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Abstract
Several sepiolite-based catalysts have been prepared and investigated for pyrolytic H, production from a post-consumer
mixture of residual plastics. The experimental installation involved a two-stage reaction system: first, the plastic mixture
was thermally pyrolyzed at 500 °C; then, the generated volatiles were reformed by increasing the temperature to 700 °C
and 800 °C in the presence of the sepiolite-based catalysts. The real mixture came from non-separate waste collection
streams and contained post-consumer polypropylene (rigid and film), expanded polystyrene, high-impact polystyrene, and
polyethylene. The results demonstrated that the two-stage pyrolysis technique using sepiolite-based catalysts successfully
generated hydrogen. The effects of the type of polymer, temperature, and catalyst were analyzed. The higher production
of hydrogen (27.2 mmol H,/g) was obtained when the mixture of plastic waste was pyrolyzed and then the volatiles
were reformed at 800 °C with the SN5-800 12 nickel-modified sepiolite. Additionally, the generation of hydrogen also
increased after acidifying natural sepiolite (from 18.2 mmol H,/g plastic for natural sepiolite to 26.4 mmol H,/g for acidi-
fied sepiolite at 800 °C with a plastic/catalyst ratio of 1:2). Finally, the carbon deposited in the catalysts was examined.
Approximately, only 20% of the carbon that was deposited in the sepiolite-based catalysts was filamentous carbon; the
majority was amorphous carbon.

The results have therefore shown that it is possible to obtain a hydrogen-rich gas from the reforming of the pyrolysis
vapors of a mixture of plastic waste using a low-cost catalyst based on nickel-modified sepiolite.
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1 Introduction

The industry and society are very interested in plastics as a
material. Due to their inherent qualities, they are presently
present in all applications [1].

Most plastics are still made today using fossil fuels as
raw materials. The conflict in Ukraine in 2022 made the
supply chain issues and the high costs of feedstock and
energy even worse. The creation of new business models for
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preventing, reusing, and recycling plastic waste is necessary
for the transition to a circular economy, as is the creation of
new feedstocks that are easily renewable [2].

In 2022, the total amount of plastic produced climbed to
400.3 million metric tons. Nearly one-third of the world’s
plastics were produced in China (32.0%). European produc-
tion rose to 58.7 million metric tons in 2022 (14.6% of the
total world’s production) [3].

Germany, Italy, France, Spain, Poland, and the United
Kingdom had the most demand for plastic converters
in Europe in 2021, with more than 3 million metric tons
going to packaging (39.1%) and building and construction
(21.3%). The most popular plastic is polypropylene (PP),
which accounts for 19.8% of demand, followed by low-
density polyethylene (LDPE), which accounts for 16.8% of
output in Europe [4].

Products produced from plastic materials must be appro-
priately handled and recycled when their useful lives are
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finished to recover them and return them to the manufactur-
ing process, promoting the shift to a circular economy [4].

In 2022, 32.3 million metric tons of post-consumer plas-
tic waste were collected in Europe (15.9 million metric tons
through mixed waste collection and 16.4 million metric tons
through segregated collection). But just 3.8% of the plastics
collected through the mixed waste collection program were
recycled [5].

Because it cannot be mechanically recycled, mixed or
potentially contaminated plastic waste is now landfilled or
burned. It is vital to create ecologically friendly waste man-
agement methods considering this situation. In this regard,
chemical recycling turns into a remedy for this kind of
waste [6].

Depending on the chain-breaking agent, there are sev-
eral different processes utilized to valorize plastic waste via
chemical recycling. Thermal cracking, chemical cracking,
and biological cracking are the three basic processes [7].

As in the rest of Europe, none of these chemical recycling
technologies have been widely adopted at the industrial level
in Spain. However, given the large number of businesses
interested in undertaking projects of this nature, the rising
number of related patents, the diversity of R&I projects
being conducted in this field, the vast number of research
organizations working on this issue, and the requirement for
more recycled plastic materials, among other factors, we are
able to forecast a very significant increase in chemical recy-
cling in our nation over the next few years [7].

In thermal cracking, the break of the polymer chain is
produced thanks to the action of temperature and, in some
cases, by using catalysts. The main processes or techniques
are pyrolysis (in the absence of oxygen) and gasification
(with oxygen, steam, air, or mixtures of them) [8]. While
both pyrolysis and gasification offer sustainable solutions
for waste management and energy production, pyrolysis
has several advantages over gasification. Firstly, pyrolysis
offers a higher yield of valuable by-products such as bio-oil
and char compared to gasification. These by-products can
be further refined and used as renewable fuels, chemicals, or
fertilizers. In addition, pyrolysis operates at lower tempera-
tures, making it a more energy-efficient process compared
to gasification. Furthermore, pyrolysis is a versatile technol-
ogy that can handle a wide range of feedstocks, including
agricultural waste, municipal solid waste, and even plastic
waste. This makes pyrolysis a more flexible and adaptable
solution for waste management and energy production
due to its higher yield of valuable by-products and energy
efficiency.

The recent advances regarding plastic pyrolysis process
introduce various pathways based on the catalyst develop-
ment. Some previous works presented useful information to
further develop and design an advanced catalytic pyrolysis
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process, with an improved efficiency, desirable product
selectivity, and minimum environmental impacts. For this,
various catalysts, such as metallic oxides [9], solid acid zeo-
lites (HZSM-5, HY, etc.) [8, 10—12], non-metallic oxides
[13—15] or clays [16], have been developed and used to
obtain potentially valuable fuels or chemicals.

