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Abstract

Green diesel is an alternative petroleum derived fuel owing to their non-renewable nature and high CO: emissions. Hence, the
present study highlights the production of green diesel from renewable and cost-effective fat, oil, and grease (FOG) via
hydrodeoxygenation (HDO) reaction over a bimetallic-modified catalyst known as Ni.Cev/Fe-F using a series of Ce loadings
(Nio.34Ceo.30/Fe-F, Nio34Ceo42/Fe-F) which were synthesized via the electrodeposition method. Detailed catalyst
characterization was conducted, and most of the catalysts exhibited surface areas within the range of 4.45-45.13 m?/g, with
76-233 umolg™! of acid sites. The presence of cerium species not only amplifies the number of acid sites but also facilitates
the efficient removal of oxygen species, marking a pivotal advancement in the process. The catalyst also demonstrated a
significant needle-like morphological structure. Based on the catalytic HDO screening study at 400 °C within a 6 h reaction
time, the Nio.34Ceo.42/Fe-F (rich Ce vacancy species) catalytic HDO was found to be superior in catalytic activity compared to
other catalysts, with a hydrocarbon yield of 53% and selectivity of 74% n-(Ci5-Cig). Despite having a low surface area, the
presence of high weak + medium acid sites in the catalyst, helped boost its catalytic activity in HDO.

Keywords: green diesel, cerium, hydrodeoxygenation, iron, nickel

Introduction

With the population increase and economic growth at
a rapid rate, particularly in the urban areas of
developing countries, energy consumption and
demand have grown tremendously. Hence, resulting in
an increase in the demand for fossil fuels worldwide.
According to the International Energy Agency (IEA),
primary energy demand worldwide rose by 2% [1]. As
petroleum fuels release CO: when they are burned,

intensified energy use has led to over 40 gigatonnes of
CO: emission in 2023 across the globe [2]. Actually, it
leads to enormous issues like environmental
contamination, greenhouse gas emission, and climatic
alteration. Therefore, to curb this environmental
problem, the quest for clean and sustainable energy as
a substitute for fossil fuels is essential in curbing
environmental degradation and providing a sustained
energy supply. Over the past few years, many studies
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have been carried out in investigating the possibilities
of renewable diesel replacing petroleum diesel as the
main source of energy in the future.

In recent years, numerous studies have been
conducted in the search for the potential of renewable
diesel to replace petroleum diesel as the primary
source of energy in the future. Green diesel or
"renewable diesel" is a promising substitute for
conventional diesel fuel [3]. Green diesel produced
from primarily agricultural waste such as organic oil,
animal fats, and greases [4—6], which can be extracted
in a process known as hydro-treatment of fatty acids
or vegetable oil [4]. Sewer grease, or fats, oils, and
grease (FOQG), is waste material that comes primarily
from the food industry (food preparation and food
processing) and residential homes, such as cooking
meat fat, lard, butter, and used cooking oil [7]. FOG
has been a serious environmental problem because
FOG settling can cause sewer pipe clogging, sewer
overflows, and water pollution because it solidifies
[8,9]. For solving this issue, recent research has
demonstrated the potential of sewer grease as a
feedstock for the production of green diesel [10,11].
Since FOGs are comprised of a high concentration of
lipids from animal fat and vegetable oils It has been
suggested as a promising green diesel feedstock that
circumvents many economic constraints, such as its
cost-effectiveness, and is available in bulk quantities
because it does not compete with the human food
chain [12,13]. FOG-derived green diesel possesses
better characteristics compared to other feedstocks
with respect to oxidative stability, flash point, cetane
number, and total emissions [11]. Thus, the
application of FOG in green diesel is beneficial in
various ways. First, it addresses the issue of the
environment by reducing disposal need and clogging
of sewers. Second, it is a low-cost and renewable
source of fuel.

