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ABSTRACT

In this paper it demonstrates that the catalyst Perkalite F100 efficiently works as a nanocatalyst in the
depolymerization of poly(ethylene terephthalate)(PET). After depolymerization of PET in the presence of
ethylene glycol and the Perkalite nanocatalyst, the main product obtained was bis(2-hydroxylethyl)
terephthalate (BHET) with high purity, as confirmed by FTIR and NMR. The BHET monomers could
directly serve as starting materials in a further polymerization into PET with a virgin quality, and
contribute to a circular solution of the vast disposal of PET polymers to the environment. Compared with
the direct glycolysis of PET, the addition of a pre-degradation step was shown to reduce the reaction
time of reaching the depolymerization equilibrium. Additionally, the addition of the pre-degradation
step allowed lower reaction temperatures. Therefore, the strategy to include a pre-degradation step
before depolymerization is suitable to increase the efficiency of the glycolysis reaction of PET into BHET
monomers.



INTRODUCTION

Over the last a few decades, the consumption of poly(ethylene terephthalate) (PET) has
tremendously increased. Today, PET is the fourth most produced polymer in the world, after
polyethylene (PE), polypropylene (PP) and polystyrene (PS). The success of PET arises from its
excellent mechanical properties, processability and low price. These properties make PET
suitable for several applications, especially for fiber applications. The PET fiber is the most
common fiber in textile industry nowadays. Every year, it is estimated that approximately 70
million barrels of oil are used in the manufacturing of virgin polyester fibers worldwide.?
However, there are many issues regarding these fibers, such as consumption of petroleum
resources to produce the fibers, the astonishing volume of disposed waste and the CO;
emissions related to both the production and disposal of the fibers. To save energy and protect

our living environment, recycling of post-consumer PET is necessary.

To recycle the polyester PET, the concept of chemical depolymerization of PET into its original
feedstock monomers, and then reuse these monomers for virgin polymer synthesis, has been
intensively studied over the last few decades. Several depolymerization methods have been
investigated to break the ester bonds in PET chains, such as methanolysis,? glycolysis,?
hydrolysis,* aminolysis etc.> Among these methods, glycolysis is reported to be an important
recycling method due to its low cost and energy consumption.®” However, glycolysis of PET in
the absence of catalyst is an extremely slow process. Consequently, there has been a strong
interest in the development of highly efficient catalysts for the glycolysis of PET. It has been
found that Zn?* containing salts and mixed oxides show very high catalytic efficiency.®°0

However, Zn?*is a heavy metal ion, and catalysts containing Zn?* might have a potential of



generating secondary pollution to the environment. To avoid this problem, sodium carbonate
and sodium bicarbonate were studied as alterative catalysts to zinc catalysts in the
depolymerization of PET waste. Different from Zn?* containing catalyst, sodium carbonate and
sodium bicarbonate are eco-friendly since sodium cation has less severe environmental impact
than that of Zn?*. It was found that the depolymerization efficiency of these two catalysts was
close to that of zinc acetate.’>!2 Recently, the catalytic capacities of ionic liquids (ILs) have been
investigated, and in particular as green transesterfication catalysts in the glycolysis of PET.1314
However, the high catalyst concentration and long reaction time are challenges for the
application of ILs as catalysts in the large-scale glycolysis of PET. To realize a large-scale
recycling of PET by glycolysis, a cheap, efficient and environmentally friendly catalyst would be

necessary.

Recently, we found that Perkalite F100 works very efficiently as a transesterification catalyst in
the alcoholysis of polyester. Perkalite F100 is a synthetic nanoclay, containing Mg-Al layered
double hydroxides. Different from the catalysts containing a Zn?* cations, the synthetic

nanoclay is environmentally benign, and might even be directly disposed into the natural
environment.'> 1617 Moreover, the synthetic nanoclay has a layered structure in the nanometer
scale level. As the catalyst, such structure enables nanoclay to possess a very high active surface,

which can significantly enhance its catalytic effect.!’

