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Precise evaluation the effect of microwave irradiation on the properties of

palm kernel oil biodiesel used in a diesel engine

Abstract

Palm kernel oil (PKO) has an appropriate oil cohtghich can be utilized for biodiesel
production. Sparse studies have been performedtsombility as well as the produced
biodiesel properties and performance in the dieseline. Further, no study has been

performed on the conversion of PKO via microwawadiation and comparing the PKO

biodiesel abilities combusted in diesel engine$ whbse prepared by conventional methods.

For this purpose, PKO was directly extracted frategalm fruitsRhoenix dactyliferpwith
microwave and conventional heating systems utilioecconversion of PKO to biodiesel. In
addition to optimization of microwave-assisted $s@sterification reaction conditions,
variations of temperature during each run werefallyemonitored. The results revealed that
palm kernel has 10 wt.% of oil containing high unsated fatty acids and free fatty acid
(FFA). The transesterification reaction was shamotgelerated by microwave power such
that the reaction time diminished from 90 min faneentional method to 2.5 min. The
results of temperature monitoring confirmed grdavation in the reaction temperature (over
boiling point of methanol) with the rise of microwa power and methanol/oil ratio.
Moreover, reduction of temperature occurred withrenlmading of catalyst due to greater
formation of soap. Both high and low temperatuteswed negative effects on the yield of
transesterification reaction. The performance amdsg&ions gas evaluation of the engine

fueled by PKO biodiesel produced by microwave amiaventional heating system indicated
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that the fuel produced by microwave irradiation cdrarply reduce the CO and HC and
insignificantly increase NQin exhaust emission as compared to fuel producedhb

conventional method. Also, higher amounts of miaee+assisted produced PKO biodiesel
can be blended with net diesel fuel to use in diesgines. The results suggested that
microwave irradiation can considerably influence ffhytochemical properties of biodiesel

and improve its combustion profile in the diesajier and exhaust gas emissions.

Keywords. Palm kernel oil (PKO); Microwave irradiation; Biadiel; Engine performance,

Exhaust emissions.

1. Introduction

The world production of dates has increased corditie over the last 30 years.
Nowadays, palm fruits are widely cultivated arouhe world especially in Middle East
which produces around 91% of the world’s dates @ilial. 2015). Increasing in the palm
production has caused the palm oil to claim th& fiank in the amount of oil produced in the
world (Rupilius and Ahmad 2007). Palm kernel, asnaportant by-product from the process
of palm oil production, can be a suitable soureebfodiesel production given its appropriate
oil content (Jamil et al. 2017). The researchex® hiaported that the palm kernel has 5-12%
oil depending on its type and cultivating condisoalm kernel oil (PKO) presents different
compositions with most of them possessing high tumased carbon bonds, although the
saturated short-chain fatty acids have also betaciel (Lin et al. 2008, Bello et al. 2015).

Biodiesel contains fatty acid alkyl (methyl) estEAME) which is usually produced by
transesterification of triglycerides with methanolthe presence of a catalyst. This fuel is

non-toxic, biodegradable, sulfur and aromatics é@®pound which is of high interest due to
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environmental problems caused by consumption afojeetm fuels such as air pollution,
global warming, and climate change (Chuah et d72Mahmudul et al. 2017).

The researchers have been trying to find new sewasdeedstock for biodiesel production
to reduce the biodiesel production cost (Phoon.&047, Ong et al. 2019, Xie et al. 2019).
In this case, palm oil has been extensively evatlat the transesterification reaction and
tested in the diesel engine (Abdul Kapor et al.72(Hazal et al. 2018, Bautista et al. 2019).
However, fewer studies have been performed on ittdidsel production from PKO and its
ability in the diesel engine. Aladetuyi et al. (2)5tudied the reaction conditions of biodiesel
production from PKO and obtained 90% yield at theditions of 100 °C, 2 h reaction time,
1 wt.% of catalyst (KOH) and oil-methanol ratiof (w/v). Bello et al. (2015) reported that
PKO biodiesel produced at the conditions of 60 ¢&alyst-to-oil ratio of 0.24:1 (w/v), and
oil-methanol molar ratio of 10:1 contained 78% sated fatty acid groups. Ojolo et al.
(2012) presented PKO transesterified at 55 °C,(W/tv) ratio of methanol-to-oil, 0.5 wt.%
of catalyst (NaOH) and obtained a yield of 92%adidition, PKO biodiesel production using
heterogeneous catalysts such as ,Oddsupporetd alkali earth metal oxides
(Benjapornkulaphong et al. 2009), Ca and Zn mixadeo(Ngamcharussrivichai et al. 2008),
sulfated zirconia and stannic oxide (Jitputti et &006), and modified dolomites
(Ngamcharussrivichai et al. 2007) was also evatLhdt®wever, higher reaction temperatures
(over 100 °C), time (around 3 h), alcohol/oil motatio (around 15), and catalyst amount (
10 wt.%) are required to achieve proper conversid@KO to biodiesel, heterogeneously.

