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This study highlights the hydrocracking route for the management of surgical face masks, made of poly-
propylene, into liquid fuels. Hydrocracking experiments were performed at 325 °C and 10 bar cold Hy pressure
over Ni-loaded HY and steamed HY zeolites. Ni-loaded steamed Y zeolite demonstrated to be the best catalyst
leading to considerably high conversion (100 wt%) and selectivity to liquids (85.5 wt%). The increase in the
external surface area and mesoporous volume that improved the bulk polymer molecules diffusion, combined

with the uniformly dispersed Ni particles and the additionally generated Lewis acidity, were at the origin of the
observed behaviour. This catalyst also showed reasonable stability and ability to be thermally regenerated. From
the environmental perspective, life cycle assessment shows the benefits of hydrocracking over pyrolysis and
incineration. Therefore, our results demonstrate that Ni-loaded steamed Y zeolites could be promising catalysts
for the upcycling of surgical face masks to gasoline range fuels, with minimum environmental impacts.

1. Introduction

The COVID-19 pandemic has urged demand and utilization of per-
sonal protective equipment, most prominently surgical face masks that
are primarily polymeric material (i.e., polypropylene), significantly
exacerbating the infectious plastic problem [1]. Globally, 52 billion face
masks were manufactured in 2020 [2] and, according to an estimation
by the United Nations, a large share of these masks ended up in landfills
or in our oceans [3]. Therefore, what originated as a shield against the
infectious disease eventually transformed into a serious scarcity of
economy and environment and now, the world is on the doorstep of a
massive waste pandemic. To counter this problem, incineration has been
widely employed to manage the waste surgical face masks problem [4].
Although the energy (i.e., heat of combustion) from this process can be
utilized directly to generate steam and/or electricity [5], notable
amounts of particulate matter, greenhouse gases, and furans are
generated as by-products. This makes this operation less favourable [6].
Moreover, the heterogeneous composition of surgical face masks and
prior requirement of sufficient disinfection makes it challenging and
complex to mechanically recycle them [7]. Therefore, developing a
viable solution for the management of surgical face masks with the least
environmental footprints is essential.

* Corresponding authors.

Surgical face masks being the derivative of polypropylene have high
economic and heating value. Tertiary recycling of these polymeric ma-
terials into alternative chemical intermediates such as gases and/or
liquid products may provide a sustainable approach for the management
of waste surgical face masks. These intermediates are also suitable to
utilize as feedstocks for the re-production of surgical face masks, pet-
rochemicals, and/or other value-added chemicals [8]. Recently, Cha-
lermsinsuwan et al. [9] studied the gasification of medical masks for
hydrogen production. However, the high reaction temperature and heat
energy requirements (i.e., 900 °C) of the process make it energy-
inefficient with high capital cost. Similarly, Aragaw et al. [10] and Li
et al. [11] reported the pyrolysis of waste face masks into pyrolysis oil.
However, the highly acidic and corrosive nature of pyrolysis oil makes it
difficult to store and poses a considerable risk of damaging engines and
other processing equipment. Furthermore, the high-temperature re-
quirements (500-800 °C), production of highly unsaturated products,
mass and heat transfer limitations make this process unstable and lead to
certain industrial problems [12]. On the other hand, hydrocracking may
address the aforementioned concerns of gasification and pyrolysis. This
process has recently drawn notable attention because of modest reaction
conditions (i.e., 300-400 °C) and is a promising way of converting waste
plastics into saturated liquid products [13,14]. Moreover, the
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introduction of hydrogen conditions (i.e., 5-20 bar) allows the reduction
of coke precursors, as well as the extraction of heteroatoms i.e., fluorine,
bromine, and chlorine from plastics [13,15]. In addition, compared to
non-catalytic hydrocracking, catalytic hydrocracking reveals consider-
able importance, as not only it decreases the reaction time and tem-
perature, but also significantly enhances the conversion of waste plastics
into relatively lower boiling range liquid hydrocarbons [16]. Generally,
a bifunctional catalyst, composed of an acidic support for cracking of
long chain polymers and a metal function where the hydrogenations-
dehydrogenations take place, is utilized [17]. Up to now, researchers
have fabricated and used distinct types of catalysts with a combination
of metals over acidic supports to perform the hydrocracking reaction.

Usually, elements from the VIIB group, such as Pt or Pd [18,19] and
transition metals, including Mo, Ni, W, and Co [15,20] have been
employed as metal components, while microporous zeolites (H-ZSM5,
H-Beta, H-USY) [17], sulfated zirconia (ZrO5/SO4 B) [18], and silica-
alumina (SiO3/Al;03), [21] etc. have been utilized as acidic supports.
Among them, crystalline zeolites are undoubtedly the most extensively
utilized and reported acidic supports because of their porous structure,
crystallinity, acidic strength, long-term stability, exceptional activity,
and selectivity predominately towards gasoline range oils [22,23].
However, the acidic and physiochemical properties of zeolites become
worthless when addressing the hydrocracking of bulky polymers due to
microporosity and diffusion problems. In line with this, the catalytic
activity of these microporous zeolites can significantly be enhanced by
decreasing the intracrystalline diffusion constraints in micropores and
channels [24]. A number of potential solutions, such as the formation of
ultra-large porous zeolites, zeolites with nanocrystals, and synthesis of
hierarchical zeolites, have been proposed [25]. However, the limited
structural stability, less acidity, and high pricing of the templates and
surfactants employed in the synthesis of ultra-large porous zeolites have
restricted their applications at an industrial scale. Similarly, nanocrystal
zeolites suffer from several challenges, as their synthesis involves the
utilization of a significant quantity of toxic and expensive templates
with severe environmental impact [26]. Also, fabrication of hierarchical
zeolite, with modified acidity, crystallinity, and enhanced multilevel
porosities, using dealumination technique, might be considered as a
promising approach. However, if not controlled, the dealumination
procedure may sacrifice part of the zeolite framework (i.e., removal of
framework Al) which results in loss of crystallinity, acidity, and un-
controllable secondary porosity [27].

In addition, the benefits of hydrocracking of waste surgical face
masks over linear end of life and other circular end of life waste plastics
management options need to be quantified using life cycle assessment.
This is the most logical and viable methodology for assessing impact of
any material or process on environment. Moreover, systemized actions
are required to limit different environmental impacts and to examine
how the assembling and processing activities associated with plastics,
their transportation, and management operations affect the climate.

Herein, a commercial HY zeolite was used as acidic support for the
hydrocracking of waste surgical face masks, made of polypropylene. In
addition, a HY zeolite with enhanced porosity and surface area was
fabricated by mild steaming. Mild steaming conditions were applied to
try to improve the diffusion of the bulky plastic molecules and, so, the
activity of the catalysts, without compromising the framework crystal-
linity, acidity, stability and hierarchical pore structures. Kung et al. [28]
and Masuda et al.[29] both reported the significance of mild steaming
for the enhancement in activity of zeolite for hydrocarbon cracking.
Moreover, Pham et al., [30] observed that the steaming at 480 °C for 4 h
enhanced the mobility of EFAL to create synergistic sites that improved
the activity of the zeolite by 1.75 times. The impact of adding a metallic
function (Ni) to the parent zeolite Y and to the steamed zeolite, as well as
the influence of the metal content, on the catalytic hydrocracking of
waste surgical face masks were investigated. The performance of each
catalytic system was evaluated in terms of product distribution. The best
catalyst found in this study was assessed for stability and reusability.
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Moreover, based on the experimental results, this study aims at access-
ing the potential environmental impacts of hydrocracking of waste
surgical face masks and comparing the results with multiple other sce-
narios, using life cycle assessment (LCA) approach, which not only
compares and distinguishes the ecologically most effective waste sur-
gical face masks management alternative, but also calculates environ-
mental impact assessment of all materials and processes based on ISO
standards.

2. Experimental
2.1. Materials and reactants

Three-layer virgin surgical face masks (non-sterile) were supplied by
Medisave UK and utilized for the hydrocracking reactions. HY zeolite
with a Si/Al ratio of 30, and nickel nitrate hexahydrate (Ni(NO3)2-6H50
with 99% purity) were employed for catalyst synthesis. In addition, both
n-heptane (99%) and tetrahydrofuran (THF, 99%) were utilized for
solvent extraction. All these chemicals were purchased from Alfa Aesar.

2.2. Preparation of the steamed Y zeolite

The steaming of the parent HY zeolite was performed at 500 °C for 4
h. For this, 100 mL.min™! of nitrogen was saturated with water and
contacted with the parent zeolite. The as-synthesized steamed zeolite
was denoted as ST-HY.

2.3. Preparation of Ni impregnated Y zeolite

Ni impregnated HY zeolite samples were prepared using incipient
wetness impregnation. Different metal-based zeolite samples with
loadings of 2, 5 and 10 wt% of Ni were prepared with a dropwise
addition of aqueous solution of nickel nitrate hexahydrate (Ni
(NO3)2-6H50) to the dried HY zeolites. The obtained paste like samples
were air-dried at 100 °C overnight in an oven, followed by calcination at
500 °C under air flow of 60 mL.min l.g™! for 6 h. These HY zeolites
were denoted as 2 %Ni-HY, 5 %Ni-HY and 10 %Ni-HY. Similarly, the
optimized quantity of Ni (5 wt% of Ni) was used to fabricate Ni
impregnated steamed zeolite sample using the same method. This
sample was denoted as 5 %Ni-ST-HY (Ni impregnated steamed HY
zeolite). Before being used, all the Ni impregnated samples were pre-
reduced in a tubular furnace with a hydrogen flow of 100 mL.min'.
g_1 for 2 h, at 500 °C. The selection of the pre-reduction temperature
was based on the experimental Ho-TPR results.

