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a b s t r a c t

Chemical recycling of PET offers the process of recovering virgin grade raw materials that can be repro-

cessed to produce an intact polymeric material or other valuable products. In the current study, we inves-

tigate the advantages of exercising biowaste derived orange peel ash (OPA) magnetic nano-catalyst,

OPA@Fe3O4 as a green and reusable heterogeneous solid catalyst for glycolytic and methanolytic degra-

dation of PET waste. The composition and physical features of the prepared catalyst were studied and

analyzed using various techniques. Under the optimized condition, the catalyst was able to obtain an

excellent bis(2-hydroxyethyl) terephthalate (BHET) and dimethyl terephthalate (DMT) yield with 100%

PET conversion. Moreover, the catalyst was able to be recycled for ten consecutive runs for both processes

without a significant reduction in the yield of the reaction, addressing the possible implementation of the

catalyst for industrial purposes.

� 2023 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan All rights reserved.

1. Introduction

The extensive amount of plastic production distinctly demon-

strated their gaining of popularity on a global scale. During the last

six decades, production of plastic materials dominated the manu-

facturing industry and greatly surpassed almost all other man-

made materials.[1] Once dubbed as ‘materials of 1,000 uses’, the

use of plastics traverses almost every sector, from clothing to auto-

motive industry as well as making ends meet frommedical to elec-

tronics equipment.[2,3] Since its commercial production in 1950 s,

more than 8.3 billion tons of plastic has been produced worldwide.

[4] In 2012 alone, 280 million tons of plastic was generated glob-

ally and it is estimated that the global overall plastic production

will reach 33 billion tons by 2050 if the ongoing consumption rates

continue.[5] Excellent resistance to air, water and chemicals, low

cost and ease of manufacturing, high strength-to-weight ratio

and easy handling of the material enhance their increasing domi-

nation in the consumer marketplace and has permeated nearly

every aspect of our day-to-day life.[1,4] And one amazing feature

of plastic is that its utilization can be easily differentiated based

on its design, each one with a specific characteristic to make them

idyllic for each purpose. However, despite its relentless production

and applications, lack of a proper dumping system has generated a

huge level of plastic pollution, and consequently, is having an

adverse effect on the environment.[6] To combat against these

massive accumulations of plastic waste in our surrounding, road-

maps for an innovative reduction of plastics footprints were devel-

oped using various methods,[7] such as primary recycling,

secondary or mechanical recycling, tertiary or chemical recycling

and quaternary recycling (recovery of energy through pyrolysis

or incineration). Among these, the chemical recycling of plastic

waste occupies the top of the waste disposal pyramid, but the cur-

rent recycling tool box has immensely adorned a secondary or

mechanical form of reprocessing technique rather than the tertiary

or chemical form of treatment available.[7,8] Unfortunately, con-

tinuous reprocessing of the material through physical process has

caused certain degree of chemical identity alteration, such as

change in coloration or decrease in molecular weight of the pro-

duct, and thus the technique is often referred to as ‘downgrading’

or ‘downcycling’ process.[2,9] Right now, tertiary or chemical recy-

cling is the only method which conforms to the principle of green
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chemistry and promises an attractive long-term strategy for

obtaining high-quality monomeric feedstocks.[10].

Nearly 40% of the total polymers synthesized were employed in

the packaging industry, of which polyethylene terephthalate (PET

or PETE) occupies the majority.[4] It is one of the most flexible

polymers that is predominantly used in the production of packag-

ing bottles for mineral water and carbonated soft drinks, food

packaging, transparent films, and glass-replacement in some appli-

cations.[11,12] It is also the easiest and most common plastic to

recycle and hence, in recent years, the chemical recycling of PET

waste has attracted numerous attention among researchers. It is

usually performed viamethanolysis, glycolysis, hydrolysis, aminol-

ysis and ammonolysis through the cleavage of ester linkages at the

polyester chain by nucleophilic reagents such as methanol, glycols,

water or hydroxide, amines and ammonia.[2,12].

