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A B S T R A C T

Lipids extracted from spent coffee grounds (SCG) are a potentially promising feedstock for biodiesel production
if the relatively high free fatty acid (FFA) portion of the oil can be successfully converted into methyl esters, and
the resulting biodiesel found to have acceptable combustion and emissions performance. This study presents
experimental results obtained from transesterification of SCG-extracted oil with a FFA content of ∼30% w/w
through a two-step process, followed by fuel characterization and combustion experiments with SCG-derived
biodiesel, pure and blended with fossil diesel, and untreated SCG oil in a single cylinder research compression-
ignition engine. The acid-catalyzed pretreatment reduced the FFA content of the oil below 1.5% w/w, with
minor losses, and showed the methanol-to-FFA molar ratio to be more significant relative to the quantity of
sulphuric acid used as a catalyst within the range of investigated conditions, while the subsequent base-catalyzed
step converted ∼87% of the pretreated oil into biodiesel with a higher heating value (HHV) of 39.7MJ/kg. The
combustion and emission characteristics of pure and blended SCG biodiesel revealed similarities with those of
commercial rapeseed and soya biodiesel samples tested. While ignition delay decreased with increasing SCG
biodiesel content, the comparatively higher CO, total hydrocarbon (THC) and particulate emissions of the SCG
biodiesel were attributed to higher fuel kinematic viscosity (KV). Combustion of the untreated SCG oil produced
low in-cylinder peak pressure and peak heat release relative to other samples tested despite a longer ignition
delay, suggesting that the oil physical properties were more important in determining combustion performance.

1. Literature review

Nowadays, fossil fuels continue to account for the majority of global
energy consumption, constituting 86% of the total energy consumed in
2016, however, their continuous use in combustion related activities is
responsible for the increasing concentration of greenhouse gases in the
atmosphere [3,25]. Therefore, there is a need for sustainable alter-
natives to fossil fuels in order to reduce the emissions of greenhouse
gases and avoid harmful climate change, while simultaneously ad-
dressing the continuous increase in energy demand [3,13,49]. Lipids
found in SCG have been suggested to be a promising feedstock for the
production of biodiesel, which has been widely considered and utilized
as a renewable substitute for fossil diesel fuel [1,38]. The glycerides and
FFAs present in the SCG oil can be transesterified with short chain
monohydric alcohols, such as ethanol or methanol, in the presence of a

catalyst at elevated temperature, to yield fatty acid alkyl esters (FAAE)
[1,39].

However, the conversion level of vegetable oils to biodiesel is
strongly dependent on the quality of the feedstock, with SCG oil
showing a significant degree of variation in terms of FFA content with
typical values ranging between ∼3% w/w and ∼20% w/w
[1,6,12,17,15], although FFA contents as high as 59% have been pre-
viously reported [6]. A FFA content above 1–1.5% w/w of the oil in-
hibits alkaline transesterification by forming stable soap emulsions that
impede separation of FAAEs from glycerol [1,6,12]. Furthermore, soaps
bind with the alkali catalyst and consequently higher quantities of
catalyst are required [40], though FFAs can react with an alcohol and
convert into alkyl esters in acid-catalyzed processes [40]. In addition,
an increased KV of the oil, due to the presence of FFAs, increases the
power consumption for mixing the reactants during transesterification
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and leads to lower biodiesel yields [1,42].
Three main methods have been applied in previous studies for the

transesterification of SCG lipids including a base-catalyzed [1,5,12,38],
an acid-catalyzed [27,39,50], and a two-step process consisting of an
initial acid-catalyzed esterification of FFAs followed by base-catalyzed
transesterification, which has been described as the most efficient
procedure for conversion of SCG oil samples with high FFA content
(3.65–59.5% w/w) that inhibits a direct base-catalyzed process
[1,2,5,6,19,59]. Compared to saponification of FFAs prior to further
processing, acid-catalyzed pretreatment converts the FFAs into fatty
acid methyl esters (FAMEs) [40], while the two-step process has been
found to result in high conversion yields in a fraction of the time that
would be required in a single acid-catalyzed process [8]. Other tech-
niques that include the use of lipases as catalysts [18,56], or the direct
transesterification of wet or dried SCG prior to oil extraction
[7,41,45,46,58] have also been investigated.

Previous studies have utilized a range of conditions during two-step
transesterification of SCG oil. Haile [19] mixed the oil (4.9% w/w FFA
content) three consecutive times with methanol at a molar ratio of al-
cohol to FFA of 20:1 in the presence of HCl (10% w/w of total fatty acid
content) for 90min at a temperature of 54 °C to achieve a FFA level of
0.5% w/w, before proceeding to the alkaline reaction at the same
duration and temperature conditions, with a methanol to oil molar ratio
of 9:1 and 1% w/w of KOH achieving a FAME yield of 82% w/w. Berhe
et al. [2] achieved a FAME yield of 73.4% w/w from SCG oil (7.36% w/
w initial FFA content) by performing both stages of the process at a
higher temperature (60 °C) and longer duration (120min) but at the
same methanol and catalyst ratios as Haile [19], although HCl and KOH
were substituted with H2SO4 and NaOH, and the FFA content of the oil
after pretreatment was 0.9% w/w.

Vardon et al. [59] treated SCG lipids (5.66% w/w initial FFA con-
tent) with 35% v/v methanol and 1% v/v sulfuric acid at reflux for 4 h,
and subsequently mixed the oil with methanol (6:1 methanol molar
ratio) and 0.5% w/w sodium methoxide (CH3ONa) relative to lipid
weight in a reflux condenser for 1 h to obtain a FAME yield of 96% w/
w. Caetano et al. [6] extracted SCG lipids with 59.5% w/w FFA content
and performed three successive esterifications with 40% w/w methanol
and 1% w/v H2SO4 for 2 h at 60 °C, followed by an alkali-catalyzed
reaction with 40% w/w methanol and previously dissolved 1% w/w
NaOH at the same conditions of duration and temperature to obtain a
relatively low conversion yield of 60.5% w/w, suggesting that, despite
the three esterification steps the FFA content was still sufficiently high
to lead to soap formation and hinder the reaction.