2.4. Catalyst characterization

Various analytical and imaging techniques were employed for the
characterization of the parent and modified zeolite samples, as well as of
the surgical face masks.

X-ray diffraction (XRD) of the calcined and pre-reduced zeolites was
conducted on a PANalytical X’Pert X-ray Powder diffractometer (PIXcel
1D detector) using Cu Ka as a radiation source, a 20 range of 5-90° and a
scanning step of 0.02°/5 s. In addition, the relative intensity of all
samples was estimated by comparing the area under the XRD curves for
a 20 range from 5 to 30° to those of the pristine zeolite Y, which was
assumed to be 100 %. The framework Si/Al ratios of pristine and
steamed HY zeolites were computed using the unit cell parameter (ag =
24.233 A for HY zeolite and ag = 24.235 A for steamed HY zeolite), using
the Breck-Flanigen equation [31]. The elemental analysis for the
composition of Si and Al of both calcined parent and steamed HY zeolites
was determined by Inductively Coupled Plasma-Optical Emission
Spectroscopy (ICP-OES).

Ni particle size, metal dispersion, and the detailed morphology of the
pre-reduced catalysts were studied by Transmission Electron Micro-
scopy (JEOL 1400 plus TEM). The equipment was operated at an
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accelerating voltage of 120 kV for the microstructure characterization
and ImageJ software was used to calculate the average particle size of
the visible Ni particles.

No-physisorption was carried out in a Tristar-3000 apparatus
(Micromeritics) at —196 °C. Ni-loaded samples were pre-reduced before
analysis. All the samples were degassed under nitrogen at 350 °C over-
night prior to analysis. The microporosity (Vmicro) and external surface
area were calculated utilizing the t-plot (Harkins and Jura) method,
while the total pore volume (Vio,) was derived from the adsorbed
quantity of N at a relative pressure (P/P,) of 0.97. The mesopore vol-
ume (Vimeso) Was determined as the difference between Vigia and Viicro-

Hydrogen temperature programmed reduction (Hp-TPR) was per-
formed using a TPDRO 1100 instrument for the calcined Ni impregnated
zeolites. Before analysis, Ni loaded zeolite samples were pre-treated
under nitrogen with a flow rate of 20 mL.min"* at 200 °C and then
cooled to 40 °C. After that, the samples were reduced by running a 5%
H,/N, mixture with a flow rate of 20 mL.min~" from 40 °C to 900 °C at
10 °C.min"!. A thermal conductivity (TCD) detector was used to assess
the quantity of Hy consumed.

The nature, quantity and strength of the acidic sites of pristine HY
zeolite, steamed HY zeolite and Ni loaded samples, after calcination,
were analysed by pyridine adsorption followed by FTIR spectroscopy
using a Nicolet Nexus spectrometer. Powdered samples were used to
produce thin wafers of 10-20 mg.cm ™2 thickness. The as-prepared self-
supported wafers were pre-treated under vacuum (107 Pa) for 2 h at 450
°C and the IR spectra of the samples before pyridine adsorption were
taken. Later, the samples were cooled down to 150 °C and subjected to
excess pyridine vapour (200-300 Pa) adsorption for 10 min followed by
the removal of pyridine for 30 min under vacuum and the IR spectrum
with adsorbed pyridine was recorded. Afterwards, the temperature of
the cell was elevated under secondary vacuum to 250, 350 and 450 °C
and the spectra at each temperature were recorded after half an hour to
analyze the strength of the acid sites of the catalysts.

DRS spectra in the UV-vis region were obtained for the calcined
samples in a Varian Cary 5000 UV-Vis-NIR spectrophotometer, equip-
ped with a Praying Mantis™ Diffuse Reflection Accessory, in the
200-800 nm range, using a spectral bandwidth of 4 nm and a scan rate of
600 nm/s. In order to assess the presence of different Ni species, the
Schuster-Kubelka-Munk (SKM) function, F(R), was applied to each
reflectance spectrum, and the results were plotted against wavelength.
The reflectance, at each wavelength, was used to determine the SKM
function.

(1-R)

FIR) =g

(€))
where R is the ratio of the sample’s and the standard’s light reflection
intensities.

The thermogravimetric analysis (TGA) of the surgical face masks was
accomplished using a TGA/DSC 3 + system from Mettler Toledo. First of
all, the virgin surgical face masks were shredded to a manageable size
for use with the instrument crucible. A few mg of the shredded samples
were placed in already weighted alumina crucibles, and the samples
were heated up from 25 to 900 °C at 10 °C.min"! under nitrogen at-
mosphere. Similarly, the coke content on the spent 5% Ni-ST-HY zeolite
samples after first and second reaction runs were analysed using the
same TGA equipment from 25 to 900 °C with a temperature ramp of 10
°C.min"! under air flow of 10 mL.min"L.

The chemical composition and the polymeric type of 3-ply surgical
face masks were performed using attenuated total reflection (ATR)
Fourier Transformed Infrared (FTIR) apparatus (Perkin-Elmer 1750 se-
ries spectrometer). Infrared (IR) spectra of all three sides of surgical face
masks were examined without any preparation at room temperature in
the range of 4000-400 cm ™~
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2.5. Hydrocracking experiments

Hydrocracking was performed in a high-pressure, stainless steel,
cylindrical Parr reactor (5500 compact series). Before the experiment,
surgical face masks were shredded into 2-2.5 mm pieces. Both shredded
surgical mask and catalyst were first dried in an oven and later intro-
duced into the reactor vessel in a ratio of 10:1 (g/g). Then the vessel was
tightly connected to the reactor head and purged first with N and then
with Hp at 10 bar. An initial hydrogen pressure of 10 bar and a tem-
perature setpoint (325 °C) were given to the reactor followed by turning
on the heating system. Typically, hydrocracking temperatures at an in-
dustrial level vary in the range 300-450 °C [32]. Therefore, a temper-
ature closer to the minimum temperature of the range was selected to
allow for the cracking to take place, avoiding secondary cracking that
would increase gases formation at the expense of mid-range liquid
products (gasoline and diesel). In addition, the selection of a lower
temperature for the hydrocracking could be beneficial to reduce energy
inputs of the process. The feed and catalyst particles were mechanically
mixed using an agitator assembly which moved at 1000 rpm. When the
temperature reached the set value, the reaction time was started. The
reaction was performed for 2 h before the furnace was switched off. The
reactor was allowed to cool down to room temperature and after that
gaseous, liquid, and solid products were collected.

Solvent extraction principle was employed to analyse the reaction
products. After the extraction of the gaseous products, a known amount
of n-heptane was introduced to the reaction vessel which contained
liquid and solid products. The n-heptane was used to extract the lighter
liquid products, denoted as “oils”, whereas the heavier oil products were
dissolved in tetrahydrofuran (THF). Both lighter and heavier oils are
collectively categorised as liquids. The THF insoluble part which con-
tained a fraction of coke along with unreacted plastics and catalyst was
dried and called solids after subtracting the amount of catalyst.

To know the product composition towards gasoline and diesel ranges
based on the carbon number, the oil mixture was combined with a
known quantity of ethyl acetate as an external standard and analyzed by
gas chromatography (GC). A RASTEK chromatograph, equipped with an
Agilent DB-1 capillary column of 50 m length and a flame ionisation
detector, was used.

The following five equations were used to calculate the overall
conversion and the percentage of mass yields of the products.

weight of n-heptane solubles

Yois = N 100 2
! weight of the mask x 2

weight of total THF solubles
Yieavieroits = : - 100 3
freavierOil weight of the mask x ®

__weight of the dried solid residue

Yotias = x 100 ()]

weight of the mask
Yyuses = 100 — (Ol Yield + Liquid Yeild + Solid Yield) 5)

__ Weight of mask — weight of solid residue

C
Weight of the mask

x 100 (6)

where Y is the yield of product and C is the conversion. Similarly, the
selectivity of the products were calculated as

Y;
Si = C x 100 )]
where C is the conversion, S and Y correspond to the selectivity and yield
of i™ product respectively (i.e., i represents the gaseous/lighter oils and/
or heavier oils).

The stability and regeneration of the best performing catalyst were
also studied for the hydrocracking experiments. To assess the stability,
three consecutive reaction runs were performed. After each reaction run,
the catalyst was recovered, washed and filtered with acetone, dried
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overnight at 100 °C and used again in the following run. To investigate
the ability of the catalyst to be regenerated, the spent catalyst after the
third reaction cycle was recovered, washed and filtered with acetone,
dried overnight at 100 °C, calcined in air followed by reduction under
hydrogen flow at 500 °C, under the same conditions as explained in
section 2.3, to clean the catalyst surface. All the experiments were
duplicated under same reaction conditions and the average values were
reported with a relative error of + 10%.

