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Abstract

Decomposition of used poly(ethylene terephthalate) (PET) bottles was accomplished by methanolytic degradation using
bamboo leaf ash (BLA) as a green and highly efficient heterogeneous catalytic system. The reaction at 200 °C in an autoclave
reactor gave dimethyl terephthalate (DMT) and ethylene glycol (EG) in 78% and 76% yields, respectively. The chemical and
physical characteristics of the prepared catalyst were studied using X-ray fluorescence (XRF), Fourier-transform infrared
spectroscopy (FTIR), X-ray diffractograms (XRD), Energy dispersive X-ray spectrometry (EDX), Scanning Electron Micros-
copy (SEM), Transmission Electron Microscopy (TEM), Thermal Gravimetric Analysis (TGA) and Brunauer—-Emmett—Teller
(BET) analyses. The conversion of PET to DMT and EG was completed within 2 h, and the crude as well as the recrystallized
products were characterized using HPLC, NMR and IR. The catalyst, owing to its excellent thermal stability, mesoporous
nature, bio-compatibility, cost free, easy preparation, recyclability and efficacy make it an attractive alternative and greener

solid catalyst for PET depolymerization.
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Introduction

Plastics have become unescapable in our daily life owing to
their low cost of production, durability, high tensile strength
and an unabated growth of usage in different sectors. The
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annual production of polymeric materials was 381 million
tons in 2015 [1], and poly(ethylene terephthalate) (PET)
shared 13% of the global plastic output [2, 3]. The thermal
and mechanical features are outstanding [4, 5], for which
PET is widely used as food and beverage packing materials
to the electronics and textile industry [6—8]. The capability
to produce a variety of various quality of different molecular
weights in a single operation is the primary reason for the
extensive application of PET in the pharmaceutical fields
[9, 10]. However, extensive use of such polymeric mate-
rials, often limited to their single-used coupled with their
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non-biodegradability has generated a huge problem with
respect to its disposal, with volume and range used increases
dramatically in recent years [11, 12]. In addition, when it
comes to total solid trash generated globally, PET waste
contributes 8 percent and 12 percent by weight and volume
of the total garbage produced [13, 14]. It was also estimated
that India alone has generated 62 million tons of municipal
solid waste every year, which is foreseen to expand at a rate
of 1-2% annually, of which plastic wastes account for 5-6%
of the total solid waste generated [15, 16]. With these contin-
uous increase in the productions of PET waste and its ability
to withstand biological and atmospheric agents, plastic waste
has put forward a huge environmental as well as economic
problems and there is a high demand for its proper recycling
[10, 17-19]. With the exception to its motive towards eco-
logical incentive, recycling of PET waste highly entertained
savings of raw petrochemical products and energy [20-23].
Notably, when compared with products obtained from vir-
gin grade resin, the same products obtained from recycled
plastic waste results in 50-60% energy saving [3].

Currently, primary recycling, secondary or mechani-
cal recycling, tertiary or chemical recycling, and plastic’s
energy content retrieval through incineration (quaternary
recycling) are the pragmatic accessible recycling processes
of PET [24-26]. Primary recycling involves reprocessing
of uncontaminated low grade industrial waste generated by
the manufacturing industry that is deprived of the desired
standard [25]. Mechanical recycling involves segregation
of PET materials from its contaminants which are then re-
utilized by melt extrusion into granules [27]. Chemical recy-
cling, which is referred to as a well adopted and sustainable
recycling method transformed PET back to its monomer or
secondary value-added products [25, 28, 29]. There have
been many reports on chemical recycling methods that use
various catalysts. These include aminolysis, ammonolysis,
glycolysis, hydrolysis, and methanolysis. [11, 30, 31]. The
energy recovery process through incineration of PET waste
encounters strong societal opposition due to its high envi-
ronmental impacts [16, 24]. Only the chemical recycling
method, which results in the regeneration of monomers from
which polymers are built, was found to meet the criteria of
sustainable development among the recycling procedures
discussed above [32].

