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ABSTRACT: Solvent-based recycling of plastic can offer the main improvement when it is
employed for pyrolysis-catalytic steam reforming. In this research, plastic waste dissolved in
phenol was used as a feed for catalytic cracking and steam reforming reactions for valuable
liquid fuels and hydrogen production, which is gaining the attention of researchers globally.
Microplastic wastes (MPWs) are tiny plastic particles that arise due to product creation and
breakdown of larger plastics. They can be found mainly in several habitats, including seas
and freshwater ecosystems. MPWs harm aquatic species, turtles, and birds and were chosen
to recover in this study that can be reacted on the catalyst surface. Biphasic anatase-rutile
TiO2 with spherical-shaped support for Ni and Pd metals with nanosized particles was
synthesized via the hydrothermal treatment method, and its chemical and physical
properties were characterized accordingly. According to temperature-programmed
desorption of carbon dioxide (CO2-TPD) and temperature-programmed reduction of
hydrogen (H2-TPR) results, the incorporation of Pd into Ni/TNPs enhanced the basicity of
the support surface and the redox properties of catalysts, which were strongly linked to the improved hydrogen yield (71%) and
phenol conversion (79%) at 600 °C. The Ni-Pd/TNPs nanocatalyst, with remarkable stability for 72 h of time on stream, is a
promising catalyst for the MPW-phenol cracking and steam reforming reactions toward H2 production for clean energy generation
and other environmental applications. Besides, this study has also highlighted the opportunities of overcoming the risk of
microplastic waste and converting it into valuable fuels such as decamethyltetrasiloxane, phenanthrene, methyl palmitate,
benzenepropanoic acid, benzoic acid, azulene, xanthene, anisole, biphenyl, phthalic acid, diisooctyl phthalate, etc.

■ INTRODUCTION

Plastics have been manufactured worldwide since the 1950s,
with 311 million tonnes produced in 2014 alone.1 Global
commercial plastic output reached 359 million tonnes (Mt) in
2018,2 and it is expected to double in the following 20 years.3

Because plastic waste is typically chemically inert, it is
estimated that current material will take 250−500 years to
disintegrate wholly.4 The recycling of plastic wastes is moving
toward increasing recycling rates, with plastic package recycling
rates predicted to reach 55% by 2030, promoting the emerging
notion of circular economy.5 When plastic waste is released
into the environment, it is broken down into smaller particles
through solar rays, oxidation mechanisms, biodegradation
processes, or mechanical pressure, resulting in microplastic
waste (MPW). Microplastics, polymer particles less than 5 mm
in diameter, have attracted much attention in recent years
because of their possible environmental dangers.6 Primary
microplastics, which are generated in micro sizes for various
reasons, and secondary microplastics, formed from the
breakdown of macroplastics and mesoplastics via photo-
oxidative, biological, chemical, and mechanical interactions,

are two types of microplastics.7 Microplastics will impact
human health due to their chemical characteristics and
infections clinging to their surfaces, while macroplastic
entanglement and digesting endanger wild creatures.8 Accord-
ing to a study published by the United Nations Environment
Programme (UNEP) in 2018, 99% of seabirds have swallowed
microplastics waste (MPW). By 2050, over 600 aquatic
animals (nearly 15%) will be affected by microplastic ingestion
or entanglement in microplastic marine debris.9 Many islands,
which serve as sinks for ocean-borne plastics, have also been
severely affected by plastic waste from far away. Furthermore,
soil sensitivity to MPW may significantly impact pollution
absorption and transportation,10,11 as well as seed germina-
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tion.12 Thus, any novel treatment of MPW may be critical to
the ecosystem, and this is one of the most significant aspects of
the current research. As a result, numerous plastic to fuel
(PTF) techniques such as plasma arc gasification, pyrolysis,
refuse-derived fuel, and chemical recycling approaches such as
glycolysis, methanolysis, and hydrolysis have attracted
significant attention in recent years for plastic waste manage-
ment.
Pyrolysis, also known as thermolysis, is one of the most

effective chemical recycling processes. Pyrolysis is the
oxidation of carbon-based components in the absence of
oxygen. Under the influence of heat, it can be considered a
favorite choice because it converts carbon-based solid wastes
into three-phase pyrolytic oil, syngas, and char.13 Thermal
degradation is not typically observed in MPW because
temperatures will not reach the levels necessary for
degradation.14 Hence, the dissolution of MPW in a dissolving
agent may be a brilliant idea for MPW recycling issues and
renewable and clean energy production. As studied pre-
viously,15,16 one of the effective dissolving agents is phenol
because it is corrosive to lead, aluminum and its alloys, certain
plastics, and rubber. On the other hand, phenolic compounds
are commonly discharged from coal chemical mills, pharma-
ceutical manufacturers, oil refineries, and phenolic resin
synthesis facilities. As a result, they are among the most
prevalent harmful contaminants in water setting.17 Phenols are
also one of the primary materials of bio-oil that could be a
suitable source for hydrogen production in the future.18−20 In
reality, using bio-oil as a fuel source, a kind of liquid fuel
derived from biomass, is a promising way to address world
energy demand while simultaneously lowering carbon
emissions.21 Another issue for the pyrolysis of MPW is that
thermal pyrolysis necessitates high temperatures, often
resulting in low-quality materials, rendering this procedure
unfeasible. This happens since uncatalyzed thermal oxidation
produces low-molecular-weight compounds, which can be used
in a wide variety of materials. The addition of catalysts will
enhance this process by lowering the temperature and reaction
time, allowing the development of higher-value hydrocarbons,
including fuel oils and petrochemical feedstocks. As an import,
pyrolysis-catalytic steam reforming of MPW and phenol is a
successfully valued liquid and hydrogen gas development
method that can utilize phenol for MPW recovery and provide
long-term development with renewable energy.
The addition of catalyst support can enhance the quality and

yield of fuel products from the pyrolysis of MPW with phenol
and hydrogen gas. According to the Web of Science (WOS)
database, there is a lack of investigation to develop suitable
catalysts for MPW cracking reactions. Using keywords such as
“microplastic”, “catalyst”, and “cracking” in the topic search,
which includes title, abstract, author keywords, and keywords
plus an investigation of the published works for the period of
1970 to 2021, only three published works were detected.13,22,23

A significant impediment to scaling up phenol and MPW
reforming and cracking reactions for the generation of
hydrogen and valuable fuels is the lack of cost-effective,
considerably stable and active catalysts. However, a wide
variety of catalysts, including nanosized Ni-Co/CeO2,

2424 nano
Ni−Co/ZrO2,

25 Ni−Pt/Al-TiO2,
1919 Ni/Al2O3-La2O3,

26,27

and Ni/Al2O3,
16 were used for polyethylene terephthalate

waste cracking reaction in our previous works. We also
developed Ni-Co/ZrO2,

28−31 Ni-Co/La2O3-Al2O3,
3232 and Ni-

Co over various metal oxide33 catalysts for hydrogen

generation from steam reforming reaction of phenol. Among
supports, titanium dioxide (TiO2) is a naturally occurring
metal oxide used in waste plastic-catalyzed pyrolysis.19,34,35

