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Abstract

The upgrading of bio-oil often leads to significant carbon losses due to excessive decarboxylation and
decarbonylation. However, this may be alleviated by deploying an innovative multi-functional catalyst that
promotes C—C coupling while catalyzing deoxygenation/hydrodeoxygenation reactions. In this work, we
develop trifunctional catalysts by consecutive post-synthesis treatments of commercial ZSM-5 catalyst (ZSM-
comm). These treatments include impregnation of alkaline metal (magnesium) followed by temporary pore
blocking with CTAB prior to the growth of SBA-15 using P123 as a template and transition/noble metal salts
(nickel nitrate and platinum chloride). The prepared trifunctional catalysts exhibit three active sites, namely
acidity, basicity, and reducibility as confirmed by NH;-TPD, CO,-TPD, and TPR measurements. The
integration of the three active sites results in a remarkable increase in oil yield from 4.9% over ZSM-comm to
17.1 and 13.5% over Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM catalysts, respectively. These trifunctional
catalysts also exhibit enhanced selectivity toward alkenes and alkanes in oil, which increases from 7.6% over
ZSM-comm to 26.3 and 19.6% over Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM, respectively. The oxygenates
(phenols, furans, acids, and ketones) also show an apparent shift in the carbon number toward the fuel range
(C5-C13), suggesting the occurrence of C—C coupling. Additionally, the trifunctional catalysts help in

increasing the selectivity toward monocyclic aromatic hydrocarbons (MAHs) from 75.2 to 93.7%.
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1. Introduction
Securing sustainable energy resources is of the utmost importance in preventing global warming, which poses
a tremendous challenge to nations worldwide. In the race to achieve zero carbon emissions, all current green
resources must ultimately be exploited to eliminate waste and pollution.!>? Municipal solid waste (MSW) has
a high energy density, yet it continues to be landfilled in most countries. However, the valorization of MSW
can contribute to the sustainability of the existing energy pool. Through fast pyrolysis, for instance, MSW can
be transformed into a crude bio-oil with the potential to be refined into liquid fuels via hydrotreatment.? 4
However, due to the complicated chemical structure of the bio-oil produced from MSW pyrolysis, the process
of upgrading this crude oil is challenging and costly.>

Fast pyrolysis is the thermal decomposition of polymeric materials at elevated temperatures. Typically,
fast pyrolysis can be observed at temperatures between 400 and 550 °C, which are also suitable for the
upgrading process of volatiles. Hence, thermal pyrolysis and catalytic upgrading can take place within the
same reactor, thus conserving energy and significantly improving the quality of the obtained bio-0il.> 7 By
utilizing this strategy, it is feasible to capitalize on the synergy that exists between the materials (biomass and
plastics) found in MSW. For example, the plastic waste in MSW can be used as a source of hydrogen for in-
situ oil upgrading by catalytic transfer hydrogenation of pyrolysis vapors. Thus a multifunctional catalyst is
required that is able to promote several reactions simultaneously during the pyrolysis.® The ZSM-5 catalyst
has been extensively studied in the pyrolysis of long-chain polymeric and biomass macromolecules, however
it often leads to low oil yield.>!! Indeed, the acidic sites in ZSM-5 zeolite, particularly the Bronsted sites!?,
favour cracking reactions, which increase gas-phase products and minimize the bio-oil carbon yield (liquid
phase). However, the incorporation of alkaline earth metals in the catalyst has been demonstrated to have a
positive impact on bio-oil yield.!* In addition to the benefits of alkaline earth metals in C—C coupling'4 13,
they also enhance the deoxygenation.!¢ Bifunctional (acidic/basic) zeolites are, therefore, have been the
subject of numerous studies, however, the size of these cations is reported to be hindering the diffusion path
through the pore channels.!”- 18 In parallel to alkaline metals, zeolites modified with transition metals have also
been studied in depth and have been found to exhibit hydrogen transfer and aromatization abilities.!® 20 For

instance, transition metals, such as nickel (Ni) and cobalt (Co), can further promote deoxygenation and
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aromatization, making them especially attractive for co-pyrolysis applications. However, the oxygen removal
process over Ni and Co results in excess CO, and CO, which causes a substantial loss in bio-oil yield.?!- 22

Studies focusing on the fabrication of catalysts that integrate zeolite, alkaline, metal, and transition metal
in one composite, thus combining the advantages of each type of active phase, i.e., acid, base, and metal,
respectively, are lacking in the literature. Indeed, synthesizing such materials is a significant challenge since
it is necessary to position the alkaline and transition metals on the zeolite surface without sacrificing or
disabling its unique catalytic and structural properties, i.e., active site poisoning and pore blockage.?
Alternatively, the highly reactive pyrolysis products can lead to coke formation inside the zeolite microporous
framework, hence limiting access to the active sites. Such effects can be counteracted by including
mesoporosity in the catalyst, which minimizes coke formation and facilitates diffusion limitation that many
long-chain polymeric derivatives and bulky sugar molecules encounter in the micropores of ZSM-5.24-2
Furthermore, the mesopores on zeolite catalysts can be used to deposit other active phases, such as alkaline or
transition metals, thereby avoiding pore blockage and promoting the catalytic cascade effect.30: 3!

In this study, we synthesize a trifunctional catalyst which can promote sequential condensation,
deoxygenation, and aromatization of pyrolyzed mixed waste by modifying commercial ZSM-5 catalyst with
mesoporous silica and Mg (as the alkaline metal), Ni (as the transition metal) or Pt (as the noble metal). To
overcome the potential diffusion blockage that may occur with the integration of metals into the zeolite
surface, a unique synthesis method is developed which facilitates the growth of mesoporous silica (SBA-15)
on the ZSM-5 crystals. The selective deposition of the metals (Pt or Ni) on the mesoporous silica is possible
through the combined use of CTAB and mild coking treatment which temporarily block the micropore
channels in ZSM-5, which are ultimately regenerated through calcination. The use of these multifunctional
catalysts for the pyrolysis of mixed plastic and biomass feedstocks permits increased carbon recovery, while

also producing a high-quality oil.

