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Abstract

Developing biomass-based strategies for liquid bio-fuels production is promising for the reduction of the aftereffects of fos-
sil fuels. The conversion of lignin-derived intermediates such as cyclohexanone is currently of a great deal of interest. The
current study aims to evaluate the molybdenum-based hydrotreating catalysts for the conversion of cyclohexanone in the
presence of hydrogen. Catalytic experiments at 400 °C, 15 bar, and a range of WHSV were developed. The experiments reveal
that catalyst type and reaction WHSYV affect the cyclohexanone conversion, product distribution, deoxygenation efficiency,
total hydrocarbon production capacity, and heating value of the product blend. The main products include C cyclic and
aromatic hydrocarbons and oxygenates. Cyclohexane, cyclohexene, benzene, cyclohexanol, and phenol are major products.
Small quantities of methylcyclopentane and bicyclic hydrocarbons and oxygenates are also reported in some cases. Increasing
WHSYV reduced the cyclohexanone conversion. Cyclohexanone conversions up to 89% were observed at the lowest WHSVs
over a cobalt-molybdenum sample. The highest hydrocarbon production capacity (99.53%) was managed at WHSV =5.240
Zcyclohexanone/ Ecat 1 OVET @ cobalt-molybdenum sample, while the highest deoxygenation efficiency, i.e. 81.29% degree of
deoxygenation and 5.35 C/O ratio enhancement were achieved at WHSV =0.262 g ¢;snexanone/ 8car It bY @ nickel-molybdenum
sample. The heating values would be enhanced by up to 22.7% when cyclohexanone is converted over the utilized catalysts.
The larger heating value (44.90 MJ/kg, 22.7% enhancement) was obtained over a nickel-molybdenum catalyst, which is
comparable to the energy density of the conventional fuels. The results reveal that the catalysts are efficient in the conversion
of cyclohexanone to liquid bio-fuels.
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1 Introduction

Over the past few years, the utilization of nonrenewable
resources such as fossil hydrocarbons has been considered
a global concern. The reduction of fossil sources, ascend-
ing global demand for energy carriers and chemicals,
environmental defects, and climate change have caused
such a concern [1-4]. In this regard, significant efforts
for the production of energy carriers, as well as chemi-
cals, from sustainable and renewable sources have been
gaining momentum [4-8]. The main avenues to succeed
in producing renewable and sustainable fuels and chemi-
cals are based on the utilization of biomass. Biomass is
an outstanding alternative owing to its carbon neutrality,
wide availability, and low cost [5, 7-12]. The conversion
of lignocellulosic biomass is currently a major trend.
Lignocellulose is the most abundant non-edible biomass
source with high potential to produce various biocompat-
ible liquid fuels and chemicals [4, 13, 14]. Pyrolysis is an
efficient process to obtain bio-oil through the conversion
of lignocellulosic components, i.e. cellulose, hemicellu-
lose, and lignin [12, 15, 16]. Lignin is made up of aromatic
components and is a promising source for the production
of liquid fuels and chemicals [4, 17-21]. However, the
bio-oil derived from lignin is unstable, acidic, and rich in
oxygenated compounds with a low thermal value (approxi-
mately half the value of fossil fuels) [2, 3, 22-24]. Hence,
gasoline-type and jet-fuel range liquids, as well as the
octane boosters, can be produced through the upgrading of
the lignin-derived bio-oils [23, 25-29]. To do so, hydrode-
oxygenation (HDO) by employing metal-based acidic cata-
lysts under the hydrogen atmosphere is currently an effec-
tive process [2, 3, 30-32]. Significant efforts have been
devoted to evaluating highly active and selective catalysts
for upgrading the lignin-derived model compounds to
hydrocarbon liquid fuels. The catalysts that are made up of
noble metals (such as palladium, platinum, and ruthenium)
and non-noble metals (such as nickel, cobalt, and molyb-
denum) are various types of catalysts that were employed
for the HDO process. Lignin-derived compounds bearing
hydroxyl and/or methoxy oxygen functional groups such
as phenols, anisoles, and guaiacols, eugenols, and vanil-
lyl alcohol are well investigated in the previous studies
[3, 33, 34]. Lignin-derived bio-oils, as well as the major
portion of the products of the HDO of phenols, anisoles,
and guaiacols, include ketonic (C =0O) functional group
[2, 3, 35, 36]. The products of the process contain also the
saturated ring and C = O functional group. The HDO of
cyclic compounds incorporating ketonic oxygen groups
such as cyclohexanone [37-43] is not well investigated.
Hence, the HDO of cyclohexanone to produce fuel-range
products is currently state of the art.
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In this regard, the HDO of cyclohexanone was investi-
gated on Pt/HZSM-5 catalysts by Alvarez et al. [44]. The
main observed products included six-carbon cyclic hydro-
carbons, twelve-carbon bicyclic hydrocarbons, and tricy-
clic ketones. Comprehensive reaction schemes were also
proposed for the formation of such products [44]. The con-
version of cyclohexanone to cyclohexylcyclohexanone on
Pd/faujasite catalysts was investigated by Silva et al. [45].
They reported aldolisation, dehydration, and hydrogena-
tion reactions when the synergy of metallic (0.1-0.5 wt.
% of Pd) and acid functions (Si/Al ratio of 5-100) was
evaluated. Utilizing the unsupported Ni-W sulfided cata-
lysts in the HDO of cyclohexanone led to the formation
of cyclohexene with high selectivity [46]. Based on the
observations of Nimmanwudipong et al. [37], the HDO
of cyclohexanone on Pt/y-Al,Oj; catalyst proceeds toward
the generation of mono/bicyclic hydrocarbons as well as
the oxygenated bicyclics. Accordingly, a complex reaction
path including hydrogenation/dehydrogenation, dehydra-
tion, isomerization/alkylation, and aldol condensation is
responsible for the conversion of cyclohexanone to such
classes of products on Pt/y-Al,O; catalyst. In a further
study from this research group, Runnebaum et al. [38] clas-
sified the reactions that are responsible for oxygen removal
and those that resulted in the formation of oxygenated
compounds. The products of these two groups included
six-carbon cyclic hydrocarbons (benzene, cyclohexane,
and cyclohexene) and oxygenates (cyclohexanol, cyclohex-
enone, and phenol), respectively. Based on the observa-
tions of Prasomsri et al. [47], molybdenum trioxide, i.e.
MoO; was an efficient catalyst for the hydrogenolysis of
the carbonyl group and further production of cyclohex-
ene, benzene, and biphenyl. Kong and colleagues [48-50]
examined the capability of ZSM-based Ni catalysts for the
HDO of cyclohexanone. They also investigated the effect
of alkali-treating and the type and composition of binder
on the performance of the catalysts. The well-dispersed Ni
particles, well-defined mesoporosity, and proper proceed-
ing of the reaction path toward the desired products were
achieved by adjusting these parameters. The kinetic study
of the HDO of cyclohexanone at the low conversions on
Pt/y-Al,O; catalyst was conducted by Saidi et al. [39].
Their results indicated that the reaction system includes
hydrogenation, dehydrogenation, hydrodeoxygenation,
dehydration, and condensation. They employed pseudo-
first-order rate expressions to the collected experimental
data. A similar study was then conducted by utilizing the
sulfided cobalt-molybdenum (CoMo) catalyst by Saidi and
Jahangiri [26].