Special mention has the production of hydrogen from
through ex-situ catalytic pyrolysis of plastic waste. Along
with renewable energy, renewable-based electrification, and
energy efficiency, hydrogen is recognized as a key pillar in
the energy transition [17]. Since hydrogen is an energy trans-
porter rather than an energy source, it might play a similar
function to electricity in the future. Different energy sources
and technologies can create both electricity and hydrogen
[18]. In the last few years, the pyrolysis-reforming strategy
has been proposed as a suitable route to produce hydrogen
from waste plastics [19]. For example, Wu and Williams
[20] co-precipitated nickel-based catalysts with different
metallic molar ratios to produce hydrogen from the pyroly-
sis—gasification of PP using a two-stage reaction system.
The findings revealed that, regarding hydrogen generation,
the catalyst’s catalytic activity increased with increasing
Ni concentration. Czernik and French [21] analyzed the
pyrolysis and catalytic steam reforming of pyrolytic gases
and vapours to produce hydrogen from PE and PP in a two-
reactor bench-scale system. They reported that, from 60 g/h
PP fed to the system, 20.5 g/h hydrogen was produced. Dou
et al. [22] proposed a novel system for hydrogen production
from plastic waste that combined pyrolysis with CO, cap-
ture and HCI removal and regeneration of catalysts with car-
bons deposited. This novel system produced a high-purity
hydrogen stream (88.4 vol % of hydrogen). Commercial
nickel catalysts were also investigated to convert HDPE and
PS into hydrogen using a fluidized bed pyrolysis reactor and
in-line reforming. Under optimum conditions, H, produc-
tion was 38.1wt.% and 29.1 wt% for PS [23, 24].

More recently, the combined production of hydrogen and
carbon nanotubes over different Ni-based catalysts has also
been approached [25, 26]. Wu and Williams [27] analyzed
the production of hydrogen using Ni/CeO,/ZSM-5 cata-
lysts during the two-stage pyrolysis-gasification of PP. The
investigation of different Ni contents indicated that, as the
Ni content in the catalyst structure was increased, a higher
catalytic activity was detected. A high potential for hydro-
gen production was obtained when the Ni loading was 5
or 10 wt% in the Ni/CeO,/ZSM-5 catalyst. Also, the SEM
photographs of the metal-impregnated catalysts prepared
by these authors showed that large amounts of filamentous
carbon were formed on the surface of the catalysts [20, 27].
These authors also prepared and investigated several nickel-
based catalysts (NI/Al,O;, Ni/MgO, Ni/CeO,, Ni/ZSM-5,
Ni-Al, Ni-Mg-Al and Ni/CeO,/Al,0;) to produce hydrogen
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from the two-stage pyrolysis—gasification of polypropylene.
The results showed that Ni/ZSM-5 was a good catalyst for
hydrogen production, that Ni/Al,O; was deactivated by
two types of carbons (monoatomic carbons and filamen-
tous carbons) with a total coke deposition of 11.2 wt% after
reaction, although it showed to be an effective catalyst to
produce hydrogen and that Ni/MgO showed low catalytic
activity for hydrogen production [28]. The same researchers
also examined other plastics and their mixtures in a two-
stage pyrolysis gasification reactor working with and with-
out Ni-Mg-Al catalyst at temperatures of 800 and 850 °C.
The lowest production of hydrogen was observed for poly-
styrene (PS) and more filamentous carbons were observed
for PP, high-density polyethylene (HDPE) and mixed plas-
tics [29]. Yao et al. [30] processed HDPE using a Ni-zeolite
catalyst for hydrogen production. The optimum catalytic
performance in terms of hydrogen production was achieved
in the presence of the Ni/ZSM5-30 catalyst, with a produc-
tion of 66.09 mmol of H, per gram of HDPE processed.

However, only limited information is available about the
pyrolysis of real-world mixed plastic waste collected via
mixed waste collection for the production of hydrogen. In
addition, the use of low-cost materials abundant in Spain,
such as sepiolite, for the preparation of interesting catalysts
for the conversion of this real-world mixed plastic waste was
not previously investigated. Sepiolite is a naturally occur-
ring clay mineral (fibrous hydrated magnesium silicate)
characterized by a favourably specific surface area that has
received great consideration as a catalyst support due to its
thermal stability and acid-base properties [31]. The use of
sepiolite-based catalysts in various industries has been pre-
viously proven to significantly improve reaction efficiency
and product yield. For example, sepiolite-based catalysts
were proven for the selective reduction of nitrogen oxides
of copper and nickel [32]. Zhou et al., [33] also tested the
photocatalytic activity for the degradation of Orange G of
sepiolite-TiO, nanocomposites. In addition, Degirmenbasi
et al. [34] used sepiolite to synthesized solid base catalysts
as a support for transesterification reaction showing good
catalytic activity. Special mention has the preparation of
sepiolite-supported metal catalysts. In this sense, Han et al.
[35] studied sepiolite-supported Ni catalysts for low-tem-
perature CO, methanation and found that this new sepiolite-
based catalyst showed higher catalytic activity comparing to
other Ni-based catalysts. Other researchers investigated the
catalytic properties of nickel-sepiolite in hydrogenation of
adiponitrile under mild conditions [36].

