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Abstract: The development of effective catalytic systems for deoxygenation reactions is critical to
the conversion of renewable feedstocks into sustainable fuels. In this work, the influence of various
reaction parameters on the conversion of palmitic acid into alkanes, such as temperature, stirring
rate, reaction time, H2 pressure, amount of catalyst and substrate concentration was evaluated using
the commercial Co-Mo/Al2O3 catalyst. In parallel, bimetallic Co-Mo catalysts supported on carbon
nanotubes (CNTs) were prepared and characterized using various techniques, and their catalytic
performance was assessed under the optimized conditions. The results showed that palmitic acid can
be efficiently converted at 350 ◦C for 6 h at 30 bar H2 pressure, stirring at 150 rpm and using 0.25 g of
catalyst and 0.50 g of palmitic acid in 50 mL of n-decane. Under these conditions, a complete substrate
conversion and yields of 89.4 and 4.8% of C16 and C15 were achieved. In addition, Co-Mo/CNTox

presented a similar catalytic performance as the commercial one, with a final result of 90.9% yield in
C16. These findings point out the potential of using Co-Mo/CNTox as a competitive alternative to
liquid fuel production.

Keywords: palmitic acid; deoxygenation; optimization; Co-Mo catalysts

1. Introduction

The transport sector has a great influence on the global dynamics of societies, directly
contributing to the mobility of people, products and services. Although essential, trans-
portation contributes to the growth of greenhouse gas (GHG) emissions and other pollutants
as a result of the combustion of petrochemical-based jet fuel. Global transportation-related
CO2 emissions increased by 250 Mt from 2021 to 2022 [1]. To overcome this challenge, the
growing demand for clean and renewable energy sources has motivated substantial study
into the development of advanced biofuels as alternatives to traditional fossil fuels.

Due to its strict quality standards and the urgency to mitigate carbon emissions, the
production of alternative liquid fuels, essential across various sectors, presents a distinctive
challenge. In the pursuit of eco-friendly alternatives, the utilization of lipidic feedstock
derived from biomass holds significant potential, particularly in the production of these
fuels [2]. For example, microalgae bio-oil, oilseeds, vegetable oils and waste cooking oils
contain high levels of fatty acids with carbon chains in the range of C14–C22, the desired
carbon number for liquid fuel hydrocarbons [3]. Free fatty acids can be obtained during
the refining of vegetable oils, by steam refining or by the hydrolysis of lipid matrices (e.g.,
vegetable oils and animal fats) [4]. For example, palmitic acid (C16H32O2) is the simplest
saturated chain fatty acid and is abundant in lipid sources. It is currently derived from the
alkaline hydrolysis of palm oil [5].

Even though using this biomass has several benefits, it cannot be used as a drop-in
fuel, which is a liquid biohydrocarbon functionally comparable to petrochemical-based
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fuels and completely compatible with the infrastructure already in place at petroleum
refineries, including the engines and turbines where they are employed [6]. The high
content of oxygenated compounds present in lipid biomass brings some disadvantages to
its physicochemical properties, such as high acidity, low chemical instability, high viscosity
and low heating value [7–9].

With the aim of improving these physical and chemical properties, some studies
involving the deoxygenation of lipid biomass model molecules, such as fatty acids, have
been carried out [10–15]. Considering a fatty acid, deoxygenation reaction occurs through
a hydrotreating catalyst via three different reaction pathways, as described in equations 1,
2 and 3 [15]:

Hydrodecarbonylation (HDC): R-COOH + H2 → R-H + CO + H2O (1)

Decarboxylation (DCX): R-COOH → R-H + CO2 (2)

Hydrodeoxygenation (HDO): R-COOH + 3H2 → R-CH3 + 2H2O (3)

In an HDO reaction, oxygen atoms can be removed by forming two water molecules
via exothermic hydrodeoxygenation, which requires three moles of hydrogen per one fatty
acid molecule. Hence, n-alkane with the same number of carbon atoms as the corresponding
fatty acid is formed. In addition, HDO does not produce carbon monoxide (CO) or carbon
dioxide (CO2), as observed in HDC and DCX reactions, which is attractive regarding
environmental issues [16,17].