New technologies such as supercritical fluid (Gaidiartinez et al. 2017), microwave
irradiation (Nayebzadeh et al. 2017) and ultraserage (Hoseini et al. 2017) are utilized for
biodiesel production, with microwave irradiation fesfng more desirable properties.
Microwave energy makes a uniform heating profileaamolecular level in the materials

whose thermal effects include a combination of ingatate, hot spots, and selective
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absorption of radiation by polar substances (Haglkdimet al. 2016). Due to the accelerated
reaction rate, milder reaction conditions, highberoical yield, lower energy usage, and
different reaction selectivity, microwave irradati is widely used in today’s industries
(Quirino et al. 2016). PKO biodiesel was tested miesel engine and offered a lower power,
torque, and specific fuel consumption comparediéseal fuel (Lin et al. 2008, Bello et al.
2015). It can be related to high kinetic viscosityd low heating value of PKO which has a
negative effect on the engine performance. On therchand, B20 (20 vol.% biodiesel-80
vol.% net diesel) improved its properties (Igboketeal. 2015, Igbokwe and Nwafor 2016,
Shote et al. 2019).

However, to the best of our knowledge no studybdeen done on the conversion of PKO
to biodiesel under microwave irradiation asses#imgreaction conditions and variations of
temperature during the reaction. In addition, tlfiecé of microwave irradiation on the
properties and performance of produced biodiest#iendiesel engine has not been evaluated
either.

Therefore, in this study, microwave-assisted biseligproduction from PKO using NaOH
as homogeneous catalyst was assessed in detathiEqurpose, after extraction of PKO by
solvent extraction method via soxhlet apparatusyas transesterified using microwave
irradiation and conventional method. The reactionditions under microwave heating such
as microwave power, reaction time, methanol-toradlar ratio, and catalyst concentration
were optimized. In addition, the changes in thettea temperature during each run were
monitored. Finally, the physicochemical propertedsthe PKO biodiesel produced via the
two heating systems (microwave and conventional@hwith their performance and exhaust

gas emissions in the diesel engine were evaluated.

2. Materialsand methods
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The operation processes for production of biodiggeltwo heating systems and testing

them in the diesel engine is completely summariadjure S1.

2.1. Palm kernd oil extraction

Date palm fruits Phoenix dactyliferpa were purchased from a local store. Then, their
kernel was separated from the pulp and washed &petplwith hot distillated water to
eliminate the remaining pulp. After drying the kelsiin the oven for overnight, they were
crushed to the particle with a diameter lower thamm. Then, the solvent method via the
Soxhlet apparatus was utilized for oil extractionene hexane was used as solvent with a 4
mL/1 g kernel ratio (Ali et al. 2015). After 8 Ihe solvent was separated from the oil through
evaporation of mixture at 45 °C and 450 mm Hg. lRmé#éhe yield and composition of PKO
were obtained respectively in terms of the proparof PKO weight to kernels’ weight and
gas chromatography (GC) as well as other physicapgrties of PKO such as density

(ASTM D1298), viscosity (ASTM D445), acid value,camolecular weight.

2.2. Biodiesdl production process
2.2.1 Esterification reaction

The extracted PKO includes high FFA contents wimalst be firstly esterified to reduce
the FFA content due to sensitivity of alkali homogeus catalyst to the amount of FFA
causing soap formation (Hashemzehi et al. 2016¢réfbre, a two-stage process involving
esterification by acid catalyst and the transefgtation by alkali catalyst is used for biodiesel
production from PKO (Zullaikah et al. 2005). Theeedication reaction was performed
under the conditions of 60 °C, 6 methanol/PKO maoddio, 1 wt.% of catalyst }$0,), and
60 min reaction time (Aranda et al. 2008, HayyanleR010). After the reaction, the product

mixture was poured in the separation funnel to pahe oil and ester layer (bottom layer)
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from the by-product layer (water and catalyst) gggnavity (see Figure S2). Finally, the acid
value was measured to obtain the FFA content afriisd PKO, which met the standard

range.

2.2.2 Transesterification reaction

After reduction of the FFA content, the transefitaiion reaction was performed by two
heating systems (conventional and microwave), asvshin Figure S3. The conventional
biodiesel production from PKO was carried out ibwa-neck glass reactor coupled with a
condenser to condense the methanol from vapoquidliphase and a thermocouple to sense
the reaction temperature. The reactor was pourdid ¥600 g PKO, 280 cc methanol (6
molar ratio of methanol/PKO) and 10 g NaOH as gata(l wt.%). The reaction was
performed at 60 °C for 90 min (Alamu et al. 200dpks and Zakaria 2009). Since no study
had been carried out on the microwave-assisteddsedproduction from PKO, the reaction
conditions were evaluated and optimized. The mienmwvassisted transesterification reaction
was performed in a 100 mL two-neck glass reactargub with 20 g of PKO and desirable
amounts of methanol and catalyst. Then, the reagtw placed in a modified domestic
microwave oven (Daewoo, Model No. KOC9N2TB, 900t®a2.45 GHz) with a hole of 20
mm at its top to connect the glass reactor to aleaser for refluxing the methanol. The
transesterification reaction conditions of microegower (90 180, 270 and 360 W), reaction
time (1, 1.5, 2, 2.5 and 3 min), methanol/PKO maktio (3, 6, 9 and 12), and catalyst
concentration (0.5, 0.75, 1, 1.25 and 1.5 wt.%)eweraluated further.

