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Abstract

Catalytic upgrading of pyrolysis oils is an important step for producing replacement
hydrocarbon-rich liquid biofuels from biomass and can help to advance pyrolysis technol-
ogy. Catalysts play a pivotal role in influencing the selectivity of chemical reactions leading
to the formation of main compounds in the final upgraded liquid products. The present
work involved a systematic study of solvent-free catalytic reactions of cyclohexanone in
the presence of hydrogen gas at 160 °C for 3 h in a batch reactor. Cyclohexanone can be
produced from biomass through the selective hydrogenation of lignin-derived phenolics.
Three types of catalysts comprising undoped NbOPOy, 10 wt% NiO/NbOPQOy, and 30 wt%
NiO/NbOPO,4 were studied. Undoped NbOPO, promoted both aldol condensation and
the dehydration of cyclohexanol, producing fused ring aromatic hydrocarbons and hard
char. With 30 wt% NiO/NbOPOy, extensive competitive hydrogenation of cyclohexanone
to cyclohexanol was observed, along with the formation of C4 cyclic hydrocarbons. When
compared to NbOPOy, and 30 wt% NiO/NbOPOy, the use of 10 wt% NiO/NbOPO, pro-
duced superior selectivity towards bi-cycloalkanones (i.e., C12) at cyclohexanone conversion
of 66.8 &+ 1.82%. Overall, the 10 wt% NiO/NbOPO, catalyst exhibited the best performance
towards the production of precursor compounds that can be further hydrodeoxygenated
into energy-dense aviation fuel hydrocarbons. Hence, the presence and loading of NiO was
able to tune the activity and selectivity of NbOPQy, thereby influencing the final products
obtained from the same cyclohexanone feedstock. This study underscores the potential of
lignin-derived pyrolysis oils as important renewable feedstocks for producing replacement
hydrocarbon solvents or feedstocks and high-density sustainable liquid hydrocarbon fuels
via sequential and selective catalytic upgrading.

Keywords: niobium phosphate; nickel oxide; catalysis; pyrolysis; bio-oils; cyclohexanone;
sustainable aviation fuel; sustainable solvents

1. Introduction

Pyrolysis technology is widely used to convert lignin-based biomass into biofuels and
valuable chemicals. In addition to abundant lignin biomass, the pulping industry produces
roughly 50 million tonnes of lignin per annum globally [1]. Pyrolysis bio-oil derived
from lignin is primarily composed of phenolic compounds, such as phenol, guaiacol,
and their derivatives [2,3]. These phenolic compounds can undergo hydrogenation over
suitable heterogeneous catalysts, yielding over 85% cyclohexanone [4-6]. This derived
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cyclohexanone can serve as a feedstock for high-density bicycloalkanes and alkyl aromatics
required in the transition to sustainable aviation fuels (SAFs). Producing SAFs from
lignocellulosic biomass and biomass-derived feedstock offers a promising pathway for the
decarbonisation of the aviation industry. In a recent Royal Society report, aviation fuels
derived from biomass are low- or zero-carbon energy sources that might have a significant
positive influence on the UK’s route to Net Zero and climate change mitigation [7]. This is
in line with the United Nations” Sustainable Development Goal (SDG) 13, which calls for
swift action to alleviate the effects of climate change from fossil fuels. Based on a white
paper published by the World Economic Forum [8], there is a huge mismatch between the
predicted global demand for SAF and its production capacity. For example, global demand
for SAF is expected to reach 17 million tonnes per year by 2030, and the current production
capacity would need an additional 5.8 million tonnes to meet demand [8]. Hence, aviation
industry operators and stakeholders are investing heavily in the development of various
process routes for SAF production. While the hydroprocessed vegetable oil (HVO) route
and other routes based on lipid feedstocks have seen consistent commercial growth, they
mostly produce linear and branched-chain alkanes. Therefore, it is an operational necessity
to limit the blending of SAF with fossil kerosene to 50%. Fossil kerosene provides the
needed cycloalkanes for energy density [9] and aromatic compounds for better engine
performance and efficient seal-swelling capacity [10]. Therefore, producing and using 100%
sustainable aviation fuels containing high-energy-density components for current airplane
engines is an important research area.

Given the limited supply of lipid-based feedstocks, conventional pyrolysis bio-oils
offer opportunities for large-scale SAF production using appropriate chemistries [7,11].
However, the carbon chains of compounds in bio-oils are generally C¢—Cg [12], which
are much shorter than those of petroleum-based fuels such as aviation kerosene (Cg—Cg
hydrocarbons) and diesel. In contrast, lignin-derived bio-oils, consisting of a wide range
of phenolic compounds, can be converted via selective hydrogenation to appropriate
feedstocks such as cyclic ketones for the synthesis of high-energy-density bi-cycloalkanones
via aldol condensation and C-C coupling. For instance, C-C coupling reactions of cyclic
carboxylic acids, ketonisation [13,14], cyclic ketones, aldol condensation [15,16], alkylation,
and hydrodeoxygenation [17], have been explored to elongate the carbon chains to match
those in conventional fuels.

