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Fuel-range liquid hydrocarbon products from
catalytic deoxygenation of mixtures of fatty acids
obtained from the hydrolysis of rapeseed oilf

i ") Check for updates ‘

Cite this: Sustainable Energy Fuels,
2024, 8, 4820

Morenike A. Peters, Jude A. Onwudili ©* and Jiawei Wang

The combined hydrolysis—deoxygenation method reported here demonstrates the efficiency of hydrogen-
free catalytic conversion of lipid-derived multi-fatty acids into renewable drop-in hydrocarbon biofuels.
Using a 5 wt% Pt on carbon (5 wt% Pt/C) catalyst for a detailed deoxygenation study, experiments were
conducted in a batch reactor under nitrogen atmosphere at various temperatures (350-400 °C),
reaction times (0-3 h) and catalyst/feedstock mass ratios (0-0.2). The Pt/C catalyst showed remarkable
selectivity towards the decarboxylation mechanism, as evidenced by substantial CO, formation. The Pt/
C-catalysis optimal conditions were: 400 °C, 2 h reaction time and a catalyst/feedstock mass ratio of
0.2, resulting in a yield of 3.76 wt% gasoline, 14.7 wt% kerosene and 53.7 wt% diesel range hydrocarbons.
Under the set of optimal conditions, five other catalysts with different supports were tested and the
results showed that 5 wt% Pt/MgSiOs and 5 wt% Pt/Al,O3 catalysts enabled complete conversion of fatty
acids (total acid number = 0 mg KOH gfl). In contrast, 5 wt% Pt/SiO,, 5 wt% Pd/MgSiOs and bimetallic
10 wt% Ni-Cu/Al,O3z performed poorly, indicating the effects of both the active metal and metal-

support interaction on the conversion of fatty acids. In all cases, the oil products were dominated by
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Accepted 3rd September 2024 eptadecane, originating from decarboxylation and in situ hydrogenation of the dominant oleic aci

(74.4 wt%) and other Cg fatty acids present in the hydrolysed feedstock. Visually, only the Pt/C catalyst

DOI: 10.1035/d4se00864b produced light-coloured liquids with direct-use fuel appeal, possibly due to its mildly acidic nature and
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1 Introduction

The decarbonisation of the chemical and energy sectors is
essential for mitigating climate change due to their significant
greenhouse gas emissions.”” A promising strategy involves
producing and utilising green hydrocarbons from biomass,
potentially aiding in the achievement of net zero emissions by
2050.%*

The complexity of producing these hydrocarbons depends
on the type of biomass feedstock,” such as sugars,® fats and
oils,” and lignocellulosic biomass.® Key pathways for producing
liquid hydrocarbons from biomass include biomass gasification
Fischer-Tropsch (FT),” hydroprocessed renewable jet (HR]) or
hydrotreated esters and fatty acids (HEFA),' direct sugar to
hydrocarbon (DSHC),"* alcohol to jet (ATJ),"”” and catalytic
hydrothermolysis (CH)."* Current research is focused on
renewable aviation fuels, though these pathways can also
produce hydrocarbons for other uses.™

Energy and Bioproducts Research Institute, College of Engineering and Physical
Sciences, Aston University, Aston Triangle, Birmingham B4 7ET, UK. E-mail:
J.onwudili@aston.ac.uk

DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d45e00864b

(ES)

4820 | Sustainable Energy Fuels, 2024, 8, 4820-4837

comparably much larger surface area of 650 m? g,

Most routes, aside from biomass gasification FT, require
substantial hydrogen gas input, which contributes to high
production costs.’>'® In addition, steam methane reforming
(SMR), currently the cheapest hydrogen source, has a high
carbon footprint, emitting approximately 5.5 kg of CO, per 1 kg
of hydrogen, stoichiometrically.”” While green hydrogen from
electrolysis is seen as a future fuel, its production costs remain
high at up to £8 per kg compared to around £1.50 per kg for
SMR."™" Thus, greening the hydrogen supply chain for
sustainable hydrocarbon production from biomass will likely
incur higher costs in the near term.*

Lipids, with high hydrogen-to-carbon (H/C) ratios, are
promising feedstock materials for hydrocarbon production.
However, their relatively high oxygen-to-carbon (O/C) ratios
require further oxygen removal (deoxygenation) to obtain
hydrocarbon molecules. Converting the triglycerides in vege-
table oils, algal oils and animal fats offers a sustainable, effi-
cient route to green hydrocarbons. This process may involve
direct hydrogenolysis/hydrogenation or a combination of
hydrolysis, deoxygenation, and cracking steps, allowing flexi-
bility to co-produce valuable chemicals like glycerol.** Recent
studies focused on optimising each step, including hydro-
lysis,*»** decarboxylation,**** and cracking.>*” One-pot systems
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for direct conversion of triglycerides to alkanes have also been
developed.>***

Hydrolysis, which breaks down triglycerides with water into
fatty acids and glycerol, has long been used in the oleochemical
industry, with processes like Eisenlohr,* Colgate-Emery,** and
Twitchell.** Recent advancements use hot-pressurised water at
above 200 °C to achieve similar hydrolysis results without
additional external acid or alkaline catalysts. Hydrothermal
hydrolysis at 300 °C, with an oil-to-water mass ratio of 1:2,
achieved nearly 100% conversion of rapeseed oil into fatty acids,
with over 98% theoretical yields in 1 hour.**** The main oxygen
atoms in fatty acids exist in the carboxylic acid groups (-COOH)
and can be removed via specific deoxygenation reactions.
Decarboxylation is a thermo-catalytic method targeted by many
researchers as the main deoxygenation mechanism that
removes oxygen from fatty acids as CO,, while preserving most
of the carbon chain in hydrocarbon molecules."®***” The
decarboxylation reaction for saturated fatty acids can be repre-
sented by eqn (1).

C,H,COOH — C,H,,, + CO, 1)

Eqn (1) is therefore a simple deoxygenation reaction that
results in higher quality fuels due to enhanced H/C ratios, while
improving chemical stability and energy density.**** Yang
et al.*® investigated the decarboxylation of stearic acid using Pt/
C, Pt/MWCNT, and Ru/C catalysts, achieving conversions of
54.9%, 54.8%, and 47.5%, respectively. The highest heptade-
cane selectivity (97%) was obtained with Pt/MWNTSs at 330 °C.
Similarly, Yang et al.*® used several supported Pt catalysts for
oleic acid decarboxylation at 320 °C with 20 bar hydrogen and
a 1:1 oleic acid/catalyst ratio, achieving 81% heptadecane
selectivity after 2 hours when Pt was supported on microporous
ZIF-67 beads. Edeh et al.?” examined the hydrothermal deoxy-
genation of hexadecanoic acid (palmitic acid) using a Pd/C
catalyst, achieving 71.2% conversion at 290 °C after 1 hour,
with a pentadecane selectivity of 54.6%. Fu et al.*® also studied
hydrothermal deoxygenation of palmitic acid using Pd/C and
Pt/C catalysts, reporting high pentadecane selectivities without
external hydrogen input. The Pt/C catalyst showed higher
selectivity for pentadecane.*

Most reported decarboxylation studies have focused on the
catalytic conversion of individual fatty acids to evaluate their
effectiveness.'®*>*® Direct use of lipid hydrolysis products con-
taining various fatty acids for combined deoxygenation into
hydrocarbons is rare with only a few reports in the literature.***
Hence, there is a need to further explore this line of research to
generate more comprehensive data for process development.
Many studies use hydrogen gas atmospheres at high pressures
to target alkanes as the major products'® and/or maintain
catalyst performance.* For instance, JeniStova et al.** achieved
99% conversion during the deoxygenation of stearic acid using
a Ni-Al,O; catalyst at 60 bar hydrogen pressure for 6 hours.
However, recently advancements involving the use of reduced
hydrogen pressure (e.g., 20 bar) while maintaining high
conversion rates have been reported.***> Madsen et al.*® ob-
tained 100% conversion of oleic acid in the presence of Pt/
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MgSiO; and 20 bar hydrogen, but they still required a reaction
time of 5 hours. Additionally, some researchers have emphas-
ised the need to optimise catalyst performance under varying
hydrogen pressures to reduce costs and enhance
sustainability.*”*®

The literature***® showed that Pt-based catalysis can
promote the in situ generation of reactive hydrogen species for
the direct hydrogenation of C=C bonds, leading to predomi-
nantly saturated hydrocarbon products. Therefore, avoiding the
use of expensive external hydrogen can improve the sustain-
ability and efficiency of converting lipids to hydrocarbon fuels,
leading to lower production costs.*>** This present study is an
innovative attempt to simultaneously deoxygenate the hydro-
lysis product of rapeseed oil (HRSO), consisting of various C;¢-
C,, fatty acids,* without using expensive external hydrogen gas.
Using 5 wt% platinum supported on carbon (5 wt% Pt/C),
various reaction conditions (temperature, time, and catalyst
loading) were investigated to optimise HRSO conversion,
yielding high selectivity for fuel-range liquid hydrocarbons. Five
other heterogeneous catalysts with different supports were also
tested to compare their catalytic activities with 5 wt% Pt/C as
part of a screening exercise in preparation for future optimisa-
tion studies.**** High yields of fuel-range liquid hydrocarbons
from two-step hydrolysis-deoxygenation of lipids without
external hydrogen can promote low-cost renewable hydro-
carbon fuel production from various sustainable lipid-based
feedstock materials. This process, free from possible interfer-
ent side-reactions of the glycerol moiety in triglycerides, offers
simplicity in design and controlled production of gasoline,
diesel, or kerosene for the sustainable liquid fuel market.