TiO2, a reducible metal oxide support, has recently gained
popularity due to its cost-effectiveness, high metal−support
interactions, abundance, acid−base characteristics, chemical
stability, and nontoxicity.36,37 Ni metal, for example, has
displayed strong ability in breaking C−H, O−H, and C−C
bonds and, being cost-friendly, can add extra advantage for
reforming and cracking reactions. Despite the wide availability
of Ni metals, they are deactivated easily by coke deposition
during the catalytic reaction. The addition of other metals as
promoters will usually result in the formation of dual or even
multiple active sites, thus improving the catalyst efficiency.38

We discovered that dispersion of metal particles in bimetallic
samples resulted in a decrease in metal particle size, which
improved catalytic activity and resistance to coke forming.29

Park et al.39 employed a noble metal Pd for the pyrolysis of
polyethylene terephthalate and reported that it caused the ring-
opening reaction and free radical mechanism, resulting in high
activity in pyrolysis reaction. In another study for pyrolysis of
waste rubber,40 Ayman et al. found that Pd metal improved the
catalyst morphology, surface area, and pore size of Pd/HBeta
catalyst, resulting in the enhancement of dehydrogenation−
hydrogenation reactions.
This work aims to develop highly active bimetallic Ni−Pd

supported on titanium nanocatalyst for hydrogen and useful
liquid fuel production from cracking and catalytic steam
reforming reaction of MPW-phenol. Catalysts were prepared
through the hydrothermal treatment method, and the physical
and chemical properties were analyzed via transmission
electron microscopy (TEM), Brunauer−Emmett−Teller
(BET), X-ray diffraction (XRD), high-resolution TEM
(HRTEM), Fourier transform infrared (FTIR), field emission
scanning electron microscopy (FESEM), temperature-pro-
grammed reduction of hydrogen (H2-TPR), temperature-
programmed desorption of carbon dioxide (CO2-TPD), FTIR,
temperature-programmed desorption of ammonia (NH3-
TPD), inductively coupled plasma (ICP), thermogravimetric
analysis (TGA), and carbon, hydrogen, nitrogen, and sulfur
(CHNS), proving their suitability in catalytic reaction for 3
days of reaction on stream. In addition, reaction studies were
carried out in the temperature range of 500−700 °C, and the
composition of liquid and gas products was analyzed by GC-
MS, FTIR, gas chromatography with flame-ionization
detection (GC-FID), and gas chromatography with thermal
conductivity detector (GC-TCD). The findings of this study
will provide information regarding a possible way to utilize
MPW while producing valuable fuels effectively. Therefore,
this study proposed an innovative method and feasible routes
for recycling MPW into hydrogen and liquid fuels that are cost-
effective and environmentally friendly and promote energy and
environmental and ocean protection as well as a new frontier
for the development of valuable nanocatalysts.

■ MATERIALS AND METHODS
Synthesis of Ni-Pd/TNPs Nanocatalysts. TNPs were

prepared through a hydrothermal method, and the starting
reagents of nickel nitrate (Ni(NO3)2·6H2O), palladium, TiO2,
and NaOH were acquired from Sigma-Aldrich. The catalyst
preparation of the hydrothermal treatment method was
followed with a few modifications from our previous
research.18,19,24,25 Concisely, 10 g of TiO2 was stirred in 90
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mL of deionized water first and 4 M NaOH pellets were added
for an hour at room temperature to obtain a homogeneous
mixture. The solution was then shifted into an autoclave
reactor equipped with a 100 mL Teflon cylinder, sealed, and
kept in an oven for 48 h at 140 °C. After cooling down the
autoclave, the solution was filtered in a separating funnel
equipped with filter paper and a vacuum pump, washed 20
times, dried at 110 °C for 12 h, and calcination for 4 h at 800
°C. White titanium nanoparticles (TNPs) were then used to
support Ni and Pd active metals. Subsequently, 8 wt % Ni and
2 wt % Pd metals over 90 wt % TNPs were prepared through
conventional impregnation technique, and details are reported
in the previous works conducted by co-authors.31−33,41,42 The
prepared samples were dried overnight at 110 °C and calcined
for 4 h at 800 °C, pelletized to the size fraction of 1−1.4 mm,
and named TNPs, Ni/TNPs, and Ni-Pd/TNPs.
Characterization of the Catalysts. X-ray powder

diffraction (XRD) profiles were obtained on a Bruker D8
Advance diffractometer. The crystalline phases were identified
by JCPDS-ICDD (International Center for Diffraction Data-
base) by X’Pert Highscore Plus software, and crystal size was
calculated via the Scherrer equation. An inductively coupled
plasma (ICP) analyzer was utilized to identify the trace metal
contents of Ni and Pd in the catalysts. The functional groups
present in the catalysts and metal−support interactions were
determined via Fourier transform infrared (FTIR) absorption
spectra recorded on a Shimadzu IR-Prestige-21 model
spectrometer using pure KBr as a reference background record
with the scanning range of 400−4000 cm−1. The temperature-
programmed reduction of hydrogen (H2-TPR) analysis was
performed to determine the reducibility of the catalysts with
Micromeritics Chemisorb 2720 apparatus. 10%H2 in argon at a
flow rate of 20 mL/min was introduced for the reduction. The
basicity and acidity of the samples were also measured through
temperature-programmed desorption of carbon dioxide (CO2-
TPD) and temperature-programmed desorption of ammonia
(NH3-TPD) techniques, respectively, via the same apparatus,

and the details of these analyses are reported in our previous
research.25 Transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HRTEM)
images were acquired with a JEOL JEM-ARM200F instrument
at 200 kV. Field emission scanning electron microscopy
(FESEM, Zeiss, model Crossbeam 340) was used to observe
the surface morphology of Ni-Pd/TNPs nanocatalysts, and the
size distribution was estimated using ImageJ software. The
mass loss of spent catalysts was analyzed by thermogravimetric
analysis (TGA) using a Shimadzu TG-50 thermogravimetric
equipment. The dependence of SBET of the calcined samples
was measured by a FlowSorb III surface area analyzer
instrument for SBET measurement by the dynamic single-
point method. Each sample (200−300 mg) was first purified
by degassing at 250 °C for 12 h using nitrogen flow before the
BET test. The BET surface area, functional groups, metal
contents, and carbon content of spent catalysts were also
analyzed by Micromeritics (FlowSorb III), FTIR spectra, ICP
test, and CHNS elemental analysis, respectively.

Preparation of the MPW and Phenol Mixture.
Microplastics made of plastic wastes such as plastic bottles,
bottle caps, plastic plates and cups, styrofoam items, ropes,
plastic bags, and straws were collected from Desaru beach,
Johor, Malaysia. Using an industrial blender, these trash items
were washed, dried, and crushed to produce plastics with less
than 5 mm2 pieces. The produced plastics were then gently
poured into phenol while stirring at 80 °C for an hour with a
volume ratio of 0.005:1. The produced dark blue solution was
then shifted into an injection pump for the experimental test
(see Figure 1).