Green  diesel is  possible by  catalytic
hydrodeoxygenation (HDO) of the triglycerides [14].
HDO is highly carbon-efficient with an efficiency of
approximately 100% since all the carbon is converted
into hydrocarbons without emitting CO, [15].
Observed, the majority of the earlier research used
powder catalysts in HDO reactions [16,17]. However,
this powder catalyst possesses some serious
drawbacks like severe flow blockage, uncontrollable
liquid dynamics, and formation of hot spots. The mass
transfer limitation usually depends a great deal on the
flow conditions like pressure, temperature, surface
velocity within the reactor, and catalyst structure [18].
Choice of catalysts for HDO depends on the acidic
sites, high surface area, porosity, and stability of the
catalysts. Although the surface area of the catalyst has
been reported to accelerate the activity of HDO, recent
studies have shown the critical roles played by catalyst

acidic sites during the HDO process and hinted that
the sites are more critical than surface area in
regulating catalytic activity [19-22]. In addition,
HDO also has superior oxygen vacancy sites. For
instance, according to research supported by data from
XPS obtained, Ni/TilZr4 contained more oxygen
vacancy sites than others and hence facilitated the
adsorption of anisole and thus possessed superior
HDO activity [23-26]. Based on the above findings,
in this study, a highly stable, porous catalyst with high
weakly acidic and defect sites will be engineered to
catalyse the HDO of sewer grease to FOG-green
diesel. Large porous, acidic, and oxygen vacancy-
abundant sites will be generated here by
electrodepositing an oxygen-vacancy-rich bimetallic
NiCe nanosheet of varying thicknesses onto a porous
3D Fe Foam. The porous nanosheet open cellular
structure of the 3D Fe Foam has a much larger surface
area, allowing for better mass transfer. Moreover, the
nickel (Ni) and cerium (Ce) deposition over the
porous nanosheet enables improved chemical and
mechanical stability of the catalyst, which is then
more efficient for the HDO process.

Materials and Methods

Materials

The experiment began with the acquisition of Fe Foam
(Fe-F) from a supplier. Meanwhile, high-purity
chemicals, including nickel (II) nitrate hexahydrate
(with a purity of over 99.0%) and cerium (IV) sulfate
(with a purity exceeding 99.9%), were obtained from
Sigma-Aldrich Pty Ltd., Malaysia. Additionally,
Chemiz Malaysia provided analytical grade reagents,
including hydrochloric acid (37%) and potassium
hydroxide (KOH). Chemiz Malaysia also supplied
solvents for the experimental processes. For further
GC analysis, standard alkene and alkane solutions
ranging from Cg to Cy, along with the internal
standard 1-bromohexane, were purchased from
Sigma-Aldrich and used without any additional
purification steps. The feedstock for this process
consisted of fats, oils, and grease (FOG), which were
collected from the Seri Kembangan Indah Water
treatment plant in Malaysia.

Catalyst preparation

The electrodeposition process was carried out with Pt
serving as the counter electrode, while Fe foam was
used as the working electrode. Both electrodes were
submerged in an electrolytic solution containing
Ni(NOs),-6H,0 at a concentration of 0.34 M, along
with Ce(SO4); at varying concentrations of 0.30 M
and 0.42 M. The electrodeposition was performed at a
voltage of 2.5 V for 30 min. After electrodeposition,
the Fe foam coated with Ni and Ce was thoroughly
washed with deionized water and then dried. The
resulting catalyst was labeled as Ni,Cep/FeF, in which
a 0.34M and b 0.30M, with a concentration of 0.34M
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and b =0.30M or 0.42M. The catalysts produced were
designated as Fe-F, Nig34Ceo.30/Fe-F and Nig34Ceo.42/
Fe-F.

Catalyst characterization

X-ray diffraction (XRD) analysis, using a Shimadzu
XRD-6000 instrument (Japan), was performed to
investigate the crystallinity and identify the phases
present in the catalysts. The instrument operated with
a scan speed of 4°C per minute over a 20 range of 5°
to 40°. The crystallite size was determined using
Debye-Scherrer’s equation. Then, field-emission
scanning electron microscopy (FESEM) was applied
to observe the porous structure of the Fe foam and its
morphology. To evaluate the surface area, the
Brunauer-Emmet-Teller ~ (BET) method was
employed, using an N, adsorption/desorption analyzer
(Sorpmatic 1990 series, Thermo-Finnegan, USA).
The acidic and basic properties of the catalysts were
analyzed using ammonia temperature-programmed
desorption (NH3-TPD) with a Thermo-Finnigan
TPDRO 1100 (USA) instrument.