Methanolysis of PET is the breakdown of PET polyesters
in the presence of methanol at an elevated temperature rang-
ing from 180 to 280 °C and pressure of 20 to 40 atmosphere,
resulting in the production of the desired dimethyl terephtha-
late monomer and ethylene glycol [33-36]. The main advan-
tages of this method are: i) the quality of the obtained DMT
is identical to that of the virgin DMT, ii) the ease of purifica-
tion of DMT, and iii) easy recovery of EG and methanol. In
addition, this method presents a relatively high tolerance to
contaminants and hence can treat low quality feedstocks [35,

36]. Different techniques such as liquid methanolysis, vapor
methanolysis and supercritical methanolysis were explored
[35, 37-40]. As with other depolymerization method, lig-
uid methanolysis in the presence of catalyst proceeds effort-
lessly. Thus, some divalent metal catalysts including zinc
acetate, cobalt acetate, manganese salts, magnesium acetate,
calcium phosphate, sodium silicate, lead dioxide, alkali earth
metal hydroxides, lead acetate and aluminium triisopropox-
ide were used as an effective catalyst [24, 25, 35, 40, 41].
Even though the number of research for recycling of PET
polyester has increased dramatically, high cost of reaction
procedures has become the limiting factor for this method
at present [2, 24, 25].

The use of biomass-derived solid catalysts as a substi-
tute to typical heterogeneous catalysts to promote different
chemical processes was strongly encouraged in the perspec-
tive of environmental and sustainability [42, 43]. As a result,
several examples regarding the utilization of carbon-based
solid catalysts from biomass waste by various research
groups were available recently [42, 44—50]. They are primar-
ily employed as a catalyst in the manufacture of biodiesel
and the formation of C—C bonds in organic reactions [42,
51]. Our most recent work has included describing for the
first time, a glycolysis technique for old PET that makes use
of orange peel ash (OPA) and bamboo leaf ash (BLA) as
economically feasible and reusable heterogeneous catalysts
[52, 53]. As a result, in addition to our inclination toward
the development of more environmentally friendly meth-
ods for PET depolymerization [52-54], the present study
demonstrated the exploitation of biomass-waste bamboo
leaf ash (BLA), which is inexpensive, readily recoverable,
and environmentally friendly, as a heterogeneous catalyst
for methanolytic conversion of PET to its DMT monomer.

The centerpiece of our research work, “bamboo” is
accounted as one among the fast-growing diversity of plants
in major parts of the world. The tall, tree-like grasses of the
family Poaceae were profusely used for a variety of pur-
poses, especially in East and Southeast Asian countries [55].
Mostly, its stems and fibers are a natural resource, widely
used in housing construction, home appliances, and handi-
work applications [56]. However, the bamboo leaf which
has high silica content (30-50%) is considered waste and
its applications are almost negligible [57]. Recent studies
describe the application of ash obtained from bamboo leaves
to cement composites for the generation of pozzolanic mate-
rials [58]. Recently, Fatimah and co-workers reported the
application of bamboo leaf ash (BLA) supported by ZrO,
in the microwave-promoted production of biodiesel [56].
Considering the potency, recyclability and renewability, the
present communication deals with the application of BLA
for depolymerization of poly(ethylene terephthalate) waste
bottles through methanolysis, which may perhaps offer an
alternative greener route for PET recycling.
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Experimental
Materials

Post consumed PET bottles were procured from the market
and all the labels along with the caps were removed, washed
with distilled water, shredded into 1 mm X 1 mm square chip
and dried in an oven. Bamboo (Melocanna baccifera) leaves
were gathered from Aizawl, Mizoram, India. Methanol,
chloroform, commercial ethylene glycol (EG), 2-hydroxy-
ethyl methyl terephthalate (HEMT) and bis-(2-hydroxyethyl)
terephthalate (BHET) were purchased from Sigma Aldrich,
and no further purification was performed prior to use.

Preparation of BLA Catalyst

The collected bamboo leaf was cleaned thoroughly with
distilled water, parched at 80 °C for 8 h and then burnt to
ashes. Calcination of the ash was carried out at 700 °C for
4 h, and the greyish color bamboo leaf ash (BLA) was col-
lected, crushed to a fine powder, sieved and then stored in a
sample vial at room temperature.

