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ABSTRACT: A two-stage pyrolysis—nonthermal plasma/catalytic steam reforming reactor
system was used to produce hydrogen from waste high-density polyethylene in relation to
different catalyst support materials. The catalyst support materials investigated were MCM-41,
Y-zeolite, ZSM-S, Al,O5, TiO,, dolomite, BaTiO;, CaTiO;, and Mo,C. Some of the materials
suppressed the generation of plasma, while others enhanced it by improving the generation of
microdischarges and surface discharges. Among the tested materials, MCM-41 gave the
highest gas yield of 29.2 wt % and a hydrogen yield of 11 mmol g_lplasﬁc. The coupling of the
catalyst with the plasma environment resulted in synergy in terms of enhanced total gas yield
and hydrogen production, which were higher than those in the absence of plasma (catalyst
alone) or plasma alone (no catalyst). Other parameters investigated using the MCM-41 support material showed that the particle
size and the catalyst bed depth affected the plasma discharge and the total gas yield. Impregnating nickel (10 wt %) on the MCM-41
support further enhanced the total gas yield to 33.3 wt % and the hydrogen yield to 18 mmol g™',},i due to increased surface
reactions. The 10 wt % Ni/MCM-41 was stable when subjected to a 3 h stability test showing no significant change in the yield of
the gases.

1. INTRODUCTION emissions and mitigating the effects of climate change.
Hydrogen is mainly utilized in the production of ammonia,
in oil refining, and in methanol production but with
expectations that hydrogen will be in major demand in
transportation, industrial energy use, building heat, and

The current global production of new plastics is approximately
370 million tons per year with about 60 million tons per year
in Burope.' Plastic products have a service life ranging from
less than a year to over 50 years depending on the plastic type

and applications. At the end of their lifetime, the plastic power.” Therefore, the current hydrogen production of ~55
products can have a negative impact on the environment when Mt/year is predicted to increase to 140 Mt/year by 2050.”
they enter the waste stream. Generally, all plastics produced Hydrogen is mainly produced from fossil fuels and mostly
globally fall into three fractions: those in use, the collected through the steam reforming of natural gas in the presence of a
postconsumer plastic waste, and the noncollected (or nickel catalyst at around 800 °C. However, alternative
mismanaged) plastic waste.” In Europe, about 29.1 million nonfossil fuel feedstocks for hydrogen production are under
tons of postconsumer waste plastics were collected, out of investigation, which will decouple the hydrogen production
which 32.5% was recycled, 24.9% was sent to waste landfills, process from fossil fuels.”™® Using waste plastics as an
and 42.6% was used for energy recovery.' There is increasing alternative feedstock for hydrogen production has some
concern over waste plastics and their impact on the advantages in that the plastics are produced from fossil fuels
environment.”* For example, the European Union Action and their conversion to hydrogen goes some way to minimize
Plan for a circular economy introduced a strategy for the use of fossil fuels by “recycling” the hydrogen. The use of
management of plastics, which aims to curb p}}astic pollution waste plastics for hydrogen production has been studied by
and its negative impact on the environment.” The strategy researchers using thermochemical methods such as pyrolysis

proposes some measures that encourage industrial process
developments and innovations that use waste plastics as
feedstocks. The use of waste plastics as feedstocks for useful
chemicals such as hydrogen will incentivize the recycling of
waste plastics and not only curb the problems caused by the
waste plastics but also serve as an alternative source of
chemicals, thereby enabling a circular economy.

Hydrogen has the potential to become the “fuel of the
future” because it is a carbon-free fuel with clean combustion,
which could replace fossil fuel usage, thereby reducing CO,

coupled with catalytic steam reforming. The process uses a
two-stage reactor system to produce hydrogen gas from waste
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plastics in a process that mimics the commercial natural gas
steam reforming process.” > In the two-stage reactor, the
waste plastics are pyrolyzed in the first stage at around 500 °C
in an inert atmosphere to produce hydrogen and a range of
hydrocarbons (eq 1), plus negligible amounts of char. The
volatile gas products then pass to the second-stage reactor
where steam reforming of the hydrocarbons takes place in the
presence of a catalyst at around 800 °C to produce a hydrogen-
rich syngas (eq 2).

C,H, - H, + CH, + CH, + char (1)
CH, + H,0 - H, + CO (2)
13,14

Reviews of hydrogen production from waste plastics
have shown that several researchers have reported a high yield
of hydrO%en by using the two-stage pyrolysis—steam reforming
process; ~ the influence of process conditions, the type of
reactor, and the type of catalyst was reported to affect the
hydrogen yield."*

We have reported on an alternative reactor system, which
uses two-stage pyrolysis coupled with nonthermal plasma/
catalysis at low temperatures.'” The nonthermal plasma/
catalyst environment is highly reactive but operates at low
temperatures, typically less than 250 °C. In a nonthermal
plasma, reactive species such as radicals, ions, excited atoms,
and molecules are generated at low temperatures from the
collision of the reactant molecules and energetic electrons.
These reactive species can initiate reactions that are
thermodynamically unfavorable at low temperatures.'® More-
over, coupling the plasma with a catalyst can generate a
synergy and improve the energy efficiency and product
selectivity.">'” The nonthermal plasma can activate the catalyst
and modifies the catalyst properties such as the dielectric
constant, surface faceting, and morphology, while the catalyst
can enhance the generation of reactive species in the plasma.'®
The low operating temperature also reduces the chances of
sintering and coking of the catalyst.

Our previous work'” investigated the influence of different
metal—alumina catalysts (Ni, Fe, Co, and Cu) on the yield of
hydrogen from the pyrolysis—plasma/catalytic steam reforming
of high-density polyethylene. By minimizing or eliminating the
high temperature requirement for catalytic reforming, the
nonthermal plasma has potential as a technique to reform
pyrolysis gases obtained from pyrolysis of waste plastics in a
lower-energy and low-cost manner. However, the maximum
hydrogen yield from that work was disappointing at only 4.56
mmol g_lplamc. Pyrolysis of waste plastics coupled with
conventional thermal catalytic steam reforming has produced
much higher yields of hydrogen. For example, reported
hydrogen yields from the two-stage pyrolysis catalytic steam
reforming of waste plastics range from 66 to 185 mmol
g_lplasw depending on the type of plastic investigated, the
reactor configuration used, and the process conditions.'””**
One key factor in enhancing the hydrogen yield in the plasma/
catalyst system is the type and composition of catalyst used,
which should be designed based on the unique plasma/
catalytic reaction environment. Important for the development
and enhancement of the plasma are the dielectric constant of
the catalyst support materials and the presence of metal species
on the catalyst surface and within pores. Such factors promote
plasma formation and promote the catalyst reforming activity
and selectivity for hydrogen production in the plasma
environment. Fewer catalysts have been studied for the
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plasma/catalytic reforming process compared to conventional
thermal catalytic reforming, and there has been inconsistency
in the results with some showing synergy and some reporting
otherwise. For example, Wang et al'® reported a decrease in
the conversion of CH, and CO, to liquid fuels and chemicals
when metal—alumina catalysts were used in the discharge zone
of a plasma/catalytic reactor compared to when plasma alone
was used. However, Chen et al”® reported significant
improvement in the catalytic methanation of CO, when a
zeolite catalyst was introduced into the plasma/catalyst reactor
system. Similarly, introduction of a Ni/Al,O; catalyst into the
plasma zone enhanced the catalytic synthesis of ammonia in a
plasma/catalyst reactor.”” This suggests that the plasma
interacts differently with different catalysts, and therefore,
more work is needed to fully understand the selection of the
catalysts for highly efficient plasma/catalytic reforming and
also the synergistic effect of plasma/catalysis.”* Similar to the
thermal catalytic reforming, Ni supported on Al,O; has been
the most studied catalyst for the plasma/catalytic reforming.*®
However, the most effective materials used for thermal
catalysis may not necessarily be the most effective for
plasma/catalysis, and thus, there is a need to investigate
more materials for plasma/catalysis.