On the other hand, in other to improve the catalytic activ-
ity of sepiolite-based catalysts heat and acid treatment have
been studied by many researchers [37—40]. Therefore, in this
work, real-world mixed plastic waste collected via mixed
waste collection was investigated to produce hydrogen by

using sepiolite-based catalysts including nickel modified
sepiolite materials. The influence of the effect of acidifi-
cation of sepiolite, the amount of nickel and the operating
temperature on the production of hydrogen was specially
investigated.

2 Materials and Methods
2.1 Raw Material

The plastic waste was made up of plastic fragments that a
mechanical biological treatment (MBT) facility in Granada
(Spain) sent to landfills. High-impact polystyrene (HIPS),
rigid and film polypropylene (PP), expanded polystyrene
(EPS), rigid polypropylene, and films of other polymers dif-
ferent to PP (non-PP) made up the combination. To ensure
homogeneity throughout the pyrolysis test, they were pre-
viously separated, cleaned, dried, and submitted to a size
reduction procedure (1-3 mm). The raw material obtained
had an average composition of 56.10% PP, 12.65% PP film,
12.65% non-PP film, 10.05% EPS, and 8.55% HIPS. To
calculate the theoretical H, yield, the content in hydrogen
of each polymer was determined by elemental analysis in a
Thermo Scientific Flash 2000 device. The main results were
previously published by Calero et al. [41].

2.2 Preparation and Characterization of the
Catalysts

Sepiolite (code S) was supplied by Sigma Alrich. Chemical,
structural, and morphological characteristics were stabilized
by calcining at 600 °C for 6 h with air under atmospheric
pressure in a Nabertherm, L 3/11/B180 95 Model furnace
muffle before being stored in a desiccator. The variables of
sepiolite calcination process were chosen accordingly to
previous published works [32, 42—45].

A certain amount of acidic sepiolite powder (code SA)
was prepared using the formerly calcined sepiolite. The
modified sepiolite (code S) was immersed in a 1:10 solution
of nitric acid and shaken for 30 min at room temperature.
The sample was filtered to remove the water concentration
and evaporated to dryness at 120 °C for 3 h. With the sample
dry, the SA was spread on a ceramic plate and introduced
inside the muffle at 600 °C for 6 h.

Nickel-modified sepiolites were prepared using the
incipient wetness impregnation technique with an aque-
ous solution of Ni(NO;),-6H,0 to load 1 wt% (code SN1)
and 5 wt% (code SNS5) of nickel. Then, the nickel-modified
sepiolites were dried overnight at 105 °C. Finally, the pre-
pared catalysts were calcined at 600 °C for 6 h in an air
environment.
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Once the sepiolite-based catalysts were prepared, the tex-
tural properties were studied by N, physisorption using a
Sync 200 device from 3P Instruments©.

In addition, for the chemical composition of the surface,
X-ray Photoelectron Spectroscopy (XPS) was carried out
in a Kratos AXIS Ultra-DLD device using an X-ray source
from Al Ka. All the spectra were corrected to the Cls peak
of adventitious carbon to 284.6 eV. For the processing and
deconvolution of the peaks, the software XPSpeak 4.1% was
used, considering a Shirley background correction.

The disorder degree of carbon was studied by X-ray Dif-
fraction (XRD) in a Bruker D8 Discover device equipped
with a detector Pilatus3R 100 K-A, working with Cu Ka
radiation (L=1.5406 A). The diffractograms were regis-
tered between the 26 range of 5-80°.

Scan-Transmission Electron Microscopy (STEM-TEM)
was used to study catalyst morphology and the distribution
of elemental composition with High-Angle Annular Dark
Field (STEM HAADF) detection and Electron Disperse
X-Ray (Brucker X-flash 6T-30) analysis in a Thermo Fish-
erScientific TALOS F200C G.

After the pyrolysis experiments, the used catalysts were
examined using a high-resolution transmission electron
microscope (Carl Zeiss STM LIBRA 120 PLUS) to deter-
mine the size of the deposition of carbon materials and the
surface morphology. Also, temperature-programmed oxi-
dation (TPO) was conducted on a STA 6000 Perkin Elmer
thermobalance to evaluate the quality of carbon materials
deposited onto the spent catalyst. Around 30 mg of used cat-
alyst were treated with an oxygen flow of 20 mL/min under
a temperature program from 30 °C to 800 °C at a heating rate
of 10 °C/min and a holding time of 10 min at 800 °C.

2.3 Pyrolysis Reactor and Operation Conditions

The plastic waste pyrolysis studies were conducted in a
Nabertherm R 50/250/12 Model furnace using a fixed hori-
zontal laboratory-scale stainless steel 316 reactor (internal
diameter: 4 cm and length: 34.25 cm). To control the flow of
the gas and the cooling of the obtained gas, a flowmeter and
a chiller were used.