Among the chemical recycling techniquesmentioned above, gly-

colysis is the most common method of PET waste recycling and the

least expensive procedure in terms of capital. It is a kind of

endothermic, solvolytic chain cleavage reaction, where molecular

degradation of PET polyester was performed using glycols and a

transesterification catalyst. During the course of reaction, the ester

binding broke and it was replaced with hydroxyl endings to gener-

ate bis(2-hydroxyethyl) terephthalate (BHET) and its oligomers at a

relatively high temperature (180–240 �C).[12–14] Prior studies

have shown that several catalysts such as metal derivatives,[15–

19] zeolites,[20] ionic liquids[21–29] and organocatalysts[9,30,31]

powered this method of depolymerization of PET waste. Mean-

while, methanolysis, another chemical pathway for the degradation

of PET resin using methanol at a very high temperature and pres-

sure yielded dimethyl terephthalate (DMT) and ethylene glycol

(EG) as themain products. The key benefits of methanolysis include

the simplicity with which the monomer, DMT, can be purified; the

ease with which ethylene glycol and methanol can be recovered;

and the relatively high tolerance to impurities, allowing for the

treatment and recycling of low-quality feedstocks. Different

approaches to methanolysis were studied[13,32–35] and reported

that the process could undergo a facile depolymerization reaction

under supercritical conditions or in the presence of catalysts at a

slightly reduced temperature. Several examples of methanolysis

using catalysts such as divalent metals, hydroxides of alkali earth

metals, lead acetate and aluminium triisopropoxide were demon-

strated.[13,35–39] However, high cost of the procedure, low selec-

tivity of the desired products and high toxicity of the catalysts are

some of the limiting factors of the described protocols. Hence, the

search for a novel transesterification catalyst, which is eco-

friendly and cost-effective for promoting efficient and effective

recycling techniques for PET is crucial and is still an area of active

research. Recently, in an attempt to reduce the cost of PET recycling

techniques, we have investigated the use of biomass waste-derived

ashes as recyclable heterogeneous catalysts for PETwaste recycling.

[40–43] Though the processes were simple and efficient, giving

high selectivity of the monomeric feedstocks, the catalysts could

be recycled for up to 5 cycles only, which could hinder its applica-

bility at the industrial scale. In this present study, we have reported

the use of orange peel ash (OPA) coated magnetic nanoparticles as

an efficient, easily recoverable heterogeneous catalyst for PET

waste depolymerization.

To this day, nanostructured magnetic iron oxide materials have

been exploited in a broad range of applications spreading from

nano-sized electronic gadgets to catalysis and biomedicine.[44–

46] They can be separated easily using a magnet, which diminishes

the loss of catalyst as well as increases its reusability, hence, they

have been utilized extensively as heterogeneous catalysts for differ-

ent types of organic transformations.[47–53] There have also been

some preceding reports of magnetic iron oxide nanoparticles such

as c-Fe2O3, Fe3O4 boosted multi-walled carbon nanotube, Fe3O4

immobilized on hexagonal boron nitride nanosheets and ionic liq-

uid coated SiO2@Fe3O4 nanoparticles employed for the depolymer-

ization of PET waste with varying results.[54–56] However, the

preparation of these catalysts usually involves complex and lengthy

synthetic procedure as well as extreme reaction condition that ele-

vates the overall expenses and narrow the environmental affinity of

PET decomposition, thus eventually confines its industrial applica-

tions. To overcome these complications, the biogenic synthesis of

magnetic nanoparticles using OPA was achieved, which could

potentially provide cost-effective and sustainable PET waste recy-

cling method. Inspired by the nature of this biomass derived

nanocatalyst together with our previous successful implementa-

tion[40–43] of highly basic lignocellulosic biomass towards the

decomposition of waste PET, glycolysis and methanolysis of PET

was investigated for the first time using magnetically retrievable

heterogeneous catalyst obtained from the bio-waste material

extract.

2. Experimental

2.1. Materials used

Cast-off PET bottles were gathered from the streets of Aizawl,

Mizoram, India. The bottles were washed repeatedly with distilled

water, dried and then cut into pieces of 1 mm squares. The chem-

icals FeSO4�7H2O and anhydrous FeCl3 were purchased from HiMe-

dia. Ethylene glycol (EG), BHET and DMT (for reference) and

methanol were obtained from Sigma- Aldrich. All chemicals were

used as received unless otherwise stated.

2.2. Catalyst preparation

Orangeswerepurchased fromstreet vendors inAizawl,Mizoram,

India. The peels were collected, washed repeatedly with distilled

water to remove any impurities and then sun dried for 3 days or in

an oven at 80 �C for 10–12 hrs. The dried orange peels were burnt

in open air, and the ashwas collected. The ash (10 gm)was then dis-

solved in 100mLdeionizedwater and stirred using an overhead stir-

rer for 1 hr at 80 �C to extract the basic portions from the peels. The

mixture was filtered, and the orange peel extract was collected.