After each reaction, the product mixture was pouineal decanter to separate the biodiesel
(top layer) from glycerol as a by-product (see Feg82). After elimination of methanol from
the biodiesel layer through evaporation, the y@ldeaction and FAME content of produced

PKO biodiesel were measured by the following Eqs.:
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Yield (%) = (Weight of produced PKO biodiesel/Weigh PKO) x 100 Eq.1

area of all FAME x weight of internal standard

FAME content (%) =

x 100 Eq.2

area of internal standard x weight of biodiesel sample

Where, FAME content was calculated by GC (Perkimétl Claus 580) equipped with a
Flame lonization Detector (FID) and capillary colui@elect Biodiesel CP9080 (30 m x 0.32

mm x 0.25 um) and methyl nonadecanoate (C19:0)eamternal standard.

2.3. Fue characterization

The density (Hydrometer, accuracy: +2 Kdjrkinematic viscosity at 40 °C (Red wood
viscometer, accuracy: +0.02 mis), flash point (Penksy martins apparatus, acgue °C),
cloud point and pour point (11010-2, Stanhope SEa&&uracy: +0.5 °C), acid value, iodine
value, and Linoleic acid ME content of the PKO hésel produced via conventional and
microwave heating systems were determined. Further,chemical components of PKO
biodiesel containing fatty acids, free glycerin aothl glycerine were also measured by a gas

chromatograph (GC) according to recommended ASBvidzird method.

2.4. Testing the engine performance and exhaust emissions

To evaluate the performance of the produced fuets assess the effect of microwave
irradiation on the combustion behavior of PKO besdl, the fuels were tested in the diesel
engine. A single-cylinder engine equipped with ddyecurrent dynamometer (WE400) was
used whose specifications are listed in Table Sdarelver, an AVL gas analyzer (DIGAS
1000) was used to measure £Q@O, HC, and NQ emissions with its specifications

summarized in Table S2. Various blends of PKO laseli-net diesel fuel (BX where X refers
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to volume percentage of biodiesel (x=0, 10, 20 48)) were prepared. Then, the engine
performance and exhaust gas emissions of the dessghe fueled by blend fuels were

measured. The performance and exhaust gas emissemesevaluated at engine speeds of
1800, 2150, and 2500 rpm at full load. The scheandiagram of the engine experiment is

depicted in Figure 1.

Dynamometer control unit, |B0 B10 IB20 | I:-l

load & speed indicator % ? $ = Computer

Torque

I
Engine Speed [Air HFueD‘ }_{boor%_

[1: — Drive shaft

Dynamometet

No CO, | Gas
HC co |analyzer

Exhausf

r

V7722022222

Figure 1. Schematic diagram of engine experiment

3. Resultsand discussion

3.1. Evaluation of palm kernel oil properties

According to ratio of the weight of the obtained®ko weight of palm kernels, the palm
kernels of Zahidi type had around 10 wt.% oil whizdn be an appropriate feedstock for
biodiesel process. The density of PKO at 25 °C whiined as 916 kgfinThe PKO
revealed a high kinematic viscosity (28 Afs) causing problem in its flow and spraying in
the engine chamber. Therefore, it should been ctetveo ester (biodiesel) for reducing its
viscosity to be used in the engine. Meanwhile, 4286 of FFA content (acid value of 8.5

mg KOH/g) of PKO exceeds the limitation for utilimn in alkali homogeneous
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transesterification reaction. Therefore, the elstation reaction with an acid catalyst

(H2SOy) must have been done to reduce its FFA conterd.FIFA compositions of PKO are

listed in Table 1.

Table 1. FFA compositions of PKO and produced PK O biodiesel by conventional and

microwave methods

PKO biodiesel
FFA compositions Unit PKO

Conv? Mic.°
Lauric acid (C12:0) wt.% 21.08 14.8 15.6
Mysteric Acid (C14:0) wt.% 13.85 9.9 10.4
Palmitic acid (C16:0) wt.% 12.38 10.8 11.2
Palmitoleic acid (C16:%) Wt.% / 1.0 1.1
Stearic acid (C18:0) wt.% 2.73 3.1 3.2
Oleic acid (C18:H wt.% 43.23 45.6 46.5
Linoleic acid (C18:2%) wt.% 5.94 11.4 8.8
Other component wt.% 0.79 3.2 4.3

& Carbon atoms number: double bond number

® Conv.: Conventional heating system

¢ Mic.: Microwave heating system

PKO has high unsaturated fatty acid components/ (88.%) with a high unsaturation
degree. It contains lauric acid (21.08%), mystévad (13.85%), palmitic acid (12.38%),
stearic acid (2.73%), oleic acid (43.23%), andleioacid (5.94%). According to the PKO

structure, the molecular weight was obtained asg/§¢hole which was used for measuring

the methanol amount for each reaction.

3.2. Optimizing the microwave-assisted transesterification reaction parameters

3.2.1 Effect of microwave power
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Assessment of the microwave power is very importargbtain the highest yield and the
lowest energy consumption. The effect of microwpweever is depicted in Figure 2 (a). The
yield and FAME content of PKO biodiesel increasermyeasing the microwave power from
90 W to 270 W due to elevation of the reaction .réddlewever, the reaction conversion
diminished when the microwave power was set at\860t can be related to considerable
rise of the reaction temperature medium causimgiedition of methanol from liquid to vapor
phase. This phenomenon can be proven by detettenghtanges in the reaction temperature
with elevation of microwave power, as shown in Fg@ (b). An inverse relationship has
been observed between the reaction rate enhancametite boiling point of the solvent in a
series of esterification reactions (Jacob et #5)9

