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The final destination of PET packaging is creating economic and environmental concerns. One of
the alternatives to minimize this problem would be making use of chemical recycling of this material
through glycolysis with the aim to produce bis(hydroxiethyl) terephthalate, BHET monomer. This
reaction is well known, but it still presents problems as BHET purity since it makes necessary the
development of new catalysts highly selective. In this context, the present work studied the catalytic
activity of a nanostructured material, titanate nanotubes (TNT), and compared it to a commercial
catalyst (zinc acetate), which is the most used for this glycolysis reaction according to literature
researches, and analyzed the influence of PET type (virgin and post-consumer) in the depolymerization
for reaction times of 2, 3 and 4 hours. Using TNT as catalyst, BHET production yield and values of
turnover number for the evaluated reaction times were higher than the results using Zn(OAc), for

virgin PET, proving itself as a promising catalyst.
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1. Introduction

Poly(ethylene terephthalate), PET, is a commodity
polymer of great importance due to its excellent physical
and chemical properties'. PET also offers excellent barrier
property and low weight compared to glass packaging?.
Therefore, this polymer is especially used in the packing
industry. However, PET has a high global production
and, consequently, consumption and non-biodegradability
makes the disposal of post-consumer PET waste a problem
as far as economic and environmental considerations are
concerned. Among the various possibilities to mitigate this
problem, the chemical recycling process would be the best
alternative for this material. This process is in accordance
with the principles of sustainable development because it
leads to the formation of raw materials (monomers) used
for producing PET®. Chemical recycling by glycolysis is
one of de most used recycling types. It can be described as
a depolymerization process by transesterification between
PET ester groups and a diol (generally ethylene glycol,
EG)*’, allowing obtaining of bis(hydroxyethyl) terephthalate
(BHET)® as main depolymerization product (Figure 1).

This reaction depends on some variables such as
temperature, molar ratio EG/PET, glycolysis time and
amount of catalyst’>. Among these variables, the catalyst
type can dramatically influence the reaction conditions such
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as low temperature and reaction time. Recently various
transition metal-based catalysts with good catalytic activities
on PET glycolysis have been described in literature, the
most used among them being zinc acetate’®, but they have
limitations such as difficult synthesis of the catalyst® or
catalyst toxicity or corrosivity, resulting in pollution'’.
Thus, the search for new highly selective catalysts under
mild conditions is required.

Among the materials with potential application for
catalysis are nanomaterials, such as nanotubes, nanoribbons,
nanowires that exhibit unique properties, such as, changes
in chemical reactivity and electrical conductivity'"'2, which,
combined, are not found in conventional materials'®. Recent
studies showed that titanate nanotubes have Bronsted
and Lewis acid sites' formed from lattice distortion
due to the scrolling of titanate nanotubes layers. This
property makes this nanomaterial an effective catalysts in
various applications as in CO, conversion'*>'®, biodiesel
synthesis!'!?, styrene epoxidation?’, oxidesulfurization
process?!, nanocomposite polymer?? among others.
However, until present moment, there aren't studies that
show the catalytic activity of TNT in glycolysis reactions,
representing a yet unexploited area.

In this context, this study aims to evaluate the catalytic
activity of TNT compared with zinc acetate, at different reaction
times and to evaluate the influence of PET source (virgin and
post-consumer bottle-grade) in the PET depolymerization.
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2. Material and Methods

The materials used for the production of titanate
nanotubes (TNT) and glycolysis reactions were: sodium
hydroxide (99% Vetec), titanium dioxide (98% anatase phase,
JB Quimica), zinc acetate, (98%, Fmaia), ethylene glycol
(99.5%, Dinamica), virgin PET (Rhopet S-80 - Rhodia Ster/
Mossi and Ghisolfi Group) and post-consumer bottle-grade
PET. All reactants were used as received. The filters used
to the first and second filtration were Unifil C42 (1-2 pm).

2.1 Titanate nanotubes synthesis

The TNT were synthesized based on the hydrothermal
method adapted from Kasuga et al. (1998)* according to
the following procedure: in a beaker was weighted 1.5 g of
titanium dioxide and added 120 mL of 10M NaOH aqueous
solution. The mixture was kept under magnetic stirring for
30 minutes at room temperature. After that, the mixture was
added to a stainless steel autoclave reactor and remained
reacting at 130-140°C for 72h. Finally the formed precipitate
was washed with distilled water and centrifuged several times
until the pH of washing water reached about 7.