2. Experimental Section

2.1. Catalyst synthesis
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Commercial ZSM-5 (NH4-ZSM-5 - CBV 2314) purchased from Zeolyst international was used as the parent
catalyst. Before use, the as-purchased zeolite was calcined at 550 °C for 5 h to obtain H-ZSM-5. Magnesium
was first introduced to H-ZSM-5 by wet impregnation in which 1.2 mmol of magnesium nitrate hexahydrate
(Mg(NOs),-6H,0, 99%, Sigma Aldrich) was dissolved in 3 mL of deionized water. This solution was added
dropwise to 3 g of H-ZSM-5. The resulting paste was left to dry overnight before being moved to a muffle
furnace. Afterward, the impregnated sample was calcined in a muffle furnace at 550 “C for 5 h. The resulting
catalyst was referred to as Mg/H-ZSM-5.

Before growing the mesoporous silica on the Mg/H-ZSM-5, the inner micropore channels of ZSM-5
were blocked using CTAB (C;9H4,BrN, >99%, Sigma Aldrich). Typically, 0.41 mmol of CTAB was dissolved
in 3 g of ethanol, and the formed solution was used to impregnate 3 g of Mg/H-ZSM-5. The sample was dried
overnight and then thermally treated at 250 “C for 2 h. The sample colour changed from the typical white
colour of zeolite to greyish colour, indicating partial coking caused by the CTAB inside the microporous
channels. This sample was referred to as Mg-CTAB/ZSM.

The procedure for growing mesoporous silica (SBA-15) on zeolite (ZSM-5) started with the preparation
of a solution composed of 4.8 g of Pluronic P123 (Sigma Aldrich) and 72 mL of distilled water. The solution
was stirred at 40 °C for 1 h until the surfactant was homogeneously dispersed. Following this, 0.2 g of
aluminium isopropoxide (CyH,,O3Al, >98%, Sigma Aldrich) was added to the solution, followed by the
addition of 13 mL of tetraethyl orthosilicate (SiCsH;¢O4, 40 Wt.%, Sigma Aldrich). After 1 h, 1.0 mmol of
nickel nitrate hexahydrate (Ni(NOs),-6H,0, 99%, Sigma Aldrich) or 1.0 mmol of platinum (IV) chloride
(PtCly, 96%, Sigma Aldrich) was introduced to the solution. The solution was stirred for 20 h, and, finally, 3
g of Mg-CTAB/ZSM was added. The solution was left under stirring for another 3 h before it was transferred
to a Teflon-lined stainless steel autoclave. The sample was kept in the oven for 48 h at 180 °C before it was
washed and dried. The organic templates were removed by calcining the catalyst at 600 °C for 5 h in a muffle
furnace. The sample prepared without the addition of Mg, Pt, and Ni was denoted as Meso-ZSM and the

samples containing metals were named as Mg/meso-ZSM, Mg-Ni/meso-ZSM, and Mg-Pt/meso-ZSM.
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2.2. Catalyst characterization and bio-oil analysis

The composition andcrystallinity of the catalysts were analyzed using X-ray diffractometer. X-ray diffraction
patterns were collected by Rigaku Miniflex equipped with a 9 kW Cu rotating anode source. The relative
crystallinity was calculated by comparing the peak height of the 26 at 7.9, 8.9, and 23.2° of the catalyst to that
of commercial ZSM-5. The scanning electron microscopy (SEM) images were captured by JEOL 7001
instrument fitted with a secondary electron detector. A transmission electron microscope (TEM) was also
deployed to observe the mesoporosity and the location of the metals using Hitachi HT7700 operated at 120 kV.
A Micromeritics ASAP2020 apparatus was used to determine the catalyst's porosity. The machine generated
the nitrogen-adsorption-desorption isotherms to calculate the surface and pore size distribution using the BET
and DFT models, respectively.

The multiple active sites of the catalyst were measured using ASAP2029 equipped with a thermal
conductivity detector (TCD). Before the NH3;-TPD and CO,-TPD experiments, 100 mg of the catalyst was
heated to 550 °C under helium flow (50 ml/min) to remove moisture and any adsorbed organics. The sample
was later cooled to 100 °C in which a flow of pure NH; or CO, (10 mLmin) was passed through the sample
for 20 min. After the probe molecule flow was stopped, the sample was purged with helium (50 ml/min) for
10 min. With continuous helium flow, the sample's temperature was elevated at a heating rate of 5 °C/min to
800 °C while the TCD signal was recorded. Temperature-programmed reduction (TPR) experiments followed
a similar protocol to that of TPD by using a 5 wt.% H; in N, mixture (50 ml/min) to reduce the samples. The
reduction program was set from 50 °C to 600 °C with a heating rate of 5 °C/min. The optical absorption
spectra of the samples were obtained using a Shimadzu UV-3100 PLUS spectrophotometer. High-resolution
transmission electron microscope (HRTEM), Hitachi HF5000, was used to study the size and location of the
metals. The instrument was equipped with probe-forming lens systems that featured a spherical aberration
corrector (Cs). X-ray Photoelectron Spectroscopy (XPS) was conducted using the Kratos Axis Ultra
photoelectron spectrometer equipped with mono Al Ko (1486.6 eV) X-rays.

The bio-oil obtained from co-pyrolysis was analyzed using a Shimadzu TX8050 NX gas
chromatography equipped with an Agilent J&W DB-5 column. The bio-oil sample was diluted with acetone

by dissolving 15 mL of the oil in 1000 mL of acetone. The injection mode used was split with a 20 split ratio
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and the injection temperature was maintained at 250 °C. The oven temperature was initially set at 40 °C for
1.5 min and then increased to 110 °C with a ramping rate of 8 °C/min. Finally, the oven temperature was raised
to 250 °C with a heating rate of 6 °C/min and kept for 1 min.