Procedures for the Catalytic Performance Test. The
MPW-phenol cracking and reforming reaction was conducted
in a fixed-bed reactor with an internal diameter of 6 mm, and a
schematic diagram is shown in Figure 1. The reaction was
conducted at 500−700 °C under atmospheric pressure.
Generally, 0.25 g of catalyst diluted with 0.4 g of silicon
carbide (SiC) was placed into the reactor because the SiC

Figure 1. Flow diagram of the catalytic MPW-phenol cracking and steam reforming reactor, adapted and reproduced from our previous works with
permission.18,19
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dilution helps improve the catalytic performance.31,42 The
catalyst was reduced in a 30 mL/min stream of hydrogen at
600 °C for 1 h, and then hydrogen was displaced by nitrogen
(carrier gas) with the same flow, and a reaction was initiated.
Water was vaporized through a preheater at 200 °C and
transferred into the reactor by an HPLC pump with a flow rate
of 0.4 mL/min. One temperature controller controlled the
temperature of the preheater and the reactor. The MPW-
phenol mixture was inserted into the reactor with the volume
ratio to water molecule of 1:9. After passing all reactants
through the catalyst, the reaction products were chilled down
to 10 °C by the condensers equipped with a circular water
cooling system and the two phases separated. Online gas
chromatography analyzed the noncondensed gas (Agilent
6890N) fitted with a TCD detector and equipped with a
Carboxen Plot 1010 capillary column (fused silica, 30 m × 0.53
mm). The liquid products were analyzed by gas chromatog-
raphy (HP 5890 Series II) fitted with a FID detector and
equipped with a 0.53 mm × 30 m CP-Wax capillary column.
GC/MS (Agilent 7890B) analysis also evaluated the liquid
products to detect the formed constituents after the catalytic
MPW-phenol reforming reaction. Phenol conversion and
product distribution of H2, CO, and CO2 in yield were
calculated as shown in eq 1, 2, 3, and 4, respectively.

=
[ ] − [ ]

[ ]
×phenol conversion (%)

phenol phenol
phenol

100in out

in
(1)

= ×H yield (%)
moles of H obtained

moles of H stoichiometric
1002

2

2 (2)

= ×CO yield (%)
moles of CO obtained

moles of CO stoichiometric
100

(3)

= ×CO yield (%)
moles of CO obtained

moles of CO stoichiometric
1002

2

2
(4)

The stoichiometric moles are the number of moles of each
compound that need to react so that the reaction can go to
completion. So, for instance, we have the balance steam
reforming equation as shown in eq 5.

+

↔ + Δ °

=

H

C H OH 11H O

6CO 14H

463.65 kJ/mol

6 5 2

2 2

(5)

+ → + Δ ° =HC H OH 5H O 6CO 8H 710.91 kJ/mol6 5 2 2
(6)

+ ↔ + Δ ° = −HCO H O CO H 41.15 kJ/mol2 2 2 (7)

For example, we used 10 mL of phenol and tried to convert it
to stoichiometric moles of hydrogen using the following
calculation. The same method can be used for CO and CO2
stoichiometric moles.

× ×

=

10 mL phenol
1 mol phenol

94.11 mL phenol
14 mol H

1 mol phenol

1.5 stochiometric moles of H

2

2

■ RESULTS
Catalyst Characterization. The powder X-ray diffraction

method was used to examine the phase purity and crystallinity
of Ni-Pd/TNPs nanocatalysts, as shown in Figure 2. The XRD

curves of all three catalysts show the two most common
polymorphs of anatase and rutile phases with sharp peaks. The
XRD curves showed characteristics peaks at 2θ angles of 25.44,
37.06, 37.9, 48.15, 53.98, 55.17, 62.77, 68.83, 70.36, and
75.13° corresponding to 101, 112, 004, 200, 211, 105, 204,
301, 220, and 215 diffractions of anatase phase, which are in
good agreement with the standard JCPDS card number 01-
071-1168 for TiO2 and 57.1 nm of crystal size. Meanwhile, the
peaks appearing at 27.54, 37.06, 41.26, 55.1, and 64.1° can be
ascribed to the characteristic peaks of 110, 101, 111, 220, and
310 crystal phases and in agreement with the JCPDS number
of 01-078-1510 for rutile TiO2 and 53.8 nm of crystal size. By
introducing Pd metal, multiple peaks of various crystal
structures have been detected. The results showed that some
diffraction peaks had been assigned to the cubic ternary oxide
(Ni3Ti3O) at 2θ angles of 13.79° (111), 42.09° (110), 58.94°
(711), and 66.73° (800) (JCPDS 01-075-0399) and matched
the grain size of 33.8 nm, whereas crystalline Ni3TiO5 (JCPDS
00-030-0865 and crystal size of 23.6 nm) with tetragonal phase
was found at 2θ angles of 47.65° (213). Metastable Ni4Ti3
precipitates are observed at 15.64, 19.67, 29.8, 31.81, 44.57,
and 59.9°, which can be ascribed to the characteristic peaks of
110, 101, 121, 220, 410, and 502 rhombohedral phase
structures, respectively, and match with the crystal size of
27.7 nm. Ni4Ti3 is a NiTi alloy intermediate phase that occurs
as lenticular precipitates with the central plane parallel to the
crystallographic [111]B2 directions in the B2 matrix.43−45 The
Ni4Ti3 precipitate is typically formed during the thermome-
chanical method of Ni-rich Ni−Ti alloys.46 Panton47 stated
that “metastable Ni4Ti3 is the preferred phase to strengthen the
microstructure, forming coherent lenticular precipitates in the
matrix”. The diffraction lines owing to rhombohedral phase
structures of NiTiO3 for two JCPDS card numbers of 01-083-
0202 at 2θ angles of 21.26° (101) and 43.09° (202) and
JCPDS card number of 01-083-0204 at 2θ angles of 35.25°

Figure 2. XRD curves of TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts.
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(110), 41.56° (021), and 53.11 (116) can be observed in the
XRD pattern of Ni-Pd/TNPs nanocatalysts. It has been
reported that NiTiO3 phases improve the carbon tolerance of
solid oxide fuel cells.48 Nevertheless, the analysis of the peaks
of the Ni-Pd/TNPs nanocatalysts also detected Bragg peaks at
34.77, 50.09, 64.88, and 77.6°, with a grain size of 47.1 nm,
representing the 211, 310, 400, and 332 diffractions of the
Pd3.5O4 cubic (01-071-1866), respectively. At the same time,
the presence of reflections at 33.98° (with 19.5 nm of crystal
size) corresponds to reviews in the 101 diffraction of tetragonal
PdO (JCPDS 00-043-1024), whereas weaker Bragg peaks at
61.28° (200) and 71.87° (202) are corresponding to tetragonal
PdO with JCPDS card number of 01-085-0713 and a crystal
size of 40.8 nm. The XRD peaks matched well with the two
distinct cubic phases of nickel titanate (Ni2.62Ti0.64O4) from
the JCPDS card number of 01-084-0297 at 2θ angles of 37.38°
(222) and 57.3° (331) and a crystal size of 25.8 nm. The cubic
structure of NiO at a 2θ angle of 79.14° (222) with JCPDS
card number of 00-004-0835 and a crystal size of 102.1 nm was
also observed. There are peaks that are centered at 2θ values of
43.73° (025) and 46.22° (221), which are characteristic of the
orthorhombic crystal system of the PdTiO3 phase structure
(JCPDS 00-044-0489) and a crystal size of 33 nm. The XRD
findings revealed Ni crystals with small sizes and strong
dispersion and no noticeable growth of Ni crystals during the
synthesis procedure, indicating that the TiO2 coating still keeps
nickel stable. The average crystallite sizes obtained from the
Scherrer equation for each crystal plane recommend that the
catalysts comprise nanocrystal fractions.
Hydrogen-temperature-programmed reduction (H2-TPR)