The choice of a suitable support for the catalyst is important
because supports stabilize the metal particles by allowing the
physical separation of the small metal crystallites, thereby
avoiding their agglomeration into larger crystallites.”” The
characteristics of the catalyst such as the porous structure,
surface area, metal—support interaction, size of metal
crystallites, mechanical strength, and chemical properties,
which affect the catalytic activity, are all influenced by the
type of support used.”® Sintering of the catalyst, which
increases carbon formation, has been shown to be reduced by
strong metal—support interactions.”” These properties con-
sequently affect the interaction of the plasma and the catalyst
and catalyst stability in the plasma/catalysis reactions. Different
catalyst support materials have been investigated for plasma/
catalysis reactions. For example, Azzolina-Jury et al.’® reported
the activity of two different zeolite supports (ZSM-11 and
USY), with different Ni contents and Si/Al molar ratios, in the
plasma/catalytic hydrogenation of CO, in a packed-bed
catalytic reactor. They reported that the type of zeolite
structural catalyst framework and the Si/Al molar ratio affect
the activity of the catalysts in the reaction. CO yield and
selectivity followed the trend ZSM-11 (5 wt % Ni) > ZSM-11
(2.5 wt % Ni) > USY (30) > USY (40), while an inverted
trend was observed for CH, yield. Mei et al.’' studied the
influence of four different nickel catalysts with different
support materials (Ni/ALO;, Ni/SiO,, Ni/MgO, and Ni/
TiO,) for the plasma/catalytic reforming of biogas and
reported the Ni/AlL,O; as the best performing catalyst.
Similarly, Khoja et al.>” investigated the effect of nickel on
different supports (Ni/y-ALO;, Ni/MgO, and Ni/y-ALO;-
MgO) for the dry reforming of methane (DRM) in a dielectric
barrier discharge (DBD). The highest conversion of both CH,
and CO, was obtained with the Ni/y-Al,05-MgO.

Since nickel catalysts have been shown to be highly efficient
in their selectivity for hydrogen production,” ¢ the objective
of the work reported here is to couple nickel with a highly
suitable support material for the plasma/catalysis of HDPE
pyrolysis vapors at low temperatures with the aim of increasing
hydrogen yield. The novelty of the work lies in developing an
understanding of the role of the catalyst support material for

https://doi.org/10.1021/acs.energyfuels.1c04186
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hydrogen production from waste plastics, in the unique process
conditions of the plasma/catalyst environment. Nine different
materials were investigated with varied surface areas, porosities,
and dielectric constants, all factors that influence the
development of the plasma and thereby enhance the reforming
reactions of hydrocarbons derived from waste plastic pyrolysis
to produce hydrogen. The different materials were tested to
understand the role of material properties in the plasma/
catalysis process. The experimental system consisted of two
stages, pyrolysis of the HDPE in the first stage followed by
plasma/catalytic reforming in the second stage using a
dielectric barrier discharge nonthermal plasma reactor. Nickel
was then impregnated on the best performing material and, for
comparison, on three other materials, which were then used as
catalysts for the reforming reactions. The performance of the
different catalysts and supports investigated was in relation to
hydrogen production and the total gas yield. The fresh
catalysts were characterized using a range of techniques,
nitrogen adsorption—desorption, X-ray diffraction (XRD),
hydrogen temperature-programmed reduction (H,-TPR), and
focused ion beam-scanning electron microscopy (FIB-SEM),
while the used catalysts were characterized for carbon
deposition using temperature-programmed oxidation (TPO).

2. MATERIALS AND METHODS

2.1. Materials. The waste plastic used was high-density poly-
ethylene (HDPE) obtained as 2 mm pellets of postconsumer recycled
waste plastic from Regain Polymers, Castleford, UK. Ultimate analysis
showed 81.78% carbon, 10.59% hydrogen, and 0.54% nitrogen.
Proximate analysis revealed a moisture content of 0.14%, a volatile
matter content of 97.84%, a fixed carbon content of 0.16%, and an ash
content of 3.63%. Nine different catalyst support materials, MCM-41,
Y-zeolite, ZSM-5, (Nankai University, China), dolomite (Warms-
worth Quarry, UK), barium titanate (Catal Int. Ltd., UK), calcium
titanate, molybdenum carbide, alumina, and titanium dioxide
(Thermo Fisher Scientific, UK), were used to investigate the effect
of different materials on hydrogen yield from the plasma/catalytic
reforming of HDPE pyrolysis vapors. Since there are few reports on
different catalysts used in the reforming plasma/catalysis reaction
environment, a starting point for catalyst selection involved screening
of a variety of classes of materials, ie., zeolites, metal oxides,
perovskites, oxides, and carbides.

2.2. Catalyst Preparation. In addition to the investigation of the
influence of the nine different support materials, four selected
supports were used with 10 wt % nickel addition: Ni/MCM-41, Ni/
BaTiO;, Ni/AlL,O;, and Ni/Y-zeolite. These Ni-based catalysts were
chosen based on the best performance for the production of hydrogen
of the nine different supports and also the most studied reforming
catalyst in thermal catalysis (Ni/Al,O5) and also the material with the
highest dielectric constant (BaTiO;). Nickel was the chosen active
metal since our previous work'> on pyrolysis—plasma/catalysis of
HDPE showed that Ni supported on Al,O; was clearly the best metal
catalyst compared with Fe/Al,05, Co/AlL,O;, and Cu/Al,O; in terms
of hydrogen production. A 10 wt % Ni loading was used in each case
because this metal loading has been reported to result in reactive sites
that are neither deficient of the metal nor saturated by the metal."
The Ni-based catalysts were prepared using a wet impregnation
method since wet impregnation has been shown to produce good
dispersion of nickel on the support material.'” A measured amount of
nickel nitrate was fully dissolved in deionized water, and then, a
measured quantity of the support was added and stirred with a
magnetic stirrer for 30 min. The mixture was then heated until a slurry
was made, which was dried overnight in an oven and then calcined in
limited air at 750 °C for 3 h. A calcination temperature of 750 °C was
chosen because it is not too low to reduce interactions between nickel
and the support and neither is it too high to result in very strong Ni—
support interactions that can be unfavorable for reduction of the
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catalyst. This was followed by grinding and sieving of the catalyst to
obtain a particle size of 50—212 um, and the catalyst was then
reduced in a hydrogen atmosphere (5% H, in 95% N,) by heating to
800 °C at a heating rate of 20 °C min™" and held at 800 °C for 2 h.
Catalyst reduction under hydrogen was carried out at 800 °C even
though the catalyst held in the DBD plasma/catalyst reactor was at
250 °C for all experiments. This was because we wished to ensure that
the catalyst was suitably reduced to ensure comparable reaction
conditions to those used in our previous work using high-temperature
(>800 °C) thermal pyrolysis—catalytic reforming”'>'** to allow
comparison with such results.

2.3. Pyrolysis—Plasma/Catalytic Reactor System. Figure 1
shows a schematic diagram of the experimental pyrolysis—plasma/

Nitrogen
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Figure 1. Schematic diagram of the two-stage pyrolysis—plasma/
catalytic reactor system.

