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Production of green diesel from catalytic
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Deoxygenation processes that exploit milder reaction conditions under H,-free atmospheres appear
environmentally and economically effective for the production of green diesel. Herein, green diesel was
produced by catalytic deoxygenation of chicken fat oil (CFO) over oxides of binary metal pairs (Ni—-Mg,
Ni—Mn, Ni—Cu, Ni-Ce) supported on multi-walled carbon nanotubes (MWCNTSs). The presence of Mg
and Mn with Ni afforded greater deoxygenation activity, with hydrocarbon yields of >75% and n-(Cys +
Cy7) selectivity of >81%, indicating that decarboxylation/decarbonylation (deCOx) of CFO is favoured by

the existence of high amount of lower strength strong acidic sites along with noticeable strongly basic
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Accepted 17th December 2019 sites. Based on a series of studies of different Mg and Mn dosages (5-20 wt%), the oxygen free-rich

diesel-range hydrocarbons produced efficiently by Nijg—Mgis/MWCNT and Nijo—Mns/MWCNT catalysts
yielded >84% of hydrocarbons, with n-(Cys + C;7) selectivity of >85%. The heating value of the green
diesel obtained complied with the ultra-low sulphur diesel standard.
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1. Introduction

Growing demand for fossil fuels, finite fossil fuel resources and
related environmental issues have directed global attention
towards the development of alternative fuels from renewable
sources. Accordingly, many studies have been carried out to
produce more efficient and inexpensive renewable fuels from
various liquid biomass-derived feedstocks. Recently, biodiesel
or fatty acid methyl esters (FAMEs) produced by trans-
esterification processes from vegetable oils and animal fats
have been commonly used as fuels in diesel engine trans-
portation.® Unfortunately, biodiesel is composed predomi-
nantly of highly oxygenated compounds that result in
undesirable properties such as high viscosity, low oxidative
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stability, a high cloud point, high nitrogen oxide (NOx) emis-
sions, and low energy density.> In particular, oxygen-free
hydrocarbon fuel known as green diesel is considered prom-
ising in this regard. Even though green diesel has a similar
molecular structure to petroleum diesel but it has greater cetane
number ranging from 85 to 99 (compared to 45 to 55 for
petroleum diesel).?

Deoxygenation processes are particularly attractive for
producing green diesel and the operational costs are relatively
lower than the current upgrading process used in existing
petroleum refineries, the hydrodeoxygenation (HDO) process.
The hydrodeoxygenation process involves direct conversion of
fatty acids via removal of oxygenated species, retaining the
number of carbon atoms, with H,O as a by-product under H,
atmosphere.** Meanwhile, deoxygenation processes involve the
removal of oxygenated species in the forms of CO, CO, and H,0O
via decarbonylation and decarboxylation (deCOx) under H,-free
atmosphere.*” The hydrocarbon products formed typically
contain one less carbon atom (C,,_,) than the original fatty acid
chain. The green diesel produced from deoxygenation exhibits
better fuel characteristics - high heating value (HV), high cetane
number (80-90), lower viscosity and high fuel stability; thus, it
has been widely accepted by many research studies that green
diesel is the most promising substitute for fossil-based diesel.®

Selecting the appropriate feedstocks for green diesel produc-
tion is important for industrial practices. Usually, vegetable oil
feedstock used for biofuel production consists of edible and non-
edible oils. However, edible oils face problems related to the

This journal is © The Royal Society of Chemistry 2020
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competition between food and fuel issues. Non-edible oils, such
as Jatropha oil, rubber oil, Ceiba oil, karanja oil, Sterculia oil and
castor oil are expensive, so they are unsuitable for biofuel
production.” Thus, the production of green diesel derived from
animal fats has been widely explored. Commonly used animal
fats include beef tallows, chicken fat, mutton fat and pork
lard."** Amongst them, chicken fat oil (CFO) offers a better
alternative renewable source. Commonly, chicken is known as
a staple food worldwide, and its production reaches about 107.1
million metric tons. ** Fat contents in chicken poultry range from
10% to 12%." Thus, approximately 10.7-12.9 million metric tons
of chicken fat is produced per year. CFO is composed of C16 and
C18 fatty acids,' so CFO is considered as ideal feedstock for
diesel-range hydrocarbon (n-C;5 and n-C;,) production via deCOx
pathways.

A study by Yang et al."” discovered that solid catalysts such as
noble metal, metal oxide and sulphided catalysts were highly
efficient in promoting deoxygenation of fatty acid. Among those
catalysts, noble metals such as Pd, Pt, and Rh were proven to be
the most active metal promoters of deoxygenation activity and
possessed greater affinity towards C-O bond cleavage via deCOx
pathways.® However, the high cost constraints made them
unattractive. Metal sulphided catalysts such as NiMo and CoMo
are commonly used in deoxygenation reactions. Unfortunately,
sulphide-based catalysts cause sulphur leaching, which deacti-
vates catalysts and contaminates products." As such,
nonsulphur-based, inexpensive and highly active catalyst for
deoxygenation should be developed. Interestingly, metal oxides
are inexpensive and essentially free of sulphur. Metal oxides
seem to be realistic deoxygenation catalysts for the future. Metal
oxide catalysts, especially Ni-based, show activity comparable to
noble metals in converting lipid-based feeds to liquid hydro-
carbons. As discussed by Morgan et al.>* Ni on carbon support
catalysts showed similar activity to that of Pd- and Pt-promoted
catalysts at higher concentration, which suggested that Ni has
good performance in replacing noble metals in deoxygenation.
Oxides of other metals, such as Ce, W, Co, Fe, Cu, Mo, Zn, Mg
and Ca, have also been used in deoxygenation under H,-free
conditions.”** Interestingly, Ce and Cu offer better deoxygen-
ation reaction selectivity in diesel-like hydrocarbon production.
Aysu et al.”® studied the deoxygenation of jojoba oil over Ce-
promoted catalysts and the results showed that the reaction
occurred exclusively via deCOx, which yielded higher percent-
ages of aliphatic compound. A similar case, with Cu-promoted
catalysts studied by Loe et al.** whereby the Cu-promoted cata-
lyst was demonstrated to be active in removing the oxygen
atoms from free-fatty-acid-derived oxygenates and yielded >90%
of diesel-range hydrocarbons. Additionally, a basic promotion
catalyst (MgO) also favoured the deCOx reaction. Tani et al.**
discovered that MgO-supported catalysts resulted in enhanced
triglyceride cracking via decarboxylation, and the green diesel
produced resembled conventional liquid fuel. Moreover, use of
basic metal catalysts can suppress coke formation and offer
greater catalyst stability.”® Parenthetically, no study has re-
ported the use of Mn as catalyst in deoxygenation reactions.
However, Mn was found to be active in the pyrolysis of sawdust
and produced 48.5% of H, gas.>®
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Instead of catalyst promoter, the catalyst support always
plays a critical role in promoting the deoxygenation reaction.
This is due to support being able to enhance active metal
dispersion, simultaneously increasing the active sites for
catalysis of the reaction.”” Carbon is a promising support, which
can be attributed to the high specific area and the nature of
carbon itself, being thermally stable, thereby minimising the
sintering of the active metal during the deoxygenation reac-
tion.”® Nanosized carbon supports, such as multi-walled carbon
nanotubes (MWCNTs) have specific pore structures that offer
better thermal stability than micron-size activated carbon
supports, and the use of MWCNTs as catalyst support in the
deoxygenation reaction has been recognised.* As discussed by
Asikin-Mijan et al.>** MWCNTSs were used as catalyst supports in
the deoxygenation of jatropha curcas oil, resulting in high
selectivity towards C;5 + C;7; via the deCOx pathway and
producing >80% hydrocarbon yield. However, the catalyst still
favoured greater coke formation (4-5 wt%) than other carbon
supported catalysts (~2 wt%).** Thus, in order to improve coke
resistancy of MWCNT, hence this study highlighted the modi-
fication of MWCNTs through the incorporation of a series of
binary metal oxide pairs (Ni-Mg, Ni-Mn, Ni-Cu, Ni-Ce) for CFO
deoxygenation under H,-free conditions. The effect of metal
concentration, within the range of 5-20 wt% on reaction activity
was further investigated, and the green diesel produced was
subjected to an HV test.

