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Abstract

The recycling of chemicals and generation of alternative energy are central topics in the
efforts toward sustainable development. Among these, research on plastics recycling and
fuel cells has received significant attention, with the aim of designing novel catalysts to
improve yield and efficiency. We highlight our work on these areas focusing on the
chemical depolymerization of polyethylene terephthalate (PET) to recover its constituent
monomer and the development of high-performance anode catalysts for polymer electro‐
lyte membrane fuel cells (PEMFC). We demonstrate various flexible yet practical synthe‐
sis strategies (e.g. ultrasound-assisted deposition and biopolymer coating) that were used
to obtain catalytic properties optimized for these applications. The effectiveness and sim‐
plicity of these methods render the catalysts to be truly green — from synthesis up to
process application.

Keywords: PET glycolysis, fuel cell, ultrasound, polydopamine, nanocomposites

1. Introduction

Depleting resources and waste management are the major driving factors for environmental
conservation practices, such as recycling and development of alternative energy. Plastics
recycling and generation of renewable energy, in particular, are among the direct approaches
that aim to curb the consumption of oil-derived commodities. Research efforts on these areas
can contribute to the realization of long-term environmental sustainability, aiming for
increased productivities and minimal environmental impact. In these efforts, the development
of effective catalysts to improve their performance remains a major goal in optimizing
processes for resource conservation. Taking both catalytic activity and practical synthesis into
account, we present catalyst design strategies that truly conform to principles of green
catalysis.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



1.1. Chemical recycling of poly(ethylene terephthalate)

Poly(ethylene terephthalate) or PET is currently the world’s most widely recycled plastic. Due
to its extensive use in various applications, largely in packaging, its worldwide consumption
has increased tremendously, adding to the generation of plastic solid wastes. The global market
for PET packaging was worth $48.1 billion in 2014, equivalent to about 16 million tons of PET.
Furthermore, the projected demand for PET packaging material is estimated to increase further
by 4.6% annually, reaching up to 20 million tons by 2019 [1]. The dramatic increase in PET
consumption over the past decades has led to significant efforts to recycle the thermoplastic
polyester.

The case of PET recycling is currently a logistically well-established, large-scale recycling in‐
dustry. Bottle recollection rates, for example, have shown a steady increase worldwide,
which accounted for at least 2.8 million tons of collected bottles in 2008 (Figure 1). Most of
recycled PET flakes produced worldwide are utilized for fiber applications. PET recycling,
at present, is largely dominated by physical methods or melt-phase recycling strategies, al‐
though various process routes have been studied and remain open to major advancements
for better sustainability [2–4].

Figure 1. a) Increase in PET bottle recollection rates in various regions worldwide from 1995 to 2008. b) Use distribu‐
tion of recycled PET flakes.

Significant efforts and renewed interest in chemical recycling routes have resurfaced recently,
as stronger calls for long-term sustainability and new process developments in chemical
recycling appeared. Extensive reviews on the progress and various aspects of PET chemical
recycling are available elsewhere [2–7]. It has been regarded in the recycling literature that
chemical recycling offers the most viable approach of sustainable recycling, allowing the
recovery of raw materials and other useful chemicals while dealing with long-term waste
disposal issues [5]. Figure 2 shows the monomer recovery routes in PET synthesis and chemical
recycling. Among them, glycolysis is the simplest and well established, requiring low to
moderate process conditions and capital investment (Table 1) [2].
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Figure 2. PET monomer recovery routes.

Recycling process Qualitative plant cost Economically competitive scale Safety conditions

Hydrolysis High Large plants High

Methanolysis High Large plants High

Glycolysis Medium-low Small plants/batch reactor Medium

Table 1. Process and economic considerations for PET monomer recovery routes [2]

The products obtained from glycolysis are the polycondensation monomer of PET, bis(2-
hydroxyethyl terephthalate) or BHET (Figure 3) and low molecular weight oligomers, which
are purified for subsequent use in PET manufacture or conversion into other chemicals. There
have been significant issues, however, in process efficiency and product purification that led
to recent efforts in the development of novel catalysts.

Figure 3. Glycolysis of PET chain releasing the monomer BHET.

Catalyst use is crucial in glycolysis and those used in earlier studies still required long reaction
times despite catalyst application. These include metal acetates, alkalis, sulfates, and chlorides,
some of which are those of toxic heavy metals [5]. Aside from efficiency, catalyst separation
has been a major drawback in these catalysts together with environmental concerns. Despite
chemical recycling being touted as the superior viable recycling route in the long-term,
significant process developments are needed before it can truly be considered as a practical
and competitive alternative to mechanical recycling. Results of life cycle assessments (LCA)
show (Figure 4) that not only chemical recycling incurs greater process costs, but it also
contributes to an overall negative impact in terms of a larger net consumption of non-
renewable energy source and environmental effects [4]. Fortunately, recent developments in
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novel catalyst design may offer effective solutions to achieve the goal of a truly green and
viable PET chemical recycling.

