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We report a fast and simple synthesis of Fe,Os@MoS, 0D/2D-nanocomposite material using a Taylor—
Couette flow reactor. A Taylor—Couette flow with high shear stress and mixing characteristics was used
for fluid dynamic exfoliation of MoS, and deposition of uniform Fe,Oz nanoparticles, resulting in
a Fe;0O3@MoS; in the form of 0D/2D-nanocomposite material. Using Taylor—Couette flow reactor, we
could synthesize Fe,Os@Mo$, 0D/2D-nanocomposite material at a rate higher than 1000 mg h™* which
is much higher than previously reported production rate of 0.2-116.7 mg h™'. The synthesis of
Fe,Oz@MoS, nanocomposite was achieved in an aqueous solution without thermal or organic solvent
treatment. Exfoliated MoS, nanosheets show an average thickness of 2.6 + 2.3 nm (<6 layers) and

a lateral size of 490 + 494 nm. Fe,Oz nanoparticles have an average size of 7.4 + 3.0 nm. Fe,Os3
Received 24th March 2021 ticl hemicall d th llv stable MoS heets sh talvti tivity in th
Accepted 24th April 2021 nanoparticles on chemically an ermally stable MoS, nanosheets show catalytic activity in the
glycolysis of polyethylene terephthalate (PET). High conversion of PET (97%) and a high yield (90%) for

DOI-10.1039/d1ra02335g bis(hydroxyethyl) terephthalate (BHET) were achieved in a reaction time of 3 h at the reaction
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Introduction

Two-dimensional (2D) nanosheets such as graphene, transition
metal dichalcogenides (TMD), and hexagonal boron nitride
(hBN) may be promising for heterogeneous catalyst supports'™
because of their outstanding mechanical strength* and high
surface area.” Among 2D layered materials, MoS, nanosheets
exhibit thermal and chemical stability,"® and antioxidation
properties® and thus were used as 2D substrates for the 0D/2D-
nanocomposite material with noble metal*®'* and metal oxide.*
Among these, the combination of MoS, nanosheets with iron
oxide nanoparticles enhanced electrochemical, optical, and
catalytic properties by chemical bonding-induced synergistic
effect such as heterojunction on the 0D/2D-nanomaterial plat-
form."”*™** To synthesize iron oxide nanoparticles and MoS,
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nanosheets composites, various methods have been re-
ported.**** Hydrothermal method is the most common method
to synthesize either iron oxide nanoparticles or their composite
with MoS, nanosheets.®"” It can synthesize uniform iron oxide
nanoparticles on the MoS, nanosheets but it requires high
temperature and pressure with long reaction time and has
limited scale-up capacity due to energy inefficiency. Organic
phase synthesis is similar to hydrothermal method, and it
needs heating under inert gas conditions with organic
solvents."®?® Most of previous methods have needed heat
treatment, organic solvents, or specific conditions such as inert
gas in the synthesis of iron oxide nanoparticles on the MoS,
nanosheets which hinder mass production and further
applications.

Fluid dynamic system is one of the promising alternatives
for mass-production of 0D/2D nanocomposite. Thus, synthesis
of nanoparticles,? growth of polymers,* and exfoliation of 2D
materials**** were achieved using fluid dynamic system.
Among the fluid dynamic systems, Taylor-Couette flow reactor
with high shear stress and mass transfer characteristics was
used for the exfoliation of 2D materials such as graphite, hBN,
and MoS,.>*** Our group reported deposition of noble metal
(Pt, Ag, and Pd) nanoparticles on exfoliated hBN nanosheets in
a Taylor-Couette flow reactor.>” High shear stress and mixing
characteristics of Taylor-Couette flow reactor allowed the
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operation under mild reaction conditions in short reaction
time.