However, nanocatalysts are prone to form aggregations in reaction systems, which leads to
decreasing their catalytic performance. To improve depolymerization efficiency, a “pre-

degradation step” was developed in this study. In the designed “pre-degradation step”,



Perkalite nanocatalyst was first mixed with PET by a melt compounding process and then a
small amount of ethylene glycol (EG) was added to the compounder. During the compounding,
the nanocatalyst together with EG triggered the degradation of PET. After compounding, the
obtained PET containing the nanocatalyst was added to a reactor for further glycolysis into
monomers. In this study, we investigated the feasibility of using Perkalite F100 as nanocatalyst
in the depolymerization of PET. In addition, the influences of the pre-degradation step in the

whole depolymerization process were investigated.

EXPERIMENTAL

Materials

Fiber grade PET was purchased from INVISTA with the brand name of RT20. RT20 is
unformulated PET and provided in the form of white pellets. EG with the purity of 99.8% was
bought from Sigma-Aldrich. Perkalite F100 was supplied by AkzoNobel. BHET with a purity of
94.5% was bought from Sigma-Aldrich. Zinc acetate and sodium bicarbonate were also bought

from Sigma-Aldrich.

A stainless steel cylinder was used as the depolymerization reactor in this study as shown in
Figure 1. The cylinder was bought from Swagelok. The volume of the cylinder is 150ml and the

material of cylinder is stainless steel 316L.

Pre-degradation step

PET was first dried at 120°C over night and then compounded with Perkalite F100 in Brabender
AEV 651 from Svenska Keraminstitutet. The temperature of Brabender was set to be 260°C and

the rotation speed was 80 rpm. After compounding PET with Perkalite nanocatalyst for 1 min, a



certain amount of EG was slowly injected into the Brabender within 1 min, and then the

compounding was continued for another 2 min.
Glycolysis

The PET sample (pre-degradation PET or virgin PET) were cryogenically grinded into fine powder
before the reaction. PET powder (10 g) and EG (50 mL), and catalysts in case of the direct
glycolysis, were added into the depolymerization reactor. The air inside the reactor was purged
by nitrogen before closing the reactor. Then, the reactor was put into an oven at desired
temperature for a certain time. The rotation of the reactor inside the oven was 1 rpm. When
the reaction was finished, the reactor was quenched in cold water. The reaction products in the
reactor were mixed with 200ml of hot deionised water. The obtained slurry from reactor was
heated up to the boiling point and then filtered immediately. After the first filtration, some
white floccules appeared in the filtrate, and the filtrate was thus filtered a second time. The
filter cakes obtained from the two filtrations were dried at 100°C for 8h and then weighed as
oligomers. After that, the filtrate from the second filtration was kept in 4°C overnight. During
the storage time, the BHET crystallized in the filtrate. The white crystals was collected by
filtration and weighed as monomer BHET after drying at 80°C overnight. The molar yield of

BHET was calculated according to Equation 1

WBHET

Yield of BHET (mol%) = SEHET x 100% (1)

WPET
MpEgT

Where Mger is 245g/mol and Meer for the repeating unit is 192 g/mol.

Molecular weight measurement



The molecular weight (Mw) of PET was measured by a GPC method. PET was first dissolved in a
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP)/sodium trifluoroacetate (5mM) mixed solution. The
sample concentration was 1 mg/ml, and the measured temperature was 40°C. To calculate the

molecular weight distributions, poly(methyl methacrylate) (PMMA) was used as standard.

Differential scanning calorimetry (DSC)

DSC was carried out with DSC 1 from Mettler Toledo under nitrogen atmosphere. The

temperature scans were carried out between 30°C and 280°C at a heating rate of 10°C/min.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis was performed on a Perkin Elmer Spectrum One spectrometer, from 400 cm™ to

4000 cm™®, with a resolution of 4 cm™.