2.2 PET glycolysis

For PET depolymerization reactions by glycolysis, it
was used virgin PET in pellets (2,85x2,60 mm). In the case
of post-consumer PET bottles, these were from carbonated
drinks, exclusively of soda, and transparent, in order to
avoid variations relating to colorants and the polymer
crystallinity. These bodies of PET bottles were separated
from other materials that are used to compose the bottles,
like the covers (PP) and labels (LDPE or PP). They were
then washed, dried, manually cutted into dimensions of
about 5x5mm and again washed and dried, to remove any
impurities from the cutting step.

The PET glycolysis was optimized based on literature**
where 15g PET, 60g EG and 50 mg of catalyst were added
to a 500 mL round-bottom three-naked flask equipped with
magnetic stirrer, thermometer and reflux condenser. The
reactions were carried out at 196°C since it is the boiling
temperature of EG. The glycolysis reaction was carried out
at different times (2, 3 and 4 hours) and after it was added
approximately 300 mL of boiling water into flask so the
products formed were dissolved. Then it was filtered under
reduced pressure and the filtrate was stored at 4-10°C for
72h to forming the BHET crystals. The separation and
reuse of the catalyst weren't aim of this work. After, the
BHET crystals were filtered under reduced pressure using
G4 sintered glass funnel, to ensure that catalysts used in the
reaction were retained during filtration. The white BHET
crystals were dried at 60°C for 24 hours. The influence of
reaction time was then evaluated in PET conversion results
and yield of BHET. The conversion (C) of PET in glycolysis
reactions was calculated based on the Eq. (1):

_Wi—w
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where W, represents the initial weight of PET and w,
represents the weight of undepolymerized PET.

The molar yield (X) of BHET produced by PET
depolymerization was calculated according to Eq. (2):

_ Wnpry / MW e
X= X100 @
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where W, ,represents the final weight of BHET, MW, ..

represents the molar weight of BHET (254 g.mol), W,
represents the initial weight of PET used in the reaction and
MW, represents the molecular weight of the repeat unit of
PET chain (192 g.mol™).

The turn over number (TON) of the used catalyst was

calculated according to Eq. (3):

__mols of product
~ mols of catalyst

TON 3)
And the turn over frequency (TOF) of the catalyst was
calculated based on Eq. (4):

TON @

TOF = time(h)

2.3 Characterization
2.3.1 Titanate nanotubes (TNT)

Scanning Electron Microscopy (SEM)

TNT morphology was analyzed by field emission scanning
electron microscopy (FEI Inspect F50) in SE mode (secondary
electron beam). The samples were analyzed as powder using
gold film deposited on the surface by ion-sputter.

Transmission Electron Microscopy (TEM)

The evaluation of the internal structure and numbers
of rolled multilayer lamellar walls of TNT was made using
transmission electron microscopy (FEI Tecnai G2 T20) using
cupper grids with carbon film (300 mesh). The measures of
TNT dimensions were obtained by TEM analysis used Image
J software (number of measurements=25).

X-Ray Diffraction (XRD)

The characterization of the crystalline structure of TNT
was made by X-ray diffraction analysis (Shimadzu XRD
7000) using radiation Ka of the copper (A= 1.542 A), voltage
40kV, 30mA, scanning between 5°-70° 20 and scan speed of
0.02°/min. In all analysis TNT was in powder form.

2.3.2 PET glycolysis

Differential Scanning Calorimetry (DSC)

BHET formed by PET depolymerization reactions were
characterized by thermal analysis of Differential Scanning
Calorimetry (DSC) in a calorimeter, Model Q20 from TA
Instruments in the range from 45°C to 270°C at a heating
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Figure 1. Reaction of PET depolymerization by glycolysis.

rate of 10°C.min"', under inert atmosphere of N,. Melting
enthalpy analyzes were made in triplicate.