3. Results and discussion
3.1. Fresh catalyst characterization

The XRD diffractograms of the parent and steamed HY zeolite sam-
ples with and without the different loadings of Ni are shown in Fig. 1a.
All the samples present the diffraction peaks at 2 0 of 6.2°, 10.3°, 12.1°,
15.9° 18.9° 20.7°, 24°, 27.5° which coincide with the faujasite (FAU)
zeolitic structure [33]. Ni-loaded zeolites also show a comparable
pattern to the parent HY zeolite, demonstrating that the zeolite structure
was not significantly altered throughout the impregnation process
(Fig. 1b). For lower Ni loadings, it is not possible to see the diffraction
peaks corresponding to the presence of Ni species. In fact, at low Ni
contents, this metal might escape the XRD detection or might be present
as small and well dispersed Ni particles. After 10 wt% Ni impregnation,
the diffractogram shows very small XRD peaks at 37.3°, 43.5° and 62.9°,
characteristics of NiO species. This might indicate the presence of
slightly larger Ni particles with the increase in the Ni content, as further
confirmed by TEM images (Fig. 2). However, the small peak size still

1 * FAU (a)

** 5 % % % % o .
L 5% Ni-ST-HY

ST-HY

. 10% Ni-HY

Intensity (a.u)
E

5% Ni-HY

2% Ni-HY

JLLL.LAJJA.A. HY

10 20 30 40 50 60 70 80
2 Theta

(b)

o Ni’

5% Ni-ST-HY (R)

10% Ni-HY (R)

Intensity (a.u)
F £

o 10% Ni-HY (C)

T
35 40 45 50 55 60 65 70 75 80
2 Theta

Fig. 1. (a) XRD diffractograms of HY and modified samples (b) Identification of
NiO and Ni® species on XRD diffractograms; R: reduced, C: calcined.
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indicates the presence of relatively small Ni particles. Moreover, Table 1
shows the relative intensity of the steamed HY zeolite and Ni-loaded
catalysts to those of pristine HY zeolite. Only a very small loss of in-
tensity is observed for the steamed HY zeolite, which indicates a negli-
gible decrease in the relative crystallinity of the zeolite, confirming that
the steaming process was not aggressive for the zeolite framework. A
slight intensity loss is also observed with the addition of Ni to the
framework and the reduction is more evident for higher Ni loadings,
which is not strange considering that the added Ni will also absorb the
XRD radiation. Upon reduction of the Ni catalysts (Fig. 1b), the positions
of the peaks shifted slightly due to the changes in the crystal structure.
The 10% Ni-HY exhibits diffraction peaks at 44.6° and 51.9° assigned to
the presence of Ni® metallic particles [34]. However, as previously said,
these low intensity peaks were not clear in all other Ni loaded zeolites
and steamed zeolite due to low quantity of Ni loading and this is in
accordance with previous literature [15].

Additionally, Table 1 presents the global and framework Si/Al ratios,
and the number of extra-framework aluminium (EFAL) species of both
parent and steamed HY zeolites based on the structure of the FAU. It can
be seen that the parent and the steamed HY zeolites show almost similar
framework Si/Al ratios. This confirms that the steaming treatment
performed did not cause the removal of framework aluminium, which
agrees with the non-decrease of the Brgnsted acidity, as it will be
observed later in this paper. Considering that the silicon on the zeolite
remains the same before and after the treatment, the number of EFAL
was estimated for both samples based on the global and framework Si/Al
ratios. The results show that the steaming treatment seems to be
responsible for the removal of a small number of EFAL species from the
zeolite, which is also consistent with the small decrease in Lewis acid
sites after steaming (shown later in this paper). With the removal of
EFAL from the zeolite an increase in the global Si/Al ratio of the zeolite
would be expected after the steaming procedure. However, global Si/Al
ratios are identical for both parent and steamed HY zeolites. This could
be due to the fact that the parent zeolite already presents a very small
number of EFAL species, so that any small removal of these would not
have a significant impact on the global Si/Al. Taking into account the
mild steaming conditions applied, results obtained are not strange as it is
generally more challenging to remove framework aluminium when the
zeolite has a higher Si/Al ratio [35]. In addition, it has been recently
shown by Pham et al. [30] that the activation energy required for the
framework aluminium hydrolysis is typically much larger than the one
needed for the EFAL migration under steaming conditions.

Table 1 also shows the microporous volume, mesoporous volume and
external surface area of the zeolites. First of all, it is possible to see that
the parent HY zeolite already presents a considerable mesoporosity,
which will be important for the hydrocracking of the bulky polymer
molecules in the surgical face masks. It is also worth noting that the
steaming treatment of the parent HY zeolite increased the mesoporosity
and external surface area, as expected. Interestingly, the micropore
volume also increased with the steaming which might be because of the
removal of some debris (i.e., extra-framework Al as previously observed)
from the structure during steaming. Overall, impregnation of the HY
zeolite with Ni led to a reduction in the microporous and mesoporous
volumes and external surface area, the effect being more pronounced at
higher Ni contents and especially at 10 wt% Ni. This indicates an in-
crease in the Ni particle size with the increase in the Ni amount, as in
agreement with the XRD results and previous reports [15]. Addition of 5
wt% of Ni to the steamed HY zeolite also conducted to a decrease in the
microporous volume and mesoporous volume of the zeolite. However,
no change of the external surface area took place, contrary to what
happened for the HY zeolite for the same amount of Ni (5 wt%). This
might reveal that the Ni particles are mostly located inside the zeolite
structure in the case of the steamed HY zeolite.

Fig. 2 shows the TEM results obtained for the different Ni-loaded HY
zeolites and Ni loaded steamed HY zeolite. HY samples containing 2 and
5 wt% of Ni show a combination of relatively small Ni particles with
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Fig. 2. TEM images of (a) 2% Ni-HY, (b) 5% Ni-HY, (c) 10% Ni-HY, (d) 5% Ni-ST-HY, (e) spent 5% Ni-ST-HY catalyst after 3rd run and (f) regenerated 5% Ni-ST-

HY catalyst.

Table 1
Relative XRD intensity (or crystallinity), acidic properties and textural properties of the zeolite samples.
Catalyst Name Relative Si/Al" Si/Al’y EFAL Brgnsted acid sites Lewis acid sites Total acidity Vmicro Vineso Sext (cm®.
intensity (%) (pmol.g ™) (pmol.g ™) (pmol.g ™) (em3.g™) (em®.g™h) gh
HY 100 30.44 40 1.4 232 45 277 0.239 0.248 256
2% Ni-HY 929 - - - 167 185 352 0.224 0.243 263
5% Ni-HY 97 - - - 121 267 388 0.227 0.224 241
10% Ni-HY 94 - - - 119 286 405 0.186 0.198 214
ST-HY 95 30.50 37 1.1 243 40 283 0.272 0.283 297
5% Ni-ST-HY 92 - - - 98 208 306 0.252 0.267 296
Spent Catalyst (3rd - - - - - - - 0.152 0.193 206
Run) ¢
Regenerated Spent - - - - - - - 0.222 0.232 259
Catalyst ©

Vmicro Micropore volume; Vyeso mesopore volume; Sey. external surface area; EFAL extra-framework aluminium species.

2 Global Si/Al determined from elemental analysis (ICP-OES).

b Framework Si/Al calculated from the unit cell parameter (ag = 24.233 A for Y zeolite and ap = 24.235 A for steamed Y zeolite), using the Breck-Flanigen equation

[31].
¢ Refers to 5% Ni-ST-HY catalyst.

occasional larger ones on the surface. This explains the lower reduction
in the textural properties with the addition of these Ni contents. How-
ever, with the increase of the Ni loading to 10 wt%, a higher amount of
larger Ni particles can be seen on the outer surface of the zeolite, which
is also consistent with the Ny physisorption and XRD data. Average Ni
particle size for the 2, 5 and 10 wt% Ni on the HY zeolite were estimated
to be 23, 26 and 29 nm respectively. Interestingly, in the case of the
steamed Y zeolite, the Ni size distribution appears to be more uniform all
over the zeolite, showing an average particle size of 9 nm. Even though it
may not be possible to observe the smallest Ni particles at much deeper
zeolite locations by TEM given the apparatus resolution, the fact that
these Ni particles are much smaller for the steamed zeolite could indi-
cate that more particles are located inside the zeolite framework, which

would be consistent with the N physisorption data for the 5% Ni-ST-HY
catalyst and later with the Hy-TPR results. In addition, the better
dispersion of Ni on the steamed HY zeolite may be due to the relative
increase in the textural properties (14-16 %) of this zeolite when
compared to the HY zeolite and to the change in the surface micro-
chemical environment of the zeolite. In fact, the steaming performed
on the HY zeolite led to the removal of extra-framework aluminium
species, which may have altered the electronic charge distribution on
the zeolite surface with an impact on the Ni dispersion.

The existence of various Ni species and their reducibility on the
zeolitic framework can be determined by H,-TPR through observing the
peaks that arise at different temperatures in relation to various reduction
sites. According to the literature, Ho-TPR peaks below 450 °C represent
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the presence of NiO particles on the outer surface of the zeolite. The
detected values in the intermediate temperature ranges of 500-600 °C
are attributed to the reduction of Ni2" at the supercages, whereas any
peak at about 600 and 800 °C correspond to Ni%* at the sodalite cages
and hexagonal prisms respectively [15]. Based on the Ho-TPR results in
Fig. 3, it can be seen that Ni can be found almost equally in all the po-
sitions of the framework, except the hexagonal prisms, at 2 wt% Ni
content. On the other hand, the dominant position for Ni appears to be
the supercages when increasing the amount to 5 wt%. As expected, the
amount of NiO on the external surface of the pristine zeolite increased
with the increase in Ni-loading, being especially important at 10 wt% Ni
loading. This agrees with the increase in the Ni particle size observed
while increasing the Ni loading. In case of the steamed HY zeolite, Ni is
mainly located within the supercages, similarly to what happen for the
5% Ni-HY since they present the same Ni content. However, almost no
Ni can be found on the outer surface of the steamed zeolite when
compared to the 5% Ni-HY. This is also consistent with the TEM and Ny
physisorption data, and with the previous literature [15,36]. Once
again, the presence of smaller Ni particles agrees with deeper framework
locations, within the micro- and mesopores, and more specifically in the
supercages of the zeolite.