Nuclear Magnetic Resonance Spectroscopy (NMR)

'H NMR spectra were obtained from a Bruker Advance 400 spectrometer operating at 400 MHz.

The solvent used to dissolve BHET was DMSO-de.

RESULTS AND DISCUSSION

Feasibility of using Perkalite as catalyst in the depolymerization of PET

In our study, we found that Perkalite based on only Mg-Al hydroxides possesses a very high
catalytic effect in the depolymerization of PET. As presented in Figure 2, Perkalite nanoclay
works very efficiently as catalyst in the glycolysis of PET. At 240°C, no BHET was obtained in the
absence of catalyst. However, when 0.1 wt% of Perkalite was added in the reaction system, the

yield of BHET increased from 0 to 77 mol%. As the concentration of Perkalite nanocatalyst



increased, the yield of BHET continued to increase, until a reached maximum value at a
Perkalite concentration of 0.5 wt%. When the Perkalite concentration was further increased,
the yield of BHET showed a decrease. The decrease of BHET is probably due to the reformation
of oligomers from BHET .2 As shown in Figure 2b, the yield of oligomers first decrease and then
increase as the increase of catalyst concentration from 0.1 wt% to 3 wt%. The minimum yield of
oligomer was obtained at the Perkalite concentration of 0.5 wt%. This is consistent with the

yield of BHET.

A comparison of the catalytic efficiency of Perkalite nanocatalyst and sodium bicarbonate in the
glycolysis of PET was also studied. In these experiments, the conventional catalyst zinc acetate
was used as a reference. As shown in figure 3, the Perkalite nanocatalyst has the highest
catalytic efficiency. The yield of BHET was over 80 mol%. Compared with Perkalite nanocatalyst,
sodium bicarbonate shows a slightly lower catalytic efficiency. However, its catalytic efficiency

is almost the same as that of zinc acetate, which is consistent with the literature results.!? 12

Influences of pre-degradation step in the glycolysis of PET

Kurokawa et al. suggest that the methanolysis of PET in the absence of the catalyst includes a
three-step mechanism, according to their GPC analysis.? In the first step, PET chains are shorted
to around one-third. This step takes place easily and fast. The PET chains might be cut off from
tie molecules since these molecules are in the amorphous part. In the second stage, PET is
further shorted to oligomers. However, this stage is a slow process. Glycolysis of PET into
oligomers in shorter than 30 min of reaction time seems to be difficult according to

litterature.'®1° Under certain circumstances, the generation of oliogmer can be accelerated, for



example addition of a co-solvent which can dissolve or swell the PET crystal parts.%?° The last
stage is the conversion of PET oligomers to monomer BHET. The presence of catalyst is very

important to achieve high yield of BHET in this step.?

In our beginning experiments with Perkalite, the nanocatalyst, EG and PET were directly added
into the reactor. After the reaction, it was found that Perkalite nanocatalyst tended to form
aggregations. The formation of aggregations probably reduces the catalytic surface of Perkalite
and thus the catalytic efficiency. To eliminate the possibility of aggregations forming in the
reaction system, a new process was developed. In this process, Perkalite nanocatalyst was first
compounded with PET in a Brabender mixer to obtain a homogenous dispersion of nanocatalyst
in the PET matrix. The homogenous dispersion of nanocatalyst in PET would facilitate the
following glycolysis reaction since EG molecules will have a higher chance to access both active
sites of the nanocatalyst and the ester bond of PET in the reaction system. In addition, the
system was designed so that a small amount of EG could slowly be injected into the Brabender
mixer during the compounding. Based on Kurokawa’s theory, the injection of EG probably
triggers the first and second stage of degradation of PET within a short compounding time in
the Brabender. In this study, the designed compounding step with the injection of EG is called
“pre-degradation step”, and it was found that this pre-degradation step significantly influences

the glycolysis process.

