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This research looks at the potential of utilizing microplastics waste (MPW) found in oceans and soil as a source of
liquid fuel. A significant portion of this pollutant is presently untreated and ends up in landfills, exacerbating the
worldwide issue of marine and land pollution. Pyrolysis is a tertiary recycling process that is presented as a
solution in the presence of a catalyst. This study aimed to develop bifunctional Ni-Pt nanocatalysts supported on
TiO2 and AlyO3 for hydrogen and valued fuels generation from pyrolysis-catalytic steam reforming conditions of
microplastics waste dissolved in phenol. The chemical and physical properties of nanocatalysts were charac-
terized by BET, XRD, TEM, FESEM, FTIR, Hy-TPR, CO,-TPD, NH3-TPD, TGA, ICP and CHNS. It was found that the
introduction of a small portion of Pt (2 wt%) metal to the Ni/Ti-Al nanocatalyst was found to significantly
enhance the reducibility, acidity, basicity nanocatalyst performance and stability. C-O(H), C—C-C, and C-O
were the major functional clusters of the liquid yields surveyed from the FTIR spectrums during pyrolysis. A
valuable liquid product such as trimethyl-(2-trimethylsilylphenyl)silane, cyclohexane-1,3-dione, 2-allylamino-
methylene-5,5-dimethyl-, bis(2-ethylhexyl)phthalate (BEHP), etc. compounds were produced from the
pyrolysis-catalytic steam reforming reaction. This sight is a crucial indication of utilizing microplastics pollution
for value-added fuel production and decreasing the risk threats of marine life.

1. Introduction

been thought to be potentially harmful and may negatively impact
creatures across the food chain, although the ecological and public

Sustainable waste management is a crucial part of environmental
preservation, and one of the most challenging forms of pollution to
handle is plastic. One of the most dangerous plastic wastes to the marine
and soil is micro-plastic waste with an element size lower than 5 mm.
This sort of waste is produced through photo and thermo-oxidative
degradation when exposed to environmental conditions. Researchers,
regulatory agencies, and the general public are increasingly concerned
about the abundance of microplastic waste (MPW) in the marine envi-
ronment, both locally and worldwide. Microplastics in the seas have

health implications of microplastics have not yet to be completely un-
derstood. Microplastics have been proven to damage aquatic creatures,
as well as turtles and birds, in the following ways: they block digestive
tracts, reduce the urge to eat, and change feeding behavior, all of which
decrease development and reproductive output, according to the Na-
tional Geographic Society. As a consequence of their intestines being
stuffed with plastic, some animals suffer and die. Several studies have
shown that microplastic causes metabolic abnormalities, neurotoxicity,
and an elevated risk of cancer disease [1]. One of the proposed methods
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to eco-friendly utilizes these plastic wastes is melting plastic with proper
chemicals such as phenol and use it as feed for catalytic reforming and
cracking reactions. This idea not only solves the disposal issue of
microplastics into oceans and soils but result in hydrogen and syngas
production and valuable liquid fuels generations as well [2-4]. In
addition, phenolic compounds are commonly discharged from coal
chemical mills, pharmaceutical manufacturers, oil refineries, and
phenolic resin synthesis facilities. They are among the most prevalent
harmful contaminants in wastewater [5]. Phenols are also one of the
main components of bio-oil that could be suitable sources for hydrogen
generation in the future [3,6,7]. Thus, the utilization of microplastics
and phenol deliver a great idea for waste recycling as well as renewable
and clean energy production for harmful resources. New nano-sized
catalysts suited to convert these feedstocks with high conversion rates,
selectivities, and stabilities are required to develop such processes for
the manufacture of chemicals and fuels from microplastics and phenol
cracking and reforming reactions.

The employment of reforming nanocatalysts with high activity at low
temperatures while also suppressing coke formation reactions is an
essential aspect of such an integrated system for hydrogen generation.
The nanocatalysts in the catalytic reaction of steam reforming mainly
have two influences. The first is to encourage the breakage of the O-H,
C-C, and C-H bonds in the reactant molecules, resulting in small sec-
tions that are subsequently reconnected to yield gas products such as Hy,
COo, and CO. The second option is to alter the reaction pathways of side
reactions such phenol steam reforming (C¢HsOH + 5H20 — 6CO + 8Ho,
AH° = 710.91 kJ/mol) and water gas shift reactions (CO + H20 < CO,
+ Hy, AH®° = —41 kJ/mol). Ni is widely used in the steam reforming
reaction manufacturing scale because of its high performance, cheap
cost, abundant availability, and strong catalytic activity toward the
shattering of C-C and C-H bonds [8]. However, one of the most signif-
icant obstacles to steam reforming is the enormous thermodynamic
potential for coke production. As a result, efforts should be focused on
developing a high-activity, stable Ni-based catalyst with low Ni sintering
and carbon formation; thus, the use of multi/bi-metals has grown in
popularity because metals synthesized together improve catalytic per-
formance [9]. It has been extensively stated that Ni-based bimetallic
catalytic samples synthesized by adding guest metals like Ru, Pd, and Pt
might alter Ni dispersion, reduce deposited carbon, improve thermal
stability, and boost activity [10-14]. In addition, since bimetallic cata-
lysts frequently outperform their parent metals with distinct features,
doping precious metal on Ni-based catalysts should give an alternate
option [15]. Among noble metals, platinum (Pt) displays high catalytic
performance because the phenoxy types are known to be intensely
accumulated on Pt(1 1 1) by the aromatics ring [16]. Juntian and co-
workers [17] synthesized 1.0Pt-12Ni/Mg-Al catalysts for the methane
dry reforming reaction. The kinetic study of their research showed that
bimetallic 1.0Pt-12Ni catalyst enhanced the catalytic activity of the
catalyst by decreasing the activation energy for CH,4 dissociation,
lowering the energy barrier for CO; activation, and promotes the for-
mation of surface O* by CO, adsorptive dissociation. Anand et al. [18]
prepared bimetallic Pt (1.2 wt%)-Ni (0.4 wt%) over y-alumina catalyst
for hydrogen generation from catalytic reforming of pure glycerol. They
found that this catalyst was stable for 85 h of the experimental test.
Bimetallic Ni-Pt was used for the dry reforming of methane [19,20].
They mentioned that introducing Pt into Ni metal resulted in higher Ni
reducibility and prevented coke formation on the catalyst surface, which
then casing an enhancement in the catalytic performance.

