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Abstract. The increasing global energy demand, coupled with the depletion of fossil-based
resources, necessitates the development of sustainable, plant-based alternatives to mitigate CO,
emissions, a leading driver of climate change. Fatty acids derived from renewable sources, such as
crude palm oil (CPO) and coconut oil, offer a promising solution due to their molecular structure,
which shares key characteristics with hydrocarbons while also featuring a carboxyl functional group.
In the pursuit of hydrocarbon production, the removal of this carboxyl group is essential, typically
achieved through processes such as decarbonylation or hydrodeoxygenation. This study explores
the oxidative decarboxylation of fatty acids, utilizing a biomimetic catalytic approach under
relatively mild conditions—atmospheric pressure and moderate temperatures. Air served as the
oxidant, with manganese (Mn) as the catalyst and copper (Cu) as the co-catalyst. Reactions were
conducted at 110°C to 150°C, with a fatty acid-to-catalyst mass ratio of 13:0.1 to 13:1, using
dimethyl sulfoxide as the solvent and air supplied at 1 liter per minute. The results indicate that
myristic acid exhibits a higher degree of conversion compared to lauric acid. Lauric acid conversion
ranged between 27.70% and 34.49%, while myristic acid conversion ranged from 26.70% to 52.70%.
The resulting product was analyzed according to the ASTM D-86 method, with the decarboxylation
of lauric acid yielding a boiling range of 98°C to 250°C—within the typical range for gasoline and
aviation turbine fuel. This approach offers a promising, energy-efficient route to bio-hydrocarbon
production under mild aerobic conditions, contributing to the global transition towards renewable
energy sources.

Keywords: Bio-hydrocarbons, Biomimetic Catalysis, Fatty Acids, Oxidative Decarboxylation,
Renewable Energy

INTRODUCTION consumption exceeds 100 million barrels per
day, driven by energy demands across key

The rising global demand for energy, sectors such as industry, power generation,
coupled with the accelerated depletion of and transportation. The transportation sector,
fossil fuel reserves, has highlighted the which accounts for 38% of Indonesia’s total
urgent need for sustainable energy energy consumption, offers a significant
alternatives. As of 2023, global oil opportunity  for  biofuel  integration
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(Pertamina Energy Institute, 2023). Liquid
biofuels are emerging as viable replacements
for traditional petroleum-based fuels,
particularly in sectors that rely heavily on
hydrocarbons, such as gasoline, jet fuel, and
diesel. These fuels consist primarily of
hydrocarbons of varying chain lengths, with
gasoline containing Cs—C12, jet fuel Cs—Crs,
and diesel Co—Cz3. While electrification has
reduced the demand for gasoline-like
biofuels, renewable alternatives to jet fuel and
diesel remain crucial for "hard-to-electrify”
sectors, including heavy-duty transportation,
maritime, and aviation (Santner et al., 2023).
Hydrocarbon synthesis from plant-based
fatty acids is a promising approach for biofuel
production,  involving  decarboxylation,
decarbonylation, or hydrodeoxygenation
reactions, each of which exhibits favorable
thermodynamics with negative Gibbs free
energy (Dawes et al, 2015).
Hydrodeoxygenation, in particular, removes
oxygen from fatty acids by reaction with
hydrogen, typically at elevated temperatures
(260-350°C) and pressures (10-40 bar), using
transition-metal catalysts such as nickel,
palladium, and platinum (Gosselink et al.,
2013). While effective, these conditions
demand high energy input, making the
process costly and resource-intensive for
industrial applications.