Fig. 4 depicts the DRS UV-Vis spectra for the Ni-impregnated zeolite
samples. Samples containing 2, 5 and 10 wt% Ni impregnated on the HY
zeolite have a main massif between 250 and 350 nm. Additionally, other
small bands can be seen at about 380, 420, 560, 715 and 760 nm. These
bands indicate that the dominant Ni species on these samples is NiO.
Indeed, according to the literature [37] the bulk NiO typically presents
UV-Vis bands at about 200, 270, 350, 388, 420, 470, 560, 640, 725 and
780 nm. On the other hand, the 5% Ni steamed HY zeolite has a main
UV-Vis massif centred at about 400 nm. This may result from the
combination of bands associated with the presence of octahedral NiZ*
particles in exchange positions and NiO. In fact, the d-d spin-allowed
electronic transitions of octahedrally coordinated Ni* species can
normally be seen at about 400 nm [37], while NiO has bands at 380 and
420 nm as previously mentioned. The presence of the octahedrally co-
ordinated Ni?* in this sample can also be confirmed by the appearance
of a small band at 650 nm [37]. Another small band at around 250 nm
also appears in the 5%-Ni-ST-HY zeolite spectrum, which is related to
NiO.

Fig. 5a shows the FTIR spectra in the hydroxyl region (3800-3500
cm 1) of the parent HY zeolite, steamed HY zeolite and their Ni loaded
samples. All the spectra displayed are identical, but with some differ-
ences in the intensities of the three main bands. The bands at 3565 and
3630 cm ™! are attributed to the Brgnsted acidic sites and appear due to
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Fig. 3. H,-TPR profiles of Ni loaded HY and steamed zeolites.
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Fig. 4. DRS-UV-Vis spectra for the Ni-loaded HY zeolite and steamed HY
zeolite sample.

the vibration of the bridging hydroxyl groups (Al-OH-Si) in the
supercages and sodalite cage, respectively. The third band at 3740 cm ™!
is assigned to the presence of low- or non-acidic terminal (or external)
silanol groups (Si-OH) on the external surface of the zeolite, which are
usually present at the termination of the zeolite crystals. It is interesting
to note that the band corresponding to the terminal (or external) silanol
groups is already quite prominent for the parent HY zeolite, which may
be associated with the high amount of mesopores in this sample
(Table 1). Since native zeolites are commonly microporous materials,
the high mesoporosity of the commercial HY zeolite used in this work
might indicate that this material underwent a mesopores generation
process, most likely due to a post-synthesis treatment. Mesopores gen-
eration by post-synthesis treatment is indeed known to produce silanol
groups on the zeolites [38]. In this case, silanol generation seemed to
have occurred only on the external surface of the zeolite, as no band
assigned to internal silanols (usually at 3720-2710 cm ™)) is noticed. It
can also be observed that the intensities of both bands at 3565 and 3630
cm ™! for the steamed HY zeolite remain pretty much similar to those for
the HY zeolite. However, the steamed HY zeolite shows an increased
number of silanol groups (Si-OH) in comparison to the parent HY zeolite.
This is most likely caused by the development of an additional meso-
porosity in the zeolite crystals, which increased the external surface
area. As mentioned earlier, silanol groups can be generated via post-
synthetic treatments, such as the dealumination by steaming. Nor-
mally, removal of aluminium starts to be observed from the external
surface of the crystal, being followed by Al-O bond hydrolysis within the
T-O-T (T = Si or Al) groups of the zeolite when more severe conditions
are used [38]. Under the conditions of this work, only a very mild steam
treatment was applied with removal of only EFAL species from the outer
surface of the zeolite. This, consequently, led to an increase in the
mesoporous volume and external surface area of the HY zeolite, and so
to the generation of silanol groups on the external surface (external or
terminal silanols). In fact, as soon as extra external surface area is
created on a zeolite, silanol groups are required to finish off the surface.
Moreover, no bands associated with the generation of additional extra-
framework Al species were found for the steamed sample. This is not
surprising considering that no framework aluminium was removed
during the steaming treatment, as discussed earlier (Table 1). Additional
EFAL species would only be generated if framework aluminium removal
and retention would have taken place. On the other hand, the addition of
Ni to the HY and steamed HY zeolites caused a reduction in the Al-OH-Si
groups both located in the supercages and sodalite cages, which might
be due to the addition of some Ni?* in exchange positions (i.e., presence
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Fig. 5. (a) FTIR spectra in the OH-region (3800-3500 cm 1) before pyridine adsorption and (b) difference spectra after and before pyridine adsorption at 150 °C in

the 1700-1350 cm ™ region, for the HY and its modified samples.

of new Ni?* Lewis acid sites). However, the terminal silanol groups
remained practically unaffected.

Fig. 5b displays the difference spectra after and before pyridine
adsorption at 150 °C for the parent HY zeolite and its modified samples
in the range of 1700-1400 cm™'. The bands at 1455 and 1623 cm ™
correspond to coordinatively adsorbed pyridine in the Lewis acid sites
(PyL), while the bands at 1547 and 1640 cm~! are assigned to the
pyridinium ions (PyH", interaction with the Brgnsted acid sites). The
band at 1490 cm ™! is ascribed to the interaction of pyridine with both
Brgnsted and Lewis acid sites. While these bands are the only ones
observed for the HY and steamed HY zeolites, the impregnation of the

samples with Ni leads to the appearance of additional very intense bands
at 1610 and 1450 cm™?, and a small band at 1575 cm L. The presence of
these bands can be assigned to pyridine coordination to divalent cations,
in this case Ni** [39-41].

The concentrations of Brgnsted and Lewis acid sites on the zeolite
samples were determined by integrating the bands at 1547 and 1455
em™}, using 0.9 and 1.58 cm/pmol as extinction coefficients (deter-
mined in-house), respectively. The total amount of Brgnsted and Lewis
acid sites determined by pyridine adsorption at 150 °C are summarized
in Table 1. Steaming of the HY zeolite seems to lead to a very slight
increase in the Brgnsted acid sites concentration. On the other hand, a
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little decrease in the concentration of the Lewis acidity can also be seen,
which may be due to the removal of some extra-framework Al (EFAL)
species during steaming. This could also result in more accessible
Brgnsted acid sites, explaining the increase in their concentration. These
observations are in line with the increase in the microporous volume for
the steamed HY zeolite, when compared to the HY zeolite (Table 1). As
expected, with the addition of Ni on both the HY and steamed HY zeo-
lites, the concentration of Brgnsted acid sites is reduced with a conse-
quent increase in the Lewis acidity [37]. The decrease in the Brgnsted
acid sites after Ni addition could be due to the interaction of this metal
with the bridging hydroxyl groups of the zeolite, which coincides with
the observed reduction in the intensity of the bands at 3565 and 3630
cm ™! (Fig. 5a) in the presence of Ni. In fact, during impregnation of Ni,
some Ni%" ions can exchange with the protons present in the zeolite
framework. This incorporation of Ni2™ ions in exchange positions
together with the impregnated Ni are responsible for an increase in
Lewis acidity, which is not surprising since transition metals can induce
their generation [37,42]. Interestingly, the reduction in the Brgnsted
acidity due to the addition of Ni is more important in the case of the
steamed HY zeolite than for the HY zeolite, at the same amount of Ni
added (5 wt%). This could be due to the fact that the 5%-ST-HY zeolite
presents octahedral Ni2* particles in exchange positions rather than just
NiO, as observed by UV-Vis spectroscopy (Fig. 4).

Moreover, Fig. S1 depicts the evolution of the concentration of the
Brgnsted and Lewis acid sites with the increase in the temperature. It can
be seen that the evolution of the Brgnsted acid sites is similar up to 350
°C for the steamed HY and HY zeolites, while their amount decreases
abruptly at 450 °C for the steamed HY zeolite. This shows that the
strength of the strongest Brgnsted acidity is lower for the steamed HY
zeolite than for the HY zeolite, which may be due to the removal of some
EFAL species during the steaming treatment. In fact, it is well-known
that the interaction of the Brgnsted acidity with EFAL species in-
creases the strength of the Brgnsted acid sites [43]. After the addition of
Ni, although the zeolites did not have the same total amount of Brgnsted
at 150 °C, the concentrations of this type of acid sites determined at
higher temperatures all progressively decrease towards zero. This
observation shows that the Ni deposition leads to a decrease in the
strength of the Brgnsted acidity. Concerning the Lewis acid sites, their
strength remains identical up to 350 °C when comparing the steamed HY
and HY zeolites, while it is reduced for the steamed HY zeolite when
increasing the temperature further. With the Ni impregnation, inde-
pendently of the amount of Ni, the amount of Lewis acid sites on the
samples progressively tends to the same value with the increase in the
temperature. Hence, the number of strong Lewis acid sites appears to be
similar for all the zeolites. Additionally, it can be concluded that the
additional Lewis acidity generated by the presence of the metal appears
to be rather weak in nature, as the number of Lewis acid sites able to
retain pyridine at 250 °C is already very similar for all the zeolites.