It is generally recognized that the metal type and the support may
influence the qualities of an ideal reforming catalyst. Although carbon
production may be controlled by utilizing appropriate supports, sup-
porting materials greatly enhance catalyst performance [21]. Titanium
dioxide (TiO2) has gotten a lot of consideration in the recent decade
because of its twin functions as reducible support and an active metal
[22]. Therefore, TiO, support delivers unique electronic interactions
between the metal and the support [23]. However, it has low mechanical
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strength and low specific surface, and at high temperatures, it undergoes
a phase shift from anatase to rutile, making it unsuitable for
high-temperature processes [24]. One possible solution for this issue is
incorporating TiO2 with other metal oxides such as Aluminum oxide
(Al03). Al,03 possesses properties such as excellent metal dispersion
because of its large surface area, cost-effectiveness, chemical, and me-
chanical steadiness and is one of the most often utilized supports [25].
Sadeq et al. [26] stated that incorporating TiO, into Al,O3 supports
might help with metal dispersion, particle sintering, thermal stability,
and oxygen storage capability, which aid in the gasification of carbon
generated during the reforming process. Thus, TiO, into AloO3 was
chosen to support the bimetallic Ni-Pt nanocatalyst in this study.

In addition to developing suitable nanocatalyst, the preparation
technique is also an essential matter to synthesize nanocatalysts with
high activity and stability in the reforming process. Our previous studies
[2,4] found hydrothermal treatment greatly affects the catalytic
cracking and steam reforming reaction of phenol dissolved in poly-
ethylene terephthalate plastic waste. However, to our knowledge, there
is a lack of studies on nanocatalyst development in phenol and micro-
plastics steam reforming and pyrolysis reaction for hydrogen and liquid
fuel generation. We have prepared Ni-Pt/Al nano-sized catalyst sup-
ported on TNPs, but with a fixed ratio of Ni to Pt metals, for hydrogen
and liquid fuel production from polyethylene terephthalate plastic waste
dissolved in phenol [3]. Hence, this study investigates the influence of
different volume ratios of bimetallic and monometallic Ni and Pt cata-
lysts supported on the Al-Ti for steam reforming and pyrolysis reactions
of microplastics-phenol to generate hydrogen and valued liquid fuel.
Characterization of nanocatalysts is an essential stage in catalytic
research since it allows researchers to look into important elements of
nanocatalyst structure, surface characteristics, and activity. Nano-sized
catalysts were synthesized through hydrothermal treatment method
and characterized via TEM, FTIR, BET, XRD, FESEM, NH3-TPD,
CO2-TPD, H,-TPR, and ICP test. Prepared samples were screened at
500 °C, and the best nanocatalyst was tested at the temperature range of
500 °C to 700 °C. The nanocatalyst stability was also investigated in the
three days on stream. Finally, Gas products were analyzed by GC-TCD,
and liquid products were analyzed by GC-FID, GC/MS, and FTIR, and
used nanocatalysts were characterized again via BET, ICP, TGA, and
CHNS.

2. Materials and methods
2.1. Preparation of Ni-Pt/Ti-Al nano-catalysts

The typical procedures for preparing Ni-Pt/Ti-Al nanocatalysts are
mainly hydrothermal treatment, impregnation, and reduction reactions.
The starting substances such as nickel nitrate (Ni(NO3)2.6 H20), plat-
inum, titanium dioxide (TiO3), alpha-alumina (y-AlyO3), and NaOH
were bought from Sigma-Aldrich and employed without additional pu-
rification. Generally, 45 wt% of each metal oxide (45 wt% of Ti or 45 wt
% of Al) were gently added to 70 mL of deionized water while stirring at
room temperature. NaOH pellets with the molar ratio to the support of
4:1 were then added into the solution and stirred for an hour. The
support solution was transferred into an autoclave reactor equipped
with 100 mL of Teflon cylinder, sealed, and kept into a furnace at 140 °C
for 48 h. Those autoclave reactors were then cooled down at room
temperature, and prepared liquid samples were filtered and washed with
deionized water 18 times, then dried overnight at 110 °C. The prepared
white samples were calcined at 800 °C for four hours. Those two pre-
pared powders were then added into 150 mL of stirred deionized water.
While stirring at 90 °C, Ni and Pt metals with different ratios were
impregnated with the support until some water vaporized and homog-
enous solution volume decreased to 90 mL. Again, this solution was
transferred into an autoclave reactor, heated at 140 °C for 48 h, filtered,
washed, dried at 110 °C, and calcined at 800 °C. The ratios of metals (10
wt% in total) over 90 wt% of supports were 10% Ni (named as Ni), 8%
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Fig. 1. A flow diagram of the pyrolysis-catalytic steam reforming of MPW-phenol reactor, adapted and reproduced from our previous work [3,6].

Ni and 2% Pt (named as 4NilPt), 5% Ni and 5% Pt (named as 2Ni2Pt),
2% Ni and 8% Pt (named as 1Ni4Pt), and 10% Pt (named as Pt). All
nanocatalysts were crushed, sieved to a size fraction between 35 and 34
mesh to obtain the particles sizes between 1.0 mm and 1.4 mm.

2.2. Characterization of the nanocatalysts

The dependence of Sggr of the calcined samples was measured by the
FlowSorb III surface area analyzer instrument for Sgpr measurement by
dynamic single point method. 200-300 mg of each sample were first
purified by degassing at 250 °C for 12 h using nitrogen flow before the
BET test. X-ray diffraction (XRD) was carried out on a Bruker D8
Advance X-ray diffraction instrument (Cu Ka), the diffraction angle (26)
from 5° to 100° was scanned. The crystalline phases were identified by
JCPDS-ICDD (International Center for Diffraction Database) by X'Pert
Highscore Plus software, and crystal size was calculated via the Scherrer
equation. The compositions of the prepared samples were analyzed by
an inductively coupled plasma (ICP) analyzer. Fourier transform
infrared (FT-IR) spectra were measured by a Shimadzu IR-Prestige-21
model spectrometer with the KBr pellet method as a reference back-
ground to determine the functional groups present in the nanocatalysts
and metal-support interactions. The samples for FT-IR measurements
were mixed at a weight ratio of sample: KBr = 100:5, then ground and
pressed by a pressure of 500 atm to a pellet with a diameter of 1.0 cm
and a thickness of 0.3 mm. The infrared absorption spectra were
recorded with the scanning range of 400-4000 cm™'. The physico-
chemical properties such as reducibility, basicity, and acidity were
analyzed using temperature-programmed reduction (Hy-TPR) and
temperature-programmed desorption (CO2-TPD & NH3-TPD) analysis
Micromeritics Chemisorb 2720 apparatus instrument. The same appa-
ratus and the details of these analyses are reported in our previous
research [4]. Field emission scanning electron microscopy (FESEM)
images were obtained on FESEM, Zeiss, model Crossbeam 340 instru-
ment to observe the nanocatalyst’s surface morphology and the size
distribution estimated using ImageJ software. Transmission electron
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microscope (TEM) and high-resolution transmission electron micro-
scopy (HRTEM) micrographs were acquired with a JEOL JEM-ARM200F
instrument at 200 kV. Thermogravimetric analyses (TGA) of carbon
present on spent nanocatalysts were performed under dry airflow using
Shimadzu TG-50 thermogravimetric apparatus. The carbon content,
metal contents, functional groups, and BET surface area of used nano-
catalysts were also analyzed by CHNS elemental analyzer, ICP test, FTIR
spectra, and Micromeritics (FlowSorb III), respectively.