Characterization of PET Waste

The thermal analysis of the post consumed PET was carried
out using PerkinElmer DSC 6000 under an inert atmosphere
with nitrogen flow of 20 ml min~!. PET samples (2—4 mg)
were then heated from 50 to 300 °C at a rate of 20 °C min~!
using indium (In) as a standard for measuring enthalpy of
fusion (AHy). Degree of Crystallinity of PET was calculated
from the enthalpy change obtained from DSC analysis by
taking 140 J g~! as AH;, of pure crystalline PET using the
following equation [59]:

Enthalpy of fusion
14017/g

Crystallinity% = x 100. (1)

Characterization of the Catalyst

To analyze the morphological structure, crystallinity, d
chemical content of the prepared BLA catalysts FTIR, XRF,
XRD, TEM, SEM, EDX, BET and TGA analyses were per-
formed. FT-IR spectra of the prepared catalyst was obtained
using KBr disks on Spectrum BX FT-IR, Perkin Elmer (v,,,,
in cm™"). SEM images and determination of the elemental
composition was performed on JSM-6360, Jeol and ESEM
EDAX XL-30, respectively. TEM images were obtained
using JEM-2100, 200 kV instrument. X-ray fluorescence
(XRF) of the catalysts were screened through PANalytical,
Axios mAX. For the investigation of crystalline properties
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of the catalyst, Powder X-ray diffraction (XRD) patterns
were obtained from Philips, Xpert MPD. The N, adsorp-
tion—desorption isotherm of the prepared BLA was docu-
mented using Quanta chrome Nova-1000 surface area and
porosity analyzer. The thermogravimetric analysis (TGA)
was recorded on Perkin Elmer TGA 4000 and the thermal
stability of the catalyst was analyzed at a temperature rang-
ing from 30 to 999 °C.

Methanolysis of PET Waste

PET depolymerization was conducted using Shilpent Tef-
lon Lined Hydrothermal Autoclave (50 mL) charged with
480 mg of PET flakes (2.50 mmol), 100 mg of BLA catalyst
and 5 mL of methanol. The autoclave was then plunged to an
oil bath at 200 °C temperature. As soon as the autoclave was
immersed, the temperature of the oil bath dropped signifi-
cantly and it was then gradually heated to the predetermined
temperature within 20 min. When the fixed temperature had
been reached, the reaction was kept constant for 2 h. After
the reaction had ended, the BLA catalyst was isolated by way
of filtration and then washed with 40 ml of heated MeOH.
The filtrate was enabled to cool down to room temperature
and then placed in a refrigerator at 2 °C for 4 h, where a
crystallized DMT separates out, which was filtered, dried
and weighed (78%). The filtrate was distilled under reduced
pressure to recover methanol and ethylene glycol. The white
crystalline residue was collected and analyzed using HPLC
and NMR. The percentage conversionnd yield recrystallized
DMT were calculated using the equations given below:

Conversion of PET (%)
_ weight of initial PET — weight of recovered PET )
weight of initial PET
x 100.
Yield of DMT monomer (%) = Ac?hilj::ii;){y?eﬁi}ng};?w x 100.
(3)

Product Characterization

Nuclear Magnetic Resonance Spectroscopy (‘H NMR and
I3CNMR) were recorded on Bruker, 400 MHz Avance I1I
spectrometer in DMSO-dg. FT-IR spectra were recorded
on a Spectrum BX FT-IR, Perkin Elmer in the range of
4000-500 cm~!. HPLC (High Pressure Liquid chroma-
tography) was recorded on Waters 1525 binary pump and
Waters UV detector 2489 using Spherisorb ODS2 5 pm,
4.6 X 250 mm analytical column at 254 nm. The solution
of methanol and water at 70/30 volume fraction at a flow
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rate of 1 mL/minute was used as a mobile phase. The
UV-Vis spectra were recorded on Labtronics UV-Vis
Spectrophotometers Model-LT-2202, and the samples
were dissolved in chloroform (5 mg/mL).