Table 1 Textural characterization with N, adsorption isotherms at 77 K

Material Sgpr (M%/g) V7 (cm®/g)
S 108.21 0.48
S-800 12 88.93 0.38
SA 104.56 0.51
SA-800 12 85.93 0.40
SN1 101.88 0.46
SN1-800 12 94.41 0.40
SN5 103.16 0.48
SN5-800 12 98.61 0.42

Sget: Brunauer—Emmett-Teller surface area; V: Total pore volume
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A closed 316 stainless steel tubular vessel with an inter-
nal diameter of 27.25 mm and a length of 30.6 cm and a
chimney hole was used to combine 1 g of sample with 1-2 g
of catalytic material. The vessel was heated at a rate of 10
°C/min from room temperature to 700 or 800 °C, which was
maintained for an additional 60 min with a constant flow
rate of 0.8 L/min of nitrogen. The reactor was then perma-
nently nitrogen purge cooled to room temperature. A gas
sample was collected using TEDLAR bags, and it was sepa-
rated from the liquid product by a chilling bath at -7 °C.

The nomenclature of experiments in the following sec-
tions was constructed as follows:

First, the code of the catalyst used; second, the tempera-
ture of pyrolysis; third, the mass ratio between the amount
of plastic waste and the catalytic material. For example,
SN5-800 12 is the experiment performed at 800 °C with
nickel-modified sepiolite prepared to get 5 wt% of nickel
and with a mass plastic/catalyst ratio of 1/2.

2.4 Gases Analysis

Non-condensed hydrocarbons and gases were determined
by using a Micro GC Agilent 990 Bio-Gas analyzer with
two channels and thermal conductivity detectors (TCD).
Two capillary columns from Agilent J&W Molesieve (5
zeolite molecular sieve, 20 m in length, 0.25 mm in diam-
eter, and a film unit of 30 m) and PoraPLOT Q (Polystyrene-
divinylbenzene, 10 m in length, 0.25 mm in diameter, and
8 m of film thickness) were utilized. Backflushes, an injec-
tor temperature of 110 °C, an isothermal oven temperature
of 80 °C, and pressures of 200 and 150 kPa with constant
helium flow were the working conditions. Direct injection
of the samples was done from TEDLAR bags.

3 Results and Discussion
3.1 Characterization of the Catalysts

Catalyst performance is significantly influenced by pore
structure. Table 1 contains a description of the textural char-
acteristics of each catalyst sample (before and after use). All
the catalysts had a BET surface area in the range of 85.93
and 123.16 m*/g and a total pore volume between 0.383 and
0.597 cm®/g. The BET surface area (Sgpy) and total pore
volume (V) decreased after their use in pyrolysis tests due
to the deposition of carbon on their surface, as described
later in sub-Sect. 3.4. Regarding determination of micro-
pore surface area and micropore volume by using t-plot sta-
tistical thickness method, they were zero for all samples.
Similar characteristics were reported by other researchers
in their studies with sepiolite and metal-modified sepiolite
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catalysts. For example, Ardakani et al. [46] obtained a Sgpy
of 116 m*/g for sepiolite. Also, Suarez and Garcia-Romero
[47] collected and characterized 22 samples of sepiolites
from different sites and found significant changes in the
S areas (values between 77 and 399 m?/g). The results
also showed reductions in Sgpr and Vi for modified sepio-
lite catalysts (SA, SN1, SN5). In the case of nickel-based
sepiolite catalysts, SN1 and SN5 samples, these decreases
in the textural parameters can be attributed to the filling of
the sepiolite pores with metal particles. This effect on Sgpr
was also reported by Ardakani et al. [46] even in a higher
extent in their work about the removal of toluene by cobalt-
modified sepiolite, which, for example, reported a Sgp of
82 m%/g for the catalyst with 20 wt% of Co supported on
sepiolite compared to 116 m?/g determined for unmodified
sepiolite.

Figure 1 shows the XRD patterns of the catalysts
obtained from sepiolite, comparing them with that of nat-
ural sepiolite. In the S diffractogram, the structure of the
natural sepiolite is identified with its maximum reflections
at 8.47°,20.07°, 28.64°, 34.99° and 38.64°. This mineral has
very good crystallinity and showed the characteristic 110
peak of sepiolite (2q=28.47°) and existence of magnesite
(29=34.99°) as impurity. After acid treatment with HC1 (SA
diffractogram in Fig. 1) the intensities of the sepiolite reflec-
tions in 8.5°, 10.7° and 17.5° disappeared with respect to
the natural mineral. These results show the acid reduce the
crystallinity of the sepiolite although it still presents good
crystallinity. The SN1 and SN5 diffractograms represent the
results of the nickel-based catalyst supported on sepiolite.
A decrease in crystallinity is recognized with respect to the
natural sample. Furthermore, the catalyst samples exhibit
the same characteristic peaks at 37.2°, 43,1° and 62.5°,
which were assigned to NiO [48]. Finally, if the diffracto-
grams of the SN5 samples before and after the pyrolysis test
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Fig. 1 XDR patterns of the catalysts

are compared, no notable differences have been observed
between the results obtained.

XPS was also applied to characterize the surface of the
catalysts in terms of chemical composition, nature, and elec-
tronic structure of the surface of nickel-impregnated sepio-
lite before and after their use in the pyrolysis tests. High
resolution XPS deconvolution spectra are shown in Fig. 2
and the distribution of main peaks and their contributing
areas in Table 2.

The Si,, core level spectrum was divided into four possi-
ble contributions in both samples, mainly: Si;N, (101.7 eV),
organic Si (~102 eV), dominant Si in the magnesium sili-
cate framework (102.7 eV), and surface SiO, (103.5 eV).
No significant changes in surface Si distribution were
observed upon pyrolysis, except for contribution of Si in the
magnesium silicate framework due to lower area after use.