2.3. Catalyst screening

Microplastics formed from plastic trash such as bottles, bottle caps,
plastic plates and cups, styrofoam objects, ropes, plastic bags, and straws
were first gathered at Desaru beach in Johor, Malaysia. These garbage
objects were cleaned, dried, and crushed using an industrial blender to
make plastics with fewer than 5 mm? fragments. The wastes were then
gently put into phenol and stirred for an hour at 80 °C with a volume
ratio of 0.005:1. After that, the dark blue solution was transferred into
an injection pump for the experiment. The reaction tests were carried
out in a 6 mm i.d. fixed-bed continuous flow quartz reactor at standard
atmospheric pressure and temperature from 500 °C to 700 °C, and a
schematic flow diagram is shown in Fig. 1. Approximately 0.3 g of
nanocatalyst diluted with 0.5 g of silicon carbide (benefits to rise cata-
lytic performance [27,28]) was loaded inside the reactor; amid the
catalyst bed, a K-type thermocouple was put to measure the tempera-
ture. Nanocatalysts were reduced at 600 °C before the reaction for an
hour with a 35 mL/min flow of 10% Hy/Ar gas. The MPW-phenol so-
lution was pumped with a syringe into the reactor, and nitrogen was
used as a carrier gas and internal standard for gas analysis with 35
mL/min. MPW-phenol steam reforming was performed employing a
water / MPW-phenol (0.04 mL/min) volume ratio of 9, and water was
transfer by an HPLC pump into the reactor with 0.4 mL/min of flow rate.
Water was vaporized via pre-heater at 200 °C before the reactor. After
the reactor, a circular condenser was used to liquefy the condensable
components analyzed by GC/MS (Agilent 7890B) and GC-FID (HP 5890



W. Nabgan et al.

Table 1
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Metal contents (ICP test), crystal size, BET surface area, pore-volume, and average pore diameter, basicity, reducibility, acidity, and data of the fresh nano-catalysts.

Catalysts Ni (wt%) Pt (wWt%) Crystal size (nm) Surface area (m%/g) H,-Consumption (mmol/g) CO,, uptake (mmol/g) NH; uptake (mmol/g)
Ni 9.9 0 41.7 129.1 0.24 0.174 0.114
4Ni1Pt 8.04 2.03 33.5 104.8 2.16 3.41 0.196
2Ni2Pt 4.9 5.2 50.6 101.7 0.21 0 0
1Ni4Pt 2.1 7.98 80.4 98.6 0.3 0 0
Pt 0 10.1 78.4 89.2 0.07 0 0
Series II). The non-condensed gas from the dried effluent stream was
(101) = g % g & analyzed by GC-TCD (Agilent 6890 N). Egs. (1) and (2) were used to
I Ex & :f' & ? determine the phenol conversion and yield of products in the
[ —— & _,Ll II M i R | Pt pyrolysis-catalytic steam reforming of MPW-phenol processes in the
_ fixed bed reactor employing various nanocatalysts.
=
= T . [Phenol),, — [Phenol)

- ' ! Phenol conversion (%) = o 2t 5 100 1
3 | 1Ni4Pt (%) [Phenoll, W
©
S

It btained
%' : Gas vield (%)= moles of gas obtaine %100 (2)
c " 2Ni2Pt moles of gas stoichiometric potential
] A
E The flow rate of gaseous products (mL min~1) was converted to
(mmol min~!) using a reference temperature of 25 °C at atmospheric
4Ni1Pt pressure (1 mmol = 24.04 mL for volume conversion) [29].
& i 3. Results
7 Ni
3.1. Catalyst characterization
T 1 L T T T T T T
10 20 30 40 S50 60 70 80 90 100 The surface area and the metal loading of the calcined catalysts are
2 theta Scale shown in Table 1. The measured values obtained by the ICP analysis are
Figure 2 XRD curves of nano-catalysts all the metal loading values shown in Table 1. With the increment of Pt
. amount, the surface area decreases, most probably due to the surface
Fig. 2. XRD curves of nano-catalysts. coverage and plugging of the support pores by Pt particles.
The crystallinity and phases of as-prepared mono-metallic and
Table 2 bimetallic nanocatalysts were studied using the XRD technique. The

The D-spacing (calculated via Bragg’s equation) along with crystal size (calcu-
lated via Scherrer equation) for each XRD peak.

Peak position (260) Theta (0) D-spacing @A) FWHM Crystal Size, D (nm)
10.55 5.28 8.375 0.2086 38.2
12.14 6.07 7.282 0.3180 25.1
15.48 7.74 5.718 0.2068 38.8
24.49 12.23 3.631 0.3129 25.9
25.50 12.75 3.490 0.2086 39.0
27.36 13.68 3.258 0.0660  123.9
30.48 15.24 2.930 0.2086 39.5
33.24 16.62 2.693 0.3200 25.9
34.07 17.03 2.630 0.2608 31.9
35.25 17.63 2.544 0.2086 39.9
36.52 18.26 2.458 0.1565 53.5
37.11 18.55 2.421 0.2700 31.0
40.39 20.19 2.231 0.2608 325
41.51 20.75 2.174 0.2086 40.7
43.47 21.73 2.080 0.2888 29.6
43.89 21.95 2.061 0.3129 27.4
46.54 23.27 1.950 0.2608 33.2
48.29 24.15 1.883 0.2086 41.7
52.11 26.05 1.754 0.1043 84.8
53.81 26.90 1.702 0.1565 56.9
54.17 27.09 1.692 0.3129 28.5
55.29 27.64 1.660 0.3129 28.7
57.62 28.81 1.598 0.4200 21.6
61.70 30.85 1.502 0.5088 18.2
63.13 31.57 1.472 0.3180 29.3
67.95 33.98 1.378 0.2608 36.7
68.63 34.32 1.366 0.1908 50.4
69.28 34.64 1.355 0.8344 11.6
81.73 40.87 1.177 0.3129 33.6
87.09 43.54 1.118 0.4172 26.3
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average crystalline sizes measured utilizing the Scherrer equation are
presented in Table 1, and the crystallite sizes varied from 33 to 80 nm for
all nanocatalysts. The XRD curves of fresh nanocatalysts with different
Ni to Pt ratios after the calcination step are shown in Fig. 2 and D-
spacing (calculated via Bragg’s equation) along with crystal size for each
peak are listed in Table 2. The characteristic diffraction peaks of spinel
phases at 26 of 12.18° and 33.4° were observed can be assigned to
characteristic peaks of (101) and (112) crystal phases and in agreement
with the JCPDS number of 01-078-1510 for orthorhombic NisTiO;. All
samples were almost the same in diffraction peaks at 26 of 30.5° (220),
33.4° (012), 34.56° (100), 35.13° (104), 36.36° (111), 37.4° (105),
40.36° (121), 41.41° (021), 43.45° (113), 46.59° (202), 48.45° (202)
and 87.03° (226). The cubic structure of Niy 44Tig 7704 was identified at
30.5° and in agreement with the JCPDS number of 01-084-0353. The
diffraction peaks at 34.06° (021), 53.8° (241), and 68.63° (351) are
matching to the orthorhombic phase structure of Nij 14Pt2 8606 (JCPDS
01-076-1245), while orthorhombic phase structures of the TiOs
detected at 36.36° and 40.36° peaks (JCPDS 01-082-1123) and 58.79°
(060) and 69.05° (122) (JCPDS 01-082-1123). The rhombohedral
phase structures of AlO3 were noticed at 35.13° and 43.45° (JCPDS
00-001-1245) and 46.59° and 57.84° (116) (JCPDS 01-075-0785). The
XRD peaks at 41.41° and 87.03° are ascribed to the rhombohedral phase
structure of the Ni(TiO3) (JCPDS 01-083-0209) whereas 21.1° (010)
peak of rhombohedral Ni(TiO3) in agreement with the JCPDS number of
01-077-0152. Various phase structures of Ti were observed at 37.4°
(105) and 61.9° (109), which are corresponding to the hexagonal phase
structures of Ti3O (JCPDS 01-076-1644) while at 48.45° (202) and
63.06° (222) are in agreement with the monoclinic phase of TiO (JCPDS
01-075-0552). The peak at 51.91° (202) is assigned to the tetragonal
phase structure of anatase TiO2 and agrees with the JCPDS number of
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Fig. 3. Temperature programmed reduction (H,-TPR) patterns of calcined
nanocatalysts.