2.3. Co-pyrolysis reaction

A fixed-bed reactor was used to assess the catalytic performance of all the catalysts. The reactor design and
dimensions were previously reported.?® The ratio of catalyst to feedstock is maintained at 1:1 in all
experiments. After each experiment, the condenser usually contained three different types of products, namely
water, wax, and oil. Water and oil are inseparable due to the small quantities, thus they are recovered together
from the condenser. The wax then remained in the condenser where it was weighed and recorded. Karl-Fischer
titrator was used to quantify the water content, hence the oil yield was also determined by the weight
difference. The leftover inside the reactor was also collected and weighed. Next, the original weight of the
catalyst was subtracted to obtain the solid, which represented char and coke. Gas was determined by the

difference between the initial feedstock weight minus water, wax, oil, and solid.

3. Results and discussion

3.1. Catalysts characterization

3.1.1. Crystallinity and composition

The effects of post-synthesis treatments on the crystallinity of commercial ZSM-5 (ZSM-comm) are
investigated using wide and low-angle XRD, as shown in Fig. 1. From Fig. 1a, it can be observed that the
characteristic XRD pattern of MFI zeolite is present in all samples, indicating that the crystalline structure of
ZSM-5 is maintained throughout the modification steps. Nonetheless, the MFI characteristic peaks are less
intense on the modified ZSM-5 catalysts compared to ZSM-comm, indicating the presence of an amorphous
phase in these catalysts. The ratio between the intensity of the peaks of ZSM-comm (Table 1) and the
remaining samples was used to assess the amount of crystalline zeolite in the samples, i.e., the crystallinity.
The relative crystallinity decreases with the introduction of mesoporous silica (SBA-15) to ZSM-comm with
Meso-ZSM displaying a relative crystallinity of 67%, as seen in Table 1. This significant decline suggests

that a large amount of amorphous silica is formed as a result of the incorporation of mesoporous silica. Indeed,

7



Journal of Materials Chemistry A Page 8 of 28
the elemental composition of Meso-ZSM reveals a significant increase in Si content, with the global Si/Al
ratio being 21.3, against the Si/Al ratio of 11.7 for ZSM-comm (Table 1). Similarly, the low-angle XRD of
Meso-ZSM unveils the presence of a new hump at ~0.7° belonging to (100) peak of SBA-15, thus confirming

the existence of mesoporous silica in this sample (Fig. 1b).

(a)
Mg-Pt/meso-ZSM

A — ]

Mg-Ni/meso-ZSM

&

r“ Mg/meso-ZSM
M Meso-ZSM
‘ I "ﬂ ZSM-comm
10 20 30 40 50
20 (degree)
—ZSM-comm
— Meso-ZSM

— Mg/meso-ZSM
—— Mg-Ni/meso-ZSM
e Mg-Pt/meso-ZSM

Intensity (a.u.)

20 (degree)

Fig. 1. (a) Wide-angle XRD and (b) low-angle XRD patterns of commercial and modified ZSM-5 catalysts.

Mg/meso-ZSM exhibits a higher relative crystallinity than Meso-ZSM, i.e., 88% vs. 67%, respectively,
suggesting less silica is deposited on this sample. In comparison, Mg/meso-ZSM displays a Si/Al ratio of 17.4,
which is much lower than that of Meso-ZSM, again indicating that less silica is formed in this sample.
Additionally, the low-angle XRD result suggests the presence of some silica but in a different orientation to
Meso-ZSM. The broad peak, which is centered at 1.3°, indicates the creation of disordered mesoporous
silica.?? The only difference in preparation between Meso-ZSM and Mg/meso-ZSM is that the latter includes

an extra Mg impregnation step followed by drying and calcination at 550 °C. Thus, Mg/meso-ZSM contains
8
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0.37 wt.% of Mg. However, the presence of Mg in the porous zeolite framework cannot explain the observed
difference in the amount of SiO, deposited on the surface of the zeolite, since both Mg-Ni/meso-ZSM and
Mg-Pt/meso-ZSM display similar crystallinity to Meso-ZSM, i.e., 62%, 59%, and 67%, respectively, and
contain Mg introduced using the same procedures as in Mg/meso-ZSM. Similarly, Mg-Ni/meso-ZSM, Mg-
Pt/meso-ZSM, and Meso-ZSM display equivalent Si/Al ratios, i.e., 22.8, 24.0, and 21.3, respectively.
However, unlike Meso-ZSM, the low-angle XRD patterns of of Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM
reveal the formation of the ordered SBA-15 silica phase (Fig. 1b), known by its distinctive three peaks at 0.8°
(100), 1.4° (110) and 1.6° (200).33 The addition of Ni(NOs),"6H,0 or H,PtCly during the synthesis lower the
pH of the solution which may favour the formation of SBA-15. It is worth mentioning here that the Mg loading
comparably declines from 0.37% for Mg/meso-ZSM to 0.21 wt.% for Mg-Ni/meso-ZSM and 0.19 wt.% for

Mg-Pt/meso-ZSM, which may be due to the higher silica formation.

Table 1. Crystallinity and elemental composition of the catalysts.

Catalyst Relative Si/Al? Si/Ni? Si/Pt? Mg? [Yowt.] EFAl
crystallinity [%] [%]

ZSM-comm 100 11.7 - - - 12.5
Meso-ZSM 67 213 - - - 19.9
Mg/meso-ZSM 88 17.4 - - 0.37 8.70
Mg-Ni/meso-ZSM 62 22.8 215.2 - 0.21 10.7
Mg-Pt/meso-ZSM 59 24.0 - 15.1 0.19 9.90

a: determined by ICP-MS analysis (wt.%)

The wide-angle XRD pattern of Mg-Pt/meso-ZSM shows the emergence of two peaks at 20 = 39.8° and
46.5°, assigned to (111) and (200) peaks of metallic Pt, respectively.?* This perfectly aligns with the ICP
result, which shows the high Pt content (Si/Pt = 15) in this sample. It is important to mention that no
characteristic peak of Ni is observed on Mg-Ni/meso-ZSM, which can be explained by the low concentration

of Ni in this sample. Indeed, the Si/Ni ratio observed on Mg-Ni/meso-ZSM is 215, while the Si/Pt ratio of
9
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Mg-Pt/Meso-ZSM is 15. Thus, Mg-Pt/meso-ZSM contains 4.3 times (molar-based) more metal than Mg-
Ni/Meso-ZSM.

