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Abstract: Sustained increase in plastic use has placed a significant burden on waste disposal infras-
tructure. Pyrolysis is the process of decomposing high-molecular-weight compounds by heating
waste plastics at 500–1000 ◦C without oxygen. This process considerably reduces greenhouse gas
emissions and has a high alternative energy effect (0.57 TOE ton−1). After a separation process, the
oil produced by pyrolysis (C5–C20) can yield naphtha oil (C6–C7). Subsequently, hydrogen can be
produced through a reforming reaction of this naphtha oil. Here, we produced hydrogen from waste
plastic pyrolysis oil over a Ni/Ce-Zr-Mg/Al2O3 catalyst using a steam reforming process. A model
oil combining the major substances of C6 and C7 (hexane, hexene, heptane, heptene, and toluene)
was formed. From the reaction products, the hydrogen yield was obtained based on analysis of
H2, CO, and CO2 concentrations using gas chromatography. The effect of N2 and O2 addition on
hydrogen yield was analyzed within a temperature range of 750–850 ◦C, steam/carbon (S/C) ratio
of 0.6–4, and space velocity of 7600–19,100 h−1. In addition, a durability test was performed using
3 wt.% Ni/Ce-Zr-Mg/Al2O3 catalysts for 100 h; a hydrogen yield of 91.3% was maintained from the
refined waste plastic oil.

Keywords: waste plastic; hydrogen; oil pyrolysis; Ni catalyst; steam reforming

1. Introduction

A recent surge in single-use plastics resulting from contactless technologies and the
COVID-19 pandemic is threatening international environmental standards and contributing
to various social problems. Reductions in the generation of plastic waste are fundamental
to circular economy and carbon neutrality strategies. Processing mixed waste plastic is
challenging. Recently, waste plastic pyrolysis and chemical recycling technologies have at-
tracted interest for dealing with plastic waste and reducing greenhouse gas emissions from
incineration. Chemical recycling refers to the process of transforming a macromolecule
plastic into a monomer or polymer state through pyrolysis or chemical reaction [1]. Pyrol-
ysis, a representative technology of chemical recycling, involves a chemical reaction that
transforms plastic through redox decomposition under mid-high temperatures (400–600 ◦C)
and without oxygen conditions into low-molecular-weight compounds [2], and produces
gas or oil.

The major plastic types include LDPE (low-density polyethylene), PP (polypropy-
len), PVC (polyvinyl chloride), HDPE (high-density polyethylene), PS (polystyrene), PET
(polyethylene terephthalate), ABS (acrylonitrile butadiene styrene copolymer), and EPS
(expanded polystyrene), among others. Thermoplastic PET is extensively used in textiles,
film, and beverage bottles, and is a major cause of plastic waste [3]. When mixed plastic is
processed using waste plastic pyrolysis, the quality of the recycled plastic is similar to that
of crude oil-based plastic [4]. Greenhouse gases are emitted during the production, usage,
and discarding processes of petroleum-based plastics. In the European Union, demand
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for recycled naphtha has increased and regulations for waste plastic have become more
stringent. By 2030, all nations aim to have prioritized chemical recycling to reduce major
greenhouse gas emissions through decarbonization of the industrial sector [5].

As a recyclable supply material, hydrogen production through direct reforming has
the advantage of being able to utilize CO2, as opposed to methods such as partial oxida-
tion(POX) or steam reforming (SR). In general, the SR process under high temperatures
(700–1000 ◦C) does not require oxygen input; unlike POX and ATR, the operating tem-
perature of the reactor is low, and a mixed gas of H2 and CO in a 3:1 ratio is produced.
For hydrogen production, SR is generally applied in industries owing to its high thermal
efficiency (up to 85%). To begin the reaction, energy input is required and the process
involves an endothermic method that does not require oxygen gas. H2 is mainly formed by
SR natural gas, naphtha, and light hydrocarbon. Using biomass such as waste plastic is
carbon-neutral; moreover, it offers an efficient and green solution, as the sulfur content is
low. Hydrogen production is available with catalysts [6,7]. Dry reforming of hydrocarbons
requires high temperatures (700~1000 ◦C) due to a highly endothermic reaction [8,9]. One of
the advantages is the operation at atmospheric pressure, hence the process does not require
equipment to maintain high pressure. The production of syngas from the dry reforming of
hydrocarbon is influenced by the simultaneous occurrence of side reactions, including the
reverse water–gas shift (RWGS) reaction. Due to the low enthalpy, it is thermodynamically
advantageous, but the hydrogen generated by the RWGS reaction is consumed and the
H2/CO ratio is lowered due to the production of carbon oxides. In addition, one of the
technical challenges in the DR reaction is the inactivation of the catalyst due to carbon
deposition or sintering of the Ni catalyst [10,11].