was conducted to examine the surface redox properties of
TNPs, Ni/TNPs, and Ni-Pd/TNPs nanocatalysts. Figure 3

depicts the thermograms of H2-TPR, and the quantitative data
of hydrogen consumption calculated based on the peak areas
below the H2-TPR curves are displayed in Table 1. The
catalysts show different reduction processes; broad peaks are
observed at 671 °C for TNPs, which could be assigned to the
partial reduction of Ti4+ to Ti3+,49 and the dehydroxylation of
TiO2 on the surface50 with little consumption of H2 was found
on the TNPs sample. The low hydrogen consumption of TNPs
catalyst can be caused by the formation of hardly reducible
TiO2 as it is known that above 500 °C, TiO2 is moderately
reduced to TiO2−x by hydrogen (TiO2 + xH2 → TiO2−x +
xH2O (x < 2)).51 The TPR peak was shifted to 685 °C for Ni/
TNPs sample, revealing the reduction of titanium at a higher
temperature in the presence of nickel species, giving evidence
of metal−support interaction. The absence of a Ni reduction
peak here could be due to the good dispersion of Ni particles.
In the Ni-Pd/TNPs, a reduction shoulder is shown at around
678 °C and is also ascribed to the partial reduction of TiO2
and might correspond to the reduction of surface oxygen. The
absence of reduction peaks for palladium might be due to the
low content of Pd metal in catalysts and might be reduced at
temperatures below 200 °C. The 759 °C reduction peak may
be due to the reduction of nickel titanate in which NiO
particles interact with TiO2 and form the surface species Ni−
TiO3. Another probability for the 759 °C reduction peak is the
further reduction of TiO2 assisted by Pd, which enhances the
dissociation of H2 and efficiently provides H atoms to the TiO2
matrix. However, it was better to estimate the reducibility of
the catalysts by measuring the H2 consumption level.52 It is
seen that hydrogen consumption increases for the Ni-Pd/
TNPs nanocatalyst, indicating that adding Pd facilitates this
reduction process and causes a further increase in metal−
support interaction. This statement can be described by H2
absorption on the Pd or Ni−Pd surfaces, which strengthen the
H−H bond. As a result, the increased reduction potential of
TNPs seems to be the cause of the improved catalytic
efficiency of Ni-Pd/TNPs nanocatalysts, as good interactions
between the metals help typically improve the catalytic
operation of reforming reactions.
The surface acidity of the TNPs, Ni/TNPs, and Ni-Pd/

TNPs nanocatalysts were examined by the temperature-
programmed desorption (TPD) of the NH3 technique, and
the curves are depicted in Figure 4 and quantified in Table 1.
Typically acid sites can be sorted into weak (100−200 °C),
medium (200−350 °C), and strong (above 350 °C) acid sites.
In the reforming reactions, the strong acidic phase resulted in
rapid carbon deposition and unwanted side reactions, while the
medium acid sites are favorable to generating hydrogen from
MPW-phenol steam reforming reaction. On the one hand,
weak acid sites over catalysts were only conducive to coking
and not cracking.53 As shown in Figure 4, all prepared catalysts
have two or three strong NH3 desorption peaks, which
proposed abundant acidic sites on the catalysts due to ample
acidic areas of TiO2.

54 As shown in the NH3-TPD chart and
Figure 3. Temperature-programmed reduction (H2-TPR) patterns of
TNPs, Ni/TNPs, and Ni-Pd/TNPs nanocatalysts.

Table 1. Metal Contents, BET Surface Area, Basicity, Reducibility, Acidity, and Data of TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts

catalysts Ni (wt %) Pd (wt %) surface area (m2/g) H2 consumption (mmol/g) CO2 uptake (mmol/g) NH3 uptake (mmol/g)

TNPs 0 0 87.4 0.21 32.93 89.3
Ni/TNPs 10.86 0 91.2 1.28 128.7 81.6
Ni-Pd/TNPs 7.84 2.08 103.1 3.42 293.1 28.4
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NH3 uptake data, the addition of Pd will significantly decrease
the number of surface acid phases and the total amount of
adsorbed NH3 was reduced as follows: TNPs > Ni/TNPs >
Ni-Pd/TNPs. The peak intensity given to the medium and
strong acids declines after nickel loading, while the content of
weak-strength acid is increased. This pattern may be linked to
the existence of agglomerates in Ni/TNPs and Ni-Pd/TNPs,
which could have blocked the active sites and made it more
difficult for NH3 to reach the pores, resulting in a decrease in
their desorption patterns. After introducing Pd metal, the
profiles became almost flat, suggesting that the acidic amount
of the catalyst was significantly decreased with the incorpo-
ration of Pd atoms because of the loss of −OH groups upon
interaction of Pd2+ ions to the support surface.55 It might be
due to heavy metal−support interactions and acidic-site
blockage by Pd particles, limiting the capacity of acidic sites
to adsorb NH3.

5656 However, Pd metal leads to a noticeable
growth in the strong-acid sites at 745 °C. The broad peak of
about 422 °C is due to the NH4

+ desorption from the Brnsted
acid sites, while another peak between 553 and 745 °C is
ascribed to the NH3 coordination with the Lewis acid sites.57

The reduction in the fraction of exposed Pd due to
encapsulation, where the surface acidity appears dominant,
could explain these effects.
The basicity of the TNPs, Ni/TNPs, and Ni-Pd/TNPs

nanocatalysts was studied using carbon dioxide as a gas for
acidic analysis. CO2 interacts with basic surface phases by
absorption and is then discharged from the sample surface at
various temperatures depending on the frequency of the Lewis
basic phases. Preceding research has indicated that basic phases
are essential in preventing carbon deposition on catalysts in
reforming reactions.33,58 The desorption peaks detected at 50−
200, 200−400, and 400−860 °C can be attributed to the weak,
medium, and strong basic sites, respectively, and the
quantitative data of CO2 uptake calculated based on the
peak areas below the TPD curves are displayed in Table 1. The
peaks at 400−860 °C could also be ascribed to the
decomposition of carbonates, which were not eliminated
during the calcination process.59,60 Figure 5 shows that all
catalytic samples have different desorption peaks that can be

separated into three adsorption sections corresponding to
three distinct types of sites with different specific character-
istics. The diverse intensities of weak basic peaks (OH−

groups) were detected due to the altered pore volumes and
surface areas properties of the nanocatalysts. The weak basic
sites are insufficiently active to sever chemical bonds, while
they find it difficult to desorb the reaction materials.61 The
TNPs and Ni/TNPs nanocatalysts display peaks matching
weak and strong basic sites, whereas Ni-Pd/TNPs nano-
catalysts display peaks conforming to the medium (e.g., OH
and O groups) and strong basic sites (e.g., O2− groups). The
addition of the Pd content increased the basic site due to the
increase of active palladium sites and proved that the palladium
crystallite is not formed.62 Two desorption peaks with a
highest at 97 °C and 483 °C were observed in the CO2-TPD
curve of the bare TNPs, which specified very low absorption of
the basic phases (32.93 mmol/g). The intensity of the low and
medium basic sites is determined by the OH− bond present on
the surface and the Lewis acid-basic paring, while the higher
basic nature is caused by the low surface O2− coordination.63