Carbon chains of monocyclic ketones commonly found in bio-oils derived from ligno-
cellulosic biomass and lignin can serve as sustainable feedstocks for transformation into
aviation fuel intermediate molecules such as bi-cycloalkanones via aldol condensation [18].
In the recent literature, cyclohexanone, a model cyclic ketone that can be produced through
the hydrogenation of lignin-based phenolic compounds [19,20], has been converted and fur-
ther hydrodeoxygenated to produce mono/bi-cycloalkanes, their alkylated derivatives, and
alkyl monoaromatics, which exhibit high energy density, thermal stability, and volumetric
heating values [21]. High-density bi-cycloalkane and cycloalkyl aromatic hydrocarbons suit-
able for SAF cannot be produced from certified methods based on lipids, sugars, and fatty
acids because the chemical structures in these feedstocks lack the required moieties [22].
As a result, monocyclic ketones (e.g., C5/Cg) found in lignin-based pyrolysis bio-oils with
the moieties for high-density SAF hydrocarbon production are a potential feedstock. In
addition to producing C-C coupled high-density SAF hydrocarbons, aldol condensation of
cyclohexanone derived from lignin-based pyrolysis bio-oil provides a route to renewable
chemicals for fuels and other applications and sustainable solvents. It has been reported
that tuning catalytic sites through metal incorporation can maximise reaction interme-
diates in coupling reactions [23]. In literature, a NiO/NbOPO, catalyst demonstrated
significant activity in the hydrodeoxygenation (HDO) of palm oil into diesel [24]. NiO is
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known to provide active sites for hydrogen activation and C-O bond cleavage during HDO,
promoting hydrogen activity [24] and moderating surface acidity, and its tuneable redox
activity enables a change in oxidation state from Ni** to Ni**. Therefore, by doping the
synthesised NbOPO,4 with NiO, the surface acidity can be optimised for C-C coupling to
maximise selectivity towards key adduct intermediates due to the lower energy barrier and
hydrogenation functionality of the catalyst. As reported in the literature, the NiO oxygen
vacancies function as catalytically active sites, modulating the electronic structure of the
catalyst and promoting efficient cyclohexanone and hydrogen adsorption and reaction
pathways [25,26]. The importance of oxygen vacancies in catalytic processes has also been
highlighted in a bimetallic MnCo,04 5 sphere catalyst, which exhibited improved catalytic
performance in methane catalytic oxidation due to oxygen activation and migration [27].

In contrast, about 95% selectivity towards the yield of single C-C condensation adducts
of Cq; has been produced via self-aldol condensation of cyclohexanone using aryl sul-
fonic acid supported on mesoporous silica (e.g., SO3H-SBA-15) at 100 °C for 2 h [19] and
PdFe/hierarchical-ZSM catalyst at 240 °C [15]. However, the conversion of cyclohexanone
was limited in the range of 20—55%. Additionally, self-aldol condensation of cyclohex-
anone has been explored using the superhydrophobic and superacid magnetic catalysts
Fe;04@Si0,@F-SO3H, HZSM-5, and Fe304@SiO; at 4.0 g cyclohexanone, 0.4 g catalyst, and
150 °C for 48 h [15]. The results showed that the solid acid catalyst Fe;0,@SiO,@F-SOsH
outperformed the other catalysts with cyclohexanone conversion of 78.1%, a bicyclic adduct
yield of 73.6%, and bicyclic adduct selectivity of 94.2%. This came at a high catalyst-to-
feedstock ratio of 0.1 (g/g) and an extensive reaction time of 48 h, which limits industrial
applications. Furthermore, low conversion of cyclohexanone 29.1% was achieved with the
TiO, /AL, O3 catalyst at a 120 °C reaction temperature, 8 wt% catalyst loading, 300 rpm
stirring rate, and 120 min reaction time [28]. These catalysts are expensive and structurally
complex and involve several synthesis steps and strategies, which limit scalability and
industrial applications. Additionally, their activity declines due to in situ-produced water
from the dehydration of aldol condensation intermediate products. As a result, a solid acid
catalyst that is highly selective, water-resistant, and capable of maintaining high catalytic
activity and favourable catalyst reusability is required. In comparison with acidic cata-
lysts, alkaline catalysts, acid /base amphoteric catalysts, and ionic liquids, basic catalysts
(e.g., NaOH) catalyse aldol condensation, resulting in high conversion and yield, but the
recovery of liquid alkali from the product is costly and challenging [29].

Self-aldol condensation of cyclic ketone is likely to compete with side reactions
like dehydration of the cyclic ketone to cycloalkene or hydrogenation into cyclic alco-
hol. Previous studies have shown that the NbOPO; catalyst is hydrothermally stable
and highly selective towards the production of the high-density aviation fuel precursor
adducts such as 2-cyclohexylidenecyclohexanone, 2-(1-cyclohexen-1-yl) cyclohexanone,
and [1,1"-bicyclohexyl]-2-one from cyclohexanone via aldol condensation [16,21]. One-pot
two-stage sequential aldol condensation and hydrodeoxygenation would be economi-
cal and sustainable in the production of high-density aviation fuel-range hydrocarbons
from biomass-derived cyclic ketones. A previous study showed that one-pot two-stage
sequential self-aldol condensation of cyclohexanone at 160 °C followed by HDO at 300 °C
produced high-density alkyl mono-/bi-cycloalkanes and alkyl monoaromatics (e.g., cy-
clohexyl benzene) using the NbOPOjy catalyst [21]. Despite the in situ water by-product,
the catalyst exhibited excellent activity and selectivity for both aldol-condensation and
HDO. However, the strong acidity of NbOPO4 led to excessive formation of undesirable
polycyclic aromatic hydrocarbons (PAHs). Based on this consideration, this study aims
to identify catalysts capable of moderating the formation of key C-C intermediates on
their acidic sites to optimise the selectivity of aldol condensation and balance metallic site
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density to activate the HDO in a one-pot two-stage process. Thus, doping the synthesised
NbOPO, with NiO could optimise its acidic property for C-C coupling and provide the
metallic site for the HDO stage in one-pot two-stage sequential aldol condensation and
HDO. Therefore, tuning the acidity of NbOPO4 with NiO can influence its selectivity to-
wards desirable bicyclic ketones, bicyclic aliphatic hydrocarbons, and monocyclic aliphatic
hydrocarbons. Nickel-based catalysts are well known for their vast hydrogenation activity
in fuel processing [30], and NbOPOy catalysts doped with NiO may suppress the formation
of PAHs. In the present study, the influence of doping NiO on the surface activity and
selectivity of NbOPO, during the catalytic conversion of cyclohexanone was investigated
in a batch reactor without additional solvents. The aim of this study was to understand
and evaluate the tuning effect of NiO on NbOPOy towards the selective aldol condensa-
tion of cyclohexanone to C-C coupled bicyclic oxygenate adduct (Cq,) precursors or its
direct hydrogenation to single-ring compounds. Results from the study could offer a novel
combination of low-cost, scalable catalytic routes converting lignin-derived pyrolysis oils
into high-density sustainable aviation fuels and/or sustainable hydrocarbon solvents and
chemical feedstocks.

