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ABSTRACT: The vinasse waste was effectively converted to
nanoporous carbon (NPC) via hydrothermal carbonization with
potassium hydroxide (KOH) activation. The nanoporous carbon
(NPC) exhibited a maximum surface area of 1018 m2/g and it was
utilized as a catalyst for the conversion of palm oil into green diesel
fuel. The supported NPC catalyst was fabricated via a wet
impregnation technique, where finely distributed iron phosphide
(FeP) particles were cemented. The FeP/NPC catalyst was
evaluated for its physicochemical characteristics using various
techniques including X-ray diffraction (XRD), nitrogen sorption
analyzer, transmission electron microscopy (TEM), and energy
dispersive X-ray spectrometry (EDS) mapping. An investigation was conducted to examine the effects of different temperatures
(ranging from 280 to 360 °C) on the conversion of palm oil through deoxygenation reactions. The FeP/NPC catalyst exhibited
remarkable particle dispersion and surface area. At a reaction temperature of 340 °C, the FeP/NPC catalyst had the best selectivity
for green diesel, reaching 68.5%. The finding implies that FeP catalysts, when supported, hold significant promise for converting
triglycerides into renewable diesel fuel. Moreover, they provide the advantage of being more cost-effective than valuable metals,
while demonstrating excellent catalytic efficiency in the production of biofuels. Furthermore, it has been shown that the FeP/NPC
catalyst can be recycled by subjecting it to heat treatment to remove impurities and obtain reduction.

1. INTRODUCTION
The rising demand for petroleum, particularly diesel fuel, in the
transportation and industrial sectors is driven by escalating
economic requirements and the expanding worldwide
population. The current scenario is resulting in a growing
inclination toward converting waste biomass into an environ-
mentally beneficial substitute for diesel derived from
petroleum. Producing eco-friendly chemicals and biofuels
from sustainable sources such as waste products and
agricultural residues can mitigate the generation of greenhouse
gas emissions by substituting fossil fuels.1 Biodiesel, produced
by chemically converting natural triglycerides such as plant oils
and animal fats through a process called transesterification, is
currently the most widely recognized form of biofuel.
Nevertheless, the elevated oxygen concentration of biodiesel
can result in problems such as heightened viscosity, a reduced
freezing point, and diminished thermal stability, which can lead
to challenges in engine systems.2

To overcome the limitations of biodiesel, extensive
investigation is needed to explore technologies capable of
transforming triglycerides into premium fuels that adhere to
the criteria of petroleum diesel. Consequently, there is

substantial research being conducted on alternate methods to
convert vegetable oils and tallows into biohydrocarbons.3,4

Catalytic deoxygenation is an efficient technology employed to
enhance the quality of environmentally friendly fuel products,
rendering them equivalent to conventional petroleum fuels.
The process of catalytic deoxygenation, used in the
manufacture of biofuels, usually employs systems that use
hydrogen or do not require hydrogen. These systems operate
within a temperature range of 250−420 °C. The process is
aided by slightly acidic microporous or mesoporous heteroge-
neous catalysts under high pressure (10−100 bar).5 This
process consists of three simultaneous reactions: decarbox-
ylation, decarbonylation, and hydrodeoxygenation. The impact
of each reaction is contingent upon several elements, including
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the catalyst type, reaction temperature, and hydrogen
pressure.6 The process of catalytic deoxygenation is employed
to transform biomass feedstocks into environmentally accept-
able fuels. The procedure frequently employs noble metal
catalysts, such as palladium, platinum, and rhodium, that are
supported on porous materials.7 Nevertheless, the utilization of
noble metals as catalysts is less cost-effective in comparison to
transition-metal-based catalysts such as nickel, cobalt, iron, and
molybdenum, particularly when considering large-scale com-
mercial applications. Furthermore, it is imperative to address
the crucial issue of low stability of noble metal catalysts during
long-term operations.8

