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Abstract

Moringa oleifera oil, a non-edible biodiesel feedstock with high unsaturated fatty acid content,
was used in this study. MB20 (20% Moringa oil methyl ester and 80% diesel fuel blend) was added
with three antioxidants, namely, N,N’-diphenyl-1,4-phenylenediamine (DPPD), N-phenyl-1,4-
phenylenediamine (NPPD) and 2-ethylhexyl nitrate (EHN), at a concentration of 1000 ppm. The
effects of these antioxidants on the oxidation stability of biodiesel as well as on the exhaust
emission and performance of a single-cylinder diesel engine were analysed. After the Rancimate
test, oxidation stability was enhanced by the antioxidants in the order of DPPD > NPPD > EHN.
Results also showed that DPPD-, NPPD- and EHN-treated blends reduced NOx emissions within
5.9%—-8.80% compared with those in the untreated blend because of suppressed free radical
formation. Antioxidant-treated blends contained high amounts of carbon monoxide and
hydrocarbon and showed improved smoke opacity, thereby indicating that emissions were below

the diesel fuel emission levels. Results demonstrated that antioxidant addition to MB20 improves
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engine performance characteristics. This study shows that MB20 blends with antioxidants can be

used in diesel engines without any modification.

Keywords: Moringa oleifera; Biodiesel production; oxidation stability; emissions, antioxidants.

Abbreviations

ASTM American society for testing and materials
AO Antioxidant

AR analytical reagent

BP Brake power

BSFC Brake specific fuel consumption

BTE Brake thermal efficiency

BHT 2,6-di-tert-butyl-4-methylphenol

BHA 2(3)-tert-Butyl-4-methoxyphenol

CAS No chemical abstracts service registry number
CMOO Crude Moringa oleifera oil

CcO Carbon monoxide

DPPD N, N’-diphenyl-1, 4-phenylenediamine
EHN 2-ethylhexyl nitrate

FAC Fatty acid composition

FFA free fatty acid

HC Hydrocarbon

MOME Moringa oleifera methyl ester

NOx Oxides of nitrogen

NPPD N-phenyl-1,4-phenylenediamine

PM Particulate matter

PG propyl 3,4,5-trihydroxybenzoate (propyl gallate);
PY benzene-1,2,3-triol (pyrogallol)

TBHQ 2-tert-butylbenzene-1,4-diol (Tert-butyl hydroquinone);

1.0 Introduction

Significant increase in energy demand in power generation and transport sectors, inadequate fossil
fuel accessibility and negative environmental effects have boosted research on alternative
renewable fuels for conventional fuels !. Fossil fuel combustion is the primary cause of global
increment of carbon dioxide (COz2) emission every year and intensifies air pollution and global

warming issues 2. Diesel vehicles emit significant amounts of nitrogen oxides (NOx) and

2
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particulate matter (PM) 3, which confer lung problems, neurodegenerative dysfunction and
cardiovascular diseases *°. NOx emission not only affects human health but also the environment
by causing acid rain, which severely harms aquatic and terrestrial ecosystems. Amongst all
unconventional sources of renewable energy, biodiesels have received increased attention because
of their renewability, nontoxicity and biodegradability ® 7. Biodiesels can be derived from
renewable feedstocks, which basically lack sulphur and aromatic contents. These energy sources
are less toxic and offer positive energy balance and other chemical properties superior to those of
fossil-based diesel fuels. Moringaceae is a single-genus family of oilseed trees and comprise 14
known species. Moringa oleifera is the most widely known and utilised among these species ®. M.
oleifera is indigenous to India, Africa, Arabia and Southeast Asia but can also be found in
Cambodia, the Philippines and North America °. The plant optimally grows in tropical insular
weather, exhibits drought tolerance and can be sustained in soil with poor quality and a wide range
of rainfall intensity (25 cm to 300 cm per year) '°. M. oleifera seeds contain 33% to 41% (w/w)
vegetable oil. Several researchers investigated the composition and fatty acid profile of M. oleifera
and concluded that the oil contains high amounts of oleic acid (>70%) ''"3. Therefore, M. oleifera
is a potential source of biodiesel. The present study focuses on 20% blend of Moringa biodiesel
with diesel because previous studies suggest that this blend provides the optimal performance

among biodiesel-diesel blends ' 1°.