In the petrochemical industry, bimetallic CoMo and NiMo catalysts supported on
oxides such as γ-Al2O3 are frequently employed to remove heteroatoms in hydrotreating
units [18]. Studies have examined the deoxygenation of fatty acids into n-alkanes using
mono- and bimetallic Co and Mo catalysts supported on zeolites extensively in recent
years [12,15,19]. These materials have acidic active sites that enhance the final chemical
composition of jet fuel by producing iso-alkanes, which in turn enhances its cold properties.
However, zeolites are unstable and derived from inorganic sources. The effectiveness of
carbon-based materials like carbon nanotubes (CNTs) as catalyst supports has not been
extensively studied. The high thermal and chemical stability of these materials; their
high porosity, which facilitates the diffusion of reactants to active sites; and their ease of
modification of the surface, which changes its chemical composition and textural properties,
stand out among their many advantages [20].

With the increased use of carbon-based materials as catalysts, new approaches have
been tested by many researchers in recent years. Zhong et al. [21] assessed the deoxy-
genation of stearic acid – C18H36O2 (vegetable oil model compound) over a carbon-coated
bimetallic FeNi catalyst. After 3 h of reaction at 330 ◦C, the authors obtained about 77% of
heptadecane, and a small fraction of oxygenated compounds and jet fuel hydrocarbons.
Liu et al. [22] investigated the deoxygenation of palmitic acid as a model compound of
microalgae bio-oils using Pt/C as a catalyst under hydrothermal conditions and formic
acid for in-situ H2 generation. A conversion of 67.7% and a yield of 42.2% in pentadecane
was achieved after 90 min of reaction at 370 ◦C. Although the short reaction time and the
possibility of in situ H2 production are advantages, the high cost associated with the use
of noble metals makes the catalytic process more expensive. In the following years, Lin
et al. [23] studied non-noble metals supported on activated carbon (AC) in the HDO of
palmitic acid. The results showed that pre-reduced Ni/AC exhibited high selectivity for
pentadecane and hexadecanol, whereas commercial Ru/AC was more selective for smaller
alkanes. Although promising, most recent studies in this field focused on carbon-based
materials with predominantly microporous structures. While these materials show excel-
lent performance in applications with model compounds, their limited pore size may be a
significant drawback when dealing with more complex feedstocks, such as bio-oil or waste
cooking oil.

Taking into account the previously mentioned concepts, this study assessed the deoxy-
genation reactions of palmitic acid in detail, concentrating on the optimization of reaction
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parameters using the commercial Co-Mo/Al2O3 catalyst, and its stability after many reac-
tion cycles. Additionally, CoMo catalysts supported on CNTs with the same metal content
as the commercial catalyst were synthesized and evaluated under the optimized conditions.
Studies using CNT-based catalysts for deoxygenation reactions are scarce. Furthermore,
studies comparing untreated and chemically modified CNTs with commercial catalysts are
also uncommon in the literature.

2. Results and Discussion
2.1. Characterization Results

The reducibility of the prepared bimetallic catalysts was studied by temperature
programmed reduction (TPR) and the resulting profiles can be found in the Supplementary
Materials (Figure S1). According to the results, Co-Mo/CNT presented two broad peaks at
500 and 600 ◦C, whereas Co-Mo/CNTox showed a reduction peak at 500 ◦C. To prepare
both catalysts under the same conditions, 600 ◦C was selected for the reduction and
thermal treatment.

The elemental analysis and metal content of the catalyst and the supports are presented
in Table 1. The metal loading of each synthesized carbon catalyst was selected based on the
inductively coupled plasma-optical emission spectroscopy (ICP-OES) analysis of the Co-
Mo/Al2O3. Therefore, each catalyst was prepared containing 2.5 wt.% of Co and 10.5 wt.%
of Mo. The ICP-OES analysis confirmed the amount of metal impregnated into the support.
The nominal Mo values for both catalysts were practically the same as the theoretical value.
However, the percentages of Co obtained were slightly lower due to losses of the precursor
in the impregnation step. The treatment of CNTs with nitric acid led to the introduction
of oxygenated groups as the oxygen content in the sample increased from 1.78 to 4.38%.
However, a similar amount of oxygen was observed in both bimetallic carbon catalysts.
The temperature used in the reduction treatment (600 ◦C) led to a decomposition of most
of the oxygenate compounds created on the CNT surface [24,25].