Thermogravimetric Analysis (TGA)

The thermal stability of starting virgin and post-consumer
PET and BHET formed by PET depolymerization reactions
were characterized by thermogravimetric analysis (TGA)
in a SDT equipment, Model Q600 from TA Instruments in
the range from 50°C to 800°C at a heating rate 20°C.min"',
under inert atmosphere of N,,.

Nuclear Magnetic Resonance Spectroscopy (NMR)

In order to confirm the production of BHET, 'H-NMR
and PC-NMR were recorded on a Bruker Ascend 400 NMR
spectrometer operating at 400 MHz in deuterated DMSO
solution.

3. Results and Discussion

3.1 Titanate Nanotubes (TNT)

The formation of titanate nanotubes (TNT) was confirmed
by SEM and TEM analysis (Figures 2a and 2b, respectively).
As expected these nanotubes have a tubular morphology
but very crowded. This agglomeration clearly observed by
the SEM image (Figure 2a) can occur due to some effect
on the drying process. Figure 2b shows TEM image of the
TNT, where it is possible to observe that the nanotubes are
formed by winding at least three titanates multilayer lamellar
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walls and have an external diameter of 8.6 nm + 1.4 nm and
presents wall thickness of 0.6 nm = 0.1 nm (calculated using
Image J software in Fig. 2). These results are in agreement
with those found by Monteiro et al.?.

Figures 3 shows the diffraction pattern obtained of TiO,
precursor (anatase phase) and the characteristics peaks are
situated at 26=25° (101), 38° (004), 48° (200), 53° (106)
and 62° (215) in agreement with the assignments described
in literature®®?’. In relation to TNT diffractogram, this shows
disappearance of the fine peak situated at 26= 25° (101),
main peak of anatase phase and appearance of signs of
lamellar titanates, 26=24° (110), 28° (211), 48° (020) and
62° (422)*% and the peak at around 26=10° assigned to the
interlayer distance®.

3.2 BHET characterization

In order to confirm the BHET production as the main
product of PET glycolysis obtained at different times and with
catalysts TNT or Zn(OAC),, DSC, TGA, 'H and "C-NMR
analysis were performed.

Figure 4 shows the DSC curves of the main product of
glycolysis from virgin (Figure 4a) and post-consumer PET
(Figure 4b), which has an endothermic peak located at 110°C
corresponding to the melting point of BHET'®. Moreover,
there are not observed peaks corresponding to dimers and/
or oligomers (~170°C)* and unreacted residual PET (255-

Figure 2. Images of TNT obtained by a) SEM (magnification of 100k) and b) TEM (magnification of 410K).
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Figure 3. XRD results of TiO, and TNT.

265°C)*, indicating that both catalysts were efficient in
virgin and post-consumer PET glycolysis.

The melting enthalpy (AHm) for the glycolysis product
(BHET) obtained by the use of virgin (Figure 5a) and post-
consumer PET (Figure 5b) and catalyzed by TNT or Zn(OAc),
are shown in Figure 5. As noted, regardless the type of PET
or the catalyst used on glycolysis reaction, BHET melting
enthalpy values showed no significant difference, indicating
that BHET purity in different reaction conditions is similar.

Thermogravimetric analysis (Figure 6) of the main product
of glycolysis of virgin PET (Figure 6a) and post-consumer

PET (Figure 6b) shows small weight loss differences in the
degradation first stage that occurs around 250°C (degradation
of BHET product). Followed by a second stage which starts
at about 400°C that it is related to PET degradation formed
by thermal polymerization of BHET during analysis®!.
Figure 6¢ and 6d shows in detail the first degradation stage
for BHET obtained from virgin and post-consumer PET,
respectively. There are included in Figure 6 the degradation
curves of virgin PET and post-consumer PET. Degradation
of virgin PET (Figure 6a) occurs at one single step starting
at approximately 400°C, as well as degradation of post-
consumer PET (Figure 6b).

Table 1 shows the initial weight loss temperature, Ti 5%
w. 1., (considered the temperature when the sample loses 5%
of its weight) of all samples, % weight loss for the first and
second stages of BHET and PET degradation, respectively,
and also % of ash content. Results of degradation temperature
at 5% weight loss showed, with small difference, that BHET
obtained using Zn(OAc), are more thermally stable for both
virgin and post-consumer PET, because it is observed the
need of higher temperatures to initiate degradation.

