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ARTICLE INFO ABSTRACT

Keywords: Climate change is the main driver for sustainable aviation fuels production as a means of decarbonising/
Lignin-derived bio-oil defossilising the sector. In this work, several catalysts have been screened to produce aviation fuel (C¢-Ci6)
Cyclohexanone component hydrocarbons from cyclohexanone, a model compound of lignin-derived bio-oils. Using a two-stage
Aldol condensation o . . 5

Hydrogenation two-pot approach, up to 99 % cyclohexanone conversion was achieved in the presence of hydrogen gas. In the

first stage, catalytic activities of NbOPOy, Al303, SiO2, and ZrO,-SiO; to promote aldol condensation were tested
at 160 °C for 3 h. The NbOPO, exhibited the highest selectivity towards C-C coupling adducts with mainly C;2 to
Cys. In the second stage, 30 wt% Ni catalysts on three different supports and 5 wt% Pd/Al;O3 were used to
catalyse the hydrogenation of the first-stage adducts at 300 °C for 3 h. The 30 wt%Ni/NbOPO4 was most
effective, promoting the formation of bi-cycloalkanes, alkyl aromatic, and partially hydrogenated polyaromatic
hydrocarbons. In comparison, a one-pot two-step approach was tested by sequentially reacting cyclohexanone
with hydrogen gas over the two temperatures for 3 h each, using 30 wt%Ni/NbOPO, as catalyst. Reacting
cyclohexanone with 10 wt% bio-oil samples led to significantly reduced first stage conversion, and enhanced
yields of single C-C coupled oxygenates and almost no hydrocarbons in the second stage. Overall, combination of
catalysts and hydrogen gas over staged reactions has effectively converted pure cyclohexanone into naphthene-
rich liquid hydrocarbons and cyclohexanone/bio-oil mixed feedstocks into their oxygenated precursors. These
results support potential targeted production of bio-derived sustainable alternative fuels for the defossilisation of
aviation industry.

Sustainable Aviation fuel-range hydrocarbons
Niobium phosphate-based catalysts

conversion of lignocellulosic biomass-derived feedstocks and molecules
into fuels and chemicals is of significant relevance and attractive in

1. Introduction

While the road transportation sector has made significant strides
towards NetZero with electric powered vehicles, the aviation and ma-
rine transportation sectors are still trailing behind in the deployment of
sustainable alternatives for petroleum-based fuels. Globally, aviation
fuels account for about 12 % of the liquid transportation fuels utilised
today [1], and as a result, approximately 13 % of greenhouse gas (GHG)
emissions from transportation can be ascribed to commercial aviation
[2]. Thus, one of the major transportation sectors requiring decarbon-
isation is the aviation industry. However, decarbonising the aviation
industry through electrification, especially for long haul flights, seems a
remote reality at present. It has therefore become imperative to take
advantage of novel synthetic methods to produce aviation fuels from
sustainable and low-carbon lignocellulosic biomass [3,4]. Catalytic
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response to climate change awareness caused by over-dependence on
fossil resources. Hence, bio-oils derived from pyrolysis of lignocellulosic
biomass can be upgraded into liquid hydrocarbons with carbon number
in the range of gasoline, aviation fuel (kerosene) and diesel [5,6]. In
addition, producing drop-in liquid transportation fuels and organic
chemicals from biomass will also facilitate sustainability and promote
sustainable development across various regions of the world with
abundant biomass resources.

Conventional aviation fuels are composed of hydrocarbons, which
are mainly n-alkanes, branched alkanes, cycloalkanes, and alkyl aro-
matics [7]. Among these hydrocarbons, the cycloalkanes, bi-
cycloalkanes, and aromatic components are known to improve the
volumetric heating values and thermal stability of aviation fuels due to
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their high densities [1,2,7]. These high energy-density hydrocarbons
maximize aircraft range and low freezing point to prevent crystalline
wax formation during flight, making them the two most important re-
quirements for aviation fuels [7,8]. Therefore, from a synthesis point of
view, it is vital to concentrate efforts at producing those valuable com-
ponents of aviation fuels from biomass, where possible. This will both
support efficient utilisation of biomass resources and the knock-on effect
of reducing overall carbon emissions due to cleaner combustion and
efficiency gains in aircraft engine performance.

Since pyrolysis bio-oils and other biomass-derived platform mole-
cules have few carbon numbers (Cy-Cg), the process of producing sus-
tainable aviation fuels from bio-oils should involve controlled C-C
coupling reactions. Organic chemical reactions leading to C-C coupling
can be achieved through aldol condensation, ketonisation, alkylation
and other reactions based on certain functional groups. After successful
C-C coupling, the resulting products with fuel relevant carbon chains can
be subsequently converted to hydrocarbons using hydrodeoxygenation
(HDO) techniques [9]. Relevant HDO techniques include those that
retain all or most of the carbon atoms in the C-C coupled products, while
removing oxygen atoms.

Aldol condensation is a well-known C-C chain elongation reaction of
carbonyl compounds (ketones and aldehydes) [10,11]. These com-
pounds can account for up to 30 % relative content of fast pyrolysis and
of this, more than 22 % can be ketones [12]. Hence, ketones represent a
large proportion of fast pyrolysis bio-oils and studying their catalytic
reactions during bio-oil upgrading to fuel-relevant long-chain hydro-
carbons has become very important to improve yields. During catalytic
upgrading of bio-oils or its constituent compounds, the yields of liquid
products are determined by the reaction conditions, nature of feedstock
and the choice of catalyst. For example, one-pot aldol condensation and
hydrodeoxygenation of biomass-derived furfural and acetone to produce
biodiesel hydrocarbon range has been reported over Pt/Mg-Zr mixed
oxides and Pt/AC + MgZr/HSAG500 catalysts [13]. They found that the
selectivity towards n-alkanes was higher than 50 % at temperature
220 °C, pressure 45 bar after 24 h reaction time.

Among ketones found in bio-oils, many researchers [4,11,14] have
used cyclopentanone as a model ketone for conversion to aviation fuel
range hydrocarbons, using different catalysts with some success. For
instance, the conversion of cyclopentanone to fuel range hydrocarbons
using one-pot catalytic systems has been reported [4]. Wang et al. [4]
synthesised  1-(3-Cyclopentyl)cyclopentyl-2-cyclopentylcyclopentane
from cyclopentanone produced from hemicellulose. The researchers
used Raney metal and alkali hydroxides for self-aldol condensation
stages, and Ni-SiO; catalyst for the solvent-free hydrodeoxygenation
step over three stages [4]. The conversion achieved was 88.5 % at
temperature 260 °C, hydrogen pressure 60 bar, and catalyst loading 1.8
g for flow reactor system. In another one-pot approach, Li et al. [11]
studied the aldol condensation of cyclopentanone over Ni/Mg-Al-O/AC
bifunctional catalysts at low-temperature condensation (170 °C) for 6 h,
followed by high-temperature hydrogenation (260 °C) for 6 h, achieving
a conversion of 94.7 % and hydrocarbon yield of 70 %, respectively
[11]. Similarly, a one-pot aldol condensation of cyclopentanone fol-
lowed by hydrogenation into aviation fuel range hydrocarbons with Mg-
Al oxide catalyst resulted in 80.4 % yield of dimers and trimers due to its
strong mild-basic sites at a temperature of 170 °C, catalyst 2.4 g, and
cyclopentanone 8 mL. Loading 20 wt% Ni on Mg-Al-O/AC (activated
carbon) catalyst provided appropriate active sites for hydrogenation
resulting in 81.1 % yield of alkanes in the range of C1g + C;5 at 260 °C
temperature, 30 bar hydrogen pressure, and 12 h reaction time [14]. In
general, these studies show that the production of aviation fuel hydro-
carbon range required long reaction times and could also be limited by
low yields of aldol condensation products as well as competing side
reactions. High yields of cyclohexanone have been reported directly
from the hydrogenation of phenols, anisole, guaiacols, syringol, vanillin,
and eugenol that compose lignin-derived bio-oils [5,15]. For example,
researchers have shown that hydrogenation and hydrolysis of anisole
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can produce 96 % yield of cyclohexanone using bromide salt-modified
Pd/C in Hy0O/CHyCl, at 90 °C and hydrogen pressure 2 MPa [16]. In
addition, it can be produced by selective hydrogenation of lignin-
derived phenols over Pd-supported on carbon or alumina with selec-
tivity of 99.9 % at 50 °C and 1 MPa [17]. Bakhtyari et al. [18] reported
the use alumina-supported CoMo and NiMo catalysts at temperature
400 °C and pressure 15 bar (Hy), in a microactivity-reference fixed-bed
catalytic reactor to study the catalytic hydrodeoxygenation (HDO) of
cyclohexanone into liquid fuel-grade products. The authors reported a
liquid product that composed mostly of Cg compounds including
cyclohexene, phenol, benzene, cyclohexanol, and cyclohexane [18]. The
range of compounds must have been formed from a single cyclohexa-
none moiety, confirming that catalysts were unable to accomplish the
desired C-C chain elongation during the HDO process.