In recent years, researchers have investigated many options
to replace noble metal catalysts in the process of deoxygena-
tion. Some of these available are bimetallic catalysts,9,10 metal
sulfides,11 metal carbides,12,13 and metal phosphides,14,15 all of
which offer impressive catalytic performance, longevity, and
cost-effectiveness. Nevertheless, some catalysts, like metal
sulfides, might result in environmental damage as a
consequence of the discharge of harmful sulfur agents.16−18

Transition-metal phosphides have demonstrated exceptional
catalytic efficacy in the conversion of triglycerides into biofuels,
such as biojet fuel and green diesel. This is mainly due to their
ability to minimize methanation, a secondary reaction that
decreases the production of liquid hydrocarbons (LHC).19

Their typical metallic and acidic catalyst behaviors allow them
to offer multiple functions, effectively eliminating oxygen
molecules. Although they have advantages, the investigation of
their application for producing eco-friendly diesel from plant
oils and animal fats has been restricted. Recent studies have
demonstrated the potential of transition-metal phosphides,
particularly those containing nickel, iron, and molybdenum, for
the manufacturing of environmentally friendly diesel fuel.20

These catalysts are cost-effective, provide superior stability, and
display exceptional catalytic activity when compared to noble
metals.21,22 In addition, they exhibit excellent resistance to
coking, strong mechanical durability, and high reactivity during
the hydrodeoxygenation process.23 Iron phosphide is acknowl-
edged as a highly promising catalyst because of its exceptional
activity, selectivity, and stability. The manufacturing of this
substance utilizes inexpensive components and simple syn-
thesis techniques, which make it suitable for efficient
production on a wide scale. Although there are advantages,
there is a scarcity of research on the utilization of iron
phosphide catalysts for the removal of oxygen from vegetable
oils in the creation of biofuels. Therefore, the objective of the
study is to utilize an iron phosphide (FeP) catalyst in order to
transform palm oil into environmentally friendly diesel fuel.
Catalysts, which usually consist of a metal on materials with a
large surface area, are essential in the deoxygenation process.24

Porous materials such as alumina, silica, zeolites, and carbons
function as catalyst supports, improving the dispersion and
stabilization of metal nanoparticles. Nevertheless, support with
elevated acidity levels can result in catalyst deactivation due to
coking or carbon deposition.25 Supports such as porous
carbons, TiO2, and ZrO2, which have lower acidity, can
prevent these problems while still maintaining a high surface
area, which is crucial for an efficient catalyst support.26,27

Porous carbon materials are utilized as a support for
deoxygenation catalysts because they are cost-effective,
environmentally friendly, and sustainable and can be
customized in terms of porosity and surface chemistry. Porous
carbons are particularly effective in distributing metal catalysts

and exhibit impressive mechanical resilience under elevated
temperatures and pressures.28 They assist in the prevention of
coking and enhance the efficient retrieval of precious metal
catalysts. Recent studies highlight the use of carbon materials
derived from waste as support for metal catalysts in
deoxygenation.29 Recent research emphasizes the utilization
of carbon compounds obtained from waste as a means of
supporting metal catalysts in the process of deoxygenation.
Nevertheless, there has been a restricted amount of research
conducted on the utilization of nanoporous carbon generated
from waste biomass as a means to support metal phosphide
catalysts for the purpose of deoxygenating palm oil in order to
produce green diesel.30 This research seeks to fill the gap in
knowledge by exploring the use of industrial waste, notably
vinasse waste from the sugar industry, as a support material for
metal phosphide catalysts in the production of palm oil-based
green diesel.8,30,31

Therefore, this study reported that a nanoporous carbon
support was synthesized from vinasse waste using hydro-
thermal carbonization and activation with potassium hydroxide
(KOH). The study investigated the effect of the activation
temperature on the specific characteristics of nanoporous
carbon. The selected nanoporous carbon was then used to
support iron phosphide catalysts in palm oil deoxygenation.
The synthesized iron phosphide catalysts were tested for their
effectiveness in producing green diesel fuel with successful
control over product selectivity achieved by tuning reaction
conditions. The study also investigated the reusability of the
iron phosphide catalyst on nanoporous carbon under optimal
conditions for producing green diesel.