Al-Hamamre et al. [1] initially converted FFAs to esters by mixing
oil (3.65% w/w FFA content) with 20% v/v methanol and 0.1% v/v
sulfuric acid for 4 h and transesterified the pre-treated oil with me-
thanol (6:1M ratio to oil) and 1.5% KOH for 6 h at 60 °C to achieve a
conversion rate of 99%. A comparison between single base-catalyzed
transesterification and two-step transesterification performed with li-
pids of the same FFA content (3.65% w/w) showed that the two-step
process resulted in a higher FAME yield, while the amount of catalyst

required in the second step was lower relative to single alkaline
transesterification due to reduction of the FFA content [1].

Generally, previous studies have shown that an increase in the
amount of catalyst used in the acid-catalyzed pretreatment step de-
creases the FFA content of the oil [8], with a 5% w/w of sulfuric acid
relative to FFA weight working well within the FFA range of 15–35%
w/w [10]. Moreover, a molar ratio of methanol to FFA of 19.8:1 to 20:1
has been found to be optimal for acid-catalyzed pretreatment of oil
samples with FFA content ranging between 15 and 25% w/w [5,10,19].
An esterification duration of 4 h was found to be sufficient in previous
studies that investigated the two-step transesterification of SCG oil,
without the need for additional consecutive acid-catalyzed esterifica-
tion steps for FFA reduction [1,59]. Regarding the base-catalyzed step,
a molar ratio of alcohol to triglycerides of 6:1 has been found sufficient
for a successful conversion of oil into biodiesel, while a catalyst con-
centration of approximately 1.5% w/w has been reported as optimal in
terms of reaction yield [5,14,40].

Several studies have investigated the properties of SCG biodiesel
and its suitability as a potential alternative fuel to fossil diesel
[2,6,12,19,27,41,58,59]. Generally, the FA profile of SCG biodiesel is
identical to the fatty acid profile of its source oil [50], and primarily
comprises of palmitic and linoleic acid, with lower concentrations of
oleic, stearic and eicosanoic acid and traces of other fatty acids. In
addition, the fatty acid composition of SCG biodiesel is similar to that of
biodiesel produced from soybean and corn [50]. Table 1 shows SCG
biodiesel properties measured in previous studies, either as pure FAMEs
or blended with diesel at volume ratios of 5% and 20% biodiesel.
Table 1 also shows the generally applicable diesel quality requirements
for use in diesel engines according to European standard EN 14214 [4].

It can be seen in Table 1 that the acid value of SCG biodiesel samples
ranges between 0.36 and 5.10mgKOH/g, with a value above the stan-
dard limit of 0.5mgKOH/g being an indication of incomplete reaction
due to high oil FFA content that possibly resulted in soap formation and
hindered the transesterification process, as was the case in the study of
Caetano et al. [6], and/or an inefficient neutralization procedure
[5,58]. Biodiesel with an acid value above 0.5mgKOH/g can potentially
cause corrosion in diesel engines and fuel sediment leading to filter
plugging [58], while a high FAME acid value is also related to high KV
[1]. The acid value of SCG biodiesel was reduced by Caetano et al. [5]
by ensuring low oil FFA content prior to transesterification, and by
reducing the amount of acidic catalyst used for neutralization of the
base catalyst in the study of Tuntiwiwattanapun et al. [58].

The KV of pure SCG biodiesel, which affects fuel flow through the
fuel supply system and the atomization upon injection [27], was found
to range between 3.81 and 12.88mm2/s in previous studies (Table 1),
with viscosities above the specification limit of 5mm2/s possibly at-
tributable to incomplete reaction and inefficient purification steps that
left glycerol in the ester phase [12], and increasing degree of saturation.
Jenkins et al. [27] reported a variation of biodiesel KV between 3.5 and
5.5 mm2/s depending on regional origin, bean type and brewing
method. In particular, differences in the brewing process impact on the

Table 1
Properties of SCG biodiesel.

References Density at 15 °C (kg/m3) KV at 40 °C (mm2/s) HHV (MJ/kg) Acid value (mgKOH/g) Oxidation stability at 110 °C (h)

Deligiannis et al. [12] 894.3 5.61 39.49 0.36 7.9
Haile [19] 880 5.4 39.6 0.7 –
Berhe et al. [2] 891.5 5.26 38.4 0.78 –
Caetano et al. [6] 911 12.88 – 2.14 –
Kondamudi et al. [38] – 5.84 – 0.35 3.05
Tuntiwiwattanapun et al. [58] – 3.81–4.33 – 1.40–5.10 4.9–8.8
Jenkins et al. [27] 841–927 3.5–5.5 – – –
Vardon et al. [59] – B100 892 5.19 39.6 0.11 0.2
Vardon et al. [59] – B20 856.4 2.75 43.9 0.16 5.2
Vardon et al. [59] – B5 850.1 2.40 44.8 0.17 13.2
EN 14214 860–900 3.5–5 – <0.5 >8
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KV by removing different compounds prior to oil extraction and es-
terification [27]. It has been suggested that the KV of SCG biodiesel can
be decreased by refining of lipids prior to transesterification, through
decreasing the acid value of the fuel and/or by mixing it with con-
ventional diesel [5,59].

Most of the previous studies obtained biodiesel with a density that
was within the specification limits (Table 1), a significant result as fuel
density is important for diesel fuel injection systems which operate on a
volume metering system [12,27], while the relatively high biodiesel
density measured by Caetano et al. [6] may be a consequence of in-
complete transesterification reaction. Furthermore, the variation in
densities of FAMEs obtained from SCG and fresh coffee lipids of dif-
ferent origins and bean types, but similar fatty acid profile, reported by
Jenkins et al. [27], suggests that fuel properties such as density and KV
also depend on other lipid-soluble compounds present in the SCG bio-
diesel. However, no input of the brewing process on the resultant FAME
density was found by Jenkins et al. [27].

The HHV of SCG biodiesel determined in previous studies (Table 1),
was found to be comparable to biodiesel derived from soybean oil
(39.9 MJ/kg) and other plant lipid-derived biodiesels [59]. The small
difference in the HHV of SCG biodiesel samples reported in previous
studies can be likely attributed to the different fatty acid profile of the
samples, as the quantity of energy depends on the chain length and
degree of unsaturation, with increased presence of unsaturated fatty
acids lowering the energy content due to lower energy release upon
breakdown of one double bond relative to breakdown of two single
bonds [51].