catalytic reactor system. The experimental system and procedure have
been described elsewhere'® but are briefly summarized here. The
reactor was a two-stage pyrolysis—dielectric barrier discharge
nonthermal plasma/catalyst reactor. Pyrolysis of the HDPE produced
volatiles, which passed directly through the plasma/catalytic reactor
using a nitrogen purge for steam reforming in the presence of the
different catalysts and catalyst support materials. The two-stage
reactor was constructed of stainless steel. The HDPE (1.0 g) was
loaded into a stainless steel crucible and placed in the center of the
pyrolysis reactor. Pyrolysis of the HDPE took place in the first stage
using an electrical furnace, which provided heating of the HDPE from
20 to 500 °C at a heating rate of 20 °C min~" and was held at 500 °C
for 15 min. The catalyst (1.0 g) was held in the discharge gap of the
DBD supported by quartz wool at a temperature of 250 °C using an
external electrical furnace. The temperature of 250 °C for the DBD
reactor furnace was chosen to avoid rapid condensation of the
pyrolysis hydrocarbons and/or steam in the plasma/catalyst reactor.
The DBD plasma reactor consisted of a quartz tube with an outer
copper electrode and an inner aluminum rod, and the catalyst was
placed in the gap between the quartz tube inner electrode and the
aluminum inner electrode. The plasma was generated between the
two electrodes using an AC high-voltage power supply (0—240 V)
with a frequency of 1500 Hz and a maximum peak-to-peak voltage of
20 kV while the outer electrode was grounded. Electrical process
parameters were monitored using a Tektronix MDO3024 oscillo-
scope. Steam was introduced into the second-stage plasma reactor
using distilled water by a syringe pump at 2 g h™". The outlet of the
reactor led to a water and dry-ice condenser system to condense

https://doi.org/10.1021/acs.energyfuels.1c04186
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liquids, and gases were passed to a Tedlar gas sample bag. Product
gases were analyzed immediately using packed column gas
chromatography using three different Varian CP-3380 gas chromato-
graphs for (i) C,—C, hydrocarbons, (ii) permanent gases (H,, O,, N,,
and CO) and (iii) CO,. At the end of the experiment, the residual
solid from the pyrolysis reactor was collected along with the
condensed liquids trapped in the condensation system and the
catalyst from the plasma/catalyst reactor and weighed for the
determination of mass closure. The total mass of gas produced was
determined from the gas chromatographic data; knowing the N, gas
flow, experimental time, and gas concentration in the gas sample bag,
the mass of other gases could be calculated. Therefore, the total gas
yield could be determined by mass rather than “by difference”.

2.4. Support Material and Catalyst Characterization. The
physicochemical properties of the catalyst support materials were
characterized using a range of techniques: X-ray diffraction (XRD),
nitrogen adsorption—desorption, temperature-programmed reduction
(H,-TPR), scanning electron microscopy (SEM), and focused ion
beam-scanning electron microscopy (FIB-SEM). The surface area and
porosity of the support materials and Ni-based catalysts were
determined using nitrogen adsorption—desorption. About 0.2 g of
each sample was degassed at a temperature of 200 °C under a
nitrogen atmosphere for 12 h, and then, the nitrogen adsorption—
desorption isotherms were obtained using a Micromeritics Tristar
3000 instrument. The surface area was obtained by the Brunauer—
Emmet—Teller (BET) method while the pore size and the pore
volume were obtained by the Barrett—Joyner—Halenda (BJH)
method applied on the desorption isotherms. The crystalline
structures/phases of the metal catalysts were analyzed using X-ray
diffraction (XRD), carried out using a Bruker D8 diffractometer with
Cu Ka radiation. The diffraction spectra were recorded over a 20
range of 10—80° using a scanning step of 0.033, and peaks were
identified using the HighScore Plus software package. To understand
the effect of the supports on the reduction behavior of the catalyst,
H,-TPR was carried out in a Shimadzu TGA-50 analyzer using
hydrogen gas (5% H,/95% Nj,) as the reducing agent. About 25 mg of
the calcined catalyst was placed onto an alumina pan and heated
under a hydrogen/nitrogen atmosphere from ambient temperature to
850 °C at 20 °C min™". The three-dimensional internal structures of
the catalysts were visualized by focused ion beam (FIB)-scanning
electron microscopy (SEM) where the FIB was used for the
sectioning/milling of the samples and the images of the exposed
cross sections were imaged by SEM. The samples were coated with
platinum before the milling was carried out then characterized using a
FEI Helios G4 CX dual-beam SEM with a precise focused ion beam.
The nickel mapping with the SEM was obtained from coupled energy-
dispersive X-ray spectroscopy (EDX).

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. The textural, physical,
and chemical properties of the investigated support materials
and nickel-based catalysts are important because they
determine how the materials interact with the reacting
pyrolysis gases, which affects the catalyst activity and the
consequent production of hydrogen. In addition, the properties
of the materials affect how they interact with the plasma, which
determines the performance of the plasma/catalytic steam
reforming system. Table 1 shows the BET surface area, pore
volume, and pore diameter of the catalyst support materials
characterized by nitrogen adsorption—desorption.

The MCM-41 support has the largest specific surface area
(802 m* g™") followed by Y-zeolite (718 m* g™'), ZSM-S (317
m* g7'), ALO; (274 m* g7'), and TiO, (161 m* g™'). These
substrates also exhibit high porosity as indicated by the pore
volume data. The other materials have a far lower surface area
with CaTiO;, BaTiO;, dolomite, and MO,C having surface
areas of less than 4 m* g™'. They are also less porous having
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Table 1. Properties of the Catalyst Support Materials

sample Sger (m* g7')  pore volume (cm® g7')  pore diameter (nm)
MCM-41 802 0.851 3.36
Y-zeolite 718 0.316 13.38
ZSM-5 317 0.363 8.61
ALO; 274 0.322 5.79
TiO, 161 0459 8.80
CaTiO; 39 0.0092 22.87
BaTiO, 2.2 0.0034 7.71
dolomite 1.5 0.0047 12.02
MO,C 0.6 0.0006 34.71

pore volumes less than 0.01 cm® g~'. Impregnating the

supports with nickel significantly reduced the specific surface
area and the pore volume of the product catalysts, while the
pore diameter of the catalysts increased as shown in Table 2.

Table 2. Properties of the Nickel Catalysts

pore volume pore diameter

sample Sger (m* g7) (em® g?) (nm)
Ni/MCM-41 417 0.307 3.6128
Ni/Y-zeolite 380 0.161 12.2184
Ni/AL O, 72 0.286 13.4721
Ni/BaTiO; 4.3 0.006 7.1642

For example, the MCM-41 support material had a surface area
of 802 m* ¢! and a pore volume of 0.851 cm® g™, whereas the
Ni-MCM-41 catalyst had a surface area of only 417 m* ¢! and
a pore volume of 0.307 cm® g™ The addition of nickel to the
support materials resulted in nickel species occupying a large
portion of the pores, thus decreasing the surface area of the
catalyst and the average pore volume. However, the high
calcination temperature used (750 °C) increased the pore
diameters of the Ni-based catalysts. Similar observations were
made by other researchers.’”® In the case of Ni/BaTiO;, the
surface area increased slightly from 2.2 to 4.3 m” g™ after the
nickel impregnation perhaps because of the large nickel particle
size and small existing pores of BaTiO; and thereby did not
block any pores of BaTiOs.

Figure 2a shows the nitrogen adsorption—desorption
isotherms obtained at 77 K for the different nickel-based
catalysts. The isotherms for all the catalysts are of type IV with
type H1 hysteresis for Ni/Al,O5, while the other three depict
type H3 hysteresis. According to IUPAC classification, this
indicates that the Ni/Al,O; is a mesoporous material
consisting of uniform spherical structures in regular arrange-
ment, while Ni/MCM-41, Ni/Y-zeolite, and Ni/BaTiO; have a
mesoporous structure with interconnected pores, and the
adsorption is via multilayer adsorption and capillary con-
densation.”® The pore size distribution derived from the
desorption isotherm is presented in Figure 2b. The figure
shows that a high-volume uptake of nitrogen by all the catalysts
was observed at pore sizes between 2 and 50 nm, which
confirmed the mesoporous structure of the catalysts.

The crystallographic characterization of the prepared Ni-
based catalysts was determined using XRD. Figure 3 shows the
XRD spectra of the four different nickel catalysts with the
different support materials, where peaks corresponding to
crystalline elemental nickel and the supports were observed.
For all the catalysts, no NiO was observed because it had been
reduced to elemental nickel through reduction in the catalyst
preparation stage. Peaks corresponding to nickel were observed

https://doi.org/10.1021/acs.energyfuels.1c04186
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pore size distributions of the prepared catalysts.
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Figure 3. XRD spectra of the different nickel-based catalysts.

in all the catalysts at positions of 26 = 44.5 and 51.7°. A high
interaction between the metal and the support was evidenced
by the formation of nickel aluminate spinel peaks at 65.5° for
all of the nickel-based catalysts. Diffraction peaks for Ni/
BaTiOj; at 20 = 31.5, 38.9, and 56.3° which are assigned to
BaTiO;, show that the BaTiO; structure remains in the catalyst
implying weak metal—support interactions. This is supported
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by TPR data that shows a lower reduction at lower
temperatures suggesting weak interactions between the catalyst
support and Ni.