2. MATERIALS AND METHODS
2.1. Synthesis of Nanoporous Carbon (NPC). Vinasse

waste, which was collected from the MitrPhol sugar factory
located in Chaiyaphum, Thailand, was used as a raw material
for the synthesis of nanoporous carbon. The vinasse was dried
at 150 °C for 48 h in an oven, ground, and sieved into a
powder. The preparation of nanoporous carbon (NPC)
involved hydrothermal carbonization combined with activation
using KOH (CARLO ERBA Reagents Co., Ltd., Paris, France)
as an activating agent. Vinasse powder of 10 g was first
pyrolyzed at an 800 °C ramp rate of 10 °C/min for 1 h under a
nitrogen flow of 200 mL/min in a tubular furnace
(Chavachote, Tube50/1009P, diameter = 10 cm). Then,
carbon powder was mixed with a KOH ratio of 1 (w/w) for 15
min. The mixture of 10 g was activated at a temperature of
600, 700, 800, and 900 °C with a heating rate of 10 °C/min for
1 h under a nitrogen flow of 200 mL/min in a tubular furnace
(Chavachote, Tube50/1009P, diameter = 10 cm). The residue
on the NPC was washed with deionized water until neutral and
dried in an oven at 105 °C for 24 h. The nanoporous carbon
samples were denoted as NPC-X, where X represents the
activation temperature of each sample. The physical and
chemical properties of the vinasse powder and the NPC were
characterized using thermogravimetric analysis (TGA)
(Netzsch, TG 209 F3 Tarsus), energy dispersive X-ray analysis
(EDX), X-ray fluorescence (XRF) (XRF, Rigaku, ZSX Primus
IV), Fourier-transform infrared spectroscopy (FTIR) (Perki-
nElmer Scientific, Spectrum Two FT-IR Spectrometer),
Brunauer−Emmett−Teller (BET) surface area analysis (Quan-
tachrome Autosorp ASiQWin), and field emission scanning
electron microscopy (FESEM) analysis (FEI, model Versa).
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2.2. Synthesis of FeP/NPC Catalyst. Nanoporous carbon
was used as a support material for the catalysts. The catalyst
was prepared by following the incipient wetness impregnation
method. Iron(III) nitrate nonahydrate [Fe(NO3)3·9H2O] 98%
(CARLO ERBA Reagents Co., Ltd., Paris, France) was used as
metal precursors. Diammonium hydrogen phosphate [(NH4)2·
HPO4] (CARLO ERBA Reagents Co., Ltd., Paris, France) was
used as phosphorus precursors. The iron phosphide is
immobilized on nanoporous carbon by utilizing Iron(III)
nitrate nonahydrate. The metal loading is precisely controlled
at 10 wt %, and the phosphorus content is maintained at an
initial molar ratio of 1.0 Fe/P. In the standard procedure,
iron(III) nitrate nonahydrate was dissolved and stirred in
deionized water. The solution was treated with diammonium
hydrogen phosphate, and then nanoporous carbon particles
were added. The mixture was maintained at a temperature of
100 °C for 48 h and then subjected to calcination at 800 °C.
The calcination process involved heating the mixture at a rate
of 10 °C per minute under a nitrogen flow of 200 mL per
minute for a duration of 3 h. This was done using a tubular
furnace (Chavachote, Tube50/1009P, with a diameter of 10
cm) in order to obtain the supported Fe−O−P polyphosphate
complex species. Before further characterization and catalytic
testing, the calcined sample (iron phosphate) was converted
into iron phosphide by reduction under a hydrogen
atmosphere. The calcined sample was reduced under a 20
mL/min hydrogen flow by heating from room temperature to
600 °C with a ramping rate of 10 °C/min for 6 h in a tubular
furnace (Inner diameter = 10 mm, Outer diameter = 12 mm).
The characteristics of prepared catalysts have been investigated
by different techniques, such as X-ray diffraction (XRD,
SmartLab, Rigaku, Japan), transmission electron microscopy
(TEM, JEOL JEM-2100plus) equipped with an energy
dispersive X-ray spectrometry (EDS), and N2 adsorption/
desorption isotherm.
2.3. Catalytic Deoxygenation of Palm Oil. The