Bona et al. [12] compared hydrogen production from SR in toluene using the Ni/Al
catalyst in a reaction where no catalysts were used. In this reaction, the carbon conversion
rate was only 3.7%, compared with 56.4% for the Ni/Al catalyst reaction. In addition, a
conversion rate of 71.6% was observed from the Ni/Co/Al catalyst, and a higher rate of
75.8% was reached in the Ni/Al/La catalyst reaction where La was added. Thus, the use of
Ni/Al-type catalysts is advantageous for reforming C7 (toluene).

Kontchouo et al. [13] reported impacts of structural difference of aliphatic and aromatic
hydrocarbon from steam reforming of toluene and n-hexane over Ni/SBA-15 catalyst. The
linear chain structure of n-hexane and the low methane yield in the steam reforming of
toluene made the decomposition of the aliphatic chain of n-hexane more likely to produce
CH4. Cracking of the aliphatic chain of n-hexane will form abundant CHx species, and
reaction with hydrogen radicals can readily form CH4. In contrast, toluene has only one
methyl group superconjugated to the benzene ring. As a result, a low yield of methane
was formed. The CO yield increased exponentially between 550 and 750 ◦C for both steam
reforming of toluene and n-hexane. This rapid increase in CO yield may be caused by the
revers water–gas shift (rWGS) reaction or coke gasification by CO2.

The catalyst treatment process is comprised of the catalyst, catalyst support, and
catalyst promoter stages. Precious metal catalysts for reforming reactions (e.g., Ru, Rh,
Pd, and Pt) have high activation and resistivity to carbon deposition; however, the cost
is also high. Catalysts with Ni, Co, or Fe (as) active materials show similar activation to
precious metal catalysts; however, Ni-based materials may exhibit sudden deactivation due
to carbon formation and sintering [14]. Both precious and nonprecious reactive metals are
used as catalysts, and precious metals are also used as promoters. The use of Ni catalysts
in the SR reaction is commercialized at the industrial scale. In addition, a number of
studies have reported that Ni is the most suitable metal for the SR of hydrocarbons such as
ethanol [15,16]. Ni-based catalysts are often used in reforming reactions due to their low
cost compared with precious metals [17,18]. Ni not only shows the ability to disintegrate
C-C coupling but also has high methanation activation [19].

Dispersion of a small amount of a catalyst substance to provide catalyst support can
contribute to activation of the catalyst [20]. Generally, Al2O3, TiO2, SiO2, and ZrO2 are used
as Ni-based catalyst supports. Among these, Al2O3 is a low-cost, porous support material



Energies 2023, 16, 2656 3 of 14

with a high specific surface area; as such, a homogeneous dispersion effect of Ni on the
catalyst surface is expected [21–24]. If the density between electrons within the metals
increases, the promotion of oxidation–reduction owing to electron movement between the
supporting and activated metals can promote the formation of CH4 and destruction of the
C=O bond by improving the bond between Ni and C [25]. Physicochemical characteristics
of other supporters can significantly affect surface characteristics, the size of the Ni crystal,
catalyst properties, and the reducing property of the catalyst.