2 Materials and methods
2.1 Materials

The present study is based on the use of total fatty acids
produced in-house from the hydrolysis of commercial rapeseed
0il (RSO). RSO has recently been the most widely used vegetable
oil for biodiesel production in the EU and UK, which, according
to 2019 figures, accounted for 37% of biodiesel feedstock, fol-
lowed by palm oil (30%) and used cooking oil (18.5%).>* As one
of the most consumed vegetable oils in the UK, RSO also
contributes to the waste cooking oil feedstock used for the UK's
340 million-litre yearly biodiesel production.® The RSO was
purchased from a local grocery and directly hydrolysed under
hydrothermal conditions without any further pre-treatment.*
Analytical grade dichloromethane (99.8%) solvent, hydrochloric
acid (0.1 M), absolute ethanol (99.8%), sodium hydroxide
(pellets), and phenolphthalein indicator (1 wt% in ethanol)
were purchased from Fisher Scientific, Leicester (UK), for acid
value determination of the hydrolysed samples. After the
hydrolysis experiment, two phases were obtained: a semi-solid
phase composed mainly of fatty acids and a slightly viscous
aqueous phase containing mostly glycerol. Furthermore, water
washing of the semi-solid phase was carried out to remove any
entrained glycerol.** The obtained HRSO product (semi-solid)
was transferred into a 500 ml bottle and kept in a desiccator
overnight before further use.
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Table 1 Some properties of commercial catalysts used in this work®
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Catalyst Aave Surface area (m* g ") Pore volume (cc g ") Pore diameter (nm)
5 wt% Pt/C 4.8 nm 650 0.26 3.84
5 wt% Pt/silica 7.9 nm 210 0.97 16.09
5 wt% Pt/Al, 05 5.4 nm 160 0.39 6.72
5 wt% Pt/MgSiO; 12.1 nm 116 0.18 19.26
5 wt% Pd/MgSiO; 45.3 nm 102 0.16 19.36
10 wt% Ni-Cu/Al,O; 17.8-18.1 nm 110 0.27 6.69

¢ d.ye = average particle size.

While Pt/C and Pd/C catalysts have been extensively
researched for deoxygenation reactions,” > there are engi-
neering problems associated with the use of powered carbon
supports in terms of their industrial applicability in fixed bed
reactors. These problems include high pressure drops in long
fixed beds due to powders becoming compacted under high
pressure operations, or when used in fluidised bed reactors, the
powders may be blown out by high gas velocities. Recent
developments indicate that pelletised carbon can be used as
catalyst supports; however, there is also the challenge of
regenerating coke-poisoned carbon supported catalysts by
oxidation or combustion, which leads to burn-off of the support
and the recovery of metals for new catalyst synthesis. The
regeneration of carbon supports from coke deactivation via
selective oxidation® still needs to be optimised. Hence, using
supports that are easily pelletised and regenerated by oxidation
would be ideal for large-scale industrial operations.

Therefore, in this present work, four Pt-based catalysts on
various powered supports (carbon, alumina, silica and magne-
sium silicate) have been tested, along with powdered Pd/MgSiOs
and powdered Ni-Cu/Al,O; for comparison. Alumina, silica and
magnesium silicate were selected as supports as they can be
used to make pelletised catalysts for potential large-scale
industrial operations. In addition, alumina and magnesium

sio,

silicate supported catalysts can be more easily regenerated by
oxidation (carbon burn-off) compared to carbon supports. All
the catalysts were supplied by Catal International Limited,
Sheffield (United Kingdom), characterised and used. Some
properties of the catalysts used for these tests in this present
work are shown in Table 1.

The highest surface area of 650 m> g~' was observed for
5 wt% Pt/C, and the surface areas of the other catalysts were
similar, with 5 wt% Pd/MgSiO; having the lowest surface area of
102 m> g~ '. The silica-based catalysts had the highest pore
volumes, while the MgSiO;-based catalysts had the highest pore
diameters.

Fig. 1 shows the powder XRD patterns of the seven catalysts
used in this research. The Al,O; peaks identified at 43.1°, 45.9°,
and 67.1° in Ni-Cu/Al,O; match those reported by Suryawanshi
et al.** (JCPDS file No. 10-0425). The Ni-Cu phase was observed
at 48° and 76°.°%%* The broad XRD peaks of SiO, were observed
in the range 20-30° in the Pt/Silica catalyst.** The XRD diffrac-
tion peaks at 40°, 46°, and 68° identified in Pt/Al,O;, Pt/C, and
Pt/SiO, correspond to the (111), (200), and (220) characteristic
planes of a typical face-centred structure of Pt.** The peak
observed for graphitic carbon on the XRD for Pt/C was assigned
to the (002) plane at 26°.** The peak at 40° for Pd/MgSiO; was
assigned to Pd,* while the MgSiO; peaks were identified in Pt/
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Fig. 1 XRD patterns of the fresh catalysts used in this work.
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Table 2 Some physicochemical properties of the fresh and hydrolysed oil feedstock®

Sample  C (wt%) H (Wt%) N (Wt%) S (Wt%) 0 (Wt%) HHV (MJ kg™')  TAN (mgKOH g ')  Ash (wt%)
RSO 77.00 £1.02  11.0+0.15  0.13+0.01  nd 10.9 + 1.42  41.00 + 0.65 1.40 + 0.02 nd
HRSO 7489 +1.49  11.9+0.81  0.15+0.02 nd 13.1+0.83  40.16 + 1.52 173.44 + 0.81 nd

“ nd = not detected.

Table 3 Compositions of fatty acids in the hydrolysis product of
rapeseed oil (HRSO)*®

Systematic name Common name  Composition (wt%)

9-Hexadecenoic acid Palmitoleic acid 0.36
Hexadecanoic acid Palmitic acid 6.89
9-Octadecenoic acid Oleic acid 74.4
Octadecanoic acid Stearic acid 6.46
9,11-Octadecadienoic acid Linoleic acid 5.11
9,12,15-Octadecatrienoic acid «-Linolenic acid 1.92
Eicosanoic acid Arachidic acid 2.55
13-Docosenoic acid (2) Erucic acid 0.86
Docosanoic acid Behenic acid 0.59

MgSiO; and Pd/MgSiO3.°%%” The Ni-Cu/Al,O; catalyst used in
this study contained 10 wt% of each metal.

The elemental compositions of the HRSO are shown in
Table 2 (based on the ASTM D5291 Method). Table 2 also shows
the higher heating value (HHV) of the HRSO based on Dulong's
formula®® according to eqn (2) as well as the acid numbers.*
The high acid numbers (TANs) were a good indication that the
hydrolysis of the RSO occurred successfully under non-catalytic
hydrothermal conditions as reported previously.**

HHV (MJ kg™') = 0.3383C + 1.443 <H - (%)) +0.09428

(2)

where C, H, O and S are the wt% composition of carbon,
hydrogen, oxygen and sulphur, respectively.

v
T
v
Controller

TP

The compositions of the fatty acids in the HRSO are pre-
sented in Table 3.% Clearly, oleic acid was identified as the main
fatty acid (74.4 wt%) in HRSO, which agrees with literature data
on the fatty acid profiles of RSO.*

2.2 Experimental methods for catalytic deoxygenation

2.2.1 Catalytic deoxygenation of HRSO. Fig. 2 shows the
schematic of the experimental procedure. Deoxygenation reac-
tions were performed in a Hastelloy batch reactor with a 75 ml
capacity, capable of reaching 600 °C and 450 bar. Each experi-
ment was carried out using about 10 g of HRSO and 0-2 g of
each different catalyst, from 350-400 °C and reaction times of
up to 3 h. No additional water was loaded into the reactor
during these deoxygenation tests. The reactor was initially
purged with nitrogen gas to exclude air and then pressurised to
5 bar with nitrogen, to help recover gas products after the
reaction and serve as an internal standard during gas analysis.
The operating pressures during these experiments ranged from
60 to 70 bar. At the end of the reaction, the reactor was rapidly
cooled with a laboratory fan to ambient temperature. After
cooling, the temperature and pressure of the reactor were
noted, and the gas product was sampled for analysis.