The magnetic Fe3O4 NPs was synthesized by following the tra-

ditional co-precipitation technique with small changes to the

reported methodology.[57] A mixture of FeSO4�7H2O (5 mmol)

and FeCl3 (10 mmol) was added to 100 mL of deionized water

which was pre-heated at 90 �C with vigorous stirring. To this,

20 mL of the OPA extract was added dropwise until the solution

changed from brownish color to dark brown. Then a small amount

of 1 M ammonia solution was added dropwise till the color of the

solution changed from dark brown to fully dark. The prepared

Fe3O4 NPs was allowed to settle, the solution was decanted, and

the solid part at the bottom was collected. The magnetite nanopar-

ticle was mixed with 50 mL of orange peel extract and then stirred

at room temperature for another 30 min. The water was evapo-

rated using a rotary evaporator and the dried OPA coated nanocat-

alyst was collected and stored in a vacuum at room temperature.

2.3. Catalyst characterization

The prepared catalyst, OPA@Fe3O4 was well characterized using

various techniques such as X-ray fluorescence (XRF), X-ray photo-

electron spectroscopy (XPS), Energy-dispersive X-ray spectroscopy

(EDAX or EDX), Fourier-transform infrared spectroscopy (FTIR), X-

ray diffraction (XRD), Thermogravimetric analysis (TGA), Scanning

Electron microscope (SEM), High-resolution transmission electron

microscopy (HR-TEM) and Brunauer Emmett Teller (BET) analysis.
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X-ray fluorescence analysis was performed to investigate the

particular composition of the catalyst using PANalytical, Axios

mAX. The FT-IR spectra recording was performed on Spectrum

BX FT-IR using KBr disks (tmax in cm�1). For examining the crys-

talline composition of the catalyst, Powder X-ray diffraction

(XRD) was recorded on Xpert MPD. Surface morphology of the solid

catalysts was analyzed using Scanning Electron Microscope (SEM)

and its chemical composition was recorded on JSM-6360 and ESEM

EDAX XL-30 instruments. Transmission Electron Microscope (TEM)

image was obtained on JEM-2100, 200 kV instrument. Thermal sta-

bility of the catalyst was also studied using Perkin Elmer, TGA 4000

under nitrogen atmosphere. Surface area of the catalyst was

recorded using BET analysis on Quanta chrome Nova-1000 surface

area and porosity analyzer. XPS analysis was performed on a Phys-

ical Electronics, model no. PHI 5000 VersaProbe III instrument.

2.4. Procedure for glycolysis of PET waste

PET glycolysis reaction was performed in a two-necked 100 mL

round bottom flask fitted with a thermometer and a condenser.

The round bottom flask was charged with 2.5 mmol of PET flakes,

4 wt% of OPA@Fe3O4 and 2.25 mmol of EG, and then it was dipped

in an oil bath pre-heated at 190 �C. The reaction was carried out at

the predetermined temperature under atmospheric pressure for

1.5 hrs. After the disappearance of PET flakes, which was used as

a visual indicator for completion of the reaction, the catalyst was

separated using an external magnet. The reaction mixture was fil-

tered and then washed with hot water (100 mL) to remove the

water-insoluble part. The filtrate was concentrated to about

40 mL using a rotary evaporator and then stored in a refrigerator

at 2 �C overnight. Finally, a crystallized BHET product separates

out, which was filtered, dried and then weighed. The yield percent-

age of the BHET monomer was calculated using the following

equation:

Yield of BHETmonomer ð%Þ ¼
ActualyieldofBHETmonomer

TheoreticalyieldofBHET
x100

ð1Þ

2.5. Procedure for methanolysis of PET waste

Methanolysis of PET was also performed with 4 wt% of

OPA@Fe3O4 catalyst in a Shilpent Teflon Lined Hydrothermal Auto-

clave reactor loaded with 2.5 mmol of PET flakes and 49 M equiv-

alents of methanol (5 mL) in an oil bath at a temperature of 200 �C

for 1 hr reaction time. After the reaction was completed, the cata-

lyst was recovered using external magnet and the reaction mixture

was filtered and washed with 40 mL of hot methanol. The mixture

was allowed to cool down to room temperature and then placed in

a refrigerator at 2 �C for 4 hrs, where a crystallized DMT crystal out,

which was filtered, dried and weighed. The filtrate was then con-

centrated under reduced pressure to recover methanol and ethy-

lene glycol. The white crystalline residue was collected and

characterized using HPLC and NMR. The yield % of the recrystal-

lized DMT was calculated using the following equations:

Yield of DMTmonomer ð%Þ ¼
ActualyieldofDMTmonomer

TheoreticalyieldofDMT
x100

ð2Þ

2.6. Characterization of the depolymerized BHET and DMT

The BHET and DMT products obtained were analyzed using 1H

NMR and 13C NMR spectroscopy on Bruker, 400 MHz Avance III

spectrometer. The presence of functional groups was determined

using FTIR spectra performed on Spectrum BX FT-IR, Perkin Elmer

in 4000–500 cm�1 range. HPLC (High Pressure Liquid Chromatog-

raphy) was performed on Waters 1525 binary pump and Waters

UV detector 2489 using Spherisorb ODS2 5 lm, 4.6 � 250 mm ana-

lytical column at 254 nm. Methanol and water mixture at 70/30 vol

fraction at a flow rate of 1 mL/minute was used as a mobile phase.