The analysis of the framework and extra framework aluminum (EFAI) in the samples was performed by
27A1-NMR analysis (Fig. 2). As expected, two bands at around 0 and 55 ppm are observed, which can be
ascribed to octahedral (EFALI) and tetrahedral (ZSM-5 framework) Al coordination, respectively.?> 3¢ Based
on the NMR peak area, the non-framework Al represents 12.5% of the total amount of Al in ZSM-comm, as
seen in Table 1. This ratio rises to 19.9% in Meso-ZSM, indicating an increase in the EFAL contribution,
which may be caused by the partial degradation of the zeolite framework during the treatment or to the
deposition of Al species from the aluminium isoproxide present during the growth of mesoporous silica. In
contrast, the amount of octahedral Al drops to around 10% when the SBA-15 phase is formed in Mg-Ni/meso-
ZSM and Mg-Pt/meso-ZSM. This indicates the integration of Al into the zeolite framework (recrystallization)
or partial removal of a part of the EFAL It is important to mention that the Ni(NO;),-6H,0 and H,PtClg salts

decrease the pH of the synthesis solution and increase the solubility of AIOH, species.

Mg-Pt/meso-ZSM
’—A Mg-Ni/meso-ZSM
i ; Meso-ZSM
______:__/L ZSM-comm

80 60 40 20 0 -20 -40
Chemical shift (ppm)

Mg/meso-ZSM

Fig. 2. 27 AI-NMR spectra of the catalysts.

3.1.2. Morphology and textural properties

The morphological and topological features of the catalysts were observed by SEM and TEM, as presented in
Figs. 3 and S1, respectively. ZSM-comm displays the typical block-like shape of ZSM-5 with sizes ranging
between 0.5 and 1 um (Fig. 3a). The TEM image of ZSM-comm (Fig. S1a) confirms that the sample contains

no amorphous silica, as supported by the XRD result. In contrast, the presence of silica is very clear on Meso-
10
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ZSM, as seen on the SEM and TEM images (Figs. 3b and S1b). In contrast, Mg/meso-ZSM shows only a
small presence of silica based on the SEM and TEM images (Figs. 3¢ and Slc). This result is in good
agreement with the above XRD and ICP results as the silica content is decreased in Mg/meso-ZSM relative to

Meso-ZSM.

Fig. 3. SEM images of (a) ZSM-comm, (b) Meso-ZSM, (c¢) Mg/meso-ZSM, (d) Mg-Ni/meso-ZSM, and (e)

Mg-Pt/meso-ZSM.

The SEM (Figs. 3d and e) and TEM images (Figs. S1d and e) of Mg-Ni/meso-ZSM and Mg-Pt/meso-
ZSM reveal the predominantly worm-like morphology of these samples. The particle size differs between
these two samples: Mg-Ni/meso-ZSM has smaller particles in the range of 1-2 um (Fig. 3d), while Mg-
Pt/meso-ZSM has much bigger particles ranging between 3 and 6 um (Fig. 3e). The larger particle size of Mg-
Pt/meso-ZSM may be directly attributed to the higher silica condensation, as seen in the XRD and ICP results.
The possible reason behind the formation of the SBA-15/ZSM-5 composite is the surface acidity that zeolite
provides. The protonated zeolite can attract P123 micelles and promote silica condensation.’’” More
importantly, C1~ and NO;~ promote the hydrolysis of silica, hence creating an ideal environment for growing
SBA-15. As a result of the electrostatic interaction between zeolite's acid site and P123 micelle aggregates,
hydrolyzed silica begins to precipitate on the triblock polymer P123, forming the mesoporous SBA-15. Hence,

this is perhaps the first Si—O—Si bond being formed between ZSM-5 and SBA-15 with a mesosized channel.

11
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The condensation of SBA-15 favours the zeolite's acidic surface, thereby leading to the formation of the SBA-
15/ZSM-5 composite.33

HRTEM equipped with an EDS detector was used to capture higher-quality images of the loaded metals
and show the size and distribution of Ni and Pt on the surface of these catalysts (Fig. S2). In the case of Mg-
Ni/meso-ZSM, two particle size ranges are observed: nanosized particles in between 8 and 18 nm and those
in the range of 80-120 nm. In comparison, Mg-Pt/meso-ZSM displays Pt nanoparticles in the size range of 20-
40 nm. Notably, Pt nanoparticles do not aggregate to form big particles (> 80 nm), as previously noticed with
Ni, which may be attributed to the high surface energy. Surface energy usually increases with the decrease of
particle size, causing agglomeration and sintering, which likely happen during calcination.’® It is quite
interesting to see that the metals are widely distributed in the form of nanoparticles and resist sintering. This
may be due to the effective confinement of these nanoparticles by SBA-15 within its mesochannels (Fig. S2),

thus preventing the formation of bulk aggregates.*

(a) ——ZSM-comm (b) —a—ZSM-comm
—2— Meso-ZSM
—o— Mg/meso-ZSM
—2— Mg-Ni/meso-ZSM a
—a— Mg-Pt/meso-ZSM @

—a— Meso-ZSM

—a— Mg/meso-ZSM
—a— Mg-Ni/meso-ZSM
—a— Mg-Pt/meso-ZSM

Quantity adsorbed (cm’/g)
Pore volume (cm’/g)

00 02 04 06 08 1.0 10 S 100 1000
Relative pressure (P/P ) Pore diameter (nm)

Fig. 4. (a) Nitrogen adsorption-desorption isotherms and (b) NLDFT pore size distribution of the different

catalysts.