Despite the fact that some synthetic and commercial
catalysts have been hitherto evaluated for the HDO of
cyclohexanone, there is still room for improvement and
investigation of this process. To do so, the catalysts based
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on molybdenum and promoted by nickel (NiMo) and cobalt
(CoMo) are of great commercial interest. These catalysts
are well-considered for the hydrotreating reactions and
upgrading of other lignin-derived compounds [51-60]. As
far as the authors know, the lack of a rigorous comparison
to select an optimum commercial hydrotreating catalyst for
the conversion of cyclohexanone to fuel-range products is
still felt. Accordingly, the present contribution aims to char-
acterize and compare the conventional alumina-supported
hydrotreating NiMo and CoMo catalysts for the conversion
of cyclohexanone to fuel-range products. The experiments at
mild reaction temperature and pressure, which correspond to
higher conversion and product yield, and a range of reactant
to catalyst ratio, are conducted.

2 Experimental
2.1 Catalyst Characterizations

The provided catalysts, as well as their suppliers and appear-
ance, are summarized in Table S1 in the Supporting Infor-
mation. To determine the active phases, acidity, particle
dispersion, and textural properties of the catalyst samples,
characterization techniques including X-ray diffraction
(XRD), temperature-programmed reduction of hydrogen
(H,-TPR), temperature-programmed desorption of ammonia
(NH;-TPD), energy-dispersive X-ray spectroscopy (EDXS),
and N, adsorption and desorption were employed.

A Bruker D8 Advance powder X-ray diffractometer
with a Cu-Ka monochromatizer (40 kV, 40 mA) was
employed to extract the XRD of 26 =5°-80° with 0.02°
step sizes. The H,-TPR spectra and the reduction states of
the samples were determined by employing NanoSORD
NSO91 (Sensiran). The experiment included sample weight-
ing (~50 mg), placing in the U-shaped reactor, heating
up to 300 °C (10 ml/min) by helium steam, degassing,
cooling to room temperature, and heating (10 °C/min) up
to 900 °C by a hydrogen-containing stream (10 ml/min,
5% H,, 95% Ar). The output stream was then analyzed by
a thermal conductivity detector (TCD). NH;-TPD spectra
and the acidity of the samples were determined by the
same apparatus. The experiments included a degassing
procedure similar to that of the H,-TPR experiment, satu-
rating by NH; (5%) at 120 °C, and heating up to 750 °C
(10 °C/min) by pure helium stream. The output stream was
then analyzed by the TCD. Metal dispersion was scanned
by TESCAN-Vega 3 with a 5 kV accelerating voltage.
ASAP-2020 of Micromeritics was employed to collect N,
adsorption and desorption isotherms at 77 K. The range of
measurements includes p/p,=0.001-0.999. To determine
surface area, pore volume, and pore size distribution, the

well-known Brunauer—Emmett—Teller (BET), Langmuir,
t-plot, and Barret-Joyner-Halenda (BJH) methods were
employed.

2.2 Catalytic HDO of Cyclohexanone

The utilized reaction system for the catalytic HDO experi-
ments was Microactivity-reference, PID Eng & Tech. The
apparatus and the experimental procedure is well intro-
duced in the previously published works [39, 41, 51, 52,
61-65]. In summary, the apparatus involves an upstream
pre-evaporator, mixing chamber, a one-way stainless-steel
tube (30.5 cm length and 0.9 cm diameter) employed as
the fixed catalyst bed, an electric heating jacket, a down-
stream catalyst fines filter (10 pm), a pressure transducer,
and control valve. The instruments are located in a box
that is heated by a forced convection heater. Hence, the
condensation of vapor-containing streams in the lines is
prevented.

The typical experiments included weighting cata-
lyst and loading in the tube, the pressurizing system to
15 bar total pressure with hydrogen (99.999%), heating
to the reduction temperature (400 °C), 1 h in-situ catalyst
reduction under hydrogen stream (6 L/h), and injection of
the reactant mixture (3 wt.% cyclohexanone, 0.97 wt.%
n-decane) with the desired flow rate (~0.1 mL/min) by a
Gilson, 307 HPLC pump. The injected reactant mixture
was then evaporated and blended with the hydrogen stream
and was then sent to the catalyst fixed-bed. The discharged
stream was then cooled by employing a counter-current
condenser (— 2-0 °C) and the condensed liquid collected
(2 h) for the analysis. More details of the experimental
procedure could be found elsewhere [40—42]. The weight
hourly space velocity (WHSV) was determined by adjust-
ing the reactant mixture flowrate and catalyst weight.
Hence, the WHSV and hydrogen-to-cyclohexanone molar
ratios were 0.262-5.389 g yciohexanone/8car N and ~ 1400,
respectively.

The collected product was analyzed qualitatively and
quantitatively by a gas chromatograph-mass spectrometer
(GC-MS, Agilent 7890B) equipped with an HP-5 ms capil-
lary column. More details of the analysis procedure could be
found elsewhere [40—42]. The conversion of cyclohexanone,
product selectivity, product yield, the degree of deoxygena-
tion (DDO%), and C/O Ratio Enhancement (C/O RE) are
determined by Equations S1-S5 [66—70] of the Supporting
Information. Furthermore, to assess the capability of the
final blend as a potential fuel, higher heating values (HHV)
of the lignocellulosic materials are estimated by Equation
S6 [71]. Lower heating values (LHV) are then estimated by
Equation S7 [72]. In Equations S1-S7, n and wt denote the
number of moles and weight percent, respectively.
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3 Results and Discussion
3.1 Catalyst Characterizations

The results of EDXS elemental analysis, as well as ele-
ments distributions of the catalyst samples, are tabulated
in Table 1. It is worth mentioning that each reported quan-
tity is the average of 3 consecutive scans of three different
areas. The distributions of the elements are also presented
in Figures S1-S4 in the Supporting Information. As sum-
marized in Table 1, the whole catalysts are molybdenum-
based with smaller quantities of either cobalt or nickel as
the promoter. The ratio of the promoter (either nickel or
cobalt) to molybdenum is in the range of 0.080-0.208.
Figures S1-S4 confirm that the whole particles are well
distributed.