The effect of the different support materials on the
reducibility and metal—support interactions of the nickel
catalysts was investigated using H,-TPR, and the reduction
profile is presented in Figure 4. The reduction corresponding

NI/A|203

/x,/ Ni/MCM-41

*—ﬂ\ _— Ni/BaTiO,
//\\-//‘// Ni/Y-zeolite

I L 1 L L 1
300 400 500 600 700 800

Intensity

—

_—

Temperature (°C)

Figure 4. H,-TPR of the different nickel-based catalysts.

to the conversion of the supported NiO to metallic nickel was
observed for all the catalysts. The results showed that the
nickel metal interacted differently with the different supports.
For the Ni/Y-zeolite catalyst, reduction started at a temper-
ature of ~700 °C, and the maximum weight loss observed was
at a temperature of ~850 °C. On the other hand, Ni/BaTiO;
was easily reduced, starting at a much lower temperature of
~500 °C with a reduction peak at around 570 °C. The
relatively larger nickel particle size reported for the BaTiO;
support made reduction easier than the other catalysts."” The
reason is suggested to be due to the lower interaction between
the nickel particles and the BaTiO; support. However,
reduction of the 10 wt % Ni/Al,O; and Ni/MCM-41 catalysts
started at a temperature of ~800 °C suggesting a stronger
metal—support interaction than the other catalysts, which may
be due to the reduction of nickel aluminate spinel.*' The
presence of the nickel aluminate spinel was observed for both
Ni/Al,O5 and Ni/MCM-41 in the XRD spectrum. Richardson
and Twigg"” suggested that impregnating AL,O; with Ni-
(NO,), gives an acidic environment that dissolves AI** ions on
the Al,O; surface. The NiO crystals decomposed during the
thermal treatment of the catalyst, they interacted with the AI**
ions by incorporating the ions into the crystallite structure, or
the ions accumulated in the immediate vicinity of the crystals
resulting in a decrease in the reducibility of the catalyst.

3.2. Hydrogen Production from Pyrolysis—Plasma/
Catalytic Steam Reforming. The effects of different types of
support materials and nickel-supported catalysts on the yield of
hydrogen from nonthermal plasma reforming of waste high-
density polyethylene (HDPE) pyrolysis products were
investigated using the two-stage pyrolysis—catalytic steam
reforming reactor system. The performance of the catalysts was
assessed based on the total gas yield, syngas (H, and CO) and
hydrogen yield, and the amount of carbon deposition on the
catalyst surface.

3.2.1. Influence of Different Catalyst Support Materials.
The different catalyst materials investigated were MCM-41, Y-
zeolite, ZSM-S, dolomite, alumina, barium titanate, calcium
titanate, titanjum dioxide, and molybdenum carbide. The
experiments on the pyrolysis—plasma/catalytic steam reform-
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Table 3. Product Gas and Liquid Yield from the Pyrolysis-Plasma/Catalytic Steam Reforming of HDPE in Relation to

Different Catalyst Support Materials

catalyst support material

product yield (wt %) MCM-41 Y-zeolite ZSM-§
gas 29.2 26.7 17.0
liquid 157.3 159.8 160.6

ing of HDPE for hydrogen production in relation to the
different support materials were carried out at a pyrolysis
temperature of 500 °C, and plasma/catalysis was carried out at
a controlled DBD reactor temperature of 250 °C. A plasma
power input of 80 W was used to sustain the plasma discharge
in the DBD reactor, and steam reforming was carried out with
steam injected at a rate of 2 g h™". The effectiveness of the
different catalyst materials was compared based on the total
product gas yield and hydrogen yield. The mass of liquid that
comprised the product pyrolysis oil and unreacted water was
recorded but not analyzed. The solid char residue yield
collected from the pyrolysis reactor remained at ~4 wt % for
each of the experiments because the same mass of HDPE was
used throughout. Virgin HDPE is known to produce no solid
char during pyrolysis, where only volatiles are produced.*’
However, the HDPE used in this work was recycled
postconsumer plastic and would typically contain additives
used in the manufacture of the HDPE required for the various
consumer products, such as antioxidants, fire retardants,
inorganic filler materials, etc.,, which would contribute to the
production of char. Different hydrogen yields were obtained
when the different materials were used depending on their
interaction with the plasma for cracking the pyrolysis volatiles
into syngas and lower hydrocarbons (C,—C,). The product gas
and liquid yield obtained from the experiments are presented
in Table 3. The results are calculated on the basis of input
plastic and water (steam) and ouput product gas, liquid (oil +
unreacted water) and char yield. However, some of the input
water will contribute to steam reforming reactions to generate
gas. When the data is calculated on the basis of input mass of
plastic alone, the material balance will be well in excess of 100
wt.%.

The highest total gas yields, by a significant margin, were
obtained with the MCM-41 and Y-zeolite support materials
from the pyrolysis—plasma/catalytic reforming of HDPE at
29.2 and 26.7 wt %, respectively (Table 3). This is an
indication that the combination of the plasma with the MCM-
41 and Y-zeolite resulted in a more enhanced electric field that
cracked more of the HDPE pyrolysis volatiles to produce gases.
The high surface areas of the MCM-41 (802 m* g™') and Y-
zeolite (718 m*> g™') contributed to their effectiveness in
cracking the high-molecular-weight pyrolysis volatiles into
lower-molecular-weight hydrocarbons, which were then
reformed into syngas (H, and CO). The order of the catalyst
support materials in terms of the influence on total gas yield
was MCM-41 > Y-zeolite > ZSM-5 > alumina > dolomite >
TiO, > BaTiO; > CaTiO; > Mo,C.

Figure 5 shows the gas composition derived from the
pyrolysis—plasma/catalysis of HDPE using the different
support materials. In each case, syngas (H, and CO) was
produced from the steam reforming of the hydrocarbon
pyrolysis volatiles (eq 1), while the presence of CO, suggested
that the water gas shift reaction (eq 2) also occurred.
Hydrogen was the major gaseous product followed by the
C,—C, hydrocarbons. In a plasma/catalysis system, the
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Figure 5. Gas composition from pyrolysis—nonthermal plasma
reforming of waste HDPE using different catalyst support materials.

interaction of the plasma with the catalyst material can change
the type of plasma discharge and may enhance or reduce the
electric field.">**

Figure S shows that the highest hydrogen yield of 11 mmol
g_lplasﬁc was obtained when MCM-41 was used as the catalyst
material followed by Y-zeolite at 9.1 mmol g_lplamc.
Significantly lower hydrogen yields were obtained from the
other catalyst support materials. MCM-41 and Y-zeolite also
produced higher yields of CO at 1.2 and 1.0 mmol g_lplasﬁc,
respectively, which shows that they were both more active in
the low-temperature nonthermal reforming of the waste HDPE
volatiles compared to the other catalyst support materials. The
different performances by the different packing materials can
be partly attributed to the different discharge characteristics
when the packing materials are loaded in the discharge region.

There are several factors that made MCM-41 and Y-zeolite
have a more effective performance for hydrogen production
among the nine packing materials used in this study. One of
the factors is the surface area of the materials used. MCM-41
had the highest surface area. In plasma/catalysis, the discharge
changes from a filamentary discharge to a combination of
microdischarges and surface discharges on the catalyst surface
with most of the discharge being on the surface of the
catalyst.”> Therefore, more surface discharges are produced on
the catalyst with a higher surface area resulting in more
cracking of the tar. Comparing MCM-41, Y-zeolite, and ZSM-
S, which have the same chemical elements but different surface
areas, show that the surface area is crucial in the performance
of the material in the plasma/catalysis reactions.