Hydrodeoxygenation of FOG

The hydrodeoxygenation (HDO) study was conducted
on fats, oils, and grease (FOG) in a 300 mL custom-
built stainless steel batch reactor. 10g of FOG and 1
cm? of Fe-F catalyst into the reactor. This was
followed by purging high-purity hydrogen (H:) gas
N,. The pressure inside the reactor was then adjusted
to 5 MPa. Subsequently, the reactor was heated to
400°C while stirring at 200 rpm for 6 h. The steps were
repeated for the Nig34Ceo.30/Fe-F and Nig34Ceo 42/Fe-
F. For the liquid analysis, GC-FID analysis provided
detailed data on both the hydrocarbon yield and the
selectivity of the hydrocarbon products analyzed
using gas chromatography (GC) with flame ionization
detection (FID) (Agilent 7890A series, USA)(HP-5
capillary column (30 m in length, 0.32 mm inner
diameter, and a film temperature of 300°C) and a GC-
mass spectrometer (GCMS) (SHIMADZU QP2010)
was used to Isolate complex mixtures, measure
analyte concentrations, recognize unidentified peaks,
and detect trace contaminants.

Results and Discussion

Catalysts screening

The XRD patterns for Fe-F, Nig34Ceoso/Fe-F and
Nig34Ceo42/Fe-F catalysts were shown in Figure 1.
The results indicated that the Fe-F catalyst showed a
high peak at 20 value of 45.0°, corresponding to the
presence of an iron metallic peak. In some studies, the
XRD pattern of iron shows a big peak near 44.6°,
which is attributed to the (110) reflection of BCC iron
[27]. The same observations were noted on the other
catalysts because all of them had Fe-Foam as their
support. Furthermore, the XRD patterns of Ni (a =
0.34 M) and Ce (x = 0.30 M and 0.42 M) showed

features at 20 values of 45.0°, 78.4° (ICDD card: 00-
001-1266), and 66.2° (ICDD card: 00-033-0323),
which symbolize the metallic phase for Ni and Ce
metals. Metal oxide also shows up at the peak of 20 =
36.2°, 38.7° and 44.0° for the oxide formation of Ce,
Fe and Ni.

The Nig34Ceo42/Fe-F catalyst with the higher cerium
content shows more intense Ce-related peaks. It
presents a slight decrease in the relative intensity of Fe
peaks in comparison with the lower cerium content
catalyst, indicating that higher cerium loading
influences the Fe crystalline structure and possibly
forms more Ce20s phase at the expense of metallic
phases [28] Catalyst crystallite size was calculated
from the line broadening XRD patterns of the intense
20=45.0° using Scherrer's equation with the value
ranging 33.6 — 89.0 nm. Indeed, the addition of cerium
leads to a broadening of the Fe peak, thus decreasing
the intensity of the Fe peak, and finally lowers the Fe
crystallite size. These results are consistent with
previous reports in which excess cerium causes lattice
strain, causing other metal peaks in the XRD pattern
to broaden [29,30]. Collectively, these XRD peaks
confirmed the successful loading of nickel and cerium
species on the iron foam surface.

Figure 2(a) shows the acidity profiles of the catalysts
evaluated by temperature-programmed desorption of
NHj3. TPD-NH; profiles for Nig34Ceo30/Fe-F showed
NH; desorption peaks of 122 pmolg™ at temperatures
between 200-500 °C, suggesting that the catalyst
possessed medium acid sites. For Nig 34Ceo.42/Fe-F, the
catalyst shows weak acid strength (50-200°C) and
possesses a broader desorption peak between 300-
550°C, which falls in the range of the medium acid
profile (200-600°C). The catalyst, however, exhibited
a higher acidity value of 233 umolg™ compared to
Nip34Ceo30/Fe-F. Therefore, it is worth noting that
with an increase in the quantity of cerium deposited
on the catalyst, the catalyst's acidity increases as well,
as presented in Table 1.

Indeed, the redox behavior of cerium influences the
catalyst's surface properties, which consequently
affects its acidity [31,32]. Worth noting to mention,
weak to medium acidic sites play an important role in
oxygenated species removal, while strong acidic sites
are efficient at cracking reaction catalysis and
dehydrogenation [33]. Due to its acidity nature, the
modified Fe-F catalyst is believed to show outstanding
HDO activity. For Fe-F, the Fe-F doesn't portray any
broad high peaks and has a low acidic value of 76
umolg™. The Fe-F low acidity is attributed to the lack
of promoters Ni or Ce and the nature of the iron
species, which Fe** cations have weak acidity [34,35].
Based on these results, it is believed that Fe-F
demonstrates poor HDO activity.
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Figure 1. XRD analysis of Fe-F, Nig34Ceo.30/Fe-F and Nig34Ceo.42/Fe-F
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Figure 2. (a) TPD-NHj3 analysis of the catalysts and (b) BET adsorption-desorption analysis of the catalysts

