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ARTICLE INFO ABSTRACT

Keywords: The growing amounts of plastic waste and CO, emissions are two environmental threats that require urgent
Carbide attention. Pyrolysis combined with dry reforming (PCDR) is a technology that allows both CO, utilization and
Catalysts resource recovery from waste plastic. New catalysts for PCDR are crucial for developing efficient and stable
g;;;e)gr:znagement processes that can be widely implemented in the industry. In this study, Ni/MgAl,O4 catalysts modified using

Sustainable production different transition metal (Ti, Mo, W) carbides were investigated in the PCDR of low-density polyethylene (LDPE)

Co2 and polystyrene (PS) with emphasis on syngas yield, Ho/CO ratio, product distribution, and catalyst deactivation.
In addition, the effect of reforming temperature and process pressure was investigated. The catalysts were
characterized using Hy-TPR, CO2-TPD, Ny physisorption, XRD, TEM, XPS and TGA. The combined character-
ization and activity tests demonstrated that modification with different metal carbides affects the structure and
activity of Ni/MgAl,O4 catalysts in relation to product yields, syngas composition, and catalyst stability. The
investigation revealed that modification of nickel catalysts with different transition metal carbides enables
manipulation of syngas composition, which is of great importance because different industrial processes require
synthesis gas with different Ho:CO ratios. Moreover, mixed outcomes were observed when different plastic
feedstocks were used in the PCDR, indicating that different metal carbide-modified catalysts may be suitable for
the process depending on the feedstock used. Regarding the effectiveness of synthesis gas production and catalyst
stability, the most promising catalyst was the Ni-TiC/MgAl,O4 catalyst. According to the obtained results,
modification with TiC resulted not only in increased synthesis gas production but also in reduced carbon
deposition in PCDR of both LDPE and PS.

1. Introduction

Climate change and the growing amount of contaminants in the
environment are threats of global importance that require urgent man-
agement. The European Union target linked to the circular economy is to
achieve municipal waste recycling of 55% and 65% by 2025 and 2035,
respectively. What is more, the maximum limit for plastic waste storage
in landfills cannot exceed 10% by 2035. In 2020, the high demand for
plastic materials led to a global production of 367 Mt [1]. During the
past 60 years, only 9% of the plastic waste produced has been recycled
[2]. This clearly indicates the need for other waste-management
methods. Currently implemented treatment techniques include landfill
and incineration. While landfilling waste plastics has no economic
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benefits, waste incineration allows the recovery of raw materials in the
form of thermal energy. However, both methods result in the release of
harmful substances into soil, groundwater, and air [3,4]. As specified by
the European Union’s sustainable development policy, landfilling and
incineration of waste must be reduced and step by step replaced by
other, more environmentally friendly methods of waste management
[5]. Another emerging environmental issue is the constantly increasing
emissions of greenhouse gases (GHGs), which contribute to climate
change [6-8]. Among them, carbon dioxide, owing to its leading content
in the atmosphere, is characterized by the largest contribution to the
greenhouse effect. Therefore, carbon capture and utilization technolo-
gies have received significant attention. The development of a
pro-environmental technology that combines plastic waste processing
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Fig. 1. Simplified scheme of catalysts’ preparation.

and CO; utilization is fundamental for a circular economy and sustain-
able development.

The pyrolysis-catalytic-dry reforming (PCDR) process holds great
potential for utilization of both carbon dioxide and residual plastic
materials. This technology allows for resource recovery and valorization
of plastic waste - hydrocarbon carriers, which may serve as suitable
feedstock for generating valuable outputs like hydrogen and syngas,
which find extensive application across different industries. [9-11].
PCDR involves two stages: pyrolysis of plastic feedstock and subsequent
dry reforming of obtained hydrocarbons. The dry reforming of hydro-
carbons can be expressed by overall Eq. 1. It is highly endothermic
process, for instance, depending on the hydrocarbon feedstock, AH is
equal to 428.1 kJ/mol [12], 817.1 kJ/mol [12] and 644.8 kJ/mol [13]
for ethane, butane and propane, respectively. Therefore, suitable cata-
lysts are crucial to reduce required thermal energy. So far, there are only
a few reports in the literature regarding tests of catalysts in PCDR pro-
cesses, and they are mainly based on nickel or cobalt, owing to their
reduced expense relative to noble metals. However, currently used
catalysts suffer from deactivation and are not sufficiently effective,
which prevents such technology from being accepted and widely applied
for waste plastics [9,14,15].

CiHy + xCO, = 2xCO + y/2 Hy AH > 0 e))

Transition metal carbides (TMCs) have gained attention as catalysts
for many catalytic processes, such as CO oxidation, hydrogenation, and
dry reforming (DR) of hydrocarbons, as they exhibit advantageous
characteristics like elevated catalytic activity, thermal stability, and the
ability to withstand the presence of impurities such as sulfur and chlo-
rides within the reaction environment. [16-19]. Moreover, their cata-
lytic activity has been reported in dry reforming, not limited to methane,

but extending to other hydrocarbons as well., which makes them suit-
able candidates for the reforming of hydrocarbons generated in the
pyrolysis step of PCDR [13,20-22]. Furthermore, in the dry reforming
reaction, TMCs posess extraordinary potential to reduce the formation of
carbon deposits due to the unique oxidation-recarburization cycles they
undergo under DR conditions. In the oxidation step, CO» is reduced to
carbon monoxide. Subsequently, during the recarburization step, carbon
atoms derived in hydrocarbon cracking and CO disproportionation are
built into the structure of carbide, which hinders catalyst deactivation
by forming carbon deposits on the surface of the catalyst [16,18,19].
Moreover, in the literature, there are reports indicating the beneficial
effects of modifying TMC catalysts with nickel on the dry reforming
process, such as promoting structural stability and decreasing Ni particle
size, hence improving catalytic performance [23-28]. Additionally, the
addition of other metals to the carbide catalyst may increase the Hy/CO
ratio of the syngas generated in the DR. Therefore, the integration of a
carbide catalyst alongside a conventional metal oxide-based nickel
catalyst presents a viable approach, enabling the creation of an efficient
and stable process for the production of high-quality synthesis gas.

Therefore, this study presents the first approach to the use of cata-
lysts modified with transition metal carbides in the process of pyrolysis
combined with the dry reforming (PCDR) of plastic waste. Catalysts
NngA1204, Ni—TiC/MgA1204, Ni—MOzC/MgA1204 and Ni-WC/MgA1204
were investigated to determine the effect of the modification with metal
carbides in relation to syngas yield, H,:CO molar ratio, catalyst deacti-
vation as well as product distribution. The impact of plastic feedstock
was investigated using two polymers representing different types of
plastic waste in the environment: low-density polyethylene (LDPE) and
polystyrene (PS). In addition, the effect of reforming temperature and
process pressure was investigated.
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2. Materials and methods
2.1. General procedure for synthesis of catalysts

Magnesia-alumina spinel was synthesized through chemical precip-
itation in an alkaline medium. Magnesium nitrate and aluminum (III)
nitrate were dissolved in deionized water to achieve an Mg?**A1** molar
ratio of 0.5. The solution’s pH was adjusted to 10 using a 25% aqueous
ammonia solution while constantly stirring. The resultant MgAl,04
precipitate was then aged at 50 °C for 24 h. After this time, the pre-
cipitate was separated, washed twice with deionized water, and subse-
quently dried at 80 °C. The last step involved calcination for 6 h at 800
°C. The Ni/MgAl,04 catalyst was synthesized through impregnation and
precipitation on a previously obtained magnesia-alumina spinel sup-
port. The MgAl,04 support was suspended within a solution of nickel
nitrate, and the suspension’s pH was subsequently modified to 9 to
facilitate the precipitation of nickel particles. The resulting Ni/MgAl,04
was then isolated, subjected to two rounds of washing with deionized
water, dried at a temperature of 80 °C, and ultimately calcined at 800 °C
for a duration of 6 h.