The Mg, spectrum was decomposed into two main
components at binding energies placed at 1303.0 eV and
1304.5 eV. The most intense absorption at 1303 eV was
associated with metal Mg in the sepiolite structure which
constituted over 90% of the total Mg at the surface.

The O core level spectra identified four components in
sepiolite, with energies ranging from 529.0 eV to 532.9 eV.
These components include single bond oxygens interact-
ing with metals (529-530 eV), structural hydroxyl groups
linked to Mg sites (531.7 eV), silicate framework oxygens
(532.9 eV) and the most intense line at 531.1 eV that is cov-
ered by the contribution from metal oxides [49].

The Ni,, showed a complex spectra with multiple-split
peaks at binding energies of the following chemical states:
Niy,;, satellite (Ni(OH,) and NiO) at approximately respec-
tively 880 eV and 872 eV, Ni,,,, , attributable to Ni metal at
approximately 870 eV, Niy 5, satellite (Ni(OH,) and NiO)
at approximately 860 eV, multiple-split Ni, 3, (NiO) and
Ni,p3, (Ni metal) at approximately 855 and 854 eV. No
significative differences were observed between the sample
before and after pyrolysis.

Finally, Table 3 reports the quantification of XPS spec-
tra showing real nickel mass concentrations on Ni-modified
sepiolite samples.

TEM micrographs of SN5 samples before (SN5) and
after pyrolysis tests (SN5-800 12) are shown in Fig. 3a
and d. Roughly nickel oxide particles are visible in these
micrographs (dark dots), especially in Fig. 3¢ and d where,
in addition, slightly nickel agglomerations can be detected.
Also, the element mapping images (Fig. 3e and f) illus-
trate the uniform distribution of Mg (red), Si (blue) and Ni
(green) elements on both sepiolite surface. These results are
agreed with these found by other researchers as Lv et al.
[50] who prepared nickel and potassium bimetallic catalysts
supported on acid-activated sepiolite for 1,6-hexanedinitrile
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Fig. 2 High resolution XPS deconvolution spectra of fresh (up subfigures) and used (down subfigures) nickel-sepiolite samples

Table 2 Distribution of main peaks and their contributing areas

hydrogenation and Chen et al. [51] who synthetized sepiolite/

Element Peak Before After amorphous nickel hydroxide for its use as supercapacitor.
Raw Area % Raw Area %
(cpseV)  Area (cpseV) Area 3.2 Gas Compositions

Si 99.4 eV 418 1.3% 181 0.6%

101.7eV 24,012 71.9% 17,645 61.8% 3.2.1 Comparison Between Polymers

102.0eV 3861 11.6% 6324 22.1%

102.7eV 3275 9.8% 2320 8.1% . .. .

10356V 1838 55% 2090 73% Figure 4 shows the composition of gases as a function of

Mg 1303eV 69,892 90.6% 51,840 92.5% the polymer pyr'cﬂyzed. ‘Tl.le type of polymejr greatly a}ﬁvects
13045 eV 7256 94% 4178 759 the gas composition. Rigid PP waste provided the highest

0 529.5eV 33,326 15.9% 22,602 12.2% hydrogen percentage, followed by HIPS and EPS (both PS
531.1eV 119,371 56.9% 113,037 61.2% waste). Regarding methane, their percentage on gases was
531.7eV 56,098 26.7% 32,306 17.8% higher for gases obtained from the pyrolysis of film waste
5329eV 1132 0.5% 16,118 8.7% and the mixture of plastics. Another important compound in

Ni 824.1eV 2200 8.3% 7606 25.1% gases was carbon monoxide, which showed a similar per-
853.8eV 4674 17.7% 3234 10.7% centage in all obtained gases.

855.5eV 3735 14.1% 4590 15.1% Regarding the effect of the pyrolysis temperature, the

860.6eV 7306 27.6% 6639 21.9% hydrogen and carbon monoxide content increased with the

872.2eV 3143 11.9% 3007 9.9% . .

Q785 eV 5373 203% 5250 1739 increase in temperature. For .example, the hydrogen content
was 19.59% at 700 °C and increased to 43.20% at 800 °C
for the mixture of plastics, and the carbon monoxide was
15.41% at 700 °C and increased to 27.22% at 800 °C for
HIPS waste. However, methane and ethane decreased as the

Table 3 Quantification of XPS spectra

O ls Si 2p Cls Mg 1s Ni 2p

Before After Before After Before After Before After Before After
Raw Area (cps eV) 739,717 692,633 101,772 90,726 35,369 51,152 171,914 119,498 123,631 105,860
Atomic Conc % 63.52 62.32 19.53 18.24 8.37 12.68 5.66 4.12 2.07 1.85
Mass Conc % 52.36 52.86 28.26 27.16 5.18 8.07 7.09 5.31 6.25 5.77
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Fig.3 TEM images of (a) SNS5, (b) SN5-800 12, (¢) SN5

and (d) SN5-800 12 and EDS images of (¢) SN5 and (f) a) b)
SN’5-800 12
©)
P 100 am 160 Am
e) i)

temperature increased. For example, the methane percent-
age changed from values between 11.36 and 38.67% at 700
°C to 4.94-22.70% at 800 °C.