The XRD spectra of the alumina-supported CoMo and
NiMo catalysts are depicted in Fig. 1. The wide peaks
that are observed at 20 =~ 46°-47° and 20 ~ 67°-68° in
the whole samples characterize the cubic aluminum oxide.
The weak peaks that are observed at 20 =~ 44°, 52°, and 76°
of CoMo samples characterize the cobalt oxides. The weak
peaks of 20 ~ 38° and 65° of NiMo samples characterize
the nickel oxides. The molybdenum oxides of CoMo sam-
ples are characterized by the observed peaks at 20 = 41°,
59°, and 74°. However, the peaks at ~ 27°, 30°, 42°, 57°,
and =~ 75° in NiMo samples characterize the molybdenum
oxides. Li et al. [73] reported that the observed peaks in
the range of 20 =20°-35° of the CoMo catalyst are iden-
tified as CoMoO, crystallites. Similar observations were
also reported by Van Venn et al. [74] and Jiang et al. [75].
It is also worth noting that the peaks of ~ 27-28° of NiMo
samples might be due to the formation of the $-NiMoO,
phase. Such a behavior, on the other hand, occurs in the
case of overloading nickel and molybdenum instead of
their distinct monolayer dispersions. Such behavior was
also reported and discussed in previous publications [76,
77]. Owing to the low concentration, well dispersion, and
small size of cobalt and nickel particles, the weakly associ-
ated peaks were obtained. Such behavior was also reported
in the previous studies dedicated to NiMo [78-81] and

Table 1 Catalysts elemental composition, acidity, and H, uptake
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Fig.1 XRD spectra of the examined hydrotreating catalysts

CoMo [82, 83] catalysts. The wt.%, as well as well particle
distribution, were obtained by EDXS and mapping analy-
sis (Table 1 and Figures S1-S4).

Figure 2 depicts the results of H,-TPR experiments.
Moreover, the obtained hydrogen uptakes are presented
in Table 1. As per Fig. 2a, the sharp peaks observed at
300-600 °C are identified as Mo%* to Mo** species that
occur in amorphous multilayered molybdenum oxides or
the dispersed octahedral polymeric structures made up of
molybdenum [73, 84, 85]. Cordero et al. [84] reported that
these structures often occur in the synthesis conditions of
neutral pH. This peak is observed in all of the samples. It
would be interesting to note that shifting this low-temper-
ature peak to the higher temperatures in different samples
attributed to the stronger interaction of molybdenum oxides
with the support [73]. The second peak of CoMo samples
at 550-670 °C is generally obtained as a result of the ini-
tial reduction of cobalt-molybdenum spinels of CoMoO, to
Co,Mo0,04 [73, 86]. The reduction of small quantities of
the dispersed NiO species in NiMo catalysts is character-
ized by the small overlapped peaks obtained in the range of
520-690 °C. These particles are weakly bound to the sur-
face of the alumina support [87, 88]. Further increase of

Catalyst Ni (wt.%) Co (wt.%) Mo (wt.%) (Ni+Co)/Mo (=) Al (wt.%) O (wt.%) Acidity (pmol  H, uptake
NH3/nglysl) (pmol/
Seatalyst)
DC 130 CoMo - 3.16 15.21 0.208 34.30 47.33 1207.7 2500.8
HDS 16A CoMo - 2.33 12.49 0.187 33.46 51.72 1305.6 1804.6
TL 424 NiMo 1.14 - 14.27 0.080 26.05 58.54 1339.3 2261.1
HDS 9A NiMo 1.54 - 17.88 0.086 26.18 54.40 1966.6 2622.3
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Fig.2 H,-TPR (a) and total hydrogen uptakes (b) spectra of the
examined hydrotreating catalysts

temperature up to 900 °C results in the gradual and sharp
increases in the hydrogen uptakes of NiMo and CoMo,
respectively. The gradual increase of NiMo samples arises
from the simultaneous reduction of Ni’* species that exist
in a spinel-type structure, deep reduction of the remaining
molybdenum species, and the reduction of the tetrahedral
molybdenum species that interact with alumina, strongly
[84, 87, 89, 90]. The sharp increase of hydrogen uptake in
the CoMo samples is also due to the total reduction of the
whole remaining molybdenum species. This step involves a
further reduction of as-reduced oxides at the lower tempera-
tures as well as the initial reduction of the alumina-Mo®*
strongly bounded species [73, 85, 90]. The results of total
hydrogen uptake that are depicted in Fig. 2b reveals that by
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Fig.3 NH;-TPD spectra of the examined hydrotreating catalysts

increasing the total concentration of catalytic species, i.e.
Ni+ Co+ Mo total hydrogen uptake increases. Larger quan-
tities of hydrogen are on the one hand required to reduce
the catalysts with larger concentrations of the catalytic spe-
cies. In a practical point of view, the quantity of consumed
hydroen in the catalyst pretreatement step is of process
importance. The obtained hydrogen uptakes of HDS 16A
CoMo, TL 424 NiMo, DC 130 CoMo, and HDS 9A NiMo
catalyst are 1804.63 pmol/g , iy 2261.13 pmol/g iy
2500.83 pmol/g 1y and 2622.3 pmol/g .,y respectively.

Figure 3 depicts the results of NH;-TPD tests. The acidi-
ties of the samples in terms of ammonia desorption capaci-
ties are also tabulated in Table 1. As per Fig. 3, all of the
samples are characterized by wide peaks at 150-350 °C,
which attributes to the weak acidic sites [70, 91]. The spectra
of TL 424 NiMo depict further gradual decay with increas-
ing temperature, which confirms the heterogeneity of the
strength of the acidic sites [80]. HDS 9A NiMo, HDS 16A
CoMo, and DC 130 CoMo catalysts are furthermore char-
acterized by the peaks at 450-700 °C. These peaks attribute
to the medium-to-strong acidic sites [70, 91]. The HDS 9A
NiMo sample exhibits a small peak at 350—400 °C, which is
identified as medium acidic sites [70, 91]. There exist peaks
(strong acidity) in the range of 650-700 °C in the spectra
of the HDS samples. Alumina support produces acidity in
the catalyst structure. Moreover, as reported by Damyanova
et al. [92] and Laine et al. [93], the presence of Mo®* spe-
cies generates high acidity on the catalyst surface. As dis-
cussed earlier, the presence of Mo®* species was confirmed
by H,-TPR experiments (Fig. 2). Hence, the differences in
the NH;-TPD patterns could be due to the different molyb-
denum and alumina concentrations (Table 1) [92, 93]. The
acidities of DC 130 CoMo, HDS 16A CoMo, TL 424 NiMo,
and HDS 9A NiMo samples in terms of ammonia desorption
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capacity are 1207.7 pmol NH3/g 1y 1305.6 pmol NHs/
eatalysts 1339.3 pmol NH3/g 1y and 1966.6 pmol NHs/
Leatalyst Fespectively. If we compare the compositions and
acidities of HDS 9A and TL 424 NiMo catalysts, It is
inferred that in almost constant nickel (1.14—1.54 wt.%) and
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Fig.4 Nitrogen adsorption/desorption isotherms (a) and pore size
distributions (b) of the examined hydrotreating catalysts