deoxygenation was conducted in a batch-type reactor with a
volume of 100 mL. Palm olein oil, which serves as a feedstock,
was procured from a local market in Thailand. The palm oil
has the following fatty acid composition: The composition of
the fatty acids in the substance is as follows: lauric acid
(C12:0) 0.4%; myristic acid (C14:0) 0.8%; palmitic acid
(C16:0) 37.4%; palmitoleic acid (C16:1) 0.2%; stearic acid
(C18:0) 3.6%; oleic acid (C18:1) 45.8%; linoleic acid (C18:2)
11.1%; linolenic acid (C18:3) 0.3%; arachidic acid (C20:0)
0.3%; and eicosenoic acid (C20:1) 0.1%. According to
deoxygenation test, 9 g of palm oil, 0.9 g of FeP/NPC
catalyst, and 10 mL of dodecane (a solvent) were introduced
into the autoclave. The system underwent a 15 min hydrogen
purge to remove any air present in the reactor. The reactor was
finally set with hydrogen at a pressure of 20 bar at the desired
reaction temperatures of 280, 300, 320, 340, and 360 °C. The
stirring speed was adjusted to 300 rpm, and the duration of the
reaction was 3 h. The oil feed conversion refers to the
transformation of triglycerides into other substances including
intermediates and hydrocarbons. The product yields were
calculated by analyzing the mass balance of liquid hydro-
carbons in the products that corresponded to the oil feed. The
formulas provided were used to compute the conversion of
palm oil, the yield of liquid hydrocarbon (LHC), and the
selectivity to green diesel (C15−C18).

conversion of palm oil (%) 100oil in feed oil in product
oil in feed

= ×

liquid hydrocarbons (LHCs) yield (%)

conversion 100mass of LHCs in product
mass of oil in feed

= × ×

selectivity of green diesel (%) 100green diesel in product
oil converted

= ×

green diesel yield (%)

LHCs yield (%) selectivity of green diesel (%)

/100

= [ × ]

For the characterization of the deoxygenation products, the
gas chromatography-Flame Ionization Detector (GC-FID,
5890 SERIES II Plus) was used to analyze the products and
determine the liquid hydrocarbon yield and composition of the
resulting green diesel. The liquid hydrocarbon yield and
selectivity of the green diesel are based on the reaction
temperature.
2.4. Reusability of FeP/NPC Catalyst. To maintain the

catalyst performance for reuse in subsequent recycling cycles, a
regeneration procedure was implemented, which involves two
crucial stages: cleaning and reduction. During the regeneration
process, the catalyst that had been used was subjected to a
temperature of 400 °C while being exposed to a N2 flow of 20
mL/min for 3 h. This process removed any lingering impurities
or carbon deposits that may have accumulated on the surface
from the previous cycle. Afterward, the catalyst was subjected
to a reduction in an environment of H2 gas using flowing rate
of 20 mL/min. The reduction occurred in a tubular furnace
with an inner diameter of 10 mm and an outer diameter of 12
mm. The temperature was gradually increased at a rate of 10
°C/min until it reached 600 °C. The reduction process lasted
6 h. The purpose of this reduction phase was to restore the
functionality of the active metal sites on the catalyst active
sites, which may have been partially rendered inactive or
oxidized during the previous reaction cycles.