The promotion with Ni and Pd led to a drastic increase in the
number of strong basic sites, with the peaks becoming broader
and more intense for Ni/TNPs and Ni-Pd/TNPs nano-
catalysts. The trend of basicity results is the same as the redox
properties of the catalysts. Ni/TNPs have a higher quantity of
desorbed CO2 and strong basic sites than bare TNPs probably
because of the good distribution of Ni active elements. With
the introduction of Pd content, the contribution from weak
basic sites decreased, whereas that from medium strength and
strong basic sites increased due to increased active palladium
sites. This is due to the more basic nature of Pd in comparison
to Ni. Changes in the basicity of catalysts due to the addition
of Pd can therefore be related to compositional and bulk
changes in catalyst systems. This trend demonstrates that more
Lewis base pairings and surface O2− in the presence of Pd
metal generates anions. It is well known that the larger the
amount of basic sites, the more efficient the CO2 adsorption
will be. Following the activity of catalysts (Figure 10) and basic
amounts summarized in Table 1, it can be realized that the

Figure 4. NH3-TPD patterns of TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts.

Figure 5. CO2-TPD patterns of TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts.
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performance of Ni-Pd/TNPs nanocatalysts is more related to
the strong basic phases.
Fourier transform infrared (FTIR) spectra utilizing the KBr

pellet method were recorded in the wavenumber range of
4000−500 cm−1 to examine functional groups present in the
synthesized TNPs, Ni/TNPs, and Ni-Pd/TNPs nanocatalysts,
and the results are presented in Figure 6. This figure shows a

broad band at 1157 cm−1, which specifies the existence of C−
O−O stretching on the adsorbent surface.64 The peak in this
area shifted to a higher wavenumber by adding Ni at 1165
cm−1 due to the C−H bending vibration.65 This peak is shifted
further by introducing the Pd component at 1188 cm−1 due to
the C−O asymmetric stretching vibration66 and OH bending
of COOH groups.67 The 1188 cm−1 band can also be assigned
to coordinated NH3 on Lewis acid sites,

68,69 which approve the
acidity data for Ni-Pd/TNPs nanocatalyst. It should be noted
that the intensities of FTIR bands in the N−O stretch region at
1543 cm−1 for the TNPs samples shifted to 1550 cm−1 for the
Ni/TNPs nanocatalysts and to 1516 cm−1 for the Ni-Pd/TNPs
nanocatalysts, assigned to the asymmetric stretching mode
(νas) of bidentate nitrates.70 The appearance of two peaks at
1744 cm−1 in the IR spectrum of TNPs indicates the formation
of carboxylic groups on the outer surface of TNPs, and peaks
at 1744 and 1703 cm−1 confirm the formation of formate for
both TNPs and Ni-Pd/TNPs nanocatalysts.71 The peak at
1744 cm−1 belongs to CO vibrations of the acyl bond,72 and
the peak at 1798 cm−1 consigned to the bending vibration of
C−O stretching73 along with a weaker band at 1703 cm−1 (C
 O stretching74). The impregnation of Pd noble metal
results in two new peaks at 910 and 810 cm−1; a band at 910
cm−1 indicates a trans configuration around the CC bond75

and asymmetric T−O−T vibrations,76 where the latter one is
assigned to the acrylate group of the CC bond.77

FESEM microscopy images of the Ni-Pd/TNPs nano-
catalyst, which are continuous and distributed evenly
throughout the matrix, can be seen in Figure 7. According to
the FESEM images of the TNPs sample, the particles were
widely agglomerated with spherically formed nanostructures
organized uniformly with particle sizes varying from 100 to 350

nm. The FESEM image shows that Pd, with tiny dots shown
by olive-colored arrows, has better been dispersed than Ni.
Moreover, the distribution of Pd particles is relatively uniform;
no obvious sintering and aggregation were observed. The
histogram pattern of the average area shows that the standard
deviations of TNPs, Ni, and Pd components were 270, 55, and
17 nm, respectively. To acquire further insights into the
morphology of the Ni-Pd/TNPs nanocatalyst, the TEM
technique was used, and the results are presented in Figure
8, which confirms their solid type similar to those with FESEM
images.
To gain more insight into the structure of the surface

morphology and particle size distribution of NiO and Pd
metals, the three TNPs, Ni/TNPs, and Ni-Pd/TNPs nano-
catalysts were characterized by TEM and HRTEM, and the
results are shown in Figure 8. The Ni and Pd metals had no
impact on the morphology of the TNPs, as demonstrated by
the fact that the samples maintained their spherical and
globular form in all three catalysts. The TNPs structure had a
spherical or globular shape with sizes in the range 80−300 nm,
as can be seen in Figure 8a,c,e, confirming the formation of the
nanoparticles and that the TNPs morphology of all samples,
before and after metal loading, was not changed with the lattice
d-spacing of 0.121 nm. Different sorts of TNPs, such as high-
crystallinity TNPs and TNPs with numerous lattice defects,
were observed in all samples. The nanosized conduct of the
catalysts is shown by selected area electron diffraction (SAED)
pattern obtained from the section presented in Figure 9. The
SAED images in Figure 9a−c show the polycrystals class of
TNPs in good agreement with the biphasic anatase-rutile
structure acquired in the X-ray diffraction curve. Some of the
particles seen in the TEM images are quite bigger than those
derived from XRD, which might be attributed to the fact that
the crystal size determined from XRD data was related to the
crystallized feature, but TEM images disclosed the morpho-
logical structure of produced nanoparticle clusters. The TEM
analysis shown in Figure 8c,d indicates that nickel nano-
particles were well dispersed onto the TNPs surface with a
lattice d-spacing of 0.21 nm. The EDX spectrum also
confirmed the presence of nickel particles. The TEM images
of the Ni-Pd/TNPs nanocatalyst in Figure 8g−i depict uniform
distributions of cubic structures of Pd nanoparticles on the
TNPs surface with a lattice d-spacing of 0.212 nm. The
nanoparticle size of Pd was about 5 nm, which slightly
increased to approximately 10 nm upon interacting with the
TEM beam light. The presence of Pd particles can also be seen
in the EDX spectrum.