Results and Discussion
Post-consumer PET Characterization

Physical properties of PET such as glass transition tem-
perature, heat of fusion and melting temperature were
studied and is highlighted in Table 1. From the analysis,
the glass transition temperature T, of post consumed PET
was found to be in between that of amorphous and crystal-
line [60], with clear PET having the highest Tg of 79 °C,
followed by light yellow color PET with 78 °C T,, while
green color PET has the lowest T, with 75 °C. Moreo-
ver, enthalpy of fusion (AH;) of post consumed PET was
determined by heating it to a temperature well above its
melting point (300 °C), and cooling it to a lower tem-
perature (50 °C), which is then again reheated to 300 °C
temperature using Indium as a standard reference for
calibration. It was observed that green color PET has the
highest AH; with 60.0128 J g~!, while clear and light-
yellow color PET have 55.1033 J g=! and 54.5185J g~!
respectively. As aforementioned, enthalpy of fusion (AHy)
obtained was employed for calculating the degree of
crystallinity, which is a measure of the orderliness of the
polymer chain for each sample. As a result, green color
PET having the highest enthalpy of fusion has the high-
est degree of crystallinity with 42.86%, next to clear PET
with 39.35 crystallinity %, while light yellow color has
the lowest crystalline component with 38.94%. In general,
the rate of decomposition of PET material was known to
be inversely related to their degree of crystallinity, i.e.,
rate of degradation becomes sluggish with an increase in
degree of crystallinity [61]. However, crystallinity studies
of different colored PET bottles showed that the percent-
age crystallinity are almost the same, thus, explaining
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Table 2 XRF analysis of BLA catalyst
SI. No Chemical formula Concen-

tration

(%)
1 SiO, 76.02
2 SO; 6.892
3 CaO 4.783
4 K,0 2.876
5 Fe,04 2.341
6 MnO 1.888
7 MgO 1.277
8 P,04 0.64
9 Al O, 0.529
10 Na,O 0.134
11 Cr,0; 0.124
12 TiO, 0.117
13 CuO 0.114
14 ZnO 0.092
15 SrO 0.053

a uniform depolymerization time for each colored PET
bottle.

Catalyst Characterization

XRF analysis was performed to evaluate the compositions of
the prepared catalyst and the findings are shown in Table 2.
The composition was found to be of 76.026% silicon diox-
ide (Si0,), 6.892% sulphur trioxide (SO;), 4.783% calcium
oxide (Ca0), 2.876% potassium oxide (K,0), 2.341% fer-
ric oxide (Fe,05), 1.888% manganese oxide (MnO) and
1.277% magnesium oxide (MgO) as the major constituent.
Apart from these, oxides of phosphorus, aluminium, sodium,
chromium, titanium, etc., were found to be present in minor
quantities for the catalytic activation.

X-ray Photoelectron Spectroscopy (XPS) evaluation
was performed out to decode the elemental configuration
of the fresh BLA catalyst (Fig. 1). After extensive study
of the wide-scan spectrum, the availability of Si, O, C, Ca,
and K as the major elements in the external region can be

Table 1 Thermal properties of

T,,CC* T,(°C)* AH;{J g_l)ﬂ T, (°C)*  Crystallinity (%)°

Sample Weight of
poly(ethylenct terephthalate) sample (in
samples obtained from DSC mg)
analysis

Clear PET 3.200

Green color PET 2.600

Light-yellow color PET  2.000

239.11 25538  55.1033 79 39.35
237.63 253.81  60.0128 75 42.86
236.05 254.24  54.5185 78 38.94

“Melt onset temperature (7),,), melt end temperature (7,,), enthalpy (AHy) and glass transition temperature
(T,) measured at a heating rate of 20 °C min~! by DSC

®Degree of crystallinity was determined based upon 140 Jg~! for the AH; of 100% crystalline PET

@ Springer
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Fig.1 XPS analysis of BLA catalyst

confirmed. On deconvolution, the C1s spectra comprise four
distinct peaks. The peaks at 285.38 and 293.78 eV may be
assigned to the presence of C—C and C=0 of metal car-
bonates on the ash particle. The deconvoluted Ols spectra
shows one hump, positioned at binding energy of 529.94 eV,
which may be attributed to the presence of metal oxides.
Moreover, on deconvolution, the K2p spectra present two
peaks at 293.84 and 291.12 binding energies, which was
assigned to K,O and K,CO;. Likewise, the Ca2p spectra also
shows two peaks at 348.63 and 344.56 eV, which confirms
the presence of CaCO; and CaO respectively. Furthermore,
a single peak located at binding energy of 100.68 eV within
the Si2p spectra credited the presence of an abundant SiO,
compound of the catalyst.