Table 2 Catalysts surface area, pore volume, and pore size

aluminum (26.05-26.18 wt.%) contents, increasing molyb-
denum content (14.27—17.88 wt.%) resulted in the consider-
able acidity increase (2261.1-2622.3 pmol NH3/g ,1ys)-
This reveals the role of molybdenum in the catalyst acidity.
Figure 4 depicts the collected adsorption/desorption iso-
therms of nitrogen at 77 K as well as the pore size distribu-
tions. As per Fig. 4a, the whole samples are identified by
Type IV isotherms of the [IUPAC classification. Reversible
Type H2 (previously named Type E) hysteresis loops are
also identified [94]. Such features attribute to the mesopores
bearing capillary condensation [94]. The narrow pore size
distribution of each sample is also confirmed by the results
of Fig. 4b. Accordingly, each catalyst offers pores with
overall identical sizes. The calculated pore sizes, surface
areas, and pore volumes of the samples are summarized in
Table 2. The average pore sizes of DC 130 CoMo, HDS 16A
CoMo, TL 424 NiMo, and HDS 9A NiMo samples are 74 A,
79 A, 79 A, and 105 10\, respectively. Moreover, the calcu-
lated BET surface areas of DC 130 CoMo, HDS 16A CoMo,
TL 424 NiMo, and HDS 9A NiMo samples are 224.4 m?%/ g,
137.1 m%/g, 145.0 m*/g, and 156.7 m?/g, respectively.

3.2 Catalytic HDO of Cyclohexanone

The CoMo and NiMo catalysts are comparatively evaluated
for the vapor-phase hydrodeoxygenation of cyclohexanone
at 400 °C and 15 bar reaction temperature and pressure and
WHSVs of 0.262-5.389 g, ciohexanone/Ecat N- The results of
cyclohexanone conversion, product distribution, DDO%,
and C/O RE are compared in this section. The complete
experimental data of the conversion, selectivity, yield, C/O
RE, and DDO% are reported in Tables S3 and S4 of the Sup-
plemental Information. The typical carbon balance for the
HDS 16A CoMo and HDS 9A NiMo samples are presented
in the Table S2 of Supporting Information. A major source
of the reported carbon balance deviations could be the car-
bon deposition on the catalyst surface.

The major common products of cyclohexanone HDO in
the presence of hydrotreating catalysts were cyclohexane,
cyclohexene, cyclohexanol, benzene, and phenol. Methyl-
cyclopentane was also observed in some cases. Cyclohexyl-
cyclohexanone and cyclohexylphenol were produced in the

Catalyst Surface area (m”/! 2) Volume (cm?/ 2) Pore
- - diameter
BET Langmuir t-Plot (pore) t-Plot (external) t-Plot (micropore) BJH ( A)
DC 130 CoMo 224.4 307.6 41.3 183.1 0.0169 0.4616 74
HDS 16A CoMo 137.1 187.9 24.9 112.2 0.0105 0.3682 79
TL 424 NiMo 145.0 200.1 17.3 127.7 0.0066 0.3912 79
HDS 9A NiMo 156.7 2153 28.6 128.0 0.0119 0.4622 105
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case of the HDS 16A CoMo catalyst. Bicyclohexyl and
cyclohexylbenzene were obtained by utilizing both NiMo
catalysts.

Producing high-octane fuels would be a consequent uti-
lization of cyclohexane, cyclohexene, benzene, and methyl-
cyclopentane processing. Cyclohexane and cyclohexene
are also commonly utilized to manufacture chemicals such
as adipic acid, caprolactam, hexamethylenediamine, and
the intermediates in the production of nylon. They may
be employed as the dilutants of the polymeric reactions
[95-102]. Benzene is widely utilized in manufacturing
chemical s such as ethylbenzene, cumene, nitrobenzene,
maleic anhydride, halogenated benzenes, and linear alky-
Ibenzenes [103]. Cyclohexanol can be employed in the
production of adipic acid and plasticizers, as a solvent, in
the laundry industry, and the preparation of paint or varnish
removers, insecticide, fragrance, and polish [104]. The pro-
duction of chemicals such as bisphenol-A, polycarbonates,
and epoxide resins, as well as molecular biology extrac-
tions, are of the major applications of phenol [105]. Multi-
cyclic compounds such as cyclohexylbenzene, bicyclohexyl,
cyclohexylcyclohexanone, and cyclohexylphenol are useful
in further jet-fuel processing and nylons manufacturing
[26, 106]. Based on the observed products, a lumped gen-
eral reaction network is sketched in Fig. 5. The formation of
each compound will be addressed in the following sections.

Figure 6 demonstrates the results of cyclohexanone con-
version as a function of reaction WHSV and catalyst type.
In the whole case, increasing WHSYV resulted in steadily
decreasing the conversion. This decrease in the conversion
could be explained by the increase in reactant content for a
fixed amount of catalyst. As WHSYV is defined as the ratio of
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cyclohexanone flowrate to the mass of catalyst, its increase
resulted in the larger quantities of cyclohexanone in the
vicinity of catalyst. Hence, the converted cyclohexanone
decreased. In the high-conversion region, i.e. low WHSV
(% 0.26 Zyciohexanone’ Ecar V) the whole catalyst led to almost
the same conversion. Accordingly, the conversion over DC
130 CoMo, HDS 16A CoMo, HDS 9A NiMo, and TL 424
NiMo catalysts are 89.04%, 87.87%, 87.77%, and 86.73%,
respectively. As the reaction temperature and pressure are
constant, conversion tends to the highest possible level
at this condition, i.e. chemical equilibrium by increasing
WHSYV. This might imply that the Gibbs free energy is at the
minimum level at this condition, where the multicomponent
system reaches chemical equilibrium. Further increase of
WHSYV demonstrates the superiority of NiMo catalyst over
CoMo ones in converting cyclohexanone. Sharp decays in
the conversion followed gradual changes are observed in
the whole cases. The most conversion decay with increas-
ing WHSV is observed in the case of the DC 130 CoMo
catalyst. As WHSYV increased approximately 20 times larger,
32.75%, 28.32%, 19.35%, and 25.44% reductions in conver-
sion were observed over DC 130 CoMo, HDS 16A CoMo,
HDS 9A NiMo, and TL 424 NiMo catalysts, respectively.
From a general point of view, catalyst composition, the ratio
of the promoter (either nickel or cobalt) to the major cata-
lytic species (molybdenum), acidity type and strength, and
the textural properties including active surface area and pore
volume affect the conversion differences.

Both catalyst type and reaction WHSV strongly influence
the rates of the involved reactions. Hence, by changing the
catalyst type and reaction WHSYV, the effective reaction rates
in the complex reaction system change significantly with dif-
ferent orders of magnitude. This would result in the qualita-
tive and quantitative alteration of product distribution. The
effect of WHSYV on the distribution of the major products
in the presence of HDS 16A CoMo, DC 130 CoMo, HDS
9A NiMo, and TL 424 NiMo catalysts are demonstrated in
Figs. 7, 8,9, 10. The results are compared in terms of selec-
tivity and yield.