Catalysts modified with Mo,C and WC were prepared using tem-
perature programmed pyrolysis-carburization of organic-inorganic
precursors, while TiC-modified catalyst was obtained by
impregnation-precipitation method using commercially available TiC
(Sigma-Aldrich). The reagents were added in such an amount that the
nickel particles were 5 wt%, whereas the support:carbide mass ratio was
2:1. A simplified diagram of the catalyst synthesis is shown in Fig. 1.

Ni-TiC/MgAl204 catalyst was prepared using wet impregnation and
precipitation method. Previously obtained MgAl,04 spinel support and
commercial TiC (Sigma Aldrich) were suspended in nickel nitrate solu-
tion. The suspension’s pH was adjusted to 9 to induce the precipitation
of nickel particles. Subsequently, the resulting Ni-TiC/MgAl,O4 was
separated, subjected to two rounds of washing using deionized water,
and dried under vacuum conditions at a temperature of 50 °C for 24 h.
Afterwards, dried powder was calcined at 800 °C for 6 h under inert gas
atmosphere.

The first step in the preparation of the Ni-Mo,C/MgAl,04 catalyst
involved the preparation of an organic-inorganic molybdenum-amine
precursor. The ammonium heptamolybdate was dispersed in deionized
water. Then, aniline was added in a four-fold excess over molybdenum
ions. The solution’s pH was adjusted to 4 by using 1 M HCI until a
precipitate was formed. The suspension of the MoOx-amine precursor
was aged at 50 °C for 4 h. After aging, the solid was separated, washed
with deionized water, and dried at 50 °C for 24 h. The next step involved
the dispersion of the previously prepared Ni- MgAl,04 in water with a
MoOx-amine precursor and stirring for 2 h. The solid was then sepa-
rated, dried, and ground in an agate mortar and pestle. The final step
involved annealing the obtained solid in a tubular reactor under a
continuous flow of argon. The temperature increase was maintained at
10 °C/min until it reached 800 °C. The temperature of 800 °C was
maintained for 5 h, and then the reactor was cooled to room tempera-
ture in an inert atmosphere. After the reactor reached room tempera-
ture, the composite obtained was passivated in a stream of 2% O, in He
for 2 h.

Similarly, the Ni-WC/MgAl204 catalyst was synthesized in two steps:
the preparation of organic-inorganic precursors (W-Ni-saccharide) and
thermal treatment in an inert atmosphere. In the first step, solid
ammonium metatungstate (AMT), nickel nitrate hexahydrate, and the
MgAl;0O4 spinel support were added to an aqueous sucrose solution,
which was then transferred to a stainless-steel reactor with a Teflon
vessel and subjected to hydrothermal treatment at 180 °C for 24 h. The
resulting precursor mixture was withdrawn from the reactor dried under
vacuum at 80 °C. In the next step, the dried powder was placed in a
stainless-steel tube and heated in a tube furnace at 980 °C (heating rate
10 °C/min) for 6 h under an argon atmosphere. After cooling to room
temperature in an argon atmosphere, passivation was performed using a
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2% O5/He mixture (50 ml/min) for 1 h.
2.2. Catalyst characterization

The reducibility and active phase-support interactions were exam-
ined using Hy-TPR analysis. The analysis was carried out in the tem-
perature range of 100-900 °C with a heating rate of 10 °C/min under
10% Hy in Ar (100 ml/min). Prior to the analysis, the catalyst sample
(100 mg) was pre-treated under helium stream (100 ml/min) for 1 h at
100 °C.

The basicity of catalysts was determined using CO2-TPD analysis.
The previously reduced catalyst was saturated under 20% CO5/He flow
at 50 °C for 1 h. Then, the catalyst sample was purged with He stream at
50 °C for 1 h. The CO,-TPD analysis was carried out at the temperature
range from 50 °C to 900 °C with a ramp of 10 oC/min under He stream.
The desorbed CO, was detected using thermal conductivity detector
(TCD) andt desorbed CO, amount was obtained by integrating the TPD
profile.

Nitrogen adsorption isotherms, pore size distributions and total pore
volumes were determined using surface area analyser Micrometrics
Gemini V at — 196 °C. Before conducting the measurements, catalyst
sample underwent a vacuum degassing process at 200 °C for 2 h. Ni-
trogen adsorption isotherms were determined within the p/po range
from 0.05 to 0.99. Specific surface areas were calculated on the basis of
Brunauer-Emmette-Teller (BET) linear equation in the approximate p/pg
relative pressure within the range of 0.1-0.3. Total pore volumes were
calculated based on the final adsorption point. Barrett, Joyner and
Halenda (BJH) methodology was used to determine the pore size dis-
tributions from adsorption branch of the isotherms.

Phase composition of as prepared and spent catalysts were deter-
mined using X-Ray diffraction spectroscopy (XRD). XRD analyses were
carried out using Rigaku Intelligent X-Ray diffraction system SmartLab
equipped with a sealed tube X-Ray generator (a copper target; operated
at 40 kV and 15 mA), a D/teX high-speed position sensitive detector
system. Conditions for obtaining data: 26 range 5-80°, scan step 0.01
and scan speed 1°/min. The Scherrer constant was equal to 0.891.
Optimization of obtained spectra was performed using a pseudo-Voight
function. Rigaku PDXL software was used for analysis of crystal struc-
ture. The identification of all X-ray powder diffraction curves was per-
formed using the COD database as a reference.

TGA patterns were detected by a METTLER TOLEDO thermogravi-
metric analyzer in order to investigate carbon deposits formation on
spent catalysts. The catalyst sample was heated from 25° to 950°C with
heating rate 10 °C/min, in flow of 40 ml/min of air. For reference, also
TGA patterns of fresh catalysts were detected.

Surface composition analysis was performed using X-ray excited
photoelectron spectroscopy (XPS). The analysis was performed based on
the survey spectra and the spectra of the regions for the selected ele-
ments. A multi-chamber UHV analytical system, Prevac, equipped with a
VG Scienta SAX 100 X-ray tube and an aluminum anode equipped with a
VG Scienta XM 780 monochromator emitting radiation with a charac-
teristic line of Al Ko and energy of 1486.6 eV was used for the mea-
surements. The apparatus was equipped with a photoelectron energy
analyzer (Scienta R4000). Pressure in the analysis chamber: not higher
than 1.0E-8 mbar.

The surface morphology was evaluated using microscopic imaging in
bright field scanning transmission microscopy (BF-STEM) mode, map-
ping of the distribution of individual elements, and selective area elec-
tron diffraction (SAED) analysis together with fast Fourier transform
(FFT) analysis for the most active catalytic sample. The analysis was
performed using a high-resolution electron microscope Titan G2
60-300 kV ( FEI). The microscope was equipped with a field emission
(FEG) gun, monochromator, three-lens condenser system, objective lens
system, image corrector (Cs corrector), HAADF detector, and EDS
spectrometer (Energy Dispersive X-Ray Spectroscopy Electron beam
accelerating voltage of 300 kV. The sample preparation for the analysis
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Fig. 2. Experimental set-up for pyrolysis combined with dry reforming process.

Table 1
Product yields, H,:CO molar ratio and CO, conversion in the pyrolysis combined
with dry reforming of LDPE with different catalyst.

Table 2
Product yields, H,:CO molar ratio and CO, conversion in the pyrolysis combined
with dry reforming of PS with different catalyst.