The presence of crystalline complex in BLA was identi-
fied by XRD analysis wherein compounds in the form of
their carbonates and oxides were determined (Fig. 2a). It can
be seen that strong characteristic diffraction peaks observed
at 20=20.817, 26.566, 50.088, 29.405, 45.688 correspond-
ing to (100), (011), (003), (104), and (221) planes confirm
the presence of SiO, and CaCO5 (JCPDS reference file No:
89-1961, 89-8936, 89-8945, 86-2334, 87-1863). Typi-
cal spectra of the catalyst profusely demonstrate silica as
the dominant phase, and other diffraction peaks at 47.422°,
54.755°, and 59.822° correlated to (113), (141), and (060)
planes (JCPDS reference no: 86—0294, 86-0305,73—-1539)
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were due to the presence of Na,CO; and MnO,. Beside
these, the occurrence of Fe,0; SO;, K,0, K,CO;, Ca0, and
MgO were observed at 35.750°, 36.840°, 39.422°, 40.222°,
42.355°, and 43.089° which corresponds to (110), (112),
(220), (221), (422), and (200) planes, matching well with
the existing library JCPDS reference no: 8§9-8104, 73-2169,
47-1701, 70-0292, 02-1088, 87-0653, 88-0107, respectively.
In continuation, the results of XRF and XRD data were
strongly supported by EDX analysis showing O (48.01%),
Si (32.27%), Ca (8.98%), K (4.61%) as the primary constitu-
ent elements with Mg (1.59%), Mn (1.25%), Al (1.12%), P
(0.83%), S (0.49%), and Cl1 (0.32%) as the less abundant
elements in the ash sample (see Supporting Information Fig.
S11).

Functional group analysis (FTIR) of the catalyst was
performed as shown in Fig. 2b. The peaks at 1082 cm™!
and 796 cm™! highlights the asymmetric stretching and
bending vibrations of Si—O bond. The peak at 3442 cm™!
is associated with water molecule absorbed by the catalyst.
The appearance of peaks at 1641 and 1446 cm™' can be
attributed to the C—O vibrations of metal carbonates in the
catalyst, respectively.

Brunauer—-Emmett-Teller (BET) method was used to
evaluate the surface area of the catalyst, and Barrett-Joyner-
Halenda (BJH) model was employed to detect the average
pore size distribution. These methods elaborate the surface
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Fig.2 Bamboo leaf ash a XRD pattern, b FT-IR spectra, ¢ nitrogen adsorption—desorption isotherm (inset: BJH pore size distribution), and d

TGA thermogram

area and pore size of the ash catalyst, determining the total
specific area in m?/g unit at standard temperature and pres-
sure, thereby providing an important information regarding
the effects of external porosity of the catalyst. The surface
area, pore diameter and pore volume of the catalyst were
found to be 21.847 m?/g, 136.84 A, and 0.127 cm’/g, respec-
tively. The N, adsorption—desorption isotherm (Fig. 2c)
showed a typical type-IV isotherm, which is the character-
istics of mesoporous materials [62]. The higher BET exter-
nal area and mesoporous characteristics of the material may
contribute to the higher catalytic activity of the ash catalysts
towards transesterification reaction.

Thermal Gravimetric Analysis (TGA) of the prepared
BLA was presented to investigate its thermal inertness with
temperature (Fig. 2d). Results showed that 5% of the initial
weight was lost between 30 and 200 °C, corresponding to
the removal of water content from the catalyst. Moreover,
additional dropping in the weight of the ash material typi-
cally corresponds to oxygenation of carbon moiety of the
ash material [63].

SEM and TEM images delineated the external outline
of the ash samples. The SEM images (Fig. 3a, b) illustrates

that the outline of bamboo leaf ash particles is rough and
spongy with an agglomerated assembly of microporous
and mesoporous structures. Besides, TEM images (Fig. 3c,
d) also show aggregated irregular globular surface of the
catalyst with different size distributions, having an average
spherical diameter ranging from 10 to 50 nm approximately
(Fig. 4).