Promoters containing oxygen (e.g., CeO2 and ZrO2) can prevent carbon deposition
when Ni- or CO- catalysts are used [26]. CeO2 is highly stable, shows strong adsorption
capacity and oxygen storage capacity, and results in high activation [27,28]. ZrO2 prevents
both the reduction of NiO into Ni metal and the transformation of inactive NiAl2O4 [29].
Carbon is known to form on surfaces where the carrier is acidic and has been reported to
potentially exhibit good catalyst performance by improving the resistivity to carbon forma-
tion when using basic promoters (CaO and MgO). In particular, the addition of MgO could
enhance the dispersion of the catalyst and acidity near Ni within the catalyst. Therefore,
MgO could prevent the agglomeration of the active site of Ni or carbon deposition on the
surface of catalysts [30,31].

Nickel catalysts possessing reasonably high catalytic activity and cheap cost have
been widely used in methane reforming, being supported on many metal oxides, such as
Al2O3, MgO, CeO2, or La2O3 [32]. Nevertheless, the major drawbacks of Ni-based catalysts
are their rapid deactivation and low stability due to coke deposition and the sintering of
Ni components. Bimetallic catalysts have been found to exhibit better performance than
corresponding monometallic systems, probably due to their activity, stability, and coke
resistivity [33]. Therefore, some other transition metal additives (Fe, Co, Pd, Ru, Pt) [34–36]
and supports have been applied to improve the performance of Ni-based catalysts.

Several studies have demonstrated that the threshold nickel nanoparticle size affects
carbon formation; for non-noble metals, in fact, the rate of methane dissociation exceeds
the rate of the oxidation bringing to the carbon formation on the metal as filaments. The
rate of carbon formation is proportional to the nickel particle size, hence, for a size below
2 nm, the carbon formation significantly slows down [37]. Most researchers have prepared
10–20% Ni content of the catalyst for the reforming reaction activity. As the Ni content
increases, the catalyst agglomerates or sinters in the process of calcination and reaction,
so the nickel particle size increases and the specific surface area of the catalyst tends
to decrease.

The aim of this study is to reduce the Ni content to 3 wt% and to manufacture a small
nickel particle size to prevent particle agglomeration for high-temperature calcination and
reaction, thereby minimizing carbon deposition. Ni metal is relatively cheap, the Ce com-
ponent has high oxygen storage capacity, the Zr component has high redox reaction ability
because it has acid–base properties at the same time, and MgO prevents carbon deposition
and improves Ni dispersion. By impregnating these components into an Al2O3 carrier with
a large surface area, a Ni/Ce-ZrO2/MgO-Al2O3 catalyst with excellent durability and high
temperature resistance in reforming reactions is prepared. In particular, conditions such as
temperature, space velocity, and steam/carbon (S/C) ratio play an important role in the
reforming reaction of C6–C7 oil from the pyrolysis of waste plastic. It is to find conditions
that can maximize hydrogen yield and minimize unreacted materials at the same time.

2. Materials and Methods
2.1. Catalyst Preparation

The catalyst used in the present study was prepared by Ni-7Al2O3 to produce 3 wt.%
Ni/Ce-Zr-Mg/Al2O3 (Figure 1), and the zirconium nitrate (Zr(NO3)4) and cerium acetate
solution (CH3CO2)3Ce·6H2O) were loaded into a slurry-state. Solution (1) was created
by mixing uniformly at ~500 rpm, stabilizing at 40 ◦C, and then putting the 7-alumina
ball in the Ce-ZrO2 solution, then leaving it for 60 min. The 7-alumina solution was
evaporated using an evaporator at 40 ◦C and 90 rpm for 60 min, and then heated for 3 h at
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900 ◦C (5 ◦C/min) in a furnace to obtain powder. Thereafter, Ni (II) nitrate solution and
magnesium nitrate were mixed to produce a slurry-state solution (solution 2). Solution (2)
was impregnated into powder (1) and heated for 6.5 h at 750 ◦C (3 ◦C/min) in a furnace to
produce the catalyst Ni/Ce-Mg-Zr/Al2O3.
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Figure 1. Block diagram detailing the synthesis process of 3 wt.% Ni catalyst for steam reforming of
pyrolysis oil [38].