Polyethylene terephthalate, commonly called PET, is one of
the most consumed polymers in more than 300 million tons
annually due to its mechanical strength and thermoplastic-
based property.”®* Enormous consumption of PET in a daily
life causes serious environmental problems due to poor
biodegradability of PET.**** To solve the problem, the chemical
recycling methods such as alcoholysis,* aminolysis,*® hydro-
lysis,** and glycolysis®® were investigated. Among these, glycol-
ysis of PET decomposes PET using ethylene glycol (EG) to
produce bis(2-hydroxyethyl) terephthalate (BHET) monomers
which can be used to synthesize polymers again providing the
sustainability in the polymer ecosystem. The major drawback of
PET glycolysis is slow reaction despite high temperature.®
Heavy metal salts, known as trans-esterification catalysts, were
used as catalysts for PET glycolysis to solve the problem.?”**
Although the reaction temperature was lowered to around
200 °C, there was still an environmental problem due to the
presence of heavy metals in recycled BHET monomers. To
replace heavy metal salts, eco-friendly ionic liquids were used in
PET glycolysis but their high cost was a concern.*»** Because of
environmentally abundant and eco-friendly characteris-
tics,*>*"*> the use of cobalt oxide,* iron oxide,** and manganese
oxide* was reported in the glycolysis of PET. However, needs for
organic solvent-based processes and calcination make the
synthetic processes of oxide material still formidable. There-
fore, large-scale manufacturing of an effective catalyst material
for PET recycling should be practiced in a more economical and
eco-friendly routes.

Here, we report a fast and simple hydrodynamic synthesis
method without heating for the synthesis of Fe,O; nano-
particles on exfoliated MoS, nanosheets in the form of 0D/2D-
nanocomposites in a Taylor-Couette flow reactor. To the best
of our knowledge, synthesis of Fe,O;@MoS, 0D/2D nano-
composites without heating or organic solvents has not been
reported. The synthesis of Fe,O;@MoS, nanocomposite was
achieved in an hour without organic solvents. Fe,O3; nano-
particle is preferable for a catalyst because it is the most stable
among iron oxides. However, it usually needs additional treat-
ment such as calcination to convert Fe,O; from Fe;O,. Fluid
dynamic process enabled the direct synthesis of Fe,O; nano-
particles on MoS, nanosheets. The synthetic Fe,O;@MoS,
nanocomposite was used to validate its catalytic activity in PET
glycolysis.

Experimental procedure

Materials and chemicals

Iron(m) chloride hexahydrate powder (FeCls;-6H,0, 99%),
molybdenum disulfide powder (MoS,, <2 pm), sodium
hydroxide (NaOH) powder, ethylene glycol (EG, 99.8%), and
bis(2-hydroxyethyl) terephthalate (BHET) powder were
purchased from Sigma-Aldrich Corporation (USA). Polyethylene
terephthalate powder (PET, <200 pm, weight average molecular
weight: 56 780 g mol ') was obtained from Goodfellow Corpo-
ration (UK).

16842 | RSC Adv, 2021, 11, 16841-16848

View Article Online

Paper

Preparation of Fe,O;@MoS, nanocomposite

The schematic for the synthesis of Fe,O;@MoS, nanocomposite
using the Taylor-Couette flow reactor is illustrated in Fig. 1a.
Pristine MoS, powder (1000 mg) was initially dispersed in
deionized (DI) water at a concentration of 2 mg mL ' in
a 500 mL volume. Next, FeCl; powder (181 mg-3940 mg) was
dispersed in MoS, aqueous mixture at various Fe : Mo molar
ratio from 1 : 9 to 7 : 3. The MoS,/FeCl; mixtures were reacted
for 1 h in the Taylor-Couette flow reactor with 2000 rotations
per minute (rpm) of inner cylinder under room temperature. At
the end of the reaction, 10 mL of 1 M NaOH aqueous solution
was added to the Taylor-Couette flow reactor and reacted for 5
more minutes to convert FeCl; to Fe,O; nanoparticles. To
compare the effect of mass transfer in the size distribution of
Fe,O; nanoparticles, 3 different Fe,O;@MoS, nanocomposites
with Fe : Mo molar ratio of 3 : 7 were synthesized at 3 different
rotation speeds (500, 1500 and 2000 rpm) of inner cylinder in
the Taylor-Couette flow reactor. Fe,O;@MoS, nanocomposite
dispersed in the solution is shown in Fig. 1b. Synthetic Fe,-
O;@MoS, nanocomposite was centrifuged at 3200g for 1 h and
separated from un-exfoliated MoS, followed by vacuum filtra-
tion using a cellulose nitrate filter (pore size: 100 nm) to extract
extra ions (Na' and Cl7) from the supernatant. The filtered
Fe,O;@MoS, nanocomposite was re-dispersed in 200 mL DI
water and freeze-dried at —50 °C with 20 Pa to obtain Fe,-
O;@MoS, nanocomposite powder at a rate higher than 1000 mg
h™' as shown in Fig. 1c. Detailed specification of the Taylor-
Couette reactor was denoted in Fig. S1.1