2. Materials and Methods
2.1. Materials and Catalyst Preparation

We used 99+% purity cyclohexanone (Fisher Scientific, Leicester, UK) as a model
cyclic ketone feedstock. The materials for catalyst preparation include niobium(v) oxalate
hydrate, diammonium hydrogen phosphate, phosphoric acid, cetyltrimethyl ammonium
bromide, CTAB (as a structural directing agent), and nickel(Il) nitrate hexahydrate. All of
these materials were purchased from Fisher Scientific, Leicester, UK. They were used as
feedstock for experiments and NbOPOy catalyst preparation without further treatment.
Hydrogen gas (99+% purity) supplied by BOC Gas, UK, was used.

The NbOPOjy catalyst was synthesised by dissolving the precursor niobium(v) oxalate
hydrate (28.1 g) in 100 mL of distilled water. It was mixed with a solution of 6.6 g diammo-
nium hydrogen phosphate and 100 mL of distilled water. Both solutions were thoroughly
mixed with a magnetic stirrer at ambient temperature, and a pH of 2 was maintained
using phosphoric acid. A solution of cetyltrimethyl ammonium bromide (CTAB), 5.0 g
in 75 mL of distilled water, was added, while the pH was maintained at 2. The mixture
was stirred at 35 °C for 60 min. It was then transferred to a Teflon-lined autoclave for
hydrothermal precipitation at 160 °C for 24 h. The recovered filtrate was washed, dried
at 100 °C, and calcined at 500 °C for 4 h. The NiO-doped NbOPOy4 was prepared via
wet impregnation using the appropriate nickel precursor Ni(NOj3),-6H,O. The specific
surface area, pore volume, and pore diameter of the synthesised catalysts were determined
with the nitrogen physisorption technique using a Quantachrome Instruments NOVA
4200 (Quantachrome UK Limited, Leicester, UK) [21]. A Thermo Scientific Nicolet iS50
FTIR Spectrometer (Thermo Fisher Scientific, Cheshire, UK) for pyridine Fourier-transform
infrared spectroscopy was used to determine the acid sites of the catalysts (i.e., Bronsted
acid and Lewis acid sites). The deposited char on the catalyst after reactions was quan-
tified using the thermogravimetric analyser (TGA) method (TGA/DSC 2 STAR® System
(Mettler-Toledo International, Leicester, UK), and the crystal structures of the synthesised
catalysts were determined using X-ray diffraction (XRD) Bruker D8 Advance A25 (Bruker,
Cambridge, UK) [16,21]. Detailed properties of the synthesised catalysts have been re-
ported elsewhere [21]. Hence, the properties of the NbOPOy- and NiO-doped catalysts are
summarised in Table 1. The specific surface area and total acidity of the NbOPO,4 decreased
as the NiO loading increased from 0 to 30 wt%. The Ni metal loading was determined
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using an iCAP 7000 series Inductively Coupled Plasma Optical Emission Spectroscopy
device (ICP-OES Spectrometer-elemental analyser, Thermo Fisher Scientific, Cheshire, UK).

Table 1. Textural and acidic properties of the catalysts.

10wt% 30wt%
Parameter NbOPO:  Njo/NbOPO,  NiO/NDOPO,
Specific surface area (m?-g~!) 411 272 125
Pore volume (cm3-g~1) 047 0.43 0.35
Average pore diameter (nm) 3.43 3.41 3.41
Lewis acid (mmol) 39.4 33.0 26.6
Brensted acid (mmol) 23.5 19.7 16.0
Brensted + Lewis acid (mmol) 68.2 58.0 47.9
NiO loading (wt%) NA 9.2 28.5

2.2. Catalytic Reactions of Cyclohexanone and Product Analysis

The solvent-free catalytic reactions of cyclohexanone were carried out in a 100 mL
Parr non-stirred autoclave reactor (Parr Instrument Company, Moline, IL, USA) under a
hydrogen atmosphere. Each experiment was conducted using 10 g cyclohexanone and
0.5 g catalyst loading suspended in the reactor with the aid of glass wool. Reactions were
carried out at 160 °C and 10 bar initial hydrogen pressure. The reactions were expected
to occur mostly in the vapour phase when the boiled-off cyclohexanone made contact
with the catalyst suspended on the glass wool. This protocol, validated from previous
studies [16,21,31], was found to significantly reduce the mass transport limitation and
temperature gradient compared to mixing the catalyst with the feedstock.