Thereafter, the reactor was opened to sample any liquid
products and solid residues. About 80% of the liquid product
was first recovered without any solvent. Subsequently,
dichloromethane (DCM) was used to wash the reactor to recover
the remaining liquid product and solid residues. The solid
residues were separated via vacuum filtration using a KNF
LABOPORT vacuum filtration system, dried and weighed.
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l
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(T,P,v)
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: I ,[ Gas product }-—»[ GC analysis ]
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Fig. 2 Schematic of the experimental procedure for the deoxygenation of HRSO.
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Furthermore, the DCM solvent was removed by evaporation at
40 °C. The oil product obtained was weighed and stored sepa-
rately from the one recovered without DCM. The total mass of
the two oil product fractions was noted for mass balance.

The yields of each reaction product were calculated based on
eqn (3) and (4).

Yield of liquid product, wt% =

Total mass of liquid product obtained x 100 3)
Mass of HRSO used

Yield of solid product, wt% =

Mass of solid residue — Mass of loaded catalyst x 100 )
Mass of HRSO used

2.3 Analysis of reaction products

Each of the reaction products obtained was characterised in
detail using a suite of analytical techniques, wet chemical
methods and physical methods as described in sections 2.3.1-
2.3.4.

2.3.1 Analysis of fatty acids in oil products by acid-base
back titration. Unconverted fatty acids were determined in each
oil product by standard acid-base back titration based on
a modified version of the Official AOCS:Cd-3a-63 (American Oil
Chemists' Society) method.**”® In the procedure, 4 ml of the
sample of the oil product dissolved in DCM was mixed into
25 ml of 0.1 M ethanolic solution of sodium hydroxide (NaOH).
The mixture was back titrated with standard 0.1 M HCI solution,
using phenolphthalein as an indicator.**

Table 3 shows that oleic acid was the dominant fatty acid in
the rapeseed oil, accounting for 74.4 wt%.** Therefore, the fatty
acid contents of the oil products obtained after the catalytic
deoxygenation tests were calculated based on the molecular
weight of oleic acid according to eqn (5).

(B=S)xNxM

%Fatty acid yields = OxX W (5)

where B = volume of NaOH used in the titration of the blank
(mL), S = volume of NaOH used in the titration of the sample
(mL), N = concentration of NaOH used (mol L"), W = weight of
the sample (g), and M = molecular mass of fatty acids (282.5 g
mol " for oleic acid).

The acid contents of the deoxygenated or partially deoxy-
genated oil products were calculated using eqn (6):

MTL -M fatty acids

. . . o/
Yield of light oil product, wt% = Mass of RSO used (6)

My, = Total mass of the liquid product and Mg,y acias = mass of
fatty acids obtained by back titration (such as oleic acid).

2.3.2 Analysis of gas products. The gas products were ana-
lysed by manual injection of 0.6 pL of the sample into a Shi-
madzu GC-2014 gas chromatograph equipped with a thermal
conductivity detector (for carbon dioxide and permanent gases)
and a gas chromatograph with a flame ionisation detector (for
hydrocarbons). The injection port temperature was set at 80 °C.
The separation of carbon dioxide and permanent gases such as

4824 | Sustainable Energy Fuels, 2024, 8, 4820-4837
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hydrogen, nitrogen, oxygen, and carbon monoxide occurred on
a5 A, 60/80 mesh, 2 m x 2 mm ID molecular sieve column, while
the separation of hydrocarbons occurred on a Hayesep 80-100
mesh, 2 m x 2 mm column. The column oven temperature was
initially held at 80 °C and ramped at 10 °C min ™" to 180 °C and
then held at 180 °C for 3 min, with a total analysis time of 13 min.
The detector (FID) temperature was set at 220 °C.

The volume percent of each gas produced was calculated
from their peak area and was used to determine the masses of
gases produced according to the ideal gas eqn (7), followed by
gas yield calculation using eqn (8).

P, x V x M,

M f tm= ———— 7
ass of gas component m RT (7)

Yield of gas product, wt% =

Mass of gas products from GC analysis x 100 ()
Mass of HRSO used

2.3.3 Analysis of light oil products by GC/MS. The oil
products were separated into light and heavy oils using simple
laboratory distillation at 380 °C. The oil distilled off was referred
to as light oil, while the residue left in the distillation flask was
regarded as heavy oil. The GC/MS used was the Shimadzu GC-
2010 GC/MS model, fitted to a Shimadzu MS-QP2010 SE. The
GC/MS was used in electron impact (EI) ionisation mode,
scanning from a mass/charge (m/z) ratio of 35 to 500 during the
analysis. The column used was an RTX-5ms capillary column
(ID 0.25 mm and 30 m in length) with helium as the carrier gas
at a flowrate of 15 ml min~"'. Each sample shown in Table 1 was
introduced into the injector held at 250 °C using a split ratio of
1:20. The oven programme was as follows: started at 40 °C and
held for 5 min, ramped at 8 °C min~' to 185 °C, and then
ramped at 14 °C min~" to 280 °C, and held for 2 min, resulting
in a total analysis time of 30.66 min. Due to the large numbers
of compounds present in the oil products, the internal standard
method was used for the quantification of the compounds.” ™
Diphenyl ether was used as the internal standard.

2.3.4 Determination of the density of oil products. The
densities of the product oils were measured using a 5 ml
Blaubrand density bottle using the standard test method for the
specific gravity of oils (ASTM D5355-93).7*

3 Results and discussion
3.1 Overall product yields and mass balances

Table 4 presents a comprehensive list of experiments carried
out in this present study along with the yields of reaction
products and the overall mass balances during the conversion
of HRSO. In all cases, the reactions produced solids, liquids and
gases, while in a few cases, wax was produced instead of liquid.
The results from Table 4 and detailed analysis of the reaction
products are presented in different sections to discuss the
influence of reaction temperature, catalyst/HRSO mass ratios
and reaction times in relation to the use of a 5 wt% Pt/C catalyst.
Thereafter, the results from the effects of the three other Pt-

This journal is © The Royal Society of Chemistry 2024
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Table 4 Experimental reaction conditions, yields of reaction products and mass balances during the conversion of HRSO

Temperature Reaction time Catalyst amount  Solid Liquid  Wax Gas Balance
Experiment  (°C) (h) Catalyst type (&) (Wt%)  (Wt%) (Wt%)  (Wt%)  (Wt%)
1 350 1 — 0.00 0.60 95.91 — 0.83 97.34
2 380 1 — 0.00 0.60 91.81 — 2.30 94.70
3 400 1 — 0.00 2.60 86.14 — 4.49 93.23
4 350 1 5 wt% Pt/C 2.00 7.21 — 84.28 4.70 96.19
5 400 1 5 wt% Pt/C 2.00 5.37 77.81 7.08 90.26
6 400 1 5 wt% Pt/C 0.50 2.30 — 85.40 4.50 92.20
7 400 1 5 wt% Pt/C 1.00 4.89 — 84.13 4.99 94.02
8% 400 0 5 wt% Pt/C 2.00 18.38 — 76.79 1.46 96.64
9 400 2 5 wt% Pt/C 2.00 8.35 73.76 — 7.94 90.05
10 400 3 5 wt% Pt/C 2.00 6.73 64.66 — 8.30 79.69
11 400 2 5 wt% Pt/MgSiO; 2.00 3.78 84.18 6.97 94.93
12 400 2 5 wt% Pt/SiO, 2.00 4.98 82.57 6.18 93.73
13 400 2 5 wt% Pt/Al,03 2.00 6.08 81.36 6.78 94.22
14 400 2 5 wt% Pd/MgSiO; 2.00 12.00 79.28 4.78 96.01
15 400 2 10 wt% Ni-Cu/Al,O; 2.00 4.39 87.03 6.98 98.40

“ %0 h” is the reaction time when the reactor was removed from the heater and cooled on reaching the set reaction temperature.

based catalysts, the Pd/MgSiO; and the Ni-Cu/Al,O; catalyst are
subsequently discussed.

3.2 Influence of reaction temperature on the deoxygenation
of HRSO

This section presents information on the effect of varying
reaction temperature on the deoxygenation of fatty acids in
hydrolysis products. The reactions were carried out for 1 h from
350 to 400 °C, with and without a catalyst. 2 g of 5 wt% Pt/C was
used in the reactions involving a catalyst such as Pt/C which has
been well reported in the literature as effective for the decar-
boxylation of fatty acid reactions to give high yields of hydro-
carbons.***” These are presented as experiments 1-5 in Table 4.