01-089-4203. The corresponding anatase TiO2 peaks were also detected
for the Pt, 2Ni2Pt and 1N4Pt samples at 25.49° (101), 54.04° (105),
55.22° (211), and 62.84° (204) and in agreement with JCPDS number of
01-084-1286. The characteristic peaks for PtgTi (20 = 81.8°), marked
by their indices (303) for these three nanocatalysts, revealed that they
were in the tetragonal structure. The cubic structure of metallic Pt was
seen for these three nanocatalysts at 67.87° (220) (JCPDS
00-001-1194). The relatively sharp XRD peaks specified a significant
increase in the size of particles for bimetallic nanocatalysts. As seen in
the 4NilPt profile, two more diffraction peaks were observed at 16.58°
(020) and 27.55° (102), which are ascribed as an orthorhombic phase of
AlsPts (JCPDS 03-065-1302) and hexagonal phase of TigO (JCPDS
01-072-1807), respectively. The AlsPts peak was detected for all three
bimetallic samples (with crystal size of 33-80 nm) but in higher in-
tensity for the 4Nil1Pt one. Thus, these bimetallic catalysts have regular
profiles and, without splitting, consist of Al-Pt and Ni-Ti composites
nano-powder. The orthorhombic phase structures of AlPt; were seen for
the 2Ni2Pt and 1Ni4Pt samples at 10.8° (200) and in agreement with the
JCPDS number 00-038-0740. The XRD patterns of these two samples
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showed peaks at 20 of 24.43° and 43.91°, signifying the (031) and (503)
crystal planes of the orthorhombic AlgPt phase, respectively. As seen for
the bimetallic 4Nil1Pt diffraction curve, there is no evidence of Ni° or Pt°
peaks suggesting the interactions of these metals with the Al,O3 and
TiO, metal oxides.

The interaction between the TiO5 and Al,O3 supports and the various
Ni and Pt metals ratios are a key element in bimetallic nanocatalyst
reducibility regulation. Although a strong metal-support interaction
reduces metal reducibility, it could alter the electronic characteristics of
metals or supports, change product selectivities, or improved nano-
catalyst resistance to various kinds of deactivation. To examine the
redox ability of the nanocatalysts, the Ho-TPR technique was conducted.
The results were depicted in Fig. 3. The quantitative data of hydrogen
consumption calculated based on the peak areas below the Hy-TPR
curves are displayed in Table 1. The stoichiometry considered for Ni and
Pt reduction NiO5 + 2 Hy — Ni° + 2H50 and PtO, + 2H5 — Pt° + 2H50.
Catalysts with higher Pt content show signals at lower temperatures, and
as the Pt metal loading was increased, the lower temperature peak
dominated. For example, the signal at 236 °C, 187 °C, and 230 °C is
attributed to the Pt oxide reduction, which suggests that most Pt species
can be reduced to Pt° during the TPR experiment course confirms the
PtOy species interacting weakly with the Al,O3 support [30]. The lower
reducibility properties for the catalysts with a higher platinum ratio may
be because Pt increases the catalyst’s average particle size, reducing the
proportion of tiny particles with high concentrations of step and edge
sites. Indeed, hydrogen can be stored at low temperatures within the
crystalline lattice to form platinum hydride. As reduction peaks below
500 °C are ascribed to the reduction of Pt metals [31], the TPR peaks at
336 °C and 364 °C for 1Ni4Pt 2Ni2Pt catalysts, was attributed to the
reduction of small Pt particles that were greatly spread on the support.
These particles were found on the TiO substrate as either solitary
metallic particles or particles engaged in interactions with the support
[32,33] or surface-capping oxygen [34,35]. These PtO-Al,O3 in-
teractions are caused by the dissolution and incorporation of AI>* ions in
PtO crystallites which makes the disruption of the Pt-O bond difficult.
Nevertheless, as the Ni metal loading was improved, the higher tem-
perature peak dominated. Ho-TPR patterns of calcined Ni/Ti-Al
exhibited a major reduction peak placed at about 722 °C, which was
ascribed to NiO considerably interacting with the TiOy surface and
might be due to the Ni?* reduction in Ni/Ti-Al sample, while the peak
centered at lower temperatures (214 and 384 °C) was the bulk NiO
which are loosely bound with the support without any interaction with
TiO4 surface. The temperature peak at 596 °C could reduce moderately

(b) CO,-TPD
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Fig. 4. (a) NH3-TPD and (b) CO,-TPD patterns of nanocatalysts.
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reminded NiO and the support TiOo (Ti** - TiH. Ardiyanti et al. [36]
stated that peak at 214 °C is signifying the reduction of Ni (III) oxide, at
384 °C ascribed the reduction of Ni(II) to Ni(0) species and the peaks at
above 500 °C are linked to the reduction of surface Ni species strongly
interact with the supports. At higher temperatures of 4Nil1Pt, the TPR
profiles present complex reduction behavior. Indeed, the presence of
reduction peaks at lower temperatures suggests that these catalysts have
a greater redox potential than monometallic Ni catalysts. This might be
because adding platinum to nickel catalysts causes hydrogen spillover,
thus promoting the reduction of Ni?* in the 4NilPt nanocatalyst. The
first peak, 230 °C is, corresponding to the simultaneous reduction of
PtOy species having weak interactions with alumina. In contrast, other
peaks at higher temperatures are assigned for the reduction of NiO
species having strong interaction with support. The Hy chemisorption
values given in Table 1 are consistent with higher hydrogen consump-
tion for the bimetallic 4NilPt nanocatalyst (2.16 mmol/g). Thus, it can
be expected that the presence of Pt in low portion (4NilPt) facilitated
the reducibility behaviors of the bimetallic nanocatalysts which would
promote the catalytic reforming and cracking reactions.