Figure 4. Comparison of life cycle assessment (LCA) results for PET manufacture and recycling in terms of non-renew‐
able energy use and equivalent CO2 generated per ton of PET fiber [4].

1.2. Hybrid catalysts for polymer electrolyte membrane fuel cells

The development of hybrid catalysts for polymer electrolyte membrane fuel cells (PEMFCs)
has received attention recently due to advantageous qualities in its interaction characteristics
and physical durability. The combination of conductivity enhancement and water manage‐
ment becomes widely used to improve PEMFC performance without external humidifying
system. In this respect, requirements for next promising materials for PEMFCs include such
categories as high proton conductivity, membrane electrode assemblies (MEA), and non-toxic
and easy fabrication method. The humidifying ability of MEA in fuel cells is crucial for proton
conductivity. As such, the approach to enhance conductivity and allow self-humidification at
the same time has been considered recently to improve the performance of PEMFCs [8]. Given
these requirements, the potential solution is platinum doping for conductivity and using silica
as support for its hygroscopic properties. It is a challenge, however, to increase the platinum
doping and enhance catalyst conductivity. With our bio-coating strategy for metal doping, we
demonstrate a successful implementation of N-doped carbon composite through a silica-based
templating technique [9]. In contrast to other reported methods that use chemical vapor
deposition (CVD) and plasma treatment of various nitrogen precursors, our method remains
on the practical side requiring no expensive equipment and complex treatment processes.

2. Synthesis and performance of metal oxide-based catalysts for PET
glycolysis

Clearly, there is a need to consider various factors in designing PET glycolysis catalysts such
as catalytic activity, ease of process applicability, and environmental impact. The coordination
between a metal cation and the PET carbonyl oxygen is the widely exploited basis of catalytic
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activity in glycolysis, although other catalytic pathways do exist. Numerous metal compounds
have been used as glycolysis catalysts with varying success [6]. Some of these made its way to
commercial application through patented technologies [7]. Recently, a significant amount of
work in the development of solid catalysts has appeared, potentially addressing the problem
of product/catalyst separation.

The first solid catalysts used for glycolysis were zeolites, which showed catalytic performance
of only moderate monomer yields (<70%). We have developed various glycolysis catalysts
based on metal oxides that were thermally stable and recoverable and provided excellent
monomer recovery yields. These are the ideal characteristics of industrially applicable
heterogeneous catalysts that could solve issues in existing conventional glycolysis catalysts.
We discuss in the following sections several methods used to synthesize them, their properties,
and performance as stable and effective glycolysis catalysts. It was possible to obtain free and
supported versions of these catalysts using flexible synthesis strategies [10–13] tailored to
specific process applications.

2.1. Glycolysis reaction set-up and product analysis

Virgin PET pellets were obtained, mixed with dry ice in a grinder, and reduced to a fine powder
with a particle size of <200 μm. The glycolysis reactions were carried out in a 10-mL stainless
steel batch-type pressure reactor at 300°C and 1.1 MPa, unless otherwise specified. The reactant
mixture of 0.3 g of PET, 1.1 g of EG, and a set amount of catalyst was loaded into the reactor.
The reactor was placed in a furnace preheated at the reaction temperature, which, after the
given reaction time, was taken out and quenched in cold water to stop the reaction. For
quantitative determination of the monomer yield, the reaction products were dissolved in
tetrahydrofuran (THF) and analyzed via HPLC. A reverse-phase Zorbax-C8 column and an
ultraviolet (UV) detector set at 254 nm were used. The mobile phase used was a 50:50 (v/v)
THF/H2O solution at a flow rate of 1.0 ml/min. The molar yield of BHET was calculated based
on the following equation:

moles of BHET producedBHET Molar yield, %  100%
moles of PET units

= ´

The monomer BHET was separated from the glycolysis products and purified for qualitative
analysis. Boiling water was added to the reaction mixture to dissolve BHET and the hot
solution was immediately filtered. Repeated washing was done to extract residual BHET in
the filter cake. The filtrate was stored in a refrigerator at 4°C for 24 h, after which white needle-
like crystals formed. These were filtered and dried at 70°C for 12 h. The dried crystals were
then used for various characterization steps, such as FT-IR, DSC, TGA, and NMR to verify the
structure and properties of the recovered monomer, properly distinguishing BHET from its
dimer and/or oligomers. Its chemical structure was analyzed by 1H NMR and 13C NMR using
DMSO-d6 as the solvent [10].
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2.2. Supported metal oxide composites via ultrasound-assisted synthesis