Catalytic Performance Test. The activities of TNPs, Ni/
TNPs, and Ni-Pd/TNPs nanocatalysts were initially examined
in terms of phenol steam reforming at 600 °C, and the results
are shown in Figure 10. It was found that H2 was the main gas
product while CO2 and CO were present in less volume during
the entire reaction. No significant phenol conversion was
observed in the noncatalytic condition reaction. The utilization
of bare TNPs catalyst causes 43% hydrogen yield and 55%
phenol conversion. Chutirat et al.78 titanium has a high degree
of active facets and facilitates a faster mass transfer, resulting in
a remarkable catalytic activity. The phenol conversion and
hydrogen yield improved with the introduction of the nickel
component. The hydrogen yield and phenol conversion
increased from 43 and 55% for the TNPs sample to 48 and
68% for the Ni/TNPs sample. One of the reasons for this
improvement is probably the formation of catalytically active

Figure 6. Illustrative FTIR spectrum of the fresh TNPs, Ni/TNPs,
and Ni-Pd/TNPs nanocatalysts.
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metal centers in the catalysts, resulting in the rise in the
conversion of condensable intermediate compounds to syn-
thesis gas. This might come because active sites for phenol
conversion are dependent on the basicity of Ni/TNPs catalysts
(oxygen anion sites), which is a vital characteristic for forming
hydrogen and, to a degree, breaking C−C bonds. The results
shown in Figure 10 highlight the best performance of the
catalyst Ni-Pd/TNPs nanocatalyst having a 79% phenol
conversion and a high hydrogen yield of 71%. The conversion
of phenol increased 11%, hydrogen yield by 23%, and CO2
yield decreased by 20% when Pd impregnated to Ni/TNPs,
indicating that the C−C and C−H bond cleavage was
facilitated Pd metal doping. The catalytic behavior observed
for the Ni-Pd/TNPs sample is possibly due to a sufficiently
uniform distribution of active Pd phase on the catalyst surface
that remarkably covers the outer TNPs as confirmed by
FESEM (green circle, Figure 7) and TEM (Figure 8) images.
The reaction data can also be well explained by the
physicochemical properties of the catalysts determined by
several characterizations such as surface area, CO2-TPD, and
H2-TPR. As seen in the XRD analysis (Figure 2), the
rhombohedral nickel (II) titanate (NiTiO3) phase structures
were detected for the Ni-Pd/TNPs sample, which the
advantage of improving the carbon tolerance of solid oxide

fuel cells.48 The NiTiO3 could be used as an anode-reforming
layer to facilitate the carbon tolerance and effectively avoid the
carbon depositing on the Ni catalyst. The rutile TiO2-
supported Ni has stable crystalline structures,79 and the
anatase-TiO2 form increases the active metal interaction;
however, both anatase and rutile TiO2 are significant for
achieving high catalytic activity and stability. The XRD (Figure
2) and H2-TPR (Figure 3) result also showed a very high
interaction between metals and support for Ni-Pd/TNPs,
which could be associated with higher activity compared to
Ni/TNPs and TNPs samples. Generally, the catalytic activity
of the three synthesized catalysts follows the same trend of
their basicity and reducibility properties. In this trend, the
decrease of CO2 yield can be ascribed to the exothermic water
gas shift reaction (CO + H2O ↔ CO2 + H2, ΔH° = −41 kJ/
mol). As shown in H2-TPR (Figure 3) and CO2-TPD (Figure
5) characterizations, the Ni-Pd/TNPs sample had excellent
redox properties and highest basic sites compared to other
catalysts, resulting in better performance in catalytic activity.
As seen in the basicity and reducibility investigations, the
presence of Pd noble metal results in the formation of more
Lewis base pairings and surface O2− anions and cause a further
increase in metal−support interactions that correlated with the
best catalytic performance. The increase in the phenol

Figure 7. FESEM images of the Ni-Pd/TNPs nanocatalyst and the corresponding size distribution histograms of TNPs, Ni, and Pd components.
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conversion in the presence of Pd metal suggests that these
catalytic systems are stronger and resistant against coke
formation during the cracking and steam reforming of MPW-
phenol. The behavior of this catalyst proves its outstanding
activity toward C−C and C−H bond scission for extending
products. Hence, according to the performance in a high
percentage of phenol conversion and hydrogen yield, the Ni-
Pd/TNPs nanocatalyst was chosen for further investigation in
the effect of temperature and stability.

The temperature has essential impacts on the activity of the
biphasic anatase-rutile Ni-Pd/TNPs nanocatalyst for hydrogen
generation from MPW-phenol steam reforming and cracking
reactions. The yields of gas products with phenol conversion as
a function of temperature over Ni-Pd/TNPs nanocatalyst are
illustrated in Figure 11. It indicates that our catalysts are even
active at relatively low temperatures. Due to the endothermic
character of phenol steam reforming reaction (C6H5OH +
5H2O → 6CO + 8H2, ΔH° = 710.91 kJ/mol), the phenol

Figure 8. TEM images of (a) TNPs, (c) Ni/TNPs, and (e) Ni-Pd/TNPs; HRTEM images of (b) TNPs, (d) Ni/TNPs, and (f−h) Ni-Pd/TNPs
sample along with (i) d-spacing and energy-dispersive X-ray (EDX) spectrum.
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conversion, H2 yield, and CO yield were improved with
increasing temperature, from 52, 51, and 8% at 500 °C to 93,
77, and 15% at 700 °C, respectively. There are possible
reaction mechanisms that might happen for the increase of H2

and CO yields: the O−H dissociation at the beginning and
then the cleavage of C−O bonds. C−H and CC cleavage at
the O−H bond division step as well as C−H and CC
cleavage resulted in ring opening and the breakage of CC
and C−H bonds.80 Meanwhile, CO2 yield showed the opposite
trend and was significantly decreased from 41% at 500 °C to
8% at 700 °C, with increasing CO yield confirming the
occurrence of reverse water gas shift reaction (CO + H2O ↔
CO2 + H2). The CO2 and CO products suggest that more CO
was also formed by the MPW-phenol steam reforming and
cracking reactions, which were favorable at high temperatures.
We can assume that the steam reforming reaction of eq 6 is
more probable than eq 5. CO2 was decreasing and CO was
increasing, which suggest that more CO was also formed by
the MPW-phenol steam reforming and cracking reactions,
which was favorable at high temperatures.
The catalytic performance for MPW-phenol steam reforming

and cracking reactions was investigated under severe reaction
conditions for 72 h at 600 °C to validate carbon deposition
resistance on the catalysts. Figure 12 displays the catalytic
performance of time on stream (TOS) over the Ni-Pd/TNPs
nanocatalyst. Phenol conversion slightly decreased during 48 h
of TOS (from 79 to 66%) and became stable for the rest of the
experiment. The catalyst performance in terms of hydrogen
yield drops notably from 71% during 64 h to 59% but remains
constant for the rest of the time. This decrease is most possibly

Figure 9. SAED images of (a) TNPs, (b) Ni/TNPs, and (c) Ni-Pd/TNPs nanocatalysts.

Figure 10. Concentrations of gaseous products in yield % and phenol
conversion for TNPs, Ni/TNPs, and Ni-Pd/TNPs nanocatalysts and
without catalyst. Reaction conditions: catalyst, 0.25 g; pressure, 1 atm;
reaction temperature, 600 °C; feed (MPW-phenol mixture)-to-water
volume ratio, 1:9.

Figure 11. Influence of reaction temperature on the phenol
conversion and product yield.