Molecular weight variation

As shown in the DSC thermograms (Figure 4A), the virgin PET showed a melting peak at 258°C.

When PET was compounded with only Perkalite nanocatalyst, the melt temperature of PET was



not changed after the compounding. However, when EG was injected into the Brabender, PET
started to degrade. As revealed in Figure 4B, after compounding PET with Perkalite
nanocatalyst and 2 ml EG, the melting peak of PET decreased to 252°C. In addition, the peak
became broad. This indicates that virgin PET degrades into various PETs with lower molecular
weights. When the injected amount of EG increased to 6.5ml, the melting peak of PET was
further decreased to 238°C, which is 20°C lower than that of virgin PET. It implies that PET

degrades into low molecular weight oligomers.?!

To further confirm the degradation of PET, GPC analysis of PET before and after compounding
with nanocatalyst and EG was conducted. The results are listed in Table 1. Compared with
starting PET, the molecular weight of pre-degraded PET showed a dramatic decrease after
compounding with EG and Perkalite nanocatalyst. The weight average molecular weight (Mw)
of pre-degraded PET was only around 3800, indicating PET has degraded into oligomers with

around 20 repeat units.

Glycolysis time and temperature of PET after the pre-degradation step

The treatment of PET with a pre-degradation step significantly increased the depolymerization
speed. As shown in Figure 5, no BHET monomer was obtained after 20 min at the
depolymerization temperature of 240°C. However, when the reaction time increased to 30 min,
the yield of BHET was 52 mol% for PET with a pre-degradation step, while the yield of BHET
without a pre-degradation process (i.e. adding the nanocatalyst directly to the reactor) was

only 18 mol%.



As the reaction time increased to 45 min, the yield of BHET with a pre-degradation step was still
twice as high as that of PET without a pre-degradation step. As the time further increased, the
yield of BHET did not increase very much. This implies that the depolymerization of PET using a
pre-degradation step have reached an equilibrium after a reaction time of around 45 min, and
PET sample was completely depolymerised into monomers and small oligomers. However, for
the PET without a pre-degradation step, 60 min is needed to reach the same depolymerization
equilibrium. Therefore, the addition of the pre-degradation step before the depolymerization

reaction can significantly improve depolymerization speed and thus reduce the reaction time.

In addition, the temperature which can trigger the depolymerization, could also be decreased
when PET is treated with a pre-degradation step. As shown in Figure 6a, PET with a pre-
degradation step shows a higher yield of BHET than that of PET without a pre-degradation step
in the temperature range of 200-225°C. Especially, at the reaction temperature at 200°C, the
depolymerization of PET without a pre-degradation step could not be triggered. While, for PET
with a pre-degradation step, the depolymerization started at 200°C. After 1 h reaction time, the
yield of BHET was as high as 25 mol%. This indicates that the addition of the pre-degradation

step allows lower depolymerization temperatures.

Analysis of main product

FTIR

To confirm the formation of BHET after glycolysis, FTIR analysis was performed. As a reference
spectrum, the FTIR spectrum of commercial BHET from Sigma-Aldrich was recorded. As shown

in Figure 7, BHET isolated from the depolymerization processes showed similar spectra as the



BHET reference spectrum. The absorption peaks at 3340 cm™ and 1135 cm indicate the
presence of hydroxyl groups (-OH). The absorption peaks at 1716cm™, 1253cm™ and 1072 cm™?
are signed to the C=0 band, C-O ester bond asymmetric vibration and C-O ester bond
symmetric vibration, respectively. The absorption peaks between 900cm™ to 675 cm™ are
attributed by the vibration of aromatic ring. In addition, the FTIR peaks in all three spectra are
quite sharp. This indicates that the purity of obtained BHET from depolymerization process is

very high.