The textural properties of the samples prepared in this work are summarized in Table 2. The deposition
of amorphous mesoporous silica on the ZSM-comm sample causes a reduction of the BET surface area from
427.8 to 365.7 m?/g in Meso-ZSM. Similarly, Mg/meso-ZSM displays a smaller surface area than ZSM-
comm. Indeed, the surface area of the amorphous silica is smaller than that of ZSM-5, thus explaining the

observed reduction in surface area. In comparison, the structured framework of SBA-15 is known to have a

12
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high surface area*!, thus justifying the higher surface areas of Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM over
ZSM-comm. Except for ZSM-comm, all the samples displayed a significant amount of mesoporosity (Table
2). Indeed, the nitrogen adsorption-desorption isotherms in Fig. 4a confirm the presence of mesopores on the
modified ZSM-5 samples, as evidenced by the Type IV isotherms. On the contrary, ZSM-comm exhibits a
Type 1 isotherm, according to IUPAC classification*?, reflecting the dominant presence of micropores in this

sample. Indeed, the micropore volume of ZSM-5 is 0.124 ¢cm?/g, while the mesopore volume is 0.021 cm?/g.

Table 2. Textural properties of the as-prepared catalysts.

Catalyst Sper (M%/8)  Viniero (cM*/8)  Vineso (cm*/g)  Diyesopore (NM)
Comm-ZSM 427.8 0.124 0.021 N/A
Meso-ZSM 365.7 0.051 0.621 14.7
Mg/meso-ZSM 417.2 0.057 0.586 14.7
Mg-Ni/meso-ZSM 488.9 0.062 0.832 13.6
Mg-Pt/meso-ZSM 468.2 0.066 0.945 14.7

A significant decrease (~50%) in microporosity is observed for all the modified samples when compared
to ZSM-comm. On the other hand, the mesoporosity rises substantially with Mg-Pt/meso-ZSM recording the
highest mesoporosity (mesopore volume) of 0.945 cm?/g, followed by Mg-Ni/meso-ZSM with 0.832 cm?/g.
The higher mesopore volume of Mg-Pt/meso-ZSM can be justified by the higher concentration of silica, i.e.,
SBA-15, present in this sample. Additionally, the higher mesopore volumes observed over Mg-Ni/meso-ZSM
and Mg-Pt/meso-ZSM compared to Meso-ZSM and Mg/meso-ZSM can be justified by the ordered structure
of SBA-15 on the former samples. Fig. 4b shows the pore size distribution based on the DFT model, showing
that all modified samples have a unimodal pore diameter distribution in the mesopore region. The biggest pore
diameter of 14.7 nm is observed in Mg-Pt/meso-ZSM, which is in excellent agreement with the typical pore

size of SBA-15.#! In comparison, Mg-Ni/meso-ZSM has a slightly smaller pore diameter of 13.6 nm.
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3.1.3. Acidity, basicity, and reducibility

Ammonia desorption profiles are used to study the acid density and strength of the five catalysts (Fig. 5). Two
peaks representing weak and strong acidity are observed at 7' < 200 °C and 7 ~ 400-500 °C. As shown in
Table 3, ZSM-comm has the highest amount of weak acidity (0.932 mmolyys/g) at 193 °C, and strong acidity,
i.e., 0.588 mmolyys/g at 430 °C. The higher acidity of ZSM-comm can be directly related to this sample's low
Si/Al ratio (Table 1). On the other hand, the rest of the modified ZSM-5 catalysts suffer a sharp reduction in
weak acidity when compared to ZSM-comm. In the particular case of Meso-ZSM, the loss of weak acidity is
74%, while for the rest of the modified catalysts, the loss ranges from 34% to 55%. The observed acidity
variation can be explained by the overall reduction in Al content (Table 1), the blockage of ZSM-5 pores by
silica, ion exchange between protonic sites and Mg?*, and/or partial destruction of the MFI framework during
the synthesis process. In addition to the reduction of acid density, the weak acidity of the modified ZSM-5
catalysts is shifted to a lower temperature at 165 °C. This indicates that the strength of the weak acid sites on

these modified catalysts is slightly lower than that on ZSM-comm.
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Fig. 5. NH;-TPD profiles of commercial and modified ZSM-5 catalysts.

The strong acidity of ZSM-comm is greatly decreased from 0.588 to 0.103 mmol/g in the case of Meso-
ZSM. Much like for the weak acid sites, this reduction may be explained by the deposition of silica, which
decreases the overall sample's Al content and reduces the accessibility to the zeolite micropores. On the other
hand, the remaining catalysts (Mg/meso-ZSM, Mg-Pt/meso-ZSM, and Mg-Ni/meso-ZSM) display very few

strong acid sites (>0.02 mmolyys/g — Table 3). The observed decline of strong acidity in these catalysts is
14
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likely due to the presence of Mg, which can replace H* in the zeolite and has been reported to preferably

reduce the amount of strong Brensted sites.*> 44
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Fig. 6. (a) CO,-TPD and (b) H,-TPR analysis of the prepared catalysts.

The basicity of the catalysts was determined from the CO,-TPD results shown in Fig. 6a. Similar to the
acidity, the temperature profiles reveal the presence of two desorption peaks ascribed to weak basicity, at 7=
100—400 °C, and a strong one at temperatures between 500 and 800 °C. The ZSM-comm catalyst exhibits
only a weak basicity of 0.05 mmol/g at 290 °C (Table 3) which is the lowest among all the catalysts. While
ZSM-comm is supposed to be a purely acid catalyst, the residual basicity can be attributed to trace amounts
of Na in this catalyst. The incorporation of silica into Meso-ZSM leads to a slight increase in weak basicity to
0.088 and a shift in peak position to a low temperature of 210 °C. The Mg impregnation that occur before the
silica growth causes the emergence of a new peak of 750 °C, assigned to strong basicity, with no noticeable

effect on the number of weak basic sites. Still, a shift to 270 °C is noted, indicating that these sites are stronger
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in Mg/meso-ZSM compared to Meso-ZSM and slightly weaker than ZSM-comm. The appearance of strong
basic sites after Mg impregnation on zeolites has been reported by Graca et al., where this strong basicity was

attributed to the desorption of monodentate and bidentate carbonates attached to O?~ ions.*

Table 3. Acidity, basicity and the adsorption strength of the different catalysts.