Low oxidation and storage stability are a major limitation that restricts biodiesel application and
can be resolved by adding antioxidants '® 7. Antioxidants significantly hinder oxidation and
increase biodiesel stability. Biodiesel becomes corrupted primarily because of its autoxidative
nature in the presence of atmospheric air ' . Antioxidants may play an important role in

preventing biodiesel oxidation without negatively influencing fuel properties. Antioxidants are
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categorised based on their activity into free radical terminators, metal ion chelators, agents
catalysing lipid oxidation or oxygen scavengers, which react with oxygen in closed systems. These
antioxidants are known as primary antioxidants *°. The stability of biodiesel increases because of
the reaction of antioxidants with high-energy lipid radicals and its transformation into stable
products. Commonly used antioxidants are phenolic antioxidants, which are categorised as free-
radical terminators and amine antioxidants. The stabiliser factor is an important parameter that
defines the efficiency of an antioxidant. This parameter may be calculated using the formula
F = IPx/IPo, where IPx and IPo are the induction periods in the presence and absence of antioxidant,
respectively 2!. The reactivity of phenoxyl radical (R—O.) tends to weaken and restrict oxidation
because of scavenging reactive radicals, including peroxyl radicals (ROO.), in the —OH group of
the antioxidant. Generally, phenolic antioxidants, such as TBHQ, BHT and BHA, are used to
protect biodiesel from degradation. These antioxidants can effectively control free radicals at room
temperature but show rapid reduction in reactivity at high temperatures. A quantum—chemical
study of an aromatic amine, namely, N, N'-diphenyl-p-phenylenediamine (DPPD) demonstrated
that this compound maintains its antioxidant reactivity even at high temperatures *2. Amines
contain a couple of p-electrons on nitrogen molecules and exhibit less electron affinity compared
with O2. Hence, amines can serve as electron-donor reactants in a charge-transfer complex with
oxygen-containing atoms and radicals. In addition, the hydrogen atom from the N—H bond of
aromatic amines can be separated more easily than that from the O—H bond of phenols because
the N—H hydrogen bond is not as strong as the O—H hydrogen bond 2.

Numerous studies have been conducted to determine the effect of antioxidants on oxidation
stability, engine combustion, performance and emission characteristics of biodiesel 24, Ileri et

al. %6 investigated the influences of four antioxidants at proportions of 500, 750 and 1000 ppm on
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20% canola biodiesel and diesel blends to determine the performance and emission of a direct
injection (DI) diesel engine. As an antioxidant, the molecular structure of 2-ethylhexyl nitrate
(EHN) contains nitrogen and hence reduces NOx emission by 4.63% on the average; CO emission
is enhanced for all antioxidants used, and TBHQ shows the maximum reduction. Varathrajan et
al. 2’ added two aromatic amine antioxidants, namely, DPPD and N-phenyl-1,4-phenylenediamine
(NPPD), to soybean biodiesel in a single-cylinder diesel engine; biodiesel treated with 20% DPPD
antioxidant showed decreased NO emission by 9.35%, with increments of CO and hydrocarbon
(HC) levels at 9.09% and 10.52%, respectively. In another study by Varatharajan et al. ?°, four
antioxidants were used at a proportion of 0.025%-m in Jatropha biodiesel. The results showed
NOx emission in sample with p-phenylenediamine reduced by 43.55% compared with that in pure
biodiesel, whereas HC and CO emissions increased. Palash et al.?® studied the DPPD antioxidant
at a proportion of 0.15%-m with Jatropha biodiesel and found that NOx was reduced at 3.503%—
16.54%, BP and BSFC were only slightly reduced, and HC and CO were retained or became lower.

Ryu et al. *°

incorporated five different antioxidants in soybean biodiesel and reported that the
stability of TBHQ was superior among the other antioxidants but did not significant change smoke,
HC and NOx emissions. However, the effect of AO on the oxidation stability of Moringa methyl
ester as well as the performance and exhaust emission of biodiesel with and without AO have not
31, 32

been investigated. Despite the use of synthetic antioxidants in diesel-biodiesel blends

problems on biodiesel related to NOx emission persist.

1.1. Study objectives

Considerable research has been conducted on the effect of antioxidants on the oxidation stability

of biodiesel, as well as their effect on engine performance and emission characteristics. However,
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the effect of aromatic amine antioxidants, such as DPPD, NPPD and synthetic antioxidant EHN,
has not yet been conducted on the oxidation stability of Moringa biodiesel. No reports are available
on engine performance and emission characteristics of a single-cylinder diesel engine fuelled with
Moringa biodiesel treated with DPPD, NPPD and EHN. Thus, this study aims to examine the
effect of two highly promising aromatic amine antioxidants (DPPD and NPPD) and synthetic
antioxidant EHN on the oxidation stability of Moringa biodiesel in terms of engine emission and

performance in a single-cylinder diesel engine.

2. Materials and Methods

2.1. Feedstock and Antioxidants

Crude M. oleifera oil (CMOO) was purchased from the Kanta Enterprise, India; its physico-
chemical properties are shown in Table 1. The biodiesel was produced from CMOO. In this study,
DPPD, NPPD and EHN were chosen as test antioxidant (AO) with the selected biodiesel. DPPD,
NPPD and EHN antioxidants were obtained from Sigma—Aldrich (India). Sulphuric acid (H2SOa4),
anhydrous sodium sulphate (Na2SO4), methanol (CH3OH), potassium hydroxide (KOH) and filter

paper were used to produce biodiesel.

2.2. Production process of biodiesel

Crude M. oleifera (CMO) oil is highly acidic (Table 1) and thus presents a problem during
separation. Hence, a two-step process (acid—base catalyst) was recommended to convert M.
oleifera oil into biodiesel (methyl ester). Biodiesel production was performed at the vitality lab of
University Malaya by using 1 L clump reactor with a reflux condenser, magnetic stirrer,

thermometer and sampling outlet.