The surface acidity and basicity of a metal-supported catalyst are
essential indicators of its activity and the probability of coke deposition
during high-temperature exposure. Therefore, NH3-TPD and CO,-TPD
were used to characterize the total acidity and basicity of the prepared
nano-sized samples. The results are shown in Fig. 4, and quantitative
data of NH3 and CO» uptake calculated based on the peak areas below
the TPD curves are displayed in Table 1. It can be anticipated that the
acid and basic sites density slightly increased as the platinum is intro-
duced to the nanocatalyst until 2 wt% (4NilPt) and beyond which is
reduced, and the acid-basic strength was negligible for the Pt, 1Ni4Pt,
and 2Ni2Pt nanocatalysts (are not shown, because all TPD curves were
flat lines without any CO, and NH3 desorption peaks). Many acidic and
basic sites are known to occur on supports, however, due to the rela-
tively low metal concentration used in our nanocatalysts, most of the
support surface is not occupied by metals. As a result, in the Pt-rich
samples, certain Pt species may be directly positioned on the acid and
basic sites in the support, reducing their quantity and cause to the acid-
basic site’s loss of the nanocatalysts. Another probability may be the
existence of more surface hydroxyl groups attached to the support ma-
trix in the bimetallic 1Ni4Pt and 2Ni2Pt and monometallic Pt nano-
catalysts. The decrease of the acid sites on those three nanocatalysts can
be involved with metal and support, and electron transfer electronic
injection from Pt to support appears to be expected. NH3-TPD of Pt and
4NilPt nanocatalysts in Fig. 4(a) showed the first peaks at 289 °C and
266 °C, which specify the existence of medium acidic phases and related
to ammonia adsorbed on ammonia cation, while those above 600 °C
designate the attendance of strong acidic phases (Brgnsted and Lewis
acid). Ni-OH may act as a Brgnsted acid site due to nickel’s oxophilic
character, while adjacent Pt could act as a Lewis acid site due to its
electron deficit. Significantly, coordinatively unsaturated Pt and Ni
atoms may adsorb ammonia molecules and absorb electrons, potentially
creating additional Lewis acid sites throughout the synthesis.

Fig. 4(b) illustrates the CO,-TPD analysis results of the nanocatalysts.
The total basicities of the bimetallic 4NilPt nanocatalyst, which has a
more pronounced electron-donor characteristic, were higher than the
monometallic Ni nanocatalyst. This high basicity boosts CO2 adsorption
capacity on the nanocatalyst surface and enhances the catalyst’s resis-
tance to carbon production by preventing the CO disproportionation
process (2CO « C + CO3) [37]. It was commonly thought that the CO,
desorption peaks at various temperatures might represent varying in-
tensities of basic sites. The profiles showed that the monometallic Pt and
bimetallic 4Nil1Pt possess weak (180 °C and 193 °C; OH™ groups) and
strong (778 °C and 785 °C; isolated 02" anions) basic sites. The density
of total basic sites and the density of weak and strong basic sites grew
exponentially for the bimetallic 4NilPt based on the regions of CO5
desorption peaks. It is suggested that 2 wt% Pt metal played a significant
role in increasing the surface basicity strength; thus, the 4Nil1Pt catalyst
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Fig. 5. The illustrative FTIR spectrum of the fresh nano-catalysts.

possessed the strongest basicity. Meanwhile, the desorption peak at high
temperature, which corresponds to strong basicity, moves substantially
higher. When the Lewis basicity of nanocatalysts was enhanced by 2 wt
% of Pt, the capacity of nanocatalysts to chemisorb CO, was confirmed.
Hence, the capability of CO5 in preventing intermediate carbons pro-
duced from MPW-phenol steam reforming and cracking reactions will be
improved due to its absorption ability. Thus, the TPD result implies that
nanocatalysts’ acidic and basic strength performs a vital role in
explaining the catalytic performance for the pyrolysis-catalytic steam
reforming reactions of MPW-phenol.

The FTIR spectra utilizing the KBr pellet method were conducted in
the wavenumber range of 4000-400 cm " to inspect functional clusters
present in the synthesized nanocatalysts, as shown in Fig. 5. The bands
at the wavenumber 980 cm ™! and 1242 cm ™! are linked to C=C and
C-O stretching vibrations for the monometallic Ni nanocatalyst. After
employing 2 wi% of Pt, the small shoulder at the wavenumber of
995 cm™! appeared, assigned to the C-O groups [38], and related to
terminal NiO symmetric stretching was disappeared for the rest of the
nanocatalysts. It’s worth noting that XRD studies failed to identify this
phase, most likely because it exists in the form of highly tiny crystallites
that are widely distributed or in non-crystalline forms. The most intense
band at 1242 shifted to 1227 cm ! for the 4NilPt bimetallic nano-
catalyst, which is related to the C-N stretching modes and assigned to
the formation of the formate and bicarbonate species presumably on the
alumina support. This band shifted to a higher wavenumber (1180 and
1234 cm™!) as the Pt content increase, which is probably related to
metal-oxygen modes or OH out of plane deformations. The bands around
1574 cm™! can be attributed to the asymmetrical extending mode of
Va5(COO7) [39] and corresponding simultaneously to both Brgnsted and
Lewis acid sites [40]. The weak and broad bridge band at 1821 cm ™" is
generally not observed on supported monometallic Pt and bimetallic
1Ni4Pt and 2Ni2Pt samples. They could be assigned to CO multi-bonded
to NiTiAl alloy or at the interface between the metals and the surface,
their frequencies being shallow. With the introduction of Pt, this band
shifts slightly toward lower wavenumbers (1713 em™), and it is in
higher intensity for the 4NilPt nanocatalyst than the other nano-
catalysts, suggesting that 2 wt% Pt changes the surface support species
and could indicate a large extent of Ni-Pt alloy formation.