3.2. Surgical face masks characterization

The composition of the waste surgical face masks was analysed using
Fourier-transform infrared spectroscopy (FTIR), as illustrated in Fig. 6.
Based on the configuration, a set of moderately intense absorption peaks
at 810, 844, 996 and 1170 cm ™! appeared in the spectra for all the 3-
plies of surgical face mask, which are attributed to the absorption
bands of isotactic polypropylene [44]. Similarly, the sharp and distinct
peaks for all sides of surgical mask at 1378 and 1458 cm™! correlate the
—CHj3 and —CHj deformation to the polypropylene polymer, respectively.
In addition, C-H stretching bands similar to the polypropylene reference
are shown by the strong peaks at 2836, 2916 and 2950 cm™* [10]. In
general, these peaks can reveal that all the three plies of surgical face
masks are composed of polypropylene (i.e., a thermoplastic) and sug-
gesting that they may be utilized as a feedstock for the hydrocracking
process to generate fuels.

Fig S2a illustrates the TGA curve for the degradation of waste
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Fig. 6. FTIR spectra of 3-ply waste surgical face mask.

surgical face mask with respect to temperature (°C). The degradation
starts at 265 °C (Tsy) and 95% of the sample was degraded at 380 °C
(T9s%). This evidences the significant energy requirements for the
cracking of waste surgical face masks into value-added chemicals.
Moreover, only one single peak appeared on the DTG curve (Fig. S2b)
which confirms the single step degradation of waste surgical face masks.

4. Hydrocracking experiments
4.1. Surgical face masks hydrocracking reactions

Fig. 7 shows the conversions and product selectivities obtained in the
presence of the zeolites without and with Ni addition. A conversion of
only 26 wt% was obtained after the thermal run at 325 °C, with the main
products being gases and solids (blank run without catalyst). However,
the addition of a catalyst leads to a significant enhancement of the
conversion, which depends on the catalyst added. This clearly shows the
benefit in adding a catalyst when performing the hydrocracking of the
surgical face masks. Indeed, a conversion of 75.3 wt% was reached when
utilizing the commercial Y zeolite (HY) as catalyst. Such a high con-
version is not surprising since the chosen commercial zeolite already
presents a considerable mesoporosity and external surface area. In this
case, together with the gaseous products (selectivity = 39.8 wt%), a
noticeable selectivity of total liquid products (oils and heavier oils, 60.4
wt%) were found. In fact, after the initial cracking reactions taking place
on the outer surface and mesopores of the zeolite, the products formed
can migrate to the interior of the framework and undergo further re-
actions on the microporosity of the zeolite. In detail, hydrocracking in
presence of monofunctional Y zeolite usually proceeds via the classical
B-scission mechanism, also known as carbenium ion or bimolecular
cracking mechanism, which involves three elementary steps: initiation,
propagation, and termination [45]. The initiation step consists in the
formation of the first carbenium ions and greatly depends on the nature
of the reactant. For olefins, the initiation step proceeds through the
attack of the zeolite Brgnsted acid sites to the olefins double bound,
forming a carbenium ion by direct protonation. While a general agree-
ment exists for the olefins initiation step, for paraffins the carbenium ion
formation can take place via (1) abstraction of hydride of the paraffin by
an olefin that may be present as a feed impurity or be formed in the
hydrocracking process, (2) abstraction of hydride ion by a Lewis acid site
and/or (3) direct protonation of the paraffin by the Brgnsted acid sites,
on a C-H or a C-C bond, with formation of a carbonium ion that can crack
via protolytic dehydrogenation or cracking, giving a carbenium ion and
H, or a short paraffin. After the formation of the first carbenium ions,
isomerization and cracking (f-scission) reactions of this carbocation
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Fig. 7. Product selectivity and conversion of surgical face masks through hydrocracking over HY zeolite with different loading of Ni and steamed HY zeolite with 5
wt% Ni in a 100 mL autoclave reactor, 10 bar initial cold H, pressure, feed to catalyst ratio of 10:1 (by weight), 325 °C for 120 min residence time.

resulting in smaller carbenium ions and olefins can then occur [46]. The
presence of high partial pressure of hydrogen resulted in the hydroge-
nation of these olefins before they appeared in the final product.

The addition of Ni to the zeolite support is known to be responsible
for altering the reaction mechanism, where the feed begins to be
dehydrogenated on the Ni sites to obtain olefins (step I). In the second
step, these olefinic compounds are isomerized and finally cracked by
p-scission, forming smaller olefins, which are subsequently hydroge-
nated on the metal sites, converting the olefinic compounds into satu-
rated compounds [47,48]. Therefore, a metallic source (Ni) was
introduced to the HY zeolite, to assess how the variations in the mech-
anistic processes may impact the cracking of surgical face masks.
Compared to the pristine HY zeolite, all Ni loaded HY samples show
enhanced conversion. Addition of 2 wt% of Ni enhanced the conversion
to 89.2 wt%. Similarly, a further increase in the loading to 5 wt%
increased the conversion to 93.4 wt%. However, a further addition of Ni
to 10 wt% led to a reduction in the conversion to 92.0 wt%. This may be
attributed to the larger Ni particles found on the 10% Ni-HY, which
resulted in the reduction of external surface area and porosity of the 10%
Ni-HY as compared to the 2% and 5% Ni-HY. Compared to the pristine
HY zeolite, overall, the addition of Ni resulted in an increase in the
selectivity to lighter oils and a decrease in the generation of heavier oils.
The observed increase in activity and selectivity to lighter oils might be
due to the introduction of an additional Lewis acidity by Ni. Despite the
reduction in the Brgnsted acid sites with the Ni incorporation on the
zeolites, the total acidity of the zeolite (Brgnsted + Lewis acid sites)
increases with the addition of Ni (Table 1). These newly created Lewis
acid sites by addition of Ni can indeed also be involved in the initiation
of the cracking chain mechanism in two ways: (1) hydride abstraction
directly forming the first carbenium ions and (2) formation of olefins by
dehydrogenation, which can subsequently be protonated on the
Brgnsted acid sites and form the first carbenium ions. Therefore, this
improvement of the cracking initiation step by Ni can help in the gen-
eration of the carbocations for the subsequent cracking reactions,
helping in the further cracking of heavier oils during the reaction.

Although the addition of Ni already contributes for the enhancing of

the hydrocracking of the surgical face masks, the use of hierarchical
zeolites (i.e., steamed HY zeolite) was also considered for further hy-
drocracking reactions. Compared to the commercial HY zeolite, the
steamed HY zeolite (ST-HY) considerably improved the conversion of
surgical face masks from 75.3 to 88.9 wt%. Given that the ST-HY ex-
hibits higher external surface area than the pristine HY zeolite (Table 1),
a significant cracking is believed to occur on the external surface of the
zeolite, leading to the rapid production of shorter polymeric chains.
These smaller polymer molecules coupled with the enhanced porosity of
ST-HY, where a higher number of active sites may be reached, result in
the reduction in the diffusional restrictions of the molecules inside the
zeolite framework. An increase in the selectivity to total liquid products
(i.e., 60.4 wt% to 73.8 wt%) and a decrease in the selectivity to gases (i.
e., 39.8 wt% to 26.2 wt%) were also observed with the steamed HY
zeolite, when compared to the HY zeolite. This can be due to the
reduction in the retention time of the molecules inside the steamed HY
zeolite structure as a result of the improved diffusion rates combined
with the decrease in the strength of the Brgnsted acid sites (Fig. S1),
which prevent further cracking of the oils into gases. Moreover, addition
of 5 wt% of Ni over ST-HY exceptionally increased the conversion to 100
wt%. The combination of the improved diffusion rates with the more
uniform dispersion and smaller average in Ni particle size as compared
to Ni-loaded HY samples may be at the origin of the observed behaviour.
This argument is in accordance with previous literature [49]. In addi-
tion, the selectivity to total liquids is considerably higher than for the
other catalysts (85.5 wt%), possibly also as a result of the enhanced
diffusion.

4.2. Liquid products distribution

Fig. 8a illustrates the selectivity within the oil products range for the
various catalysts based on the GC analysis of their n-heptane soluble
liquids. HY zeolite and its Ni-loaded samples showed 100 wt% selec-
tivity towards gasoline-range fuels (Cs-Cj3). In detail, pristine HY zeolite
exhibits maximum affinity towards Cy-Cq5 range fuels, while the addi-
tion of Ni shifted the trend towards lower boiling point hydrocarbons
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Fig. 8. Selectivity of the n-heptane soluble liquids obtained by the hydro-
cracking of surgical face masks over various catalysts in a 100 mL autoclave
reactor, 10 bar initial cold Hy pressure, feed to catalyst ratio of 10:1 (by
weight), 325 °C for 120 min residence time. (a) Product selectivity based on
carbon number, (b) Product selectivity of n-paraffins, iso-paraffins
and aromatics.

(Cs-Cg), with consequent depletion of Cg-C15 products as the reaction
begins by a distinct mechanism that favours the cracking reactions. In
the case of the steamed HY zeolite, the catalyst shows selectivity towards
both gasoline (Cs-C;2) and diesel range fuels (C;3-Cyg), due to the lower
retention times inside the zeolite structure that reduce the occurrence of
chain cracking reactions. However, the addition of Ni remarkably shif-
ted the diesel range fuels to the gasoline range. In fact, the selectivity of
Co-Cy increased at the expense of C;3-C;g, whereas the introduction of
Ni has barely any effect on the yield of C5-Cg. As mentioned before, the
addition of Ni leads to a higher preponderance of dehydrogenation re-
actions, which form olefinic species that more easily form carbocations
and lead to the occurrence of cracking, which could explain the lower
amount of heavier gasoline-range products. In addition, longer-chain
carbocations are much more stable than lower-chain ones, which may
result in a higher cracking activity of higher- carbon number
hydrocarbons.