Catalyst No Ni/ Ni-TiC/ Ni-Mo,C/ Ni-wC/
catalyst MgAl,04 MgAl,04 MgAl;04 MgAl;04

Syngas yield 38.55 79.38 80.44 69.13 81.84
[mmol/
Eplastic]

H, yield 12.69 30.63 28.30 25.59 23.43
[mmol/
Zplastic

CO yield 25.87 48.75 52.15 43.53 58.41
[mmol/
8plastic

CH, yield 3.72 3.63 3.75 1.63 0.64
[mmol/
gplastic]

H,:CO molar 0.49 0.63 0.54 0.59 0.40
ratio

CO, 2.41 3.45 3.36 2.27 1.70
conversion
[8/8plastic]

Catalyst No Ni/ Ni-TiC/ Ni-Mo,C/ Ni-wC/
catalyst MgAl,04 MgAl,O4 MgAl,04 MgAl;04

Syngas yield 14.38 38.81 54.90 57.27 26.91
[mmol/
Eplastic]

H, yield 3.96 10.55 13.66 16.27 14.64
[mmol/
gplastic]

CO yield 10.41 28.26 41.25 41.00 12.27
[mmol/
gplastic]

CH, yield 0.62 0.49 0.56 0.54 1.10
[mmol/
Zplastic]

H,:CO molar 0.38 0.37 0.33 0.40 1.19
ratio

CO 1.65 2.16 2.79 2.44 2.57
conversion
[8/8piastic]

consisted of grinding in a mortar, followed by slurrying and homoge-
nization in anhydrous ethanol. The suspension containing the sample
was pipetted and placed on copper grids (200 mesh in 200 mesh)
covered with lacey formvar stabilized with carbon ( Ted Pella) and left
on paper for ethanol evaporation.

2.3. Catalytic activity

Catalytic activity of catalysts was examined during pyrolysis com-
bined with dry reforming of model materials that linger in the envi-
ronment: low-density polyethylene (LDPE) and polystyrene (PS). PCDR
processes were performed in the two-stage reactor system presented in
Fig. 2. The experimental setup comprised two separate fixed-bed re-
actors, each equipped with its own furnace. Argon (50 ml/min) was fed

into the top of the first stage reactor and carbon dioxide (50 ml/min)
was fed into the top of second stage reactor. The dry reforming reactor
was preheated before the pyrolysis stage reactor and maintained at a
consistent temperature of 800 °C. Subsequently, the pyrolysis stage
reactor was gradually heated at a rate of 10 °C/min until it reached a
temperature of 500 °C, where it was sustained for a duration of 30 min.
The resultant pyrolysis gases were directly introduced into the dry
reforming stage reactor, in which catalyst was placed. Catalyst to plastic
mass ratio was equal to 0.5. The generated gases were cooled through a
condenser setup, comprising one condenser operating at room temper-
ature and another condenser cooled by dry ice. This arrangement
effectively captured any condensable liquids. The resulting uncon-
densed gas products were collected in a 25 L gas sample bag. Subse-
quently, gas analysis was conducted using gas chromatography (Clarus
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Fig. 6. H,-TPR profiles for the obtained catalysts: (a) Ni/MgAl,04; (b) Ni-TiC/MgAl»O4; (c) Ni-Mo2C/MgAl;04; (d) Ni-WC/MgAlLO4.

590, PerkinElmer) with thermal conductivity detection. Total amount of
CO,, introduced into the system was calculated from the known flow
rates. Carbon dioxide conversion was determined as gram per gram of
plastic sample according to the formula shown below:

_ [mco,)in — [Mcoy] o

Xco, = 2

[mplaxric] in

where [mco2lin is the weight of carbon dioxide introduced into the
system [g], [mco2]lout is the weight of carbon dioxide in the gas sample
bag [g], and [myiasticlin is the weight of the plastic sample.

In order to determine detailed composition of feedstock in the dry
reforming, standalone pyrolysis processes were carried out in 500 °C
under Ar flow of 50 ml/min. Output gaseous and liquid products ob-
tained in pyrolysis of LDPE and PS were analyzed using gas
chromatography-mass spectrometry technique. Volatile compound
extraction was conducted utilizing headspace solid-phase micro-
extraction (HS-SPME). Before extraction, liquid samples were subjected
to a heating process at 40 °C for 2 min and agitated at a speed of
650 rpm. Before every injection, the fiber was desorbed at 250 °C for
5 min within a specialized desorption apparatus. The extraction process
was executed at 40 °C for a span of 50 min, employing a divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) SPME fiber
with dimensions of 50/30 pm in thickness and 1 cm in length, procured
from Merck Co., New York, USA. Subsequent to extraction, the fiber was
carefully retracted from its vial and introduced into a gas chromato-
graph’s injector for the thermal desorption of analytes at 250 °C for
200 s. This was followed by a secondary desorption within the desorp-
tion apparatus at 250 °C for 5 min. For extractions involving Tedlar
bags, the SPME fiber was positioned within the Tedlar bag port, punc-
turing the membrane, and thus allowing the fiber to be exposed to the

analytes.

The employed GC system incorporated an Agilent 6890 A gas chro-
matograph (Agilent Technologies, Palo Alto, CA, USA) interfaced with a
Pegasus IV time-of-flight mass spectrometer (LECO Corp., St. Joseph,
ML, USA). The column -configuration comprised a 30m x
0.25 mmx 1 um column with an Equity1 stationary phase (Supelco Co.,
Bellefonte, Pennsylvania, USA) and a protective 0.5 m x 0.1 mm guard
column (Restek, Bellefonte, Pennsylvania, USA). Compound separation
within the samples was attained via an optimized temperature program:
commencing at 35 °C (maintained for 2 min) and then escalating at
4 °C/min to a plateau of 250 °C, sustained for an additional 2 min. The
entire analysis duration was approximated 60 min. The ion source was
set at 250 °C, while the detector voltage was adjusted to — 1647 V.
Analyzed ions ranged from m/z 18-450 at a deliberately slow data
acquisition rate of 10 spectra/s, augmenting method sensitivity. For
liquid samples, a multitask autosampler MPS II (Gerstel Co., Miilheim an
der Ruhr, Germany) was integrated to ensure consistent sample
handling and dosing conditions. Data processing was manually executed
utilizing the ChromaTOF software’s peak deconvolution program (LECO
Corp., version 4.51.6.0). Tentative analyte identification was ascer-
tained through an MS library search using the NIST 2011 and Wiley
2010 libraries. A pivotal selection criterion for peaks was a comparative
metric delineating the congruence of a specific chromatographic peak’s
mass spectrum with the reference database spectrum. Employing a
minimal threshold for signal-to-noise ratios enabled the recognition of a
substantial count of chromatographic peaks, thus permitting the detec-
tion of trace compounds. The GCx TOFMS technique, combined with the
peak deconvolution algorithm, greatly assisted in the provisional iden-
tification of compounds present in both liquid and gaseous sample vol-
atile fractions under scrutiny.
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Fig. 7. CO,-TPD for the obtained catalysts: a) Ni/MgAl;O4; (b) Ni-TiC/MgAl;04; (c) Ni-MoyC/MgAl,04; (d) Ni-WC/MgAl,04.

Table 3

BET surface area and total pore volume for catalysts before and after PCDR and total basicity of fresh catalysts.