3. Result and discussion

3.1. Catalyst characterization

3.1.1. X-ray fluorescence (XRF)

XRF analysis was carried out to analyze the presence of com-

pound oxides on the catalyst (see Supplementary Material

Table S1). XRF data showed oxides of Iron (55.786%), potassium

(26.17%) and sulfur (8.857%) as the major components and the

presence of Na2O, P2O5, MgO, SiO2, CaO etc., was also detected in

small quantities. The excessive concentration of metal oxide

greatly influenced the catalyst performance in the process of PET

depolymerization.[40] As a result, with response to the above

assertions, coating of highly basic alkaline OPA with basic Fe3O4

NPs will eventually boost the basic concentration of the prepared

catalyst and thereby making it perfectly suitable for the production

of PET monomer.

3.1.2. X-ray photoelectron spectroscopy (XPS)

XPS technique was performed to explore the surface chemical

composition of the present catalyst. From the survey spectra of

the nanomaterial, presence of an element such as potassium, car-

bon and oxygen can be observed (Fig. 1a-d). On deconvolution of

the K2p spectra, two peaks at 290.61 and 293.08 eV correspond

to the existence of K2O and K2CO3 of the catalyst. Likewise, the

deconvoluted spectra of C1s comprise of four humps with different

binding energies, where the peak at 282.76 eV is due to an adven-

titious carbon and peaks at 286.75 and 290.48 eV can be attributed

to C-O and O-C = O bonds, respectively, indicating the occurrence

of metal carbonates.[58] Also, the peak at 293.02 eV can be cred-

ited to the formation of bonds between carbon atoms and an elec-

tronegative atom within the vicinity. Similarly, the O1s spectra on

deconvolution show one peak at 528.77 eV to corroborate the

availability of Fe-O bond in the catalyst.[59,60].

3.1.3. X-ray crystallography (XRD)

The crystalline nature of the prepared nanocatalyst was also

characterized using XRD analysis (Fig. 1e). The XRD data displayed

peaks at 2h = 32.195, 40.499, 51.484, and 66.400, which can be

attributed to the presence of K2CO3 (JCPDS file no: 71–1466). Like-

wise, the occurrence of Fe3O4 can be confirmed by the detection of

peaks at 2h = 29.809, 35.554, 43.362, 57.109 and 62.748 (JCPDS file

no: 89–0691). The presence of K2O, CaO and CaCO3 was also con-

firmed by the appearance of peaks at 2h = 25.743, 28.302,

38.846, 53.763, 30.849 and 50.204 (JCPDS file no: 77–2151, 77–

2176, 82–1690 and 87–1863).

3.1.4. Fourier-transform infrared spectroscopy (FTIR)

The functional group present in the catalyst was also studied by

recording its FTIR spectra as shown in Fig. 1f. From analysis, the

peak at around 3419 cm�1 can be ascribed to the presence of mois-

ture content adsorbed by the catalyst. Also, the peaks observed at

1646, 1391, 1119 and 886 cm�1 correspond to the stretching and

bending vibration of metallic carbonates present in the catalyst.

[57,61,62] Besides these, the peak observed at 615 cm�1 was

attributed to the stretching vibration of metallic oxide.[57,63].
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3.1.5. Energy dispersive X-ray analysis (EDX or EDAX)

EDX or EDAX analysis was further carried out to validate the

data obtained from XRF as well as XPS analysis (Fig. 2a). The EDX

analysis displayed K, Fe, O, etc. as the major chemical content of

OPA coated Fe3O4 catalyst. Thus, the EDX analysis was found to

be in accordance with XRF and XPS data, and the analyzed atomic

wt% of the elements was also displayed.

3.1.6. Thermogravimetric analysis (TGA)

TGA analysis was performed at a temperature ranging from 30

to 1000 �C to show the temperature at which the OPA@Fe3O4 cat-

alyst decomposed under N2 atmosphere. The TGA thermogram

shows the first weight reduction of 12% at about 100 �C which

may be due to the loss of water molecules adsorbed by the catalyst

(Fig. 2b). The further weight reduction detected at an elevated tem-

perature might be resulted from the oxidation of the carbon con-

tent of the catalyst in the form of their oxides.[64].