Analysis of Solid Products

It was reported earlier that methanolytic decomposition of
PET results in DMT production as the main component with
the generation of several byproducts such as 2-Hydroxyeth-
ylmethyl terephthalate (HEMT), bis-(2-hydroxyethyl) tere-
phthalate (BHET), BHET dimer, DMT dimer and oligom-
ers in small amount [40]. In our case, analysis of the final
crude product by HPLC revealed the presence of EG, BHET,
HEMT and DMT at a retention time of 2.177, 3.259, 4.273
and 7.354, respectively. This was confirmed by evaluation of
HPLC studies of commercially available EG, BHET, HEMT
and recrystallized DMT monomer (see Supporting Informa-
tion Figs. S1-S5).
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Fig.4 HPLC data of recrystallized DMT, commercial BHET, com-
mercial HEMT, commercial EG and the crude product
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Purification of the crude reactions was then performed
based on the method highlighted in the experimental sec-
tion to obtain pure DMT monomer, and it was characterized
by using NMR and IR spectroscopy. In its 'H NMR spec-
tra, singlets at 6 =3.948 (-OCHj;) and 8.099 (Ar-H) ppm
(Fig. 5) confirm the formation of the desired product which
was further substantiated by the resonances at 6 =166.85,
134.48, 130.13 and 53.01 ppm in its '>*C NMR spectra (see
Supporting Information Fig. S7). The FT-IR spectra of
recrystallized DMT shows an absorption band at 1703 cm
-1, indicating the existence of esters functionality (see Sup-
porting Information Fig. S8). The strong absorption bands
observed at 1262 and 1087 cm™! may be allocated to the
stretching vibrations of methyl and C-O bond, correspond-
ingly. Existence of the methyl group was confirmed by the

vibrational band at 2952 cm ~!.
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Fig.5 'H NMR spectra of
recrystallized DMT

Proposed Reaction Pathway for Methanolysis of PET
Waste

The framework of the possible reaction mechanism for
methanolysis of PET BLA as a catalyst is given in Fig. 6.
It is generally accepted that for any reaction involving
exchange of ester functionality, the solid-based catalyst
should exhibit several basic sites, high surface area as well
as large pore diameter to provide an effective transition
from start to finish [64—66]. In this commentary, based on
the data available from characterization of the catalyst and
experimental results, we consider that the occurrence of
several elements like Ca, K, Fe, Mg etc., available in order
of their oxides and carbonates have introduced an effec-
tive strategy for the degradation of PET waste granules.
Earlier studies have also reported that decomposition of
PET waste through transesterification reaction was sub-
jected to Lewis acid—base synergistic effect [67]. Hence,
for each successful conversion, a nucleophilic methoxide
ion was generated with the abstraction of a proton from
-OH group of methanol by the anionic sites (such as 0%,
CO32_) present within the catalyst. Subsequently, the
methoxide ion interacts with the cationic sites (Mn>*, K>,
Ca’*, Mg?* etc.,) of the catalyst, which initially assembled
nucleophilic attack on electron deficient carbonyl of esters
group to form a tetrahedral intermediate. As the reaction
proceeds further, a rearrangement reaction takes place
where the esters bond gets cleaved, and the polymeric sub-
strates experienced a new C—O bond formation between

the carbonyl carbon of PET polyester and oxygen from
methanol. As a result, the PET chain cleaved, decreasing
the chain length to form oligomers and finally into a dime-
thyl terephthalate (DMT) monomer as the major product.
Besides DMT, coupling of the acyl -OCH,CH,— group
with proton adsorbed by the catalyst results in the forma-
tion of ethylene glycol in the reaction mixture.

Effect of Reaction Parameters on Depolymerization
of PET Waste

The impact of catalyst loading on PET to DMT conversion
at 200 °C with 5 ml of methanol is summarized in Fig. 7a.
We experienced that the degree of polymerization and DMT
yield increases exponentially with every rise in BLA load-
ing. As such, when PET degradation reaction was carried
out with the exclusion of our catalyst, even after 48 h of
time, only 71% PET transformation and 0.8% DMT yield
were obtained. The maximum yield of DMT monomer was
obtained using 100 mg of the catalyst, furnishing 73% yield
within 2 h of reaction time. However, we also observed that
a further increase in the catalysts loading above 100 mg
does not result in any significant enhancement of the yield.
HPLC analysis of the crude product with 120 mg of BLA
loading indicates an escalated formation of BHET, HEMT
and other byproducts which otherwise could not be isolated
under normal recrystallization procedure (see Supporting
Information Fig. S13). Hence, we envisage that after reach-
ing the optimal catalyst concentration, the depolymerization
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Fig. 6 Plausible reaction pathway for methanolysis of PET using BLA

occurs hastily to form DMT, which is then repolymerized
to form oligomers and other byproducts, thereby creating a
chemical equilibrium [41].