Page 6 of 30
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2.2.1. Acid catalysis (esterification)

For production of biodiesel, the acid-catalysed procedure was applied prior to transesterification
to decrease the high acidity of unrefined oils. In this regard, a molar proportion of 12:1 (methanol
to CMOOQ) and 1% (v/v) of sulphuric acid (H2SO4) were added to the preheated oil at 60 °C for
3 h and 600 rpm blending velocity. After the fulfilment of the reaction, the resultant mixture was
exchanged to an isolating pipe to discrete the esterified oil (lower layer) from the upper layer,
which incorporates an overabundance of alcohol, sulphuric acid and debasements. The lower layer
was then delivered into a control turning evaporator (IKA) and warmed at 60 °C under vacuum

conditions for 1 h to expel methanol and water from the esterified oil.

2.2.2. Alkaline catalysis (transesterification)

In base-catalysed procedures, a molar proportion of 6:1 of methanol and 1% (m/m) KOH were
added to the preheated esterified M. oleifera oil at 60 °C for 2 h and 600 rpm blending rate. Upon
reaction completion, the delivered methyl ester was saved in a detachment pipe for 16 h to separate

glycerol from methyl ester. The lower layer, which contained glycerol and pollution, was depleted.

2.2.3. Post-treatment process

Excess methanol was removed by pouring methyl ester into a rotating evaporator. This step was
followed by cleaning with hot refined water to uproot the entrained contaminations and glycerol.
In this procedure, 50% (v/v) of refined water at 60 °C was splashed over the surface of the ester
and mixed gently. This procedure was rehashed for few times until the pH of biodiesel became

impartial. The lower layer was tossed, and the upper layer was placed into a flask and dried
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utilising Na2SO4 and further dried utilising a control revolving evaporator (IKA). Finally, the
created biodiesel was filtered using filter paper to obtain pure biodiesel.

Table 1. Properties of crude Moringa oleifera oil

Properties Value
Calorific value (MJ/kg) 38.050
Density (Kg/m?) 897.5
CFPP (°C) 18
Kinematic viscosity at 40 °C (mm?/s) 43.337
Dynamic viscosity at 40 °C (m.Pa s) 38.897
Flash point (°C) 268.5
Pour Point (°C) 11
Cloud point (°C) 10
Acid value (mg KOH/g oil) 8.62
% of free fatty acid (FFA %) 4.33

2.3. Fatty acid composition

The fatty acid composition of M. oleifera methyl ester (MOME) was measured through gas
chromatography (GC) (Agilent 6890 model, USA). Briefly, 1 puL of the biodiesel sample was
placed into the GC column equipped with a FID (flame ionisation detector) and BPX70 capillary
column (dimensions 30 m x 0.25 um x 0.32 mm inner diameter). The primary temperature was
maintained at 140 °C for 2 min, increased at a rate of 8.0 °C/min until 165-192 °C and lastly,
increased at a rate of 8.0 °C/min to 220 °C, which was maintained for 5 min. During the operations,
the temperatures were set at 140.0, 240.0 and 260.0 °C for the oven, injector and detector ports,
respectively. Helium was used as carrier gas, and the linear velocity, column flow rate and head
pressure were 24.4 cm/s, 1.10 mL/min and 56.9 kPa, respectively. The fatty acid composition of

M. oleifera biodiesel is shown in Table 2.

Page 8 of 30
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163  Table 2. Fatty acid composition of moringa oil methyl ester.

Mass of

Sl Name of Molecula . Chemical MOM
. Structure Name of systematic
no. Fattyacid r Formula E

1 Caprylic 144 8:0 Octanoic CsHi602 N/D
2 Capric 172 10:0 Decanoic Ci10H2002 N/D
3 Lauric 200 12:0 Dodecanoic C12H240, 0

4 Myristic 228 14:0 Tetradecanoic CiH2sO02 0.1
5 Palmitic 256 16:0 Hexadecanoic C16H320, 7.9
6 Palmitoleic 254 16.1 hexadec-9-enoic C16H300, 1.7
7 Stearic 284 18:0 Octadecanoic Ci1sH360, 5.5
8 Oleic 282 18:1 cis-9-Octadecenoic C1sH340, 74.1
9  Linoleic 280 18:2 cis-9-cis-12 CisHpO, 4.1

Octadecadienoic

10 Linolenic 278 18:3 cis-9-cis-12 C1sH300, 0.2
11 Arachidic 312 20:0 Eicosanoic C20H400, 2.3
12 Eicosanoic 310 20:1 cis-11-eicosenoic C,0H350, 1.3
13 Behenic 340 22:0 Docosanoic CaoHu40, 2.8

164

165  From the fatty acid composition it has been shown that Moringa biodiesel contains 10 fatty acids,
166  including five saturated fatty acid esters (FAE, 18.6%), three monounsaturated FAE (77.1%) and
167  two polyunsaturated FAE (4.3%).