In this present work, cyclohexanone has been reacted solvent-free
with hydrogen gas in the presence of a selection of catalysts through
self-aldol condensation and HDO to produce aviation fuel range of hy-
drocarbons. Two different approaches were investigated in attempt to
improve the yields of final liquid products. In a two-pot approach, the
self-condensation of cyclohexanone was studied using synthesised
NDbOPOy as catalyst. NbOPO4 was selected as it has been reported to
have excellent water-tolerant acid properties [19-22], with strong
Brgnsted and Lewis acid sites capable of catalysing C-C coupling creation
during aldol condensation [20]. In addition, different nickel-supported
catalysts including 30 wt% Ni/NbOPOg4, 30 wt% Ni/SiO,, 30 wt%Ni/
Zr0,-Si0y and 5 wt% Pd/Al,03, were screened for the hydro-
deoxygenation (HDO) stage, using the recovered first-stage aldol
condensation products. Literature has shown that significantly more
transition metals loading, ranging from 10 — 60 wt% have been used to
obtain HDO results comparable to 2-5 wt% loadings of noble metals like
Pt and Pd during the conversion of pyrolysis bio-oils or to oxygenated
model compounds [23,24]. For example, titania-supported Ni catalysts
with Ni loading in the range of 10 to 60 wt% was applied to produce
sustainable diesel through selective deoxygenation of natural triglycer-
ide (sunflower oil), [25]. The results showed that the yield of diesel
range n-alkanes increases with the Ni content of the catalyst up to 30 wt
%, remaining almost unchanged at higher loadings. In comparison, a
one-pot approach was tested by reacting cyclohexanone in the presence
of NbOPOy4, 10 wt% Ni/NbOPO4 and 30 wt% Ni/NbOPOy4 at low tem-
perature for aldol condensation before increasing the temperature for
HDO. The experimental design was planned to provide insights into the
reaction mechanisms and processing conditions to produce high density
aviation fuel hydrocarbons such as mono- and bi-cycloalkanes, alkyl
cycloalkanes, and alkyl aromatics. The aim of this present work was to
demonstrate the efficiency of low-cost non-noble niobium-based cata-
lysts for the efficient solvent-free conversion of a cyclic ketone into high-
density fuel range liquid hydrocarbons via a series of reactions. In
addition, preliminary tests were carried out using 9:1 mass ratios of
cyclohexanone and two types of pyrolysis bio-oils, to assess the influence
of other components in bio-oil on the conversion of cyclohexanone via
aldol condensation in the presence of 30 wt% Ni/NbOPOy catalyst using
two-pot and one-pot systems, respectively. The work has the potential to
provide the basis for the future process development of a viable chemical
process to produce sustainable liquid hydrocarbons from biomass,
particularly within the range of aviation fuels.

2. Experimental
2.1. Materials

Liquid feedstocks included cyclohexanone feedstock (99+% purity,
Fisher Scientific, Leicester, UK), and two bio-oil samples (Bio-o0il A and
Bio-oil B) produced in-house at the Energy and Bioproducts Research
Institute (EBRI), Aston University. Bio-oil A was produced from a mixed
biomass feedstock while Bio-o0il B was produced from rice straw. All the
materials for catalyst preparation including, sodium  silicate
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nanohydrate  (NaSiO3-9H0), zirconyl chloride octahydrate
(ZrOCly-8H20), ammonia hydroxide, diammonium hydrogen phos-
phate, niobium(v) oxalate hydrate, hydrochloric acid, phosphoric acid,
cetyltrimethyl ammonium bromide (CTAB), and nickel(II) nitrate
hexahydrate were all purchased from Fisher Scientific, Leicester, UK.
Commercial 5 wt% Pd/Al»,O3 catalyst was purchased from Catal Inter-
national Limited, Sheffield, UK.

2.2. Catalyst preparation and characterisation

The following catalysts/support materials were prepared by precip-
itation and co-precipitation: SiOg, ZrOs, SiO2-ZrOs. A total of 40 g of the
precursors (ZrOCly-8H,0 and NaySiO3-9H,0) was dissolved in 400 mL
of distilled water and stirred vigorously at room temperature. Ammonia
hydroxide solution was added dropwise to the solution of ZrOCl,-8H,0
until the pH is in the range of 9 — 10, while hydrochloric acid was added
to NapSiO3-9H0 solution to achieve a pH range of 8 — 9. The suspension
was mixed vigorously at 60 °C for 6 h and aged for 24 h. The precipitate
obtained in each case was filtered, dried at 80 °C for 4 h, and calcined at
500 °C for 4 h.

Preparation of NbOPO4 was carried out according to the method
reported by Zhang et al. [23]. First, 28.055 g of niobium(v) oxalate
hydrate (C10H,Nb2021) was dissolved in 100 ml of distilled water. Then
approximately, 6.6 g (0.01 mol) of diammonium hydrogen phosphate
((NH4)2HPO4) was also dissolved in a separate 100 ml of distilled water.
Both solutions were vigorously mixed in 500 ml beaker using a magnetic
stirrer, and the pH of the mixture adjusted to 2 using phosphoric acid.
Furthermore, a solution of CTAB was prepared by dissolving 5.0 g of
CTAB in 75 mL of distilled water and added to the earlier mixture, while
maintaining the pH of the final solution at 2 with more phosphoric acid.
Subsequently, the final mixture was stirred with the aid of magnetic
stirrer for 60 min at 35 °C, to produce a white gel. Ageing of the white
gel was achieved in a Teflon-lined autoclave at 160 °C for 24 h, leading
to the precipitation of NbOPO4 under hydrothermal conditions. There-
after, the NbOPO4 was recovered by filtration, washed severally with
distilled water until the wash water reached a PH of 7. Finally, the solid
was dried at 100 °C and any organic residuals in the NbOPO4 was
removed by calcination in air at 500 °C for 4 h.

Four nickel catalysts on different supports including 10 wt% Ni/
NbOPOj4, 30 wt% Ni/NbOPO4, 30 wt% Ni/SiO,, and 30 wt% Ni/ZrO»-
SiO, were prepared using wet impregnation method. In this case, an
appropriate amount of nickel precursor Ni(NO3)2-6H50 was dissolved in
5 mL distilled water for 30 min using a magnetic stirrer. Thereafter, the
required amount of the support material (2 g) was added and stirred for
1 h at ambient temperature. The resulting slurry was dried at 100 °C
overnight and calcined at 500 °C for 4 h to produce the different catalyst
catalysts.

Nitrogen physisorption technique was applied to determine the
surface areas, pore volumes, and pore size distributions of the prepared
catalysts using the Quantachrome Instruments NOVA 4200. Whereas X-
ray diffraction (XRD) Bruker D8 Advance A25 was used to analyse the
bulk crystal structure and phase composition of the catalysts. The
different types of acid sites (Brgnsted and Lewis acidic sites), number,
and their relative strength on the surface of catalysts were determined
using a pyridine Fourier-transform infrared (pyridine-FTIR) spectros-
copy technique. The adsorption of pyridine was tracked by infrared
spectroscopy, which was recorded using a Nicolet iS50 FTIR Spec-
trometer, Thermo Scientific at a resolution of 4 cm™'. This method of
determining and quantifying acid sites has been reported extensively in
the literature [23-25]. Consequently, Inductively Coupled Plasma Op-
tical Emission Spectroscopy (ICP-OES) technique was used to quantify
the Ni metal loading on the catalysts. A small quantity of each sample
was digested in 20 mL aqua regia (HNO3:HCl = 30:70 v/v) for 24 h
before being analysed with iCAP 7000 series ICP-OES Spectrometer-
elemental analyser (Thermo Fisher Scientific).
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2.3. Catalytic experiments with cyclohexanone

The experimental conditions of reaction temperature (160 °C and
300 °C and 10 bar initial hydrogen pressure) and reaction times (1 h — 3
h) used in this work largely followed the successful novel solvent-
assisted catalytic HDO upgrading of bio-oil produced via fast pyrolysis
of lignocellulosic biomass published in the literature [5].

2.3.1. Two-stage two-pot aldol condensation and hydrogenation experiment

In the two-pot approach, both the aldol condensation of the cyclo-
hexanone and hydrodeoxygenation (HDO) of the condensed products
were carried out using a 100 ml Parr batch reactor (Parr Instrument
Company, Moline, IL, USA) over two stages. In the first stage, a solvent-
free aldol condensation was carried out by reacting 10 g of cyclohexa-
none in the presence of 0.5 g NbOPO4 at 160 °C temperature for 3 h
reaction time using 10 bar initial hydrogen gas pressure. The NbOPO4
catalyst was suspended by glass wool inside the reactor, above the level
of the cyclohexanone liquid to facilitate vapour-catalyst contact and
post-reaction recovery of products. A preliminary experiment was con-
ducted to contrast supporting the catalyst on glass wool on top of the
feedstock and directly mixing the catalyst with cyclohexanone in the
reactor. In 3 h reaction time at 160 °C, 5 bar initial nitrogen pressure,
and 0.2 g catalyst loading, the glass wool suspended catalyst achieved
76.7 % conversion, whereas the catalyst mixed directly with cyclohex-
anone in the reactor produced 57.8 %. Better interactions between the
reactants and catalyst are likely responsible for the greater conversion
that was attained with the glass wool supported catalyst. However, with
and without glass wool (i.e., without catalyst), about 14 % cyclohexa-
none conversion was achieved at the same experimental conditions.
Subsequently, HDO of the adduct from Stage 1 (~ 8 g) was performed
using the same reactor, with 0.5 g of each of the synthesised supported
Ni catalysts and 5 wt% Pd/Al;0O3. The second stage experiment was
carried out at 300 °C temperature using 10 bar initial hydrogen pressure
for reaction times of 3 - 6 h. Fig. 1a shows the experimental protocols for
the two-pot approach. At the end of the experiments, the reactor was
rapidly cooled to ambient temperature using a laboratory fan prior to
product recovery and analyses.

A major focus of this work was to reduce the hydrogen consumption
during HDO. This was proved in a previous work [5,26], where the
combination 10 bar hydrogen with solvent was effective for HDO.
Moreover, the results from this present work have shown that 10 bar
hydrogen was sufficient for the two-stage process, and we have pre-
sented our results based on these parameters.

2.4. One-pot two-step sequential aldol condensation and hydrogenation
experiment

In the one-pot approach, the aldol condensation of cyclohexanone
followed by the HDO was carried out sequentially without opening the
reactor or changing the gas environment. The aldol condensation of
cyclohexanone was performed at 160 °C, using 0.5 g of catalyst, 10 g
cyclohexanone, 10 bar initial hydrogen pressure, and 3 h reaction time.
Three niobium phosphate-based catalysts (NbOPO4, 10 wt% Ni/
NbOPQ,4 and 30 wt% Ni/NbOPQ,4) were used in this case. At the end of 3
h at 160 °C, the temperature was increased to 300 °C for the HDO
process for another 3 h reaction time (Fig. 1b). Identical analytical
protocols described for the two-pot approach were used to determine
product yields.