Another contributory factor to enhanced hydrogen yield in
the plasma/catalytic system is the dielectric constant of the
different materials. The dielectric constant refers to the
induced polarization stored in a certain volume of the catalyst
support material when an electric field is applied and
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represents the stored potential energy.”® Thereby, low-
dielectric-constant materials promote more microdischarges
compared to high-dielectric-constant materials. The zeolites
have a dielectric constant lower than 5, TiO, has a dielectric
constant in the range of 40—100, while the dielectric constant
of Al,O; is 8—11. The dielectric constant of dolomite is low at
8.5 and would be expected to enhance the plasma, but the
surface area is very low at 1.5 m* g”', and the porosity is also
low. The ferroelectric materials, CaTiO; and BaTiO;, have
very large dielectric constants of 200 and 10,000, respectively.
The materials with higher dielectric constants such as BaTiO,
and CaTiO; gave a poorer performance in terms of hydrogen
yield in the plasma/catalytic reforming reactions. Interactions
of the nonthermal plasma with these high dielectric materials
resulted in a lower effective electric field and a low electron
energy, which is not strong enough to crack most of the
derived pyrolysis hydrocarbons. Patil et al.*® suggested that
when an electric field is applied to a material with a high
dielectric constant, the material easily becomes polarized. The
polarized material then creates an internal electric field that
opposes the overall electric field resulting in a decrease in the
energy of electrons; the implication is that this results in
decreased energy of the reactive species and decreased gas
ionization. Kim and Ogata® compared discharges observed
using an ICCD camera in a discharge barrier packed with
zeolites and with BaTiO;. They observed that surface plasma
discharge streamers appeared on the surface of the zeolite-
packed plasma reactor but not on the surface of the BaTiO;-
packed reactor. Although packing BaTiO; in the plasma
reactor reduced the onset voltage, it did not promote the
propagation of plasma on the surface.

The porosity of the different materials also played a role in
their performance in the pyrolysis—plasma/catalysis of the
waste plastic. MCM-41 has the highest porosity among the
materials tested; the high porosity enhances the plasma
discharge by generation of plasma within the pores in addition
to the microdischarges between particles and surface
discharges on the surface. Zhang et al.’’ theoretically
investigated the generation of plasma inside catalyst pores of
materials with different dielectric constants ranging from 4 to
1000. They found that there was an enhanced ionization in the
pores of materials with a low dielectric constant (<200), while
for high-dielectric-constant materials (>1000), there was
negligible ionization in the pores due to polarization of both
sidewalls resulting in a reduced electric field. They concluded
that common catalyst supports with dielectric constants
between 4 and 11 allow microdischarges to be easily formed
inside the catalyst pores even for smaller pore sizes. The work
of Zhang et al.”” involved pore sizes of 10—50 ym, significantly
larger than found for the materials in this work. However, in a
later paper by the same group,’’ it was reported that plasma
discharge streamers could penetrate into the surface features of
porous catalysts with the formation of microdischarges inside
nanometer-sized pores as well as micrometer-sized pores. The
ionization takes place mainly near or inside the pores and leads
to a high electron density. The maximum electric field and
electron density were found for pore sizes between 4 and 10
nm. Their modeling showed that enhanced microdischarges
could form near and inside the pores of mesoporous catalysts,
i.e., similar in the pore size range to the materials used in our
work. It has also been reported®”>” that the plasma/catalyst
environment involving reactive gases can form plasma
discharge streamers possessing high electron densities and
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thereby may be able to penetrate nanometer-sized catalyst
pores. Such a highly reactive suite of gases would be formed
from the pyrolysis of the waste plastic HDPE, including
hydrogen, methane, C,—C, hydrocarbon gases, and a wide
range of higher-molecular-weight n-alkanes and lower concen-
trations of alkenes and alkadienes.'* The different perform-
ances by the different zeolites also suggested that the
composition of the materials is not as important as the
porosity since MCM-41, Y-zeolite, and ZSM-S are all
aluminosilicates and have similar dielectric constants but
gave different performances in terms of hydrogen production.
It therefore may be concluded that the difference in the surface
area and porosity affected the performance of the different
materials in this work. The use of porous materials in the
discharge zone has been reported to result in an enhanced
performance of a DBD compared to when nonporous materials
are used.”*

Although discussion here, of the hydrogen yield and the
different catalyst properties, has centered around the surface
area, porosity, and dielectric properties of the catalysts, other
catalytic properties should be considered. For example, altering
the surface chemistry of the catalyst material to increase the
acidity and basicity has been shown to influence the
production of hydrogen,'”> for example, using zeolites for
the production of hydrogen from pyrolysis—catalytic steam
reforming of waste plastics'” and metal oxide catalysts for the
catalytic steam reforming of methane to produce hydrogen.”
The catalyst preparation methods such as coprecipitation,
impregnation, and sol—gel have also been shown to influence
the properties of the catalyst such as the surface area, porosity,
and metal particle size and metal particle dispersion, which in
turn can affect the yield of hydrogen from the pyrolysis—
catalytic steam reforming of waste plastics.”® Such factors have
not been investigated here but may have a higher impact on
hydrogen production in the particular reaction environment of
plasma/catalysis and require further investigation.

Among the nine catalyst materials studied, MCM-41 has the
lowest bulk density, and as such, a higher volume of MCM-41
was used in the discharge zone compared to the other catalyst
support materials since 1.0 g of support materials was loaded
into the plasma/catalysis reactor in each case. To determine
the effect of the material packing volume of the different
support materials, experiments were undertaken using the
same catalyst bed depth (material volume), irrespective of the
mass used. Selected materials were used for the plasma/
catalysis with the same volume of material equivalent to 1.0 g
of MCM-41. The mass of BaTiO; was 4.7 g, CaTiO; was 3.0 g,
and dolomite was 3.55 g, which gave the same catalyst support
bed depth as 1.0 g of MCM-41. Figure 6 shows the gas
composition from the pyrolysis—nonthermal plasma/catalysis
of waste HDPE when the same volume of MCM-41, dolomite,
BaTiO;, and CaTiO; was loaded in the plasma discharge zone.
The results confirmed that different materials interact with the
plasma in different ways. When a greater catalyst bed depth of
dolomite was used, an enhanced hydrogen yield of 10 mmol
g_lplasﬂc was obtained. This suggests that the increased contact
area of the plasma and the higher volume and mass of the
support material improved the plasma/catalyst reaction
performance. In the case of BaTiO; and CaTiO;, the effect
of the bed depth was negligible and may have been nullified by
the high dielectric constant of the materials, which hampered
the propagation of surface plasma discharge streamers on the
material surfaces. In plasma/catalysis, surface streamers are
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Figure 6. Gas composition from pyrolysis—nonthermal plasma/
catalytic reforming of waste plastic using the same bed depth of
catalyst support packing materials.

strongly related to the catalytic activity of the catalyst.”” This
result further confirmed that the MCM-41 was more active in
the plasma/catalysis of the waste plastic pyrolysis volatiles
among the packing materials investigated in this study.

3.2.2. Influence of the Catalyst Support Material Particle
Size. The effect of the particle size of the catalyst support
material on the hydrogen yield from the pyrolysis nonthermal
plasma/catalytic reforming of waste plastic was investigated
using the MCM-41 support material. The experiments were
carried out by loading 1.0 g of different sizes of the MCM-41
with particle sizes of 50—212, 300—600, and 600—1000 ym in
the discharge zone. The discharge was sustained at 80 W, and
steam reforming was carried out with a steam input of 2 g h™
g_lplasﬁc. The total gas yield and the gas composition are shown
in Table 4 and Figure 7, respectively. The smallest particle size

Table 4. Influence of Process Parameters on the Gas Yield
Obtained from Pyrolysis-Plasma/Catalysis of Waste Plastic

influence of MCM-41 particle size

MCM-41 particle size 50—212 pum 300—600 ym 600—1000 ym
gas yield (wt %) 292 13.8 12.3
influence of the catalyst:plastic ratio
catalyst:plastic ratio 1:1 3:4 1:2 1:4
gas yield (wt %) 292 20.1 16.6 134
influence of nickel impregnation
Ni catalyst Ni/MCM-41 Ni/Y-zeolite Ni/BaTiO, Ni/AlLO,
support
gas yield 333 29.1 9.5 20.3
(wt %)

of 50—212 pm showed the highest performance in terms of the
total gas yield. A gas yield of 29.2 wt % was obtained compared
to 13.8 and 12.3 wt % obtained with particle sizes of 300—600
and 600—1000 pm, respectively. This shows that the smallest
particle size was more active in cracking the tar to produce
gases. Figure 7 shows that there was a significant difference in
the performance of different particle sizes of MCM-41. An
increase in the hydrogen yield was obtained with a decrease in
the particle sizes; for example, 11 mmol g™' of hydrogen was
obtained with the smallest MCM-41 particle size of 50—212
pum. When the particle size was increased to 300—600 ym, the
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Figure 7. Gas composition from pyrolysis—nonthermal plasma
reforming of HDPE using different particle sizes of MCM-41.

hydrogen yield decreased to 6.1 mmol g/, and when a particle
size of 600—1000 ym was used, a hydrogen yield of 4 mmol
g~ ' was obtained. Similar trends were observed for the yields of
CO, CO,, CH,, and the light hydrocarbons.