Reactions were performed to analyze the influence of
time of reaction and temperature of reaction on the break-
down of PET waste to its monomeric DMT units. At a vary-
ing reaction time ranging from 1 to 4 h, depolymerization
of 2.50 mmol of PET waste was set up while keeping the
catalyst loading and methanol concentration constant at 20
wt% and 5 ml, respectively. The level of PET decomposition
and the formation of DMT monomer escalated sharply when
the reaction period was increased from 1 to 2 h (Fig. 7b). But

@ Springer

beyond that, there is a slight decrease in the overall yield of
DMT which may be due to an increase in the formation of
other depolymerized products as shown by HPLC analysis
(see Supporting information Fig. S14). The initial increase
and then subsequent decrease in the DMT formation can
be explained on the grounds of their equilibration process.
Generally, degradation of PET by methanolysis is believed
to start from the chip surface and occurs at random places
in the polymeric chain, producing the oligomers, and finally,
generating DMT and EG [41]. As the reaction advanced
with time, the monomer was then repolymerized to form
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the dimers and/or oligomers, thus reducing the overall DMT
yield.

We also observed that a 180 °C reaction condition did
not seem to attain completion even after a prolonged reac-
tion time of about 4 h. It was seen that rising of the reaction
temperature greatly influenced the rate of depolymerization
as shown in Fig. 8a. The best result was obtained at 200 °C,
where complete degradation with the highest DMT yield
was achieved within 2 h of reaction time. A sharp decrease
in DMT yield was seen at 220 °C with an increase in oligom-
ers production.
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tions with 480 mg of PET, 100 mg of BLA and varied amounts of
methanol concentration for 2 h at 200 °C

The impact of methanol concentration on the degradation
of post-consumer PET was also investigated and is charted
in Fig. 8b. The result indicates that the rate of PET degrada-
tion and the DMT obtained upsurge rapidly with every rise
in methanol loading from 2 to 10 mL. But after reaching its
optimal concentration of 10 mL of MeOH, the DMT yield
decreases even with a further rise in methanol concentra-
tion, and an augmented formation of the oligomers and other
byproducts were again detected in the HPLC data. This indi-
cates that an optimal methanol concentration is required for
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the whole effectiveness of the protocol when other reaction
parameters are kept constant.

Methanolysis of Color PET Bottles

Under the optimized condition, methanolysis of green,
light-yellow and red PET bottles were also investigated (see
Supporting information Table S6). The reactions were com-
pleted within 2 h giving good selectivity for DMT monomer.
Most of the color observed separates out during recrystal-
lization process, and any persisting pigments can be deleted
by adding activated charcoal upon recrystallization [28, 52].
The samples were dissolved in chloroform (5 mg/ml) and
the absorbance of DMT obtained from colored as well as
clear bottle was recorded on UV—Vis spectrophotometer at
350-800 nm wavelength range (Fig. 9a).

a
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Catalyst Reusability

The feasibility of catalyst reusability has become an impor-
tant aspect for most chemists considering the industrial and
environmental applicability of the proposed process. There-
fore, after separating the catalyst from the reaction mixture,
it was washed with methanol 2-3 times to remove all organic
impurities and then put in a hot air oven at 80 °C for 5 h.
We observed a weight loss of about 5-10% catalyst, and
this was recompensed with fresh catalyst. The reusability
of the recovered catalyst was then tested for four catalytic
series with our optimized condition. It can be seen that DMT
obtained and reaction time decreased gradually with each
successive catalytic cycle. This may be due to the fact that
during the catalytic reaction and subsequent purification pro-
cess, some of the catalyst’s active components leached into
the reaction medium, thereby reducing the catalytic activity.
Subsequently, the regenerated BLA after fourth successive
run was subjected to SEM, TEM and EDX analysis.
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Fig.9 a UV-vis spectra of DMT monomer derived from clear, green, light-yellow (before and after decolorization) and red PET bottles. b Reus-
ability of BLA on degradation of PET. Reaction condition: 480 mg PET, 100 mg BLA, 10 mL methanol, 200 °C

Table 3 Comparison of the efficacy of the prepared catalyst with some reported procedure

Sl.no Catalyst Catalyst (in wt%) Temperature Pressure Time MeOH (mol. eq.) Yield References
(in °C) (in atm) (in %)

1 - - 300 - 30 min 71.27 55 [39]

2 - - 310 99.4 30 min 83.98 98 [68]