Decarboxylation and decarbonylation
reactions provide alternative pathways for
converting fatty acids into hydrocarbons
under milder conditions. Homogeneous
catalysis using heavy metals or noble metals,
such as lead and silver salts, combined with
sodium peroxydisulfate as a promoter, has
demonstrated substantial conversions of
stearic and palmitic acids at relatively mild
temperatures (78°C) (Santillan & Crocker,
2012). Reactions under inert conditions with
transition metal salts, including palladium,

rhodium, ruthenium, and nickel, at
temperatures of 100-280°C have shown high
selectivity and conversion rates (up to 90%)
for fatty acid deoxygenation (Tabandeh et al.,
2022). However, challenges remain in scaling
homogeneous catalysis to meet industrial
demand, necessitating more efficient and
stable catalytic systems. Heterogeneous
catalysis, often conducted in reactors at
temperatures of 180-400°C and pressures up
to 90 bar, employs noble metals, transition
sulfide-based
supported on materials like metal oxides,

metals, and catalysts
zeolites, or mesoporous silica (Lam et al.
2022). The addition of promoters, such as
copper, has been shown to enhance the
catalytic activity for the decarboxylation of
triglycerides and fatty acids, achieving
conversion efficiencies of 20% to 100%.
Nevertheless, issues such as catalyst
deactivation through coking pose significant
obstacles, particularly as the process scales
up.

The primary methods of thermal catalysis
and hydrodeoxygenation, though effective,
require substantial energy because they rely
on hydrogen and operate under high
pressure. Additionally, they yield complex
hydrocarbon mixtures necessitating further
refinement. Biocatalytic approaches, which
utilize enzymatic conversion of biomass, offer
a greener, more sustainable alternative, as
they operate under ambient conditions with
enhanced selectivity and control. Enzymes
offer several advantages over chemical
catalysts, including high catalytic efficiency,
biocompatibility, and selectivity. However,
enzyme-based processes for fatty acid
deoxygenation face limitations, such as low
efficiency and sensitivity to conditions,
inducing substrate inhibition and the
presence of organic solvents, which hinder
their large-scale application (Santner et al.,
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Fig. 1: Proposed mechanism for the decarboxylation of fatty acids catalyzed by OleTJE and
related CYP152 family P450 enzymes (adapted from Rude et al,, 2011)

2023; Bréda et al, 2024). One noteworthy
biocatalyst, the OleT enzyme from the CYP1s2
family of cytochrome Pasos, catalyzes a unique
decarboxylation reaction, converting fatty
acids into terminal olefins (1-alkenes) using
hydrogen peroxide as the oxidant (Wise et al.,
2018). This reaction, largely observed in
Jeotgalicoccus bacteria, offers a promising
model for biohydrocarbon synthesis (Rude et
al, 2011). They propose reaction mechanism
is illustrated in Figure 1.

Parallel chemical processes for oxidative
decarboxylation of short-chain fatty acids,
such as isobutyric and pivalic acids, have been
demonstrated with Mn(lll) catalysts and
copper as a co-catalyst to activate oxygen
(Anderson & Kochi, 1970; Wang and Xiao,
2025). The proposed reaction mechanism is
as follows:

Mn'"" + RCO2H = Mn"O.CR + H*
MnO2"CR - Mn" + R+ CO2

Mn" + Mn"O.CR = Mn"(OCR)Mn"
Mn'"" + R- - Mn'" + oxidized products
R-+SH - RH+S

R- + R- = R-R (radical recombination)

Fig. 2: Proposed mechanism for fatty acid
decarboxylation using Mn(lll) as the catalyst
(adapted from Anderson and Kochi, 1970)

These reactions represent typical radical
termination pathways, including hydrogen
abstraction, metal-assisted electron transfer,
and radical recombination.  However,
biomimetic oxidative decarboxylation of
long-chain fatty acids under mild aerobic
conditions remains unexplored.

This study investigates a biomimetic
approach to the oxidative decarboxylation of
fatty acids, employing manganese (Mn) as a
primary catalyst with copper (Cu) ions as co-
catalysts to activate oxygen, following
mechanisms similar to those in enzymatic
systems (Santner et al, 2023; Wise et al,
2018). This cooperative interaction enables
controlled radical generation under mild
aerobic  conditions, representing a
biomimetic alternative to conventional high-
energy deoxygenation processes. In this
system, Cu facilitates O, activation. At the
same time, Mn functions as a redox center for
substrate  oxidation,  establishing a
cooperative catalytic cycle that enables
controlled oxygen activation and radical-
mediated C-C bond cleavage under mild
aerobic conditions, forming the basis of the
study's novelty.