2.5. Product analysis

Once the reactor had cooled to ambient temperature, the produced
gas was collected using gas 1 L Tedlar gas bag, where applicable.
Notably, no significant gas products were obtained after the first stage of
the two-pot system and were not analysed. The reactor was then opened
to recover the liquid product, which was further separated from solids
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Fig. 1. Schematic illustration of (a) two-pot and (b) one-pot reaction systems.

by filtration. The spent catalyst was also recovered, dried and weighed.

Considerable amounts of gas products were obtained the second
stage of the two-pot system and the one-pot sequential system. These gas
products were compositionally analysed by injecting 0.6 cm® into a gas
chromatograph (GC-2014, Shimadzu Gas Chromatograph). A flame
ionization detector (FID) and a thermal conductivity detector (TCD)
were used to quantify C; — C4 hydrocarbon gases and permanent gases
(such as Ng, Hy, CO, and COs, respectively. The compositions and dis-
tribution of organic compounds in the liquid-like (first stage) and liquid
products (second stage) were determine using a gas chromatogra-
phy-mass spectrometer GC-MS (GCMS-QP2010 SE, Shimadzu). The
conversion of cyclohexanone was calculated using Equation (1), while
the selectivity towards certain hydrocarbons was calculated by Equation
(2). The coke content of the spent catalyst following the reaction was
estimated based on thermogravimetric analyser (TGA) technique (TGA/
DSC 2 STAR® System, Mettler-Toledo). The temperature programme was
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ramped from 40 to 900 °C, and the furnace was heated at a rate of 10 °C/
min followed by 15 min isothermal condition at 900 °C with air flowing
at 30 cm®/min. The conversion of cyclohexanone is calculated using
Equation (1), while the selectivity of product is calculated using Equa-
tion (2).
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Fig. 2. Catalyst textural characteristics: (a) N, adsorption—desorption isotherm for synthesised supports, (b) isotherms for supported metal catalysts, (c) pore size
distribution for synthesized supports, and (d) pore size distribution for supported metal catalysts.
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3. Results and discussion
3.1. Catalyst characterisation

3.1.1. Textural characteristics

The catalytic performance of the catalysts depends on the physico-
chemical properties. The specific surface area and porosity are among
the critical properties that determine catalytic activity and selectivity.
Fig. 2 shows the nitrogen adsorption—desorption isotherms and pore size
distributions of the synthesised support materials and metal-supported
catalysts. The isotherm hysteresis loop indicate that they were Type IV
(Fig. 2a,b), consistent with the presence of mesoporous structures. The
pore volumes of the catalyst support materials were dominated by
mesopores of sizes between 2 nm and 50 nm. The pore size range were as
follows: NbOPO4 (3 nm to 5.7 nm), SiO5 (3.8 nm to 8 nm), and ZrQO,-SiO,
(6 nm to 16 nm). It is evident from Fig. 2¢ that ZrO»-SiO3 has larger pore
diameters than SiO;, while NbOPO,4 has narrower mesopores when
compared to the other materials. Brunauer-Emmett-Teller (BET) and
Barrett-Joyner-Halenda (BJH) equations were used to determine the
specific surface area and pore size distribution of the catalyst support
materials. The pore size distribution and pore volume were obtained
from the isotherm desorption branch using the BJH model based on
multipoint method. The relative pressure values were used to determine
pore diameters using Kelvin equation, and the BJH model used to
compute the pore size distribution of the markedly mesoporous mate-
rial. The results are summarised in Table 1. Among the synthesised
supports, NbOPO,4 possessed the largest surface area followed by ZrOo-
SiO9, and then SiO,. However, the impregnation of NiO nanoparticles
onto the support materials narrowed the pore sizes which is evident in
the shift of the hysteresis loop towards high relative pressure (Fig. 2b).
The impregnated Ni metal mostly plugged pore diameter less than or
equal to 7 nm, while narrowing pore sizes greater than 7 nm (Fig. 2d).
This resulted in significant decrease in the surface areas and pore vol-
umes of the respective catalysts (Table 1). The drop in surface area as a
result of incorporating NiO nanoparticles are as follows: 58.52 % (30 wt
% Ni/ Zr05-Si03), 69.68 % (30 wt% Ni/ NbOPO4), and 72.94 % (30 wt%
Ni/Si03). NiO nanoparticles formed from the calcination of impregnated
nickel (II) nitrate solution have been reported in the literature to pro-
duce crystallites of different sizes, some of which could be smaller or
larger than the pore size of the catalyst support [27]. Hence, NiO par-
ticles smaller than the pore sizes of the support may be imbibed into
these pores, while larger particles would remain outside the pores. While
the location of the NiO particles relative to the porous support was not
the subject of this present work, the metal loading ascribed to the
presence of NiO crystallites was confirmed by XRD (Section 3.1.2).

3.1.2. X-ray diffraction (XRD) pattern
The XRD patterns of the support materials and the synthesised cat-
alysts are shown in Fig. 3. The synthesised SiO5 and ZrO,-SiO5 materials

Table 1
Catalyst support materials textural properties.

Support materials ~ Average pore Pore volume Surface area

diameter (nm) (em®/g) (m%/g)
Synthesized support materials
SiO, 5.00 0.42 197
Zr04-SiO, 9.85 0.62 224
NbOPO4 3.43 0.47 411
Supported metal catalysts
30 wt% Ni/SiO, 8.42 0.21 53.1
30 wt% Ni/ZrO,-  8.34 0.32 92.9
SiO,
30 wt% Ni/ 3.41 0.35 125
NbOPO4

5 wt% Pd/Al;03 7.96 0.27 90.2
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showed one broad peak at about 20 equals 22.5°, indicating that the
prepared silica and zirconia-silica supports are known to be amorphous.
The broad peak also indicates that the silica particle size is nanosized.
Likewise, the XRD patterns of NbOPO4 materials and 10 wt% Ni/
NbOPO4 show two broad peaks at 26 = 25° and 53°, demonstrating that
the material was amorphous. The observation on 10 wt% Ni/NbOPO4
could be attributed to low metal loading and, consequently, NiO nano-
particles became well dispersed on the support material. However,
increasing Ni loading to 30 wt% on SiOj, ZrO,-SiO3, and NbOPO4
resulted in XRD patterns with peaks at 20 = 37°, 43°, 63°, 75°, and 79°.
These peak positions correspond to the characteristic peaks of NiO,
which indicates the following crystal planes (111), (200), (220), (311),
and (222) [28,29]. They are indexed to face centred cubic (FCC) NiO
crystalline structure [28]. Since no other distinctive peaks other than the
FCC NiO phase can be found on the XRD pattern of Ni-supported on
silica, niobium phosphate, and silica-zirconia, the catalysts are consid-
ered a single-phase with no impurities. The decomposition of impreg-
nated nickel (ii) nitrate during calcination explains the presence of
dispersed NiO nanoparticles peaks found on the surface of the catalysts.
This confirms that the decrease in pore volume and specific surface area
of doped catalyst supports is due to the impregnated NiO nanoparticles.
The XRD pattern of 5 wt% Pd/Al;O3 catalyst showed alumina peaks at
about 20 = 45.7° and 67°, whereas Pd metals peaks appeared around 32°
and 40.2°, respectively. The average crystallite sizes of the impregnated
NiO metal were 22.44 + 0.05 nm (30 wt% Ni/SiO5), 19.56 & 0.11 nm
(30 wt% Ni/ZrO2-SiO5), and 40.38 + 0.53 nm (30 wt% Ni/NbOPO,),
and for Pd metal supported on Al,O3 it was12.47 + 6.13 nm. There were
no other unknown peaks suggesting that the prepared support materials
are of an excellent purity.

3.1.3. Catalyst acid sites type, number, and strength

The recorded pyridine-FTIR spectra to identify different types of
acidic sites based on the adsorbed pyridine by the catalysts is shown in
Fig. 4. The quantification of the strength of the identified acid site type is
presented in Table 2. From the results, three different acid sites can be
observed and identified based on the pyridine-FTIR spectra (Fig. 4b).
These correspond to weak acid, moderate acid, and strong acid sites.
From Table 2, the concentration of the moderate acid sites is higher than
that of the weak (Lewis) and strong (Brgnsted) acid sites. The Lewis acid
sites (Lewis-bonded pyridine) on the catalysts surface can be observed
from the adsorption IR spectra of pyridine at peak wavenumber 1444
cm ™}, the peak at wavenumber 1540 cm ™! corresponded to the Brgnsted
acid sites (Brgnsted-bonded pyridine), and the peak at wavenumber
1490 cm ™! was ascribed to the simultaneous adsorption of pyridine on
Brgnsted and Lewis sites. These observations collaborate with the
literature on the identification of acid sites by pyridine-FTIR method
[23,25]. The NbOPO, catalyst and the Ni-doped ones have higher con-
centration of Lewis acid sites than Brgnsted, while for the SiO3 and ZrOo-
SiO5 reverse is the case (Table 2). The Brgnsted acid sites on the surface
of the NbOPO,4 can be assigned to the presence of Nb-OH and P-OH
groups, while the Lewis acid sites have been reported to result from
octahedra NbOg and tetrahedra NbO,4 [23]. The results show that the
total acid sites strength of the catalysts can be ranked as follows:
NbOPO4 > 10 wt% Ni/NbOPO4 > 30 wt% Ni/NbOPO4 > 5 wt% Pd/
Al;03 > 30 wt% Ni/ZrO,-SiOz > 30 wt% Ni/SiO, (Table 2). Thus,
NbOPOy, catalyst has the highest acidity among the catalysts that were
developed, while 30 % wt. Ni/SiO3 has the lowest. Notably, the strength
of the Lewis acid sites decreases from 39.4 to 26.6mmol g~' and the
Brensted acid sites from 23.5 to 16.0mmol g ! as the doping of NbOPO,
with NiO increases from 0 to 30 wt% (Table 2).