The quantification and composition of the liquid products were carried out using
gas chromatography-mass spectrometry, GC-MS (GCMS-QP2010 SE, Shimadzu, Milton
Keynes, UK), based on previous work [16]. Briefly, the mass selective detector was operated
using electron impact (EI) ionisation. For compound separation, a 30-meter-long SH-Rtx-
5MS column with a 0.25 mm internal diameter, provided by Thames Restek (Saunderton,
UK), was employed. The oven temperature was initially maintained at 40 °C for 6 min
and then increased at a rate of 3 °C per minute until reaching 180 °C. After that, the
temperature ramped up at 10 °C per minute to a final temperature of 280 °C, concluding
the analysis. To estimate the amount of cyclohexanone converted, a calibration curve was
prepared using 100, 250, 400, and 500 pL of cyclohexanone per 1 mL of acetone (vol/vol).
The conversion of cyclohexanone was calculated based on the amount converted (i.e., the
amount of cyclohexanone fed minus the amount remaining after the experiment) as shown
in Equation (1), while selectivity was calculated as the peak area of a product divided by the
total peak area of all compounds identified with GC-MS using Equation (2). Comparing this
approach to internal or external standard techniques of quantification, it may not account
for unknown substances. GC-MS peak areas, on the other hand, might serve as a reliable
indicator of the different compound concentrations present in the liquid product after aldol
condensation. In addition, a calibration curve of peak areas vs. mole of cyclohexanone
was utilised to compute the conversion of cyclohexanone based on the amount fed into the
reactor and converted via the aldol condensation reaction.

moles of cyclohexanone converted o
mole of cyclohexanone fed into the reactor

Conversion [%]| = 100 (1)

- (Peak Area of component),
A 1 2
Selectivity [%] Total Peak Area of all Components in liquid product x100 @
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3. Results and Discussion
3.1. X-Ray Diffraction (XRD)

Figure 1 shows the XRD patterns of the synthesised NbOPO, and its NiO-doped
versions. It reveals that NbOPO, and 10 wt% NiO/NbOPO, are amorphous in nature.
The observed amorphousness of 10 wt% NiO/NbOPQO, can be attributed to homogeneity,
with nanoscale-sized NiO approaching that of the amorphous substrate NbOPOy support.
Hence, there is no clear distinction between the NiO nanoparticles and the background
structure size in Figure 1 [32]. This can be confirmed by the identical XRD profiles of
NbOPO4 and 10 wt% NiO/NbOPQOy, showing two broad peaks at 26 = 25° and 53°,
respectively. As the loading of NiO increased to 30 wt% on the surface of the NbOPQOy, the
size of the clusters increased, which is evident in the diffraction peaks identified at 20 = 37°,
43°,63°,75°, and 79° in Figure 1. This formation of a large cluster of NiO at 30 wt% is the
reason for its crystallinity compared to NbOPO, and 10 wt% NiO/NbOPOj. The average
diameter of NiO crystallite sizes based on the Scherrer equation is 41.4 & 0.57 nm. This
XRD pattern is consistent with that reported in the literature for NbOPOy [33]. The nickel
oxide (NiO) can be reduced to metallic nickel in the presence of a hydrogen atmosphere
under the reaction conditions. However, as the temperature is low, there is partial reduction
of NiO, resulting in incomplete conversion to form the Ni/NiO structure. This behaviour
is in line with the hydrogen reduction of bulk NiO particles observed at low temperature
using in situ hot-stage XRD [34].

——30wt% Ni/NbOPO4

—— 10wt% Ni/NbOPO4
M Mo

—— NbOPO4

10 20 30 40 50 60 70 80
20

Figure 1. XRD diffraction patterns of the synthesised catalysts.

3.2. C-C Coupled Adducts in Relation to NiO Loading on NbOPOy

This study aims to provide insights into how the NiO loading affected the catalytic ac-
tivity and selectivity of NbOPO, with respect to bicyclic Cj, oxygenate adducts formation.
Figure 2 presents the reaction pathways leading to the formation of products, based on
the identified compounds from the GC-MS analysis of the liquid product (Supplementary
Information Tables S1-S3). These pathways also agree with those reported in the liter-
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cyclohexene

—HZO

)

ature using sulfonic acid supported on mesoporous silica [19], PdFe/hierarchical-ZSM
catalysts [15], ion exchange resin [35], and hydrotalcite [36] catalysts. The identified prod-
ucts (Tables S1-53) indicated that dehydration of cyclohexanone into cyclohexene and/or
its hydrogenation into cyclohexanol were notable side reactions that competed with the
self-aldol condensation pathway.

[1,1-bicyclohexyl]-2-one

1'- hydroxy-[1,1"-bicyclohexyl]-2-one O_b

e}

o]

© é o % H,0 a 2 mo (N 5

cyclohexanone Kz o o
© -H,0 @ +H, Q %
—_—

2-(1-cyclohexen-l-yl)cyclohexanone cyclohexyl benzene

2-cyclohexylidenecyclohexanone

cyclohexanol cyclohexene cyclohexane

Figure 2. Reaction pathway deduced from GC-MS-identified products.