Characterization

The spherical aberration transmission electron microscopy (Cs-
TEM) images were obtained by Titan3™ G2 60-300 (FEI).
Transmission electron microscopy (TEM), scanning trans-
mission electron microscopy (STEM), fast Fourier transform
(FFT) diffraction pattern, and energy-dispersive X-ray spectros-
copy (EDS) analysis were carried out by Tecnai G* F30 S-TWIN
(FEI) operating at 300 kv. Raman spectroscopy data were ob-
tained using LabRAM HR Evolution Visible_NIR (HORIBA Co).
Atomic force microscopy (AFM) data were obtained with

Add 2FeCls + BNaOH
NaOH> = Fez0: +3H:0

Fig. 1 (a) Schematic illustrations of the synthesis process of Fe,-
0Os@MoS, nanocomposite by fluid dynamic exfoliation and deposition,
(b) produced Fe,Oz@MoS, nanocomposite in solution, (c) Fe,Oz@-
MoS, nanocomposite powder.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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INNOVA-LABRAM HR800 (Bruker Daltonik Co). X-ray photo-
electron spectroscopy (XPS) data were acquired with a Ko
(Thermo VG Scientific Co). Inductively coupled plasma-optical
emission spectrometry (ICP-OES) analysis was carried out by
Agilent ICP-OES 720 (Agilent Technologies). High performance
liquid chromatography (HPLC) data were obtained by
micrOTOF-QII (Bruker Daltonik Co) at 200-1000 parts per
million (ppm) concentration in tetra hydro furan (THF). The
thermogravimetric analysis (TGA)-differential scanning calo-
rimetry (DSC) curves were obtained by LABSYS Evo (Setaram
Co). Brunauer-Emmett-Teller (BET) analysis was carried out
with Tristar II 3020 (Micromeritics Company). The 'H and *C
nuclear magnetic resonance (NMR) spectra analyses were
carried out with Agilent 400 MHz 54 mm NMR DD2 (Agilent
Technologies) at room temperature. The chemical shifts were
denoted in ppm using dimethyl sulfoxide-ds (DMSO-d,) signal
as a standard.

Glycolysis of PET

The condition for the glycolysis of PET was based on a previous
report using iron oxide as a catalyst.** Prepared Fe,O;@MoS,
nanocomposite (20 mg) was dispersed in 8 g of EG, and the
mixture was placed in a Teflon reactor along with 2 g of PET
powder (Goodfellow, <200 um). The reactants in the Teflon
reactor were heated in a furnace between 200 and 300 °C for 3 to
5 h to examine the effect of temperature and time on glycolysis.
Reacted solution was cooled to 70 °C in an oven. Vacuum
filtration was performed to separate unreacted PET and catalyst
from the product. The filtered solution was cooled in a refrig-
erator at 4 °C for 24 h. BHET was filtered by vacuum filtration
followed by washing with cool DI water 3 times to remove extra
EG. Mass of BHET was calculated by conventional HPLC
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method with a calibration curve in the range of 200 to
1000 ppm.