Oxidation stability indicates the resistance of a fuel to oxidation
during extended storage [31,58], with biodiesel being significantly
more prone to oxidation relative to fossil diesel [12]. Biodiesel pro-
duced from coffee oil generally has better oxidative stability relative to
biodiesel derived from other sources because of the presence of en-
dogenous antioxidants [1,12], however, such natural antioxidants can
be lost during transesterification resulting in a relatively poor oxidative
stability of biodiesel [59]. Oxidation rates of biodiesel mainly depend
on its fatty acid composition, with monounsaturated fatty acids, such as
oleic acid that can be found in relative high proportions in SCG FAMEs,
having higher oxidative stability than less saturated molecules without
any adverse effect on fuel cold properties [48].

This paper presents both the transesterification of oil extracted at
industrial scale from SCGs of the instant coffee industry [16], and the
subsequent testing of the obtained biodiesel in a modern diesel engine.
The effect of various transesterification parameters on the yield and
quality of biodiesel derived from SCG oil containing high FFA content
are investigated through a two-step method. SCG biodiesel has been
characterized previously in terms of physical and chemical properties,
however, no detailed analysis of engine combustion and emission
characteristics of these fuels has been reported. The combustion and
emission characteristics of SCG oil and biodiesel are determined using a
research compression-ignition engine in order to evaluate their per-
formance as diesel fuels and compare the SCG-derived biodiesel with
other commercial biodiesel samples.

2. Methodology

2.1. Determination of FFA content through titration

The acid value and FFA content of the oil and biodiesel samples
were determined through the method of titration with phenolphthalein
as the indicator [28]. In order to improve the accuracy of the method,
which depends on identifying the exact point of color change, and
therefore the validity of the obtained results, a pH meter (Hannah,
HI991001) with accuracy of± 0.02 was used to detect the equivalence
point.

2.2. Determination of density and kinematic viscosity

The density of the oil was calculated by adding quantities of 1ml
into a 10ml volumetric cylinder, measuring the weight on a precision
balance and then drawing a graph of mass against volume. Thereafter, a
straight best fit line was drawn and the SCG oil density was found from
its gradient.

Viscosity measurements were conducted on the steady state mode
using a rotational hybrid rheometer (DHR-3, TA Instruments) equipped
with a 60mm cone geometry (1 deg) at a gap of 27 μm. A 6min equi-
libration time was applied before each measurement to ensure that the
sample had reached the desired temperature (40 °C). The average dy-
namic viscosity was used for the determination of the KV as per Eq. (1):

⎜ ⎟⎛
⎝

⎞
⎠
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( )

KV mm
s

Dynamic viscosity (mPa s)

Density

2

g
cm3 (1)

2.3. Transesterification

2.3.1. Acid-catalyzed pretreatment
SCG oil with FFA content of 29.91 ± 0.51% w/w, which had been

previously homogenized by preheating at 55 °C in a water bath for
30min, and methanol were mixed in the presence of sulfuric acid at
temperatures of 50 °C and 60 °C, while the stirring speed was kept
constant at 600 rpm so as to ensure efficient mixing. The mixture was
stirred for 4 h after the start of the reaction, a duration that was found
to be sufficient in previous studies [1,59], and the % w/w FFA content
of the mixture was measured at 2, 3 and 4 h through titration.

Pretreated oil samples were left to settle for 24 h in a separating
funnel and the bottom layer was separated from the top layer of un-
reacted methanol and water with a separation funnel. The resulting
sample was then subjected to rotary evaporation to remove any residual
methanol and water. Any oil loss relative to the weight of the initial
samples was measured according to Eq. (2):

=
−

×w wOilloss
W W

W
% / 100initial pretreated

initial (2)

where Winitial and Wpretreated correspond to the initial and pre-treated oil
respectively.

2.3.2. Base-catalyzed transesterification
In this step of the process, pre-treated oil with FFA content below

1.5% w/w was mixed with methanol in the presence of potassium hy-
droxide. Potassium hydroxide was selected based on the results re-
ported in previous studies that examined the base-catalyzed transes-
terification of SCG oil, with Al-Hamamre et al. [1] and Kondamudi et al.
[38] achieving FAME conversion yields of 99% w/w and 100% w/w
respectively with a KOH catalyst. All the alkali-catalyzed experiments
were conducted at a temperature of 60 °C for 4 h at varying methanol-
to-pretreated oil molar ratios and catalyst-to-pretreated oil weight
percentages, while the mixture was constantly stirred at 600 rpm.

The reaction product was allowed to settle in a separation funnel
and after 24 h the upper biodiesel and unreacted methanol phase was
separated from the lower glycerol phase. Unreacted methanol was re-
moved from the FAMEs by rotary evaporation and the resulting ester
phase was successively washed with warm (55 °C) distilled water until
neutral pH. The pH was measured constantly by a Hannah, HI991001
pH meter. The washing process also served as a way to remove residual
catalyst, glycerol, methanol and soap from the coffee biodiesel.
Thereafter, the FAMEs were subjected to thermal heating at 100 °C for
5 h and subsequently a further step of drying with sodium sulfate to
remove residual water was carried out. Finally, a filtration process with
cellulose membranes (Whatman, 4–7 μm) was performed to remove
solid traces. The % w/w FAME reaction yield relative to pre-treated
SCG oil was calculated according to Eq. (3).
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= ×Reaction yield w
w

% 100FAME

pretreated oil (3)

where WFAME and Wpretreated oil represent the mass of biodiesel and pre-
treated SCG oil respectively.

2.4. Determination of fatty acid profile

The FA profile of selected oil samples was determined by gas
chromatography coupled with a flame ionization detector, following
transesterification of the oil. The Gas Chromatograph was equipped
with a Supelco SP-2380 capillary column (30m×0.25mm internal
diameter, max temperature 275 °C) coated with 90% biscyanopropyl/
10% cyanopropylphenyl siloxane stationary phase (0.2 μm film thick-
ness), and a helium mobile phase (flow rate: 20 ml/min) which carried
the sample molecules through the heated column. An injection port,
maintained at 250 °C, and a flame ionization detector (260 °C) were
located at the inlet and outlet of the column respectively. The injection
volume for each solution was 1 μl and the split ratio with the carrier gas
50:1. The oven was programmed initially to maintain a temperature of
50 °C for 2min and then increase the temperature up to 250 °C at a
ramp rate of 5 °C per minute.