Many reactions can take place in the thermal cracking
process. Some of these reactions favour the production of
hydrogen, especially at elevated temperatures. In contrast

to hydrogen, other components could increase or decrease
depending on the extent of the secondary reactions. For
example, other authors have reported the increase of H, con-
centrations as the reaction temperature was raised from 600
to 750 °C and CH, and C2 — C5 hydrocarbon concentrations
decreases due to the enhancement in the dry reforming of
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CH,, dry reforming of hydrocarbons, and direct decomposi-
tion of hydrocarbons [52]. Some of the main involved reac-
tions are summarized below:

Tar - CH,+H,0+C_H, + H,.

CH,;+H,0 — CO+3H,.

C+H,0 — CO+H,.

CO+H,0 — CO,+H,.

C+CO0O, — 2CO.

C+2H, — CH,.

CH,+CO, — 2CO+2H,.
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C,H, + 2nH,0 — nCO, + [2n + (m / 2)[H,.

C,H, + nH,0 — nCO + [n + (m/ 2)]H,.

To better describe the effect of the type of polymer and
pyrolysis temperature on the production of hydrogen, the
experimental, theoretical, and experimental/theoretical
ratios of H, yields were calculated and reported in Table 4.

The higher theoretical H, yield was obtained for PP poly-
mer followed by EPS and HIPS materials. Particularly, a
maximum hydrogen yield of 75.4 mmol of H, per g of plas-
tic was calculated for rigid PP plastic. If theoretical H, yield



Topics in Catalysis

Table 4 Experimental, theoretical, and experimental/theoretical ratios
of H, yields in function of polymer pyrolyzed

Material Tempera- Experimen-  Theoreti- Experi-
ture tal H, yield cal H, yield mental/
(°C) (mmol/g) (mmol/g) theorical
ratio (%)
PP 700 10.66 75.40 14.14
800 29.06 38.55
EPS 700 2.80 48.30 5.79
800 15.22 31.51
HIPS 700 2.67 40.75 6.56
800 14.49 35.56
Non-PP film 700 3.49 37.50 9.31
800 14.51 38.68
PP film 700 3.15 72.50 4.35
800 22.53 31.08
Mixture 700 6.17 65.09 9.47
800 16.33 25.08

values are compared with experimental data, ratios between
4.35 (PP film at 700 °C) and 38.68 (Non-PP film at 800 °C)
were calculated. In general, experimental/theorical H, yield
ratios were in the range of 4-15 at 700 °C and in the range of
30-40 at 800 °C. These results indicated a positive effect of
temperature on the production of hydrogen and better per-
formance of PP samples since this polymer presented higher
experimental/theorical H, yield ratios at both investigated
temperatures. Other authors have previously informed that
the formation of hydrogen is enhanced due to cracking of
hydrocarbons into smaller fragments at higher temperatures
[23].

Williams [26] indicates that the influence of the type
of plastic in terms of hydrogen production is very signifi-
cant, since it depends on the different decomposition prod-
ucts obtained in the pyrolysis of each type of material. For
example, pyrolysis of polyethylene and polypropylene will
produce mainly long and short chain linear and branched
alkanes and alkenes, while polystyrene will produce mainly
styrene and styrene oligomers. These different volatiles will
give rise to different compounds in the reforming process,
thus influencing the production of hydrogen. Wu and Wil-
liams [29] obtained different hydrogen production rates in
the pyrolysis of various types of plastics at 800 and 850 °C
without the use of a catalyst. These authors found H, yields
corresponding to the mass of raw plastic of 6, 7 and 26
gH,/gplastic for PP, PS, and HDPE, respectively, at 800 °C
and of 26, 10.5 and 34 gH,/gplastic for PP, PS, and HDEP,
respectively, at 850 °C.

3.2.2 Comparison Between Catalysts
Figure 5 shows the composition of gases as a function of the

catalyst used and temperature for the mixture of plastics.
Important increases in H, and CO molar percentages were

observed when the temperature was changed from 700 °C
to 800 °C. However, the analysis of the temperature impact
showed that an increase in temperature decreased the C,
contents, which were significantly lower than those of H,,
CH,, and CO, indicating especially that the increase in tem-
perature is favourable for the generation of H,.

Regarding the impact of the studied catalysts, the use of
sepiolite-based catalysts as an additive in the tar cracking
zone provided higher hydrogen production compared to
pyrolysis without a catalyst.

The relative content of H, in the absence of the catalysts
was 19.59% at 700 °C and 43.20% at 800 °C, lower than
those percentages in the presence of the sepiolite-based
catalysts. Increases were especially distinguished for Ni-
modified sepiolite; also, as the plastic-catalyst ratio and Ni
content increased, the relative content of H, increased, for
example, from 47.79 to 60.37% if SN1-800 11 and SN5-800
12 were compared. Moreover, when the relative content of
H, increased, the proportion of CH, decreased.

To better describe the effect of the type of catalyst and
pyrolysis temperature on the production of hydrogen, the
experimental and experimental/theoretical ratio of H, yields
were calculated and reported in Table 5.