3.2.1 Influence of temperature on product yields and mass
balances. Table 4 also shows the yields of the products obtained
at varying reaction temperature, with the sums of the reaction
products from each experiment over 90 wt%, showing good
mass balance closures. Lower mass balance closures were ob-
tained at high reaction severities (high temperature and/or long
reaction times) due to the high volatility of the liquid products,
which led to inevitable mass losses during handling. Table 4
shows that there was an increase in the gas and solid fractions,
and a decrease in the liquid and wax products in the absence
and presence of catalysts as temperature increased.

Compared to the corresponding non-catalytic test, the
formation of wax at 350 °C with Pt/C suggested the formation of
saturated long-chain hydrocarbons, which appeared as wax at
room temperature.” Although liquid/wax products obtained in
the absence of the catalyst looked similar in terms of their
colours, the oil from the reaction at 350 °C was very viscous, and
this viscosity reduced with the increase in temperature. Overall,
all the oil/wax products obtained were relatively darker in colour
compared to the feed (ESI Fig. SI1t).

With the 5 wt% Pt/C catalysed reaction at 350 °C, it was
impossible to separate the catalyst from white solid organic
particles, and a hence higher (34%) solid yield was recorded

This journal is © The Royal Society of Chemistry 2024

during this test compared to the catalytic test at 400 °C. Indeed,
a significant amount of DCM-insoluble white solid particles was
formed during the catalytic experiment at 350 °C, which melted
after heating on a hot plate to 50 °C, showing that they were
organic in nature and therefore would be solid hydrocarbons
(wax). On the other hand, the solid fractions obtained from the
non-catalysed reactions at 350 °C, 380 °C, and 400 °C were
essentially charred materials. However, the subsequent detailed
characterisation of reaction products focused mainly on the gas
and liquid/wax products, as the yield of char was small and of
no direct benefit to the present study.

3.2.2 Influence of reaction temperature on gas composi-
tion. The composition of gases produced at varying reaction
temperature during HRSO deoxygenation is presented in
Fig. 3a. There was a notable increase in the CO, produced with
the rise in temperature in reactions carried out in the absence of
a catalyst. As decarboxylation is achieved by the release of CO,,
this could mean that deoxygenation occurred even without
a catalyst. However, there was at least a nine-fold increase in
CO, yields at temperatures 350 °C and 400 °C when reactions in
the absence of catalysts are compared with those performed
with catalysts, which showed some catalytic effect of 5 wt% Pt/C.
Vardon et al.*® and Yang et al.*’ reported that the presence of in
situ generated H, helped maintain the active sites on the cata-
lyst in reduced oxidation states, thereby enhancing the catalytic
activity towards decarboxylation to produce hydrocarbons.

The selectivity of the catalyst towards decarboxylation and
hence CO, production is clearly shown in Fig. 3a between 350 °C
and 400 °C. This may be the reason why decarboxylation reac-
tions are commonly carried out between 350 °C and 400 °C in
the literature®7® and Pt/C is well-known to promote the decar-
boxylation of fatty acids. For example, Fu et al.>” reported over
90% selectivity towards hydrocarbons from the decarboxylation
of Cy,, Ci6, and C;g saturated fatty acids. There is also an
increase in the yield of hydrocarbon gases with an increase in
temperature, with or without a catalyst. However, the yields of
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gas products indicated that gas formation in the absence of
a catalyst was a non-selective process, with apparent increases
in the yields of different gas components. Hence, the effect of
temperature alone was insufficient to make gas formation
selective towards the targeted decarboxylation reaction. Instead,
the cracking of C-C bonds in fatty acids or their decarboxylation
products is an endothermic process, which can be promoted at
elevated temperatures.

Fig. 3a shows that the calorific values of the gas products
increased with increasing reaction temperatures for the non-
catalysed reaction because of random cracking, which
enhanced the yields of hydrocarbon gases. Hence, a calorific
value of 15 MJ kg~" was obtained with the non-catalysed reac-
tion at 400 °C. The reactions with Pt/C at 350 °C and 400 °C
produced mostly CO,, which increased with temperature due to
the targeted decarboxylation mechanism. Carbon dioxide was
the dominant gas product observed in these reactions. This
provided evidence that decarboxylation was the main deoxy-
genation mechanism for the conversion of fatty acids to
hydrocarbons as reported in several publications,*** While the
existence of CO, in the product gas could be confounded by
other reactions that produce and consume CO,, such as
methanation, water—gas shift reaction and Boudouard reaction
(CO disproportionation), the compositions of the oil products
(see Section 3.1.3) can provide valuable support for the
predominance of decarboxylation as the main source of CO,.
However, Fig. 3a also shows that a higher temperature of 400 °C
promoted cracking in the presence of the Pt/C, albeit to a more
controlled extent compared to the corresponding non-catalysed
reaction. Hence, the calorific value of the gas produced
increased 5 times to 5 MJ kg™ ' compared to 1.07 MJ kg™ ' at
350 °C.

4826 | Sustainable Energy Fuels, 2024, 8, 4820-4837

3.2.3 Influence of reaction temperature on the character-
istics of liquid products. Table 5 presents the physicochemical
properties of the oil/wax products obtained in relation to reac-
tion temperature during the reaction of HRSO. All the oil/wax
products returned TAN values indicating that they still con-
tained varying amounts of unconverted fatty acids. However,
the TAN values showed that increasing temperature aided
decarboxylation because the acid yield can be seen to reduce in
Table 5. The lower TAN value in the presence of 5 wt% Pt/C at
350 °C and 400 °C further confirmed the activity of the catalyst
towards the decarboxylation of fatty acids. At 350 °C, the TAN
value was 75.16 mg KOH g~ ' in the non-catalytic test, but this
decreased to 39.32 mg KOH g~ ' (a decrease of 47.7%) in the
presence of the Pt/C catalyst. Similar trends were observed at
400 °C, where the TAN value decreased from 37.1 mg KOH g *
without the catalyst to only 7.49 mg KOH g ' with the Pt/C
catalyst, giving a 79.8% decrease.

The oxygen contents in the oil products obtained from the
non-catalysed experiments exhibited a different trend to the
TAN numbers. Essentially, the oxygen contents remained fairly
stable as temperature increased, even though the values
decreased consistently. As the GC/MS analysis of the oils would
reveal, this was due to the transformation of the fatty acids into
other oxygenated compounds like alcohols, ketones and esters
(ESI Table SI1t). In contrast, the oxygen contents of the oil
products derived from the catalysed reactions showed similar
trends to the respective TAN values, such that oxygen contents
decreased from 7.59 wt% in the oil at 350 °C to 2.99 wt% in the
oil at 400 °C.

Overall, there was a gradual increase in the carbon contents
of all the oil products obtained in the absence of a catalyst, with
contents of around 76-78 wt%. However, in the presence of Pt/C

This journal is © The Royal Society of Chemistry 2024
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Table 5 TAN, elemental composition and calorific values of oil/wax products obtained in relation to reaction temperatures with and without the

5 wt% Pt/C catalyst

Temperature (°C) Catalyst TAN (mg KOH g™ 1) C (Wt%) H (wt%) N (Wt%) 0 (wt%) HHV (M]J kg™
350 — 75.16 76.32 £ 0.34 12.06 £ 0.23 0.11 + 0.02 11.5 £ 0.21 41.15
380 — 45.81 77.69 £ 0.70 12.26 + 0.02 0.11 £+ 0.01 9.94 £+ 0.10 42.18
400 — 371 77.04 £ 0.84 11.72 £ 0.09 0.09 £+ 0.01 11.2 £ 0.13 40.95
350 Pt/C 39.32 79.58 £ 0.64 12.74 + 0.70 0.10 £+ 0.01 7.59 £ 0.16 43.94
400 Pt/C 7.49 83.00 £ 0.10 13.9 £ 0.31 0.11 £ 0.01 2.99 + 0.11 47.60

a dramatic increase in carbon contents was observed. For
instance, at 350 °C, the carbon content was nearly 80 wt% in the
presence of Pt/C and this increased to 83 wt% at 400 °C.
Considering the carbon contents in the oils obtained at 400 °C
alone, the use of the catalyst led to a nearly 10% increase in
carbon contents compared to the non-catalysed test. Hence, the
observed increase in carbon contents in the presence of Pt/C
corresponded to both an increase in the calorific value and
a decrease in both oxygen content and TAN values, indicating
increased formation of hydrocarbons in the oils.

The elemental composition data shown in Table 5 were used
to plot the Van Krevelen diagram of the oil/wax products shown
in Fig. 3b. The reactions carried out in the absence of the
catalysts had the highest O/C ratios and the H/C ratios
increased with increasing reaction time. For the tests with Pt/C
catalysts, the O/C ratios decreased while their H/C ratios
increased with increasing temperature, so that the reaction at
400 °C resulted in the least oxygen content. The major findings
from these tests at varying temperature were that an increase in
reaction severity in terms of temperature favoured the conver-
sion of fatty acids to hydrocarbons. This is observed with the
decrease in fatty acid yields and the increase in hydrocarbon
yields as temperature increased. This result also supports the
expectation that increasing reaction temperature will cause an
increase in the reaction rate due to the increase in kinetic
energy, which causes increased collision of molecules and faster
conversions in a given time.