The results of product selectivity and yield over the
HDS 16A CoMo catalyst are demonstrated in Fig. 7. The
major products obtained by employing this catalyst include
cyclohexane, cyclohexene, phenol, cyclohexanol, and
cyclohexylphenol. However, small quantities of cyclohexyl-
cyclohexanone were observed in some cases. Methylcyclo-
pentane and benzene were not observed in the experimented
conditions.

Based on the observed products, the reaction pathway
for the HDO conversion of cyclohexanone can be classified
into two routes, the first of which includes the formation of
C, cyclic compounds. The latter includes the formation of
C,, bicyclic compounds. Both routes may result in the for-
mation of deoxygenated products. The first route in detail
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Fig.7 Product selectivity (a) and yield (b) in the conversion of
cyclohexanone over HDS 16A CoMo catalyst

includes the hydrogenation of cyclohexanone to cyclohex-
anol on the metallic sites of the catalyst. Then, the dehy-
dration (or dehydroxylation) of cyclohexanol on the acidic
sites of the catalyst leads to the formation of cyclohexene.
Further hydrogenation of cyclohexene on the metallic sites
generates cyclohexane. The direct dehydrogenation of
cyclohexanone on the metallic sites produces phenol. The
characterization results addressed in the previous sections
proved the presence of both metallic and acid sites in the
catalyst structure. Alvarez et al. [44] discussed the trans-
formation of cyclohexanone on metallic and acidic sites.
The second reaction route that results in the formation of
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Fig.8 Product selectivity (a) and yield (b) in the conversion of
cyclohexanone over DC 130 CoMo catalyst

C,, bicyclic compounds includes a set of consecutive reac-
tions. This route includes a primary aldol condensation of
cyclohexanone on the acidic sites of the catalyst. Then, the
dehydration of the intermediate alcohol on the acidic sites
produces cyclohexenylcyclohexanone. The hydrogenation of
cyclohexenylcyclohexanone on the metallic sites produces
cyclohexylcyclohexanone. Successive dehydrogenation of
cyclohexylcyclohexanone on the metallic sites generates
cyclohexylphenol [44]. It is worth noting that the dimeriza-
tion of the as-formed C¢ monocyclic compounds in the first
reaction path and their further transformation may also pro-
duce the C, bicyclic compounds. Based on the observations
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Fig.9 Product selectivity (a) and yield (b) in the conversion of
cyclohexanone over HDS 9A NiMo catalyst

of Alvarez et al. [44], the high-temperature reaction on the
strong acidic sites often enhances the generation of bicy-
clic compounds. The presence of strong acidic sites in the
HDS 16A CoMo catalyst was proved in the previous sections
(Fig. 3).

As per Fig. 7a, at the lowest WHSV (0.262 2.y jonexanone/
2., h), i.e. the highest conversion, the only observed product
was cyclohexene, which means that the reactions leading
to the formation of cyclohexene (the hydrogenation of to
cyclohexanol, then its dehydration to cyclohexene) are domi-
nant in the high-conversion condition. An increase of the
reaction WHSV (0.599 g, ciohexanone/8car 1) 1eads to a sharp
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Fig. 10 Product selectivity (a) and yield (b) in the conversion of
cyclohexanone over TL 424 NiMo catalyst

reduction of cyclohexene selectivity and an increase in the
selectivities of cyclohexane and phenol. On the one hand,
by increasing WHSYV, the rates of direct dehydrogenation
of cyclohexanone to phenol, as well as the conversion of
cyclohexene to cyclohexane, is enhanced. Further increase
of the reaction WHSV 1.551 g.,1ohexanone/€cat N €nhances the
formation of cyclohexanol and thus dampens the formation
of cyclohexane and phenol. A further increase of the reac-
tion WHSV up t0 5.282 2.y jghexanone/8cat 1 dO€s not change
the relative reaction rates and product selectivities, notably.
At this reaction condition, the selectivities of cyclohex-
ene, cyclohexane, cyclohexanol, and phenol are 33.23%,
26.97%, 21.35%, and 16.47%, respectively. It is also worth
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mentioning that 100.00-60.20% of the produced compounds
at WHSV =0.262-5.282 g, |ohexanone/ €car 1 18 made up of
cyclohexane and cyclohexene.

Figure 7b demonstrates the results of product yields in
the conversion of cyclohexanone over the HDS 16A CoMo.
In the experimented conditions, the production yields
of cyclohexane and cyclohexene are 0.00-26.89% and
23.80-40.15%, respectively. Noteworthily, 23.80-62.74 mol
of cyclohexane and cyclohexene would be produced in tan-
dem per 100 mol of cyclohexanone conversion at 400 °C,
15 bar, and the experimented WHSV range. At the same
reaction condition, the yields of phenol and cyclohexanol
are 0.00-16.42% and 0.00-21.35%, respectively. It is worth
mentioning that benzene was not observed over the HDS
16A CoMo catalyst. On the other hand, 15 bar reaction pres-
sure, i.e. the higher hydrogen partial pressure in the reaction
media inhibited the further dehydrogenation of cyclohexene
to benzene.

The results of product selectivity and yield over the
DC 130 CoMo catalyst are depicted in Fig. 8. The major
products obtained when cyclohexanone is converted by
this catalyst involve cyclohexane, cyclohexene, benzene,
cyclohexanol, and phenol. However, a small quantity of
methylcyclopentane was produced in the lowest WHSV.
Bicyclic compounds were not produced in the experimented
conditions. The reaction route leading to the formation of
cyclohexene, cyclohexane, cyclohexanol, and phenol was
well addressed in the aforementioned discussions. Ben-
zene is produced through the further dehydrogenation of
cyclohexene on the metallic sites of the catalyst. The results
reveal that benzene might be produced by the dehydroxyla-
tion of as-produced phenol on the acidic sites. Furthermore,
as a result of the isomerization of cyclohexene and cyclohex-
ane [44], a small quantity of methylcyclopentane was also
observed. Both acidic and metallic sites of the catalyst are
responsible for this transformation.

As depicted in Fig. 8a, at the lowest WHSV (0.263
Zcyclohexanone/ &cac 1) and thus the highest conversion,
cyclohexane is the major obtained product. At this reaction
condition, cyclohexene, benzene, and methylcyclopentane
were also generated. No phenol and cyclohexanol were gen-
erated in this condition. The whole formed cyclohexanol is
converted at this reaction condition. It is inferred that the
successive reactions leading to the formation of cyclohexene
intermediate are dominant in the high-conversion condition.
Cyclohexene is then converted to benzene, cyclohexane,
and methylcyclopentane. The selectivities of cyclohexane,
cyclohexene, benzene, and methylcyclopentane are 46.28%,
31.91%, 16.76%, and 5.06%, respectively.