Conducted at mild temperatures (110-
150°C) in dimethyl sulfoxide (DMSO), this

work aims to optimize catalyst efficiency for
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producing bio-hydrocarbons from fatty acids,
contributing to the development of
sustainable alternatives to petroleum-derived
fuels.

MATERIALS AND METHODS

Lauric acid (299%, Sigma-Aldrich),
myristic acid (298%, Merck), and manganese
and copper salts (analytical grade) were used
without further purification.

A batch reactor was charged with 100 mL
of dimethyl sulfoxide (DMSO) solvent,
followed by the addition of 13 g of lauric acid
or myristic acid as the substrate. A catalyst of
0.25 g, along with a co-catalyst in a catalyst-
to-co-catalyst mass ratio of 10:1, was
introduced into the reactor. The mixture was
then heated to a target temperature of 110°C.
Once the desired temperature was achieved,
an air stream was introduced at a flow rate of
1 liter per minute (LPM). The gaseous reflux
output was directed into two sequentially
connected 100 mL solutions of 0.8 N sodium
hydroxide (NaOH) to capture CO, evolved
during the reaction. The decarboxylation
reaction proceeded for 5 hours, during which
changes in carbonate concentration in the
NaOH solutions were monitored. Upon
completion of the reaction, air injection was
discontinued, and heating was halted,
allowing the reactor to cool to ambient
temperature. The reaction products were
then extracted with hexane in a volume equal
to that of the reaction mixture. The
concentration of CO, absorbed in the 0.8 N
NaOH solution was measured post-reaction
to quantify decarboxylation. Temperature
variations of 110°C, 125°C, 135°C, and 150°C
were investigated, as well as catalyst mass
variations ranging from 0.1 g to 1 g.
Experiments were conducted using both
lauric acid and myristic acid as substrates to

assess the effect of these variables on the
decarboxylation efficiency and product yield.

All  experiments were conducted in
duplicate to ensure reproducibility, with
deviations within +5%. The catalyst and co-
catalyst were pre-mixed prior to introduction
into the reactor to ensure homogeneous
distribution. CO, evolution was monitored via
absorption in NaOH solution, followed by
titration analysis, providing a cumulative
measure of decarboxylation.

RESULTS AND DISCUSSION

Effect of Catalyst Amount

The reaction was evaluated based on the
amount of CO, produced upon completion.
The decarboxylation reaction is assumed to
proceed stoichiometrically as follows:

(1) C11H23COOH — Ci1H24 + CO2
Lauric acid undecane
(2) Ci3H27COOH — Ci3H2s + CO2
Myristic acid tridecane

This behavior suggests that the reaction
is kinetically influenced by catalyst availability,
consistent with a radical-mediated oxidative
decarboxylation pathway.

The extent of reaction was quantified in
terms of CO, conversion, calculated as:

__ mol CO, formed (mol)

X = 1
€02/ 0coon  initial RCOOH (mol) ()

The study examined the effects of
catalyst quantity, reaction temperature, and
fatty acid type on the extent of
decarboxylation. Figures 3 and 4 illustrate the
relationship between catalyst amount and
CO, production for lauric acid and myristic
acid under various operating temperatures.