2. Experimental
2.1 Materials and methods

Multi-walled carbon nanotubes with purity > 95% were
purchased from US Research Nanomaterials, Inc. Nickel(u)
nitrate hexahydrate (Ni(NOj3),6H,0) with purity > 99%, magne-
sium(u) nitrate hexahydrate (Mg(NOj3), - 6H,0) with purity > 99%,
and manganese(u) acetate tetrahydrate (C,HsMnO,-4H,0) with
purity > 98% were obtained from R&M Company. Copper(u)
nitrate trihydrate (Cu(NOj3),-3H,0) with purity > 99% and cer-
ium(m) nitrate hexahydrate (CeH;,N;0;5) with purity > 99% were
procured from Merck and Acros, respectively. Phosphoric acid
(H3PO,) with purity > 85% was purchased from ].T Baker. The
liquid products for standard gas chromatography (GC) analysis,
Cg-C, alkene and alkane standard solutions and the internal
standard 1-bromohexane were purchased from Sigma Aldrich
and used without further purification. For dilution, n-hexane (GC
grade) with purity > 98% from Merck was used. The feedstock
involved was CFO obtained from raw chicken fat waste from
a local Serdang market in Malaysia. The chicken fat waste was
heated at 120 °C for 3 h and filtered to remove any solid residue.
The resultant samples are referred to as CFO. The CFO was
further treated at 120 °C in an oven to ensure the water content
was <0.5 wt%. Water content was measured by using the ASTM
E203-08 method. Table 1 shows that the CFO was composed of
triglycerides (TGs, 83%), free fatty acids (FFAs, 17%) with
a moisture content of 0.3 wt%. According to the analysis, the fatty
acid composition of CFO was mainly saturated C,¢ (palmitic) and
unsaturated Cy (oleic) fatty acids.
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Table 1 Properties of CFO

Properties Value
Moisture content (wt%) 0.30
Acid value (mg KOH per g) 33.66
FFA value (%) 16.83
Fatty acid composition of oil (%)

Palmitic acid (C16:0) 29.56
Stearic acid (C18:0) 9.45
Oleic acid (C18:1) 57.61
Linoleic acid (C18:2) 3.38

2.2 Catalyst synthesis

All catalysts were synthesised via a wet-impregnation method.
Initially, 6 g of MWCNT support was chemically activated with
90 mL of phosphoric acid (H3PO,) with reflux heating at
a temperature of 150 °C for 24 h. Then, the H;PO, was removed
using hot distilled water until the solution reached pH 7. The
activated MWCNTs were then dried in an oven at 120 °C. The
activated MWCNTs were then impregnated with 10 wt% of
Ni(NO3),6H,0 and 10 wt% of C;H¢MnO,-4H,0 under contin-
uous stirring for 6 h at ambient temperature. The solid was
dried in an oven at 120 °C and further calcined at 550 °C for 4 h
under inert conditions and the catalyst denoted as Ni;o-Mn;,/
MWCNT. The procedures above were repeated, replacing the
Mn salt with Mg(NO3), -6H,0, CeH;,N30;5 and Cu(NOj3),-3H,0.
The catalysts were denoted Ni;p-Mg;o/MWCNT, Ni;,—Ce;o/
MWCNT and Ni;y—Cu;(/MWCNT, respectively. Furthermore,
Ni;(/MWCNT was prepared via a similar preparation route. In
addition, the optimisation of metal dosage of the most effective
metals (Mg, Mn) was performed by varying the metal content
from 5 to 20 wt% with Ni remaining constant at 10 wt%. The
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catalysts were denoted Ni;-Mg,/MWCNT and Ni;,-Mn,/
MWCNT, where n = 5, 10, 15 and 20.

2.3 Catalyst characterisation

Powder X-ray diffraction (XRD) analysis was performed to
determine the dispersion state and chemical composition of the
modified MWCNT catalysts before and after reaction. The XRD
analysis was carried out using Shimadzu diffractometer, model
XRD-6000. The acidity and basicity of all catalysts were
measured using temperature programmed desorption with NH;
and CO, as the probe molecule (TPD-NH; and TPD-CO,). The
analysis was carried out using a Thermo Finnigan TPD/R/O
1100 instrument equipped with a thermal conductivity
detector (TCD). The catalyst (~0.05 g) was pre-treated in N, gas
flow for 30 min at 250 °C and then with NH; gas for 1 h at
ambient temperature to allow adsorption of NH; onto the
surfaces. Then, the excess NH; was flushed with N, gas flow at
20 mL min~". The desorption of NH; from the acid sites of the
catalyst was detected by TCD under He gas flow (30 mL min ")
from 50 to 900 °C and held for 30 min. The adsorption and
desorption of CO, was carried out in a similar way to the TPD-
NH; method. The field emission scanning electron microscopy-
energy dispersive X-ray (FESEM-EDX) analysis was used to
investigate the morphology and to determine the elemental
composition of the catalysts. The FESEM images were recorded
on a LEO 1455 VP electron microscope. The FESEM connected
to EDX used a Rayny EDX-720 spectrometer for determination
of the elemental composition of C, O, Ni, Mg, Mn, Cu and Ce.
The TGA instrument (TGA 1000i, Instrument Specialists Inc,
USA) was used to determine the extent of coke/carbon deposi-
tion on the spent catalyst under atmospheric conditions. The
powder samples were heated in the range of 25 to 1000 °C at
a heating rate of 10 °C min~" under 40 mL min " air flow.
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Fig.1 Schematic diagram for the semi-batch reactor in deoxygenation of CFO.
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2.4 Catalytic deoxygenation of CFO

The deoxygenation of CFO was performed in a mechanically
stirred 250 mL semi-batch reactor, as shown in Fig. 1. Initially,
10 g of CFO and 3 wt% of catalyst were added into the reactor.
Before each reaction, the oxygen in the reactor produced by the
heating process was removed by purging with N, gas at flow rate
of 20 mL min~" with constant stirring of the reaction mixture.
The temperature was increased to the desired temperature of
350 °C and the reaction maintained for 2 h under inert gas flow
(N, 50 mL min '). The condensable liquid product was
condensed using an external water-cooled circulator into
a collection vessel. The liquid products were further weighed and
analysed using total acid number (TAN) test, gas chromatography
with  flame ionisation detector (GC-FID) and gas
chromatography-mass spectrometry (GC-MS). The gaseous
products were collected in a gas bag 1 h before the reaction
finished and the gases further analysed by GC-TCD. All the
reactions were repeated three times and the results evaluated as
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the average of the three repetitions. Mass-balance analyses were
conducted for all deoxygenation reactions. The solid catalysts
were separated by mixing the liquid residue inside the reactor
with hexane to determine the mass of the retained products (char
and residue) after reaction. The hexane was removed via rotary
evaporation and the dark viscous liquid identified as char +
residue.

2.5 Product analysis

The deoxygenated liquid products were identified using Cg—Cyq
alkane and alkene standards. The liquid products were analysed
quantitatively using GC (Agilent GC-14B equipped with an HP-5
capillary column, length 30 m x inner diameter 0.32 mm X
film thickness 0.25 pm) operating at 300 °C. The liquid product
was diluted with GC grade n-hexane prior to the yield analysis. 1-
Bromohexane was used as internal standard. A 2 pL aliquot was
injected into the GC column at an inlet temperature 250 °C and
helium gas served as the carrier gas. The initial temperature of the

Fig.2 FESEM-EDX analysis for (a) MWCNT, (b) Niso/MWCNT, (c) Nizg—Mg10/MWCNT, (d) Nizo—Mnyo/MWCNT, (e) Nizg—Ce1o/MWCNT and (ANiyo—

Cuyo/MWCNT.
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Table 2 Elemental composition of the MWCNT-supported catalysts

Elemental composition (%)

Catalysts C o Ni Mg Mn Ce Cu
MWCNT 95.4 4.6 — — — — —
Ni;o/MWCNT 91.14 719 1.67 — — — —
Nijg-Mg;o/MWCNT  75.26 19.73 2.64 237 — — —
Ni;o-Mn;o/MWCNT  84.90 9.53 2.56 — 3.01 — —
Nijp-Ce;o/MWCNT  83.90 11.66 2.65 — — 1.79 —
Ni;p—-Cu;o/MWCNT  79.84 9.39 7.72 — — — 3.04

oven was set at 40 °C and held for 6 min. Then, the oven
temperature was ramped to 300 °C at a heating rate of 7 °C min ™",
The TAN of the CFO and the liquid products were identified by
following the standard procedure of AOAS Cd 3 d-63, which is

referred to as the classical titration method eqn (1):

56.1
Woil

Total Acid Number (TAN) = (V; — V;)N (1)

The determination of hydrocarbon yield (X) on the catalyst
performance were evaluated by GC-FID using eqn (2).>

X (%) = % x 100 2)

where n, = peak area of alkenes (Cg-C,), n; = peak area of
alkanes, n, = peak area of the product. The hydrocarbon
selectivity (S) of the deoxygenated products was determined
from eqn (3):
0/ — CX

S (%) = S X
where Cx = peak area of desired hydrocarbon fraction and n, =
peak area of hydrocarbons.