To better understand the morphology of the calcined nanocatalyst
and the average particle sizes, FESEM analysis was conducted, and the
results are shown in Fig. 6. We chose the 4NilPt sample for this char-
acterization because of its better reducibility, acidity, and basicity
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Fig. 6. FESEM images of the nano-catalyst along with corresponding size distribution histogram of TiO,, Al;03 Ni, and Pt components.
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Fig. 7. TEM photos of (a) TiOy, (b) Ni/TiOs, (c) Ni/TiO2-Al;0s3, (d, e) 4NilPt/TiO2-Al;03, (f) HRTEM photos an (g) SAED images of 4Nil1Pt/TiO,-Al;03 nanocatalyst.

properties than other nanocatalysts. Bimetallic nanocatalysts exhibit These images also indicate that Pt metal has a smaller particles size
homogeneous Ni and Pt metals dispersion on the support surface and are (~1.3 nm) and more homogeneous morphology than Ni, but both prove
spherically shaped and densely distributed, as shown by the analysis. their nanoscale sizes. The particle size of Al;03 and TiO; are larger than

A0, Tio, Al Oy 110,

Fig. 8. Schematic illustration of the strategy for the 4Ni-1Pt/Al,03-TiO bimetallic nanocatalyst.
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Fig. 9. Catalytic evaluation of different Ni to Pt ratio nanocatalysts and bare Ti-
Al support in flow reactors. Reaction conditions: (catalyst: 0.3 g, pressure:
1 atm, reaction temperature: 500 °C, feed (MPW-phenol mixture) to water
volume ratio of 1:9).

those obtained in XRD analysis which might be ascribed to the fact that
the crystal size determined from XRD data was related to the crystallized
feature. Still, FESEM images disclosed the morphological structure of
produced nanoparticle clusters. To get further insights into the
morphology of the 4NilPt nanocatalyst, TEM images of nano-catalyst
are presented in Fig. 7, which approves their solid type similar to
those with FESEM images. As seen in Fig. 7(d and e), smaller particles
prevail on the supports surface, whereas big particles inside the porous
support structure are found in larger quantities. However, the Pt parti-
cles are clearly more dispersed than Ni so that fewer Ni particles can be
observed on the external surface of the support. It can be seen that Pt
(~1.5nm for 70 particles) and Ni (~22nm for 27 particles) nano-
particles are dispersed on the supports with the lattice D-spacing of
0.108 nm. Pt atoms are distributed in the Ni particles and AlyO3-TiO5
surface, which specifies that the particles have formed alloyed Ni-Pt
nano-particles. The proposed schematic diagram for the dispersion of
Ni and Pt nanoparticles on the Al;03-TiO, surface is illustrated in Fig. 8.
The SAED images in Fig. 7(g) show the polycrystals class of 4Ni-1Pt
nanocatalyst in good agreement with the structure acquired in the X-
ray diffraction curve.

3.2. Catalytic performance test

The use of different Ni to Pt ratios over AlyO3-TiOy supports the
pyrolysis-catalytic steam reforming of MPW-phenol was examined in
this section, and the results of phenol conversion and gaseous yield are
displayed in Fig. 9. The major products in the gas stream in this reaction
were Hy, CO, CO,. In general, the 4NilPt sample performed the best
activity, and the order of the catalyst’s performance, in terms of phenol
conversion and hydrogen production, was found to be
4NilPt > Ni> 2Ni2Pt > 1Ni4Pt > Pt > bare Al;03-TiOy support. This
observation is ideally in line with the calcined nanocatalysts’ acidity,
basicity, and reducibility behaviors. As seen, the monometallic Ni
sample possesses a higher surface area than the bimetallic 4NilPt
nanocatalyst (see Table 1), but lewer catalytic activity, most probably
due to coke deposition on its surface. As seen, higher 2 wt% of the
amount of Pt metal displayed the lowest catalytic activity, probably due
to the high sintering of the metallic phase and the lowest acidity, ba-
sicity, and redox capability of the catalysts. The increase in CO, and
decrease in CO yields for higher Pt content catalysts can be ascribed to
the cause of reverse water gas shift reaction (CO + Hy0 < CO5 + Hoy,
AH° = —41 kJ/mol). The phenol conversion and hydrogen yield over
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Fig. 11. Stability tests of 4NilPt nanocatalyst at the temperature of 700 °C
under the steam reforming conditions.

the 4NilPt nanocatalyst were 67% and 64%, respectively. The higher
acidic site of the bimetallic 4Ni1Pt nanocatalyst confirms that phenol
decomposition has occurred during the reaction in which phenol
decomposed to CsHg + CO and its opposition with the O-H bond split-
ting and H-atom transfer reaction by H to produce the phenoxy radical
(CgHs0). In phenol pyrolysis and combustion, this process is critical for
regulating the H concentration [41]. Praveen et al. [42] stated that
introducing a small amount of Cu metal in the Cug ;-Mgp 2/SiO5 catalyst
had the maximum acidity and resulted in the highest 1,2-propanediol
selectivity. According to the literature, increased surface acidity and a
more significant number of strong acid sites may promote the cracking
of large primary products of lignocellulosic feedstock breakdown into
tiny molecules, enhancing the production of gaseous chemicals [43]. It
is also known that using basic sites in catalysts promotes CO2 adsorption
and dissociation, which helps to gasify carbonaceous formations and
reduces deactivation by coke production [44], and result in higher
catalytic activity. In our previous research [45], we investigated the
influence of the Ni to Co ratio on phenol conversion and hydrogen
production. We found that higher Ni content such as NigCo; catalyst
exhibited the best catalytic performance amongst all the catalysts,
signifying the existence of the main basic site and high coking resistance.
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Table 3

Composition of liquid products after the reaction at 500 °C.
Compound Formula Ni 4NilPt 2Ni2Pt 1Ni4Pt Pt
Toluene C7Hg 0.1 0.1 0.2 0.2 0.2
Benzene, 1,3-dimethyl- C1oHie 0 0 0 0.1 0
Styrene CgHg 0.2 0 0 0.3 0.3
Cyclooctatetraene CgHg 0 0 0.1 0 0
Phenol CgHgO 77.1 54.7 73.2 54.1 87.9
Benzoic acid, methyl ester CgHgO» 0 0 0 0 0.1
Naphthalene CyoHg 0.1 0 0 0 0
1,4-Benzenedicarboxylic acid, dimethyl ester C18H2606 0.1 0.1 0 0 0.1
Dibenzofuran C1oHgO 0.1 0 0.1 0.2 0.2
N-Methyl-1-adamantaneacetamide C13H21NO 0 0 0.1 0 0
Phthalic acid CgHgO4 0.2 0 0 0 0
Melamine, 3TMS derivative C12H30NgSis 0.1 0 0 0 0
Hexadecanoic acid, methyl ester C17H340, 0.1 0 0 0 0
6-Methoxy-2-phenethyl-4H-chromen-4-one C18H1603 0 0.1 0 0 0
9 H-Xanthene C13H;00 0 0 0 0 0.1
3,4,5-Trimethoxy-.beta.-methyl-.beta.-nitrostyrene C12H15NOs 0.1 0 0 0 0
Pyrene Ci6Hi0 0.1 0.1 0 0 0
Diisooctyl phthalate Co4H3g04 0 0.1 0 0 0.1
Squalene C3oHso 0 1.5 0 0 0
1H,15H-Hexadecamethyloctasiloxane C16H4g05Sig 0.3 1.6 0 0 0
1,2-Bis(trimethylsilyl)benzene C12HoSin 0 16.5 0 0 0
Bis(trimethylsiloxy)methylsilane C7H2205Si3 0 1.9 0 0 0
Indole-2-one, 2,3-dihydro-N-hydroxy-4-methoxy-3,3-dimethyl- C11H13NO3 0 1.0 0 0 0
Silicic acid, diethyl bis(trimethylsilyl) ester C3H1204Sis 0 0 0 0 0.1
Cyclotrisiloxane, hexamethyl- CeH1505Si3 3.1 0 12.9 26.1 2
Tetrasiloxane, decamethyl- C10H3003Si4 16.6 1.2 8.2 0 0
4-tert-Amylphenol, TMS derivative C11H;60 0 1.2 0 0 0
Cyclohexane-1,3-dione, 2-allylaminomethylene-5,5-dimethyl- C12H17NO, 0 14 0 0 0
Bis(2-ethylhexyl) phthalate Co4H3g04 0 3.7 0 0.4 0
Tris(tert-butyldimethylsilyloxy)arsane C18H45As05Si3 1.4 2.2 2.8 5.2 1.1
4-(4-Hydroxyphenyl)-4-methyl-2-pentanone, TMS derivative C12H1602 0 0 1.1 8.9 0
Benzo[h]quinoline, 2,4-dimethyl- Ci5H3N 0 0 0 2.3 0.8
1,2-Benzisothiazol-3-amine, TBDMS derivative C13H0N,SSi 0 0 0 0.5 0
Methyltris(trimethylsiloxy)silane C10H3003Si4 0.3 0 0 1.7 7
2,4,6-Cycloheptatrien-1-one, 3,5-bis-trimethylsilyl- C13H2,08i, 0 0 0.3 0 0
1,2,4-Benzenetricarboxylic acid, 4-dodecyl dimethyl ester C23H340¢ 0 0 1.0 0 0
SUM 100 100 100 100 100