2.5. Determination of higher heating value

The HHV of SCG oil and biodiesel samples was determined by using
an IKA® C1 Bomb calorimeter system. The bomb calorimeter was con-
nected to a compressed O2 cylinder (99.5% purity) which provided
oxygen supply at a pressure of 30 bar through a suitable regulator, and
a cooler that provided water at a temperature of 19 °C [26].

2.6. Combustion experiments

2.6.1. Engine
Combustion experiments were conducted in a single cylinder, direct

injection compression ignition research engine. An ultralow volume
fuel system, originally conceived by Schönborn et al. [52] and later
redesigned by Hellier et al. [23], which allowed comprehensive engine
testing with fuel samples as small as 100ml was used. This system uses
the engine common rail system as a hydraulic fluid supply to pressurize
the sample fuel to the desired injection pressure via two free pistons
that separate it from the standard common rail diesel fuel [22,34]. A
bypass operated by high pressure needle valves allowed fossil reference
diesel from the engine pump circuit to flow at pressure and flush the
test fuel circuit and combustion chamber between every test run [22].
Fig. 1 shows a schematic of the system.

The in-cylinder gas pressure was continuously measured and logged
with a PC data acquisition system (National Instruments) at every 0.2
crank angle degrees (CAD) using a piezoelectric pressure transducer
(Kistler 6056AU38) and charge amplifier (Kistler 5011). The in-cylinder
gas pressure was pegged each combustion cycle at the bottom dead
centre (induction stroke) by a piezoresistive pressure transducer (Druck
PTX 7517-3257) located in the engine intake manifold, 160mm up-
stream of the intake valves. The data acquisition system recording the
cylinder gas pressure was triggered by a shaft encoder every 0.2 CAD,
which was the shaft encoder resolution. The shaft encoder also pro-
duced a top dead center (TDC) signal, which was recorded by the data
acquisition system. For each experiment, 100 consecutive engine cycles
were recorded and an average of these was used in the subsequent heat
release rate analysis, which was derived from the measured in-cylinder
pressure during post-processing (MATLAB).

For each combustion experiment the engine exhaust gas was sam-
pled unfiltered 180mm downstream of the exhaust valves and the
sample was fed through heated lines (80 °C) to two analyzers. A Horiba
MEXA 9100 HEGR was used to determine the dry concentrations of
nitrogen oxides (NOX), carbon monoxide (CO), carbon dioxide, oxygen

and THC emissions and the wet concentration of unburned hydro-
carbons. A Cambustion DMS 500 differential mobility spectrometer was
used to determine the exhaust particle size distribution from 10 to
1000 nm, total mass and number of particles per unit volume of exhaust
gas. The particle density was assumed to be 1.77 g/cm3 [47].

2.6.2. Fuel samples investigated
The samples tested in the engine included raw SCG oil extracted at

pilot plant scale from instant SCGs [16], SCG neat biodiesel produced
from the same raw SCG sample according to the method described in
Section 2.2, neat commercial soya and rapeseed biodiesel, and blends of
the aforementioned biodiesel samples with a reference fossil diesel of
zero FAME content containing 7% v/v and 20% v/v FAMEs.

2.6.3. Experimental conditions
All combustion experiments were conducted at an engine speed of

1200 rpm and 600 bar injection pressure, with the injection duration
was adjusted for every fuel sample so that the engine indicated mean
effective pressure was always constant at 4 bar. In the experiments with
raw SCG oil, the fuel injection pressure was initially increased to
860 bar at constant injection conditions and 940 bar at constant igni-
tion conditions so as to initiate combustion of the sample before de-
creasing it to measurement conditions (600 bar) for the collection of in-
cylinder pressure and exhaust emissions data. Operation of the research
engine at a load of 4 bar indicated mean effective pressure represents a
common engine load prevailing during passenger vehicle urban driving
conditions, while the engine speed of 1200 rpm was somewhat below
those found in urban driving conditions, as was the injection pressure of
600 bar. These settings were selected in order to reduce the consump-
tion rate of fuels used in this study, given the laborious process of
producing SCG biodiesel.

Each test day was started and ended with a reference diesel fuel test,
so as to detect any day to day drift or longer term change in the ex-
perimental equipment and instrumentation. The reference diesel tests
also provided a measure of the test-to-test repeatability of the exhaust
gas emissions. Each of the fuel samples and the reference diesel were
tested at two experimental conditions of constant fuel injection timing
and constant start of ignition timing. At constant injection timing the
start of injection (SOI) was fixed at 5.0 CAD before TDC, and the start of
combustion (SOC) for each fuel sample varied depending on the igni-
tion delay of that fuel. Ignition delay was defined as the time between
SOI and SOC, while SOC was defined as the time in CAD (after SOI and
before the time of peak heat release rate) at which the minimum value
of cumulative heat release occurs [22].

For constant ignition timing, the SOI was varied so that the SOC of
all fuels always occurred at TDC. All the experiments were conducted
with the test fuels maintained at ambient conditions (∼30 °C), except
for the raw coffee oil which was heated to 45 °C to avoid solidification.
Previous studies have reported that a rise in temperature up to 38 °C
caused only a small decrease in the ignition delay that was of low
significance [35,36].

3. Results and discussion

3.1. Transesterification of SCG oil

3.1.1. Acid-catalyzed pretreatment
Fig. 2 shows the FFA content of the pretreated SCG oil against the

process duration, with oil samples subjected to esterification at dif-
ferent conditions of temperature, methanol-to-FFA molar ratio and
catalyst-to-FFA weight percentage. The standard deviation of each
point was found to be 0.26 as calculated from a total of 27 experimental
repeats and represents the reproducibility of the obtained results.

It can be seen in Fig. 2(a) and (b) that an increase of process
duration from 2 to 4 h resulted in oil with reduced level of FFAs, re-
gardless of the other experimental conditions, with durations shorter
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than 4 h not sufficient for a successful conversion of FFAs. The tem-
perature of the process also had a significant impact on the efficiency of
FFA esterification, with a higher temperature of 60 °C resulting in
pretreated oil with lower FFA content relative to samples esterified at
50 °C.