Product distribution of CFO and deoxygenated liquid prod-
ucts were characterised qualitatively using GC-MS (Shimadzu
model QP5050A) equipped with a non-polar DB-5HT column (30
m x 0.25 mm x LD. um) with splitless inlet. The samples were
diluted with GC grade n-hexane of purity > 98%. The fraction
peaks from the GC-MS spectra were identified using the National
Institute of Standards and Testing (NIST) library. The major
products identified by GC-MS (hydrocarbon fractions, carboxylic
acids, alcohols, cyclic compounds and ketones) were compared
with the probability match between 95 and 100%. The Fourier
transform infrared spectrometry (FTIR) analysis was performed
using a Nicolet 6700 spectrometer from Thermo Scientific. This
analysis was used to identify the functional groups present in
CFO and the liquid products. The spectrometer used a resolution
of 4 cm™ " within the range 300-4000 cm ™~ '. The gaseous products
were analysed using a Shimadzu GC-8 A GC-TCD via an offline
method with stainless steel adsorption column packed with
molecular sieve. The higher HV of the liquid products were
measured in a bomb calorimeter according to the ASTM D2015
standard method.

100 3)
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3. Results and discussion
3.1 Characterisation of the catalysts

The morphological structure and the elemental composition of the
MWCNTs and MWCNT-supported metal oxide catalysts are shown in
Fig. 2a-f and Table 2. The FESEM images showed that the MWCNTSs
exhibited a nanotube structure with diameter < 100 nm; meanwhile,
the obtained MWCNT-supported metal catalysts were found to form
compact aggregates, which might due to the dopant effect resulting
in aggregation (Fig. 2b—f). This is consistent with previous findings;
dopant species were reported assembled into aggregates on the
MWCNTs when synthesised by a wet-impregnation method.** It is
noteworthy to observe that the nanotube structure of MWCNTs
remained unchanged after introduction of the metal species.
Notably, the NiO in Ni;o(/MWCNT displayed bulky dense aggregates
(Fig. 2b); however, with further introduction of Mn, Cu, Ce and Mg
the dense aggregates were no longer obvious (Fig. 2c-f). It is
reasonable to state that the homogeneous morphology and the small
size of metal particles on the MWCNT surface could be achieved by
the introduction of the binary metal oxide system. The elemental
composition showed that the carbon content was the highest (>75%)
followed by oxygen (<19%). Thus, it is expected that the carbon-rich
catalysts could act as effective barriers to sintering, providing excel-
lent mechanical properties for the deoxygenation reaction, thereby
improving catalyst stability.* The high content of oxygen corresponds
to the formation of the oxide phase. Overall, the metal species (Mg,
Cu, Mn, Mg, Ni) were found in trace amounts (1.7-7.7%) in which the
percentages were lower than the theoretical, which might due to the
metal species being embedded within the MWCNTs and not fully
dispersed on the MWCNT surface.*

The XRD patterns for all catalysts are shown in Fig. 3, which
showed that the MWCNT exhibits diffraction peaks at 26: 26.22°,

AMWCNT
o NiO (JCPDS: 00-002-1216)
aMgO (JCPDS: 00-002-1395)
#CuO (JCPDS: 00-002-1041)
#MnO; (JCPDS: 00-001-0800)
i A @Ce0, (JCPDS: 00-001-0800)
I}
MWCNT . A
El
£ \
Nijg )
%- [ /*\ .H
8 \ '
£ Niyg-M f\
10-Vigwo / \g_...../\../\~ X e
Niig-Curo /)
oLl ) LR N B . ‘
Nijp-Mnyg
* - - *
Ni]u-CEw . . 'y .
7.]..;.'7‘..i7.77.’?7...T.i.‘.iii.i.'..i..if.
10 20 30 40 50 60 70 80
Degree (28)

Fig. 3 X-ray diffraction patterns for the MWCNT and MWCNT sup-
ported catalysts.
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Table 3 Textural and physicochemical properties of the MWCNT-supported catalysts

XRD? TPD-NH,?

TPD-CO,°

Amount of NH; absorbed

Amount of CO, absorbed

Catalysts Crystallite size” (nm) ~ Temperature (°C)  (umol g™ ") Temperature (°C)  (umol g~ )
MWCNT 64.99 — — — —
Ni;o/MWCNT 37.89 512 1822 506 2263
Ni;;-Mg;(/MWCNT  28.47 337, 620 775, 2026 337, 637 421, 782
Ni;o-Mn;o/MWCNT  75.83 535 2590 540 904
Ni;o-Ce;o/MWCNT 18.98 492 2090 491 804
Ni;o-Cu; o/ MWCNT  75.75 643 2242 632 700

@ Measured by using Scherrer equation from XRD data. ® Determined by TPD-NH; analysis. ¢ Determined by TPD-CO, analysis.

44.31°, 52.18°, 64.67° and 77.74°, which are assigned to the
MWCNTs planes of (002), (100), (110), (004) and (006), respec-
tively.*® Based on the XRD analysis, all the metal species were
present in separate oxide phases. All Ni-containing catalysts
exhibited XRD peaks corresponding to the cubic structure of NiO
at 20: 37.05°, 43.14° and 62.89° (JCPDS file no.: 00-002-1216). The
Ni; -Mg;o/MWCNT catalysts exhibited a diffraction peak at 26:
42.92° (JCPDS file no.: 00-002-1395), which is assigned to the
hexagonal structure of MgO. The XRD diffraction of Ni;o-Cuo/
MWCNT exhibited the monoclinic structure of CuO phase at 26:
35.71°, 38.98°, 48.93° and 58.17° (JCPDS file no.: 00-002-1041). In
the case of Ni;(-Mn;o/MWCNT, the cubic structure of MnO was
evident from the peaks at 26: 18.16°, 35.13°, 53.52° and 76.17°
(JCcpDS file no.: 00-001-0800). Furthermore, Ni;,—Ce;o(/MWCNT
displayed XRD diffraction peaks at 26: 28.74°, 33.27°, 47.55° and
56.36° (JCPDS file no.: 00-001-0800), corresponding to the cubic
structure of CeO,. The crystalline peaks for MWCNT reduced
remarkably after incorporation with the active metal species,

E BYield of Hydrocarbon  TAN (a)
85 ¢ 5978

Yield of Hydrocarbon (%)
o
&

\\

g L

Blank MWCNT Nisg

NiwMng  NigCuw  NiwMgo NinCeno
Catalyst

Fig. 4
2 h reaction time, 3 wt% of catalyst loading.
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attributed to the intercalation of metal oxides on the MWCNTs
and thus promoting a higher dispersion of MWCNTSs. The mean
crystallite size of catalyst was determined by the Debye-Scherrer
equation based on the highest intense peak centred at 26: 26.22°,
and the results are tabulated in Table 3. The crystallite sizes
follow the order Ni;o-Ce;o/MWCNT < Ni;o-Mg;o/MWCNT < Nij; o/
MWCNT < MWCNT < Ni;¢-Cu,o/MWCNT < Ni; (-Mn; o/MWCNT.
The crystallite size of Ni;;-Ce;o/MWCNT was the smallest (~18
nm), suggesting a strong interaction between Ni and Ce species
enhancing the MWCNT dispersion.*

Fig. S17 shows the TGA profile for the thermal behaviour of
MWCNTs and MWCNT-supported metal oxide catalysts. The
MWCNT support was thermally stable up to 500 °C, while
Ni;o-Mn;o/MWCNT, Ni;o-Cu;o/MWCNT, Ni;o-Mg;o/MWCNT
and Ni,;,—-Ce;o/MWCNT showed weight loss changes at 400 °C.
The weight loss within the temperature the range 400-650 °C
is typically due to the oxidation of MWCNTSs.?*® The reduction
in thermal stability of MWCNTs by incorporation of binary
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obtained from the catalysed deoxygenation. Reaction condition: T = 350 °C, 2 h reaction time, 3 wt% of catalyst loading.

metal oxide promoters is due to the presence of structural
imperfections (vacancies and dislocations).?” The Ni;o-Mg;/
MWCNT showed additional weight losses at a lower temper-
ature (<300 °C), which is attributed to the vaporisation of
physically adsorbed water.*® Although the Ni;(-Mg;o/MWCNT
had been thermally calcined at 500 °C, the water weight loss
stage still remained, suggesting that MgO is naturally hygro-
scopic in nature and tends to absorb moisture forming
Mg(OH),.* Overall, Ni;;-Mn;o/MWCNT, Ni,o-Cu;o/MWCNT
and Ni;o-Ce;o/MWCNT showed higher stability (decompos-
ing at temperatures >400 °C), leading to a greater reaction
stability during deoxygenation of CFO at 350 °C.