3. RESULTS AND DISCUSSION
3.1. Characterization of Vinasse Powder and Phys-

icochemical of Nanoporous Carbon. Figure 1 illustrates
the temperature characteristics of the vinasse powder. The
temperature-dependent mass loss profile within the temper-
ature range of 30−900 °C. The whole mass reduction of

Figure 1. Thermal gravimetric analysis (TGA) of the vinasse powder.
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vinasse powder can be categorized into five distinct steps. The
initial decomposition stage involves the elimination of bound
moisture and adhesive moisture and the evaporation of
oxygenated substances, especially hydroxy compounds, within
the temperature ranges of 30−120 °C and 120−250 °C,
respectively. The second phase is characterized by significant
volatilization of the organic content of vinasse, resulting in a
mass loss of approximately 30%. Subsequently, there was a
reduction in mass of approximately 5%, which was then
accompanied by a decrease in weight of 10% due to thermal
decomposition at the temperature range between 715 °C and
795 °C. Ultimately, there was no observed decrease in mass
until reaching a temperature of 900 °C. The vinasse underwent
decomposition under elevated temperatures, as seen in the TG
profile: stages IV and V.

XRF analysis was utilized to determine the types and
concentrations of oxide compounds present in vinasse powder.
Based on the findings presented in Table 1, the dominant

oxide compounds in the powders were CaO and SO3,
accounting for 37.7 and 30.0% of the total mass of the vinasse
powder, respectively. Additionally, smaller amounts of K2O
(12.9%), SiO2 (10.6%), Cl (4.67%), MgO (1.89%), P2O5
(1.00%), and other compounds (1.24%) were also detected.
XRF analysis revealed a significant presence of oxide
compounds, indicating a high impurity level in the vinasse
powder.

An EDX analysis was performed to ascertain the elemental
composition of vinasse powder. Table 2 reveals that the

powder mostly consisted of oxygen (O) and carbon (C),
which accounted for 47.97 and 39.44% of the atomic
composition, respectively. Furthermore, the vinasse powder
had 6.55% calcium (Ca), 2.88% silicon (Si), 1.55% magnesium
(Mg), 1.07% sulfur (S), and 0.54% other components. The
analytical findings are consistent with the XRF results, verifying
their consistency.

FTIR analysis was used to assess the surface chemistry of the
vinasse powder in Figure 2. The wavenumber location and

relative intensity of the FTIR spectra were utilized to assess the
changes that occurred in the vinasse during hydrothermal
carbonization under various conditions. Thus, the FTIR
spectra profile of vinasse powder underwent notable alterations
when compared to the profile of vinasse pyrolyzed at 800 °C.
According to the FTIR analysis of vinasse powder, the
observation in lignin is the stretching of aromatic −C�C−
bonds, which occurs at a frequency of 1610 cm−1, as seen in
Figure 2a. This indicates the presence of hydroxyl and carbonyl
functional groups of lignin in the lignocellulosic biomass of the
vinasse powder, as anticipated from the vinasse feedstock.
Additional lignin bands are also observed at 1373 cm−1, which
can be related to distortion of the aliphatic C−H bonds. The
C−O vibrations associated with alcohols, phenols, and
cellulose can be detected at approximately 1105 cm−1. The
vibrations occurring at approximately 600 and 850 cm−1 are
associated with the bending of the C−H bonds. In contrast,
the spectra below 500 cm−1 can be attributed to the vibration
of inorganic substances.32,33 The smooth vibration bands of
NPC-900 were found due to the decomposition of
lignocellulosic components during hydrothermal carboniza-
tion. Additionally, the KOH activation seems to successfully
convert vinasse powder into nanoporous carbon, as seen in
Figure 2b.34