Regarding the effect of methanol-to-FFA molar ratio on the ester-
ification of FFA, a ratio of 17.8:1 resulted in oil samples with lower FFA
content compared to those esterified at a molar ratio of 13:1, with a
further increase to 22.5:1 slightly improving the efficiency of the pro-
cess, indicating that overly excessive amounts of methanol do not

significantly enhance the esterification reaction. A comparison between
Fig. 2(a) and (b) shows that the use of a higher percentage of catalyst
relative to FFAs led to oil samples with slightly reduced FFA contents.
In general, the effect of methanol-to-FFA molar ratio on the conversion
of FFAs during esterification process was found to be more crucial than
that of sulfuric acid quantity within the range of investigated condi-
tions.

The weight loss of pretreated SCG oil relative to initial untreated oil
weight was found to be 1.31 ± 0.73% w/w when the process was
carried out at optimal conditions, likely attributable to the process of

Fig. 1. Schematic showing operation of the low volume fuel system (adapted from Hellier et al. [22].
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Fig. 2. (a) FFA content of SCG oil versus duration of acid-catalyzed esterification at a constant catalyst-to-FFA weight percentage of 3.2% w/w, (b) FFA content of
SCG oil versus duration of acid-catalyzed esterification at a constant catalyst-to-FFA weight percentage of 6.4% w/w.
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separating the excess methanol and water from the mixture, as small
amounts of unreacted triglycerides and methyl esters can dissolve in the
methanol and water mixtur [8,37].

3.1.2. Base-catalyzed transesterification
Base-catalyzed transesterification experiments were performed with

SCG oil previously subjected to acid-catalyzed esterification, with FFA
content of 1.44 ± 0.26% w/w. The density of the pretreated oil was
found to be 0.915 g/ml. Fig. 3 shows the effect of varying catalyst-to-
pretreated oil weight percentage on the % w/w reaction yield expressed
relative to pretreated oil weight, when the base-catalyzed transester-
ification was performed at a constant methanol-to-pretreated oil molar
ratio of 9:1. The standard deviation of each point was found to be 0.47
as calculated by a total of 9 experimental repeats.

It can be seen in Fig. 3 that potassium hydroxide weight percentages
up to 1.5% w/w of the pretreated oil were not sufficient for successful
conversion of oil into FAMEs, achieving low reaction yields due to
neutralization of the catalyst by unreacted acids. However, an increase
of the catalyst percentage to 1.75% w/w resulted in significant increase
of the conversion rate, with further increase to 2.25% w/w resulting in
the highest reaction yield of 86.66% w/w. Catalyst percentages higher
than 2.25% w/w led to a slight decrease of the reaction yield, poten-
tially due to soap formation by the reaction of triglycerides with KOH,
that reduced conversion rate and inhibited the separation of FAMEs
from glycerol [14,40].

The optimal percentage of catalyst to pretreated oil weight was
slightly higher than those reported in previous studies, which ranged
between 0.5% w/w and 1.5% w/w of the lipid weight [2,12,19,38,59].
This difference can possibly be attributed to the level of unreacted FFAs
present in the oil after the esterification pretreatment, which was
higher than FFA levels of SCG oil samples in the aforementioned stu-
dies, thus requiring slightly higher catalyst amount.

Fig. 4 shows the effect of varying methanol-to-pretreated oil molar

ratio on the efficiency of the base-catalyzed transesterification process.
The experiments with different methanol-to-pretreated oil molar ratios
were performed at a constant catalyst-to-pretreated oil weigh percen-
tage of 2.25% w/w, and the error bars shown represent the reprodu-
cibility of the obtained results.

It can be seen in Fig. 4 that an increase of the methanol-to-pre-
treated oil molar ratio from 9.0:1 to 13.5:1 resulted in a slight increase
of the process reaction yield, with a further increase in molar ratio to
18.0:1 having an insignificant effect on the efficiency of base-catalyzed
transesterification at the investigated conditions of duration, tempera-
ture and catalyst-to-oil weight percentage. The relationship found be-
tween methanol-to-oil molar ratio and reaction yield is in good agree-
ment with previous studies that performed base-catalyzed
transesterification of vegetable oils, which reported that increase of
methanol-to-oil molar ratio above an optimal value had little effect on
the reaction yield [40,60]. The slight increase of reaction yield with an
increase of the methanol-to-oil molar ratio to 13.5:1 can possibly be
attributed to a decrease of pretreated oil viscosity due to increased al-
cohol quantity, which resulted in increased oil solubility in methanol
and consequently higher FAME yield [14].

A comparison of the reaction yields obtained relative to catalyst-to-
pretreated oil weight percentage and methanol-to-pretreated oil molar
ratio presented in Figs. 3 and 4 respectively, suggests that the amount of
catalyst relative to oil weight has a more important effect on the effi-
ciency of the process than the methanol-to-oil ratio within the in-
vestigated range. The relatively lower reaction yield obtained relative
to previous studies that investigated base-catalyzed transesterification
of SCG oil [1,12,38,59], can potentially be attributed to the FFA content
of the pretreated oil that may have inhibited complete conversion into
FAMEs, and to the high methanol-to-oil molar ratios used which pos-
sibly enhanced emulsion formation and hindered the separation of
FAMEs from water [14].
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3.1.3. SCG oil and biodiesel properties
Table 2 shows the fatty acid profile and properties of obtained SCG

biodiesel, along with those of soya and rapeseed biodiesel which were
also tested in subsequent engine experiments for comparison purposes
(Section 3.2). Table 2 also shows the properties of the reference fossil
diesel and the generally applicable diesel quality requirements ac-
cording to European standard EN 14214 [4].

It can be seen in Table 2 that the main fatty acid esters in the SCG
biodiesel are linoleic (C18:2), palmitic (C16:0), oleic (C18:1) and
stearic (C18:0), with lower quantities of γ-linolenic (C18:3n6) and α-
linolenic (C18:3n3) in decreasing order of magnitude. Small variations
were found in the percentages of the fatty acids present in SCG biodiesel
samples transesterified at different conditions, suggesting that the
transesterification process, and in particular the varying methanol-to-
pretreated oil molar ratio of the base-catalyzed step, did not have a
significant and systematic effect on the fatty acid profile of the resulting
SCG biodiesel. In all the examined samples, a small mass percentage
was not coupled with specific FAMEs, however unidentified peaks had
similar retention times to the FAMEs detected suggesting that they are
plausibly similar compounds.