3.1.7. Scanning electron microscope (SEM) and transmission electron

microscope (TEM)

Surface morphology of the catalyst was also investigated by

SEM analysis. Fig. 3a and 3b shows SEM image with a magnifica-

tion of 10 lm, displaying an irregular rectangular rod-like struc-

ture agglomerated to each other with a highly porous surface.

TEM analysis was also employed to investigate the structural

appearance and size dimensions. From the examination, observa-

tion of a shell-like appearance confirmed the successful introduc-

tion of M�O and M�CO3
2- (M = metals) on Fe3O4 NPs.[57] As

shown in Fig. 3c and 3d, the average nano-sized of the catalysts

was observed to be ̴ 10 –20 nm. In addition, the SAED (Selected

area diffraction) pattern displayed the nature of the catalyst,

OPA@Fe3O4 to be polycrystalline, showing an indistinct boundary.

3.1.8. Brunauer-Emmett-Teller (BET)

BET analysis was used to determine the surface area, pore vol-

ume and pore diameter of OPA@Fe3O4 catalyst (Fig. 4a & b). It

was observed that the catalyst displayed the characteristic hys-

teresis loop of type H1, indicating the mesoporous identity of the

catalyst.[65] BJH (Barrett, Joyner, and Halenda) method deter-

mined the pore volume to be 0.085 cc/g and pore diameter at

5.123 nm, which fulfilled the mesoporous descriptions and vali-

dated the nitrogen isotherms. Most importantly, the surface area

was observed to be 31.233 m2/g. This high surface area of the

nanocatalyst offered more reaction sites which may have signifi-

cantly enhanced the rate of conversion.[66,67] Additionally, in con-

trast to our previously reported orange peel ash (OPA) and bamboo

leaf ash (BLA),[40,43] the surface area of the nanocatalyst was

about six times higher than the ash samples. Hence, the present

catalyst was accredited to improve and upgrade recently reported

OPA and BLA mediated glycolysis and methanolysis reaction.

3.2. Glycolysis reaction of PET waste

Glycolysis of PET was conducted following the reaction proce-

dure as previously described in the experimental section. The

resultant recrystallized BHET product obtained was examined by
1H NMR and 13C NMR spectroscopy using DMSO d6 as a solvent.

The characteristics of aromatic proton and hydroxyl proton peaks

were observed at 8.13 ppm and 4.98 ppm, respectively (Fig. 5).

While the existence of peaks at 4.33 ppm and 3.73 ppm can be

assigned to the presence of methylene protons of COO-CH2 and

CH2-OH, correspondingly. Also, the peak detected at 2.51 ppm cor-

responds to the triplets of DMSO. From 13C NMR spectra, character-

ization of peak at d = 165.13, 133.71, 129.48, 67.00 and 58.95 ppm

were due to the presence of carbonyl, aromatic, and methylene

carbons, confirming the formation of the resultant BHET product

(see Supplementary Material Figure S1).

Moreover, the FTIR spectra of the BHET monomer (see Supple-

mentary Material Figure S2) clearly showed the –OH vibration

band at 3427 cm�1, alkyl C–H at 2927 cm�1 and aromatic C–H at

1427 cm�1. The intense peak observed at 1728 cm�1 was due to

ester C = O stretching, and a strong absorption frequency at

Fig. 1. (a-d) XPS analysis of OPA@Fe3O4, (e) XRD data of OPA@Fe3O4, (f) FT-IR spectrum of OPA@Fe3O4.
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1282 cm�1 and 1101 cm�1 can be assigned to esters C-O bond

vibration, all of which are present in BHET. Analysis of the crude

product using HPLC analysis revealed the formation of products

other than BHET. Peaks at a retention time of 1.858, 3.383 and

6.362 indicated the presence of ethylene glycol (EG), BHET and

BHET dimer respectively (see Supplementary Material Figure S3).

This was confirmed by the HPLC analysis of the commercially

available EG, BHET monomer, the recrystallized product and

water-insoluble part.[41].

To evaluate the experimental condition for maximum produc-

tion of BHET from PET, the effects on BHET yield due to various

reaction parameters were investigated in presence of OPA@Fe3O4.

3.2.1. Optimization of reaction time

The influence of reaction time on BHET production is shown in

Fig. 6 (a). Studies were conducted by varying the duration of the

reaction time from 1 � 3 hrs using a catalyst amount of 10 wt%,

temperature of 190 �C and 16 equivalents of EG. The product

Fig. 2. (a) EDX data of OPA@Fe3O4, (b) TGA thermogram of OPA@Fe3O4.