As seen in the Figure 2 (b), the time of reachirggdesirable reaction temperature (around
50 °C) shortened sharply from 80 to 30 sec withribe of the microwave power from 90 W
to 270 W. However, when the microwave power wasistdgd on 360 W, the reaction
temperature passed the boiling point of methandl.7(6°C) after 30 sec leading to
evaporation of methanol and reduction of its amanrthe reaction medium (liquid phase)
(Hojjat et al. 2016). Therefore, microwave power230 W was selected as optimum for

further studies.

| 1 wt.% of catalyst mYield mFAME content 80 -
6 molar ratio of methanol
100 2 min 98302 904 ]
J 82.7 84.4
$80 678 773 O 601
E, J 60.2 é’ i
£ 60 - 2 40 -
S il o |
Q 40 - =%
5 5 20- —B-Power 90 —A—Power 180
O 20 - — |
: 0 —=o—Power 270 —l—Power 360
o/ HEEN HEEEN B B || (T
920 180 270 360 0 20 40 60 80 100 120
@ Power (watt) (b) time (sec)

Figure 2. Effect of microwave power on (&) conversion of PKO to biodiesel and (b) temperature

of transesterification reaction
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3.2.2 Effect of reaction time

The effect of reaction time on transesterificattdriPKO was examined at 270 W, 6 molar
ratios of methanol/PKO, and 1 wt.% of catalyst wiitle results illustrated in Figure 3 (a).
The conversion rate significantly increased astitine of reaction lengthened from 1 to 2.5
min, as sufficient time was provided for the intdi@n between the catalyst and reactants.
Further, Figure 3 (b) displays the temperature ofromvave-assisted transesterification
reaction during 5 min. The reaction temperaturehed 60 °C after 40 sec. Therefore, more
than 40 sec was required for the reaction of tlectamts. After 150 sec, the levels of
conversion decreased slightly due to saponificagida reaction (Hojjat et al. 2016). It must
be mentioned that the microwave irradiation inceelaall reactions including saponification
reaction. However, since the transesterificatiorfaser than the saponification reaction,
methyl esters losses with saponification were nixigat the first moments of reaction.
However, at longer reaction times, saponificatidaafhas to be taken into account (Casas et
al. 2010). Therefore, the equilibrium conversionswalmost 97.6% (96.3. % of FAME

content) for 150 seconds of reaction time.

1 wt.% of catalyst mYield  ®FAME content 70 -
16 molar ratio of methanol 97.6 96.3 .
100 270 watt 93.3 90.2 | ' 93.790.1 60 -
S80. 716 o ]
£ | 65.1 o 50 -
_ 5 |
.é 60 ] 8 40 - Power: 270 watt
% 40 g ] Catalyst concentration: 1 wt.%
< g . .
S 1 S 30 - Methanol/oil molar ratio: 6
20 + 1
1 -+
0- 1 15 ) ot 3 0 50 100 150 200 250 300
(a) ' time(min) (b) time (sec)

Figure 3. Effect of reaction time on (a) conversion of PKO to biodiesel under microwave

irradiation and (b) temperature of transesterification reaction
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3.2.3 Effect of methanol content

In addition to the positive effect of methanol owimg the transesterification reaction
forward, methanol can also absorb the microwavadiation to accelerate the reaction
(Hashemzehi et al. 2016). Microwave-assisted tistagéication reaction was examined at
various methanol/oil molar ratios (3, 6, 9, and With the results presented in Figure 4 (a).
Expectedly, the conversion increased significaryy raising the the methanol amount.
Greater adsorption of microwave irradiation usihg treaction medium can be observed
against the variations of reaction temperaturelatsepl in Figure 4 (b). It is clearly observed
that when the methanol ratio increased from 3 tthé,final temperature of reaction rose
considerably from 53 °C to 66 °C; so did the reactyield (FAME content) from 68.3%
(59.6%) to 97.6% (93.3%). The reaction conversimnimished slightly by using methanol-
to-oil molar ratio of 9,which can be related toufigient rise of the reaction temperature,
which reduces the methanol amount in the liquid iomad(Hashemzehi et al. 2016). In
addition, due to the high solubility of the by-puatl (glycerol) and FAME in excessive

methanol, the separation becomes difficult and eguently the yield declines (Nayebzadeh

et al. 2017).
1 wt.% of catalyst mYield ®FAME content |
1270 watt
100 2.5 min 97063 96153, 70 1
] 685 7 —_
S 80 e
S %97 6g3 % cn ]
ER ™ s %07
= 60 - = 1
© i o
o o] _
g 40 g 30 -
§ 1 [t 1 —&—3 molar ratios =#=6 molar ratios
20 1
i 10 1 —0—9 molar ratlos —I—12 molar rat|o<
0. —
(b) 0 30 60 90 120 15(
@) Molar ratlo of Methaol/onl time (sec)

Figure 4. Effect of molar ratio of methanol/oil on (a) conversion of PKO to biodiesel under

microwaveirradiation and (b) temperature of transesterification reaction
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3.2.4 Effect of catalyst concentration

A homogeneous catalyst in the transesterificateaction can have positive and negative
effects. The catalyst speeds up a chemical reattyoiowering the amount of activation
energy required for the reaction to take place.tli@nother hand, the base catalyst (NaOH)
can react with FFA to form soap which has a negatinfluence on the yield of
transesterification reaction. Therefore, the amaointatalyst must be evaluated with its
results displayed in Figure 5 (a). The yield insexhsubstantially from 73.2% to 97.6% with
elevation of the catalyst loading from 0.5 to 1%t.However, the conversion decreased
drastically when higher amounts of the catalystenatroduced into the reaction. Formation
of soap affects the viscosity of the reactants elnethe mass transfer occurs with difficulty
(Patil et al. 2009).