The actual Ni metal content in the prepared catalysts based on ICP-
OES technique results range from 27.3 to 29.6 wt%, with an average
of 28.5 + 1.1 wt%.
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Fig. 3. XRD diffraction patterns of the fresh catalysts.

3.2. Results from two-pot approach involving the first-stage aldol
condensation followed by second-stage hydrogenation are discussed in this
section

3.2.1. Effect first-stage reaction medium

Table 3 shows the influence of reaction time on selectivity of prod-
ucts and conversion of 10 g cyclohexanone during the first stage of the
two-pot approach. Here, cyclohexanone was reacted at 160 °C for 1 h to
3 h reaction times in the presence of 0.5 g of NbOPO4 and 5 bar of initial
hydrogen gas pressure. The results show that the conversion of cyclo-
hexanone increased, notwithstanding almost marginally, with
increasing reaction times at 160 °C as follows: 60 % (1 h), 66.32 % (2 h)
and 68.4 % (3 h) under hydrogen atmosphere. Giving that only about 2
% increase in conversion of cyclohexanone occurred when the reaction
time was raised from 2 h to 3 h, there was no real incentive to test longer
reaction times beyond 3 h in this present study.

Table 3 shows the selectivity of a broad range of products categories
into three based on the extent to which C-C coupling occurred or not.
These include, (a) compounds with 6 carbon atoms that formed directly
from a single cyclohexanone moiety without aldol condensation, hereby
known as “No C-C condensation” products, (b) compounds with mostly
12 carbon atoms formed from the C-C coupling of only two cyclohexa-
none moieties, hereby denoted as “Single C-C condensation” products,
and (c) compounds with mainly 16——18 carbon atoms formed from the
C-C coupling of more than two cyclohexanone moieties; these are
designated as “2 + C-C condensation” products. The C-C coupled
products included the adduct 1-hydroxy-[1,1-bicyclohexyl]-2- one,
which could undergo in-situ dehydration, producing two observed
isomeric products, such as 2-(1-cyclohexen-1-1)cyclohexanone and 2-
cyclohexylidencyclohexanone as shown in Reaction Scheme 1.

Table 3 shows that the NbOPO4 was able to produce high yields of
single C-C couple aldol condensate products (Supplementary
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Fig. 4. Pyridine-FTIR spectra of the different catalysts: (a) full range spectra scan and (b) pyridine adsorbed acid sites spectra range.

Table 2
Semi-quantitation of acid site types and strengths for the different catalysts
based on pyridine-FTIR.

Type of acid site Peak position wavenumber (cm™1)

Lewis 1444

Bronsted 1540

Lewis + Bronsted 1490

Strength of acid sites (mmol g~ 1)

Catalyst Lewis Bronsted Lewis + Bronsted
NbOPO,4 39.4 23.5 68.2
10 wt% Ni/NbOPO4 33.0 19.7 58.0
30 wt% Ni/NbOPO4 26.6 16.0 47.9
30 wt% Ni/ZrO,-SiO, 0.84 9.15 10.0
30 wt% Ni/SiO, 1.11 7.73 8.49
5 wt% Pd/Al,03 8.44 17.5 26.4

Information Tables S1). Although, reaction after 1 h gave the highest
selectivity for desirable single C-C coupling condensates, the conversion
of cyclohexanone was lowest at about 60 % under hydrogen. It appeared
that the results after 3 h reaction time were more useful for producing
precursors of components of aviation fuel i.e., rich in C;2 compounds
with lower C;3 adducts. In other words, 3 h gave both the increased
conversion of cyclohexanone (68.4 %) and the lower selectivity towards
2 + C-C condensation products compared to the results obtained after 2
h. Hence, the 3 h reaction time was used to produce the first-step liquid

Table 3

Cyclohexanone conversion and C-C coupling products selectivity at temperature
of 160 °C, 10 g cyclohexanone, 0.5 g NbOPO, catalyst loading and 10 bar initial
hydrogen pressure.

Conversion and product Reaction time

1h 2h 3h
Cyclohexanone conversion (%) 60.0 66.3 68.4
No C-C condensation oxygenates selectivity (%) 0.0 0.16 0.0
Single C-C condensation oxygenates selectivity (%) 65.8 63.3 59.2
2 + C-C condensation oxygenates selectivity (%) 21.3 24.9 28.3
Hydrocarbons selectivity (%) 12.9 12.3 11.9

Self-aldol condensation leading to single C-C coupling condensation under H,

o o 0. o) [e)

O D=~ =0 0=

OH H,0
(a) (b) (c) (d)

Scheme 1. Reaction Scheme 2. Self-aldol condensation followed by dehydra-
tion and hydrogenation reaction [Note: (a) cyclohexanone, (b) 1- hydroxy-
[1,1"-bicyclohexyl]-2-one, (c) 2-(1-cyclohexen-l-yl)cyclohexanone, (d) 2-
cyclohexylidenecyclohexanone.
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products for the second step operated at 300 °C for HDO. Notably, re-
action time has no appreciable effect on the selectivity towards deoxy-
genated hydrocarbon products, with results within a similar average.
Similarly, dimeric bicyclo-oxygenates as well as monomeric, dimeric,
trimeric, and tetrameric cyclic hydrocarbons have been produced from a
similar cyclic ketone [27]. In that study, aldol condensation of cyclo-
pentanone over Cu/AlyOs catalyst at 1 MPa hydrogen, 280 °C temper-
ature, and 2 h-1 wt hourly space velocity (WHSV) [27]. However, in this
present study, the high-density adduct intermediates were produced at a
much lower aldol condensation temperature of 160 °C.

3.2.2. Effect of catalyst types on second stage reaction during two-pot
approach

Since the products of aldol condensation in the first stage still contain
a high proportion of oxygenates and/or unsaturated compounds, further
treatment was needed to meet the requirements for aviation fuel by
solvent-free hydrodeoxygenation (HDO). Table 4 shows the distribution
of products from the HDO stage using the supported metal catalysts (30
wt% Ni/NbOPO,,5 wt% Pd/Al,03, 30 wt% Ni/SiO,, 30 wt% Ni/ZrO,-
SiO3). The results showed the catalysts led to further conversion of the
remaining cyclohexanone carried over from the first step. Clearly, only
small amounts (<2 wt%) of the cyclohexanone remained when 30 wt%
Ni/NbOPO4 and 5 wt% Pd/Al,03 were used as HDO catalysts, whereas
the liquid products obtained with 30 wt% Ni/SiO3 > 30 wt% Ni/ZrO,-
SiOs still contained about 15 % — 20 % of the feedstock.

The compounds (i.e., excluding cyclohexanone) observed in the
second-stage liquid products were classified into oxygenates and hy-
drocarbons and there selectivities shown in Table 4. Results in Table 3
show that the catalytic activity based on overall cyclohexanone con-
version were as follows: 30 wt% Ni/NbOPQ4 > 5 wt% Pd/Al;03 > 30 wt
% Ni/SiO5 > 30 wt% Ni/ZrO5-Si0,. Similar trend was observed with the
yield of hydrocarbons, corresponding to the ability of the catalyst to
perform hydrodeoxygenation (HDO) and dehydration. Therefore, the
yields of hydrocarbons implied that 30 wt% Ni/NbOPQ,4 catalyst
exhibited better HDO activity, followed by 5 wt% Pd/Al;03 whereas 30
wt% Ni/ZrO,-SiO demonstrated worse HDO activity. This trend of
selectivity towards hydrocarbons is consistent with the catalyst ranking
as observed in Table 2 based on the strength of the acid sites.

Literature have reported that the primary C-O bond cleavage in
oxygenated organics process takes place on acid catalytic sites, resulting
in dehydration of the oxygenates reaction intermediates [3]. Hence, the
primary mechanisms involved in the HDO of oxygenates obtained from
the aldol condensation has been identified in the literature as being
dehydration, followed by hydrogenation [3]. In addition to the dehy-
dration reaction leading to loss of water, oxygen was removed from the
reaction intermediates in form CO and CO,, based on the composition of
the produced gas. The high activity of the Ni supported NbOPO4 catalyst
could be attributed to its larger surface area and higher acid sites
(Tables 1 and 2). This implied the acid sites of Ni supported on SiO5 and
Zr0,-SiO; catalysts are too weak to activate dehydration and hydro-
deoxygenation reactions relative to NbOPO4 material [30]. Therefore,
the strong Brgnsted and Lewis acid sites of NbOPO,4 produced a superior
HDO activity and outperformed the moderate Lewis acid site Al;03 and
Zr0,-Si0,, and weak acid sites of SiO, support materials [20,31,32]. The

Table 4

Conversion and selectivity of compounds in the liquid products obtained from
catalytic HDO of first-step liquid products at temperature 300 °C and initial
hydrogen pressure of 10 bar for 3 h (first-step aldol condensation of cyclohex-
anone under hydrogen for 3 h).

Catalyst Conversion (%) Oxygenates (%) Hydrocarbons (%)
30 wt% Ni/NbOPO4 98.9 6.11 93.9
5 wt% Pd/Al;O3 98.4 28.0 72.0
30 wt% Ni/Zr0,-SiO, 79.9 72.2 27.8
30 wt% Ni/SiO, 85.7 60.2 39.9
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observation aligns with the acid sites type and strength reported in
Table 2.