Fig. 3. SEM (a) and (b) and TEM (c) and (d) images of OPA@Fe3O4.
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showed a significant improvement with increasing reaction time,

and the best yield was obtained after 1.5 hrs of reaction, giving

85% BHET yield. However, allowing the reaction to run beyond

1.5 hrs results in the decreased formation of BHET as well as

increased production of the water-insoluble part. This may be

due to the fact that PET depolymerization is a reversible process

in which the depolymerized PET gets repolymerized into its dimer

and oligomers during the process, subsequently decreasing the

BHET yield.[40] As an equilibrium exists between PET monomer

and its dimer and/or oligomers,[2,68] managing the optimum reac-

tion time for PET degradation is crucial for obtaining maximum

BHET yield.

Fig. 4. (a) BJH pore size distribution of OPA@Fe3O4, (b) Nitrogen adsorption–desorption isotherm of OPA@Fe3O4.

Fig. 5. 1H NMR data of recrystallized BHET.
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3.2.2. Optimization of catalyst loading

While keeping other parameters such as reagent loading, pro-

cess temperature and reaction time constant at 16 equivalents,

190 �C and 1.5 hrs, respectively, the amount of catalyst loading

on transesterification of PET was evaluated in the range between

2 wt% � 16 wt% (Fig. 6b). The highest BHET yield of 91% was

achieved when the catalyst concentration was at 4 wt%, and fur-

ther increases in the catalyst beyond the optimal concentration

have lowered the percentage of BHET yield. The reason for this pre-

liminary increase and then decreases in BHET yield is that as the

number of active sites increases rapidly with an increase in the cat-

alyst loading, the reactions advance more quickly to form the BHET

product.[26,40] However, after reaching the optimal condition, the

depolymerization process proceeds much faster to form BHET

monomer, but the repolymerization process was also stimulated

at the same time. Hence, the equilibrium shifts towards the left

side of the reaction, which eventually reduces the BHET yield while

improving the formation of water-insoluble products.

3.2.3. Optimization of EG loading and reaction temperature

The impact of EG loading for PET depolymerization was also

investigated, and it is one of the most important factors that decide

the yield of the product (Fig. 7a). This parameter was examined by

carrying out the reaction at various EG loading using 4 wt% of the

catalyst and a reaction time of 1.5 hrs at 190 �C. The reaction pro-

ceeded smoothly even with just 6 equivalents of EG yielding 73% of

BHET, but the best result was achieved using 16 equivalents of

reagent loading. Increasing the reagent loading not only decreases

the production of oligomers but also greatly influences the purifi-

cation and recrystallization process as the recrystallized products

obtained from lower EG loading usually contain dimers and oligo-

mers. However, further increase in the EG concentration beyond

the optimal condition decreases the BHET yield, which is attributed

to the reduced concentration of the catalyst in the reaction med-

ium.[16,68].

Similarly, the process temperature also greatly affected the gen-

eral outcome of the reaction (Fig. 7b). When the reaction was car-

ried out at 180 �C, the reaction was completed after 3.5 hrs with a

recrystallized product yield of 78%. But, at 200 �C, we have

observed a slight decrease in BHET yield along with an increased

formation of water-insoluble products.

3.2.4. Reusability of the catalyst

One of the most important features of utilizing heterogeneous

catalysts is that they have the potential to be recovered and reused

repeatedly for successive catalytic cycles, offering a distinct eco-

nomic advantage against their homogeneous counterparts.[69,70]

To test the reusability of OPA@Fe3O4 catalyst, glycolysis of PET

was inspected under the same optimized reaction condition. After

each cycle, the catalyst was removed from the crude mixture using

an external magnet, washed with hot water and finally dried at

80 �C for 12 hrs. Subsequently, without further reactivation of

the catalyst, the recovered catalyst was directly employed for ten

consecutive runs, and as shown in Fig. 8, it was observed that an

excellent BHET yield could be achieved without any considerable

reduction in the production yield. However, the reaction time for

complete conversion slightly increases after each catalytic cycle

which may be due to partial leaching of the active sites from the

catalyst during washing or consecutive reaction operations.

[71,72] After ten successive catalytic cycles, the recovered catalyst

was investigated using SEM, TEM, EDX and XPS analysis to deter-

mine changes in their structure and elemental compositions.

SEM and TEM analyses showed no significant changes in the

morphology and particle size of the catalyst displaying an agglom-

erated structure with an average particle size of 15–17 nm (see

Supplementary Material Figure S5). The EDX data exhibited a sig-

nificant loss of potassium (K) concentration from 28.2% to 0.4%

while iron (Fe) remains almost the same (see Supplementary Mate-

rial Figure S6). The XPS full scan spectrum of the reused catalyst

after the tenth cycle also revealed a sharp drop in the K and Ca

peaks, indicating leaching of the active sites from the surface of

the nanocatalyst (see Supplementary Material Figure S7).