3.2.4 Chemical compositions of liquid/wax products in
relation to reaction temperature. Fig. 3c shows the yields of
light oil components in the oil/wax products derived from the
deoxygenation of HRSO with and without the 5 wt% Pt/C cata-
lyst. Only the light oils obtained by distillation at 380 °C are
shown in Fig. 3c, so that the total yield of compounds in the
light oils could be taken as the conversion of the fatty acids
during the reactions. Therefore, the conversion and yield of the
liquid products were found to increase with temperature in
agreement with published work in the literature.***”*® This led
to the formation of compounds that were more volatile than
fatty acids and thus could be quantified by GC/MS.

The GC/MS results of the light oil obtained in the absence of
5 wt% Pt/C showed that the trend in the conversions of HRSO
was as follows: 350 °C (24.84 wt%) < 380 °C (54.19 wt%) < 400 °C
(62.9 wt%). In the presence of the catalyst, conversion to light
oil was still low at 350 °C (60.68%) but increased dramatically to
92.5% at 400 °C after 1 h of reaction in each case. The results in

This journal is © The Royal Society of Chemistry 2024

Fig. 3c show that there was an increase in the yield of alkanes
with increasing temperature with and without a catalyst, but
higher yields of alkanes were observed in the presence of 5 wt%
Pt/C, showing the selective effect of the catalyst towards decar-
boxylation as temperature increased. The GC/MS results
showed that the light oil products obtained in the presence of
a catalyst contained higher proportions of alkanes. Indeed, no
oxygenated compounds were detected at 400 °C. However, at
350 °C in the presence of Pt/C, about 0.5 wt% oxygenates
remained in the light oil product.

In the presence of 5 wt% Pt/C, there was also an increase in
the yield of aromatic hydrocarbons as shown in Fig. 3c, with the
test at 400 °C giving the highest aromatic yield of 4.83 wt%. As
reported in the literature, aromatics can be produced from the
combined process of cyclisation and aromatisation of alkanes,
with the subsequent release of hydrogen gas.” However, the low
yields of hydrogen gas in the presence of Pt/C indicated that it
was being used for the hydrogenation of unsaturated aliphatic
hydrocarbons, so that alkanes were the dominant compounds
in the oils.”®”” Platinum-based catalysts are known to be suit-
able for the hydrogenation of alkenes but rarely effective in
hydrogenating aromatic rings. The presence of aromatics may
be important for fuel properties, but the amounts produced in
these tests were lower than those found in conventional gaso-
line and kerosene fuels.”

While the carbon numbers of different fuel fractions (gaso-
line, kerosene and diesel) overlap significantly,”®*® the
compounds contained in the oil products from this present
work have been presented in three different groups, including
compounds with <Cy;, compounds with C;;-Ci6, and
compounds with >C;¢. With the HRSO feedstock being domi-
nated by oleic acid (74.4 wt%), the formation of shorter chain
alkanes (ESI Table SI1f) could be from one of two possible
pathways: (1) cracking of long-chain alkanes after the decar-
boxylation of fatty acids or (2) cracking of the fatty acid carbon
chains followed by decarboxylation.?**”

The results in Fig. 3d mirrored those in Fig. 3c, showing that
the increase in reaction severity (temperature) and the use of
catalysts led to increased decarboxylation and subsequently
produced higher alkane yields. In particular, the yield of hep-
tadecane was a good indication of the decarboxylation selec-
tivity of the reactions. Fig. 3d shows the yields of hydrocarbons
in the light oil products based on the carbon chain length over
the temperature range of 350-400 °C. The light oil products
were dominated by hydrocarbons with >C;¢ chains, which
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reflected the compositions of fatty acids in HRSO. Table 3 shows
that RSO contained fatty acids within the C;¢ to C,, range.*
Being dominated by oleic acid and other >C;g fatty acids
(=88 wt% in total), decarboxylation produced >C;¢ hydrocar-
bons, of which heptadecane was the main product. The
formation of alkanes rather than alkenes has been explained by
the hydrogenation of C=C bonds by in situ generated hydro-
gens,* as shown in eqn (9).

C17H33;COOH + H, — Cy7Hz6 + CO, ©)

As the reaction temperature increased, a wider range of
production distribution was observed as shown in Fig. 3d, with the
increased formation of <C;; and C;,-C;¢ hydrocarbons due to
increased thermal cracking. Therefore, the formation of hydro-
carbons with chain lengths of less than C;5 indicated that some
C-C bond cracking occurred in addition to the main decarboxyl-
ation mechanism. For example, hardly any compounds within the
<C,; range were found at 350 °C with or without the catalyst.
However, the formation of total hydrocarbons with <C,¢ became
significant at 380 °C but the light oil was still dominated by >Cj
hydrocarbons in the non-catalysed tests. Indeed, the absence of
the catalyst promoted random C-C bond cracking so that at 400 ©
C, the yields of >C,4 hydrocarbons decreased by 31% compared to
their yields at 380 °C. Simultaneously, the yields of both the <C;4
and >C,;,-C;¢ ranges of compounds increased by 132% and 53%,
respectively, when the reaction temperature increased from 380 °C
to 400 °C in the absence of the catalyst.

With 5 wt% Pt/C, no hydrocarbons within the <C;; range
were found. Instead, there was over a three-fold increase in the
yields of C;,-C;6 hydrocarbons when the reaction temperature
was increased from 350 °C to 400 °C. Correspondingly, the
yields of the >C;¢ hydrocarbon fraction increased by 24.1% over
the same temperature range. Hence, the Pt/C catalyst was both
effective in the decarboxylation of fatty acids and highly selec-
tive towards the range of hydrocarbons produced. The results in
Fig. 3d therefore confirmed that the Pt/C catalyst prevented
random C-C bond breaking compared to the non-catalysed test
and that increased temperature was the main source of activa-
tion energy for C-C bond breaking. Hence, based on the
promising results obtained with the use of the 5 wt% Pt/C
catalyst, further studies of the effects of the catalyst/feed ratio
and reaction times on the deoxygenation of the mixtures of fatty
acids in HRSO were performed.

3.3 Effect of 5 wt% Pt/C catalyst/HRSO mass ratios on the
conversion of fatty acids

From the work conducted on the effect of temperature, the
reaction conditions of 400 °C and 1 h with 2 g of 5 wt% Pt/C
(a catalyst/feed mass ratio of 0.2) seemed to produce the best
results in terms of oil yield and hydrocarbon contents.
Therefore, experiments were carried out to test the effect of
catalyst loading using identical conditions to investigate the
possibility of achieving desirable results with lower catalyst
loadings. Catalyst/feed mass ratios of 0.0, 0.05, 0.1 and the
baseline 0.2 were explored based on experiments 3 and 5-7 in
Table 4.

4828 | Sustainable Energy Fuels, 2024, 8, 4820-4837

View Article Online

Paper

Table 4 shows the yields of the different phases of products
obtained, with mass balance closures over 90 wt%. For a basis of
comparison, an experiment was carried out in the absence of any
catalyst, which produced a liquid with similar yields to the yields of
oil/wax from the experiments with Pt/C (Table 4). Liquids and
waxes from these reactions were the dominant products and fol-
lowed the order of catalyst/feed ratios 0 > 0.05 > 0.1 > 0.2. Solid
product yields increased with increasing catalyst/feed ratios and
a similar trend was observed for the gas products.

Table 4 indicates that increased catalyst loading led to
increased cracking to lower molecular weight compounds with
higher volatility, thus leading to losses and lower mass balance
closures. The formation of wax products with catalyst/feed
ratios of 0.05 and 0.1 implied the formation of long-chain
saturated hydrocarbons, while the liquid products formed
with catalyst/feed ratios of 0 and 0.2 suggested the formation of
shorter chain hydrocarbons due to random cracking of C-C
bonds (ESI Table SI2}). Hence, the selectivity of the Pt/Catalyst
was lacking during the reactions carried out with catalyst/feed
ratios of 0 and 0.2, so that decarboxylation was not the main
mechanism for HRSO conversion.

3.3.1 Gas composition in relation to the 5 wt% Pt/C
catalyst/feed ratio. The production and yield of CO, would be
an indication of the degree of decarboxylation of the fatty acids
in HRSO. Fig. 4a shows that the least amount of CO, (0.72 wt%)
was produced in the absence of a catalyst, but the addition of Pt/
C led to a consistent increase in CO, yield. As shown in Fig. 4a,
relative to the non-catalysed experiment, CO, yields increased
by 254%, 353% and 733% with increasing catalyst/HRSO mass
ratios of 0.05, 0.1 and 0.2, respectively. These results clearly
showed the importance and selectivity of the Pt/C catalyst for
the conversion of HRSO via the decarboxylation mechanism.