Acid sites typically provide active sites for promoting C-C bond
cleavage via cracking reactions; however, catalysts with excessively
acidic sites would initiate coke formation during deoxygenation
and deactivation of the catalyst. Interestingly, incorporation of
basic sites with acid sites have been found to be successful in
suppressing coke formation, while simultaneously retaining

deoxygenation activity. Olusola et al.** reported that the presence of
basic sites is necessary for enhancing C-O bond cleavage through
decarboxylation. In this regard, it suggests that the acidic and basic
sites play major roles in enhancing the deoxygenation reaction.
Fig. S2at and Table 3 show the acidity of the synthesised MWCNTs
and MWCNT-supported metal oxide catalysts. Based on the TPD-
NH; profile obtained, no acidity was detected on the MWCNTSs,
which likely corresponds to the amphoteric properties of carbon in
MWCNTSs.* Nevertheless, large desorption peaks were observed
for MWCNT-supported metal oxide catalysts at temperatures
within the range 300-910 °C, indicating the presence of medium
(300-500 °C) and strong acid sites (>500 °C). The total acid
densities are ranked in the increasing order MWCNT < Ni, o/
MWCNT < Ni;g-Ce;o/MWCNT < Nijo—Cuy o/ MWCNT < Ni,;-Mn, o/
MWCNT < Ni;-Mg;o/MWCNT. The high acidity produced by
MWCNT-supported metal oxide catalysts affirmed the role of
metal species in enhancing the acidic sites of MWCNTSs. This also
in agreement with Wan et al.* who proposed that the acidity of the

Table 4 Textural and physicochemical properties of the MWCNT-supported catalysts

TPD-NH,”

TPD-CO,*

XRD?

Acid sites (umol g™ ")

Basic sites (umol g™ ")

Weak + medium,

Weak + medium,

Catalysts Crystallite size® of NiO (nm) 50-500 °C Strong, >500 °C 50-500 °C Strong, >500 °C
Ni;-Mgs/MWCNT 13.68 — 3013 473 1387
Niy-Mg,o/MWCNT 15.38 775 2026 421 782
Ni;g-Mg;5/MWCNT 17.56 436 2142 957 1205
Niyo-Mg,o/MWCNT 17.63 1815 2909 1199 876
Ni,o-Mn;/MWCNT 17.59 — 3121 242 2683
Ni;o-Mn;o/MWCNT 12.32 — 2590 — 904
Ni;o-Mn;5/MWCNT 10.28 — 1845 — 1170
Ni;o-Mn,o/MWCNT 10.27 — 515 — 1590

4 Measured by using Scherrer equation from XRD data of NiO peak. * Determined by TPD-NH; analysis. © Determined by TPD-CO, analysis.
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acid sites is increased remarkably with the addition of active metal
species. The basicity profile and its strength were analysed using
TPD-CO,, and the results are displayed in Fig. S2bf and Table 3. All
catalysts exhibited similar desorption peaks at temperatures of
100-500 °C and >500 °C, which indicates the presence of weak,
medium and strong basic sites. The trend of the basicity density is
arranged as follows: MWCNT < Ni;o—Cu;o(/MWCNT < Ni;o—-Ce;o/
MWCNT < Niyg-Mn;o/MWCNT < Nijo-Mgo/MWCNT < Nijof
MWOCNT. It is worthy of mention that all MWCNT-supported metal
oxide catalysts exhibited strong basic sites with the exception of
Ni;—Ce o/ MWCNT. This finding was in agreement with Wang
et al.”” who suggested that addition of Ce species results in minor
effects in changing the basic sites. Based on the TPD-NH; and
TPD-CO, findings, Ni;;—Cu;o/MWCNT showed highest strength of
acid and basic sites, respectively. This can be attributed to the
synergistic effect of the acid-base interaction between CuO and
NiO on the MWCNT surface.*

3.2 Catalytic deoxygenation of CFO

Fig. 4a and b shows the hydrocarbon yield from catalytic deoxy-
genation of CFO over MWCNTs and MWCNT-supported metal
oxide catalysts at 350 °C for 2 h reaction time using 3 wt% catalyst
loading under N, flow. As depicted in Fig. 4a, the blank reaction
showed the lowest deoxygenation activity, confirming the occur-
rence of a catalytic reaction. MWCNT-supported metal oxides
afforded greater hydrocarbon n-(Cg-C,,) yield than did MWCNTs
in the deoxygenation reaction. This confirmed the necessity of
the presence of the active metal in improving the deoxygenation
activity for production of fuel-like hydrocarbons. The yield of
hydrocarbons increased in the order blank < MWCNT < Nij o/
MWCNT < Ni;o-Mn;o/MWCNT < Ni;o-Cu;o/ MWCNT < Ni;o-
Mg o/MWCNT < Ni;o-Ce;o/MWCNT. Maximum hydrocarbon
yield (~84%) was observed over Ni,,-Ce;o/MWCNT, suggesting
that the presence of cerium oxide contributed great catalytic
activity due to the high dispersion of MWCNTs.** Obviously,

Ni(OH)2

cfs

53 % 5 52 50 2 ] Su
Binding Enexgy (V)
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binary metal-oxide-promoted catalysts rendered higher forma-
tion of n-(Cs—C,) than did Ni; (/MWCNT, which is attributable to
the remarkable increase in acidic sites (Table 3).** CFO is mainly
composed of Cy¢ (palmitic) and Cy; (stearic, oleic and linoleic)
fatty acids (Table 1). Thus, deoxygenation of CFO via removal of
oxygenated species (CO,, CO) via the deCOx reaction will lead to
the formation of C;5 and C;; hydrocarbon fractions.*>*® As
demonstrated in Fig. 4b, n-C;5 and n-C;; were obtained as the
main hydrocarbon products from catalysed CFO deoxygenation.
The n-(Cy5 + Cy7) selectivity increased in the order blank <
MWCNT ~ Ni;p-Cu;o/MWCNT < Ni;y-Ce;o/MWCNT < Ni;y-
Mn,;(/MWCNT < Ni;p-Mg;(/MWCNT < Ni;o/MWCNT. As ex-
pected, the blank reaction resulted in lower n-(Cy5 + Cy7) selec-
tivity (48%) and higher light-hydrocarbon-fraction 71-(Co-Ci,4)
formation (~42%). By contrast, metal oxide-supported MWCNT
selectively deoxygenised the CFO to n-(C;5 + C;7). This finding
suggested that C-O bond cleavage occurred via a deCOx reaction.