Figures 3 and 4 show that, for both lauric
and myristic acids, increasing the catalyst
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amount led to a higher conversion, as
indicated by increased CO, production rates.
This trend suggests that a greater amount of
catalyst enhances the availability of active
catalyst sites needed to facilitate the
oxidation of carbon groups within the fatty
acid mixture, thereby releasing more CO,.
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Fig. 3: Effect of catalyst loading (g) on CO,
conversion (%) during oxidative
decarboxylation of lauric acid at

temperatures of 110-150°C under air
atmosphere (1 L min™") in DMSO solvent
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Fig. 4: Effect of catalyst loading (g) on CO,
conversion (%) during oxidative
decarboxylation of myristic acid at 150°C
under air atmosphere (1 L min™) in DMSO
solvent

Specifically, the conversion rate for
myristic acid demonstrated a more
substantial increase, rising from 32% with 0.1
g of catalyst to 52.7% with 1 g of catalyst
corresponding to approximately 0.8-7.7 wt.%

relative to the substrate mass (13 g of fatty

acids) at a constant temperature, compared
to lauric acid, which increased from 19% to
34% over the same catalyst range. This
observation indicates that the conversion
efficiency for longer carbon chains, such as
myristic acid, is more sensitive to temperature
variations than that of shorter chains, such as
lauric acid.

Effect of Temperature Variation
The effect of temperature variation on
conversion is illustrated in Figures 5 and 6.
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Fig. 5: Effect of reaction temperature (110-
150°C) on CO; conversion (%) during
oxidative decarboxylation of lauric acid at
varying catalyst loadings under air
atmosphere (1 L min™") in DMSO solvent
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Fig. 6: Effect of reaction temperature (110-
150°C) on CO; conversion (%) during
oxidative decarboxylation of myristic acid at
varying catalyst loadings under air
atmosphere (1 L min™") in DMSO solvent

Similar to the effect of catalyst quantity,

increasing the operating temperature
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resulted in higher CO, production rates
across different catalyst amounts for both
fatty acids, as shown in the Figure 6. This
increase  indicates that raising the
temperature enhances the reaction rate
toward decarboxylation products. For lauric
acid, the temperature gradient became
steeper with increasing catalyst loading,
suggesting an  interaction  between
temperature and catalyst loading. For myristic
acid, the conversion increased even more
significantly ~at  higher  temperatures,
reflecting greater sensitivity to temperature

elevation.

Effect of Fatty Acid Type

The Figures 7 and 8 show CO, production
for different fatty acids, consistently
demonstrating that myristic acid undergoes
decarboxylation more readily, producing
more CO, than lauric acid. As shown in Figure
7, myristic acid exhibits not only a higher
propensity for decarboxylation than lauric
acid but also a heightened sensitivity to
temperature changes. At 110°C, both acids
reached a similar CO, conversion of
approximately 26.7%; however, at 150°C,
myristic acid achieved a CO, conversion of
52.7%, while lauric acid reached only 33.9%.
Although further investigation is required to
confirm this trend, these preliminary results
suggest that the activation energy for myristic
acid decarboxylation may be lower than that
for lauric acid.

Additionally, Figure 7 reveals a near-
linear relationship between catalyst amount
and CO; production, suggesting that catalyst
guantity may exert a first-order effect on the
decarboxylation reaction rate. The CO,
production data presented in Figures 7 and 8
do not yet fully characterize the composition
of the hydrocarbon products formed during
decarboxylation.
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Fig. 7. Comparison of CO, conversion (%)
for lauric acid and myristic acid during
oxidative decarboxylation at different
temperatures (110-150°C) using 1 g of

catalyst under an air atmosphere (1 L min™")
in DMSO solvent
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Fig. 8: Comparison of CO, conversion (%)
as a function of catalyst loading (g) for lauric
acid and myristic acid during oxidative
decarboxylation under an air atmosphere (1
L min™") in DMSO solvent

Further  analyses, such as gas
chromatography (GC-MS), are important for
detailed molecular identification. However, in
the present study, CO, evolution is used as a
direct indicator of C—C bond cleavage during
decarboxylation, while ASTM D-86 provides
bulk distillation characteristics of the
resulting hydrocarbon mixture.