Conversion of PET and the yield of BHET were calculated
using eqn (1) and (2):*
WPET -w

PET

Conversion of PET (%) = 100 x (%) (1)

Wener + Mpuer (%) 2)

Yield of BHET (%) = 100 x
) Wper + MpgT

In the equations above, Wpgr represents the initial weight of
PET, and W is the weight of PET after reaction. Mpgr is the
molecular weight of the repeated unit of PET. Wgyer is the
weight of BHET based on the HPLC calibration curve, and
Mguer is the molecular weight of BHET. Fe,O;@MoS, nano-
composite was recovered by vacuum filtration method. Due to
more than 97% conversion of PET, the filtered precipitate was
used for recycling as a recovered catalyst.

Results and discussion
Morphology of Fe,0;@MoS, nanocomposite

Morphology and crystalline structure of MoS, nanosheets were
investigated using AFM and TEM. AFM image of MoS, nano-
sheets is presented in Fig. 2a. AFM data of 70 samples of Fe,-
O;@MoS, nanocomposite were used to determine the average
thickness and average lateral size (Fig. S21). MoS, nanosheets
had an average lateral size of 493.19 + 494.50 nm and an
average thickness of 2.65 + 2.38 nm, indicating successful
exfoliation of MoS, (Fig. 2b and c). Cs-TEM and EDS analysis
were performed to confirm the deposition of Fe,O; nano-
particles on MoS, nanosheets. Fig. 2d is the Cs-TEM image of

0 300 600 900 1200 1500 1800 2100
Lateral size (nm)

Sulfur

0
0008 1624 324048566472 °
Thickness (nm)

Fig. 2

(a) AFM image of Fe,Oz@MoS; nanocomposite. (b) Lateral size and (c) thickness distribution of Fe,Oz@MoS, nanocomposite. (d) Cs-TEM

image of Fe,Oz@MoS, nanocomposite. (e) STEM image and elemental mapping images of sulfur, molybdenum, and iron of Fe,Oz@MoS,

nanocomposite.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe,O;@MoS, nanocomposite. Specific lattice structures of iron
oxide(m), denoted by red lines, were distinguished from the
hexagonal lattice of the surrounding MoS,. The characteristic
lattice lengths of Fe,0; and MoS, were 2.5 A for (110) and 2.7 A
for (100), respectively.** EDS analysis of the same sample was
performed to confirm the deposition of Fe,O; nanoparticles on
the MoS, nanosheet (Fig. 2e). The yellow signal of sulfur and the
purple signal of molybdenum indicate MoS, in the STEM
image. The blue signal of Fe on the MoS, indicates successful
synthesis of Fe,O;@MOoS, nanocomposite.

BET surface area analysis was performed to further investi-
gate the surface area of Fe,O;@MoS, nanocomposite. Fig. S31
shows the BET surface area data of pristine MoS,, MoS, nano-
sheets, and Fe,O;@MoS, nanocomposite. In Fig. S3a, ¢ and e,
BET surface area data show typical isotherm for 2D materials.
The surface area of pristine MoS, and MoS, nanosheets was
3.18 m* ¢ " and 9.33 m® g ', respectively in Fig. S3b and d.}
Fe,0;@MOoS, nanocomposite had a surface area of 47.95 m* g~
and a higher slope isotherm due to Fe,O; nanoparticles (Fig.-
S3ff) which are consistent with previous reports despite being
a top-down method.** Since it is a 0D/2D hybrid material, the
surface area per unit mass is smaller than that of Fe,O; nano-
particles. Even with a less surface area, MoS, nanosheets
represent a stable substrate to prevent aggregation of Fe,O;
nanoparticles and its lateral size facilitates the recovery of Fe,-
O;@MoS, nanocomposite after reaction.

Size distribution of Fe,0; nanoparticles depending on flow
regime in the Taylor-Couette flow reactor