Moreover, it is possible to see in Fig. 8b that the HY zeolite led to high
n-paraffins in the gasoline-range products with a little selectivity to-
wards aromatics. The introduction of Ni promoted the branching
(isomerization) and aromatization ability of the HY zeolite. This can be
explained by the fact that isomerization and reactions involved in the
aromatization of hydrocarbons (oligomerization, hydrogen transfer,
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cyclization) also proceed via a mechanistic chain that requires the for-
mation of carbenium ions as initiating step [45]. It was previously dis-
cussed that the addition of Ni creates Lewis acid sites that can further
promote the formation of carbenium ions, and so favour all the reactions
that require carbenium ions as initiating step [45]. Increase in Ni
loading from 2 to 10 wt% notably enhanced the iso- to n-paraffins ratio
from 0.75 to 4.20. On the other hand, the aromatization ability of the HY
zeolite was maximum at 5% Ni loading and a further increase in Ni did
not enhance the aromatic content. Similarly, the presence of Ni over the
steamed Y zeolite increased the iso- to n-paraffins ratio from 0.52 to
2.18, whereas the aromatic yields doubled. Therefore, the results show
that a suitable selection of the support and Ni amount could direct the
hydrocracking of the surgical face masks to the production of gasoline-
range only or gasoline- and diesel-range products, according to market
demand.

4.3. Reusability of spent catalysts

In a catalysed reaction, understanding of catalyst stability and
reusability is an important activity from an economic and technological
perspective. To investigate whether the 5% Ni-ST-HY zeolite, the cata-
lyst showing the best results, could be employed in consecutive runs or if
a regeneration step would be required, various experiments were per-
formed. Therefore, three consecutive reaction runs without intermediate
regeneration were carried out, with the catalyst being recovered,
washed and dried after each run to be used in the following one. After
the third reaction run, the catalyst was recovered, but this time it was
submitted to a regeneration process by calcination under air flow fol-
lowed by reduction under hydrogen. The same reaction conditions were
used in all the reaction runs.

Fig. 9 shows the results of hydrocracking reactions for the three
consecutive reaction runs without regeneration and the reaction run
where the catalyst was regenerated. It can be observed that a small
decrease in the conversion takes place when using the catalyst for three
times without regeneration. This reduction in the catalyst activity is
more evident when going from the second to the third reaction runs.
Indeed, in the first (100 wt%) and second (98.1 wt%) runs almost
identical conversions were achieved, whereas in the third run a slightly
lower conversion was obtained (91.6 wt%). Even though the conversion
does not change massively, this activity decay was accompanied by a
very significant increase in the selectivity of gases (from 14.5 wt% to
51.8 wt%) and a decrease in the selectivity of total liquids generated
(from 85.5 wt% to 48.2 wt%). This evidences that there is a higher
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Fig. 9. Product selectivity and conversion of surgical face masks through hy-
drocracking over fresh, spent and regenerated spent 5% Ni-ST-HY catalyst. 100
mL autoclave reactor, 10 bar initial cold H, pressure, feed to catalyst ratio of
10:1 (by weight), 325 °C for 120 min residence time.
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preponderance of the thermal cracking relatively to the catalytic
cracking due to the deactivation of the catalyst.

To understand the reasons for the observed behaviours of the spent
catalyst, the catalysts after the second and/or third reaction runs were
analyzed by TGA, N, physisorption and TEM. Fig. S3 shows the TGA
profiles for the spent 5% Ni-ST-HY catalyst after the second and third
reaction runs. Weight losses of 31 and 51 % were observed for the cat-
alysts after the second and third reaction runs respectively. This clearly
indicates the presence of carbonaceous materials over the catalysts after
the reaction runs, which will most likely be a combination of coke and
unreacted plastics. As a result of this carbonaceous materials deposition,
the recovered catalyst after the third reaction run showed a significant
decrease in its textural properties (Table 1). In addition, TEM analysis of
the fresh catalyst and spent catalyst after the third reaction runs (Fig. 2d
and e) revealed an increase in the average Ni particle size from 9 to 14
nm, showing that some sintering of the Ni particles took place under the
hydrocracking conditions. Therefore, deactivation of the catalyst seems
to be due to a combination of coke formation that leads to a partial
blockage of the catalyst porosity, and so decreases the access to the
active sites, and of sintering of the metal particles.

Moreover, the spent catalyst after the third reaction run was regen-
erated and utilized for the hydrocracking experiment. Interestingly, the
regenerated catalyst showed an enhanced conversion (95.9 wt%),
together with an increase in the total liquids selectivity (72.2 wt%) and a
decrease in the selectivity of gaseous products (27.8 wt%), when
compared to the third reaction run. Values obtained after regeneration
are closer to those of the second reaction run. In fact, calcination of spent
catalyst (i.e., regenerated spent catalyst) notably enhanced the porosity
and external surface area due to the removal of carbonaceous materials
from the catalyst (Table 1). It is also possible that some redistribution of
the Ni metal particles might have happened as a result of the thermal
treatment as confirmed by TEM results (Fig. 2f). Overall, the results
suggest a slight decrease in selectivity of the catalyst after being used in
cyclic runs. However, the catalyst remains active after an effective
regeneration process.

Fig. 10 illustrates the selectivity within the lighter oil fraction
extracted from the hydrocracking of surgical mask over the three
consecutive reaction runs without regeneration and the reaction run
where the catalyst was regenerated. It was found that the fresh Ni-ST-HY
catalyst showed maximum selectivity towards gasoline range fuels (Cs-
Ci2 = 92.0 wt%), with some affinity towards higher carbon range diesel
products (C13-C1g = 7.97 wt%). On the other hand, the spent catalyst
after the second and third reaction runs showed a decrease in the
selectivity for the gasoline range fuels (i.e., 2nd run = 77.6 wt%, 3rd run
= 76.2 wt%) with an increase in the selectivity to higher hydrocarbons
(C13-C1g), as a result of the supressing of the cracking function due to the
blockage of the active sites by coke. However, the regenerated spent
catalyst showed again a higher selectivity to gasoline range fuels (85.5
wt%) with a decrease in the selectivity to diesel fuels (14.5 wt%), as
shown in Fig. 10a. This further cracking of high boiling point hydro-
carbons to lower ones over the regenerated spent catalyst may be
assigned to the increase in the accessibility of the active sites of the
catalyst due to the removal of some of the carbonaceous material by
calcination.

In addition, the spent catalyst showed a decrease in selectivity to
aromatics and iso-paraffins with a significant increase in the selectivity
to n-paraffins. Compared to the fresh catalyst (first reaction run), the iso-
to n-paraffins ratio of second and third reaction runs of spent catalyst
changed from 2.18 to 1.14 and 0.58 respectively (Fig. 10b). This is no
strange considering that, with the carbonaceous materials accumulation
on the catalyst and the subsequent decrease in the porosity, the diffusion
of the aromatics and iso-paraffins to the outside of the zeolite structure
will be more hindered since these products are more voluminous than
the n-paraffins. Regeneration of the spent catalyst significantly
enhanced the iso- to n-paraffins ratio. However, there was only a little
increase in the yield of aromatics, as these are bulkier than the paraffins.
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Fig. 10. Selectivity of the n-heptane soluble liquids obtained by the hydro-
cracking of surgical face masks over fresh, spent and regenerated spent catalyst
in a 100 mL autoclave reactor, 10 bar initial cold Hy pressure, feed to catalyst
ratio of 10:1 (by weight), 325 °C for 120 min residence time. (a) Product
selectivity based on carbon number, (b) Product selectivity of n-paraffins, iso-
paraffins and aromatics.

4.4. Comparison with literature

The performance of the Ni loaded hierarchical zeolite (i.e., 5% Ni-ST-
HY) for the hydrocracking of surgical face masks was also compared
with the recent studies for the pyrolysis of surgical face masks and hy-
drocracking of polypropylene (Table 2). Recently, Li et al. [11] studied
the pyrolysis of waste masks to liquid fuels. Thermal pyrolysis of middle
(MLM), inner and outer layers (IOM) of surgical mask was performed at
slow and medium modes within a temperature range of 350-650 °C.
Mild pyrolysis of both MLM and IOM produced an oil selectivity of 74.6
and 86 wt% whereas gaseous products showed selectivity in the range of
23.8 and 13 wt% respectively at 650 °C. However, due to the elevated
temperature requirements, the generation of CO, CO2 and char along
with mild high heating value (HHV) of oily products (i.e., 41 MJ/kg)
made the process not the best for the recycling of waste surgical face
masks. Aragaw et al., [10] did a similar work, where the pyrolysis of
surgical face masks and gloves were carried out at 400 °C for 1 h.
Interestingly, the process only showed 75 wt% of liquids selectivity with
a significant quantity of char (i.e., 10 wt%). However, the waxy nature
of the liquid products (i.e., kerosene) obtained from the pyrolysis of
surgical face masks and gloves made it difficult to be utilized directly as
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Table 2
Performance comparison of various catalytic hydrocracking and other chemical recycling techniques with current study.
Catalyst Feed Process Reaction Conditions Selectivity (wt%) Conv. Ref.
a L R (wt%)
Pio T t F.C Gas liquids Solid
(bar) °C) (min)
5% Ni-ST-HY Surgical face Mask (PP) Hydrocracking 10 325 120 10:1 14.45 85.54 0 100 Present work
Thermal Surgical Mask (PP) Pyrolysis - 650 30 - 14-23.8 74.6-85 1-1.6 98.4 [11]
Thermal Face masks & Gloves Pyrolysis - 400 60 - 15 75 10 90 [10]
Pt/WO3/ZrO, with HY(30) PP Hydrocracking 30 250 120 10:1 ~10 80 ~10 ~90 [50]
ZSM-5 PP Hydrocracking 83 430 60 N.G" 8.5 61.2 30.2 69.7 [51]