Therefore, due to the poor performances of 30 wt% Ni/SiO, and 30 wt
% Ni/ZrO2-SiO; catalysts during the HDO tests, details of the composi-
tions of the liquid products obtained from them are not discussed further.
The compositions of the liquid products from GC/MS analysis can be
found in the Supplementary Information Tables S2-S4. Instead, efforts
hereafter have focused on the detailed compositions of the products ob-
tained from the use of 30 wt% Ni/NbOPO4 and 5 wt% Pd/Al,O3 as HDO
catalysts. The distribution of hydrocarbon products exhibited carbon
number in the range of Cg to C;g, which were classified as follows: (1)
naphthenes (e.g., cyclopentane, cyclohexane, 1,1-bicyclohexyl, cyclo-
pentylcyclohexane, etc.); (2) alkyl naphthenes (e.g., methyl-
cyclopentane, methyl-cyclohexane, pentyl-cyclohexane, cyclopentyl-
cyclohexane, etc.); (3) alkyl aromatics (e.g., pentyl-benzene, toluene,
cyclohexyl-benzene, p-dicyclohexylbenzene, benzylcyclopentane, etc.);
(4) partially hydrogenated polyaromatics (e.g., 1,2,3,4-tetrahydro-naph-
thalene (C1oH12), [3-(2-cyclohexylethyl)-6-cyclopentylhexyl]-benzene, 5-
ethyl-1,2,3,4-tetrahydro-naphthalene (Ci2Hje), 1,2,3,6,7,8-hexahydro-
as-indacene (C;2Hi4), 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydro-tripheny-
lene (CigH24), 1,2,3,4,5,6,7,8-octahydrotriphenylene (CigHgp), etc.),
and (5) polyaromatic (e.g., naphthalene, 2-methyl-naphthalene, 2-ethyl-
naphthalene, phenanthrene, 1,2,3,4-tetrahydro-triphenylene (CigHje),
triphenylene, etc.). A detailed products distribution can be found in the
supplementary information Tables S2-S4.

The selectivity of hydrocarbon products in the produced liquid fuel
using 30 wt% Ni/NbOPO4 and 5 wt% Pd/Al;03 catalysts for HDO of the
aldol products at a reaction temperature of 300 °C, initial hydrogen
pressure of 10 bar, and reaction duration of 3 h and 6 h is shown in
Fig. 5. For Fig. 5a, the results demonstrated that the selectivity of hy-
drocarbon products in the produced fuel with 30 wt% Ni/NbOPO4
catalyst was as follows: alkyl aromatics (39 %) > partially hydrogenated
polyaromatics (23 %), naphthenes (18 %) > alkyl naphthenes (11 %) >
polyaromatics (3.4 %). In contrast, with the 5 wt% Pd/Al,O3 catalyst,
there is a notable increase in selectivity towards naphthenes (35.6 %)
and alkyl aromatics (35 %). Since naphthenes (mono- and bi-
cycloalkanes), alkyl aromatics, and polyaromatic hydrocarbons were
all formed during the HDO of aldol products, dehydrogenation and
hydrogenation was assumed to occur in competition [33].

It is worth noting that cyclic hydrocarbons (single ring naphthene Cs-
Ce) could have been produced mostly from the cyclohexanone via hy-
drogenation on the catalyst active sites. The observed single ring
naphthenic and single ring aromatic hydrocarbons included 1-methylcy-
clopentane, cyclohexene, cyclohexane, 3-methylcyclopentane, methyl-
cyclohexane, and methylcyclopentene, as well as toluene and phenol.
These arrays of observed products must have resulted from the combi-
nation of hydrogenation, dehydrogenation, and dehydration reactions
demonstrated by the reaction network shown in Reaction Scheme 2.
The acidic site of catalyst carries out dehydration functionality, while
the metallic active site performs hydrogenation and dehydrogenation
reactions. For instance, cyclohexanone could be hydrogenated into
cyclohexanol, which would undergo dehydration to cyclohexene, and
then, dehydrogenation to phenol or hydrogenation to cyclohexane.

The formation of Cs compounds indicated decarbonylating, followed
by a series of reactions such as 2,5 carbon linkages to form cyclopentane,
ring-opening reactions to form n-pentane, cleavage of C-C bonds in the
n-pentane to form C; — C4 species. Together with n-pentane, the C; — C4
species could generate C; — Cs alkyl groups from the alkylation of cyclic
compounds to produce alkyl naphthene and aromatic, such as methyl-
cyclopentane and pentyl-cyclohexane. This would explain the forma-
tion of Cg to C;1 hydrocarbons that were observed in the liquid products.
More alkylated naphthene and aromatic were produced by 30 wt% Ni/
NbOPOy catalyst compared to 5 wt% Pd/Al,O3 catalyst. This suggests
that the former was able to perform alkylation reaction in addition to
hydrogenation functionality. The inferior alkylation of 5 wt% Pd/Al,O3
is evident in Fig. 5a. The identified monocyclic hydrocarbon products
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Scheme 2. Pathways to the formation of Cg cyclic hydrocarbons from cyclohexanone.

have been reported in the literature during the HDO of cyclohexanone Bicyclic naphthenic (bi-cycloalkanes) hydrocarbons originated from
into fuel-range products using alumina-supported NiMo and CoMo cat- the self-aldol condensation of the cyclohexanone, producing mostly C;2
alysts at 300 °C [18,34]. HDO, alkylation and isomerisation reactions hydrocarbons as illustrated in Reaction Scheme 3. However, some Cjo
are catalysed on both acidic and metallic sites of the catalysts [34]. and Cy; cyclic compounds were also observed and were possibly formed
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Scheme 3. Self-aldol condensation followed by dehydration and hydrogenation reaction [Note: (a) cyclohexanone, (b) 1- hydroxy-[1,1'-bicyclohexyl]-2-one, (c) 2-
(1-cyclohexen-l-yl)cyclohexanone, (d) 2-cyclohexylidenecyclohexanone, (e) 1,3-cyclohexadienyl-Benzene, (f) cyclohexyl benzene, (g) o-Phenyl-phenol, (h) 1,1-
bicyclohexyl, (i) cyclopentylcyclohexane, (j) decalin, (k) C;0Hj2, and (1) 1-phenyl-cyclohexene].

from alkylated Cs — Cg cyclic hydrocarbons. The bi-cycloalkanes are
aviation fuel range high-density compounds with high volumetric heat
and thermal stability [9,35]. They included 1,1-bicyclohexyl, 2-methyl-
trans-decalin and cyclopentylcyclohexane which are produced from the
dehydration, rearrangement, and hydrogenation of the two isomeric
mixture of aldol condensation products 2-(1-cyclohexen-1-1)cyclohexa-
none and 2-cyclohexylidencyclohexanone from the first stage reaction at
160 °C. These compounds are analogous to the high-density fuel-range
C-C coupled bicycloalkanes obtained from HDO of adducts derived from
cyclopentanone aldol condensation using Ni-SiO, and MgAl hydrotalcite
catalysts [4,35]. For 30 wt% Ni/NbOPOQ4 and 5 wt% Pd/Al,Oj3 catalysts,
the selectivity towards cycloalkanes, alkyl cycloalkanes, and bi-
cycloalkanes was 33.8 % and 36 % respectively. It is well known that

hydrogenation occurs on active metals in a bifunctional catalyst. Hence,
the results indicated that the hydrogenation activity of 30 wt% Ni/
NbOPOy catalyst was higher than that of 5 wt% Pd/Al;Os. Notably, the
NbOPO, alone already facilitated the dehydration and dehydrogenation
of some of single C-C couple dimers of cyclohexanone, which are 2-(1-
cyclohexen-1-l)cyclohexanone and 2-cyclohexylidencyclohexanone into
cyclohexyl-benzene in step 1 as shown in Reaction Scheme 1.

It has also been demonstrated that multiple C-C coupling can occur
with NbOPOy catalyst resulting in the formation of polyaromatic hy-
drocarbons in the first stage, which resulted in hydrocarbon chain in the
range of Cig to C1g as shown in Reaction Scheme 4. The metal sites
provided in 5 wt% Pd/Al;O3 catalyst was ineffective toward hydroge-
nation of polyaromatics. Whereas the hydrogenation functionality of Ni

2+ C-C coupling aldol condensation of intermediates and cyclohexanone

B —
—-

-H,0 or-H,

5500

Scheme 4. The pathways to polycyclic hydrocarbons [Note: (a) 2,6-di(1-cyclohexenyl)cyclohexanone, (b) 2-cyclohexylidene,6-(1-cyclohexenyl)cyclohexanone, (c)
F3 = 2,6-dycyclohexylidenecyclohexanone, (d) 2,6-dicyclohexylphenol, (e) p-dicyclohexylbenzene, (f) CigHa4, (8) C1gHao, (h) CigHie, and (i) triphenylene].
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metal in the 30 wt% Ni/NbOPO, catalyst was evident from the pro-
duction of partly hydrogenated polyaromatic products such as Ci2Hje,
1,2,2a,3,4,5-hexahydroacenaphthylene (Ci2Hi4), C1gHa4, and CigHopg
(Tables S2-S4). Similar spectrum of hydrocarbons such as monomer,
dimer, and trimer cyclic hydrocarbons have been produced from the
HDO of aldol condensation adducts of cyclopentanone over 0.1 g Cu/
Al;03 catalyst at 1.0 MPa H; pressure and 280 °C reaction temperature
[26].

Fig. 5b shows the effect of extending the HDO reaction time to 6 h.
The selectivity of hydrocarbon products from the hydrogenation stage
for both 30 wt% Ni/NbOPO4 and 5 wt% Pd/Al,O3 catalysts as a function
of time is shown in Fig. 5b. While naphthenic hydrocarbons decreased as
the reaction time increases from 3 to 6 h, the alkylation of naphthene
and aromatic, the synthesis of polycyclic aromatic, and the hydroge-
nation of polyaromatic into partially hydrogenated polyaromatic hy-
drocarbons increased when 30 wt% Ni/NbOPO4 catalyst was used
(Fig. 5b). Whereas with 5 wt% Pd/Al,03 catalyst, both naphthenic and
hydrogenation of polyaromatic into partially hydrogenated poly-
aromatic hydrocarbons decrease as the reaction time increased from 3 to
6 h, producing higher alkyl aromatic and polyaromatic hydrocarbons
(Fig. 5b). The extremely low levels of alkyl naphthene products in
Fig. 5b for 5 wt% Pd/Al;03 catalyst confirmed that 30 wt% Ni/NbOPO4
performed better for naphthene alkylation and hydrogenation of poly-
aromatic. Notably, when the reaction time was increased from 3 to 6 h,
the hydrogenation functionality of 5 wt% Pd/Al,O3 catalyst became
poorer compared to 30 wt% Ni/NbOPO4, suggesting the deactivation of
the catalyst’s sites. This could possibly be due to the presence of water
from the dehydration reaction that formed hydrocarbons. It has been
reported that the deactivation by hydrolysis of alumina to form
boehmite AIO(OH) was responsible for the loss of its hydrogenation
catalytic activity [36,37].