If we compare the productions of cyclohexane, cyclohex-
ene, and benzene over the DC 130 CoMo sample with those
of the HDS 16A sample, it is revealed that the hydrogenation
of cyclohexene to cyclohexane and their dehydrogenation to
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benzene are enhanced over DC 130 CoMo. As discussed ear-
lier, these reactions occur on the metallic sites of the catalyst
and the results of elemental analysis (Table 1) depict that
the DC 130 CoMo sample is made up of larger quantities of
metallic catalytic species. DC 130 CoMo sample is made up
of 18.37% of Co and Mo, while the HDS 16A CoMo sample
includes 14.82% of Co and Mo. Hence, the larger quantity
of the catalytic metallics in the catalyst structure enhanced
the hydrogenation of cyclohexene to cyclohexane and their
dehydrogenation to benzene. Moreover, the NH;-TPD results
of HDS 16A and DC 130 CoMo samples (Fig. 3 and Table 1)
demonstrate that there are differences in the strong acidity
region as well as the total quantity of catalyst acidity. Such
differences affected the formation of bicyclic compounds
in the HDO of cyclohexanone over these two samples. As
discussed earlier, strong acidic sited catalyze the formation
of bicyclics. Hence, employing the DC 130 CoMo sample
with less-strong acidity and less acidic sites does not pro-
duce bicyclics.

An increase of WHSV (0.600 g.yionexanone/car 1) TeSULLS
in the reduction of cyclohexane, cyclohexene, and benzene
selectivities as well as the formation of phenol and cyclohex-
anol. On the other hand, a portion of the cyclohexanol inter-
mediate was converted to cyclohexene and cyclohexane.
The trends of phenol and benzene also reveal that benzene
might be generated through the dehydroxylation of the as-
produced phenol. Hence, by increasing WHSV (reduction
of conversion), the transformation of phenol to benzene
is inhibited. The formation of methylcyclopentane is also
dampened in this reaction condition. A further increase in
the reaction WHSV up to 1.544 g 1ohexanone/Scar It dO€s not
change the selectivities of benzene, phenol, and cyclohex-
anol. However, the formation of cyclohexene is enhanced,
while the cyclohexene selectivity decreases in this reaction.
At this reaction condition, the hydrogenation of cyclohex-
ene to cyclohexane is inhibited, and thus the selectivity of
cyclohexene increases. By a further increase of the reac-
tion WHSV up to 5.240 gcyclohexanone/gcal h, the relative rates
of the whole reactions are almost constant. At this reaction
condition, the selectivities of cyclohexene, cyclohexane,
cyclohexanol, phenol, and benzene are 31.01%, 23.27%,
18.95%, 14.04%, and 12.37%, respectively. It would be
interesting to note that 78.18-54.28% of the produced com-
pounds at WHSV =0.263-5.240 g.ycjohexanone/8cat It 18 made
up of cyclohexane and cyclohexene.

As per Fig. 8b, in the experimented conditions, the
production yields of cyclohexane and cyclohexene are
19.73-43.51% and 13.60-47.12%, respectively. Moreover,
33.33-80.62 mol of cyclohexane and cyclohexene can be
produced in tandem when 100 mol of cyclohexanone is con-
verted at 400 °C, 15 bar, and the examined WHSV range. At
the same reaction condition, the production yields of ben-
zene, cyclohexanol, and phenol 7.14-18.91%, 0.00-28.15%,

and 0.00-20.85%, respectively. This confirms that the dehy-
dration of cyclohexanol is a very fast step at higher conver-
sions. It is worth noting that increasing WHSYV results in the
lower conversion of cyclohexanone as well as the formation
of products that are suitable for further fuel processing.

The results of product selectivity and yield over the
HDS 9A NiMo catalyst are depicted in Fig. 9. Cyclohex-
ane, cyclohexene, benzene, phenol, and cyclohexanol are
the major products obtained by employing this catalyst.
However, small quantities of methylcyclopentane, bicy-
clohexyl, and cyclohexylbenzene were obtained in some
tested conditions. The reaction path leading to the forma-
tion of cyclohexene, cyclohexane, cyclohexanol, benzene,
phenol, and methylcyclopentane were discussed earlier. The
observed C, bicyclic hydrocarbons, i.e. bicyclohexyl and
cyclohexylbenzene would be produced through the deoxy-
genation of the as-produced C,, bicyclic oxygenates or the
initial dimerization of the as-produced C, hydrocarbons and
their further transformations [44].

As demonstrated in Fig. 9a, at the lowest WHSV (0.264
8cyclohexanone/ &car 1), 1.€. the highest conversion, the major
product is cyclohexane. At the same reaction condition,
cyclohexene and benzene were also produced. Phenol,
cyclohexanol, and methylcyclopentane were not formed
in this condition. The whole formed cyclohexanol and
phenol might be converted to cyclohexene and benzene,
respectively. Hence, the consecutive reactions to produce
cyclohexene, cyclohexane, and benzene are dominant in the
high-conversion region. The selectivities of cyclohexane,
cyclohexene, and benzene are 54.56%, 26.03%, and 19.42%,
respectively. An increase of the reaction WHSV (0.594
Zcyclohexanone/ car 1) changes the reaction path toward the for-
mation of phenol and a small quantity of methylcyclopen-
tane. Simultaneous formation of phenol and the reduction of
benzene, cyclohexane, and cyclohexene reveal that phenol is
produced from the direct dehydrogenation of cyclohexanone.
A larger portion of cyclohexanone, on the one hand, takes
part in the direct dehydrogenation into phenol rather than the
transformation into cyclohexene, cyclohexane, and benzene.
The formation of methylcyclopentane is also responsible for
a portion of reduced selectivities of cyclohexane, cyclohex-
ene, and benzene. Cyclohexanol appears with 16.17%
selectivity when WHSYV increases to 1.542 g yjonexanone’
2. . The formation of cyclohexanol, while the benzene
and phenol selectivities are almost constant, infers that the
rate of cyclohexanol dehydration to cyclohexene was damp-
ened by increasing WHSV. Increasing WHSV up to 5.324
Zcyclohexanone/ Ecar 11 1€d to the total conversion of the as-pro-
duced benzene to phenol and cyclohexene. At this reaction
condition, no benzene was observed. Unlike the CoMo cata-
lyst, increasing WHSV beyond 5.000 g,y johexanone/Ecat t dO€S
not lead to the balanced relative reaction rates. At the highest
reaction WHSV (5.324 g iohexanone/&car 1), 1.€. the lowest
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cyclohexanone conversion, the selectivities of cyclohexane,
cyclohexene, cyclohexanol, and phenol are 34.32%, 28.09%,
21.23%, and 16.27%, respectively. Moreover, 80.58-54.16%
of the produced compounds at the experimented condition
involve cyclohexane and cyclohexene.