TEM analysis was used to compare the distribution of Fe,0;
nanoparticles in Fe,O;@MoS, nanocomposite synthesized at
various Fe : Mo ratios from 1: 9 to 7 : 3. Fig. S4a and b} show
Fe,0;@MoS, nanocomposite synthesized with Fe : Mo ratio of
1:9. Fe,O3 nanoparticles are rare on MoS, nanosheets in high
resolution image. Fe,O;@MoS, nanocomposite synthesized
with Fe : Mo ratio of 3 :7 shows relatively more Fe,O3; nano-
particles on MoS, nanosheets in Fig. S4c and d.f The Fe,O;@-
MoS, nanocomposite with Fe : Mo ratio of 5:5 shows fairly
dense Fe,0; nanoparticles on MoS, nanosheets (Fig. S4e and
ff). For Fe,O;@MoS, nanocomposite with Fe : Mo ratio of 7 : 3,
Fe,O; nanoparticles are distributed more densely on MoS,
nanosheets than that with Fe : Mo ratio of 5: 5 (Fig. S4g and
ht). As expected, amount of Fe,O; nanoparticles on MoS,
nanosheets increased as ratio of Fe increased.

TEM images and FFT diffraction patterns of Fe,O;@MoS,
nanocomposite synthesized at different rotation speeds of inner
cylinder in the Taylor-Couette flow reactor are shown in Fig. 3.
Fe,0; nanoparticles are distributed well on MoS, nanosheets
with the characteristic hexagonal FFT diffraction patterns
marked with yellow circles. Flow regimes in the Taylor-Couette
flow reactor varied depending on rotation speed of inner
cylinder as laminar, wavy, and turbulent regimes in the order of
increasing rotation speed. Previously, our group reported effi-
ciency of exfoliation for 2D materials in various flow regimes of
Taylor-Couette flow and found about 2000 rpm corresponding
to wavy regime is optimum for the exfoliation of 2D

16844 | RSC Adv, 2021, 1, 16841-16848

View Article Online

Paper

Average size = 13.
& Standard deviation =
5

3
€
5
£
2
5
Q
[$)

Fig. 3 Size distributions of Fe,Os nanoparticles and TEM images of
Fe,Os@MoS, nanocomposite synthesized at (a) 500 rpm, (c) 1500 rpm,
and (e) 2000 rpm in the Taylor-Couette flow reactor, and their
magnified TEM images with FFT diffraction patterns of Fe,Oz@MoS,
nanocomposite synthesized at (b) 500 rpm, (d) 1500 rpm, and (f)
2000 rpm.

materials.>»* In order to compare the synthesis of Fe,O;
nanoparticles at different rpm, Fe,O;@MoS, nanocomposite
was synthesized in the Taylor-Couette flow reactor at various
rotation speeds of inner cylinder. Fig. 3a and b show Fe,O;@-
MoS, nanocomposite synthesized at 500 rpm in the Taylor-
Couette flow reactor. According to the TEM image and size
distribution data, Fe,O; nanoparticles showed an average size
of about 13.73 £ 3.82 nm. As rpm increased, the average size of
Fe,0; nanoparticles decreased to 11.79 £ 4.21 nm at 1500 rpm
of rotation speed (Fig. 3c and d). Uniformity of the Fe,Os;
nanoparticles was improved at 2000 rpm of rotation speed, and
the average size of Fe,O3 nanoparticles was also reduced to 7.41
+ 2.95 nm (Fig. 3e and f).

Even in the top down method without heating, Fe,O;
nanoparticles were distributed well on MoS, nanosheets. Based
on the TEM image, the size distribution of Fe,O; nanoparticles
on MoS, nanosheets was obtained, showing average size of the
nanoparticles as 7.41 nm and mostly less than 10 nm at
2000 rpm of rotation speed. Fe,O; nanoparticles usually require

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 (a) Raman spectroscopy data of pristine MoS, and Fe,Oz@MoS,
nanocomposite, (b) and its magnified data from 340 to 500 cm ™.

thermal treatment for their synthesis.”***'” However, in our
study, no thermal treatment was conducted. Increased mixing
characteristics with increasing rpm of Taylor-Couette flow
reactor** made Fe,O; nanoparticles synthesized on MoS,
nanosheets in a nanometer scale without thermal treatment. In
addition, TEM grid was observed below the transparent MoS,
nanosheets, indicating adequate exfoliation of MoS,.

