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ARTICLE INFO ABSTRACT

Keywords: The production of H,-rich syngas from pyrolysis-catalytic gasification of plastic waste bottles has been investi-
Pyrolysis-catalytic gasification gated. The hybrid-functional materials consisting of Ni as catalyst, CaO as CO, sorbent and Ca,SiO, as a poly-
Hydrogen morphic active spacer were synthesized. The different parameters (Ni loading, temperature, N, flow rate and

Plastic waste

R i feedstock-to-catalyst ratio) have been investigated to optimise the H, production. The catalysts were analysed by
Hybrid-functional catalyst

N, physisorption, scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), Temperature-programmed reduction (TPR) and in-situ Trans-
mission Electron Microscopy (TEM). Temperature-programmed oxidation (TPO) was used to analyse the carbon
formation on the used catalysts. The highest H, production of 59.15 mmol g! plastic Was obtained in the presence
of a catalyst with 20 wt.% Ni loading, which amounts to H, purity as high as 54.2 vol% in gas production. Further-
more, 90.63 mmol g! ¢ plastic Of syngas was produced by increasing the feedstock-to-catalyst ratio to 4:1, yielding
84.4 vol.% of total gas product (53.1 vol.% of H, and 31.3 vol.% of CO, respectively). The Ni-CaO-Ca,SiO,
hybrid-functional material is a very promising catalyst in the pyrolysis-catalytic gasification process by capturing
CO, as it is produced, therefore shifting the water gas shift (WGS) reaction to enhance H, production from plastic
waste. Detailed elucidation of the roles of each component at the microscale during the catalytic process was also
provided through in-situ TEM analysis. The finding could guide the industry for future large-scale application to
convert abundant plastic waste into H,-rich syngas, therefore contributing to the global ‘net zero’ ambition.

1. Introduction Khan et al., 2021). H, production from thermo-chemical process has

received growing attention due to the flexibility of handling various

Hydrogen (H,) is considered as an environmental-friendly fuel that
has the potential to reduce the world consumption of fossil fuels to
meet sustainable development goals. The demand for H, reached 97
million tons (Mt) in 2023, of which <1 % was low emissions. Based
on announced projects, low-emissions H, could reach 49 Mtpa by 2030
(Wu et al., 2019; Dawood et al., 2020; Nnabuife et al., 2022; IEA 2024).
In 2023, >80 % of H, produced annually was from unabated fossil fuel
and coal feedstocks, resulting in no discernible impact on climate change
mitigation. Over the past two years, the production of low-emissions H,
equipped with carbon capture, utilization, and storage (CCUS) technolo-
gies has seen slight growth, still remaining below 1 Mtpa H,, which
constitutes <1 % of global hydrogen output (Antonini et al., 2020;
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feedstocks (Ji et al., 2017; Zhang and Williams, 2016), especially from
renewable biomass and solid wastes. Another benefit is the possibil-
ity to produce high-valued carbon materials like carbon nanotubes
(CNTs) at the same time (Zhang and Williams, 2016; Zhang et al., 2017;
Zhang et al., 2015; Xu et al., 2023; Liu et al., 2023). More than 90 %
of plastic production relies on fossil fuels. The global plastic produc-
tion reached 413.8 Mt in 2023, meanwhile 374.2 Mt plastic were fossil-
based (Nielsen et al., 2020; IEA 2024). In the same year, only lower than
0.1 % of plastic was chemical recycled or carbon-captured. Considering
it mostly consists with carbon and hydrogen, waste plastic could be an
ideal feedstock for H, production and CCUS. Polyethylene terephtha-
late (PET) is a thermoplastic polymer widely utilized in both industry
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and daily life. Its significant resistance to natural decomposition and
widespread use in single-use packaging underscores its considerable en-
vironmental impact, which caused massive pollution in both land and
marine systems (Tournier et al., 2020; Villarrubia-Gémez et al., 2022;
MacLeod et al., 2021). It has been predicted that the global PET plas-
tic recycling market reach USD 10.548 billion in 2024, growing at a
compound annual growth rate (CAGR) of 7.00 % from 2024 to 2031
(Phagare, 2024).

Gasification is a thermo-chemical conversion process that holds
paramount significance in the realm of sustainable energy production
and waste management, typically carried out in the presence of pure
oxygen, air or steam at temperatures in the range 700 - 950 °C under at-
mospheric pressure (Lopez et al., 2018). For highly contaminated waste
or unsorted plastic waste, gasification is considered as one of the most
promising technologies (Heidenreich and Foscolo, 2015; Sikarwar et al.,
2017; Ranzi et al., 2001; Dogu et al., 2021; Ciuffi et al., 2020). The in-
troduction of low-cost steam into plastic waste gasification can yield H,
and enhance the WGS simultaneously. Two-stage processes have been
widely employed for pyrolysis-catalytic gasification of plastic waste
by many researchers (Zhang et al., 2017; Zhang et al., 2022; Wu and
Williams, 2009; Zhang et al., 2017). Plastic waste is firstly pyrolyzed to
decompose the solid feedstock into volatiles in the first stage, then the
volatiles will be sent to a second-stage for syngas production. The tem-
perature in the second catalytic stage is usually higher than the pyrolysis
stage, which catalyse the process of steam reforming and generation of
H, (Zou et al., 2021).