Interestingly, Ni; o/ MWCNT is more favourable towards deCOx
reaction and produced the highest n-(C;5 + C;7) (84%) but lower
hydrocarbon yield (77%), implying that the deCOx reaction is
favoured by basic-site-rich catalysts (2263 pumol g '). The low
hydrocarbon yield indicated that NiO plays a critical role in
increasing C-C bond cleavage via cracking and increasing the
amount of volatile product, so proving that Ni;(/MWCNT facili-
tated simultaneous cracking-deCOx reactions. It can be seen that
Ni;-Mg;o/MWCNT and Ni;-Mn;o/MWCNT were also effective
in the deCOx reaction, rendering high selectivity towards n-(C;5 +
C17) (81-83%). Similarly, these catalysts were also effective in
converting the acidic compounds to non-acidic compounds,
showing the lowest TAN value of 22-33 mg KOH per g (Fig. 4a)
and outperformed Ni;,-Ce;o/MWCNT (TAN = 67 mg KOH per g,
77% n-(Cy5 + Cy7) selectivity). Indeed, the efficiency of the Ni;o-
Mg;o/MWCNT and Ni;;-Mn,;o/MWCNT catalysts in the deCOx
reaction can be explained in terms of high basic (T = 540-637
°C) and acid (Thax = 535-620 °C) strengths.**” Similarly, high
acidic and basic strengths were observed for Ni;o—-Cu;o/MWCNT

(b) 1
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Fig. 6 XPS spectra of (a) Ni;g—Mgi;s/MWCNT and (b) Nijg—Mns/MWCNT.
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but the n-(Cy5 + C;) was lower (59%) and the percentage of light
hydrocarbon fractions (Cg, Co, C10, C11-C14) Was highest. This can
be inferred from the existence of strong acidic sites (T = 643
°C) simultaneously rendering greater occurrence of C-C bond
cleavage.” Although CFO has higher C;s fatty acid content
(>50%) the liquid product is rich in n-C,5 hydrocarbons (deoxy-
genated C;¢ fatty acids), which is implies by the cracking of
deoxygenation products or C;g fatty acids.*

Product distribution of the deoxygenated liquid product are
displayed in Fig. 5a. Based on the GC-MS result, all the catalysts
showed higher n-(Cg—C,() hydrocarbon distribution (>85%) and
with almost identical hydrocarbon percentages, suggesting that
MWCNT-supported metal oxide catalysts are highly promising
for promoting the deoxygenation activity and converting the
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CFO to hydrocarbon-like structures. The Ni;y-Ce;o/MWCNT
catalyst showed the highest n-(Cg-C,,) hydrocarbon distribu-
tion (88%), which is in line with the GC-FID result. Further-
more, the deoxygenated liquid product also showed the
presence of non-oxygenated compounds (heavy C > 20 and
cyclic hydrocarbons) (1-10%) and oxygenated intermediate
compounds (ketones, alcohols, carboxylic acids) (0.4-8%)
(Table S1f). Notably, cyclic compounds and alcohols were
pronounced in all liquid products (3-10%). The result also
revealed that Ni;y-Mg;o/MWCNT favoured ketonisation side
reactions and yielded the highest formation of ketone
compounds (4%). This corresponds to the basicity of MgO itself,
which prompted the occurrence of ketonisation forming
coupling products.”®* The CFO and deoxygenated liquid
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Fig.7 Hydrocarbon yield and product selectivity of deoxygenation reaction (a and b) Ni-Mg,/MWCNT (c and d) Ni-Mn,/MWCNT with different
Mg and Mn concentration (n = 5-20 wt%). Reaction condition: T = 350 °C, 2 h reaction time, 3 wt% of catalyst loading.
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products were further analysed by FTIR. The results are dis-
played in Fig. 5b. The FTIR spectra of CFO showed the main
absorption bands at 2917 cm™ " and 2850 cm ™" (-CH stretch-
ing), 1741 cm™' (-C=O0 ester stretching), 1455 cm™" (-CH,
bending), 1148 cm ™" (C-O-C stretching) and 703 cm ™" (-(CH),~
bending). The liquid product rendered primarily alkane and
alkene functional groups with absorption peaks at 2911 cm™*
and 2827 cm ™' (-CH stretching), 1458 cm~ " (-CH, bending),
1281 cm ™' (-CH; bending), 922 ¢cm ' (=CH, bending) and
719 em™" (-(CH),— bending). It was notable that there was
a significant shifting of the C=O stretching band from
1741 cm ™ (ester) in CFO to 1660 cm ™' (carboxylic acid) in the
liquid products, indicating the formation of acid intermediates
from esters via triglyceride cracking. In addition, the reduction
in intensities of the C=0 peak were used to determine the
efficiency of deoxygenation. The reductions in the peak inten-
sities were comparable with the reduction in oxygen content in
the product.* By comparing the deoxygenised liquid product,
Ni;p-Mg;0/MWCNT and Ni,;;-Mn;/MWCNT showed significant
decreases in C=O0 intensity, suggesting higher deoxygenation
activity. The absence of the C-O-C band at 1148 cm ™" indicated
that a triglyceride ester bond was eliminated possibly to
produce free fatty acids.

The gaseous products of the reaction were further analysed
through GC-TCD (Fig. 5¢), considering that the deCOx reaction
favoured the removal of C-O-containing species in the forms of
CO, CO, and H,O0. The results revealed that the gaseous prod-
ucts were composed mainly of CO, and CO, which confirmed
the removal of C-O-containing species via decarboxylation and
decarbonylation pathways. Aside from these pathways, side
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reactions, such as water gas shift (WGS) and Boudouard reac-
tions, may occur. WGS reaction is reversible, that is, CO and
H,O are converted into CO, and H, as expressed in eqn (4),
while Boudouard reaction is a reaction between C and CO, to
produce CO as presented in eqn (5):

COg) + HyO(g) = COsg) + Hyy, (4)
CO, + C = 2C0. 5)

Ni;o/MWCNT exhibited the highest CO gaseous (87%),
indicating that decarbonylation is the predominantly involved
route.*® Ni edges pose greater C affinity and are susceptible to
the Boudouard reaction.” Thus, a catalyst containing Ni may
partially undergo a Boudouard reaction to form CO. Notably,
the gaseous product from Ni;,-Mg;o/MWCNT-catalysed deoxy-
genation contained the highest amount of CO, species. This
result suggested that numerous basic sites present in the Nijo—
Mg;1o/MWCNT catalyst can lead to CO, formation via decar-
boxylation.?” In Table 3 (TPD-CO,), the trend of the basic sites
exhibited the following order: Ni;;-Mg;o/MWCNT > Ni;-Mn;/
MWCNT > Ni;o-Ce o/ MWCNT > Ni;o-Cu;o(/MWCNT. For
instance, the CO, production followed the same trend. This
finding implies that more basic sites promote decarboxylation,
thus producing high amounts of CO,.

3.3 Effect of Mg and Mn dosage on deoxygenation of CFO

Based on the screening of MWCNT-supported metal oxide cata-
lysts in the deoxygenation reaction, it was found that incorporation
of Mg and Mn on Ni/MWCNTs resulted in higher deoxygenation
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Fig.8 Product distribution of deoxygenated liquid product (a) Ni-Mg,/MWCNT (b) Ni-Mn,/MWCNT with different Mg and Mn concentration

(n = 5-20 wt%).
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Table 5 Material balance profile of catalytic deoxygenation of CFO

Theoretical deCOx: CFO — liquid (oil) + 3 mol CO,/CO (g) + 3 mol H,O (aq) + by product (6)

Lig-product” Gas® Water? Char + residue®

Reaction® Feedstock (g) (& (Wt%) (2) (Wt%) (&) (Wt%) ] (Wt%)
Theoretical data (deCOx) 10.00 6.89 68.90 2.49 24.90 0.62 6.20 — —
Ni;o-Mgs 10.00 1.51 15.10 5.06 50.6 0.04 0.40 3.39 33.90
Niyo-Mg1o 10.01 1.51 15.08 4.55 45.45 0.16 1.60 3.79 37.86
Ni;o-Mgis 10.05 3.72 37.01 4.45 44.28 0.01 0.10 1.87 18.61
Ni;o-Mgzo 10.02 2.08 20.76 3.78 37.72 0.32 3.19 3.84 38.32
Ni;p-Mns 10.03 2.22 22.13 5.54 55.23 0.03 0.30 2.24 22.33
Ni;g-Mnyq 10.01 1.65 16.48 3.84 38.36 0.07 0.70 4.45 44.46
Ni;p-Mn;s 10.01 1.10 10.99 5.09 50.85 0.05 0.50 3.77 37.66
Ni;o-Mny, 10.05 1.24 12.34 3.35 33.33 0.04 0.40 5.42 53.93

¢ Deoxygenation condition: reaction temperature of 350 °C, 2 h reaction time, 3 wt% of catalyst, under N, environment with stirring at 400 ppm.
b Mass fraction for lig-product = [(mass of liq-product/mass of feedstock) x 100]. © Material fraction for gas = [(mass of feedstock — mass of lig-product
— mass of (char + residue) — mass of water)/mass of feedstock x 100]. ¢ Material fraction for water = [(mass of water/mass of feedstock) x 100].