Metal oxides find important application as catalysts, but agglomeration during their synthesis
reduces the active surface area beneficial for catalysis. The combination of solid support and
metal has been proposed, since composite materials can isolate the nanoparticle on the
supporting material and effectively reduce its size. As a result, such nanocomposites can
increase the surface area of metal oxide catalyst [14–16]. Silica, one of the most widely used
catalyst supports, is synthesized in this study in the nanoscale and used as a metal oxide
support material. Another material considered as support for nanocomposites is graphene
oxide (GO). It is compatible with various organic/inorganic nanomaterials, taking advantage
of possible chemical modification utilizing the oxygen-containing functional group on its
sheet. In addition, it has high chemical stability and specific surface area [17–20]. The synthesis
of silica and graphene oxide-based catalysts is presented, where ultrasound was used to reduce
reaction time, simplify reaction steps, or perform synthesis in milder conditions.

2.2.1. Ultrasound-assisted catalyst synthesis

Ultrasound has been used in metal deposition, dish cleaning, chemical reactions, and particle
dispersion in a solvent [21]. The cavitation phenomenon includes formation, growth, and
collapse of bubbles generated in the aqueous solution under ultrasonic irradiation. The
phenomenon causes both high temperature (~5000 K) and pressure (~1000 atm) during the
sequence of bubble collapse. In a short span of time for bubble formation, it provides very high
heating and cooling rate. This unique condition generates intense energy that converts water
into H and OH radicals, promoting the formation of metal nanoparticles [22].

Our group applied the ultrasound irradiation method for the fabrication of metal-doped silica
nanocomposites [8,11,23,24]. The acoustic cavitation phenomenon facilitates interparticle
collision between metal and support material, inducing the binding between metal and
support [25,26]. As a result, metal doped on supporting material can be prepared without
surfactants or surface modification of support material in a short reaction time and mild
reaction conditions.

2.2.2. Ultrasonic deposition of metal oxide catalyst on silica particles

Silica microparticles (SMPs) and silica nanoparticles (SNPs) were used as support for the
catalysts. Silica microparticles with size 1–20 μm were purchased from Junsei Chemicals and
used without any treatment. Nanosized silica particles were synthesized using the Stöber
method, with some modifications. In a sealed round-bottomed flask, 8.0 ml of ammonium
hydroxide (28 wt%) and 6.0 ml of deionized water were added to 100 ml of ethanol and stirred
for 15 min. Then, 4.7 ml of the silica precursor tetraethyl orthosilicate (TEOS) were added to
this solution and stirred at room temperature for 3 h. The resulting precipitate was centrifuged
and washed with water and ethanol several times. The product was dried in an oven at 70°C
for 8 h followed by calcination at 500°C for 12 h.

To synthesize the silica-supported manganese oxide or zinc oxide catalysts, a predetermined
amount of silica support was added to a 1.0 M solution of the precursor [Mn(NO3)2 xH2O or
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Zn(NO3)2 6H2O]. The metal oxide loading was set to be 15 wt%. Using a horn-type sonifier, the
solution was sonicated for 45 min. A 0.1 M ammonia solution was added at the start of the
sonication step in order to keep the pH at around 9.5. The ultrasound-assisted deposition
process is illustrated in Figure 5. After separating the particles by centrifugation, they were
washed with water and ethanol. The catalyst samples were then dried at 100°C for 8 h and
calcined at 350°C for 3 h.

Figure 5. Overall synthesis procedure of metal-doped silica nanoparticle.

The properties of the synthesized silica-supported catalysts are given in Table 2. At 1.0 wt%
catalyst-to-PET loading, glycolysis was performed at 300°C for 80 min, after which the product
monomer was recovered. Shown in Figure 6 are the FT-IR spectra of the recovered BHET
crystals and standard BHET sample. The matching spectra confirm that the product obtained
using the silica-supported catalyst was indeed the monomer. The spectrum showed the
presence of peaks corresponding to the functional groups in BHET: an -OH band at 3,424 and
1,128 cm−1, an aromatic C-H at 1,456–1,502 cm−1, C-O at 1,712 cm−1, and alkyl C-H at 2,879 and
2,964 cm−1 [10].