Table 1. Elemental analysis and metal content of the samples.

Samples C (%) 1 O (%) 1 H (%) 1 Co (%) 2 Mo (%) 2

CNT 89.75 1.78 0.36 - -
CNTox 93.44 4.38 1.38 - -

Co-Mo/CNT 69.47 8.92 0.55 1.4 10.0
Co-Mo/CNTox 76.37 9.21 0.64 1.4 10.3
Co-Mo/Al2O3 0.30 16.16 1.31 2.5 10.5

1 Determined by elemental analysis. 2 Determined by ICP-OES.

The textural properties of the catalysts and the supports were determined by N2
adsorption isotherms. As shown in Table 2, the Co-Mo/Al2O3 catalyst presents a specific
surface area of 247 m2 g−1 and a volume pore of 0.60 cm3 g−1. On the other hand, carbon-
based catalysts exhibit a higher pore volume compared with commercial catalysts. The
CNTox sample has a higher SBET than the original CNT—262 and 229 m2 g−1, respectively.
This characteristic is due to the oxidative treatment with HNO3 performed on the material,
opening some of the edges of the CNT and creating defects in the sidewalls. In addition,
introducing oxygenated groups on the surface causes a slight reduction in the pore volume
of CNTox when compared to the CNT [25]. The introduction of the metal phases into
the supports caused a decrease in the area of both catalysts. There was also a reduction
in the pore volume of Co-Mo/CNTox but no prominent decrease in the pore volume of
Co-Mo/CNT. Aiming to investigate the acidity of the materials, the pH at the point of zero
charge (pHPZC) was measured (Table 2 and Figure S2). The results show an acid character
in CNTs after the treatment with HNO3 due to the introduction of oxygenated groups.
Even with the decrease in oxygen content observed in elemental analysis, the interaction of
the metals with the support allowed the maintenance of acidic sites in the Co-Mo/CNTox
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catalyst. On the other hand, the Co-Mo/CNT and Co-Mo/Al2O3 catalysts presented a
more neutral chemical surface, with the commercial catalyst being the less acidic material.

Table 2. Textural properties and values of pHPZC of the supports and catalysts.

Samples SBET
(m² g−1)

Smeso
(m2 g−1)

Vmicro
(cm3 g−1)

Vp
1

(cm3 g−1)
pHPZC

CNT 229 229 - 1.54 5.3
CNTox 262 262 - 1.44 2.4

Co-Mo/CNT 198 198 - 1.51 4.7
Co-Mo/CNTox 227 227 - 1.24 3.9
Co-Mo/Al2O3 247 247 - 0.60 5.5

1 Pore volume calculated from the amount of N2 adsorbed at P/P0 = 0.98.

An X-ray diffraction (XRD) analysis (Figure 1) was also performed on the catalysts
to investigate the crystallinity structures of the metals on the materials. Different peaks
correlated to Mo and Co oxides were identified. In CNT catalysts, diffraction peaks were
observed at 2θ = 26.0◦, 37.1◦ and 53.5◦, corresponding to the graphite structure of CNTs
([011]) and MoO2 planes ([020] and [022]), respectively [9]. Peaks correlated to Co2Mo3O8
were also detected in carbon-based catalysts (2θ = 17.9◦ [002], 19.9◦ [101], 25.3◦ [102] and
35.7◦ [200]) but were at a higher intensity in Co-Mo/CNTox [10,26]. The synthesized
catalysts showed diffractograms with higher crystallinity compared to Co-Mo/Al2O3.
Peaks correlated to the support γ-Al2O3 (2θ = 39.5◦ [111], 45.9◦ [200], 25.3◦ and 66.9◦ [220])
and MoO3 (2θ = 46.2◦ [220] and 67.5◦ [400]) were found to overlap [27]. Moreover, peaks of
MoO2 (2θ = 37.1◦) and hydrated Co2Mo3O8 (2θ = 39.8◦ [204]) were also observed.
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2.2. Catalytic Conversion of Palmitic Acid