2.2. Catalyst Analysis

To analyze the properties of the 3 wt.% Ni/Ce-Zr-Mg/Al2O3 catalyst surface, the
specific surface area during the physisorption of N2 (−196 ◦C) at 300◦C was measured
using the Brunauer–Emmett–Teller (BET) method. The catalyst surface was characterized
by BET (ASAP2020 Plus version 1.02, Micromeritics, Norcross, United States) at the center
for advanced materials analysis at Suwon University. The surface and composition of the
catalyst were identified using SEM (FEI-Apreo Scanning Electron Microscope, Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, the catalyst was desiccated for ~1 h at
120 ◦C and coated with metal (Au) for measurement at a voltage of 10 kV with a Mode2
(Detector T1, T2). X-ray diffraction (XRD) was used to analyze the catalyst compositions
using a Philips Xpert Power Diffractometer and PAN analytical(USA) at the Center for
Advanced Materials Analysis, Suwon University. The catalyst specimen powder was
pretreated for ~5 h at 250 ◦C to remove moisture under a N2 gas flow. Measurements were
performed using Cu-Kα radiation, scanning speed of 8 θ min−1, 2θ range of 10–80◦, beam
conditions of 30 mA and 40 kV, and a fixed specimen axis of 5◦. Catalyst-binding energies
before and after the reaction were analyzed using X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, K-Alpha plus model). The thermal stability of the catalyst was
measured using a TGA (TGA 4000, Perkin Elmer, Waltham, MA, USA) by increasing from
30 ◦C to 900 ◦C at a rate of 10 ◦C min−1.

2.3. Experimental Method and Procedures

The experimental equipment used in the present study is shown in Figure 2. At the
bottom of the reactor, the Ni catalyst was charged with the plug-flow system (PFS) before
increasing the temperature to the desired extent using the heater. First, a mesh net and
quartz wool were layered at the bottom of the reactor and filled with ~1 g of catalyst.
Then, a k-type sensor was installed to measure the temperature. The reaction product
of the liquid oil and water was quantitatively supplied to about 160 ◦C vaporizer using
the micropump and the vaporized mixed model oil was injected into the reactor. The
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reaction product gas was analyzed in the gas chromatograph after removing nonreactants
and water in the cold trap (~2 ◦C). The products were analyzed with a YL Instrument
6500 System(Anyang, Republic of Korea); two channel columns were an SS COL 10FT
1/8” PORAPACK N (Model: 13052-U) and Phase None, Matrix 45/60 Molecular Sieve 13X.
Hydrogen, methane, and carbon monoxide were analyzed using a thermal conductivity
detector (TCD), and carbon dioxide was analyzed using a flame ionization detector (FID)
with a CO2 methanizer. The gas chromatography (GC) oven temperature was maintained
at 35 ◦C for 0–6 min, and the temperature was increased to ~170 ◦C at a rate of 15 ◦C min−1.
For the FID, hydrogen and oxygen were injected at 35 and 300 mL min−1, respectively, at a
temperature of 250 ◦C. For the TCD, hydrogen and argon were injected at 35 and 20 mL
min−1, respectively, at a temperature of 150 ◦C. The byproduct and nonreactants of the
liquid oil were analyzed using the capillary column of GS-Carbonplot.
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Figure 2. Schematic diagram of the pyrolysis oil reforming reactor.

Among C6–C7, substances presented in proportions of 1.5 mol% or more were selected
to create mixed model oils (Table 1) and used as reactants.

Table 1. Mixed model oil concentration.

Boiling Point (◦C) Concentration of
Pyrolysis Oil (%)

Mixed Ratio of
Model Oil (%)

1-Hexene 63.4 1.55 11
N-Hexane 68.7 1.84 12
1-Heptene 93.6 2.77 17
N-Heptane 98.5 2.17 12

Toluene 110.6 6.13 48

Experimental conditions (Table 2) used to ascertain the impact in hydrogen yield
included reaction temperatures of 750–850 ◦C under atmospheric conditions, space velocity
of 7600–19,100 h−1, and a S/C ratio of 0.6–4.

Table 2. Experiment conditions.

Temperature (◦C) 750, 800, 850
Pressure (atm) 1
GHSV (h−1) 7600, 10,000, 15,000, 19,100

S/C ratio 0.6, 2, 3, 4
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The gas that flowed through the reactor was analyzed using the GC, and the hydrogen
yield and carbon conversion rate were determined by the following Equations (1) and (2).