The results of product yields in the conversion of
cyclohexanone over the HDS 9A NiMo catalyst are
addressed in Fig. 9b. In the experimented conditions, the
production yields of cyclohexane, cyclohexene, benzene,
phenol, and cyclohexanol are 43.74-20.05%, 9.57-25.49%,
0.00-17.73%, 0.00-15.00%, and 0.00-19.50%, respec-
tively. The yields of methylcyclopentane and total bicy-
clic hydrocarbons (bicyclohexyl and cyclohexylbenzene)
are up to 2.54% and 2.08%, respectively. Noteworthily,
29.62-65.31 mol of cyclohexane and cyclohexene can be
produced in tandem per 100 mol of cyclohexanone conver-
sion at 400 °C, 15 bar, and the experimented WHSYV range.

Figure 10 depicts the product distribution of cyclohex-
anone conversion over the TL 424 NiMo catalyst. The
major products of cyclohexanone HDO over this catalyst
include cyclohexane, cyclohexene, phenol, and cyclohex-
anol. Benzene, bicyclohexyl, and cyclohexylbenzene were
also generated in some tested conditions. The reactions that
are responsible for the formation of these products have been
addressed previously.

As per Fig. 10a, at the lowest WHSV (0.262 g, |onexanone/
2., h) and thus the highest conversion, a considerable quan-
tity of cyclohexane (60.79%) is produced. Benzene and
cyclohexene are produced with 21.84% and 17.31% shares,
respectively. Phenol, cyclohexanol, and bicyclics were not
formed in this reaction condition. At the higher WHSV
(0.597 gyciohexanone/8cat ) the selectivity of cyclohexane
decrease, while a larger quantity of cyclohexene is formed.
Moreover, no benzene is formed in this condition. Hence,
the conversion of cyclohexene to cyclohexane and benzene
is dampened in this condition. Moreover, the dehydroxyla-
tion of phenol to benzene is also controlled. No cyclohex-
anol is formed in this condition too. Further increase of
WHSV to 1.542 g, ionexanone/8car D Tesulted in the genera-
tion of cyclohexanol as well as the reduced cyclohexane and
cyclohexene quantities, while the selectivity of phenol is
almost constant. Such a change in reaction WHSV controls
the further transformation of cyclohexanol intermediate to
the subsequent products, i.e. cyclohexene and cyclohexane.
In the higher reaction WHSV (5.389 g, conexanone/8cat ): the
relative rates of phenol and cyclohexanol production become
constant, while cyclohexene conversion to cyclohexane is
further controlled. Unlike the CoMo samples, increasing
WHSV beyond 5.000 .y iohexanone’&ca t does not balance the
relative reaction rates. At this reaction condition, 34.75%,
26.64%, 22.19%, and 16.42% of the final product is made
up of cyclohexane, cyclohexene, cyclohexanol, and phenol,
respectively. Furthermore, 61.39-80.69% of the products
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include cyclohexane and cyclohexene at the experimented
range.

Figure 10b addresses the results of product yields in the
HDO of cyclohexanone over the TL 424 NiMo catalyst. In
the examined conditions, the production yields of cyclohex-
ane, cyclohexene, benzene, phenol, and cyclohexanol are
33.78-47.00%, 11.55-25.89%, 0.00-14.52%, 0.00-15.96%,
and 0.00-21.56%, respectively. The yield of total bicyclic
hydrocarbons (bicyclohexyl and cyclohexylbenzene) is up
to 2.01%. It is interesting to note that per 100 mol of the
converted cyclohexanone, 51.96-67.11 mol of cyclohexane
and cyclohexene would be produced in tandem at 400 °C,
15 bar, and the examined WHSV range.

The impact of the catalysts on the production of cyclohex-
ane and cyclohexene is addressed in Fig. 11. As discussed
earlier, the dehydration of cyclohexanol on the acidic sites of
the catalyst produces cyclohexene. Figure 11 reveals that the
performance of the HDS 16A CoMo catalyst is different at
the highest conversion (i.e. the lowest WHSV). At this con-
dition, cyclohexene is produced and its further dehydrogena-
tion does not proceed. The dehydration of cyclohexanol to
cyclohexene on the acidic sites, on the one hand, overcomes
the further dehydrogenation on the metallic sites. As per
Table 1, the HDS 16A CoMo possesses the smallest quantity
of metallic content (14.82 wt.%). Hence, the dehydration
reaction over this catalyst is dominant. The selectivities of
cyclohexene over this catalyst are then larger in almost all
the examined WHSYV range. When compared to the HDS
16A CoMo sample, the DC 130 CoMo catalyst possesses
a higher metal content and a lower acidity. The ratio of the
promoter (i.e. Co) to the main metal (Mo) is also larger in
the DC 130 CoMo sample. These resulted in the produc-
tion of larger quantities of cyclohexane over DC 130 CoMo
catalyst. Figure 11 also reveals that the synergistic effect of
Ni and Mo resulted in the production of larger quantities of
cyclohexane in the whole examined WHSYV range.

Although the whole obtained products as a result of
cyclohexanone conversion are value-added, the main goal
of this process is the enhancement of carbon to oxygen
ratio. This would prepare streams that are suitable for fur-
ther fuel processing. Hence, the results of deoxygenation
and total hydrocarbon production are of notable importance
for further decision making. In this regard, the results of
deoxygenation criteria and total hydrocarbon production are
demonstrated in Figs. 12 and 13, respectively.

Figure 12 depicts the impacts of catalyst type and WHSV
on DDO% and C/O RE. All the examined catalysts offer
the highest deoxygenation in the highest conversion, i.e. the
lowest WHSV. Increasing WHSYV leads to lower deoxygena-
tion rates. By increasing the WHSYV, the rates of the reaction
that are responsible for deoxygenation are on the other hand
controlled. The highest DDO% (81.29%) and C/O RE (5.35)
were obtained by TL 424 NiMo catalyst. However, the C/O



Converting Cyclohexanone to Liquid Fuel-Grade Products: A Characterization and Comparison... 3355

(a)
00 | e - B -TL 424 NiMo
H - a- HDS 9A NiMo
00 F ~-¢--DC 130 CoMo
+-@-- HDS 16A CoMo
80
70 F
S 60t
> 5
T 50 e
2 -,
S
w
40
30
20 F
10
0 N N N N N N N N N N N N
00 04 08 12 16 20 24 28 32 36 40 44 48 52 56
WHSV [kgcyclohexamme/kgcalalysrhr]
70
-B -TL 424 NiMo
— A- HDS 9A NiMo
e
ol @ DC 130 CoMo
\\ +-@-- HDS 16A CoMo
A*
50 " =
® \ e
A Te-es -
—_ N .-
K40 ~ Se-el
z \ T TTeeal
= N T T e e e e e ey’
£ . ®
2 .
330 o
20
10 :
00 04 08 12 16 20 24 28 32 36 40 44 48 52 56

WHSYV [Kgcyeronexanone/KEcatayst-hrl

Fig. 11 Effect of catalyst type and WHSV on the selectivities of
cyclohexene (a) and cyclohexane (b)

RE of greater than 1 in the whole cases reveals the success
of the process in the upgrading of cyclohexanone to the fuel-
grade products.