Catalysis plays a pivotal role in enhancing H, productivity. Although
noble metals perform efficiently in increasing H, yield, their high price
means they are not ideal for use at an industrial scale (Williams, 2021).
Transition metals such as nickel, iron and cobalt have been widely used
for hydrocarbon reforming in thermo-chemical conversion processes
(Zhang et al., 2021). For example, Liu et al. (2023) developed rose-
like Co,Mn3_, O, spinel smart pre-catalysts that can self-convert into the
targeted active site-rich Co/MnO catalysts for the high-efficiency con-
version of plastic waste. Zhang et al. (2017) used mesoporous MCM-41
supported Fe and Ni bimetallic catalysts for H,-rich syngas production
from a mixture of plastic waste. Xu et al. (2023) proposed advanced
bimetallic NiCo/MnO catalysts for H, production from waste polypropy-
lene via a molecular- and macroscale-level engineering strategy. Den-
sity functional theory (DFT) simulations then rationalized the activity of
NiCo/MnO catalysts in the dehydrogenation of hydrocarbons. Xu et al.
(2022) also reported catalytic degradation of plastic wastes with typi-
cal fluid catalytic cracking catalyst (FCC). The yield and composition of
liquid and gas products over various FCCs were studied quantitatively.

Nickel has been identified as one of the most efficient catalysts
in cracking C-C, C-H and C-O bonds, which are the main chemical
bonds within plastics (Ji et al., 2017; Zhang et al., 2017; Xu et al.,
2023; Chai et al., 2020). Ni-based materials are commonly utilised cat-
alysts for the commercial production of H, due to high thermal stability
and selectivity to H,, although it also demonstrates high reactivity in
promoting the water gas shift reaction (Davda et al., 2005; Chen and
Chen, 2020, Gonzélez-Castano et al., 2021). Therefore, even the most
challenge tar cracking and light hydrocarbon reforming during plas-
tic pyrolysis-gasification could be achieved (Wu et al., 2019; Hu et al.,
2018; Zhang et al., 2019). As nickel oxide (NiO) could be reduced to
nickel during the process and still give high H, yield, it is acceptable to
have no reduction pre-treatment before use. Different from analytical
grade chemicals, waste calcium materials possess great potential to be
used with fairly low cost. It is reported that calcium oxide (CaO) can fa-
cilitate tar cracking and catalyse cracking/gasification, which has been
widely used for capturing CO, due to its high sorption capacity (Li et al.,
2021; Wu et al., 2024; Wang et al., 2021; Wang et al., 2022; Zhou et al.,
2024). Since CO, is produced along with H, during the steam reforming
of plastic waste, it is feasible to capture CO, as its formed during the re-
action process and shift the equilibrium of reversible reactions for more
H, and CO yield. Ca,SiO, has been reported to show reversible poly-
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morphic transitions in regenerating declining porosity after reaction, as
well as its strong resistance to particle sintering (Ji et al., 2017). As
previously reported (Ji et al., 2017), Ni-CaO catalyst without Ca,SiO,4
even gives higher hydrogen yield compared to Ni-Ca,SiO4_CaO or Ni-
Ca,Si0,4. However, using calcium oxide as a catalyst support alone will
easily lead to problems such as catalyst skeleton collapse and nickel
sintering. After 15 cycles of reaction, the hydrogen yield of Ni-CaO de-
creased remarkably while hydrogen production for Ni-Ca,SiO4_CaO was
reduced only slightly.

In this work, a Ni-CaO-Ca,SiO, hybrid-functional material has been
prepared to investigate its performance for pyrolysis-catalytic gasifica-
tion of plastic waste for H,-rich syngas production at different condi-
tions. NiO plays the role of activation centre of the catalyst, which is
reduced during the reaction process to the more active metallic state.
CaO acts as a CO, sorbent and Ca,SiO, functions as a stabilizer/anti-
agglomeration agent in waste PET steam gasification. Real world plastic
waste bottles were used as feedstock. This study aims to optimize the
process for H, and syngas production in the presence of Ni-CaO-Ca,SiO,4
hybrid-functional materials as catalyst with a two-stage fixed-bed reac-
tor. Different parameters have been studied, including carrier gas flow
rate, catalytic temperature, Ni loading and feedstock-to-catalyst ratio.

2. Materials and methods
2.1. Sample preparation

All chemicals used in this research were purchased from Sigma-
Aldrich, UK with purity over 99 %. 5 mmol tetraethyl orthosilicate
(TEOS, Si(OC,Hs),) was dissolved into 500 mL 1 mmol L1 nitric acid
(HNO3) and stirred at 600 r min~! at room temperature (RT) for 45 min.
Then 45 mmol calcium acetate (PhosLo gelcaps) hydrate (Ca(C,H30,),)
and nickel (II) nitrate hexahydrate (Ni(NO3),-6H,0) were added to the
solution after TEOS was completely hydrolysed. After the precursor be-
came homogeneous, it was dried at 95 °C in an oven overnight. The
same procedure was repeated but with varying the Ni content (5 wt.%,
10 wt.%, 15 wt.%, 20 wt.%) to analyse the influence of Ni loading by
keeping the Ca0:Ca,SiO, ratio consistent at 3:7. The calculations were
based on a published work from Ji et al. (2017). These samples were
denoted as Ni0O5, Nil0, Nil5 and Ni20, respectively. All the dried pre-
cursors were calcined at 850 °C (ramping rate 5 °C min™!) for 1 h in
air. The catalyst sample was then ground and sieved to a size between
50 and 180 um before experiment and characterization. Washed Coca
Cola bottles (500 mL) were cut into small fragments (15 x 3 mm) as
feedstock. The lid and label were not used in this work. The proximate
analysis of the Coca Cola bottles was obtained from SOCOTEC, UK and
was given in Table 1.