3.3. One-pot sequential aldol condensation followed by HDO with 30 wt
% Ni/NbOPO4

This section describes an alternative method for the combined aldol
condensation and the hydrogenation of the resultant adducts into a one-
pot process. The one-pot aldol condensation-hydrogenation reaction
with two steps could be potentially less labour intensive in batch oper-
ation, safe, and cost-effective. It involved no transfer of materials be-
tween two reactors and less energy requirement due to elimination of
cooling and reheating steps associated with the two-pot approach. Since
the two-pot approached showed that 30 wt% Ni/NbOPO,4 was overall
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more effective than 5 wt% Pd/Al,O3 during HDO at the second step,
NbOPOy4, 10 wt% Ni/NbOPO4 and 30 wt% Ni/NbOPO4 catalysts were
therefore used in this one-pot approach.

Fig. 6 shows the conversion of cyclohexanone and the C-C coupling
hydrocarbon products from these experiments using the same catego-
risation of compounds explained in Section 3.2. Detailed list of com-
pounds from GC-MS analysis results can be found in the
Supplementary Information Tables S5-S6. Fig. 6 shows that with the
undoped NbOPO4 catalyst, 100 % cyclohexanone conversion was
accomplished while for the 10 wt% Ni/NbOPOQ4 and 30 wt% Ni/NbOPO4
catalysts, approximately 99 % conversion was achieved. In comparison
with the conversion observed in Table 4, this indicated that in the sec-
ond stage of hydrogenation at 300 °C temperature, the unconverted
cyclohexanone during the first stage at 160 °C further underwent C-C
coupling, hydrogenation, and/or dehydration resulting in increased
conversion. The observed results aligned with the works of Shao et al.
[38] and Mahajan et al. [39], who reported over 90 % conversion of
aldehydes and ketones at high temperatures (> 230 °C), indicating that
aldol condensation could benefit from a relatively high temperature.
The components of liquid products from these experiments were hy-
drocarbons with carbon numbers ranging from Cg to C;g. In all cases, the
cyclohexanone that survived the aldol condensation became mostly
hydrogenated to Cg hydrocarbons at 300 °C.

Among the three catalysts, the results shows that 10 wt% Ni/
NbOPO4 catalyst produced hydrocarbon products with the highest
selectivity (48.4 %) toward single C-C condensation product, while 30
wt% Ni/NbOPQ4 catalyst produced the highest selectivity toward hy-
drocarbon products without condensation. This was because with 30 wt
% Ni/NbOPO,4 the hydrogenation of cyclohexanone into cyclohexanol
was highest. The yields of 2 4+ C-C condensation hydrocarbon products
were approximately the same for the three-catalysts investigated. The
increased active Ni metal content from 10 wt% to 30 wt% could have
decreased the acid site strength of the NbOPOy, thereby increasing the
hydrogenation functionality over its C-C coupling activity. Such obser-
vation is consistent with the results reported in Table 2, which show that
NbOPO, acidity tends to decrease as Ni content increases. A similar
trend of C-C coupled products have been reported in the literature for
analogous cyclic ketone molecule cyclopentanone (8 mL) in n-pentane
solvent (volume ratio of 1:2) for one-pot aldol condensation (170 °C)
followed by HDO (270 °C) over 2.4 g Ni/Mg-Al-O/AC bifunctional
catalyst [11].

Fig. 7 shows the selectivity distribution of the hydrocarbons in the
liquid products from the one-pot approach. The major hydrocarbon
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Fig. 6. One-pot aldol condensation reaction and hydrogenation for the different catalyst at 10 bar initial hydrogen pressure, 0.5 g catalyst, 10 g cyclohexanone:

initial step = 160 °C for 3 h, and then raised to 300 °C for 3 h.
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pressure, 0.5 g catalyst, and 10 g cyclohexanone.

product in the liquid products was cyclohexyl benzene, an alkyl aro-
matic (Tables S5-S6). The results show that the selectivity towards
naphthenic hydrocarbon increased as the Ni content of the NbOPO4
catalyst increased from O to 30 wt%. In addition, when the Ni content of
NbOPOy4 increased from O to 30 wt%, the alkylation of aromatic
increased and the alkylation of naphthene (cycloalkanes) declined. The
results show that the Ni supported NbOPO4 catalyst can retain its cat-
alytic activity from the aldol condensation step to still perform hydro-
deoxygenation of the C-C condensed adduct products. For instance,
compared to the two-pot approach (Fig. 5a), the use of 30 wt% Ni/
NbOPOy catalyst in this one-pot system produced similar selectivities
toward alkyl naphthene, alkyl aromatic and partially hydrogenated
polyaromatic. However, in comparison to two-pot approach (Fig. 5a),
while the yield of naphthene decreased to 11.86 %, the yield of poly-
aromatic hydrocarbons increased to 11.7 % for one-pot approach.

Consequently, the liquid product obtained with undoped NbOPO4
mostly contained polyaromatic hydrocarbons, including triphenylene,
phenanthrene, anthracene, and naphthalene. This can be attributed to
the strong acidic sites (Table 2), which promoted condensation followed
by subsequent dehydrogenation, and aromatisation of naphthenic rings.
Essentially, the presence of Ni suppressed aromatization of naphthenic
ring due to decreased acidity, which can be observed in the favourable
selectivity toward partially hydrogenated polyaromatic relative to pol-
yaromatic hydrocarbons [14]. Such partially reduced aromatics
included C15H;6, C12H14, C1gHo4, and CigHog, which were observed in
the liquid products when 10 wt% Ni/NbOPO,4 and 30 wt% Ni/NbOPO4
were used (Tables S5-56).

3.4. Coke formation

Enhanced aromatisation of components in the liquid products would
result in more coke formation. This hypothesis may be explored further
by post-reaction evaluation of the coke deposition on the used catalysts.
GC/MS results of liquid products have shown that multiple C-C coupling
and dehydrogenation resulted in the formation of polyaromatics,
implying plausible condensation into coke as an undesirable side reac-
tion. As a result, the catalyst may experience deactivation due to coke-
induced pore obstruction and obscuring of active sites. For fair com-
parison with the one-pot approach, the recovered catalysts from the
HDO (second) stage of the two-pot approach have been used in this
study. After reaction, the spent catalysts were subjected to
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thermogravimetric analysis (TGA) with temperature ramped from 40 °C
to 900 °C with air at a flow rate of 30 cm®/min. This technique allowed
the various deposits on the catalyst to burn-off at different temperature
ranges.

3.4.1. Coke formation on spent catalysts used during the two-pot approach

The TGA thermograms (TG) and differential thermograms (DTG) for
the different catalysts both fresh and spent used in the HDO stage of the
two-pot approach are shown in Fig. 8. The fresh catalysts TG and DTG
curves indicated no weight loss changes in response to temperature rise
(Fig. 8a). The loss of moisture within the pores of catalysts accounted for
1.4 wt% to 3 wt% losses. This implied that the catalysts were thermally
stable. However, weight loss changes were observed in the spent cata-
lysts as shown in Fig. 8b, which can be attributed to the volatilisation
and combustion of retained hydrocarbons and coke deposited during the
hydrogenation reaction [40]. From the DTG curves, the volatilisation
and degradation peak in the temperature range 110 °C-340 °C repre-
sented the residuals of several hydrocarbon products especially poly-
aromatics retained in the spent catalyst. This was consistent with
previous research on coke determination by thermogravimetry, which
has shown that TG or DTG curves evidently suggested that oil and coke
were volatilised and combusted at temperatures ranging from 100 °C to
300 °C and 300 °C to 700 °C, respectively [40,41].

The quantity of retained hydrocarbons in the spent catalysts were as
follows: 30 wt% Ni/NbOPO4 (39.42 %), 30 wt% Ni/SiO» (24.24 %), 30
wt% Ni/Zr0O,-SiO (21.74 %), and 5 wt% Pd/Al,03 (18.36 %). However,
the next peak on the DTG curves, denoting oxidation temperatures in the
range 420 °C — 560 °C for 30 wt% Ni/NbOPO4 and 30 wt% Ni/SiO,
catalysts, 380 °C-450 °C for 30 wt% Ni/ZrO,-SiO», and 414 °C-560 °C
for 5 wt% Pd/Al,03 were due to coke burn-off. The resultant coke yields
from the different catalysts decreased in the following order: 0.62 wt%
(30 wt% Ni/NbOPO4) > 0.49 wt% (5 wt% Pd/Al;03) > 0.2 wt% (30 wt
% Ni/Zr0»-SiOs) > 0.17 wt% (30 wt%v Ni/SiO,). The coke contents
were considerably low, indicating potential minimal catalyst deactiva-
tion from coke formation.

In addition to the strength of the acid sites of 30 wt% Ni/NbOPQO4
(Table 2), it also possessed larger surface area than the other catalysts
(Table 1); hence, the strong acid sites of NbOPO4 caused excessive C-C
coupling, condensation, and dehydrogenation reactions [32], which are
pathways to coke formation.
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3.4.2. Coke formation on spent catalysts used during the one-pot approach

Fig. 9 shows the TG and DTG curves of the spent catalyst from the
one-pot approach, which combined aldol condensation and HDO in one
reactor, without first stage sampling. Again, as mentioned in Section
3.3.1, based on the DTG curves, the volatilisation and combustion peak
in the temperature range 50 °C-352 °C indicated the residues of various
hydrocarbon compounds, particularly polyaromatics, that were retained
in the recovered catalyst. However, the second peak region, temperature
range 352 °C-656 °C for NbOPO4 and 352 °C-625 °C for the Ni-
supported on NbOPO, catalysts, corresponded to weight loss from
coke burn-off.