From the monomer yield versus reaction time data in Figure 7, the order of catalytic activity
can  be  determined  as  Mn3O4/SNPs>ZnO/SNPs>Mn3O4  SMPs>ZnO/SMPs.  This  trend  fol‐
lows the same order as the catalyst surface area and the pore volume given in Table 1. Among
the four catalyst samples with different size of support and metal oxide doping, the large
amount of active surfaces in the nanoparticle support and the activity of the Mn3O4 cata‐
lyst could be responsible for the fastest reaction rate and the maximum monomer yield [10].
Although it is evident that using a silica nanoparticle support could improve the catalytic
performance, it also has its drawbacks in the practical and industrial perspective. Using a
metal oxide catalyst is desired for easier purification of the glycolysis products, but effi‐
cient separation of a nanosized catalyst can be challenging. A trade-off between catalytic
performance and practical  applicability  will  be inevitable,  unless  an effective method to
separate the catalysts is provided.
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Catalyst BET surface area (m2/g) Pore volume ( cm3/g) Average pore diameter (nm)

ZnO/SMPs 2.49 0.014 21.4

Mn3O4/SMPs 3.38 0.020 24.4

ZnO/SNPs 22.44 0.154 30.2

Mn3O4/SNPs 45.09 0.214 18.9

Table 2. BET surface area, pore volume, and average pore diameter of silica-supported metal oxide catalysts [10]

2.2.3. Sonochemical synthesis of the GO-Mn3O4 composites

Mn3O4 and its nanocomposites have been utilized as highly effective catalysts for various
applications, including PET glycolysis as demonstrated in our previous studies. Some of the
known advantages of manganese oxides include excellent catalytic activity, low cost, abun‐
dance, and being environmental benign [27–30]. Depending on the oxidation states of man‐
ganese, there are several forms of MnOx (e.g. MnO2, MnO, Mn2O3, and Mn3O4), each of which
has different applications. Hausmannite (Mn3O4), with both Mn2+ and Mn3+ ions in its crystal
structure, has been widely used in catalytic applications. When loaded onto a support to
provide a large surface area and prevent aggregation, it could significantly enhance the
depolymerization of PET [10].

Figure 6. Comparison of FT-IR spectra of standard BHET and BHET recovered from catalyzed glycolysis. Figure from
[10].
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Simultaneous formation and direct deposition of MnOx nanostructures have been reported by
using redox reaction and electrodeposition [21,29–31]. One of the most favorable methods to
do this is the reduction of permanganate ions into the insoluble manganese dioxide induced
by carbon such as that in a graphene structure. The procedure is simple and the reaction has
a self-limiting character [27,28,32]. This method can also be adapted to deposit Mn3O4 onto
graphene through thermal reduction of MnO2 over 1000°C [16]. This is an energy-intensive
process, over which alternative methods of synthesis using milder conditions would be
preferable [21,33]. In our work, sonochemical methods were used to facilitate mild conditions
for synthesis and reduce reaction time involved in Mn3O4 deposition as illustrated in Figure 8.

Using the modified Hummers method, graphene oxide (GO) was prepared from graphite
flakes [34]. One gram of graphite was added to 50 mL of concentrated H2SO4 in an ice bath.
Then, 3.5 g of KMnO4 were added and stirred for 2 h at 35°C. The suspension was then kept
at 98°C to which deionized (DI) water was added dropwise. Then, 25 mL of 3% H2O2 aqueous
solution were poured into the mixture and filtered with a 0.1 mm pore diameter Anodisc™
membrane. The product was washed with 10% HCl aqueous solution and DI water. By
applying ultrasound to the filtered graphite oxide cake suspended in DI water, exfoliated GO
was obtained and subsequently dried. Dispersion of GO in DI water at 0.5g/mL concentration
was prepared. Mixtures of 10 mg/mL KMnO4 and the GO dispersion at varied volume ratios
of 0.01, 0.03, and 0.05 were used for the synthesis of GO-Mn3O4 composite samples A, B, and
C, respectively. These are then subjected to ultrasonication at a power of 80 W/cm for 30 min
using a horn-type sonicator. The resulting suspension was then filtered and washed with DI
water and then ethanol [11].

Figure 7. Molar yield of BHET at 300°C and 1.1 MPa using silica-supported catalysts. Figure from [10].
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The formation of GO-Mn3O4 nanocomposite was verified by various characterization methods
such as XRD, XPS, and Raman spectroscopy. TEM images of pristine GO and the obtained
composite are shown in Figures 9a and 9b, indicating the coverage of the GO surface. The high-
resolution TEM image in Figure 9c shows the lattice fringes and diffraction pattern of the
Mn3O4 crystal structure. Compared to the silica-supported composites and conventional metal
salt catalysts [10,35], the monomer yield using the GO-Mn3O4 nanocomposite was comparable
or higher, reaching more than 90% (Figure 10). The yields for the composite were all above
90%, showing improvement from that of bare Mn3O4 at 83%. However, the Mn3O4 without the
support aggregated into micron scale. The GO support could prevent the aggregation of
Mn3O4 and provide an enlarged and stable active sites [11].