3.2.5. Glycolysis of color PET bottles

We also examined the glycolysis of different color PET bottles

using our optimized reaction condition. It was reported that color

bottles usually contain acidic components which could hamper the

catalytic activity of some catalysts toward PET depolymerization.

[73] To our satisfaction, all the reactions were completed within

1 hr, giving an excellent yield that is almost comparable to those

of clear bottles (see Supplementary Material, Table S2). Most of

the pigments were also removed during the recrystallization-

filtration process, and any residual color could be eliminated by

adding 30 mg of activated charcoal followed by filtration.

Fig. 6. (a) Optimization of the reaction time. Reaction condition: 2.5 mmol of PET flakes, 16 equivalents of EG, 10 wt% of catalyst, at 190 �C. (b) Optimization of catalyst

loading. Reaction condition: 2.5 mmol of PET flakes, 16 equivalents of EG, 1.5 hrs reaction time, at 190 �C.
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3.2.6. Reaction mechanism

The plausible reaction mechanism for the transesterification of

PET through glycolysis using OPA@Fe3O4 catalyst was proposed

via the general heterogeneous catalytic pathway,[42,57] and is

shown in Scheme 1. In heterogeneous catalysis, the reactants dis-

seminate onto the surface of the catalyst and get absorbed with

the formation of new bonds. The reacting molecules then interact

with each other to form new products, followed by desorption

from the surface of the catalyst to give the isolated final products.

As already mentioned above, analysis of the catalyst acknowl-

edges the presence of high content of basic metal oxides of potas-

sium (K) and calcium (Ca), and thus, we consider the catalytic

action of oxides of potassium (K2O) and calcium (CaO) in the

probable reaction mechanism. Initially, with the introduction of

the catalyst, the oxygen anions (O2–) from the catalyst basically

executed the deprotonation of ethylene glycol, resulting in the

formation of a nucleophilic 2-hydroxyethanolate ion. The gener-

ated nucleophile then attacks the electron deficient carbon atom

of C = O from the ester of PET to form a tetrahedral intermediate.

With the formation of a new C = O bond, the ester bond in the

chain cleaved, which was followed by the disintegration of the

PET polyester into its oligomers, dimers and then monomer.

Meanwhile, the –OCH2CH2- group from the initial PET chain acts

as a leaving group and takes up the proton (H+) from the catalyst

to form HOCH2CH2–. During glycolysis of PET, the generation of

BHET proceeds through a reversible step-by-step reaction, creat-

ing an equilibrium between the oligomers, dimers and mono-

mer.[43].

Fig. 7. (a) Optimization of reagent loading. Reaction condition: 2.5 mmol of PET flakes, 4 wt% catalyst, 1.5 hrs reaction time, at 190 �C. (b) Optimization of reaction

temperature. Reaction condition: 2.5 mmol of PET flakes, 4 wt% catalyst, 16 equivalents of EG.

Fig. 8. Reusability of OPA@Fe3O4 catalyst up to 10th catalytic cycles. Reaction condition: 2.5 mmol of PET flakes, 4 wt% catalyst, 16 equivalents of EG, at 190 �C.
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3.3. Methanolysis reaction of PET waste

In an effort to amplify the scope and catalytic efficiency of the

catalyst, methanolysis of PET polyester was also examined using

a magnetic OPA@Fe3O4 catalyst. The formation of DMT was con-

firmed by performing 1H NMR and 13C NMR analysis as shown in

Figure S8 and S9 (see Supplementary Material Figure S8 and S9).

In its 1H NMR data, the recrystallized product showed one singlet

at d = 8.10 ppm from two aromatic protons and another singlet

at d = 3.94 ppm due to methoxy protons while its 13C NMR data

exhibited peaks at d = 166.27, 133.90, 129.55 and 52.43 ppm, val-

idating the formation of the DMT monomer (see Supplementary

Material Figure S9). Investigation of the FTIR spectra of the recrys-

tallized product (see Supplementary Material Figure S10) dis-

played an absorption band at 1720 cm�1 which reveals the

presence of carbonyl groups of ester functionality. Also, the occur-

rence of strong absorption bands at 1262 and 1050 cm�1 can be

assigned to the ester C-O and C-O-C stretching vibrations.[74]

And the observation of peaks at 1430 cm�1 and 2965 cm -1 indi-

cates the presence of aromatic C–H and methyl group, respectively.

Analysis of the crude product using High Performance Liquid Chro-

matography (HPLC) revealed the formation of EG, BHET, HEMT and

DMT at a retention time of 1.953, 3.341, 4.445 and 7.908, respec-

tively (Fig. 9). Investigation of commercially available EG, BHET,

HEMT and DMT using HPLC was used to confirm the above obser-

vations.[40,41].