Catalyst BET surface area [m?/g] Total pore volume [cm®/g] Total basicity
1
Fresh Catalyst after PCDR of Catalyst after PCDR Fresh Catalyst after PCDR of Catalyst after PCDR Immoleoz/g]
catalyst LDPE of PS catalyst LDPE of PS
MgAl;04 74+ 4 - - 0.37 £ 0.02 - - -
Ni/MgAl;04 71+ 4 15+1 79+ 4 0.36 + 0.02 0.07 £ 0.01 0.23 £ 0.01 0.036
Ni-TiC/ 68 +£3 45+ 2 53+3 0.31 £ 0.02 0.19 £ 0.01 0.15+0.01 0.028
MgAl,04
Ni-Mo,C/ 70 £ 4 56 +3 43 +2 0.27 £ 0.01 0.25 £+ 0.01 0.18 +£0.01 0.037
MgAl;04
Ni-WC/ 163 +8 48 +£2 23+1 0.24 £ 0.01 0.17 £ 0.01 0.11 +£0.01 0.055
MgAl;04
3. Results compounds, encompassing alkanes, alkenes, and alkynes in the sam-

3.1. Catalytic activity

The catalytic activity of the catalysts was examined in pyrolysis
combined with dry reforming of two different plastic feedstocks: LDPE
and PS. The composition of gas and liquid products obtained from the
standalone pyrolysis process, which was the feedstock in the dry
reforming stage, was characterized using gas chromatography-mass
spectrometry technique. Obtained chromatograms and detailed tables
containing the list of identified compounds present in the pyrolysis
output stream are presented in Supplementary Data (Fig. S1 and Tab. S1
for LDPE and Fig. S2 and Tab. S2 for PS). In the case of pyrolysis of low
density polyethylene, a number of various aliphatic, cyclic and aromatic
hydrocarbons of a carbon chain length in the range of C5-C20 were
identified in the output stream. The potential emergence of C2-C4

ples, can be inferred from the prominent abundance of specific m/z
values such as 29, 43, and 57 at the chromatogram’s lower retention
times. The methodology employed does not confer the capability to
unequivocally ascertain the presence of the aforementioned chemical
entities due to the prevalent occurrence of the highlighted ionic frag-
ments that can also correspond to many other substances. However, it is
reported in the literature that random-chain scission mechanism, that
occurs during the pyrolysis of LDPE, leads to wide spectrum of hydro-
carbon products, including lower chain hydrocarbons as well [9,29-31].
On the other hand, the output stream of pyrolysis of polystyrene was
composed mainly of styrene, which is PS monomer, and its oligomers. In
addition, other benzene derivatives as well as aliphatic hydrocarbons
(C6-C20) were identified. Presence of compounds containing N or O
atoms, can be explained by the low content of these elements in LDPE
and PS feedstock. Elemental analysis of plastic feedstock was performed
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Fig. 8. Nitrogen adsorption isotherms and pore size distributions of catalysts before and after pyrolysis combined with dry reforming of LDPE and PS: a) Ni/MgAl,O4;

(b) Ni-TiC/MgAl,04; (c) Ni-Mo2,C/MgAl»04; (d) Ni-WC/MgAl,04.

in our previous work [32] and resulted in nitrogen content equal to
1.189% and 0.368% for LDPE and PS, while oxygen content was equal to
6.552% and 2.434% respectively. Moreover, oxygenated compounds
may be obtained due to reactions with COs.

The product yields, CO, conversion, and syngas Hy:CO molar ratios
obtained in PCDR over different catalysts are given in Tables 1 and 2 for
the LDPE and PS feedstock, respectively. The H; yield, CO yield, and Hy:
CO molar ratio are shown in Fig. 3. The product distributions for the
PCDR of LDPE are shown in Fig. 4 and Fig. 5 for PCDR of PS. Non-
catalytic PCDR processes were also performed for comparison.

PCDR processes carried out without a catalyst resulted in the lowest
syngas yield equal to 38.55 mmol/g and 14.38 mmol/g for LDPE and PS
feedstock, respectively. Syngas contained more hydrogen (12.69 mmol/
g) when LDPE was used as a raw material. In the case of non-catalytic
PCDR of PS, hydrogen yield was equal to 3.96 mm/g. Obtained results
are in line with the literature indicating that the dry reforming of hy-
drocarbons is highly endothermic process and requires application of

catalysts to reduce required thermal energy and to obtain acceptable
syngas yield [12,13]. It should be noted that quartz sand can include
trace quantities of metal impurities that may serve as catalysts for
reforming reactions [30].

According to the presented results, all catalytic processes resulted in
significantly higher syngas yields than PCDR carried out without a
catalyst. In the case of PCDR of LDPE (Table 1), modification with TiC
and WC resulted in higher syngas yields (80.44 and 81.84 mmol/g,
respectively) than for unmodified catalyst (79.38 mmol/g). In contrast,
modification with Mo,C resulted in a lower syngas yield (69.13 mmol/
g). The highest syngas yield equal to 81.84 mmol/g was observed in the
PCDR using the Ni-WC/MgAl,04 catalyst. The modification of the
catalyst also affected the H,:CO ratio of the obtained syngas. Hy:CO ratio
increased as follows: Ni-WC/MgAl,04 <Ni-TiC/MgAl304 <Ni-Mo2C/
MgA1204 <NngAle4.

The synthesis gas yields for PCDR of PS were lower compared to
LDPE. As it is presented in Table 2, Ni-TiC/MgAly04 and Ni-MoyC/
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Fig. 9. XRD patterns for the obtained and spent catalysts: a) Ni/MgAl,04; (b) Ni-TiC/MgAl;Oy4; (c) Ni-Mo;C/MgAl;04; (d) Ni-WC/MgAl;O4.

MgAl;O4 exhibited higher syngas yield (54.90 mmol/g and
57.27 mmol/g, respectively) than unmodified catalyst (38.81 mmol/g),
whereas in the case of WC-modified catalyst syngas yield was lower,
equal to 26.91 mmol/g. Considering syngas composition, Hy:CO ratio
increased as follows: Ni-TiC/MgAl,O4 <Ni/MgAl;04 <Ni-MoyC/
MgA1204 <Ni—WC/MgA1204.

As presented in Figs. 4 and 5 product distribution varied depends on
the used feedstock. In the case of PS more liquid fraction appeared
compared to LDPE. Moreover, in PCDR of polystyrene feedstock, greater
amount of carbon deposits was formed, which is consistent with TG
analysis (Section 3.2). It was observed that modification of catalyst with
different metal carbide resulted in different product distribution. For
PCDR of LDPE carried out over modified catalysts, amount of liquid
fraction decreased compared to unmodified catalyst from 2% to 0%,
0.5% and 0.5% for catalyst modified with TiC, MoyC and WC, respec-
tively. In the case of PCDR carried out with PS as feedstock opposite
tendency was observed — amount of liquid fraction was greater (14.5%,
6%, 39% for Ni-TiC/MgAl;04, Ni-Mo,C/MgAl,04 and Ni-WC/MgAl»04,
respectively) than process carried out over unmodified catalyst (1%).
Considering carbon deposition, the most promising catalyst turned out
to be Ni-TiC/MgAl;04, in which case both in PCDR of LDPE and PCDR of
PS, carbon deposition decreased (18% and 26.5%, respectively)
compared to unmodified catalyst (19% and 28.5% respectively).