Table 1. Physiochemical properties of Fe-F, Nip.34Ceo30/Fe-F and Nig 34Ceo 42/Fe-F

BET Surface

Average Pore

Catalyst Crystallite Size Area Diameter Acid Strlel_ll gth
(nm) (mZ/g) (nm) (l,lm() g )
Weak + Strong
medium acid acid
Fe-F 33.6 4.45 2.31 76 -
Nig 34Ceo 30/Fe-F 89.0 27.59 4.83 122 -
Nig 34Ceo.42/Fe-F 68.7 45.13 3.50 233 -

The information in Figure 2(b) presented the BET
adsorption-desorption analysis of the catalyst. For the
graph, the catalyst displays the Type IV isotherm and
demonstrates the mesoporous nature of materials with
well-defined mesopore structures [36,37]. However, it
is only applicable for Nig3sCeo30/Fe-F and
Nig34Ceo42/Fe-F. As seen in Table 1 comparing the
BET surface area of Fe-F, Nip34Ceo30/Fe-F and
Nig34Ceo42/Fe-F, the specific BET surface area

increases as the presence of cerium is increased. The
trend rises from 4.45 m?/g for Fe-F to 27.59 m*g and
45.13 m?/g for Nig34Ceo30/Fe-F and Nig34Ceo.42/Fe-F,
respectively, with higher values. Even though the
surface area increases for the catalyst, the average
pore diameter of the catalyst exhibits an up-and-down
trend. As presented in Table 1, the value reduces from
4.83 nm to 3.5 nm for the deposited catalysts. This can
occur due to the amount of cerium that occupied the
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pore of the Fe foam. These results are comparable with
a previous study, whereby the specific BET surface
area drastically dropped after the impregnation of Co
and W species onto the SA support [38]. This shows
that the deposition of active metal species onto the
catalyst support can affect the pore structure of the
catalyst and hence its specific BET surface area. The
doping of these metals might also trigger oxidation
processes, which can further modify the surface
characteristics of the catalyst [39].

Figure 3a-b shows the morphological analysis study
of Fe-F and Nig34Ceo.42/Fe-F. Before the modification
of Fe-F, the Fe-F shows the presence of pores,
validating the porous structure nature of the Fe-F itself
(Figure 3a). Meanwhile, during the time of deposition
of Ni and Ce, the morphology changes and becomes a
porous needle structure, as shown in Figure 3b.
Apparently, the porous needle-like structure allows
alternative pathways for reactants to access active
sites, hence circumventing diffusional limitations
typically excluding catalytic activity [40]. Based on
EDX mapping analysis, the results indicated that
nickel and cerium homogeneously distributed over the
surface of the iron foam support. It has been suggested
in earlier research that this may enhance the catalytic
HDO activity [41].

Catalytic activity in HDO

Hydrodeoxygenation (HDO) of FOG was investigated
by employing metal-modified catalysts in different
reaction conditions in a purposely designed stainless-
steel reactor. Moreover, the effect of Ce
concentrations on the HDO process was also
investigated further. Parameters such as pressure,
reaction time, and temperature were kept at 5 MPa for
6 hours at 400°C. The reaction parameters employed
in this work were chosen based on the optimum HDO
conditions in other studies [42—46]. GC-FID and GC-
MS analysis indicated that both saturated and
unsaturated hydrocarbon fractions were present in the
HDO liquid products with carbon chain lengths
between Cs and Cyo (Figure 4a-c). It is important to
note that a control experiment was also performed
under the same reaction conditions and parameters,
but in the absence of a catalyst, for comparison. The
results indicate that the lowest hydrocarbon yield,
7.5%, was achieved for the blank experiment (Figure
4a). By comparison, reactions involving catalysts
under the same conditions show considerable
improvements over the blank reaction, yielding
hydrocarbons in the range 53—74%, clearly indicating
the occurrence of catalytic HDO. Specifically, Fe-F,
57% hydrocarbon yield, Nig34Ceoso/Fe-F (74%),
whereas the Nigp34Ceo42/Fe-F catalyst yielded 53%
hydrocarbon yield. Importantly, the addition of Ni and
Ce on Fe foam leads to an increase in active sites for
hydrogen activation and hydrogenation reactions.