2.2. Experimental system

Experiments were undertaken using a two-stage fixed-bed reactor
for pyrolysis—catalytic gasification experiments (Zhang et al., 2015;
Zhang et al., 2022). The 3D model of the reactor tube and schematic
diagram of the reactor are shown in Fig. 1. The reactor was constructed
of S316 stainless steel and was externally heated with a multi zone fur-
nace with full temperature control and monitoring. Pyrolysis of the plas-

Table 1

Proximate analysis of the Coca Cola bottle (as received).
Moisture content (wt.% wet basis) 0.4
Ash content (wt.% wet basis) <0.1
Elemental analysis (wt.% dry basis)
C 62.61
H 4.18
o 33.19
N < 0.05
S < 0.02
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Fig. 1. (a) 3D model of the reactor tube, plastic feedstock and catalysts are placed in the upper and lower crucibles, respectively; (b) Schematic diagram of the
two-stage fixed-bed reactor (Zhang et al., 2022). Reprinted (adapted) with permission from (Zhang et al., 2022) © (2022) American Chemistry Society.

tic waste occurred in the first/top stage at 600 °C, and the produced
volatiles were passed directly to the second/bottom stage, where cat-
alytic reactions occurred at 700, 800 or 900 °C. Nitrogen (N,) was in-
troduced into the process from the top of the pyrolysis reactor as the
inert purge gas with a flow rate of 80, 110 or 140 mL min~!. The plas-
tic bottle sample (0.5 g) was placed in the top stage, and the catalyst
(0.5 g) was placed in the bottom stage. Quartz wool (around 0.7 g) was
used to spread out the catalyst. During the experiments, the catalyst bed
(second stage) was preheated to the targeted temperature. Then, the py-
rolysis stage started heating from RT to 600 °C with a heating rate of
40 °C min~!. Water injection was introduced into the second stage of
the process via a syringe pump with a flow rate of 5 mL h'l. Heating
of the top pyrolysis stage, water injection and gas collection started at
the same time. The gaseous products from the process were passed to
a condensation system to trap the condensable liquids, followed by gas
collection in a 12 L Tedlar® gas sampling bag. The cracking of plas-
tic waste took around 40 min, and the gas collection time was around
60 min (extra time was used to ensure that all products are collected).

2.3. Analytical methods

The gaseous products were collected by the Tedlar® gas sampling
bag and analysed with gas chromatography (GC) with a Thermal con-
ductivity detector (TCD) using a capillary column (30 m x 0.25 mm,
Thermo Scientific TraceGOLD™ TG-WaxMS A) (Silva and Dion-
isi, 2020).

The used catalysts were analysed by temperature programme oxida-
tion (TPO) using a thermogravimetric analyser (TGA) (Mettler Toledo
TGA/DSC 3 + system) to determine the oxidation characteristics of car-
bon deposited on the catalyst. Each used catalyst sample was placed in
the TGA and heated in air at a flow rate of 20 mL min~! to 900 °C at

a heating rate of 15 °C min~!. All the samples were held for 10 mins at
120 °C to remove the moisture.

The porous properties of the catalysts were determined by obtain-
ing the N, adsorption and desorption isotherms at equilibrium vapour
pressure using the static volumetric method. N, adsorption-desorption
isotherms were recorded at —196 °C using a TriStar II Plus instrument
(Micromeritics). The samples were degassed at 300 °C for 4 h prior
to analysis. Specific surface areas were determined according to the
Brunauer, Emmett and Teller (BET) model, with pore diameters, vol-
umes and size distributions determined through Barrett-Joyner-Halenda
(BJH) desorption analysis.

The crystalline structure and chemical phase composition of the fresh
catalyst was assessed by X-ray diffraction (XRD) analysis with a PANa-
lytical X’Pert X-ray Powder diffractometer (PIXcel 1D detector) (D/Max
2500 V+/PC, Cu Ka, 20 = 10-90°, step interval = 0.02°).The fresh
and spent catalysts were characterized by scanning electron microscopy
(SEM) (Zeiss GeminiSEM 300) to determine surface morphologies of the
catalyst particles. The element distributions of fresh catalysts were ex-
plored with energy-dispersive X-ray spectroscopy (EDS) associated with
the SEM.

Temperature Programmed Reduction (TPR) experiments on fresh ox-
idised catalysts were conducted to characterize the metal surface of
the catalyst and investigate the optimal reduction conditions. A TPDRO
1100 instrument was used with a TCD detector, with a trap bed placed
before the detector to remove the moisture. Samples were firstly dried
by increasing the temperature up to 105 °C for 30 min under N, flow,
then the system was cooled down and the temperature was increased
again until 1000 °C with a 6 °C min~! temperature ramp, using a 5 %
H,/N, flow.XPS Analysis was performed using a Thermo NEXSA G2 XPS
fitted with a monochromated Al Ka X-ray source (1486.7 eV), a spheri-
cal sector analyser and 3 multichannel resistive plate, 128 channel delay
line detectors. All data was recorded at 19.2 W and an X-ray beam size
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Fig. 2. N, adsorption isotherms of tri-functional material with various Ni loading (a) Ni05, (b) Nil0, (c) Nil5, (d) Ni20 (e). XRD patterns of all catalysts with
different Ni loadings. (f). Pore volume distribution of various Ni loading catalysts (Ni05, Nil10, Nil15 and Ni20) by BJH desorption; (g) zoom in of the first peak in (f).

of 400 x 200 um. Survey scans were recorded at a pass energy of 200 eV,
and high-resolution scans recorded at a pass energy of 50 eV. Electronic
charge neutralization was achieved using an ion source (Thermo Scien-
tific FG-03). Ion gun current = 150 pA. Ion gun voltage = 40 V. All sam-
ple data was recorded at a pressure below 10~8 Torr and a RT. Data was
analysed using CasaXPS v2.3.26rev1 .ON. Peaks were fit with a Shirley
background prior to component analysis. Line shapes of LA (1.53,243)
were used to fit components.