 Feed to catalyst ratio.
b Not given.

a fuel. Moreover, no study has been done for the hydrocracking of waste
surgical face masks. Therefore, a comparative analysis of current study is
made with the hydrocracking of polypropylene (PP) because of the
similar physiochemical properties of the feedstock. Recently, Liu et al.,
[50] studied the hydrocracking of polypropylene at mild conditions of
temperature (i.e., 250 °C) using Pt/WOs3/ZrO, mixed with HY as a
catalyst. The degradation of PP resulted in a high selectivity of liquid
products with maximum in the gasoline range fuels and a small quantity
of gases. However, utilization of high pressure of hydrogen (Pyy = 30
bar) makes the process uneconomical with a potential hazard of
hydrogen. Also, Ali et al., [51] discussed the hydrocracking of PP using
ZSM-5 as a catalyst at 430 °C for 1 h. However, the catalyst showed a low
conversion of feedstock with a maximum liquid’s selectivity of 61.2 wt%
which might be due to the smaller size pores and low mesoporosity of
the catalyst, which prevents the diffusion of bulky molecules.

Although a completely direct comparison may not be possible due to
the differences in the operating conditions and feedstocks used, it is
worth noting that the catalytic performance of the best catalyst used in
this study (5% Ni-ST-HY) is comparable or superior to those found in the
literature. This is indeed achieved while using less severe operating
conditions, i.e., lower hydrogen pressure and temperature, which may
make the process economically more attractive.

5. Hydrocracking process simulation

Although a simple comparative analysis based on the experimental
results and findings is done in Table 2, a comparative analysis of the
different management options based on their potential environment
impacts is also essential for a better and clear understanding of the
processes. Therefore, a life cycle analysis was also performed. In order to

collect information on the energy and material balances along with
product analysis to be utilized as inventory data for the potential envi-
ronmental impacts of the process in the life cycle assessment, an ASPEN
model simulation for the hydrocracking of the surgical face masks was
also performed.

Hydrocracking of waste surgical face masks was simulated using the
Aspen plus V12.1 (39.0.0.116) software. The process flow diagram
which consists of three main steps is shown in Fig. 11. Based on the
Aspen Plus resources, Peng-Robinson equation of state was chosen as the
property method, as it provides reliable findings for lighter hydrocar-
bons and gases like hydrogen. The stream class details, model parame-
ters and brief explanations of unit operations are provided in Table S1 in
Supporting Information. Based on the FTIR analysis (Fig. 6), conven-
tional polypropylene was considered as the substitute material to waste
surgical face masks. In the first step, the polypropylene at a mass flow
rate of 1 kg.h’l and room temperature (i.e., 20 °C) was mixed with
hydrogen with a mass flow rate of 0.010 kg.h ! and at 10 bar. The hy-
drocracking reaction involves the simultaneous addition of hydrogen
and the breaking of carbon-carbon bonds. However, accurate reaction
kinetics are difficult to establish because of the uncertainty of the
products generated. As a result, a RYield was utilized. The mixed feed
was then entered into the reactor (RYield) where decomposition of
plastic was done at 325 °C to generate products based on the experi-
mental results. The reactor was assumed to be entirely adiabatic, with all
the feed reacted and the process was simplified by modelling it at steady-
state. The products from the reactor (R-outlet) were then separated and
condensed by installing a series of flash drums (S-1, S-2, S-3, and S-4)
and coolers (C-1, C-2 and C-3). The liquid products (LP) were separated
as the bottom product after each flash drum, whereas the gaseous
products were collected at the end. The utilities for the hydrocracking

s [2] [ 1]
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101/ [ R [ 200 ] (100 ] [ 100 ]
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Mass flow (kg/h) R-1: Reactor
Temperature (°C) 6 S-1to S-4: Flash drums

Stream number

C-1 to C-3: Coolers

Fig. 11. Process flow diagram of the hydrocracking process model.
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process were taken from Aspen database and expressed in terms of
heating and cooling duty. Table S2 (Supporting Information) illustrates
the utility data of hydrocracking which was further utilized to develop
the life cycle assessment.

Moreover, the ASPEN model was validated based on the overall mass
and energy balance of the system. Table S3 (Supporting Information)
shows the material balance for the whole process (i.e., from mixer to
collection of value-added products after separators). Both experimental
as well as simulation results showed no solid residual formation during
the process. Therefore, whatever it comes from the reactor (R-outlet), it
is separated during a series of separators. Based on the product distri-
bution during hydrocracking simulation, liquid and gaseous produced
showed results similar to those of the experimental work. Similarly, the
obtained products showed an overall heating value of 43.34 MJ.kg~!
Moreover, the model was also validated based on the overall energy
balance of the system.

Net duty = Enthalpy of feed — Ethalpy of products+ heat duty of equipments

(8)
Enthalpy of feed = — 1.215kW 9
Enthalpy of Products = —0.083 —0.027 —0.223 — 0.231 = — 0.564kW
(10)
Heat duty of the equipments = 0.295 4 0.086 4+ 0.062 + 0.077 = 0.520kW
an
Net Duty = —1.215— (—0.564) +0.520 ~ 0 (12)

The overall heat duty of the system is approximately zero. Therefore,
the energy is balanced and validated, and based on this the simulated
model was then employed for further analysis.

Fuel 349 (2023) 128704
6. Life cycle assessment
6.1. Goal and scope

Herein, life cycle assessment (LCA) is conducted to assess the likely
environmental impacts of different waste plastics options. LCA is done
by ISO standards and systems. The objective of this study is to estimate
the environmental profiles of the management of waste surgical face
masks. Different management scenarios i.e., incineration and pyrolysis
were compared with hydrocracking of waste surgical face masks with a
functional unit of 1 kg of feed. The geographical setting of this LCA was
set in the United Kingdom (UK). Moreover, the definition of the system
boundary is one of the essential concerns of the LCA study, as it decides
what unit processes to be excluded and what to be involved in investi-
gation. Fig. 12 illustrates the system boundary for life cycle assessment
for all the three scenarios from gate to grave i.e., after transportation of
feed to end of life. In detail, waste surgical face masks undergo one of the
three different waste management scenarios: (I) incineration with en-
ergy recovery i.e., WtE (100%), (II) pyrolysis or (III) hydrocracking.
Moreover, the following assumptions were modelled in this LCA study:
(i) all the management facilities considered in this study were supposed
to be at same location and impact of waste transportation is similar for
all scenarios. Similarly, impact of transportation within the facility was
also considered negligible and therefore out of the scope of this study;
(ii) steam generated during incineration was only utilized for electricity
production; (iii) synthesis of catalyst has no environmental impact,
therefore was not considered in the LCA; (iv) based on the polymeric
nature of surgical face masks, LCA of PP was considered when and where
required; and (v) only three layers of waste surgical face masks were
considered for the life cycle analysis.

6.2. Life cycle inventories for current scenarios

Life cycle inventory management is ultimately the most complex step
of LCA, as it requires to accumulate, measure, and investigate data on
basis of inputs and outputs during LCA. In this study, inventory data was
collected from various literatures for different management scenarios.
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Fig. 12. Life cycle scenarios, system boundary and various LCA scenarios for the management of waste surgical face masks.
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Ecoinvent database in SimaPro software was used to analyze missing
data. Waste to energy process inventory data were extracted from past
studies [6,52] and compiled in Table S4 (Supporting Information).
Moreover, inventory data for the pyrolysis of waste surgical face masks
were referred from a recent study of Li et al. [11] and presented in
Table S5 (Supporting Information). In addition, inventory data for the
hydrocracking process were based on experimental results and missing
information was taken from previous studies [53]. Based on the author’s
assumptions, only pyrolysis oil was utilized as a desired product and
employed to generate electricity of 3.2 kWh. However, considering the
management scenarios in the UK, the pyrolysis oil was supposed to be
combusted to produce electricity (i.e., electricity, high voltage {GB},
Great Britain data). Similarly, the outputs of both incineration and py-
rolysis resulted in the energy generation (i.e., electricity). Therefore, for
a better comparison of the results, it was considered that liquid fuels and
gaseous products obtained from the hydrocracking of waste surgical face
masks were utilized for electricity production (3.85 kWh). The value was
calculated based on the calorific value of products obtained from process
simulation and literature [54]. The data for production of resources
needed (e.g., electricity) were obtained directly from Ecoinvent 3
database. Moreover, information related to Great Britain {GB} was
utilized when accessible.

6.3. Life cycle impact assessment (LCIA)

Life cycle impact assessment was completed utilizing SimaPro 8.3.0
software and by adopting CML-IA baseline V3.0.4 world 2000 meth-
odology. The CML-IA baseline is a problem-oriented and midpoint
approach which reduces the uncertainty in life cycle impact assessment
mechanism. Moreover, it also connects all phases of inventories by
means of different impact category and universally applies for potential
environmental impacts assessment. However, the current study just
discussed and explained the six most studied and discussed impact
categories which are expressed in Table 3 below.