2.3. Magnetically recoverable superparamagnetic γ-Fe2O3 nanocatalyst

Efficient recovery of the catalysts in PET glycolysis is an important aspect that several
researchers have attempted to address recently. Among the recoverable catalysts studied are
various ionic liquids, which were shown to provide molar yields up to 80% [36–39]. Aside from
yield, there are several issues that should be considered in using ionic liquids as industrial
glycolysis catalysts such as cost, stability, and robustness with respect to process variables such
as moisture content, to which ionic liquids are very sensitive [10,11,40]. Urea was also reported
to be a reusable glycolysis catalyst at mild temperatures [41]. Vacuum distillation was used to
recover the catalyst, however, whose high energy requirements can be counterproductive.

We have studied magnetic nanoparticles as a recoverable glycolysis catalyst, among which γ-
Fe2O3 was chosen as excellent candidate being known to have good performance in a number
of reactions [42–44]. This was the first attempt to utilize magnetic nanomaterials in PET
depolymerisation. Nanosized γ-Fe2O3 was selected due to its stability, high catalytic activity,
and superparamagnetic property [42]. The superparamagnetic behavior allows recovery by
application of a magnetic field yet allows good dispersion in the reaction medium, as it has

Figure 8. Schematic illustration of ultrasound-assisted synthesis of the GO-Mn3O4 composites. MnO4 is first reduced to
MnO2 and precipitated onto the GO support by oxidizing carbon. The reduction of MnO2 to Mn3O4 then takes place in
the following steps.
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Figure 9. Low-magnification TEM images of (a) GO, (b) GO-Mn3O4, and (c) high-resolution TEM image of GO-Mn3O4

showing the d-spacing of the (101) crystal plane of Mn3O4 and its diffraction rings [11].

Figure 10. BHET yields for bare Mn3O4 and GO-supported Mn3O4 catalysts.
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zero remanent magnetization. Iron oxides have further advantages being cheap, nontoxic, and
abundant [12].

2.3.1. Synthesis of superparamagnetic γ-Fe2O3 catalyst and characterization

Slight modifications to the conventional co-precipitation method were done to obtain γ-Fe2O3

nanoparticles from Fe3O4 [45,46]. For the synthesis of Fe3O4 nanoparticles, predetermined
amounts of FeCl2 and FeCl3 precursors were dissolved in an HCl solution (0.4 M, 25 mL) to
prepare aqueous solutions of Fe2+/Fe3+ with 1:2 molar ratio. Sodium hydroxide (1.5 M, 250 mL)
was then added rapidly and stirred. The addition of NaOH solution instantly produced a black
precipitate, characteristic of Fe3O4. The surfactant used to control the particle size was citric
acid (0.2 M, 50 mL). The synthesis was performed in a nitrogen atmosphere. The formed black
precipitate was separated by placing a magnet and decanting the solution. The product was
washed with water four times and centrifuged at 4000 rpm for 4 min. The final washing step
was done using a 0.01 M HCl solution in order to neutralize the anionic charges on the
nanoparticle surface. Calcination of the dried Fe3O4 powder at 210°C for 3 h induced the phase
transformation into γ-Fe2O3 [12].

The particle morphology of the synthesized catalyst was observed by a 200 kV transmission
electron microscope (TEM). As shown in Figure 11a, the particles had a size distribution in the
range of 8–14 nm, with mean size of 10 nm. The BET surface area measured was 147 m2/g. The
superparamagnetic property of the nanosized γ-Fe2O3 was confirmed by the magnetization
curve obtained using a vibrating sample magnetometer (VSM). Figure 11b shows the magnetic
behavior in the presence of a magnetic field, exhibiting a strong response with saturation
magnetization reaching 47 emu/g. The curve does not have a hysteresis loop and retains no
magnetization when the magnetic field is removed. The advantageous consequence of this
property is redispersability of the catalyst particles when used in subsequent reactions [12].

The obtained X-ray diffraction (XRD) spectra of the catalyst suggest that the material is γ-
Fe2O3. This is not conclusive, however, because the XRD patterns of Fe3O4 and γ-Fe2O3 are very
similar. X-ray photoelectron spectroscopy (XPS) analysis of Fe2p cores was performed to
distinguish the two phases. Higher binding energies before the calcination as shown in Figure
11c are indicative of Fe3O4. The shift to lower binding energies after the calcination step
confirms the transformation of Fe3O4 to γ-Fe2O3 [12].