The study started with the assessment of the reaction temperature from 220 to 370 ◦C.
As shown in Table 3, a substantial increase in the palmitic acid conversion was observed
above 260 ◦C. Although the first alkanes started to form at 300 ◦C, the palmitic acid was
completely converted only at 350 ◦C, reaching yields of C16 and C15 of 73.0% and 4.1%,
respectively. Increasing the temperature to 370 ◦C did not improve the conversion and
product yields; thus, 350 ◦C was selected for the following experiments. According to Li
et al., the HDO reaction occurs firstly by hydrogenation of palmitic acid to hexadecanal and
then to hexadecanol [19]. After these steps, the alcohol is dehydrated to the corresponding
alkene and hydrogenated to form hexadecane. The dehydration step of hexadecanol
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requires more activation energy; thus, increasing the temperature promotes the production
of hexadecane significantly.

Table 3. Effect of temperature on palmitic acid conversion and product distribution.

T (◦C) X ± 2.8 (%) YC15 ± 0.3 (%) YC16 ± 5.3 (%)

220 0 0.0 0.0
260 32 0.0 0.0
300 46 0.7 13.6
325 78 1.4 24.6
350 100 4.1 73.0

Reaction conditions: palmitic acid (0.50 g), n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 220–370 ◦C, 40 bar H2,
300 rpm, 4 h.

Subsequently, tests to evaluate the influence of the stirring rate were performed in
the range of 150 to 700 rpm (Table 4). The particle distribution in the liquid phase was
uniform inside the reactor, and a 100% palmitic acid conversion was achieved in all the
experiments. No relevant change in the product distribution was observed at 150 rpm
and above, indicating no external mass transfer limitations. According to the results, as
the yield values in C15 and C16 were similar at all stirring rates, 150 rpm was used for the
remaining tests.

Table 4. Influence of stirring rate on palmitic acid conversion and product distribution.

Stirring Rate (rpm) X (%) YC15 ± 0.3 (%) YC16 ± 5.3 (%)

150 100 3.6 72.6
300 100 4.0 73.0
400 100 3.1 71.1
700 100 1.7 75.6

Reaction conditions: palmitic acid (0.50 g), n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 350 ◦C, 40 bar H2,
150–700 rpm, 4 h.

The influence of the reaction time on the deoxygenation of palmitic acid with the
Co-Mo/Al2O3 catalyst was also evaluated (Figure 2). In addition to the complete substrate
conversion at 4 h, prolonging the reaction time to 6 h was sufficient to obtain a higher
yield of C16 alkane (89.0%). Moreover, the C15 yield did not significantly change over time,
indicating that the decarboxylation (DCX) and hydrodecarbonylation (HDC) reactions are
insensitive to this parameter. A slight increase in the yield of C15 was observed from 4 to
8 h, raising its final value to 5.8%. Thus, 6 h was selected as the optimal reaction time for
the subsequent reactions.

The effect of the catalyst amount was investigated by varying the Co-Mo/Al2O3 mass
from 0.10 to 0.40 g. According to the results shown in Table 5, the palmitic acid conversion
stayed the same (100%) in all experiments, achieving a C16 yield of around 89.0% using
0.25 and 0.40 g of the catalyst. A slight reduction in the C15 yield was seen with the increase
in the catalyst mass in the reactor. Since the dehydration of the hexadecanol also requires
acid sites, the HDO route is favored by improving the amount of catalyst, while the HDC
and DCX routes are moderately suppressed. Regarding these results, since no significant
difference was observed by raising the mass from 0.25 to 0.40 g, the following experiments
were conducted using 0.25 g of the catalyst.

The amount of substrate was assessed by varying it from 0.25 to 0.75 g (Table 6).
Increasing the amount of palmitic acid from 0.25 to 0.50 g slightly improved the C15 yield
from 2.2 to 4.8%, while the C16 did not significantly change. On the other hand, raising the
substrate to 0.75 g decreased the production of C15 and C16 to 1.6 and 72.1%, respectively.
Regarding these results, in order to maintain the minimum catalyst–substrate ratio, the
following experiments were performed using 0.50 g of the substrate.
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Figure 2. Influence of time on palmitic acid conversion and product yield. Reaction conditions:
palmitic acid (0.50 g), n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 350 ◦C, 40 bar H2, 150 rpm.