As shown in Figure 2, the aldol condensation of cyclohexanone would mechanistically
involve two major steps: aldol addition, followed by dehydration into C1, C-C coupled
bi-cycloalkanones. Firstly, cyclohexanone adsorbed onto the acid sites of the NbOPOy,
catalyst to form an enol, which dimerised with a co-adsorbed cyclohexanone molecule. The
polarity of the carbonyl group would activate its a-hydrogen, resulting in the formation of
bicyclic B-hydroxyketone intermediate 1’-hydroxy-[1,1’-bicyclohexyl]-2-one [37]. Consider-
ing the acidity of NbOPQy, rapid dehydration and dehydrogenation of the intermediate
adduct would follow to give [1,1’-bicyclohexyl]-2-one, 2-cyclohexylidenecyclohexanone,
and 2-(1-cyclohexen-l-yl) cyclohexanone. The structures of these bicyclic compounds make
them suitable as energy-dense jet biofuel precursors [20]. Figure 3 shows the influence of
NiO loading on the NbOPOy-catalyzed solvent-free self-aldol condensation of cyclohex-
anone. The conversion of cyclohexanone increased in this order: 30wt% NiO/NbOPO,
(78 £ 3.23%) > NbOPOy (67.7 & 2.14%) > 10 wt% NiO/NbOPOy (66.8 + 1.82%) (Figure 3),
whereas the selectivity towards dimeric adducts can be summarised in the following order:
10 wt% NiO/NbOPOy (96.8 £ 2.82%) > NbOPOy (66 + 2.81%) > 30wt% NiO/NbOPO,
(55.4 £ 3.5%). The selectivity of 10 wt% NiO/NbOPO, towards the bicyclic compounds
represented about 31% and 41% over those obtained when just NbOPO, and 30 wt%
NiO/NbOPO; catalysts were used. The phosphate and niobium components contribute
to Brensted and Lewis acid sites of NbOPO,, which are known to activate C-C cou-
pling, leading to the formation of bi-cycloalkanone intermediates [24]. However, tuning
NbOPO, through NiO impregnation appeared to have moderated the catalyst surface acid-
ity (Table 1), which optimised the selectivity towards C-C condensed oxygenate adducts
(i.e., C12). The higher acidity of just NbOPO, promoted bicyclic C, oxygenate adducts’
overreaction via dehydration to cyclohexylbenzene (Figure 2, Tables 1 and S1), and bicyclic
ketones condensation into 2+ C-C multiple ring C;g adducts (Table S1). The multiple-ring
compounds included polycyclic aromatic hydrocarbons (PAHs), which are not suitable
for jet fuel. The presence of undesired polycyclic adducts (e.g., 1,2,3,4,5,6,7,8,9,10,11,12-
dodecahydro-triphenylene) was significant with NbOPQOy, explaining the higher conversion
but low selectivity towards bicyclic Cy; precursors observed.
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Figure 3. Effect of NiO loading on cyclohexanone conversion and selectivity towards C-C condensed
adducts at a temperature of 160 °C, 10 g cyclohexanone, 0.5 g catalyst loading, and 10 bar initial
hydrogen pressure. [Note: The error bars are the standard deviation of triplicate experiments].

In contrast, the hydrogenation pathway in Figure 2 would begin with the conversion
of cyclohexanone to cyclohexanol and then to cyclohexene via dehydration, and finally to
cyclohexane via hydrogenation. Hence, higher loading of the NbOPO,4 with 30 wt% NiO
increased hydrogenation of the cyclohexanone side reaction, resulting in the formation
of cyclohexanol (Figure 2), which lowered the selectivity to bicyclic C;, adducts. GC-MS
results for the liquid product when 30wt% NiO/NbOPO,; was used revealed a signifi-
cant presence of cyclohexene, cyclohexane, and cyclohexylbenzene (Tables S1-53), thus
indicating the competing conversion of cyclohexanone into cyclohexene and dehydration
of single C-C coupled oxygenate C;j, adducts into cyclohexyl benzene (Figure 2). The
formation of dehydration products was higher with NbOPOy than with its NiO-doped
versions (Tables S1-53), due to its stronger acid sites (Table 1). Notably, as the NiO loading
on NbOPOy increased from 0 to 30%, the selectivity towards the formation of multiple-ring
products (2+ C-C coupled adducts) decreased from 32.9% to 1.3% (Figure 3). Evidently,
as the NiO content increased, the hydrogenation functionality of the catalyst increased,
while the total acidity of the NbOPOy acid sites responsible for the C-C coupling reaction
decreased (Table 1) [26].

On the flipside, the 30 wt%NiO/NbOPOy catalyst also exhibited considerable selective
activity towards the production of cyclohexanol (i.e., without C-C coupling condensation)
(Figure 2; Table S3). This activated side reaction, when the 30 wt%NiO/NbOPOj catalyst
was used, significantly competed with self-aldol condensation, thereby decreasing the
formation of single C-C coupled bicyclic adducts (Figure 2). Moreover, the side reaction
leading to the formation of polycyclic adduct products, such as 1,2,3,4,5,6,7,8,9,10,11,12-
dodecahydro-triphenylene, significantly decreased as NiO loading increased from 0 to
30 wt% (Supplementary Information Tables S1-S3). Again, mechanistically, the Brensted
and Lewis acid sites of the NbOPO4 would activate protonation of the cyclohexanone
and subsequent enolate intermediate formation, a nucleophile attacking another carbonyl
carbon of the cyclohexanone molecule to form the C-C bond [38]. Consequently, the acid
sites would facilitate spontaneous dehydration. Notably, as the surface acidity of the
catalyst decreased, the extent of dehydration and PAH formation decreased (Table 1). As
reported in the literature, the oxygen vacancies of NiO function as catalytically active sites,
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modulating the electronic structure of the catalyst and promoting efficient cyclohexanone
and hydrogen adsorption reaction pathways [25,26]. Therefore, compared to NbOPO,4 and
30 wt% NiO/NbOPQy catalysts, the 10 wt% NiO/NbOPO, catalyst greatly suppressed the
formation of by-products resulting from side reactions (Figure 3). Thus, due to the trade-off
between surface acidity and hydrogenation activity exhibited by 10 wt% NiO, the reaction
pathway favoured the C-C coupling reaction into Cj, cycloalkanone adducts. Similarly,
the balance of acid sites via Ni loading in the Ni/HZSM-5 catalyst for aldol condensation
and hydrogenation was reported to enhance the yield of the desired product [38]. It has
also been reported that the surface properties of a catalyst, mostly its acidity and basicity,
significantly influence the rate and selectivity of aldol condensation reactions [39].

Figure 4 shows the selectivity of products in terms of oxygenate adducts and hydrocar-
bons formed from cyclohexanone during these catalytic reactions. All of the liquid products
indicated that the major products from the NbOPOjy catalysed solvent-free self-aldol con-
densation were the desired single C-C coupled bicyclic C1, oxygenate adducts, such as
[1,1"-bicyclohexyl]-2-one, 2-cyclohexylidenecyclohexanone, and 2-(1-cyclohexen-I-yl) cyclo-
hexanone). High-density bi-cycloalkanes and alkyl monoaromatic aviation fuel-range hy-
drocarbons with chains in the range of C11-C1, can be formed from these precursors [16,19].
The acidity of the catalysts is one of the critical factors influencing their activity in the
formation of these products, especially the dehydration step.