Two types of discharges exist in a plasma/catalysis reactor,
namely, partial discharge, which is the discharge that occurs at
the contact points of the catalyst support material, and surface
streamers, which are discharges on the surface of the material.
The smaller the particle size, the higher the contact points
between a particle and a particle, a particle and the electrode,
and a particle and the dielectric barrier, where partial
discharges can be generated. These partial discharges augment
the electric field inside the reactor resulting in more
decomposition of the pyrolysis volatile hydrocarbons into
lower-molecular-weight hydrocarbons. The smaller sized
particles also had a more available surface where more plasma
discharge streamers are produced that propagate along the
catalyst surface, thereby increasing the discharge area. The
reduced void space in the reactor when small particles were
used increased the residence time of the reactant gases with the
support material resulting in more cracking and reaction of the
reactants to produce syngas. These observations are in
agreement with the work of Patil et al.*® who observed the
most effective performance of the catalyst with a particle size of
250—160 pym among the different ranges of catalyst particle
sizes investigated for plasma/catalytic NO, synthesis. Bogaerts
et al.>> modeled the behavior of the discharge in a plasma/
catalysis environment and observed an enhancement of the
electric field when smaller-particle-size beads were used
compared to larger sized beads due to the higher number of
available contact points.

3.2.3. Influence of the Catalyst:Plastic Ratio. Further work
was carried out with the MCM-41 to investigate the effect of
the bed depth on nonthermal plasma/catalysis. The experi-
ments were conducted by placing different masses of MCM-41
(0.25, 0.50, 0.75, and 1.0 g) in the DBD reactor, representing
catalyst:plastic ratios of 1:4, 1:2, 3:4, and 1:1. For all the
experiments, the discharge was sustained at a power input of
80 W, and the reactor was maintained at 250 °C. The results of
the gas yield obtained using the different masses of the MCM-
41 are shown in Table 4. Varying the mass of the MCM-41
means that a different catalyst bed depth is obtained since the
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same reactor was used in each case. Table 4 shows the
variation of the total gas yield obtained from different catalyst
bed depths. Increasing the mass of the MCM-41 resulted in an
increase in the total gas yield. The highest gas yield of 29.2 wt
% was obtained when the catalyst:plastic ratio was 1:1,
representing the highest mass of the MCM-41. Reducing the
mass of MCM-41 in the discharge zone produced a marked
reduction in total gas yield to only 13.4 wt %, obtained with
the lowest mass of MCM-41 studied at a catalyst:plastic ratio
of 1:4.

Figure 8 shows the gas composition obtained when different
weights of MCM-41 were used in the discharge zone. An
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Figure 8. Gas composition from pyrolysis—nonthermal plasma
reforming of HDPE using different catalyst:plastic ratios.

approximately linear relationship exists between the catalyst
weight and its performance in terms of the hydrogen yield. The
hydrogen yield increased with an increase in the catalyst
weight. For example, the hydrogen yield was 11 mmol g_lplastic
when the catalyst:plastic ratio of 1:1 was used. The hydrogen
yield then reduced to 9, to 6.2, and then to 4.7 mmol g_lphsﬂc
when the mass of MCM-41 was reduced in relation to the
plastic feedstock, at catalyst:plastic ratios of 3:4, 1:2, and 1:4,
respectively. The yields of CO, CO,, CH,, and the light
hydrocarbons also followed this trend. A higher contact area
between the catalyst and the plasma resulted in a stronger
interaction. As the bed depth was increased due to the change
in mass of the catalyst, the area of contact between the
discharge plasma and the catalyst would also increase.

3.2.4. Influence of Nickel Impregnation of the Support
Materials. In conventional catalytic steam reforming reactions,
nickel-based catalysts are known for their excellent catalytic
activity. To study the influence of nickel-supported catalysts on
the pyrolysis—plasma/catalysis of waste plastics, nickel-
supported catalysts (10 wt %) were prepared using the support
materials MCM-41, Y-zeolite, BaTiO;, and Ni/Al,O;. In each
case, 1.0 g of the Ni-supported catalyst of 50—212 pm catalyst
particle size was loaded in the discharge zone of the plasma
reactor, and the plasma discharge was sustained at 80 W.
Steam reforming of the waste plastic-derived pyrolysis volatiles
took place with a steam flow rate of 2 g h™". Table 4 shows the
total gas yield obtained when the four different nickel-
supported catalysts were used in the pyrolysis—plasma/
catalysis reactor system. The presence of nickel-supported
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catalysts enhanced the catalytic properties of the materials,
which gave higher yields of total gas and hydrogen for the Ni/
MCM-41, Ni/Y-zeolite, and Ni/Al,O; catalysts, but showed a
decrease for the Ni/BaTiOj; catalyst. As shown in Table 4, the
highest total gas yield achieved with the Ni-based catalysts was
33.3 wt % obtained with the Ni/MCM-41 catalyst compared
with 29.6 wt % for MCM-41 alone. For Ni/Y-zeolite, the gas
yield increased to 29.1 when Ni was impregnated on Y-zeolite
compared to 26.7 wt % with Y-zeolite alone. In the case of
Al,O5, the gas yield increased from 16.5 to 20.3 wt % when Ni/
Al,O; was used. On the other hand, a decrease in the gas yield
from 12.7 to 9.5 wt % was observed when Ni on barium
titanate was used compared to BaTiOj; alone.

The composition of the product gas from the pyrolysis—
plasma/catalysis of the waste plastics in relation to the Ni-
based materials is illustrated in Figure 9. The results show that
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Figure 9. Gas composition from pyrolysis—nonthermal plasma
reforming of HDPE using different nickel-based catalysts.

the presence of nickel on the MCM-41, Y-zeolite, and Al,O;
improved the performance in terms of hydrogen production
compared to when the support materials alone were used. The
highest H, yield of 18 mmol g_lplasﬁc and a CO yield of 2.5
mmol g_lphsﬁc were obtained with Ni/MCM-41. This is
attributed to the role of nickel in the interaction of plasma,
reactants, and support materials. The presence of a metal on
the support allows charge accumulation on the catalyst surface,
thereby improving the charge transfer between electrodes.”®
The increase in the hydrogen selectivity can also be attributed
to the dehydrogenation of the light hydrocarbons over the
nickel particles caused by plasma-induced gaseous reactions.”

Other researchers working on plasma/catalysis have
reported improved performance of the catalyst especially
with regard to reactivity and selectivity when an active metal is
impre§nated on the catalyst material. For example, Kim and
Ogata™ packed zeolite pellets in a discharge barrier reactor and
observed an enhancement of the plasma on the surface of the
catalyst. Without the metal loading, the plasma was confined in
the vicinity of the zeolite pellets, but when Ag-supported
zeolites were used, the discharge became stronger and
propagated on the surface of the catalyst. They concluded
that the Ag nanoparticles helped the surface discharge
streamers to be expanded over a larger area resulting in
enhanced plasma/catalysis reactions. In the case of Ni/
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BaTiO;, a reduced activity was observed when nickel was
impregnated on the BaTiO; support compared to the BaTiO;
material alone. The interaction of the impregnated nickel metal
and the support may have prevented the propagation of surface
discharge streamers, which resulted in a reduced performance
of the catalyst in the plasma/catalysis system. Jo et al.>” made a
similar observation when they compared the degree of
methane conversion in a DBD plasma reactor with AL, O; to
that with a Pt-supported Al,O; catalyst. The Pt/Al,O; catalyst
gave a lower methane conversion, which was attributed to a
reduced electric field in the DBD plasma when Pt/Al,O; was
loaded compared to when Al,O; alone was loaded.