Acidity (mmol NH3/g) Basicity (mmol CO,/g)

Catalyst Weak Strong Weak Strong
Comm-ZSM 0.932 0.588 0.050 0.00
Meso-ZSM 0.243 0.103 0.088 0.00
Mg/meso-ZSM 0.614 0.008 0.090 0.035
Mg-Ni/meso-ZSM 0.522 0.016 0.134 0.089
Mg-Pt/meso-ZSM 0.512 0.018 0.240 0.107

The incorporation of Ni and Pt greatly boosts the weak and strong basicity simultaneously. Indeed, the
addition of Pt and Ni has been reported to enhance the basicity of a catalyst.*> 47 Mg-Pt/meso-ZSM reveals
the highest weak basicity of 0.240 mmolco,/g followed by Mg-Ni/meso-ZSM, which has a basicity of 0.134
mmolcoy/g. The strong basicity peaks of Mg-Pt/meso-ZSM (0.107 mmolco,/g) and Mg-Ni/meso-ZSM (0.089
mmolco,/g) are both centered at 640 °C with an additional shoulder peak at 750 °C that is likely associated to
Mg, as it coincides with the peak observed on Mg/meso-ZSM. Therefore, the strong basicity of these two
catalysts is a combination of the basicity formed by Mg and Ni/Pt. It is important to mention that the basicity
of Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM is significantly higher than that of Mg/meso-ZSM despite the
lower Mg loading, i.e., 0.37 wt.% versus 0.21 wt.% and 0.19 wt.%, respectively. Thus, the observed excess
of basic sites must be attributed to the presence of Ni and Pt.

To further investigate the effect of incorporating Ni and Pt and their potential roles in the reaction, the
catalysts were analyzed by H,-TPR to identify their reduction temperatures and oxidation states within the
catalyst structure. As shown in Fig. 6b, the Mg-Ni/meso-ZSM catalyst shows three reduction peaks at 215 °C,

345°C, and 400 °C. Usually, Ni exhibits a reducibility behaviour at relatively high temperatures, however,
16
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there are few cases where it can be reduced at low temperatures. The peak at the lowest temperature (215 °C),
represents the Ni species with weak interaction with the support, which probably means that the Ni in this
state is in bulk NiO form.*¥° However, other studies have assigned this peak to Ni,O3.3!> 52 The second
reduction peak at 345 °C, is an indication of small or highly dispersed NiO clusters.’® Lastly, the third
reduction peak at 400 °C, indicates a strong metal-support interaction>*, typically attributed to the positioning
of Ni within the mesoporosity.>3 Instead of three reduction peaks, the Mg-Pt/meso-ZSM catalyst only develops
two main H, consumption peaks at 180 and 500 °C. Comparable to Mg-Ni/meso-ZSM, the reduction peak at
low temperatures is assigned to Pt?*, which is attributed to the weak metal-silica interaction.’® On the contrary,
the high H, consumption peak at 500 °C confirms the formation of strong Pt-silica interaction, hence proving
the existence of Pt** species.>’

The activity and accessibility of metals are primarily dependent on their location. X-ray photoelectron
spectroscopy (XPS) was conducted in this study on Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM (as shown in
Fig. S3) to explore these aspects further. The absence of detectable Ni on the surface of Mg-Ni/meso-ZSM
may be due to the low Ni content. In contrast, there is a clear evidence of Pt (Pt 4f) on the surface of Mg-
Pt/meso-ZSM based on the XPS analysis, with three major peaks observed. The peaks at 72.1 eV and 75.2 eV
correspond to Pt>*, while the peaks at 74.8 eV and 77.5 eV are attributed to Pt**.>® From the XPS analysis,
the proportions of Pt** and Pt*" are estimated to be 61.8 at% and 38.2 at.%, respectively. These results are
consistent with the H,-TPR analysis, which indicates that Pt>" is the dominant state in this sample.

Since Ni is not clearly detected through XPS analysis, UV-vis diffuse reflectance spectroscopy (DRS)
was employed to study the position of nickel in the SBA-15/ZSM composite. The results (Fig. S4) reveal the
presence of a broad absorption band in the range of 340-380 nm, which is associated with octahedral Ni**
species in the NiO lattice.>® % This observation matches well with the H,-TPR analysis, confirming the
formation of a weakly connected NiO lattice to the SiO, structure. The low peak intensity implies the low Ni
content in this sample, and no evidence of tetrahedrally coordinated Ni** species is found in the 550 to 650
nm region.%°

Further examination was conducted using FTIR to determine the environment around Mg species, as

given in Fig S5. The Mg concentration is also not high as it reaches a maximum of 0.37 wt.% in Mg/meso-
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ZSM. In spite of that, the presence of Mg is confirmed by the absorption peak observed at 435 cm™!. This peak
emerges only in Mg-containing samples (Fig. S5) and can be ascribed to Mg—O stretching vibration according
to previous reports.®!- ©2 This peak may originate from either Mg(OH), or MgO. However, as the calcination
step was performed after the catalyst synthesis, this rules out the possibility of having Mg(OH),. Interestingly,
both Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM exhibit an additional peak that may be directly linked to the
addition of Ni and Pt into these samples. The peak situated at 1382 cm™! is usually assigned to carbonate
species®, indicating the formation of Ni(COj3), and Pt(COs) over these two samples. The appearance of this
peak despite the overnight drying of all samples before the analysis suggests that CO, from the environment

may form a strong bond with the metals, which coincides with the CO,-TPD result.