168

169 2.4, Property analysis of the tested fuel

170  The physico-concoction properties of the delivered biodiesel were determined by ASTM D6751
171  and EN 14214 models. Cetane number (CN), iodine value (IV) and saponification value (SV)

172 were measured using the following mathematical statements '°:

173 SN = sum (Z4) (1)
174 IV = SUM (Z204) (2)
175 CN = (46.3 + (22) - (0.225 x 1V)> 3)

176
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Where Ai= the percentage of each component,

D = number of double bonds

MWi = molecular weight of each component

The properties of the biodiesel its blend were measured with and without antioxidants (DPPD,
NPPD and EHN) and then compared with ASTM standards. The measured properties of MOME
and its blend with and without the addition of antioxidant were found acceptable according to
ASTM standards. Table 3 presents the equipment used to determine the properties of pure biodiesel
and its blends with and without addition of antioxidants (DPPD, NPPD and EHN). No variation in
density or pour point was notable when antioxidant additives were added. On the other hand, the
calorific value and flash point were enhanced for blends supplemented with antioxidant. Engine
performance was enhanced with increasing calorific value. Hence, biodiesel and its blends
possessed lower calorific values compared with diesel. In the engine, oxygen content is vital for
proper and complete combustion. After adding antioxidant or without antioxidant (DPPD, NDDP
and EHN), we noted that the flash point of each biodiesel and its blend is higher and hence affords
secured storage compared with biodiesel. Furthermore, by adding DPPD, NPPD and EHN
antioxidants in biodiesel, we improved the oxidation stability and lessened the cloud point. The

properties of the tested aromatic amine antioxidants DPPD, NPPD and EHN are given in Table 4.

Table 3. List of instrument details

Equipment Property Test ASTM Accuracy
method D6751

C2000 basic calorimeter (IKA, Caloric value ASTM report +0.1% of

UK) D240 reading

SVM 3000 (Anton Paar, UK) Density ASTM - +0.1
D7042 kg/m?

10
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SVM 3000 (Anton Paar, UK) Kinematic ASTM 1.9-6.0 +0.35%

viscosity D7042

Pensky-martens flash point - Flash Point ASTM D93 130 min +0.1°C

automatic NPM 440 (Norma lab,

France)

873 Rancimat (Metrohm, Oxidation EN ISO 3h min +0.01h

Switzerland) stability 14112

Cloud and Pour point tester - Cloud and Pour ASTM - +0.1 °C

automatic NTE 450 (Norma lab,  point D2500

France) ASTM D97

Cold filter plugging point tester -  Cold filter ASTM - -

automatic NTL 450 (Norma lab,  plugging point D6371

France)

Table 4. Properties of antioxidant.

Antioxidant Chemical structure Molecul Chemical CAS Melting Assay
ar formula number  point (C°)
weight(
g/mol)

N,N'-diphenyl- 260.34 CisHisN» 74-31-7 144 97

1,4-

phenylenediami

ne (DPPD) Q p

N-phenyl-1,4- 184.24 Ci2Hi2N; 101-54- 68 98

phenylenediami . 2

ne (NPPD) ®_

H 2
2-ethylhexyl 175.225 CgHi7NO;  27247-  75°C 97
nitrate (EHN) 96-7

11
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199  2.5. Diesel-biodiesel blends

200  Moringa biodiesel was mixed with diesel at 20% by volume using a magnetic stirrer (model: IKA®
201  C-MAG HS 7) at 2000 rpm for 30 min and a shaker (model: IKA® KS 130 fundamental) at 400
202  rpm for 30 min. The physical properties of the biodiesel and its blends were assessed according to

203  ASTM standards.

204

205 2.6. Engine test procedure

206  Inthis study, single-cylinder, direct-injection and water-cooled diesel engines were employed. The
207  tests were performed in the heat engine laboratory of the Mechanical Engineering department in
208 the University of Malaya. The engine specifications are given in Table 5, and the experimental
209  setup is shown in Fig. 1. All tests were conducted with variation in engine speed starting from
210 1200 rpm to 2400 rpm at an interval of 200 rpm and full throttle opening condition. The eddy
211  current dynamometer was connected to the test engine, and a positive displacement type flow
212  meter was employed to measure fuel flow during engine operation. Meanwhile, k-type
213 thermocouples were used to measure cooling-water, exhaust-gas, engine-oil and inlet
214  temperatures. For data collection, a DASTEPS controller was connected through a computer to the
215  tested engine. For each of the tested fuel blends, the data acquisition system was started after few
216  minutes to ensure the removal of diesel residue. The AVL DiCom 4000 gas analyser was adopted
217  to measure exhaust gas parameters, such as HC, CO and NOx. The equipment details of AVL
218  DiCom 4000 gas analyser are shown in Table 6. The engine was running fuel by diesel for at least
219 15 min to warm up. Then, biodiesel sample was used. Before recording data, all diesel fuel from
220  the fuel flow line was ensured to be cleaned, and the biodiesel was delivered into the engine as

221  fuel. In each case, data were obtained after the engine stabilised. Before engine shutdown, the

12
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such as BP, BSFC and BTE, are £0.02 kW, £0.05 g/kWh and +0.5, respectively.