3 - - 270 108.562 40 min 28.5 96 [40]

4 [A1(O'Pr),] 10 200 - 2h 95.00 67.30 [41]

5 KOH 69 100 - 30 min 16.78 96 [69]

6 Zn (OAc), 1 180 - 55 min 9.5 _ [24]

7 K,CO, 14.35 25 - 24 h 50.00 93.50 [67]

8 BLA 20 200 - 2h 98.87 78 This work
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Table 4 ‘Rate consFant (k%’ Order of reaction  Rate constant at various temperature (K) R? E, A

correlation coefficient (R), (&J/mol) (s

activation energy (E,) and 453 463 473 483 ‘

pre-exponential factor (A) of

various kinetic models I 432x10°  3.57x10°  437x107°  475x10° 0582 13248 Nd
Pseudo 1st 6.88x107 1055107 18.18x107° 17.19x107 0.875 59.943  604.861
2nd 2.44%x107° 1.96x10°  236x10°  255x10°  0.115 nd nd

For the recovered catalyst, SEM and TEM images reveal
the retention of agglomerated structure with microporous
and mesoporous nature identical to the virgin catalyst. EDX
studies of the fresh and recovered BLA catalyst disclose a
substantial loss of Fe, Mg, Mn, K, and Ca concentration in
the recovered catalyst, while Si remains almost the same.
These remarkable changes in the concentration may affect
the percentage yield of the depolymerization product with
the recovered catalyst.

Several methodologies have been employed for metha-
nolysis of PET, and are listed in Table 3. The demand of high
temperature, long reaction time, tedious purification process,
presence of co-solvent for better achievements as well as high
catalyst loading are some of the major disadvantages of the
prior reported procedures. In order to control and conquer
these problems, experimental design was demonstrated to
reduce the overall cost of PET recycling using inexpensive,
eco-friendly and waste origin biomass derived BLA as a het-
erogeneous catalyst. The ease of catalyst separation and recov-
ery, ease of preparation and handling, excellent reusable prop-
erty and high selectivity towards DMT formation are some of
the advantages of the prepared BLA catalyst.

Kinetic Studies of PET Methanolysis

Random scission and specific scission are said to be involved
in the degradation of PET, with the former being the more
common type [38]. Random scission occurs at the beginning
of the process, while specific scission occurs at the end of the
process. Meanwhile, it was discovered that the initial stage of
the process takes a longer time than expected and is assumed
to be the step that determines the rate of the reaction. Table 4
contains the results of the calculated different kinetic param-
eters for various kinetic models as proposed by Basumatary
et al. [70], based on the experimental findings.

These data were used to generate Arrhenius plots of In k
against the reciprocal of absolute temperature (1/T), which
are depicted in Figs. S15, S16, and S17 (see Supporting infor-
mation Figs. S15-S17). When the plots are fitted with a lin-
ear function and the graphical interpretation and evaluation
are performed, the correlation coefficient (R?) values for first
order, pseudo first order, and second order kinetics are 0.582,
0.875, and 0.115, respectively, for the three types of kinet-
ics. Figure S16 recommended that the reaction occur in this

order owing to its greatest R? value. Additionally, the activa-
tion energy (Ea) of the BLA catalyzed PET Methanolysis was
determined to be 59.943 kJ/mol as compared to 95.31 kJ/mol
[71], 66.5 kJ/mol [67] and 56 kJ/mol [72] for some reported
literatures.

Conclusion

In conclusion, unknown to prior technique, we have inves-
tigated and described methanolysis of PET waste bottles
using BLA as a transesterification catalyst to regenerate
the DMT monomer in excellent yield. The catalyst being
a waste origin, hence free, was actively used for rapid and
complete decomposition of PET. Its easy preparation and
handling, environmentally friendliness and high efficacy
are some notable advantages of this solid catalyst. The
degree of conversion and selectivity for the desired mono-
mer was greatly influenced by the methanol concentration,
catalyst loading, reaction temperature and time period.
Despite the presence of ample amount of SiO, (~76%) in
the catalyst, the availability of other basic sites (such as
CaO, K,O etc.) was observed to promote the depolymeri-
zation reaction. Thus, with its high efficacy and heteroge-
neous active surface, the BLA is found to be an efficient,
environmentally benign catalyst to offer a greener protocol
to chemically treat post-consumer PET bottles.
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