The density of the SCG biodiesel mixture was found to be slightly
higher than the densities of soya and rapeseed FAMEs but within the
standard EN 14214 limits [4]. In addition, the density of SCG biodiesel
was lower than that of untreated SCG oil which was found to be
0.927 g/cm3, and similar to that of SCG biodiesel samples reported in
previous studies (Table 1). The acid value of SCG was found to be
slightly higher than the standard EN 14214 limit [4], and can poten-
tially be attributed to incomplete transesterification due to the rela-
tively high FFA content of the acid-catalyzed pretreated oil.

The KV of the SCG biodiesel was significantly reduced relative to
that of raw SCG oil which was found to be 45.7 mm2/s, but greater than
that of soya and rapeseed biodiesel and above the standard EN 14214
biodiesel limit [4]. SCG biodiesel has relatively higher levels of
C16:0 than the other biodiesel samples, but less C18:1 (Table 2), and
consequently based on its fatty acid profile its KV should not have been
significantly different that those of soya and rapeseed biodiesel samples
if it was solely comprised of FAMEs [32]. The higher measured KV of
SCG biodiesel can possibly be attributed to an incomplete transester-
ification reaction and/or inefficient purification process that might
have resulted in a relatively high presence of free glycerol, non-trans-
esterified glycerides and FFAs in the sample.

The HHV of SCG biodiesel was found to be higher than that of SCG
oil (39.05 ± 0.15MJ/kg) and similar to SCG biodiesel HHVs measured
in previous studies (Table 1). The HHVs of soya and rapeseed FAMEs
were slightly higher than that of SCG biodiesel, possibly attributable to
their longer average chain length, due to the higher presence of C18
chains in soya and rapeseed FAMEs compared to SCG FAMEs.

Another important parameter for the quality of biodiesel that is not
presented in Table 2 is cetane number (CN), which is an indicator of
fuel ignition quality in diesel engines and is related to the ignition delay
time, with shorter ignition delay time typically translated into higher
CN [31,48]. The CNs of the biodiesel samples used in this study were
estimated based on their identified FAME components, which ranged
from 98.4 to 98.9% w/w of the totals samples (Table 2), according to
Eq. (4) [54,61]. The calculated CNs corresponding to each FAME can be
found in Table S.1 of the Supplementary Material section.

∑= ×
=

CN w%
100

CNi

i 1

n

i
(4)

where wi is the mass percentage of each of the identified FAMEs and
CNi the corresponding FAME cetane number. The CNs of the SCG, soya
and rapeseed biodiesel samples were estimated to be 60.8, 53 and 57
respectively, nevertheless this calculation is intended to offer an in-
dication and should not be taken as an absolute CN measurement. The
calculated CN of SCG biodiesel is similar to that found by Vardon et al.Ta
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[59], who reported a value of 60.1 for neat SCG biodiesel, whereas the
estimated CN values for the commercial soya and rapeseed FAMEs are
slightly higher than the originally measured CNs which were known to
be 52 for both samples. This increase of CN relative to original value
can be possibly attributed to a partial oxidation of the soya and rape-
seed FAME samples due to prolonged storage [43]. The higher CN of
SCG biodiesel relative to soya and rapeseed FAMEs can be explained by
its lower degree of unsaturation [9,48], which is expressed in Table 2
through the average number of double bonds. It is also interesting to
note that the minimum required CN limit is 51 [4].

3.2. Combustion experiments

Fig. 5 shows the engine in-cylinder pressure during combustion of
the various fuel samples and reference diesel at constant injection and
constant ignition timing conditions.

It can be seen in Fig. 5 that reference fossil diesel achieved the
highest peak pressure of all samples tested, potentially due to a larger

amount of premixed fuel prior to ignition and hence a greater rate of
initial heat release close to TDC. Raw SCG oil and neat SCG biodiesel
developed lower peak in-cylinder pressures, likely attributable to re-
duced air mixing and subsequent lower rates of combustion resulting
from poor fuel atomisation, due to the high KV of raw SCG oil, and the
relatively high KV of the neat SCG biodiesel compared to other bio-
diesel samples (Table 2). It can also be seen in Fig. 5(a) that neat ra-
peseed biodiesel ignited earlier than the other samples at conditions of
constant injection timing. In general, Fig. 5 shows that the reduction in
the amount of FAME present in the biodiesel and fossil diesel blends
generally resulted in higher peak in-cylinder pressures.

Fig. 6 shows the apparent net heat release rate of neat and blended
SCG, soya and rapeseed FAMEs, SCG oil and reference diesel at constant
injection and constant ignition timing conditions.

It can be seen in Fig. 6 that for all the samples used, the apparent
HRR reduced to values below zero just before ignition due to the fuel
spray absorbing energy (enthalpy of vaporization) from the in-cylinder
air to form the vapour/air mixture that subsequently ignited. In the case
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of reference fossil diesel and biodiesel blends, the majority of heat re-
lease occurred during premixed combustion, defined as the combustion
of fuel and air that are mixed to combustible stoichiometry during the
ignition delay period [22], as signified by the rapid rise of heat release
rates following SOC.

The significant change in the slope of the curves after premixed
combustion, which occurred at 365 CAD in the case of fossil reference
diesel (Fig. 6(a) and (d)) indicates that the premixed amount of fuel/air
mixture had been consumed and signals the transition of the combus-
tion mode from premixed to diffusion burning dominated. Fuels with
small premixed amount of fuel have more of the injected fuel burning in
the diffusion-combustion mode, as is the case with the neat SCG bio-
diesel, possibly due to lower rates of air-fuel mixing.

Fig. 7(a) and (b) show the ignition delay of the various samples used
in the engine experiments against their biodiesel content, where 0% v/v
biodiesel is pure reference fossil diesel, at constant injection and con-
stant ignition timing conditions respectively.