DSC

Furthermore, the DSC curve of BHET obtained from depolymerization process with a pre-
depolymerization step shows a sharp endothermic peak at temperature of 111°C (Figure 8),

which is consistent with the known melting temperature of BHET. 22

IH NMR

'H NMR spectrum of BHET obtained from glycolysis process with a pre-degradation step is
shown in Figure 9. As a reference, commercial BHET was also recorded. As shown in Figure 7,
the two BHET spectra show very similar NMR signals. The signal at 6 3.7ppm (peak B)
represents the protons of the methylene of -CH,-OH group, the signals at & 4.3ppm (peak C)

and 4.9ppm (peak A) indicate the protons of the methylene close to COO- group and the proton
in hydroxyl group. The signal at 6 8.1ppm (peak D) is characteristic of the four aromatic protons.

The NMR spectra consistent with those reported in the literature.?®

CONCLUSIONS



The feasibility of using Perkalite F100 as a nanocatalyst in the glycolysis of PET has been
investigated. It was found that Perkalite F100 showed a very high catalytic activity in the
glycolysis of PET. At a nanocatalyst concentration as low as 0.1 wt%, PET can be totally
depolymerized into BHET and small oligomers. Compared with sodium bicarbonate and zinc
acetate, the Perkalite nanocatalyst shows the highest catalytic efficiency. In addition, Perkalite
nanocatalyst is environmentally benign and cheap, which make it suitable as catalyst in the

chemical recycling of PET.

The design of a pre-degradation step in the depolymerization process proved to decrease the
reaction time to reach depolymerization equilibrium, and allowed lower reaction temperatures.
Therefore, it can be concluded that Perkalite F100, especially when introduced in a pre-

degradation step, results in a more efficient glycolysis of PET into BHET.
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FIGURE 1 Depolymerization reactor used in this study.
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FIGURE 2 Yield of BHET and oligomers as a function of nanocatalyst concentration: a is the yield of BHET,
and b is the yield of oligomer. PET, nanocatalyst and EG were directly put into the autoclave. The
depolymerization started at 240°C and reaction time was 2h.
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FIGURE 3 Comparison of catalytic efficiency of different catalysts. The catalytic efficiency is expressed in
terms of BHET yield. Catalyst in a is zinc acetate. Catalyst in b is sodium bicarbonate. Catalystin c is
Perkalite nanocatalyst in this study. All the depolymerization reactions were carried out under the same
conditions: catalyst concentration was 0.5wt%; reaction temperature was 240°C; reaction time was 2 h
and ratio of EG to PET was 5.
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FIGURE 4 DSC curves of PETs: a is virgin PET, b is PET compounded with 0.5 wt% of nanocatalyst, c is PET
compounded with 0.5 wt% of nanocatalyst and 2 ml of EG injected into the Brabender during the
compounding, and d is PET compounded with 0.5 wt% of nanocatalyst and 6.5 ml of EG injected into the

Brabender during the compounding.
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FIGURE 5 BHET yield as function of reaction time: a shows samples with a pre-degradation process, and
b shows samples without a pre-degradation process. The reaction temperature for all samples was
240°C.
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FIGURE 6 BHET yield as function of reaction temperature: a shows samples with a pre-degradation
process, and b shows samples without a pre-degradation process. The reaction time for all samples was

1h.
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FIGURE 7 FTIR curves of BHETSs: a is BHET from Sigma-Aldrich, b is BHET obtained from a
depolymerization process without a pre-degradation step, and c is BHET obtained from a
depolymerization process with a pre-degradation step.
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FIGURE 8 DSC curve of BHET obtained from depolymerization process with a pre-degradation step.
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FIGURE 9 NMR spectra of commercial BHET (a) and BHET obtained from glycolysis process with a pre-
degradation step (b).



TABLE 1: Number average molecular weight (Mn) and weight average molecular weight (Mw) of PETs.
The Pre-degraded PET sample was made from compounding PET with Perkalite nanocatalyst and 2 ml
EG.

Sample Name M, M., PDI

Virgin PET 4670 18620 3.98

Pre-degraded PET 920 3830 4.16