Table 5. Effect of the catalyst amount on palmitic acid conversion and product distribution.

mcatalyst (g) X (%) YC15 ± 0.3 (%) YC16 ± 5.3 (%)

0.10 100 6.0 55.8
0.25 100 4.8 89.0
0.40 100 3.6 89.9

Reaction conditions: palmitic acid (0.50 g), n-decane (50 mL), Co-Mo/Al2O3 (0.10–0.40 g), 350 ◦C, 40 150 rpm, 6 h
bar H2.

Table 6. Effect of the amount of substrate in the conversion and product distribution.

Palmitic Acid
Amount (g) X (%) YC15 ± 0.3 (%) YC16 ± 5.3 (%)

0.25 100 2.2 82.3
0.50 100 4.8 89.0
0.75 100 1.6 72.1

Reaction conditions: palmitic acid (0.25–0.75 g), n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 350 ◦C, 40 bar H2,
150 rpm, 6 h.

Finally, the last parameter evaluated was the influence of hydrogen pressure. The
results in Figure 3 show the conversion of palmitic acid and product yield using a pressure
range from 20 to 40 bar. The substrate conversion remained at 100% in all the experiments.
Regarding the product distribution, the C16 yield was improved from 22.7 to 89.4% when the
pressure was increased from 20 to 30 bar, while raising the pressure to 40 bar did not affect
the yield values. In higher-pressure conditions, the HDO route is favored since it requires a
larger amount of hydrogen molecules than HDC. On the other hand, the production of C15
from the DCX route or aldehyde decarboxylation does not demand hydrogen [12,28]. In
fact, throughout each test, hydrogen pressure had no effect on the C15 yield, showing that
the DCX route was taken for the production of this alkane. Considering the above results,
it can be concluded that 30 bar of H2 is more suitable for the following reactions.

The stability of the Co-Mo/Al2O3 catalyst was also investigated, as shown in Figure S3,
where six runs were performed under the same conditions. After each cycle, the catalyst
was recovered by filtration and was properly washed and dried for the next catalytic run.
No considerable decline in the catalyst activity was observed over all six consecutive runs,
demonstrating the high stability of the commercial catalyst under the optimized conditions.



Catalysts 2024, 14, 853 7 of 11

Catalysts 2024, 14, x FOR PEER REVIEW 7 of 11 
 

 

range from 20 to 40 bar. The substrate conversion remained at 100% in all the experiments. 
Regarding the product distribution, the C16 yield was improved from 22.7 to 89.4% when 
the pressure was increased from 20 to 30 bar, while raising the pressure to 40 bar did not 
affect the yield values. In higher-pressure conditions, the HDO route is favored since it 
requires a larger amount of hydrogen molecules than HDC. On the other hand, the 
production of C15 from the DCX route or aldehyde decarboxylation does not demand 
hydrogen [12,28]. In fact, throughout each test, hydrogen pressure had no effect on the C15 
yield, showing that the DCX route was taken for the production of this alkane. 
Considering the above results, it can be concluded that 30 bar of H2 is more suitable for 
the following reactions. 

 
Figure 3. Effect of the hydrogen pressure on product yield. Reaction conditions: palmitic acid (0.50 
g), n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 350 °C, 20–40 bar H2, 150 rpm, 6 h. 

The stability of the Co-Mo/Al2O3 catalyst was also investigated, as shown in Figure 
S3, where six runs were performed under the same conditions. After each cycle, the 
catalyst was recovered by filtration and was properly washed and dried for the next 
catalytic run. No considerable decline in the catalyst activity was observed over all six 
consecutive runs, demonstrating the high stability of the commercial catalyst under the 
optimized conditions. 