The above-mentioned differences in the distribution of products for
individual processes may result from different ways of polymer
decomposition at the pyrolysis stage, thus different hydrocarbons
generated for dry reforming stage as well as different reaction mecha-
nisms for nickel and nickel-carbide catalysts. According to literature,
during the pyrolysis of PS, large polymer molecules break up by random
scission and chain-end scission into small aromatic molecules (mainly
styrene and its oligomers) [9,33]. Subsequently, aromatic hydrocarbons
might take a part in oligomerisation reactions, resulting in trans-
formation into polycyclic aromatics, that are part of the liquid fraction.
Moreover, polycyclic aromatic compounds are also coke precursors,
which may explain the formation of amorphous carbon in PCDR of PS
[34]. In contrast, when dealing with polyolefins like LDPE, during py-
rolysis more low molecular gaseous hydrocarbons such as C,-Cg alkanes
and alkenes are generated, which undergo dry reforming reactions in the
next stage [9]. Besides the conversion to syngas, these hydrocarbons can
also be involved in the generation of carbon deposits. In contrast to the
aromatic hydrocarbons generated in the case of PS, they are less stable
and not as sterically hindered, hence they more easily participate in the
formation of graphitic than amorphous forms of carbon [34].
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Fig. 10. TG and DTG curves for the obtained and spent catalysts: a) Ni/MgAl,O4; (b) Ni-TiC/MgAl;O4; (¢) Ni-M0;C/MgAl;04; (d) Ni-WC/MgAl,04.

3.2. Catalyst characterization

To evaluate the influence of metal carbides on reducibility, metal-
support interactions and basicity of the catalysts, temperature-
programmed reduction (H2-TPR) and desorption (CO»-TPD) analyses
were conducted. It should be noted that temperature region that should
be given the most attention is up to 800 °C (area marked grey in the
Figs. 6-7), at which catalyst was previously calcined. It is due to the
possible other changes of catalyst structure that may occur at temper-
atures higher than its calcination. Analyses were extended up to 900 °C
in order to investigate changes in the case of possible local overheating.
However, no significant changes in the TPR and TPD curves were
observed that clearly started after exceeding the 800 °C boundary - only
those changes that started before reaching this temperature were
progressing.

The H,-TPR profiles of the obtained catalysts are shown in Fig. 6(a-
d). In the case of the Ni-MgAl,;04 catalyst, two distinct reduction peaks
were observed. The first peak, occurring at lower temperatures
(440-570 °C), was assigned to the reduction of NiO particles with
relatively weak interactions with the catalyst support. The second peak,
situated at higher temperatures (660-900 °C), corresponded to the
reduction process of strongly interacting Ni species within the NiAlyO4
phase or NiO [35-37]. For the Ni-TiC/MgAl,04 and Ni-Mo,C/MgAl,04
catalysts, the reduction peaks exhibited a shift towards lower tempera-
tures. For Ni-TiC/MgAl,04 catalyst peaks were shifted to 180-370 °C
and 570-900 °C respectively, whereas for Ni-Mo,C/MgAl>O4 sample
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shift was slighter (300-400 °C and 580-900 °C). It should be noted that
peaks related to the presence of additional oxides owing to the passiv-
ation process may also occur. According to literature reports, in the
region of 570-650 °C overlapped peaks corresponding to TiO5 reduction
[38-40] may be present, and at 300-400 °C and 600-800 °C overlapped
peaks related to the reduction of MoOx species [41-43]. The modifica-
tion of the Ni-MgAl»,O4 catalyst with tungsten carbide resulted in only
one peak in the temperature range of 500-890 °C. This peak may also
overlap with the signal corresponding to the reduction of WOx oxides,
which can be observed in the 600-900 °C region [44-46].

The basicity of the catalysts was evaluated using CO2-TPD. The
catalytic properties are anticipated to improve due to the presence of
strong basicity, resulting in enhanced CO, adsorption. The obtained
CO9-TPD profiles are shown in Fig. 7(a-d). The total basicity of the
catalysts, estimated from the integration of CO2-TPD peaks, is summa-
rized in Table 3. All samples exhibited strong and broad desorption
peaks in the temperature range of 50-450 °C, which can be attributed to
chemisorbed CO, over basic sites with weak and moderate intensities.
The modification of Ni/MgAl,04 with metal carbides resulted in addi-
tional peaks related to the strong basic sites. The Ni-TiC/MgAl,O4
sample exhibited a second desorption peak at temperatures in the range
from 760° to 900°C. Although the strength of the basic sites increased,
the total basicity decreased to 0.028 mmol/g. For Ni-MoyC/MgAl;04
strong sites related peak appeared at temperature of 710-900 °C and the
total basicity was slightly increased to 0.037 mmol/g. The Ni-WC/
MgAl,04 catalyst exhibited the highest total basicity (0.055 mmol/g). In
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addition, a broad desorption peak at temperatures from 420° to 900°C
indicates the enhanced strength of the basic sites.

The results of the BET surface analysis are shown in Table 3. For Ni/
MgAl,04, BET surface area and total pore volume was equal to 71 m?/g
and 0.36 cm®/g respectively. The values did not differ significantly
compared to MgAl,04 support. Carbide-modified catalysts resulted in
slightly lower total pore volumes than the unmodified catalysts. After
the catalytic reactions, the total pore volumes of all catalysts declined,
and the decline was higher in the case of the PCDR of PS in comparison
to that of LDPE. This decline can be related to the deactivation of the
catalyst, which could stem from processes such as sintering or the
deposition of coke. Modification of the nickel catalyst with titanium and
molybdenum carbides did not cause a significant impact on the surface
area (68 + 3 and 70 + 4 m?/g, respectively), whereas Ni-WC/MgAl,04
showed the highest BET specific surface area of 163 & 8 m?/g. The
enhanced surface area indicates an increased number of active sites and
a greater availability of reactants, which may contribute to better cat-
alytic activity. Although the obtained Ni-WC/MgAl;04 catalyst showed
a high specific surface area, the BET surface area decreased to 48
+ 2 m%/g and 23 + 1 m?/g after the PCDR of LDPE and PS, respectively.
A similar tendency was observed for Ni-Mo,C/MgAl;04, where the BET
surface area decreased after both catalytic processes, and the decrease
was greater for PS as a raw material. After pyrolysis combined with dry
reforming over the Ni-TiC/MgAl;O4 catalyst, the BET surface area
decreased as well; however, unlike in the case of the molybdenum and
tungsten carbide-modified catalysts, the decrease was greater after the
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PCDR of LDPE. After the PCDR of LDPE over unmodified Ni/MgAl;O4,
the BET surface area of the catalyst decreased to 15 + 1 m?/g, whereas
after the PCDR of PS, the BET surface area slightly increased to 79
+ 4m?%/g.

Catalysts nitrogen adsorption isotherms and pore size distributions
are shown in Fig. 8. For all examined fresh and spent catalysts, the shape
of the depicted curves aligns with the H1 hysteresis loop and IV type of
classified isotherms [47,48]. In the case of unmodified catalyst, pores
with a radius of 2-15 nm predominate (centred at 4 nm), indicating a
mesoporous structure. After modification of catalyst the highest peak
was shifted to 7 nm, 9 nm and 15 nm for catalyst modified with TiC,
Mo,C and WC respectively. Modification with molybdenum and tita-
nium carbides resulted in the additional presence of macropores in the
radius range of 25-35 and 25-40 nm respectively. Besides both pro-
cesses over Ni-TiC/MgAl,04 and PCDR of LDPE over NiMgAl;O4, ten-
dency of increased range of pores was observed for spent catalysts. It can
be explained by presence of additional compounds formed in the PCDR
reaction, such as carbon deposits or oxides. In contrast, BJH analysis for
spent Ni-TiC/MgAl,04 and Ni/MgAl;O4 after PCDR of LDPE indicated
narrower pore range than as-prepared catalysts, which may be due to
clogging by coke deposits or sintering.