3.2. Co-pyrolysis of pinewood and polyethylene

Thermal pyrolysis was used as a baseline to evaluate the impact of the different catalysts. Without a catalyst
(non-cat), the total condensate yield, which includes the organic liquid (oil), water in liquid (water), and
condensed solid products (wax), reaches 62 wt.%, as shown in Fig. 7. It is worth noticing that the highest oil
and wax yields are obtained when no catalyst is present (Fig. 7). In contrast, ZSM-comm gives the lowest oil
yield of 4.9 wt.%, and the highest gas yield of 50.4%, indicating excessive cracking. The high gas yield
observed for ZSM-comm is in agreement with the larger acid site density observed in this sample, particularly
the strong acid sites (Table 3). Despite the low oil yield, the wax yield is 14 wt.%, which is relatively high
considering that polyethylene (PE) is the main contributor to this product formation and represents 20 wt.%
of the feedstock. This suggests that ZSM-comm is not effective at cracking the wax products from PE into oil
or gas products. The incapacity of ZSM-comm to efficiently promote the conversion of PE can be explained
by the higher affinity of zeolites’ active sites toward the oxygenated products produced from biomass
pyrolysis, which can hinder the conversion of the less reactive hydrocarbon products from PE pyrolysis.t4 6
Indeed, in the absence of biomass, the commercial ZSM-5 zeolite (ZSM-comm) efficiently converts PE into
gas and oil products.®® Concerning the quality of the oil (Fig. 8), 67.5% appears in the form of aromatic

hydrocarbons and 7.6% as alkanes and alkenes, making the total oxygenates in this sample only 25%. While
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the concentration of hydrocarbons in the oil phase is substantial, the oil yield obtained with ZSM-comm is

only 4.9 wt.%, thus the feedstock conversion into liquid hydrocarbons is minimal.
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Fig. 7. Co-pyrolysis product yield over different catalysts.

The introduction of mesoporous silica (SBA-15) dramatically changes the catalytic performance of
zeolite as Meso-ZSM yields 13.9 wt.% of oil, almost threefold that of ZSM-comm, while maintaining a similar
yield of water (20 wt.%), wax (14 wt.%), and solid (11 wt.%) and producing less gas (40 wt.%) (Fig. 8).
However, the oxygenate selectivity is increased to 77.8%, which can be explained by the significant reduction
in acidity of this sample when compared to ZSM-comm. On the other hand, comparing the Meso-ZSM and
Non-cat performance clearly illustrates the ability of this catalyst to convert sugar compounds (17.3% in Non-
cat) into carboxylic acids and ketones as the selectivity climbs by 15.4 and 27.3%, respectively (Fig. 8).

The impregnation of Mg enhances the oil yield further as it reaches 17.4% over Mg/meso-ZSM (Fig.
7). This enhancement is accompanied by a slight increase in alkanes and alkenes selectivity from 3.2 to 7.1%
compared with Meso-ZSM (Fig. 8). The increment may be caused by the role of Mg in facilitating PE

cracking.®” Meanwhile, the significant increase in oil yield can be linked to the suppression of strong acidity,
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which is responsible for severe cracking and the introduction of strong base sites, which can promote

condensation and deoxygenation.
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Fig. 8. Co-pyrolysis product distribution based on GC-MS results.

The yield of the non-condensable gases for the different catalysts is shown in Fig. 9. Independently of
the catalyst (Non-cat), CO is the main gas product followed by CO,. ZSM-comm is the catalyst with the
highest gas yield, with CO yield representing 33.8 wt.% and CO, 10.8 wt.%. On the other hand, CO yield
significantly decreases over Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM to 22.1 and 18.2%, respectively. This
indicates that the trifunctional catalysts can minimize the decarbonylation pathway. In contrast, Mg-Ni/meso-
ZSM and Mg-Pt/meso-ZSM exhibit higher selectivity to CO, than ZSM-comm (Fig. 9), suggesting that these
catalysts favour decarboxylation and reactions, such as acids ketonization, which also releases CO,, as
confirmed by the reduction in carboxylic acids in the oil. It should be mentioned that the elimination of oxygen
as CO, is more favourable for minimizing carbon losses and maximizing carbon recovery than CO. Moreover,
reactions like ketonization can help to maximize the products in the fuel range.

The incorporation of Ni and Pt into the catalysts significantly changes the catalytic performance of
Meso-ZSM. The Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM catalysts maintain high oil yields of 17.1 and 13.5

wt.%, respectively (Fig. 7), while the hydrocarbon content in the oil phase greatly increases when compared
p y (Kig

20



Page 21 of 28 Journal of Materials Chemistry A

to Mg/meso-ZSM. The hydrocarbon alkanes and alkenes in the liquid correspond to 26.3 wt.% on Mg-
Ni/meso-ZSM and 19.6 wt.% on Mg-Pt/meso-ZSM, up from only 7.1 wt.% when no Ni or Pt is present
(Mg/meso-ZSM), as seen in Fig. 8. The rise in hydrocarbon alkanes and alkenes is likely associated with the
drop in wax yield from 15.7 wt.% to 9 wt.% and 11 wt.% on Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM,
respectively (Fig. 7). Thus, the introduction of Ni and Pt into Meso-ZSM catalyst enables a more efficient
conversion of PE. This observation can be explained by the capacity of the metal sites to promote the wax
hydrogenolysis®®, and the transfer of hydrogen from the wax into the biomass pyrolysis intermediates
promoted by the metal sites, which reduce their affinity with the zeolite acid sites, thereby enabling a more
effective cracking of the wax. The formation of aromatic hydrocarbons is a side effect of the hydrogen transfer
reaction, and the contribution of these compounds to the oil composition increases from 20.1% in Mg/meso-
ZSM to 23.5% and 28.2% in Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM, respectively (Fig. 8). Similarly, if
hydrogen is being transferred to biomass pyrolysis intermediates, the contribution of H,O as a deoxygenation
product is expected to increase. While this is observed over Mg-Pt/meso-ZSM, where the water yield is 25
wt.% compared to 18.9 wt.% over Mg/meso-ZSM and 20% over Meso-ZSM, the opposite is observed on
Mg-Ni/meso-ZSM (water yield = 14.5 wt.%) (Fig. 7). Therefore, the increase of hydrocarbons in Mg-
Ni/meso-ZSM oil phase has a higher contribution of hydrogenolysis, while in Mg-Pt/meso-ZSM, hydrogen
transfer seems to dominate. Indeed, the capacity of Ni to promote C—C bond cleavage is much higher than
that of Pt®, and the higher contribution of light hydrocarbons to the Mg-Ni/meso-ZSM gas yield also agrees
with the higher occurrence of hydrogenolysis in this sample.