Fuel Mow meter

== 0

T =8 =T oe

Controller

—

Fig. 1. Experimental setup

Table 5. Engine specification

Details of engine

Type

Displacement (cc)

Single cylinder, WC, 4-cycle Diesel engine
638

engine was run by diesel to ensure that the engine was free from biodiesel. Basing on the engine

test cell setup (engine and dynamometer), we obtained the accuracies of the measured parameters,

13
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Continuous rated output
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Fuel system

Lubrication System
Combustion system

Cooling system

Aspiration
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695.5 (L) mm x 348.5 (W) mmx 530 (H) mm)

2400 rpm, 7.7 kW, 10.5 Ps
2400 rpm, 8.8 kW, 12 Ps

Distribution type jet pump (indirect injection)

Completed enclosed forced
Direct Injection
Radiator cooling

Natural

Dynamometer details

Model

Maximum power
Maximum speed
Maximum torque

Water consumption for maximum
power
Water pressure

Electricity requirement

SAJ SE-20 eddy current
20 kW

10,000 rpm

80 N-m

14 1/min

23 Ibf/in?
220 V,60Hz, 0.5 A

Table 6. Exhaust gas analyzer details

Page 14 of 30

Equipment Method Measurement limit Accuracy Percentage
uncertainties
AVL DiCom Non-dispersive infrared CO 0-10.00 vol.%  +0.001 vol.% 0.002 vol.%
4000 (NDIR)
NDIR CO, 0-20.00 vol.%  £0.001 vol.% 0.150 vol.%
NDIR HC 0-20000 ppm =+l ppm 2 ppm
Electro-chemical transmitter ~ NOx 5000 ppm +1 ppm 21 ppm

3. Results and discussion

3.1. Fuel properties

Table 7 defines the crucial properties of Moringa biodiesel compared with the tested fuels. The

kinematic viscosity of diesel is 3.123 mm?/s, which is lower than that of MB20 and 12.87% lower

than that of MB. The addition of antioxidant to MBD20 increased the kinematic viscosity by about

14
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238  0.28%. Higher kinematic viscosity implies higher resistance during the flow in the fuel line, which
239  causes a longer delay in the commencement of injection. Moreover, the higher kinematic
240  consistency additionally prompts more poor fuel atomisation **. As MBD has stearic, oleic and
241  linoleic (Cis) (Table 2), the flash point temperature is high, consistent with the ASTM 6751
242  standards of 130 °C. CN determines the fuel characteristics of auto ignition quality. MBD shows
243 higher CN compared with diesel and satisfied the ASTM 6751 standards at > 47. The oxidation
244  strength of the neat MBD is comparatively low (4.05 h) because of its high unsaturation rate.
245  Moreover, the 20% blend of MBD with diesel increases oil stability at 6.97 h and satisfies the

246  ASTM 6751 threshold of 3 h. The cloud point decreases with the mixing of biodiesel with diesel.
247

248  Table: Table 7. Properties of tested fuels.

Propert Kinema Dyna Calor Dens Flas Clo Po Oxi lodi Ceta Saponific Visco CFPP(

ies tic mic ific ity h ud ur dati ne ne ation sity °C))
viscosity viscos value  (kg/ point poi po on val  num value index
at ity (MJ md) (°C) nt int stab ue ber
40°C(m (mPa  kg) °C) ility
m?/s) s) C) ,h
BO 3.123 2.564 4545 826.6 67.5 7 6 - - 51 - 90 7
(Diesel) 6 9
MB100  4.95 2.62 40.52 860.6 170.2 15 16 405 752 63 199 190 17
1
MB20 3.525 2.46 4426 8358 84.4 5 5 6.97 - - - 1105 7
6 6
MB20D  3.530 2.47 44,16 836.7 874 7 5 257 - - - - -
PPD 8
MB20N  3.551 2.48 44.13 836 85.3 7 5 185 - - - -
PPD
MB20 3.542 2.46 44.11 836.1 85.5 7 5 15.7 - - - - -
EHN 9
ASTM 1.9-6 - - 860- >130 - - 3 120 47 n.s - -
D6751 900 max
EN 3.5-5.0 - - 860- >100 - - 6 - 51 - - -
14214 900

249

15
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250  3.2. Effect of antioxidant addition on the oxidation stability of biodiesel

251  Fig. 2 demonstrates the effect of added antioxidants on the oxidation stability of MB20 for
252  different AO concentrations using Rancimat method. According to the ASTM 6751, the induction
253  period (IP) of MB20 is 6.97 h. The IP of the MB20 fuel increases with increasing proportions of
254  DPPD NPPD and EHN added to the blends. As indicated in Fig. 2, DPPD-treated biodiesel blends
255  exhibit higher stability than the NPPD- and EHN-treated blends in all of the tested concentrations.
256  Hence, four AO concentrations (200, 500, 700 and 1000 ppm) were used in subsequent tests.
257  Amongst these concentrations, 1000 ppm DPPD with MB20 displays the highest stability at 25.7
258  h. For similar concentrations of NPPD and EHN, the highest stability was noted at 18.5 and 15.7
259  h, respectively. The stability of 1000 ppm DPPD was 38.9% and 63.69% higher than those of
260 NPPD and EHN, respectively. The hydroxyl gathering of the AO is extremely active; thus,
261  hydrogen transfers from hydroxyl to the oxidised free radical to restrain the oxidation rate in

262  methyl esters.