YH2 =
[H2]out

[HSteam,in]+4[Hoil, in ]
× 100 (1)

XC =
Coil, in − Coil, out

Coil, in
× 100 (2)

where XH2 denotes hydrogen yield, XC denotes carbon conversion, Hsteam denotes hydro-
gen in steam, and COil denotes carbons in oil.

3. Results and Discussion
3.1. Catalyst Characterization
3.1.1. Specific Surface Area

The surface area, pore volume, and pore size before (Fresh) and after (Spent) the
reaction are shown in Table 3. The Brunauer, Emmett, and Teller (BET) specific surface area
of the used catalyst increased in comparison with the fresh catalyst. Similar tendencies were
identified by Achouri et al. [39], indicating that catalyst sintering did not occur and that
there was no particle damage or experimental error. As shown by the thermogravimetric
analyzer (TGA), carbon was generated in the catalyst after the reaction, indicating an
increase in the BET specific surface area.

Table 3. Specific surface area of the 3 wt.% Ni/Ce-Zr-Mg/Al2O3 catalyst.

BET Surface Area
(m2/g)

Pore Volume
(cm3/g)

Pore Size
(Å)

Fresh catalyst 2.94 0.001726 47.31 Å
Spent catalyst 5.01 0.007327 56.45 Å

3.1.2. Scanning Electron Microscopy

SEM images at a magnification of 10,000× are shown in Figure 3. The catalyst parti-
cles were similarly distributed before and after the reaction, and there seems to be little
difference in the sintered crystallinity of the fresh catalyst and the spent catalyst, which
were tested for activity over 100 h.
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Table 4 summarizes the composition of the catalyst determined by ICP-OES. The
contents of Ce and MgO in the catalyst decreased slightly, while those of NiO and Zr
remained consistent after reforming.

Table 4. Composition of the 3 wt% Ni/Ce-ZrO2/Al2O3 catalyst before and after reforming.

Metal NiO Ce MgO Zr C *

Fresh (%) 3.1 1.3 3.1 2.6 0
Spent (%) 2.7 1.1 2.7 2.4 5.8

*: Measurement data by SEM energy-dispersive spectroscopy (EDAX).

3.1.3. X-ray Diffraction

XRD analysis results before and after the reaction are shown in Figure 4. The 2θ
diffraction peaks occurred at 20◦, 32◦, 37.3◦, and 62.9◦ and were related to NiO, and those
at 44.55◦ and 78.3◦ were related to Ni metal. The 2θ peaks at 36.9◦, 45.86◦, and 66.91◦ were
related to MgO, and those at 37.4◦, 46.07◦, 58.8◦, and 66.9◦ were related to Al2O3. XRD
spectra were similar before and after the reaction (Figure 4). The main activation points of
the NiO peaks were most pronounced when 2θ = 20◦, 32◦and 37.3◦ in both the Fresh and
Spent catalysts [40,41].
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Figure 4. X-ray diffraction patterns of (a) Fresh and (b) Spent 3 wt.% Ni/Ce-Mg-Zr/Al2O3 catalyst.

3.1.4. X-ray Photoelectron Spectroscopy

The XPS analysis results are shown in Figure 5. Peak locations of the Spent catalyst
were compared using the NIST database, and the 49.67, 72.45, and 530.65 eV peaks were
allocated to Mg1P, Al2P, and O1S, respectively. No new peaks were observed compared with
the Fresh catalyst; however, the C1s spectrum was more pronounced after the reforming
reaction. The C1s spectrum has three peaks at 285.4 eV, 286.9 eV, and 289.4 eV, attributed
to bulk-bonded carbons C-C, CO chemical bonds, and C=O bonds. It was analyzed that
carbon was produced after the reaction in SEM-EDAX (Table 4) and TGA (Figure 6) data,
and the C1s peak of XPS is expected to be carbon deposition. These results were consistent
with the experimental results reported by Li, QX et al. [42]. The main cause of catalyst
deactivation was the reflecting carbon deposition, which was increased by the carbon
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content on the catalyst surface during SR. This can be confirmed in the TGA result that
carbon is converted to CO2 and a peak occurs.
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3.1.5. Thermogravimetric Analysis