2.3.2. Catalytic activity, recoverability, and stability with repeated use

The  catalytic  performance  of  the  synthesized  γ-Fe2O3  nanoparticles  was  compared  to
previously studied silica nanoparticle-supported metal  oxide catalysts  [10,40].  Under the
same  reaction  conditions  and  catalyst/PET  weight  ratio,  γ-Fe2O3  delivered  comparable
performance (Figure 12). The BHET yield reached higher than 90% in 70 min at 1.0% catalyst-
to-PET loading. As with the supported nanocatalysts, the excellent catalytic performance of
the γ-Fe2O3 nanoparticles may be attributed to the high surface area and greater accessibili‐
ty to active sites [12].
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Figure 11. (a) Particle morphology, (b) superparamagnetic property, and (c) phase identification of the synthesized γ-
Fe2O3 nanoparticles. Figure from [12].

Figure 12. Catalytic performance of γ-Fe2O3 nanoparticles at various loadings and comparison to other metal oxide cat‐
alysts. Figure from [12].
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The main potential of using γ-Fe2O3 as candidate for industrial glycolysis catalyst is the easy
separation method and stability. In addition to the superparamagnetic property of γ-Fe2O3

nanoparticles that was beneficial to catalytic performance and separation, its stability with
repeated use was also successfully demonstrated. The catalyst was reused in 10 reaction repeat
cycles and did not significantly affect the BHET monomer yield, as shown in Figure 13. The
thermal stability was supported by thermogravimetric analysis (TGA), while the XRD spectra
of the used catalyst also proved phase stability [12]. These demonstrate the robust character‐
istics of the catalyst, withstanding repeated use at elevated temperature and pressure without
deterioration in performance. Given comparable performance to a homogenous catalyst as
shown in Figure 13b, the superparamagnetic catalyst provides a more practical approach to
catalyst separation by application of a magnetic field.

Figure 13. Assessment of catalyst stability with repeated use and comparison to a recoverable homogeneous catalyst at
the same reaction conditions. Figure from [12].

2.4. Mesoporous spinel oxide catalysts

Due to several advantages such as high mechanical strength, possibility of regeneration, easier
separation, and robust process integration, metal oxides can be considered superior to
conventional PET glycolysis catalysts. Moreover, there are numerous possibilities to tailor their
physical and chemical properties for the desired catalytic performance and functionality [47].
For the enhancement of catalytic activity, for example, altering the metal composition by
introduction of another metal could result in higher catalytic activity [48–50]. The same
principle is used to potentially enhance the performance of metal oxide catalysts for PET
glycolysis. In this section, pure oxides and mixed-oxide spinel oxides of zinc, manganese, and
cobalt were synthesised by simple precipitation or co-precipitation methods.

Simple precipitation method was used to synthesize the pure metal oxides. A 1.0 M solution
of the salt precursors (Mn(NO3)2 xH2O, Zn(NO3)2 6H2O, or Co(NO3)2 6H2O) was mixed with
0.1 M ammonium hydroxide to set the pH at 9.0. Precipitates of the corresponding metal
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hydroxides formed, which were filtered, washed with water, and dried at 100°C for 8 h. The
oxide form was obtained by calcination of the dried powder at 600°C for 4 h. For the mixed
metal oxides, a modified co-precipitation method was implemented [51–53]. The molar ratios
of the metal precursors were fixed to be 1:2. Similar to the previous synthesis, a 0.1 M ammo‐
nium hydroxide solution was stirred into the bimetallic precursor solutions, setting the pH
value at 9.0. The same procedures for filtering, washing, drying, and calcining were performed
on the mixed metal oxides [13]. The physical and chemical properties of the synthesized
catalysts are summarized in Table 3. The analysis of atomic composition of the oxides via EDS
was performed with results shown in Table 4.

Catalyst
BET surface area

(m2/g)
Pore volume

(cm3/g)
Average pore
diameter (nm)

Acid site concentration
(mmol/g)

ZnO 7.67 0.06 31.33 0.041

Co3O4 17.50 0.09 18.80 0.032

ZnCo2O4 21.65 0.08 12.23 0.045

Mn3O4 22.57 0.01 14.70 0.060

CoMn2O4 25.10 0.07 10.16 0.067

ZnMn2O4 32.40 0.14 14.50 0.088

Table 3. Surface area, pore dimensions, and acid site concentration of the pure and mixed oxide catalysts [53]

Catalyst Atom percentage Atomic ratio (Mixed oxides)

Zn Mn Co O Mn/Zn Mn/Co Co/Zn

ZnO 56.3 - - 43.7 - - -

Mn3O4 - 61.4 - 38.6 - - -

Co3O4 - - 75.9 24.1 - - -

ZnMn2O4 21.7 40.9 - 37.4 1.88 - -

CoMn2O4 - 36.2 21.0 42.9 - 1.72 -

ZnCo2O4 24.1 - 38.9 37.0 - - 1.61

Table 4. Atomic analysis of the synthesized oxide catalysts by EDX [53]