Table 3 provides a summary of the textural pore structure of
NPC support, including BET surface area, total pore volume,
micropore volume, mesopore volume, and average pore
diameter (Dav) obtained under several conditions. The optimal
conditions for creating NPC as a metal catalyst support were
attained by activating it at a temperature of 900 °C. The NPC
demonstrated a surface area of 1018 m2/g, a total pore volume
of 0.836 cm3/g, a micropore volume of 45.45%, a mesopore
volume of 53.74%, and an average pore diameter of 3.285 nm
under these conditions. The N2 adsorption/desorption
technique is frequently employed to characterize the pore
structure of the NPC.35 As seen in Figure 3, the NPC samples
exhibit a unique combination of microporous and mesoporous
structures, which are categorized by IUPAC as Type IV
isotherms.36,37

In Figure 4, FESEM micrographs depict the external surface
of the vinasse pyrolyzed and NPC-900 sample. The NPC-900
exhibits a distinct external surface with diverse pore cavities.
Furthermore, the presence of internal cavities resembling a
spongy matrix is evident, distinguishing it from that of the
vinasse pyrolyzed sample. These surface and pore structures of
NPC-900 indicate its promising potential as a catalyst support.
3.2. Characterization of FeP/NPC Catalyst. Figure 5a,b

displays TEM images of the reduced FeP/NPC catalyst,
revealing a well-dispersed arrangement of iron phosphide
particles on the NPC support. The size of the iron phosphide
particles increases as a result of the aggregation of metal
particles on the NPC support.20 Figure 6 displays a TEM
image of the reduced FeP/NPC catalyst, along with EDS
mapping of the elemental information. The image confirms
that iron phosphide has been successfully loaded onto the
NPC support and that the FeP crystals are uniformly dispersed
inside a carbon framework.

The obtained iron phosphide on the NPC catalyst was
analyzed using XRD diffraction, with measurements taken at
the 2θ angle range of 30−70° in Figure 7. The XRD pattern of
the FeP/NPC catalyst displayed a distinct peak with high
intensity, indicating the presence of a crystalline phase. Within
the 2θ angle range of 40−55°, the XRD pattern showed

Table 1. Oxide Compounds Composition of Vinasse
Powder by XRF

no. component % mass

1 CaO 37.70
2 SO3 30.00
3 K2O 12.90
4 SiO2 10.60
5 Cl 4.67
6 MgO 1.89
7 P2O5 1.00
8 others 1.24

Table 2. Elemental Composition of Vinasse Powder by EDX

no. element % weight % atomic

1 O 45.82 47.97
2 C 28.29 39.44
3 Ca 15.68 6.55
4 Si 4.83 2.88
5 Mg 2.25 1.55
6 S 2.05 1.07
7 other 1.08 0.54
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overlapping diffraction lines, which can be attributed to the
Fe2P (PDF 85-1725) phase at 2θ angles of 42.0, 44.7, 46.8, and
51.7°, as well as the FeP (PDF 81-1173) phase at 2θ angles of
43.8 and 53.4°. This observation indicates that the Fe2P phase
underwent a conversion into FeP during the catalyst
production procedure.38 The increased temperature and
extended duration during the preparation process likely
influenced the ratio of metal to phosphorus by producing
the partial liberation of phosphorus as a volatile substance,
such as phosphine (PH3), resulting in a change in phase.20

The BET surface area of the NPC support is 1018 m2/g,
with a total pore volume (VT) of 0.836 cm3/g, as shown in
Table 4. The BET surface area of the decreased FeP/NPC

Figure 2. FTIR spectra of (a) Vinasse powder and (b) NPC-900 different..

Table 3. Pore Characteristics of Nanoporous Carbon (NPC)

pore characteristics

conditions
SBET

(m2/g)
VT

(cm3/g)
Vmic
(%)

Vmes
(%)

Dav
(nm)

vinasse pyrolyzed
800 °C

72.02 0.074 0.54 67.43 4.144

NPC-600 671.60 0.525 29.33 52.19 3.130
NPC-700 620.50 0.475 28.11 48.57 3.061
NPC-800 558.50 0.451 17.10 49.20 3.233
NPC-900a 1018.00 0.836 45.45 53.74 3.285
aThe highest porosity of NPC was applied as a metal catalyst support
in palm oil deoxygenation.