The impacts of catalyst type and WHSV on the total
hydrocarbon selectivity and yield are addressed in Fig. 13.
Clearly, in the high-conversion region, the whole products
are hydrocarbon, i.e. the total hydrocarbon selectivity is
100%. However, the largest hydrocarbon productivity was
obtained in different conditions. Increasing the reaction
WHSV results in the dominance of the non-deoxygenating
reactions. The minimum total hydrocarbon yields for all
the catalysts were obtained in the high-conversion region,

(a)

90

- @ -TL 424 NiMo
85 - A- HDS 9A NiMo
~¢-DC 130 CoMo

80 | --@-- HDS 16A CoMo

=N =y =
S ) S

Degree of Deoxygenation [%]
"
S

50 -

i ,,‘,‘%,»\“‘- = —.“*~W‘
40t @ e
| e
30

25

00 04 08 12 16 20 24 28 32 36 40 44 48 52 56
WHSV [kg(‘yclnhexannne/kgcatalysrhr]

6.0
— B -TL 424 NiMo
55 — A- HDS 9A NiMo
’ 5 ~4--DC 130 CoMo

‘l +-@-- HDS 16A CoMo
50 F \

'

\
45 F

»
=

C/O Ratio Enhancement
w w
= W

N
1%

20 F

1.5 F

1.0

00 04 08 12 16 20 24 28 32 36 40 44 48 52 56
WHSV [Kgcyctohexanone/KEcatysehr]

Fig. 12 Effect of catalyst type and WHSV on the degree of deoxy-
genation (a) and C/O ratio enhancement (b)

i.e. low WHSVs. DC 130 CoMo catalyst produces the larg-
est quantities of total hydrocarbons in the larger WHSVs.
The largest hydrocarbon production capacity was obtained
by employing DC 130 CoMo catalyst. 99.53% total hydro-
carbon yield was achieved by upgrading cyclohexanone
over DC 130 CoMo catalyst at 400 °C, 15 bar, and 5.240
Zcyclohexanone’ 8cat N While the best deoxygenation perfor-
mance was obtained by employing TL 424 NiMo at 0.262
gcyclohexanone/gcat h.

As discussed earlier, the main objective of cyclohex-
anone HDO is the production of liquid fuel-grade prod-
ucts. Hence, it would be beneficial to assess and compare
the heating values (HHV and LHV) of the products. To do
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Fig. 13 Effect of catalyst type and WHSV on the total hydrocarbon
selectivity (a) and yield (b)

so, Fig. 14 is depicted. The results reveal that the HHV's
of the obtained blends are in the range of 39.96-42.61 MJ/
kg, 40.34-44.48 MlJl/kg, 40.57-43.86 MI/kg, and
40.16-44.90 MJ/kg when cyclohexanone is converted
over HDS 16A CoMo, DC 130 CoMo, HDS 9A NiMo,
and TL 424 NiMo, respectively. LHVs are in the range of
37.58-40.13 MJ/kg, 38.00-41.87 MJ/kg, 38.15-41.29 MJ/
kg, and 37.75-42.27 MJ/kg, respectively. Cyclohexanone
conversion, deoxygenation efficiency, and product distribu-
tion affect the heating values of the product blends. Accord-
ingly, when compared to cyclohexanone (HHV =36.62 MJ/
kg), HHVs of the product blends would be enhanced by
16.5%, 21.6%, 19.9%, and 22.7% when cyclohexanone is
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converted at the lowest WHSV (x0.26 g.yciohexanone/Scar 1)
over HDS 16A CoMo, DC 130 CoMo, HDS 9A NiMo,
and TL 424 NiMo, respectively. The largest heat value
(HHV =44.90 MJ/kg, 22.7% enhancement) was obtained
by the conversion of cyclohexanone over the TL 424 NiMo
catalyst at 0.262 g, johexanone/ Ecat 1 The obtained HHV's are
comparable with the energy contents of conventional fuels
such as aviation gasoline (46.8 MJ/kg), automotive diesel
(45.6 MJ/kg), and automotive gasoline (46.4 MJ/kg) as well
as combustible alcohols such as methanol (19.7 MJ/kg) and
ethanol (29.6 MJ/kg) [6]. Hence, the obtained product of
cyclohexanone HDO over the assessed molybdenum-based
catalysts can be then utilized as an energy resource.
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4 Conclusions

Developing biomass-derived fuels is a promising means
for eliminating the harmful effects of conventional fuels
and further global warming. To do so, the conversion of
lignin-derived intermediates such as cyclohexanone is a
major trend. Prompted this need, the commercial CoMo
and NiMo catalysts were characterized and compared for
the hydrodeoxygenation of cyclohexanone. The cyclohex-
anone upgrading to fuel-grade hydrocarbons at 400 °C,
15 bar total pressure, and a range of WHSV were addressed
and discussed. Moreover, the impacts of catalyst type and
WHSYV on the cyclohexanone conversion, product distri-
bution, deoxygenation efficiency, and total hydrocarbon
production capacity were investigated. The investigated
catalysts propose a high activity, selectivity, and yield for
the upgrading of cyclohexanone to fuel-grade streams.
The major produced components included C¢ cyclic and
aromatic hydrocarbons. Cyclohexane, cyclohexene, and
benzene were the major produced hydrocarbons. How-
ever, considerable quantities of oxygenates such as phe-
nol and cyclohexanol were obtained in some experiments.
A simple and general lumped reaction network covering
the current observations was then presented. According
to the observations, by increasing WHSYV, cyclohexanone
conversion decreased. The highest cyclohexanone conver-
sions, i.e. greater than 86% were obtained at WHSV=0.26
Zcyclohexanone’ 8cat N1+ The catalyst type and reaction WHSV
had major impacts on product distribution, deoxygena-
tion efficiency, and total hydrocarbon production capac-
ity. The highest hydrocarbon yield (99.53%) was obtained
at WHSV =5.240 g, ciohexanone/ 8car 1 OVer a CoMo sample,
while the highest DDO% (81.29%) and C/O ratio enhance-
ment (5.35) were observed at WHSV =0.262 g_y jonexanone’
2. h over a NiMo sample. An assessment of heating val-
ues revealed that up to 22.7% enhancement in the HHV
of the final product can be obtained. The larger HHV
(44.90 MJ/kg) is comparable with the energy contents
of conventional fuels. Therefore, the results of the pre-
sent contribution proved the efficient performance of the
CoMo and NiMo hydrotreating catalysts in the upgrading
of cyclohexanone to fuel-grade streams.
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