In comparison to 1.83 wt% coke yield observed when NbOPO4
catalyst was utilised, the incorporation of 10 wt% Ni decreased the coke
yield to 1.63 wt%, representing about 11 % reduction in coke formation,
while 30 wt% Ni produced further reduction of coke to 1.59 wt%. By
adding Ni metal to the NbOPOy, the amount of coke formed became
lower, which could extend the lifespan of catalysts. This theory is sup-
ported by the large concentration of polyaromatic hydrocarbons, such as
triphenylene, phenanthrene, and naphthalene, in the liquid product
obtained when undoped NbOPO4 was used. Notably, compared to the
two-pot method (Fig. 7), coke yield in a one-pot approach was signifi-
cantly higher by more than twofold. The coke from the one-pot approach
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also combusted at a higher temperature indicating that it contained
much more condensed coke.

3.5. Gas products

The presence of hydrogen, CO, CO5 and C;-C4 alkanes and alkene
gases indicated that in addition to C-C coupling and HDO reactions in
the liquid phase, a wide range of other reactions occur. The results for
both two-pot and one-pot systems are shown in Table 5. For the two-pot
system, the gas yield increase in the same order as the coke yield (Fig. 8),
conversion of cyclohexanone, and the selectivity towards hydrocarbons
(Table 4). The higher amount of CO plus CO; in the produced gas for the
two-pot in the presence of 30 wt% Ni/NbOPO, catalyst was an indica-
tion of superior HDO activity than 5 wt% Pd/Al>,03 and 30 wt% Ni/SiO»
catalysts. CO, CO9, and Hy0 have been reported as products of oxygen
removal via HDO [42].

The gas product obtained when 5 wt% Pd/Al;O3 catalyst was used
for the hydrogenation of the adducts were dominated by alkanes, con-
firming that the Pd promote hydrogenation of olefins. In contrast, 30 wt
% Ni/SiO5 and 30 wt% Ni/NbOPO, catalyst produced both light alkanes
and alkenes gases. The gas formation pathways seem similar between
the one-pot and two-pot approached but the latter produced more gas
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catalyst loading.

Table 5
Compositions of gas products obtained from two-pot reactors and one-pot re-
action approaches.

Produced Two-pot reactors One-pot reactor
gases 30wt 30wt%  5wt% NbOPO, 10wt% 30 wt%
% Ni/ Ni/ Pd/ Ni/ Ni/
SiO, NbOPO4 Al,03 NbOPO4 NbOPO4

CH4 (Wt%)  2.55 0.55 1.74 2.86 0.35 0.60

CoHy (wt 0.02 0.024 0.00 0.75 2.96 0.27
%)

CoHg (Wt 0.09 2.31 0.09 2.47 1.25 2.21
%)

C3Hg (Wt 0.01 0.019 0.00 0.28 0.32 0.16
%)

C3Hg (wt 0.07 0.11 0.98 1.81 0.22 0.31
%)

C4Hg (wt 0.001 0.01 0.00 0.92 0.03 0.07
%)

C4Hyp (wt 0.01 0.081 0.07 0.94 0.43 0.34
%)

CO (wt%) 0.67 1.56 2.85 0.88 0.00 2.95

COy (Wt%)  0.47 3.79 2.05 1.48 10.1 4.90

Total gas 3.87 8.45 7.77 12.4 15.6 11.8
yield (wt

%)

than the former, when comparing the gas yields obtained from the use of
30 wt% Ni/NbOPQy, in both cases.

3.6. Overall mass balances

After cooling the reactor to room temperature at the end of each
experiment, the gas product was sampled into a 1 L Tedlar gas bag and

(Mt — M, — Mcat) + MassofvolatilesfromTGAofusedcatalyst

Liquidyield, wt% =
1quicyteld, weto Massofcyclohexanonefeed

analysed on a gas chromatograph capable of separating and quantifying
both permanent gases and C;-C4 hydrocarbon gases. The permanent
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gases (Ha, N3, O3, CO and CO3) were detected with a thermal conduc-
tivity detector (TCD) while the hydrocarbon gases (methane, ethene,
ethane, propene, propane, butenes and butane) were detected with a
flame ionisation detector (FID). The chromatographic conditions used
for the analysis of gas products have severally been published by the
authors [5,39]. The yield of each detected gas component was obtained
from ideal gas equation based on the reactor headspace volume and the
final pressure of the cooled reactor.

For each experiment, the total yield of gas product was calculated
from equation (3).

> massofgascomponents
Massofcyclohexanonefeed

Gasyield, wt% = 3

After discharging the gas product, the total mass of the reactor and its
remaining contents (glass wool, used catalyst, solid product and liquid
product) was recorded. The total solid product from each experiment
was obtained from two sources; (a) those mixed with the liquid product
and recovered by vacuum filtration and (b) as coke on the used catalyst
determined by TGA (Section 3.4, with mass losses above 450 °C in Fig. 8
and Fig. 9). Therefore, the solid residue yield was calculated by equation

4.

Massofsolidrecoveredbyfiltration + massofcoke
Massofcyclohexanonefeed

Solidresidueyield, wt% =
4

The mass of liquid product from each experiment was determined from
the mass of gas-free reactor contents (M), the mass of solid products
(Mgp), the mass catalyst (Mcat) and the mass of volatiles released from
the catalysts below 400 °C during TGA. The yield of liquid product was
calculated by equation (5).

)

Table 6 presents the yields of gas, liquid and solid products from each
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Table 6
Yields of products and mass balances for one-pot and two-pot reaction systems.
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Catalyst Reactor system Temperature (°C), time (h) Solid (wt%) Gas (wt%) Liquid (wt%) Balance (wt%)
NbOPO4 Two-pot, 1st stage 160, 3 0.64 + 0.16 3.39 £0.21 93.6 + 1.80 97.6 +1.70
30 wt%Ni/NbOPO4 Two-pot, 2nd stage 300, 3 0.62 £ 0.11 8.51 £0.17 86.2 £ 1.45 95.2 + 1.44
30 wt%Ni/SiOy Two-pot, 2nd stage 300, 3 0.17 + 0.02 3.91 +£0.11 92.3 +1.22 96.4 + 1.23
30 wWt%Ni/ZrO,-SiO, Two-pot, 2nd stage 300, 3 0.20 + 0.02 3.94 + 0.08 92.6 + 1.03 96.7 + 1.12
5 wt%Pd/Al;03 Two-pot, 2nd stage 300, 3 0.49 £ 0.04 7.83 £ 0.55 89.6 £ 0.76 97.9 +£1.17
NbOPO4 One-pot (160, 3), (300, 3) 1.83 + 0.10 7.06 + 0.26 86.0 + 0.88 94.9 + 0.96
10 wt%Ni/NbOPO4 One-pot (160, 3), (300, 3) 1.63 + 0.21 6.52 + 0.31 87.4 + 1.06 95.5 + 1.54
30 wt%Ni/NbOPO4 One-pot (160, 3), (300, 3) 1.59 + 0.18 6.18 + 0.43 87.8 + 0.96 95.6 + 1.08

experiment, along with the mass balance closures of greater 95 wt% or
greater. The generally low standard deviations confirm the reproduc-
ibility of the experimental procedure used in this work. The liquid
products dominated the reaction products in all cases with liquid yields
of more than 86 %, followed by gas products. Substantial gas yields were
obtained from the experiments involving NbOPQO,, the Ni-doped
NbOPO4 and the 5 wt% Pd/Al;Os. The NbOPO,4 and its doped ana-
logues produced the largest yields of solid products, with the one-pot
system being more prone to char formation than the two-pot system.

3.7. Preliminary study on the effect of bio-oil components on
cyclohexanone conversion

While cyclohexanone can be quantitatively produced from the hy-
drogenation of phenolic compounds in lignin-derived bio-oils, its
isolation before further conversion to sustainable hydrocarbon fuels
would increase processing costs. In this part of the work, preliminary

Table 7

Effect of bio-oil on cyclohexanone product yields, conversion and selectivity of
C-C coupling products at 160 °C, 9 g cyclohexanone, 1 g bio-oil, 0.5 g NbOPO4
catalyst loading, and 10 bar initial hydrogen pressure.