The test without the catalyst gave the highest combined yield
of 3.6 wt% for CH,, C,H,, and C,H¢, which implied that thermal
cracking occurred. Fig. 4a therefore shows that the dominance
of CO, with increasing catalyst led to a decrease in the calorific
value of the gas products.

3.3.2 Physicochemical properties of the oil/wax products in
relation to the catalysttHRSO mass ratio. The elemental
compositions and calorific values of the product oils are pre-
sented in Table 6. TAN values and oxygen contents in the oil/wax
products decreased as the content of the catalyst increased,
while the HHVs also increased from 41 MJ kg™ in the absence
of the catalyst to 47.6 MJ kg~ ' when the catalyst/HRSO ratio was
0.2. The increased HHV values corresponded to the increase in
the carbon contents of the oil/wax products due to the increased
degree of deoxygenation in the presence of Pt/C. Fig. 4b pres-
ents the van Krevelen diagram of the oil/wax showing the H/C
and O/C molar ratios compared to those of mineral gasoline
and diesel fuels. With the increase in the catalyst/HRSO mass
ratios, the O/C ratios approached those of the conventional
hydrocarbon fuels, indicating increased deoxygenation.

3.3.3 Chemical composition of oil/wax products in relation
to catalyst/HRSO mass ratios. As seen in Fig. 4c, the yields of
liquid alkanes increased with the increasing catalyst/HRSO
mass ratios, suggesting the Pt/C catalyst played a significant
role in hydrogenation and possibly hydrogenolysis.>® All

This journal is © The Royal Society of Chemistry 2024
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Table 6 TAN, elemental composition and calorific value obtained in relation to 5 wt% Pt/C catalyst/HRSO mass ratios

Catalyst/HRSO ratio  Density (kg m™®) TAN (mg KOH g™ ')  C (wt%) H (wt%) N (wt%) 0 (Wt%) HHV (M] kg™
0.00 923 37.10 77.04+0.84 11.72 £0.09 0.09 +£0.01 11.2+0.13  40.95
0.05 910 30.65 79.31 £0.03  13.14 £0.03 0.15+£0.06 7.39 & 0.40  44.46
0.10 907 24.98 80.90 £ 0.89  13.69 £ 0.11  0.12+0.00 530+ 0.02  46.17
0.20 906 7.49 83.00 £0.10  13.90 £ 0.31  0.11 £0.01  2.99 £ 0.11  47.60

reactions with catalyst/HSRO mass ratios lower than 0.2 showed
the presence of oxygenated compounds and a significantly
lower overall yield of hydrocarbon products. This implied that
complete decarboxylation could not be achieved in the absence
or at low amounts of the catalyst.>

The chain lengths of the components of the light compo-
nents of the oil/wax product obtained from different catalyst to
feed ratios are compared in Fig. 4d. The percentage yields of
heptadecane at catalyst/feed ratios of 0.0, 0.05, 0.1 and 0.2 were
found to be 10.9 wt%, 31.3 wt%, 35.6 wt%, and 49.4 wt%,
respectively. This indicated that in addition to the increasing
conversion with catalyst loading, the catalyst also favoured
selectivity to heptadecane from the decarboxylation of the
dominant C,; fatty acids in HRSO.

The reaction carried out in the absence of the catalyst also
showed a wide range of product distribution, which implied that
thermal cracking occurred possibly due to the high reaction
temperature used. Cracking can produce hydrogen, which can
enhance the decarboxylation reaction.*® However, cracking can
also lead to the generation of shorter chain hydrocarbons, the
consumption of energetic C-H bonds, and the coking of the
catalyst surface.”

Nonetheless, the increase in the catalyst/HRSO mass ratio
produced longer chain hydrocarbons, which indicated that

decarboxylation reactions were favoured over -cracking

This journal is © The Royal Society of Chemistry 2024

reactions. Overall, with a higher catalyst/feed mass ratio, higher
yields of hydrocarbons were achieved. Yang et al.*® reported
98.7% oleic acid conversion over a Pt/zeolite catalyst and 81%
heptadecane selectivity in the presence of a 0.01 catalyst metal/
feed ratio and 20 bar hydrogen at 320 °C after 2 h of reaction. In
this present work, the reaction at 400 °C and 1 h achieved 92.5%
conversion of multiple fatty acids in HRSO, with a heptadecane
selectivity of 84%, without adding external hydrogen. Hence,
the present study has provided a potentially more cost-effective
pathway to produce a wide distribution of fuel-range hydro-
carbons (ESI Table SI2) from fatty acids.

3.4 Effect of reaction time on the conversion of fatty acids in
HRSO with the 5 wt% Pt/C catalyst

To determine the reaction time to maximise the degree of
decarboxylation, experiments were carried out in the time range
of 0 h to 3 h. These are experiments 5 and 8-10 in Table 4. The
reaction time here referred to the time the reaction was kept
running once the reaction temperature was reached. Hence, the
time of reaction “0 h” simply means that the reaction was
stopped once the set reaction temperature was reached. These
reactions were carried out at 400 °C, which gave the highest
conversion reported in Section 3.2.

3.4.1 Product yields and mass balance in relation to reac-
tion time. Table 4 shows the mass balance closures from the

Sustainable Energy Fuels, 2024, 8, 4820-4837 | 4829
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investigation of the effect of reaction time on the decarboxyl-
ation of HRSO. The mass balance reduced from 96.64 wt% to
79.69 wt% as the reaction time increased from 0 h to 3 h at 400 °
C. The lowest mass balance closure of 79.69 wt% was attributed
to increased volatile losses from the gas and liquid products
obtained at longer reaction times. There was an increase in the
total yields of gas products with increased reaction time, and
apart from the wax product obtained after ‘0 hours’, the liquid
products obtained with increasing reaction times became both
lighter in colour and lower in density due to the increased
formation of volatile compounds (ESI Fig. SI3 and Table SI3t).

The reaction at 0 h gave the highest yields of solid residues
(18.38%), and this was partly due to the presence of embedded
unreacted feedstock with the catalyst. As explained earlier in
Section 3.1, some heavy oil molecules formed white solids,
which were insoluble in the dichloromethane solvent. At 0 h,
the product obtained was a semi-solid but as the severity of the
reaction increased in terms of reaction time, the products
became liquids with much lighter colours.

3.4.2 Composition of gas products in relation to reaction
time. Fig. 5a shows the yields of the components in the gas
products obtained from the decarboxylation reactions con-
ducted at varying times. All reactions produced CO,, which
increased with increasing reaction time and implied increasing
rates of decarboxylation. The increasing CO, yield corre-
sponded to an increase in the mass yield of gases produced with
an increase in reaction time. In addition, there was an increase
in the hydrocarbon gases from 0-3 h, but the increase in CO,
was more dramatic when the reaction time increased from 0 to
1 h.

From a reaction time of 1 h, the yield of CO, stayed fairly
constant, while the yields of hydrogen and other hydrocarbon
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gases became more significant, suggesting that increased
cracking reactions occurred with longer reaction times. The
calorific values of the gas products reflected their compositions.
The increase in the yields of hydrogen and the hydrocarbon
gases under more severe reaction conditions led to a higher
calorific value of the gas products with a seventeen-fold increase
between 0 h and 2 h.

3.4.3 Physicochemical properties of the liquid products in
relation to reaction time. Table 7 shows that TAN values
decreased with increasing reaction times. For the 0 hour reac-
tion, the TAN value was 85.4 mg KOH g~ but it fell to 1.15 (mg
KOH g ') after reacting for 3 hours, indicating a neatly 99%
reduction in acid contents as reaction conditions became more
severe at 3 h. This increase in the severity of reaction conditions
also contributed to the production of smaller chain
compounds. The HHVs of the oil products obtained with
respect to time ranged from 40 to 48 MJ kg™ ', indicating simi-
larity to conventional hydrocarbon fuels.

Fig. 5b shows the effect of reaction times on the O/C and H/C
ratios of the oil/wax products obtained. The results show that
increasing the reaction time to 1 h and above had a significant
impact on the O/C ratios, causing the values to approach those
of hydrocarbon fuels (gasoline and diesel).

Fig. 5¢ shows the results of the GC/MS analysis of liquid oil
products based on the group of compounds obtained from the
decarboxylation reactions carried out at different reaction
times. Oxygenated compounds only appeared at 0 h reaction
time. In addition to the increase in conversion with the
increased reaction time, the yield of alkanes, which was only
6.48 wt% at 0 h, reached 68.12 wt% after 2 h.