Table 1 also shows a weight loss difference in the first
stage of degradation, with the TNT catalyst samples being
smaller (about 25%) than those with Zn(OAc), (about 30%)
for BHET obtained from virgin PET. For BHET obtained from

Figure 4. DSC curves of the BHET obtained from: a) virgin PET and b) post-consumer PET.

Figure 5. Enthalpies of fusion for BHET from: a) virgin PET and b) post-consumer PET.
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post-consumer PET, weight loss of samples using both TNT
and Zn(OAc), as catalyst remained the same (about 25%).
This results are in agreement with what has been showed
previously about the purity of the BHET being unaffected
by the use of different catalysts.

Samples from virgin PET and the starting material showed
little difference in ash content (about 10-12%). Furthermore,
to post-consumer, ash content presented higher difference
(about 6-13%) that can be associated with impurities, such
as additives used during processing of PET?33,

Accordingly to Geng et al.** and Imran et al.’' weight
loss about 20% at 250°C on the first step refers to the
thermal decomposition of BHET dimers, and the second
weight loss about 70% at 400°C refers to the thermal
decomposition of the PET produced from the BHET dimer
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thermal repolymerization during the TGA process. Differently
from these results, the TGA analysis in this work showed the
first step of degradation refers to basically BHET monomer.
This result is corroborated by the results of NMR (Figure
7 and 8), where no peaks were observed regarding BHET
dimers. The NMR spectra presented signals referring only
to BHET monomer.

The chemical structure of BHET was analyzed by nuclear
magnetic resonance (NMR) spectroscopy. The 'H-NMR
spectrum of BHET is shown in Figure 7 with chemical
structure illustration.

The signs labelled 1, 2, 3 and 4 (Figure 7) are assigned the
protons of the aromatic ring (5, = 8.1 ppm, s, 4H), hydroxyl
groups (3, =4.95 ppm, t, 2H), methylenes (-CH,-) adjacent
to the -OH groups (3, = 3.73 ppm, m, 4H), methylenes

Figure 6. TGA curves for the starting material and BHET obtained from: a) virgin PET, b) post-consumer PET, c) increased image for
first stage weight loss for BHET from virgin PET and d) increased image for first stage weight loss for BHET from post-consumer PET.

Table 1. Degradation temperature at 5% weight loss, weight loss for the 1° and 2° degradation stages, ash content of TGA results obtained
for both starting material and BHET from virgin and post-consumer PET for different reaction times.

Samples Time (h) Ti(°C)5% w.l.  W.L /(%) W.L,(%) Ash content (%)
Starting virgin PET - 396.0 84.9 - 11.0
2 218.1 23.0 61.2 12.2
TNT 3 218.1 23.5 61.5 10.7
Virgin PET 4 227.2 24.0 62.4 11.4
2 228.7 30.1 57.2 10.2
Zn(OAc), 3 252.9 30.8 55.0 10.7
4 250.6 30.1 55.9 11.9
Starting post-consumer PET - 398.8 79.5 - 15.9
2 212.8 24.0 62.6 12.0
TNT 3 230.2 26.3 61.6 6.0
Post-consumer PET X 2038 47 648 7
2 232.0 26.4 57.0 13.4
Zn(OAc), 3 255.2 26.0 53.4 7.7
4 225.7 26.8 59.6 11.3

Ti 5% w. 1. = initial temperature of decomposition (5% weight loss); W. L, = weight loss 1; W. L, = weight loss 2.
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Figure 7. '"H-NMR spectrum for BHET, the main product of PET
glycolysis.

Figure 8. *C-NMR spectrum for BHET, the main product of PET
glycolysis.

(-CH,-) adjacent to the -COO groups (5,, = 4.33 ppm, t,
4H), respectively. The sign around of 2.5 ppm is DMSO
and in 3.3 and 2.0 ppm can be attributed to H,O residual
and contamination.®*'3¢ The *C-NMR spectrum of BHET
is shown in Figure 8 with chemical structure illustration.

The sign 1 (. = 165.65 ppm), 2 (3. = 134.24 ppm), 3 (3.
= 129.96 ppm), 4 (3. = 67.48 ppm) and 5 (5, = 59.48 ppm)
are assigned to the carbons of the chemical structure of BHET,
as shown in Figure 8. The sign of DMSO appears in 40 ppm.