Apart from the plasma/catalyst interaction, the catalytic
effects provided by the chemical properties of the catalysts
themselves play important roles in the plasma/catalyst
environment. The catalyst is composed of the active metal
and the support, and their interaction determines the catalytic
activity and durability. The chemical species generated during
the interaction between the plasma and the pyrolysis-derived
hydrocarbon volatiles can react on the surface of the catalyst
where the properties of the catalyst affect the surface reactions.
Temperature-programmed reduction (TPR) of the prepared
Ni-supported catalysts (Figure 4) showed that the Ni/MCM-
41, Ni/Y-zeolite, and Ni/Al,O; catalysts have a strong metal—
support interaction, whereas the Ni/BaTiO; catalyst has a
weak metal—support interaction. Alayat et al.”’ reported that
catalysts with strong metal—support interactions show a higher
surface dispersion of metal particles, which lead to a small
particle size of the metal and a higher supported metal
dispersion. On the other hand, a weak metal—support
interaction leads to a low metal dispersion, which results in
agglomeration of the metal.

Three of the nickel-based catalysts, Ni/MCM-41, Ni/Y-
zeolite, and Ni/BaTiO;, were examined for their surface
morphology using scanning electron microscopy (SEM).
Figure 10 shows the SEM images of the surfaces of the three
catalysts. Clearly, nickel particles were well dispersed over the
surfaces of the Ni/MCM-41 and the Ni/Y-zeolite catalysts.
This increased the active sites for the steam reforming
reactions. The uniform and dispersed nickel particles also
imply that the materials are porous, and they have a strong
metal—support interaction as shown by the results of the TPR.
The SEM image of the Ni/BaTiO; shows large nonuniform
nickel particles over the BaTiO; surface that indicate
agglomeration of the impregnated nickel on the surface. To
obtain more information on the porosity and nickel
distribution inside the catalyst, FIB-SEM was used to obtain
cross-sectional images of the catalyst and also EDX nickel
mapping of the cross section to determine the distribution of
nickel throughout the catalyst particles. The FIB-SEM and
EDX mapping results are shown in Figure 11. The FIB-SEM
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Figure 11. FIB-SEM cross-sectional images of (a) Ni/MCM-41, (c)
Ni/Y-zeolite, and (e) Ni/BaTiO;; (b) EDX nickel mapping of Ni/
MCM-41, (d) Ni/Y-zeolite, and (f) Ni/BaTiO;.

images (Figure 11a, ¢, and e) of the cross section showed a
loose structure of the Ni/MCM-41 and Ni/Y-zeolite catalysts,
which confirmed their porosity. Nickel was well dispersed over
the cross section of the catalysts, and this can be seen more
clearly from the EDX nickel mapping (Figure 11b, d, and f).
For the Ni/BaTiOj;, the image of the cross section did not
show nickel distribution inside the catalyst but rather on the
surface. The EDX nickel mapping of the cross section showed
nickel enrichment near the surface of the catalyst but not
inside. It is suggested that the nickel particles on the Ni/
MCM-41 and Ni/Y-zeolite catalysts were smaller and well
dispersed and penetrated the pores of the materials where
more chemical reactions could occur. The particle agglomer-
ation in the case of Ni/BaTiO; prevented the penetration of
the nickel particles inside the catalyst as indicated earlier;
additionally, the smaller pore diameter and the low pore
volume may also have restricted access of the nickel to the
catalyst pores.

3.2.5. Plasma/Catalysis Synergy Compared to Plasma
and Catalysis. The influence of the synergistic interaction
between plasma and the catalyst in relation to the pyrolysis—
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plasma/catalysis of waste plastic in terms of total gas yield and
hydrogen production was investigated. Experiments to
investigate the significance of the synergy between plasma
and the catalyst were carried out: (i) with plasma alone at 80
W without a catalyst, (ii) with a 10 wt % Ni/MCM-41 catalyst
at a low temperature (250 °C) in the absence of plasma, and
(ili) a combination of plasma/catalysis with the plasma
sustained at 80 W and with the 10 wt % Ni/MCM-41 catalyst.
All the experiments were carried out with a steam flow rate of 2
gh™!. Table 5 compares the total gas yield obtained from these
experiments.

Table 5. Comparison of the Total Gas Yield from Catalysis,
Plasma Alone, and Plasma/Catalysis of the Pyrolysis Vapors
of Waste HDPE (10 wt % Ni/ALO; Catalyst)

catalyst only
8.1

plasma only

15.0

plasma/ catalysis

gas yield (wt %) 333

When the MCM-41 was used alone, the total gas yield was
8.1 wt %. Thermal catalytic reforming with Ni-based catalysts
typically uses catalyst temperatures of ~800 °C; however, at a
low temperature of 250 °C, the catalyst temperature used in
this work, the catalyst was not activated, and there appeared to
be no further cracking or reforming of the pyrolysis gases in the
second-stage catalyst reactor. With the introduction of the
plasma processing (no catalyst), a total gas yield of 15.0 wt %
was obtained, which suggested that the plasma was able to
crack some of the derived plastic pyrolysis gases. The
combination of plasma and the catalyst showed a synergy
because a gas yield of 33.3 wt % was obtained, which was
significantly higher than that obtained by the catalyst only and
plasma only.

Figure 12 shows the composition of the gases obtained from
the experiments. A low hydrogen yield of only 0.1 mmol
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Figure 12. Comparison of the gas composition from catalysis, plasma
alone, and plasma/catalysis of the pyrolysis vapors of waste HDPE.

g_lplasﬁc and no formation of carbon oxides were obtained
when the MCM-41 alone was used, implying that no further
cracking of the pyrolysis gases or steam reforming occurred in
the second-stage reactor at the catalyst process temperature of
250 °C. The product gases comprised CH, and also C,—C,
hydrocarbons with a yield of 1.9 mmol g_lplasﬁc.
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Using plasma alone (no catalyst) at 80 W for the steam
reforming of the plastic pyrolysis gases produced 5.3 mmol
g_lplastic of hydrogen and 0.8 mmol g_lplastic of CO, suggesting
that catalytic steam reforming of the pyrolysis gases was taking
place. In addition, 0.9 mmol g_lplasﬁc of CH, and 2.6 mmol
g_lplastic of C,—C, hydrocarbons were produced. In the absence
of any catalyst or support material, packing in the discharge
zone of the reactor prevents any formation of filamentary
microdischarges that are generated over the dielectric surface
of the support packing material and extending across the
discharge gap between the electrodes of the plasma reactor.**
However, the presence of the plasma generated reactive
radicals from the interaction of the pyrolysis gases and the
plasma producing various reactions in the gas phase to produce
syngas and light hydrocarbons. Other researchers have
reported similar findings for plasma—gas interactions.”"**

For the plasma/catalytic steam reforming of the plastic
pyrolysis gases, with the plasma maintained at 80 W and in the
presence of the 10 wt % Ni-MCM-41 catalyst, the total gas
yield was markedly increased to 33.3 wt %. It is clear that
catalytic steam reforming of the pyrolysis hydrocarbon gases
occurred resulting in the production of 18 mmol g_lplasﬁc of
hydrogen and 2.5 mmol g_lplasﬁc of CO. In addition, the yield
of the other gases was also higher than in the case of the
catalyst alone or plasma alone, with the production of 1.8
mmol g_lplasﬁc of CO,, 2.1 mmol g_lplasﬁc of CH,, and 3 mmol
g_lplasﬂc of C,—C, hydrocarbons. This indicates that at the low
experimental temperature used of 250 °C, the conversion of
the pyrolysis gases into syngas and other hydrocarbons took
place via plasma-induced catalytic reactions. Clearly, the
interaction of the plasma and the catalyst has produced a
synergy, which is greater than what was produced in the
plasma alone or catalysis alone reaction environments. The
catalyst was only effectively activated in the presence of the
plasma, and the pyrolysis hydrocarbons were steam reformed
in the presence of the catalyst. The plasma/catalysis enhanced
both the yield and selectivity of the gaseous products. In the
case of the plasma/catalysis, the plasma served as the heat,
electron, and radical source.”’ Synergy in plasma/catalysis has
also been reéported by other researchers.”*®® For example,
Zhang et al.°° demonstrated a synergy in the plasma/catalytic
dry reforming of methane using different Cu-Ni/y-Al,O;
catalysts. They attributed this to surface adsorption of reactive
plasma species followed by the recombination of the adsorbed
species.