The yield of aromatics remained at approximately 4-5 wt% at
reaction times 1-3 h. This implied there was little to no effect on
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Influence of reaction time on (a) the compositions and calorific values of gas products, (b) the van Krevelen H/C and O/C molar ratios of

the oil products, (c) the yields of groups of compounds in the light oils and (d) the yields of hydrocarbons and heptadecane in the light oil
obtained from the conversion of HRSO with 2 g of 5 wt% Pt/C catalyst at 400 °C.
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Table 7 TAN, densities, elemental compositions and HHV of oil products obtained from HRSO in relation to reaction time with 2 g of 5 wt% Pt/C

catalyst

Time (h) Density (kg m ) TAN (mg KOH g ) C (Wt%) H (wt%) N (Wt%) O (Wt%) HHV (MJ kg™ ")
0 923 85.43 75.08 + 1.63 12.00 + 0.24 0.27 + 0.00 12.66 + 0.04 40.43

1 906 7.49 83.00 £ 0.1 13.90 £ 0.31 0.11 + 0.01 2.99 £ 0.11 47.60

2 883 2.08 83.31 £ 3.20 13.93 £ 0.51 0.20 % 0.00 2.56 + 0.08 47.82

3 879 1.15 84.2 + 3.83 13.60 + 0.63 0.14 + 0.01 1.86 £ 0.16 46.80

the aromatisation of the compounds as the reaction time
increased. Little amounts of alkenes were present at 0 h
(2.28 wt%) and 1 h (1.32 wt%) but none was detected at longer
reaction times, which showed that increasing the reaction time
minimised the production of olefins, possibly via catalytic
hydrogenation with the in situ hydrogen gas.>»”” As the reaction
time increased from 2 to 3 h at 400 °C, there was very little
change in the conversion as well as the profile of compounds
produced, and more gas was produced, reducing the yield of oil.
Therefore, choosing a reaction time of 2 h at 400 °C could be
more beneficial as the energy consumed in extending the
reaction time would only translate to the minor differences
observed.

Fig. 5d shows that up to 1 h reaction time only hydrocarbons
within the range of C;,-C;¢ > C;6 were present in the light oils
obtained. Between 0 h and 1 h, the total yield of C;;-Cys
compounds increased 10 times, while that of >C;¢ increased
nearly seven times due to increased decarboxylation. Shorter
chain hydrocarbons in the carbon range < C;; were formed only
after 2 h of reaction and their yields increased by 10.11% when
the reaction time was increased from 2 h to 3 h. In general, the
formation of the shorter chain compounds led to a reduction in
the yields of the longer chain compounds within the >C;, range
of hydrocarbons. After 2 h of reaction, the middle range
compounds exhibit a marginal increase to 14.7 wt% from nearly
12 wt% after 1 h reaction time. Further increase in the reaction
time to 3 h led to a considerable reduction in the total yields of
hydrocarbons, due mainly to the reduction of the >Cis
compounds. The highest yield of the fraction occurred after 1 h
(58.4 wt%), reduced to 53.7 wt% after 2 h and further reduced to
45.8 wt% after 3 h, indicating the consistent conversion of these
longer chain compounds to the highly volatile >C;, fraction and
gas products (Table 7). A trend similar to the yields of the >Cj,
compounds was observed with heptadecane, with its highest
yields of 49.4 wt% achieved after 1 h reaction but consistently
reduced with increasing reaction times (ESI Table SI37).

Wu et al.®" reported 75 wt% heptadecane yield from stearic
acid using Ni/C as the catalyst at 330 °C after 5 h of reaction.
Using stearic acid (saturated C,4 fatty acid), the authors could
produce heptadecane via pure decarboxylation, whereas with
oleic acid (the main fatty acid in HRSO), obtaining heptadecane
showed the occurrence of in situ hydrogenation along with the
decarboxylation.**”¢ In addition, the authors used a combina-
tion of lower temperature (300 °C) and long reaction time (5 h)
to achieve their result. In contrast, a higher reaction tempera-
ture of 400 °C used in this present work, while still giving

This journal is © The Royal Society of Chemistry 2024

a comparable total hydrocarbon yield of 72.1 wt% after 2 h, led
to the formation of useful three potential replacement fuel
fractions - gasoline, kerosene and diesel - through a combina-
tion of decarboxylation, in situ hydrogenation and cracking.

3.5 Influence of different catalysts on the conversion of
HRSO

The literature has consistently shown that Pt-based catalysts
have been effective for the decarboxylation of fatty acids.***” So
far in this present study, results have proved the effectiveness of
the 5 wt% Pt/C catalyst in the deoxygenation (mainly via
decarboxylation) of fatty acids to produce hydrocarbon-rich oils.
However, it is often challenging to recover metal catalysts from
carbon supports by simple methods like recalcination due to
support destruction by carbon burn-off. Therefore, further
investigation was carried out using 5 wt% Pt metal supported on
silica, magnesium silicate and alumina as the catalyst for the
conversion of HRSO. In addition, the Ni-Cu/Al,O; catalyst was
tested as a potentially cheaper catalyst than the Pd- and Pt-
based ones; however, it gave a very low catalytic activity
towards fatty acid conversion. The reactions were carried out at
400 °C for 2 h, being the best conditions obtained from the test
with the 5 wt% Pt/C (compared to 1 h and 3 h reactions at the
same temperature), the results of which have been included for
ease of comparison. These are experiments 5 and 11-15 in
Table 4.

3.5.1 Product yields and mass balance in relation to
different catalysts. Table 4 shows that catalytic deoxygenation
tests gave good mass balance closures of over 90 wt%, with low
values attributed to the loss of volatiles during handling of
samples. The use of the catalysts yielded liquid products, which
accounted for at least 73 wt% in each case, as the main product.
The Ni-Cu/Al,O; catalyst gave the highest liquid yield (87 wt%),
Pd/MgSiO; produced the highest yield of solid residues
(=12 wt%), and Pt/C gave the highest yield of gaseous products
(7.95 wt%). It is also worth noting that the liquid product ob-
tained using 5 wt% Pt/C was the only product with a light-yellow
colour in these tests (ESI Fig. SI4+).

3.5.2 Gas composition in relation to deoxygenation with
different catalysts. Fig. 6a shows the yields of components in
the gas products on the HRSO feedstock basis. Gas products
from this stage accounted for about 6-8 wt% and consisted of
>45% CO,. Therefore, in all cases CO, was the dominant gas
component, and as a product decarboxylation its presence
suggested that all catalysts explored were able to deoxygenate
fatty acids via this route. Other gas components include

Sustainable Energy Fuels, 2024, 8, 4820-4837 | 4831
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obtained from the conversion of HRSO at 400 °C and 2 h reaction time.

methane, hydrogen, CO and C,-C, hydrocarbon gases. The
presence of these gases indicated the possible breaking of C-C
bonds and dehydrogenation reactions, and they contributed to
the calorific values of the gas products as shown in Fig. 6a. The
5 wt% Pt/alumina catalyst gave gas products with the highest
calorific value, indicating its ability to break C-C bonds more
than the rest of the catalysts under the conditions of these
experiments. In contrast, among the catalysts, the Ni-Cu cata-
lyst produced the highest CO, yield along with the lowest yields
of other gases. Hence, under the experimental conditions, the
Ni-Cu catalyst was the most active for pure decarboxylation. The
activity of Pt/C for decarboxylation has been reported by several
researchers, who limit its use to nearly pure decarboxylation by
operating around 350-380 °C.>**”*® However, this present work
showed that at a higher temperature of 400 °C used, apart from
the Ni-Cu/Al,O; catalyst, the other catalysts promoted both
deoxygenation and C-C bond cracking to different extents.
3.5.3 Physiochemical properties of oil products obtained
in relation to different catalysts. Table 8 presents the physico-
chemical characteristics of oil products obtained from the
deoxygenation of HRSO using different catalysts. The elemental
compositions of the oil product showed significant increases in

carbon contents with values of over 82 wt%, compared to nearly
75 wt% in HRSO. In addition, the oils presented much lower
oxygen contents ranging from 2.25 wt% with Pt/Al,O; to
7.85 wt% with Ni-Cu/Al,O3, compared to HRSO (13 wt%). In
addition, all the oil products had much lower total acid
numbers (TANs) than the HRSO feedstock. Therefore, the
effectiveness of all six catalysts towards the deoxygenation of the
fatty acids in HRSO could be confirmed from Table 8. In
particular, the degree of deoxygenation that occurred corre-
sponded to the increased carbon contents as well as the lower
oxygen contents and TAN values of the oils.

However, Table 8 shows that the extent of deoxygenation
varied among the catalysts, with some of the oil products having
little to no fatty acid contents left while some still had acid
values or TANs of over 50 mg KOH g~ ". For instance, catalysts
such as Pt/C, Pt/MgSiO;, and Pt/SiO,, which gave low TAN
values and low oxygen contents, had superior deoxygenation
capacities over catalysts such as Pd/MgSiO;, and Ni-Cu/Al,Os;.
The densities and calorific contents (HHVs) of the oils were
similar to those of conventional fuels, ranging from 797 kg m >
to 966 kg m > and 46-50 MJ kg~ respectively.

