the multiple at δ 2.32–2.48 ppm 
represented the methylene protons of –CH2–, the single sig-
nal at δ 3.595 ppm indicated the methyl protons of –OCH3, 
the multiple at δ 4.15 ppm was ascribed to the methenyl pro-
ton of –CH–. Therefore, from these characterizations data 
of IR and 1H NMR, it can confirm that the structure of the 
product is M3HB.

Selection of the Catalysts

The catalytic properties of different molar fraction of  FeCl3 
ionic liquids were shown in Table 1. From Table 1, the PHB 
methanolysis cannot have happened, when [Bmim]Cl was 
used as the catalyst (Entry 1). It was maybe that the PHB 
methanolysis is a transesterification, acidic or alkaline cata-
lyst is beneficial to it, however [Bmim]Cl is a neutral cata-
lyst. With increasing of  FeCl3 molar fraction, the conversion 
of PHB and yield of M3HB were exhibited a significant 
upward trend. When temperature 140 °C, time 3.0 h and 
x = 0.67, the conversion of PHB and yield of M3HB reached 
the maximum values were 94.1% and 85.0%, respectively 
(Entry 5). But when x > 0.67, there was no apparent increas-
ing in the conversion of PHB and yield of M3HB. The rea-
son was maybe that increasing the molar fraction of  FeCl3, 
the Lewis acidity was enhanced, which was consistent with 
those results in pyridine IR. So the molar fraction of  FeCl3 
was 0.67 in the ionic liquid  [Bmim]FeCl4 was chosen as a 
catalyst in the subsequent study.

Effects of Reaction Condition

Table 2 showed the effects of reaction conditions on PHB 
methanolysis results. From Table 2, we could see that reac-
tion temperature had a great influence on the methanoly-
sis of PHB. When the temperature increased from 110 to 
140 °C, the conversion of PHB increased from 68.1 to 
94.1%, and the yield of M3HB was added from 63.3 to 
85.0%, respectively (Entries 1–4). With prolonging the 
reaction time, both the PHB conversion and the M3HB 
yield increased gradually (Entries 4–7). When reaction 
time was 3.0 h, the PHB conversion and the M3HB yield 
were 94.1% and 85.0%, respectively (Entry 3). PHB con-
version and M3HB yield did not increase significantly, 
even if the reaction time was extended to 4.0 h (Entry 5). 
The reason was maybe that this transesterification was a 
reversible reaction, the equilibrium had been reached at 
3.0 h. With adding the methanol amount, the conversion 
of PHB and the yield of M3HB increased slightly. And at 
the same condition, their maximum values were 94.1% 
and 85.0%, when n(CH3OH):n(PHB) = 5.0:1(Entry 4). 
However, when n(CH3OH):n(PHB) was increased to 6.0:1 
(Entry 9), there was an obvious decrease in the conversion 
of PHB and the yield of M3HB. The reason was that the 
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concentration of catalyst decreased in the mixture, due to 
an increase in the mixture. Which leaded to an obvious 
decrease in its catalytic activity. The influences of catalyst 
dosage on PHB conversion and M3HB were also investi-
gated (Entries 4, 10–11). It was indicated that the metha-
nolysis conversion increased with the amount of catalyst. 
With the increase in the amount of catalyst, more cations 
and anions in ionic liquid would interact with the active 
sites in the substrates (shown in Scheme 2).

Reusability of ILs

Figure  5 shown the reusability performance of IL 
 [Bmim]FeCl4 (x = 0.67), under the conditions: tempera-
ture 140 °C, time 3.0 h, n(CH3OH):n(PHB) = 5.0:1 and 
n(cat):n(PHB) = 0.05:1. As showed in Fig. 5, there was no 
significantly decrease in the conversion of PHB and yield 
of the product were decreased slightly, when the catalyst 
was reused up to six cycles. That is to say, the catalyst 
exhibited an excellent activity. The IL was characterized 
by IR and the results were presented in Fig. 6. Compar-
ing the spectrum of the reused IL with that of fresh one, 
their structures were almost exactly the same. It can be 
clearly seen that a ring stretching vibration at 1164 cm−1, a 
C=N stretching vibration at 1566 cm−1, a C=C ring double 
bond stretching vibration at 1616 cm−1, an alkyl C–H at 
2962 cm−1, 2935 cm−1 and a aromatic heterocycle C–H 
stretching vibration at 3149 cm−1. Figure 7 showed that 
the TGA curves of the reused IL and that of the fresh 
one. After six times reused, the thermal stability of ILs 
had virtually no change. When the temperature was over 
100 °C, there was a small mass loss due to a bit of water. 
At the temperature 425 °C, the weight loss was very obvi-
ously, the decomposition temperature of ionic liquid was 
reached. When the temperature reached 520 °C, the ionic 
liquid had decomposed completely. However, this metha-
nolysis temperature was only 140 °C, the catalyst could 
be exist stably. From the two IR spectra and the two TGA 
curves, there was no change in chemical structure after the 
ionic liquid was reused for six times. Therefore,  [Bmim]
FeCl4 (x = 0.67) was an excellent and reusable catalyst for 
the methanolysis of PHB.
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Table 1  Selection of the  catalystsa