Chemical composition and synthetic mechanism of
Fe,O;@MoS, nanocomposite

Raman spectroscopy and XPS were used to examine the chem-
ical state of Fe,O;@MoS, nanocomposite by measuring its
response to photons. Eig mode reflects the in-plane vibration,
and the A;; mode reflects the out-plane vibration of MoS,.**
Fig. 4a shows the Raman spectroscopy data of Fe,O;@MoS,
nanocomposite and pristine MoS,, and peaks for MoS, and
Fe,O; were observed. In Fig. 4b, the Eég mode of Fe,O;@MoS,
nanocomposite was located at 375.7 cm ™', while the E;, mode
of pristine MoS, was located at 379.9 cm ™. Also the A,y mode of
1 and
A, mode of pristine MoS, was located at 404.2 cm™ A;; mode
of Fe,O;@MoS, nanocomposite were shifted less than
Eég mode. According to previous study, it means that out-plane
of MoS, was affected by the external factor,” presumably Fe,O5

Fe,O;@MoS, nanocomposite was located at 401.4 cm™

nanoparticles, which are bonded to the basal plane (out-plane)
of MoS,.

XPS analysis was performed to confirm the interaction, and
chemical composition of Fe,O3; nanoparticles and MoS, nano-
sheets.?®***> Survey scan data show that both iron oxide and
molybdenum disulfide exist in Fe,O;@Mo0S, nanocomposite
(Fig. 5a). In Fig. 5b and c, Fe2p and O1s scan were used to
compare the synthesis of Fe,O; nanoparticles on MoS, and
other 2D substrates. Since FeCl; with Fe®" was used as the
precursor, the Fe2p scan of all experimental groups shows the
typical Fe*" and its satellite peaks at 710.7 €V, and 719.2 eV,
respectively, which are similar to pristine Fe,0;.** O-Fe bond
and O-H bond in O1s scan represent Fe,O; and Fe(OH)s,
respectively, and the ratio between O-H bond and O-Fe bond
depends on the kind of substrates. The ratio of O-Fe bond to
O-H bond was 70 : 30 in Fe,O;@MoS, nanocomposite. On the
other hand, the ratios of O-Fe bond to O-H bond were 46 : 54
and 37:63 in graphite and hBN, respectively, with the Fe**

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS (a) survey scan of Fe,Oz@MoS, nanocomposite, pristine

Fe,Os, and pristine MoS,, (b) Fe2p and (c) O1s scan of pristine Fe,Os,
Fe,Os@MoS, nanocomposite, and Fe(OH)s; with various substrate
reacted in the Taylor—Couette flow reactor, (d) Mo3d and (e) S2p scan
of Fe,Oz@MoS, nanocomposite and pristine MoS,.

precursor. The ratio of O-Fe bond to O-H bond was highest in
Fe,0;@MoS, nanocomposite, and these results signify that,
Fe,0; is converted successfully from FeCl; with NaOH on MoS,
substrate better than on graphite or hBN in the Taylor-Couette
flow reactor. Previous research has reported that the interface
between Fe,O;, and MoS, has a lower formation energy of
—1.76 eV for chemical bonding.*** To further confirm the
chemical bonding between MoS, and Fe,O;, the binding energy
of Fe,O;@MoS, nanocomposite was compared with the pristine
Fe,0; and pristine MoS,. Fe2p scan data of Fe,O;@MoS,
nanocomposite reveal the peak for Fe*" at 711.7 eV, red shifted
by 1 eV compared to pristine Fe,O;. On the other hand, Mo3d
and S2p scans of the Fe,O;@MoS, nanocomposite show 0.7 eV
and 0.2 eV blue shifted binding energies, respectively,
compared to pristine MoS, in Fig. 5d and e. The shifts of
binding energy in Fe,O;@MoS, nanocomposite indicate
a chemical interaction between Fe,O; nanoparticles and MoS,
nanosheets as shown by Raman spectroscopy data. XPS and
Raman spectroscopy data of Fe,O;@MoS, nanocomposite show
that even in a fluid dynamic-based production method without
heating, Fe,O; nanoparticles were bound to MoS, nanosheets

RSC Adv, 2021, 11, 16841-16848 | 16845
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by chemical bonds, and MoS, nanosheet is effective 2D
substrates to incorporate Fe,O; nanoparticles.