6.4. LCA results and discussion

The overall LCIA midpoint characterization results for the manage-
ment of waste surgical face masks based on three different scenarios for
various impact categories using CML-IA baseline method are illustrated
in Table 3. Similarly, a detailed comparative environmental impact
assessment of waste surgical face masks with various management sce-
narios is illustrated in Table S7 (Supporting Information). Overall, sce-
nario III (i.e., hydrocracking) showed the least environmental impacts
on six impact categories, while scenario I (i.e., incineration) displayed
the worst scenario for the waste surgical face masks management. The
overall discussion of potential of each scenario with individual waste
management option considered is further explained below.

Table 3
Environmental impacts for the management of waste surgical face masks on
various impact categories.

Impact category Unit Incineration  Pyrolysis Hydrocracking
Abiotic depletion kgSbeq  2.65x10%7 —6.4x100 -84 x10%
08

Abiotic depletion MJ 71.99 49.83 48.77
(fossil fuels)

Global warming kg CO, 4.42 0.39 0.17
(GWP100a) eq

Ozone layer kg CFC- 1.65x10%  —9x10% 993 x10%
depletion (ODP) 11leq

Marine aquatic kg 1,4- 453.41 —1732.38 —1913.49
ecotoxicity DB eq

Terrestrial kg 1,4- 3.69 x 10*  —1.72 x -1.88 x 103
ecotoxicity DB eq 103
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6.4.1. Depletion of abiotic resources

Depletion of abiotic resources was grouped in two impact categories:
Abiotic depletion (elements) and Abiotic depletion (fossil fuels). The
first one describes the extraction of abiotic (i.e., Non-Living) assets such
as minerals, resources and is quantified in kilograms of antimony
equivalents (kg Sb eq.), while the latter refers to the consumption of
energy content of fossil fuels and is measured in megajoule (MJ).
Environmental impact assessment of all three plastic waste management
scenarios on Depletion of Abiotic resources is demonstrated in Fig. S4a.
Overall, both pyrolysis and hydrocracking scenarios showed positive
impact with negative values on abiotic depletion, whereas incineration
showed a negative impact. In detail, management of waste surgical face
masks using incineration process utilizes both electricity and natural gas
as resources and significantly produces a range of gaseous products with
only a limited quantity of electricity produced. This in general produces
an overall negative impact on environment. On the other hand, a notable
generation of electricity during pyrolysis creates an overall positive
impact on abiotic depletion. Moreover, during hydrocracking utilization
of hydrogen, electricity and cracking of waste surgical face masks
impacted negatively on abiotic depletion. However, generation of
electricity made an overall positive impact (-8.4x108 kg Sb eq.).
Similarly, Fig. S4b illustrates the impacts on abiotic depletion (fossil
fuels) for all scenarios and displays the total opposite trend as seen in
abiotic depletion (elements). All management options demonstrated a
positive value due to utilization of energy content of waste plastics and
utilities. Based on the results, it can be concluded that hydrocracking is
the only scenario which utilized the most of waste resource to create
minimum impact on abiotic depletion (fossil fuels 48.77 MJ). To
conclude, scenario III displayed the least impacts on abiotic depletion,
whereas incineration highlighted the worst scenario for overall abiotic
depletion of minerals and fossil fuels.

6.4.2. Climate change

Impact of climate change is investigated in terms of greenhouse gases
(GHG) emissions to air which have adverse impact on environment and
cause global warming. The impact of this global warming is measured in
terms of the mass of CO; per kg of GHG’s for a time span of one hundred
years (GWP100a). Fig. 13 summarizes the effect of all scenarios on
global warming (GWP100a) impact category. Overall, scenarios I and II
revealed a negative impact while scenarios III presented the most
favourable scenario. In detail, scenario I showed maximum impact
(4.42 kg COy eq./FU) due to substantial number of emissions (e.g.,
GHGs) during incineration process. Similarly, consumption of electricity
and natural gas along with burning of valuable resource (i.e., waste
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Fig. 13. Impact assessment of waste surgical face masks management scenarios
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surgical face masks) significantly generate a large amount of CO5. On the
other hand, pyrolysis produces a lower quantity of CO3 eq. due to the
lower consumption of electricity and natural gas during the process and
because of the little generation of GHGs during waste management.
However, scenario III demonstrated to be the best scenario regarding
least impact on global warming (0.17 kg CO5 eq.) due to the lowest
emissions and with maximum utilization of resources for the production
of electricity, which ultimately helps to avoid the global warming
potential.

6.4.2.1. Ozone layer depletion. Ozone layer depletion compares the
proportion of harm a compound can cause to the ozone layer with a
comparable mass of trichlorofluoromethane (CFC-11). Results of the
present study on ozone layer depletion considering all the scenarios are
shown in Fig. S5. It was observed that scenario III showed the least
impact on ozone layer depletion because of the maximum amount of
energy replacement (i.e., electricity) as an avoided product during the
process, which otherwise would deplete ozone layer. Overall, scenario I
displayed positive impact with maximum value of 1.65 x 10708 kg CFC-
11 eq.

6.4.2.2. Ecotoxicity. Ecotoxicity refers to the study of ecotoxicology
which is the study of potential impact caused mostly by human activities
on biota. Through this impact group, the concentration (i.e., measured
in 1,4 dichlorobenzene eq.) and type of toxins that cause harm to both
plants and animals can be determined. Ecotoxicity can be grouped into
several impact categories, but in this study only marine aquatic eco-
toxicity (MAE) and terrestrial ecotoxicity (TET) were discussed in detail.
The first one (MAE) refers to the effect of toxic chemicals (i.e., released
in air, water, or soil) on marine aquatic ecosystem, whereas the TET
refers to the impact on land-based animals and their ecosystem. Fig. S6a
shows the comparative results of all three scenarios on MAE in 1,4-DB
eq. Both pyrolysis and hydrocracking showed positive impact (i.e.,
negative values) on marine aquatic ecosystem because of the production
of electricity as avoided products. However, hydrocracking scenario
revealed to be the best scenario based on the maximum utilization of
fuels for energy generation which otherwise would create a negative
impact on environment. Also, both incineration and pyrolysis scenarios
utilized natural gas which subsequently are the potential source of
toxicity on marine aquatic ecosystem.

Similarly, the same trend of results was seen for TET in which sce-
nario III (i.e., hydrocracking) showed the least impact on land depen-
dent organisms, whereas incineration is the least preferable scenario as
shown in Fig. S6b. Overall, three scenarios showed the following trend
in terms of least impacts on ecotoxicity: Scenario III < Scenario II <
Scenario L.

To conclude, the conversion of waste surgical face masks by hydro-
cracking was found to perform better than linear end of life (i.e.,
incineration) and other circular end of life (i.e., pyrolysis) waste man-
agement options. Overall, hydrocracking acquired maximum credits by
avoiding the detrimental environmental effects on all six impact cate-
gories as compared to pyrolysis and incineration. Therefore, it has been
verified that upcycling of waste surgical face masks into value-added
energy products is a viable and promising strategy with favourable
environmental outcomes.

7. Conclusion

In this work, the hydrocracking of waste surgical face masks, made of
polypropylene, was investigated at 325° C and 10 bar initial cold Hy
pressure, over pristine and Ni-loaded HY zeolites. A hierarchical HY
zeolite was also synthesized via controlled steaming and modified
through Ni addition for the hydrocracking experiments. The character-
ization results confirmed the formation of mesoporosity with enhanced
external surface area as a result of the steaming process. Although the
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addition of Ni to the zeolites led to a reduction in the textural properties,
it also conducted to the generation of an important number of additional
Lewis acid sites. Moreover, steaming of the HY zeolite resulted in the
formation of smaller and better dispersed Ni particles, mainly located
within the zeolite structure.

For the hydrocracking experiments, addition of Ni to the HY zeolite
significantly improved conversion of the surgical face masks due to the
enhanced Lewis acidity. Similarly, upcycling of waste surgical face
masks over the steamed HY zeolite showed an increase in the conversion
with a high selectivity towards liquids and a subsequent decrease in the
selectivity to gases. This was most likely due to the higher external
surface area and mesoporosity of the zeolite, which resulted in the
reduction of the diffusion of the molecules inside the zeolite framework.
As expected, Ni-loaded steamed HY zeolite further enhanced the con-
version to 100 wt% with an overall selectivity to liquids of 85.5 wt%.
These improvements in activity and selectivity were due to the com-
bined effect of improved diffusion rates and dehydrogenation role of Ni,
being similar or superior to those reported in the literature. The reus-
ability tests to the 5% Ni-ST-HY revealed that the activity of the catalyst
is only slightly affected by coke deposition and sintering of the Ni par-
ticles. However, activity could be almost completely restored after the
regeneration of the spent catalyst by calcination at high temperature,
which removed the carbonaceous materials and led to a redistribution of
the Ni particles.

Moreover, a hydrocracking process simulation model was developed
based on the experimental data and reaction conditions. Overall,
gaseous and liquid products obtained during the process showed an
overall heating value of 43.34 MJ.kg™'. The energy inputs (i.e., utility)
and product outputs data were extracted to develop a life cycle in-
ventory. A comparative LCA of the surgical face masks showed the
benefits of hydrocracking over other linear and circular end of life
management options. The current scenario had least impact on abiotic
depletion, GWP 100a, ODP, MAE and TET as compared to incineration
and pyrolysis. Therefore, this approach and discovery might spark a lot
of interest in finding new applications for the upcycling of similar waste.
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