Figure 3. N2 adsorption/desorption isotherms of NPC samples obtained at (a) 600 °C, (b) 700 °C, (c) 800 °C, and (d) 900 °C.
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catalyst is 729.5 m2/g, with a total pore volume (VT) of 0.681
cm3/g. Because metal particles are not present on the NPC
surface, the adsorbed volume on supported FeP is less than
that on the NPC support. Furthermore, the decrease in the
surface area of the catalyst may be influenced by the mean
particle size of the FeP catalyst due to aggregation during high
temperature processing.39

3.3. Effect of the Deoxygenation Reaction Temper-
ature. The effect of the deoxygenation temperature (280−360
°C) on the FeP/NPC catalyst was examined. Figure 8a depicts
the effects of the deoxygenation temperature on palm oil
conversion and liquid hydrocarbon output. Palm oil deoxyge-
nation over the FeP/NPC catalyst results in full conversion at
temperatures ranging from 340 to 360 °C. However, raising
the deoxygenation temperature from 280 to 320 °C increased
the conversion slightly from 78.2 to 93.1%, while decreasing
the liquid hydrocarbon yield, possibly due to the high cracking
reactivity at a higher reaction temperature. Asikin-Mijan6 and
Alsultan31 found that lower deoxygenation temperatures

resulted in lower conversion rates. In Figure 8b, the green
diesel selectivity gradually improved from 34.1 to 68.5% as the
reaction temperature climbed from 280 to 340 °C, but
decreased at 360 °C, indicating the development of cracking
activity.40

Figure 9 shows the hydrocarbon composition based on
carbon number in green diesel fuels. As we are aware, palm oil
feedstock primarily consists of unsaturated triglycerides, such
as palmitic acid (C16:0, 37.8%) and oleic acid (C18:1,
45.8%).20 Consequently, the main composition of oil palm
feedstock would expect the major hydrocarbon products to be
C16 and C18 hydrocarbons, aligning with the chemical
composition of the oil feedstock. However, the FeP/NPC
catalysts produced a product distribution primarily consisting
of C15 and C17 hydrocarbons. The presented evidence indicates
that the deoxygenation of palm oil using the respective
catalysts primarily occurs through decarbonylation and
decarboxylation reactions. However, it is noteworthy that
hydrodeoxygenation also occurs concurrently, as evidenced by

Figure 4. FESEM images of (a) vinasse pyrolyzed at 800 °C and (b) NPC-900 sample (supporting material).

Figure 5. TEM images of the reduced FeP/NPC catalyst (a and b).
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the minor production of C16 and C18 hydrocarbons. The
obtained result suggests that the DCO/DCO2 reactions play a
significant role in the deoxygenation of palm oil over the iron

phosphide species.41 This finding is attributed to the higher
catalytic performance of the Fe−P catalyst, which facilitates the
catalytic cleavage of C−O and C−C bonds, leading to the
formation of Cn−1 hydrocarbon.20,30 Moreover, a recent study
has further confirmed that the DCO/DCO2 pathways are the
preferred reactions for deoxygenation when utilizing iron
phosphide catalysts.42

The reusability of the FeP/NPC catalyst was investigated via
a deoxygenation reaction at a temperature of 340 °C, H2
pressure of 20 bar, stirring rate of 300 rpm, and reaction time
of 3 h. The green diesel yield indicates the proportion of green
diesel obtained in relation to the total products. On the other

Figure 6. (a) TEM image and (b) EDS mapping of the FeP/NPC catalyst (c) C element, (d) Fe element, and (e) P element; and (f) the
corresponding EDS spectrum.

Figure 7. XRD pattern of the FeP/NPC catalyst.