The effects of sepiolite were only notable at 800 °C and
specially with mass plastic/catalyst ratio of 1/2. In addition,
under the analyzed reaction conditions, unmodified sepiolite
did not show any increase in H, production, even a slight
decrease. However, the experimental H, yield obtained with
acidified and Ni-modified sepiolite was increased at 800 °C.
For example, an experiment performed with Ni-modified
sepiolite with 5% of nickel and a plastic/catalyst ratio of
1/2 showed a H, production of 27.210 mmol/g higher than
16.327 mmol/g obtained in thermal pyrolysis (without cata-
lyst at the same temperature of 800 °C). Finally, although
the Ni-modified catalysts increased their capacity to pro-
duce hydrogen as the ratio of Ni increased, with catalyst
5% Ni having the better hydrogen yield, this effect was not
especially important. Although some studies have analyzed
nickel loadings ranging between 0 and 50 wt% [53-55],
some other previous reports have shown that low Ni load-
ings leading to a positive effect on the catalytic capacity of
the nickel-based prepared materials. For example, Pham
et al. [56], examined methane dry reforming using nickel-
based alumina catalysts with a metal dosage ranging from
0.5 to 3 wt% and the presence of active metal showed a
great impact at the beginning leading to big improvements
in feedstock conversion. In addition, beyond a nickel dos-
age of 2 wt%, further additions did not noticeably influence
the reaction performance. Also, effect of nickel loading on
hydrogen adsorption capacity of different mesoporous sup-
ports was examined by Carraro et al., [57] and the results
showed that nickel loadings of 2.5 wt% was capable to
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enhancing the hydrogen adsorption capacity. Thus, the aim
of this study was evaluating the low nickel loading over
sepiolite support on the hydrogen production by pyrolysis
of plastic waste. Currently, to our best knowledge, although
nickel catalyst which is traditionally used for hydrogen pro-
duction, little information could be found on the investiga-
tion of low loading nickel on the production of hydrogen
from pyrolysis of plastics. In addition, if results reported
in Table 5 are deeply examined an increase in nickel load-
ing (between 1% and 5%) was not produced an important

@ Springer

improvement in H, production to justify the use of higher
nickel loading concentrations.

Prior research has examined the use of catalysts in the
pyrolysis of plastic waste to produce hydrogen, with most
catalysts’ active elements being transition metals [58]. In the
case of nickel, a transition metal with good catalytic action
and reasonable cost when compared to other precious met-
als, several authors have confirmed its great hydrogen selec-
tivity. For example, Liu et al. [59] obtained a value of 22.60
mmol H,/g from the catalytic gasification of PP by using
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Table 5 Experimental, theoretical, and experimental/theoretical ratios
of H, yields in function of catalyst used

Catalyst Experimental Theoretical —Experi-
H, yield H, yield mental/
(mmol/g) (mmol/g) theoretical
ratio (%)
Without catalyst-700 6.17 65.09 9.47
Without catalyst-800 16.33 25.08
S-700 11 5.14 7.90
S-800 11 16.01 24.60
S-700 12 5.31 8.16
S-800 12 18.15 27.88
SA-700 11 5.48 8.41
SA-800 11 23.14 35.56
SA-700 12 6.33 9.72
SA-800 12 26.43 40.61
SN1-700 11 6.78 10.42
SN1-800 11 22.68 34.85
SN1-700 12 12.99 19.96
SN1-800 12 26.63 40.92
SN5-700 11 9.71 14.92
SN5-800 11 26.87 41.29
SN5-700 12 14.75 22.66
SN5-800 12 27.21 41.80

Ni/Si0, catalysts with different metal particle sizes. Also, a
yield of hydrogen of 31.8 mmol H,/g plastic was obtained
by Yao et al. [48] in the pyrolysis of a mixture of plastics
over the Ni-Fe/y-Al,O5 catalyst at 800 °C. More recently,
Li et al. [60] examined the pyrolytic catalysis of polyethyl-
ene (PE) to hydrogen and reported that Ni-modified ZSM-5
generated a hydrogen production of 26.27 mmol H,/g. Xu
et al. [61] also investigated the pyrolysis of biomass and
PE using Ni-pine sawdust as catalyst at temperatures ranged
between 600 and 800 °C and obtaining 42.28 mmol of H, by
g feedstock. Also, Alvarez et al. [62] examined the catalytic
pyrolysis of pinewood sawdust and PP using Ni—Al,O5 as
catalyst at the same temperatures and reported a production
of H, of 27.27 mmol/g. Finally, Wang et al., [63] investi-
gated the production of H, by pyrolysis of PP using Ni-acti-
vated carbon at 500-900 °C and found 40.24 mmol/g.

Regarding catalytic mechanism, first, plastic waste is
pyrolyzed to produce a variety of hydrocarbons, which
serve as precursors for carbon and hydrogen in later nickel
reforming step. Nickel active catalysts divided these hydro-
carbons into smaller free radicals, which then recombine
close to the active site to create gaseous products that are
mostly hydrogen [63]. Specific reactions were described
before in subsection 3.3.1.

According to the results obtained in this work, similar
performance in terms of H, production (mmol H,/g plastic)
was obtained for SA, SN1 and SN5 samples. Between SN1
and SNS5 authors proposed the use of a lower nickel amount
to avoid the use of metals and between SA and SN1 samples

a comparative life cycle assessment of catalyst synthesis
processes should be performed to examine environmental
impacts derived to formation of wastes that mainly com-
prise liquid waste and energetic consumptions, between oth-
ers, before to propose the better catalyst.