The 4Nil1Pt nanocatalyst showed higher redox properties (see Table 1 phenol steam reforming (CeHsOH +5H20 — 6CO + 8 Hy,

and Fig. 3) and strong Pt-Al and Ni-Ti interactions (see Fig. 2) as
confirmed by Hy-TPR and XRD analysis, respectively. This reducibility
and strong metal-support interactions create more active sites for the
reaction and result in higher catalytic performance. It also could be
suggested that the synergistic influence of Ni-Pt alloy (as confirmed by
TEM analysis, Fig. 7e) acts an important part; that is, Pt is better at
adsorbing hydroxyl radicals from water molecules, whereas Ni has a
strong activation capacity for C-C and C-H bonds. The FTIR result
(Fig. 5) illustrated that the 4NilPt sample posses a C-O bond at
995 cm . This bond is back bonding in which reactant molecules donate
electrons to the metal and metal donate electrons to the molecule, a vital
bond component in the reaction. Combining with such chemical and
physical properties of 4NilPt nanocatalyst, we believe the enhancement
in the stability is expected; thus, we conducted the impact of tempera-
ture and time on stream tests as seen in Fig. 10 and Fig. 11.

The temperature has essential impacts on the activity of the bifunc-
tional 4NilPt nanocatalyst for hydrogen generation from pyrolysis-
catalytic steam reactions of MPW-phenol. The conversion of phenol
and the distribution of products for the pyrolysis-catalytic steam
reforming reactions over the 4NilPt nanocatalyst is presented in Fig. 10.
The C-C bond scission and water gas shift reaction are regulating the
reforming product. The water-gas shift reaction, which takes CO mole-
cules in the presence of steam during the reforming process, plays a
significant role in hydrogen generation. Metals, in contrast, regulate the
activation of C-C and C-H bonds, and basic sites of the support are
responsible for transferring -H and —~OH hydroxyl [2]. Both hydrogen
yield and phenol conversion were increased with temperature from 64%
and 67% at 500 °C to 93% and 99.6% at 700 °C, respectively. This
improvement in catalytic activity with the temperature is because
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AH° = 710.91 kJ/mol) is highly endothermic. Published studies have
obtained the same result of improving phenol conversion with temper-
ature [46-48]. Gabriella et al. [49] used 5 wt% Ni/Al,O3 catalysts for
hydrogen generation from ethanol-phenol steam reforming. They ach-
ieved 85% of hydrogen yield and 100% of phenol conversion at 700 °C,
but that catalyst can be active only at the range of 600-750 °C in the
time scale. As seen in the result, CO and CO yields showed the opposite
trend of hydrogen production and phenol conversion. They were
significantly decreased from 24% and 12% at 500 °C to 5% and 2% at
700 °C, with increasing CO and CO; yields confirming the existence of
water gas shift reaction (CO + Hp0 < CO2 + Hy). This signified that the
water gas shift reaction is crucial for achieving the high percentage of
phenol conversion and hydrogen yield. Khaled et al. [50] employed 10%
Ni/TiO2-B for hydrogen generation from phenol steam reforming reac-
tion. They found that 93.7% of phenol conversion and 71.2% of
hydrogen yield were achieved at 700 °C. Tariq et al. [51] also used 10%
NiO-5% Co304 NCs/TiO; catalysts and reached 69.91% of hydrogen
yield 78.4% of phenol conversion at 700 °C. The previous work’s find-
ings regarding hydrogen yield and phenol conversion were slightly less
than the current work achievements. In the phenol steam reforming
reaction, the nanocatalyst synthesis technique, metal loading, reaction
condition, and promoter employed are all factors that affect the activity,
selectivity, and stability of nanocatalysts.

The performance and stability of 4NilPt nanocatalyst studied under
pyrolysis-catalytic steam reforming conditions were also evaluated in
terms of product yield, phenol conversion, and stability at 700 °C for
three days of time-on-stream. There were no vast differences observed,
especially after 40 h of time-on-stream. Phenol conversion decreased
from 99.6% to 92% and remained almost lined up for the rest of the
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reaction time. Besides, hydrogen yield decreased from 93% to 81% after
a two-day reaction and became stable afterward. According to the above
discussion, the bifunctional 4NilPt nanocatalyst has good physical and
chemical properties, resulting in long-term stability.