The XRD patterns of the obtained and spent catalysts are shown in
Fig. 9(a-d). A spinel MgAl,04 crystal phase was observed in all catalyst
samples (reference card CSD: data_1010129 (COD)). The reflections
observed at 20 = 19.2°, 31.6°, 36.9°, 44.9°, 55.8°, 59.5° and 65.4°
correspond to the spinel (111),(220),(311),(400),(422),(404),
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Fig. 12. BF-TEM images of Ni-TiC/MgAl,;O, catalyst a) overall view, b) identification of MgAl,04 and Ni, c) identification of Ni and TiC phases.

and (5 3 3) crystal phases, respectively. XRD pattern of MgAl,O4 support
is included in the Supplementary Data for reference (see Fig. S3). No
discernible peaks corresponding to nickel oxide species were detected in
the Ni-MgAl,04 catalyst. This observation suggests the possibility of
nickel oxide being present in small sizes, well-dispersed NiO, or poten-
tial doping with MgAl,O4. The locations of the reflections assigned to
MgAl204 coincide with those associated with NiAlpO4, which could
form at elevated temperatures (such as the calcination temperature of
800 °C). This formation might occur as a consequence of a solid-state
reaction between NiO and MgAl;04. [35]. In our previous work, we
performed a more detailed characterization that indicated partial for-
mation of NiAl,04 phase [49].

The XRD patterns of the spent Ni/MgAl»,04 after both catalytic pro-
cesses (Fig. 9a) indicate the deposition of carbon on the catalyst. For the
catalyst after PCDR, the PS halo at 26 = 26.4° is observed, which may be
related to the deposited amorphous carbon [50-52], while in the case of

the PCDR of LDPE, an additional diffraction peak attributed to graphitic
carbon (reference card CSD: data_120017 (COD)) were observed at 20
= 26.9°. In the case of Ni-TiC/MgAl,O4 catalyst (Fig. 9b) additional
peaks at 20 = 36.3°, 42.1°, 60.9°, 72.8°, 76.6° corresponding to TiC
phase were observed (reference card CSD: 5910091 (COD)). The
diffraction peaks at 20 = 27.5°, 39.2°, 54.6°, 56.7°, 62.8°, 64.1°, 69.0°,
69.8° in XRD pattern of spent Ni-TiC/MgAl;O4 catalyst, correspond to
TiOg rutile phase indicating partial oxidation of the catalyst. For
Ni/MgAl,04 modified with Mo,C, additional peaks were observed at 260
= 34.4°, 39.5°, 52.1°, 61.7°, 69.5°, 74.5°, and 75.8°, corresponding to
MoqC (reference card CSD: mp-1221498) (Fig. 9¢c). The peak observed at
26 = 25.9° may be related to the MoO, phase (reference card CSD:
mp-1761012) due to the passivation process after the synthesis of the
catalyst. The diffraction peak at 20 = 26.6° in the XRD pattern of the
spent Ni-Mo,C/MgAl»04 catalyst after PCDR of LDPE may correspond to
graphitic carbon. In the case of PCDR of PS over the Ni-M0,C/MgAl;04,
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Fig. 13. EDS mapping of Ni-TiC/MgAl,0, catalyst.

Table 4

Effect of reforming temperature on product yields, H2:CO molar ratio and CO,
conversion in the pyrolysis combined with dry reforming of LDPE carried out
over NiMgAl,O4 catalyst.

Temperature 700 °C 750 °C 800 °C
Syngas yield [mmol/gpjastic] 36.61 64.45 79.38
H, yield [mmol/gpastic] 13.05 21.14 30.63
CO yield [mmol/gpjastic] 23.56 43.31 48.75
CH, yield [mmol/gpjastic] 2.66 5.10 3.63
H,:CO molar ratio 0.55 0.49 0.63
CO; conversion [g/gplasticl 4.52 2.92 3.45

Table 5

Effect of reforming temperature on product yields, H,:CO molar ratio and CO,
conversion in the pyrolysis combined with dry reforming of LDPE carried out
over Ni-TiC/MgAl,0O, catalyst.

Temperature 700 °C 750 °C 800 °C
Syngas yield [mmol/gpjastic] 65.92 66.44 80.44
H; yield [mmol/gpjastic] 21.58 22.24 28.30
CO yield [mmol/gpiastic] 44.34 44.20 52.15
CH, yield [mmol/gpjasticl 2.57 2.77 3.75
H,:CO molar ratio 0.49 0.50 0.54
CO, conversion [g/gplastic 2.72 2.82 3.36
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a halo around 20 = 26.2° occurred in the XRD pattern of the used
catalyst, which may correspond to deposited amorphous carbon
[50-52]. For fresh Ni-WC/MgAl,O4 catalyst diffraction peaks at 20
= 31.4°, 35.7°, 48.3°, 64.2°, 73.3°, 75.7°, 77.2° corresponding to WC
phase (reference card CSD: 1501576 (COD)) were observed. In the XRD
pattern of the reacted catalyst after the PCDR of LDPE, additional re-
flections were observed at 20 = 16.0°, 19.4°, 24.3°, 25.0°, 31.2°, and
38.9°, and 20 = 14.0°, 24.3°, 28.1°, 33.0°, attributed to MgWO,
(reference card CSD: data_1010642 (COD)) and WOj3 (reference card
CSD: data_1004057 (COD)) respectively. This was due to the partial
oxidation of WC. Moreover, peak at 20 = 27.1 was noticed, which may
be related to formed graphitic carbon deposits on catalyst surface. In
contrast, after the PCDR of PS, the only changes in the XRD pattern
compared to the fresh catalyst were the peaks of graphitic carbon at 260
= 26.9°.

The TG and DTG curves of as-prepared and catalysts after PCDR are
presented in Fig. 10(a-d). The weight decrease observed for all samples
during the temperature span of 50-180 °C can be attributed to the
release of moisture content. For Ni/MgAl;0O4 catalyst (Fig. 10a), after
the PCDR, there are additional DTG peaks with maximum rate of weight
loss at 600 °C and 515 °C for spent catalyst after PCDR of LDPE and PS,
respectively. It can be related to the combustion of different type carbon
deposited on the catalysts, for PCDR of LDPE — graphitic carbon and for
PCDR of PS — more unstable amorphous carbon. These results are in line
with the results of XRD analysis (Fig. 9a) discussed previously. In the
case of Ni-TiC/MgAl»04 catalyst (Fig. 10b), for fresh catalyst the weight
gain can be observed at temperature 380-500 °C which is related to
oxidation of TiC component to TiO5. After catalytic reactions weight loss
from 350 °C was observed with maximum rate at 515 °C for PCDR of PS
and 650 °C for PCDR of LDPE, related to oxidation of amorphous and
graphitic carbon, respectively. In the case of catalyst modified with
Mo,C, weight gain region at temperature 300-550 °C is related to
oxidation of MoyC spices to MoOs. After the reactions, the weight gain
attributed to Mo,C oxidation is masked by great weight loss from 400 °C
to 680 °C. For Ni-Mo,C/MgAl,04 after PCDR of PS weight loss rate was
the highest in 430-580 °C zone, while for PCDR of LDPE in 520-670 °C.
Therefore, it can be concluded that in PCDR of LDPE higher amount of
graphitic carbon was deposited, while in PCDR of PS more amorphous
carbon was formed, which was also presented in XRD patterns (Fig. 9c).
For WC-modified catalyst before the reaction decrease in TG curve was
noticed within the temperature span of 400-600 °C, which can be
associated to amorphous carbon residue after the synthesis. After PCDR
of LDPE weight loss decreased which is related to oxidation of carbon
during the catalytic reaction. In contrast, after PCDR of PS weight loss
was greater compared to fresh catalyst, which indicates formation of
additional carbon deposits during catalytic reaction. Maximum weight
loss rate is at 680 °C which may be attributed to greater amount of
graphitic carbon.