To reveal the morphology of the samples, high-resolution in-situ TEM
images were obtained using a microscope (ARM300CF JEOL) at the elec-
tron Physical Sciences Imaging Centre (ePSIC) at Diamond Light Source,
Oxford. An acceleration voltage of 200 kV was used, acquiring the mi-
crographs of catalysts from RT to 900 °C The sample was mounted on
the DENS heating nano-chip for capturing the micrographs.

3. Results and discussion
3.1. Characterization of fresh catalysts

The N, adsorption and desorption isotherms were plotted for
the hybrid-functional materials with varied Ni loadings as shown in
Fig. 2(a). There was no obvious relationship between Ni loading and
porous morphology of the catalysts. All the catalysts presented a Type
IV isotherm, which indicates mesoporous materials (Al-Ghouti and
Da’ana, 2020). The pore volume distribution for all fresh catalysts was
illustrated in Fig. 2(f), indicating the existence of both mesopores and
macropores. Different from Nil0 and Nil5, Ni05 and Ni20 have a more
obvious peak in the volume distribution curve at around 2.5 nm pore
radius as shown in Fig. 2(g). Table 2 lists the textual properties ob-
tained from N, adsorption and desorption measurements. The Ni20 has

largest BET surface area of 10.32 m? g1 and highest pore volume of
0.077 cm? g1, BET surface area decreases from 8.73 to 4.14 m? g1 as
Ni loading increased from NiO5 to Nil5 gradually. Pore volume follows
the same trend as the BET surface area. Meanwhile, the average pore
radius for the four fresh catalysts is similar and in the range of 24 to
31 nm. In Fig. 2(f), the mesoporous structure which influences the cat-
alytical ability can be found from all catalysts for the average pore radii
between 1 and 25 nm. Interestingly, Ni20 showed the highest BJH des-
orption volume, which is correlates with the best catalytic performance
as shown in Table 3 - highest H, production of 59.15 mmol g ¢ plastic
(discussed in more detail later).

In Fig. 2(e), the XRD patterns of materials with varied Ni loadings are
presented with the peaks of NiO, CaO and Ca,SiO, indicated, demon-
strating the combination of these three components. The peaks corre-
sponding to NiO became increasingly more evident with Ni loading in-
crement, especially at 43°, 63° and 76° - 85° 26.

Fig. 3 displays the SEM images of fresh and used hybrid-functional
materials with different Ni loadings. As the catalysts were sieved in a
range between 50 and 180 um, the images here present the surface
morphology of several catalyst particle. All fresh catalysts Fig. 3(a)-(d)
showed some regions of clustering.

Fresh Ni20 hybrid-functional material was also analysed by EDS ele-
mental mapping to determine the nickel, calcium, and silicon locations
on the sample. The bright dots in Fig. 4(a) indicate where Ni is loaded
on the catalyst. In general, the Ni particles are distributed quite well
with the exception some of some regions of clustering (see Fig. 4(b)
and (d)). Calcium is distributed throughout all the particles as the main
skeleton of the catalyst. From Fig. 4(b) and (c), it can be seen that the
silicon mapping shows it accounts for a relatively low proportion of the
catalyst and is most likely to exist in the form of calcium silicate (as indi-
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Table 2
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Surface area, pore size and pore volume of varied Ni loading materials.

Material ~ BET surface area (m? g')  Pore volume (cm® g')  Average pore radius (nm)
Ni05 8.73 0.062 29.6
Nil0 7.27 0.042 31.2
Nil5 4.14 0.023 24.2
Ni20 10.32 0.077 30.1
Table 3
Product yields and gas concentration from pyrolysis-catalytic gasification of plastic bottle with Ni-CaO-Ca,SiO, catalysts.
Parameters
N, flow rate (mL min) 80 110 140 110 110 110 110 110 110 110 110
Temperature ( °C) 900 900 900 900 900 900 800 700 900 900 900
Catalyst NiO5 NiO5 NiO5 Nil0 Nil5 Ni20 Ni20 Ni20 Ni20 Ni20 SiO,
Feedstock: Catalyst 1:1 1:1 1:1 1:1 1:1 1:1 1:1 1:1 2:1 4:1 1:1
Yield & Mass balance
Gas yield (wt. %) 20.43 23.17 23.28 17.57 21.33 21.50 17.12 10.39 21.70 29.44 16.46
Liquid yield* (wt. %) 74.92 71.75 72.70 80.28 76.23 76.29 81.46 88.04 77.42 69.88 82.73
Residue (wt. %) 1.09 1.34 0.45 0.19 0.34 0.26 0.18 0.09 0.23 0.04 0.23
Carbon (wt. %) 3.56 3.74 3.57 1.96 2.10 1.96 1.24 1.49 0.64 0.64 0.57
Mass balance (plastics + reacted water %) 86.60 80.60 88.65 92.33 95.65 91.12 91.23 90.06 100.62 95.99 93.94
H, production (mmol g o¢ yracic) 39.01 4639 4620 5354 5725 59.15 56.41 37.16 57.26  56.97 37.46
CO production (mmol g™ o¢ yiagtic) 17.21 1518 2054 2542 2237 1843 1454 3.07 2989  33.66 16.83
Syngas production (mmol g ¢ plastic) 56.22 61.57 66.75 7898 79.62 77.57 70.94 40.23 87.15 90.63  54.29
Calorific value (MJ m) (Anwar and Carroll, 2016) 12.63 12.07 12.73 13.00 11.79 11.49 11.32 10.33 13.11 13.78 13.17
Gas concentration (vol. %, N, excluded)
H, 47.28 49.13 48.20 48.21 49.82 54.18 56.61 60.17 52.17 53.07 45.54
Cco 20.86 16.07 21.43 22.87 19.46 16.88 14.59 4.97 27.24 31.35 20.44
CH, 2.22 2.76 2.26 2.31 1.10 1.24 1.49 2.16 1.20 1.24 3.24
CO, 29.64 32.03 28.11 26.61 29.62 27.70 27.31 32.70 19.39 14.33 30.91