Table 8 TAN, elemental composition and calorific value obtained from the conversion of HRSO with different catalysts at 400 °C and 2 h

reaction time

Catalyst Density (kg m™®) TAN (mg KOH g™')  C (wt%) H (wt%) N (Wt%) 0 (Wt%) HHV (M]J kg™")
5 wt% Pt/C 883 2.08 83.31 + 3.20 13.93 + 0.51 0.20 £+ 0.00 2.56 + 0.08 47.82
5 wt% Pt/MgSiO3 797 0.00 83.76 + 0.40 13.13 £ 0.02 0.22 £+ 0.03 2.89 £ 0.14 46.76
5 wt% Pt/Silica 899 17.66 82.28 + 2.75 12.76 £ 0.30 0.20 £ 0.03 4.76 + 0.21 45.39
5 wt% Pt/Al,O5 880 0.00 84.33 £+ 2.13 13.22 £+ 0.16 0.20 £+ 0.03 2.25 £ 0.19 47.20
5 wt% Pd/MgSiO; 966 51.63 81.76 £+ 0.85 12.04 £+ 0.10 0.20 £+ 0.02 6.00 £+ 0.12 43.95
10 wt% Ni-Cu/Al, O3 942 49.54 80.09 + 2.54 11.82 + 0.40 0.24 £+ 0.02 7.85 £ 0.15 42.73
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Avan Krevelen diagram was generated using the H/C and O/
C molar ratios based on the elemental analysis data. This
diagram is shown in Fig. 6b, where the data for the oil products
have been compared to those of common fuels (gasoline,
kerosene and diesel). Fig. 6b shows that the supported Ni-Cu
and Pd catalysts gave the highest O/C ratios, which correlated
with their relatively high oxygen contents reported in Table 8.
The oils produced using Pt/C, Pt/SiO,, and Pt/Al,O; had the
greatest potential of comparison with conventional fuels, as
they had the highest H/C ratios and the lowest O/C ratios.

3.5.4 Chemical compositions of the light oil products in
relation to different catalysts. Fig. 6¢ presents the yields of light
oils and their compositions by compound groups. In addition,
all catalysts produced liquid products that had a kerosene-
diesel like odour. This figure shows that in all cases, the sup-
ported Pt-based catalysts gave high yields of light oils, with Pt/
MgSiO; giving the highest conversion of HRSO and the highest
yields of alkanes in the oil product. Deoxygenation with Pd/
MgSiO; gave the least alkane yields of about 36.7%, while Pt/
MgSiO; in comparison gave the highest. This better activity of
Pt/MgSiO; over Pd/MgSiO; may be due to metal-support inter-
action. In contrast, Snare et al.,*® reported that Pd/C had better
catalytic activity over Pt/C during the decarboxylation of fatty
acids. Therefore, the MgSiO; support used in this present
student may have altered the catalytic activities of these metals.

While 5 wt% Pt/MgSiO; gave the highest yield of oil prod-
ucts, Pt/C produced oil with the lightest colour, which may be
an indication of a comparably much larger surface area of the
latter (650 m”> g~ ') compared to the former (116 m> g~ ). In
contrast, all the other catalysts produced dark coloured liquids
(ESI Fig. SI4t), which could cause issues with further processing
and use of the products. The dark-coloured liquids produced
may be due to the low surface areas as well as the acidity/
alkalinity of the catalysts, which could promote hotspots for
the formation of high molecular weight carbon compounds or
coke that eventually dissolved in the oils.”

Fig. 6d shows the range of hydrocarbons obtained according
to their carbon chain lengths (also see ESI Table SI4t). The
supported Pt catalysts produced the largest proportion of frac-
tions with >C;¢, with 5 wt% Pt/C being the most prominent. Pt/
C, Pt/MgSiO; and Pt/Al,O; produced similar yields of >Cjg
alkanes of about 53 wt%. For these three Pt-based catalysts,
heptadecane with yields of around 47 wt accounted for over 86%
of their >C;¢ fractions, which indicated that these catalysts
favoured direct decarboxylation® and C=C bond saturation®**’
over random cracking of C-C bonds. However, Pt/MgSiO; and
Pt/SiO, produced the highest yields of kerosene range
compounds with around 23 wt% each; this may indicate that
basic supports favoured this fuel range. In contrast, in the
presence of the Ni-Cu catalyst, nearly equal yields of the three
fractions were produced. This could be due to random reactions
due to little or no catalytic selectivity, with the results being
similar to those obtained from the non-catalysed reaction in
Fig. 3d (see Section 3.1). Therefore, it could be argued that the
Ni-Cu catalyst had little or no catalytic effect on the reactions
leading to the products obtained.

This journal is © The Royal Society of Chemistry 2024
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For the Pt-based catalysts, both the metal particle size and
the support material seemed to have influenced their selectivity
towards the yields and compositions of liquid hydrocarbons.
While the Pt metal particle sizes ranged from 4.8 nm (Pt/C) to
12.1 nm (Pt/MgSiO;), the latter gave overall better yields of
extensively deoxygenated liquid products, showing that metal-
support interaction was more favourable than particle size in
this case. However, Pd/MgSiO; (45.3 nm) with the largest
particle size gave the lowest yield of deoxygenated fuel, when
compared to all the Pt-based catalysts and even the poorly
catalytic Ni-Cu/Al,O; (=18 nm) (Fig. 6¢c and d). In general,
therefore, the results from the use of these different catalysts
indicated the effects of the combination of active metal, particle
size and metal-support interaction on the conversion of fatty
acids to hydrocarbons. In a comprehensive review paper, Maki-
Arvela and Murzin® reported that the particle size of the active
metal catalyst was a function of many factors including the type
of precursor salts and catalyst preparation procedures (e.g., pH,
temperature, ageing time, precipitation agent and type of
support) as well as the post-synthesis methods of washing,
calcination and reduction. In addition, metal particle sizes
<10 nm have been reported to be most effective for catalysis.*®
These ideas and findings from this present work will be
explored during future optimisation studies.

4 Conclusions

This novel work is based on the initial pre-treatment of rape-
seed oil to its hydrolysed form (HRSO) containing mixtures of
fatty acids. This study has demonstrated the catalytic deoxy-
genation of the inherent mixtures of fatty acids in lipid feed-
stock, such as rapeseed oil, to produce fuel-range liquid
hydrocarbons. More importantly, commercially relevant high
yields of hydrocarbons have been achieved without the addition
of external hydrogen gas. There was undeniable evidence of in
situ hydrogenation of alkenes to alkanes via catalytically
promoted hydrogen generation. The results indicated that
increasing the reaction temperature from 350 °C to 400 °C
significantly enhanced the yield and selectivity of hydrocarbons,
with a notable increase in the production of C,;-C;¢ hydrocar-
bons and a reduction in the formation of <C;; hydrocarbons.
During effective catalysis, the yields of carbon dioxide in the
product gas correlated positively with both the conversion of
HRSO and the yields of hydrocarbons. While the existence of
CO, in the product gas could be confounded by other reactions
that produce and consume CO,, such as methanation, water—
gas shift reaction and Boudouard reaction (CO disproportion-
ation), there was sufficient evidence that it was formed directly
from decarboxylation. For instance, the oil products were
dominated by heptadecane, which resulted from the decar-
boxylation of the predominant oleic acid and other C18 fatty
acids in the HRSO feedstock. This could indicate that decar-
boxylation was the main deoxygenation mechanism for the
conversion of fatty acids to hydrocarbons as reported in several
publications. The 5 wt% Pt/C catalyst exhibited the highest
selectivity towards decarboxylation, which correlated with
a decrease in oxygen content and total acid number values in
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the resulting oils. Additionally, increasing the reaction time,
catalyst loading, and reaction temperature resulted in higher
fatty acid conversion and improved selectivity for hydrocarbons,
especially alkanes. Heptadecane was a key hydrocarbon product
having been formed from the deoxygenation of the dominant
oleic acid and other C,; fatty acids. This study also highlighted
that the optimal reaction time at 400 °C is 2 hours, which
balanced the high conversion rates with the yields of gasoline,
kerosene and diesel fuel fractions. These findings suggested
that a combination of appropriate catalysts and pre-treatment
of lipid feedstock (e.g., to avoid the interferent side reactions
of glycerol) can enhance the selectivity of liquid fuel-range
hydrocarbons. This could provide a promising pathway for
converting various types of lipid feedstock materials into valu-
able hydrocarbon fuels under moderate reaction conditions,
presenting a potentially efficient method for green
hydrocarbon-based biofuel production. While this present work
has shown good promise, further work on the development and
application of cheaper catalysts and testing for catalyst stability
are needed to enhance the commercial viability of the process.
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