The yield reduction can be also proven by monitptine changes in transesterification
reaction temperature as indicated in Figure 5I{las observed that the rate of temperature
elevation declines sharply with loading the catatgsbeyond 1 wt.%. Encinar et al. (2012)
reported that dielectric constants of the productture (methyl ester and glycerol) are
greater than those in the reactant (triglycerided methanol). Soap adsorbs microwave
irradiation by starting the saponification reacti@md inhibits the adsorption of microwave
irradiation by the reactant or product to elevate reaction temperature sufficiently.
Therefore, the temperature did not grow enough @agpropriate yield was obtained.
Accordingly, 1.0 wt.% of catalyst was set as th&mpm catalyst amount which is consistent

with earlier findings (Liao and Chung 2013, Nayeateta et al. 2013).
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Figure5. Effect of catalyst concentration on (a) conversion of PKO to biodiesel under

microwaveirradiation and (b) temperature of transesterification reaction

3.3. Biodiesd fud characteristicsand properties

The characterization of fatty acid compositions tbé PKO biodiesel produced via
conventional and microwave heating systems perfdrimeGC is demonstrated in Table 1.
The yield and FAME content of PKO biodiesel prodiidgy conventional method were
obtained as 96.4% and 96.3%, respectively. Theidsetlproduced by conventional method
contained 38.6% saturated fatty acids and 58% uratatl components. On the other hand,
the PKO biodiesel produced by microwave method #@di% saturated fatty acids and
56.4% unsaturated components with a 65.2% degreesafturation. Note that the duration of
conventional transesterification reaction was 9, mwhile the transesterification was
completed after 2.5 min under microwave irradiatibhe biodiesel produced by microwave
irradiation showed lower unsaturation degree tleet positive influence on the stability of
biodiesel. It can be seen from the content of leihcid ME of biodiesel produced by the
both methods. Probably, microwave irradiation cacekerate the reaction between saturated
components with alcohol instead of unsaturated corapts. It well known that microwave
irradiation can significantly effect on the polaongponents such as methanol in

transesterification reaction. On the other handspnlar lipids are more saturated than polar
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lipids (Nomanbhay and Ong 2017). Therefore, movangomponent with the magnetic
medium along with fix position a nonpolar componeatises to more interaction between
them. It can be consequently concluded that, foremsing the reaction between FFAs and
methanol, the oils containing more saturated FRAsv@ore suitable.

Oleic acid is the most abundant methyl ester of R¥@liesel. Further, PKO biodiesel
contains around 36% short-chain fatty acids whielkeha positive effect on its viscosity,
cloud point, and pour point.

The physical properties of PKO biodiesel producedcbnventional and microwave
methods are listed in Table 2. The kinematic vitgas PKO was reduced from 28 nifa to
4.03 mni/s by transesterification via microwave irradiatiorhich meets the biodiesel
standard. However, the kinematic viscosity was ceduto 4.85 mrts for PKO biodiesel
produced by the conventional method. This parametenportant during injection of fuel in
the diesel engine chamber where lower values are whesirable. Moreover, the density of
both PKO biodiesels (microwave and conventionatyel@sed and obtained as 874 kgand
878 kg/nt, respectively.

The flash point (closed cup) of PKO biodiesel pratliby the conventional (107 °C) and
microwave transesterification reactions (119 °Cjaned the ASTM D6751 (min 93 °C) and
EN14214 (min 101 °C) standards of biodiesel. Cetamaber and calorific value of both fuel
are in the limitation range in which the fuel prodd by microwave present higher amount. It
can be referred to its lower unsaturation degreehegher amount of FAME component with
longer carbon chain. Moreover, the linoleic acidtmgke ester content of microwave and
conventional PKO biodiesel was 8.8 wt.% and 11.44wvtwhich are lower than the amount
suggested by EN14214 standard (max 12 wt.%). Bumitlidsel present low amount of free