* Liquid yield includes the liquid oil production and unreacted water.

Fig. 3. SEM image of fresh hybrid-functional materials with varied Ni loadings. (a) Ni05, (b) Ni10, (c) Ni15 and (d) Ni20. SEM image of used materials. (e) Ni05, (f)
Ni10, (g) Nil5, and (h) Ni20. Insets are captured at higher magnification. Reaction condition: N, flow rate at 110 mL min ~!, 900 °C, feedstock: catalyst ratio = 1:1.

cated by XRD data). The functional role being to resist particle sintering

(especially CaO) during reaction.

3.2. Pyrolysis-catalytic gasification of plastic waste

Pyrolysis-catalytic gasification of the waste PET was carried out us-

ing the hybrid-functional Ni-CaO-Ca,SiO, catalysts with a two-stage
fixed-bed reactor. Four process parameters (Ni loading, temperature, N,
flow rate and feedstock-to-catalyst ratio) were investigated to optimize
the H, production with the resultant mass balance and gas concentra-
tions shown in Table 3 and Fig. 5.

The gas product yield was calculated in relation to the initial mass of
the plastic waste based on the gas concentration from GC analysis and
the molecular mass of the individual gases. N, flow rates were precisely
controlled by a mass flow controller and noted as the reference gas in
Eq. (1).

The liquid yield was obtained by mass difference of the condensation
system before and after experimentation. The residue was measured as
the weight difference of the crucible placed in the top stage of the re-
actor before and after the reaction. Used catalysts were heated under
air flow in TGA to quantify carbon deposition. The weight difference
in the TPO curves between 200 and 900 °C is considered as the oxida-
tion of deposited carbon with the carbon yield calculated using Eq. (2).
Mass balance was calculated using the weight of products divided by
the weight of the reactants (as shown in Eq. (3)). The H, productions
were calculated based on Eq. (4).

gas concentraton of H,

Weight of gas (e.g. H, ) =
ghtof ¢ ( g M2 ) gas concentration of N,

gas collection time X N, flow rate

ideal gas constant

C)

Xmolecular weight of H,
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Fig. 4. EDS data for Ni20 fresh catalyst, resolution magnification at 12kX, (a) SEM image, (b) EDS layer image, indicating three different elements: calcium, nickel,

and silicon, (c) EDS map of silicon, (d) EDS map of nickel.

Carbon yield (wt.%)
=TGA weight loss between 200 — 900 °C of used catalyst
Xweight of the used catalyst 2)

Mass balance (%)
__weight of (gas + liquid + carbon + residue)
" weight of (plastic feedstock + water injected)

X 100% 3)

i -1
H, production (mmal ¢of p,amm)

gas concentraton of H,

" gas concentration of N,

gas collection time X N, flow rate

“

X
ideal gas constant X weight of plastic feedstock

For the pyrolysis temperature, all feedstocks were placed in the top
crucible and heated to 600 °C, which is as high as is required to fully
crack the plastic feedstock. Steam is introduced as a H, source for gasifi-
cation reaction, which is similar to that reported by Zhang et al. (2015),
Zhu et al. (2019) in Reaction 1 and Reaction 2. Besides, the reaction
time for this experiment was always 1 hour. Considering the exces-
sive amount of injected water, the char gasification reaction ( Reac-
tion 3) is favoured to happen on catalyst at the second stage. There-
fore, three gasification temperatures (700 °C, 800 °C and 900 °C) were
investigated to identify the influence of temperature on the perfor-
mance of catalysts. The produced CO, could be captured by the CaO
in the hybrid-functional catalyst (Reaction 7). CO, capture shift the
equilibrium of water gas shift reaction (Reaction 4) and favour the H,
production.

C,H,0, + nH,0 - (z+n) CO+-x-2) C+ (y/2+mH, (R1)
C,H, + H,O =nCO + (m + 2)/2H, (R2)
C+H,0>CO+H, (R3)

CO +H,0 = CO, +H, (R4)

C+2H, > CH, (R5)

CH, + H,0 = CO + 3H, (R6)

Ca0 + CO, =CaCO;  (R7)

As shown in Table 3 and Fig. 5, three N, flow rates (80, 110 and
140 mL min ~!) were investigated. The best results in Table 3 turned
out to be when the N, flow rate was set at 110 mL min ~!, as the highest
yield of H, was obtained. Specifically, the syngas production increased
from 56.22 to 66.75 mmol g plastic DY increasing N, flow rate from
80 to 140 mL min !, while the H, production increased from 39.01
to 46.2 mmol g1, plastic @ shown in Fig. 5(a). The results comparing
catalytic temperatures of 700, 800, and 900 °C are shown in Fig. 5(b)
and Table 3. The H, composition declined as the rise of temperature,
but syngas and H, productions increased remarkably, indicating higher
catalytic temperature was preferred. Experiments were then conducted
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Fig. 5. Reaction process optimization column chart for gas product yield with different parameters: (a) N, flow rate, (b) reaction temperature, (c) Ni loading and