The mechanism of the synergy effect may be suggested in
that the plasma—catalyst combination affects the conversion in
two possible ways. First, the plasma and the catalyst can
separately affect the gas conversion by inducing plasma
chemical reactions and by lowering the activation barrier of
the process, respectively. Second, the mutual interaction of the
plasma and the catalyst can affect the process. The roughness
and porosity of the catalyst can enhance the electric field,
which directly affects the electron density distribution function
and thus the electron impact dissociation and ionization rates.
The discharge is also changed from filamentary to a mixture of
surface discharges, which leads to increased electron impact
reaction rates. The reactants can also be adsorbed on the
catalyst surface resulting in a longer retention time in the
reactor and therefore increased conversion of the volatiles. On
the other hand, the plasma can affect the physicochemical
properties of the catalyst by increasing the adsorption
probability and the total surface area of the catalyst. In
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addition, the formation of strong microdischarges can result in
the formation of hot spots, which can locally activate the
catalyst thermally. In addition, one of the advantages of the
plasma/catalytic process is that it operates at a low
temperature, for example, at 250 °C in this work. However,
although, the overall temperature of the DBD plasma/catalyst
reactor was 250 °C, the interaction of the plasma and the
catalyst can generate local high-temperature hot spots due to
microdischarges.”> Therefore, the higher temperatures re-
quired for efficient thermal catalytic steam reforming may be
achieved in local regions of the plasma/catalyst surface and
pores.

3.2.6. Stability of the 10 wt % Ni/MCM-41 Catalyst.
Maintaining the activity and stability of the catalyst during the
pyrolysis—plasma/catalysis process is important for the
development of the process. The most effective catalyst for
the production of total gas, syngas, and hydrogen was the 10
wt % Ni/MCM-41 catalyst and was subjected to a catalyst
stability test over six experiments. The experiment was carried
out by using the same catalyst under plasma/catalyst
conditions, with the same catalyst in the discharge zone and
replenishing the plastic feedstock plastic for each of the six
experiments. Thereby, a total catalyst time on-stream of 3 h
was used. The plasma was sustained at 80 W, and a steam flow
rate of 2 g h™' was used. Figure 13 shows the gas composition
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Figure 13. Gas composition from pyrolysis—catalysis of waste HDPE
using the same Ni/MCM-41 catalyst for 3 h.

during the 3 h experiment. It can be seen from the figure that a
quite stable yield of all the gases was obtained over the 3 h
catalyst on-stream period, implying that the catalyst was stable
and active for the duration of the process, albeit a relatively
short period of testing.

The pyrolysis—plasma/catalytic steam reforming of waste
plastic (HDPE) with the different support materials showed
that the highest hydrogen yield achieved was 11 mmol g_lplasﬁc
with the MCM-41 material. When nickel was added to the
different materials, the highest hydrogen yield was produced
with the 10 wt % Ni-MCM-41 catalyst at 18 mmol g_lplamc.
The yield of hydrogen is disappointingly low compared with
reported yields of hydrogen from the nonplasma processing of
waste plastics using conventional pyrolysis—catalytic steam
reforming. For example, fluidized-bed pyrolysis—catalytic
steam reforming of polypropylene produced a hydrogen yield
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of 168 mmol g_lplasﬁc,u and two-stage spouted-bed fluidized-
bed pyrolysis with fluidized-bed catalytic steam reforming
produced a hydrogen yield of 185 mmol g~ plasnc from
polyethylene.”” The advantage of these examples was that
they were a continuous operation, which carries the potential
for ease of scaling up. Meanwhile, the pyrolysis—plasma/
catalytic steam reforming of plastics described in our work
used fixed-bed reactors. Scaling-up the reactor system is the
key to the development of the process, which is difficult for
plasma/catalysis processes due to the low economies of scale.”’
Indeed, in a recent “roadmap” for the development of plasma/
catalysis technologies, it has been suggested that it is unrealistic
to expect plasma/catalytic processes to be scaled up to
compete with large-scale thermal catalytic processes, such as
that used for the commercial production of hydrogen from
natural gas by catalytic steam reforming.’” Rather, it is
proposed that the role of plasma/ cataly51s 1s better suited to
small-scale units operating in niche areas.”” The small-scale
pyrolysis—plasma/catalysis of waste plastics may therefore have
a role to play in the future sustainable management of waste
plastics but for localized areas, where the waste plastics are
generated, collected, and treated locally. That scenario
presupposes that the process can be developed to ensure
that higher yields of hydrogen are produced since it should be
emphasized that the advantage of the plasma/catalysis process
is the low overall operating temperature of the plasma/catalyst
reforming reactor at 250 °C compared to thermal catalytic
reforming at ~800 °C. In addition, the plasma technology is
reported to have low investment and operating costs and can
be supplied on a modular basis for distributed use.®”

4. CONCLUSIONS

Nine different substrates were tested for their activity in the
pyrolysis—plasma/catalytic steam reforming of waste plastic
(HDPE) pyrolysis gases. Despite the similar reaction
conditions, different packing materials performed differently
in terms of the gas yield and composition, indicating the
important role played by the catalyst in the plasma/catalysis
process. Among the tested materials, MCM-41 gave the best
performance with a gas yield of 29.2 wt % and a hydrogen yield
of 11 mmol g_lplasﬁc. The different properties of the materials
such as the BET surface area, the BJH pore volume, and the
dielectric constant affected the plasma/catalyst interactions
and their activities in the reactions. The influence of particle
size on the yield of total gas, syngas, and hydrogen was
investigated using different sizes of the MCM-41, and the
smallest particle size gave the highest yield of hydrogen.
Increasing the amount of the catalyst in the discharge zone
(increasing the catalyst:plastic ratio) increased the yield of total
gas, syngas, and hydrogen. Nickel was impregnated on some
selected support materials and the catalysts used for pyrolysis—
plasma/catalysis. The performance was enhanced in the case of
Ni/MCM-41 and Ni/Y-zeolite catalysts, but no improvement
in the catalytic activity was observed in the case of Ni/BaTiO;.
The 10 wt % MCM-41 catalysts produced the highest
hydrogen yield of 18 mmol g_lplasﬁc. The Ni/MCM-41 and
Ni/Y-zeolite enhanced the hydrogen production from the
pyrolysis—plasma/catalysis of the plastic, which was linked to
their low dielectric constant and the high surface area and
porosity, which affected their discharge properties and thereby
their catalytic activity. A catalyst stability test carried out with
the Ni/MCM-41 for 3 h revealed a stable yield of all the gases,
which indicates the catalyst’s stability and activity after 3 h of
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catalyst on-stream. This study shows that different catalyst
support/packing materials have different effects on the plasma-
induced discharge in the plasma/catalysis reaction environ-
ment. Among the catalyst support materials tested in this
study, the materials with a high surface area and porosity and a
low dielectric constant showed a better improvement of the
discharge and consequently enhancement of the catalytic
activity for the catalytic steam reforming of waste plastic.
Furthermore, synergy of the plasma/catalysis system depends
on the properties of the support packing materials used in the
discharge zone. However, other factors such as the surface
chemistry of the materials used in the plasma/catalyst zone
should be considered as influencing factors on material
performance in relation to hydrogen yield, for example, the
surface chemistry, acidity and basicity of the material, the
dispersion and particle size of the active metal on the catalyst
surface and within pores, the use of metal promoters to
enhance hydrogen yield, etc. Such factors may in fact have a
more significant impact on hydrogen yield for the development
of the pyrolysis—plasma/catalytic processing of waste plastics
for production of hydrogen.
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