C: conversion of PHB, Y: yield of methyl 3-hydroxybutyrate
a n(CH3OH):n(PHB) = 5:1, n(cat):n(PHB) = 0.05:1

Entry Time (h) Tempera-
ture (°C)

x, molar frac-
tion of  FeCl3

C (%) Y (%)

1 3 140 0 0 0
2 3 140 0.33 78.0 72.5
3 3 140 0.50 91.6 78.4
4 3 140 0.63 92.5 80.5
5 3 140 0.67 94.1 85.0
6 3 140 0.75 93.8 82.5
7 1 110 0.67 10.3 7.4
8 2 110 0.67 48.9 36.4
9 3 110 0.67 68.1 63.3
10 4 110 0.67 78.6 72.8
11 5 110 0.67 86.3 81.9
12 1 110 1 6.5 0
13 2 110 1 41.8 36.2
14 3 110 1 62.6 59.7
15 4 110 1 72.9 70.1
16 5 110 1 83.4 79.6
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Mechanisam of PHB Methanolysis

In order to study the reaction mechanism of PHB methanoly-
sis catalyzed by Fe-containing magnetic ionic liquid  [Bmim]
FeCl4 (x = 0.67), the residues of PHB (which were mainly 
composed of some oligomers) at different conversion were 

characterized by IR. From Fig. S4, it could be seen that the 
peak at about 3500 cm−1 was ascribed to the hydroxyl (–OH) 
group got stronger, when the conversion of PHB was added 
from 0 to 39.6–73.0%. The peak at 1750 cm−1 was belonged 
to the carbonyl (–C=O) group also had the same change. 
This might be due to the cleavage of the C–O bond in the 
ester group of the substrate, the –OH and –C=O groups were 

Table 2  Effects of reaction 
conditions on methanolysis 
results

C: conversion of PHB, Y: yield of methyl 3-hydroxybutyrate

Entry Time (h) Temperature 
(°C)

n(CH3OH):n(PHB) n([Bmim]
FeCl4):n(PHB)

C (%) Y (%)

1 3 120 5:1 0.05:1 74.3 70.4
2 3 130 5:1 0.05:1 82.0 75.8
3 3 140 5:1 0.05:1 94.1 85.0
4 1 140 5:1 0.05:1 76.2 70.4
5 2 140 5:1 0.05:1 89.5 83.6
6 3 140 4:1 0.05:1 87.4 81.6
7 3 140 6:1 0.05:1 76.4 70.1
8 3 140 5:1 0.04:1 90.8 82.8
9 3 140 5:1 0.03:1 86.6 81.1

Scheme 2  Possible mechanism 
of the PHB methanolysis cata-
lyzed by  [Bmim]FeCl4
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exposed. With increasing the conversion of PHB, some oli-
gomers containing –OH and –C=O groups became stronger 
increasingly. The main products obtained at different conver-
sions were characterized by IR, and the results were shown 
in Fig. 4A. It was obviously seen that these three IR curves 
were almost exactly the same, regardless of the conversion 
was 39.6% and 73.0%, or 94.1%.