One decarboxylation sample was
subjected to ASTM D-86 distillation to classify
the product into specific fuel categories. The
distillation data for this sample, detailed in
Table 1, provides insights into the product's
distillate profile.
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Table 1. ASTM D-86 distillation profile for
the decarboxylation product sample

Parameters Number
Volume Sample 100
(mL) 80
Volume Distillate 80
(mL)
Yield (%)

The ASTM D-86 distillation curve for the
sample, shown in Figure 9, is compared with
those of standard gasoline, kerosene, and
diesel fuel. The gasoline and diesel data were
obtained from experiments conducted in this
study, while the kerosene data were sourced
from previous research (Santos et al,, 2020).
As seen in Figure 9, the sample’s distillation
curve spans the gasoline (30°C-200°C) and
kerosene  (150°C-280°C) ranges, with
approximately 30% of the distillate falling
within the gasoline range and the remainder
within the kerosene range. Theoretically, the
decarboxylation of lauric and myristic acids
yields undecane and tridecane, respectively,
both falling within the kerosene fraction. The
presence of distillates below the kerosene
range suggests the formation of shorter-
chain products, which may indicate chain-
shortening side reactions. With a distillate
yield of 60% at 200°C, the product meets
Pertamina’s  kerosene standard, which
requires a minimum distillate yield of 20% at
this temperature (Pertamina Energy Institute,
2023).

It should be noted that ASTM D-86
provides only boiling range distribution and
does not reflect molecular composition.

While GC-based analysis is important for
molecular-level identification, the present
study focuses on process feasibility and
decarboxylation behavior, with CO, evolution
serving as a direct indicator of C-C bond
cleavage. This approach allows evaluation of

decarboxylation efficiency at the process
level, even in the absence of detailed
molecular-level compositional analysis. This
approach is particularly relevant for
evaluating decarboxylation performance in
process-oriented studies.
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Fig. 9: ASTM D-86 distillation curve of the
decarboxylation product compared with
standard gasoline, kerosene, and diesel fuel

curves

It should be noted that the discrepancy
between theoretical and experimental CO,
conversion may arise from side reactions,
such as radical recombination, partial
oxidation, or the formation of oxygenated
intermediates, which can reduce carbon
recovery into hydrocarbon products.

Compared to conventional
hydrodeoxygenation processes that require
hydrogen and high-pressure operation, as
well as enzymatic routes that often suffer
from stability limitations, the present system
offers a simpler alternative by utilizing air as
the oxidant under moderate conditions.
However further work is required to evaluate
catalyst stability and process scalability.

Key challenges for further development
include catalyst stability, recyclability, and
solvent management, which are essential
considerations for process scale-up.
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CONCLUSIONS

Oxidative decarboxylation of fatty acids
to hydrocarbons can be effectively achieved
at mild temperatures (100-150°C) using a
biomimetic catalytic approach. The present
study demonstrates that a homogeneous
Mn-Cu catalytic system, consisting of a
catalyst and co-catalyst, enables oxygen
activation and substrate oxidation under
aerobic conditions using air as the oxidant.

Fractionation analysis based on ASTM D-
86 indicates that the resulting hydrocarbon
products predominantly fall within the
boiling range of aviation turbine fuel (avtur),
with partial overlap in the gasoline fraction,
confirming the potential of this pathway for
renewable fuel production.

To further advance this system toward
practical application, several key research
directions are identified. Future work should
focus on: (i) evaluating catalyst recyclability
and long-term redox stability to ensure
sustained  catalytic  performance; (i)
improving  product selectivity toward
targeted hydrocarbon fractions through
better control of reaction pathways; and (iii)
assessing process  feasibility  under
continuous-flow operation and scaled-up
conditions, including considerations of mass
transfer, catalyst handling, and solvent
management.

These developments are essential to
establish oxidative decarboxylation as a
viable and scalable route for producing
renewable hydrocarbon fuels from biomass-

derived fatty acids.
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