XPS analysis was performed to investigate the surface composition of
the Ni-TiC/MgAl;04 catalyst XPS analysis was performed. XPS spectra
confirmed the presence of Ti, Ni, O, Mg, Al, and C in the catalyst sample
(Fig. 11a). The Ti region (Fig. 11b) was deconvoluted into two main
regions: Ti2py/3 and Ti2p; 2. These two regions were further deconvo-
luted into signals attributed to Ti-O and Ti-C bonds. Signals assigned to
titanium bonded with carbon-forming titanium carbide were observed
at 461. 3 eV and 455.3 eV, for Ti2p; o and Ti2py/3, respectively. Ti-O
bonds were also observed in the XPS spectra. The formation of Ti-O
bonds observed in both the Ti2p;,, (465.1 eV) and Ti2ps,» (459.3 eV)
regions indicates the partial oxidation of TiC to TiO; due to the exposure
to air after the synthesis step [53,54]. Cls region spectrum is shown in
Fig. 11c. The spectrum was deconvoluted into six component peaks. The
two main peaks of the highest intensity were attributed to the Ti-C and
C-C bondings at 282.0 eV and 284.8 eV, respectively [54]. Furthermore,
the oxidized states of the carbon terminated with hydroxyl at 286.3 eV
(C-OH), carbonyl (C=0) (287.9 eV, O-C=0 groups (289.5 eV and car-
bonate groups (291.1 eV) were observed. Oxidation may be a result of
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exposure to air after the synthesis step, as well as oxidation with water
molecules during the synthesis step [53,55,56]. In the case of nickel
Ni2ps/, region the signal was deconvoluted into five component peaks
at 862.5 eV, 857.4 eV, 855.8 eV and 853.1 eV indicating the presence of
Ni%*. The broad peak at binding energy centered at 862.5 eV was
assigned to the Ni2* shake-up satellite indicating the presence of NiO
species [57].

Fig. 12 shows the BF-TEM images of the Ni-TiC/MgAl;04 catalyst. In
the images Fig. 12a, a phase with small spherical grains and larger
particles up to 100 nm in size with a lamellar structure deposited on
them can be distinguished. Both structures were characterized by the
presence of embedded particles with sizes up to 10 nm, characterized by
a higher contrast (darker spots in the images). To identify the individual
phases, mapping and FFT (Fast Fourier Transform) analyses were per-
formed. Magnesium-aluminum spinel crystallites (Fig. 12b), and tita-
nium carbide crystallites (Fig. 12c) were observed, confirming the
results of XRD analysis. The FFT analysis also showed the presence of
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nickel particles with size of 5-10 nm. Ni(200) and Ni(111) nickel crys-
tallites deposited on MgAl»04 and titanium carbide, respectively, were
observed. To identify the distribution of phases present in the catalyst, a
larger area of the catalyst was mapped. Maps of the individual elements
are shown in Fig. 13. The map for magnesium closely corresponds with
the map for aluminum, confirming the formation of MgAl;O4. At the
same time, the map for titanium corresponds to the distribution of the
carbon signal, indicating the presence of a titanium carbon fraction. EDS
maps of the signals for individual elements confirmed the deposition of
titanium carbide particles on the MgAl,04 spinel and the distribution of
nickel particles on both the spinel and carbide phases. Aggregates of
nickel particles with sizes of up to 100 nm were also observed.

3.3. Effect of reforming temperature

Ni-TiC/MgAl»04, as the most promising catalyst, was selected for
further research to investigate the possibility of lowering the dry
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Table 6

Effect of process pressure on product yields, H,:CO molar ratio and CO, con-
version in the pyrolysis combined with dry reforming of LDPE carried out over
NiMgAl,O4 catalyst in 750 °C.

Pressure Atm 2.5 bar
Syngas yield [mmol/gpjastic] 64.45 68.91
H, yield [mmol/gpiastic] 21.14 20.88
CO yield [mmol/gpjasticl 43.31 48.04
CHj, yield [mmol/gpiasticl 5.10 4.80
H,:CO molar ratio 0.49 0.43
CO,, conversion [g/gplastic 2.92 2.57

Table 7

Effect of process pressure on product yields, H»:CO molar ratio and CO, con-
version in the pyrolysis combined with dry reforming of LDPE carried out over
Ni-TiC/MgAl,0,4 catalyst in 750 °C.

Pressure Atm 2.5 bar
Syngas yield [mmol/gpjastic] 66.44 67.46
H, yield [mmol/gpiastic] 22.24 21.51
CO yield [mmol/gpastic] 44.20 45.95
CH, yield [mmol/gpiastic] 2.77 5.08
H,:CO molar ratio 0.50 0.47
CO, conversion [g/gplastic] 2.82 2.84

reforming reaction temperature without significant reduction of the
efficiency of syngas production. The catalyst was chosen due to the
increased efficiency of syngas production in 800 °C compared to a
conventional catalyst, while reducing the formation of carbon deposits
that could lead to catalyst deactivation. In this aim, PCDR of LDPE ex-
periments were carried out using reforming temperatures of 700 and
750 °C. Moreover, to further investigate the effect of modification of the
catalyst with titanium carbide, analogous experiments were also carried
out for the unmodified NiMgAl,O4 catalyst.

The product yields, CO, conversion, and synthesis gas H:CO molar
ratios obtained in PCDR using different reforming temperatures are
listed in Tables 4 and 5 for the Ni/MgAl;04 and Ni-TiC/MgAl,04 cata-
lyst, respectively. The Hy yield, CO yield, and Hp/CO molar ratio are
presented in Fig. 14. It was demonstrated that regardless of the catalyst
used, the efficiency of syngas production decreases with decreasing
temperature. However, within the same temperatures, the syngas yields
obtained for the catalyst modified with titanium carbide were higher.
Modification of the catalyst increased the production of syngas from
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36.61 mmol/g to 65.92 mmol/g for the reforming temperature of 700 °C
and from 64.45 mmol/g to 66.44 mmol/g for 750 °C. Moreover,
hydrogen yield was also higher for Ni-TiC/MgAl,O4 at these tempera-
ture conditions. As shown in Figure 14, H,:CO ratios of obtained syngas
over both catalysts were lower when temperature was decreased. CO;
conversion decreased as well for all experiments carried out in lower
temperatures, besides PCDR over NiMgAl204 in 700 °C. In this case CO,
conversion was the highest equal to 4.52 mmol/g. However, syngas,
carbon monoxide as well as hydrogen yields were the lowest. It indicates
that carbon dioxide took a part in other reactions, which not favoured H,
and CO production.

Used catalysts were further investigated using XRD and TG methods
to analyse the impact of the reforming temperature on their structure
and possible carbon formation. It was observed that XRD patterns of
used NiMgAl,04 catalyst (see Fig. 15a) at 700 and 750 °C contain halo at
20 = 26.9° related to amorphous carbon. In contrast, when reforming
temperature was 800 °C, reflection attributed to graphitic carbon
(reference card CSD: data_120017 (COD)) occurred at 20 = 26.9°. On
the other hand, on the XRD patterns of used Ni-TiC/MgAl;04 (see
Fig. 15b) additional diffraction peaks (20 = 27.5°, 39.2°, 54.6°, 56.7°,
62.8°,64.1°,69.0°, 69.8°) attributed to TiO rutile phase were observed,
regardless the reforming temperature. The presence of carbon cannot be
confirmed on the basis of the obtained diffraction pattern in this case,
due to the corresponding reflections may overlap with those attributed
to TiOs.