In terms of oxygenated products in the oil, when Pt and Ni are present in the catalyst, the carboxylic
acid selectivity is reduced from 14% in Mg/meso-ZSM to 7% and 5.6% in Mg-Ni/meso-ZSM and Mg-
Pt/meso-ZSM, respectively (Fig. 8). Moreover, the occurrence of ketones also declines significantly. The
reduction of carboxylic acids can be explained by the higher density of weak and strong base sites in Mg-
Ni/meso-ZSM and Mg-Pt/meso-ZSM, which is known to promote the ketonization route of acids to ketones,
explaining the decline in selectivity toward acids.”® Ketones can be easily converted on base and acid sites
through aldol condensation and are also susceptible to hydrogenation via hydrogen transfer. These phenomena

account for the lower occurrence of ketones and acids on Mg-Pt/meso-ZSM, which displays higher basicity
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(Table 3) and capacity for hydrogen transfer. Finally, the ability of Mg-Ni/meso-ZSM to crack PE to short
chain alkenes and the decrease in selectivity toward furans (from 9.0% to 3.9%, Fig. 8) observed with this
sample indicates the occurrence of the Diels-Alder reaction. The increase in aromatic selectivity is another

indication of the validity of this hypothesis.
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Fig. 9. GC-TCD results of non-condensable gases collected during the co-pyrolysis process.

The above results suggest that the trifunctional catalysts (Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM)
maximize the yield of hydrocarbons in the oil fraction by increasing wax conversion and favouring
deoxygenation. This performance enables a significant portion of carbon from the feedstock to be retained in
the oil, particularly when compared to ZSM-comm. Furthermore, the reduction in acidity by incorporating
silica and Mg prevents excessive cracking, i.e., lowers gas formation. Additionally, the presence of a base site
favours condensation reactions, thus increasing the oil yield and assisting with deoxygenation. Finally, the Ni
in Mg-Ni/meso-ZSM is found to promote the C—C cleavage of wax products by incorporating them into the
oil. On the other hand, the Pt in Mg-Pt/meso-ZSM favours hydrogen transfer between the wax and the

oxygenates, improving oxygen elimination by H,O removal.
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3.3. Coke deposition and diffusion obstruction

The deactivation of catalysts in biomass pyrolysis is typically due to diffusion limitations caused by rapid
coke formation. To assess the impact of coke loading on catalyst porosity, the spent catalysts were analyzed
by BET and thermogravimetric analysis (TGA) measurements. The TGA profiles in Fig. S6 show that all
samples experience a weight loss of 2-4 wt.% at low temperatures. This is likely due to the removal of moisture
and adsorbed gases. This weight loss is not included in the calculation of the coke amount, which is limited to
the weight loss observed from 250 °C to 800 °C. The spent ZSM-comm catalyst has a high coke loading of
6.8 wt.% (Table S1), which can be directly attributed to the high number of strong acid sites. As a result, the
surface area of the catalyst decreases from 427.8 to 21.7 m?/g, indicating that this highly acidic microporous
catalyst is not suitable for biomass pyrolysis. The spent Meso-ZSM catalyst has less coke deposition with a
coke loading of 5.9 wt.%, which may be caused by the introduction of mesoporosity and the reduction in the
number of strong acid sites. This positively impacts the surface area of the spent catalyst, which is only
decreased to 132.2 m?/g. Interestingly, the spent Mg/meso-ZSM catalyst has the same coke loading of 5.9
wt.%, but maintains a high surface area of 253.2 m?/g. This may be due to the higher surface area of fresh
Mg/meso-ZSM and the lower number of strong acid sites. The samples containing SBA-15, Mg-Ni/meso-
ZSM and Mg-Pt/meso-ZSM, behave differently due to the nature of the SBA-15 channel, which is composed
of straight cylindrical tubes. The spent Mg-Ni/meso-ZSM sample has the highest coke loading of 7.0 wt.%,
but with a much lower surface area than Mg/meso-ZSM (only 123.7 m?/g). The same observation is noted for
the spent Mg-Pt/meso-ZSM catalyst as the surface area also drops to 134.9 m?/g. This may be attributed to the
long, one-dimensional cylindrical channels of SBA-15, which can be easily blocked at the pore entrance,
making the entire channel inaccessible. Additionally, the shape of the hysteresis loop of the spent Mg-
Ni/meso-ZSM and Mg-Pt/meso-ZSM changes from a H2(a) type to a H2(b) type, suggesting that the width of

the pore mouth becomes narrower due to coke deposition, as shown in Fig. S7.7!

4. Conclusions
A trifunctional catalyst with acid, base, and metal functions has been synthesized from a commercial ZSM-5

zeolite. The composite materials are composed of mesoporous silica (SBA-15) where the metal (Ni or Pt)
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nanoparticles are deposited and commercial ZSM-5 with acid and base sites. The interaction of the three active
sites is exploited to upgrade the vapours from the co-pyrolysis of pinewood (80 wt.%), and polyethylene (20
wt.%). The presence of the three types of active sites leads to a significant increase in oil yield from 4.9 wt.%
in commercial ZSM-5 (ZSM-comm) to 17 wt.% in Mg-Ni/meso-ZSM, while enriching this fraction in linear
hydrocarbons. The mild acidity and stronger basicity of Mg-Ni/meso-ZSM and Mg-Pt/meso-ZSM reduce
overcracking and favour condensation reactions. Furthermore, the metal sites on the meso-ZSM promote the
hydrogen transfer between the wax fraction from PE (Mg-Pt/meso-ZSM) and the C—C cleavage of the large
paraffins in wax (Mg-Ni/meso-ZSM). Thisincreases the occurrence of hydrocarbons in the oil and promoting
hydrogenation. Finally, Mg-Ni/meso-ZSM exhibits excellent performance in promoting the Diels-Alder
reaction between furans and olefins, resulting in more aromatics. This study demonstrates the significance of
rational catalyst design in the transformation of complicated feedstocks, such as pyrolysis vapours. To
improve the quality of pyrolysis bio-oil and facilitate its transformation into fuels, an advanced catalyst pore
system consisting of micro- and mesopore channels that facilitate the accessibility of reaction products and a

variety of active sites capable of promoting multiple types of reactions is required.
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