Indeed, Ni facilitates H-H cleavage, whereas Ce
generates oxygen vacancies that help in breaking C-O
bonds [47,48], remarkably increasing the HDO
activity and leading to hydrocarbon yields of over
50%. However, the HDO activity declines with the
addition of 0.42 M Ce, which implicates that excess
Ce species mask the Ni active sites, thus reducing H-
H cleavage activity [49—-51]. All these results together
signify that an optimum quantity of Ni and Ce is
required for inducing high C-O and H-H cleave
activity, thus improving the HDO of FOG and
subsequently producing hydrocarbons mainly in the
range of Cis-Cis. Interesting to note that, FOG
contains mainly palmitic acid (C16:0) and oleic acid
(C18:1), however result demonstrated that the
hydrocarbon distribution mainly in range of n-(Cjo—
Cis and Cy7) (Figure 4b). This wide distribution
further implicated that the catalyst also found effective
for cracking activity, thus producing lighter
hydrocarbons and gases [44,52]. An earlier study also
implicated that high temperature may initiate the
thermal cracking of longer hydrocarbon chains,
especially when the reaction duration is prolonged
[44]. At such high temperatures, thermal cracking can
take place, leading to the breakdown of longer
hydrocarbon chains into shorter ones, which may
affect product distribution and yield. However, it is
interesting to note here that hydrocarbon selectivity
within the desired range (n-(Cis-Cig)) is still
achievable (60-74%), inducing only modest cracking,
which occurs without significantly affecting overall
fuel quality.

Besides that, GCMS analysis (Figure 4c¢) depicts the
mass fraction profile of the HDO product. Indeed,
evident formation of aldehyde such as Octadecanal,
alcohol such as 1-Hexadecanol (CisH340), 9-
Octadecanol (C;sH3s0), 1-Heptadecanol (Ci7H360),
1-Pentadecanol (Ci5sH3,0), and carboxylic acid such
as n-Hexadecanoic Acid (CisH320,), n-Octadecanoic
Acid (CisH3602), Pentadecanoic Acid (CisH3002)
were identified in the liquid product. This may be due
to secondary reaction during HDO of FOG. Figure 5
presented the suggested reaction routes for HDO of
FOG. According to the GC-MS analysis, it is
suggested that HDO of FOG takes place through
direct hydrodeoxygenation and secondary reaction
route. In direct hydrodeoxygenation (Route 1),
carboxylic acids are transformed into saturated
hydrocarbons, whereas in the secondary reaction
(Route 2), carboxylic acids are partially transformed
into aldehydes and alcohols. The blank and catalytic
reactions showed a notable discrepancy, indicating the
vital role of the catalyst in inducing selective HDO
activity. Interestingly, the quantity of saturated
hydrocarbon chain of HDO when using
Nio.34Ce.42/Fe-F catalyst is considerably higher in
comparison to Nig34Ceo 30/Fe-F. This implies that with
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increased cerium content, the hydrogenation activity rich catalysts. Thus, the cerium content still needs to
is enhanced, more efficient HDO routes are facilitated, be cautiously controlled and means to improve the
and greater quantities of saturated hydrocarbons are effectiveness of Ce should be explored.

produced though not as high as that obtained using Ni-

Figure 3. FESEM-EDX analysis of (a) Fe-F and (b) Nig34Ceo.42/Fe-F
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Conclusions

In this study, Ni and Ce-added Fe foam catalysts were
prepared by means of an electrodeposition process.
The catalysts proved to be highly effective in the
production of diesel-type hydrocarbons from oleic
acid and palmitic acid in a composition predominantly
of FOG with product selectivity ranging from 66% to
71% and conversions ranging from 53% to 74%. High
activity for hydrodeoxygenation is positively
influenced by Ce and Ni loading over the support,
with product distribution more in the direction of
saturated hydrocarbons and n-(Cis+Ci7) and n-
(Ci6tCis) selective. Also, the acidity sites improve
HDO activity mostly due to favouring the formation
of carbocations; thus, with a higher value of weak to
medium acidic sites, it favours the catalyst. The
highest Ce loading content used in the catalyst,
Nip34Ceo.42/Fe-F, showed the best catalytic activity in
the HDO reaction because 0.42 M is the optimal
concentration with 0.34 M Ni. Higher Ce species will
cause a reduction in H-H bonding cleavage activity
due to the blockage of active sites of Ni. Overall,
enough Ni and Ce is needed to increase the high C-O
and H-H cleave activity, thereby enhancing the HDO
of FOG.
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