In XPS analysis, atomic ratio of Fe and Mo was 3 : 6.6, which
is similar to that of the precursor ratio of 3:7. Further
compositional analysis was conducted by ICP-OES, which
confirmed successful conversion of FeCl; to Fe,O; nano-
particles. The ICP-OES data show atomic ratio of 3 : 6.3, which
is almost identical to the atomic ratio between Fe and Mo in the
XPS data (Table S17).

Glycolysis of PET by Fe,O;@MoS, nanocomposite

Because glycolysis reaction occurs at the temperature above
175 °C, it is necessary to confirm the thermal stability of Fe,-
0O;@MoS, nanocomposite. Fig. S5a and bt present the TGA data
and derivative thermogravimetry (DTG) data, which showed no
reduction below 400 °C. There was small increase of mass at
400 °C because of nitrogen adsorption followed by the reduc-
tion at high temperature. Since the glycolysis reaction was
performed below 300 °C, Fe,O;@MoS, nanocomposite will be
thermally stable during the reaction.

Previously suggested mechanism of PET glycolysis using
Fe,0; is shown in Fig. 6a.***' The yield of BHET in PET glycol-
ysis was measured by conventional method using HPLC,”” and
the comparison with previous reports is presented in Table S2.}
Fig. 6b shows the conversion of PET with Fe,O;@MoS, nano-
composite having various Fe:Mo ratios. MoS, nanosheets
show only 7% conversion in the glycolysis of PET, and the
conversion of PET using Fe,O;@MoS, nanocomposite was
found to be saturated in the Fe : Mo ratio of 3 : 7. Fig. 6¢c shows
the conversion of PET with the varying ratio between PET and
Fe,O;@MoS, nanocomposite. A 98% conversion of PET was
reached at the ratio higher than 1/100. In Fig. 6d, the yield of
BHET was maintained at around 90% up to 250 °C. However,
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the yield of BHET suddenly decreased at 275 °C and continued
to decrease to almost 50% at 300 °C. To analyze the decrease in
yield, the process was carried out at 300 °C for 3 to 5 h (Fig. 6e)
and showed further decrease in yield to 38%. Previous studies
have reported that decreased yield of BHET in glycolysis of PET
is caused by chemical equilibrium, and HPLC data of glycolysis
product at 300 °C show by-product peaks in HPLC data different
from HPLC data of commercial BHET and produced BHET at
225 °C (Fig. S6a-ct). There would be side reactions between
BHET and EG or oligomer of PET, reducing the yield of BHET
from 50% to less than 40% as reaction time increased.*

In Fig. S7a, Fe,O;@MoS, nanocomposite catalyst was
recovered by simple filtration, and the recycling reaction with
recycled catalyst was carried out at 225 °C for 3 h. During 7
recycles, the yield of BHET remained around 85% (Fig. 6f). TEM
and ICP-OES were used to characterize the recovered Fe,O;@-
MoS, nanocomposite. Fig. S7b and cf show the morphology of
recovered Fe,O;@MoS, nanocomposite. Even though Fe,O;@-
MoS, nanocomposite was recycled repeatedly during PET
glycolysis, Fe,O; nanoparticles are clearly distributed on MoS,
nanosheets in the recovered Fe,O;@MoS, nanocomposite as
fresh Fe,O;@MoS, nanocomposite. ICP-OES data in Table S3t
also show that the composition of Mo and Fe in recycled Fe,-
O;@MoS, nanocomposite was maintained after the recycling.
Although the catalytic yield and conversion rate are not superior
to previous work, the production rate of Fe,O;@MoS, nano-
composite was 1120 mg h™", and is much higher than 0.2 mg
h™' to 116.7 mg h™' of other reports and stable without
decomposition or separation (Table S4+).