In a further analysis, bimetallic Co-Mo catalysts supported on carbon nanotubes (Co-
Mo/CNT and Co-Mo/CNTox) were tested under the optimized reaction conditions. 
Moreover, a blank experiment and reactions only with the supports were also performed 
to validate the catalysts’ activity. The carbon-supported metal catalysts were shown to 
have excellent performance after 6 h of reaction with 60.4 and 90.9% of the C16 yield for 
Co-Mo/CNT and Co-Mo/CNTox, respectively (Table 7). Regarding the production of C15, 
the yields were similar for both catalysts—10.5% for Co-Mo/CNT and 11.9% for Co-
Mo/CNTox. These results show that, in addition to the DCX route, C15 is also produced by 
the decarbonylation of the intermediate aldehyde, increasing the yield of this alkane. This 
can be explained by the higher acidity shown in the CNT catalysts. The introduction of 
oxygenated groups on the surface of the CNT after its oxidation treatment was beneficial 
in enhancing the catalytic performance of the HDO reaction to the complete palmitic acid 
deoxygenation. Comparing the CNTox and Co-Mo/CNTox results, it is clear that the 
metallic phases were crucial to raising the C16 products and suppressing the HDC and 
DCX reactions. The lower acidity of the commercial catalyst and the higher Co content in 
the material may have contributed to a higher production of C16 compared to Co-Mo/CNT. 
On the other hand, the high presence of MoO2 and Co and Mo oxides and the high acidity 
of the Co-Mo/CNTox catalyst provided similar performance to the commercial catalyst in 
terms of C16 production at the end of the 6 h reaction. Other studies assessed the 
deoxygenation of palmitic acid using CNT-based catalysts. These results are similar to 

20 30 40
0

20

40

60

80

100

C
on

ve
rs

io
n 

or
 P

ro
du

ct
s 

Yi
el

d 
(%

)

Pressure (bar)

 C15

 C16
 Conversion

Figure 3. Effect of the hydrogen pressure on product yield. Reaction conditions: palmitic acid (0.50 g),
n-decane (50 mL), Co-Mo/Al2O3 (0.25 g), 350 ◦C, 20–40 bar H2, 150 rpm, 6 h.

In a further analysis, bimetallic Co-Mo catalysts supported on carbon nanotubes
(Co-Mo/CNT and Co-Mo/CNTox) were tested under the optimized reaction conditions.
Moreover, a blank experiment and reactions only with the supports were also performed
to validate the catalysts’ activity. The carbon-supported metal catalysts were shown to
have excellent performance after 6 h of reaction with 60.4 and 90.9% of the C16 yield
for Co-Mo/CNT and Co-Mo/CNTox, respectively (Table 7). Regarding the production
of C15, the yields were similar for both catalysts—10.5% for Co-Mo/CNT and 11.9% for
Co-Mo/CNTox. These results show that, in addition to the DCX route, C15 is also produced
by the decarbonylation of the intermediate aldehyde, increasing the yield of this alkane.
This can be explained by the higher acidity shown in the CNT catalysts. The introduction
of oxygenated groups on the surface of the CNT after its oxidation treatment was beneficial
in enhancing the catalytic performance of the HDO reaction to the complete palmitic acid
deoxygenation. Comparing the CNTox and Co-Mo/CNTox results, it is clear that the
metallic phases were crucial to raising the C16 products and suppressing the HDC and DCX
reactions. The lower acidity of the commercial catalyst and the higher Co content in the
material may have contributed to a higher production of C16 compared to Co-Mo/CNT. On
the other hand, the high presence of MoO2 and Co and Mo oxides and the high acidity of the
Co-Mo/CNTox catalyst provided similar performance to the commercial catalyst in terms
of C16 production at the end of the 6 h reaction. Other studies assessed the deoxygenation
of palmitic acid using CNT-based catalysts. These results are similar to those reported
by Ding et al. [10], who achieved a high selectivity of 92.2% for C16 alkanes using a 5%
MoO2/CNT catalyst. Furthermore, after modifying the catalyst to include 1.5 % Co (1.5%
Co-5% MoO2/CNT), the selectivity remained excellent, reaching 89.3% for C16 alkanes [26].
On the other hand, studies performed by Cao et al. [12] and Shi et al. [15] demonstrated
the effectiveness of zeolite-supported Co and Mo catalysts (ZSM-22), highlighting their
ability to produce light alkanes and isomers. This behavior is attributed to the increased
acidity of the zeolite support, which promotes additional cracking and isomerization
reactions, enhancing the diversity of hydrocarbon products, and consequently decreasing
the selectivity for C16 to about 15% in both studies.