and total glycerine in their mixture that met thmitation of ASTM and EN standard.
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336 Table 2. Properties of PKO biodiesel produced by conventional and microwave methods
- PKO
limit biodiesel
Property Method Unit ASTM
D6751 EN 14214 Conv. Mic.
Density at 15 °C ASTM D1298  kgfn - 860-900 878 874
Kinematic viscosity at 40 °C ~ ASTM D445 s 1.9-6 3.5-5 4.85 4.03
Flash point-closed cup ASTM D93 °C 93 101 107 119
Cetane numbér - - 48-65 > 51 57.1 57.8
Calorific value® - MJ/kg > 35 > 36 41 41.3
Cloud point - °C - - 6 2
Pour point - °C - - 0 -6
Acid value ASTM D664 mg KOH/g Max 0.5 Max 0.5 0.25 0.2
lodine value EN 14111 glL00g - Max 120 63 59
Linoleic acid ME EN14103 wt.% - Max 12 11.4 8.8
Free glycerine ASTM D6584 wt.% Max 0.02 Max 0.02 0.03 0.02
Total glycerin ASTM D6584 wt.% Max 0.24 Max 0.25 0.23 0.021
337 2 Cetane number calculated by the formula suggdste@opinath et al. (2009) according to
338 biodiesel composition
339 P Calorific value calculated by the formula suggddig Demirbas (2008)
340
341 3.4. Effect of biodiesal production method on the engine performance
342 The blend fuels were labeled as BX-Y concerningubleme of biodiesel in the fuel and
343 the production method, where X is related to volymecentage of biodiesel (0, 10, 20 and
344 40) and Y is associated to the production methashventional (Conv.) and microwave
345 (Mic.)).
346
347 3.4.1Engine torque and power
348 The power and torque of engine fueled by blendBK® biodiesel produced by the two
349 heating methods with net diesel engine are displayd=igure 6 and Figure 7, respectively.
350 The power is defined as the rate at which work edoy the engine (Zareh et al. 2017). It
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was previously reported that a lower heating vatuel higher viscosity of biodiesel
compared to net diesel fuel are attributed to dishied engine power. On the other hand,
high oxygen content and flammability of biodiesalvl a positive influence on the engine
power (Miri et al. 2017). The results suggest thatpower declines when biodiesel is added
to net diesel fuel. However, B40 presents highak&mpower compared to other blend fuels
at the engine speed of 1800 rpm and 2150 rpm wikicklated to high oxygen content and
flammability of biodiesel.

Some researchers believe that higher viscosityaofiésel enhances fuel spray penetration
whereas others reported that the higher viscosityahses combustion efficiency due to bad
fuel injection atomization (Damanik et al. 2018)oidover, it is known that high lubricity of
biodiesel might result in the reduced friction l@ssl thus improve the brake effective power.
Therefore, it can be concluded that higher visggsibbably has positive effect such that the
fuel produced by conventional method provides highregine power. Increasing the power
by more loading of biodiesel in the blend fuel camfirm the positive effect of viscosity
such that the difference between the produced pdoyenet diesel and B40.Mic. is not
meaningful.

However, at higher engine speeds, although blerals fpresented a higher power
compared to net diesel fuel, B10 fuels exhibitesl tiaximum power. It is well known that
higher amounts of fuel are required at high engipeeds, while blend fuels have a higher
density and viscosity, affecting the fuel injectisystem. Therefore, B40 fuel leads to more
injection problem where the power declines at higtregine speeds (Hoseini et al. 2017).
Although a higher power was obtained at the maximemgine speeds such that the
maximum power of 4.54 kW and 4.45 kW was obtained B10-Conv. and B10.Mic.

respectively, B40 can be a suitable choice forémgine speeds.
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Figure 6. Effect of heating system used for biodiesel production process on the power of engine

fueled by various diesdl-biodiesel blendsworked at different engine speeds

Since the produced power is directly proportionahte torque, the same trend as of power
was observed for torque as well. The torque witlrdase with elevation of engine speed and
adding the biodiesel to fuel because of reducimgftiice on the piston and crankshaft and
low heating value of the biodiesel, respectivelyodrbllahi et al. 2018). Although low
heating value of biodiesel negatively affects thgime ignition and reduces engine torque,
biodiesel improves the lubricity of diesel fuel thley reducing the friction loss and thus
improving the effective torque (as can be seerB#.Conv. at 1800 rpm). This grows for
the fuels at the maximum engine speed (2500 rpmhich higher torque is obtained
because of higher injection of fuel to chamber, amteasing the lubricity and oxygen
content of medium (Zaharin et al. 2017).

The difference in the torque provided by biodigselduced by different method may be
referred to higher viscosity of those produced bywentional method that leads to more
injection of fuel in the engine camber, especialiyiigher engine speed (Zaharin et al. 2017).
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Figure 7. Effect of heating system used for biodiesel production process on the torque of engine

fueled by various diesdl-biodiesel blendsworked at different engine speeds

3.4.2 Brake-Specific fuel consumption

The influence of blending the diesel fuel with PHKilodiesel, biodiesel production
method, and engine speed on the Brake-specificciuetumption (BSFC) is illustrated in
Figure 8. The volume of injected fuel, fuel densitiscosity, and heating value of fuel affect
the BSFC of diesel engine defined as the mass foel fate to the brake power ratio
(Ozsezen et al. 2009). BSCF increases by adding Bik@esel at low engine speeds due to
lower heating and calorific values of blends fueinpared with net diesel fuel that causes to
more amount of blends are required to produce dheesamount of engine power output by
the engine (Zaharin et al. 2017, Rajak and VermBR0n addition, the proper atomization
of the fuel is probably prevented by the high vstoof the blends, which in turn affects the
combustion process (Soukht Saraee et al. 2017) tHawéhe BSFC declines with further
loading of biodiesel in the diesel fuel due to aksan of the oxygen content of the medium
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and better combustion of the fuel (Lin and Lin 2P0khis behavior can be proved with the
rise of the brake power at high engine speeds. $&cthe entire engine speeds, B40 fuel

presented the lowest SCF for the both produceddsetdue to its lower viscosity, probably.
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Figure 8. Effect of heating system used for biodiesel production process on BSFC of engine