16
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@ DPPD mNPPD =EHN

10 -

Induction Period (h)
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Fig. 2. Biodiesel (MB20) oxidation stability with different concentration of antioxidant.

3.3. Performance analysis

3.3.1. Impact of antioxidant addition on engine brake power (BP).

The BP results at various speeds with various test fuels at full-throttle condition are indicated in
Fig. 3. BP increases consistently up to 2200 rpm and then decreases. The highest BP values are
7.85,7.49, 7.71, 7.59 and 7.69 kW, respectively, for diesel, MB20, MB20 NPPD, MB20 DPPD
and MB20 EHN at 2200 rpm. Therefore, MB20, MB20 NPPD, MB20, DPPD and MB20 EHN
produce 4.5%, 1.7%, 3.30% and 2.03% lower maximum output power compared with diesel. Pure
biodiesel produces lower power output than diesel because biodiesel possesses higher kinematic
viscosity, resulting in less combustion despite the higher oxygen content in molecular structure **
35, Hence, the average BP for tested blends are 6.37, 6.58, 6.48 and 6.55 kW for MB0O, MB20,
MB20+NPPD, MB20+DPPD and MB20+EHN, respectively. These values correspond to averages
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of 5.2%, 2.08%, 3.70% and 2.52% lower power compared with B0. Similar results were found by
Rizwanul et al.*! and Kivevele et al *°. The results can be attributed to the lower calorific values
and lower kinematic viscosities of the tested blends compared with BO '*. On the other hand,
MB20+NPPD, MB20+DPPD and MB20+EHN produce higher BP compared with MB20. The
higher viscosity and density of antioxidant-treated biodiesel are attributed to its large injection for
the same volume fuel ¥ 38, Furthermore, less leakage arises from the fuel pump because of the
higher viscosity of the blends ** *’. By adding antioxidants in the blends, greater mass flow and

lower heat energy are achieved *!.

@Diesel SMB20 sMB20+ NPPD ®BMB20+DPPD =MB20+EHN
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Fig. 3. Brake power variation at different speed for tested fuels.

3.3.2. Effect of antioxidant addition on brake specific consumption (BSFC)
BSFC varies with changes in speed of the tested blends, as shown in Fig. 4. BSFC decreases

linearly up to 1800 rpm with increasing speed and then gradually increases. The maximum BSFC
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was noted at 1200 rpm. MB20 biodiesel shows higher BSFC for all speeds throughout the
experiment. The mean BSFC values are 261.42, 291.39, 283.57, 278.47 and 280.49 g/kWh for
pure diesel, MB20, MB20+NPPD, MB20+DPPD and MB20+EHN, respectively. From this
calculated data, we noted that the mean BSFC of MB20 is 11% higher than that of pure diesel
because of low biodiesel heating. By contrast, the addition of NPPD, DPPD and EHN with MB20
shows an average reduction of 2.68%, 4.44% and 3.76% BSFC compared with MB20. Normally,
biodiesel possesses lower calorific value because of its fuel-borne oxygen. A previous study
showed that addition of antioxidant to B20 lessens the calorific value, and BSFC decreases because
of the higher power output " 3°. From this investigation, we demonstrated that the addition of
antioxidants (NPPD, DPPD and EHN) to MB20 could significantly decrease the average BSFC.
Similar trends were recently found from various biodiesel blends, such as palm and Callophyllum
inophyllum, by different authors !> **. The reduction in BSFC may be due to reduced friction

properties of amines 27 %%,
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Fig. 4. BSFC Variation at different speed for tested fuels

3.3.3. Effect of antioxidant addition on brake thermal efficiency (BTE)

BTE fluctuates with varied speed for all the tested blends (Fig. 5). The maximum value of BTE is
detected at 1800 rpm. The maximum values of BTE at this speed are 33.05%, 30.26%, 31.48%,
32.10% and 31.87% for BO, MB20, MB20+NPPD, MB20+DPPD and MB20+EHN, respectively.
Throughout all speeds tested, MB20 shows the lowest BTE and pure diesel displays the highest
BTE. However, the mean BTE values for all tested blends are 31.03%, 28.6%, 29.46%, 30.02%
and 29.81% for BO, MB20, MB20+NPPD, MB20+DPPD and MB20+EHN, respectively. Hence,
pure diesel produced 7.8%, 5.05%, 3.25% and 3.90%% higher BTE compared with MB20,
MB20+DPPD, MB20+NPPD and MB20+EHN, respectively. MB20 generates 3%, 4.9% and
4.20% lower BTE compared with MB20+DPPD, MB20+NPPD and MB20+EHN. Similar trends

were found from different biodiesels, such as Callophyllum, Jatropha and soyabean 2”28, The low
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BTE can be attributed to the low heating values and high viscosities **. The addition of amine

antioxidants to biodiesel blend fuels can achieve higher power output and lower BSFC compared

with MB20.
@ Diesel MB20 EMB20+ NPPD BMB20+DPPD &MB20+EHN
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1600
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2000

Fig. 5. BTE variation at different speed for tested fuels.