Figure 12. Phenol conversion and H2, CO, and CO2 yields with TOS
in the hydrogen production from MPW-phenol steam reforming over
the Ni-Pd/TNPs nanocatalyst at 600 °C.
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due to a quick transition to a stable state that occurred under
the reaction conditions in the catalyst. According to the above
findings, the Ni-Pd/TNPs nanocatalyst was durable and
resistant to carbon deposition under experimental conditions.
Composition of Liquid Products. GC-MS data of liquid

fuel produced from the MPW-phenol steam reforming and
cracking reactions are shown in Table 2. The equivalent peaks

areas of the compounds can be associated to expose their
yields. Hydrocarbons that exist in liquid fuel are valuable
components for fuel applications. Some compounds were
formed during the reactions that are not found in noncatalytic
experiments. Despite phenol, the most significant chemical
compound used in the reaction, the data display that most
chemical components are decamethyltetrasi loxane
(C10H30O3Si4) for the Ni/TNPs dimethylbenzoquinoline
(C15H13N) for the TNPs and Ni-Pd/TNPs nanocatalysts.
However, the identified chemical components and their yields
are different. As seen in Table 2, aromatics such as
phenanthrene (C14H10), methyl palmitate (C17H34O2), benze-
nepropanoic acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxymethyl
ester (C18H28O3), 7-(tert-butyldimethylsilyl)oxy-4-methylcou-

marin-3-acetic acid (C16H22O3Si), hexadecamethyl octasilox-
ane (C16H48O7Si8), maybridge4_000855(C8H13N7), and dec-
amethyltetrasiloxane (C10H30O3Si4) are favored with the Ni/
TNPs nanocatalyst. More interestingly, the impregnation of Pd
in the catalyst encouraged the formation of benzoic acid
(C8H8O2), azulene (C10H8), and xanthene (C13H10O) and
increased the contents of anisole (C7H8O), biphenyl (C12H10),
phthalic acid (C19H28O4), diisooctyl phthalate (C24H38O4),
and dimethylbenzoquinoline (C15H13N). The Ni-Pd/TNPs
nanocatalyst also causes a significant decrease in the formation
of phenol component. Therefore, the liquid product of MPW-
phenol steam reforming and cracking reaction is not just a
pyrolysis oil or reaction byproduct but mixtures of valuable
compounds that can be utilized for industrial applications.
We tried to record the FTIR spectra with the scanning range

of 400−4000 cm−1 to analyze further the liquid products
obtained from MPW-phenol steam reforming and cracking
reaction. The corresponding wavenumbers for different bands
are taken from the previous works.81 The FTIR transmittance
curves for the liquid products over TNPs, Ni/TNPs, and Ni-
Pd/TNPs nanocatalysts, along with the summary of bands
intensities, are illustrated in Figure 13. The bands at 683, 745,
and 810 cm−1 indicate that the C−H out-of-plane bending of
single-ring aromatics results in the highest intensities for the
Ni-Pd/TNPs nanocatalyst. The 887 cm−1 peaks for Ni/TNPs
and Ni-Pd/TNPs nanocatalysts belong to the CC stretching
of alkenes. The transmittance peaks at wavenumbers 1169 and
1234 cm−1 ascribed to oxygenated compounds related to
alcohol and ethers.82 C−H bending or deformation of alkenes
are also seen in the 1377 and 1481 cm−1 bands. The 1601 and
1647 cm−1 peaks match the CC stretching of alkenes, and
strong and broad peaks at 3379 cm−1 illustrate the O−H
stretching of alcohols, phenols, or carboxylic acids. Finally, the
2349 cm−1 peaks with low intensities correspond to CO2
components present in the liquid fuel, which is primarily
produced by the reforming and cracking of the functional
groups of carbonyl (C−O−C) and carboxyl (CO)83 that
disappeared after using the Ni-Pd/TNPs nanocatalyst. In
general, the liquid product over the TNPs sample produced
very low peak intensities, signifying that the catalyst played a
significant part in promoting cracking reactions and influencing
the quantities of components existing in the liquid fuel. As a
result, different liquid compounds are formed directly from the
breaking of side chains of big molecules and aromatics, and
they differ depending on the catalysts employed in the process.

Characterizations of Used Catalysts. Thermogravimet-
ric analysis (TGA) was used to examine the amount of the
coke deposition during MPW-phenol steam reforming and
cracking reaction on the TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalyst surface after reaction at 600 °C, and the results
are displayed in Figure 14 and Table 3. The BET surface area,
ICP, and CHNS data of the spent catalysts are also given in
Table 3. The sample weight behavior reveals the weight loss in
the sample due to the carbon gasification and suggests various
forms of carbonaceous species produced on the catalysts. As
explained previously,19,25 the diverse performances of TGA
curves by temperature difference are as follows. Weight losses
(WL) below 200 °C, between 200 and 600 °C, and above 600
°C can be ascribed to the removal of the water molecule
(WL1), removal of less stable deposits (WL2), and removal of
highly stable cokes (WL3), respectively. More water molecules
were formed on the Ni/TNPs nanocatalyst than two other
samples. These losses can be linked to water molecules stuck

Table 2. Composition of Liquid Products (Mass %)

compound
no

catalyst TNPs
Ni/
TNPs

Ni-Pd/
TNPs

toluene 0.05 0.3 0.13 0.14

styrene 0 0.28 0 0.1

1,3,5,7-cyclooctatetraene 0 0 0.1 0

2-butoxyethanol 0 0.095 0.06 0.02

acetic acid, 2-[2-[(trimethylsilyl)
oxy]ethoxy]-, trimethylsilyl ester

0 0.042 0 0

anisole 0 0 0.03 0.04

phenol 97.63 93.26 96.91 81.2

2-vinylfuran 0.01 0.046 0 0

benzoic acid, methyl ester 0.01 0.061 0.03 0.02

azulene 0 0 0 0.21

naphthalene 0.59 0.485 0.22 0

biphenyl 0 0.019 0 0.02

dibenzofuran 0 0.167 0.08 0.1

phenanthrene 0 0 0.2 0

phthalic acid, hex-3-yl isobutyl ester 0 0.048 0.06 0.11

methyl pentadecanoate 0.12 0.145 0 0

methyl palmitate 0 0 0.07 0.06

benzenepropanoic acid, 3,5-bis(1,1-
dimethylethyl)-4-hydroxy-,
methyl ester

0 0.023 0.03 0

9H-Xanthene 0 0 0 0.03

7-(tert-butyldimethylsilyl)oxy-4-
methylcoumarin-3-acetic acid,
tert-butyldimethylsilyl ester