It can be seen in both Fig. 7(a) and (b) that the neat biodiesel

samples exhibited the shortest duration of ignition delay of all the
samples tested, while reference fossil diesel and raw SCG oil had the
longest delays. Also apparent is that in the case of all three varieties of
FAMEs tested (SCG, soya, rapeseed), an increase of the biodiesel con-
tent from 7% v/v to 100% v/v resulted in a decrease in the ignition
delay time at both timing conditions. In general, FAMEs tend to have
shorter ignition delay relative to fossil diesel due to the presence of long
alkyl carbon chains which can undergo hydrogen abstraction and break
down more easily than some of the molecules present in fossil diesel
(e.g. aromatic molecules, isomers and napthenes in diesel are more
difficult to ignite than the long alkyl chains of FAMEs) [33]. In addition,
the aromatic molecules in fossil diesel can have hydrogen abstracted
but subsequently absorb radicals to re-stabilize and thus reduce the
radical pool which would otherwise accelerate the process of ignition.

Long ignition delays have been associated with low fuel CN num-
bers and high degree of FAME unsaturation [9,48]. Therefore, and
drawing conclusions from the fatty acid profiles of SCG, soya and ra-
peseed biodiesel presented in Table 2, the soya and rapeseed FAMEs
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might have been expected to exhibit longer ignition delays compared to
SCG FAMEs which were more saturated, something that is also sup-
ported by the calculated CNs of the examined biodiesel samples
(Section 3.1.3). However, it can be seen in Fig. 7(a) and (b) that SCG
biodiesel exhibits a longer ignition delay than the rapeseed FAME
blends, and equivalent or longer ignition delay than the soya FAME
blends despite having a higher calculated CN of 60.8. This can poten-
tially be attributed to the higher KV of the SCG biodiesel which may
have caused a longer ignition delay due to prolonged fuel vaporization
and formation of the fuel vapour and air mixture [9]. This hypothesis is
also supported by the long ignition delay of the viscous raw SCG oil.

Furthermore, while the SCG FAMEs possess a greater proportion of
fully saturated components, the average alkyl chain length of the soya
and rapeseed esters is slightly longer (Table 2). In addition, the higher
presence of longer chain C18 FAMEs in rapeseed and soya biodiesel
relative to SCG biodiesel (Table 2) can contribute to a shorter ignition
delay [9,20,48].

Fig. 8(a) and (b) show the peak heat release rate (PHRR) of the
samples used in combustion experiments against the biodiesel content
at conditions of constant injection and constant ignition timing re-
spectively.

It can be seen in both Fig. 8(a) and (b) that reference fossil diesel
displayed the highest PHRR of all samples at both timing conditions,
and raw SCG oil the lowest. The PHRRs of the neat and blended bio-
diesel samples were found to be in between those of fossil diesel and
SCG oil, with neat biodiesel having a significantly lower PHRR relative
to the blended samples (Fig. 8).

PHRR and ignition delay are closely related and it has been pre-
viously observed that increased ignition delay time allows more time
for fuel and air mixing prior to ignition, resulting in a larger premixed
combustion fraction and therefore higher PHRR [21]. In the case of the
reference diesel, the high PHRR observed might also be attributable to
the presence of volatile components absent from biodiesel samples,

which combined with the long ignition delay, helped form a large
amount of premixed fuel/air mixture that then burned rapidly once
ignition occurred. However, raw SCG oil displays a low PHRR despite a
long ignition delay duration similar to that of reference fossil diesel
(Fig. 7), suggesting that ignition delay is not the only limiting factor on
the rate of fuel and air mixing. The low PHRR of the raw SCG oil can
therefore possibly be attributed to its high KV (Table 2), which po-
tentially inhibits the fuel and air mixing during the ignition delay
period, thus reducing the extent of the premixed fuel fraction and
consequently the PHRR.

Fig. 9(a) and (b) show the exhaust gas NOx emissions of the various
fuel samples and reference fossil diesel at constant injection and con-
stant ignition timings respectively.

Fig. 9(a) and (b) show that at both timing conditions raw SCG oil
emitted significantly lower levels of NOx relative to all the other in-
vestigated fuel samples. Reference fossil diesel and neat soya biodiesel
emitted the highest NOx levels of all fuel samples, while SCG biodiesel
emitted the lowest of all the biodiesel samples at both timing condi-
tions.

Production of NOx in compression ignition engines is primarily
caused by the oxidation of nitrogen present in the intake air, with the
reaction rate mainly dependent on in-cylinder temperature and re-
sidence time of the cylinder at elevated temperatures [44,53,57].
Consequently, the level of NOx emissions is also a function of the
duration of ignition delay, as the subsequent in-cylinder temperature
conditions are influenced by the extent of premixed burn fraction and
the rates of peak heat release [20]. Despite exhibiting the longest ig-
nition delay of all the samples tested (Fig. 7(a) and (b)), the low NOx
emissions of raw SCG oil are in agreement with the low peak heat re-
lease rates observed in Fig. 8(a) and (b) and can be attributed to poor
mixing of air and fuel and incomplete burning.

A relationship between ignition delay and NOx emissions is also not
readily apparent in the case of the neat and blended biodiesel samples,
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with shorter ignition delays generally resulting in increased NOx

emissions, suggesting that the quality of combustion is not dominated
by ignition delay but by the progressive replacement of fossil diesel
with biodiesel. This can possibly be explained by the long alkyl chains
of the FAME samples when compared to diesel molecules, such as the
aromatics, isomers and napthenes. Furthermore, the presence of oxygen
in FAME molecules can also result in relatively high NOx emissions
compared to fossil diesel [55], while biodiesel flames do not radiate as
much energy due to a reduced presence of particulates that decrease
radiative heat transfer, leading to higher actual flame temperature and
a corresponding NOx increase [44].

In addition, the production of NOx exhaust gases from FAMEs is
known to increase with higher degree of unsaturation and decreasing
chain length due to increasing adiabatic flame temperature [20,30,48],
and therefore the high levels of NOx emissions observed when rapeseed
and soya FAMEs were used can be partly attributed to the high degree
of unsaturation of these samples (Table 2). Combustion of SCG bio-
diesel, resulted in the emission of a lower amount of NOx gases relative
to the other neat biodiesel samples, in agreement with Mueller et al.
[44] who reported that higher cetane fuels (Table 2) tend to produce
lower NOx emissions.

Figs. 10(a)–(b) and 11(a)–(b) show the CO and THC emissions of the
various fuel samples and reference fossil diesel at conditions of constant
injection and constant ignition timing.