The yield values in % of BHET, turnover number (TON)
and turnover frequency (TOF) are shown in Tables 2 (for
virgin PET) and 3 (for post-consumer PET). TON and TOF
are parameters that indicate the ability of a catalyst to convert
reactants to products in molar units before becoming inactive
and the number of cycles that this catalyst is able to make
per time unit®’, respectively.

Table 2. Yield, TON and TOF results obtained for BHET from
virgin PET for different reaction times.

Catalyst  Time (h) y::llﬁoi , TON  TOF@)

2 81.3 383 191
TNT 3 83.9 395 132

4 80.2 377 94

2 78.5 225 112
Zn(OAc), 3 79.4 227 76

4 74.7 214 53

Values of PET conversion for all reactions (using both
virgin and post-consumer PET) were above 99%. BHET
yields were obtained above 70% using the Zn(OAc), catalyst
and above 80% with the use of TNT for virgin PET (Table
2). However, the reaction time seems to have no significant
effect on the BHET yields regardless the catalyst. The main
difference is in the results of TON and TOF, where larger
values of these catalytic parameters were obtained with
TNT, proving itself as a most promising catalyst than the
commercial catalyst. For both catalysts there were a decrease
in the values of TOF with longer reaction times, indicating
that in 2 hours of glycolysis obtains the highest catalytic
efficiency (greater number of cycles per time), and thereby
a high yield of BHET.

For reactions using post-consumer PET (Table 3) again
TNT performance were more effective than zinc acetate, i.e.
higher TON and TOF to TNT as compared with Zn(OAc),,
as noted in Table 2. BHET yields remains similar to all
reaction times. When comparing values of TOF and the
nature of PET it is observed that TNT were more effective
when compared with Zn(OAc), in all reactions (virgin and
post-consumer). Futhermore, TNT decrease their catalytic
efficiency (Tables 2 and 3), but this isn't that significant. It
can be attributed to additives present in post-consumer PET.

In view of these results, it has been observed that the
optimal reaction time is 2 hours, because high yields and high
values of TOF are achieved with minimal energy expenditure.
Consequently, TNT are the most promising catalysts compared
with zinc acetate in all reactions. The glycolysis reaction can
occur via acyl-type (A, .2) mechanism according to literature®®.
Different metallic-based catalysts are used in this reaction,

Table 3. Yield, TON and TOF results obtained for BHET from
post-consumer PET for different reaction times.

BHET

Catalyst  Time (h) yield (%) TON TOF (h)

2 76.7 361 181
TNT 3 73.2 345 115

4 59.0 268 67

2 82.6 237 118
Zn(OAc), 3 68.5 196 65

4 81.8 228 57
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however depending of metal kind the mechanism will be
different. When the catalyst is the Zn(OAc),, the zinc atom acts
as Lewis acid, interacting with oxygen from carbonyl group,
corresponding to the ester group from PET chain, favoring
nucleophilic attack of EG®. In the case of TNT as catalyst, a
high actives sites quantity is available (Na" ions and titanium
atoms). Sodium ions will activate the nucleophile (EG) to
attack the carbon from carbonyl group, corresponding to ester
group while the titanium atoms produce a bidentate specie via
coordination of the two oxygens of ester group of PET. Thus
EG can attack more easily the carbon from carbonyl group
that it is more susceptible. This behavior justify the higher
activity of TNT when compared with Zn(OAc),, making it
the best catalyst for PET depolymerization by glycolysis.

4. Conclusions

Titanates nanotubes (TNT) were successfully synthesized
by the hydrothermal method with 8.6nm = 1.4nm external
diameter. They were applied as catalyst in reactions of
glycolysis of PET depolymerization comparing the results
with a commercial catalyst, zinc acetate. In the reactions using
virgin PET, the TNT were promising having higher yields of
BHET compared to the results obtained with Zn(OAc),, and 2
hours reaction being more efficient. The obtainment of BHET
was confirmed by 'H and *C-NMR analysis. Furthermore,
the nature of PET influences decreasing the efficiency of
TNT for glycolysis reaction when used post-consumer PET
with BHET yields lower than those obtained Zn(OAc),.
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