'H and "*C NMR analyses were performed to confirm the
purity of BHET as shown in Fig. 7a. NMR ¢ values were as
follows: white solid, '"H NMR (DMSO-d¢, 400 MHz, 6/ppm), § =
8.09 (s, 4H), 6 = 4.95 (t, 2H), 6 = 4.28 (t, 4H), 6 = 3.69 (q, 4H). *C
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(a) Suggested mechanism for glycolysis of PET using Fe,Oz nanoparticles as a catalyst,**** (b) conversion of PET with MoS, nanosheets

and various Fe : Mo ratio of Fe,Oz@MoS, nanocomposite, (c) conversion of PET with various ratio of PET and Fe,Oz@MoS, nanocomposite, yield
and conversion (d) with 3 h reaction at different reaction temperature using Fe,Oz@MoS, nanocomposite, (e) at 300 °C with 3 different reaction

time, and (f) with repeated recycling of catalyst at 225 °C for 3 h.
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Fig. 7 (a) 'H and ¥*C NMR spectra data for produced BHET, (b) DSC
data of crystalized BHET, (c) TGA data of crystalized BHET.

NMR (DMSO-dg, 400 MHz, 6/ppm) data were: 6 = 165.06, 133.62,
129.42, 66.93, 58.86. Thus, the characteristic peaks of BHET
consist of 5 carbons and 4 hydrogens indicated as A to E and 1
to 4 in NMR spectra data. Fig. 7b and ¢ show DSC and TGA data
of BHET. DSC curve shows a peak at 107 °C, and the TGA data
show double decreases at 240 °C and 420 °C, showing the same
thermal properties as reported previously for BHET.*>*
Produced BHET is intended to be used as a monomer to
synthesize polymeric material, and fewer impurity in BHET is
more desirable. ICP-OES data indicating the residual amounts
of Fe and Mo in the extracted BHET are shown in Table S5.}
Only small amount of Fe and Mo, 10~* and 10~ weight percent,
respectively, was detected in the extracted BHET.

In order to check whether the catalyst works effectively in the
scaled-up process, the glycolysis reaction was performed with
100 g of PET. 100 g of PET was dispersed in 400 mL of EG with
1 g of Fe,O;@MoS, nanocomposite as shown in Fig. S8a.t The
reaction was proceeded at 196 °C for 3 h with simple stirring
under ambient condition. The product of glycolysis and
produced BHET had identical brown and white color, respec-
tively, with the previous product of glycolysis (Fig. S8b and c¥),
and HPLC data of product showed identical peaks with that of
product from the smaller scale glycolysis of PET (Fig. S8dt).
However, the peak of retention time at 18.37 is higher than that
of commercial BHET (Fig. S6at) which means higher contents
of dimer. The yield and conversion were 87% and 94%,
respectively. Therefore, Fe,O;@MoS, nanocomposite can be
used in the increased scale of PET glycolysis and can be
considered as an attractive catalyst in the recycling of large
amount of PET by glycolysis to produce high quality BHET.

Conclusions

We reported a method for the synthesis of uniform Fe,0;
nanoparticles on exfoliated MoS, nanosheets due to the high
mixing characteristics of the Taylor-Couette flow reactor.
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Exfoliated MoS, nanosheets were produced in an aqueous
solution with a thickness of few nanometers. Fe,O; nano-
particles were synthesized with a size below 7 nm without
thermal or organic solvent treatment. Fe,O;@MoS, nano-
composite was synthesized at high production rate (1120 mg
h™') under mild conditions. Synthesized Fe,O;@MoS, nano-
composite was used for glycolysis of PET and showed an
approximately 90% yield of high quality BHET. The aggregation
of Fe,O; nanoparticles during the reaction was prevented by
forming Fe,O; nanoparticles on MoS, nanosheets. Used Fe,-
O;@MoS, nanocomposite was recovered by simple filtration of
glycolysis product without decomposition or separation of
Fe,0; nanoparticles and MoS, nanosheets. Recovered Fe,-
O;@MoS, nanocomposite showed 94.4% catalytic activity of
fresh Fe,O;@MoS, nanocomposite. Our method for the
synthesis of Fe,O3;@MOo0S, nanocomposite would be a promising
strategy to produce large amount of catalyst necessary for large-
scale catalytic processes.
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