90 -
80 - {' NbOPO,
70 1 [J 10%NiO/NbOPO,
60 - 30%NiO/NbOPO,
<50 -
o
Z 40
o
k.
v 30 A
9p
20
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No condensation Single C-C 2+ C-C Hydrocarbons
oxygenates condensation condensation
oxygenates oxygenates

Figure 4. Effect of NiO loading on selectivity towards hydrocarbon formation and C-C condensed
adducts at a temperature of 160 °C, 10 g cyclohexanone, 0.5 g catalyst loading, and 10 bar initial
hydrogen pressure. [Note: The error bars are the standard deviation of triplicate experiments].

The acidic and metallic sites of the bifunctional NiO supported on NbOPOy catalysts
played a synergistic role in facilitating hydrodeoxygenation (HDO) of the cyclohexanone
and bicyclic oxygenate adducts, leading to the formation of non-aromatic (alicyclic) hydro-
carbons. The selectivity to these hydrocarbons via HDO followed the same trend as the
formation of bicyclic adducts: 10 wt% NiO/NbOPO, > NbOPO, > 30 wt% NiO/NbOPO,
(Figure 4). It has been reported that in a bifunctional catalyst, the metallic sites activate
hydrogen-donating and hydrogenation reactions, while the principal acidic sites activate
C-O bonds [40]. Furthermore, Ni metal is oxophilic (i.e., propensity to form oxides through
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hydrolysis or abstraction of oxygen), which allows oxygenated compounds (e.g., C=O
bond) to be readily absorbed. This property enables the activation of hydrogen molecules
and facilitates hydrogenation/dehydrogenation reactions [41]. In the present study, NiO
dopant provided active sites for hydrogen-based activity, moderating surface acidity for
C-C coupling and suppressing condensation into PAHs [24]. From Figure 4, the moder-
ate acidity of 10 wt% NiO/NbOPO, further improved its selectivity towards single C-C
coupled oxygenate adducts. Additionally, the interface between the NbOPOy support and
the 10 wt% NiO could have promoted effective cyclohexanone and hydrogen adsorption,
dissociation, and synergistic effects, improving selectivity towards Cj;, bicyclic ketone inter-
mediates [26]. In contrast, 30 wt% NiO/NbOPO, produced more Cg oxygenate precursors
via the hydrogenation of cyclohexanone into cyclohexanol. Therefore, for one-pot two-stage
aldol condensation and then HDO, the following reactions are likely to compete: dehy-
dration, hydrogenation/dehydrogenation, polymerisation, and aromatisation [42]. The
occurrence of these reactions depended on the bifunctionality (i.e., acidic and metallic sites)
properties of the NbOPOjy catalyst (Table 1). For instance, in a one-pot two-stage reaction
process, it was found that a 10 wt% NiO/NbOPOy catalyst produced the highest levels
of bi-cycloalkanes, alkyl monoaromatic (C7-Cjy). It also produced partially hydrogenated
polyaromatic hydrocarbons (C;g) but significantly suppressed PAHs formation [21]. There-
fore, it is evident from the present study that the acidity of the NbOPO, baseline material
was tuned via NiO loading. As a result, with the 10 wt% NiO/NbOPOjy catalyst, signifi-
cant production of SAF-relevant energy-dense precursors such as bi-cycloalkanones was
achieved. Thus, the 10 wt% NiO/NbOPOj catalyst exhibited balanced acidity, promoted
mild hydrogenation, optimised the C;, adduct, and enhanced the yields of SAF precursors.

Table 2 compares the performance of 10 wt% NiO/NbOPOj to that of other catalysts
reported in the literature in terms of conversion and selectivity for cyclohexanone self-aldol
condensation. Most of the catalysts showed low conversion and high selectivity towards
bicyclic Cp oxygenate adducts. It can be observed that zeolite-based catalysts such as
MCM-41 and HZSM-5 have low conversion and low selectivity, suggesting that they are
unsuitable for aldol condensation reactions despite their strong acid sites [43]. For instance,
the literature shows that the PdFe/hierarchical-ZSM catalyst achieved cyclohexanone
conversion of 54.1% and selectivity to bicyclic adducts Cq of 97.4% at a reaction temperature
of 240 °C, pressure of 4 bar, and reaction time of 8 h [15]. From Table 2, the results
demonstrate that 10 wt% NiO/NbOPOj exhibited superior activity and selectivity towards
bicyclic C1p oxygenate adduct precursors over other catalysts. In a previous study [16],
higher cyclohexanone conversion was observed for the NbOPOj catalyst under nitrogen
atmosphere. Such a reaction condition was deemed to have facilitated the dehydration
and dehydrogenation of primary bicyclic oxygenate adducts into cyclohexylbenzene as
well as the formation of undesired polycyclic adduct products [16]. Additionally, the
superhydrophobic and superacid magnetic catalyst Fe304@SiO,@F-SO3H catalyst achieved
cyclohexanone conversion of 78.1% and bicyclic adduct selectivity of 94.2% at 150 °C for
48 h [20]. Clearly, 10 wt% NiO/NbOPOy accomplished higher conversion and comparable
selectivity at a lower reaction temperature of 160 °C and a shorter reaction time of 3 h.
Consequently, the 10 wt% NiO/NbOPOy catalyst is cost-effective, simple to prepare, and
scalable compared to these catalysts. The 10 wt% NiO/NbOPO; catalyst can be prepared
via established hydrothermal precipitation and wet impregnation methods, simplifying its
scalability and industrial-scale applications.
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Table 2. Aldol condensation of cyclohexanone over different catalysts reported in the literature and
this study: conversion and selectivity.