¢ Material fraction for (char + residue) = [(mass of (char + residue)/mass of feedstock) x 100].

activity with product selectivity towards n-(C,5 + C;,) hydrocarbons.
Hence, the effects of Mg and Mn promotion on CFO deoxygen-
ation were further studied by varying the metal dosage within the
range of 5 to 20 wt%. Based on XRD analysis, the Ni;,-Mg,/
MWCNT and Ni;-Mg,/MWCNT (n = 5, 10, 15, 20) exhibited the
presence of cubic NiO, hexagonal MgO, and cubic MnO structures
(Fig. S371). The peak intensity for MWCNTSs decreased with the
increased of dosage of MgO and MnO species, which is due to the
intercalation of metal oxides on the MWCNTs, hence promoting
higher dispersion of MWCNTSs. In worthy of mention that the NiO
peak intensified with the incorporation of a high dosage of Mg and
reduced with the addition of Mn-rich species, indicating that at

high Mn loading, the NiO was present in small particles. NiO 50 T

agglomeration took place at bulk at high Mg loading.> As ex- L
L . ; I . @ HV(Ml/kg)

pected, the crystallite size of NiO determined at 26: 62.89° in Ni- 45 1
Mn/MWCNT revealed a decrease in size from 17 nm to 10 nm with S
the increase in Mn dosage (Table 4). Meanwhile, NiO crystallite 40 T F.-.-.':i'l-.-' :E
size increased to >78% with the addition of Mg species within the 35 r E:::::ﬁ::
range of 5 to 20 wt%. T "%'EE:
The acidity sites changed remarkably with different metal 30 ¥t ?-:-_-:-_-:E
dosage (Fig. S4a, bt and Table 4). All the Ni-Mg-containing \_%9 ::E_‘::Eﬁii
catalysts showed weak + medium and strong acid strength, S5 4 Pt
. . y . = b o]
whereas Ni-Mn containing catalysts exhibited predominantly . 3 e
strongly acid sites. As the amount of Mg increased, weak + T2 4 Eiﬁi E:
medium acidic sites increased remarkably to a maximum of ,-:3:3:5
1815 umol g ', attributed to basic metal ion (Mg*") that lowered 151 -F':.'.:ﬁ::
the acid strength of the catalyst.® Accordingly, the acidic " _ ::.::':'::ﬁ:i
strength of Ni-Mg,/MWCNT reduced upon increased Mg b R
species. Similarly, Ni-Mn-containing catalysts showed a reduc- 5 I Eiﬁiﬁi:
tion in density of strong acidic sites with the increase in Mn r pea
dosage. The basicity of Ni-Mg- and Ni-Mn-containing catalysts o £ [

are displayed in Fig. S4c, df and Table 4. All the Ni-Mg-
containing catalysts exhibited weak + medium and strong
basic sites; meanwhile, the majority of Ni-Mn-containing
catalysts exhibited predominantly strongly basic sites. The
weakly basic sites in Ni-Mg-containing catalysts indicated the

636 | RSC Adv, 2020, 10, 626-642

presence of hydroxyl groups on the surface, whereas medium
basic sites correlated with the existence of Mg®" and O*". The
high basic strength found in all catalysts is due to the isolated
0>~ species.> Overall, 5 wt% Mg and Mn yielded the highest
amount of strongly acidic and basic sites. Thus, these catalysts
facilitated cracking instead of the deCOx pathway and increased
the formation of light hydrocarbons.*

Our previous TPD-CO, analysis (Table 4) showed that Ni; -
Mg;5/MWCNT and Ni;-Mns/MWCNT produced a high total

Ni1rMn5/MWCNT Nlm—Mgu/MWCNT
Fuel Samples

Fig. 9 HV test for CFO and green diesel obtained from CFO deoxy-
genation reaction over Nijg—Mgi;s/MWCNT and Nijg—Mns/MWCNT
catalysts.
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amount of basic sites with 2162 and 2925 pmol g, respectively.
Other studies have also indicated that basic sites play a major
role in promoting decarboxylation by retarding coke formation
via a decrease in the deactivation rate of acidic catalysts.>
Therefore, the XPS characteristics of Nijo-Mg;s/MWCNT and
Ni;(-Mns/MWCNT were examined in our study (Fig. 6). As ex-
pected, all the catalysts recorded binding energies (BE) of
284.67, 285.43 and 288.58 eV, which are characteristics of a C
species linked to C-C, C-O and C=O0. The XPS results proved
that the surface of the metal-modified MWCNTs is grafted with
oxygen-containing groups.”” Indeed, Ni;y-Mg;5/MWCNT and
Niyc-Mns;/MWCNT had nickel as Ni** (529.11 eV, 529.22 eV),
magnesium as Mg2+ (BE: 529.22 eV) and manganese as Mn>" at
BEs of 529.95 eV, respectively. These results were attributed to
the existence of NiO, Ni(OH),, MgO and MnO phases, and these
findings revealed that an active metal exists in oxide and
hydroxide forms.*® Overall, the corresponding BE of Ni** in all
binary metal oxide-supported MWCNT catalyst shifts toward
a lower energy than that of the corresponding NiO bulk.* A shift
in the BE of Ni** towards lower energies indicates that the
metal-support interaction between Ni and MWCNT is strong. A

weak metal-support interaction promotes the sintering of Ni

and can contribute negatively to the active surface area char-
acteristic under long-term deoxygenation.*®® This finding sug-
gested that incorporating the Mg and Mn promoters into Ni/
MWCNT strongly improves the stability of catalysts during
deoxygenation and favours C-O bond cleavage.

The results of the deoxygenation activity with different
dosages of Mg and Mn on Ni/MWCNT were studied catalyti-
cally under the reaction conditions of 350 °C, 2 h and 3 wt%
catalyst loading under inert conditions. The results are shown
in Fig. 7a-d. It can be observed that the hydrocarbon yield over
Ni-Mg-promoted catalysts showed a volcano-shaped curve
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with respect to the increase in Mg dosage (Fig. 7a). This result
indicates that the hydrocarbon fraction is favoured by Mg-
species-rich catalysts, yet an excess of Mg species dosage
(20 wt%) reduces the hydrocarbon yield, suggesting an
increase in C-C bond cleavage of the deoxygenated product via
cracking.®® The maximum hydrocarbon yield (91%) was ob-
tained by Ni;p—-Mg;5/MWCNT. This result contrasts with the
Ni-Mn finding, in which lowest dosage of Mn was shown to
result in better deoxygenation performance with a hydro-
carbon yield of ~89% (Fig. 7c). Overall, Nij,-Mg;s/MWCNT
rendered more efficient deoxygenation activity than Ni;o-Mns/
MWOCNT. A similar trend was observed for n-(Cy5 + C;) selec-
tivity. The highest n-(Cy5 + Cy7) selectivity was reported for
Ni;-Mg;5/MWCNT, with a selectivity of 87% (Fig. 7b); mean-
while, Ni,(-Mns/MWCNT yielded 85% of n-(Cy5 + C15) (Fig. 7d).
It appeared that the catalyst containing 15 wt% Mg species
better promoted the deCOx reaction, while it was suppressed
by catalysts containing 5 wt% Mn. By comparing the acidity
trend of Ni;;-Mg;5/MWCNT and Ni,(-Mns/MWCNT catalysts,
it can be inferred that the deCOx reaction is more favoured by
catalysts rich in weak + medium acid sites and by the nature of
active Mg itself, which induces the decarboxylation pathway.*
Parenthetically, the TAN analysis also proved that Nij,—-Mg;s/
MWCNT rendered the lowest TAN value (16 mgKOH/g). The
chemical composition of the liquid product is shown in Fig. 8a
and b. It can be seen that the main products were hydrocarbon
fractions, cyclic compounds, alcohols and ketones. As ex-
pected, Ni;(-Mg;s/MWCNT resulted in the highest Cg-Csyo
hydrocarbon chain (saturated and wunsaturated) content
(85%). Interestingly, noticeable ketone compounds were
detected for Ni;q-Mgyo/MWCNT and Nijy-Mns/MWCNT,
which simultaneously confirmed that ketonisation promotion
was facilitated by greater catalyst basicity.