To investigate the contribution of the metals separately, the reactions were carried
out with Co/CNT and the physical mixture of Co/CNT and Mo/CNT. According to
the results (Table S1), the reaction with Co/CNT provided 44.6% of C15 and 40.9% of
C16. However, in the reaction performed with the physical mixture of both monometallic
catalysts (Co/CNT and Mo/CNT), a reduction in C15 to 39.2% and an improvement in
C16 to 44.6% can be observed in addition to the production of smaller alkanes (dodecane,
tridecane and tetradecane). These results show that the presence of the Co2Mo3O8 alloy in
the bimetallic catalysts observed by the XRD technique (Figure 1) contributes to a higher
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yield of C16, mostly favoring the HDO route compared to the metals individually supported
on the CNTs.

Table 7. Palmitic acid conversion and product distribution.

Catalyst (g) X ± 2.8 (%) YC15 ± 0.3 (%) YC16 ± 5.3 (%)

Blank (no catalyst) 52 2.2 3.3
Al2O3 24 1.5 0.7
CNT 65 19.5 2.7

CNTox 77 48.0 24.0
Co-Mo/CNT 100 10.5 60.4

Co-Mo/CNTox 100 11.9 90.9
Co-Mo/Al2O3 100 4.8 89.0

Reaction conditions: palmitic acid (0.50 g), n-decane (50 mL), catalyst (0.25 g), 350 ◦C, 30 bar H2, 150 rpm, 6 h.

3. Materials and Methods
3.1. Chemicals and Materials

Palmitic acid, multi-walled carbon nanotubes (CNTs) (Nanocyl-7000, purity of 90%)
and n-decane (99%) were provided by Acro Organics (Waltham, MA, USA), Nanocyl
(Sambreville, Belgium) and VWR ((Radnor, PA, USA), respectively. The metal precursors
ammonium heptamolybdate (99.7%) and cobalt (II) nitrate hexahydrate (99%) were pur-
chased from VWR and Sigma Aldrich (Darmstadt, Germany), respectively. Commercial
Co-Mo/Al2O3 was acquired from Alfa Aesar (Waltham, MA, USA).

3.2. Catalysts Preparation

The following materials were used: (a) original CNTs and (b) CNT sample modified
by an oxidation treatment with HNO3 (7 mol L−1) heated to the boiling temperature for 3 h.
After that, the oxidized CNT (CNTox) was subsequently washed with distilled water until it
was pH neutral, and then the material was dried at 110 ◦C for 24 h [25]. Bimetallic catalysts
(nominal metal loadings of 2.5 and 10.5% of Co and Mo, respectively) were prepared by
incipient wetness co-impregnation using an aqueous solution of the corresponding metallic
precursors, added dropwise to each support material. After impregnation, the materials
were dried overnight at 110 ◦C in an oven and then a thermal treatment was performed
under N2 flow for 3 h at 600 ◦C, followed by reduction under H2 flow for 3 h at 600 ◦C.
The appropriate reduction temperature was determined by TPR (Figure S1). The prepared
catalysts were denoted as Co-Mo/CNT and Co-Mo/CNTox. Following the same procedure,
the corresponding monometallic catalysts (2.5% Co and 10.5% Mo) were also prepared and
denoted as Co/CNT and Mo/CNT.

3.3. Catalysts Characterization

The textural properties analysis of the supports and catalysts was established by N2
adsorption isotherms at −196 ◦C. The samples were first degassed at 150 ◦C for 3 h under
vacuum and the analyses were performed in a Quantachrome NOVA 4200e Surface Area
and Pore Size analyzer (Anton Paar GmbH, Graz, Austria). Total specific surface areas were
determined according to the Brunauer–Emmett–Teller method (SBET), and the micropore
volumes (Vmicro) and mesopore surface areas (Smeso) were determined by the t-method.
H2-TPR profiles were obtained using a fully automated AMI-200 equipment (Altamira In-
struments, PA, USA), submitted to a 10 ◦C min−1 heating to 900 ◦C under 5% (v/v) H2 flow
diluted in He. The powder XRD patterns of the catalysts were collected on a Philips X’Pert
MPD diffractometer (Cu-Kα = 0.15406 nm, Malvern Panalytical, Almelo, The Netherlands).
The diffracted intensity of Cu-Kα radiation was measured in the 2θ range between 10◦