0 0 0.11 0

pyrene 0.21 0.335 0.17 0.11

diisooctyl phthalate 0 0 0.12 0.46

hexadecamethyl octasiloxane - 0 0.094 0.23 0

1,2,4-triazol-3-amine, 5-(1,3,5-
trimethyl-4-pyrazolyl)amino-

0 0 0.06 0

cyclohexane-1,3-dione, 2-
allylaminomethylene-5,5-
dimethyl-

1.22 1.16 0.13 0

bis(2-ethylhexyl) phthalate 0 0.01 0 0

tris(tert-butyldimethylsilyloxy)
arsane

0 0.23 0 0

2,4-dimethylbenzoquinoline 0 2.24 0 17.36

decamethyltetrasiloxane 0 0.62 1.26 0

methyltris(trimethylsiloxy)silane 0.16 0.34 0 0

total 100 100 100 100
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inside the catalyst’s structure during the reverse water gas shift
(RWGS) side reaction. For the TNPs and Ni/TNPs
nanocatalysts, the coke physically blocks or interferes with
the flow of reactants and products. Hence, these two catalysts

had lower catalytic activity than the Ni-Pd/TNPs nanocatalyst
(see Figure 10). Carbon deposition indicates that the
minimum volume of coke (1.6%) was formed on the Ni-Pd/
TNPs, while the highest amount of coke (4.1%) was deposited
on the bare TNPs surface. The sintering of Ni seems to be one
of the key causes for the deactivation of the Ni/TNPs catalyst,
while the deactivation of the TNPs catalyst is mainly attributed
to the formation of coke, although sintering can also play a
role. Adding Pd metal has an essential influence on the
inhibition of coke deposition on the catalyst surface with the
minimum change in the surface area (1.7). The addition of Pd
metal increases Ni particle dispersion, resulting in good
interaction with the support (see Figure 3); hence, strongly
scattered Ni particles are difficult to oxidize. The addition of a
slight amount of metal oxides with high basicity was intended
to improve the catalyst’s capacity to chemisorb more CO2 and
aid in the oxidation of carbon formed on the catalyst surface. It
has been shown that the catalyst basicity (see Figure 5) was
boosted with the addition of Pd, which would help CO2

activation and simplify the deposited carbon gasification.
Therefore, coke deposition on the Ni-Pd/TNPs catalyst
surface would be effectively suppressed. Catalyst deactivation
is primarily caused by the formation of coke, particularly at
lower reaction temperatures. Further coke conversion is
preferred kinetically when the reaction temperature is

Figure 13. FTIR spectra of total pyrolysis products using TNPs, Ni/TNPs, and Ni-Pd/TNPs nanocatalysts with the summary of band intensities.

Figure 14. TGA curves of used TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts.
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comparatively high, as shown in the Boudouard reaction (2CO
→ C + CO2). Since catalyst acidity is strongly linked to coke
forming through cracking and polymerization reactions,84 this
finding can also be clarified by the decrease in acidity
promoted by Pd addition.
The results of the FTIR analysis of the spent catalysts are

demonstrated in Figure 15, which showed that different species

of carbon are present on TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts. The most representative FTIR bands at 517 and
972 cm−1 were ascribed to the A1g mode of anatase phase and
out-of-plane bending of C−H functional groups within the
deposited coke. The CO2 was recognized from the ester group
of CO stretching vibration at the 2368 cm−1 band mainly
derived from the combustion reaction between carbon and
oxygen components in the oxidation phase. The FTIR
transmittance wavenumbers at 1474, 1551, and 1667 cm−1,

which are in the highest intensities for the TNPs, might be
assigned to the stretching mode of the sp2 bond in ordered
graphite (G-band).85 FTIR transmittance peaks at 478, 871,
717, and 8647 cm−1 are associated with metal oxides resulting
from interatomic vibrations.86 Compared to other catalysts, the
number of bands and their intensities are the largest for the
TNPs catalyst, suggesting the most significant carbon
deposition on its surface, most probably due to the large size
of TNPs particles as illustrated by FESEM analysis (Figure 7).
The accelerating coke formation with increasing average metal
particle size is in agreement with the previous works.87,88 This

result is in excellent agreement with the TGA and CHNS
findings.

■ CONCLUSIONS

This work studied the MPW-phenol catalytic cracking and
steam reforming reactions over Ni-Pd/TNPs nanocatalysts to
generate valuable liquid products and hydrogen fuel. Catalysts
were synthesized under the hydrothermal treatment method
and evaluated in a fixed-bed quartz microreactor. Deep
characterizations such as XRD, FTIR, BET, FESEM, TEM,
H2-TPR, CO2-TPD, NH3-TPD, GC/MS, CHNS, ICP, and
TGA were utilized in the physicochemical properties of the
synthesized samples. Catalysts were evaluated under 500−700
°C, and the optimum one under 3 days on stream. The various
catalyst characterization techniques showed that the biphasic
anatase-rutile TiO2 had a spherical-shaped structure. In
addition, Pd increased the catalyst’s redox properties and
basic sites, which played an essential role in catalytic activity. It
was discovered that the phenol conversion and hydrogen yield
reached the maximum of 93 and 77% at 700 °C over Ni-Pd/
TNPs nanocatalysts. The stability results and the character-
ization of the used catalyst indicated the feasibility of the
prepared catalyst for hydrogen and liquid fuel productions
from MPW-phenol catalytic cracking and steam reforming.
The acquired experimental results from liquid product analysis
allowed us to obtain accurate data that can be utilized to solve
the concerns on microplastic waste recycling. It was revealed
that the cracking reaction of the MPW took place effectively by
producing valuable components such as dimethylbenzoquino-
line, diisooctyl phthalate, decamethyltetrasiloxane, anisole,
biphenyl, benzoic acid, azulene, etc.
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Table 3. Weight Loss, Carbon and Metal Contents, and Surface Area of the Used Catalysts

weight loss (%)

catalysts WL1 WL2 WL3

total weight
loss (%)

Ni
(wt %)

Pd
(wt %)

carbon
content
(wt %)

fresh catalyst surface
area (m2/g)a

spent catalyst surface
area (m2/g)b

difference between
surface areaa,b

TNPs 0.02 1.85 0.03 1.9 0 0 4.1 87.4 68.9 18.5
Ni/
TNPs

0.66 0.56 0.05 1.27 7.19 0 3.8 91.2 84.7 6.5

Ni-Pd/
TNPs

0.04 0.24 0 0.28 6.45 1.98 1.6 103.1 101.4 1.7

aSurface area of the calcined catalysts before the reactions. bSurface area of the catalysts after the reactions.

Figure 15. FTIR analysis of spent TNPs, Ni/TNPs, and Ni-Pd/TNPs
nanocatalysts.
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BET:Brunauer−Emmett−Teller
CHNS:carbon, hydrogen, nitrogen, and sulfur
CO2-TPD:temperature-programmed desorption of carbon
dioxide
FESEM:field emission scanning electron microscopy
FTIR:Fourier transform Infrared Spectroscopy
GC-FID:gas chromatography with flame-ionization detec-
tion
GCMS:gas chromatography-mass spectrometry
GC-TCD:gas chromatography with thermal conductivity
detector
H2-TPR:temperature-programmed reduction of hydrogen
ICP:inductively coupled plasma
JCPDS:joint committee on powder diffraction standards
KBr:potassium bromide
MPW:microplastic waste
NaOH:sodium hydroxide
NH3-TPD:temperature-programmed desorption of ammo-
nia
NiO:nickel(II) oxide
NiTiO3:nickel(II) titanate
PTF:plastic to fuel
Pd:palladium
SBET:BET surface area
SiC:silicon carbide
TOS:time on stream
TEM:transmission electron microscopy

TNPs:titanium nanoparticles
TiO2:titanium dioxide
TGA:thermogravimetric analysis
UNEP:United Nations Environment Programme
WL:weight loss
WOS:Web of Science
XRD:X-ray powder diffraction
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