Selectivity

Catalyst Conversion (%) Towards Cyy (%) Reference
Amberlyst-15 and
Amberlyst-70 resins,
SO;H-SBA-3, SO5H-SBA-16, 25-40 9 Ref. [19]
and SO3H-FDU-12
SO;H-SBA-15,
SO;H-LP-SBA-15, 20-22 95 Ref. [19]
and SO3;H-SiNF
Ion exchange resin and T-63 28-40 90-92 Ref. [44]
NbOPO4 68-96 53-70 Ref. [16]
ZSM, Pd/ZSM, and
PdFe/hierarchical-ZSM 8.3-55 52-97 Ref. [15]
Fe304, Fe304@8102, and B N
Fey0,@Si0,@F-SOs H 4.2-78 22-94.2 Ref. [20]
Amberlyst 15 50 90 Ref. [45]
Phosphotungstic acid (PTA),
MIL-100, PTA@MIL-100 §-48 10-97 Ref. [43]
TiO,/AL,O3 29.11 100 Ref. [28]
10 wt% NiO/NbOPO, 66.8 96.8 This study

3.3. Coke Formation in Relation to NiO Loading on NbOPOy

The acid sites of the NbOPO; catalyst can activate further structural condensa-
tion, leading to the formation of 2+ C-C adducts and polycyclic compounds (e.g.,
1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-triphenylene). Subsequent dehydrogenation of the
naphthenic ring can lead to the formation of coke. The thermogravimetric (TG) and dif-
ferential TG (DTG) profiles of the spent catalysts after aldol condensation at 160 °C for
3 h were carried out in an air atmosphere using a temperature programme from 40 to
900 °C at 10 °C/min and 900 °C for 10 min. The DTG curves in Figure 3 show two re-
gions: the first region (loss of absorbed cyclohexanone, C-C coupled bicyclic and polycyclic
adduct products) and the second region (loss of formed coke) [46—49]. The resulting coke
from the aldol condensation of cyclohexanone can be classified as follows: (1) soft coke,
the early formation of hydrogen-rich carbonaceous material, or (2) hard coke, an unsatu-
rated carbonaceous deposit formed by the further dehydrogenation of earlier formed soft
coke. Essentially, carbonaceous materials formed on spent catalysts, which burn off in the
temperature region of 400 °C, are classified as soft coke [50].

Figure 5 shows the TG and DTG curves of coke formed on NbOPOy and its NiO-doped
catalysts during the aldol condensation of cyclohexanone. The absorbed light organics
on the catalyst, such as cyclohexanone, C-C coupled adducts, and other side products,
volatilised and decomposed in the temperature range of 100-368 °C (NbOPOy), 100-336 °C
(10 wt% NiO/NbOPQy), and 100-292 °C (30 wt% NiO/NbOPQy). The formed coke burn-
off regions for the different catalysts were 368-600 °C (NbOPOy), 336-550 °C (10 wt%
NiO/NbOPOQy), and 292-417 °C (30 wt% NiO/NbOPOQ;,), indicating a significant shift in
burn-off temperature. Thus, the coke content of the spent catalysts was as follows: 12.2%
(NbOPOy), 11.86% (10 wt% NiO/NbOPOy), and 11.4% (30 wt% NiO/NbOPOy).

The differential thermogravimetric (DTG) curves in Figure 3 indicate that the coke
formed when a 10 wt% NiO/NbOPOj catalyst was completely burnt off at 550 °C, which
is 50 °C less than that produced with NbOPO,. A further increase in NiO loading to
30 wt% resulted in a 133 °C decrease in the burn-off temperature of the formed coke
compared to that deposited on NbOPO, (Figure 5). This difference affirmed the in-
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creasing hydrogenation functionality of the NiO as it increased from 10 to 30 wt% on
NbOPO,. Hence, in the presence of NiO, the coke formed on the catalysts was less con-
densed and softer than that produced on the undoped NbOPOj. This is consistent with
the trend in 2+ C-C adduct condensate compound formation, which follows the pattern
NbOPO, > 10 wt% NiO/NbOPOy > 30 wt% NiO/NbOPOy (Figure 3). The dehydrogena-
tion of the naphthenic rings led to the formation of aromatic compounds, which are common
coke precursors. Catalysts with strong acid sites, such as NbOPOy, are known to promote
the formation of reactive intermediates that lead to the formation of coke precursors. Fur-
ther condensation reactions between unsaturated molecules and dehydrogenation result
in the formation of larger, more complex PAHs and eventually less volatile carbonaceous
deposits, called coke [51], whereas the hydrogenation activity of NiO-doped NbOPOy
greatly stabilises the reactive intermediates and the catalysts, suppressing coke formation.
Therefore, increasing NiO loading suppressed coke-forming reactions such as the formation
of 2+ C-C adducts, further structural condensation, and aromatisation. Additionally, the
formation of large molecular weight adduct compounds also conforms to the acidity of
the catalysts, which follows the ranking of total acidity: NbOPOy4 > 10 wt% NiO/NbOPO,
> 30 wt% NiO/NbOPO, (Table 1). In essence, the combination of hydrogen atmosphere
and NiO played a critical role in limiting the formation of aromatic and polyaromatic
compounds. Possibly, the reduced amount of coke formed and its softness in the presence
of NiO metal on the NbOPOj, could further prolong the lifetime of the catalyst relative to
the undoped NbOPOy.
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Figure 5. Thermogravimetric and differential profiles of the spent catalysts as a function of NiO
loading on NbOPQOy after the aldol condensation of cyclohexanone at 160 °C temperature, initial
hydrogen pressure 10 bar, 0.5 g catalyst loading, and 3 h reaction time.