3.4. Emission analysis

3.4.1. Effect of antioxidant addition on nitrous oxide (NOX)

Engines running on biodiesel sometimes hinder the increase in nitrous oxide (NOx) emissions.
Two mechanisms, namely, thermal and prompt mechanisms” dominate NOx formation in biodiesel
combustion. At the combustion stage, NOx is a vital parameter that should be controlled. Many
researchers reported that parameters, such as physico-chemical properties, adiabatic flame

temperature, ignition delay time, biodiesel molecular structure and injection timing, are
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responsible for higher NOx emissions in the combustion stage **. However, some researchers found
that NOx emission increases when prompt NOx formation increases during diesel engine
combustion. The reaction between molecular nitrogen and hydrocarbon radicals (CH, CHz, Cz2, C
and CHb2) is crucial in producing prompt NOx. Hence, free-radical concentration is an important
element for production of HCN, N and NO. Garner and Brezinsky ** reported that during biodiesel
combustion in diesel engine, the production rate of free radicals is high. As such, free radicals are
regarded vital to augment NOx levels. Hence, we observed that the presence of 1000 ppm DPPD,
NPPD and EHN antioxidants in biodiesel could significantly decrease NOx. Fig. 6 demonstrates
variation in NOx level with speed. NOx levels linearly increase throughout the experiment.
Therefore, pure biodiesel blends (MB20) clearly produce higher NOx contents compared with
other blends, and the maximum NOx amount is generated by MB20 blend. By adding antioxidants
(DPPD, NPPD and EHN) to MB20, NOx emission comparatively decreases. The average NOx
emissions are 609.57, 678.5, 638.49, 618.5 and 628.51 ppm for B0, MB20, MB20+NPPD,
MB20+DPPD and MB 20+EHN, respectively. Moreover, the average increase in NOx emission
was 11.31%, 4.74%, 1.46% and 3.10% compared with that of B0O. By decreasing the chain length
and increasing unsaturation, NOx emission increases *>“. Addition of 1000 ppm NPPD, DPPD
and EHN to MB20 significantly affects NOx, and the mean reduction values of NOx are 5.9%,
8.8% and 7.30%, respectively, compared with MB20. Thus, the addition of antioxidant clearly
decreases NOx levels. The important reason underlying the NOx emissions for the fuel-antioxidant
mixtures is the reaction with aromatic amines and the formation of peroxyl free radicals. The
reaction between p-phenylenediamines and peroxyl free radicals to form primary amine radicals
because of high reactivity of amine radicals and produce benzoquinonediimine as well as nitrooxyl

radicals. The outcome of these reactions can efficiently trap free radicals 7.
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Fig. 6. NOx variation at different speed for tested fuels.
3.4.2. Effect of antioxidant addition on HC content

Parameters, such as fuel properties, operating condition and characterisation of fuel spray, are
responsible for HC emission 4%, Fig. 7 demonstrates the fluctuation of HC emission with varied
speed for all tested blends. HC emission gradually decreases with increasing speed. The maximum
and minimum HC emissions are 1200 and 2400 rpm, respectively. Notably, the mean reduction
values of HC emissions are 21.06%, 12.75%, 16.90% and 14.83 for MB20, MB20+NPPD and
MB20+DPPD, respectively, compared with that for diesel. The average increases in HC in
biodiesel added with NPPD, DPPD and EHN are 10.52%, 5.26% and 7.89%, respectively,
compared with MB20. Previous studies on Calophyllum, jatropha and neem biodesel reported that
HC emissions increase with addition of antioxidants **->!. This increase is due to the reduction in

oxidative free-radical formation. For proper HC conversion, higher oxygen content must be
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adjusted with higher CN. High CN contributes to earlier combustion with several conditions,
including post-flame oxidation and larger flame speed . HC levels decrease remarkably when
borne oxygen enlarges the unburned proportion of oxidised HC at the fuel-rich zone**. The Fig.7
shows that HC emission decreases throughout the speed range compared with pure diesel, which

increases slightly than MB20, upon antioxidant addition.
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102 ~

92 A
82
72
62
52
42
32
22
12

HC (ppm)

D N

: = B :
1200 1400 1600 1800 2000 2200 2400

Page 24 of 30

Speed (rpm)

Fig. 7. HC variation at different speed for tested fuels.