(d) feedstock-to-catalyst ratio.

on four hybrid-functional catalysts with various Ni loading. Although
the BET surface area, pore size and pore volume of those catalysts were
irregular, the amount of loaded nickel showed an explicit trend. The H,
production enhanced from 46.39 to 59.15 mmol g o¢ Jjagic as Ni loading
increased from NiO5 to Ni20 in Fig. 5(c), indicating a positive correla-
tion between Ni loading and H, production. The total syngas production
for Ni10, Nil5 and Ni20 was around 78 mmol g ¢ plastic With minor de-
viations as shown in Table 3.

The performance of the hybrid-functional material with different
feedstock-to-catalyst ratios (1:1, 2:1, 4:1) were also investigated with the
best performing Ni20 catalyst. As shown in Fig. 5(d), H, yield reduced
from 59.15 to 56.97 mmol g plastic When the feedstock-to-catalyst ra-
tio increased from 1:1 to 4:1. Syngas production was increased from
77.57 t0 90.63 mmol g1 ¢ plastic @ shown in Table 3. It is worth point-
ing out that the CO, composition was between 26.61 to 32.70 vol. %
at the feedstock-to-catalyst ratio was 1:1 where the oxygen atoms are
suggested to come from PET itself and water. As shown in Fig. 5(d),
when the feedstock-to-catalyst ratio augmented from 1:1 to 2:1 and
4:1, CO, was diminished from 27.7 to 19.4 and 14.3 vol.% respec-
tively, consequently resulting in the elevation of CO formation from
16.9, 27.2 and 31.3 vol.%. This conversion strongly raised the total
volume of syngas and reduces greenhouse gas emission from the pro-
cess even under a higher feedstock-to-catalyst ratio, providing a po-
tential for future large-scale application to convert problematic plastic
waste

There was small amount of methane (CH,) that was formed from
the gasification of plastic waste or the product of the methanation re-
action ( Reaction 5). As shown in Fig. 5(b), the CH, yield decreased
from 2.2 to 1.3 vol.% as the temperature rose from 700 to 900 °C. It was
also influenced by the Ni loading with CH, yield reducing from 2.8 to
1.3 vol.% as the Ni loading increased from NiO5 to Ni20. It is suggested
that the steam methane reforming ( Reaction 6) was the main limitation
for this, which efficiently converted CH, to CO and H,. A baseline exper-
iment was also conducted to determine the influence of Ni loading and
Ca0-Ca,SiO, supported structure by replacing the support with silica-
alumina (SiO,-Al,03). As shown in Table 3, the H, yield was as low as
37.46 mmol g ¢ 1asiic With N, flow rate of 110 mL min !, gasification
temperature at 900 °C and feedstock-to-catalyst ratio of 1:1. The CO,
composition (30.91 vol.%) was also very high compared with other ex-
periments conducted in the presence of the hybrid-functional catalysts.
This result strongly suggests that the CO, capturing ability of the hy-
brid catalyst (Reaction 7) shifts the equilibrium of the water gas shift
reaction (Reaction 4) and thus enhanced H, production.

Fig. 6 shows the TPO results of used catalysts collected from all
pyrolysis-catalytic gasification experiments at different conditions and
aims to compare the thermal stability of the different types of carbon
deposited on the catalyst. The insets are derivative thermogravimet-
ric temperature programmed oxidation (DTG-TPO) results. The car-
bon with a high degree of graphitization would have a high thermal
stability and tend to be combusted at higher temperatures compared
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Fig. 6. TPO results of various used catalysts with different parameters, (a) N, flow rate, (b) reaction temperature, (c) Ni loading and (d) feedstock-to-catalyst ratio.

Insets are the corresponding DTG-TPO results.

with less graphitized carbon. Carbon oxidized below 600 °C has been
assigned to the decomposition of disordered/amorphous carbon, while
the carbon oxidized above 600 °C has been attributed to the oxida-
tion of graphitic/filamentous type carbons (Zhang et al., 2015; Wu and
Williams, 2010). Except for catalytic tests at 700 °C, the DTG—TPO re-
sults of all used catalysts have two main oxidation peaks at around 450
and 675 °C respectively, demonstrating the formation of both amor-
phous and graphited carbon on the catalysts.

Data from the used catalysts were collected from the experiments
with various N, flow rate as shown in Fig. 6(a). Similar DTG-TPO curves
were observed as the gasification temperature and catalyst were the
same. In Fig. 6(b), there was only one significant peak for the used
catalyst at a gasification temperature of 700 °C, suggesting all the de-
posited carbon was mainly graphitic filamentous carbon. The elevation
in gasification temperature led to a reduction in carbon weight percent-
age while simultaneously augmenting H, yield. This suggests a promis-
ing potential wherein higher temperatures could mitigate catalyst de-
activation from carbon deposition. In Fig. 6(c), weight loss of the used
catalysts decreased while more nickel was loaded, indicating less car-
bon was deposited on the catalyst. Different feedstock-to-catalyst ratio
made no apparent change in the types of carbon deposited as shown in
Fig. 6(d). Even relatively less carbon was formed when more feedstock
was added to the reaction, suggesting saturation of carbon on used cat-
alysts. Since 780 °C was the typical temperature for CaCO5; decomposi-
tion while the reaction temperature was as high as 900 °C, all CaCO,
changed back to CaO and CO, at the end of the experiments, provid-
ing reusage potential for this hybrid-functional catalyst. Furthermore, it