Ester bond
/ o WGS reaction: COg) + HyOgy = COxqy + Hyg
f2Ps ) A) Boudouard reaction: CQ,,, + C, = 2CO
| ] s 2(g) (s) @
H.C—O-+C-R .
' e} Hydrolysis
|
HCi-O-+C-R”
[
H:Ci-0+C-R”
Triglycerides (B) :
pygendes 8 Decarboxylation C17Hiss, C17Hss,
-CO: C1Hs: (E)
H $|) cracking ¥
H-C - OH HO-C- R’ © > n-Cus~earg,
H-C-OH Il Decarbonylation | C17Hss, C17Haz, Ce
| + HO-C-R” C1Has Short chain
1 H- (l' - OH O -CO.-H-0 hydrocarbon n-
H HO — g - R” B) alkanes/n-alkenes
) Decarboxylation [ 1
Glycerol Fatty Acids ' CisHs: ]
e (D) €0x 0 Lo J
R” '
©)
* R = oleic acid Decarbonylation Eﬁm
R’ =palmitic acid -CO.-H.-0 T

Fig. 10 Proposed reaction scheme for catalytic deoxygenation of CFO to hydrocarbon over Nijg—Mg;s/MWCNT and Nijg—Mns/MWCNT

catalysts.
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3.4 Mass-balance profile for catalytic deoxygenation of CFO

The mass-balance profile for catalytic deoxygenation of CFO over
a series of Mg and Mn dosages on Ni/MWCNT were determined
and results are tabulated in Table 5. Theoretically, CFO will cata-
lytically deoxygenise via the deCOx route to produce liquid product
along with emission of CO, and CO gases with formation of water
as by-product. Based on the results, the experimental mass frac-
tion of liquid product produce from all MWNCT-supported cata-
lysts were within the range of 12-37 wt%. Ni;(-Mg;5/MWCNT and
Ni;o-Mns/MWCNT yielded the highest liquid mass fractions, of 37
and 22 wt%, respectively. Regarding the mass fraction of liquid
product, the experimental result deviated from the theoretical
value, suggesting the formation of undesired char and residue (by-
product) produced via extensive cracking activity.® Indeed, all
deoxygenations showed large amount of gaseous mass fractions
(33-55 wt%), which is comparable to the lower liquid product
mass fraction. It is worthy of mention that all the catalysed
deoxygenation reactions formed negligible amounts of water
(<4 wt%). Overall, the mass-balance profile proposed that the most
effective and selective catalysts for the deoxygenation of CFO were
Ni;p-Mg;5 and Ni;(-Mns, which is in agreement with the above
discussion. HV indicates the energy present in a fuel and defines
the efficiency of the fuel. Fig. 9 shows the HV of all the green
diesels produced by catalysed deoxygenation of CFO over Ni;o—
Mn;/MWCNT and Ni,,-Mg;s/MWCNT, where the value (41.65-
41.98 MJ kg ) is close to ultra-low sulphur diesel (ULSD) speci-
fications (42.5 MJ kg™ '). Even though the green diesel exhibited
lower HV than the standard ULSD, green diesel is a greener biofuel
as it produced from products of triglyceride-based biomass and
a former study discovered that the green diesel obtained shows
greater energy efficiency with lower CO, emissions.® Besides, the
product is known to be environmentally friendly and has lower
impacts on environment during use than diesel. Thus, the green

100

Yield of Hydrocarbon

(a)

Yield %

Run 2 Run 3 Run 4
Number of Reusability

View Article Online

Paper

diesel obtained can be used in diesel engines and is comparable
with the ULSD standard.

3.5 Proposed reaction scheme for catalytic deoxygenation of
CFO to diesel-range hydrocarbons over Ni;;—-Mn;/MWCNT
and Ni,;(-Mg;5/MWCNT catalysts

Table 1 shows that CFO is predominantly composed of long
chains of fatty acids, i.e. C16 (~29%) and C18 (~69%). It is
a triglyceride-based oil composed of a triglycerol molecule
attached to three fatty acids via an ester bond.*® Thus, CFO
deoxygenation starts with ester hydrolysis, resulting in the
breaking down of triglycerides into C16 and C18 fatty acids
(reaction A, Fig. 10). Fatty acids are further deoxygenised via
decarboxylation, forming n-heptadecanes (saturated; C;,Hjz), n-
heptadecenes (mono-unsaturated, C,;;Hs,; di-unsaturated,
Ci7H3,) and n-pentadecanes (saturated, C;s5Hs,; reaction B).
This reaction also yields gaseous CO, as a byproduct. Simulta-
neously, fatty acids undergo decarbonylation via the removal of
CO and H,O as byproducts, thereby producing hydrocarbons
with extra double bonds in the form of mono-unsaturated
(CisHzp, Cy7Hsg), di-unsaturated (C;;Hsz,) and  poly-
unsaturated (C;,H,g) compounds (reaction C). In our discus-
sion, WGS and Boudouard reactions (eqn (4) and (5)) may occur
and produce CO,, CO and H,. Indeed, the obtained H, should
be used for the hydrogenation of unsaturated hydrocarbon to
form saturated hydrocarbons.®* Thus, the amount of n-hepta-
decanes as products increased (Table S2t). Although the
content of C;¢ fatty acids in CFO was 70% lower than that of Cyg
fatty acids, the n-C;5 hydrocarbon fraction dominated in all
catalysed reactions. This is probably due to the further cracking
of C,g fatty acids leading to the formation of C,¢ fatty acid
products (reaction D). Furthermore, that cracking of deoxy-
genated liquid products may also tends to form #n-C;s

100 T

B n-(Cys+Cyy) selectivity

(b)

Selectivity (%)

Run 1

Run 2 Run 3 Run 4
Number of Reusability

Run 5

Fig. 11 (a) Yield of hydrocarbon and (b) product selectivity of Nijo—Mg15/MWCNT deoxygenized product from reusability reaction.
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compounds (reaction E). This phenomenon is in agreement
with Kareem's finding in the deoxygenation of waste cooking oil
over walnut-shell-derived nanorod-activated carbon supporting
Cao-La,03, which produced primarily the n-C,5 fraction via the
deCOx pathway.* Additionally, light hydrocarbons (n-(Cg-Cs),
Fig. 7b and d) were also formed by C-C bond cleavages of the
deoxygenated product (reaction F).

3.6 Deactivation of the catalyst by coke formation

Typically, deoxygenation catalysts are prone to deactivation due
to coke deposition. Therefore, the coke deposited on the spent
Ni;(-Mns/MWCNT and Ni;p-Mg;5/MWCNT catalysts were
studied using TGA and the results shown in Fig. S5.7 The coke
formation was determined by the difference in weight loss
between the spent and the fresh catalyst.®® The spent catalysts
were simply reactivated by hexane washing. The result showed
that both of the fresh and spent catalysts experienced major
weight loss between 350 and 840 °C. The weight loss at 500-
650 °C was assigned to the combustion of MWCNT nanorods,
while the extra weight loss at 350-499 °C was due to oxidation of
the hard coke in air.*® In can be seen that both spent Ni;,-Mg; s/
MWCNT and Ni;(-Mns/MWCNT catalysts favoured hard coke

Fresh Niso-Mgs/MWCNT
(a ) —— Spent Nip-Mgs/MWCNT after Sth run
A

A MWCNT
e NIO
EMgO

Intensity (a.u)

A

i : ‘

+ + —t —t —— +—
10 20 30 40 S0 60 70 80
26 (degree)

Catalyst Carbon
Fresh

Niro-Mgis/MWCNT

C=73.66%

Spent
Ni!O‘Mng/MWCNT

C=92.29%

* Determined by Atomic %

0=7.25%
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formation. Hard coke is typically formed at high temperature and
has a lower H/C ratio. Interestingly, spent Ni;o;—-Mg;5/MWCNT
exhibits two other minor weight losses at <180 °C and 180-
330 °C, which can be attributed to the removal of H,O + volatile
matter (alcohols) (see Fig. 8a) and soft coke. Soft coke is prefer-
entially formed at low reaction temperatures and has high
hydrogen-to-carbon ratio and is rich in polyaromatic species,®
suggesting that MgO favours polymerisation reactions. In total,
spent Ni; (-Mn;/MWCNT catalyst showed higher coke formation
(11 wt%) than did Mg-containing catalysts (5 wt%), thereby
indicating that Ni;,-Mg;s/MWCNT provided greater stability.