Despite the outstanding physicochemical identity of the nano-

sized catalyst, the production of DMT was also clearly affected by

various operating reaction variables, such as duration of reaction,

catalyst loading and methanol to PET concentration. Studies

showed that DMT yield increases with increasing the reaction time,

reaching a maximum at 1 hr with 79% yield, under a catalyst load-

ing of 10 wt% and 5 mL of methanol at 200 �C (see Supplementary

Material Table S3). However, prolonging the reaction time after 1

hr gradually decreases the percentage yield which may be due to

the development of the reversible reaction.[39,41].

The influence of the catalyst loading on PET to DMT production

was also investigated while keeping different reaction parameters

such as reagent loading, reaction time and temperature constant at

5 mL, 1 hr and 200 �C, respectively (see Supplementary Material

Table S4). Consequently, the best yield of 83% could be achieved

when the catalyst loading was limited to 4 wt%. But, a further

increment in the catalyst loading eventually decomposes the per-

centage yield after crossing the equilibrium condition. This can

be explained due to the fact that after reaching the optimum value,

transesterification reaction creates a chemical equilibrium

between the reactants and product, which induces the equilibrium

to shift towards the left side, thereby reducing the overall yield of
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the product.[38] Besides these, one of the principal factors deter-

mining the formation of the desired DMT monomer is methanol

to PET ratio. As shown in Table S5 (see Supplementary Material

Table S5), when methanol concentration was increased from 3 to

5 mL, DMT yield also jumped from 77% to 83%. However, further

increase in methanol concentration beyond 5 mL doesn’t have

any remarkable effects on the product formation; instead, we

observe a slight decreased in the percentage of yield.[35,42] So,

after this examination, the optimum condition for methanolysis

of PET granules using biomass waste-derived magnetic OPA@Fe3O4

was established at 2.5 mmol of PET flakes, 49 M equivalents of

methanol (5 mL), a temperature of 200 �C and 1 hr reaction time.

The proposed reaction mechanism for methanolysis of PET is

shown in Scheme S1 (see Supplementary Material Scheme S1)

and is assumed to materialize through cation–anion combinatorial

influence. And the oxides and carbonates of K and Ca present in the

catalyst are believed to be the active sites for this transformation.

Initially, high temperature and pressure and the presence of

methanol inside the reactor vessel prompted the PET chain to be

shortened by about 1/3.[38] The shortened PET chain then gets

fragmented into the oligomers which was finally disintegrated into

the monomers using the catalyst. The metal cations in the catalyst

act as Lewis acid, which protonates the carbonyl oxygen of the

ester functionality to intensify electrophilicity at the carbonyl car-

bon. Concurrently, the oxides of K and Ca abstract proton from

methanol, promoting a nucleophilic attack from the oxygen atom

of methanol to the electron rich carbonyl group. With the forma-

tion of a new C-O bond, the ester linkage breaks, subsequently

forming DMT and EG as the final products. However, the process

is reversible and as the reaction proceeds further, DMT and EG

recombine to form BHET and HEMT as side products.

The efficacy of recovered magnetic OPA@Fe3O4 was also

screened for the conversion of PET to DMT under the optimized

controlled environment. After completion, the residual nano-

sized catalyst recovered using an external magnet was washed

thoroughly with hot methanol. The recovered catalyst was dried

at 80 �C for 12 hrs and then examined for the next ten consecutive

cycles (see Supplementary Material Table S6). It was observed that

there is a gradual decrease in the production yield after each run,

but the catalyst was able to maintain an acceptable DMT yield even

after ten cycles, achieving more than 70% DMT from the last runs.

Reduced DMT production after each successive cycle may be sub-

jected to leaching of active sites or loss of surface area of the solid

base catalyst,[75] which basically reduces its stability and

reactivity.

4. Conclusion

In conclusion, the present study describes the preparation of

orange peel ash coated magnetic nanoparticles and its utilization

in the depolymerization of PET waste. The prepared catalyst,

OPA@Fe3O4 was found to contain a high surface area, a highly

mesoporous quality and a remarkable basic strength to show

excellent catalytic performance with an excellent yield of BHET

(91%) and DMT (83%) monomers under the optimized reaction con-

ditions. Moreover, its magnetically retrievable characteristic

makes it very easy to be recovered from the reaction medium

and hence, was reused for a maximum of ten consecutive runs with

a minor decline in its activities. The simplicity of the preparation

procedure, easy handling and high efficacy of OPA@Fe3O4 catalyst

provides a greener and economically feasible alternative method

of PET depolymerization technique, furnishing its potential appli-

cation at an industrial scale for the treatment of PET waste.
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