The catalytic activity of metal oxides in PET glycolysis is influenced by the interaction of the
metal cation and the carbonyl oxygen in the polyester. The nature of the metal, oxidation state,
and crystal structure affect this interaction. In spinel oxides, the metal cations can be located
in tetrahedral and octahedral sites. The metal covalency of two or more different metals in the
mixed oxides can result in a beneficial interaction that could enhance its redox properties and
catalytic activity. In this study, the best catalytic activity for glycolysis was demonstrated by
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ZnMn2O4 catalyst (Figure 14). This catalyst has the ion pair Zn2+/Mn3+ in its crystal lattice
compared to Co2+/Mn3+ and Zn2+/Co2+ in the other mixed spinels. The high activity of the catalyst
was attributed to the nature of the manganese ions combined with structural effects in the
spinel crystal [13].

Figure 14. Comparison of BHET yields among the pure and mixed oxide catalysts [13].

2.5. Purity of recovered BHET monomer

For all the glycolysis reactions above using various catalysts, the recycled BHET was recovered
via simple recrystallization. Several characterization methods have been employed to verify
the structure and purity of the recovered monomer. The FT-IR spectra of the recycled BHET
matched that of the standard sample [10], without extra peaks characteristic of contamination.
As it is also possible that dimers and oligomers are not effectively separated, thermal and
structure analyses have been performed using thermogravimetric analysis (TGA) and nuclear
magnetic resonance spectroscopy (NMR). The proton and carbon NMR spectra identified
peaks corresponding to distinct groups in the monomer and dimer backbones [13]. Along with
TGA thermogram profiles, the structure characterization verified the good separation of the
BHET from its oligomers.

3. Dopamine-induced carbon@silica hybrid as fuel cell anode catalyst

Aside from high proton conductivity and self-humidifying properties, principles of practical
design for potential materials for polymer electrolyte membrane fuel cell (PEMFC) demand a
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fabrication method that is non-toxic and requires no complex apparatus for easy and large-
scale production. Hybrid catalysts with carbon material and inorganic material have received
attention from many researchers for PEMFC [54,55].

In hybrid material synthesis, a variety of methods are used to combine organic and inorganic
materials. However, these fabrication methods require expensive equipment and complex
processes, thereby limiting mass production [56–58]. To resolve this problem, our group has
developed a simple and green fabrication of a hybrid catalyst for PEMFC. The hybrid compo‐
site consists of Pt nanoparticle, conductive dopamine coating layer, and silica support. Pt
nanoparticle has been used as a typical catalyst for electrode catalyst for energy storage
application. We also used Pt nanoparticle as the anode catalyst for PEMFC. To deposit Pt
nanoparticles on the surface of silica, we applied dopamine coating as an adhesive layer [9].
The overall synthesis procedure for the metal and dopamine-induced carbon@silica nano‐
composite is illustrated in Figure 15.

Figure 15. Overall procedure for synthesis of metal (M)- and nitrogen (N)-doped carbon@silica nanocomposite.

For the preparation of a hybrid anode catalyst, silica was fabricated by water-in-oil microe‐
mulsion method that produces a narrow size distribution. Silica is generally applied as support
material because of its mechanical, chemical, and thermal stability. Its size and surface property
can also be easily modified. Additionally, it has hygroscopic property that maintains the
humidity needed for the proton conductivity in PEMFC. The humidity dependence of the
membrane’s conductivity typically required humidity control using an external equipment.
However, the application of silica as support for the anode catalyst could provide both
humidity and conductivity to the proton conductive membrane [8].
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To deposit Pt nanoparticles on the surface of silica, we applied dopamine coating as an
adhesive layer and self-reducing agent. Dopamine is a mussel-inspired adhesive based on a
protein located at the end of the byssus of mussels. The protein allows mussels to strongly
attach on rock surfaces or support in sea. The adhesion property of the protein helps mussels
hold onto substrates in wet condition. Mussel-inspired dopamine is similar in chemical
structure, with catechol and amine functional group as the protein [59]. Attempting to mimic
the adhesive functionality, many researchers coated dopamine on various types of substrates.
After dopamine coating, the substrate achieved a more hydrophilic surface and can be well
dispersed in water. Dopamine coating also acts as a metal adhesive layer through the self-
reducing ability of catechol group in the dopamine chemical structure [60]. Moreover, the
coating is a simple and controllable dip-coating process in alkaline water solution (pH 8.5).
The coating thickness can be tailored in nanoscale by adjusting the temperature, pH, time, and
concentration of dopamine. Because of these advantages, dopamine coating has been applied
to a variety of fields, such as surface modification, heavy metal removal, carbon material
functionalization, and fabrication of conductive N-doped carbon sources [56–58,61].