In our previous work, PHB pellets could dissolve or swell 
in the methanol without any solvent under the same con-
ditions. From Fig. S5, we can see there is not any differ-
ence in the IR. So based on the above results, the possible 
mechanism was proposed and was shown in Scheme 2. After 
the rigid PHB was dissolved or swelled in the methanol, it 
was beneficial to react with some small molecule. When 
Fe-containing magnetic ionic liquid  [Bmim]FeCl4 (x = 0.67) 
was used as catalyst, the synergic effect was presumed to 
exist between the cation and anion [35]. The cation  [Bmim]+ 
reacted with –C=O in the ester of PHB, which improved the 
positivity of the carbonyl carbon. At the same time the anion 
 [FeCl4]− reacted with the –H atom in the –OH of metha-
nol, forming a transition state of six-membered ring. These 
caused the oxygen in the hydroxyl group of methanol to 
be more electronegative, and attack the carbonyl carbon of 
the ester easily. Afterwards, the hydrogen atom leaved the 
methanol and the  [Bmim]+ also leaved the six-membered 
ring, the electrons on the oxygen atom transferred to form 
C=O. The acyl-oxygen cleaved and the alkoxy group leaved. 
This transformation was repeated, and the monomer M3HB 
was obtained.

Kinetics of PHB Methanolysis

The kinetics of PHB methanolysis was also investigated 
under the optimum conditions. This methanolysis reaction 

could take place only when the rigid PHB was dissolved or 
swelled in this mixture, because it is a reaction between a 
solid polymer macromolecule and a small liquid molecule. 
And the concentration of PHB would be very low because 
the PHB cannot dissolve completely in this system, whereas 
the molar ratio of  CH3OH to PHB was 5:1, so the concen-
tration of  CH3OH was a greatly excessive. Furthermore, In 
many literatures of chemical depolymerization polymers [44, 
45], the reaction order was usually assumed to be first-order. 
Therefore, the methanolysis of PHB catalyzed by  [Bmim]
FeCl4 (x = 0.67) was initially assumed to be controlled by 
first-order kinetic Eq. (3).

where k represents the rate constant of the reaction, and 
 CPHB represents the concentration of PHB at time t.

where X represents the conversion of PHB, Eq. (3) could be 
written as follows.

Equation (5) was integrated for time to obtain Eq. (6).

In order to study the kinetics of the PHB methanoly-
sis catalyzed by Fe-containing magnetic IL  [Bmim]FeCl4 
(x = 0.67), the influences of reaction time on PHB metha-
nolysis from 110 to 140 °C were investigated, under the 
following conditions of n(CH3OH):n(PHB) = 5.0:1 and 
n(cat):n(PHB) = 0.05:1. The results were shown in Fig. 8, 
and the linear regression data were shown in Table 3. It 
could be clearly seen from Table 3 that the linear correla-
tion coefficients were over 0.98, indicating that ln1/(1 − X) 
was proportional to time, that is to say, this methanolysis 
process is first-order kinetics reaction and methanolysis 
rate constant was proportional to the concentration of PHB 
in reaction mixture. The four straight lines slopes values 
were 0.43484 h−1, 0.56463 h−1, 0.63629 h−1, 0.68684 h−1, 
which were the rate constants of the methanolysis reaction 
at temperatures of 110 °C, 120 °C, 130 °C and 140 °C, 
respectively.

Based on these above methanolysis rate constants, the 
reaction activation energy (Ea) could be calculated from 
Arrhenius equation Eq. (7).

where A is the pre-exponential factor, R is the gas molar 
constant (8.31  J/mol  K) and T is the thermodynamics 

(3)
d(C

PHB
)

dt
= −kC

PHB

(4)C
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= C
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temperature in Kelvin. The Arrhenius plot was achieved in 
Fig. 9, and the activation energy (Ea) of this reaction calcu-
lated from the slope was 27.44 kJ/mol.

Conclusions

In summary, the Fe-containing magnetic ionic liquid 
 [Bmim]FeCl4 (x = 0.67) can be used as an efficient and eco-
friendly catalyst in the methanolysis of PHB. It was indi-
cated that temperature was an important factor in this reac-
tion. Under the optimum conditions: T = 140 °C, t = 3.0 h, 
n(cat):n(PHB) = 0.05:1 and n(CH3OH):n(PHB) = 5:1, the 
PHB conversion and the M3HB yield were 94.1% and 
85.0%, respectively. Meanwhile, the catalyst exhibited an 
excellent reusability, its catalytic activity was not signifi-
cantly reduced after being reused for six times. The kinet-
ics study indicated that this methanolysis was a first-order 
kinetic reaction, with an activation energy of 27.44 kJ/mol. 
Moreover, a possible mechanism indicated that the syner-
gic effect between the cation and anion in the ionic liquid 
made this nucleophilic substitution occur much easier.
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