3.4. Gas, Coke, and Liquid Products Distribution

Based on the quantified coke formation, the mass balance of the gas, liquid, and solid
product distribution is shown in Table 3. The balance closures are within approximately
96% accuracy, with any losses attributable to the condensation of water in the gas outlet
line and other volatile losses upon opening the reactor. Except for the gas products, the
yields of the coke and liquid products are within the margin of standard deviation error of
triplicate experiments in Table 3. The gas product is composed of C;-Cy4 alkanes and olefin
gases, Hy, CO,, and CO, indicating the occurrence of ring-opening reactions, cleavage of
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the C-C bond, and dehydrogenation reactions. The typical compositions of these gases
have been well documented elsewhere [16].

Table 3. Liquid, gas, and coke products balance based on 10 g cyclohexanone feedstock used.

Catalyst Gas (wt%) Coke (wt%) Liquid (wt%) Balance (wt%)
NbOPO, 522 £0.12 0.72 £ 0.08 89.71 +1.24 95.65 + 0.62
10 wt% NiO/NbOPO4 6.50 £ 0.02 0.66 £ 0.11 89.52 £ 0.96 96.68 + 0.43
30 wt% NiO/NbOPOy 6.26 £ 0.07 0.64 £ 0.04 89.71 £ 1.05 96.61 £ 0.27

As mentioned above, the presence of NiO significantly suppressed undesirable side re-
actions that could form 2+ C-C coupled adduct products (Figures 3 and 4). Otherwise, these
large molecular weight polycyclic compounds (e.g., 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-
triphenylene) could absorb on the catalyst surface and consequently result in coke formation
due to the higher acidity of just the NbOPO; (Figure 5). Thus, the catalyst lifespan would
be greatly shortened with just NbOPO; relative to NiO-doped versions. Evidence from
these experimental results demonstrates that about 10 wt% NiO loading on NbOPO, could
effectively catalyze the sequential solvent-free aldol condensation of cyclohexanone. The
higher selectivity of the 10 wt% NiO/NbOPQj catalyst towards single C-C bicyclic Cip
adducts, and low yield of coke maximised the yield of high-density aviation fuel hydro-
carbons. This was also observed in the preliminary results of one-pot and two-stage aldol
condensation and HDO reported in the literature [21]. An approach such as this appeared to
be effective for producing bicyclic aliphatic compounds from lignin-derived cyclic ketones
via aldol condensation. The conversion of these intermediates to high-density aviation
fuel-range hydrocarbons in a subsequent catalytic HDO process could be both sustainable
and economically viable, for which further studies would be required.

A preliminary study on the effect of 10 wt% bio-oils on cyclohexanone conversion
at 160 °C for 3 h with the same catalysts showed a significant reduction in conversion
and selectivity, possibly due to poor volatilisation of condensation products to reach the
suspended catalyst bed [21]. This observation suggests the need for further studies on the
influence of reaction conditions and catalyst metal-support optimisation. Moreover, the
NbOPO; catalyst demonstrated stability and reusability in three cycles of repeated aldol
condensation reaction with negligible changes in the conversion of cyclohexanone and
selectivity towards single C-C condensation adducts (i.e., C12), constantly within 93% [16].
In this present study, coke formation on the catalysts was observed to decrease as the
NiO loading increased from 0 to 30 wt%, which may imply improvement in the catalysts’
stability. However, further tests on the stability of the NiO-doped NbOPO4 catalysts will be
explored for confirmation. In addition, techno-economic analysis and life-cycle assessment
of the process would be carried out to evaluate its scalability, viability, and sustainability.

4. Conclusions

The Bronsted and Lewis acid sites of NbOPO; effectively catalyzed the self-aldol
condensation of cyclohexanone, a model compound representative of lignin pyrolysis
bio-oil, into Cq5 coupled C-C adducts. The biofuel intermediates produced were within the
range of the high-density SAF. The surface acidity of NbOPOy4 was tuned via doping with
NiO, which decreased the total acidity as the dopant’s content increased from 0 to 30 wt%.
The results showed that the moderated surface acidity of 10 wt% NiO/NbOPO4 maximised
the selectivity towards bi-cycloalkanones (i.e., C12) and suppressed condensation into
polycyclic aromatic hydrocarbons. Hence, tuning the surface acidity and hydrogenation
functionality of NbOPOy could facilitate the rational design and development of cost-
effective, stable, and selective catalysts for SAF production and scale-up for industrial
applications. However, as the NiO loading increased to 30 wt%, the hydrogenation of
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cyclohexanone into cyclohexanol became a strongly competitive reaction against aldol
condensation into single C-C coupled adduct precursors (C1z). This was attributed to the
reduced acidity of the NbOPO, with increasing NiO loading. Moreover, using undoped
NbOPO; alone as a catalyst produced hard coke, while NiO-doped NbOPOy catalysts
produced soft coke. Preferably, successful conversion of the Cq, precursors to high-density
hydrocarbon components could represent an important approach towards producing a
bio-based SAF suitable for modern aircraft engines, without the need for blending with
fossil kerosene. Moreover, the prospect of producing hydrocarbon solvents (cyclohexane)
and chemical feedstocks (cyclohexane) is also interesting. Overall, optimizing the catalytic
conversion of lignin-derived pyrolysis bio-oils to produce sustainable liquid hydrocarbons
can advance pyrolysis technology towards decarbonisation of the global chemicals and
energy sectors.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/en18154106/s1. Tables S1-S3 show the GC-MS results of liquid products
from the catalytic aldol condensation of cyclohexanone using NbOPOy, 10 wt% NiO/NbOPOy, and
30 wt% NiO/NbOPOQy catalysts at 160 °C temperature, 3 h reaction time, 0.5 g loading of catalyst,
and 10 bar initial hydrogen pressure.
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