can be found that the weight of used catalysts slightly increased from
400 to 650 °C, which may be caused bythe combustion of carbon de-
posits on the catalyst surface rather than significant oxidation of Ni . It
is suggested that oxidation of Ni happen in the temperature range 500
to 1400 °C, which is not consistent with our TGA-TPO result of 400 °C
to 650 °C. From the XPS result in Fig. 7 we can find that although the
catalysts were reduced in-situ for catalysing the reactions, additional 30
mins for gas collection under 900 °C and steam environment oxidized
the Ni again. The valence of Ni in used catalysts are almost similar to
fresh catalyst which was no pre-reduced Ni%*. SEM was also employed
to characterise the used catalysts collected from pyrolysis-catalytic gasi-
fication of plastic waste experiments, and the micrographs are shown
in Fig. 3(e-h).

XPS was used to track the reduction of Ni during experiments as
shown in Fig. 7. Both spectra showed existence of Ni* and Ni® in fresh
and used Ni20 catalysts. After the reaction, the deconvoluted data of
Ni® 2p spectra indicated a very slight increase in peak area percentage.
At around 852.6 eV, area of Ni® in spectra expanded from 3.08 % to
3.52 %, indicating a slight reduction of Ni2* to Ni® (Bagus et al., 2022).
However, considering the fresh catalyst only contains very few amounts
of Ni® while most of them are covered by NiO oxide film, and sight in-
creasement of Ni® here lower than 10 % for used catalysts are suggested
to be ignored. This finding matches the result from TGA-TPO, indicating
there was no traceable Ni oxidation for used catalysts in Fig. 6. Similarly,
this phenomenon also happened in Ni® peaks at around 856.2 eV and
858.5 eV as their peak areas from 0.22 % to 0.25 % and 0.57 % to 0.65 %
respectively.
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Fig. 7. XPS spectra of Ni20 catalyst (a) fresh, (b) used. Re-
(a) action conditions: N, flow rate at 110 mL min ~!, 900 °C,
feedstock: catalyst ratio at 1:1. (c) H,-TPR patterns for
fresh catalysts with different Ni loading.
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The reducibility of fresh Ni-CaO-Ca,SiO, catalysts with different Ni
loading was characterized by H,-TPR and shown in Fig. 7. CaO and
Ca,Si0, showed no reduction peaks during the H,-TPR test, indicating
not interfere with the identification of other reducible species. Peaks
around 372 °C and 450 °C becomes gradually clear as the loading of Ni
increased, which are suggested to be reductive peak of free NiO to Ni
(Sun et al., 2022). This kind of NiO species implies a weak interaction
between catalyst support as they were reduced under a relative low tem-
perature, which could be -NiO (Huang et al., 2021). The broad peaks
between 500 °C to 700 °C are attributed to -NiO, indicating stronger in-
teraction with the support (Ranjekar et al., 2023). The high-temperature
peak at around 830 °C s ascribed to y-NiO, indicating a very strong inter-
action with CaO or Ca,SiO,. This finding is consistent with the a-NiO,
as y-NiO species also demonstrated more evident peaks as Ni loading
increases. Ni20 and Nil5 have all species of Ni, while Nil0 has both
a-NiO and $-NiO, and NiO5 has only #-NiO respectively. From the reac-
tion process optimization column chart in Fig. 5(c) in manuscript, it is
suggested that the lack of «-NiO might be one of the reasons why Ni05
does not perform as well as other catalysts. H,-TPR characterization

800 900

also proves that all the catalysts were reduced before 900 °C during the
pyrolysis/gasification reaction, ensuing there is no necessary to reduce
Ni-CaO-Ca,SiO, catalyst before reaction and thus more economically
in potential large-scale production.

3.3. In-situ TEM of fresh catalyst

In-situ TEM was used to analyse the structural change of Ni20 as
it is heated from RT to a catalytic temperature of 900 °C. Two kinds
of typical feature were observed as shown in Fig. 8(a)/(o) and (b)/(c).
Fig. 8(a) and (o) were suggested to be irregular stacking of spherical
configurations, which mainly consisted of calcium salts without silicate.
This component could be mostly CaO, or Ca(OH), and CaCO; as previ-
ous literature reported (Xu et al., 2018; Ghosh et al., 2019; Sahu et al.,
2023). Therefore, we propose the tentacle-like configuration observed
in Fig. 8(b). (¢), (d) and (e) to be Ca,SiO4. The portions which are
in dark black colour and exhibit regular shapes could be sintered and
loaded NiO depending on their size. By the observation of a tentacle-
like configuration, homogeneous structures were found in Fig. 8(d), (e),
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Fig. 8. TEM micrographs for different areas (a)-(t) of fresh Ni20 at RT.

(qQ), (1), (s) and (t). The darker colour of tentacle-like configuration
was caused by overlapping of those configurations, indicating that the
Ca,Si0, mainly plays a role in resisting sintering and enriching sur-
face area. Two aforementioned formations can be close to each other
(Fig. 8(f), (g), (h) and (k)) or combine together. The main structure of
this catalyst is formed by the combination of those irregular stacking of
spherical configurations and tentacle-like configurations as illustrated
in Fig. 8(i), (1), (m) and (n). The two visible characteristics of CaO/
Ca(OH),/CaCO3 and Ca,SiO, were mixed to form larger aggregates of
catalysts, while their properties were kept. Fig. 8(p) is the zoomed-in
image of Fig. 8(o) and no spherical or tentacle-like configurations were
found in this area, which could be caused by excessive overlapping of
Ca0/Ca(OH),/CaCOs;.