We prepared Pt and N-doped carbon@silica with dopamine coating via metal decoration and
carbonization steps. The dopamine coating procedure was performed on a Tris buffer solution
at pH 8.5. Silica particles were dispersed in the solution. Then, 10 mM dopamine was added
and mixed mildly for 6 h. After the coating step, the particle was washed several times with
DI water. A thin layer of dopamine was observed to be coated well on silica with a thickness
of 11.5 nm as shown in Figures 16c and 16d. The prepared dopamine-coated silica was re-
dispersed in DI water. The dopamine-coated silica was then used to serve as catalyst support
with metal adhesion properties. The Pt nanoparticles on the coated silica were deposited
through the self-reducing ability of catechol groups in dopamine, as shown in Figure 17. This
phenomenon releases electrons via the transformation of the R-OH group to a C=O group,
which reduce Pt ions into Pt nanoparticles.

The dopamine coating layer naturally prohibits electron transfer (low conductivity). To
enhance catalyst conductivity, we conducted carbonization of the Pt and dopamine-coated
silica in an inert atmosphere at 800 °C. The carbonized dopamine layer contained nitrogen (N)
and had other functional groups removed. N-doped carbon layer from dopamine coating
enhanced both mechanical stability and conductivity of the material [57].

We applied Pt and dopamine-induced carbon@silica hybrid composite for polymer membrane
electrolyte fuel cell as anode catalyst. The composite was evaluated and compared with
commercial Pt/C catalyst under zero relative humidity. The carbonized dopamine coating and
silica could be useful in PEMFC under non-humidified conditions. Pt and N-doped car‐
bon@silica-based composites and commercial Pt/C were evaluated by galvanostatic polariza‐
tion and power density curves as functions of current density for a single PEMFC at zero
relative humidity (Figure 18). The Pt and dopamine-induced carbon@silica composite exhib‐
ited a maximum power density of 0.55 W cm-2, which exceeds that of commercial Pt/C (0.45
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Figure 16. SEM and TEM images of (a and b) silica, (c and d) dopamine-coated silica, and (e and f) Pt and dopamine-
induced carbon@silica. Scale bars are 100 nm.

Figure 17. Reduction pathway from Pt ion into Pt nanoparticle using self-reducing ability of dopamine coating layer.
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W cm-2). The improved performance of the composite is attributed to the hybrid synergy effect
of silica hygroscopic property and N-doped dopamine-induced carbon layer. Additionally,
the N-doped carbon obtained after the carbonization step could make the composite more
conductive with the enhancement of charge transfer at interfaces. As a result, these advantages
of the Pt and dopamine-induced carbon@silica composite could contribute to enhance
performance under low humidity conditions compared to the commercial Pt/C catalyst.

Figure 18. I-V polarization (left axis) and power density (right axis) curve for PEMFC single cell (H2/O2) with Pt and N-
doped carbon@silica nanocomposites (red triangle) and commercial Pt/carbon (black circle) used as an anode catalyst
under relative humidity at 0%.

4. Conclusion

We have presented various techniques to obtain novel catalysts that successfully enhance the
efficiency and productivity of PET glycolysis for monomer recycling as well as the performance
of polymer electrolyte membrane fuel cells. The catalysts can be considered a practical solution
that addresses various issues in these processes, such as catalyst separability, reusability, and
performance in limited operating conditions. The use of ultrasound-assisted synthesis
provided an efficient alternative synthesis approach to obtain metal-oxide composites of silica
and graphene oxide under mild conditions. The use of these catalyst composites offers the
potential of industrial-scale use given their high activity in addition to thermal and chemical
stability. Another practical and effective approach is the use of a magnetically recoverable
catalyst, γ-Fe2O3. The superparamagnetic nanocatalyst, offering comparable performance and
stability as the other solid catalysts, has further advantages of efficient separation and
relatively simplicity of synthesis approach. For fuel cell development, we developed a non-
toxic and easy chemical method to fabricate Pt and dopamine-induced carbon@silica compo‐
site without complex apparatus. The silica nanoparticles as support material acted as a self-
humidifying material, while the dopamine coating played the role of a self-reducing agent and
adhesive layer for anchoring the Pt nanoparticles. Additionally, the N-doped carbon from
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carbonization of dopamine coating enhanced electrical conductivity of the composite. This
resulted to overall superior performance of the composite as anode catalyst even under low
humidity conditions. The fabrication methods and alternative catalysis strategies presented
will be valuable for the commercialization of green catalysts for PET monomer recycling and
energy conversion systems.
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