Table 4. Pore Characteristics of the FeP/NPC Catalyst

pore characteristics

catalyst SBET (m2/g) VT (cm3/g) Vmic (%) Vmes (%)

FeP/NPC 729.5 0.681 30.21 56.94
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hand, the recycling number demonstrates how many times the
catalyst has been regenerated and reused during the process of
producing green diesel.

In Figure 10, the green diesel yield diminishes slightly as the
catalyst recycling number increases. First, at a recycling
number of 0, the green diesel yield reached 44.2%, indicating
a relatively high yield during the first use of the catalyst.
However, as the catalyst underwent regeneration and was
reused in subsequent cycles, the green diesel yield exhibited a
downward trend. This decrease in green diesel yield with the
recycling number can be attributed to the gradual deactivation
of the catalyst over numerous cycles. The catalyst experiences
harsh reaction conditions, such as high temperatures and
exposure to various reactants, during the green diesel
production process. These conditions can result in catalyst

fouling, deactivation, or even alterations in the catalyst’s
structure, thereby reducing its catalytic activity and selectivity
of green diesel.43 To preserve the catalyst activity and improve
its reusability between each recycling cycle, a regeneration
process was implemented consisting of two essential steps:
decontamination and reduction.44 Despite these regeneration
efforts, the green diesel yields still exhibited a gradual decline
as the recycling numbers increased, suggesting that the
catalyst’s reactivity and selectivity could not be completely
restored to their original levels. The decline of green diesel
yield could be ascribed to irreversible structural changes or the
buildup of impurities on the catalyst, which might not be
completely reversible through the regeneration process.19

4. CONCLUSIONS
Nanoporous carbon (NPC) derived from vinasse waste was
successfully synthesized via two main processes, involving
hydrothermal carbonization and KOH activation. The optimal
condition for producing nanoporous carbon as a supporting
material was achieved at an activation temperature of 900 °C
and a KOH ratio of 1 (w/w). Under these conditions, the
NPC support exhibited a maximum surface area of 1018 m2/g,
a total pore volume of 0.836 cm3/g, a micropore volume of
45.45%, a mesopore volume of 53.74% and an average pore
diameter of 3.285 nm. The internal cavities resemble a spongy
matrix. The surface and pore structures of the NPC indicate its
promising potential as a catalyst support. The catalyst exhibits
a good dispersion of the iron phosphide particles on the NPC
support, a successful iron phosphide loading on the NPC
support, and a uniform dispersion of FeP crystals surrounded
by a carbon framework. The high calcination temperature
transformed the Fe2P phase to FeP one which significantly
exhibited high green diesel selectivity. The FeP/NPC catalyst
produces mainly C15 and C17 hydrocarbons. This suggests
that deoxygenation occurs through decarbonylation and
decarboxylation reactions. The optimal condition identified
in this study for the catalytic deoxygenation of palm oil into
green diesel is a reaction temperature of 340 °C using the FeP/
NPC catalyst, with a conversion of 100% and the highest green
diesel selectivity of 68.5%. This study successfully demon-
strated the regeneration and reusability of the FeP/NPC
catalyst for green diesel production. The catalyst showed high
green diesel selectivity, and Its reusability can be achieved after
the regeneration process using heat treatment. The regenerated

Figure 8. Effect of the deoxygenation reaction (DO) temperatures on
(a) palm oil conversion, liquid hydrocarbon yield, and (b) selectivity
to green diesel (C15−C18).

Figure 9. Green diesel composition based on carbon number
obtained by using FeP/NPC catalyst.

Figure 10. Reusability of FeP/NPC catalyst at a temperature of 340
°C, H2 pressure of 20 bar, stirring rate of 300 rpm, and reaction time
of 3 h.
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catalyst is active for deoxygenation after 3 experimental runs,
offering that FeP/NPC catalyst can be used as a potential
alternative catalyst for producing green diesel. The result
indicates the potential for cost-effective catalyst reuse in green
diesel production, contributing to the progress in renewable
energy initiatives.
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