3.7 Reusability and stability profile for Ni,,-Mg;5/MWCNT

Our findings revealed that Ni;;-Mg;s/MWCNT showed high
resistancy toward coke formation (coke < 5 wt%). Thus, the
reusability and stability of Ni;e-Mg;s/MWCNT catalyst were
examined using 3 wt% catalyst loading at a reaction temperature
of 350 °C within a reaction time of 2 h under inert conditions.
After each cycle of deoxygenation was completed, the spent
catalyst was reactivated by simply washing with hexane multiple
times and reused for the next cycle under the same condition.
Hexane washing is the most appropriate technique for

—— Fresh Nisg-Mg:s/MWCNT
----- Spent Nis-Mgs/MWCNT after Sth run

Hardco[«?““‘_."’

Weight Loss(wt. %)

20 1

C " ;‘ ] l‘““:“l l.. ‘I i . I‘ . L}
50 150 250 350 450 S50 650 750 850 950
Temperature(°C)

Nickel Magnesium

Ni=4.75%

Ni = 0.46%

Fig. 12 (a) X-ray diffraction patterns, (b) elemental mapping and (c) TGA profile for fresh and spent Nizq—Mg;s/MWCNT catalyst after 5™ cycles.
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Table 6 Comparison study on catalytic deoxygenation of various of feeds

No. Catalyst Support Reaction Feed Hydrocarbon yield (%)  Selectivity (%) References

1 10%Mg/AC* AC? (commercial) DO wco? 90 <50 (n-Cy5+ Cy7) 70

2 20%Ni/C AC* (commercial) DO H, (39 bar) Stearic acid 64 51 (n-Cy5 + Cy7) 47

3 Ni/y-Al, 03 v-Al,O; (commercial) DO H, (50 bar) CFO 72 82 (n-Cy5 + Cy7) 16

4 Niyp~C0;o/MWCNT  MWCNT (commercial) DO Jco* 80 64 (n-Cy5 + Cy7) 46

5 Ni;-Mg5/MWCNT MWCNT (commercial) DO CFO 90 87 (n-Cy5 + Cq7) Present study

@ AC = activated carbon. » WCO = waste cooking oil. © JCO = Jatropha curcas oil.

reactivating the spent carbon-based catalyst because the nature
of the carbon support would preclude the removal of coke
deposited on the spent Ni;-Mg;s/MWCNT catalysts via
a thermal treatment process. Hexane washing has also been
commonly practiced to regenerate catalysts because it effectively
removes organic species adsorbed on the surface of catalysts and
increases the active phase.®” Our reusability analysis showed that
the Ni;;-Mg;s/MWCNT catalyst could be consistently reused by
up to five cycles with hydrocarbon yield and n-(C;5 + C;) selec-
tivity of 89-73% and 82-66%, respectively (Fig. 11a and b). The
deoxygenation activity noticeably decreased at the fifth cycle
because of active metal species leaching and coke formation.®®
This finding agreed with our XRD results. In particular, the cubic
structure of NiO at 26: 37.05°, 43.14° and 62.89° and the hexag-
onal structure of MgO at 2: 42.92° disappeared in the spent Ni;o—
Mg, s/MWCNT catalyst after the fifth cycle (Fig. 12a). This
phenomenon might be attributed to the leaching of active metal
species in the catalyst. Furthermore, this finding was strongly
affirmed by a decrease in the Ni% and the absence of Mg species
in FESEM-EDX mapping (Fig. 12b). Nevertheless, the C% on the
spent Ni;,-Mg;s/MWCNT surfaces also increased to 19% after
the fifth cycle, suggesting that coke was deposited on the exterior
of the spent catalyst upon deoxygenation. The TGA analysis of the
fresh and spent Ni;;-Mg;s/MWCNT catalysts (Fig. 12c) showed
that both catalysts experienced a major weight loss between
350 °C and 550 °C. The main decomposition peak at 350-499 °C
was due to the oxidation of the hard coke in air, whereas the peak
at 500-650 °C was attributed to the combustion of MWCNT
nanorods. Approximately 26 wt% of hard coke was formed after
the fifth cycle. In low-quality feedstock deoxygenation, catalysts
remain highly stable in four to six cycles without a noticeable loss
of reaction activity,* and the amount of coke formed is minimal
(<4 wt%).® The comparison of the performance of their catalysts
with that of the Ni;p-Mg;s/MWCNT catalyst used in our study
indicated that deoxygenation was sensitive to coke formation.
The comparison of the catalytic deoxygenation of various
feeds is summarised in Table 6. The results indicated that Ni;o—
Mg;s/MWCNT showed an excellent deoxygenation activity
through which the total hydrocarbon fraction was 90%, and the
diesel range selectivity n-(C;5 + C;,) was 87% compared with that
of other catalysts.'®*7*’* Ni- and Mg-supported AC resulted in
a low deoxygenation activity through which Ni/AC produced 64—
72% hydrocarbon with 51-82% (n-C;5 + C;5); by comparison, Mg/
AC yielded 90% hydrocarbon and ~50% of n-C;5 + C; selec-
tivity.'***” Interestingly, the hydrocarbon yield of Mg/AC was

640 | RSC Adv, 2020, 10, 626-642

closer to the value obtained via the Ni;,-Mg;s/MWCNT-catalysed
reaction, but the n-(C;5 + C;5) selectivity was low (~50%).** This
variation was due to the presence of weak + medium acidic sites
in Ni;(-Mg;5/MWCNT and the high surface area/volume ratio of
the Ni, (-Mg;s/MWCNT catalyst.>*** This finding agreed with that
of Asikin-Mijan et al** who demonstrated that the use of
a strongly acidic Niyp-C0,(/MWCNT catalyst produces a high
hydrocarbon yield (80%), but the n-(C;5 + Cy) selectivity of this
catalyst is lower than that of Ni;,-Mg;s/MWCNT. This finding
strongly affirmed that weakly or moderately acidic sites in Ni;o-
Mg;5/MWCNT catalyst promoted C-O bond cleavage to a greater
extent than strong acidic sites in Ni;—Co0,o/MWCNT catalyst did.
Another study has also shown that H, is beneficial to the
hydrogenation of an unsaturated species to a saturated
compound and directly prevents the unsaturated species from
deactivating the active sites of catalysts.”” However, the use of H,
could induce a competitive reaction between deCOx and hydro-
genation, thus decreasing the catalytic activity. Evidently, Kaew-
meesri and co-worker studied the deoxygenation of CFO under
a H, atmosphere but only obtained 72% of hydrocarbon and 82%
n-(Cys + Cy7) selectivity compared with that of Nij-Mgis/
MWCNT-catalysed CFO.** The presence of H, results in limited
surface active sites for hydrogen and feedstock molecules,
concurrently decreasing the deCOx reaction.” In conclusion,
a reaction in a H,-free environment provided an effective condi-
tion for an efficient deoxygenation activity to produce high-
quality green diesel.

4. Conclusions

In the present work, oxides of binary metal pairs (Ni-Mg, Ni-Mn,
Ni-Cu, Ni-Ce) supported on MWCNTSs showed promising cata-
Iytic activity in improving the deoxygenation of CFO for the
formation of diesel-like hydrocarbons, yielding 72-84% of n-(Cg-
C,) hydrocarbon fractions with a product selectivity towards n-
(Cy5 *+ Cy7) of 59-84%. In total, the binary Ni; ;-Mg;o/MWCNT and
Ni;-Mn;o/MWCNT catalysts rendered highest deoxygenation
activity favourable towards the deCOx reaction. The carbon
number range of hydrocarbons produced is pragmatically tune-
able by varying the active metal concentrations. Mg-rich species
(15 wt%) and low-Mn species (5 wt%) afforded greater deoxy-
genation performance via deCOx pathways, with product selec-
tivities towards n-(Cy5 + Cy7) of 87% and 85%, respectively. The
high reactivity of Ni;;-Mg;s/MWCNT was due mainly to the
presence of weak + medium acid sites and to the nature of active

This journal is © The Royal Society of Chemistry 2020
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Mg itself, which induced the decarboxylation pathway. Ni;o—
Mg;s/MWCNT showed greater stability than Ni;,-Mns/MWCNT,
suggested due to the presence of coke inhibitor promoter (MgO).
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