3.4.3. Effect of antioxidant addition on carbon monoxide levels
During diesel engine combustion, CO is formed, whereas air supply is insufficient at low flame
temperatures. Fig. 8 displays variation in CO emission with different speeds for all the tested fuels

with and without antioxidant in a single-cylinder diesel engine under the full throttle condition.
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Accordingly, CO emissions decrease adequately in all of the blends compared with pure diesel.
The maximum CO emission was found in pure diesel. The mean decreases in CO emission are
27.1%, 13.16%, 23.43% and 20.75% for MB20, MB20+NPPD, MB20+DPPD and MB20+EHN,
respectively, compared with pure diesel. Diesel possesses higher CN and oxygen content than the
blends; hence, diesel generates higher CO emissions compared with the other blends. A short
ignition period is attained because of higher CN, thereby providing improved engine combustion
when the oxygen content of biodiesel reacts. For more efficient, high-temperature, proper
combustion, high oxygen content is necessary. However, addition of 1000 ppm DPPD, NPPD and
EHN antioxidants to biodiesel adequately enhances CO emission. Average increases in CO upon
the addition of AO (NPPD, DPPD and EHN) are 18.96%, 4.89% and 8.56% compared with that
of MB20, respectively. The amount of CO emission remains less upon the addition of antioxidants
in biodiesel compared with that in pure diesel. Increase in CO emission after antioxidant addition
in biodiesel may be attributed to the fact that adding antioxidant can reduce the capability for CO
oxidation. When oxidation occurs, hydrogen peroxide (H202) and peroxyl (HOz2) are enormously
generated. However, during combustion, these radicals are converted again into hydroxyl (OH) by
absorbing heat from the combustion chamber. For this reason, CO is converted into CO2 233432,

When NPPD, DPPD and EHN antioxidants are added to Moringa biodiesel, HO2 and H202 levels

decrease and negatively affect OH and CO oxidation.

25



393
394

395

396

397

398

399

400

401

402

403

404

405

RSC Advances

@Diesel ®MB20 =MB20+ NPPD =®MB20+DPPD ®=EMB20+EHN

[EEN
o
)

CO (% vol)

SO P N W s~ O O N 0 ©
1
I

P,

s

1400 1600 1800 2000
Speed (rpm)

Fig. 8. CO variation at different speed for tasted fuel.

3.4.4. Effect of antioxidant addition on smoke opacity

Fig. 9 demonstrates variation in smoke opacity of the tested fuel blends at different speeds. The
average smoke intensity values for diesel, MB20, MB20 NPPD, MB20 DPPD and MB20 EHN
are 16.44, 14.78, 13.18, 12.88 and 12.73 HSU, respectively. Notably, MB20, MB20 NPPD, MB20
DPPD and MB20 EHN exhibit reduced normal smoke opacity by 10.09%, 19.82%, 21.65% and
22.56%, respectively, compared with pure diesel. By adding antioxidants (NPPD, DPPD and
EHN), the average reduction values in smoke intensity are 10.82%, 12.85% and 25.10%,
respectively, compared with MB20. Similarly, low smoke intensity can be clarified by reduced
probability of abundant zone area for high local fuel-air proportion in the activated of fuel borne

oxygen and oxidation of residue cores at the time of fuel ignition®" 2. Increase in smoke content
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406  could be due to reduction in oxygen availability, increase in C—C bonds and increase in aromatic
407  content as a result of antioxidant addition to fuels. This finding is similar to those recommended

408  in other studies °.
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410 Fig. 9. Smoke intensity variation at different speed for tested fuels.

411 4. Conclusion

412 In this study, the effects of antioxidant addition (DPPD, NPPD and EHN) on oxidation stability,
413  engine emission and performance of single-cylinder diesel engines fuelled with Moringa biodiesel
414  blends were investigated. The results demonstrated that the addition of antioxidant significantly
415  increases oxidation stability and reduces NOx emission. The following conclusions were

416  established.
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. DPPD is the most effective antioxidant for oxidation stability in all the tested

concentrations of antioxidants tested. Compared with two other antioxidants (NPPD and
EHN), DPPD exhibits higher oxidation stability when added to MB20. Antioxidant
additives can decrease the calorific value but enhance the kinematic viscosity, density,
flash point and oxidation stability of the blends. The blends possess high oxidation stability

and therefore can be stored safely.

. Addition of antioxidants increases the density and CN of the tested oils. The power output

increases by 2.82%-5.49% to levels higher than that of the untreated blend (MB20).
Antioxidant addition also reduced BSFC by 2.68%—4.4% but increases BTE (3%—3.42%)
relative to those of MB20.

Antioxidant additives (DPPD, NPPD and EHN) combined with MB20 significantly
reduces NOx emissions by 5.9%-8.80% and smoke opacity by 10.82%-25.10%.
Meanwhile, the antioxidant-MB20 combination increases CO emissions by 4.89%—
18.96% and HC emissions by 5.26%—10.52% compared with the untreated blend (MB20).
However, the increment of HC and CO remains lower in antioxidant-treated MB20

compared with that in pure diesel.
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