fueled by various diesd-biodiesel blendsworked at different engine speeds

3.5. Emission analysis
3.5.1.CO;, emissions

CO, emissions in the exhaust gas of the diesel erfgeled by different blend fuels and
operating at various engine speeds are present&ihime 9. It is expected for biodiesel-
diesel fuel to release higher amounts of,@De to the higher oxygen content of biodiesel
compared to diesel fuel (Yusaf et al. 2011, Bayetlial. 2017). However, it was observed
that by increasing the ratio of PKO biodiesel pratli by conventional method to the net
diesel fuel, the amount of G@ the emission gas rose, while this behavior matsobserved
for that produced by microwave irradiation.
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This can be attributed to two reasons. Microwass#sd produced PKO biodiesel has a
lower viscosity and density which inhibits the higimount of fuel injection in the chamber,
where lower amounts of GQwere released as compared to use of conventionduped
PKO biodiesel. On the other hand, the higher flpsint of PKO biodiesel produced by
microwave irradiation probably accelerates othée seactions of carbon combustion leading
to less CQ formation. Assessment of the other emissions gt gas can determine the
main reason for this behavior. On the other hartdsas pointed in the case of biodiesel
emissions that the higher carbon dioxide emissitooulsl cause less concern because of
Nature’s recovery by raising biodiesel crops (Riéaet al. 2014, Nguyen et al. 2017). The
life cycle of CQ emissions of biodiesel revealed that biodiesdl eglise 50-80% reduction
in CO, emissions compared to petroleum diesel (Qi €@l0, Jgrgensen et al. 2012, Esteves

et al. 2017).
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Figure 9. Effect of heating system used for biodiesel production process on CO, emission of

engine fueled by various diesel-biodiesel blends at different engine speeds
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3.5.2CO0 emissions

The amount of CO released by different fuels aiousr engine speeds is depicted in
Figure 10. When incomplete combustion or progresfiom CO to CQ occurs in the engine
chamber, higher amounts of CO form in the exhaasta@mission. The results suggest that
CO emission declines using blend fuels. This careta#ed to higher oxygen contents of fuel
because of more complete combustion of fuel, wiscbonsistent with the results of €O
content in the exhaust emission (Song and Zhan§,ZBBarehghani et al. 2019). Therefore,
a significant reduction in the CO content with egéament of the biodiesel volume in blends
is acceptable with B20-Mic. and B40.Mic. presentihg lowest CO emissions at all engine
speeds. Moreover, B40-Conv. also exhibited betiet Eombustion in the engine chamber
where the lowest CO was detected. The reductidharCO content in the exhaust by raising
the engine speed is a result of the better air+higing process and/or the increased fuel/air
equivalence ratio (Pinto et al. 2005).

The PKO biodiesel produced by microwave irradiatishowed more sufficient
combustion compared to that prepared by the comrait method where very low CO
emission was detected in the exhaust gas. It wasioned that CO emissions reduced much
higher with the increasing of chain length (Knotiteal. 2006). The biodiesel produced by
microwave presented higher amount of all of FFA ponents, except of Linoleic acid ME,

that effect on the well combustion of fuel in thgme chamber.
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Figure 10. Effect of heating system used for biodiesd production processon CO emission of

engine fueled by various diesel-biodiesel blends at different engine speeds

3.5.3HC emissions

Figure 7 displays the effect of increasing the lasel to net diesel fuel ratio on the HC
emission of the engine diesel working at variougirs speeds and full load. It was described
that the combustion of fuels in the engine chanmp@roves by blending the diesel fuel with
biodiesel. Therefore, it is expected that the amofininreacted hydrocarbon (HC) decreases.
Furthermore, shortening the burning delay usingliegel blends results in diminished HC
emissions due to its higher cetane number (Yusalff @011, Soukht Saraee et al. 2017).

Note that PKO biodiesel produced by microwave iaadn exhibits a better behavior in
the combustion of hydrocarbons into the engine dsamwhich can be related to its lower
density as well as viscosity and higher cetane runiumar et al. 2009, Sharma et al.
2019). Moreover, increase in chain length and a#itur level of biodiesel leads to a higher

reduction in HC emission (Knothe et al. 2006). Tiediesel produced by microwave
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irradiation exhibit higher amount of ester with ¢@n chain length and lower unsaturation
degree that improves its combustion in the engnaanber.

Due to the high viscosity of PKO biodiesel produdad conventional method, high
amounts of fuel were injected into the chamber icgusncomplete fuel combustion.
Therefore, higher CO and HC levels were releasedhwis in good agreement with GO
results. Therefore, microwave-assisted produced BKQiesel is the best fuel for blending
with biodiesel for more complete combustion of carlgroups in the engine chamber, with

B40 presenting a great ability for mixing with m¢sel fuel.

5201 &~ - ®B10-Mic. mB20-Mic. A B40-Mic.
= *B0
460 T ! !
1800 2150 2500

Engine speed (rpm)

Figure 11. Effect of heating system used for biodiesd production process on HC emission of

engine fueled by various diesel-biodiesel blends at different engine speeds

3.5.4NO, emissions

Figure 12 reveals the variations of N@mission with engine speed by running diesel
engine with different fuel blends. Higher N@missions occur in the exhaust using blend
fuels due to the higher flash point and oxygen e@onof biodiesel, resulting in augmented
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gas temperature in the engine chamber and acaalemteraction between oxygen and
nitrogen (Xue et al. 2011). Faster premixed combudby addition of the biodiesel to diesel
fuel leads to elevated combustion temperature ter @800 K causing NOx formation

(Zaharin et al. 2017, Sharma et al. 2019). B20-Miad B10-Conv. showed the lowest NO

content in the exhaust, though B40-Mic. presenteandar NQ, amount in the exhaust gases
at high engine speeds.