The results of TGA analysis before and after the reaction are shown in Figure 6. Almost
no mass change was observed in the Fresh catalyst. In the Spent catalyst, a mass reduction
of ~3 wt.% began at ~571 ◦C following 100 h of reaction. The mass reduction was volatile
due to the reaction of carbon deposited on the catalyst with oxygen in the air [13].
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3.2. Effect of Temperature on Hydrogen Yield

As shown in Figure 7, hydrogen yield, CO, and CO2 increased with increasing exper-
imental temperature, while CH4 concentration rapidly decreased. This implies that the
reaction temperature significantly impacted catalyst reactivity and stability. The higher the
reaction temperature, the more advantageous it is for heat absorption of the SR process,
hydrocarbon decomposition from H2O and CO2, and oxidation of the carbon intermedi-
ate [43]. Gaseous products were produced in the order of H2 > CO > CO2 > CH4. H2 yield
increased rapidly from 43% to 81% (750–850 ◦C), and CO yield increased from 1% to 36%,
whereas CH4 yield decreased significantly from 70% to 1%, or below. The phenomena can
occur more favorably during the reaction between CO2 and H2O and carbon deposition
because the reaction temperature is higher. These results are similar to those reported
by Yoon et al. [44] for toluene activation. The hydrocarbon reforming reaction is highly
endothermic; activation and hydrogen yield increase with increasing temperature.
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3.3. Effect of Space Velocity on Hydrogen Yield

As shown in Figure 8, the hydrogen yield was maintained at ~80% until a space
velocity of 13,000 h−1, but decreased to 70% thereafter. Only minor changes in CO, CO2,
and CH4 concentrations were observed. A general tendency for decreasing hydrogen yield
with increasing space velocity was observed.
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This is because an increase in GHSV shortens the time during which the reactants oil
and water are in contact with the catalyst, thus reducing the quantity of reactants adsorbed
onto the surface of the catalyst. The hydrogen yield is kept constant up to a certain GHSV,
but above the critical GHSV, the reaction time in the catalyst layer is short and the hydrogen
yield is low. The critical GHSV of this reaction is about 13,000h-1. These results were
consistent with the experimental results reported by N. Phongprueksathat et al. [45].

3.4. Effect of S/C Ratio on Hydrogen Yield

The steam/carbon(S/C) ratio varied at 0.6, 2, 3, and 4 under conditions of 850 ◦C and
10,000 h−1 (Figure 9). With increasing S/C ratio, H2 and CO2 concentrations increased,
while CO and CH4 tended to decrease. During the SR reaction, the greater the carbon
number, the more the carbon deposition produced. Therefore, previous reports state that a
moderate adjustment in the S/C ratio can prevent carbon deposition on the catalyst layer.
Our results are attributed to the advantageous conditions for oxidation in addition to the
water gas shift (WGS) reaction. Meanwhile, the H2 yield increased because of the increase in
steam. In particular, the highest H2 yield was observed at S/C = 3 but was slightly reduced,
owing to a reverse effect of the catalyst activation at S/C = 4. This may have reflected
reduced catalyst activation because of adsorption saturation of the vapor at the catalyst
surface [46]. Excessive water input induces heat absorption and causes additional energy
consumption while reducing pyrolysis oil decomposition [47]. Gao et al. [48] studied SR of
the benzene catalyst through the NiO/ceramic catalyst and determined that a high S/C
ratio inhibited activation of the catalyst. In reality, a high S/C ratio is not recommended
owing to the cost of gas–liquid separation, high energy input for steam generation, and the
possibility of sintering at the activation site.
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3.5. Effect of Oxygen and Nitrogen Addition on Hydrogen Yield

We tested the effect of injecting oxygen or inert gas (N2) at 12 mL min−1 (Table 5). The
hydrogen yield was 94.6% after adding oxygen, compared with 81.1% after adding nitrogen.
The addition of oxygen increased the activation of the reforming reaction and prevented
carbon deposition. Due to the inert gas nitrogen, the mass transport effect was improved,
but the chance of contact between the catalyst and the reaction gas was lowered, resulting
in blocking the reaction opportunity. From the experimental data, it is predicted that the
reaction effect dominates the mass transport effect and the hydrogen yield is reduced. Li
and Wang [25] reported that oxygen prevented the deactivation of Ni- and CO- catalysts,
owing to carbon deposition.
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Table 5. Effect of O2 and N2 addition on H2 yield.