and 100◦. The cobalt and molybdenum loads present in each sample were obtained by
ICP-OES using the ICPE-9000 spectrometer (Shimadzu, Kyoto, Japan). Elemental analysis
(vario Micro Analysis CHNS and OXY cube analyser, Elementar Analysensysteme GmbH,
Langenselbold, Germany) was performed to determine the amount of carbon, hydrogen
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and oxygen present in the commercial catalyst and carbon materials. The pH at the point
of zero charge (pHPZC) was determined by measuring the pH level of the catalyst and
supports in an aqueous solution before and after stirring for 24 h. For each dispersion,
25 mg of material was suspended in 25 mL of ultrapure water and the pH was adjusted
between 2 and 12 with sodium hydroxide and/or hydrochloric acid.

3.4. Catalytic Experiments

The catalytic palmitic acid deoxygenation reactions were performed in a 100 mL
stainless batch reactor (Parr Instruments, IL, USA, Mod HPHT 4598). A typical reaction was
conducted as follows: palmitic acid (0.25–0.75 g), n-decane (50 mL) and catalyst (0.10–0.40 g)
were loaded onto the reactor, which was then purged with H2 at ambient temperature and
then adjusted to the desired H2 pressure (20–40 bar). Finally, the mixture was heated to
the desired temperature (220–370 ◦C) under the required stirring rate (150–700 rpm) for
0.5–8 h. After adjusting the best reaction conditions, the stability of Co-Mo/Al2O3 and the
Co-Mo/CNT and Co-Mo/CNTox catalytic performances were assessed.

The final liquid phase products were analyzed by a Dani GC-FID, model 1000 (Dani
Instruments, Milan, Italy,) using a column TRB-5-RTX (30 m × 0.25 mm, 0.25 µm). The
products detected were pentadecane (C15) and hexadecane (C16). Conversion of palmitic
acid (X) and yield (Yi) of each product i were calculated as indicated in equations 4 and 5,
respectively.

X (%) =

(
moles o f converted palmitic acid

moles o f initial palmitic acid

)
× 100 (4)

Yi (%) =

(
moles o f product i

moles o f initial palmitic acid

)
× 100 (5)

The experiments were carried out in triplicate and the standard deviations associated
with the conversion and the yields of C15 and C16 were 2.8, 0.3 and 5.3%, respectively.

4. Conclusions

The reaction conditions were examined employing the commercial Co-Mo/Al2O3
catalyst to evaluate the deoxygenation pathways of palmitic acid. The production of C16
was at 89.0% under the conditions of 350 ◦C for 6 h at 30 bar H2 pressure, stirring at
150 rpm and using 0.25 g of the catalyst and 0.50 g of palmitic acid in 50 mL of n-decane,
indicating that the HDO route was favored. The Co and Mo catalysts supported on CNTs
produced a greater amount of C15 under the optimized conditions, indicating that the
DCX reaction was favored due to the greater acidity of these catalysts. Co-Mo/CNTox
had a similar performance compared to the commercial catalyst, producing 90.9% of C16,
indicating that the higher acidity and the elevated presence of MoO2 in its structure can
not only favor C15 products but also C16 alkane. Further studies should focus on opti-
mizing the Co-Mo/CNTox catalyst by determining the ideal metal phase proportions and
adjusting temperature treatment conditions. This would improve the catalytic performance
approaching the obtention of not only C15 and C16, but also some other light alkanes
hydrocarbons. Such information would provide the basis for conducting a comprehen-
sive cost-benefit analysis of using Co-Mo/CNTox catalyst as an alternative material for
advanced hydrocarbon synthesis in different liquid fuel ranges.
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reactions. Table S1: Palmitic acid conversion and product distribution using monometallic catalysts.
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