The heating of sample was progressed in stages from RT to 900 °C
(approx. 3 ss needed for a rise of every 100 °C). Then the temperature
was held for around 3 mins to capture TEM images. In Fig. 9, a cer-
tain area of Ni20 was observed and captured during heating up and
the holding at 900 °C for 45 mins. It can be found that a part of amor-
phous black solid in the lower right corner gradually disappears from
this area from 400 °C at Fig. 9(e), which is suggested to be the de-
composition of Ca(OH), under the vacuum environment of the TEM.
The main skeleton of tentacle-like configuration remained unchanged
with a rise in temperature. It is therefore suggested that there was lit-
tle or no Ca(OH), within the tentacle-like configuration of Fig. 9 as
no observation of large-scale decomposition was noted in this area,
which is consistent with the postulation that tentacle-like configura-
tion was indeed Ca,SiO4. However, several deep black particles were
found in top left and are likely NiO. Considering the decomposition

10

temperature of CaCO; is around 825 °C, it can be deduced that despite
the predominant presence of Ca,SiO, in these tentacle-like structures,
there were still residual amounts of CaCO5. This hypothesis was con-
sistent with the observation that clarity of NiO particles became more
apparent at 900 °C from Fig. 9(j), (k) to (1). After undergoing high-
temperature process at 900 °C for 45 mins, the positions and shapes of
these NiO particles remained virtually unchanged, maintaining an ideal
distribution of these active metals. The dispersion/stability is partly at-
tributed to the tentacle-like configuration which also demonstrated re-
sistance at high temperatures. Moreover, no NiO particles were found
loaded onto tentacle-like configuration, thus a favoured distance be-
tween NiO were kept and sintering was effectively prevented. The find-
ings could support that the introduction of Ca,SiO, offers strong resis-
tance against particle sintering by increasing the surface area and versus
porosity, therefore enables the recovery of decreased porosity after the
reaction.

By comparing the same area of at RT (Fig. 8(m)) and 900 °C
(Fig. 10(a), (b), (c)), the decrease of an amorphous area in the lower
right corner was observed, which might be caused by the decomposi-
tion of CaCO3/Ca(OH),. Tentacle-like configurations of Ca,SiO4 and
spherical configurations of CaO appeared after the decomposition as
shown in Fig. 10(c). However, in the comparison of the same area of
Fig. 8(m), (n) at RT and Fig. 10(d), (e), (f) at 900 °C, no specific change
was found, indicating a relative stability to carbonation /hydration in
this area. Fig. 10(g) illustrated obvious spherical configurations and sub-
micron sized pores/voids within the structure at 900 °C. After heating
up, Fig. 8(o) was comparable with Fig. 10(h) and (i). There was virtually
no change to this region, suggesting a component of CaO in this area.
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Fig. 9. In-situ TEM figures of fresh Ni20 during heating from RT to 900 °C. (a) RT, (b)100 °C, (c) 200 °C, (d) 300 °C, (e) 400 °C, (f) 500 °C, (g) 600 °C, (h) 700 °C, (i)
800 °C, (j) 900 °C, (k)15 mins after temperature reached 900 °C, (1) 45 mins after temperature reached 900 °C.
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Fig. 10. TEM figures for different areas of fresh Ni20 at 900 °C. Resolution magnification from 15kX to 60kX. Note: the images correspond to some of the same
regions imaged in Fig. 8 and this is described in depth within the text.
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4. Conclusion

In this study, Ni-CaO-Ca,SiO,4 hybrid-functional materials were pre-
pared and investigated for the pyrolysis-catalytic gasification of PET to
produce H,-rich syngas. Four parameters (Ni loading, temperature, N,
flow rate and feedstock-to-catalyst ratio) were investigated to optimise
H, and syngas yields. The results suggest the following: (1) The EDS re-
sult suggests that Ni particles are distributed quite well with the excep-
tion some of some regions of clustering in the catalyst. Ni loading is the
decisive factor for enhancing H, and syngas productions irrespective of
the samples porous properties. The highest H, production of 59.15 mmol
gl plastic Was obtained in presence of Ni20 catalyst with N, flow rate
at 110 mL min !, gasification temperature at 900 °C and a feedstock-to-
catalyst ratio at 1:1. (2) The gasification temperature plays a dominant
role on enhancing H, and syngas yields, as well as the formation of the
carbon. Higher temperature enhanced H, and syngas productions and
less carbon formation. (3) Although the H, composition decreased as
the feedstock-to-catalyst ratio increased, syngas production keeps esca-
lating. The highest syngas production was 90.63 mmol g, plastic and
this was obtained with a N, flow rate at 110 mL min ~!, Ni20 as catalyst,
900 °C temperature and feedstock-to-catalyst ratio at 4:1. (4) Ca,SiO4
plays a significant role in resistance of catalyst sintering and formation
of favoured active metal distribution. The result proves the feasibility
of using the Ni-CaO-Ca,SiO,4 hybrid-functional material for enhancing
H,-rich syngas production from plastic waste through pyrolysis-catalytic
gasification process, paving a way for future large-scale application to
convert problematic plastic waste into high value products, therefore
contributing to the global ‘net zero’ ambition.
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