3.3 Characterization of Carbon Depositions
3.3.1 TEM Analysis

In Fig. 6, TEM micrographs of the examined catalysts were
displayed. All the catalysts used had similar patterns with
nano-sized sections and long lengths. Since sepiolite fibre
is micrometric in length and nanometric in section and
frequently appearing grouped, it is very difficult to distin-
guish the presence of carbon nanostructures and their indi-
vidual sizes. S-800 12 catalyst showed a higher dispersion
of sepiolite nanostructures in all the material and SA-800
12, SN1-800 12 and SN5-800 12 showed a greater agglom-
eration perhaps to higher deposition of carbons. Numer-
ous researchers have investigated the production of carbon
nanostructures from waste plastics [64—66]. For example,
Bazargan and McKay [67] reviewed published works that
use the pyrolysis of plastics to synthesize carbon nanostruc-
tures and organized the results in terms of reactor design.
More recently, Williams [26] examined the impact of reac-
tor and catalyst type on the yield and quality of the produced
carbon nanotubes. Regarding the use of nickel-based cata-
lysts, some authors, such as Mishra et al. [68], found carbon
nanotubes in the polypropylene pyrolysis using nickel as a
catalyst. The authors found carbon nanotubes in the range
of 25 nm with Ni metal in the centre of the tube. Other
researchers [69] observed similar results, reporting filamen-
tous carbons with outer diameters between 10 and 30 nm
and metal particles wrapped in the tubes in the pyrolysis of
polypropylene using Ni- and Fe-based catalysts.

3.3.2 TPO Analysis

Also, temperature-programmed oxidation (TPO) analysis
was used to ascertain the different thermal degrading prop-
erties of carbon placed on used catalysts. The findings sum-
marized in Fig. 7; Table 6. Figure 7 shows the proportions
of amorphous and filamentous types of carbon deposited on
catalysts. The data were obtained from thermogravimetric
curves (data here not shown) analyzing the different steps of
weight loss. According to the relevant literature, the weight
loss that occurred between 400 and 800 °C was due to the
oxidation of carbon components that have been deposited
on the catalyst [60] and depending on temperature at which
weight loss was completed the various carbon types can
be distinguished [70]. The weight loss at low temperature
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Fig. 6 TEM micrographs of a)
used catalysts after pyrolysis.
(a) S-800 12, (b) SA-800 12, (¢)
SN1-800 12, (d) SN-5 800 12

b)

Fig.7 Weight% of amorphous 100 -
(black colour) and filamentous
(red colour) carbon materials 80 J
= 60
£
£
o
[
2 404
20 4
9 A 2 N 3 N
N N oV A N
S o 6F1e° 5‘\\_1@ e

(around 400 and 600 °C) was ascribed to the more unstable
amorphous carbon, whereas the weight loss at high tem-
perature (more than 600 °C) was linked to the oxidation of
the more thermally stable filamentous carbon materials [71].
A larger percentage of amorphous carbon (over 80%) was
found in carbon deposits from most catalysts. Due to the
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limited specific surface area and porosity of these catalysts,
perhaps the internal dispersion of the metal-active particles
is poor, which can justify the high production of amorphous
carbon [50]. Previous works have shown that a weak metal-
support interaction results in more amorphous carbons and
less filamentous carbon [72]. These authors suggested that
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Table 6 Carbon deposition (mg carbon by gram of catalyst) in func-
tion of pyrolysis temperature, dosage of plastic: catalyst and catalyst
sample

Catalyst sample = Temperature, Dosage (wt: wt.) Carbon
°C plastic: catalyst deposi-
tion,
mg/g

S 700 1:1 22.48
1:2 20.22

800 1:1 26.59

1:2 33.98

SA 700 1:1 67.54
1:2 73.10

800 1:1 145.05

1:2 122.57

SN1 700 1:1 17.87
1:2 59.79

800 1:1 34.24

1:2 71.41

SN5 700 1:1 53.50
1:2 30.97

800 1:1 69.49

1:2 71.48

the interaction between the metal and support played a
strong part in governing the yield and type of carbon, with
a too weak interaction producing particles too large for fila-
mentous carbon growth.

According to previous papers, since hydrogen is given
off during carbon deposition, a larger amount of carbon
would result in a corresponding high yield in hydrogen [72,
73]. Table 6 reported the total carbon deposition (evaluated
in mg of carbon by gram of catalyst) in function of pyrolysis
temperature, dosage of plastic catalyst and catalyst sample.
If carbon deposition data are compared with experimental
H, production data, in general, a slight linear correlation can
be found between them for each different catalyst sample.

4 Conclusions

In this work, the hydrogen production came from the cat-
alytic reforming of volatiles generated by waste-plastic
pyrolysis over sepiolite-based catalysts was explored. The
findings indicated that the type of polymer greatly affects the
gas composition, with rigid PP waste providing the highest
hydrogen yield (39.06 mmol/g). Regarding the effect of the
pyrolysis temperature, results indicated a positive effect of
temperature on the production of hydrogen since hydrogen
production was raised with the increase in temperature from
700 °C to 800 °C. A comparison between catalysts showed
that nickel-modified sepiolite samples work well as cata-
lysts for the generation of hydrogen, reaching 41.8% of the
theoretical hydrogen potential. Finally, the characterization

of carbon deposited over catalysts’ surfaces showed that
most of the carbons were amorphous, with no significant
differences between the catalysts. Also, total carbon deposi-
tion was evaluated, obtaining values ranging between 17.87
and 145.05 mg/g in function of pyrolysis temperature, dose
of plastic-catalyst and type of catalyst sample.
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