Further, the NQemission diminished continuously with elevationtloé engine speed. It
can be related to the shorter residence time dilaileor NOx formation, which may be
owing to the rise in both the volumetric efficieraryd flow velocity of the reactant mixture at
higher engine speeds (Lin and Lin 2006). The mimmiacrease in the NOcontent was
observed for B20-Mic. at the engine speed of 1800 which is consistent with the results of
other studies (Lin et al. 2008, Hoseini et al. 20Fmally, B40-Mic. and B20-Mic. provided
almost similar NQ emissions at the other engine speeds.

It was mentioned that a less increase in NOx eomnssan be observed by using the
biodiesel containing the more saturated carbon $¢hith et al. 2009, Sharma et al. 2019). It
can prove the similarity of NOx emission when bleod diesel-biodiesel produced by
microwave irradiation was utilized. In the otherrd® NOx emissions increase by raising the
degree of unsaturation of biodiesel (increase thsatwrated components) (Lin and Lin
2006). Moreover, advance in combustion for biodieke to shortens ignition delay, and
advance of start of injection of biodiesel due he higher density and viscosity are the

reasons for higher NOx of fuel blended with biodiggroduced by conventional method.
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Figure 12. Effect of heating system used for biodiesd production process on NO, emission of

engine fueled by various diesel-biodiesel blends at different engine speeds

3.5.5. Comparison the emissions of B40

After chosen B40 as a suitable proposition for tileg the biodiesel with diesel fuel, the
CO,, CO, HC and NOx emission contents were summaiizédgure 13. It clearly observes
that the fuel produced by microwave irradiation iekh better emissions profile in all of
engine speeds. Lower increasing in the amount aof Bi@ CQ along with higher reduction
of CO and HC prove that microwave irradiation chesthe properties of produced biodiesel
by effecting on the kind of FFA components. Progabhder microwave medium, the
nonpolar components (saturated FFA) easily reat¢h \wblar component (methanol as
alcohol) to form ester. It causes to saturation moments form more than unsaturation
components that lead to reduction the unsaturategree and better combustion of fuel in
the engine chamber, as mentioned above. Therdf@eanicrowave irradiation can concern

as an effective method for fabrication of a samedigisel fuel with low unsaturated
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Figure 13. Comparison the emissions of B40 fudls produced by conventional and microwave

heating systemsfueled in diesel engine at different engine speeds

4. Conclusion

Palm kernel oil (PKO) contains appropriate amowfitsil making it a suitable source for
biodiesel production. Accordingly, its performannehe diesel engine was firstly compared
when microwave and conventional heating systemse waitized for converting PKO to
biodiesel. The palm seed (Zahidi type) containedvL.® oil in which a high FFA content
was observed. After reducing the FFA content of PH® esterification reaction, the PKO
was transesterified via conventional and microwarr@adiation heating systems with
methanol and NaOH as a catalyst. A biodiesel yo#l€6.4% was obtained at the conditions

of 60 °C, methanol/PKO molar ratio of 6, 1 wt.%atgst, and 90 min of the reaction time for
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conventional method. On the other hand, microwanadiation reduced the reaction time to
2.5 min and enhanced the yield to 97.6%. In additm shortening the reaction time, the
separation step was also curtailed from 4 h to @ using microwave irradiation. Both PKO
biodiesels produced by conventional and microwawthod met the ASTM D6751 and
EN14214 standard specifications. The temperaturenitoritng of microwave-assisted
transesterification reaction showed that the reactemperature must be lower than the
boiling point of the utilized alcohol to achieveetmaximum conversion. Assessment of the
performance and exhaust gas emissions of a sigfijreler engine fueled by blends of PKO
biodiesel-diesel suggested that PKO biodiesel preduby the conventional method
presented a higher brake power and torque and IB&EEC compared to that prepared by the
microwave method. All fuels revealed a higher poamd torque at the engine speed of 2500
rpm as compared to engine speeds of 1800 rpm @ rpin.

Overall, B40 (both PKO biodiesels produced by défe heating systems) can be a choice
for improvement the problems of net diesel fuelldbgnding with biodiesel in which the
biodiesel has higher proportion compared to comiakebtend fuel (B20). The exhaust gas
emissions analysis suggested that PKO biodieselbigxth reduction in CO and HC
emissions in exhaust due to elevation of oxygenterunof the fuel leading to better
combustion. On the other hands, increase of @@ NOXx contents was observed by using
biodiesel. Unlike the results of engine performarRi€O biodiesel produced by microwave
irradiation showed better results in releasingghessions which can be related to its lower
density and viscosity. These properties mitigate globlem of fuel injection in the engine
chamber. B40 also presented appropriate propdrtigke analysis of the emissions. The
results confirmed that PKO biodiesel has very slgtgroperties which can be blended with
net diesel fuel at a higher volume ratio (B40). Btmrer, microwave irradiation, by

shortening the transesterification time, improvthg properties of produced biodiesel, and
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significantly reducing the exhaust gas emissioas,lze regarded as an alternative method for
industrial biodiesel production to reduce greenkayss problems.

It must be mentioned that the FFAs compositiond?KD is strongly depends on the
climate as well as engine performance that woulddrae limitations. Moreover, this study
must be developed on assessment the engine laatkriengine speed, different engine type

(containing more cylinder) that will be presentedur future work.
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