Product yields (Two Pot — 1%t Stage), CYC CYC + 10 wt CYC + 10 wt
160 °C (3 h) % Bio-oil A % Bio-oil B
Liquid (wt%) 93.6 + 99.4 + 1.63 98.2 +1.38
1.80
Gas (wt%) 3.39 + 0.04 + 0.19 0.1 +0.32
0.21
Solid (wt%) 0.64 + 0.35+£0.13 0.4 +£0.17
0.16
Product yields (Two Pot — 2nd Stage), CYC CYC+ 10wt CYC+ 10wt
300 °C (3 h) % Bio-oil A % Bio-oil B
Liquid (wt%) 86.3 + 87.7 £1.22 90.5 £+ 0.87
1.45
Gas (wt%) 8.51 + 1.36 &+ 0.30 0.84 +£0.18
0.17
Solid (wt%) 0.62 + 5.25 + 0.41 5.48 +0.23
0.11
Product yields (One Pot — 2 Stages), CYC CYC+10wt CYC+ 10wt
160 °C (3 h), then 300 °C (3 h) % Bio-o0il A % Bio-o0il B
Liquid (wt%) 87.8 + 90.6 + 1.27 93.7 £ 0.82
0.96
Gas (wt%) 6.18 + 1.45 + 0.14 0.50 + 0.28
0.43
Solid (wt%) 1.59 + 4.60 + 1.04 3.20 £ 0.83
0.18
Conversion and liquid compositions CYC CYC+ 10wt CYC+ 10wt
(Two Pot — 1st Stage), 160 °C (3 h) % Bio-oil A % Bio-oil B
Cyclohexanone conversion (%) 68.4 + 32.0 £1.73 15.0 £ 1.44
2.21
Sel. (%) of No C-C oxygenated 0.0 + 0.0 £ 0.0 6.71 + 0.85
condensates 0.0
Sel. (%) of Single C-C oxygenated 59.2 + 62.2 + 2.37 92.5 + 1.93
condensates 2.63
Sel. (%) of 2 + C-C oxygenated 28.3 + 0.9 £ 0.27 nd
condensates 2.81
Sel. (%) of Hydrocarbons 11.9 + nd 0.6 + 0.04
1.06

CYC = Cyclohexanone; Sel. = Selectivity; nd = not detected.
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tests have been carried out by reacting cyclohexanone in the presence of
two different bio-oil samples at 10 wt% each. Compared to literature
[15-17]1, which showed > 96 % cyclohexanone yields from lignin-
derived bio-oils, the choice of 10 wt% bio-oil addition should provide
measurable effects of these bio-oils on C-C coupling of cyclohexanone in
these preliminary tests. The reactions were studied under hydrogen at-
mosphere and the same experimental conditions used for pure cyclo-
hexanone. The compositions of the mixed feedstocks (9:1 mass ratios of
cyclohexanone to each bio-0il) were determined by GC-MS
(Supplementary Information Tables S7 and S8).

Table 7 shows the results of the aldol condensation (first) stage at
160 °C in the presence of the two bio-oil samples using NbOPO4 (two pot
— two stages) and 30 wt% Ni/NbOPO4 (one pot — two stages). The results
of cyclohexanone alone at this stage has been repeated in Table 7 for
ease of comparison. The product yields showed that during the first
stage of the two-pot system, the mixed liquid feedstocks remained
largely unchanged, with the reaction producing very small amounts of
solid and gas products, compared to when cyclohexanone was reacted
alone. At 300 °C, for both systems, liquid products from the mixed
feedstocks remained dominant (> 90 wt%) and somewhat similar to that
of pure cyclohexanone. However, significant differences could be
observed in the yields of gas and solid products with the mixed feed-
stocks compared to only cyclohexanone for both systems. With cyclo-
hexanone alone, much more gas than solid residue was produced at all
temperatures, whereas for the cyclohexanone/bio-oil mixtures, much
more solid residues that gas products were obtained. Therefore, the
presence of the bio-oil influenced increased formation of solid residue
and suppressed gas formation.

From GC-MS analysis, it became clear that the presence of bio-oil
significantly reduced the conversion of cyclohexanone during the first
stage (160 °C, 3 h) from 68.4 % for pure cyclohexanone feedstock to 32
% for Bio-oil A and 15 % for Bio-oil B as shown in Table 7. This could be
due to two reasons: (1) the organic compounds in the bio-oil and
cyclohexanone competed for the NbOPO4 catalyst’s acid sites; (2) poor
volatilisation effects caused by the presence of higher boiling point
components in the bio-oils (e.g., phenol BP =181.7 °C vs cyclohexanone
BP = 155.6 °C), thereby, preventing the cyclohexanone vapour to reach
the suspended catalyst bed.

The results of second stage two-pot reaction and one-pot sequential
aldol condensation with 30 wt% Ni/NbOPO, are shown in Fig. 10. After
reaction, the conversions of cyclohexanone for cyclohexanone/bio-oil
feedstock were 98.4 % (two-pot and Bio-oil A), 85.3 % (two-pot and
Bio-0il B), 94.3 % (one-pot and Bio-o0il A), and 81.7 % (one-pot and Bio-
oil B) compared with 99 % obtained for pure cyclohexanone with the
same catalyst (Sections 3.2.2 and 3.3). Therefore, the presence of
different bio-oil components in the mixed feedstocks reduced the con-
version of cyclohexanone. Hence, possible competition for acid and
metal sites could have led to a considerable decrease in selectivity to-
wards naphthene, alkyl naphthene, alkyl aromatic, and partially hy-
drogenated polyaromatic for cyclohexanone/bio-oil feedstock. For two-
pot sequential aldol condensation and HDO, the selectivity towards the
different classes of hydrocarbons gave a similar pattern to conversion,
particularly for naphthene, alkyl naphthene, and partially hydrogenated
polyaromatic (Fig. 10a). However, in the one-pot system, the selectivity
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NbOPO4, 300 °C, initial hydrogen pressure 10 bar, and time of 3 h; (b) One-pot aldol condensation (160 °C for 3 h) followed by HDO (300 °C for 3 h) using 0.5 g 30
wt% Ni/NbOPO, catalyst at 10 bar initial hydrogen pressure [note: CYC = cyclohexanone].

for naphthene followed the trend of pure CYC > CYC + 10 wt% Bio-oil B
> CYC + 10 wt% Bio-oil A, whereas the selectivity for alkyl naphthene
and partially hydrogenated polyaromatic was similar with the pattern
reported in the two-pot process (Fig. 10b). Thus, Bio-oil B produced a
stronger effect on the conversion of cyclohexanone than Bio-oil A.
Overall, the presence of bio-oil greatly inhibited the production of pol-
yaromatic hydrocarbons during the aldol condensation and HDO stages
when compared to cyclohexanone alone as the feedstock.
Interestingly, for the cyclohexanone/bio-oil feedstocks, single C-C
adduct oxygenate products exhibited greater selectivity than for cyclo-
hexanone alone, while the production of 2 + C-C oxygenated conden-
sates and hydrocarbons were significantly decreased. In comparison to
cyclohexanone alone as feedstock, the selectivity towards C-C adduct
condensation oxygenate products was significantly higher with
cyclohexanone/bio-oil feedstocks. Fig. 10 shows that most of the
oxygenate products are C-C coupled adducts, demonstrating the ability
of the 30 wt% Ni/NbOPOy4 to concurrently activate C-C coupling during
second stage at 300 °C, even in the presence of bio-oil. However, the
presence of the bio-oils and their components greatly suppressed the
sequential deoxygenation and dehydration of C-C adducts to form hy-
drocarbons during second stage, compared to results with
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cyclohexanone alone. Therefore, future studies with cyclohexanone/
bio-oil feedstocks should consider the optimisation of reaction temper-
ature in the aldol condensation stage and the optimisations of reactor
configuration, metal loading on the NbOPO4 and/or hydrogen pressure
during the second stage to achieve the required HDO level to produce
hydrocarbons.

4. Conclusion

Aviation fuel range hydrocarbons can be synthesised using platform
compounds produced from lignocellulosic biomass. This is viewed as an
approach to incorporate low carbon alternatives and decarbonise the
industry. Since the carbon length of these biomass-derived platform
molecules are short (C3-Cs), to increase the density and thermal stability
of the potential aviation fuel would require a catalyst that can activate C-
C coupling reactions. For carbon-chain elongation to be realised, aldol
condensation and alkylation are basic C-C coupling processes.

In this present work, aviation fuel high density fractions such as
mono-cycloalkanes, bi-cycloalkanes, and alkyl aromatics hydrocarbons
have been produced through self-aldol condensation of cyclohexanone
using NbOPOy catalyst followed by hydrodeoxygenation with 30 wt%
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Ni/NbOPOy, 5 wt% Pd/Al;03, 30 wt% Ni/SiO, and 30 wt% Ni/ZrO,-
SiO; catalysts with two-pot reactors. Among the catalysts investigated, it
was found that 30 wt% Ni/NbOPO4 gave superior activity, achieving
cyclohexanone conversion of about 99 % and hydrocarbons selectivity
of 94 %, followed by 5 wt% Pd/Al;03 98.4 % (conversion) and 72 %
(hydrocarbons), and 30 wt% Ni/ZrO,-SiO, exhibited poor hydro-
deoxygenation activity. The superior catalytic activity of NbOPOy is
related to its high number of surface sites maintaining acid character-
istics and higher specific surface area. The results show that more
alkylated cycloalkanes and aromatic were produced when 30 wt% Ni/
NbOPO, catalyst was used in the hydrodeoxygenation phase compared
to 5 wt% Pd/Al,Os5 catalyst. The hydrogenation functionality of Ni metal
incorporated into NbOPO4 converted polyaromatic hydrocarbons into
partially hydrogenated polycyclic products. However, more coke, and
gas (especially, CO and CO;) yields were observed for 30 wt% Ni/
NbOPO4 than 5 wt% Pd/Al»0j3 catalyst, possibly due to the stronger acid
sites of the NbOPO,4 than Al;O3. The 30 wt% Ni/NbOPOy catalyst pro-
duced similar results, in terms of liquid yields and compositions, in a
one-pot two-step system, albeit, with slightly higher coke formation.
When reacted with 10 wt% bio-oil, the conversion of cyclohexanone via
aldol C-C coupling at 160 °C was significantly reduced, but this
improved and became highly selective for single C-C coupling oxygen-
ates at 300 °C. In addition, the bio-oils inhibited the formation of hy-
drocarbons compared to pure cyclohexanone at 300 °C, by preventing
deoxygenation and dehydration reactions of the C-C coupled oxygen-
ates. Consequently, these results showed that the optimisation of reac-
tion temperature during the aldol condensation stage should be given
sufficient consideration in future study involving cyclohexanone/bio-oil
feedstock. This work has shown the feasibility of producing high-density
aviation fuel component hydrocarbons from biomass-derived cyclo-
hexanone by integrating aldol condensation and hydrogenation. How-
ever, the novel NbOPO4-supported Ni catalyst requires fine tuning of the
surface characteristics to minimise the formation of polyaromatic hy-
drocarbons but instead enhance the selectivity towards aviation fuel
range naphthenes and alkylated aliphatic hydrocarbons.
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