TG and DTG curves of used catalyst are presented in Fig. 16(a-b). It
was observed that weight loss attributed to oxidation of formed carbon
increases as the reforming temperature decreases for both catalysts. It
can be attributed to the inhibitory effect of elevated reaction tempera-
tures on the exothermic reactions involving carbon generation (Egs.
3-5) [58].

2CO = C + CO, 3
CO, +2H, = C + 2 H,0 C)]
H; + CO=H,0 +C 5)

Modification of NiMgAl,O4 with TiC resulted in the higher weight
loss when used reforming temperature was 700 °C. On the other hand,
when catalysts were used at higher temperatures, weight loss decreased
for Ni-TiC/MgAl»04 from 10.98% to 10.56% and from 7.00% to 6.03%
in comparison to unmodified catalyst used at reforming temperature
750 °C and 800 °C respectively. In the case of NiMgAl,04 catalyst, the
highest rate of weight loss was observed at the temperature of 485 °C


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——

E. Pawelczyk et al.

Catalysis Today 427 (2024) 114414

1 [ NimgALO, Ni-TiC/MgAL0,
2 -0,6
[}
5 401
D o
e 5
.§. 301 Lo.5 E
s g
(]
'S, 20- o
8 Loa &,
I
2 10-
[
oN
I
0- 03
X N Il H, yield
S i S o7 CO yield
A qfo" v qf? L-I— HZICY(I)e ratio

Fig. 17. Syngas (H; and CO) yield and composition in the pyrolysis combined with dry reforming of LDPE at different pressure conditions.

(a) Ni/MgALO,

Intensity [a.u.]

Intensity [a.u.]

(b) Ni-TiC/MgALO,

10
2 theta [0]

2 theta [0]

——750°C, atm

®MgAL,O, ONIALO, +Ni #C MTIC CITiO,

750 °C, 2.5 bar

Fig. 18. XRD patterns of catalysts used at different pressure conditions: a) Ni/MgAl;04; (b) Ni-TiC/MgAl;04.

and 510 °C for catalyst used in 700 °C and 750 °C, respectively. It can be
attributed to oxidation of amorphous carbon. In contrast, for catalyst
used in 800 °C, weight loss was shifted to higher temperatures with the
maximum rate at 600 °C, which can be related to formation of graphitic
carbon. It is in line with the results of XRD analysis described above. For
catalyst modified with TiC, two regions of weight loss were observed
from 350 °C with maximum at 475 °C and 610 °C for catalyst used at
reforming temperature of 700 °C. When reforming temperature was
increased to 750 °C, maximums were shifted to 500 °C and 620 °C
respectively. Weight loss at lower temperatures can be related to
amorphous carbon, while region in higher temperatures is associated
with oxidation of graphitic type carbon. In the case when Ni-TiC/
MgAl,04 catalyst was used at 800 °C, the weight loss is more pro-
nounced at higher temperatures with a maximum loss rate at 650 °C,
indicating the presence of higher amount of graphitic carbon.
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3.4. Effect of process pressure

To investigate the effect of increased pressure conditions on PCDR
process, additional tests were carried out at 2.5 bar over Ni/MgAl,04
and Ni-TiC/MgAl,04 catalysts with LDPE as a feedstock. The reforming
temperature of 750 °C was selected to examine the possibility of
increasing the syngas yields to values similar to those obtained at 800 °C
with reduced energy cost. The product yields and syngas Hy:CO molar
ratios obtained in PCDR of LDPE at different pressure conditions are
given in Table 6 for the NiMgAl,04 and Table 7 for Ni-TiC/MgAl;O4. It
was revealed that increased process pressure resulted in increased syn-
gas yields (from 64.45 to 68.91 mmol/g and 66.44-67.46 mmol/g for
NiMgAl,04 and Ni-TiC/MgAl,04 respectively). However, Hy:CO molar
ratios of obtained syngas decreased and the increased yield of syngas
resulted from the increased efficiency of CO production (see Fig. 17).
Comparing tested catalysts, it was demonstrated that modification of
NiMgAl,04 with TiC resulted in increased hydrogen yield as well as
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syngas H:CO molar ratio obtained under 2.5 bar conditions.

XRD patterns of the reacted catalysts are presented in Fig. 18. No
additional diffraction peaks were observed for both catalysts used under
2.5 bar in comparison to atmospheric pressure conditions. According to
the results of TG analysis (see Fig. 19), increased process pressure in-
creases carbon formation. Weight loss attributed to oxidation of
deposited carbon increased from 10.98% to 13.63% for PCDR over
NiMgAl,04 catalyst and from 10.56% to 14.09% for PCDR over Ni-TiC/
MgAl,04. Similar effect of increased pressure on formation of carbon
deposits was observed by Shamsi et al. [59] who carried out dry
reforming of methane under pressure of 1 bar and 14 bar. They observed
that at condition of 1 bar main source of carbon was CO,, while at
elevated pressure carbon was generated both from CO3 and CHy4. It may
indicate that during PCDR of plastics, increased pressure may favour
formation of carbon in dry reforming of pyrolysis-derived hydrocarbons.
In addition, process pressure affected also the type of generated carbon.
The increased rate of weight loss observed in DTG curves for the tem-
perature in the range of 590 °C — 670 °C indicates that formation of
graphite-type carbon is favoured under higher pressure conditions.

4. Conclusions

Metal carbide-modified nickel catalysts were synthesized and
examined in pyrolysis combined with dry reforming of plastics (LDPE
and PS). It was found that TiC, Mo,C and WC affected BET surface area,
reducibility and basicity of catalysts, and thus their catalytic activity and
stability in PCDR process. Modification of catalysts with TiC and WC
carbide allowed to successfully increase syngas yield in PCDR of LDPE,
whereas modification of with TiC and Mo,C in the PCDR of PS. Among
the examined catalysts, Ni-TiC/MgAl,O4 catalyst showed highest effi-
ciency in syngas production at reforming temperature of 800 °C as well
as decreased carbon deposition regardless of the raw material used.
Moreover, in all additional experiments involving different temperature
(700 - 800 °C) and pressure (2.5 bar) conditions, the catalyst exhibited a
higher synthesis gas yield compared to the conventional catalyst.
Therefore, it was successful attempt of hindering catalyst deactivation
caused by formation of carbon deposits and at the same time increasing
effectivity of catalyst.

Furthermore, it was found that application of different metal carbide
modified catalyst enables manipulation of synthesis gas composition,
which is of great importance since different industrial processes require
its different composition. It should be noted, that the same modified
catalyst applied in PCDR of various feedstock may have different impact
on Hy/CO molar ratio. For instance, modification of catalyst with WC
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resulted in decreased H,/CO ratio in PCDR of LDPE, while in PCDR of PS
catalyst showed increased Hy content. Moreover, different TMC-
modified catalysts lead to different product distributions, which gives
opportunity to recover variety of products, depending on needs.
Therefore, it can be concluded that application of specified catalyst
depends on feedstock and required product composition.

It was demonstrated that elevated pressure and reforming tempera-
ture increased syngas yields, but had opposite influence on carbon for-
mation — higher temperature decreased it, while elevated pressure
resulted in increased carbon deposition. Moreover, It was indicated that
increased temperature and pressure contribute to form graphitic-type
carbon, instead of more unstable amorphous carbon.

Since metal carbides have not been investigated in the PCDR of waste
plastics so far, the presented results are a significant contribution to the
area. It was revealed that metal carbide based catalysts may be a
promising alternative to conventional nickel catalysts. Results showed in
the work constitute an important clue and set the direction for further
research on PCDR of waste plastics. We believe that our work will
contribute to further optimization of PCDR technology and its imple-
mentation in industrial scale in the future, allowing to successful reali-
zation of the concept of the circular economy and sustainable
development.
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