It can immediately be seen in Figs. 10 and 11 that raw SCG oil
emitted very high levels of CO and THC relative to the other fuel
samples tested. This observation, in conjunction with the low NOx

emissions produced when raw SCG oil was used as a fuel (Fig. 9), fur-
ther verifies the hypothesis that the SCG oil did not mix well with air,
resulting in incomplete burning, as both CO and THC are known pro-
ducts of incomplete combustion [24].

Furthermore, the CO emissions of neat and blended soya and ra-
peseed biodiesel show an overall tendency to decrease when the bio-
diesel content of the sample increased and the ignition delay decreased
(Fig. 7(a) and (b)), while THC emissions tended to increase especially in
the case of soya FAMEs. A greater fraction of SCG biodiesel in the fuel
sample resulted in higher emissions of CO and THC in most cases. This
observation, along with the relatively high CO and THC emissions
produced when neat SCG biodiesel was used at both timing conditions,
suggests that the high KV of SCG biodiesel caused inefficient air-fuel
mixing.

Fig. 12 shows the particulate emissions of the tested fuel samples
and reference fossil diesel at constant injection and constant ignition
timings.

Fig. 12 shows that neat SCG biodiesel and raw SCG oil emit a much
higher number of particles relative to the other fuel samples used at
both conditions of constant injection and constant ignition timing.
Fig. 12(a) shows that raw SCG oil resulted in the production of a much
higher number of particles greater than 50 nm in diameter relative to
neat SCG biodiesel at conditions of constant injection timing, while
both samples produced a similar number of particulates between 10 and
1000 nm when the experiments were performed at conditions of con-
stant ignition timing.

This high amount of particulates produced from raw SCG oil is
possibly a consequence of poor fuel atomization, attributable to the
high KV of the oil, and incomplete burning conditions, as suggested by
the elevated emissions of CO and THC (Figs. 10 and 11), while the
relatively low rates of heat release allowed more time for the continued
production and agglomeration of smaller particles into large ones. The
significantly higher amount of particulates produced by the combustion
of neat SCG biodiesel relative to other biodiesel samples can similarly
be partly attributed to the higher KV of this sample, however, this alone
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cannot justify the hundred times higher number of particulates pro-
duced by the neat SCG biodiesel.

It is therefore tentatively suggested that the presence of C18:3n6
methyl esters in SCG biodiesel, which were not found in either of soya
or rapeseed biodiesels (Table 2), may have contributed to the elevated
particulates emissions from the SCG biodiesel. The C18:3n6 methyl
esters contain double bonds positioned centrally along the fatty acid
alkyl chain (i.e. the chemical name is all-cis-6,9,12-octadecatrienoic
acid), therefore reducing the length of saturated alkyl chains present
within the fatty acid moiety relative to C18:3n3 methyl esters, found in
all three biodiesel varieties (Table 2). This hypothesis is supported by
previous studies that investigated the sooting tendencies of a range of
esters [11] and decene isomers [29], with a single double bond in open
flames, and reported that the central position of a double bond in-
creased sooting tendancy. This was suggested to be through the fa-
voured production of aromatic rings (essential precursors for the pro-
duction of soot via the formation of polycyclic aromatics) where the
position of the double bond reduced the length of saturated alkyl chains
[11,29].

A further speculative suggestion is that that the SCG biodiesel
contained other unidentified compounds which are not typically found
in more commonly utilised vegetable oils for biodiesel production re-
sulted in an increase of the number of particles emitted upon com-
bustion, however, further analysis of the SCG biodiesel would be ne-
cessary to substantiate this. Finally, Fig. 12 shows that the combustion
of blended samples with 20% and 7% v/v biodiesel content emitted
lower amounts of particulates relative to neat biodiesel samples at both
experimental conditions, something attributed to the lower quantity of
biodiesel in the samples, while small variations can be observed be-
tween samples.

Fig. 13(a) and (b) show the total particulate mass emitted by the
various fuel samples and reference fossil diesel at constant injection and
constant ignition timing respectively.

Fig. 13(a) shows that the use of raw SCG oil as an engine fuel re-
sulted in particulate mass emissions significantly higher than those
observed when the neat and blended biodiesel samples were tested at
conditions of constant injection timing, in agreement with the higher
number of particles emitted (Fig. 12(a)). Fig. 13(b) shows that raw SCG
oil produced a much lower concentration of particulates at conditions
of constant ignition timing, about half of that produced at constant
injection, while the total mass of particulates produced by neat SCG
biodiesel was similar to that of the raw SCG oil, an observation coin-
ciding with the particle number distribution of the two fuels at this
condition (Fig. 12(d)).

4. Conclusions

1. Acid-catalyzed pretreatement of SCG oil successfully reduced the
FFA content below 1.5% w/w with minor losses (1.31 ± 0.73% w/
w of the initial untreated oil weight) and the subsequent base-cat-
alyzed transesterification achieved a maximum FAME conversion
yield of 87.83 ± 0.47% w/w relative to pretreated oil weight.

2. Within the range of investigated conditions, the efficiency of acid-
catalyzed pretreatment was found to be more closely related to the
methanol-to-FFA molar ratio and less to the sulfuric acid weight
percentage relative to FFAs, while in the subsequent base-catalyzed
process the catalyst-to-oil weight percentage had a more profound
effect.

3. Combustion of raw SCG oil resulted in the lowest in-cylinder peak
pressure and PHRR relative to the other fuels samples despite a long
ignition delay, indicating inadequate mixing and incomplete
burning, possibly due to poor atomization resulting from high KV,
and suggesting the oil physical properties to be more important in
determining the fuel premixed fraction than the duration of ignition
delay. These observations were supported by the low NOx and high
THC, CO and particulate emissions of raw SCG oil.

4. Combustion and emission characteristics of pure and blended SCG
biodiesel showed similarities with other vegetable biodiesel samples
tested, suggesting SCG oil to be a suitable feedstock for production
of biodiesel. The higher CO, THC and particulate emissions of the
SCG FAMEs relative to soya and rapeseed biodiesel can be attributed
to a relatively high KV that inhibited air-fuel mixing and resulted in
increased presence of fuel rich zones suitable for particulates for-
mation within the cylinder.

5. The ignition delay of biodiesel blends was found to correlate well
with the biodiesel content of the sample, with an increase of bio-
diesel content from 7% v/v to 100% v/v resulting in decrease of the
ignition delay time.
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