3.3. Liquid products composition

Only a small fraction of the chemical identities in liquid fuels can be
captured by GC-MS. In GC-MS, small and high molecular weight mol-
ecules exhibit the same behavior. The fuel’s composition was then
calculated by dividing the quantity of each analyte by the total number
of products identified. The GC-MS analysis may be used to evaluate the
pyrolysis products produced, and the chemical compositions are shown
in Table 3; all the detected components have been listed. Many scientists
clustered the discovered important liquid components into a few clus-
ters: naphthalenes, aromatics, and aliphatics to simplify the GC-MS
findings [52-54]. The acidic catalysts result in shorter chain hydrocar-
bons because of their high cracking capability [55]. However, since the
cracking process occurs primarily on the catalysts’ outer surface, the less
acidic catalysts promote the synthesis of long-chain hydrocarbons [56].
More phenol was converted into the liquid product for the bimetallic
4Ni-1Pt and 1Ni-4Pt nano-catalysts than other samples. GC-MS data of
liquid product shows that most of the chemical components for mono-
metallic Ni sample were aliphatic (16.6% of C;¢oH3¢03Si4) and then ar-
omatic (3.1% of CgH;803Si3). A high percentage of aromatic CgH;303Si3
was also observed for the 2Ni2Pt (12.9%), 1Ni4Pt (26.1%), and Pt (2%)
samples too. Generally, the strong existence of these components in
great amounts implies that the produced substances from the pyrolysis
process were predictably value-added products. With imploying 2 wt%
of Pt, new aromatics (47.2%) such as 1,2-Bis(trimethylsilyl)benzene
(C12HosSin, 16.5%), C11H13NO3 (1%), Ci1HigO (1.2%), CqoHi7NOs
(14%), C24H3804 (3.7%), as well as 6.8% aliphatics such as Squalene
(C3oHso, 1.5%), C;H2202Si3 (1.9%), C1oH3003Sis (1.2), C1gHasAsOsSis
(2.2%) were observed. Mihai et al. [57] indicated that the liquid prod-
ucts with the side chain might be removed after employing a cracking
reaction at higher temperatures. Results show that small traces of
toluene (CyHg), benzene (CipHje), styrene (CgHg), and cyclo-
octatetraene (CgHg) were detected in the liquid products. Secondary
products constituents enter the pores of the nanocatalysts, forming tiny
hydrocarbons. Cyclization and aromatization within the nanocatalyst
pores also generate the aromatic group [58,59]. The observed toluene
and styrene, even in low portion, also specify that styrene in this
research possibly rises mostly from the natural molecules pyrolysis.
Overall, the abundance of compounds combining hydrogen and carbon
in the findings above indicates that the liquid products generated have
the potential to be utilized as combustible fuel sources. The produce
liquid products also have numerous specific possible applications, such
as air fresheners, laundry products, cleaners, generation of fungicide
Propiconazole, thiophene, stabilizers, pharmaceuticals, etc.

The FTIR analysis was conducted to get further insight into the
functional groups in the produced liquid products after pyrolysis reac-
tion, and results with peaks intensities are depicted in Fig. 12. These
functional groups benefit from distinguishing specific chemical com-
pounds, like alkanes, olefins, benzene, alcohols, etc. It may also be used
to determine pyrolysis products’ types and learn more about how py-
rolysis works. Also, the results from FT-IR analysis were found to agree
with the GC-MS results, and the main products could be phenolic com-
pounds. The FTIR spectra show one pronounced absorbance peak of C-H
out of plane bending was observed for the aromatic hydrocarbons with
high intensities at 690 em™ Y, 752 em ™Y, 810 cm ™" and 887 ecm L. Peaks
at 999 cm™! and 1022 cm™' C-O(H) stretching vibrations of phenols
and ethers while wavenumber of 1072 cm™! is ascribed to the C-O(H)
stretching vibrations acetic acid. Specifically, 1153 cm™' and
1169 cm™! peaks confirm the presence of the C-O functional groups,
while the prominent transmittance peak at 1234 cm ™! in FTIR spectra
was a typical stretching vibration peak of the C-O(H) groups. The bands
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Fig. 13. Thermogravimetric curves of catalysts after pyrolysis-catalytic steam
reforming at 500 °C.

at 1473 cm™ !, 1501 em™%, and 1597 cm™! represent the existence of
C=C-C aromatic stretch contributing toward the more aromatic com-
pounds in the product. From the FTIR curve, it was easy to find that
some intensities of transmittance peaks are high, and some are low.
Chain breaking occurred arbitrarily in any region of the polymer due to
the low degree of branching and high intermolecular force of micro-
plastics molecules, implying that microplastics pyrolysis is an irregular
chain scission process. As a result, all peaks in the FTIR spectra obtained
in this research do not indisputably match the peaks of a single sub-
stance. Regardless, certain peaks may belong to several compounds
simultaneously, covering the existence of weaker peaks.

3.4. Characterizations of used catalysts

Analysis of spent catalysts to have further insight into the coke
deposition on the catalyst with valuable metals such as platinum and
nickel used in this study strongly impacts stability and reusability. The
deposited coke can cover the active center and subsequently result in the
catalysts’ deactivations. In this respect, the characterization of the used
catalyst after reaction at 500 °C through TGA, ICP, CHNS, and BET
surface area contributes to considerate their deactivation by coke for-
mation. Fig. 13 and Table 4 show the results of TGA analysis on spent
catalysts to estimate the quantity of coke produced during the process.
The percentage of total coke deposition decreases in the following order:
Pt (3.42%) > 1Ni4Pt (2.47%) > Ni (1.7%) > 2Ni2Pt (1.46%) > 4NilPt
(0.82%). This result is consistent with pyrolysis-catalytic steam
reforming reactions of MPW-phenol results, as shown in Fig. 9. This also
follows the tendency of the percentage of carbon content and defense in
BET surface area and ICP test. The weight loss in the sample because of
the coke gasification is shown by the sample weight behavior, which
reveals various kinds of carbonaceous species produced on the catalysts.
All the catalysts depicted three different stages in their thermal
decomposition behaviors. The first weight loss took place below 200 °C
(WL;), conforming to the removal of water molecules. As seen in the
TGA curves, the monometallic Ni and bimetallic 1Ni4Pt nanocatalysts
had the 0.88% and 0.46% of sudden weight losses in the WL; region,
probably because of the presence of amorphous carbon species and
thermal desorption of water molecules. TGA of the spent catalysts shows
dramatic weight losses in the region of 200-600 °C (WL2) correspond-
ing to the oxidation of coke deposits with low stabilities. The TGA curve
illustrated that only the monometallic Pt sample had the highest weight
loss in 600-800 oC (WL3), associated with the burning of highly stable
coke deposits. The coke oxidation at high temperature confirms the coke
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Table 4

Weight loss, carbon and metal (ICP test) contents, and surface area of the used catalysts.

Catalysis Today 400-401 (2022) 35-48

Catalysts ~ Weight loss (%) Total weight loss Ni (wt Pt Carbon Fresh catalyst Spent catalyst Difference between surface area
(%) %) (wt Content Surface area (m?/ Surface area (m2/ (a-b)
WL, WLy WL3 %) (Wt%) @° g)b
Ni 0.88 0.73 0.09 1.7 7.1 0 11.5 129.1 100.4 28.7
4Nil1Pt 0.02 0.78 0.02 0.82 7.9 1.8 0.06 104.8 102.6 2.2
2Ni2Pt 0.01 1.3 0.15 1.46 3.8 4.9 9.3 101.7 91.9 9.8
1Ni4Pt 0.46 2 0.01 2.47 1.5 4.7 14.2 98.6 69.3 29.3
Pt 0.05 1.93 1.44 3.42 0 6.2 28.7 89.2 52.8 36.4
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