S/C
GHSV

(h-1)

Reaction Material (mL/min) H2 Yield
(%)Oil H2O O2 N2

2 10,000 0.058 0.113
0 12 81.1

12 0 94.6
0 0 90.1

When the internal pressure of the reactor increased due to the carbon deposition
therein, experiments confirmed that the additional injection of oxygen lowered the internal
pressure of the reactor and also restored the reaction activity.

3.6. Effect of Single Components on Hydrogen Yield

Figure 10 shows the hydrogen yield for single components under a reaction temper-
ature of 850 ◦C, S/C = 2, and a space velocity of 10,000 h−1. As shown in the figure, the
hydrogen yield of toluene, an aromatic hydrocarbon, was about 95%, compared to the hy-
drogen yield of about 70–76% for aliphatic hydrocarbons. In addition, in the case of toluene
steam reforming, the difference between the CO component and the CO2 component was
higher than that of the aliphatic compound, which is considered to be due to the steam
reforming reaction and the rWGS reaction by water. These results were consistent with
the experimental results reported by Kontchouo et al. [13]. The hydrogen yield was the
highest for the aromatic compound toluene, followed by hexene, hexane, heptane, and
heptane. The hydrogen yields of the alkene compounds were higher than those of the
alkane compounds, and increased as the number of carbon atoms increased.
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3.7. The Durability and Activity Test of the Catalyst

Experimental results of the durability test of the catalyst 3 wt.% Ni/Ce-Zr-Mg/Al2O3
under a reaction temperature of 850 ◦C, S/C = 2 and a space velocity of 10,000 h−1 are
illustrated in Figure 11. For approximately 100 h, a consistent activation was maintained at
a hydrogen yield between 90–93% and carbon conversion rate between 93–95%. In addition,
a stable activation and durability of the 3 wt% Ni/Ce-Zr-Mg/Al2O3 catalyst was observed.
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4. Conclusions

In this study, we performed hydrogen production through the SR reaction of waste
plastic pyrolysis oil over a 3 wt.% Ni/Ce-Zr-Mg/Al2O3 catalyst. The results were as follows:

Hydrogen yield increased as reaction temperature increased from 750–850 ◦C. The hy-
drocarbon reforming reaction was highly endothermic and the reaction activation increased
with increasing temperature.

Within the 7600–19,000 h−1 range, hydrogen yield was maintained at ~80% up to a
space velocity of 13,000 h−1, but decreased thereafter to 70%. The optimal space velocity
for producing hydrogen was 10,000–12,000 h−1.

Hydrogen yield increased as the S/C ratio increased from 0.6–4; at the same time,
methane concentration and carbon deposition decreased. However, the optimal S/C ratio
was ~2 because excessive water injection above this value absorbed significant heat and
resulted in energy consumption.

The addition of oxygen increased the hydrogen yield by ~2%; at the same time, activa-
tion was maintained and the carbon deposited on the catalyst was removed via oxidation.

Constant activation was maintained during a 100 h durability test of the 3 wt.% Ni/Ce-
Zr-Mg/Al2O3 catalyst performed at 850 ◦C for 10,000 h−1 with S/C = 2; the test produced
a 90–93% hydrogen yield and carbon conversion rate of 93–95%. In summary, the catalyst
had good durability.

In the future, we will determine the optimal conditions for model oil, and conduct
experiments using actual waste plastic pyrolysis oil. Furthermore, we aim to conduct
experiments by applying the findings from an active hydrogen production demonstration
plant. We intend to apply these experimental findings to the construction of waste plastic
production plants.
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